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Enzymes are catalysts evolved in nature to achieve the speed Induced fit

and coordination of a multitude of chemical reaction necessary

AR Model for the enzyme-substrate interaction introduced
to develop and maintain life.

by Koshland

Enzymes are globular proteins which range from 62 (monomer
of 4-oxalocrotonate tautomerase) to over 2 500 amino acid
residues (animal fatty acid synthase), but only a small portion
(~ 3-4 amino acids are directly involved in catalysis)

Active site

; \ Enzyme changes shape PI'OdUCt
P Substrate slightly as substrate binds

=

Classification

Oxidoreductases catalyze oxidation/reduction reactions

Transferases transfer a functional group (e.g. methyl group)

Hydrolases catalyze the hydrolysis of various bonds

Lyases cleave various bonds by means other than hydrolysis and
oxidation

Isomerases catalyze isomerization changes within a single

molecule
Ligases join two molecules with covalent bonds

Sgbstrgte entering Enzyme/substrate Enzyme/products Products leaving
active site of enzyme complex complex active site of enzyme

Mechanism of transitions state stabilization

Catalysis by bond strain

affinity of the enzyme to the transition state is greater than to

Enzyme reaction the substrate itself —> ground state destabilization effect

A E+st g”cata'ysed Reaction |+ Catalysis by proximity and orientation
,,,,,,,,,,,,, atalysed Reaction
Ener enzyme-substrate interactions align reactive groups and hold
9y
ES? \G them close together —= reduces the overall loss of entropy
,,,,,,, y
v AGe Catalysis involving proton donors or acceptors
E+S > (acid/base catalysis)
ES ~—=L stabilization of developing charges in the transition state
EP —— activation of nuceophiles and electrophiles or

Reaction progress stabilization of leaving groups

O rOOOwrOOODwroOOOwroOOOwrOOOw OO wroOoOw rdOOwrOOOwr OO wrOdOOwWrOOOwWr OO wrooas oo




Tanja Gulder

Biocatalysis

Baran Group Meeting
07/11/2009

initial step of the serine protease catalytic mechanism:

Asp , Asp

Electrostatic catalysis

stabilization of charged transition states by forming ionic bonds
with residues of the active site

initial step of the carboxypeptidase catalytic mechanism:

&
CO<> COy
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HN 0 HN R

Covalent catalysis

substrate is forming a transient covalent bond with a residue in
the active site in order to reduce energy of later transitions

states of the reaction

pyruvate decarboxylase mechanism
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thiamine
py rophosphate
(TPP, vitamine B1)

Advantages of biocatalysts and enzymes

-very high enantioselectivity

-very high regioselectivity

-transformation under mild conditions
-'green chemistry' e.g. solvent often water

Disadvantages of biocatalysts and enzymes

- often low specific activity

- instability at extreme temperatures and pH values
- availability for selected reactions only

- long development time for new enzymes

advances in genomics, directed evolution, gene and genome
shuffling and the exploration of Earth’s biodiversity aided by
bioinformatics and high-throughput screening facilitate the
discovery and optimization of enzymes

It is estimated that biocatalysis and biotransformations
account for 30% of the chemical business by the year 2050
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Biotransformations on an Industrial Scale

t/a

product

> 1000 000 high-fructose corn syrup

> 100 000
> 10 000

> 1000

> 100

lactose-free mik
acrylamide

cocoa butter
nicotinamide
D-pantothenic acid
(S)chloropropionic acid
6-aminopenillanic acid
7-aminocephalosporanic
acid

aspartame

L-aspartate
D-phenylglycine
D-p-OH-phenylglycine
ampicillin

L-methionine, L-valine
L-camitine

L-DOPA

L-malic acid
(S)-methoxyisopropyl-
amine

(Rymandelic acid
L-alanine

further applications:

baby foods, brewing industry, fruit juice, dairy industry, starch,

paper, biofuels, detergents, rubber,....

enzyme
glucose isomerase
lactase
nitrilase
lipase
nitrilase
aldonolactonase
lipase
penicillin amidase
glutaryl amidase

thermolysin
aspartase
hydantoinase
hydantoinase
penicillin amidase
aminoacylase
dehydrase/
hydroxylase
B-tyrosinase
fumarase
lipase

nitrilase
L-aspartate-p-de-
carboxylase
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Desymmetrizations

Me Pig liver
©: esterase HO,C
——
MeO,C H,0/ MeGO,C
mes o acetone
98%,>99% ee
by ssochlamic
acid
White et al., JACS.
2000, 8665
XX =~
Pig liver HO,C al
esterase
CO;Me T COH —
MeO Meo. 02 > 7, “OMe
COMe g 74 \/S<COZMe v N
prochiral 89%,95% ee

(-)-virantmycin ‘
Wulff et al., ACIE
2004, 6493

enantiotopos-differentiating hydrolysis
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Dynamic kinetic resolutions )\
CALB, Ac<
tal binati NHz OAc °~NH 90%
enzy me-metal combination ol - 98% ee
Ph™ “Me N

, 4, Na,CO4 Ph™ 5 Me

lipase toluene, 90°C, 3d
R-sec-alcohol R-ester

Acyl-OR

ﬂ metal Ru-catalysts:

subtilisin
S-sec-alcohol =~  S_ester

Acyl-OR O—p—>0

Ruthe nium-catalyzed reactions

Q/OAC
oH CALB,

Ph)\Me
1, toluene, 70°C, Ph

24-72h

78-92%
>99% ee

used for the production of R-phenylethanol by DSM

CALB, )\OAC

OH 78-92%
)\ - QAC >99% ee
Ph~ “Me A~
Ru],KOBu, Na,cOo, |PMR Ml [Ruj=2, 31h
toluene, rt [Ru]= 3, 3h
i
OH subtilisin, PrCO,CHLCF3 O)\Pr
- )\ 95%
0,
Ph Me 2 THF rt Ph"s “Me 92% ee
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VO(OSiPh3)s,

acetone, 25°C, 4 5d

91%, 99% ee

100 kg scale pilot process
for tert-Leucin at Degus sa
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qa
o
Tandem-DRK-Diels-Alder reaction « Meerwein-Ponndorf-Vedey-Oppenauer reaction
q
o
O i
W TR NS Ul I s QU D G L N I
) _ - q o AN 96%, 96% ee
Et0. O ~COEL s Ph™ Me OAc Ph™ "Me
P o ‘
6, NEt;,MS, MeCN, 35°C, 3d : BINOL
o
81%, 97% ee .
\ r 0] CO.Et — X toluene, rt, 3h
A :
0 : DRK with enzyme-base combination
o
o
‘ P ® Hydantoinase-carbamylase system
1
- - i
o
‘ 0 borate buffer, 0o
i Rs °c R.,
) . 1 pH 9 40°C
Palladium-catalyzed reactions 0 HN\«NH — NH
¢ HN
OH : or
OAc OAc CALB, iPrOH ; 0 racemase \\g
N N )\/\ g /v v S R
Me” >"Ph  Me Ph . Me” g Ph d
THF, 25°C, 1 D-hydantoinase
1.5d 0 L-hydantoinase
+ Pd(0) /—Pd(O) 71%, 98% ee ]
q
* PrOAc g
o
AcO L g H,N NH HN NH2
3 b
. . ‘ o o
Vanadium-catalyzed reactions g L-carbo- D carbo.
OAc ; myolase/ \myolase
1
o
o
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q
o
o
o
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Cyanohydrine-mediated DRK Oxidations
T Mandelonitrile T T Gl QH
@Ao lyase g CN HCI co,H|f drawback: co-factor dependence of oxidases/reductases
L — - R
KCN,
iPrOH/H0 quant, 83% ee solutions: - closed-loop systems with an additional enzyme
for co-factor regeneration
produced by DSM Chemie Linz, J - electrochemical co-factor recycling
Nippon Shokubai, Clariant - application of metals for regeneration
- living whole cells
Cl  CO.Me
antiplatelet N ‘ A\ dehydrogenase
clopidogrel (Plavix) g su(bs;ra)te > pr(odu)ct
red. OX.
NAD(P)” NAD(P)H
OH OH \
AN HCN nitrilas e CO.H eb)épﬁggt:?e = cosubstrate
o CN =~ R ~-2 ' (.red.) lactate dehydrogenase e.g. pyruvate
pH 72, regeneration of enzyme (ox.)

>95%, >99% ee

40°C
Pseudomonas
cepacia lipase . . .
applied by Lonza, BASF, Oxidations of alcohols and amines
OAc and Mitsubishi Rayon on
a multiton scale
12-HSDH
Qhc oH
. . e regioselective oxidations of
@ASCN >96%, >84% oo e bile acid depending on
hydroxysteroid
dehydrogenase used
nonselective nitrile hydratase: Rhodococcus rhodochrous J1 HO OH =
- acrylamide production (Nitto process, > 20000 t/a) 0t OH 7-HSDH
- nicotinamide synthesis (Lonza, 3000 t/a) 3-HSDH

AOOOD4A4RODOONJ4ANROONO4dROOOAdRNOCOAROCOOAdDOOCOAOOONAOOODARNODDARADDDARDDDA DRI RN RDODn




Tanja Gulder

Biocatalysis

Baran Group Meeting
07/11/2009

Deracemization of secondary alcohols

QH NaBHg4
N =
Me®  COzH L-lactateoxidase |
L-Lactate \ 0
- Me)J\COzH pyruvate
)\ NaBH, |
Me COH]Y =
D-Lactate

Deracemization of tertiary amines

S-amine oxidase

variant
NaBH, /
unnatural
NHMe pH7 N \ﬁ enantiomer
o — | Me
e .
N/ N \
H
| 95%, >95% ee | g Rl/b
. pZ
N nicotine
Arthrobacter
oxydans Pseudomonas
sp. DSM 8653
H
S 0
Pz
HO N ‘ ~ CO.H
e ~

HO N

epibatdine: analgesic

S

Oxygenation of nonactivated carbon centers

almostall C atoms at the steroid
nucleus can be hydroxylated
stereos pecifically

OH

production of
corticosterone

“OH

Streptomyces
Me carbophilus
—_—

70%

AOH

ML 236B
from Penicillium citrinum

E poxidation
Rhodococcus
/@/O\/\ equi
—_—
R 70% R
R = CH,CH, OMe
metoprolol
Lopresor/Toprol-XL
hypertension

pravastatin
(Pravachol)

produced by BMS and Sankyo Pharma
3.6 billion US Dollar annual market value

O\/RQ\Q

OH
0}

HN
R T/
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Baeyer-Viliger-Oxidations
o A C
cyclopentanone H BPDO
monooxygenase — - o - oH
Comamonas HO OH
NCIMB 9872
- (+)-showdomycin
— OH
70%, 95% ee T Ph H
- e
Rudroff etal. Chem. ‘lji 02 model for predicting the regio- and
Commun. 2006, 3214

S@ . stereochemical course for the cis
£ RTIY/ R selective dihydroxylation reaction
e

goniofufurone analogs /\(\
OAc
Aryl dihydroxylations Br . O;(jcozﬂ
R R © i”:i .
cytochrome-ty pe bacterial 77%,99% ee ACHN. LS
monooxygenase dioxygenase CH Oseltamivir NHy "H3 PO,
- (Tamiflu)
eukaryots prokaryots oH Fangetal. ACIE 2008 5788
ortho and meta hydroxylation occurs usingtoluene (TDO, Pseudomonas putida 1. DMP Me
F39/D),naphthalene (NDO, P. putida 119), or biphenyl dioxygenases (BPDO, OH 2 O3 /DMS 0~ a0
Sphingomonas yanoikuyae B8/36) O ‘O><
R R
TDO H A RrR=H, c,Br 1, Me, j ADs
el CN, CO,Et, etc
OH
OH - O,
HO S ~o
OH
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Hudlicky et al. JACS 1988, 4735
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ipsoand ortho dioxygenations possible with Ralstonia and ;
Pseudomonas mutant strains ‘ carrot
5 ¢ CO,R
co.H Alcaligenes OH G .
2" eutrophyus HOCa- OH HOLS 0o ¢
strain B9.4.5 S »
— = o
— OH ! X =H,o0-Cl,p-Cl, p-Me; R =Me, Et
>95% ee \ q 92-99% ee
OH N E
y Formation of the 3,5-dihydroxy side chainin statins
Parker etal. Synlett 2004, 2095 A(
X = O:topiramate 0]

anti-epilepsy, anti-migrane

Qe O

Reductions

Reduction of aldehydes

A horse liver alcohol HO Ox . produced by Pfizer
\Me  dehydrogenase Me Me abwastatin 45 4 hilion US Dollar 2008
‘ - N AN (lipitor)
(oc)scrgf/ NAD, EOH R V =
(OC)sCr (OC)sCr
S R 3,5-dihydroxy side chain
33%, 91% ee 51%,81% ee common in all statins

Reduction of ketones
keto halohydrin

0 reductase \ji/ dehydrogenase\/o'i/
C'JVCozEt — G S CO.Et = NC . CO,Et

diltiazem
hypertension, angina pectoris,
and some types of arrhythmia
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baker's
yeast o><o
Chada et al. atorvastatin =
J.Mol. Catal. B 80%, /\/‘\/k/COQtBu
2004, 103 >99% ee H2N
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Carbon-Carbon coupling reactions
dihydroxyacetone phosphate (DHAP)-dependend aldolase

stereodivergent product generation possible using
stereocomplementary enzymes -> generation of 2 stereocenters
Aldolreactions

1,6-bisphosphate aldolase (FruA)

H
1 R1
Rz/\)q WR v RZ%/ Aldolase

| 0 O OH (Lyase class) OMe OBn Q:I\/Ie OBn
0] 0 1.1,6-bisphosphate
R2 | & aldolase (FruA)
2 o - HO\/\\/OPOS > HO,,
Aldolase/ X NoMe 2. phosphatase

42%

H

0
O

Thiamine diphosphate dependent conversions

Rg/\/H N r - , 1 Ketolase
‘O‘ (‘) R R (Lyase class)

@)

HO

= oH

Shimagakietal. Chem.
Pharm Bull. 1993, 282

(Transferase class)

R
—— R’
HOW + H Transaldolase
(0] OH 0

acetaldehyde-dependent aldolase

1
rR OH R
OH (‘) L+ Ketolase/
+ HO R | Transketolase 2. ib 5-phosoh dol DERA
HO o o (Transferase class) -deoxyribose-5-phosphate aldolase ( )
2 .
© R -> generation of 1 stereocenters oH

DERA @)

0 0
CIJ *MeJ - > CI ! " on 4steps
>

Enzyme classification dependent on the nucleophile:

1. pyruvate-dependent aldolase

2. dihydroxyacetone phosphate (DHAP)-dependend aldolase
3. acetaldehyde-dependent aldolase

4. glycine-dependent aldolase

70%,
>99.5%ee, 96.6% de

-—
atorvastatin - NCMCGZtBu
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Total Synthesis of Natural Products
invitro reconstitution of complete biosynthetic pathways

CCH L-tryptophan: CO-H
N phenylpyruvate
NH, aminotransferase o
N TdiD \
N
H ‘ N
COH CO2H bisindoly
quinone
. i o NH synthetase
epothilone A o) OTBS TdiA
r . — ATP  —

Wong etal. ACIE 2002, 1404

HO—~O~_«Me DERA ?
- - Mew) . | R o—
OH 35% Me

. . . Hoffmeister - -
Pyruvate decarboxylase (PDC, thiamin diphosphate depended) Cell2007, quinone
635 HO reductase HO
OH HaNMe, OH TdiC
PDC, Me H,. Pt " -
ﬁ _ThDP 2 - Me OH NADPH
o NHMe NH O Didgmgthyl-
asterriquinone D
R- phenylacetyl carbinol (-)-ephedrine
> 98% ee

Fr)r?gb Walsh et al.
-CO prenyltransferases Nat. Chem.

2 ThDP ~ TdiB/TdiE Bio/5824007,

M
i ‘ fQ ¢
|v|e/Lco2 H %P0

)v
OPP
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terrequinone
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ATP

ketosynthase

E ncA-EncB,

ketoreductase EncD,

O
acyl carrier
OH protein EncC S“WEncC transacylase FabD
ligase EncN
NADPH

., 0 0O
HOMSCOA

O OH
HO™ 9 Ph
¢
NS
HO o}

wailupemycin G

OH OH

ooy
2
A

HO @)

wailupemycin F

"favorskiiase"
flavoprotein
EncM

v
~
I Xx
o
—O
o
wn
k
m
3
9]
(@]

9 OH _|

—_— =

Favorskii
rearrangment

5-deoxyenterocin

ferredoxin,

. +
ferredoxin-NA DP NADPQ

reductase
EncR

enterocin

methy -
transferase

EncK
-~

SAM

desmethyl-5-
deoxyenterocin

~25% overallyield;
formation of 10 C-C, 5C-0O,

and 7 stereocentersinone pot

Moore etal. Nat. Chem. Biol.
2007, 557
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