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JOIE SeleCiCeinileStonesS O tieiuStitaliy televat
Riouansiomiation and biocatalyiic pracesses
year process
5000 BC Vinegar production
800 BC Casein hydrolysis with chymosin for cheese production
1670 “Orlean” process for the industrial bio-oxidation of ethanol to acetic aid
1680 Antoni van Leeuwenhoek first to see microorganisms with his microscope.
1897 E. Buchner discovers yeast enzymes converting sugar into alcohol
Regioselective biooxidation of sorbite to sorbose for the Reichstein Vitamin C
1934 synthesis
1940 Sucrose inversion using an invertase
1950 Bioconversion of steroids
1970 Hydrolysis of penicillin to 6-aminopenicillanic acid
1973 First successful genetic engineering experiments
1974 Glucose to fructose isomerisation with immobilized glucose isomerase
1985 Enzymatic process for the production of acrylamide
1990 Hydrolysis by protease (trypsin) of porcine insuline to human insuline

Daria Giacomini

Alma Mater Studiorum — University of Bologna Organic Process Research & Development 2006, 10, 572-580
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Bioconversion: Chemical conversion of a

substance using biological methods (enzymes or s
whole cells, biocatalysis or biotransformation). m j;@< penicillin Gacylaﬂm”j;rs
- N\/\<
HﬂD..ﬂ o T_-'
Biotransformation: Chemical conversion of a coH COoz

substance into a desired product with the aid of a FARA

Hz
living whole cell, containing the necessary acylase N .
enzyme(s). e 5 ] N\)<
R R o P
coH

Biocatalysis: Chemical conversion of a substance o R = H, Ampicillin
. . . . R = 0OH, Amox icillin
into a desired product with the aid of a free or = OMe, N

immobilized enzyme.

Biosynthesis: De novo production of an entire _fermentaton_ ©/\H'

.. . . aming acids
molecule by a living organism. Unlike NRPS j;()<
biotransformation which acts on a starting substance COzH

. .. nicillin G
or educt, biosynthesis is not dependent on educts or pemein
starting substances, but only on nutrients.
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Table 1

The application of enzyme technology In the chemical Industry.

Impact (estimate) 1

Industry sector* Today MNear future Distant future
Organics
Food and feed additives T +++ ++
Fine chemicals + ++ 4+
Drugs (antibiotics, intermediates) ++ ++ ++
Plastic materials and synthetics + ++ 4+
Soaps, cleaners, personal care products (lipases, proteases) + ++ ++
Inorganics - + +
Miscellaneous chemical products (adhesives, pulp, textile and oil processing, + + +—
waste water treatment)
Agricultural chemicals (herbicides, intermediates) + + ++

*As listed in Wittcoff and Reuben [38]. TBased on Tables 3, 4 and b and [10]. i+++, very high; ++ , high; + , moderate; — , low.

Daria Giacomini

Alma Mater Studiorum — University of Bologna Current Opinion in Biotechnology 2002, 13:358-366

The use of enzymes in the chemical industry in Europe Schmid at al.
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Oxicdo-
reductases

Transterases

Oxidizing cells

Enzyme types used in
industrial biotransformations
(based on 134 processes)
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Other non-chiral
Carbohydrates

Other chiral
Fat derivatives
Muclectides
Steroids
sec-Alcohols

Peplides/p-lactams

Amino acids

The type of compounds produced using biotransformation
processes (based on 134 industrial processes).
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Box 2. Green credentials of biocatalysis

Biocatalysis:

» operates in water (thus replacing organic solvents)

» has highly selective catalysis, including regio- and stereo-
selectivity (thus reducing E-factors)

o operates in mild conditions, avoiding the need for protection (thus
reducing E-factors)

o overcomes the use of some hazardous materials (resulting in
improved LCA)

» uses renewable resources (resulting in improved LCA)

» can be modified, that is, the biocatalyst properties can be alterad

to suit the process (thus improving the ease of processing)
e i3 rarely endo- or exo-thermic (thus reducing energy require-

ments)

» provides a high yield as a result of selectivity and mild conditions
(thus improving the efficiency of processing)

» ig catalytic rather than stoichiometric (thus improving the ease of
processing)

Daria Giacomini

Alma Mater Studiorum — University of Bologna TRENDS IN BIOTECHNOLOGY 2008, 26, 321-327



(7,

B SVAVINIE

Indusuy

Pros:

cons:

Selectivity
Environmentally friendly

Substrate specificity

Substrate unsolubility in aqueous
solvents

Cofactor dependency
Expensive

Improvements:

Engineered enzymes
Use in organic solvents
Cofactor recycle
Immobilization

Whole cells processes
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Chnel Drug S

The active enantiomer of a The other enantiomer is
drug with the desired called
biological effect is called the distomer.

the eutomer

Eudismic ratio is defined as the ratio of the biological activity
of the eutomer to that of the distomer.

the distomer may be inactive but....

the distomer may possess harmful side effects e.qg.
thalidomide

the distomer may be converted into the eutomer by the
body e.g. ibuprofen.

Individual stereoisomers of a chiral drug should be tested as well as the racemate
before a drug is marketed. This is because the presence of the distomer in a

racemic drug can have important consequences on the biological activity.

Daria Giacomini

Alma Mater Studiorum — University of Bologna f APP]. Biomedicine 2004, 2: 95-100
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8 pool substrates
Preferantial Kinetic Diastereomer Synthesis Asymmetric
crystallization resolution stallization y synthesis
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Fig. 1. Synthetic routes to pure enantiomers.

Daia Giacomini J. Chem. Tech. Biotechnol, 1996, 67, 1-14
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lipases
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Scheme 2. Lipase-catalysed acetylation of meso-exo-3.5-
dihydroxymethylenetricyclo|5.2.1.0°")decane, (3).
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Fig. 7. Two routes to (R)-phenylglycine.
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Fig. 1

inhibitors of HMC-CoA

Athlerosclerosis

Clogged artery
Plaque deposits-a
mixture of calcium,
cholesterol, and other
substances-build up
inside the artery and
can significantly
reduce the flow of
blood over time.
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Blood cells flow
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artery.
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Maggiore stabilita termica degli enzimi in solvente
organico (thermal unfolding, thermal deamidation)

Aumentata solubilita dei substrati
Separazione piu’ facile dei prodotti di reazione
Multi-phase reactors

Spostamento dell’equilibrio delle reazioni

Selettivita diversa rispetto al solvente acquoso
“medium engineering”

Lipasi Deidrogenasi

Daria Giacomini
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Properties and Synthetic Applications of Enzymes in Organic Solvents

FETIE

Giacomo Carrea™ and Sergio Riva®
&
NO,
(R
exyclohexane - COOR
2
m CODR — Hﬂﬂdﬂmﬂﬂﬂ 'n-
lipase
| NO,
|
H
rooc. 1151 coom

diisopropyl ether .

Enzyme salectivity in arganic soivanis can differ from that in water and

can changa, or evan revarsa, from one solventla anathar. Angew Chem. fng Ed 2000, 39, 22262254
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la presenza di molecole di solvente
nel sito attivo dell’enzima

modifica del sito attivo
da parte del solvente

Il substrato si desolvata prima
di entrare nel sito attivo

Il substrato entra all’interno dell’enzima
come cluster soluto solvente

Daria Giacomini
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Engineered Phenylalanine Dehydrogenase (PheDH-N145A)
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PheDH-N145A on Celite

Enzyme

Engeenered Phenyl
Alanine Dehydrogenase
(PheDH-N145A)
immobilised on

COOH NH,4CI COOH
y
m N NH,
NADH  NAD'
\\\ //
¥ -==<I_ Saccharomyces Cerevisiae
e " SOH Co-factor recycling

coupled enzyme
process with
Saccharomyces
Cerevisiae and ethanol
as co-substrate

Celite®521
Reaction Medium
Homogeneous system Biphasic system
aqueous buffer (TRIS pH 8.5) with aqueous buffer (TRIS pH 8.5) and
miscible organic solvents immiscible organic solvents
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Alcohol Dehydrogenases

Yeast Alcohol
Dehydrogenases

Horse Liver Alcohol Dehydrogenases
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HLADH —
buffer / organic solvent :
H 9 OH

(R.S) / \ > (S)

@) NADH NAD+
AN /

Enzyme

Horse Liver Alcohol
Dehydrogenase (HLADH)

Co-factor recycling

Coupled substrate process with one
single enzyme (HLADH) and ethanol
as co-substrate

Reaction Medium

Homogeneous system Biphasic system
aqueous buffer (phosphate pH 7.5) aqueous buffer (phosphate pH 7.5)
with miscible organic solvents and immiscible organic solvents
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HLADH, NADH
buffer- organic solvent

fast

AN

\ HLADH, NADH
R \ buffer- organic solvent /@/'\/
slow



(R)-substrate

fast

(S)-substrate —— (S)-product

-+ (R)-product

st |

(R)-substrate

fast

slow

(S)-substrate —— (S)-product

» (R)-product

Kinetic Resolution
max.theoretical yield 50%

Dynamic
Kinetic Resolution

max.theoretical yield 100%



HLADH
phosphate buffer / co-solvent

S OH
(R,S) CHO /\ >
NAIiH NAD+
4 R
X0 oH
entry  co-solvent NADH time HLADH yield S% R%
(%) recycle (h) (mg/mil) %
1 CH,CN (10) no 5 0.01 71.9 89 11
3 THF (10) no 5 0.01 54.7 96 4
4 THF (10) yes 5 0.01 54.1 95 5
5 nhexane no 5 0.2 69.9 74 26
(90)
6 nhexane no 5 0.2 80.3 64 36
(95)
7 nhexane yes 5 0.2 68.0 72 28
(95)
8 nhexane yes 5 0.2 54.6 90 10
(99)



‘. _OH ‘" _OH
JUSRS
MeO

Ibuprofen Naproxen

@ﬁ@ﬂgwm

Ketoprofen Phenoprofen

Flurbiprofen

Profen-aldehydes synthesis

Rr.s) COOH EtOH COOEt D|BAH /@%;CHO
R cat. HZSO4 R ether -718°C R



R. A. Sheldon Chirotechnology Marcel Dekker, 1993
K. Faber Biotransformations in organic chemistry : a textbook Springer, 2000
A.S.Bommarius, B.R.Riebel Biocatalysis Wiley-VCH , 2004

R. Patel Stereoselective Biocatalysis, Marcel Dekker, Inc., 2000.

A.J.J. Straathof, S. Panke, A.Schmid The production of fine chemicals by biotransformations
Current Opinion in Biotechnology 2002, 13:548-556

R. Kazlauskas Integrating Biocatalysis into organic synthesis
Tetrahedron: Asymmetry 2004, 2727

R.A.Sheldon, F. van Rantwijk Biocatalysis for sustainable Organic Synthesis
Aus. J. Chem. 2004, 57,281-289.

Patel, Coordination Chemistry Reviews 252 (2008) 659—701

Daria Giacomini
Alma Mater Studiorum — University of Bologna



The Fi:ele Position on the
biocatalyst teﬁ: growth curve
Stability Eoe Immobilized
enzymes

“Half life” can be reported only for

single exponential decay. Amount of support
and enzyme/cell

Impurities/additives

Operational stability preferable to Amount
thermal stability immobilized
Manutacturer with name and
address Activity
Conditions clear for assay as complete product name
well as for pre-incubation code from manufacturer Residual water
content
Timings and treatments clear in Name of reaction catalyst/ Data on support/distribution within
batch re-use study (e.g. in solvent EC-number particles (when available)

stability study)

Sequence accession number/
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Lipass Solvert ¥ |h]  Come [3] e (S]1[%]  es (7-3]%) Initial rates™ famel min™' mg™)
rac-1 {R-3 (51 a, <001 a =043 g, =058 a =075
R-32 5 5 =] =] nd ! nd. nd. n.d.
aH o A far T R-2272a 3.5 49 95 =99 nd. nd nd. nd.
-5’-"'““‘ J-L\ R-134a 4 49 96 = U 325 387 407 358
| o n hexans 2 46 25 =99 n7 241 260 128
. MTBE 35 49 96 = U 51 [ B8 (1]
Lipase
aH OH Qe |a] The time point when no further reaction was evident (that is, the rate of the reaction was approaching
4 5 8 zero). |b] Initial rates are given in units of nmol of product 3 per minute per mg of enzyme and were
determined from the slope of the time-course measurements betwesn 0 and 5% conversion for an
Scheme 1 Lipase-catalyzed kinetic resolution of racemic 1-phanyletha- approximate water activity {a,). || n.d.=not detarmined.

nel (1) and desymmetrization of meso-2-cyclopentene] A-dial (4).
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