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Enzymes for chemical synthesis

B Definition

B Enzymes are macromolecular biological catalysts.
B Catalyze more than 5,000 biochemical reaction types.

B Most enzymes are proteins, a few are catalytic RNA molecules.

B Advantages

B Higher enantioselectivity and regioselectivity
B Can be effective in both aqueous and organic media
B Typically do not require protecting groups

B Operate under mild conditions with high efficiency



Structure and functions of enzymes

B Protein structure: Scaffold to support and position active site

— W Binding sites: Bind and orient substrates

B Catalytic sites

Sarma, V. R. et al. Nature, 1965, 206, 757.



Catalytic sites of enzymes

B Catalytic sites

B Catalyzing by residues of amino acid B Derived from enzymes

Aldolases

NADH-dependent H H O

dehydrogenase fﬁ)}\
| | NH,

OH |

Guérard-Hélaine, C. et al. ACS Catal. 2022, 12, 733—-761.
Matsudaetal, T. et al. Tetrahedron: Asymmetry 2009, 20, 513-557.



Discovering unnatural reactivity of enzymes

B The same catalyst presents different catalytic properties in different scenarios

0]
N -H* { R PC, hv, - H*
- ) + —_— >
2e” process ” 1e” process

' photoexcitation
- | | NH, > | | NH, )J\/H
R R’ 2e” process N hv 1e” process R
& |
on1/2 = 0.57 vs SCE E0X1/2 =.2.60 vs SCE

MacMillan, D. W. C. et al. Science 2013, 339,1593.
Suenobu, T. et al. J. Am. Chem. Soc. 2003, 125, 4808—-4816.



Discovering unnatural reactivity of enzymes

OH

natural process
O)\/ -

unnatural process f?
>

OH

O)\/ natural process

-
1
—_— ‘ —> New product




Combining photocatalysis and enzymatic catalysis

Sub. —— —> Pro.
Advantages Challenges
B Mild reaction conditions B Compatibility of conditions
B Diverse reactive patterns B Unmatched dynamics

B Exquisite selectivity and high efficiency B Limited substrates



Overcoming the limitation of enzymes in organic synthesis

B Binding site can be modified to optimize the reaction

Naturally occurring enzyme Ideal biocatalyst

Activity for specific substrates Activity for desired substrates

Unstable under certain conditions Tolerates process conditions
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Modification of enzyme catalysts

B Directed evolution

Natrual enzyme

Mutant enzymes

Methods for mutagenesis:

B Site-directed mutagenesis
B Error-prone PCR

B Gene shuffling

Screening and

selection
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Modification of enzyme catalysts

B Directed evolution

Natrual enzyme

Mutant enzymes

Methods for mutagenesis:

B Site-directed mutagenesis

Screening and

selection
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Modification of enzyme catalysts

B Site-directed mutagenesis
B Substituting individual amino acids in a protein

B Requires a lot of structural information

102

Sites

Size of the
mutant library

Amino acids

20
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Modification of enzyme catalysts
B Site-directed mutagenesis

B |dentify the appropriate mutational residues (hotspots)

Hotspot amino acid

102
Sites
Size of the
B Crystal structures mutant library
B Homologous models
B Computational means 0 0 Amino acids 2(?

Huang, X. et al. Mol. Catal. 2024, 553, 113755.
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Modification of enzyme catalysts
B Site-directed mutagenesis

B Introduce few different amino acids per hotspot

Amino acid ";\ )\H/H‘
102
2. o N xﬁ
Sites
Size of the

mutant library

B Based on the assumption which property

v

of residues influence the most 0 Amino acids

Huang, X. et al. Mol. Catal. 2024, 553, 113755.

20
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Modification of enzyme catalysts
B Site-directed mutagenesis

B [teration using the same steps

Binding site 102
Iteration
WT Sites
a/ ']sl G >
b/ 2nd G <
Cl : 3rd G 0 R
0 Amino acids 20

B The optimal mutant is used as the

starting point for iteration

Huang, X. et al. Mol. Catal. 2024, 553, 113755. 16



Modification of enzyme catalysts
B Site-directed mutagenesis

B Site-saturation mutagenesis

B Focused rational iterative site-

(SSM) specific mutagenesis (FRISM)
ﬂk
102 A
102
Iteration
Sites
Sites
Size of the
mutant library R
0 — >
0 Amino acids 20 0 >

0 Amino acids

Huang, X. et al. Mol. Catal. 2024, 553, 113755.
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Modification of enzyme catalysts
B Site-directed mutagenesis

B Combination of different methods

Saturated 4

Saturated mutagenesis 102
mutagenesis

[teration
Sites

Saturated
mutagenesis

Saturated

mutagenesis

0 Amino acids

Huang, X. et al. Mol. Catal. 2024, 553, 113755.

20
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Modification of enzyme catalysts

B Note of mutagenesis

1st G 2nd G nth G
CVFAP —m/ G642A — S574G —> = — T131A (92%)
Y466A
G642X S574X
A171X H572X
Entry CvFAP variant Yield of 2a
amino acid amino acid
1 %
SUFAPYAB0A 18% before mutant after mutant
2 CVFAP Y466A G462A 48%
3 CVFAP Y466A G462A S574G 87% \ /
4 CVFAP Y466A G462A S574G SAG4A 89% T131A (929
5  CVFAP Y466A G462A S574G S464A T131A 91% ( 0)
(CvFAP*A®AA = CYRAP,) 1
6 CVFAP Y466A G462A S574A 89%
7 CVFAP Y466A G462A S574A SA464A 91% # of amino acid
CVFAP Y466A G462A S574A S464A T131A 92%

(CvFAP**AAR - cyRAP,)

19



General methods for optimization

Start from wild type or
commercial available enzymes

l optimization

Mutagenesis

l optimization

Reexam wild type or
commercial available enzymes
based on the above result

20



Combining photocatalysis and enzymatic catalysis

Sub.

Donor

Sub.

Sub.

Sub.

Mode #4

N

» Pro.

21



Combining photocatalysis and enzymatic catalysis

B Replaces the native cofactor

Sub.
regeneration system

’?
= Donor

. H,0

NH
4 Glutamate
\Vehydrogenas%

O o) o)
Ho/ﬂ\\//\jT/u\o_ Sadst Ho/ﬂ\\//\\r/u\o'
NAD(P)H ? NAD(P)*

CO, <—[ PC, [Cp*Rh(bpy)H,0P?*

HCO,

Park, C. B. et al. Angew. Chem., Int. Ed. 2018, 57, 7958-7985. 22



Combining photocatalysis and enzymatic catalysis

Mode #2

B Catalyzing the cascade respectively

1 A\

Pro.

Int.

Sub.

o oH

A . >
é\ é’; steroselective reduction @v /
R ‘R : : : R
(dynamic kenetic resolution)

in situ racemization

(@]
11 A\
(@)

MacMillan, D. W. C. et al. Science 2020, 369, 1113-1118. 23



Combining photocatalysis and enzymatic catalysis

Sub.

B Photocatalyst and enzymes runs separately

B Enzymes work as under thermo conditions

Mode #4

T A\

» Pro.

Sub.
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B Photobiocatalysis for organic synthesis

B Cofactor-dependent photocatalysis
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Photosensitive cofactors in nature

From Q
M N
ketoreductases | NN NH
(KREDs) e 3 | P - /g
Me Y NT o
NH, Ho\)
-0 0
N N \P//
o </ | /) From “ene’- HO” Yo7 > ""oH
o;'f/o o N™ SN reductases (EREDS) OH
o Flavin mononucleotide (FMN)
Ol o
O/P\O OH OH
B | NH, o
N Me N
o] N NH
N\ /g
OH OH Me N™ N° 0 NH,
OH
Nicotinamide adenine N N
dinucleotide (NADH) \ Y </ | )
HO\\\ v O/ \O/ \o N 7
= o)
. OH
From fatty-acid
photodecarboxylase (FAP) OH OH

Flavin adenine dinucleotide (FAD)

Hyster, T. K. et al. Chem. Rev. 2023, 123, 5459-5520.
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Developed reactions with photoenzyme

B Stereoselective radical process is rare in these scenarios

27



Hydrogenation with fatty acid photodecarboxylase (FAP)

—_—> O/\H + CO,

" 470 nm LED

Substrate Relative Activity (%)
TFAD* FAD )
RCO," R + CO, C12:0 8% = 1
\ C14:0 48% + 10
FAD HAT C16:0 99% + 8
RH PCET
; 96% + 12
EAD C17:0 A
RH C18:0 36% + 3
B Redox neutral
C22:0 <1

Hyster, T. K. et al. Chem. Rev. 2023, 123, 5459-5520.

28



Strategies to improve reactivity of FAP to other substrates
B Using decoy

B Mimic the conformational change

Decoy Me\/\M/\/\/Me
n

caused by long-chain fatty acid

CvFAP
0 CvFAP (6 pM) 2.7 +0.2 pM
)j\ Decoy Molecule (7.5 mM) 13K
13 v
CH3™ "OH 100 mM Tris—HCI buffer pH 8.5 CVFAP + C, Hy,
150 mM 20% (v/v) DMSO, 30 °C, 3h 7.5+ 0.8 uyM
Blue LEDs (450 nm) AR
.5 fold increase
Representative Substrate Scope
O O 0O O
nBu)J\OH \)J\OH ,/LOH HJ\OH
Decoy = CoH,, Decoy = C,;H,q Decoy = C,,H;, Decoy = C,,H,,
2440 + 62.4 uM 2.1+ 0.3 uM 9.3+ 1.2 uM 291.7 + 14.2 uM

2.8 fold improvement no activity w/o decoy no activity w/o decoy 6.0 fold improvement

Berkel, W. J. H. et al. J. Am. Chem. Soc. 2019, 141, 3116-3120.
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Strategies to improve reactivity of FAP to other substrates

B Using other type wild-type FAPs

B Using engineered FAP variants

Me
7, coH
OH
Tyr Phe
466: o
A A A
H H
o o)
Binding
tunnel 71A —— 13.9A
Me
\Hg/\COZH
457 Ala

Phe o
j\ujﬂ;(i“ —»’S\ugﬁ”

Wu, Q. et al. Mol. Catal. 2022, 524,112261.



Hydrogenation reactions with FAP

B |sotope incorporation

O/\n/OH CvFAP Mutant

0]

-

- O o
D,0, 20% (v/v) DMSO or MeCN, rt, 12 h
450 nm LED

) T e L, OY
D 5 0D
WT-CvFAP 1398L
99% yield

G462A I398R Y466A Y466A
97% yield 95% yield 45% yield 82% yield 8% yield
93% D-incorporation.  99% D-incorporation  99% D-incorporation  99% D-incorporation  94% D-incorporation

90% D-incorporation

B Kinetic resolution

OH

OH
OA[(OH CVFAP Mutant

)

OH
- . ]
Blue LED O/\n/ O/\

Wu, Q. et al. Nat. Commun. 2021, 12, 3983.
Wu, Q. et al. Angew. Chem., Int. Ed. 2019, 58, 8474-8478.
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Hydrogenation with nicotinamide-dependent ketoreductase

0] o) |
Br
] NH,  hy (>360 nm) ) NH, ©/\ CH,
prssonm) - .

r]l N
|
Bn Bn

E®4/2 = 0.57 vs SCE E®,,, =-2.60 vs SCE

Hypothesis

NADPH O

0] NH, o
460 nm hv l I
0 R ,}l 5] © 5 — O R
Br H
n R n n

chiral lactone

racemic lactone
Ketoreductase

Tanaka, T. et al. J. Am. Chem. Soc. 1983,105, 4722—-4727.

Hyster, T. K. et al. Nature 2016, 540, 414. 32



Reactivity of nicotinamide-dependent ketoreductase

0 R ;f\" 0
5 0.
rPh mutated LKADH WP
>
A larger active site t

190:

145:

Hyster, T. K. et al. Nature 2016, 540, 414.

h

72%
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Reactivity of nicotinamide-dependent ketoreductase

5 13
Ras-ADH Ras-ADH Ras-ADH Ras-ADH Ras-ADH
Yield 47% Yield 39% Yield 22% Yield 81% Yield 79%

e.r.97/3 e.r. 87/13 e.r. 88/12 e.r.81/19 e.r. 3/97
LKADH LKADH LKADH LKADH LKADH
Yield 91% Yield 86% Yield 35% Yield 80% Yield 56%
e.r. 2/98 e.r. 5/95 e.r. 6/94 e.r. 6/94 e.r. 4/96

decreased redox potentials

Ph O

(0]

15
Ras-ADH
29% vield
e.r. 80/20

LKADH
80% vield
e.r. 4/96

(0]

Ar
0
(@]

Ar = CgH4(3-OMe)

21
Ras-ADH
Yield 30%
e.r. 75/25

LKADH
Yield 50%
e.r. 12/88

F 0 Cl o Br 0 Meo
0 (0] 0 (0]
7 9 11

J

y-lactones (with KRED-3)

17
Ras-ADH
Yield 82%
e.r. 81/19

LKADH
Yield 74%
e.r. 9/91

19
Ras-ADH
Yield 26%
e.r. 84/16

LKADH
Yield 78%
e.r. 10/90

Hyster, T. K. et al. Nature 2016, 540, 414.

0] FsC @] Ar\ 0]
(0] (0] “&o

Ar = CgH4(3-OMe)

21
Ras-ADH
Yield 30%
e.r. 75/25

LKADH
Yield 50%
e.r. 12/88

Additional
stereocentres

34



Nicotinamide-Dependent Ketoreductase

i 9P
g ) KRED-12 (0.25 mol% ) _ ij)
r + [
NA.D?:> (0.4 mol%) NADPH (0]
1 R i KPi, isopropyl alcohol 2

RCeING Blue LEDs, 12 h ] NH,
N
|
R

96 96 96 96 96 95 95 95

100 7 & & : - 100 Lifetime: 0.405 ns

90 - | e o |90
280 { E————a ‘: ‘:; 0
570 l 8 8 8 8 82 8 - 70
260 - - 60 £
%50 ] L 50 %
840 - 40 %=
Eso . - 30
§20 - - 20

10 - 'ee ==@==yield .10

0 - 0

0.25 0.5 1 2 5 10 20 50
NADP Loading (mol %)

Hyster, T. K. et al. Nature 2016, 540, 414.

B NADPH is stabilized by the protein

(0]
NH
Oy
N
|
R

Lifetime: 9.00 ns

B Cofactor-substrate complex

35



Stereoselectivity

(0] RasADH (1 mol%)
NADP* (1 mol%)

)
t/OS:
-~

GDH-105, glucose (200 mM)
TRIS (pH = 7.0, 50 mM, 10 mM CaCl)
Glycerol, DMSO
460 nm hv, 25°C, 12 h

Racemic

o) 0
Br KRED-12 (0.25 mol %)  _ .
0 > "0

NADP* (0.4 mol %)
KPi (pH = 6.5, 125 mM)

Racemic Isopropyl alcohol, blue LEDs

LKADH (0.25 mol%) 0
NADP* (0.4 mol%)

v
Y
£ =

kPi (pH = 6.5, 50 mM, 1 mM MgCl) n
Isopropyl alcohol, DMSO
460 nm hv, 25 °C, 12 h

Recovered
Time (min) Product starting material
30 Yield 17% Yield 79%
e.r. 95/5 e.r. 54/46
60 Yield 34% Yield 65%
e.r. 96/4 e.r. 54/46
120 Yield 50% Yield 50%
e.r. 97/3 e.r. 53/47

Hyster, T. K. et al. Nature 2016, 540, 414.
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Mechanism

NAD(P)H
Substrate Co-factor
exchange regeneration
Br o NAD(P)*
O

7 7 =

4%

%

Charge-transfer
excitation

Hydrogen-
atom transfer

Mesolytic
cleavage

Hyster, T. K. et al. Nature 2016, 540, 414.
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Hydrogenation with flavin-dependent “ene”-reductase

(0]
Me N
x NADP*
Me N N/go

| glucose
R \v
FMN E*;;, =-0.45V (vs SCE)

0 \
H
Me N
j@[ ¢
Me N N/go
I H

FMNH2 E*1/2 =-2.26V (VS SCE)

g

Y
=
o
R

B Mutate Y177 to improve stereoselectivity

0 % Q b5
Ph /\©\ Ph Wi
OMe _>’§\4\ E)H OMe —>§ _
TIN-H pp R Br N=/H Ph
</ \O:<a: o= Me
K OMe) > MeO)
HN-= HN-H 5 ,j
0 § Me (@] ~§‘/\\( & N Me
*Ec L, o LICL
Ph\)]\ Ph OM 0P NP Me
< e b
Y OMe H R
= ‘ FMth R FMNgq
\H
GIuER Active Site GIUER-Y177F Active Site

Hyster, T. K. et al. J. Am. Chem. Soc. 2017, 139, 11313-11316.
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Hydrogenation with flavin-dependent “ene”-reductase

)

OEt
Me Me 16

30% yield
88:12 er
(@)

OMe
Me 22

87% yield
919er

O
OMe
Me 18
52% vyield 86% yield
57:43 er 919er
N (@)
~
OEt
Me 20 Et
92% yield 75% vyield
60:40 er 98:2 er

B Hydrogenation of a-fluoro ketone

)

¥

CHMO Variant (0.6 mol%)
GDH, NADP*, D-Glucose

PBS Buffer (pH 6.7) , 5% (v/v) glycerol

Blue LEDs, 20°C, 16 h

0]

OEt
F 30

66% vyield
88:12 er

O

OEt
n-Pr 28

68% vyield
88:12 er

@,F

Hyster, T. K. et al. J. Am. Chem. Soc. 2017, 139, 11313-11316.
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Cyclization with flavin-dependent “ene”-reductase
B From reduction to cyclization
B Prevent undesired hydrogenation
B Large, substrate-promiscuous active sites needed

B Realizing stereoselective intramolecular radical addition

|_|,His
9 ERED (0.5 mol%) O Me 5 Asn
Me., JL_cl i N—7O~H
N GDH-105, NADP* (1 mol%), D-Glucose Me._N >

nl " A Ph | Cl
| 100 mM KP, pH 8.0, 10% (v/v) glycerol !

R _
R Cyan LEDs (497 nm), 35°C, 36 h R "iﬁ/"j N=0
Me N NH
H o

B ERED features a large active pocket

Hyster, T. K. et al. Science. 2019, 364, 1166—-1169.
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Cyclization with flavin-dependent “ene”-reductase

B Cause no structural change

9 ‘Ene’-Reductase (1 mol %)
Me\NJk/CI NADP* (1 .0 mol %) _ Me‘N
KL GDH-105, glucose
| KPi (100 mM, pH = 8.0) Ph ; ; ;
v L el g In active site
entry ‘Ene’-reductase yield (%) er
1 GIuER 68 94:6 Aryl
o]
2 OYE1 34 31:69 4-OMeC.H,
Me~ 3-OMeC H
3 GIUER-T36A 89 94:6 N 6Ma
m - oo 2-OMeCH,
K 9 :
GIUER-T36A (0.42 mol %) 8-12 - 4-BrC6H4
ry
4-CF3C sHa
6-exo-trig 7-exo-trig 8-endo-trig
Starting Material Product Starting Material Product Starting Material
o} o} o}
Me. Cl Me. MorB-Y72F cl GIuER-T36A Me cl
NJ\/ N 44% yield® J\/ N 87% yieldd NJI\/
86:14 er 90:10 er
™ Ph
23 Ph 24 25 26 27 Me

Hyster, T. K. et al. Science. 2019, 364, 1166-1169.

GIuER-T36A
91% yield, 96:4 er
73% yield, 95:5 er
84% yield, 95:5 er
80% yield, 95:5 er
98% yield, 96:4 er

Product
Me

0
N LacER
67% yield®
83:17 er
Me

41



Cyclization with flavin-dependent “ene”-reductase

Enzyme Cusniamm Yisld ERED  Semiquinone Isotope‘ ERFD Sibirate Rat.ilca-l Pair
Variant Lifetime Incorporation Variant Lifetime
GIUER-WT 0.024 GIUER-WT 710 ps 80% GIUER-WT 1a 2.8 ps
GIUER-G6 FE " GIuER-G6 1a 0.8 ps
GIUER-T2GA 0.068 — E - GIUER-WT 2a 4.3 ps
GIuER-G6 2a 3.2 ps
GIuER-G6 0.105

B GIuER-G6 = GIUER-T36A-K317M-Y343F

] 5 o
Me\NJI\/C| Me\N,u\/CI

S, L

Ph a N
Indicating a concerted mechanism for GIUER-G6 2

Interaction between o* C-Cl and 1r-electrons of the alkene

Ve 4 Ve /2 e Me /O Me 0
i 74 ~ s,{ Z !
52" ~Cl /i cl
i H Mesolytlc Cycllzatlon
Ph ’ Ph Ph
FMNqq Ph

Cleavage Ph

FMqu-H FMN

ox FMN,_ -H FMNs -H FMN__-H
Hyperconjugation Facilitates Concerted Bond Formation q q "
Mesolytic Cleavage

Hyster, T. K. et al. Angew. Chem., Int. Ed. 2021, €202113842. 42



Cyclization with flavin-dependent “ene”-reductase

B Other type intramolecular addition

B with oxime

B with arene

B with a tandem
f3-session

N,OBn ‘Ene’-Reductase (0.25 mol %)
| NADP* (1 mol %)
Me -
Me'N\n/\CI GDH-105, Glucose
0 KPi (100 mM, pH = 7.0)
Cyan LEDs

OPR1 (0.5 mol%)

A 4

2
R1R Cl
OIN/O 100 mM Tricine pH 8.0, 10% (v/v) IPA
Me

Cyan LED, 4°C, 24 h, anaerobic

0
GIuER-G6 (1 mol%)
Me.
© NJK/CI NADP* (2 mol%), GDH, D-Glucose

»
>

| 100 mM TEOA pH 8, 10% (v/v) IPA
TMS Cyan LED

Hyster, T. K. et al. Nat. Chem. 2020, 12, 71-75.

Hyster, T. K. et al. J. Am. Chem. Soc. 2021, 143, 19643-19647.

Hyster, T. K. et al. ACS Catal. 2022, 12, 9801-9805.

BnOHN, Me

Q

Me (0]

|V|e~.N
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Cyclization with flavin-dependent “ene”-reductase

B Other type intramolecular addition

o X GIUER-Y177F (1.5 mol %) w
- = N = (0 Y

N NADP* (2 mol %), GDH-105 H n ‘-
Me Glucose, KPi (100 mM, pH = 8.0) - -

Cyan LEDs

%
QL
N

N
: . N o= :OMe>
B Prevent direct reduction L, HN-H

o ®
Oé\N N Me
© R

FMNpq

GIuER Active Site

O O
@Q_OH
or
(0]

FMNSq

GIUER-Y177F Active Site

Hyster, T. K. et al. J. Am. Chem. Soc. 2020, 142, 15673-15677.
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Cyclization with FAP

0 e 9
S¥AC 0.5 mol% CvFAP variant(?
HOLC Ny~ Ot Tris-HCL buffer (50 mM, pH 8.5), T e
Me DMSO (10% v/v), Me
(E)-1a hv (440 nm), r.t., 24 h (S)-2a

B Prevent the premature HAT/PCET
B Limited stability of natural FAPs

B The mechanism of HAT/PCET remains unclear

Active Site volume of
#<CVRAP,: 321'A3
_ W)

S —— ]
Activesite volume of b~

A

Yang, Y. et al. Nat. Chem. 2024, doi.org/10.1038/s41557-024-01494-0



Cyclization with FAP

20.0 ;
]
| M CvFAP —
i Anti-anti
| I CVvRAP,
15.0 - !
1
1
g i
el I
%) i Gauche -anti
S 100 - : \
3 1
o i
(0] '
e Near-attack
conformaﬂtion
5.0 - (3.1 A)
i
i
1
\ a
0 *J \ \ T T
2.5 3.0 3.5 4.0 4.5 5.0 5.5
C3-C7 distance (&)
0] (0] 0]
OEt OEt OEt
F Cl Br Substrate
of 2g 2h
42% yield® 71% yield® 66% yield®
94:6 e.r. 946 e.r. 92:8e.r.

Gauche-—gauche*
(near-attack conformation)

Anti—-anti
(0]
OEt
Me
(S)-2a
— L 91% yield, 96:4 e.r.
O
CvRAP,
— v~ “OEt
B Ve
® (R)y-2a
: 86% vield, 25:75 e.r.

Yang, Y. et al. Nat. Chem. 2024, doi.org/10.1038/s41557-024-01494-0
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Intermolecular addition with flavin-dependent “ene”-reductase
B From intramolecular to intermolecular

W [nitially generated electrophilic radical needs to be long-lived.
B Both substrates are accessible to the enzyme active site and appear at applicable
positions.

B Stereochemical induction is more difficult because of the flexible prochiral center.

-----
-
------
-

H
[ R‘ .
. AA .
:/ \H""O .
o) . R3 GDH/NADP*/Glu, hv o R B/@’\ )
J]\/BI’ )\ > ’U\)\ :'\ —OH R? XR“’ S‘f:‘
R’ R4 Tris buffer, N,, DMSO R! R4 Ry R?
glycose, rt | 9 H
0PN N
- R pa—

Zhao, H. et al. Nature 2020, 584, 69-74. 47



Intermolecular addition with flavin-dependent “ene”-reductase

Ph~Ch, | elusive

.......................

Ph
I 4
" O~CH, H2C” “CH;
2a
E Q
R
\ (lll)/ /
th ................
0 —C
: il H/ZC * “CHj3
yr1965 P —~c

L Tyrig6:

[} r L]
W R T
Poav) H o :
;-(-———-: \ 9 :
ooy
E E SN0

......................................

B Tyr196 account for remote stereoselectivity
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Intermolecular addition with flavin-dependent “ene”-reductase

ERED (1 mol%)
NADP* (1 mol%) 0O

O R2
GDH-105, D-Glucose 3
e N - I R > RZNJ\/\rR
2 R 100 mM Tris pH 9.0 R2
1 equiv. 3.5 equiv. 10% (v/v) DMSO

Cyan LEDs, 25°C,
24 h, anaerobic

B To ensure radical formation only occurs in the presence of alkene

B GIluER-T36A was used

Me Ph © Me
Ph)\v o] ph)\
R _ FMN_, = » FMN__
M/e@,N/ N0 QUANTUM YIELD QUANTUM YIELD
Me Na;NH 12% 8%
4
H 0]

Hyster, T. K. et al. J. Am. Chem. Soc. 2021, 143, 97-102. 49



Intermolecular addition with flavin-dependent “ene”-reductase

OYE (2 mol%)

0
Me NADP* (1 mol%) Q A
B with azine BnOJ.K" + )\ > BnOJ\/\r '
N, Ar GDH, D-Glucose Me
50 mM Tris pH 8.0
2 equiv. 1 equiv. 10% (v/v) MeCN
Blue LED

ERED (1 mol%)

0 Me

NADP?* (1 mol%), GDH, D-Glucose

100 mM Tricine, 6% (v/v) IPA
Cyan LED

m with sp3-C i N
P MeZNJk/CI +OZN’LPh

MezN/u\/l\ Ph

GIuER-G6 (1 mol%)
NADP? (2 mol%) o)

GDH, D-Glucose
Me\ N JI\M

100 mM TEOA pH 8 o
10% (v/v) IPA ©
Cyan LED

B with a tandem
B-session

A 4

0]
Moo ALCl A _X
1
Me
X =TMS, 74% yield
X = SO,Ph, 61% yield

Xu, J. et al. Angew. Chem., Int. Ed. 2023, 62, €202214135.
Hyster, T. K. et al. Nature 2022, 610, 302-307.
Hyster, T. K. et al. ACS Catal. 2022, 12, 9801-9805.



Direct excitation of FMN
B Previous work
(0]
Me Nf‘\
COL
Me N \N/go
FMN R \,

NADP*
glucose

0 \
H
Me N
Me N N’go
R' | H
R' Br = , R
OR?2 Ar/\n/OR FMNH, E*,=-2.26 V (vs SCE)
Ar >
o o}
FMN o
Q__coH

FMN E*;;, =+ 1.76 V (vs SCE)

Huang, X. et al. Nat. Catal. 2023, 6, 996—1004.
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Direct excitation of FMN

| / * )\ 4
MeO R

E1/2 =+1.42V

Ph I\{
M

3u e

ER1: 79% vy, 91.5:8.5 er
ER3: 83% y, 6.5:93.5 er

Me

3h

ER2: 50% vy, 91.5:8.5 er
ER4: 55%y, 4:96 er

OMe
ERED, hv R3
a
S R4
Me Me
* ’ \ * ~ N-—Me
Ph l\{ Ph
3v Ph 3w

ER1: 17% vy, 87.5:12.5 er
ER3: 23%y, 39:61 er

ER1: 21% vy, 946 er
ER3: 20% y, 2:98 er

Ar2 I l Ar

3i 3j
ER1: 99% vy, 95.5:4.5 er
ER3:88% vy, 15:85 er

ER2: 46% y, 58:42 er
ER4: 51% y, 4:96 er

Huang, X. et al. Nat. Catal. 2023, 6, 996—1004.

O *
Me N \
x
Me N/go

|
R

FMN E*;;, =+ 1.76 V (vs SCE)

OMe
Me = |
* SN
Ph

3x OMe

ER1: 18% vy, 99:1 er
ER3: 22% y, 4:96 er

Me
Art

3k

ER1:72% vy, 973 er
ER3:64% y, 1.5:98.5 er
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Flavin-dependent photoenzymes for CRP

GOx (0.75 uM)

Monomer > Polymer Me CN
10% w/v glucose (3 mM) Me/\S)]\S O\R
200 mM Tris, pH 5.5 5
405 nm LED, 6 h
Polymer Conv (%) M, (kg/mol) Mgpc (kg/mol) D
poly-DMA,, >99 20.4 22.8 1.04
poly-AML, .. 94 27.2 23.4 1.13
poly-PEGA,q, >99 96.6 82.1 1.16
poly-PEGMA,, >99 100.6 100.1 1.14
I\lfle (\}) Me
N N 0] Me O Me
AN Me 7 Z 0 )\"’ +"No)
D Y D ]
O 0O O O
DMA AML PEGA PEGMA

Huang, X. et al. Nat. Catal. 2023, 6, 996—1004.
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B Background of photobiocatalysis

B Brief introduction to enzymatic catalysis

B Modification of enzyme catalysts

B Combining photocatalysis and enzymatic catalysis
B Photobiocatalysis for organic synthesis

B Cofactor-dependent photocatalysis

W Artificial photoenzymes

B Combination of external photocatalysis and enzymes

B Summary and perspective
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Utilizing non-natural cofactors

B Photoenzymes using non-natural cofactors and amino acids

0
o /YFP

N
O O

Benzophenone Chromaphore

B Methods for binding non-natural cofactors into enzymes

B Genetic code expansion B Post-translational modification

(1) Genetic code expansion
(2) Directed evolution

Protein
scaffold
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Flavin-dependent photoenzymes for CRP

1
A% o/ |
Z X EnT1.3 or EnT1.2 (1.5-10 mol%) Lo =
X " 1
CKN\/LO 365/395 nm LED LA i/j* A
R 4°C,2-4h (4 ' -
| S NG
Y121 )
. : : : R196 28A '
B Substrate 1-stacking interactions contributed to triplet : I
1
energy transfer kzgx S :
i ‘* 1
L : : Q195 A so
B Hydrogen bonding interactions between the quinolone o > 5228 3
. e 1
and residues Y121 and Q195 i WAL [
m ) EnT1.3 (5 mol%)
o M s pH 7.4, 5% (v/v) DMSO
: 395 nm LED
4°C,2-4h

100% conversion
2:1rr.,995:05e.r.

Green. A. P. et al. Nature 2022, 611, 709-714.

71% conversion
98.5:1.5 e.r.
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Reactions with artificial photoenzymes

0
XN SO POP-(Mes-Acr™) (5 mol%,) , g
ot . CY 0O
Z 50 mM Tris, pH 7.4, 20% (v/v) MeCN O P
02, 450 nm LED
Me 0
Cw)l\/\Ph POP,, -S53Z-(RuL, 2*) (1 mol%)
\_N
25 mM MES, pH 6.0, 10% (v/v) MeCN
+ P 470 nm LED, 2 h

Ru(bpy),2* 5% yield
POP,,-553Z- (RuLn2+). 81% yield

Lewis, J. C. et al. ChemBioChem. 2015, 16, 1880-1883.
Lewis, J. C. et al. Chem. Sci. 2022, 13, 1459-1468.



B Photobiocatalysis for organic synthesis

B Combination of external photocatalysis and enzymes
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Combination of external photocatalysis and enzymes

PC* E
Photoredox cycle Enzyme catalysis
cycle

Int.

Radical formation only occurs within the protein’s active site
Radical selectively react within the protein’s active site

Improve the compatibility of system

Long range electron transfer
Binding to proteins alters the redox properties of substrates or

cofactors (acceleration)
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Redox accelerated by enzymes

0 NtDBR (1 mol%) o 0O

Me Rose Bengal (0.5 mol%) Me Me
OAc > OAc
NADP*, Glucose, GDH-105

KPi Buffer, 12 h

Green Light
Ey2=-1.30V Eq2=-113V
) o .
. RN A DBR from Nicotiana tabacum
L O‘ ~ (NtDBR)
~ 25l NADPH Spin-Center
/ Shift

\

0

Q 0 O  Me
Y
3
NADPH NADPH/

A

Substrate HAT
Exchange / 43% yield 38% yield
N 87:13 e.r. 88:12 e.r.
(0] 0]
NADP* = SET < NADP *

~
l . Hyster, T. K. et al. Nat. Chem. 2018, 10, 770-775.
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Improve the compatibility of system

O YgjM-Variants (1 mol%) Me

Mex J\/WPh Ru(bpy),Cl, (1 mol %) N._O
1 >
OBzF; PhU

NADP*, GDH-105, D-Glucose
KPi (100 mM, pH = 8)
Blue LEDs, 36 h 91% yield, 97:3 er YgjM-R

89% yield, 14:86 er YqjM-S

B N-centered radical is incompatible with FMNsq

O o)
H 0 H
Me N Me N_e
NH NH
| Me Ph
/g N ~ /g
Me l}l ” (0] . Me N N O
|
R R

FMNH, nitrogen centered radical FMN,,

Hyster, T. K. et al. Nat. Chem. 2023, 15, 206-212. 61



Forming a persistent radical

NostocER (1 mol%)

Z Ru(bpy),Cl, (1 mol %) =
4 : <
N NADP*,GDH-105, D-Glucose N
Tricine (100 mM, pH = 9) Me

Blue LEDs, 24 h
96% vyield, 92:8 er

B Reduced only within enzymes

= Photo-
I N P Reductase/ catalyst

1e”Reduction Hydrogen
Mechanism Atom Transfer

Protonation

Dynamically Stable Radical

Hyster, T. K. et al. Angew. Chem., Int. Ed. 2020, 59,10484-10488. 62



Combining persistent radical with PLP

BF4K OH O Q '
Ol Y ;
* B B
NH
= m
Q.0 2
N o O Ks2
@ e CN’IH ° I!IH
N K82 +NH;
ZEN I g j‘g\'ﬁe\_/
('3@ NH, internal 16
e aldimine P | t
® %
N Me N‘) Me
Xl Vil
external external
PLP aldimine b aldimine a
[Rhl?]" stereoselective
v ) ET/PT or PCET
BF3K |O ch
0)\0 9 ’ O Q gH) 0
H™ Y@ ( KBD (llN @l!JH
+ Et,N o] R NEt, /g\H 1) I _,@\*.‘ 3
[RhB] © o @NHs | ©
o ' ’ | P O/\Hj\ e |z ' r(\'|
\'/] P X 0 // -
N M =] N Me
O/\H‘\OE) N & N N
N azaallyl 7@ 'E'@ N X
/@\Ij radical N ) H,0 quinonoid
P I o free radical transfer vi ) = Me _ —O\ //O
- to the enzyme active site stereoselective i = 7 NG
N Me Y radical addition kamlnoacrylate ) Q
Yang, Y. et al. Science 2023, 381, 444—451. 63



Combining persistent radical with PLP

BF3K OH. O ﬁﬁg
B OH —_
NH, @)

<o 0 o 0 0
5 0
OH OH OH OH
NH, NH, NH,

NH»
L-3k L-3I L-3m L-3n
(42 £ 2)% yield (47 + 5)% vield (6 = 1)% yield (15 = 1)% yield
95:5e.r. 90:10 e.r. 96:4 e.r. 7129 e.r.

Me OH OH O oH LAl
NH, a NH;
o : [MOH — O) &

4a NH
(80 + 2)% yield : i O\/\)J\ p-1ll
dr.=19:1 ” - OH
e.r.(major) > 99 : 1 | . ﬁ‘wf =

e.r.(minor) =94 : 6 NH,

Yang, Y. et al. Science 2023, 381, 444—451.



Combining persistent radical with PLP

OH O , Q o
g o % YA
SUWE e
O

NH,

B Enzyme helps to control the regioselectivity

radical addition
transition state

AH* (kcal/mol)

D300,7°

theozyme free PLP cofactor

TS-3 Ph o MO

5.6 8.3
8.8 8.1
16.1 16.1

Yang, Y. et al. Science 2023, 381, 444—451.

L299

steric

repulsion
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Combining persistent radical with ThDP

O o}

O O _ 3
R
I X H o, NPhth Eosin Y, RAT N
R > I
=

= R2 R3 ! R2

R* Me

; —
S N
\\
| RS
o

N
RI_/ S
R
= R4

Eosin Y* \( d \
\\

hv SET RS

Me

Eosin Y Eosin Y~ . I
;" R

Huang, X. et al. Nature 2024, 625, 74—78.

3q, RAT2
30% yield, 96% e.e.

Bu

3ad, RAT3
25% yield, 86% e.e.
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B Background of photobiocatalysis

B Brief introduction to enzymatic catalysis

B Modification of enzyme catalysts

B Combining photocatalysis and enzymatic catalysis
B Photobiocatalysis for organic synthesis

B Cofactor-dependent photocatalysis

M Artificial photoenzymes

B Combination of external photocatalysis and enzymes

B Summary and perspective
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Summary

B Combining photocatalyst with enzymic catalysis

B Derive non-natural enzymes

B SSM
m FRISM

B Cofactor-dependent photocatalysis

m Hydrogenation ® FAD (FAP)
B Intramolecular addition B NADPH (KRED)
B Intermolecular addition ® FMN (ERED)
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Summary

B Artificial photoenzymes
B Genetic code expansion

B Post-translational modification
B Combination of external photocatalysis and enzymes

B Acceleration within enzymes
B Improving compatibility

B Ultilizing persistent radicals with different enzymes
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Perspective

Substrate
0,, 2H*

NAD(P)H

NAD(P)* Product

Natural Pathway

Substrate
0,, 2H*

Photosensitizer

prc”  %DTC, Product

Hybrid Enzyme Approach

1/2(DTC),

DTC
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