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THE “WAVES™ OF BIOCATALYSIS

Quality
of tools

The fourth wave is now!

4th wave:

Ultra-high-throughput screening,

Al and machine learning,

Metagenomics and advanced genome editing,
New materials

LIOIJBLLIOJUI
oiseg

First wave Second wave Third wave

OH

OH
_/m*}-f'l‘cw HG., o~ _aNH; 'D"j\\‘
L‘v_.-__;‘.-ﬂ L EI\.J'/I"‘\/J“-'DH

Reproduced from Nature 2012, 485, 185-194.

15t wave: >100 years ago, Use of microbial strains, plant or animal tissues (“black box” biocatalysis)
2"d wave: 1980s, Revolution in gene technology (recombinant enzyme expression, site-directed mutagenesis, enzyme immobilization, etc.)
3rd wave: 1990s, Enzyme (protein) engineering (directed evolution, bioinformatics, computer modelling) 2



HIMSBircat
NATURAL EVOLUTION AS THE FOUNDATION FOR DIRECTED EVOLUTION OF ENZYMES

Directed evolution (Iterative process like natural evolution)

Progenitor enzyme
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HIMSBircat

DIRECTED EVOLUTION OF ENZYME: A NON-RATIONAL ENZYME ENGINEERING METHOD
Iterative process (like natural evolution): the best mutated enzymes are used as a template for the next

generation of further improved enzymes
Parental gene

Best vari int for the

next rou sis
Random mutagenesis

Recombination
Improved variants are

checked closer

Mutant genes

Frances H. Arnold
The Nobel Prize Chemistry 2018

Search for desired variant using

\ Prize motivation: Expression
| “For the directed (E. coli) high throughput
.-;-‘f evolution of enzymes" screening/selection systems
Variants
Prize share: }; ,
Collapse the time of natural evolution from millions of years to months or weeks

(shared with G. P. Smith & G. P. Winter)
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HIMSBircat
STRUCTURE-GUIDED ENZYME ENGINEERING (A SEMI-RATIONAL APPROACH)

It tries to combine the best between directed evolution and site directed mutagenesis.

At least, knowleadge of enzyme 3D structure is required. v /A
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THE 4™ WAVE OF BIOCATALYSIS

HIMSBircat

* Reducing the time (and costs) needed to engineer a biocatalysts

* Expand the number of enzymatic reactions that can be used for chemical synthesis

* Create new-to-nature enzymatic activities
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DESIGN
(In silico)

Cycle Number

biocatalyst
improvement

Shorter time required for each cycle
Larger improvement for each cycle
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. HIMSBircat
THE 4™ WAVE OF BIOCATALYSIS: ANCESTRAL SEQUENCE RECONSTRUCTION (ASR) AND BIOINFORMATICS

Ancestral sequence reconstruction Bioinformatics, metagenomics
Early life on Earth was more hostile to microorganisms Example: the metagenomic sequence space of amine
(Hypothesis: promiscuous but also more stable enzymes?) dehydrogenases
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Reproduced with permission (CC-BY) from Nat. Commun. 2024, 15, 4933.



. HIMSBircat
THE 4™ WAVE OF BIOCATALYSIS: ADVANCED COMPUTATIONAL TOOLS, Al AND ML

The Nobel Prize Chemistry 2024

Computational de novo protein design

Direcied
ewolution

D novo
protein design

Prize share: %5

Prize motivation: Prize share: % each
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for computational Prize motivation:
. . ”
protein design “for protein structure J
prediction" Fredictan ) Crystal structure



. HIMSBircat
THE 4™ WAVE OF BIOCATALYSIS: ADVANCED COMPUTATIONAL TOOLS, Al AND ML

The Nobel Prize Chemistry 2024 AlphaFold: an ML-, neural network-based method to predict protein structures with
atomic accuracy even when no similar structure is known

Demi Hassabis John M. Jumper
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. HIMSBircat
THE 4™ WAVE OF BIOCATALYSIS: ADVANCED COMPUTATIONAL TOOLS, Al AND ML

The Nobel Prize Chemistry 2024 Comparing directed evolution with and without machine learning
) ’ il Unimproved variants b o
Parent Mutagenesis (tL y )Sceelnre t I O n
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Parent gene
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MOST COMMONLY USED BIOCATALYTIC REACTIONS IN THE PHARMACEUTICAL INDUSTRY HIMSBi~cat
(DESCENDING ORDER)
Hydrolases Penicillin G acylase Alcohol dehydrogenases
)O]\ hydrolase j\ X 9] KRED, OH
R TOR TR OXR HL YR ", HL OH QL 2L
+ + R R' R" KRED, R R
R"XH ROH R = Ph, OPh NAD(P)*
Y =0, NH
R"XH = water, alcohol, 1°and 2° amine R' = variable
Transaminases Ene-reductases Nitrilases
O NHz R"l ERED H Rl'll CN O OH
b ATA, PLP B NAD(P)H N WG NIT j\”
' " ' " EWG =< ~ R"
RTR =7 N R "R R")\j:. = /H$(R' R'/I\R — R”“OR
amine donor carbonyl byproduct
EWG : NO, > CHO > COR > CO,R >CN
Epoxide hydrolase Aldolases Amine oxidases
R
EH (KR OH DERA R
V\ I\g —0 O _oH NH, MAO, O, NH NH,
o —— o L, - 5 o=y B SR
R "o BH3.NH
EH (SC OH pyruvate OH

HO\/'\ only

R O aldolase
\/% Y H\:/\fo

O COH R OH CO,H

ACS Green Chemistry Institute — Pharmaceutical Roundtable
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MOST COMMONLY USED BIOCATALYTIC REACTIONS IN THE PHARMACEUTICAL INDUSTRY

HIMSB

cat

Baeyer-Villiger monooxygenases

Amino acid dehydrogenases

Ammonia lyases

O BVMO, NADPH, O (0]
? NH rietd 0 RJ\COzH lyase NH,
MR DI R7COH = | R-coH |~ R "COH " COzH
- NH
BVMO, NADPH, O, 5 .
/S"\ = /St
Ar R Ar R
Imine reductases Nitrile hydratases
Alcohol oxidases _ IRED, R™
Galactose R\fo R NAD(PH . R U_N. nitrile
OH oxidase, 0 r | HN.,, ' R CN hydratase Ol
OH O Cu, OH IRED, R -
HRP, catalase‘ (\9\) NAD(P)H (\91“ =& R R’ R
. n -
HO "OH HO ‘OH N~ R N™ "R
OH OH
Hydroxynitrile lyases Carboxylic acid reductases Hydroxylases
hydroxynitrile CAR, Hydroxylase S
j) lyase OH O ATP, NADPH 0] 0,, Fe(ll)
o - _ - (- (-
R HCN RN R OH R™H N~ ~COH > COH
H o-ketoglutarate, H

ascorbic acid

ACS Green Chemistry Institute — Pharmaceutical Roundtable
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SYNTHESIS OF CHIRAL AMINES AS INTERMEDIATES FOR APIS

HIMSB

cat

Top 200 Small Molecule Drugs by Retail Sales in 2022

Compiled and Produced by Ryan E. Williams from the Njardarson Group (The University of Arizona)

Sardires

e

17 Tagee

77 out of the “Top 200 Small Molecules” contain an a-chiral amine moiety

Compiled by Njardarson Group (The University of Arizona)

1 Paxlovid

(Ritonavir/Nirmatrelvir)

$18.933 Billion

Infectious Diseases

23 Januvia
(Sitagliptin)

$2.813 Billion

13



HIMSBircat
AN EXAMPLE FROM OUR RESEARCH: SYNTHESIS OF a-CHIRAL AMINES

regeneration

V
NH;  H)O NADH NAD"

o] U N NH U N NH,

Rz/U\R1 - Ry™ "Ry Rz/J‘\R1

APIs

Biocatalytic methods using amine dehydrogenases (AmDHs)
(i) one-step synthesis of a-chiral amines through the reductive amination of prochiral carbonyl-compounds

(ii) mild reaction conditions

(iii) chiral amines with an excellent optical purity are obtained
14



HIMSBircat
ASYMMETRIC REDUCTIVE AMINATION USING AMINE DEHYDROGENASES (AmDHs)

From L-a-amino acid dehydrogenases to give ”(R)-selective AmDHs” (Bommarius)

Ké66or K68 orK77 to S enzyme
0 . NH2 engineering
. OH , WT OH ‘ )k englneered' i
AADH ~AmDH RT°R

N262 or N266 or N276 to L

From e-L-lysine dehydrogenase (LysEDH) to AmDHs

® ®
. I§H3 8 NAD" o A 8 H,O -H,0 O\ o
H3N H,N~ \ﬁ C/O
NADH NH; spontaneous H 6
1 b cyclization

LysEDH catalyses the formally irreversible oxidative deamination of the e-amino group of L-Lysine

15
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HIMSB

AN ALTERNATIVE STRATEGY TO ENGINEER AmDHs: E-DEAMINATING L-LYSINE DEHYDROGENASE

Geobacillus stearothermophilus s-lysine dehydrogenase! (LysEDH) catalyses the irreversible oxidative deamination of

the e-amino group of L-Lysine
) ®
NH; o NAD* NH
O

@ <
H3N/\/\/T
1b
Initial activity test (reductive amination)

O%\/\/\g/OH

w-oxo hexanoic acid

NADH

95% conversion

hexanal heptanal L
no act|V|ty
NP PP
\ 2-heptanone 2-octanone j
@ @ @ no activity
\acetophenone chromanone tetralone

® =8
HZNN\/\g

®
H,O - © -H,0 o)
2 @)
o S ~e-C
NH; spontaneous H i
1a cyclization

its natural

of LyseDH containing

Homology model
substrate

Ala
Gly

16

V. Tseliou, T. Knaus, M. F. Masman, M. L. Corrado, F. G. Mutti, Nat. Commun. 2019, 10, 3717.



HIMSBircat
TESTING OF LE-AmDH-v1

O
HOJJ\/\/\é O \/\)J\ /\/\)—k
c. >99% c. >99% c. >87% c. 10% c. >99%
e.e. n.a. e.e. >99% (S) e.e. 99% (R) e.e. 99% (R) e.e. >99.9% (R)
O 0 0 o) O O
sadiieae solis S NGNS
O /\)J\
c. >99% c. 87% c. 36% c. 79% c. 82% c. 73% c. 86%
e.e. >99.9% (R) e.e. 99.8% (R) e.e. n.d. e.e. >99% (R) e.e.99.4% (R) n.a. e.e. 89% (R)
C. 76% c. 99% c. 99% c. >99% c. 47% c. >99% c. >99%
e.e. 97% (R) e.e. 99.8% (R) e 99 7% (R) e.e.99.8% (R) e.e.>99% (R) n.a. e.e. 99% (R)
V. Tseliou, T. Knaus, M. F. Masman, M. L. Corrado, F. G. Mutti, Nat. Commun. 2019, 10, 3717. 17

F. Mutti, V. Tseliou, T. Knaus, M. F. Masman, WO 2020165417, 2020.



THERMAL STABILITY OF LE-AmDH-v1

HIMSB
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Melt Curve
T EPT room temp.
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_ | Y o 100 p——————————a =
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t E T E
E | !l l = a ! ] : | I . 1 4 | | "
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¢ I
:'g -7O000.0 |I |
Il
-80000.0 || | ’\; 100 §
[ = J
H z z
-110000.0 f | % 60 —a— Batch A-1 %
v © 49 --BatchA2 ©
i\ S 1 ——Batch B-1 ©
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' . i ] Batch C =
'\.' E 0 @
T T T 1T v 1T ¥ 1T 1T 71
250 350 450 55.0 85.0 750 85.0 05.0 0 1 2 3 4 5 6 7
Temperature (°C) .
o time (d)
Tm =69 °C

V. Tseliou, T. Knaus, M. F. Masman, M. L. Corrado, F. G. Mutti, Nature Commun. 2019, 10, 3717.
F. Mutti, V. Tseliou, T. Knaus, M. F. Masman, WO 2020165417, 2020.
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HIMSBircat
KINETIC RESOLUTION WITH LE-AMDH-Vv1

H,O NH,
rac-1a 2 LE'Ame - 1b i + (S)1a N2
O T e OO
100 mg, 50 mM ‘\ J 43.6% isolated yield
H,O = 0 >99.2 % ee (S)
Substrate Time (h) Conv. (%) ee

, NH, o 1a 24 49.8 >99.3 % (S)
2a 48 49.7 >99.2 % (S)
4a 24 50.3 >99.4 % (S)
sa MMz ga NH2 7, NH, 5a 24 49.4 >99.5 % (S)
@ @ @ 6a 24 49.8 >99.3 % (S)
© 7a 24 50.4 >99.6 % (S)

V. Tseliou, T. Knaus, J. Vilim, M. F. Masman, F. G. Mutti, ChemCatChem 2020, 12, 2184-2188. 19



HIMSBircat
AIl-ASSISTED ENGINEERING AND MICRODROPLET SCREENING FOR RAPID PROFILE OF BIOCATALYST

Exemplified for engineering of imine reductases (IREDs)

A - [GATCECT
__ 0 oo . [GAYCACTY
000 g =~ ™mmem < gl > coo
- tgeteren- Map Extrapolation
. . Fitness scores -
Screening UMI Counting UMI counts Position
droplet microfluidics NGS o 2
Library cloning =
epPCR + barcoding C) 2 week turnaround g § /
UMI-to-sequence matching — o
Wild type long-read sequencin ctionary — 1 .
. ocR , i i UMI identity OOC0Em o
® | UMI | Mutations Fitness 45? -Q*@- ) )
S— | \ Nanopore P110A &< \d
EACTIC - X * - Qequemh'lg ECETEEE \Wild type <Q
umi Varant s iation SRR WS35 A210T
C E

g, |3n 5 5[ r=082,p<0.001 (n=14)
= = .
g = 1
= g o * et
R 2 A

U030 035 040 GAS 050 055 060 D030 035 046 045 050 055 080 g -

WST-1 concentration [AU] F-05 «
High-quality : .
N igh-quali
Dictionary fitness scores g y

Lbrary | .go,000  Active | 10,905 4 3 2z 1 0 1

Unique Log fitness score (IrDMS)

varnanis 29,341 Inactive 6,238

M. Gantz, S. V. Mathis, F. E. H. Nintzel, P. J. Zurek, T. Knaus, E. Patel, D. Boros, F.-M. Weberling, M. R. A. Kenneth, O. J. Klein, E. J. Medcalf, J. Moss, M. Herger, 5
T. S. Kaminski, F. G. Mutti, P. Lio, F. Hollfelder, bioRxiv 2024, DOI: 10.1101/2024.1104.1108.588565. [University of Cambridge, University of Amsterdam]



CATALYTIC CASCADES

HIMSB

cat

Traditional concept of chemical synthesis

[ Reaction 1 ]

Crude mixture l

[ Work-up 1

Waste, energy
consumption

Purified intermediate I
product 1

|
oy
|

Crude mixture l

[ Work-up 2

Purified intermediate
product 2 ‘

Waste, energy
consumption

Cascade chemistry

ot
l

=D
|

[ Reaction 3 ]

Reduced waste generation,

save time and money

Requirements:

1. Compatible catalysts
2. \Very selective catalysts

21



EXAMPLES OF BIOCATALYTIC CASCADES TO AMINES AND AMINO ALCOHOLS

HIMSBircat

@ @ R3-NH, H-0 3
i ADH R ?\H 0 w N R
R emen "N e . - RITR

©o =@ §
”M\IL  NADH-ReCy Rﬁ
R2 "R3

RZ* RS

NADQ/ .

Y

.R?

HN
- /

O
Q 1
> R
~ " o, |
NADH R2 R3

O
T

PN

R2

R4
HN

: Alcohol dehydrogenase &

: Amine dehydrogenase or Reductive aminase

: Ene-reductase

22



HIMSBircat
ASYMMETRIC HYDRIDE-BORROWING BIO-AMINATION OF ALCOHOLS

Elevated atom efficiency, chemo- and stereoselectivity. Enantiomeric excess >99% (R).

15t generation: isolated enzymes 2"d generation: co-immobilised dehydrogenases
OH NH, e

R/s\R' R/s\R-

1a-g NAD* 3ag

H,O
ADH NADH AmDH
O NHg / NH,"
e
2 a-g

4‘
S
8 —@— amine
‘D —A— alcohol
’qj —@— ketone
= For each cycle:
8 4 » TON ADH = ca. 2700
0 20 40 60 80 100 120 « TON AmDH = ca. 900
time (h)
F. G. Mutti*, T. Knaus, N. S. Scrutton, M. Breuer, N. J. Turner*, Science 2015, 349, 1525 — 1529. 23

W. Béhmer, T. Knaus, F. G. Mutti, ChemCatChem 2018, 10, 731-735.



HIMSBircat
BIOCATALYTIC HYDRIDE-BORROWING CASCADE FOR ALCOHOL AMINATION IN THE INDUSTRY

Example for the chiral synthesis of LSD1 inhibitor GSK2879552 (by GSK)

ael<ae saaeVsag

pH 7.0 KPi buffer, DMSQO, 30 °C

20g L _
>99% ee
ADH (100 wi%) IRED (20 wi%)
NADPH
"’NH3
20 gL
329 g scale
2 4 equiv
M. Schober, C. MacDermaid, A. A. Ollis, S. Chang, D. Khan, J. Hosford, J. Latham, L. A. F. Ihnken, M. J. B. Brown, D. Fuerst, M. J. Sanganee, G.-D. Roiban, 24

Nat. Catal. 2019, 2, 909-915.



HIMSBircat

REGIO- AND STEREOSELECTIVE MULTI-ENZYMATIC AMINOHYDROXYLATION OF B-METHYLSTYRENE

Cascade 1

X

>

OH

*
*

NH,

Cascade 2

a o,

18,2S-2

*

2

*

OH

OH
; NH; H,O .
ADH AmDH %
NH,

N " 4
tr'an:IS- or NADH NAD* . 1S.2R-3 NAD* 1S,2R-5
o Nl . 1s2r2 H0 1R,25-3 ~ NADH 1R,2R-5
HCOO EOn > HCO; 1R,2R-3
N Y y
Step 1 Step 2 _ _
Substrate _ . Combined Yield [%] er [%] dr [%]
Isolated Yield [%] Isolated Yield [%]
trans-1 85 74 63 (1S,2R-5) >99.5 :<0.5 98 : 20l
cis-1 79 74 59 (1R,2R-5) >99.5: <0.5 >99.5: <0.5

M. L. Corrado, T. Knaus, F. G. Mutti Green Chem. 2019, 21, 6246-6251.
M. L. Corrado, T. Knaus, F. G. Mutti, ChemBioChem 2018, 19, 679-686.

25



HIMSBircat
REGIO- AND STEREOSELECTIVE MULTI-ENZYMATIC AMINOHYDROXYLATION OF B-METHYLSTYRENE

m ADH AmDH
1S,2R-3 T—NAD 1S,2R-5
1R,2S-3 = NADH 1R,2R-5
1R,2R-3

k 15,25-3

Progress of representative alcohol amination
(from 15,25-3 to 1S,2R-5) > 100 mg scale

100 p—l 100
< 80 A (80
5 601 / 60
!‘;’ 40_— —@— conversion _'40 o
S 204 ~0-182R5  [9g 2
g 1 p |
o-—F——— — 10
0 10 20 30 40 &0
time (h)
M. L. Corrado, T. Knaus, F. G. Mutti Green Chem. 2019, 21, 6246-6251. y

M. L. Corrado, T. Knaus, F. G. Mutti, ChemBioChem 2018, 19, 679-686.



REGIO- AND STEREOSELECTIVE MULTI-ENZYMATIC AMINOHYDROXYLATION OF B-METHYLSTYRENE: HIMSBi~cat
AN ALTERNATIVE NETWORK
s o D
N \/ [ ] WE
Ok ® e ’
trans1or NADH NAP (1S,29)- 220r H,O (15.2R) g grgg é,o/ Zr >ggg Cascade 1
crs- (1S.2R)- (1S,25)-3: 67'=0.9%, ar>
i i er >99.5%; dr >99.5
\ HCO, % HCO, 82332 er99%;  dr>99.5 J
/ Step 2 \
Bs-BDHA or stereocomp. 5
(1S.2R)" (1R2R)-5
Ls-ADH OTAs er >99.5% r>99.5%
[ ] dr 98% Zr>99 5% Cascade 2
/ \ All  four possible
NH,/NH," .
NAD NADH alanine  pyruvate ©)\/ stereolsomers were
Bs-AlaDH ©/\/ obtained
(1S,2S)™ (1R,2S)-5
(128550 565k,
k H,0 dr 96% dr >99.5% /
Substrate Step 1, Yield [%] Step 2, Yield [%] Combined, Yield [%] er [%] dr [%]
trans-1 86 83 71 (1S,2S-5) >99.5:<0.5 97:3
cis-1 70 75 53 (1R,2S-5) >99.5: <0.5 >99.5: <0.5
27

M. L. Corrado, T. Knaus, F. G. Mutti, ChemBioChem 2021, 22, 2345-2350.



HIMSBircat
HIGH YIELD SYNTHESIS OF 1,2-AMINO ALCOHOLS FROM L-PHENYLALANINE
Linear and divergent enzymatic cascades i 1 <
OH __ ©/J\OH 1.
NH,
v Renewable substrate L1 2
OH v High atom efficiency Pot A, sequential I
v Access to all enantiomers 0
v High selectivity m
L- Phenylalanlne NH, OH -
©){,OH C[)QNHZ l
{ @/\\} Pot B, sequential OH OH
2-Phenyl- Phenyl- @/RGH oH
glycinol ethanolamine s ©/{s:
Styrene P
.= — |
t'qE.
;f’*n% 0,.,H I OH DH;D ?”,o
i Q)»OH s i
&0 e
1-Phenylethane- o / \ l l
1,2-diol NH, NH,
saiiend Ieaalicns
()97 (A7 (R)-9
Overallisolated Overallisolated
yield 61%, ee >99.4 yield 69%, ee >99%
Pot C, concurrent Pot D, concurrent
28

M. L. Corrado, T. Knaus, U. Schwaneberg, F. G. Mutti, Org. Process Res. Dev. 2022, 26, 2085-2095.



HIMSBircat

ERED-IRED CASCADES: ACCESS TO PRIMARY, SECONDARY AND TERTIARY AMINES WITH TWO STEREOCENTERS

Xeljanz® by Phizer
{Tofacitinib)
Approved, commercial

{Teneligliptin)

\N/

OH

Nucynta® or Tapenta® by Janssen Pharmaceuticals;
Palexia® or Yantik® by Griinenthal GmBH; Tapal® by
MSN Lab_; Aspadol® by Signature Pharma
{Tapentadol)

Approved, commercial

NH

Entresto® or Azimarda® by Novartis; Neparvis® by Cipla

{Sacubitril)
Approved, commercial

EtO

T. Knaus, M. L. Corrado, F. G. Mutti, ACS Catal. 2022, 12, 14459-14475.

Approved in Japan, commercial
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Glenmark Pharmaceuticals
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Tenelia® by Mitsubishi Tanabe Pharma Clinical phase Il
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N HII"
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N .
-~ 8 OHN
O
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NH
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NN
Cl
Lixiana® by Daiichi Sankyo

{Edoxaban)
Approved, commercial

Brinavess® by Merck Sharp & Dohme,

Cardiome Pharma Corp.
{Vernakalant)
Approved in EU, commercial
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o NH5 or R>-NH,

b BT

2
HO R

=

1a
NADPH NADP* T TR (1S.3S) or (1S,3R) or
example (Syor(Ry1b (1R3S)or (1R 3R c-h
FDH
> 2 HCOy

2 HCOO"
a p-Unsaturated ketone substrates

oY AT

Amine donors
H NH
N\ N 2
Dhys NH ¢ 3 A \/\NHz \NHZ
d1 d2 d3 d4 ds dé
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ERED-IRED CASCADES: ACCESS TO PRIMARY, SECONDARY AND TERTIARY AMINES WITH TWO STEREOCENTERS

HIMSB

cat

[

conv. up to >99%
d.r.upto>99.9:<0.1
e.r.upto99.4:<0.6

conv. up to >99%
d.rupto99.0:1.0
e..upto99.8:0.2

conv. up to >99%

15, 3R 1d d.r.upto99.9:<0.1
( r e.r.upto98.8:1.2

conv. up to >99%
drupto98.6:1.4
e.r. up to>99.9:<0.1

NH, \

'u,,/ % O O O «\%
Ac Ac
(15, 3R) YqjM-v1 OYE2 (1R, 35)
IRed ~———— — IRed
o, HN"
,/c,\’\’b R)1b 1a ORI
sq%

(1R, 3S)- 1y

-

-

4a

\e\’b
\s\”?/(
(0] (0]

conv. 47%
SNH  d.r.upt099.4:0.6

/\H\ e.r. up to >99.9 : <0.1

4d
(25,35)- § k& conv. 90%
NH,

1,
>

\_

S

NH, (2R3S)4e

conv. up to >99%,
(25,35)-4¢ d.r.upto 98.6:1.4
| e.r.up to >99.9 :<0.1

dr.upto98.4:1.6
e.r. up to >99.8 : <0.2

~

/

T. Knaus, M. L. Corrado, F. G. Mutti, ACS Catal. 2022, 12, 14459-14475.

conv. up to >99%
d.r.upto97.0:3.0
er.upto98.6:1.4

O
TOYE2
—
2a
X7
NH,

\\\\\
S

conv. up to >99%
~ drupto96.9:3.1
e.r.upto99.0:1.0

(1R, 3R)-2¢€
k (1R, 3R)-2d /
conv. 44%
o d.r.upto95.0:5.0
Q $‘e\/"°r e.r.up to >99.0: <1.0
_ovez_ IR (1R.38)-3¢
ed ’
SNH
3a (S)-3b N@/A conv. up to >99%
s d.r.upto98.9:1.1
e.r. up to >99.0:<1.0

N\




ERED-IRED CASCADES: ACCESS TO PRIMARY, SECONDARY AND TERTIARY AMINES WITH TWO STEREOCENTERS

HIMSB

cat

()
N
80
Ef; 60 -
ke] 1e
@
@
Z 40
8
20
() @) 3) (4) (5)
YqgjM-v1  YgiM-v1  YgjM-v1 OYE2 QOYE2

+IRED-30 +IRED-5 +IRED-10 +IRED-32 +IRED-14

B 1x3R) [ 1(1Y,3R) [ (1x,3S) I (1Y,3S)

[ (other stereoisomers)

100 -

801

60 1

401

conversion (%)

204

(10) (11) 12) (13)
YqjM-v1 YqjM-v1 OYE2 OYE2
+IRED-30 +IRED-10 +IRED-15 +AspRedAm

B (1x.3R) 1 (1v,3R) [ (1x,35) [ (1Y.3S)

[ (other stereoisomers)

100+
HN"
80
&£ 601
& 1f
2
€ 401
o
20
®) @ ®) ©
YqgjM-v1 YgjM-v1 QOYE2 QOYE2
+IRED-20 +IRED-10 +IRED-15 +AspRedAm

B (1x,3R) [ (1v,3R) [ (1x,35) I (1Y.3S)

[ (other sterecisomers)
100 -
80+

conversion (%)

(14)

YajM-v1
+IRED-20
(15)
YjM-vt
+IRED-30
(16)

YajM-v1
+IRED-10
(17)

ovE2
+Sp(S}RED

(18)
OYE2
+IRED-15

(19)
OYE2

+IRED-25
(20)

OYE2

+AspRedAm

I (1x3R) [ 1(1Y,3R) [ (1x,35) (M (1Y,39)

[ (other sterecisomers)

T. Knaus, M. L. Corrado, F. G. Mutti, ACS Catal. 2022, 12, 14459-14475. 31



ANOTHER HYDRIDE-BORROWING CASCADE: HIMSBir~cat
COMBINING ALDEHYDE DEHYDROGENASES AND ENE-REDUCTASES
Aldehyde dehydrogenases Ene-reductases
O (@) O O
J ALDH _ )k R2 ERed ] R2
R N R” NOH R! -~ R
1-61a 20 NAD* 1-61b | N
2(56m|i\i/| NADH ] RS "R* NADH NAD' R3* "R?
HZOM O, v
NOx cofactor recycling

Internal nicotinamide .
H coenzyme recycling OH
Ph™ Ph
NAD(P)H + H"
R NAD(P)" Ald-DH
H,O

(1) reduction of the o

(2) Oxidation of
C=C bond /\*Q\\H carboxylic acid moiety
Ph

T. Knaus et al. Org. Biomol. Chem. 2017, 15, 8313-8325
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HYDRIDE-BORROWING CASCADE REACTION TO CHIRAL a-SUBSTITUTED CARBOXYLIC ACIDS

HIMSB

cat

H B cascade
>

95% chemoselectivity

98% ee (R)

concentration [%]
(@)
e

o/'/.
o product

substrate

175

v 100

50

side-product 1

time [h]

O O
m H-B cascade MO
HN__O ~
Cl \f Cl HN\’&O

25.

concentration [%)]
(@)
it

A ARl AREEEE v------ V|
substrate o e e

/ product _-

side-product |

3
time [h]

4 25

ee (R) [%]

H 81% chemoselectivity

>95% ee (S)

100
75
50

ee (S) [%]

T. Knaus et al. Org. Biomol. Chem. 2017, 15, 8313-8325

H-B cascade

O
« 92% chemoselectivity
>98% ee (S)

OH

100

IENE
ee (S) [%]

N
()]

o

30 40 50 60
time [min]

25.

EE— [
* product . |7 <
| 150 @
S|de—prvoIuct REE:
+— 920

1
time [h]

chemoselectivity
>95% ee (R)

33



®-TRANSAMINASES (ALSO CALLED AMINOTRANSFERASES) FOR APIS SYNTHESIS

HIMSB

cat

Examples for the use of aminotransferases (ATAs)

F

ivog

27gL
24.8 kg scale

ATA (0.4 wi%)
PLP, i PiNH,

pH 7.3 KPi biffer, 38 °C

94% yield
>09% ee

Sy

Gamma secretase inhibitor (1V)

(o)

75g L1
4 4 kg scale

ATA (1 wi%)

OH  pLP, iPINH,
H,0, pH 8.5, 58°C

o

89% yield
>99% de

OEt

Sacubitril (X)

0 ATA (20 wit%) o. *TsOH
PLP, i-PrNH
o) (0] - 0O ) "NHy
pH 9.5 borate buffer, 35 °C
then K2003
2-MeTHF, TsOH

100g L 79% yield
50 g scale >20:1dr

OPh

Nemtabrutinib (XI)

S. P. France, R. D. Lewis, C. A. Martinez, JACS Au 2023, 3, 715-735.
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HIMSBircat
TRANSAMINASES
(0 Transaminase NH,
O
HO OPO,%
|
N
Amine donor \ / >~ Ketone coproduct
Kinetic resolution Asymmetric synthesis
NH, o)
R1J\R2 ®_Transaminase, PLP R1J\R2 ®-transaminase, PLP 0.5 mM
0.5 eq aqueous buffer (cosolvent), 0.5 eq O buffer pH 7.5 / DMSO (20%,v:v) NH>
- Lo JN Y
NH / \\ NH R R’ Il / \ R R,
= 2 \ = 2
R1/:\R2 O NH2 R1/\R2 NH2 O
0.5 eq OH OH 0.5 eq )\ )J\
4 Excess Removal
0.5 eq
a) Kelly, S. A.; Pohle, S.; Wharry, S.; Mix, S.; Allen, C. C. R.; Moody, T. S.; Gilmore, B. F. Chem. Rev. 2018, 118, 349-367; b) Guo, F.; Berglund, P. Green Chem. 2017,
19, 333-36; c) Slabu, I.; Galman, J. L.; Lloyd, R. C.; Turner, N. J. ACS Catal. 2017, 7, 8263-8284; d) Fuchs, M.; Farnberger, J. E.; Kroutil, W. Eur. J. Org. Chem. 2015, ;.

6965-6982; e) Mathew, S.; Yun, H. ACS Catal. 2012, 2, 993-1001.



HIMSBircat
METAL ION AFFINITY IMMOBILIZATION OF TRANSAMINASES AND TESTS
(O]
g
3
3
100 100
;\3 1 § 100'_ : - & - EziG Fe Opal c\>\°/ 80—33 3 & EniG' Fe Ooal
S a0 5 g0 feg  sEemew | - 801D LERET
.Q; 1 .“_>” ] N ‘30\\. = 60 v A - @ - EZiG® Fe Amber
60 - N el _ 7 \ ’
5 | S 60_ X ®-----§ § | \:\\\ \\\\L
§ ol f § o §of Wl
o 14 - A - EziG' Fe Opal S | " Fo '
S 204 # - & -EziG*Fe CSraI 5 20 ‘A [ 20- .
g ; - @ - EziG® Fe Amber g 0_' A o N E ] ;
o 01 T — | E— | E— | E— | E— T o T T T T T T T T T T - 0 J T — §-====:':::F::$_
0O 20 40 60 80 100 120 0O 200 400 600 800 1000 0 1 2 3 4 )

* Quick (2-3 h), quantitative and selective
immobilization
* High enzyme loading (up to 25% w w)

time (min)

KPi buffer (mM)

W. Béhmer, T. Knaus, A. Volkoy, T. K. Slot, N. Raveendran Shiju, K. Engelmark Cassimjee, F. G. Mutti J. Biotechnol. 2019, 291, 52-60.

PLP (mM)

low KPi buffer ionic strength favours immobilisation yield
low PLP concentrations is required to achieve high immobilization yield
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HIMSBircat
BIOCATALYSIS IN FLOW (AQUEOUS MEDIUM)

25 UM PLP
NH, HEPES (250 mM, pH 7)

@O 10% DMSO (v/v)
@* Nc o*( N e @* Ej)k NG

0.2 mL min’
100 mM 55 mM back pressure: 3 bar 5.05 9’042 mmol
30 °C (water bath) 99% 616h 1
ime = 335gL" -
flow time = 96 h

Packed-bed flow reactor (L= 50 mm; d=2 mm): V =157 uL

reactor

[S], = 100 mM
10% w w! AsR-w-TA on EziG3 Fe-Amber

Total TON 110000 (in 96 h operation)
STY 0.34 kg L't h't

37
W. Béhmer, T. Knaus, A. Volkoy, T. K. Slot, N. Raveendran Shiju, K. Engelmark Cassimjee, F. G. Mutti J. Biotechnol. 2019, 291, 52-60.



HIMSBircat
ALCOHOL OXIDASES AND NEW BIOCATALYTIC REACTIONS

j)\H Alcohol oxidase JCJ)\ j)\
R1 R2 R2 if _ OH

NH; Alcohol H2O

OH }Xidase/( - ?
® 6, 2o,
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HIMSBircat
NITRILE SYNTHESIS FROM ALCOHOL, AIR AND AMMONIA!
Optimization using cell extract of GOx
CN CN CN
L i 2
- 65% (2584 TON) (p) - 54% (2158 TON) 5. (P) - 29% (1180 TON)
1c 26 (m) - 37% (1483 TON) -~ (m) - 23% (939 TON)
3¢ (0) - 70% (2820 TON) S (0) - 59% (2361 TON)
Ph~" OH ﬁ Ph—=N 4c
CN
O,  HyOy O,  HyO, _©/ @ O@/
lcatalase lcata'ase . () 6% (653 TON) '(0) 5% (2518 TON)
. O o) (m) - 22% (895 TON) 1€ () 48%(tRrd TN 14S (b m) - 43% (1726 TON)
H O+, 7 HO + 1, 7 51’8 (0) - 39% (1544 TON)12 (0) - 24% (979 TON) ~ 15¢
CN
17e '\J /10% (380 TON) ©1/0;>91
( ) - 55% (2203 TON)
18 ¢ (0)- 0% (0 TON) TON
1) J. Vilim, T. Knaus, F. G. Mutti, Angew. Chem. Int. Ed. 2018, 57, 14240-14244. 39

2) J. Vilim, T. Knaus, F. G. Mutti, WO 2020020844.
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