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1. INTRODUCTION. BIOENGINEERING AND
BIOTECHNOLOGY

There are many definitions regarding biotechnolaggordig to what wants the definition creator
emphasize. Some says, biotechnology is only the demmo biotechnology, including genetic
engineering while others show that biotechnologyss an ,,0ld wine in a new barrell” .Let us accept
the definition of the JUPAC that is the same as of EFB (European FederatioBiaiEchnology)
defined it in 1981:

BIOTECHNOLOGY is integrated application of
BIOCHEMISTRY,
MICROBIOLOGY AND
ENGINEERING SCIENCES
principles in order to the technological use of
microorganisms
animal and plant tissues
or parts of these (e.g.. enzymes)

to produce something

USA Congress gave an other definition in 1984:

Biotechnologies are commercial techniques, thatlivg®y organisms or substances from
those organisms, to make or modify a product, ool techniques used for the
improvement of the characteristics of economicaiportant plants and animals and for |the
development of microorganisms to act on environn@@ongress of the USA, 1984)

The expressiobiotechnologyitself was introduced and first used in 1919 yumgarian engineer
Ereky Karoly . He defined it agBiotechnology is every work with which products ae produced
from raw materials by the aid of living organisms. Moreover he said that like once the stone age

and ironage, a bio age will come some time.

Naturally neither this old nor the above more up date definitions are everlasting, for
biotechnology has been continuously developing wither and higher speed, its teritories are
widening, so definitions are to be permanently rfiediand refined.

In 20050ECD gave a so called statistical definition that iptet biotechnology in a very wide
meaning: ,the application of science and technology to livig organisms, as well as parts,
products and models thereof, to alter living or nordiving materials for the production of
knowledge, goods and services’lt was extended by a list of the actual territaripsocesses,
approaches, methodologies etc.of the biotechndbugye of these are as follow:

DNS/RNS: Genomics, pharmacogenomics, genetic eadimte DNS/RNS sequencing/syntheses/
amplification, genexpression, antisens technology.

Proteins and other molecules: sequencing/syntreasis engineering of proteins and peptides
(hormones), proteomics, protein izolation and peatfon, signaling, identification of cell
receptors .

Cell and tissue engineering (including biomedicadireering)
Cell fusion, vaccine-/immunostimulant production
Biotechnological processes, techniques. Fermentatioreactorshioleaching bioremediation.

Gentherapy, therapeutical use of viral vectors.



Bioinformatics: genoms, data bases of protein sscp®e -structures, modelling complex
bioprocesses, systems biology.

Nano-biotechnology.

Interdisciplinarity of the biotechnology can be seen on Fig.1.1

INFORMATICS

Engineering sci.

bioenginee-
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engineering

Fig 1.1.: Interdisciplinarity of biotechnology

1.1. Short hystory of the biotechnology

Here we give a very brief historical summary of thevelopment of biotechnology, pointing on the
most important discoveries and innovations contiilguto its development.

B.C. 6000-3000

Fig.1.3.: Breadmaking
Tomb painting in Egypt, Théba,
BC. 1500

Fig 1.4.: Beermaking and beer
sacrifice to godess Nin-Harra.
Monument Blau, clay tablet,
Sumerian Empire,

BC 2500.
(Louvre, Paris)

B.C. 2000
500

Egypt, Babilon, China: bread leavening. Alcoholaverages
(fruits, milk). Beer production. Cheese making. &gar

Vine making in Assiria.

First “antibiotic”: moldy soy curd is used for ttezent of
inflammation in China.



420

BC 1 about

AD 100 about
3. century
1150
1300
1320

14. century
1590
1630

After 1650
1663
About 1680

Fig 1.5.: Antoni van
Leeuwenhoek and his
microscope

1700

1761

1796

1838
1857

Sokrates (4707-399) raises first question of gesiethy do not
resemble newborn boys to their father in everyeetp

Beer fermentation at celts and germans

First insecticide: powdered chrisanthem (China).
Marcus Aurelius Probus: grape plantations in Gerenan
Alcohol production from wine.

Mexico: aztecs harvest algae from lake for foogpees.

An arabic chief first apply artificial inseminatiam order to
create a ,superhorse”.

Vinager manufacture near to Orléans.
Janssen: discovery of microscope

William Harvey ascertains that either plant or aalsrreproduce
by sexual way.

Artificial mashroom breeding in French.

Hooke: discovery of the existance of cells.

Antoni van Leeuwenhoek(1632—1723): microscope,rsjagm,
yeast, bacteriur

botanist proves that plant flowers also have seargdns.

Kolreuter, Joseph Gottlieb (1733—-1806) german bstan
decribes the first crossbreed between plants bilgrg
different species.

Edward Jenner (1749-1823) british physician dewe=dpe first
vaccine against smallpox (vaccinus = from cow).

Schleider—Schwann-cell theory: ,Every cell arisesif a cell.”

Pasteur: yeast are responsible for fermentaticstcrgion of a
lactic fermentation

Fig.1.6.: Louis Pasteur (1822895)

(www.accessexcellence.org/RC/AB/BC/Louis_Pasteur.php

Traube supposes that fermentations are done byrewzy



1879
1881
1882
~1885
1893

Darwin publish his work: ,On the origin of species”

Fig 1.7.: Charles Darwin (1809-1882)

Pasteur discovers the ,pasteurization”.

Mendel gives his views about H&wvs of heredity

Fig 1.8.: Gregor Mendel (1822-1884)
(http://en.wikipedia.org/wiki/Gregor Mendel

Hansen discovers Acetobacters.

Industrial production of lactic acid

Robert Koch identifies the tuberculosis bacterium.
Artificial mushroom production in the USA.

Koch and Pasteur patented fermentation process.

Fig 1.9.: Robert Koch (1843-1910)
(http://hu.wikipedia.org/wiki/Robert Kogh

Buchner established that in the yeasts there areeféing
enzymes

Fig 1.10.: Eduard Buchner (1860-1917)

(http://nobelprize.org/nobel prizes/chemistry/laues#1907
/buchner.htm)l

19. szazad vége The first municipal waste water treatment planésiaurilt in

Berlin, Hamburg, Minchen, Paris etc.



1900 koral Chromosome theory becomes generally accepted.

1902 The notion of IMMUNOLOGY appears.

1906 Paul Ehrlich: Salvarsan, the first chemotherapeutic
Introduction of the notion GENETICS.

1908 Calmette and Guerin: BCG-vakccine against tb¢rq@ducing in
1921).

1910 Thomas H. Morgan proves that genes are localisatien
chromosome

Fig 1.11.: Thomas H. Morgan (1866—1945)
(http://nobelprize.org/nobel prizes/medicine/lauesdi 933/

index.htm)
1915 Bakers yeast production with ,german method”
1914-16. Bakers yeast and fodder yeast large volume prauiubly the

leadership of Delbriick, Hayduck and Hanneberg.
Weizmann’ process for aceton-butanol fermentation.

Fig 1.12. 4bra: Chaim Weizmann (1874-1952)

(http://www.jewishvirtuallibrary.org/jsource/biograuy/
weizmann.htm)

1915 First finding of bacteriophage and bacteriovirus
1915-16 »oulfite method” for glycerol fermentation
1919 BIOTECHNOLOGY word fisrt time appearance in printed

manner: Ereky Kéro

Fig 1.13.: Ereky Karoly (1878-1952)

1920-to6l Surface method of citric acid fermentation

1928-29 Fleming discovers penicillin.



Fig 1.14.: Alexander Fleming
(1881-1955) accepts Nobel-
prize in 1945

(www.bl.uk/onlinegallery/featur
es/beautifulminds/flemingnobell

ge.html)

1937 Mamoli and Vercellone discover the possibility atrobial
transformations.

1938 In FranceB. thuringiensigoxin production starts as insekticide.

1938 The expression ,molecular biology” has launched.

1941 Beadle—-Tatum: ,one gene one enzyme” theory.

1941-44 Industrial production of penicillin started.

1944 Schatz and Waksman discover streptomycin.
Sanger introduces chromatography for sequencimgsafine.
Avery proves, that DNA carries the genetic infonos.

1946 Tatum and Lederberg discover conjugation.

Fig 1.15.: Edward Lawrie Tatum (1909-1975)

(http://nobelprize.org/nobel prizes/medicine/lauesii 958/
tatum.html)

Fig 1.16.: Joshua Lederberg (1925-)

(http://nobelprize.org/nobel prizes/medicine/lauesi 958/
lederberg.htm)l

1948 Duggar discovers chlortetracyclin.

1949 Submerged acetic acid fermentation is launched.
Vitamin By, fermentation starts.
Industrial scale biotransformations start.

1953 Watson, Crick and Wilkins discover double helixaiflA



Fig 1.17.
Watson, Crick és Wilkins

(www.nobelprize.org/nobel priz
es/medicine/laureates/196p/

1955

1956
1957
1959

195560
1960
1961
1962
1965
1966
1969
1970

1971
1972
1973
1975

Discovery that animal cells can be grown in chelhiaefined
culure media.

Kornberg discovers DNA polymerase.
Kinoshita and coworkers: glutamic acid fermentation

JACOB and MONOD discover gene level regulation.

Fig 1.18.: Frangois Jacob (1920-)
(www.nndb.com/people/157/0001297%7/

Fig 1.19.: Jacques Monod (1910-1976)

(http://nobelprize.org/nobel prizes/medicine/lauesii 965/
monod.htm)

Submerged citric acid fermentation

Vegetative microbreeding of plants.

Nierenberg: synthesis of poly-U, UUU codes the Phe.
Watson, Crick and Wilkins get Nobel prize.

Fusion of mice and human cells.

Decoding of the genetic code.

Firstin vitro enzyme synthesis

First isolation of reverse transcriptase.
Discovery of the restriction enzymes

The whole plant can be regenerated from a protbplas
First succesful DNA-clonong.
Recombinant DNA-methods: ,genetic engineering”

Moratorium in Asilomar for the rDNA-experiments.



First monoclonal AB (antibody) production.

1976 Launching of the first gentech company:GENENTECH.

1977 Genentech announces the bacterial production dfrgtdruman
protein: somatostatin.

1978 Somatic hibridization of potatoes and tomatos (PQI@A

1980 The Chakrabarty-case: USA allows patenting gealbyic

modified life forms: ,superbug”: HC-eating microbe.
~LAnything under the sun that is made by the hanchan is
patentable” (USA Suprem Court, 1980).

1981 First stransgenic mammal: mice

1982 Human inzulin— first commercial rDNA-product.

1983 Kary Mullis (CETUS) developes PCR technique (19¢3bel-
prize).

1990 Human genom project starts (HUGO).

1992 Sheep cloning: animal cells are totipotent,too.

1996 The whole yeast gemon is known.

2000 The total human genom sequences are known.

1.2. Features of biotechnological processes

It is a general habit nowadays to give colour aralg biotechnological processes accordig to their
use intored, white and greegroups. Red biotech means the health relatedeviimtech means the
chemical industry related (raw and transitional eriats as well as end products) while green
biotechnology means the agriculture, environmeatgetion and -menagement, bioremediation and
biofuels related territories of the biotechnologjizecesses and services.

This three level categorization, not beeing absokutd satisfactory, often a wider palettes of
colours are applied for the various biotech figldshows the list beldw

Red: health, medical diagnostics

Yellow: food and nutrition

Blue: aquaculture, sea-biotechnology

White: bioindustry

Gold: bioinformatics, nano-biotech

Green: agriculture, biofuel, biomanure, bioremeadigtbiological waste water
treatment, geomicrobiology

Brown: biotech of dry deserted lands

Black: bioterrorism, bioweapons...

Purple: bio patents, publication, know how...

Grey: classical fermentation and bioprocess telcigyo

1 E. J. Da Silva (2005): The Colours of Biotechnotogyience, Development and Humankind
Electronic Journal of Biotechnology.
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Fig.1.20.: A biosociety

Ereky Karoly predicted the necessary coming of aaited biosociety similarly to the industrial
revolution. According to the oppinion of many sdists the 21. century will be this age and this era
has already started, for the contours of this lui@tp has already visible. This means that all the
segments of our everyday life are laced with biotetogies. There arbio-raw materials (yearly
renewed lignocelluloses and sugardjo-energy (lignocellulose based power stations,bioethanol,
biodiesel) and a part of technologies are digmthat these are processed by or applied with.

There are a great variety of classic and modenprbaesses as shown in the tables below.

In the first table directly consumed foods and foodutrial products are listed that are
manufactured by bioprocesses.

Table 1.1: Fermented foods

Product

Raw material

Microorganisms

alcoholic beverages
beer, vine, spiri

grape, fruits
malt, potato, ceree

Saccharomyces cerevisiae

non alcoholic food

vinigar

vine, malt, ethan

Acetobacter ace

sour cabbage cabbage Leuconostoc mesenteroides
Lactobacillus plantarum
Lactobacillus brevi

olives olives Pediococcus, Lactobacill

Sour dough flour of wheat and rye Lactobacillus sanfranzisko

L.fructivorans, L.fermentum
Torulopsis holmii, S.cerevisiae

BAKERY PRODUCTS ...flour Saccharomyces cerevis

Milk products

Sour cream milk Streptococcus lactis ssp cremor
Streptococcus lactis ssp
diacetylacti:

yoghurt milk Streptococcus salivarius ssp
thermophilus
Lactobacillus delbrueckii ssp
bulgaricus

kefir milk Candida kefir, Lactobacillus

kefir,
Lactobacillus acidophilus,
Streptococcus lact




bria

Soft cheese milk Penicillium caseicolum,
P.camemberti
Penicillium roqueforti

Hard cheese milk Streptococcus salivarius
thermophilus
Lactobacillus helveticus
Propionibacterium freudenreicl

Meat products

sausages meat Lactobacillus spp,
Staphylococcus
Micrococcus varian

han mea Vibrio costicola, Staphylococcl

Consumer goods

coffee Coffee bean Enterobacter,
Lactic bacteria, yeas

tea, tobacco tealeaves, tobacco leaves (endogeneuses)
Pediococcus ¢

cacao Cacao bean yeasts, lactic and acetic bacte
bacilli

Soy sauce rice flour, soya bean Aspergillus orizae
Lactobacillus, Torulopsis sp.
Zygosaccharomyces rou

Next table shows products that are used as adslitivéhe food industry during the technological

steps of production.

Table 1.2: Biotechnological products in the foodustry

Product

Use

Producer microorganizm
(source)

Fruit acids

Citric acid E330-333

beverages, jams, syrups
Dairy product

Aspergillus niger

Itakonic acit

margarin

Aspergillus terreu

Gluconic acidE574-579

Baking powder, sausages
Metal sequesterir

Aspergillus niger

Fumaric acicE360-369

desserts, dairy products,
Meat product

Rhizopus, Mucor

Malic acidE350-352

beverages, jams, geles,
candies, oils, brea

Aspergillus niger
Penicillium brevicompactu

Tartaric acidE335-337

beverages, jams, desserts, gels

Penicillium notatum
Aspergillus griset

Succinic acidE360-369

Flavour enhancement, K-, Ca-, Mg-
salts aiNaCl replacemen

Rhizopus, Mucor, Fusarium

Lactic acidE270

juices, mayonnaise, desserts, baked
products, dairy products, m

Lactobacillus delbrueckii,
Lactobacillus cast

Amino acids
Glu E620,621 Flavour enhancement : ,umami” Corynebacterium glutamicum,
Brevibacterium flavui
Lys Food additives, feed additi Corynebacterium glutamict
Trp Antidepressant,animal fe Corynebacterium glutamict
vitamins

cobalamin (k)

Dietary complemel

Propionibacterium shermat

riboflavin (B;) E101

Dietary complement

Ashbya gossipii
Eremothecium asht

b-karotir

Dietary complement

Blakeslea trispora




aszkorbinsaE300

biotranszforméacio
(pl. Gluconobacte)

Flavouring agents

IMP E630-633
GMP E62¢-62¢

Flavour enhancement, soup powder
Canned produc

Corynebacterium glutamict

gélesit anyagok

alginate E400

icecream, pudding, foams

Acetobacter vinelandii
see algs

xanthan E415

beverages, processed cheese, crea
cheese, pudding, dressings emulsio
stabilizatior

m}tantomonas campestris
h

pectir E44( jams, ice cream, cheese, mayonr alma,citrusfélél

enzymes
Glucose isomera Fruktose syrup, is-suga Arthrobacter sp, B. coagula
b-glukanas juice filtering Trichoderma harzianum

b-galaktosidase

Lactose removal

A. oryzae, Kluyveromyces
fragilis

Starch break down

5 Brevibacterium ammoniagenes,

a-amylas B. licheniformis, A. niger
glukoamylas Starch break dow A. niger, Rhizopus oryz
pectinase Fruit and grape juice filtration A. niger, A. oryzae,
Penicillium simplicissimui
catalas H.O, excess removal from e.g. Ir Micrococcuslysodeicticu
Glucoseoxydas O, removel from canned for A. nigel
rennet Milk clotting, cheese prod. borjagyomor, Bacillus spp
Streptococcus lact
proteases dough, beverages, cheese, meat, $sdacillus cereus, B. subtilis
B. licheniformis, A. orize
lipases Chese flavouring, fat removal from | Candida lipolytica,
protein products, transesterification ofAspergillus niger,
fats and oil Mucor javanicu
antocyanas Vine decolorizatio From plant
lyzozim Cheeseproductiotr From eg!
Table 1.3: Microbial enzymes produced in large diles
a-amylase Bacillus amyloliquefaciens,
Thermobacterium s
b-amylas B. polymyxa
amyloglucosidas Aspergillus nige
cellulase Trichoderma rees

Glucose isomerase

glucoseoxydas
a-D-glucosidas
lipases

pectinesthera:
acidic proteinas
alcalic proteinas
neutral proteinas
pullulanas
polygalacturonas
penicillin acylas

Streptomyces oligochromogenes
B. coagulan

A. nigel

A. niger

A. niger

Candida cylindraceae
Geotrychum candidum
Rhizopus arrhizus, Mucor ¢
A. orizae

A. saito

A. orizae B. amyloliquefacie
Bacillus stearothermophyl
Aerobacter aerogen

A. nigel

E. coli




It is worthy to note that proteolytic enzymes areduced in the largest quantity (about 58% of the
total enzyme production), including alcaline pretes (25%) and other proteses (20%), milk clotting
rennet 10%.

The amylases and glucose isomerases take about2iiéotherapeutic and diagnostic (analytical)
enzymes take about 10 % of the total enzyme market.

Table 1.4.: Microbial nonprotein polymers and proihg microbes

alginate Azotobacter vinelanc
cellulose Acetobacter s
curdlar Agrobacterium sj
dextrat Leuconostoc mesenteroit
phosphomann: Hansenula capsula
poli-b-hydroxibutirat: Alcaligenes eutrophus
sclerogluca Sclerotium glucanicu
xanthai Xantomonas campest
Table 1.5.: Amino acids and the producing microargens
D, L-alanir Brevibacterium flavul
L-arginine Brevibacterium flavul
L-citrulline Bacillus subtilit
L-glutamate Brevibacterium flavum
Corynebacterium glutamict
L-histidine Corynebacterium glutamict
L-isoleucint Brevibacterium flavui
L-leucine Brevibacterium lactofermentt
Corynebacterium glutamicum
L-methionint Brevibacterium flavui
L-ornithine Microbacterium ammoniaphilu
L-phenylalanin Brevibacterium lactofermentt
L-proline Corynebacterium glutamict
L-threonin: Corynebacterium glutamict
L-tryptophal Brevibacterium flavul
L-tyrosine Corynebacterium glutamict
L-valine Brevibacterium lactofermentt
L -sering Corynebacterium hydrocarboclas
Table 1.6.: Organic acids
Acetic acic Acetobacter ace

D-arabinc¢-ascorbic aci
Citric acic

Penicillium notatur
Aspergillus nige

Erythorbic acic Penicillium cyaneofulvu
Fumaric acii Rhizopus delem
Gluconic acit Aspergillus nige
Itaconic acil Aspergillus terreu

2-ketc-gluconic aci
a-ketc-glutaric aci
2-ketc-L-gulonic acic
Lactic acic

Serratia marcesce|

Candida hydrocarbofumarica
Gluconobacter melanoger
Lactobacillus lactis.




L-malic acic

Brevibacterium ammoniager

Fig 1.7. : Fragrances produced by microbes

Anisol aldehyd
benzaldehyc
benzy-alcoho
citronellol

gdecelactor

diacety
p-mehyl-benzy-alcoho
Me-p-methoxy-phenylacetat
Me-phenylaceta
6-penty-a-piron
tetramehyl-pyrazine

anise
mande
fruit
rose
apricot
buttel
hyacinth, garden
anise¢
hone)
coconut
nul

Trametes sauvole
Trametes sauvole
Phellinus igniariu:
Ceratocystis varispol
Sporobolomyces odorus
Streptococcus diacetylac
Mycoacia ud

Trametes ordoral
Trametes ordoral
Trichoderma viride
Corynebateriumc glutamict




Table 1.8.Miscellaneous microbial products

antipair proteas-inhibitor Streptomyces ¢

carotenoid pigments, provitamir Dunaliella bardawil(alga
emulsan Emulgen agen Acinetobacter calcoacetic
gibberellin: Planthormone Giberella fujikuro

herbicidir herbicid¢ Streptomyces saganonel
indigc pigmen Escherichia co

inosir Flavol enhanceme Bacillus subtili:

Lysercic acic Ergor alkaloic product: Clariceps paspa

B2 vitamin Propionibacterium shermai
shikonir Medicine, colorar Lithospermium s

From the known more thousand antibiotics Fig 1@ghthe best known items.

Fig 1.9.: Antibiotics

Antibiotic | Type | Producing strai

Penicillin C lactan Penicillium chrysogenu
Streptomycil aminoglycosid Streptomyces grise
Bacitracir polypeptidt Bacillus licheniformi
Cefalosporin ¢ polypeptidt Cephalosporium acremonit
Chlortetracyclin tetracycline Streptomyceaureofacien
Griseofulvir spirocyclohexen: Penicillium griseofulvur
Gentamicil aminoglycosid Micromonospora purpure
Nystatir tetraen Streptomyces aure
Oleandomyci macrolide Streptomyces antibiotic
Tyrocidine cyclic polypeptid: Bacillusbrevis
Vancomycit glycopeptid Streptomyces orienta

In Table 1.10. recombinant DNA products are shaRrecently more thousands of such products
exist, the examples here are only some representatd historically interesting kinds.

1.10. table: rDNS products

PRODUCT | APPLICATION

Human insulii diabete

Human interferons a-, b-, c-IFN) antiviral/antitumor therapy
HGH human growtthormon

Hepatitis Bvirus proteir vaccine againsviruse:

Urokinast thrombolytic effect
L-phenylalanin componenof aspartam sweetening
Animal growthhormone increase milk and meat product
Factor VIl and IX of blood clotting hemophilic

Erythropoietin (EPC anemii

Human serum album blood product

Antigen: of herpes, malaria and influenza prot  vaccine

Immunoglobulin monoclong antibodie
Lymphokine: interleukir-2 stimulation ofimmune systen
Tissue Plasminogen Activator (TF thrombolytic effect

Tumor Necrosis Factor (TN antitumor therag

Renne cheese productic

Aims and potentials of the modern fermentation psses are the following, grouping on the basis
of the kinds of products:



CELL MASS PRODUCTION - Baker’s yeast, SCP

PRODUCTION OF CELL COMPONENTS - intracellular enzymes,
nucleic acids, polysaccharides,

rDNA products...

METABOLITE PRODUCTION - PRIMARY metabolies etanol, lactic acid...
- SECONDARY metabol@s antibiotics

SIMPLE SUBSTRATE CONVERSION: glucose® fructose
penicillin ® 6-NHx-penicillanic acid
MULTI-SUBSTRATE CONVERSION : biological wastewater treatment

At all types of products raw materials (substrateg)converted by the organism or some part of it
during a one- or multistep reaction (series) toehd product. In this sense cells or their acti@gs
can be considered as catalysators that in the afagee first and second types, beside the catalytic
action may be multiplied themselves. The processalied denovofermentation when the organism,
growing on a medium, from simple substrates (coreptof the culture medium) produces the more
or less complex product material diotransformation or bioconversion when growing or

nongrowing organism or a certain part of them (argenzyme) produce a matter from a given other
material ( Fig 1.22)

FERMENTATION PROCESS  (BIOSYNTHESIS)

5 _GROWING__ s
NUTRIENTS it b PRODUCTS

BIOTRANSFORMATION/ BIOCONVERSION

CELL
CELL COMPONENT
A RAWM. &> B PRODUCT
ENZYME

Fig 1.22.: De novo fermentation and bioconversion

Either in case ofle novofermentation process or biotransformation the &artation itself has an
important determining central role because direttity product or indirectly the converting enzyme
are produced by a fermentation process. (Fig 1.23.)



$#

FERMENTATION:> BIOCATALYSATOR

PRODUCT

Fig 1.23.: Central role of fermentation

Below we summarize the cases where fermentatiogepte a good alternative of a synthetic
process or where there is no other choice, arasitd be applied exclusively.

WHERE SHOULD WE USE BIOPROCESSES?

WHEN COMPLEX MOLECULES ARE TO BE SYNTHETIZEDWHEN THERE ARE NO ALTERNATIVES
ANTIBIOTICS, MONOCLONAL ANTIBODIES, PROTEINS.

At exclusive production of one of isomers, e.g@RS enantiomer production.
When the culture is able to realize more than(arseries of) consecutive reactions.

When cells can produce something with higher yielh a synthetic method, or at least the
yield of the bioprocess is comparable with synthptbcess.

Bioprocesses often have expressive advantagesiov@onventional chemical processes. But of
course where advantage is surely there are distadyes) too. Here follows a list of these.

ADVANTAGES OF BIOPROCESSES OVER CONVENTIONAL CHEMIC AL METHODS

Reaction conditions are usually milder (pH, presstemperature).

Bioprocesses use yearly renewed raw materialgreiim the respect of C-sceleton or the
energy source.. SUGAR STARCH, SUGAR- LIGNOCELLULOSE.
These and the other raw materials (minerals) laeaE and easily attainable in the nature.

Less dangerous reaction circumstances for the@maent and the environmental burden is
smaller.

Biocatalysts (cell, enzyme...) are specific: sultetiareaction-, stereo- and region specificity
are theirs.

Bioreactors and the other equipment are usuallynafy purpose.(product and technology
change is easy)

Frequently higher yield and smaller energy regquast.

Potentials of the rDNA technology are many, almogbreseeable.
(foreign proteins, biocatalyst design, metaboligieeering, artificial evolution....),.



DISADVANTAGES OF BIOPROCESS

Nowadays the productivity and economic feasibitifychemical processes based upon fossil
raw materials are yet often higher than of the twopsses (the main barrier of the spreading
the white biotechnology).

Complicated product structures are present intatilsolutions, their isolation and purification
is complicated and expensive.

Huge amount and of large BOD containing waste wstdormed, but it is usually easily
treatable.

Easy contamination by foreign microorganisms, sésu

Contamination hazard. Very strict rules have tcépt because of the biosafety regulations.
Special containment rules in the case of GMO-sgatbogens.

Two side variability:1. renewable materials mayarge time to time and place to place.2.
Special microbes with modified genetics (e.g.: mtgpare inclined to revert (they lose their
productivity)

Social perceptibility is not too high yet. Theseai general refusal against microbes and mainly
against GMO-s.



2. BASICS OF ENZYME ENGINEERING

2.1 Brief history. Basics of enzymes as biocastdy

If we want to introduce the evolution of our recknbwledge regarding enzymes in a few sentences,
the task is rather difficult because there are aoymimilestones of its. Nevertheless, some maintpoin
have to be mentioned here e.g. 1833 in that yegrPand Persoz, French scientists published a paper
in which they submitted the role of breeding bareythe hydrolysis of starch: they observed the
appearance of destrins and sugjdtsing the process.

In 1835 Berzelius (1779-1848) stated the fact that hydrolysis of starch by ,diastase” is
catalysis

During 1853-1857 two opinions about the essen@npfmes were fighting with each other. As
for one the conversions are driven ,some N-conginorganic matter” that was taken as an
unorganized nonliving material, while according titeer opinion, a living material is necessary for
these transformations. These were taken as lowler ptants, some kind of ,infusorium”.

In 1858 M. Traube (1826-1894) supposed that feratiemt is driven by fermentums, he joined
the first group, but for example Pasteur belongedhe other group and his enormous scientific
prestige prevented the real enzyme-picture (i.ergimnized N-containing material) spreading for a
long time. But this was not a barrier for the foation of the first enzyme producing firm in 1874 (i
Hollande the C. Hansen'’s Laboratory) for the prdiducof the milk clotting enzyme, rennet.

Following the winner first opinion, Wilhelm Friedh Kihne (1837-1900)amed these matters
enzymespplying the Greek word (enziimé) = in yeast for therm 1897 Edward Buchner
(1860-1917) pointed out that in the yeasts thezdeamenting enzymes. He got one of the first Nobel
Prizes in 1907 for his work regarding the cell ffeanentations.

In 1926-ban James Batchell8umner (1887-1955) first isolated pure enzyme,ctiystallized
urease. For his work in the field of enzyme cry=taiion he got Nobel Prize in 1946 with (J. H.
Northroppal and W. M. Stanley).

Enzymes are specific groups of proteins with thek t@ fasten the many biochemical reactions
going on in the living cells. According to the gealeview all the enzymes are proteins but nottal t
proteins are enzymes. This later statement is olsvi@cause one knows a series of proteins that does
not hold catalytic activity, while there are alsoteins holding some catalytic activities, but veerabt
take them as enzymes. In the list below we see piesnof these protein groups.

2 Memoir sur la diastase, les principaux produitssde reactions, et leurs applications aux art imniglss,
Annales de Chimie et dePhysique,1838e Serie 53, 73-92
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Specific groups of proteins and their biologicaldtions

Regulator proteins*

lac-repressor RNA-synthesis
interferons virus-resistance
insulin glucose-metabolism

growth hormone

Transport proteins*

lactose permease cell membrane transport
myoglobin Q —in muscle
hemoglobin @-in blood

Protecting proteins*
antibodies (abzymes) foreign material - complex

thrombin blood clotting

Toxins*
B. thuringiensis biological insecticide
ClI. botulinum causing food poisoning

Reserve nutrient-proteins

ovalbumin egg white
casein milk protein
zein corn germ

Contractile proteins
dynein cilia, flagella
myosin muscle

Structural proteins

collagen joints and tendons
glycoproteins cell wall
Chaperons*
Prions

The groups signed by * also have catalytic actility do not correspond to the classical definition
of enzymes, i.e. they do not catalyeactions. In reality the mode of operation is exactly theng as
of the enzymes. This is well known for exampleha tase of hemoglobin, even if it is not takenras a
enzyme, it is the most important prototype of theséerism: operating of allo enzymes is explained
with the mechanism of hemoglobin. Similarly, persesado not catalyze reactions, but their kinetics
show strict similarity with the real enzymes (sation with substrates). Therefore nowadays a need
for redefinition of enzymes arose: the essenceatdlysis remains but they fasten not a reaction but
some kind of transformation

It is worthy to mention that there are catalytictemgls, playing important role in biochemical
events, that are not proteins. Ribozymes, ATP NARNA have catalytic effects. Many RNA-
catalysators, that play important role recently, tortify the opinion regarding the evolution dfl
that first the catalysis were driven by nucleicdacand later the cells turned to the more effective
protein catalysis, and the ,RNA-world” turned to thee recent ,protein-world”. Nevertheless there
remained some traces of the RNA-world in the exasphentioned above as well as in the form of
even mixed catalyst like the example of RnasePayime in which 377 base pairs of RNA with



~125 kD molecular mass and only a small proteintioacof 119 amino acids~(4 kD) form the
whole catalytic entity.

Without enzymes thdhermodynamically possible reactior{segative Gibbs-energy change)
would develop very slow, especially because theti@a circumstances in the living cells are rather
mild, at about 30-40 °C and 1 bar pressure and meatral pH, and these circumstances allow only
very small reaction rates of the spontaneous i@asti

In the various cells different proportion of thdl ary material is protein but as a minimum (in
case of filamentous fungi) 25% of the dry weighpistein mostly enzyme protein. In &scherichia
coli cell as much as 2-3000 different proteins of géleffect are present. All of these serve as
catalysator of well-defined tasks, mainly fastenifigvell-defined chemical reactions.

The thermodynamic basis of the catalysis in casenafymes is the same as in case of other
catalysators: they fasten the reaction rate bedhegdower the activation energy of the reaction.

Let us recall this thermodynamic basis with théofeing sequence of ideas.

According to the absolute reaction rate theoryHehry Eyring (1901-1981) in an A+B reactant
system, in order to form a product P — even ifrdeetion is spontaneous, with negative Gibbs-energy
- a certain amount of activation energy has tont@duced to form a higher energy transition stéite
the system from which the reaction may go furtiio the direction of the lowest energy final state.
(Fig2.1)

AE

nemkat

b 4

progression of the reacti

Fig 2.1.: The enzyme lowers the activation energy
For the reaction scheme below, it can be written
A+BU AB® P,
DH* =5* ¥. B*.
The equilibrium constant of the reversible formataf the activated complex is

K* : C*AB )
Ca Gy

And the product formation rate can be written doves:

dP KT
E:erACB :C:ABT'
where

T is the absolute temperature (Kelvin degree)

k is the Boltzmann-constant (1,38 -20/K)
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h is the Planck-constant (6,62 -*0-s)

From the former equation the equilibrium constat be expressed:

*

<~ G _kh
C.C, KT

Using this, the activation energy change of thetiea will be the following:

DG =-RTInK =- RTIn%=DH- DS,

From which k reaction rate constant is:

KT o5 LoH b3

k == -er xe RT »konstxeRT .

It is obvious that becaus(éi]f*)nemkaI (DE ) o (K )oamae (K¢) o Will be, i.e. the reaction rate of the

catalyzed reaction is much higher than of the ntatgzed.

In the case of enzymatic catalysis, the situat®rthe same, the thermodynamic basis of the
reaction fastening is the lowering of the activatenergy. This means the very much increase of the
reaction rate constants, sometimes many order ghinale is this increase as we can see in the Table
2. 1.

An enzyme catalized reaction may million/billiomes faster than a non-, or inorganic catalyzed
reaction.

Table 2.1.: Comparison of single and enzyme catdlyeactions

Reaction Catalysator| Activation Krelative
energy 25°C
kJ/mo

H.O, H,O +1/20Q - 75 1
I 56,5 2,1x 16
catalase 26,8 3,5 x 16
Casein + nHO H* 86 1
(n+1) peptidptrypsin 50 2,1x 16
Saccharose + 1@ H* 107 1
glucose + fructodenvertase 46 [5,6 x 1G6°
Linoleic acid + Q - 150-270 1
linoleic peroxid¢ CL?* 30-50 ~10°
16,7 ~ 10
lipoxygenas

It is generally accepted and assured by severaéra®pntal evidences that there exist an
activation complex, in our case an enzyme-subst@iglex (or complexes).

The former thermodynamic picture will be a bit mamederstandable if we look at Fig.2.2. that
shows the case of a naturally nonexistent enzystakase” which breaks an iron stick. Well visibly
there is great thermodynamic difference betweenvidmous modes of formation of the enzyme-
substrate activated complexes.



transient state
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ES komplex

S is complementer with E

ES* komplex

Fig2.2.: It is necessary to introduce activatioregyy for the formation activated complex
Energetically more favored if either the substratehe enzyme are getting changed during the
formation of the activated complex: this is theuoeld fit.

At its so-calledbinding sitethe enzyme binds the substrate molecule and thine active sitethe
chemical change happens. Active site and binditeyasie not necessarily the same, maybe they are
identical, maybe not, and in latter case they nm&jab or next to each other. On the other handhen
surface of an enzyme molecule not only substratdihg sites but other binding sites may take place
for the complex formation of foreign molecules,aasivators, inhibitors or prosthetic groups. The si
which is responsible for binding the substratealed binding siteand the site responsible for the
chemical change is calleattive site(formerly it was called active center). In therf@tion of the
enzyme-substrate complexes weak and strong chemdirals play role, from the Van der Waals
forces through the ionic to the covalent bonds.qéeatly hydrogen bonds and/or partial electric
charges form the binding of the substrate.

The substrate binding and active sites occupy gustlatively small surface of the total protein
molecule (Fig 2.3.). Explaining mechanically, en®yilminds the substrate, transform it to an other
molecule then the product leaves from the enzyims, way it is able to accept an other substrate
molecule as the simple animation shows (anim 2.1)

2.1. animation: Simple enzymatic reaction

The oldest explanation of the enzyme action wasrgin 1894 by the lock and key model of E.
Fischer (1852-1919) (Fig 2.4.): lock is the enzyane the exactly fitting key is the substrate. This
picture is a good explanation of the substrateifpig of the enzymes.
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Izocitrat
dehidrogenaz
E.C.1.1.1.42.

Fig 2.3.: Isocirate-deyidrogenase
Substrate binding and active sites are only rekdyivsmall parts of the whole enzyme molecule

H ) substrate ES complex
2 key O
+ > .
Sl -
Free E product
ree

L

Free E

Fig2.4.: Substrate is the key and enzyme is a lock.

Amino acid chain of a protein can be twisted arlddd more than one way, but usually only one
of these forms a given tertiary structure that Balte enzyme activity by a special spatial arrareggm

similar to a pocket or sack in which chemicallyatbge side chains of the amino acids take place.
These are as follows:

Asp (COO0),

Cys (-SH),

Glu (COO or -CONHy),
His (imidazole),

Lys (-NH3z"),



Met (CHz-S),

Ser (-OH), and

Thr (CH3CHOH-)
These groups and the terminal amino- and carbaotygs play the most important role in the enzyme
catalysis. Note, that in the formation of the agtsite only a small part of the building amino asiidie

chains takes part. Nevertheless, the other amiitbsaae chains are equally important, i.e. theyetak
part in the formation and stabilization of the aetiertiary (and quaternary) structure of the prote

On large protein molecules often more substratdibgnsites and other active domains, binding
sites are present for the binding of modulatorssibretic groups, inhibitors, etc.
The catalytic activity of an enzyme may be causeudarious effects, like

acid/base catalysis,
metal ion catalysis and
covalent catalysis.

Lock and key model explains satisfactorily the $wte specificity but leaves more questions
open. Daniel Koshland (1920-2007) gave pioneerceffethe understanding of these. He introduced
the induced fit theory (mainly regarding the algt enzymes...) in 1958. The essence of this theory
states that while the substrate reaches the intioieity (proximity effect) of the binding and acé
site of the enzyme, also the structure of the emzjtself undergoes changes to form even more
intimate binding. During this continuous changes ¢ihd chemical bonds are getting loosened and at
the same time new chemical bond formation pos8dsliarise. Finally, the whole system fell into the
so-called entropy-trap, i.e. the probability of fleemation of the product increases compared to the
back way to the substrate release (while, of coulse system remains reversible!). An important
other effect is the so called orientation effelettmeans when substrate approaches the enzynas, it
to turn to the right orientation or position, ands-the basis of the stereospecificiipally at least at
three points has to be bound to the surface oétlagme (=three-point attachment)

@'3*@

I ;¥

E N v/ I M

Fig. 2.5.: Orientation effect, three-point attachmieat the active site at least three amino acid€s
chains) are responsible to the proper fitting: tlighe basis of the stereo-specificity.

Let us look at the mechanism of the phosphorylatingyme, hexokinase (Fig. 2.6.). Hexokinase
enzyme phosphorylates the glucose with ATP duritngckyv they form a terner complex. Glucose
exactly fits into the active center, meanwhile émeyme —like a jaw — closes on it. The movement can
be measured, it is about 8 A. The result is a ratitenate proximity of the three reacting partners
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enzyme, glucose, ATP. During the process one mideoti water is excluded from the pocket.
Glucose is fixed in the active site by the Lys18Br168, Asn204 and Glu256 amino acid side chain
functional groups with hydrogen bonds. At this tithe free COOgroup of Asp205 — as a basis —
abstracts the H of C6 OH of the glucose, initiattngucleophilic attack against the terminal P ef th
ATP by the oxygen of this OH. With this attack témadl phosphate releases and glucose takes it up.
This mechanism correctly explains that other OHtaiming molecules — like cholesterol — why are
not phosphorylated: the molecule is too large tanfo the pocket. Or it explains why the water sloe
not hydrolyze ATP by this enzyme: water is too §malus when it is inside the pocket, the” jaw”
does not closes, so it will not be in the necespamyimity of the ATP. This is also proven by tleef,
that xylose — not having C6 OH, but its measura@pmates glucose —is able to fix water molecule
in the active center, and then water pics up phatgpie. ATP is hydrolyzed by the enzyme.

Fig2.6.: The ,jaw"of hexokinase closes up on glueos
Induced fit

-------- H-hidak

FIG2.7. : Active center of hexokinase with thecghe-binding hydrogen bonds

Summary: During the formation of the activated engysubstrate complex, reacting molecules
are getting closer and closer to each other (prityieffect). This enhances the probability of the
transformation. On the other hand, enzyme can Hiedsubstrate only in a given strict position
(orientation effect and three-point attachmentynkation of the transition state has to be imagiagd
a dynamic process. While the complex is born, trdarmation of the enzyme also changes, it moves
into the more and more favored state to bind aastorm the substrate (induced fit).
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2.2. Characteristics of the enzymes. Nomenclature

1. Enzymes catalyze only thermodynamically possielactions = the Gibb-energy change is
negative.

2. All the enzymatic reactions are reversibleyytlage going on until reaching an equilibrium.
Enzyme does not affect the equilibrium, just fadtes rate of the reaction, just shorten the time of
reaching the equilibrium. A question arises: howitigpossible, that enzyme reactions in a cell
(metabolic reactions) are going mainly into oneedliion if all the reactions are reversible? The
answer is that the product of a reaction is thessate of the following, thus removing it from the
reaction ,mixture”, the reaction equilibrium is hig pushed into one direction. With other words:
eliminating a reacting agent from the reaction, esothe reaction into the forward direction. Another
point is, that the value of the equilibrium constah the reaction may be under the effect of the
environmental circumstances (pH, temperature, istrength, etc.).

3. Enzymes are proteins, and their conformatiodei®rmined by the tertiary (and quaternary)
structure, and these are highly sensible to thér@mwental conditions. The preferred conformation
may change to an unfavored one: this isdbeaturation. Denaturation means that the protein has a
conformation that does not hold the required cétalactivity. The environment caused
conformational change may be reversible or irraltrs Denaturation promoting effects can be the
following:

increasing temperature
pH change

ionic strength

effects of organic solvents

4. It comes from the proteinaceous nature and xiwemce of the transition enzyme-substrate
complex that enzymes are more or Iggscificfrom different point of views:

Substrate specificity means that an enzyme converts only a given stibsfar example, glucose
oxidase converts only glucose to glucahtactone but do not converts fructose. This substra
specificity may be directed to a given molecule aorgroup of similar molecules (hexokinase
phosphorilate glucose as well as fructose, a gobiy@xoses).

Chemical group specificity meansthat enzyme converts a special chemical functignalp or
creates this special group. E.g@-glycosidase decomposes those disaccharides widlth ém a-
glycoside bond, but-amylase is specific to the formadglycoside bonds. Group specificity is often
called reaction specificity they are the same: what a reaction is going ongilken chemical
functional group.

Stereospecificityis a feature that means, an enzyme — if the satbsbr the product holds_a chiral
center — can change or create a molecule havingamd of the antipodes. E.g., L-amino acid-acylase
hydrolyses only the acyl-L-amino acid, D-forms rémantouched.

Region-specificity is if there are similar functional groups on a ewmnlle, the enzyme can
.choose” a special one at a special region of tb&eaule. E.g., enzyme act on the hydroxyl group on
the second C-atom of a sugar molecule.

The active enzyme often contains other molecutas, ot only protein. The protein part of the
enzyme is calledpoenzymethe bound foreign nonprotein molecule is dogactor. The whole active
complex is callecholoenzyme The bound cofactor may benzetal ion (frequently Mg, Ca, Zn, Fe,
Cu, Mo) or an organic molecule that éeenzyme Coenzymes may be of two typgmosthetic
groups are covalently bound to the protein (FARHhem, Pyridoxal-P), while cosubstrate is not
strictly bound, as a matter of fact it is a secenldstrate (NAD,ATP, etc.).
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How to name an enzyme? There are different nomemela The name may refer to the substrate:

urease
>

urea + water £0 2NH;

-—

After the name of the substrate a suffiase is given.

An other case is when first we name the substhate the reaction, using again the suffix —ase.

For example the ethan@ acetaldehyd® acetate reaction is catalyzed by the enzyme aleoho
dehydrogenase.

Protein-degrading enzymes groups have a specidltriaming, all of these are ended by the
suffix —in: papain, trypsin, etc.

Naturally there has been an old demand to create soformative and systematic nomenclature
for the enzymes. And this demand arose togethdr thit demand of systematic grouping of them
because since the first active cell extract (188@ay we know many thousands of enzymes. Even the
number of industrially applied enzymes is more temsuping is understandably reasonable.

The nowadays applied system was introduced IBPAC IUB (=International Union of
Biochemistry) (now IUBMB (Int. Union of Biochemistiand Molecular Biology)) in 1955.This is the
EC categorization by the Enzyme Commision that basn continuously updated since then
(http://www.chem.gmul.ac.uk/iubmb/enzyme/

According to this, enzymes have 6 groups comadimg the type of the chemical reactions they
catalyze, the groups have subgroups and sub-suyigamcording to the finer characterization of the
reactions. Table 2.2. shows these groups.

This nomenclature is really systematic, a good etaris the name of glucose-oxidase: A series
of information can be got form the name itselfstehzyme belongs to the oxidoreductases and it is
the 49. in the 1.1.1. subgroup:

Cosubstrate or coenzyme
Catalog number

E.C.1.1.1.49. D-glucose-6P: NADP 1-oxydoreductase

Kind of reaction

substrate

Location of attack is on the C1

Fig2.12.: Systematic hame of glucose-oxidase

The links below we can find very much informati@garding the nomenclature as well as from
the individual enzymes: their reactions, structufeatures, the most relevant literature refereatz,

IUBMB Enzyme Nomenclature
SWISSPROT http://www.expasy.org/enzypniBRENDA — Comprehensive Enzyme Information system
EMP - Enzymes and Metabolic Pathways datab&$&GG — Kyoto Encyclopedia of Genes and Genomes
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MetaCyc— Metabolic Encyclopedia of enzymes and metalpaitways,
BioCarta— Pathways of Life

Table 2.2.: Enzyme groups according to EC

1. Oxido-reductaseqoxidation-reduction reactions) (more than 300ugi)
1.1. Oxidation of primary -OH group
1.1.1. NAD(+) or NADP(+) acceptor
1.1.2. With cytochrome acceptor

1.1.99. With another acceptor
1.2. Oxidation of keto group: -C=0
1.3. Oxidation methylene group: -CH=CH-
1.4. Oxidation of primary amino-group
1.5. Oxidation of secondary amino group
1.6. Oxidation of NADH or NADPH
1.7. Oxidation of other N-containing compounds
1.8. Oxidation of S-compounds
1.9. Oxidation of Hem
1.10. Oxidation of Diphenols and similar compounds
1.11. Acting on peroxide acceptors (peroxidases)
1.12. Acting on Hydrogen donors
1.13. Mono- and dioxygenases (oxygen input)
1.19. Oxidation of reduced flavodoxin
1.99. Other oxidoreductases
2. Transferaseqtransfer of functional groups) (more than 300ugs)
2.1. Cl-group transfer
2.2. Aldehyde- or keto-group transfer
2.3. Acyl-group transfer
2.4. Glucosyl-group transfer
2.5. Alkyl- and aryl-group transfer
2.6. N-containing group transfer
2.7. P- transfer
2.8. S- transfer
2.9. Se- transfer
3. Hydrolases(hydrolysis reactions) (430 groups)
3.1. Ester-hydrolysis
3.2. Glycoside-hydrolysis
3.3. Ether-hydrolysis
3.4. Peptide-hydrolysis
3.5. Hydrolysis of other C-N bonds
3.6. Hydrolysis of Acidic anhydride
3.7. Enzymes acting on C—C bonds

3.12. Enzymes acting on S-S bonds

4. Lyases(additions on double bonds and group eliminatiemfisubstrate thus creatind double bg

(more than 130 groups)
4.1.C=C
4.2.C=0
4.3. N=O
4.4, C-S
4.5. C-halogen
4.6. P-O
4.99. Other lyases

O0zZz0

o

nd)
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5 Isomerases(more than 50 group)
5.1. Racemases and epimerases
5.2. Cis-trans isomerases
5.3. Intramolecular oxidoreductases
5.4. Intramolecular transferases (mutases)
5.5. Intramolecular lyases
5.99. Other isomerases
6. Ligaseg(creation of new bonds with the energy of ATP b(enthan 60 groups)
6.1. C—O bond creation
6.2. C-S
6.3. C-N
6.4. C-C
6.5. Phospho-ester bond creation

2.3. Kinetic description of simple enzyme reacgon

Describing kinetically a system, our goal is to geitable mathematical formulas to calculate the ra
of the reaction, the development of the reactionirime, with parameters characterizing the given
enzyme. If the reaction can be described by therseh

S + E « P + E

S, E and P are expressed in terms of molar coratemts. In the real system this is easy in the cds

S and P but almost impossible for the E, becaussynees are almost never in pure (crystalline) form,
rather they are in some more or less dirty prefmarst in which beside the asked enzyme there are
many contaminating other proteins, organics anad éwverganics present. That is why we do not use
molar or g/l concentrations, instead a generatal®denzyme UNITs used for the expression of the
»-amount” of the enzyme. This unit is not a masseiality, rather a rate of the reaction. Definitioh

the enzyme unit is the following:

One unit enzyme is the quantity, that convert exaty 1 mmol substrate or produces 1
mmol product during 1 minute in given reaction circunstances.

The given circumstances mean the environment ofdhetion, temperature, pH, buffer molarity,
etc.
In the obligatory S| system the unit ,quantity”af enzyme is Katal:

1 Katal is the amount of an enzyme that converts fnol substrate or produces 1 mol
product during 1 second.

This is a huge amount; thus it is not too populahi everyday practice.
Nanokatal, i.e, nKat = 10Katal which is much more usable. The conversiomvbeh these two
enzyme units is as follows:

1Kat=6*10U, 1U=1.6*16 Kat, 1U= 1/60nKat.

We shall apply two different approaches for thecdpsion of kinetic behaviour of simple enzyme
reactions: first we look at the Michaelis—Mentemtrtbe Briggs—Haldane kinetic descriptions.
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Maud Menten Leonor Michaelis
1879-1960 1875-1949

Fig2.13.: Authors of the Michaelis—Menten enzymetiGs
2.3.1. Michaelis—Menten kinetics

Michaelis and Menten(Fig 2.13.) in 1913 published their approach. Ttating point is the scheme
of the reaction:
ky Ky
E + S ES E + P
k., k.,

Let us suppose the irreversibility of the seconepstk.=0), and the very fast reach of the
equilibrium of the first step — the whole kinetiesgription is called by thisapid equilibrium.
For this equilibrium we may write:
k ,SE = k_, (ES) (2.0)

From this K dissociation constant of the (ES) enzyme-subst@gplex can be expressed:

« ki SE (2.1)
* k (ES)
The rate of the P production
dP
=— =k.(ES 2.2
=Ko (ES) 2.2)

Taking into account a material balance equationtfar different forms of the enzyme (free
enzyme and complexed enzyme), it can be writteat, ttre sum of these is equal to the total amount
Eo:

E + (ES)= E, (2.3)

Let us divide eq. (2.2) by this material balance:

V - K(ES) (2.4)
E E+ (ES)

(o]

Expressing (ES) from (2.1) and putting into eq4)2he non-measurable concentration of the
complex can be eliminated:

k E

S
2KS

v
v (2.5)
E. E+SE

K

S
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Simplifying with E and rearranging, we get the daling

S
v = KS = S (26)
KE, 1,5 K.*S

K

It is logical by eq. (2.2) that a maximal reactiate can be got if all the enzymes are in complex
form:

2.7)

Putting this into eq. (2.6) the Michaelis— Mentarzyame kinetics’ well known equations are the
results:

S
S =
V :VmaXK—S L: KS (28)
S + Vmax 1+K£

In the rapid equilibrium approach of Michaelis @vdnten V meangitial reaction rate (\j), i.e.,
it comes from data when the concentration changrib$trate and product are going along a straight
line. The slope of these extrapolated lines tozm® time gives the initial reaction rate accordiog
the Fig 2.14.

Fig 2.14.: Initial reaction rate

Further assumptions and simplifications of the Mielis and Menten approach are:
— The enzyme present is in catalytic amount, issc@ncentration be much more less than that of
the substrate:

S>>FK or B/S<<1

— The (ES) complex is stable from a kinetic pointvigw, and there in no accumulation of an
enzyme-product complex (EP).

— Only one S molecule can bind to the only active sftthe enzyme.

— Concentrations may be used instead of activitidatédl solutions).
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The chain of ideas of the above deduction can liewed in the case of more complicated
enzymatic systems, too, supposing the existentieeafapid equilibrium. The Il. type general formula
can be memorized easily in every case of rapidliegum. Furthermore, in these cases the final
equation form can be got without any mathematiealuttion. The following process is a memory-
helping tool with which, based on the formal reactscheme, the final equation can be written easily

On the Fig 2.15. in the nominator of the right-haside formula there are those terms that
correspond to the product-forming complexes. Theinator of the first ratio refers to the complex
formed with ligand O and the second one refershto domplex with ligand H. According to the
imagined (theoretically supposed) scheme the saondupt will be formed from both complexes. The
terms in the denominator represent the variousrapzfprms present (as a matter of fact this is the
material balance for the enzyme): here three kfdenzymes are present, free and three kinds of
complexed enzyme, thus four terms are presenterdémominator. The number 1 always mean the
free enzyme. The ratios correspond to each otheplexes. In our example there is also a terner
complex from which no product formation is suppoé&ediseless complex). In the nominator of these
ratios there is a product of the complex-formingahd(s) and the enzyme while the denominator
shows the dissociation constant or the produdt@fdissociation constants.

MEMNO ~Komplexes—
forming prod
V e
Moo 1+ S Sum of
/ i J complexes
free enzvme Complexes not

forming product
Fig 2.15.: A mnemotechnic aid for writing Michaelitenten type kinetic equations

2.3.2, Briggs—Haldane kinetiés

The Briggs-Haldane or steady state kinetic approach starta ffle same scheme, writing up all the
differential equations describing the events:

Z—tS:-klES+ k,(E9+ k(E$

d(dEtS) =k,ES- k,(E9- k(E$ (2.9)
dP _

E‘kz(ES)

A numerical solution of the equation system nun(Be9) is shown in Fig2.16. Here we see a very
short running up initial period after that the centration of ES enzyme-substrate complex remains
almost constant for a rather long time (it doesatange very much). This is called quasi-steadg sta

3 Briggs E.B.(1893-1985), Haldane J.B.S.(1892-1964)



$))* + %

in which only a slight decrease of the complex emiation can be observed. The figure demonstrates
that the so calleghre steady statéasts for a very short time, lower than 0,1 sgfiently in the
millisecond or microsec order of magnitude. Nobet for this pre-steady state our kinetic approache
are not valid, but there exist other (more compéidakinetics, that describe also this very shuattail
phase of an enzyme reaction.

The conditions of existence of the steady statetteesame as in the M-M kinetics, but it is a
prerequisite that the formation rate of the ES demmust be much faster than its decomposition rate

kiES > ki(ES), and {ES> k(ES).
In steady state, the concentration of the enzyrbstsate complex does not change
d(ES)/dt =0,
which holds

k,ES=(k,+k,)(E9 .10

k,ES

ES)=—1——
( ) (k_j_ + kz)

Collecting the individual reaction rate constam®ne group, let us introduce the so called Midkael
constant in the form of k=(k1+k2)/k1. With this we get an equation formally same a$2e8) with the
only difference in the constant. Here Km is noissdciation constant

Pre- st-st Quasi st-st ./

P LTU L

time

Fig2.16.: Numerical solution of eq. (2.9)
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Fig2.17.: Real time solutions of (2.9) for the steady state and the whole reaction

Let us note that d(ES)/dt=0 is just exactly attfeximum point of the time course of (ES). This is
why we call this situation quasi-steady state, beedn the course of the whole reaction this caomlit
does not hold strictly.

The Briggs—Haldane kinetics and its real-time satiohs can be studied in the simulations 2.1.
We can study how the individual reaction rate camitst influence the time course of the reaction, the
pre-steady state, and the steady state.

Simulation 2.1.: Kinetic behavior of simple enzyeetions
2.3.3. Discussion of the kinetic equation, deterration of the parameters and their interpretations

Equations of the two theoretical approaches araddtly the same:

Michaelis—Menten Briggs—Haldane
v=y S VAV (2.11)
K, +S K, +S
where Km:k»1+k2 :&J,ﬁ :KS+&_
kl k1 kl kl

It can be seen from this thatkK@Ks js trye only ifthe numerical value ofiks much higher than
the numerical value ofki.e. k/ki can be omitted.
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V: (Vm ax/KS) * S
|
1th order Ha S>>Ks

‘Range rectangular hyperbole ——
S <<Ks 0™ order
Range

apparept first frder rate constant
Y -

K : Kg 5
vgnstde

Fig2.18.: Plotting and discussion of M—M és B—H-atipns

V-S plot of eq (2.11) is shown on Fig2.18. Two ertes are worth to look at in details:
The asymptote of the rectangular hyperbolenis¥ kzEo.

— for if S>>Ks, then Ks can be neglected beside S and then

V @V max,

i.e the reaction become of zeroth order regardiegr&entration. With other words this means that al
molecules of enzyme present are in complex formyme is saturated with substrate.

— At the other extreme, if & Ks, then S can be neglected beside tbead then
V@VK@S xS,

i.e., at very low S concentrations (near to theginji the reaction rate is proportional to the S
concentration, the reaction is of first order ispect to the S. Do not forget that every poirithe
curve on Fig 2.18 are initial reaction rates aegi\t concentrations. To evaluate these points, dbok
the method on Fig 2.14.

—Ks or Ky value can be got as abscissa coordinate at\#&/ i.e. these are the substrate
concentrations at the half maximum velocity.

The curve is a real rectangular hyperbole thatesed by Fig.2.19, on which the whole hyperbole
and the necessary transformations are also seen.
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Fig.2.19.: M—M-equation is a transformed hyperbole
Eq (2.11) can be written also in the form of aelidintial equation

dS_  V,..S

dt K, +S

which can be easily solved by separating the viesa\t S(0)=$ initial condition the solution is the
following:

vmgzso-&-Kmmgg. (2.12)

1% order
ol

B ¥ KmC'SO © g —9 P
Dn T 5 0 =
/ - in - vagy

max
'Km

Foster-Niemann method

Fig2.20.: Linearization methods of the integratedN#equation



$))* +

Our lab measurements may give such kind of resiilise leave to develop the reaction fully
(until it stops), from these results the Fig-givaotting methods serve useful tools to evaluate the
constants of the M-M equation. These methods agili§ we follow the time course of an enzymatic
reaction.

Vmax and Ks (or Ky) parameters can be evaluated with other grapmesihods as well. These are
various linearization methods of the M_M equatiltnthese cases, our experimental results segve V
S values. The best-known linearization method ésltimeweaver—Burk double reciprocal plot. Those
linearizations where one of the variables appearsath axes are better from a mathematical point of
view, they give more precise results. The threediization plots are shown on Fig.2.21.

LINEWEAVER-BURK HANES v. LANGMUIR
|FAY o S/V
0’ Qo
‘¢"’ ?thF Kmlvmax ”"ﬂ tg%zwvmax
o* R
O‘ ot e'é
" & l= 1 4 Km *l g Kl’l’l 1 g
" 7 . B el E
IV, V' Vmax Vmax S K AL VvV, Vv
e m esfha max max
o »
1K, s K, S
A4
/Vmax
"\ tga=-K,,
e I HOFSTI
= v
V=V e By
S .... Vmax/Km
V/S

Fig2.21.: Linearizations of M—M-equation

The mathematical function of M—M- and B—H-equatamd their shape-changes as a function of
the parameters can be followed by the simulati@isvin

2.2. simulation: M—M-enzyme kinetics

2.3. simulation: Fitting curves to our experimentasults

Evaluation of \Wax is very important. It is proportional to the amouofithe enzyme; thus it is the
measure of enzyme activity! This is shown on FBR2the increase of the enzyme input increases the
maximal velocity proportionally. At the same tinfestplot is the basis of the Hetermination.



It is important to know that Vmax is not enzymetiga, because it does also depend on the
amount of the enzyme! But the first order rate tamisk is a characteristic feature of the given
enzyme its other name farnover numberlt has a special meaning: gives the number howyma
substrate molecules are captured by an enzyme ulelaad then converted and released as product
during a minute (or s), i.e. it is the frequencyttaf enzyme action (1/min, 1/s)

Generally speaking always can be defined amW=KcaEo relation in which ke is called
catalytic number or turnover number.
In the case of Michaelis—Menten-kinetics kcat is #ame as kbut at more complicated kinetic

cases this is not necessarily true.

keat Values of metabolic enzymes (e.g. glycolytic eneg) are in the range 1716%, while the
slower restriction enzymes have values £;a40d the slowest are the molecular switches (fangpte
the circadian system) with their range of°2002 s™.

v Vmax
Vi B
Vi KoEos \\‘
= tg (1%];2
e Vi =B i
V
Ko B Eoy Eq Eos Eg

Fig2.22.: \lhaxis proportional to the amount of enzyme presetttvitly. Determination of X

Interpretation of Ig, or Ks is more complex. (In the nex part of the text End Ks are
interchangeable, our statement is valid for both.)

— Km gives the approximate substrate concentration ek (see Fig 2.23). It is highly unlikely
that S is much less or much higher than K the former case it would be too sensitive dosmall
change in S, and at the same time the reactioiteloould be much far from the maximum capacity
of the cell (\K< Vmay. Similarly meaningless is -from a physiologicalimt of view- if S is much
higher than K. On the other hand, V is always less (a bit) tar. and at S=1000Kthe velocity is
only twice as much as at SsKThis proves that V is very insensitive on therng®in S concentration
when S is near the saturation. It is probable aqunesatly, that S in a cell should be at somewhesg ne
to the half saturation where the change causedibyn& too sharp but sensitive enough.
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V Vmax
ra
AV,
AVJ
Km
AS, AS, 8

Fig. 2.23.: Ky, or Ksis approximately the substrate concentration tilkk ¢

— Km means thaffinity of the enzyme to the substrate. Less the valtleeoK,, higher the
affinity. Best substrate has the least Walue.

— K is a feature of an enzyme, it is characteristito o) consequently Kis a good comparing
data considering different enzyme preparation foifferent sources, from different cells, etc.
It is suitable to decide whether a protein A hawsingilar catalytic activity and another protein,
B are the same enzymes or not.

— Maodification of K, by an activator or inhibitor may be the princieme enzyme level

control. If, for example, arn vitro measured K is too high compared to a ,physiologically

probable” value, one can assume timavivo there could have been some activator present that
disappeared during the isolation/purification psxeExamining the effects of different chemicals
on the Ky, it is possible to find compound(s) increasing Eus having some inhibitory effect on
the enzyme (possible pharmakon)

— Knowing Ky, it is possible to determine the suitable subst@ncentration range for the
correct analytical determination of the enzymewagti if S >>K,, the measured velocity surely
will be Vimax.

— The values of K or K, are lying in the range of $8102 mol/dn¥.

Individual rate constants of the Michaelis—Mented 8riggs—Haldane equations have the typical
ranges as follows:

The k second order rate constant has the usual range:
ki = 10-10°dm®* mol! min?

The maximum value is certainly less thanl@hat is the order of magnitude of the diffusion
velocity of the small molecules in water solutighjs impossible to have more frequent collision
between a substrate and an enzyme molecule tharawdte determined by the diffusion.

The ki lies between the range of2AC min?.



Table2.3.: Kinetic constants of some enzymes

ENZYME SUBSTRATE | Km (Molidn®) | Kea (S9) Keat /Km
(dm*/mol.s’

catalase hydrogen- 2,5-10? 1,0-10 4.1¢F
peroxide

ureas carbamid 2,5-1(2 1,0-1¢ 4.1¢

fumaras fumaratt 5,0-1(6 8,0-1¢ 1,6-1¢
malate 2,5-10° 9,0-1G 3,6-10

acetylcholinestera | acetylcholin 9,5-1(° 1,4-1¢ 1,5-1¢

An important combined parameter of an enzyme is daglytic effectivity, or specificity
constant. Its value can be the same even if the behaviothefdnzymes are very different. For
instance, it can be 1@ two ways:

10'st 1s*
1mol.dm® 107 mol.dmi

% =10"s mol.dn? =

m

One of the enzymes here has very small affinity ainthe same time huge.kand the other just the
opposite: high affinity and small turnover rate.eTtwerall reaction velocity is determined by these
two parameters at the same time in term of k' (Bige2.18). This combined kinetic constant is
applied for calculating which substrate will be eeried with the highest rate if there are more than
one similar substrate present in a reaction mixtdioe which of them the enzyme is the most specific

The ka values have very broad range. According to the ZRfl. the slowest enzymes are the
molecular switches while the metabolic enzymesnameh more, with even 8-10 order of magnitude
faster.

Molecular switches Metabolic enzymes
S
pr—A—y ~ N
1 1 1 1 1 [ [ 1 1 1 1 1 1 |

105104103102 101 1 10 10' 10210° 10* 10° 106 107 Keals™]

e

Restriction enzymes

FIG 2.24.: Range ofck for different types of enzymes

2.3.4. Reversible reactions — equilibrium of anzymatic reaction

Many enzyme-catalyzed reactions — like biopolymgdrblyses — are highly pushed into the right
hand direction thus the assumption=* 0 practically holds. But there are many casespecially the
interconversions of small molecules — where a egqailibrium can be observed, substrate and product
are present in comparable amount in the reactiound. A good example is the gluca®efructose
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conversion which is observably reversible. Thus, kinetic description we introduced so far cannot
be simply applied.

ke ke
E+S— ES— E +P
ka k.

Theoretically this reaction can be followed intottbairection or looking at it as one reaction
going into forward and at the same time anothesti@a going into backward. In both directions lst u
apply the simple irreversible M-M kinetics and themtd them up. Let Ksbe the forward reaction K
value and similarly Maxsthe maximum velocity into the forward direction.elTkame way gives &
and \maxpparameters for the backward reaction. In this sidnave can write:

K = k,+k_,
ms —
k Vmax =k )
! > E (2.13)
K :k2+k-l VmaxP_k-gc
mP k_2
The equilibrium constant for the overall reversitdaction:
this is Keitself
this is the recipal of Ks l
K, =r—l és K =:—2
! k'; (2.14)
Ke uvilibrium :KK = 2
q(uvilibrium) 2 klk ,
Performing the following divisions:
VmaxS: kJ(JEO éS VmaxP:k» K g c’
KmS k2+k-l KmP k2+k-1
then dividing the two expressions by each othergetehe equilibrium constant:
VmaxS
KmS - Vmaxé< mP — klkz - Keq (215)
VmaxP \/maxFJ< mS k. ll( 2
K

mP

Eq (2.15) is the so callddaldane relationship. This is the connection between the individua rat
constants and the equilibrium constant.

Let us suppose a reaction mixture containing SRar@ive kb enzyme at a given time. A gquestion

arises: what will happen? S will convert to P ag tpposite? The overall rate of the reactionS P
(including the direction) will be determined bygd@nd the actual concentrations of P and S.
The overall reaction rate is

Vnet= Viorward - Vbackward = k (ES) - kz(EP), (2.16)

and



Vmaxs S- V V —
Keq maxs K . maxP K o
Vnetto = = S 5 (2.17)
KmS 1+— +S K K o
mp

This is the reversible M-M equation.

2.4. Modulation of enzyme activity

There exist chemical compounds that modify thevigtof an enzyme if binding to it. These are the
modulators or effectors, and the phenomenon itsetflled modulation. This can be activation and
inhibition depending upon the fact that the boumanpound increases or decreases the original
activity. In this chapter only the inhibition witle pertracted.

The degree of the activation and the inhibition barexpressed the following way:

degree of inhibition degree of activation
e_:Vo'Vi e:Va'Vo
1 VO a VO

Binding an effector to the enzyme protein i.e. filvenation of an (El)complex could be totally or
partially irreversible or reversible.

Known instances oirreversible inhibition are the enzyme poisorikke heavy metals (Hg,Cd)
and cyanide ions or the well-known nerve gifts€lfBarine, i.e. di-isopropyl-fluor-phosphate, seg Fi
2.25.), which inactivates the acetyl-choline-esteranzyme which plays an important role in neuro-
transmission. Irreversible inhibition actually degses the amount of the active enzyme.

G CH HC CH
tH CH
‘J' HF l:til
ENZ 77\ Nz |
Ser195 C—OH F—P=0 Ser 195—Cc—0—F=0
Hz I F, i
Q 0
1 A
CH ;-.3H
Ha / ~CH H_—;l', ~CH
Diisopropyl-phosphofluoridate DIP- enzyme |

Fig 2.25.: Sarin’s effect on the acetyl-cholineeease

Their effect is a bit similar to the effect of amoempetitive inhibitor (Max decreases but.Kdoes
not change, see later in details) according tdahewing:
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On the basis of Max = ko.E relation, the presence of an irreversible inhibdan be proven, and a
distinction can be done between reversible andrawdrsible inhibitors. If the maximum rate velgcit
is plotted against the introduced initial enzymaaamntration, the picture of the Fig 2.26. will e t
result. In the presence of an irreversible inhibitee shall get an intercept on the x-axis thategiv
exactly the amount of the irreversible inhibitohi§ is because this inhibitor practically removes a
certain part of the enzyme and those inhibitorsnbloenzyme molecules totally lost their activity ifas
they were not present at all.

max=

Eq

Fig 2.26.: Recognition of an irreversible inhibitor

Reversible inhibitors form dynamic complexes whie £nzyme molecules, and the catalytic effect
of such a bound enzyme differs from that of notibitbr bound molecules. The types of the
inhibitions may differ from the point of view thdhe activity is getting zero when an inhibitor
molecule forms complex (this is the case of congpilehibition) or there remains a certain fractidn o
the original activity (= partial inhibition). Theofmer is also calletinear inhibition because the so-
called Dixon-plot gives a straight line (1/V agaiishibitor concentration), while the opposite cése
called hyperbolic inhibition = partial inhibition . Another distinction in case of complete or linear
inhibition is based upon the effect of the inhibitm the kinetic parameters. If\% does not change
but K, increases it is theompetitive inhibition, if the inhibitor does not touchKbut decreasesn\
we have aaoncompetitive inhibitor. If both parameters decrease with a constant, ifgoinhibitor is
calleduncompetitive and finally if a certain mixture of effects is @pged that is the case ofixed
inhibition . From the scheme of the latter all the other tygeas be deduced. From now on we deal
only with reversible linear inhibitions.

2.4.1. Competitive inhibition

Competitive inhibitors prevent the binding of a swhte molecule to the enzyme. But a previously
bound substrate also prevents the binding of a etithyg inhibitor to the enzyme. With other words
the substrate and the inhibitor mutually excludeheather from the enzyme. This is a real competitio
for the binding sites of the enzyme between thetsate and the inhibitor.



Competitive inhibitors can be so called substratal@yues that are chemically similar to the
substrate but are unconvertable (non-metabolizable)the enzyme or they can be alternative
substrates or products of the enzyme. These areade of the classical competitive inhibitions. On
the other hand, there exist such competitive indibi which are not structurally similar to the
substrate but also prevent the substrate bindiogsiBle mechanisms of the competitive inhibitioa ar
shown on Fig 2.28. Let us observe that only theehadl corresponds a real structural similarity when
the inhibitor as well as the substrate intend tallid the same binding site.

d)
Fig 2.27.: Models of competitive inhibition 1

Case b) is a kind of steric hindrance, here théitdr covers the substrate binding site and dass n
allow binding of the substrate (and vice versa)d®lac) and d) are cases of partial or complete-over
lapping of the binding sites. The situation on Fhg.2.28 is the most important from physiological
point of view, because this competitifgedback inhibitioris one of the enzyme level promptly acting
regulation mechanisms. The end product of a sefiesactions can prevent the overproduction of the
given metabolite because it can combine with theyere of the first reaction in the series and
competitively stops its conversion step thus cepflire further unnecessary production of the given
metabolite. The mechanism of this model do not reegdstructural similarity or close binding. The
inhibitor can bind even a place far from the sudistrbinding site, but it causes a conformational
change of the tertiary structure of the proteirat threvents the sustrate binding. All these models
mean mutual exclusion either the subtrate or thibitor.
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Fig 2.28.: Models of competitive inhibition 2
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In order to describe the kinetics afrapetitive inhibition let us look at the scheme belw:

Ks\ K
E+S— ES E+P
+
E.l E.S
ES)

1. TE T
El

ap

If kap> 0, then | is aralternative substrate of E an®’ is its alternative product. E.g., in case of
hexokinase, glucose is the substrate and fruct@sebm an alternative substrate, the enzyme equally
able to phosphorylate both.

If kap = O, this is the case of deadd competitive inhibitign.e EI complex does not form any
product.

Applying the mnemotechnic process we have seerBiiit & possible to write a rapid equilibrium
kinetics according to the scheme above.

S
Y% Y% K,
- - S I (2.18)
max 14+ — +——
S i
Considering the non-inhibited case, there is anitiatdl term in the denominator: I/Ki

representing the (EI) complex. A more familiar egpraof the competitive inhibition can be got from
eq (2.18) multiplying by Kand rearranging:

VV = S or V=V S (2.19)

K, 1+L +S K, 1+— +S
K K.
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(Following the steady state way of thinking, naliyra similar equation would be the result with
K instead of K.)

Vl'llaK/2

Fig.2.29.: V-S plot of competitive inhibition

The term K,(1+1/K;) of the denominator is calledKapparent Michaelis-constant. As seen on the
figure the \hax does not change at competitive inhibition, | chesgnly the apparent.Kvalue: it is
increasing i.e. the inhibitor decreases the affinftthe enzyme to the substrate.

(1+1/K;) term is worth to note because it will play roleegery instance of inhibitions!

On Fig 2.30.the characteristic linearized LineweaBeirk plot of the competitive inhibition is
shown which gives one of the graphical methodsvafuation of the parameters. It can be seen that
the slope of the curves is a linear function of itif@bitor concentration, and this makes possihke t
Ki determination, too:

K

m m
I

Vmax VmaxK i

tga = (2.20)
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Fig 2.30.: Lineweaver—Burk plot of competitive isition

Let us calculate the inhibitor concentration theises a doubling of the slope of the inhibited L-B
curve.:

2tga = K 1+|— from here 2:1-||-_ ns | = (2.21)
Vv K K.

max i i

At a competitive inhibition Kgives this concentration that doubles the slopthefL-B strait line.
But do not think that in this case the degree efitthibition is 50%! Latter can be calculated tivesy:

(2.22)

Competitive inhibitors play an important role inechotherapy, we know many pharmaceuticals
that act as competitive inhibitors of specific imgamt enzymes of the target cells. For some migobe
(causing various contaminations in humans) p-arbezoic acid is a vitamin-like compound and it
is showing structural similarity with several sulonide-drugs (Ultraseptyl, Superseptyl, Sulpha-
guanidine etc).

The antibiotic cycloserine is similar to the amiacid alanine. In both cases the drug competes
with the substrate of an important key enzyme efdbntaminating microorganism, drastically lowers
the rate of the enzymatic transformation, that \ddad vital for the microbes, thus kills them.

Other classical example of competitive inhibitianthe succinate-dehydrogenase (EC 1.3.99.1)
and its substrate tartrate and its competitivebitdi substrate analogue malonate (Fig 2.31. is It
interesting that the product of this enzyme - fumbar is also a competitive inhibitor i(K 1,9-1G°
Mmol).
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PABA conversion to Folic acid
5 ' Needed for the bacterium
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blocks folic acid synthesis
H N —@—502 —NH\
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C:H3 CH3

Fig 2.31.: Sulfa drugs are competitive inhibitors

H H H H
" (T NH2 HT _ﬁ—NHz
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CCOH COnH
| 5 I COOH
cHe ¥ ocH
Cl Succinate- | |H (i:HQ
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COOH CCCH
succinate fumarate malonate
S P I

Fig 2.32.: Competitive inhibitor examples
It is not difficult to recognize the similar fornag eq (2.19) in the following analogies:

competitive product inhibition:




$))* + &%

Alternative or competing substrates (e.g.: hexaénglucose, fructose):

Vl = Vlmax S. V2 = V2max SZ
Ki1r % +S KELr 2 +5,
S S
2.4.2. Non-competitive inhibition

A non-competitive inhibitor does not have influermgo the binding of the substrate and vice versa.

| and S incidentally, reversibly and independertilpd to different binding siteof the enzyme
molecule, i.e | and E produce complex (El), anch8 B complex (ES), but at the same time a terner
(ESI) complex may also be established as the rverse shows:.

KS
_ K
E+S—/——ES—" > E+P
N * _ES_ELS
' *~ES  ESI

\“\& . \II|\K  =El-ES

El + S—<— ESI

With a similar way of thinking, followed so far, wean write (supposing here the rapid
equilibrium kinetics).
A\ ES
% E+ES+ El+ ESI

max

from where, with a bit rearrangement — expressiregyecomplex with E and Ks or Ki, we get the rate
equation of the competitive inhibition:

S
Vo K,
Vi 14 S, 1, S
K, K, KK,
vagy
V__ S 2.23
Vi K1+ +S 1+ -
* 7K, K,
illetve
VeV 1 S
max | K +S

1+
K



Introducing Whaxi apparent maximum velocity, (2.23) can be rewritisriollows:

1

|
1+
K.

V=V ahOI \éaxi = Vnax

maxi Ks +S

In this case inhibitor changes the value of maxinugtocity while does not change the value of
Ks (or Ki).This means, that inhibitor binds to another hiigdsite and does not influence the binding
of the substrate — does not change the affinitghef enzyme to the substrate. It is important that
classic honcompetitive inhibition exist only in tbase of rapid equilibrium, i.e.s&Kn.

On the next Fig 2.33 characteristic plots of nongetitive inhibition are presented.
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Fig 2.33: M-M and L-B plots of noncompetitive irikiim

Slope of the L-B strait line here is a similar Bmdunction of the inhibitor concentration as ie th
competitive case, thus plotting the equation gthhessame curve.

As an example of the noncompetitive inhibition, demeffect of H ions onto chymotrypsin. Here
in the active site, there is a proton acceptor gglaghich can be inhibited by increasing proton
concentration. A L-B plot proves a pure noncompagitnhibition but remember also to the complex
activity influencing effect of pH.

Other examples are the heavy metals (SH-reagentleacyanides. With these — as we already
have seen — there are always irreversible inhipiediiects, too.

Distinction can be done between a competitive andra&competitive inhibitor comparing the L-B
plots (or of course the other linearization methadsthe Fig 2.34. shows.

Browning of apple slices on air is caused by adwaikoxidase (this is an o-diphenol oxidase)
enzyme that oxidases catechol to o-chinon. (A simidaction is catalyzed by tyrosinase that cosvert
tyrosine to melanin.) A competitive inhibitor ofishenzyme is the substrate analogue p-hydroxy-
benzoic acid while its noncompetitive inhibitor ise phenyl-thiourea. The very different kinetic
behavior of these two can assumingly follow in Zig4.
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Fig 2.34.: Comp. and noncomp. inhibition of céigleoxidase
2.4.3. Uncompetitive inhibition

An uncompetitive inhibitor is not able to bind toetfree enzyme, merely to the formerly substrate-
bound one. Thus an inactive (ESI) complex is foryfeaim which product does not releases. The
simplified scheme is the following:

KS

E + S— ES
+

» E + P

I
\I [\ Ki
ESI =<
It strikes one’s eye that even infinitely high Shcentration cannot stop the effect of | — always

there will be — depending on | and Kl — nonprodeet{ESI) complex. This can be imagined that on
the original free enzyme there is no such a domdiith is able to accept an inhibitor molecule, an
inhibitor binding site is getting formed by a confational change caused by a substrate molecule
binding process (induced fit). But at the same tiime active site also undergoes a conformational

change, making (ESI) complex not able to form poddanymore. Moreover, this ternary complex is
more stable than the simple (ES) complex.

The previously good working method here also cafobbewed, and the resulted kinetic equation
is:



S
V K
= s (2.24)
Vmax 1+i+ S|
K K&K,
or
S
V:Vmax |
K +S 1+—

i
The Briggs—Haldane approach gives the same forth, Kvi. Unfortunately from this equation we

cannot see whethern and/or K, have been changed. To make this clear, two staparegement is
necessary:

vay ot o S (2.25)

Let us observe that (2.25) is not a mixture of ¢lgeations of competitive and noncompetitive
inhibition: while the effect on Maxis the same as in the case of noncompetitive itibibbut a reverse
effect came in the case ofnKApparent K, decreases. This shown on Fig 2.35., an uncomyetiti
inhibitor decreases both and apparent Kby the same factor.

Fig 2.35.: Uncompetitive inhibition

Uncompetitive inhibitors have enormous effect orzyematic reactions, moreover this effect
increases with increasing substrate concentratidids fact could be the explanation why
uncompetitive inhibitors are so rare in the nat(gentrary to competitive) and at the same time
artificial such compounds are why so efficacious.

A good example is the Glyphosate (Roundup) [N-(phosmethyl)-glycine (Fig 2.36.)], the well-
known herbicice. It is an uncompetitive inhibitor of the 5-enolrpyil-shikimate-3-phosphate
synthase [(ESPS)-synthase] which plays an importlstin the synthesis of aromatic amino acids.
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Along the inhibited reaction 5-enolpyruvil-shikineaBP, a precursor of the essential chorismic &cid i
not produced consequently the plant will not beeablproduce aromatic amino acids.

O
I Hoo
OH/\/N\/S)H '‘OH

Glyphosate (K, = 54 pmol/dm?)

ESPS-synthase

Shikimate-3P 1 pgp S-enolpyruvil-shikimate-3P

\

chorismic acid

Fig 2.36.: Glyphosate is an uncompetitive inhibitor

2.4.4. Mixed inhibition

The next scheme shows the mechanism of the mixkibition, which is a special case of the
noncompetitive inhibition. (As a matter of factetbpposite is right!)

E+S—— ES — E+P
+ +
| | ahol K =E.S/ES,
< ” ” aK, aK =EI.S/ESI
aK
N K,=E.I/El

El + S—— ESI

aK,=ES.I/ESI

According to the scheme, presence of the inhibitodifies the dissociation of the substrate from
the enzyme, that is why the effective iér the step EI+S isiKs The same reason modifies the

dissociation constant of ESI &K;. This means, with other words, that the equiliiriconstant of the

overall reaction E= ES = ESI and E—= EI = ESI is independent upon the way of the reaction,
ie.

1 1

“ea Ks(aK;) KifaKs)

With the ordinary method of deduction as well aglgipg the mnemotechnical aid we can get the
kinetic equation (2.26). Here both,sKand Mnax are modified as a function of the inhibitor
concentration. Characteristic plots are in Figi2.3
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Fig 2.37: Mixed inhibition (¥a<¥ ) (Ks= Km)

Looking deeply into the starting scheme, evental submitted types of inhibitions would have
been deduced from that scheme. Some textbooksvfthiat way.

Vo K,
Vmax 1+§+7|+ S.
K, K, aKK,

S |

or slightly rearranged
S

K, 1+L +S 1+—I
K aK

V = Vmax

max
I I

(1+——) (2.26)

2.4.5. Summary of linear reversible inhibitions

If in a one-substrate reaction an inhibitor formsomplex with the enzyme and from this there will
not be product release, then
— ifthe S and | mutually exclude each other fribv enzymel is a competitive inhibitor.
— if the binding is not mutually exclusive but yhean bind independently to the enzyme and they
do not influence the binding of each othdg a noncompetitive inhibitor,
— if inhibitor binds the same way, but | and Suehces the binding force of each otheis a
mixed inhibitor ,
— if I binds only if S has already bound to theymne,| is an uncompetitive inhibitor.

All the characteristic kinetic plots are summariaedrig 2.38.—2.42.
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Fig 2.38.: Summary of kinetic equations of lineaversible inhibitions
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Fig 2.39.: Lineweaver—Burk-plots of linear revetsiinhibitions
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Fig 2.40.: Hanes—Langmuir plots of linear reversilihibitions
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Fig 2.41.: Eadie—Hofstee-plots of linear reversibihibitions
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Fig 2.42. : Dixon-plots of linear reversible inltions

2.4.6. Substrate inhibition

In numerous instances reaction rate - substrateetwration curve has a maximum. Before the
maximum the curve follows the M-M kinetics but witicreasing S differs from that with increasing
extent and in the range of high S concentratioastien rate really decreases and goes to zero. This
phenomenon is called substrate excess- or simfigtisie inhibition. The reason and its mechanism
can be the following:
— In order to get a productive complex, substratest bind to the enzyme at two (or more)
different sites (see the example of succinate delgghase on Fig. 2.43). If there are many S
molecule present, it is possible that one of thiessates joins the first site, but another S

molecule binds to the other and this way inactiomplexes are getting formed. This is also a
reversible kind of inhibitions.

11— OOCCH2CH2COO-

I -OOCCH2CH2COO-
Succinate Malonate

S inhibition
Normal

Fig.2.43.: Substrate inhibition of succinate deltogknase



— At high S concentrations one of the substrates Ioiray to a site which is not part of the active
site and causes a practically noncompetitive itioitviand prevent the binding of another
substrate molecule.

— Sometimes for the proper enzyme operation an dotiva needed. If this activator is able to
connect to the substrate, the formed complex malbttilowers the substrate i.e., removes a
part of the enzyme activity.

— In the case of two or more substrate reactionsexicess of one S may occupy the binding site
of the other, thus again inactive complexes mafpbaed.

— Finally, it is possible that high S concentratisimply inhibits the enzyme in an aspecific
mode, e.g., by the increasing ionic strength.

It can be demonstrated that in these cases thddkewuation may be written as

vay b (2.27)

max KS S
1+ —2+—
S ak

(Let us note that this equation can also be ganftbe scheme of uncompetitive inhibition —
supposing the inhibitor is the same as the sules}raibe plots of substrate inhibition are shown in
Fig.2.45. The Lineweaver—Burk-plot is a superposiof a straight line (that is one of the asymgsot
of the hyperbole and it corresponds to the nonbitéud part of the curve at small S concentrations)
and a hyperbole (inhibited part at high S concdioina). The extrapolation of the lower asymptote
gives real Wax value that would be if there were no S inhibitietthus it is a nonexistent. The
experimentally measurable maximum velocity is lotem that.

v 1/V)

S \, 1/8

Fig 2.45.: Substrate inhibition
2.6. Other effects on enzyme activity

So far, we have seen the effects of substrate randitor concentrations on the enzyme activityis It
obvious that many other features of thevitro reaction mixture or the naturial vivo cell milieu may
also and really does influence the catalytic aftief an enzyme. These act through the modification
of the enzyme structure (spatial structure, conédiom) and the chemical conditions. Such effeats ar

lonic strength (see the exploitation of this at the classical amiono-sulphate saturation
methodology in the first step of protein purifieati methods)pH, temperature, hydrodynamic
(shear-) forces, hydrostatic pressure, surface teim. Also, there are chemicals influencing
enzyme activity: small molecule alcoholgthey are also used protein coagulation methaenlsa,



$))* + %

hydrogen-peroxide(and other oxidizing agentsy various waves, like light, or ionizing radiatians
or ultrasonic vibration.

The result of these outer effects may cause rédlersr irreversible change of enzyme activity.
The reversibility or irreversibility often depends the duration time of the influences, that is
understandable if taking into account the strucativity relations.

Next the two most important environmental effeci$ be submitted: pH and temperature.

2.6.1. Effect of pH on enzyme activity

The protein building amino acids contain neutrasib or acidic groups, side chains. Thus, in a
solution the native enzyme holds either negatieglpositively charged groups at different pH. These
ionizable groups take part in the formation of aetsites so these active sites hold partially negat
or positive charges, furthermore the catalytic\digtioften based upon simple acid/alkali catalyzes
that demands a given ionized state of the actitee Sihus, it is easily understandable that pH can
change the actual charge of the sites, it has n steong effect on overall activity. The ionizable
groups are: second —COOH of Asp, Cys -SH, Glu -CQ@H GIn -CONH groups, imidazole group
of His,

-NHz group of Lys, CHS of Met, and -OH groups of Ser as well as terirémaino- and carboxyl-
groups. Besides these either the electrostaticaictiens and the tertiary structure stabilizing étds
are also under the influence of the environmernital p

To give a more quantitative picture of these ratt@mplicated interactions, let us look at the
following very simplemodel: let E the active enzyme concentration at a given acidfaliype
catalysis while the E, and the double ionizéddte inactive forms, but they can go into each rolye
proton addition or elimination:

-H* -H*
+H* +H*
inactive enzyme active enzyme  ciiva enzyme

E — E+H"

E- == EZ+H*

Since equilibrium constants of these two reacti@me K=H*E/E, and K=HTE*/E~

furthermore the EE+E+E%- material balance equation holds, active ratithefenzyme (Y=E/Eg)
can be given as follows:

1

Y- = _ _ (2.34)
1+ H" /K, +K,/H

Similarly, the Y és az ¥ functions can also be expressed. These so ddileltaelis-pH functions
are shown on Fig 2.49.



pH
Fig 2.49.: Michaelis pH- functions

The pH optimum is where™has a maximum:

+ 1
Hoptimum = V KJ( > vagy ( pl_boptimum :E( p}g + pKZ)

(2.35)

The Michaelis-function of the active enzyme showaieve that similar at every enzyme. All the

enzymes have one (and only one) pH optimum.

For some enzymes these optimum values are showFigia50. Enzyme activity at the pH

optimum can be got as

Ve =K E Y =k E f(1+H /K +K JHT).

Glutamate-dehydrogenase

pepsine \
100

arginase

W
=
I

salivary-amylase

REALTIVE ENZYME ACTIVITY

| | | |

pH

Fig 2.50.: Optimum curves of various enzymes

[ TR
12 3 4 56 7 8 910 11 1213

(2.36)

It is worth to note that pH-optimum of an enzymehe same as the optimal pH for maintaining

the enzyme, here is the highest its stability.
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2.6.2. Effect of the temperature on enzyme acfivit

Temperature has a double effect on enzyme actiWtigh increasing temperature, the rection rate
increases, according to the Arrhenius-equatiorthAtsame time, with increasing temperature the rate
of conformational changes =denaturation also irsgeathus, the reaction velocity decreases. These
two happenings have an overall effect: we get aimax activity point at a given temperature; this is
the optimum temperature. For the most proteingmiable denaturation starts at about 45-50 °C, but
both temperature effects are continuously incregisin

Heat denaturation can be reversible as well agdrsible or partially both at the same time.

Let us suppose that our enzyme is in two formsaive and inactive:

Kd
Ea = E
: -D -DH
The equilibrium constant is 5 =K, =exp j =exp d expES .
E RT RT R

A Hg deactivation enthalpy is rather high, e.g. fopsin and egg white lysozyme are 280 and
310 kJ/mol, respectively (see the same for hydrdgemds: only 12,5-29,3 kJ/mol), and the
deactivation entropy is 890 kJ/mol-°K. Considerihg high Hgthe ratio of inactive enzyme strongly
increases with the increasing temperature, e.tharformer examples a 3Q temperature rise causes
almost total inactivation.

Since enzyme is in active and inactive form, theemal balance equation holds,=EE.+Ei  thus:

_ 5 -
Ea_l"‘Kd and \4ax_ I&(-D-Ea

where (2.37)

k,(T)=b kLhT & R xg ERT

In this kg and h are th&oltzmann-andPlanckconstants, respectively arlalis a proportionality

constant.
Combining the three equations, the reaction raiglsi gives a curve having a maximum

a Te— E/RT

1+ eDS /R XéDHd/RT !

\Y,

max

(2.38)

where a contains all the parametels kg, h, & ésDS*.
On the Fig 2.51.the temperature functions of thalase enzyme is shown.

Temperature caused denaturation is a time procélssvirst order reaction velocity:

dg _. KE, (2.39)
dt

The solution of this gives an exponential functipe, the activity of an enzyme at a given (high)
temperature decreases exponentially in respebiedime:

E.(t)=E, " (2.40)
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Fig 2.51. Temperature dependence of the activignafnzyme

Operation optimum and maintenance temperature doeshe same, enzymes in buffers are
usually kept in 4-5 °C.

2.7. Heterogeneous enzyme systems

Enzymes are globular proteins generally of somahensand Dalton molecular weight, thus they are
usually water soluble. A homogeneous enzyme systemater phase has an advantage, the
homogeneity itself and the enzyme does not negg@vious preparation befor use. But these are
the only advantages, while there are numerous isddges.

Economic disadvantages:

Enzymes are expensive (comparing to common chesical
In a homogeneous system they can be used only aftee the reaction they has to be discarded
and /or contaminate the products. They isolati@mfithe reaction mixture in order to reuse, is

expensive and unworthy.

Technological pitfall:

Because the former, they make unwanted componentseifinal reaction mixture, making the
isolation and purification processes more difficult

All of these disadvantages can be overcome by inilinimly the enzymes i.e. changing the system
inhomogeneous by immobilizing the enzynire or onto some carrier separating it from the
homogenous water phase, in which the substrat¢hanproduct are present.

Main advantages of immobilized enzyme systems are:

Enzyme particles can easily be separated fromeaéaetion mixture, so isolation and purification
of the product becomes easier and cheaper.

Separated enzyme particles can be reused.

Continuous systems can be applyed, enzyme is thd tf the reactor and substrate is
continuously added to, while product is continugusimoved from the reactor.
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It is easy to terminate the reaction: ceasing thaact between the particulate enzyme and the
homogenous phase.

Frequently a particulate enzyme is more stable ¢haoluble one, with increased temperature and
pH stability.

Naturally there are disadvantages as well:

The immobilization process increases the expenqsesdss, carrier, etc.)

Most frequently the immobilization decreases thpe¢#ic) activity of the enzyme.

Since the carrier separates physically the enzyora the substrate, access of the substrate may
have spatial barriers, i.e diffusional rate linas frequently occur.

Nelson and Griffin, in 1916, accidentally discovered that bakers ydaséertase saved its
saccharose hydrolyzing activity when adsorbed ttvaed charcoal as well as to aluminum-
hydroxide precipitate. Immobilization of enzymesdme a real practice wh&rubhoferésSchleith
immobilized a series of enzymes: carboxypeptidadiestase, pepsin and ribonuclease. They
immobilized these enzymes by diazotation.

The first industrial application of immobilized emes was introduced byhibata who
immobilized amino acylase enzyme onto DEAE-Sephdueionic adsorption in 1969 and applied
this particulate enzyme for the resolution of N{ddyL-amino acids.

2.7.1. Methods of enzyme immobilizaton

There are physical and chemical methods of enzynmeobilization. Looking at these methods two
questions arise: with what a method and where tdbhilize?

‘With what?
| PHYSICAL METHODS /\ | CHEMICAL METHODS
WHERE TO?
m \
TO ITSELF
TO CARRIER ENTRAPMENT
INTO GEL
IONIC BOND | MICROCAPSULE
BEHIND P
MEMBRANE A -
PHYSICAL < ¢ ¢ .\
ADSORPTION il

Fig 2.52. What kind of immobilization methods arkre to?

There are two groups of chemical immobilizationstooa carrier and crosslinking of enzyme
molecules.

Covalent bonds can be created between a wateubisahatrix with activated functional groups
and the non-essential groups of the enzyme. Threecaan be some natural polymers: agar, agarose,
chitin, chitosan, cellulose, collagen, etc. or bgtit polymers like polyurethane, polystyrene, nylo
etc., or inorganics like glass, aluminum, silich geagnetite and so on.



On the protein itself the freg-, b-(Asp) org (Glu)-carboxyl groupsa- or other amino groups,
and phenyl-, hydroxyl-, sulfhydryl- or imidazoleogips may take part in the formation of the covalent
bonds.

There are two essential steps of chemical immaiitn:

1. activating the functional groups of the carridrattcreates a reactive group-ended arm on the
carrier, and then
2. forming the covalent bond between the enzymetlamdctivated carrier.

Some methods of chemical immobilizations are givethie following figures.

MATRIX :  vicinal-OH " : cellulose , sephadex

sepharose
OH + CNBr substituted
OH iso-carbamide

OCN‘H*E

l / ] N-substituted

mmido-carbamate

JCNH E-NH, CP“ E

N-substituted .
carbamate

imidocarbamate \
tcyc NH—E

Fig 2.54.: Brome-cyanide immobilization

MATRIX: -NH, group: AR-CELLULOSFE, DEAE-CELLULOSE
COLLAGEN, CHYTIN, NYLON, etc

H
. -NH, + OHC-(CH,);-CHO = N=C~(CH,),-CHO
GLUTARALDEHID

H
|
/ﬁ .—N—— C-(CH,),-CH=N-E

E-NH,

Fig 2.56.: Chemical immobilization with glutarealdale
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Surprising, but used method is the immobilizationtoo glass beads with which strong,
mechanically stable column loads can be prepared.

o—

|
P

|
P
—_0—§i—0 '
i‘ H 0 —S8i—0—Si— (CHals — NH,
| - > 0 o
_o_si— op (C2HsOBSIlCHENH, |
c': —O—SIi —O—Sli — [CHz)3 — NH;
| o o
§ —O—Sli —o—sli—ICsz —NCS

_o_

|| [} o]

—0—-Si—0-Si—ICH:}E —NH—C NH—E“ZM/ | I
| | —O—Si— 0—Si—(CH} —
a & TENZIM o] ?I o] ?I {CH:}h — NCS
|

| |
—0—Si—0—Si—(CHoh —NH—C —NH — ENZIM
o o

Fig 2.58.: Immobilization onto glass surface

Another chemical method is the crosslinking of engymolecules applying two- or many-
functional reagents. Among these the most popsldheé application of glutaraldehyde as shown in
Fig2.59. Here a Schiff-base like covalent bondasmfed between the aldehyde and some amino-
groups of the enzyme, thus polymerizing the enzynwecules, and forming a supramolecular
enzyme. The huge enzyme polymer becomes waterilgglthus forms a gel. These are not really
applicable in industry, because of their slight hatdcal strength. That is the reason that indestdi
physical adsorption is performed onto the surfatsome carrier and next the crosslinking of the
enzyme molecules creates an immobilized layer erstinface of the carrier.

CH=0 CH=0 CH=0
OHC | |
S, g e GHO —CH = (—CHz —CH;— CH =(—CHz —CH: — CH —=(—CH; —CHz —
F i ;
GLUTARALDEHID OLIGO-GLUTARALDEHID
NH—ENZIM

CH=0 (|3H=N—ENZIM (|3H=0

iil“ll'l —(C—CH:—CH;—CH=(—CH: —CH: — CH =(—CHs —CHz-

N —ENZINM

Fig 2.59. Crosslinking as an immobilization method



Usually, the crosslinking is performed togethertwman inert protein. Such proteins are the gelatin,
albumin, collagen and egg white (latter is usefat, it contains lysozyme, a cell wall hydrolyzing
enzyme, that prevents the microbial contamination).

Enzyme crystallization is also realizable by criodshg. The result CLECs (crosslinked enzyme
crystals) have very good catalytic features, theyeme can be a column load itself and the acti\gty i
very high, not being too much inert matter presgig.2.60 shows such a CLEC (laccase), that have
huge surface of 2500%g “.

A more recent technology is the CLEA formation @siinked enzyme aggregates), where the
glutaraldehyde crosslinking is performeualring precipitation of the enzyme by (NHSQ;, or butanol.
This way the immobilization is combined by a pdrfurification step of the enzyme. CLEA
formation has the advantage that it can be realeéuer with purified or not purified enzyme
solutions, the aggregates have large heat stahilitgt they are resistant against organic solverds a
proteolysis. Thus, they can be applied for biotfamsations in organic phase, too.

In the case of combi-CLEA two or even more enzyraes immobilized together, making
possible to catalyze even series of reactionseasdime time (consecutive reactions).

Chemical methods usually lower the remaining aistif enzymes because it is accidental
whether a functionally important or an unimportahemical group take place in the immobilization
reaction. For this the active center needs somegion, which can be done by adding the substrate
or preferentially substrate analogue (a competitihbitor) to the immobilizing reaction mixture.

Fig 2.60.: Crosslinked enzyme crystals (CLEC)

There are three main groups of physical immobiliramethods (Fig 2.52. ):

— adsorptiononto the surface of some carrier,

— Encapsulation of the enzyme into a polymer matri

- retention of the (even soluble) enzyme by memésathat are permeable for substrate and
product but impermeable for the enzyme.

Adsorption is performed frequently aon exchangerresins. The method is simple, but the
enzyme easily comes off the resin when changingplénic strength. Moreover, it is not specific, a
series of contaminating matters can also adsott tvit enzyme.

The most widespread and simplest method of encaipsulis the application dodlginate gels
The enzyme and its buffer solution is mixed witBaalium-alginate solution, then slowly is dripped
into an agitated Caion containing buffer solution. An ion exchangedlwtcur between the sodium

4 Preparation and characterization of cross-linketyme crystals of laccase
J. Jegan Roy, T. Emilia Abraham: Journal of Molac@atalysis B: Enzymatic 38 (2006) 31-36
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and calcium ions and since Ca-alginate is wateslide, the alginate is getting precipitated in the

form of small beads encapsulating the enzyme mtidecuDuring the work with an alginate encap-

sulated enzyme a certain level of Ca-ions has tmaiatained to prevent the resolution of the beads.
There are no commercial such enzyme preparatiompg&rienenter has to prepare them oneself. As a
curiosity we mention that Na-alginate - Ca-alginaémsformation is also used in modern gastronomy:
e.g. in-mouth-melting ,caviars” can be preparecdwtiitem.

Other gelforming polymers are also used for enzyemeapsulation purposes: chitosan,
carrageenan. The approximate structures of suctogeing polymers can be seen in Fig 2.61

Alginate: 1,4-glyc. o—ooc OH QK Olg)

heteropolymer of m W \\A

mannuronic acid and o (8] 0
Man 00C  oH Man

uluronic acid
Gul

Solvent: water  gel:Ca™, Zn™, Al**

0350

OH
0
K-carragenan: helical & il‘l\of
biopolymer of 3,6 anhydro- o \ﬁ/o \/\0
galactose OH OH

Solvent: water  gel: Ca**, K*

..... o o N
chitosan: partially deacylated gO
N-acetylglucoseamin polymer HO
gEErA At H
polycationic Solvent: acetic acid,water "

gel:ployphosphates, pH-change

Fig 2.61. Gel forming polymers for enzyme immadniian

Stable, mechanically strong, thus easily applicabienobilized enzymes can be prepared by
polyacrylamide—gel formation. The acrylamide andN'Nmethylene-bis-acrylamide monomers are
mixed with the enzyme solution and with ,340s (potassium-persulphate) polymerization initiator
and withb-dimetil-amino-propionitrile fastening agent durivigjorous agitation. Agitation-depending
smaller or bigger polyacrylamide gel beads ardrgeformed that contain the enzyme molecules. The
measures of the beads-pores (100-400 nm) are mmuelies than the measures of the enzyme
molecules (300-2000 nm) thus while they remain hie gel particles the substrate and product
molecules can more or less freely diffuse in anttba particles. This excellent method cannot be
applied for food-industrial purposes because agrida is not GRAS (GRAS means ,generally
regarded as safe”).
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Fig 2.62. Polyacrylamide gel formation

Microencapsulation method of enzyme immobilization means we have vanall capsules
which are surrounded by a substrate-product traeepanembrane that retains the enzyme molecules.
Inside the capsules of about 3® diameter is the buffer and the enzyme. Theretaoetypes of
these capsules: capsules with a permanent membraagsules with non-steady coacervates.

The constant membrane capsule preparation mettibd fsllowing. A water phase containing the
enzyme and the buffers and a monomer that sliglatlyble in water is vigorously mixed in an organic
phase holding the other monomer to prepare a faenorganic dispersion. Since there are chemical
potential difference between the two phases ine@ghe two monomers, they start to diffuse opposit
to each other. Meeting at the interfacial surfat¢he small water-phase droplets a polymerization
starts and as a result a thin membrane polymécaikr the enzyme solution droplets.

One hollow fiber 1'

(@ s~ . s

jag= earrier A bundle of
i - P hollow fibers
i@ P

JO’) o

P
@(S/ S t

! UF membrane Hollow fiber filter

Fig 2.64.: Hollow fiber, UF membrane

Finally, the simplest immobilization method hasstomentioned, theetention by ultrafiltration
membranes This is not a real ,immobilization”, because #reyme remains is soluble form, but it is
separated by an UF membrane that permeable to ubstrate and product but cuts off the
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macromolecule enzyme. There are many kinds of teahset up of these membrane-immobilization
but the most popular and scalable method is thécagipn of hollow fiber units. (Fig 2.64)

2.7.2. Kinetic behavior of immobilized enzymes

Immobilized enzyme systems are special heteroganeatalytic systems where the substrate to be
converted must be transported onto the surfackefcarrier particle or into the particle depending

upon the applied immobilization method. In bothtémges there is a concentration gradient in respect
the substrate and product between the bulk liquid the place of the actual reaction. These

concentration gradients are the driving forceshaf tliffusion processes of substrate and product.
There are three well distinguishable regions oftthesport according to the Fig 2.65.

1. A usually convective transport of the substfaden the bulk liquid to a stagnant liquid film
around the particle. Here usually the mixing iS@et; there are no transport resistances.

2. Diffusion through the stagnant liquid film tleet surface of the particle (if the immobilization
was onto the surface of a carrier), here the transpended, then

3. diffusion into the inner side of the partictethe actual place of the reaction, if the enzyme i
immobilized inside a patrticle.

Stagnant film K- Convection
— ~ D- conduction
/ \ ==
/ b
hordozt % 1. Convective transport
/j) - Ozi from the bulk liquid K
I e to the liquid film:no transport
Barrier
2 Diffusion through the liquid
film. D
: 3. Diffusion into the inner space
_/i,\\ of the particle to the reaction
EXTERNAL INTERNAL D
7
MASS TRANSFER g

Fig 2.65.: Mass transfer resistances on and in gipie

Transport 1. and 2. represents an external masspiva resistance and 3. means an internal mass
transport resistance. Since 2. and 3.are diffupiocesses they can slower the reaction comparing to
the homogeneous system, which will be shown veoytshand superficially here.

2.7.2.1. External mass transfer

In the diffusion interfacial layer (Nernst diffusidayer) the rate of material transport is
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Where $ and S are the substrate concentration in the ligid and at the surface of the particle,
respectively. The mass transfer coefficienkdgcm/s) anda is the interfacial area in unit volume
(cm?cm?). If the reaction follows M-M kinetics this transp rate has to be equal with the reaction
rate:

VmaxS
K, +S

V=ka(s,- 9= (2.42)

The system is determined by 5 parametegs:ak S, Vmax €S Kn . This can be reduced to 2,
introducing dimensionless variables according edéfinitions here:

X =S/ and K =Kn/ S

It is useful to group the parameters into a dimamsiss criterioDamkdhler-number (Da), which is
also calledeaction numbepr dimensionless reaction rate

Da = Vinad ks S a = maximal reaction velocity / maximal mass tfansate
With these introductions eq. (2.42) can broughd endimensionless form:

1
1-x_ x _ ZX
Da k+x 4,1,
k

(2.43)

If Damkdhler-number is much less than 1, i.e. srtaansfer rate is much higher than maximal
reaction rate, we have a so-caltedction limited regimeand

In these circumstances the system can be desasiltiethe M-M equation.

If Da>>1, i.e. the mass transfer is the rate limiting &k it diffusion limited regime and then
\Y, = k . aS
Here only the mass transfer determines the ovezatition rate.
2.7.2.2. Internal mass transfer

If the enzyme is immobilized inside a particle (bgpolymerization or encapsulating) than the
substrate transport inside the particle will defesrthe rate of the reaction. A rather simple pietu
can be got supposing that inside the particle iepedsion of the enzyme is homogeneous, but the
transport of the substrate (and of course thahefproduct) is going in small channels in which the
diffusion happens in free liquid. In this case Huecalled effective diffusivity constant will bevgin

by this summarizing equation:

D, =D 7"—", (2.45)
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where
Ds is the effective diffusivity of the substrate lretmatrix
Dsois the diffusivity in the free liquid phase,
e is theporosityof the particle: free liquid volume to the wholelume of the particle.

t is the tortuosity of the pores: it measures thatdffective length of way substrate particles have
to go along is higher than a straight line betwiem points, because of the direction changes in
the pores . Understanding tortuosity is easy ikiog at the Fig.2.66.

Ke/K: gives the extent of the diffusion hindrance: theasuges of the transported substrate
molecule may be close (in a molecular meaninghtreasures of the pores they are moving
along, so between the molecules interactions mayrdowering the rate of free diffusion.

The e- porosity can be experimentally measured for argaarier, empirical values df is in the
range of 1,47, and K/Kcan be given by the following expression:

% @1 v 2.46
K . (2.46)

r P

where g is the equivalent radius of the substrate arnsl the same for the pores.

Mean
tortuosity

T=h/1

Fig 2.66.: Gel entrapped enzyme. Definition ofuosity.

2.8.  Application of enzymes
2.8.1. General applications

Enzymes have been used in lots of areas of evetjfdagcience and technology and the number of
applications has been continuously increasing. \Betkmme of these application territories are
summarized in a series of Tables, not intendectexdhaustive.



Some enzymes are directly applied, i.e. they agd asend products

Table 2.6.: Directly used enzymes.

Application are

Enzyme

Washing powders (deterger

proteases, lipases, cease

Animal feec

-glucanase, cellulase, phytase, xylanase, |

Medical applications/pharmaceuticalsproteases, lipases, amylasesctamase,

L-asparaginase, hyaluronidase, lyzozim, collagenase
streptokinas... (see also Table 2.1

Analytics and diagnosti

A series of enzymes (see also chapter 2

In many industrial processes enzymes are appliedigiiary materials, they do not appear in the
pruduct but applications of them are inevitabléhi@ production processes. Such enzymes are listed i

Table 2.7.
Table 2.7. Enzymes used as auxiliaries
Application are Enzyme
Textile industr amylaseshemicellulases, pectina:
Leather industr protease
Paper industi hemicellulasesamylaseslaccas
Sugar industr dextranase, invertase, dextransaccharegalactosidase
Starch industra (izo)amylases, amyloglucosidase, glucose isomecgs&dextrin-
glucanc«transferase, xylanasi

Food industry is a great user of enzymes, a sefi@sod products get they final form and quality

after enzymatic manipulations. Such applicatiomsliated in Table2.8.

Table 2.8.: Enzymes in food industry

Application are

Enzymg

Dairy industry

proteases,-galactosidase, lysozyme, lipases, esterases,mpapai
rennet,glucose oxidas, catalase.

Beer industr

amylases, tannase-glucanase, proteases, xylana

Wine making, fruit
beverage

pectinases, naringinase, cellulase, amylase,

Alcohalic beverage

amylases, amyloglucosidast

Meat inustry, fisherie

proteases, papain, glue-oxidase.

Bakery industry

amylases, pentosanases, xylanase, phospholigasedenase,
proteas

Fai- and oil industr

phospholipase, estera

Coffee, tea, cacao

pectinase, protease, glucanase, tanni

Recently the environmental technologies also applymes in increasing extent, for these we can

see examples in Table 2.9.

Table 2.9.: Application of microbe origin enzymegnvironmental technologies

Enzyme Producing microbe Reaction catalyzed

Bacteria
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dehalogenase Pseudomon: sp Break down of dichloromethane
benzene-di-oxygenase |Pseudomonas puti Break (_jown of benzene and other
aromatic

collagenase Streptomycesp. collagen hydrolysis

Several enzymes Arthrobacter, Rhodococc gg';r?;gllj:ﬁgon/break down of diff.
Molds

cyanide-hydratase Stemphylium loti cyanide detoxification

tannin acyl hydrolase  |Penicilliun sp. Hydrolysis of tannins

phytase Aspergillus ficuur Hydrolysis of phytin

chitinase Nonpathogen fungi Hydrolysis of chitin

keratinase Hydrolysis of keratin

cellulase, xylanase Hypocre: sp.,Aspergillussp.  [Cellulose hydrolysis

hemicellulase, pectinase Chaetomiunsp.,Humicolasp. |Plant residues and paper degradation

e iy MWood tegratingmoigs  Pegradton ofiani ol

There are spreading applications of enzymes irchieenical industry, too. A part of the so called
white biotechnological processase based upon such enzymatic transformationse®xamples are
shown in Table 2.10.

Table 2.10.: Enzymes application in chemistry amehaical industry

Reaction type Enzyme Product Annual production
volume in 2000, tor
Hydrolysis Nitrile-hydratas acrylamidt 10C-1¢C°
Penicillin-acylase 6-amino-penicillanic 10-1C6
acic
Resolution Hydantoinase 4-hydroxi-D-phenil- 1200
glycine
Oxidation D-Sorbitol- L-sorbose 80-1C
dehydrogena:
Hydroxylation Niacin hydroxylas 6-hydroxi-nikotinic acic | 20
Reduction -Ketc-redictase (R)-carnitine 30C
Formation of C-C- | Pyruvate decarboxylase (R)-phenyl-acetyl- 500
bond carbino
Synthases Aspartate-ammonia- L-aspartate 400
lyast
Fumarase (L-DOPA) L-malate 500
Peptide-syntheses | Thermolyzire -aspartam 10-1C°
Glucosyl transfer Cyclodextrin-glucano-- | -cyclodextrin 10-1CG
transferase (CC-ase

Important group of enzyme utilization is their dpptions for therapeutic purposes. Some
therapeutic applications are listed in Table 2.11.

Table 2.11.: Therapeutic use of enzymes

Enzyme Source Name of pharmaceuticall What for? What
against




urate oxydas

Aspergillus flavu

Uricozyme

gout, hyperurichem

lipase

Rhizopus arrhizus

Digestion enhancing
prepatation

Pancreatin: pancreas

enzyme mixtures: trypsin,

chymotrypsin, lipase,
-amylas:

Pig pancreas

Cotazym, Kreon,
Nutrizym, Pankreon,
Panzytrat...

Digestion enhancing
preparations

-amylase

Aspergillus oryzae

Digestion enhancing
preparation

-galactosidase (Lactase

Kluyveromyces
fragilis, A. oryzae
A.nigel

Lactaid, Lactrase,
SurelLac

lactose intolerance

hyaluronidase

Hylase, Vitrase

Myocardial infarct,

rDNS produc heart attack

urokinase human urine or Abbokinase, Actosolv, | Acute myocardial
human cell culture | Alphakinase, infarct, heart attack
Rheothrom
Factor VIII recombinant CHO | Recombinate, Bioclate | hemophilia A
cells
Tissue plasminogen recombinant CHO | Activase, Actilyse Acute myocardial
activator cell culture infarct, heart attack

acute pulmonary
embolism,
ischemic strok

Chronic obstructive
tuberculosi

recombinant CHO
cell culture

Deoxy-ribonuclease Pulmozyme

2.8.2. Application as analytical tools

Application of enzymes for analytical purposes dtidae distinguished from enzyme analytics. In the

latter case the enzyme itself is the target ofahalysis, we want to determine the activity of the

enzyme. In contrast to this, enzymes as analytizds can be applied to determine the concentration
of some other target compound. Here we are speatiogit this because the elements of enzyme
analytics have already been discussed previously.

For analytical purposes enzymes can be applidaeifidliowing areas:

When thdarget matter(analyte) is the substrateof the enzyme.

When enzyme is used a markerduring an analytical process. (Immune analytics).
When the target molecule (analyte) issazyme inhibitor

When the enzyme is a part ofemzyme electrodeor otherbiosensor.

When we want to determine the concentration of a dfstrate the enzymatic reaction has to be
developed to its end point. If the ceasing subsstmat the developed product cause a measurable
change in some features of the rection mixture.,(e@or change, spectral change, pH change, etc.)
then from these changes one can conclude to thargrbconverted substrate. The essence of such a
kind of analytical methods can be understand frioenexample of uric acid — allantoin transformation
when the target is the urate concentration (faaimse in the urine for diagnostic purposes) (F&GPR.

The basis of the method is that uric acid has aacheristic light absorbance at 294 nm while the
product allantoin has not. At the end of the reactusing the specific absorbance value of urége, i
starting concentration can be determined. (Why do¢go the reaction just to the equilibrium?)
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Fig 2.69.: Substrate determination with a reactron to end point
When there is no directly measurable change alloagdaction, an auxiliary reaction is applied. In

the Fig 2.70 explains such a situation. Let us ntitat the 340 nm determination of NADPH or
NADH is a frequently applied method.

hexokinase G6P-DH
glucose Gl-6-P 6-P-gluconate
f |NADP | | | NADPH |
. ANALYTE
A=340 nm
‘ Auxiliary reaction ‘ ‘ indicator reaction ‘

Fig 2.70.: Substrate determination with auxiliagection
Expressively as a marker is used the enzyme imgtance of one of the many ELISA methods.

Knowing the kinetic behavior of enzyme, it is olhwgothat kinetic measurements can be applied
directly only if S<<k,, i.e., if we are in the starting (near to origegion of the M-M hyperbole.
There a linear relationship between reaction ratk substrate concentration makes the measurement
possible (see Fig 2.72). Here we need a calibratiove. This kind of kinetic method is often apglie
in automatic analyzers (FIA, flow injection anal)si
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Fig 2.72.: Substrate determination on the basikinétic measurement.

In the opposite case, if S>xzKonly inhibitor or activator concentrations can basured,
provided the reciprocal rate of the reaction isiredr function of the inhibitor or activator
concentration (=Dixon plot is linear). Such methade applied for example in the case of herbicide
determinations as well as in some human diagnostithods (e.g., heparin-determination).

In case ofenzyme electrodeand biosensorsmmobilized enzymes or immobilized cells are used.
Recently the application of biosensors and enzylewredes are widespread in different areas, ie.g.,
human diagnostics for the determinations of gluénd#ood or alcohol in blood, cholesterol, fatsglan
SO on.



4. BASICS OF FERMENTATION UNIT OPERATIONS AND
PROCESSES

4.1. Basic rules of microbial growth

If a microbial cell — for the sake of the simpligita bacterial cell — is put into an environmenteveh

all the necessary nutrients are in high enoughemmnations, and the circumstances are also fawrabl
(pH, temperature, osmotic pressure) the cell startake up the nutrients and start to grow atet af
certain period of time it starts to proliferateg.ifrom a mother cell two equal daughter cells are
formed. Look animation 4.1that starts with a transfer of some cells froRetri-dish culture colony
into a liquid culture medium in a shaking flask datflowed by a division at every 30 minutes (thgs i

a fast-growingescherichia colibacterium). Thus, the first generation makes tive,second, after 60
minutes 2=4, the third, 90 minutes after the transfer gi2&s8, and the fourth generation results in
2°=16, and so on and so on while the nth generatibrhawe 2 daughter cells. It is easy to write the
mathematical rule, on the basis of this for a hiffessiparous bacterium:

After n generation from one cell” @ill be born
After n generations fromd\eells N»- 2" will be born

This is the exponential growth rule of the binapjiting bacterial cells and it is easy to get that
this is a solution of the following differential egtion:
dN
= 4.1
m (4.1)
Which has the solution form

N=N," (4.2)
In this =In2/ty that is the specific proliferation rate ad tghe tloubling time.
In the biochemical engineering practice we are mmacine interested in the mass growth of the

culture instead of the number proliferation, thgaation (4.1-4.2) (these are the basic equationiseof
growth model of Jacques Monod) we apply preferdiptia the next form:

dx
— = mX
dt
(4.3)
X=X,e'
1 dx
Where ° ;E is the specific growth rate amxdis the concentration of the biomass expressed

in dry weight and given in the units a gfior kg/n¥. According to the eq.4.3, x, plotted against time
(look at Fig 4.1.) gives an exponential curve goupgto the infinite. Of course, this cannot be the
realistic growth curve

5 If an E.coli cell would grow without any limit wita generation time of 20 minutes then after 43,89 x
10 m® volume cell would be present that is higher tHamvtolume of the Earth, and after waiting an otiaer
hours its mass would be higher than the mass of&érx 16t )



A realistic picture is on Fig 4.2 that shows a rgr@wth curve of a system in which only a given
space and a given amount of nutrients (we calllthtsh culture) are available.

Development of the curve can be followed in thémated picture,animalt goérbével(4.2.
animation) and let us look at Video 4.1 that shtwvesgrowth ofE. col under microscope.

Animation4.1:growth of E. coli — Animation4.2.: A growth curve
generation time

Video 4.1: Growth of E. coli under microscope

900
800
700

600 /
500
400

300
200 /

100 /

hour

Exponential growth x0=2 and p=0.5

Fig 4.1.: Unlimited exponential growth

Growth curve can be divided into four phases. Frstlledlag phasein which there is no visible
growth yet, either from numeric or from mass paifitview. In this phase the cells are getting
accustomed to the new environment . Het8.



% , ) - ) 1%

Lag phase is followed by theccelerating phaseduring which the acclimatization continues but
visible growth can already be observed with andasing rate. In this phase G« max The lower than
maximal growth rate is caused because not all¢lie end their adaptation at the same time, mode an
more cells start to proliferate as the time elapses

The next phase is callexponential phasein this all cells are proliferating with maximadexific
growth rate, = max

Fourth phase is callegkclining phasehere again 0< maxand goes to not.

o 4 I— f———eea]

Expo- l

Acceleratin; —
LAG | Growth 1 Lential 5 Declining
' phase growth | phase

phase

Inflection point

time

Fig 4.2.: Bach fermentation’s real growth curve

On the Fig 4.3. the characteristic basic kinetiwes of a batch fermentation can be seen while the
animated growth curve is shown #h 3. animacih
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Fig 4.3.: Growth curve of batch fermentation arglptimary kinetic representations

Animation4.3.: 3 growth curves

Plotting the number of thiving cells in time we get a bit differing curve, on whichaftthe
declining phase there starts a stationary phas@glwhich the rate of growth rate is equal witle th
death rate and this is followed by the pure dehtsp..
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Fig 4.4.: Living cell number versus time

InX f Inflection point

/|
| i H
LAG Accelerating
Growth

Declining
phase

phase

' nential
growth
phase

a

s ea-u

.
>

time
Fig 4.5.: Semilogarithmic plot of the growth curve

In the Fig 4.5. an equally often applied plottirfgtee growth curve is seen. Here the logarithm of
the cell mass is plotted in respect of the timetuldly on this plot the exponential phase appeara
straight line, this is the reason of the frequembporrectly used expression — logarithmic phasg.us
observe, that this plotting gives the simplest mofléhe calculation of the maximal specific growth
rate.

What is the reason of the unavoidable existenaed#clining phase? It may have three reasons. It
can be imagined that the cells are producing soralmwlites that are self-poisoning, inhibiting the
further growth. Another reason may be that the faimn becomes so dense in which the cells are so
close to each other, that there is no place anynootiee further growth. (But do not mean this word
by word: of course, cells do not touch each ottiere are always surrounding water phase!).

The most important and most frequently occurringsom that growth is getting slowed is the
substrate limitation. Substrate limitation meanat tht least one component of the culture medium
does not have concentration high enough that wallddv maximal specific growth rate. The notion
of the limiting substrate was introduced by MONQD1942, when he had examined the growth of
lactic acid bacteria. He found out that limitingbstrate influences growth rate similarly how a
substrate affects the rate of a simple enzymadictien, and applied the same function

S
max KS+S,

(4.4)

where maxis the maximal specific growth rate¥jhand ks is the substrate saturation constant.

Discussion of this equation is similar we had faka in case of M-M kinetics. At small limiting
substrate concentrations, the hyperbole startssiiaight line and when S is much higher tharitK
approaches the value ofax This (theoretically not) but practically existimgncentration is called
critical substrate concentratiorfFig 4.6.)

Monod-model well describes the exponential andiniag phase of the batch fermentation. The
transition between these two phases is at thectigte point of the growth curve. Graphical evalaati
of the two parameters of the Monod model is showfigp4.3 and 4.7.
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Fig 4.7.: Monod-model, graphical methods to evatusggand max.

Thinking about limiting substrate, a natural quastarises: which component of the culture
medium becomes limiting? To understand this, letake a look at Fig 4.8. Based on the run and
shape of the curves it is impossible to predict lihting substrate. These are depending on the
starting concentration, the maximum specific grovate and the overall substrate yield (see later),
thus the only thing we know that the substrate badlthe first limiting one whose concentration will
first reach its critical value. As the time elapsesond, third... limiting substrates may come tedctf
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Fig 4.8. &bra: Which will be limiting?

Among the basic rules describing the growth, thisr@ne further relationship that connects
guantitatively the substrate consumption and tlmevtjr. This is theoverall yield coefficienthat -by
definition - describing onto th& component of the culture medium is

d
= ﬁ (4.5)

The overall yield can be considemifferentially,which is the ratio of the small changes happened
during small time interval (as 4.5 shows)itegrally i.e. the ratio of grown biomass to the consumed
substrate during an arbitrary (shorter or longemet according to eq.(4.6)

Yx/s = _;( ! (4-6)

WhereDx is the biomass increase whidS; substrate was consumed.

Note, that without distinguishing notification Yfees to the limiting substrate.

Monod called this notion yield constant — thinkithgit it is a permanent feature of the substrate
utilization, but in 1949 Herbert pointed out thati$ not a constant, it depends on different
environmental factors and mainly on the specifiovgh rate, that is why recently we call it overall
yield. Yields are very important characteristics fefrmentation processes for they refer to the
successfulness of substrate utilization of the ofies with a strong economic meaning.



4.2. Nutrients and their use

42.1. Nutrient requirements of microbes, cultuneedia

Production capabilities of microorganisms in anusttdial process mainly depends upon two
factors: genome of the microbe plays a determimiolg but also very much important is the
environment that is responsible for the actual fieatation of microbial behavior. At a given microbe
with a given genome environment is the most imprta

The notion of environment includes the qualitatiwel quantitative composition of the culture
media and the circumstances like pH, temperatadax potential of the media, etc.

Microorganisms have varied nutrient requiremenis e various microbes can be grouped
on the basis of their fundamental nutrient needf f all according to C-source and energy source
requirements (Fig 4.9).

ENERGY SOURCE

CHEMICAL LIGHT
CHEMOORGANOTROFH FHOTOOQORGANOTOFH
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= g ORGANIC ORGANIC ELECTRON
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=] Photosyrt haceria
=] R .
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U H,3.3 Hy Fe(Il, NH;... H O Hp35

Fig.4.9.: Groups of microbes according to C- anérgy source need

In every groups there are microbes which are ingmbrfrom an economic point of view but
fermentation industry uses nowadays mostly hetgpbs that use organic matter either as C- or as
energy source. But this does not mean there armdwstrially important organisms in the other
groups like photolithotrophs (algae) or chemolitbphs (bacterial leaching of ores).

Culture media must contain all the chemical elesmémit are necessary during the growth process
in metabolizable form and in enough quantity. Thosderials are needed to build up the new biomass
and the extracellular products as well.

Table 4.1. shows average elemental compositionoofesmicrobes, while Table 4.2 gives the
composition of an ,average” bacterium and yeashldd.3 shows the composition of some important
fermentation products.

First step of designing a culture medium is to taite account all the elements that are needed to
build the intended amount of new biomass and procagscording to the following formal
stoichiometric equation (provided an aerobic fertatgon)
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C-source + N-source +:® mineral salts + special nutrients (e.g. vitanins)
® new biomass + product(s) + €®HO

This formal equation gives only the minimum reqmeant but it is also necessary to take into
account the fact, that the rate of the processemfiuenced by the concentrations of the nutrietats

(see Monod model).

Table4.1.: Elemental composition of some microorg/as

Composition in dry weight !

MICROORGANISM C H ®) N S
Saccharomyces cerevisiae | 45 6,8 30,6 30,6 n. a.
Methylomonas methanoli 45,9 7,2 no data 14,0 2,6
Penicilliumchrysogenul 43 6,9 35,0 8,0 no data

Table 4.2.: ,Average” bacterium and yeast compasiti

ELEMENT % in dry weight % in dry weight Overall yielc®
YEAST BACTERIUM

C 47 53 *

N 7,5 12 8-13

P (as PG%) 15 3.0 33-66

S 1,C 1,C 10C

O 30,( 20,( *

Mg 0,t 0,t 20C

H 6,5 7,C *x

Ash’ 8,0 7,0 *x

Table 4.3.: Elemental composition of some fermentigiroducts

Antibiotics
Bacitracin GeH10N17016S
Cephalosporin €eH21N308S
Erythromycin G7He7NO13
Penicillin G GeH18N204S
Streptomycin @iH30N7012
Organic acids
Citric acid GHs0;
Gluconic acid GH 107
Lactic acid GHe03
Solvents
Acetone GHsO
Butanol GH10
Ethanol GH&0
Vitamins, amino acids
Bi12 Ce3HgsCON14014P
Riboflavin G7H20N40s

6* These yields will be discussed later.

** This yieled is only formal.

" Element content of ash: P, Mg, Cu, Co, Fe, Mn, Eig,Ca, K, Na.




Glutamic acid 6HoNO4
Lysine GH1aN20;
Tryptophan G@H12N20;

Among the culture media components especially itgmbris the molecular oxygen, with which
later we shall be discussing in more details.

Nitrogen source can be of many kinds, /#Hor NOs saltsor organic nitrogen containing
compounds or natural N-sources (soya meal, cogpditguor, meat and yeast extract etc.)

Carbon source is in the most instances the enengygas as well, and can be of very much type:

carbohydrates (sugars), alcohols, simple orgarigtsatats and oils, etc. these are to be degragled b
the anabolic reactions meanwhile energy (in thenfaf ATP) is produced and at the same time
intermediary smaller molecules are formed. Fronsehthe carbon content of the new biomass is
incorporated. (see Fig.4.10)
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Fig 4.10.:Scheme of nutrient utilization

4.2.2. Utilization of carbon/energy source

Measure of the carbon source utilization is theralvgield coefficient, Y , defined by Monod
and Herbert. Let us examine, how and what for¢hibon/energy source is utilized, and where tg it i
got.

A certain part of the C/energy source C is getinogrporated into the new biomass in the form of
the carbon-containing new organic material. Anotbeat is the source of energy that is formed along
the anabolic biochemical reaction routes and resem the form of ATP. The total C/energy source
uptake consists of these two parts as eq. (4.7ysho



% , _) - )

S=S.+ S.. (4.7)

Dividing this by the amount of the new biomass wetbe reciprocal of the overall yield:

Dx X x
11,1 @)
Yx/s YC YE .

where Y is the C- or incorporation yield and: ¥ the energy yield.

Is this distinguishing only a formal speculationane these components really distinguishable and
independently measurable? The overall yield itsglh be experimentally measured by biomass
production and substrate uptake measurements. ghHacorporation yield is easily calculable on the
basis of a material balance written for the incoaped carbon:

a,Dx=a D5, (4.10)

where ;is the carbon content of the microbial cell dryigie, and as an average it may be taken
about 0.46—0.50 (46-50%), but of course, it is jpbs$o measure it experimentally, too.

ai is the carbon content of the substrate (for irdor glucose it is 72/180 = 0,4; for ethanol it
is 24/46 = 0,52).

From eq. (4.10) with rearranging we get the canjield:

Koy =2 (4.11)

W0

Consequently, ¥ can be numerically calculated knowing the carbontent of the microbe and
the substrate. It is obvious now; we can also taleuhe energy yield from (4.9)

a
Yx/s :
Vo= %2 = Yty (4.12)
a, -Y a,- Yx/sa 2
x/s
a2

Some fermentations are directly related to the gn@roduction, thus from the amount of the
product the energy yield can correctly be calcdabe the case of ethanol fermentation, we know tha
energy is produced only during the glycolysis, Ise éthanol formed is directly proportional to the
energy released.

In case of the classical vinegar fermentathretobacter acetoxidizes the ethanol and in its
terminal oxidation route the removed hydrogen atdcasried by NADH + H ) are oxidized by the
molecular oxygen, meanwhile a certain amount of AsTérmed.

In these cases, just a smaller part of the C/ensogyce is utilized to be incorporated and a more
significant part is utilized for energy productiofhis is why in these fermentations the substrate
conversion is usually much over 90%.

The ratios of assimilation and dissimilation ar@wh in the instances of Table 4.9. Data are
interesting and typical, and we can conclude that

— effectiveness of the energy production and atilon of aerobic metabolism is higher than the
anaerobic, more C can be incorporated,



—on a complete culture medium most part of the €fpnsource is utilized for energy production,

—on synthetic culture media the ratio of incorpioraand energy production is comparable.

Table 4.9.: Comparison of energy production andiporation at different microbes and culturing
circumstances.

MICROBE Culture Assimilation % Dissimilation %
mediun
Streptococcus faecalis | completé 2 98
Anaerobic culture
Saccharomyces complete
cerevisiae 2 98
Anaerobic 10 90
Aerobic
Aerobacter cloace: minimaf® 55 45

The substrate utilized for energy producti®$e , can also be divided into two parts, taking into
account the goal of energy utilization. A certaartpof the energy is used for fulfilling the energy
requirement of biochemical processes that aree@lad the syntheses of new biomass (amino acids,
nucleotides, macromolecules: proteins, nucleicsadats, etc. of the new biomass).

On the other hand, there are series of processag ga during the microbial life that are not
related to the growth of new biomass but requirmgch energy. Such activities are el motion
osmotic work active transportof molecules in and out of the cell, etc. Besidesse there is a
permanent breaking down of the macromolecules dutte cell life cycle and these have to be
resynthesized continuously. These processes nddus Gee energy that is not growth related at all.
From a thermodynamic point of view, we may say, ¢e#s have to do work on their environment
even if apparently, they are in a resting (nongngyistate. With other words, they have to maintain
the low entropy level (for cells are of highly ordd) in order to maintain their viability. This
nongrowth associated energy need is calfedintenance energynd the phenomenon is the
maintenancef viability.

Because of this, energy yield can be divided into parts:

X X
Ye=——= : 4.13
"5 §+s, (4.13)

where DS is the substrate that was used for energy praauébr growth of the new biomadsx,
DSn is the substrate that was used for energy praalubr maintenance purposes.
It is known that substrate uptake rate can be sgpckin the term of growth rate as

b s S (4.14)

Applying this general relation to the energy prddhrc

ds _ x _d§ ds, (4.15)

dt . Y. dt  dt

and again, for the first term of the latter

8 Complete medium: contains also natural comporteed&les sugar and minerals
9 Minimal medium: beside the C-source contains onilyerals
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a5 _ mx (4.16)
dt Yo

where Yecis the ,maximal growth energy yield”, this theooati maximum would characterize the
process if there were not maintenance requireniay; = 0 )°.

We can logically suppose that g8t is proportional with the biomass present (twéce much
biomass moves twice as much, it is twice as mudered, thus needs twice as much energy for the
maintenance of its living state, etc):

LS — (4.17)

where m is the specific maintenance coeffic[gnsubstrate/g biomass-hour3]h
Putting (4.16) and (4.17) expressions into (4.18)get the following:

m™__ ™ mx (4.18)
YE YEG

or
1_1.,m (4.19)
YE YEG m

And finally, if the incorporation is also takenanaccount for the overall yield

1,1t ,m
y.oov. v (4.20)

x/s c

One can see Yis not a constant it varies with the specific gitovate!

The question again arises, whether this whole wathioking is only a speculation or a real,
measurable distinction can be made between therdiff parts of the substrate utilization. The amswe
is on the Fig.4.19. If we can measure the oveieltlyat different specific growth rates and we know
the carbon content of the microbe and the substthen the distinguishing is real and all the
components and parameters can be evaluated.

10 This is a not reachable theoretical maximum.



Fig 4.19.: Graphical determination of maintenancefficient

Maintenance energy requirement and m specific raaamice coefficients for some microbes at
several culture conditions are shown in Table 413. us observe that in case of baker's yeast a
tenfold increase in NaCl concentration of the a@ltmedium (this means a tenfold osmotic pressure
increase) goes together with an also tenfold irsred maintenance coefficient, m.

Naturally if there is no external carbon sourcespret in a medium, the cells will try to maintain
their viability and, in this situation, internal €burces (if they are available) will be used for
maintenance purposes. This phenomenon is caellddgenous metabolismhe internal C may be a
reserved carbon source or partly the cell mas#f.itfbe rate of endogenous metabolism is also
proportional to the biomass present, so (dSIgEE kex, in which k is the specific endogenous
metabolism rate Utilization of the internal reserved energy isleés significance in the case of
fermentation processes, it is more significanhim ¢ase of biological wastewater treatment.

Table 4.10.: m and mATP values of some microorgasis

culture specific maintenan coefficient:
condition:
*m **m) ATP

Aerobacter cloace: aerobic, glucos 0,09¢ 14
Saccharomyces cerevis anaerobic, gluco: 0,03¢ 0,52

+ 0,1 mol/dn® NaCl
Saccharomyces cerevisiae anaerobic, glucose 0,360 2,2

+ 1,0 mol/dn® NaCl
Penicillium chrysogenu aerobic, glucos 0,022 3,2
Lactobacillus cast aerobic, glucos 0,13¢ 1k

* g energy source/g cell mass
*mmol ATP/g cell mass-h

Another important metabolic feature is the ATP-gligler definitionem

Dx Y
Y = = Ys 4.21
A DATP YATP/S ( )
whereY g =MY . (substrate molecular wiight)-(overall yieId)g— x99 -9
mol g mol

Yateis = number of ATP moles produced from one mole oérgy source, which can be
calculated considering all the ATP producing maliabpaths of the given organism: it gives how
many ATP can be formed utilizing a mole substrate.example, it is 2 in the case of glycolysis.
According to many practical experiences an avetdd€l P yield is 10,5 g biomass/one mole ATP.
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ATP utilization can also be divided into two pamse for the utilization for growth and one for
utilization for maintenance purposes.

ATP=( ATP) +( ATP)_ (4.22)

11 M (4.22a)

- max
YATP YATP

Naturally there are many other yield-like expressioepresenting the metabolic activity of a
microbial culture, some of these are as followsher

Y is the so-calledheat yieldthat is the ratio of the new biomass to the eneliggipation during
the growth (heat evolution)

X X
Y, = == 4.23
"o He x+ Hg S Q (4.23)

In this definition Hx and Hs mean the specific enthalpy of the biomass andstitestrate,
respectively [KJ/g], and Q is the evolved metabolic heat during the growituation 4.23 divided by
S gives a relation between overall yield and thet eeld.

Y
Y, =Y., = S = Xis (4.24)
+ Hs' Y></s Hx

Another important measure — another metabolic quot- of the effectiveness of substrate
utilization of aerobic cultures is thiespiration quotientdefined either in differential or integral way:

dCq,
CO dCQ dt qco2
ROQ= 2 va R = = 4.25
Q o, gy RGE do, _ do, (4.25)
dt

These are expressed strictly in mol/mol.

To interpret RQ let us look at an aerobic fermeéatawith glucose C/energy source. How much
the RQ could be? We can get the answer if burn glueose in oxygen and then from the
stoichiometric equation

CeH1206+ 60,  6CO2 + 6 HO

we get an RQ=1 value. This is a maximum, and cpmeds a situation when glucose used only for
energy production and not for incorporation. Thisams that in a real fermentation RQ has to be less
than 1, and higher the incorporation less the RIQbsi

There is another efficiency measure of an aerabiméntation, th&/O ratio. It gives the number
of ATP moles formed during utilization half a mo{@6 g) oxygen by the respiratory chain.
Theoretical values of P/O are 2 or 3 taking intcoamt the terminal oxidation route.



4.4.3. Models of growth and metabolit production
4.4.3.1. Monod —model family

The most widely known and used mathematical detsenipf the microbial growth is the Monod-
model.

(= dx _ mX
= — =

dt , (4.62)
according to which the growth is an autonomous gsegcthe rate of which is proportional to the dctua
biomass concentration. The differential equatiom loa solved with constan and gives an equation
for the exponentiaphase. Exponential phase is characterized byrdimited balanced growth
Providing that the reason of the exponential pHadlewing declining phase is that one of the
nutrients is not enough to guarantee the maximadip growth rate (limiting substrate), the extedd
Monod model says

S

m, = Inmaxm (4.4)

The whole differential equation system of the gitowtodel is using the overall yield, too:

ry = % = 78 X
LT My max Ks+S
4s 1 S (4.63, 4.64)
g =—=-—" —X
S dt Yx/S My max KS +S

In certain cases, S is not only limiting but may ibkibiting, too. In those situations, a slight
modification of the original model can describe giiewth:

= T Mimax— 5 X (4.67)

wherea is often 1 and Ka characteristic constant of the substrate inloibitSubstrate inhibition can
be easily recognized on the basis of its graphemlesentations shown in Fig. 4.27.

1/

A U

S -1/Kg 0

1/8

Fig.4.27.: Substrate inhibition
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A further extension of the Monod model is the diggimn of the growth when more than one
substrate limits the growth rate. This multipldostwate limitation for n limiting substrates hasbe
modelled in three different ways

a) interactive or multiplicative model:

= Sl SZ vvaW = A S 468
rn( mmax K51+SlK52+SZ " Ksn+Sn rn( rﬂnaxg Ksi+Si ( . )

b) additive description

_ S S s
M = Mhax (wl WZ 52+82 anm) (469)

sn n

I

=

W. =
Ky
1 S

(4.70)

) non interactive description

m=r(S) vagy r=(v5) vagy .. mfnE (4.71)

In the latter, each function corresponds to a ssfbnod model, and that is used, which predicts
the smallest specific growth rate.

Describing the effect of the limiting substratetite specific growth rate, sometimes the original
Monod relation did not give good results. With atheathematical approaches of the rectangula®
hyperbole many other descriptions were introducgddwveral authors. Among those the following
three are the most accepted:

_ <KS
Teissier-equation: m= E[me(l € ) (4.76)
Moser-equation: m=m S—n =m, (l KS" )'l (4.77)
q . max KS +Sn ax .
Contois-equation: m = S (4.78)
' W KX +S '

So far only the growth behavior of fermentationqasses was exposed though frequently we are
equally interested in the rate of thetracellular productiontoo.

The first systematic approach was published by El@aden Jt! in 1959. He had put the
fermentations into three groups and stated theviatig:

11 Elmer L. Gaden, Jr.: Fermentation Process Kinedficef Biochem. and Microb. Technol and Eng. 1434
429 (1959).



»EXperience has shown that fermentation procesaksrfore or less into three kinetic groups, which
may be designated ‘types | to IlI' for convenienc&ype |: processes in which the main product
appears as a result of primary energy metabolisrangples of this type of system are most common
in the older branches of fermentation technology,ifistance: (1) aerobic yeast propagation (mass
propagation of cells in general), (2) alcoholic fieentation, (3) oxidation of glucose to gluconicdaci
and (4) dissimilation of sugar to lactic acid.

Type II: processes in which the main product arisegrectly from reactions of energy metabolism. In
systems of this type the product is not a diresidree of oxidation of the carbon source but theultes
of some side-reaction or subsequent interactionvéen these direct metabolic products. Examples
are: (1) formation of citric and itaconic acids, @f2) formation of certain amino acids.

Type lll: processes in which the main product does arise from energy metabolism at all but is
independently elaborated or accumulated by thescédllis perfectly true that carbon, nitrogen, etc.
provided in essential metabolites appear in prodaotecules but the major products of energy meta-
bolism are CO2 and water. Antibiotic synthesis @iane example of this type.”

These types can be well distinguished from eackratiiamining the time course of the growth and
production as well as the specific growth and pobida rates (Fig 4.28.).

In theType | both are running parallel, in caseTofpe Il growth and production are fully separated
from each other (production starts only in ilimphasé in time, and th&ype Il is a kind of a mix-
ture or transient between the two previous types.

PRIMARY = seeeesssccsscccss SECONDARY
METABOLITES - METABOLITES

4

PROPHASE §

IDIOPHASE
P

t

Fig 4.28.: Production types according Gaden

The most known and simplest kinetic descriptiorthef production is more or less in harmony
with the types of Gaden and was introduced by Lkiedeés Piref :

12 uedeking R., Piret E. L.: Kinetic study of thetia acid fermentation batch process at controldd p
J. Biochem. and Microbiol. Technol. and Eng. 1893(1959)
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dP dx
»=— =a— +bx
dt dt
1dp (4.80, 4.81)
= =al +|
X dt "

According to the values @ andb fermentations can be grouped again into threestypamely:

Typel.:a>0 éd=0 growth associated production
Typell.;:a=0 éb>0 nongrowth associated production
Typelll.:a>0 ésb>0 mixed type fermentation

Characteristic graphical plot of the Luedeking—Pjm@duction kinetics is shown on Fig.4.29. that
also gives the method of calculation of the paransetf the model.

A
i
N\ ¢ tg=a
b

p
p

T

1] i

oo

My

Fig 4.29.: Luedeking—Piret model of production
4.4.5. Continuous fermentation systems
4.45.1. Chemostat

Among continuous fermentation systems the most lwidsed is that of chemostat principle.
It is a significant research tool but has also ficat even industrial applications as well, and
biological wastewater treatment systems are baged chemostat continuous fermentations.
Its name refers to the steady state of the mickgloipulation in a constant chemically (and physjgal
constant environment. Chemostat was introducedtir@dermentation practice in 1950 by Monod and
at the same time by Novick and Szilard. The ,omdjirchemostat is shown on Fig.4.#1and it was
an aerated continuously fed glass equipment.

For easier understanding of this principle, letlosk at the simplest necessary set up of a
continuous fermentation in Fig.4.42. It consistsaoperfectly mixed reactor (CSTR = continuous
stirred tank reactor) of constant volume (V) tlefdad with a constant fresh culture medium flow (f)
by a pump and the broth is taken off by anotherpwith the same constant flow rate (f).

13 From the reprint of Novick A., Szilard L.: Scient#l, Dec 15 (1950)
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Fig. 4.41.: The ,original chemostat” of Novick argrilard
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Fig 4.42.: Chemostat continuous fermentation setup

Material balance equations can be written eithethenbiomass or the substrates of the culture
medium:

Biomass material balance:

dx _y dx

— — -f.x (4.172)
dt dt growth
Material balance on the i-th substrate:
v8 s _gg. v XX (4.173)
dt ’ YXIS dt growth
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Introducing the notion oflilution rate, which is per definition D=f/V, and turning to the
simplest case, when one of the substrates isntiting, and all the others are in high excess, a§ w
as providing that the Monod model hdttisve can write

dx

—=nx -Dx =(m- = - 4174
o™ Dx =(m-D)x %Ks+s D x ( )
ds mx
Pop(s - 9- X 4.175

These kinds of continuous systems are tending &mhreasteady state In steady state all
parameters characterizing the system will be constiaus

%:0 és d_S =(,
dt dt

from whichmeD comes. The microbe concentration and subst@teantration in the reactor (and in
the outlet) can be got if we put Monod relatioroint=D. So, in steady state:

S -._ KD
D =m,,, and S=—7"— 4.176
i KS +S Mhax - D ( )
From (4.175) we get
—\_ X

D(S,- S —, 4.177
(8- 9= 5 (4.177)

and this will give the steady state concentratibthe biomass:

- =\_ K.D
X=Y(S,- §)= Y §- mn:-D (4.178)

In a chemostat the inlet limiting substrate coneditin $ and the dilution rate value that is
chosen by us unambiguously determine the steadirommvent of the microorganisms (of course
beside its kinetic parameters).

As eq.4.178 showsnhas an upper limit because the denominator mudie0 or negative.
Mm@y if S>>Ks, this is true in our case if S 5.9 hen

S

K @m (4.179)

m =Dcritical = rmax

This situation is calledvashing outwhen the substrate flows through the system uhtediand its
outlet concentration iso®s well, and the biomass concentration becomes zer

Consequently the chemostat system may be operatgdvih dilution ratesn=D<myad(So /(So+Ks)).

This means that chemostat systaiways operates in substrate limitthat is a limited balanced
growth, mis always less than specific growth rate in a egponding exponential phase of a batch
fermentation.

11t is an important condition, for applying otheodels other steady state values will be resulted.
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The productivity of a chemostat system is higher than that of ahbane. Productivity is
defined as

J=Dx [g/l] vagy kg/inr, (4.180)

Let us try to calculate the possible maximal prdigity of a chemostat continuous fermentation
system. Putting 4.178 into 4.180 we get

KD
Mhax - D

J=DX=DY §- (4.181)

This is a function depending upon D, and its maximwill be where its first derivative becomes
not:

%:o_ (4.182)

In this case the dilution rate, which exactly gigemaximum productivity, will be the following:

12

Ks

Diox = max 1- (4.183)
S+ Ks
And the outlet biomass concentration will be
Ko =Y So+Kg- (K (Sg+ K . (4.184)
As a result, the maximum productivity of a chembista
1/2
—_ ~ — KS —
‘]max - Dmaxx max mmaxY 1- . KS +SO Y, KS( SO+ KS) -
Ks+S,
(4.185)

S
2
v, [F s

If So>>Ks, then (4.185) simplifies to md@.MmnaxSo, that gives a theoretical maximum
productivity that cannot really reach but is uspalied as a design parameter.



% , ) - ) #%

S ;

S 1i Bacteriai . ¥ : SU
=10F =5 L erial concentration A :
i&? =8 !l
oy o
g |53 !
2 Br=S4r ; e
z =5 ! =
g Baa \ T
= a % -
a |m2 t Fln2/p 4
c g2 8k LY 4
8 45 ; 4 E
v 5 \ at
o ¥ =
E # ] \. .E
% 40 532 oy
£ e ﬂ ]
2 o a

- [a]
4 2w 2
m E— e
5 2F S E1F
£T6: /
1| 3
A o 34: IDL/‘gur;tstrar-e: concentration, _ _ _— : i

0 05 D . T‘1-0
Dilution rate, D (he™) D

kritikus

HERBERT, ELSWORTRH, TELLING (1956). The Continuous Culture of Bacteria; a Theoretical and
Experimental Study , .7 . gen. Microbiol. 14, 601-622

Fig 4.43.: Dependence of steady states on dilutios
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Fig 4.44.: Dependence of steady states on inleftsate concentration.

Dependence of the steady states on dilution ratshawn on the Fig 4.43 that is taken from the
original paper of Herbert and cowork€rdt can be seen that along a relatively long ramfgailution
rates, the outlet x does not change very much &artimg the critical dilution rate it sharply desea
to the washing out. Similarly the outlet S concatidn remains near to the zero but going nearer to
D.iit , it sharply increases to the &lue (mathematically it is infinite!).

Fig 4.44 shows how the performance depends onntee % concentration. Naturally x strongly
depends upon the inlet substrate but the outledes dot depend at all! Note that this is a common
feature of the continuously operating reactors (@ fermentors!). This means that let the inlet

15 Herbert D., Elsworth, R., Telling R. C. (1956): éllContinuous Culture of Bacteria; a Theoretical and
Experimental Study . Gen. Microbiol14, 601622.



concentration even very high be, it falls near @cozinstantaneously as the culture medium flows in,
so it is almost impossible to examine substratéition in a chemostat.

445.1.1. Transients in chemostat

So far, the steady behavior of the chemostat has Baown, but of course there are instances of

transient behavior as well:
— When we start the continuous system — it starts lzatch one and at a given time one can start
the inlet and outlet pumps, thus the continuous Ewery continuous fermentation starts as a

batch!

— At any jump, like changes of the control parametdiltion rates, substrate concentration,
temperature, pH, etc.

On the Fig 4.45 this startup situation is seen.

s N . declining
= T LAG  Accelerating ' eigponentml phase
ase phase L gemani2®
:plnsc ; _ " Dep D=p
| D=p
D=p | Steady
state
D=p D=y
DEppax
Xo Steady
state
Washout
| idé
Cont.run starts
Fig 4.45.: Continuous fermentation starts as a bhaioe.
4.45.1.4. Designing a chemostat

The (4.176) and (4.178) steady state equationgecrb@ possibility of one of the designing
methods. If the culture medium and all the othevirenmental conditions are the same in the
designed continuous system as in a corresponditah lme, based on the previously determined
kinetic parameters and planned dilution rate, titéeebconcentrations can be calculated.

If we do not know the kinetic parameters, the bresd method shown in Fig 4.8. can be
applied.
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Fig 4.52.: Designing a chemostat with a graphicaithod

4.45.1.5. Application of the chemostat continufeaientation

Chemostat have several advantages over the bdtahecu

— it is of higher productivity, in steady stategrabes are growing in homeostasis, so a constant
broth can be taken off the bioreactor for an aabiy long time.

— in a continuous system steady state makes arlssibility for measurement and control
tasks.

It is used first of all for biomass production posps: SCP, baker’s yeast, fodder yeast, beer,
intracellular products).
There are also a series of research use. Withetlpedt it the physiological responses of a strauei
on environmental changes may be examined thorougtityh responses in the steady states, stepwise
optimization processes (examining the effect of mperature, culture media composition, etc) can
be realized, too.(Fig 4.53.)

T: temperature
Culture media

EJ... T Tz pH....
1 -

Steady state 2 T
3

Steady state 1

Steady state 3

Fermentation time

Fig. 4.53. Using chemostat for optimization



Application of a single, one stage continuous sysig not suitable for the ,product” fermenta-
tions. But in several cases, it is used: alcohi@imentation and beer production. Other primary and
mainly secondary productions are not known so far.

Nevertheless, in biological wastewater treatmemralaic as well as anaerobic) chemostat is
exclusive.

4.45.2. Other special chemostat systems

Chemostat can be realized in more than one stageThis means the connection of subsequent more
bioreactors after each other. According to the madethe substrate inlet there are different
possibilities:

— single sream, multistage systems (Fig. 4.54.),
— multiple stream, multistage systems (Fig.4.55.).

Fig 4.52 shows the graphical design method apgidabsingle stream multistage systems

Fig.4.54.: Single stream multiple stage continusystem

Fig 4.55.: Multistream multistage chemostat
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An often applied method — especially in biologieadter treatment — is that the outlet broth is
introduced into a cell separation device (a sejttemk, a centrifuge, a filter) in which the biorsas
separated from the medium and the whole biomasspart of it is led back to the bioreactor. These,
so called cell retention or recycling systems dreighly effective.

Fig 4.56: Cell retention and recycle
4.45.3. Other continuous fermentation systems

Turbidostat is a special fermentation technic. Look at thegdien on Fig. 4.60., where the
technical set up is shown. This fermentation alsots with a batch run. Fermentation broth is
continuously circulated through a loop by pumpritHis loop there is a photometer cell in which the
turbidity (optical density) of the broth can be tinnously monitored.

Fig. 4.59.: Turbidostat continuous fermentation atsduse for optimization
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Fig 4.60.: Setup of a turbidostat

When biomass concentration, i.e. the turbidity,clilis proportional with it, reaches an arbitrarily
chosen value,mx , pump3 starts to take off broth and at the same another pump (pump2) starts
to introduce fresh media into the bioreactor. T¢osresponds a dilution of the broth, and when the
optical density decreases to a certain value.@f,xthese two pumps stop. In the system the growth
continues, the optical density increases, and tf@ecstarts again. The difference between the
maximum and the minimum biomass concentration® isnsall that this is a real continuous system
with practically constant x biomass concentrationa turbidostat the growth rate and specific glowt
rate can easily be determined according to thewviafig relations:

dX DX Xpax~ Xmi

— @— = mn 4,213
dt Dt D ( )
and
1 dx Dx 2 X =X
- " =" — max min 4214
x dt @x Dt X *Xumin Dt ( )

As one can see, these determinations are basedtupemeasurements. The time intervals of the
nonoperation of the pumps are to be measured. ganéaige of this system is, that it can be operated
either in the exponential or the declining growttages, a disadvantage of it is, that this systenbea
used only with clear culture media and with ratbiduted broths of bacterial or yeast (unicellular)
cells.

4.4.6. Special fermentation technics
4.46.1. Fed batch fermentation

Similarly, to the chemostat the fed batch systeso abperates in the declining growth phase.
practically it is an extension of that phase. lie@ batch system fresh culture medium is fed ihto t
bioreactor but broth is not taken off, so the vaduaf the broth increases according to the feed. The
feed can be run with a constant volumetric ratgpeniodically according to a predetermined time
program as well as according to the need of thena#s, automatically.

This is a spreading technic, nowadays almost thst ftequently used fermentations belong to
this type. It is applied when a constant low sudisticoncentration is to be kept (e.g., baker’s tyeas
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fermentation, for the so-called Crabtree effect)when, as an opposite, high concentration of a
substrate would be favorable (e.g. citric acid femtation with glucose feed) or when some kind of
precursor has to be added continuously (penicilirmentation: phenylacetic acid, tryptophan
fermentation, indole)

Fed batch system can be considered as a spedatabtaschemostat, realized in a CSTR, which is
run by changing volume and with some fresh mediutditeon. The rate of volume change is a
function that can be constant, time dependent en @eriodic:

dv _
gl (t) (4.215)

Dilution rate also can be defined, but now it Wil a variable:

D(t) _f() (4.216)

If we mark the total biomass in the system witithen the biomass concentration is x = X/V, thus
the rate of change of the biomass concentratioorbe@ total derivative:

dX de
dx _ " gt " dt
—_—= 4.217
dt V? ( )
and
ox_1dX 1, (4.218)
dt Vvdt V
It is true furthermore, that
d(Vv
(%) _ v (4.219)

With eq(4.218) and (4.219) we get the followagression for the time change of x:

dx _ 1 1 —(m.
a—vr‘r(v.x) VD(V.x) (m-D)x, (4.220)

that is formally the same as the chemostat expmessas. Here again a steady state will form bu wit
a changing dilution rate thus, with a changing #jwegrowth rate, anar= D.

For the substrate, the same material balance equatil give also a steady state concentration of
the substrate and biomass, and these are the saméha case of the chemostat:

ds 1 S
9 _(s -9 I > 4.221
dt (Sbe ) Y max KS+S X ( )
5= DK
Myax - D (4.222, 4.223)
X=Y(S,-S)

Thus, biomass concentration is constant while ¢h& biomass, X continuously increases. E.g.,
providing a constant medium feed rate it will irecse along a straight line:



\

t
?j—\:zf is constant, s® av f @@ v ¥ f (4.224)
A 0
and
X=VX=VX +H xt @&, #S.} (4.225)

Performance of a fed batch fermentation with candieed is shown in Fig4.62.

In a fed batch system, the duration of the feedei®rmined by the possible volume difference
between the feed start and its stop. Usually (0¥ is the starting volume and it goes up to about
to (0,7-0,85)Vsal

Fig 4.62.: A constant fed fermentation
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4.5.  Aeration and agitation of fermentation system

45.1. Introduction, role of the oxygen

Energy releasing mechanisms of living systems &rauitiple kinds. There are organisms that need,
others do not need molecular oxygen for the engrgguction. In both cases the metabolic process
along which the energy is produced in a metabdlézidym, is called respiratiolRESPIRATION is an
energy Yielding metabolic process in that an enesgyrce (organic or inorganic) is oxidized by an
inorganic compoundIf the oxidizing agent is the molecular oxygere throcess is amerobic
respiration but in the opposite case it is calladaerobic respiration. For both types we can see
examples in the Table 4.21. (the-signed examples are anaerobic respirations)

Table 4.21.: Types of the respirations

Energy source Oxidant Product of the|Example
(reducing=substrate to | (Terminal respiration
be oxidizec) electron acceptc
H, O, H.0 Hydrogen bacter
*H» SCs* H,O+&* Desulfovibric
NH3 O, NO; + H,O Nitrifying bacteric
NOy O, NO3z+H,0 Nitrifying bacteric
*organic compoun NOs N2+CCp Denitrifying bacterii
Fe?* 0O, Fe3* Ferrobacillus
§= 0O, SCx+H0 Thiobacillus
organic compound 0 CO+H0 Most of microbes, and plants
and animal

Most industrial fermentations are operated by aespbut there are important anaerobic examples,

too.

If we examine what is the role of the oxygen in lifie of aerobes, the simplest answer is that
oxygen is the final electron acceptom the terminal oxidation metabolic route (theailstare given

in biochemistry textbooks).

4.5.2.

Oxygen demand of microbes

There are two different possibilities of culturiag aerobic microorganism. One possible culturing
way is the so calledurface culturewhen the microbe is growing on the surface oflalgsolidified)

or liquid culture medium, the other is teebmerged culturgrhen the microorganism is living inside
the broth. Let it be this or that, the microbestak the oxygen in dissolved form in both cases.

Respiration rate may be given in two ways:

1. respiration rate % [ mmol Q/dm3-h], [kg O/m3h]

2. specific respiration ratg h]

(4.253)

(4.254)



Dissolved oxygen (DO) is a substrate for the délls it acts similarly to the other substratesillithe
other substrates of the culture medium are in em@xgess, then only the dissolved oxygen will limit
the growth. Its effect can be described by the Momodel

dx c
—=m,—X, 4.255
dt a" o, 7C ( )

where c is the concentration of the dissolved oryjgey-dm? vagy mmol-dr].
We shall use the notion of the overall yield foyg&n, defined as follows

Y, =—, (4.256)

de_ 1o L, _ ¢ 4 (4.257)
dt Yodc Yy Ko, +¢

Dividing this by x, it refers to unit quantity ofdmass, so it is thepecific respiration rate

_tde_ 1. ¢

" My
X dt Yo Ko +C

Q (4.258)

O,

Plotting (4.258) is shown in Fig 4.72. This is atemgular hyperbole with an assymptote qQf /Y,

thus it is the maximum specific respiration rate.QIf C >>Ko2, denominator becomes negligible
and

Q @q,.,- (4.259)

This means that there igeacticd oxygen level Cy , critical dissolved oxygen concentraticabove
which the specific respiration rate does not ddpmmthe dissolved oxygen level any more,
respiration enzyme system of the microbe becontesagad with oxygen.

If C<<Ko2 (near to the origin), C becomes negligible t& Kand the

Q @QmaxKL (4.260)

O,

relationship holds, showing that at low dissolveggen levels the respiration is a linear functién o
the dissolved oxygen concentration. From Fig. 4alfb comes that the numerical value ef,kcc of
the dissolved oxygen is equal to the oxygen levii@half maximum of the specific respiration rate
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Fig 4.72.: Specific respiration rate as a functioihdissolved oxygen concentration.

The overall yield coefficient for oxygen dependste specific growth rate as the equation below
shows

11
Yo Voo

+ Mo (4.261)
m

This equation does not contain an incorporatioimjedespite the fact, that there are several
biochemical reactions going together with direcggen incorporation. But the contribution of these t

the whole oxygen consumption is so small that #meynegligible (taken involved intg g".
Summarizing the important parameters describingehpiration, we get the following table:

Max  — specific growth rate
Yo — overall yield for oxygen

Mo — Specific maintenance coefficient for oxyggmO./g cell-H
Yoa© - (theoretical)maximal growth yield for oxygen

Qmax — maximal specific respiration rate or specifiygan demand
Ko2  — substrate saturation constant (Monod-constantXggen.
Cur — critical dissolved oxygen concentration

In the Table 4.25. there is a comparison of thegneource glucose and oxygen regarding the
available concentrations in the culture mediumiirtlegitical concentrations, and their specific
consumption rate in a yeast culture of 1 gfdnomass concentration. One can follow, that wttile
available concentrations for the microbes are highth several order of magnitude in case of glecos
(because oxygen is a slightly soluble gas), theswmption rates are comparable. It is the proof that
only a continuous supply can assure the necessggen level for the growth. If not — in the example
- the glucose would be enough for 17 hours bub#tygien only for less than two minutes.

This simple way of thinking may be convincing oktloutstanding importance of the oxygen
transfer as a necessary unit operation of fermentaystems. This mass transfer will be discussed i
the following partas aeration and agitation



Table 4.25.: Comparison of glucose and dissolvegiex as substrates

(Saccharomyces cerevisiae, 1 gfim

Glucose Oxygen
Concentration in the fermentation broth %0 mg/dn? 7 mg/dni
Critical concentration 50 mg/dm 0,7 mg/dr
Specific consumption rate 580 mg/g.h 208 mg/g.h
4.5.3. Basic correlations of oxygen mass transfer

The oxygen transfer into the dissolved state amdiptake by the microorganism cells are basically
determined by the diffusion of the oxygen through or only slightly mixed fluid and gas layers. $hi

complex process can be followed on the Fig. 4. 1% molecules of the oxygen have to go through
the following barriers or otherwise the followingrpary mass transfer steps characterize this psoces

1. Mass transfer of the oxygen from the bulk gas @ihbbles) with diffusion through the gas
film around the gas/liquid interface. This can lbarmacterized by 1/kresistance orgkmass
transfer coefficient of the gas film.

2. Next transfer step is going on through the tigfiim of d thickness around the bubble. The
resistance of this unmixed, stagnant liquid filniik and its mass transfer coefficient g%

3. Often the bulk liquid also has a given resistaticough through this the mass transfer is driven
by convection. If the mixing here is not perfebisttransfer also may be rate limiting.

4. The next unmixed region is the liquid film arduthe microbes. The resistance of this
sometimes is not negligible. Here starts the cbéimass transfer into the cells by the uptake
and consumption mechanism of the oxygen, that

5. continues into the different forms of the biomdmdividual cells: bacterium and yeast and
fungi mycelia) or a mass of microbial cells (flocg)into a fungi pellet.

6. Finally there exists a resistance of the ufiiora reaction” of the oxygen. It means that the
enzymatic utilization of the oxygen (the respira}its also a time process, going on with a rate
of finite velocity.

Among these six elements of the mass transfer lystia first two are the slowest, i.e. rate
limiting.

For the description of these process steps moogdtieal approaches have been born. Only the so
calledtwo film theorywill be discussed here, the other two approachiksmly be briefly mentioned.

16 Let us observe that the interface itself is a malsfiction, without thickness and resistancy. jiist an
imagined line between the two masses of differeoperties: liquid and gas.
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Air bubble

quuld film

li[thlckness

gas/liquid
interface

Fig 4.74.: Process steps of the oxygen absorptiom f1 gas bubble and the uptake by the microbes.

According to the two-film theory a stagnant gas &oal layer can be assigned to the inner and
outer surface of the bubble with a resistancg afd 1/ krespectively.

The reciprocal of these — mass transfer coeffisiesf the gas and the liquid films — are
proportional to the diffusivity of the oxygen inetlyas and the liquid phases:

gas liquid
ky=—2  és =22,
d

9

where dy andd, are the film thickness of the gas and liquid filespectively

Fig.4.75.: Scheme of the two-film theory



Consider a system - shown on Fig.4.75. - of massster from bubbles into a well-mixed liquid
phase, having a uniform dissolved oxygen conceatraif (G). Let us suppose steady state for the
interface, i.e., there is no oxygen accumulatiotheninterfacé’

Oxygen flux can be written as:

_ transferred Q (mol or g ) driving force;s
2 time.surface resisitanc

‘]O

In our case this flux can be written in two waygplging concentrations or partial pressures for
the driving force.

GAS BUBBLE® INTERFACE- INTERFACE LIQUIC

JOZ:pb'pi _G-G,

1

z—
Eopl

(4.262)

where: H is the Henry-constant

Po partial pressure of the oxygen in the gas bubhlkG* is the oxygen concentration in a
(hypothetical) liquid that would be in equilibriuwith it.

Cb» concentration of the dissolved oxygen in the bigi<id, p* would be the partial pressure of
the oxygen in a (hypothetical) gas phase in equulib.

Ci andpi the concentration and partial pressure at thefater

Crosswise is also possible to write these equatioms with concentrations and one with partial
pressures:

Joz :kg(pb' pi):%(pi } p*)

3, =Hk,(C - ¢ )=k (cC - C,)

(4.263)

Since the partial pressure and concentration aintieeface cannot be measured, let us express
them from (4.263).

17 Obviously an oxygen molecule arriving to the fietinterface will instantenously go further — acaiaion is
impossible!

, DU
18 See.: Ohm's lawt=—1-



% , _) - )

p.H
Pob
o = kg K (4.264)
! H 1
4+
ki Kg
_HkeC + kG (4.265)
' k; +Hkg
Putting latter into (4.263) we get the flux expesbsvith concentrations as follows:
c-¢C,
Jy =— 0 (4.266)
" 1 1
I T
Hkg K,
Or with partial pressures:
_ Py - p*
‘J02 “H 1 (4.267)
R
kK,
Introducing the overall liquid phase and gas pimass transfer coefficients
+r_ 1,1 1 _H 1 (4.268)
K. Hky k Kg K Kg
the oxygen flux written for the liquid phase andtioe gas phase will be:
J,, =K. (C-G) J= & p (4.269)

From now on we shall use the equation written fierliquid phase.

Since the Henry-constant is a number of fourth o@emagnitude (see Table 4.26) and the
diffusivity of the oxygen in the gas phase is adaith order of magnitude higher than in the liquid
phase, i.e.

Dgaz
g @—OZ 10°, (4.270)

Dfolyadek

KL @k, thus really the rate limiting step of the masssfer is the 2. process, the transfer across the
liquid film around the bubble.

Note, that beside the two film theory (that wasddticed by Nernst in 1904), other descriptions of
the oxygen transfer are also known, that in soase€ more or less better describe the processes.
The two-film theory itself supposes that mass ti@nsoefficient is proportional to the diffusivity:

ngzuid
d

k, = (4.271)



Many times instead of (4.271) the following empticorrelation gives a better approach:

Dliquid n
K, :—( Oa ) (4.272)
where n is only between 0,8-0,9.
Higbie’s (1935) ,liquid penetration model” givesaher approach:
Dliquid
k =2 02 (4.273)

ptdisplacement time

In this relation dispacementimémeans the residence time of a fluid sack on tterfarcial surface of
the bubble.

Dankwerts’s (1951) ,surface renewal model” suppdkes on the bubble surface there are small
fluid packages and when such a package is satunatedxygen it will be exchanged by a package
that is emptier regarding oxygen. Thél/sec) in this model is the frequency of thedlakchange:

k; =/Do,s (4.274)

All these models are obne parameter-modelsand the parameter — beside the diffusivity —
depends on the hydrodynamic behavior of the giystem.

If we multiply the flux by the mass transfer artteg overall transfer rate is given as

% =K.a(C" - Q)| (4.275)

where
K. — overall liquid-side oxygen mass transfer coéffit[cm.s!],
a — interfacial area in unit volunjem?.cm=3= cm],
KLa — overall liquid-side volumetric oxygen absaspttoefficienfs?],
(In the fermentation practice we rather [i5€]),
C* — saturation dissolved oxygen concentratiosadubility of the oxygen (mg/d#
C — actual dissolved oxygen concentration in idngid (mg/dnf).

With constant Ka and C* (4.275) can be solved analytically veigparation of the variables:

C C t
9 _" di(c - o)= Kt (4.276)
c-C , 0

C=C (1- ) KL"“) (4.277)

Graphical representation of eq. (4.275) and (4.2373hown on the Fig.4.76. .K.C* is the

maximal value of the absorption rate, and it i$ethlOTR (oxygen transfer rat€kgO /m3.h). that is
used for characterization of oxygen mass trangfaditions of bioreactors.
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Fig 4.76.: Oxygen absorption: saturation and abgmnp rate

So far, the mass transfer conditions in a reactithowt oxygen consuming organisms was
discussed. If we take into account the oxygen awmpsion by microorganisms present in a real
fermentation system, the picture is getting modifibeside the rate of the absorption the rate of
consumption has to be considered as well:

absorption rate consumption rate

dC .
—=K,a(C - C - x(

dt L ( )

It is reasonable that a steady state will devehmieieen absorption and consumption:

%:o s Kho B x (4.278)

Let us suppose that this steady state does not hetche Ka(C* —C)PxQ. Then dC/dt0, i.e C
would increase and at the same time the drivingefcif—c would decrease until the steady state

would be reached. Similarly, ifLPé(C*—C)<xQ at a given time, the driving force would increaand
the steady state would be reached again. Conségjubptall means there is an equality between
oxygen absorption and consumption rates!

Nevertheless during a fermentation course the iequin oxygen concentration C shows a strict
changing profile in respect of the time. It is simoim Fig. 4.77. The steady state and the changing
profile is not a contradiction because all the paters X, Q, as well as,& and C* are changing
during the fermentation, thus the every time stestdye means a continuously changing equilibrium
dissolved oxygen concentration.
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Fig. 4.77.: Equilibrium dissolved oxygen conceritatin the time course of a batch fermentation.

45.4. What and how solubility of the oxygen depsron?

Oxygen is a slightly soluble gas in water solutidts solubility depends on the partial pressurénef
oxygen according Henry’s law:

«_ 1
C :ﬁpo2 (4279

where

H — is the Henry-constafbar/molfraction; bar.d$imol; bar.dn$/mg] (its values are in the
Table 4.26.),

po2 — partial pressure of the oxygen (that would bedpuilibrium with a liquid phase of 'C
concentration)pay,

C" —Saturation dissolved oxygen concentration, stitylaf the oxyger{mol/drn?; mg/dm?].

Temperature dependence ofcan be described by the temperature functioneoftnry-constant:

dinH _ DG (4.280)
al R
.

where: T — absolute temperatufk],
R — gas constant,
DG — absorption heat of the oxygen (it has negatihee).



Table 4.26.: Henry-constants of different gasegaaious temperature (in water)

Temperature Henry-constant *10* [bar/molfraction ]

°C N2 CC; O

0 5,29 0,073 2,55
10 6,68 0,104 3,27
20 8,04 0,142 4,01
30 9,24 0,186 4,75
40 10,40 0,233 5,35
50 11,30 0,283 5,88
60 12,0 0,341 6,29

Solubility values of oxygen in water at differeatiperatures are given in Table 4.27.

There are different approaching solutions of eq28@). Such an approach was introduced by
Wilhelm (1977), whose equation gives good approgiomg at 1 bar pressure:

RInX=A+_BI_+C|nT+DT

(4.281)

where X is the molfraction of the oxygen or £@nd the parameters are given in the Table 4.28
below.

Table 4.27.: Oxygen solubility in water for air apdre oxygen

Temperature Henry-constant | C* (air) C* (pure

°C X1 bar.n¥.kg! | mg/dn? oxygen)

mg/dn?

0 7,0% 14,¢ 70,%

10 5,4¢ 11,5 54,¢

15 4,9t 10,4 49t

20 4.5 9,4t 45,C

25 4,14 8,6¢ 41,4

26 4,07 8,5t 40,7

28 4,01 8,2¢ 39,5

30 3,84 8,0t 38,4

35 3,5¢ 7,52 35,¢

40 3,37 7,07 33,7

Table 4.28.t: Parameters of the Wilhelm’s appro&mtoxygen and carbon-dioxide
Temp. rang A B C D
OXYGEN 274-348°K —286,9¢ 15450,¢ | 36,559: 0,018766
CARBON- 273-353K -317,66 17371,2| 43,0601 —0,002191(7
DIOXIDE
Also a good approximation is given by the Antoimgration
c @i (4.282)

C” - solubility (mg/dn9),

A — 468,

B-31,6 and

t — temperature iRC.

B+t

in which the constants in the range of 4°@3are as follow:
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Finally a third approximation of the eq. (4.280)th& following mathematical expansion that is also
suitable for predicting solubility:

C*@4,16 — 0,3943.t + 0,00771%-t 0,0000646% (4.283)

where C isin a (mg/df), and t is the temperature9@.

All the three approximating functions give solulyilvalues for pure water. Let us recognize that
the solubility of oxygen (as gas) is decreasingnwitreasing temperatures.

Oxygen solubility also depends on the compositibthe culture media, it is determined first by
the kinds and concentrations of the dissolved elbtes:

|gg9 = Hl; (4.284)
C
where C; — oxygen solubility in pure water,

c’ - oxygen solubility in the given electrolyte sdadut

H; — ion specific salting out constants,

li —ionic strength for the az i-th ion, that cancléulated from the concentration and charge of
the ions:

I, =05, Z° (4.285)

am ¢— molarity of the i-th ion (g-iof¥dm?®), z — charge of the i-th ion.

For demonstrating the salting out effect of inoligasalts, stands here the Table 4.29. , in which
we see the effect of sodium chloride on the oxyg@ubility:

Table 4.29.: Oxygen solubilities in sodium chlorgdutions at 25 °C and 1 bar oxygen pressure

NaCl-concentration C*
mol/dn mg/dn?
0 41 ¢
0,k 34,c
1,C 29,1
2,C 20,7

Table 4.30. contains ion specific salting out cantt of oxygen and CQor several ions that
may be components of culture media:

19g-ion = mass equal with ionic mass.
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Cation:

H+
Na*
K+
NH4*
Mg?*
CEZ+
Mn2+

Table 4.30.: lonspecific constants for €€ Q (25 °C)

Hi (I.g-ion™
02
-0,77¢
-0,55(
-0,59¢
-0,72(C
-0,31¢
-0,30¢
-0,311

CC;

-0,311
-0,12¢
-0,19¢
-0,26¢
-0,07¢
-0,071

Anions

Cr
Br
I
OH-
NOs
SC32'

C032'

PC43'

Hi (l.gion?)

02

0,84«
0,82(
0,821
0,941
0,80z
0,45:
0,48t
0,32(

$%

CC;

0,34(
0,32¢
0,311

0,291
0,21

0,14

Fermentation culture media usually contain orgamitters beside inorganics, and those also have
decreasing effect on the oxygen solubility. A sanifBetchenov-equation can be applied for these:

IgTO:kC

C

org’
org

(4.286)

where K is Setchenov constant angly @e concentration of the given organic materiathie culture
medium. This logarithmic equation is often approxied by the following

Clon=

szerv

C.(1- mC

SZEI’V)

(4.287)

Approximations become possible with the data focgse, lactose and saccharose, where
m = 0,0012 drfig in the range of 150—-200 g/dsugar concentration.

455. Aeration and agitation in fermentation sgshs

Oxygen transfer in fermentation bioreactors is ¢ahi realized in two manners according to the
Fig 4.79. The simplest way is when compressedsaifloivn through an air sparger, put at near the
bottom of the reactor. In the case of the otheicbagpe, beside the former a mechanical mixing
device is also operating in the reactor. Any regirdactor types belong to these two basic
aeration/agitation modes.

In the following chapter the performance of thessib types will be examined, through the
parameterK, and a. We shall examine what physical and hydrodynamieatures affect these
parameters and how can we predict their values.



Fig 4.79.: Technical realization of aeration in béactors
455.1. Oxygen transfer from bubbles. Estimatitki, anda (non-mixed reactors)
For the g/l interface we can write the oxygen fluixh the Fick’s law using the notations of the Fig

4.80., where z is the coordinate in the directibmuk liquid and the driving force of the diffusio
(concentration gradient) is calculated on the beisbirface (at the interfac®).

Fig 4.80.: One dimensional model of mass transtanfbubble.

The rate of oxygen transfer according to this maslel

20| e. here the one dimensional Fick’s law is amplie
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dC _ 1c

@ Doy (4.288)

on the other hand, the oxygen flux for unit surfeecd = k (C*— C). Putting these equal, kan be
expressed in the form

k =-— > p, JC (4.289)
C = C 2 ﬂz z=0

Introducing the following definitions of dimensi@ss variables for the oxygen concentration and
the for the distance from the surface

C , __ Z
§ es zZ=—,

C dy

C=

where d is the diameter of the bubble. According to this get a dimensionless expression of the
mass transfer coefficient, called Sherwood-number:

sh=Kids _ 1 1C (4.290)

Do, 1-C 1z ,

At the near vicinity of the interface the form bktsolution of this differential equation is
C=1(z,Sh S¢ G} (4.291)

and for the Sherwood number the solution is
Sh = g(Sc,Gr) (4.292)

In the Table 4.31 one can find a series of dimenegs criterions that are frequently found in the
different empirical correlations used for descripwvarious cases of mass transfer. In the Table the
criterions are defined by a given wayin the literature there are hundreds of empirazatelations
applicable to various aeration types and hydrodyod@atures, here we shamly one example

21 According to an other type of definitions these matios of special time constants of the system.



Table 4.31.: Dimensionless criterions in mass tfaneelated calculations

REYNOLDS dw dyv,r,
inertial forces o
e=—— m
viscous force!
PECLET dv d,v,
_ convective component flo E D
conductice component flo Oz
SCHMIDT n m
Sc= momemtum d|f.fu_5|V|ty rD r |Doz
mass diffusivity
FROUDE v2
_ centrifugal force _L o
gravitational force g
GRASHOF (Archimedes) d% r dir Ig(r - g)
Gr= bgoyant force P nf
viscous force
SHERWOOD ﬁ k,d,
Sh= bL-Jbb|e- diamete D Do,
film diameter

d, L — characteristic geometrical measures

v — characteristic velocity
m— dynamic viscosity

D — diffusion constant

r — specific density

g — gravitational acceleration
k — mass transfer coefficient
b index refers to the bubbl#to the liquid phase

In the most laboratory and producing aerated batoea bubbles are moving in clusters and the
bubbles are in loose or more strict connection withh other (affecting the motion of each other).
CALDERBANK and MOO-YOUNG introduced two correlatiordepending upon the mean bubble
diameter range. They stated, that there is a akiiabble diameter,d2,5 mm, below which the first
and above that, the second correlation hold, réisedc

Small bubbles are formed:

1 1

sh= K9 _ 3161358
02

1 1

sh=Kudb — 40613502
Do,

— in aerated tanks in which hydrophile materialspesent,
— when aeration is forced through very small holes,
— in the cases of aeration through sintered ceramimetal filters and in the case of bubble

columns.
Big bubbles are probable in

— bioreactors filled with pure water, or

(4.300)

(4.301)
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— in the case of sieve tray bubble columns.

Let us observe that (4.300) and (4.301) differ fremeh other not only in the value of the constant
but also in the exponent of the Sc-number, andréférs to the different hydrodynamic featureshef t
two cases that is caused by the change of shapenamement of the bubbles when their diameter
increases (Fig.4.81.). Another important factligt there is no strict turnover at diameter 2.5 i,
change is continuous, there is a transient betwertwo extreme behaviors. This means that the
equations are valid only at sufficiently far froms 2.5 mm.

Fig 4.81.: Deformation of the bubble shape withitieasing diameter

Turning back to small bubbles, supposing they domave (floating at a given point of the liquid
space), from eq.(4.300) %0 is given. Naturally this cannot be true if anywhere are concentration
gradient between the liquid and the bubbles. Theeethe form of above-like equations had to be
modified to the form

deb _ 11
D =2+ 0,31Gt St (4.302)
O.

Sh=

2

Do,

Thus if the bubbles are stagnant, Sh=2 will remso k, = 0 value will be got for the mass
b

transfer coefficient, that just corresponds to sheple diffusion without stream.(Let us observet tha
here k,_ p D ,» similarly to the classic two film theory).

If the local k (and by this the overall K is estimated somehow, we further need to estinfate
mass transfer area, too. How is this possible eathulation?

Let us start from the simple picture of Fig. 4.8&.is pumped through one small hole tube of d
diameter, with a very small velocity (almost natdeébubbles are getting formed on the orifice. At th
moment when bubble leaves the orifice, there issjvan equilibrium between the buoyant force
acting on the bubble and the retraining force tisaexpounded by the surface tension on the
circumference of the orifice:

—bF= I pdos , (4.303)

wheres is the surface tension.
Bubble diameter can be expressed from this equatias its surface can also be calculated:
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6sd, 3
gDr

dp = fogy buborek= PAp- (4.304)

Fig.4.82.: Bubble evolution on an orifice

To get the total mass transfer area, we have tovkmaw much bubbles are present in the system
at a given time, for this the residence time of tlubbles is also necessary. The residence time is
determined by the liquid height and the bubblengsielocity. For rising bubbles

t, =—L, (4.305)

where {— bubble residence time,
H. — liquid height,
Vb — bubble velocity.

Latter is not a constant, while the bubble is mguip, it varies. Usually, as an approximation, the
terminal velocity of the bubble (at the surfacdha fluid, when bubble is getting exploded into Hire
space) is taken into account.

If there are n pieces of aerating holes through dhia the volumetric rate of air one by one, it is
easy to describe the overall mass transfer areaiirvolume
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1 pdy, _nqt, 6

total bubble volume 6 volume of one bubble

in the reactor T

specific surface of one bubble

(4.306)

where V = total volume (liquid and bubbles) and @gaeration volumetric rate. nft is the so
called hold up, thus finally the following relati@got for the spacific mass transfer area:

a=H. 5. (4.307)

In this H, = volume of the gas/total volume i.e., theld up?? This expression can be generally
applied for calculating mass transfer area.

Based on eq. (4.307) we can give answer on thdigahguestion: how can we increase mass
transfer area in an aerated bioreactor? Naturgllingreasing the hold up. But how to do this? First
by increasing the rate of the aeration, secondeasing the residence time of the bubbles and,third
decreasing the diameter of the bubbles. In an aalgted reactor latter is realized through deangasi
the orifice diameters, but in an agitated/aerategttor a more effective mode is to increase the
intensity of the mixing.

45.5.2. Oxygen transfer in aerated/agitated reect

It would be an oversimplification to consider migionly from the point of view of mass transfer. It
has more functions as follows:

-energy input into the liquid,

-dispersing gas in the liquid phase,

-separation of the gas and liquid phase and

-good mixing of the dissolved and solid componerfitihe fermentation broth.

22 For the hold up literature uses an other definjtitoo. a Hy = gas volume/liquid volume. In this case eq.

o
(4.307) becomesa = —-2 E
H,+1d,
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— Energy inputis the most important and fundamental functionnéfans, the liquid has to be
kept in continuous motion not least for fulfilliige other three roles. Energy, taken up by the
fluid converts into heat, its continuous retrieigainevitable.

— Dispersion of gases in the fluid is also ansjienergy consuming process: forming the bubbles
and dispersing them equally in the entire bulkitiqurhis is a twostep process, first is the
formation and distribution of bubbles, and secanthée renewal of the coalesced bubbles. We
shall see, that oxygen absorption is determinethéyenergy input in unit volume of broth.

— Gas separation is also important, it is the &dfom of carbon-dioxide containing bubbles,
coalescing them to form bigger bubbles and remotiggn and the ,used” air bubbles from
the fermentation broth. This process is an oppdaligetion driven mass transfer.

- The good mixing function is a general mixing effecbrder to avoid concentration gradients
and reach the perfect mixing state as far as pessib

In lab fermentors and pharmaceutical ones the fnegtiently used agitator type is the Rushton-
turbine or flat blade turbine as shown in Fig.4\88ere some other types are also shown.

In the Fig. 4.84. the most characteristic geomaitriatios of the Rushton-turbine impeller and the
aerated/agitated reactors are given. The mainsraie similar from some liters to about 108 m
volume reactors. In the case of industrial readtoesH /D~ ratio becomes higher, up to 2-3:1.

If H./Dr >1, more than one impellers are mounted onto thetagishaft, according to the empirical
rules below (Fig 4.85):

distance between impellers:; DH; < 2D, (4.308)
: HL |_|L
number of impellers: D 1n D 2 (4.309)

Fig 4.83.: Agitator types
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Fig 4.84.: Main geometrical ratios of the standdedmentor

Fig 4.85.: Bioreactor with more mixing devices

%
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Fig 4.86.: Primary and secondary fluid streams d&@udbble movement in agitated reactors

For the bubble formation at smaller aeration voluineaates, thescrew vorticeformed in the
lower pressure space behind the impeller paddleesgonsible, while at higher air flow rates the
similarly formedsheet vorticesire responsible. The bubbles formed this way &teilslited by and
along the primary and secondary streamlines (R8§)4all over the entire reactor. At higher aeration
rates the impeller will not be able to break up diveinto bubbles, the air will flood the impellésee
later).

As the most important function of the mixing is teeergy input, let us look at this energy
requirement now. The power consumption of a mixayice is the following:

W, D H
P= AD’N’r Re" Fr" DI ET FL (4.310)

where r —is the density of the mixed liquid,
N — revolution rate of the impeller.
In this equation Re means the so-called mixing-Rkis)

2
_ Di.ND;r _ NDjr V6. Re dwr (4.311)
m m m

Re

and Fr means the mixing Froude-number:

DN)" DN’ ’
( i ) :DIN vO.: Fr:v_ (4.312)

Fr=
9b, g oL
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In case of a given geometry power consumption esgima becomes simpler:
P= AD’N% Re™ Fr" (4.313)

Collecting the dimension holding terms to the ledind side, we get a new dimensionless criterion,
power number (or Ne=Newton-number or Eu=Euler-nutbe

= A¢Re™Fr" (4.314)

P
N, =
S NE

Dependence on the Fr can be eliminated if bafftesyv@aounted on the inner surface of the bioreactor,
(i.e., Fr measures the ratio of centrifugal and/iggtional forces), and in a fully baffled systehete
will not be vortex-formation at the top of the liqu
In Fig 4.87 N-Re plots are shown for systems with and withouffld® There are three
distinguished ranges of mixing:
Laminar range: 0 < Re£ 10.

n

N, =AlRe" P=ACN®D’r N2 = AGN°D? (4.315)
Transient range 10<Re< 10>-10°%
Np=ARe - t8l Np=A Ré- ig valtozik . (4.316)
Turbulent zone: 10-10°£ Re
Np =AG azaz P=A IN% (4.317)

Fig 4.87.: N-Re plot for different impellers (Newtonian fluids)
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If the system is aerated, this will modify the powensumption of the impeller, as the composite
specific density of the gas/liquid mixture is l¢kan that of pure liquid, thus the power consummptio
decreases. This effect can be well correlated withew dimensionless criterion: aeration number
(Na), which is defined as follows:

Fm'/s
Dp >
Na = apparent superficial(linear) air velogit Tm _ F (4.318)
circumferential rate of the impeller NP s ND’ '
It was found that the plot
My
' f(Na), (4.319)

is characteristic for a given impeller type andgaten revolution rate (Fig.4.89). These curves are
actually transients from the non-aerated situatmthe fully flooded case. It is also understandabl
now, why the flat blade turbine is the most favoigak, i.e., it has a wide range where we can alhang
the aeration rate while reaching good gas/liqugpelision.

Fig.4.89.: R/P depends on the aeration number

Summarizing the knowledge, we got regarding aanaiad agitation in bioreactors, we can write
a rather general equation that describes oxygersfea The volumetric overall oxygen absorption
coefficient is a function of the power input in timdblume and the aeration rate as shown below:

o 04
Kau vg vIANO® (4.326)
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This expression holds for lab size fermentors, evhiimore general form is

(4.327)

in whicha andb are size dependent constants between 0,3 an&f¢98,5—-0,67 respectively.

47. Sterilization
4.7.1. Introduction

Sterilization is one of the most important unit @®n of biotechnological processes and it has a
significant importance on the fields of everyddg,litoo. Contamination free food products (milk,
beer, vine, canned food, etc), pharmaceuticalsnaedical instruments and aids (injections, infusjons
prostheses, oxygen, etc) as well as cosmetics pto@dnd tap water, treated water, etc all neecto b
inflectionless. Furthermore, the final waste ofi@dxh. plant also have to be sterilized beforemeato

the waste water treatment plant. And of coursendertation culture media also has to be sterilized
before inoculation to avoid the possible growthuséless or even harmful foreign microorganisms.
Thus culture medium sterilization is one of the triogportant operation of upstream processes of a
bioprocess. This is important either from biologjimafrom economical point of views.

In the following text we shall introduce the steaktion through the medium sterilization but
of course, the basic statements are equally ajdicd other sterilization tasks, too.
For sterilization, theoretically the following meils are suitable:

physical methods:

mechanical methods: filtration (for gases anddfly It is not a sterilization in a
classical meaning, because it does not kill comatmons, instead remove them.

electromagnetic irradiation: UV, X-ray, gamma-(&y rooms and fluids)
heat.

chemical methods: disinfection.

There are three notions regarding the contamindtem stateSterilizing or sterilization is a unit
operation with that we kill (or remove) the contaminating anmorganismsAsepticity means the
maintaining the sterile state, keeping off contation. And the third notion is as important as the
formers, that is theontainment that means we keep off our (useful) microorgasidnom the
environment. It is very important not to contam@dhe surrounding places with the producing
microbe. There are special strict rules to keepgmns and GMO-s inside the producing system and
not to allow them to get out. These questions ligtorthe tasks of biosafety.

4.7.2. Rules of thermal death of microorganisms

It is well known that microbial species have a widmperature range in which they can grow (Fig.
4.137). Above the optimal temperature the generatioe increases and sooner or later the death will
overcome the birth rate, the number of living cetirt to decrease. Even the thermotolerant misrobe
are getting die above 80-90 °C.
The reasons of this thermal death are caused bgathaturationof at least one of the vital enzyme
proteins that are needed for the metabolic proseasd/or by thérreversible disintegratiorof the
highly organized cytoplasmic- and other membrarstesys of the cells.

Some basic statements are worth to note concetimmmal death:
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- Sensitivity against heat is depending on the kiinith@ microbe (see Fig.4.138).

— In the case of a given species, vegetative cells much more sensitive than bacterial
endospores (that are of ,condensed life form” (wgithall free water content)).

— In case of vegetative cells, thermal resistanceenlép on several factors, e.g., antecedents of
the cell, its age. Cells from the exponential gtowhase are more sensitive that cells from the
declining or stationary phase.

— Every cell is more sensitive against moist hea&ast) than dry heat (in an oven).

— Thermal sensitivity increases with increasing terapee.

— Sensitivity of the microbes depends also on theinmedthat holds the cell (culture medium, a
dust particle, surface of a vessel, etc.), on dauires of these media, their pH, viscosity,
osmolality, and the presence of defending colloidaterials.

At a given temperature with constant other circameses the death rate of a given species follows
a first order kinetics:

dN - kN

4.360
gt (4.360)

whereN is the number of living cells [cfu/cl andk is the thermal decay constant [mijn
At constant k (at a given temperature) (4.360)mamtegrated:

mNN—:- kt
0
N O:\'l\‘ - Noginn=-tkdt ® [ (4.361, 4.362)
0 No 0
N= 1y ekt

Plotting the number of the survivors against tleating time, an exponential curve is got, that is
suitable to the evaluation of k at a constant teatpee according to Fig 4.139. Let us observe, that
the exponential curve never touches zero that m#@isabsolute sterility cannot be reached, the
survivors’ concentration cannot be zero.
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Fig 4.137.: Temperature range of microbial growth

Fig. 4.138.: Relative heat resistance of variousrohial groups

%
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Fig 4.139.: Exponential heat decay. Determinatibul@cay constant

Thermal decay constant is a strong function of téraperature, according to the Arrhenius-
equation:

E
k:A.e_ﬁ% (4.363)
Ejg1l
- _Eal
Ink =InA R T

where A is an empirical constant,
Egis the apparent activation energy of the thernaatlil process [KJ/mpl

Eq. (4.363) in the usual Ink—1/T plot gives a gfinailine with the help of that the constants of the
Arrhenius equation can be determined (Fig.4.140).
For some microbes Table 4.7 serves data of k audlies

Fig. 4.140.: Temperature dependence of thermal yleoastant

Based on the Arrhenius-equation, if we measurektiralues at two temperatures, other k-s at
different temperaturebetweenthese two temperature values can be interpold&etl.be careful,
because either A or.Eare depending upon the temperature, thus extriggoia not allowed!
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Table 4.7.: Arrhenius-constants for some microbes

MICROBE T [°C] kK [min’] Es[KJ/mol]
Bacillus subtilis 110 27 310
(vegetativi cell)
Bacillus subtilis 121,1 3 -
(spores
Bacillus stearothermophilus 104 0,051 283
(spores
125 6,06 283
130 17,52 283
Clostridium botulinum 104 0,42 344
(spores
Hemoglobin 68 6,3.10-3 312
(heat denaturatio

%"

Table 4.8. Thermal decay of culture medium compisnapparent activation energigkJ/mol/

Maillard-reaction of carbohydrates ar (130 6
proteins) ’
B1.vitamin decomposition 87,9
Bo-vitamin decomposition 98,8

Reciprocal of the thermal decay constant is theameelife span. Notion of the decimal reduction
time is explained by the Fig 4.141. it is the tichging the number of the living cells reduces $ooihe

tenth.

Fig.4.142.: Decimal reduction time



4.7.3. Probability approach of thermal death

The kinetic description above is valid, when thenber of the microbes (spores) are very high. But
less this number higher the alterations will bereen the reality and the prediction. The reasahief
is that the heat decay is a probabilistic (stoébpgirocess in which the individual spores behave
differently, and just the average can be descriiethe above given kinetics, the whole population
behavior can be described with distribution funcsio
Definition: the life span of a cell (spore) is the time dgrthat the cell(spore) still remains

alive.

Every individual cell, bacterium spores have thewn life span in a given environment
(temperature) and the whole population can onlyléscribed with a distribution of these life spans.
The distribution can also be characterized by gamvalue, the mean life span:

- 1 ¥
t= Nt (4.367)

Ngq

where: lis the mean life span of population
No the number of living cells at time zero,
Ni is the number of cells of tife span

It is easily understandable that the reciprocahefmean life span gives the mean thermal decay
constant:

-k (4.368)

Let us look at a thermal killing process when gmperature is the same all over the entire vessel,
naturally there is no growth (surely not, because ave at a high temperature!), the fate of the
individual cells is independent on each other. Hbesed upon probability considerations, it can be
deduced that the probability, that a given t tities number of the survivors is just N (where N =
0,1,2,...\) follows a binomial distribution and can be exge as:

OV SR P (4359

where p(t) is the probability of thahe cell just survives at the given time, t.

Probability p(t), using k— reaction rate constant can be expresseqtys e—Rt . Putting this into
(4.369), the following expression will be got fhietabove probability, Net):

(0= s e) (= (4370

What is the probability of that, all the cells adead in a given time? So we look for the
probability Ri(t) when N=0. This is on the basis of (4.370):
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R (1) =(1- e‘“)NO 1, (4.371)

i.e., always smaller than 1, with other words, phebability that at least one survivor remaiis
always higher than:0

No

1-R()=1-(2 )" « (4.372)
If N>>1 (that naturally the case at a sterilizattask), then an approximation of (4.372) will be

1- P(Y)@1- e"

_ _ - (4.373)
in which N=N, &“

It has a strong emphasis that there is no pertedtization, even if applying very long steriliza

time, as can be observed on the basis of equdadoBisl-4.373). Therefore, when sterilizing, we have

to reach aigh enough probability of the zero survivirig— R(t) is calledcriterion of the sterilization

or criterion of the sterilityand is usually 18-10* in the general biotechnology.

If it is for example — p(t) = 10%it means that 1-18:0,999 is the probability, that of our sterilizatio
is successful, there did not remain living cellshia system. With other interpretation it meanat th
is very likely, that among 1000 sterilization ondllwot be successful, there will be survivors.
Furthermore, let us observe that the approximdigaw holds

1-PB(f)=1 %" N (4.374)

According to this, the criterion of the sterilizati also means the number of the survivors in tted to
system.

4.7.4. Sterilization as a unit operation

In labs dry heat sterilization is taken in ovenseatperatures 140-16. This method is applied for
empty glass vessels, test tubes, pipettes, seweri@l equipment. The moist heat is more generally
applied for the same lab vessels, but exclusivetyctilture media and media containing equipment
(tubes, Petri dishes, shaking flasks and fermentdisis sterilization is realized at 121-12%€,
typically for 20—45 minutes. Such laboratory autwels are shown on Fig 4.144. and 4.145.

23(4.374) can be approximated by the serie~d-x+....



Fig 4.144: Conventional laboratory sterilizing aatave

Fig.4.145.: Recently used sterilizer autoclave

4.7.4.1. Batch sterilization of culture media

Sterilization of fermentation culture media of somee liters to some ten cubic meters volume, is
usually performed in the bioreactior sity, and at the same time the vessel and all theianxpart of
it are sterilized together with the medium. Thelund medium is prepared in the bioreactor itsaint
it is warmed up to the sterilization temperaturenfentionally 121 or 123C), kept there for a certain
time, and finally cooled down to the temperaturéhef subsequent fermentation (Fig 4.146.) Heating,
temperature keeping, and cooling is depending diperconstruction of the fermentor, some methods
are shown in Fig 4.147.

Because the time duration of the heating and cgaie comparable to the holding time (these are
depending upon the measures of the bioreactoretiization of heating and cooling and the culture
medium), we have to take into account these whégsuleding the necessary holding time. Thus, a
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design of a batch culture medium sterilization nseéime estimation of the holding time that is
necessary in order to fulfill the requirement o 8terilization criterion.

Fig.4.146.: Heat penetration curve

Fig. 4.147: Heating, cooling solutions

An excellent measure of the heat decay is the itbgarof the ratio of initial and final cell
numbers; thus we can write for the heating, holdind cooling phases:

t
heat decay during the heating phase: In% = 1kdt = Nf
N,



~

heat decay during the holding phase: |nﬁ =K,y 9'(t2 - tl): N
N oldin

2

holding

N, "
heat decay during cooling phase: InN—2 = kdt=N,

t

These logarithms can be summed for the three period

N = Nf +Ntartés+Nh

(4.375)
nNo—jn No Ny No o No (N N,
Nv 1 N2 Nv Nl N2 Nv

The contributions of heating, holding and coolifgrimal decay to the total sterilization are
comparable. As an example, let it stand here thewing:

& =0,2 N‘—t =0,75 —h =0,05
N N N

According to the eqgs. (4.375) a batch sterilizattask can be solved if we know the heat
penetration curve (shown on Fig 4.146) of the ferme and the thermal decay constants (as a
function of the temperature) of the most resistatdterium spore that may be present in our system.
In the general biotechnology the spores of @@®bacillus stearothermophylis this test organism,
while in the food industry th€lostridium botulinumIn the design calculations we suppose that all th
microbe present are these.

4.7.4.2. Continuous sterilization of culture media

Above we have seen that at a batch sterilizatioa,léngth and the contribution of each phase are
comparable, moreover their lengths are very mugenident on the size of the bioreactor. The batch
sterilization time takes 60-180 mins, and it inse=awith the increase of the size. Fermentor volume
increases with the 3rd power of the diameter whike surface of the bioreactor only with the 2nd
power (as a measure of the heat transfer surfibé&.means that beyond a certain volume it is not
feasible to perform batch culture media sterilizati
In the case of large volumes, continuous steribratnay be the solution. The advantages of the
continuous operational mode are
- Continuous sterilization applies higher temperauiE30-150°C) that makes it possible to
apply shorter contact time, and consequently, therccomponents of the culture medium do
not decay so much.
- Continuous process can be reproducible, it resnltsonstant quality sterile medium that
assumingly enhances the yield of the fermentation.
- It is not necessary to agitate the culture mediwming the sterilization, thus the energy
requirement is less.
- Itis possible to separately sterilize the heasgime component of the culture medium: sugars
and proteins.
- The continuously operating sterilizing equipmerd aasier controlled and the process can be
automatized.
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The most widely used continuous sterilizing systeane shown on Fig.4.148-4.151. Main
differences between the systems are in the motleedieating and cooling, the main holding parts are
the same.

The system on Fig 4.148. heats up the medium itsianusly as it pumped through a mixing
valve into which steam is introduced together witle medium. Here the medium temperature
increases very fast to the sterilization tempeeafiB0—148C). After this the medium goes through an
insulated tube for 2-3 min., and then is led thfoag expansion valve into a vessel of vacuum
decreased pressure. There the temperature instanisy falls to about 8 because of the removal
of the evaporation enthalpy. Direct steam inlet #mel expansion cause change the volume of the
medium that has to be taken into account (a dilutiod a concentration occurs). Finally, a simplat he
exchanger cools down the medium to the fermentaéioyperature.

Fig. 4.148: Steam injecting continuous culture raederilizer

The system in Fig 4.149 uses sheet and plate lxehtiegers for the preheating, heating, and
cooling down. Here a very much energy saving mddeating and cooling are realized, and the time
durations of these are also very short. The platesheet exchangers are shown in the Fig 4.158. Thi
system is not the best from the respect of the datation media that frequently contains easily
sedimenting particles. It is better applicablease of pure homogeneous fluid (beer, milk, wate), e



Fig. 4.149.: Sheet and plate heat exchanger coatiatsterilization system

Fig. 4.150: Sheet and plate heat exchanger

On the Fig. 4.151 a similarly set up system is ghdwt instead of the former heat exchangers
special spiral exchangers are used in a similanection. In a spiral heat exchanger the streans line
are breakless and thus the harm of sedimentatidme@ing get stopped is much less.
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Fig. 4.151.: Siral heat exchanger continuous steation system

Fig 4.152.: Spiral heat exchanger



Fig. 4.153.: Sterilization station with spiral heatchangers.

From the temperature profiles of these continugssesis it is obvious that the time duration of
the heating and cooling phase are so short (o@yd of the total time), that only the holding senti
time has to be taken into account when designioh awsystem. Thus the heat decay is:

InNo _ oy =k L (4.376)
N, w

q

where: L is the length of the holding section [m],
w is the volumetric rate of the culture mediungeatn [n¥/min],
g cross sectional area of the pipe of the holdixgion [n9].

Nevertheless, this simple way of calculation madléo mistakes. The real calculation method is
much more complicated because the streamline diesistics in the holding section has to be taken
into account. The stream can be laminar, turbubenpiston like. Just the latter is good, only that
assures the equal residence time of all fluid giatiand this way a sure uniform sterility in thdtare
medium. In practice piston like stream can onlyabproached according the Re and Pe numbers of
the streaming liquid.



