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& Recoarch Integrated catalysis

The combination of biocatalysis and chemocatalysis can

be more powerful than either technique alone.

C. Heckmann

Chem. Eur. J. 2021, 27, 16616 — 16620



% Recearch What we try to do:

1. Biocatalysts immobilization C—)) Increased stability and versatility
2. Integration of biocatalysis with chemical reactions C—)) Compatibility

3. Flow chemistry set up C—)) Modularity and easier transition



& Recoarch Immobilisation of the biocatalyst

Many options and variables:

1. Type of support and
functionalization

2. Type of immobilization (covalent
or not)

3. Type of chemistry

Increased Enzyme Stability
(Ir)reversible bond

Lower catalytic efficiency

Current Opinion in Chemical Biology, 2020

BIOCATALYST IMMOBILIZATI

GMQTQDYQALDRAHHLHPFTDFKALGEEGSRW THAEGVY |
HDSEGNRILDGMAGLWCVNLGY GRRELVEAATAQLEQLPY

YNTFFKTTHPPAVRLAEKLCDLAPAHINRVFFTGS GSEANDT
VLRMVRRYWALKGQPDKQWIIGRENAYHGSTLAGMSLGGM
APMHAQGGP CVP GIAHIRQPY WFGE GRDMSPEAFGQTCAE
ALEEKILELGEEKVAAFIAEPVQGAGGAIMPPESYWPAVKKV
LAKYDILLVADEVICGFGRLGEWFGSQHY GLEPDLMPIAKGL

SSGYLPIGGVLVGDRVAETLIEEGGEFFHGFTYSGHPTCAAV
ALKNLELLEAE GWDRVRDDLGP YLAERWASLVDHPIVGEA

RSLGLMGALELVADKTTGQRFDKSLGAGNLCRDLCFANGLV
MRSVGDTMIISPPLVIRREEIDELVELARRALDETARQLTQVP
HTQEEPTA

Sequence

Catalyst Immobilization: Methods and Applications, 2020 Methods in Molecular Biology 2022 Bioinformatics 2021
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Green Chemistry 2021, 23, 4595-4603

...purely biocatalytic cascades...

www.paradisiresearch.com

Nature Catalysis 2018, 1, 452-459
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Manuscript in preparation 2024



& Recearch Imine reductases (IREDs)

8§
D187¢ IRED
Y188 Lt
=N / \ NH
NADPH NADP"
NADP*

* Dimeric proteins e Reduction of hydrophobic cyclic imines
* Easy heterologous expression in E. coli * Cofactor-dependent enzymes
* High enantioselectivity (>99%) * Very poor enzyme immobilization (<5% efficiency)
e High conversions (70-100% at 5 mM scale) * No flow reactions reported so far

Gilio et al. 2022, Chem. Sci.,13: 4697-4713



& Recoarch Selection of biocatalysts

[ Protein homology models
Enzyme Enantioselectivity IRED-2
PDB: 5A9S
IRED-1 (S)
IRED-2 (S) and (R)
IRED-3 ()
New enzymes!
IRED-4 putative (S) ——» 71% sequence homology to IRED-2
IRED-5 putative (R) —+— 76% homology to IRED from C. cellulans
IRED-6 (R)

Roura Padrosa et al. 2020 Green Chem., Zumbragel et al. 2018 Nat. Commun., Aleku et al. 2016 ACS Catalysis, Wetzl et al. 2015, ChemBioChem.
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Activity assay: substrate scope

Reaction conditions

IRED
X X Substrate: 5 mM
NADPH: 0.3 mM
)‘I\/?’iwf""‘*NHz —{ [ ;L% I:N:l"m Buffer: 200 mM phosphate pH 7.5 with 1% DMSO
N H To: 37°C
- Volume: 0.2 mL
X=ONS NADPH NADP*
Specific activity (U/mg)
H o)
N S
[ I ,:N HN j\ /]\
©j" é [N/]\ [N/ (N
IRED-1 n.d. n.d. n.d. n.d. n.d. n.d.
IRED-2 0.24 0.12 0.06 nd. | 623 | 136
IRED-3 0.1 0.1 0.12 n.d. 9.8 2.5
IRED-4 0.1 0.21 0.1 n.d. 394 8.6
IRED-5 1.4 0.8 0.2 n.d. 59 4.5
IRED-6 0.3 0.07 0.1 n.d. 14.8 10.8

Gilio etal. 2022, Chem. Sci.,13: 4697-4713
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BIOCATALYST IMMOBILIZATION

Protein immobilization

®

Enzyme

Support Immobilized enzyme

Protein of interest Material of the support Binding chemistry

Particle size? .
_NH,

Non-covalent?

0O

o —

o Directionality?

Pore size?

Residue

exposure? Reactive
5 o
ontent. /\gJ/
ﬁa‘«“ i, I
.. : ? O
Residue distribution? ' Hydrophobicity? o Covalent:
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Cluster of Lys

Quster of Asp and Glu /

CapiPy: Relevant Clusters

IRED-3

IRED-4
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Enzyme Immobilization Screening

S || EhenE Imm.obilization Ret.:o.vered Reusability
Yield (%) Activity (%) (%)
Ag/Epoxy-Amino 52 24 35
Ag/Epoxy-Amino 84 8 93
IRED-3 Ag/Epoxy-Amino 99 26 89
Ag/PE]| 100 95 20
Ag/PEI-GA 90 19 100
Ag/Epoxy-Amino 10 24 100
IRED-4 EP400SS/Epoxy-Amino 60 9 100
EP403S/Epoxy-Amino 25 8 74
Ag/Epoxy-Metal 90 39 100
IRED-5
Ag/Epoxy-Amino 19 21 88
IRED-6 Ag/Metal 94 17 63

12
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Cofactor regeneration

— IRED4 — >

o 12 \

NADPH 1 mM NADP*

D-gluconic acid <—— BmGDH D-glucose

BmGDH: glucose dehydrogenase from Bacillus megaterium

Conversion (%)

Cofactor Recycling and Reusability

Reusability of immobilized biocatalysts

100

T
80 - -

60 -

40

20

Cycles

10 mM thioimine, 1 mM NADP+, 40 mM glucose.
T2: 379C. Cycle time: 2 h.

13
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Immobilized

Continuous Flow

Oi

IRED-4
PBR

Immobilized
BmGDH

37°C

Thicimine, NADP™, glucose

100 mM phosphate buffer pH 7.5

Conversion (%)

0.8
0.6
0.4
0.2

R.T.30 min

Operational Stability

0000000...ooooo.oool

0 5 10 15
Column Volumes

_ Substrate Conversion Conversion
Heterocydlic concentration (IRED-4) (IRED-5)
amine: product

(mM) (%) (%)
H
N

[ 1% 10 34 n.d.
N
H

S 10 98 91

E L 50 88 91
N

H 100 61 46

o) 10 46 69

[ L 50 19 50
N

H 100 14 28

14




% Research Summary (1)

¢ Choice of the enzyme to target a specific reaction
¢ Immobilization efficiency
¢ Compatible recycling system

3,'1? Implementation in continuous flow



Integrated (bio)catalysis



SRR Integrating chemical steps u

0 202
Step 1 Step 2 l 2
OH /©/\/NH2 — /@/\/N\
NH., \ ,
HO co, HO HO =
. i V,' ~,
L-Tyrosine Tyramine Hordenine
x HCHO
Ad O
N PR NH, I HO 2 HO <N
L-Tyrosine Tyramine Hordenine

_ _ Molar conversion 92%
Calculated E-factor (Environmental Factor = kg of waste per kg of desired product):

36 Isolated yield 77%

Residence time 2.5 min
Starting material value raised by 200-fold (L-tyrosine disodium salt hydrate 1.72 130 mL in 4h
€/g, hordenine 382 €/g)

with Gianolio and Roura Padrosa., Green Chem. 2022 24, 8434-8440 17



SRl An industrial challenge

With Hans Iding

and team at Roche

1.
2.
3.
4.
5.

(¢ o o

Challenges:

Substrate load 20% w/v

High K,, for the substrate

Product inhibition

High concentration of NH; is generated

The enzyme is heavily glycosylated

P 1L F
])LNHQ LAP2 [ ]‘ OH
N
H H
LAP2
@ 3333333}——
1O
1.5 g resin
Amide
20% wiv

Contact time: 5 x 20 min

Molar conversion: 41%

with Roura Padrosa, et al. OPRD 2024, 28, 5, 1713-1724

Linvencorvir

Product inhibition still a problem

NH; 1 through open vessel

Metrics:

E-factor: 14.5 > 3.6
STY: 2.9 - 50.4

18



G rdd, Solvent switching for integrated catalysis u

With Radka Snajdrova O NH, 2023-
and Hanjoerg Lehmann Br | N\ Br | N\ 24
at Novartis = =

O gl T T
o B B

Biocatalyticransamination Downstream@hemicalBrocess

Aqueous solvent systems for biocatalytic step is incompatible with the Suzuki-Miyaura cross-coupling

with Diaz-Kruik, et al. OPRD 2024, DOI: 10.1021/acs.oprd.4c00080 19
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sk Solvent switching for integrated catalysis

O

0.1 M <>

in MTBE

(T

Buffer

>99 % Conversion

57% isolated yield

with Diaz-Kruik, et al

b
u

o O
j\O)J\O)J\OJ<

NH
Br | N\ ' <>
=

0.1 M
in Buffer

60 %

0.2 M NaOH @7

Aqueous
/l< phase Il 100 °C
@)

in@oluene

5 min

~>Rhasel?
separatot._
4© B inEL-propanol
OH

O

K,CO4
0.09mM
(inAVater)

. OPRD 2024, DOI: 10.1021/acs.oprd.4c00080

Buffer |||

~~~Phasel
separator._

O J<
HN)J\O
Bre_ N, -~
| N
\O/\
0.05aME 99 %

in@oluene

R_
S | _OH 0.06M

[Pd(OAC),]3 0.015 eq.
PPh3 0.045 eq.

20
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Summary (2)

¢ There are several challenges in integrating catalytic
approaches

¢ Compatible chemistry (may be limited)

% Flow enables optimal conditions

% Solvent switching: rethink standard chemistry

21



Smart materials for enzyme
immobilization



& Recearch Photobiocatalysis u

The popularity of the subject has been
increasing in recent years:

Publications over time

ePhotons as traceless catalysts 0
ePowered by the sun .

40

30

e Mild reaction conditions 2
eSpecificity and selectivity

10

0
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020 2025

Publications Percentage Count (% of 307)

Web of Science Database search terms: “Photobiocatalysis” or
“Photoenzymatic”

23



& Recoarch Photobiocatalysis u

A Photoenzymatic Catalysis B Synergistic Photoenzymatic Catalysis CTandem Photocatalyst/Enzyme Reactions D Enzymatic Reactions Coupled to
[Direct Excitation] [Indirect Excitation] [Exogenous Photochemistry] Natural Photosynthesis
photo- @
[Substrate] catalyst @
; : + Starting
| " . e NADP

energyoAtrransfer [Substrate] \ start::rgar:ta:rena/ intermediate e \\/_ e Material

electron transfer electron transfer (R a @ catalyst
I / gatalyss product/ bio- b —<> NADPH Product

— [COFACTOR] — — [COFACTOR] — cofactor cataly Eotctaa
Cofactor regeneration New reactivity Tandem reactions

EDTA

LkADH (0.25 mol%)

0] (0] H o X
NADP* (0.4 1%
0 R 9% mal) > o R? R‘J\RZ m / R1J\R2 , & R‘J\Rz
Ny . /ym}w -4 (Y- " 50mm KP,pH 6.5, 1mMMgCl, (Y= G | - - -GR
EDTA MeI:EN i Mee)qj”" 20% (v/v) IPA, 5% (v/v) DMSO WIS -
' I Blue LEDs (460 nm), 25°C, 12 h
Hollmann, Adv. Synth. Catal. 2009, 351, 3279 Hyster, Nature, 2016, 540, 414 H6hne, Schmidt, EuJOC, 2019, 1, 80

T. Hyster* Chem. Rev. 2023, 123, 9, 5459-5520 24
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& Recaareh Photoactive supports for biocatalysis u

Haloperoxidases Organic Photosensitiser (OrgPS)
« Most abundant halogenases (Heme or V dependent) * Able to generate H,0,
« Consume H,0, to generate XOH (‘electrophilic’ X*) * Photostable
 Can withstand high T, organic solvents * Polymerisable
* Sensitive to high [H,0,] * Easy to obtain
(Stljlslgnt)\f O, H>O Y Substrate-Br
BTZ orgPS CiVCPO enzyme |

CPO
1
O W
- o
1/2 02+ A 0,~ _> HZOZJ_\ Substrate )

(Byproduct)

Broumidis, Paradisi Angew. Chem. Int. Ed. 2024, 63, €202401912 25
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(Thanks to Frank Hollmann for the plasmid!)

Vanadium-dependent chloroperoxidase

from Curvularia inaequalis (CiVCPO)

Photostability of CiVCPO u

1

120

100

80

CIVCPO activity (%)
S

2

[=]

=

%
L

370 nm

m05h mlh =m15h

Activity Assay (MCD):
Cl Cl. Br
0) CiVCPO, H202, KBr O @)
> + 2 Hzo
30°C
390 nm 427 nm 456 nm 467 nm 525 nm
Amax=290 nm
3h m18h m24h m72h
Broumidis, Paradisi Angew. Chem. Int. Ed. 2024, 63, e202401912 26



TR pHIPE-BTZ/COOH Monolith Synthesis

Pd(PPh3), (5 mol%),
K,COg,
dioxane/H,0 (9:1),

N
(o]
O T R ¥ o
A 57% A
N. N
s

D 5%
NN SN
H
O COO
NS

lKZSZO& Span 80

NacCl, H,0, 60 °C, 18 h

COOH

Broumidis, Paradisi Angew. Chem. Int. Ed. 2024, 63, e202401912
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H,O, generation efficiency u

pHIPE-BTZ, hv (456 nm)
%0, : = H20;
Solvent system, R; =10 min, 26 °C

Eny | sobentssem | min)__ 10,0t s
1 H,O 10

- 18.6
- H,0/MeOH (9:1) 10 1.96
- H,0/MeOH (6:4) 10 1.00
_ H,0/DMF (9:1) 10 7.42
- H,0/DMF (9:1) 10 (air) 13.6
_ H,0/DMF (9:1) 30 7.05
H,0/DMF (3:1) 10 5.60
_ H,0/DMF (3:1) 10 (air) 9.05
_ H,0/DMF (3:1) 30 6.0

H,0/2-MeTHF (1:1) 10 115.7
H,0/2-MeTHF (1:1) 10 (air) 97.9
H,0/2-MeTHF (1:1) 30 89.8

Broumidis, Paradisi Angew. Chem. Int. Ed. 2024, 63, e202401912 28
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0 i) EDC

VCPO immobilization

QB Iy e g

@]

Q"

N/\/NH
H

l NaIO4
i) NH,
0
- ii) NaBH, O)LHMO

Stability of pHIPE-BTZ/CiVCPO over 3 cycles

100

R 90
c
= 80
S
o 70
i
® 60
§ 50
2 40
Q
Z 30
o
S 20
()]
O 10
=

0

1 2 3
Cycles

Broumidis, Paradisi Angew. Chem. Int. Ed. 2024, 63, e202401912

Protein Loading: 2.5 mg/g
Immobilization yield: 98%
Recovered activity: 82%

Immobilized activity: 1.7 U/mg

29
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Reaction Scope u

Substrate BTZ-pHIPE/CIVCPO, hv (456 nm, 50 W), Product

(1-4a) > (1-4b)
A: Substrate (0.1 mM in Citrate (50 mM, pH 6, 10 mL)),
25 mM NaBr, 1 mM NazVO,4 R;= 10 min, 26 °C

H H
N P N 07~
- © _ \ = %71 R?=0.994 g
» 95% g =0. e
STY:155mg L' h'  pBf 8 601 g
2a J100% 2b 5 o
FL0% T 91
Br * //
20 4+
L A = ) -
N 0" 0 M 23% N 0”0 [ . ; ;
STY: 49 mg L'" h? K 0 20 40 60 80 100
3a O 41% 3b Light intensity (%)
JL0%

O ot O O
N O 100% N N
H

H sTy:105 mg L' h'!
4a < 100% 4b
JL 0%

Broumidis, Paradisi Angew. Chem. Int. Ed. 2024, 63, e202401912 30



% Recearch Summary (3) u

OH OH
¢ iy G
HO (0]
ReCep: Jeag:
(0) OH
(o) £ o Br 00 O
OH : H
(0] (0]

o1 0 % bt Yy First example of an integrated

OH OHOH

photobiocatalytic resin
5% Excellent single pass & recirculation yields
s’ Stable and reusable system

si¢ Offers easy product separation

Broumidis, Paradisi Angew. Chem. Int. Ed. 2024, 63, e202401912 31
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