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Enzymatic synthesis Enzyme-coupled cofactor regeneration
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R. H. Mueller; et al. Bioorg. Chem. 1990, 18, 116-130. S. J. Novick; et al. J. Am. Chem. Soc. 2006, 128, 10923-10929. 5
Y.-G. Zheng; et al. Chem. Soc. Rev. 2018, 47, 1516-1561.

NAD* + H* + 2¢° =<——= NADH



R E R

> BBERR &R
Bioelectrocatalytic process
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D.0. Kimble; et al. Biochimica et biophysica acta 1964, 88, 375-383.  S. Liitz; et al. J Mol Catal B- Enzym 2008, 51, 57-72.
Z.G. Zhu; et al. Current Opinion in Electrochemistry 2020, 19, 1-7. S. D. Minteer; et al. Chem. Rev. 2020, 120, 12903—-12993.
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Direct electron transfer

Mediated electron transfer
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A. Heller; et al. Acc. Chem. Res. 1990, 23, 128—134.  S. D. Minteer; et al. ACS Energy Lett. 2018, 3, 2736—2742.
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D. R. Dean; et al. Annu. Rev. Plant. Physiol. Plant. Mol. Biol. 2001, 52, 269-295.
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> N, fixation by enzymatic electrosynthesis
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S. D. Minteer; et al. Angew. Chem. Int. Ed. 2017, 56, 2680 —2683.
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» Aerobic bioelectrochemical dinitrogen reduction in vitro
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S. D. Minteer; et al. J. Am. Chem. Soc. 2017, 139, 9044—9052.
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» Upgraded N, fixation

One-pot synthesis
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S. D. Minteer; et al. J. Am. Chem. Soc. 2019, 141, 4963—4971.
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» Upgraded N, fixation

Minteer's group (2019)
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S. D. Minteer; et al. J. Am. Chem. Soc. 2019, 141, 4963—4971.
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» Upgraded N, fixation
O Cyclic voltammetric investigation 0 Amperometric i-t analysis
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6a 7a 8a
Entry Substrate product concentration (mM)? ee, (%)° yield rate (umol/L/h)
1 1a 0.54 >99 (R) 54
2 2a 0.34 >99 (R) 34
3 3a 0.61 >99 (R) 61
4 4a n.d.? n.d.? (R) n.d.
5 5a n.d.d n.d.? (R) n.d.
6 6a 0.14 >99 (R) 14
7 7a 0.53 >99 (R) 53
8 8a 0.35 >99 (R) 35

aEach value represents the mean from triplicate experiments. ®The reactions contain MOPS buffer (100 mM, pH 7.0), MV2* (750 uM), NAD* (200 uM), PLP
(1 mM), substrate (2 mM), pyruvate (50 uM), nitrogenase (0.16 U/mL), AlaDH (0.18 U/mL), DI (0.16 U/mL), and dry E. coli cells containing HN-»TA (0.1
U/mL). In [%]. Determined by GC on a chiral stationary phase after derivatization to the corresponding acetamide. n.d. Not determined because of too low
a conversion.

® The low utilization ratio of generated NH; (approximately 40%)
® The low faradaic efficiency (approximately 27.6%)

® The reliance of the system on the external electrical energy input

15
S. D. Minteer; et al. J. Am. Chem. Soc. 2019, 141, 4963—4971.
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» Bioelectrocatalytic conversion from N, to chiral amino acids in a H,/a-keto acid
enzymatic fuel cell
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Pl electron e {second -
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Cathodic chamber PEM 16

S. D. Minteer; et al. J. Am. Chem. Soc. 2020, 142, 4028—4036.
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» Bioelectrocatalytic conversion from N, to chiral amino acids in a H,/a-keto acid
enzymatic fuel cell

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

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

Anodic chamber

[NiFe] hydrogenase |
(SHI, EC1.12.1.3)

The low utilization ratio of generated NH, i

The low faradaic efficiency

L

Potentiostat/load

Nitrogenase
2¢

2-Ketohexanoic acid L-Norleucine

Cathodic chamber

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

Nitrogenase L-leucine dehydrogenase
N, —— 0 NH, - Ho\n)\/\/
o]

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

The reliance of the system on the external electrical energy input 17

S. D. Minteer; et al. J. Am. Chem. Soc. 2020, 142, 4028—4036.
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» Bioelectrocatalytic conversion from N, to chiral amino acids

O Optimization of the O Amperometric i-t analysis
nitrogenase concentration 140, injection

3.0 o —— Reaction with nitrogenase 1%t injection: 0.25 U/mL DI and 200 pM
= —=—0.125 U/mL Nitrogenase £ Reaction w/o nitrogenase NAD*
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Reaction time / h Time /S

O Bioelectrocatalytic L-norleucine production powered by an applied voltage
2.5 - r100

® The Faradaic efficiency was up to 87.1%
(2.3 times as many as previous research)

2.0 4

1.5+

efficiency / %

® The utilization ratio of NH; was up to 92%

1.0 1 . .
(3.4 times as many as previous research)

Faradaic

0.5

L-norleucine concentration / mM

0.0-
1 2 4 6 8 10 12 18

Reaction time / h S. D. Minteer; et al. J. Am. Chem. Soc. 2020, 142, 4028—4036.
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» Fuel-cell-powered bioelectrosynthetic L-norleucine production.

L-norleucine concentration / mM

0.6 4

0.5

0.4+

0.3

0.2

0.1

0.0-

I

1 2 4 6 8 10
Reaction time / h

O &Yy R 9

MHLOH
o

12

(6] (0] (0] (o] (0]
\/YLOH )%OH )?%H /SMOH MOH
(6] (0] (o] (o] (o]

® The highest L-norleucine concentration was 0.36 mM

® The Faradaic efficiency: 64%-82%

SAIERIE vs B
1.97 mM

0.36 mM

L-norleucine concentration

S. D. Minteer; et al. J. Am. Chem. Soc.
2020, 142, 4028—4036.

1a 2a 3a 4a 5a 6a
Entry Substrate product concentration (mM)? eep (%)° yield rate (umol/L/h)
1 1a 0.36 >99 (L) 36
2 2a 0.38 >99 (L) 38
3 3a 0.40 95.2 (L) 40
4 4a 0.40 >99 (L) 40
5 5a n.d.c n.d.c n.d.c
6 6a 0.28 >99 (L) 28

3Values represent the means from three separate individual U-shaped dual-chamber electrochemical cells. For every single cell, the values were obtained 19
based on triplicate amino acid derivatization. bin %. Determined by SFC after derivatization. °n.d. = not determined because the conversion was too low.
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» Electroenzymatic CO, Reduction by VFe nitrogenase

a)
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) [4Feas] N e,
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’ Transient*
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o
intput . Without Fe protein
@. R ) I - I
G VFe pmtem Without ATP-hydrolysis
~
8 ":z.sg,
£
8 "FeV-co
@\ co, CO, + 8¢ + 8H" ——» CH, + 2H,0
= R H*
R O H, CH, 2C0O; + 12e” + 12H* ——— C,H, + 4H,0
C,H, C3He 3CO, + 18e + 18H* ——— C,Hg + 6H,0

S. D. Minteer; et al. J. Am. Chem. Soc. 2018, 140, 5041-5044.
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» Electroenzymatic CO, Reduction by VFe nitrogenase
O Cyclic voltametric investigation

§ o6 Co E..=-0648V - § oe. Co E1/2: -0.788 V| § oe
T s F2T T s T
S 0.4 . S 0.44 S 04
3 @ @
_§ 0.2 .§ 024 - .§ 0.2
E 004 E 0.04 E 0.0
3 C——— ’ 3 3
021 i g 4 021 0.2
03 04 05 06 07 08 -09 05 06 07 08 09 1.0 0.7 0.8 0.9 -1.0 1.1
E/V (vs.SHE) E/V (vs.SHE) E/V (vs.SHE)
0 - _ 0 - _ 0 - _
E (COZ/CH4) = 024 \/’ E (2C02/C2H4) - 034 \/’ E (3C02/C3H6) 031 V
O Amperometric i-t analysis O Product distribution
60
120 4 Add CO,
o~ < 50
IS \ )
O 1004 I;
g. & 40+
S 80+ g
2 Add VFe/denatured VFe 3 5
2 °
g 601 \ £
- € 2}
- 3
L 401 ) ]
a W = T 1
20+ I
0
0 300 600 900 1200 1500 1800 VFe |Control| VFe |Control VFe |Control
Time (s) Methane Ethylene Propene

22
S. D. Minteer; et al. J. Am. Chem. Soc. 2018, 140, 5041-5044.
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> Selective Electroenzymatic Oxyfunctionalization by Alkane Monooxygenase

Alkane monooxygenase (alkB) from Pseudomonas putida GPO1

(BRERME)
O]
alkB o H alkB [
N N . N S Y L O/%
Gasoline-range alkanes (C5-C12) Aromatic compounds

Gene cluster alkBFGHJKLST

T REPEE alkanes as a carbon source

LCrucial first step
/\M/\/H | alkB, alkG, alkT > /\M/\/OH
n n

NADH alkGyeq : 0 P e OH |

e, 02 n n '

Fe(lll) —» E+e(IV) > Fe(lV) )

SO :

NAD* alkG,, <~ \i______ 7w n ;

Epoxidation of olefins Demethylation of branched methyl ethers Sulfoxidation of thioethers
alkB alkB alkB _

/\MN —_— /\MM /W - /\W /\Mﬁ\S/ > M\ﬁ
OMe OH 0]
24

S. D. Minteer; et al. Angew. Chem. Int. Ed. 2020, 59, 8969-8973.
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> Selective Electroenzymatic Oxyfunctionalization by Alkane Monooxygenase

Enzymatic electrosynthesis (EES)

o
intput
ROH + Hy0 + H* 1
alkGreq 2 Toluidine blue O (TBO)
S NS +2e° N
: OO, —=
T N s NH,* SN
(&) I 2 - 2e N S NH5*
T8O, ! TBO,eq
alkG RH + O,

O Enzymatic electrosynthesis in a Biofuel Cell

( - A
L Potentiostat/load ) |

0 I

/\/\/\/\OH/\/\/\1>
TBO,eq alkG d MV'ed
e //\/\/\S/ /\/\/Y - /
alkB
aIkGox \/\/\/\ MV o

Cathodic chamber

Cathode

S. D. Minteer: et al. Angew. Chem. Int. Ed. 2020, 59, 8969-8973. 25
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> Selective Electroenzymatic Oxyfunctionalization by Alkane Monooxygenase

O Cyclic voltammetric investigation

Amperometric i-t analysis

O AIKB catalyzes terminal C-H activation

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

83.4 kcal/mol
80 - camo 100.1 kcal/mol
—— blank H M
60 - ——1 mM octane AA)\/\/ [M] - M?/\/
% 40 H double bond epoxidation
3 -0.12 V vs SCE tootone
20 4
: ] -0.20 V vs SCE Al oH
% L) H-‘jsﬁ'-:.(-? CarbOn act; /\/\)\/
§ ™ 1 561, Vation
3 07 is >
80 - 5 S v ™
06w 1000 15w Z000 2800 /\/\/\/\
-100 . . . Time ! Sec enzyme pocket protection OH

0.0 0.4 0.2 0.3 0.4 0.5
E/V (vs. SCE)

O EYY R

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

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

Substrate Product Product detected (nmol/h) Faradaic efficiency (%)? Rate (umol/h/mg of alkB)
Octane 1-Octanol 265 25 1.77
Cyclohexane Cyclohexanol 29 2.6 0.19
Ethylbenzene 2-Phenylethanol 71 51 0.47
Substrate Product Product detected (nmol/h) Faradaic efficiency (%)? Rate (umol/h/mg of alkB)
1-Octene 1,2-Epoxyoctane 144 16 0.96
Methyl n-octyl sulfide 1-Methanesulfinyloctane 110 8.7 0.36
2-Methoxyoctane 2-Octanol 241 18 1.61

S. D. Minteer; et al. Angew. Chem. Int. Ed. 2020, 59, 8969-8973.
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» The EFC with an alkB/alkG biocathode and hydrogenase bioanode

( : A
{ Potentlostat/IoadJ |

Hydrogenas& MV

-
Jos]
_‘O
L
x
ko)
% :§
\ %
(@]
I
(@]
I
(@]
o
4 ©
b \
=
_‘<
2

+
TBO,, o~ /\/\/\Cge o H ox
Cathodic chamber
PEM

Cathode substrate OCP [V] Maximum Maximum Product Faradaic Rate [umolh™' mg™’

current power quantification efficiency of alkB]

density density [nmolem™?] [%6]

(pACm) [1Wem™]
Octane 0.65+£0.01 3187 4511 690+ 34 23+1 1.15
1-Octene 0.657£0.009 190£16 36%3 23012 15£1 0.38
Methyl n-octyl sulfide 0.647 +0.002 335+3 505 22016 5.0+04 0.18
2-Methoxyoctane 0.663 =0.004 28026 47 +4 420+£56 172 0.70

27
S. D. Minteer; et al. Angew. Chem. Int. Ed. 2020, 59, 8969-8973.
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> bioelectrocatalytic multienzyme cascade reaction

Minteer's group (2022)

.
intput
electron alkG, o NN 0,
mediator, .4
Step |
Regioselective C-H
oxyfunctionalization
electron OH
NN
mediator,, ZIEE X
O,
(%]
§ AcCOq Step Il
® CatA Alcohol oxidation
(& H,O + O, <€&——— H,0,
NH,* + PN
electron NADPH
mediator,,
NfRedAm Step Il
FDR Reductive amination
(NADP reductase
electron NADP* Y
mediator,, A~~~ N~~~

S. D. Minteer; et al. J. Am. Chem. Soc. 2022, 144, 4047-4056. 28
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» Design of reaction system

E H
alkGEWITREH: -0.24 V vs SCE s s L J@[N]@\/
N

y— A3 NG '
FDASE I EREE: -0.55V vs SCE N s NH; " o N NH,
. Toluidine blue O (TBO) . Neutral red (NR)
-0.59 V vs SCE
Step | Step Il Step Il
NN _p» ANNOH _p>/\/WO —p>/\/\/\¢N\/\/\/\
NR(eq (O]} NRyeq
Limited O, Anaerobic conditions
Input electrical energy Input electrical energy
O Cyclic voltammetric investigation O Amperometric i-t analysis
40 - ——with alkB
———2 mM heptane 200 4 ::,0 aa:kB
“.'g S0 w/o heptane ,:‘E 180 - Oxygen
< ; 160 4 l
= 204 = 140
> =
2 ‘; 120 +
g 10 4 g 100 -~
L]
; 0- = o 80 1 Heptane
: Eowf |
=5 /‘ s
O .10- o 401
20 P
-20 T T T T T T 0 T T . T
-045 -0.50 -055 -060 -0.65 -0.70 0 1000 2000 3000
E/V (vs. SCE) Time/s

S. D. Minteer; et al. J. Am. Chem. Soc. 2022, 144, 4047—4056. 29
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» Step I1: Oxidation of 1-Heptanol

ADH 0 0
AN NNOH o P U + ADHs (alcohol dehydrogenases)
NAD(P)* NAD(P)H X
AcCOg VTN )
ANNNOH _O> AL+ H0; i Turner's group :
2 ' :
AcCOg (Choline oxidase variant) :
CatA (catalaseL :
H20, H0 + Oy Specifically catalyzing the oxidation of primary alcohols *
Module | Module i [ 1:0
43% air 100% ?n [ 14 = Step I I
il £ - -
107 mM 125 Cuttlng off pOV\_/er m_put
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» Step Il1: Reductive amination of heptanal

NH, Turner's group
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» Step Il integrated with steps | and 11

— 1.6 - Module | Module II Module Il -1.6 1.6
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* Resupplying power input
« Changing from 100% air to 100% argon gas
* Injection of 0.15 mM NADP*, 30 mM (NH,);PO,
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(1.2 U/mL) NfRedAm
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» Conclusions

Enzymatic electrosynthesis (EES)
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» Outlook
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