Biocatalysis

General Principles

— Stereoselectivity

— Biocatalyst production

— Biocatalyst immobilization
— Biocatalyst modificatiln

Hydrolytic reactions

Redox reactions
Addition-/elimination reactions
Glycosyl Transfer

Industrial applications
Cascade processes



Stereochemistry & Drug Synthesis

e Enantiomers & Diastereomer Discrimination
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Stereochemistry & Drug Synthesis

e Enantiomers & Diastereomer Discrimination

OH
OH

Cun, -
0/ % 'CHZ_THZ

H H

¢

CH,

(R)-(—)-epinephrine enzyme active site enzyme-substrate complex
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(S)-(+)-epinephrine does not fit the enzyme's active site
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Biocatalysis — General Aspects
Stereochemistry & Drug Synthesis

e The Thalidomid Incident
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Pros

high enantioselectivity

high regioselectivity (incl. diastereoselectivity)
high chemoselectivity

broad substrate tolerance

high efficiency

environmentally benign

mild reaction conditions

enzyme compatibility (reaction cascades)

cons

enantiocomplementarity

cofactors

low flexibility in operational parameters

aqueous reaction conditions (loss of activity in organic solvents)
inhibition

availability



Enzymes & Transformations

Lyases (viii)
Transferases (ix)
lsomerases (x)

Lipases (i)
Peroxidases and
Oxygenases (vii)

(isolated enzymes) §
Oxidoreductases (vi) |
(whole cells)

Other Hydrolases (v)

Esterases (ii)
Nitrilases (iv) Proteases (iii)

(i) Ester formation, -aminolysis, -hydrolysis; (ii) ester hydrolysis; (iii) ester and amide hydrolysis,
peptide synthesis; (iv) nitrile hydrolysis; (v) hydrolysis of epoxides, halogens, phosphates, and
glycosides; (vi) reduction of C=0 and C=C bonds; (vii) hydroxylation or C-H bonds, sulfoxidation

of thioethers, epoxidation of alkenes, Baeyer-Villiger oxidation of ketones, dihydroxylation of
aromatics, peroxidation; (viii) cyanohydrin formation, acyloin and aldol reaction; (ix) glycosyl and
amino-group fransfer; (x) Claisen-type rearrangement, isomerization of carbohydrates, racemization.

Fig. 4.1 Frequency of use of particular biocatalysts in biotransformations



Induced-Fit-Theory

« Koshland 1961

— conformational influence by substrate & enzyme
« modification of the biological activity of proteins
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Enantioselectivity
* Three-Point Attachment Theory (Ogston 1948)

D D

/‘ chemical

operator
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B substrate A substrate B

sequence order A>B>C>D assumed
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Enantioselectivity

* Three-Point Attachment Theory (Ogston 1948)
— optical antipodes result in diastereomeric pairs upon interact. with enzyme
— different energy levels of enzyme-substrate-complexes

[EA] E+P

+
>

\

AG

/

+ [EB] —— E+ Q

AAG = A4H - T A4S

A44G = -RT In(v/vg)

AAG [kcal/mol] VA/VB ee % E+AorB
0.118 1.2 10
0.651 3 50 _r
1.74 19 90 E+p E+Q
2.17 39 95
3.14 199 99

4.50 1999 99.9 ee (%) = (P-Q)/(P+Q)




/Re -face
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Desymmetrization /:o
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e Enantiofacial Differentiaton s _____ <%
Si-face
chemical
operator

Case VI
Si-attack
Re -face
chemical
operator Substrate D
a sequence rule order
Case VI of A>B>C is assumed

Re-attack




Desymmetrization

 Enantiofacial Differentiation

H
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Desymmetrization

« Enantiotopos Differentiation

chemical

operator
Case V
AI CI
BI
chemical
operator
Case Vi
Al CI

COoMe -=—pro-R (or Re)

_________

-«—pro-S (or S)

Substrate C

a sequence rule order
of A>B>C is assumed



Desymmetrization

« Enantiotopos Differentiation
— Single step process

, COOH
pro-R " R
v/ Ky COOMe
@_ /<coow|e

COOMe

A\ k , COOH
pro-S ’/< S

COOMe

selectivity o = k;/k,
enantiomeric excess e.e. = (a-1)/(atl)=(R-S)/ (R + 9)

e.e. depends on conversion



Kinetic Resolution

. . : R, X
irreversible reaction R, . X
reversible reaction n2/<\( yarolase
. . F
sequential resolution 1+ +
. . R~ ,Y
dynamische resolution F‘Z/< R, . Y
X .
R2/< X

racemic substrate
separable enantiomers

recognition of existing chirality
yield limitation (50%; except dynamic process)



Kinetic Resolution

e Enantiomeric Ratio E
+ A _ [EA]

E+P
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Kinetic Resolution

[EA] E+ P

+
>

\

e Enantiomeric Ratio E
E

/

+B T [EB]—— E+ Q

— Ideal case: k,/kg = o« = reaction stops at 50% conversion

— real case: k,/kg = finite value == reaction progresses beyond 50%
w transformation of both enantiomers depends on conversion

w= e.e.(substrate) & e.e. (product) function of conversion
(since ratio A/B & P/Q not constant during whole biotransformation)

— Mathematical model by Sharpless & Fajans (irreversible kin. ses.):

For the product For the substrate
E_ In[1 —c(1 +e.e.p)] ~In[(1-c)(1 —e.eg)]
~In[1 —c(1 —e.e.p)] ~In[(1 —c)(1 +e.e.s)]

c = conversion, e.e. = enantiomeric excess of substrate (S) or product (P),
E = enantiomeric ratio



Kinetic Resolution

* Irreversible Kinetic Resolution substrate
product A+B
e.e. [%)] substrate P+Q ¢ e.e. [%]
100 —  product A+B _ _ ¢ 100

|

P+Q :
i |
|

|

|

|

|

50 = —

'

— 50

0 0
0 50 100 0 50 100
conversion [%] conversion [%]
E=5 E=20

— e.g. hydrolysis: irreversible due to high water concentration

— product with high e.e. obtained before reaching 50% conversion
— beyond 50% decline in e.e. (high conc. of “undesired” substrate)
— inverted trend for substrate e.e.

— quality of resultion depends on E-value



Kinetic Resolution

* [rreversible Kinetic Resolution
— Substrate recovery
— Product isolation

recovery of
product substrate
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Kinetic Resolution

Problems in kinetic resolutions:
— maximum yield of 50% for required enantiomer
— remaining antipode often of no use
— separation required (extraktion, distillation, etc.)
— limitation of optical purity by finite E-value

|deal industrial process:
— 100% yield
— single enantiomer

Repeated Resolution

Racemization of unwanted antipode (mostly chemically)
Repetition of biocatalytic resolution (iterative)

Several additional steps

Decrease in yields due to (mostly) forced reaction conditions



Kinetic Resolution

e |n-situ Inversion:;

— reaction mixture after resolution consists of
enantiopure product
enantiopure substrate

— single chiral center:
iInversion by chemical activation and reaction

oL

OAcyl OH /]\ .

’ /‘\H ) /l\ ] R, R, Inversion
1
% : o e t + 2 B :\ chemical C_EH
. —_ = [OHT] o ;
C_?Ac‘yfl kinetic resolution OAcyl activation f hydralysis H‘ﬁ Ro
Y = OAcyl single enantiomer
H_I HE H1ﬁ HE " //E\ g Retention
i 2

L = leaving group (e.g. tosylate, triflate, nitrate, Mitsunobu-intermediate)

Scheme 2.9 Kinetic resolution with in-situ mversion



Kinetic Resolution
 Dynamic Kinetic Resolution

— classical resolution

— In-situ racemization of substrates
w= dynamic process

— equilibrium constantly regenerated = always beneficial ratio in favor
of the desired enantiomer

R, S = substrate enantiomers

. k Prode«
P, Q = product enantiomers

«
\* kg, kg = enzymatic hydrolysis of enantiomers R, 5
> " k Prod

SUB Koo 09 = racemization of substrate, product

krac

Kspont = Spontaneous hydrolysis

* depletion of e.e. in kinetic resolution



Kinetic Resolution

 Dynamic Kinetic Resolution

— comparison conventional resolution (E=10) with dynamic resolution
During whole reaction almost

.e. [% 'E.'E.P [u’fn]
e.e. [%l e equal ratio R/S
100 — 100 — w= product-e.e. remains copstant
10
50 50 — —
k.. kg =0.01
e.e.p kinetic e A
0 | 0 | \
0 50 100 0 50 100
conversion [%s] conversion [%s]
E=10 E=10

The smaller k_,>"°/k; the more

similar to conventional resolution



Protein Preparation

e Work flow

l inoculation II

Scopes
Protein Purification
Springer 1994

ammonium sulfate
precipitation




Protein Expression

e Work flow
PCR

DNA source gene

(e.g. genomic DNA)
expression
plasmid
religation diaestion Incubation
< plasmid isolation

transfor- O O protein \

' storage _
mation expressi

proliferation
plasmid

ligation

ransfor-
mation

{

proliferation
host

expression host

protein isolation
biotransformation

4



Protein Expression
. Expression plasmids

T7 termin

HisTag

Notl(6852) ”

amp

T7prom

lac operator

T7 termin
HisTag
~ Notl (167)

pPMMO5
6888 bp

CHMO

lacl

Nde | (1817)




Protein Expression
« Expression procedure

inoculation incubation
- -7 - — —
IPTG addition

lac promoter —» ON
L

——
T7-RNA-

polymerase
production

recognition of
T7-promoter

T7-promoter active CHMO
CHMO gene ' ‘ protein
— ' 4
production '
of CHMO

approx. 25% active protein



Protein Expression
 Whole-cell Biotransformations

| NADPH NADP*
| . Enzyme #2
‘} A . » B -
5 Enzyme #1 o
1 .
Enzyme #3 l
Primary
Metabolism

D

— cofactor recycling

— enzyme production

— enzyme in natural environment

— cheap C-source (glucose, saccharose) for stereoselective reactions
— toxicity of non-natural substrates

— transport effects

— side reactions



Protein Expression

Table 1.2 Pros and cons of using isolated enzymes vs. whole cell systems

Biocatalyst Form

Pros

Cons

Isolated Any Simple apparatus, simple workup, Cofactor recycling necessary,
enzymes better productivity due to higher limited enzyme stabilities
concentration tolerance
Dissolved High enzyme activities Side reactions possible, lipophilic
in water substrates insoluble, workup
requires extraction
Suspended Easy to perform, easy workup, Reduced activities
in organic lipophilic substrates soluble,
solvents enzyme recovery easy
Immobilized Enzyme recovery easy Loss of activity during
immobilization
Whole Any No cofactor recycling Expensive equipment, tedious
cells necessary, no enzyme purification workup due to large volumes, low
required productivity due to lower
concentration tolerance, low
tolerance of organic solvents, side
reactions likely due to
uncontrolled metabolism
Growing Higher activities Large biomass, enhanced
culture metabolism, more byproducts,

process control difficult

Workup easier, reduced
metabolism, fewer byproducts

Immobilized
cells

Cell reuse possible

Lower activities




Biocatalyst Immobilization
e Coupling

Coupling

/\

to Carrier Cross-Linking

N AN
ok s 19
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= - D ‘

iﬂd@mtivef Covalent Cross-Linking Co-Cross-Linking
onic

(é.) = biocatalyst (enzyme or whole cell) C | = carrier @ = enzyme




Biocatalyst Immobilization
 Entrapment

Entrapment

in Matrix / \ by Membranes

/N

ik\ / | :i
C | [
' [
EnD 1\Lbﬂ?@' crr/ | | -
@ N @ (e : :
' |
& PR e
/ K i = J: / f
Gel or Polymer Reversed Hollow Membrane
Micelle Fibre Reactor

(MEEC-Technigue)

@) = biocatalyst (enzyme or whole cell) C | = carrier @ = enzyme

wanmn O Surfactant (polar head, lipophilic tail)



Biocatalyst Immobilization
 Covalent Linkage

OEt
0
|
C|—OH +Et0— ?iMNHE < > ¢ l-0—s" ",
OFt o
EtOH |
0=CH-~~_~"~CH=0
0
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|
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Y
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| |
o 0

C | = carrier @ = enzyme

Scheme 3.34 Covalent immobilization of enzymes onto inorganic carriers




Biocatalyst Immobilization

Na-alginate
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Protein Modification &

3!
« Site-directed g
1 PCR with primers 1 PCR with primers 2
mutagenesis PCRuih ¢ [ J.a“‘“
5 * 5' 3
3 % 3 X
Denaturation and
5 | ¥ | annealing result in
3 % heteroduplex
I formation
5' S 1 ..... Overlap extension:
e e L i !DNA polymerase fills
in 3' recessed ends
_ 2™ PCR reaction
& x amplifies mutagenic
3 x DNA

— 4

Figure 2. Overlap extension PCR method: — represents a primer, and
X represents a mutagenic codon.

— known structure & mechanism
— usually: knock-out tests



Protein Modification

« Site-directed mutagenesis — rational design

PAMO CHMO
X-ray structure 1W4X homology model

0

P QP -

BY-
1 Monoaxygenase 2

O,

BV-
monooxygenase



Protein Modification
 Enzyme evolution
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Protein Modification

PCR Error prone PCR
* Error prone PCR (epPCR) ;111 Taq T ag
dCTP. dTTP dCTP,dTTP T
dGTP, dATP dGTP, dATP |
Mg?* Mg?* T
Mn2*

Figure 3.3 Differences in classical and error prone PCR.

— operating PCR under non-ideal conditions (also saturation possible)
— degeneration of Code = different mutation frequencies
— distribution of mutations randomly (remote from active site)




Protein Modification
 Error prone PCR (epPCR)

g 0
RYK < > HO R \Hl\ R o
© NO, lipase-variants OH + % OHt+ O NO,

CHs CHjs CH,
rac-1 (R = n-CgH,7) (5)-2 (R)-2 3

enzyme
E=11.3 variantA
F259L
V476
S155L
S149G

] T 1 1 L] b
0 1 2 3 4

mutant generations

FiG. 14. Increasing the E values of the lipase-catalyzed hydrolysis of the chiral ester 1 by cumulative
mutations caused by four rounds of epPCR (/6.22.24).



Protein Modification
« Combinatorial Active-Site Saturation Test — CASTing

ol %1 % ]

loop [} sheet 340 helix a helix
(n+1) (n+2) (n+3) (n+4)

Figure 1. Structural guides in designing libraries of mutant enzymes
for CASTing according to the secondary structure of proteins.

— synergistic amino acids in spatial proximity



Protein Modification

« Combinatorial Active-Site Saturation Test — CASTing

OR o
Y \ A OR

Library C

¢LEU 13||==-’-'.{\‘\ VAL 135
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LEU 17 m /L/@J\’r
O O Hyco 0 o

Library A

LEU118

p-nitrophenyl

2-methyldecanoate
LEU 231

SER 82
Library E
VAL 232 )

-

Figure 2. CASTing of the lipase from Pseudomonas aeruginosa leading
to the construction of five libraries of mutants (A-E) produced by
simultaneous randomization at two amino acid sites. (For illustrative
purposes, the binding of substrate 1 is shown.)
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Protein Modification

« Combinatorial Active-Site Saturation Test — CASTing
— combination of best sub-library candidates

efc. i
7 . | E=115
= LW202
10
B\C| D A\C| D, A\B| D A\ B| C s
90 |-
A B 5 D sl i
e WT :Ll: 70
g
Q
Figure 1. Schematic illustration of iterative CASTing involving (as an <. 60F
example) four randomization sites A, B, C, and D: Confined protein- % LE@;% norE
sequence space for evolutionary enzyme optimization (redundancy in = S0F —
. no supstantial
some cases is expected). improvements
40 E=35
LW144 E
30f F\E: 24
E=21 LwW123
R —
1 S %l S
R\{L H,0 R\Hk R ) Lwos1 /¢
e s | —
O_©_N02 lipase-variants OH+ ¥ "OH* g NO,
CH; CHy CH 0} e
rac-1 (R = n-CgH,7) (S)-2 (R)-2 3 WT-ANEH Aor C no substantial improvements

Figure 3. Iterative CASTing in the evolution of enantioselective epoxide
hydrolases as catalysts in the hydrolytic kinetic resolution of rac-1.



Protein Modification

e« Summary of technologies

Table 3: Main library creation technologies.'”

Error-prone Saturation Massive Gene Synthetic
PCR mutagenesis mutagenesis shuffling shuffling
Need for physical starting
1 gene 1 gene 1 gene several genes no gene
gene
Large diversity/low cost
yes no yes yes yes
mutant ?
Control over the diversity very little little (starting
complete complete complete
generated (mutation rate) sequences)
Need for double strand yes/no (different
yes no yes yes

cloning

technologies)




Protein Modification
e Library Screening - workflow

000000000000
. - S
mutagenesis expression clﬂloln‘_,r ot et et atatetetetetetetel screening fu_ar_ .

picking 9889900000001 enantioselectivity
P 000000000000
OCO0O0000000
library of bacterial colonies bacteria producing
mutant genes on agar plate mutant enzymes grown
in a test tube in nutrient broth

Scheme 2. Individual steps in the directed evolution of an enantioselective enzyme.["”

QOOQOO000000
OO.D%OOOODOO
QOQOEQQ00000
QOOQOOOQ0OO00
Q00000000000
QOQQOOo00000
QOOQOO0Q0000
0oC00o200000

visualization of
positive mutants




Protein Modification

e Screening Technigues

— Colorimetric Screens
» double experiments
 high throughput

0 0
RX)L O

CHs CH,

rac-31 (R = n-CgHy7) (5)-32

CH3

(R)-31

catalyst library: 30 000 mutant lipases from P. aeruginosa

result: ee=28%(E=1.1) evolution

'
cataiysts QL+

ee>90 % (E =25)

S enantiomer

A 05
0 R enantiomer
0 100 200 300 400 500 600
t/g ———»
by 1
T S enantiomer
A

0.5 //
4____-_-—-—-—-—_‘——.__‘ o
0 R enantiomer

0 100 200 300 400 500 600

t/ls —p

Figure 3. Course of the lipase-catalyzed hydrolysis of the (R)- and (5)-31
as a function of time.'" a) Wild-type lipase from P. aeruginosa, b) improved
mutant in the first generation.



Protein Modification
e Screening Techniques

— MS-based Screens — ,Pseudo” Racemates

OAC OAc[D3]
+ = — -
Ph/'\CHg Ph” >CHs
(S)-52 (R)-79

OH OH

)\ +

+ CH3CO2H + CD3COoH
Ph” >CHy  Ph” “CH,

(5)-51 (R)-51 80 81

Scheme 27. Kinetic resolution of pseudo-enantiomers (S5)-52 and (R)-79.
Screening was carried out by ESI-MS.*%

synthesis of
pseudo-enantiomers

100 %
80 % [(S)-52+Na]’
T 60 %]
.‘,el
4] %
oo - [(R)-79+Na]
ll IJ. : 1 1

BO 00 120 140 160 180 200 220 240 280 280 300
milz —»

Figure 13. ESI-mass spectrum of a sample containing (§)-52 and (R)-79.1%

or reagents

Figure 14. Experimental setup of an ESI-MS ee-screening system.)

+ sample manager
for microtiter plates
enantioselective PC and data
transformation > § Bt ESI-MS » processing
¢
* O
q
L
chiral catalysts




Enzyme Groups

Esterases (cleavage of ester functionality)
* pig liver esterase (PLE)
» horse liver esterase (HLE)
» acetyl choline esterase (ACE - Zitteraal)
» Bacillus subtilis esterase
» yeast (whole-cell system)
Proteases (cleavage of amid bond)
* a-chymotrypsin
e pepsin
 subtilisin
» thermolysin

Lipases (cleavage of triglycerids)
» div. Candida lipases

Nitrilases & Nitrile Hydratases
Epoxid Hydrolyses



Reaction Types

* Hydrolysis

* Deprotection

o Esterification

R

R

O

M

OR'

O

M

NR'

_COOH
R

2

——

R,COOH

HNR'



Serl95

Enzyme Mechanisms catalytic triad

Serin-proteases

— e.g. chymotrypsine

—— ser Acyl-enzyme

vn. Intermediate
Step Il ?J\ ]
=

08 -




Enzyme Mechanisms

* Thio-proteases /
§

L = T S ST

Ko nlh g™ e o

R "R

— Mechanism comparable to Ser-proteases

— examples: Papain, Cathepsin

— Minor modification of amino acids in catalytic triad upon retention of
function



Enzyme Mechanisms

» Metallo-proteases

0O
\ o~ H H NH i,

o

/N

— Zn?* as Lewis-acid
— no covalent intermediate
— examples: thermolysine, acylases



Enzyme Mechanisms

* Aspartyl-proteases

AN :

R. N—
~f ~AX
/—o (-HO cm

“H
H HP . o-

L \-0_<f L °=<f

— 1st carboxylate = base

— 2nd carboxyl groupe — general acid catalysis
— no covalent intermediate

— example: pepsin



Synthetic Applications

e Various nucleophiles

0] O
R1 )J\OH @ @ Fﬂ )"\H N'R3
hydrolysis o= ester aminolysis

Acyl-enzyme intermediate

4 3

O

R")J\O-OH

eracid formation
HS = alkyl, aryl, —NF{52 3

R* = alkyl, aryl, -N=CR>,



Amino Acid Synthesis
e Esterase Method

COOR! COOH  COOR!
},\MNHRE esterase or protease > R2HN 4{ . " NHR2
R buffer R R
DL L D

R = alkyl or aryl; R'=short-chain alkyl; R =H or acyl

— Ester hydrolysis via:
* Protease (cleavage of ester & amid bond possible = sequential biotransformation)
» Esterase
» Lipase

— Most important enzyme: a-Chymotrypsin
— Usual preferred cleavage of enantiomer most similar to natural a.a.
— Since 1905 applied in chemistry



Amino Acid Synthesis
« Amidase Method

CONH, COOH CONH,
%» NH, amidase N ~{ + }—NHE
buffer
R R R
DL L D

R = alkyl, alkenyl, alkinyl, (hetero)aryl

€I
+
0
I
= F
O
T
0
)
T9
T
.
3
o
"
(@]

ex-situ racemization

— Enzymes: mikroorganisms (Pseudomonas, Aspergillus, Rhodococcus sp.)
— Negligible chemical hydrolysis of amide products

— separate chemical racemization possible

— Now also with N-acylaminocarboxylic acid racemase == dynamic process



Amino Acid Synthesis
 Hydantoinase Method

H
O ‘
D-hydantoinase :;N >:O L-hydantoinase
i buffer buffer i

DL-hydantoin

COzH CO,H
}—-NH + NH; | HN HN—{
rPT/ R = aryl: spont. racemization \r&
R | [OH] cat. pH>8 | R
O R = alkyl: hydantoin racemase O
L-N-carbamoyl
D-N-carbamoyl B ] amino acid
amino acid . H
Ha O N H,0
2
R I >:O carbamoylase
carbamoylase R H NHg +
NH; + 4 CO,
CO, s :
o CO.H
= HoN
NH,
R
i L



Ester Hydrolysis

* Substrate types for esterases g

R' 0o H\DHE
’*4'—4 R’ \
H* 0—R? R2 N
OR?
Type |
O
0
. B
R )\ =1
D‘ " 0 HS _— } *
H Re
Type |l

prochiral substrates

R1 9
y OR3
\ OR3
H1
@
i
H1 D)\HS
Va
e g
0
meso-forms

R', R” = alkyl, aryl; R® = Me, Et; * = center of (pro)chirality



Ester Hydrolysis

e Substrate types for esterases

2! 2
b4
CO.Et crude PLE . CO,Et
CO,Et buffer CO,H
E R =H, Me,N, NO, b4
H
5 Cbz—N COOH
H 1 :
a-chymotrypsin
Cbz —N_ _COOMe sl COOMe
5 ]
S00Me buffer .
papain Cbz—N_  COOMe
-

Cbz = Ph—CH,~O-CO-
COOH



Ester Hydrolysis
e Lipases vs. Esterases

Esterase Lipase
activity _ activity
A | saturation A
substrate
soluble | insoluble

Michaelis-Me:nten

\ Michaelis-Menten

substrate concentration [S]

o
> CMC
substrate cancentration [S]

no enzymatic activity

critical micellar concentration
formation of second phase (=substrate)
w= Start of biotransformation



Ester Hydrolysis
e Lipases vs. Esterases

S

organic phase
P interface . +3S . .
;,’ LL/ ,”’ E = inactive lipase (closed lid conformation)

A ——j —————— / [ET” = active lipase (open lid conformation)
E aqueous phase S = Substrate; P = Product

— Lipases work best in solvent/water mixtures




Ester Hydrolysis

Lipse flap / lid

Active Site

C-Terminal
Domain

N-Terminal
Domain

Flap

Colipase




Esterification

* Principle
o 0
/U\ Hydrolase )J\
T R > + R2-OH
H1 ORZ R7-OH - H1 ORE’
strong weakl
nucleophile nucleophile

Problem: formation of water during reaction
= formation of aqueous interphase
w= Separation of enzyme & substrate
«= [ncomplete conversion

Excess acyl donor
— removal of ,bulk® water
— pseudo-irreversible reaction
Decrease of nucleophilicity of newly formed alcohol
— electron withdrawing effects
— subsequent reaction / tautomerization



Esterification
* Leaving group alcohol

Porcine
OH pancreatic J\ OH

acyl : leaving
\m}\ * donor fipase ? w \(\,(,\ * group
5 - 5

N LI" EtEO \[Vg\ N u2

Acyl donor R Leaving group Nu2 Initial rate [%]
Ethyl acetate Me EtOH 0.3
2-Chloroethyl acetate Me CICH,-CH,0H 1

Methyl butanoate n-Pr MeOH 5

Ethyl cyanoacetate N=CCH,- EtOH 6
Trichloroethyl Cl,C- Cl,C-CH,OH 7
trichloroacetate

Methyl bromoacetate BrCHo— MeOH 14
Tributyrin n-Pr dibutyrin 34
Trichloroethyl butanoate n-Pr Cl,C-CH,0H 58

Trichloroethyl heptanoate ~ M-CgHia—  Cl;C—CH,OH 100




Esterification
* Enol ester acyl transfer

Enol Esters
o Hydrol 2 i
rolase
P J\ + R-on ydrolase . JL . )J\
R! O R2 .% R 0O—R HO R2 or
CH,-CH=0

R' = n-alkyl, aryl, aryl-alkyl, haloalkyl R®=H, CH,



Nitrile Hydrolysis
 Enyzmes for Nitrile Hydrolysis

— Nitriles are improtant C;-building blocks in chemical industry

— Chemical methods for hydrolysis:
« Strong acidic or bacis = incompatible with functional groups
» High energy demands
« Side reactions

o O
Nitrilase
R—C=N / e F{—é + NHj
OH
2 H,O

O
Nitrile hydratase Amidase T
> R—< .

Ve T

H,O



Nitrile Hydrolysis

* Acrylamid Production

— 450,000 t/a global production
— chem. process: hydration of acrylonitrile with Cu-catalyst
— whole-cell process yields (also lyophylized cells) >99%

CN
:/

» amidase inhibition
» 400g/L Titer
« >100,000 t/a by biocatalysis (1997)

O

| . O
microorganism
Lo o = NH >< > J
2

> 400 g/L

Rhodococcus rhodochrous
Pseudomonas chlororapis
Brevibacterium sp.

OH



Reaction types

Dehydrogenase
or
Ene-Reductase

prochiral
substrate

Cofactor-H,

N

Cofactor

I Recycling System !

OH OH
R1//;\\H2 or F{1 ) RE
X X
H—i <R R me—t—H
RE-—-—:—H o H *:--IRE
EEB F:{B

chiral products



Cofactors

Cofactors: Nature's Complex Hydrides

DS i T N._O
0w (e )@E i
NH
N N“
wl'wv Nlcotmamlde Flavin O

Scheme 2.110 Reduction reactions catalyzed by dehydrogenases



Cofactor Recycling
* General Principle

Substrate — y »  Substrate-H,
| |
| |
| Single !
NAD(P)H | Enzyme ,  NAD(P)*
| :
Auxiliary | ! Auxiliary
Substrate L 1 Substrate-H,
r———===-- L
I Enzyme A !
Substrate /:[_ — l‘\ » Substrate-H,
NAD(P)H NAD(P)*
Auxiliary \:t - _7|/ Auxiliary
Substrate ! EnzymeB | Substrate-H,



Cofactor Recycling
* Recycling systems for reduced nicotinamids

Formate Dehydrogenase Phosphite Dehydrogenase

0 0
(mutants) T (mutants)
H-CO,H > CO, H—P—0° > HO— IlJ—Oe
/ \ be / \
NAD(P)* NAD(P)H NAD(P)* NAD(P

OR Glucose Dehyclrogenase (R= H) OR OR
HO 0 Glucosee Dehydrogenase (R = ) HO o Spontaneous HO OH
HO OH ™ HO «\ > Ho CO,H
2
OH / \ OH O OH
NAD(P

NAD(P)H ®: phosphate

Aldehyde
Alcohol Dehydrogenase Dehydrogenase

EtOH // \ » CHy—CH=0 // \ » CHy—CO,H
NAD(P

NAD(P)H NAD™ NADH




Cofactor Recycling

Photochemistry

Photosensitizer

(H*+ 2¢")
e NAD*
aa®
N N

"" )%, H,0
\ OH, NADH; e " s
4 '-l " . If‘.‘ -
VB > Donor,, - 3 &
ANPRATRIBE

Glutamate‘ v g
Dehydrogenase £ & &

Donor L-glutamate o-ketoglutarate

[Photochemical Cofactor Regeneration]



Cofactor Recycling
* Electrochemistry

©
o
o
©
i
i
NADH
NAD™*

[Electrochemical Cofactor Regeneration]



Cofactor Recycling
Whole-cell biotransformations

Substrate

Product




Cofactor Recycling

Whole-cell biotransformations — recombinant organisms

— (Genen overexpression
Gene knockout

A

NADPH NADP*

e

Enzyme #1 1 r

protospacer

Primary
Metabolism



Carbonyl Reductions
o Stereochemistry

1 H
/< S-Alcohol
L-Reductase Ph OH
/Re-face
/" Me~ r
,/ /#)//
£ d \
Si -face oM
D-Reductase R-Alcohol

Ph H



Carbonyl Reductions
* Prelog's rule




Carbonyl Reductions

OH O

 Dynamic Processes Fp/'\_)LOHa

R? R?
\{ 0 (‘:} B/V
R‘MORS
2
D R C
2 RS Sy
OH O T T OH O
p 4 in-situ racemization 5 U\ 4
R ] OR OH R : OR
R R2
/& CO,R?
R d
HE
Pathway R’ Rz R?® Biocatalyst Yield de. ee. Ref.
[%]  [%]  [%]
A Me allyl Et baker’s yeast 94 92 >99 [907]
A Me Me n-Octyl baker's yeast 82 90 >98 [908]
B Me Me Et Geotrichum 80 >98 >98 [909]
candidum
B Et Me Et Geotrichum 80 96 91 [910]
candidum
C 4-MeOCgH,~ CI  Et Sporotrichum 52 96 98 [911]
exile
D 4-MeOCgH,~ CI  Me Mucor 58 >98  >99 [912]

ambiguus




Carbonyl Reductions

* Reductive Aminations
— Amino acid dehydrogenase

O Amino acid dehydrogenase
HAGDEH -.—5/// \‘\*;D H/LGDEH

L
NAD(P)H  NAD(P)*

@ ®
Lys —NH, . o Lys —NP—?S Lys — NH, Lys —NH, .
\ )
+NH,  HO / & o .
)L e ; +NAD(P)H +H
R~ o, Fl>< > H)Lcoe R Yoy
| coy J 2 2
L NHE I [H7] I o !
ys — | @ o @
: Lys —NH Lys —NH; Lys —NH;

3

P PR

R” ~CO,H

NH, / \ o

CO,H



Carbonyl Reductions

* Imine Reductases
— Problem: imine stablity in aqueous systems

am\

Fl1

{(S)+-RED
produced in E. colf

NADPH NADP®



Alkene Reductions
 Enoate Reductases (Old Yellow Enzymes)

S . EWG EWG
1 1 | E
R EWG . . = .
& Ox-HR 1 1
H /T/_' \I\ A2 —— H e B2
177N || A Flavin H i Ene- | . = * =
[H ] G_ﬁ 2 Reducta : Flavin :3 =
,f/ T : I R R
2 + 3 I
B 5 R |
' ' Ox-HR: oxidative half-reaction
! Red-HR | R ) . .
_________ | ed-HR: reductive half-reaction
EWG = electron-withdrawing group: NAD(P)* NAD(P)H [H ] = hydride delivered from N5
aldehyde, ketone, carboxylic acid of the flavin cofactor

ester, lactone, cyclic imide, nitro [H'] = proton delivered via Tyr-residue

| |



Alkene Reductions

Enoate Reductases (Old Yellow Enzymes)

OYE FMN,y Hs O
N3 N 54 CTMm HR 5
HN e ) NH,
N CIO N C9
| NADPH
reduced Oxidative Reductive
ketone half half
reaction reaction
R1
| NADP*

R3 ‘NW OYE FMNred

a.p-unsaturated
ketone



Alkene Reductions

 Enoate Reductases (Old Yellow Enzymes)
— Alkene substitution pattern

CO:Me Ene reductase COMe CO,Me Ene-reductase CO,Me
{Sj[ NADH-Recycl or NADH-Recycing
eeYeing meo,c CO,Me -riecycling CO,Me
E Z
Yqim OPR1
Configuration|--------- o L

c[%] e.e.[%] c[%] e.e.[%]

Z 93  >99 (R) 91  >99 (R
E 70  >99(S!) 99 >99 (R)




Alkene Reductions

Enoate Reductases (Old Yellow Enzymes)

— Chemoselectivity
OPR1&3, YqjM, =
NCR, OYE114], Z
OYE3®), TOYE,
(O PETN reductase

-
(S)-citronellal
= =
(R)-citronellal /O
OYE1I® OYE3(al
(Z/E) citral 7 :

A fast: slow: o
i
©§< OYE 3 x OYE3 7
1 NAD(P)H 2 NADIPH o X 3
*H" NAD(P)* +H'  NaD(PR)*

Scheme 1. Reductions catalyzed by Old Yellow Enzymes (OYEs). 1: 4-
phenyl-3-butyne-2-one; 2: (E)-4-phenyl-3-butene-2-one; 3: 4-phenyl-2-
butanone; NAD(P)*: nicotinamide adenine (phosphate) dinucleotide.



Oxidation Reactions

Dehydrogenases

SubH, + Donor ——» Sub + DonorH,
+ cofactor-recycling

Oxygenases
Mono-Oxygenases
Sub + DonorH, + O, —— > SubO + Donor +H,0
* cofactor-recycling
Di-Oxygenases
Sub+0, —> SubO,
Oxidases
SUbH2 + 02 B Sub + H202
02 + 287 ——» 022_ LH‘-’. H202
-
O,+4e- —» 202 _+4H" O 2H0

Peroxidases
2 SubH + H,Op ———» 2Sube+ 2H,0O — Sub—Sub

Sub + H,O, ——» SubO + H,O



Alcohol Oxidations

« HLADH Biooxidations

— FMN as sacrificial substrate

R
HLADH

S

cis-meso

R
KUH
R OH NAD* recyclipng

-

R

R

15t enzymatic oxiFation

HLADH

R
OH Ipont. 0
CH=0 o

R=Me, |-CH,—S—CH,~

o

NAD™ recycling

hatic oxidation

Spontangpus chemical -
p%cess 2"% enzyn

R
O
R \
O
e.e. 100%




Monooxygenations
* Reaction types

mono-oxygenase

Sub + Op + H" + NAD(P)H > SubO + NAD(P)* + H,0
| | H OH
—C—H —>» —C—OH e
| |
_ @)
R’ —>> /A Rh—X —» R,—X=0
R X=N,$S, Se, P.
O o)
] — Vo
H1 R2 R1 \Rz
Substrate Product Type of reaction Type of cofactor
Alkane alcohol hydroxylation metal-dependent
Aromatic phenol hydroxylation metal-dependent
Alkene epoxide epoxidation metal-dependent
Heteroatom? heteroatom oxide heteroatom oxidation flavin-dependent
Ketone ester/lactone Baeyer-Villiger flavin-dependent
°N, S, Se, or P : L . : L
similar to chemical oxidation similar to chemical oxidation
using peracids using hypervalent metals

(nucleophilic process) (electrophilic process)



Monooxygenations
* Flavin dependent enzymes
NADPH

FAD-binding Fle
domain
‘ e it N /NYO
‘ ;. , N
W0 H,0 o]

s 2.4 ' o FAD 2
" 7‘ s & L PR His-173 | nucleophilic reaction | o, &
,__——{—:——’___—’7’/ ; L ey -
N X > |
. » | N (0]
‘ NH (:7_ ‘_T I;[

NADPH-binding
domain

T %jéz
% \
_<
O|
Ir=z
@] Q—{Z
=~
=2
02—{2
_<O

antiperiplanar -
o, e
N
() (] BN H O
d @ o ©/ | electrophilic reaction | H(I) ©
migrating group R'
H
anti



Monooxygenations
Cytochrome P450 enzymes

Ho _H .
0 Sub H,0 Sub & Sub
N | g
N‘; F63+:NN N— F93+/N A_> N"--..F 2+/‘N
S S S
KSubO 0,
H,0 N
Sub
@]
N ]154.,-N Sub ) ) Sub
S AP
S N‘--._ 3+/N N— 3+ N
ﬁ N— F‘T N - N F‘T ~N
ﬂ Ho0 oH* S S
Sub '
O.
N‘--._. |4+/N
/"'F * f
N | N From NAD(P)H via another cofactor (see text).
S

Sub = substrate



NADPH

el

Monooxygenations

 Cytochrome P450 enzymes

ADX: Adrenodoxin
ADR: NADPH-Adrenodoxin Reductase

Bacterial / mitochondrial System Microsomal System
NAD(P)H Sub + O, NAD(P)H Sub + O,
FdR ) [ P450 LRy e
D Heme
e subQ+H,0  NADPH Sub O + H,0

\ FA
+H* e@(p @ —)ee +H* v

FdR = Ferredoxin Reductase

Self-sufficient BM-3 System FAD = Flavin adenine dinucleotide

Fdx = Ferredoxin

Sub + O
e + 2H* ° FeS = iron-sulfur cluster
NAD(P) CpR = Cytochrome P Reductase
+
+H* SUBO # 5,0 FMN = Flavin mononucleotide

P450 = Cytochrome P-450



Monooxygenations

« Baeyer-Villiger Oxidation

0 @)
0]
)
R W X ‘0 R R Ny X 1, R
58 59

Baeyer-Villigerase

in E. coli host

NADPH-recyclmg

(S): R = Me, Et, n-Pr, i-Pr®
(R): n-Bu; e.e. up to 60 %

;e.e.upto>99%

X R Recomb. cells
59a Si2) H 48%,19%]
59b NMe H 50%19°1
59c¢ NCOMe H 39% (59%)193]
59d NCOOMe H 40% (67%)1
59¢ O H 79931
59f O M 79%(! > 99%, eel?0]

ol

R = Me, Et, n-Pr, allyl?,n-Bu, E 200
#Switch in sequence priority

Baeyer—‘u"llllgerase

in E. coli host
:

NADPH- recycllng

(R)

%
1
.|I|



Monooxygenations

« Baeyer-Villiger Oxidation

Baeyer-Villigerase

in E. coli host
Fiee

NADPH-recycling
R O,

rac

/ /’.._._H\ﬂ.'ﬂ.D
X —_— U ):0
2a-g
"Mormal" lactone

antiperiplanar

O
(] O [ ]
[ [
migrating group $ R'
H
anti
o 5 R E
\\ \ Me 80 (S)
© 0 Et > 200 (R)
i n-Pr > 200 (R)
N R FPr =200 (S)°
major minor n-Bu 20 (R) or (S)

Substrate ketone  “Normal” lactone 67

“Abnormal” lactone 638

[0}

@j 44%/> 95% ge
18,5R)"*!
0 o ( )
Gj 36%/> 95% ee
. 1104
+ X 'D' 0 {15’55)
43%/= 95% ee
3a-g i :D (1R,685)""™
" " 0
Abnormal” lactone 419%/B6% ee
(15,65')[]&4'
Q
52°%4/60% ee
(15,65
n

a 42%/> 95% ee
(1R,55)"

b 31%/> 95% ee
{IR.SS')I"E“]

c 37%/> 95% ee
(15,6R)!'™)

d 36%/> 95% ee
(18,6

e 28%/> 95%, ee

(18,6R)!'™



Monooxygenations

» Heteroatom Oxidation

O,
\ di-oxygenase

\
@ £

R R

mono-

oxygenase

mono-
oxygenase Q S //O
r o - ~
/\ R1 * RE
chiral
0, H,O
NAD(P)H  NAD(P)*

oXxidase

mono-
O
oxygenase A /,O
= S

m R R?
O, H,O

NAD(P)H NAD(P)*

H,O, H,O



Monooxygenations

» Biohydroxylations

— Steroid hydroxylations
* reactivity: sec. > tert. > prim. (compare to radical reactions)

« primarily whole-cell biotransformations
(enzymes difficult to isolate and/or unknown)

« sources: esp. fungi (Beauveria sp., Cunninghamella sp., Aspergillus sp.)

CO,H

HO! : 75

progesterone lithiocholic acid

Rhizopus arrhizus Fusarium equiseti
Aspergillus niger



Monooxygenations

» Biohydroxylations
— Substrate engineering

11

HO
Beauveria
oh bassiana
N =
4 ~_ o) N Ph
© : O rac ~
rac
11 12
OH OH
_ HO
6 Beauveria
3 bassiana _ + +
O O O O

rac 1R 1S (trace)
95% e.e. 85% e.e. 46 % e.e.



Dioxygenases

di-oxygenase iy oy reduction
Sub-H + O, L > hS”b G H »  Sub—OH
ydro-peroxide e.g. NaBH,
di-oxygenase Sub /? reduction /OH
Sub + O, = ~0 > Sub {_
e.g. NaBH, OH

endo-peroxide

+ 0. di-oxygenase | reductase
2 O ﬂ

(He] cis-glycol

/N
&

dioxetane



Cys

Cys |

Dioxygenases
Fe-S Cluster Enzymes

d O,
Cys Cys, 'L
e :
Fe—
A 1 Fast
Cys S—F - R
e ,/Fe""Gys '
~fe S :
Cys A
24
[4Fo-4S] Fe
Active [Of i
HEDE
b 4[4Fe-4S]?* + O, + 4H*

Cys,
Fe—S Slower C
/ ys., S _ .~Cys
gL 1 — FeFe
—Fe., : - \,S.-' ~
|/~ /Fcys 1 Cys Cys
’,FE—S i
Cys \ 4
Fed+*
[3Fe-4S] [2Fe-29]
EPR-detectable 252 Inactive
intermediate

— 4[2Fe-4S]?* + 4Fe?* + 4Fe® + 852 + 2H,0



Dioxygenases
* Aryl dioxygenations

A R R
di reductase + JOH
i-oxygenase 0
v anal (5 Sauy S
\ A

‘gt A dihydrodiol
furth rinngc?ea:::ge H  dehydrogenase
urther i £ 2
metabolism < /\
N-""OH  NAD(P)* NAD(P

* Commonly NADH

deficient mutant



Dioxygenases

Aryl dioxygenations

Toluene Dioxygenase
(TDO)

/

Naphthalene Dioxygenase

(NDO)
Biphenyl Dioxygenase

(BPDO)



Dioxygenases
« Aryl dioxygenations

®

anti

®
S¥n

OH

prodiastereotopic plane

r
2 Ly
@06

anti | syn

proenantiotopic plane

-
R®=H + SOH
el
o
X NoH

___| Pseudomonas sp.
mutant 1

2
R pOH Ho, PAC. v, OH
"—'—m—)'
"OH e 'OH

R R®
H, Me, Et, n-Pr, i-Pr, n-Bu, -Bu, Et-O,
n-Pr-O, Halogen, CF3, Ph, Ph-CH,, Ph-CO, H
CH,=CH, CH»=CH-CH,, HC=C.
F, Me I
oxidative cleavage ’ ‘ﬁ
o sigmatropic
[4 +2] cycloaddlﬂons rearrangements
[2 + 1] OH
2 +2] 3 ,
[2 + 3] cycloadditions
[2 + 4] 25

oxidation, electrophilic addition



« Aryl dioxygenations

Dioxygenases



Dioxygenases
* Ipso-Aryl Dioxygenases

\H
@\ A eurmphusr r\ many diverse synthetic
CO-H

scale: \_/EACDEH starting materials

20
TBSO""

H CDECH;;
TBSO




Dioxygenases
Alkene cleavage

C) lignostilbene-a-p-oxygenase (LSD) from S. paucimobilis
OMe

oH H OMe
OH
“ ‘ LsD1,0; @o — ﬁ
‘ buffer, pH 8.5 HO
HO OMe H

10 %v/v MeOH
30°C

OMe
D) stilbene-a-p-oxygenase (NOV, and NOV,) from N. aromaticivorans

OMe  NOV1/NOV2 H
300 mM NaCl HO OMe
HO S 10 mM Na-ascorbate (@]
OH 0.5mM FeSO,, 0; + o
buffer, pH 7.2, 30 °C OH
OH H

Sminto12 h

OH

(1 mM)
E) isoeugenol oxygenase
H
N isoeugenol oxygenase, o
02
HO buffer, pH 7.0 HO
10 % (v/v) EtOH
OMe 30 °C, 10 min OMe

isoeugenol



=
o
= =
= m i 2N
= [ L @
g2 £9 o =3
Ly =] o
T = =
= o O
w B o™ = R
— - 4 —
af e o '-fnw-f-
vt [
et
st o
aantt® o

3.27

Tri-nuclear cluster

OS(n+1)+

0
&)
=
>
N
C
LL
(@)
=
=
©
=
-
O
Q
-]
@

Laccases



Laccases
Enzymatic radical chemistry

Tyr(495)  RCH,0H  RCHO _©_Tyr(495)
/©/ His >_< H|s His
— NH =

— _NH

~=N ) N=- C(L)/NJ
H,0” S0—<T>—Tyr(272) S0—<T>—Tyr(272)
S¥Cys(228) H S cys(228)
H20, y

OH O.

laccase

<

02 Hzo



Laccases
Enzymatic radical chemistry

0, éﬁr .

Laccase

[R] [O]

A

Laccase



Laccases

Enzymatic radical chemistry o
0.
O‘x
Co-Cp Cleavage - % |
o | o Ma B ]
<|:H3 OH Oj s
Syringaldehyde M

1-(3,5-dimethoxy-4-
ethoxyphenyl)-2-hydroxyethanone

OH

Alkyl aryl 72

o}
o] | i \CHS | |
H
e /“‘\\CHS SC\_O,/’
|

o o} CH
HSC’”O G e 3

1-(3,5-dimethoxy-4-ethoxypheny])-

2,6-dimethoxy-p-benzoquinone
3-hydroxypropanal ¥°P "2

1-(3,5-dimethoxy-4-hydroxyphenyl)-
2-(3,5-dimethoxy-4-ethoxyphenyl)

propane-1,3-diol
Ca oxydation

H.c—C
1—(3,5—Elimethoxy—él—h}rdroxyphenyl)—}{?),5—
dimethoxy-4-ethoxyphenyl)-3-hydroxypropanone



Addition Reactions

* Lyases: addition of small molecules (H,O, NH; etc.) across
C=Cor C=0

o Oxynitrilases == cyano hydrin formation
e Fumarases = water addition across activated double bonds

 Haloperoxidases - halogenations / dehalogenations
(no true lyases)



Biocatalysis

Addition Reactions

HO CN

>

commercial

. N HO. CN
° Oxynrt”lases R—oxynltrltasl L2
RZ=H, Me R
O HCN
R‘t)'l\RZ
R%=H NC. OH

e o] S-oxynitrilase g
in situ )J\ " HCN s
Table 14.7-1.  Oxynitrilases available for organic synthesis.
Plant Enzyme Natural substrate Substrate acceptance Stereo-

availability for syntheses selectivity
Prunus amygdalus Almonds (R)-Mandelonitrile All R" and R? (R)
Linum usitatissi-  Flax seedlings  Acetone cyanohydrin  Aliphatic aldehydes | (R)
mum overexpression  (R)-2-Butanone cyano-  and ketones

hydrin
Sorghum bicolor ~ Millet seedlings (S)-4-Hydroxymandel- ~ Aromatic aldehydes | (S)
onitrile

Hevea brasiliensis  Rubber tree Acetone cyanohydrin ~ All R and R? (S)

leaves overex-

pression
Manihot esculenta Manioc leaves  Acetone cyanohydrin ~ All R' and R? (S)

overexpression




Addition Reactions

Oxynitrilases

OH
F{1/LCOQH
HY/Ho0
oR® 3
ord H'R™-OH
R!
0
R*=H
LiAIH 4
4 1R -MgX R = protective group
oR? oR® oR®

NH-R® ‘RS'NHZI Ho 3 4 reduction H
¥ 4



Addition Reactions
Water/ammonia addition

H
¢ Re
lyase
+ HX H Bt
HO,C, B - @J___-[‘A
é—\A - HX HO,C X

— Activated double bond
— anti-mechanism
nucleophile si-face, proton re-face



Addition Reactions

 Haloperoxidases
haloperoxidase

substrate + H,0, + X + H -

— No lyases

hal-product + 2 H,O

— Halide generates electrophilic halo species upon consumption of H,O,

— terrestrc organisms (e.g. fungi): X = Cl
marine organisms (e.g. algae): X = Br
— Usually broad substrate profiles
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Nitrogen Transfer
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Nitrogen Transfer

e Transaminases
— Kkinetic resolutions
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— deracemizations
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Nitrogen Transfer 0 . NH,
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Addition Reactions

« Aldolases
Group Donor Acceptor Product
(Nucleophile) (Electrophile)
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@: phosphate ,E‘S = new C-C bond * = newly formed stereocenter



Addition Reactions
 Aldolases — mechanisms
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Addition Reactions

Aldolasen
— DHAP dependent aldolases
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Fructose-1,6- d|phosphate Fuculose-1-phosphate

aldolase aldolase

best studied

.\
DHAP-donor o)
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overexperession systems for various enzymes available
(otherwise difficult to isolate)

phosphate group can be utilized upon product isolation via ion
chromatography



Glycosyl Transfer

« Synthesis of complex oligosaccharides
— conventional: protecting group chemistry

 Gycosyl Transferases:
— biosynthesis of oligosaccharides

— activation of sugars by phosphorylation
mono-/diphosphate at anomeric center

— high specificity for substrate
— high specificity for type of glycosidic bond
e Glucosidases:
— hydrolytic sugar degradation == low selectivity
— production of mono-/oligosaccharides from polymers
— glycolysis & glycogenesis in all organisms



Glycosyl Transfer

o Synthesis of oligosaccharides

nucleoside nucleoside glycosyl
kinase transferase diphosphate  transferase
sugar > sugar-l-phosphate7—> sugar = poly-sugar
(NDP) / \
— 3-step process uTp donor  acceptor  ypp

« phosphorylation by kinase
 introduction of leaving group (NTP) by nucleoside transferase == Donor

« condensation with acceptor (mono-/oligosugar, protein, lipid)
by glyoxyl transferase

— high substrate specificity = many enzymes in organism
(100+ biocatalysts identified)

— Problems
 availability of sugar-1-phosphates
solved by recombinant kinases

 availability of glycosyltransferases
unstable membrane bound multi-domain enzymes, low in-vivo conc.
solved by recombinant cloning

* inhibition by UDP
w= iN-situ recycling of UDP (conc. needs to be low)



Glycosyl Transfer
 UDP-Galactosyl (UDP-Gal) Transferase

best studied enzyme

1-4 connection

donor highly specific Gal

acceptor specificity more promiscuous

Acceptor Product
Glc-OH B-Gal-(1—4)-Glc-OH
GlcNAc-OH B-Gal-(1—4)-GlcNAc-OH

B-GlcNAc-(1—4)-Gal-OH B-Gal-(1—4)-B-GlcNAc-(1—4)-Gal-OH
B-GlcNAc-(1—6)-Gal-OH B-Gal-(1—4)-B-GlcNAc-(1—6)-Gal-OH
B-GlcNAc-(1—3)-Gal-OH B-Gal-(1—4)-B-GlcNAc-(1—3)-Gal-OH




Biocatalysis

Glycosyl Transfer
* N-Acetyllactosamine Production
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1 galactosyl transferase
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@: phosphate

UDP = uridine diphosphate

4 phosphoglucomutase
5 inorganic pyrophosphatase
6 UDP-galactose epimerase

UTP = uridine triphosphate
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Applications in Medicinal Chemistry
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Applications
Cytostatics
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Third Generation: Synthetic
HMG-CoA Reductase Inhibitors

Applications
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Third Generation: Synthetic
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