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Progress of biocatalytic deuteration of inert carbon-hydrogen bonds
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Abstract: Deuterated compounds display unique properties, and thus have important applications in chemistry,
biology, and related areas. For example, deuterated compounds are widely used in elucidating reaction mechanism in
organic synthesis because deuterium atom has similar chemical reactivities to hydrogen atom but different magnetic
property and mass. In pharmaceutical industry, deuterium-labeled compounds are used for improving the metabolism
and pharmacokinetic properties of newly developed pharmaceuticals due to the higher chemical inertness of C—D
bonds compared with the C—H bonds. The first deuterated drug, Austedo™, was approved in 2017 by the US Food and
Drug Administration, which has greatly stimulated the research of deuterium incorporation in pharmaceuticals.
Traditional chemical methods for introducing deuterium into compounds rely heavily on transition metal catalysis
performed under harsh reaction conditions using complicated ligands with low selectivity, which limit their broad

applications. Thus, developing an effective, highly selective, low-cost, and environmental-friendly process for
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deuteration is highly desirable. Comparing with chemical catalysts, enzymes offer a powerful route for producing
chemicals due to their green nature and high selectivity. Thus, biocatalysis has been regarded as an attractive strategy
for deuteration. So far, to the best of our knowledge, reported biocatalytic deuteration methods mainly include three
types: hydrogen deuterium exchange (HDE), reduction deuteration and decarboxylation deuteration. The biocatalytic
production of HDE is the most efficient synthesis process with good atom-economy, which mostly effectively
introduces the isotope into the a-position of the carboxyl group. Bioreductive deuteration usually uses a NADH-
dependent reductase with D,O to construct deuterated chiral alcohols or amines. The decarboxylation deuteration offers
good selectivity to introduce deuterium into the carboxyl group using carboxylic acids as low-cost starting materials. In
this review, we describe recent advances in the three types of biocatalytic deuteration processes respectively. In these
cases, D,O is used as the main source for deuterium atoms. Although studies on the preparation of deuterated
compounds by biocatalysis are still in the initial stage, it is expected to be flourish rapidly due to the importance of

deuterated compounds.

Biocatalytic Deuteration

Keywords: biocatalysis; deuteration; stereoselectivity; hydrogen deuterium exchange; reduction; decarboxylation

B & 2017 4585 1 AN AR 24 T R I e il i 5%
[E FDA fibifk 115, J£F 2020 45 5 H 78 A E bk -
Wi, AR # AN, AN
2 [ ORI BT HUA BT A T P T 2R AR S —
R BIPOF IR Y, 5K EEEH TIHRITIE3)
BB R A R e 22 R G B RS A SR B R
HAX A B F KA R, SR,
MA R TG AL P, R IR A b g g A F AR ) &
Ji B e BOTUR -, T DL 3 AR AR
REKE W, T 4G 2, (R I I A 5 )
BRI 2254 5 FEC %) XL Y0 P52 o T 7 2 ) T i e I 7
LG, SRARHE AR B Iy — Fhml B T ot Il R
KW LW AREAYMEEFR. %
20204, ERCA 10 RAITACL W E N i R 5

BB BB AN TRACE A S A B R A
S L PR SR AR AR AL

SR T AR 7 HONFRALER . AR AL 3R 2L
B, C—DHELLC—HEBAEE &, B 23
ZIRER, IRk SR T R R A A AR Y R A
AP RWEE P, K E R R K C—D # A
B C—H R REW B IR 25 MARIHE R . 5RPUR
I 239 70 1M EL, TRACES ) B A HE K 251 )
FANM 25K L, PRI M 25 B BB, /T
E PHL BT 2% L8 AL A AT 9k 20 B3 AR 7 P 1 A
J, AR B ik L 2 MR AR Y R R A R R PR R
PRI RS =

TR S U, AR T A
2 N AE R AT LR bR iC ML & T B



532

BRENE $£35

WA RUE AL R AR R B AR 0¥, BRI -
i (LC-MS) i Az o fildn, ARG O
W FIVERZ R FE IR (NMR) . SRS He 5 i (HDX-
MS) X 5 2 i A 27 R 2 ST S A T B 1 A
o WA, HT ERZFIRE, FAVL G YIERE
JR 2521 RIS, 72 AR N A K A S A AN B
D EE AR AE B, BT BART BLRE T Il PR e R
R, AVHE AV SRR T B, Ak, BTG
PR R, TR T 5 5 0 T WA R 4R 51
o R s W 43 AT W AN AN TR R SEA, Bl 1 A AR
SEAk 2 I N VR A B F) 24 i B T A

BT P B2 R 1)
HEM, H AR B T7 RGN F AT
KHZHRKFMEMN. BIHA NI, CE&MiEd
Z MRS SEILAE 4 P N TR I RO T
055 BRI B H ek I U A # L S @ A e,
DL % 33 T % G I Ak 2% R T R0 Ok Ak s
5 P AR A AR KR T AR 1 [X
R BT (R AR WA B A BT THE A R
Prmy B, LAk S A R R R R
I 2% A o 18 G A I AR s B 8 R S B A
A 2R AR 25 0 B BR A AN R, T B S B
JTCbR T R B S 1R bR 10 R T e I N, IR S
RENREGY T BIE gk, WERE NN 4
B, mEFEER AR E - N EAEER YR
SRS R AN B () PR A

A I R A TR B OB A AR IR
RGOSR A, TEA RAEOR S 2 B HA . B
BA T 58 R ML EFEE, AR A AR A 0 FR
BRI IR D% W K AR R TR R B A R i
1 B GRAER, B 2 DhRE M I SRR T
PR3 F s KRR 22 (1 I 44 A0 TR R AR R K
BRI A AN T S AT R A
AR SRR X E e I S WNAR | 2PN
SRR IR BN T OOE MR, DA EE /KR SR s i o) 7
—EE LT e A B S NIRRT, AT,

0O

HO NH; 1.120 or (1 20) HO N”;

His R o (L ¥ TS H1

E 2

(

i I A WA A (R TRAX B BT ¥ T B N R AL
B JFEIRAR BB =R AT AL E3 A5
T 0 P TR S 14 5 2 e R AT £50A

1 FURSH

)
=N

B A S A, I T R AR AL
NG R AR TR SR T U R A R
g, RAWREME T2 ™. fEHEqEL
Yk, O AZBRBAEL B SR ML 1
ANETR C—H KA EITAS e [ BL I 7, SR TTTHX —
TIEAE WAL SO IR AL TP i B

B ZA R EY (tryptophanase, TPase) & —3J5LA
IR % % (pyridoxal phosphate, PLP) A4
AW B, T I R SR RS A A A AR A
SR I R, A O W, PR R AT 2R
ZHTIWEFER B, % ] DU A 5| bk 5 S- A R L
P R I 46 B IO A B R Y, T & Boroda
8 O AR B K EUTUK A RS2 T a b 1 R4 3
Fric (B 1. A4, Kawata W4 Y Kk BLIX Fhiig
ZRHL-BEARL o Bk EIWEATE, TS
HERKBE MK RAEHD (T) A2 B L= .
Jo BEE TR BRI (tyrosinase) & AJ DL & At —
WA (E2) o,

OH

NH,

(DD

¥ 0
LY - vyl e »
h NH,

D,0 (or T,0)

B v S-F R L2 SRR & B L-Trp
Fig. 1 Synthesis of L-Trp with indole and
(S)-methyl-L-cysteine

2017 4F, Rabinowitz UREZH ' iE 7 — 4>
% My 5] X 1) NADPH 5 3 &= () & i & # Jx
(3), {4 NADPH 5 D,0 JL7E 0, AAbit 5% H
MEFRKEDMZHBINE, HELmERF N
AN — P L) B R B —— 4 bR R R S

nDO (DO
" “OH

HO NH,

Fig.2 Hydrogen deuterium exchange at the a-carbon position of tyrosine



%£3% www.synbioj.com 533

HH O
| 7 N FAD
N
R
NADPH
R { NADP'
N
[ L —=
D,0
FADH,

E3 #HEMTKFINADPHA

| D D DD
B ——

R

NADPD

D

FADD,
ST S L

Fig.3 Hydrogen deuterium exchange catalyzed by FAD-dependent enzyme

NADPH #J 7£ 1 min W #% 5 AR . DAL b ] DA 4
NADPH 5 A8 5 i A JF A2 K4 3 &K H-D
e, TR BB T R A N B TR
I 7 H A NADPH 8t 1) 35 2 7, B AT AR
& 7 NADPH (] H-D 52 #t ) B o At AT 14 8 Ff AN [] 1
N EAE 54 D,O A, FFfEgiiE 3
BT AR I NADPH, EB] 7 iX — 3 G113
WM. BeJE, BRI NADPH 5 (1) 41 i P 16
WA moc =9I N T e -

20204F, Narayan BfZH 7 FI FH PLP 4K 8 24 1)
a-A A R (SxtA AONS), KM D,O 1F i i il
#— RO a-D-BERIEE (K, TR~ mEE
R (1 X SR BRI ST AR IR B . AR R I 2 TT Tk
AT AR 1 H R R AT A= sl A A e (9 S

Catalytic[Rh], or
0 stoichlometric [Ni] with

%H chiral ligands
HQN "IH deuterated H N [)
solvent

() IORAP I T SRR AT Ll 2 B B iC M R R & o UM M AR i (k2 1k

(a) Traditional approaches toward a-deuterated amino acids from protected glycine equivalents or

unlabeled amino acids
Lys
H. N
m J
(0] @aN ™M OX
R o oe , NoH
. i
“H SxtA AONS
(X=H, Me) N M
® -or0? oy

Protecting group manipulations;
Chiral auxiliaries;

R Pyrophoric "R-" nucleophiles
OH - PG)
multiple steps

LI K A B o- ARG B IR, AT R B R £
TRIPEZ AL, 5 W RS A F IR A 5t
RS BT (B4 1™, HXINE,
oSG AL A i - TR BB R 1) 7 i U A
ZHHR S ORI EENE; OAKE
IR @ st BAMRN %M. o
& BBV O R BRI S | (PLP) W] DLId I
527108 T I fi ] ke ] 0 1Y, - R R TR 1) 25 R
F Ao AR i B 2 T 4 TT DLFE 72 4 DT
A7 s R TR A E 7K B TR AR 2R P T AR, A
ML o- SRR R AR (B4 ], &5, fF
B UE W] 73X b4 A 7 B0 1Y) s N AE ) % R B A
fE, LL200 mg L-Ala-OMe A2 s, 8L 3455,
LL60% 7= 3%, KT 99% 11545 N HK 1 96% 1] ee

NH
i MeSO,H

(c) AL ¥ Safinamide 145§
(c) Structure of deutero-Safinamide

NH(PG)

(b) SxtA AONSHEfLIZ Sl il
(b) SxtA AONS-catalyzed a-deuterium incorporation of amino acids

B4 SRR L F R Y o fr AR R

Fig. 4 Deuterium incorporation at the a-carbon of amino acids and their methyl esters



534 BRENE $£35

AT I L-Ala-OMe,  Lh 96% 1 iz 28 JUARZE A B
7 #j%¥) Safinamide — Bl F T30 9T B0 4 AR
2.

i, FATIRIE 7TAEBRBEIZ R (ThDP) K
S TR A 1) TR 4 SO A O B 1 A 77
ThDP 4 Al T8 & N-28 R 5 (NHC) #b, B
% 38 i A= & Breslow H [B] 44 > 30 8 1) C—H %2t
L Z A AR, ThDP AV B 58 98 fE 4k 2 1
C—CHETE AN AR R B o FATTIN I AL 3T
1) Breslow H[A] 44 R] LLFE D,O 724 T it AT AR AL
R (HIB), R AR SR,
TEFFIZFAE T, C—CHIEHRN (Flun: <8 &
it N FEF) 1% WA RN, 5 R
FHEG, 7EK 2 % ThDP v B R R e 1tk 45 6 D 4R
MRS KEZBEREEFERRRN. KL,
e S B 3 i Breslow A B] A 1 570 AR s 8 7] s BEL W
C—CHIE R, £ —BiHkbk, FAT@E LN ThDP K
5 I ) Al S R AT R E, AR AR RN
A0 7 s B3 S AS [ S JEC A 1R R /N ke B 7 A T
JEC W [) Bt N A A 2 s A S G P 2 A/ R
SR, A T — AN BB iz @&
A A A T ) TR N A R oA B ) T
% (E5,

* High yields

4 High D-inc.

# No benzoin
condensation
byproducts

Rational design of
biocatalytic deuteration platform

BI5  ThDP S (i A6 A AR 5 A
Fig. 5 ThDP-dependent enzyme-catalyzed synthesis of
deuterated aldehydes

2 EHEGRAR

i JiE g — P NG 7y 7 R S B AL R
o T R TN RS N R - 45 A i 3 i 11
MEALHLRE, 35 30 20 BRORE O 51 N 52 B 2

— Mg Wb i AW AR T ¥ . 2002 4, MacDonald
g S PR T — R E SR B Lactobacillus leichmannii
[ =R A% H R IE )5l (ribonucleotide triphosphate
reductase, RTPR) ¥ “C/"N #ric 1) = % R #% bl #%
HEE (ANTPs) [1)2'f7 B2 I IE A 7. 4
L FEAE DO kAT I, 27467 B 51 N TR T A
SElHE AR . JE S 5 A R UR 5
W RAZ KR EE (dUTPase) 18 IR & 1k i
(thymidylate synthase) % % 1 7 A "C/°N #x ic 1)
[2-D] dATP. dGTP #1dCTP [El6(a)], F=&ik
) 95%. K H b HE (1) B V5 K dTMP #% 4 25 dTTP
[El6(b)]™, 7= HiE 3 80%. fH H1%J7 V%] %
AR R 4k A T 40 Bebm 10 I 25 1 0 )5 3
T 20-BPDNA it »

VF 22 S0 380 T T AR R8T R 1 i A R 1 I 345 o
o ATAR I8 5 25 NAD (PO H RE 545 UK ot &
AN, — Pl EFERARLEY.
2006 4, Edegger %5 "™ I H WAL TT 15, DLd,-
2-NBERTUE, R — B % 1 P2k -k FE M T
A, ZURBALRIL T 1Ak H R 20 ER B DSM
44541 1) = A WL TR 52 14 B U8 ADH, 5% H
(B e S AH L, ADH X 22 i 350 45 55 = 1R 7= 2R
T 99% ;= W) AR GE £ o A A1 $ d-2-TH I
Jm AR, FIH -5 RS d- P A A S R AR
T NADD 5NAD (E7), Xt— &5 75 & B Al
FLWH 58 BT 300 mg FUAE (AL ) B, 4 B P HR A
#70%~89%, ee¥ITE99% L L.

SR, BT 38 5 NADH A &R T A 2 3%
WA, KI5 N NADH H 3T T — 25 (iR R
SN H R A A% & B AR EE R BE. T
P D AESTIR B, T R RN [ 2
P o Dy E i 15 R P SR B BR AN TR D,O H TG
R G ANADP) J B 0 A R RV ) 7] AL
2019 4, oK H 4 K21 Vincent #3741 21
KH T SIS ) NAD IS JE SR, S EE A
A3t R A A Y R 08 O T AR A i 2 NAD IR iR
Mg, JF&5 & KK I E) 51 N NADH, Jf & B
ftlt NADP 4k 5t 284 11 340 5 i 30F — 25 4 4 22 =P O
o1 (B8 . fHAS—#-12E, Vincent % I H
4 JE I R R DA B T TR R-3- W A I
(A4, FF N H T 259 Solifenacin fumarate [ ]



%£3% www.synbioj.com 535

RTPR

D,0

NTPs

dNTPs

(a) ARAATP, dGTP. dCTPHIA K
(a) Synthesis of deuterated dATP, dGTP, dCTP

P,OF P of, po?
l\ﬁ*@ RIER dUTPase LQQ
HO OH b0 HO D 0.0
uTp dUMP
Thymidylate Standard enzymatic PO
synthase LQ@ methods kgo
(b) SARATTPI &k
(b) Synthesis of deuterated dTTP
o HR=BMAZLMZETIR (AINTPs) & Lk
Fig. 6 Synthesis of deuterated dNTPs
0 %, UEM T ZRGAAEGYE K E R EEE .
IJ‘_CJKCI): VR Y AE 5 B2 AR R A LA S
— B IE T X M dE kA Ak B ROKOR ST
NADH (¥ 75 ¥ o Al AT1 38 Ik A 5 e A% (48 1 44 22
ADH-A' T 3F &G H PA % A NADH: ZEW L RS
(NiFe & 4L 1§ A1 NADIE JR B ) . AL R G
(Pt/C MINAD & J5i i) DA J 56 4= M Ak 22 fE Ak R 4t
b (PYC), FEVPAE T &ML RSN 7 ST S SR 1 4L
)< NADD
bC™ "CD, PR R R . SRR, Bl

B 7 FIHITAC NADH & & -t A i
Fig. 7 Synthesis of deuterated alcohols with deuterated

NADH
+ NAD+ NADD
HUH D.0
NAD+ STTT
Hydrogenase s et |RedULl'.dhr§ |

Carbon carrier
B8 M NAD'IE Bl 5 T A NADH AT T
STACH B 1) & B
Fig. 8 Synthesis of deuterated NADH with NAD' reductase
for the subsequent production of deuterated

secondary alcohols

RGN XBIE RS IAREBENY S EVM RS T A
FHIFE . eAh, EADE RSS2 A AE T
HAEWHEMSE, R4 SHWA KR NADH,
HICE =y B 5 i ali ) AR )AL R S
b, ERoRHE RN EE . R T B
%F NADH 1 $ 14 #H &I B B 206 1 AT 90 36 R
25 R I (R)-ADH MR Bk i 25 11 48 47 B 3R U A=
B R-TAREE (1 9), {HZ(S)-ADH H A8 M JH Bt i
I AR A B AR BV AR AR S B . AR
BE— PN R TR R G, A T AR
A8 TR 44 Bh R - NADH (E9), MTTSEil T 8-
AR 1) B o



536 BRENE $£35

i R
NAD+ Reduction
/_\ S
19 9 Q.. DR
T"T ‘NHZ (0 " 'NH (_S):ﬂ.E_H_y | ] NH2 ﬁ " 'NH2
N+ N ‘0 4 oH N+ \
R R ,l.-'..\_.c_i,-u\__ [i’.;\..“]'".l.\. R R
(R)-ADH (S)}-ADH
HQ D 1 OH

R Cﬁ
B9 2B AL & BT A B LA ST A

Fig. 9 Multi-enzymatic synthesis of deuterated secondary

alcohols with complementary configurations.

e KR A S P A R S N ST NS IVAL I I
YL B S AL T B2 T A LA T
CE 10D ™, I 4F Rt ok B 2 s g ] T 2E P i
e Vincent BRIEZH U K B ) AL AL A NADH
MR 3L T g ] AE B Aok B AR b, HL 3R 3D,
D,0 NIRIR, 4 5 I Mt Sl i A 30 IR g, B A
SRICER Gl — RP PR A . SR, BEE
Rt AT, SACEEEVEIZ B R, RN RCRIZ
WA, i 310 S i A E 1 S R b R
THZ 7N A E -

NAD"
Soluble Hydrogenase
on Carbon Nanotubm)_°

(a) T RN (M RT N 52 I8 3 51 B0 L9 (¥ A R ity 5
(a) Carbon nanotube column flow reactor for H,-driven biocatalytic
cofactor conversion using soluble hydrogenase (SH)

H* Reagent
\J
AD+HNADD)
H, [D-Chiral product
S 9

Cofactor NADH-dependent
Recycling Dehydrogenase

(b) BE(EAE LA L BUTARAL S W 5 R
(b) Heterogeneous biocatalytic deuteration. A cofactor recycling
system and a NADH-dependent reductase enzyme are

coimmobilised on a carbon support

B0 i T I 5 Ao Tl FR) 7 50 S5 7 ot S L L S BE B Y
AL S 1k
Fig. 10 Heterogeneous biocatalytic deuteration driven by H,
in a flow reactor containing carbon support-immobilized

enzymes.

Al-Shameri &5 “*' [F] £ R it 2 4k % F B T K
T PSR N B . TE B, A
K NADH #8419 Vi 8 JR B (imine reductase,
IRED) PuO 1) E203G 275 1 55 7iif 0 1) NAD 34 Ji &
EE (SH) #4, B H KB e b P2 2 2 Rk
WERTAY, FEERILH99%. 24 LA D0 NmMIEE,
77 A2 1 5T AR NADH 7] DR v 44 & H 45 Ff NADH fi
8 O T R ) TR R AR ST B, PR R
A FI5 99% Hibric % (1D,

Imine reductase D
SH D
NNy,
HN NH,
D207 HJ. D N
H

A

Immobilized enzyme

<

Pump
B shib sl & A IRERT ALY

Fig. 11 Preparation of deuteropiperidine derivatives through

Solvent

the flow chemistry process

3 MmN

RIE R EMEE. RINSRFNA, HAE
HEZ 51BN, AR, B YACE X
B AR MR . BRI, R DR AR B B A
AR Dy ke s Ho At Th e B4 AL & W0 i BELAREURL o Tl R
AR R e R R PRSI A BN 71— AN
TG o A2 BRI R N o w5 ZEAE A 4R
LR M (B 12) P, T E — Sl A B A
PR I A 71 e f M6 2 T AR E o U 7 4 1) vy
(il B N B B A e AR SR, — SR IRRII Ot
P00 Jd 3R TTOA S L I B D90 5 R TR 1) 4% A )
AN BB T8 0 R A A A R TR R L B
LA R RIRRE, (R YA 1 B TACR N,
PSR LA b R IRATHT R, H Al 32 A &2k R i
F g AN ' BT Ui R 458 e A 1) 79 2 e R AR



%£3% www.synbioj.com 537

R (0] R R

@/U\OH Ag(I) cat EjAg D @,D
—_— —_—

R=EWG
B2 ARG R AT AE MR TR B
Fig. 12 Ag(I)-catalysed deutero-decarboxylations of benzoic

acids.

DR E S IER

HAE 1960 4, Belleau %5 “7 i % 2 4 i if
L-Z T8 (1 R 2 mU AR B, FF LA 1 IR
IR FE T o-C ISR R ARFEALR . R2
AIETR R B AR T RIS | (PLP) KM, &
AT A 32 i B ) e RE o P 13 s o DA S PR I
BB} (tyrosine decarboxylase) A, 1% PLP 5
% 2 TR I 2 P o IR ke ik T i PN D D T T G
YRR NRYSE S 485, PLP B 5E &R
G AN B i, SR 5 IR TV s i 2w A
ANFEE B gAY v [A) A 2 ik — 28 B AR N I i 55 PLP
A I ROIRAS, IR <F B — AN A 7 (DD
M SEIRITAR 8 J5 R 7 P AR B i R i i oK
PLP 587 A= 5l 5 380 220 IR ke A1k 445 & 1) 1N 350 18 IV ¥z T
3, PR LB YD R ) Kanska H0I% 5 &3 1R it 32
il M Ak 00 B 2 ITAR e B 3 AT B R G 1) B AT
2007 4F Kanska BRI ZH " il 7 A= 0326 AR K

Lys

I/ Tyrosine
OH

0]
G/@/\I)LOH H__NH" decarboxylase
v
H

e
N~ Me

® -oro?

Tyrosine
(0]

H
Lys
NH,
H__N

—
e

N "Me

o
Extenal aldimine

D
'iiH
-
ot —
Y OH
=

4 =
L.

N

H

QAR WM. 1 e s R B K R T
FINREER abi B, e B2 R MR B A AR 12 1
LB s B MR A i e [ 14 () ] fEMR T2
HRETE =Y, BWRE T ST,

ZB (DA 5T EHYE LREME LR
R LR et 20 R A o e, HATAEY
FEVRIT B R BB . IR R R R A
g ) L (1) A 24 P D T IR AR R AL ) DA
e % ELE 1) 5 ST AE LT, 2009 4F Kanska %5 Y ji
T 4 ) B R AAR Z I TR A 28 SR IR 43 i A R T AR
AR T BRI R A R AR C L-FE AR L-%
U DAL B L-B% 2 B8 7% i 75 4 AL 1 K,.DPO, 2%
MR, IR IRBEIEAT R o B R,
AT [2-D] -L-F 2 B2 7E B 52 8 i e 1k T 72 5
b, AR [2-D] -L-Z B, EREARAREHELT
EIA3R48 [(18)-D] -DA. MR S i ] BLR£R
Ji a-C HISEARSE R [ 14(0) 11", Bt L n 5ok
L-% ELPE STUK 58 Hh FH T 2 1 0t 8 i e I 2 B T
$#15 [(1R)-DI]-DA [ 14(c)].

18 i 2 Wi 7L B 42 K i — e R R Ao £ 8 )
FEAE IR A 2 1 L-2K A 20 R it PR W1k, B L-8
FR MR A R, B AN TR T RL A R I
F.OBEBEREAEMEEY R . X Y5
SRR G s REAR, AN AR A R,

OH OH

&
Nz
L

H /NHfH
) —_— |
_ 5 OH D,0 3 OH
7] 5y
C‘N Me N~ "Me
H H
Extenal aldimine Quinonoid

Lys

>

H._-NH HI)

HO ?
Me

Tyramine

B3 7 G R Mot 5 P A i R A B ML AL 2

Fig. 13 Mechanism of tyrosine decarboxylase-catalyzed decarboxylation deuteration



538 BRENE $£35

Tyrosine D

decarboxylasc = D

0]
/@/—\l)‘\o Try ptophanase m
HO NH, D 0 D 0
(a) F HUTUACS-Hi i

(a) The preparation of deuterated S-tyramine

/@/\‘/“\QH Tyrosinase

Tryptophanase

Amino acid

W}] decarboxylase

i

(b) & H[(15)-D]-DA
(b) Preparation of [(15)-D]-DA

O

Tyrosine D

0
Tyrosinase  HO. decarboxylase H
D
NH H 2
H 2 HO 2 H NH3

(¢) & HE[(1R)-D]-DA
(c) Preparation of [(1R)-D]-DA

0 OH

Phenylalanine
decarboxlase

X NH;
N
N
H

D50

H
z D

b'e NH;
N
N
H

(d) & BUTAR G B HLAiT AR

(d) Preparation of deuterated tryptamine and its derivatives
Bl14 AR MAR AR TSR E BT BRI 2 B G AT EY

Fig. 14 Amino acid decarboxylase-catalyzed synthesis of deuterated tyramine, DOPA, and tryptamine derivatives

JIT LA 1 3% AR L AR B A A P £ i B L AT AR
Ve AT 2 BAEEAYE LWEREF,
U A 7 A% 5 2 O I 24 0 R OE LT R S 2
FAH . Kanska BRI U R FH L-2K T4 20 18 It 7% e
B B9 A 18 i S G ol 3R AT AR D IR I R AR T %
HHPEMRR T o-BROSIAAKRR [ 14D ], 2K
ABL 1 J7 3 A N B 2R B IR I R ORAR I B Bk
i rp Dol

2021 AR D RIE T — R I R
CvFAP i A4 1 JBE 52 A 7 v o e R R ML/ Bk
NC64A H13R15 B 62 B CvFAP,  LLBE M i H K
PERNRIR, SEBLT Z MR BRI (B 15,
CVFAP S A I B & IR % B R (FAD) 4filA 1
RE W IS 6 T B A5 FAD*, W17 A4 K 4 i iy
BR LR T i B AL, A IRk 2L & A s TR A bk

STARA T AT USRI — AN 1, [ 0K &5 FAD*
RAERHETHR, 15328 b 24 ke e vt
BE TR K, B T A RRCRE R TAR e e B
Je el E A% R SR AU BB, B SR
T2 R0 A dme i, T RS v R B B O A TR IR RV
PR L BUAR . FRAT A A R A R Ok A R R AR
(focused rational iterative site-specific mutagenesis,
FRISM) [f] 5 i 6f WT-CvFAP SEJits 1 25 (i LA AL
DS, RS iR A 1) TR Y A B IR T R R
HEERR TR . RBERMAN T EMR . SE AT,
5 2 H) 1398L 58 A2 44 AT DK HE Ak 2 1R Y s 2 v 1R 2
1015, GA62A TRAZVR AT LLKG A I A7 R M 3% Fi2
i 2 78%, Y466A FRAZMNG 3-F8 LT IR [ 77
3% $ £ 81%, JFSLIL 1 AL IR B TAN B R
AL o 33— 20 H] 9 7 8l 1 2 B e 7 WT-



%£3% www.synbioj.com 539

432-SH

R ¢
|
R® j@N /N\%)
NH
- N/L(
), 3

R-COO

Photoredox
cycle

(a) CVFAPHELK [ ST ACIBE e B REBLES
(a) Mechanism of decarboxylative deuteration catalyzed by CvFAP

R-COOH

o Long chain acids Divergent pathways
o Medium chain acids Pire cled evolution
o Short chain acids ————> R-D

© Racemic acids CvFAP mutants
@ Bulky cyclic acids D,0

(b) TAALBGE ICVF A PR A o] 1 2 8 11 ST B i
(b) Decarboxylative deuteration of fatty acids with different chain
length catalyzed by engineered CvFAP

15 OLHURIITR MR CVFAP AL I AR R I B
Fig. 15 Decarboxylative deuteration catalyzed by CvFAP

CvEAP 1 5% 28 A4 (A4 3 1% A0 ST 4% 306 4% 418 1) 45
A, RS IR T 4R R ORI i BT AR
i, #IER] T 2190% HIRAREE R

4 HAbSRAOTIE

SUREE R o et 2 51N A A2 25 b i 1) 38 22777 50
Z—. RNAMREAXME (phenylalanine ammonia
lyase, PAL) AJ DA A 1- 2K P 2 B2 B 2 5= AR
E-NAERR, TEAINEZ & 1 1R & b ] DA 3
i (AT 0 s R PO SRS A E K B K 1Y)
i, BIRTERAS S Y I [R] A7 3 AR 10 2K T 2 R
CIE 16D ™ Ja &R 8 1 K 4 & IR 1Bt & PheDH
(phenylalanine dehydrogenase) ] LA #3247 5 1c i
RN

BT PAL i AL SR & — 1, 8 Rk b
B ReIR1G SR RN IR, N T3R5 RGBT
Y, Jemielity & "' 45 A 4 SR R BE VA il v T aX A

W), B e AL SR TV T A R AL R ARG Y
E-EE®R, Wia—H4&PALHIS T REA Y
(HW17D .

H D
PheDH 3
NH 0 OH OH
& NH, 0

Bl16 il & oA -2 P R R T B TR
Fig. 16 Preparation of deuterated (S)-phenylalanine and

phenylpyruvic acid
0]
D,0
KCN 1 , CH,(COOH),

@*/“@M

B17 il RN AR
Fig. 17 Preparation of deuterated (R)-phenylalanine

5 REiHREH

Skl & AR E I ISR EE, B
TEME— i (AR 254 T 2RI R A R L T Ak
T3 A NIRRT 1 AR ik 4 AR AL A 9 ) A
RARINEL, AR g LAk, Hrci#k
T8 1 AR W) T AR O Y R oy D A AL 1 TR R
W JF AR S R TR . SRS e 7 15 K 2 78 2k
maﬁEaAﬂﬁ%ﬁﬁ,%ﬁ?ﬁﬁﬁﬁﬁmﬂ
%o W JE AR Z A48 F NADH & 86 1) 38 J5 g, 3 i
PR AL AR I Bl 5 /KA S i, R A B 7 2
SR F 5l ANADH ', 205 38 55 B4 i 4% 7% 3
FEPN Gy F R, 3K AN T v AT DAAR B Hh R B BT F
SARERENE, ERTFERARS T, WL T AR
AR T EF O M BR . BRI T E I 5
—REAE MG NIRT R SRR, HoH B4 R
OB e R R, 20 B AR TR SUE R AR
W& Tz 1 R B R R R AR R L, I
BXF T 2 M R A B B AR, BoR
T HAETARG ST 7.

BRI AL TR TR A T A 5 AR 10 3R
k. PEHISLARGE R . B RS, A



540 BRENE $£35

1117 A= 40 A7 A7 AE A B 3 L2 S ) ) il il B AR R
AW ARG P, L R DR RV 1 A A ik UL
JE AN SN 2% A I 7 SRR Z, #1240 7 Hei ik
Jit 5 B R B A2 A I R ik A, O BRI T AE
Tk R E - . 54h, BRI L —PEEL
R DA B0 T B IR — R T, R
e TE o T 4R A D0 SR AR PR IR R EEBOR I AR
AR T o <3 4 JEG 0 365 T6C A 5% 2 R M 38 sy g A S L
o P AR M A A W A AR S L R R A R K Y
RIA . BeAk, TRARE R K HAF AR — L 75 2
AR BT PR e o B e, T M RS R K MR R AL 3R
L, 2501 R SRR, o3 i 5 ek
18 S AU B ROR B AR T I A, AR =
QT IE, B DL 2R 25 W1 B TARE A B i R A
ML, BM RSP R . HR, RN
A ELY R . WRARREAY
Tt ST i 2R D T vk g R AR A, X SR OTUR
THREAGKAERIANE, BTN T ZAH
m o Shh . T JCVE TN 25 W0 A A A IR A
e RS e AR ST, X2 RN
AW BETHIE I T HERE . DIk, AMRZGH 2 K&
2P ARS BB 12 5 1Y) B A

BIAE dn ok, il 00 A 0 A A 9 oA AR 1)
MF e SRS AF IR AT, BLE K SR B A T 7
R — Dl &M, BABESXE. iRk
FrE, SEA LS A AR A L — AN
RkL . BAT U, A VAR O AN I e
(3 AR 15 W 5 B AT ) — > 5 K IR B R AR TE
BT TR . (R E R, G
A A TR B L AE AR RORE 2 45 B BOR BT T2 1
VAL

& % X B

[11] SCHMIDT C. First deuterated drug approved[J]. Nature Bio-
technology, 2017, 35(6): 493-494.

[2] ELMORE C S, BRAGG R A. Isotope chemistry; a useful tool
in the drug discovery arsenal[J]. Bioorganic & Medicinal
Chemistry Letters, 2015, 25(2): 167-171.

[31 ELMORE C S. Chapter 25 the use of isotopically labeled com-
pounds in drug discovery[M]// Annual reports in medicinal
chemistry. Amsterdam: Elsevier, 2009: 515-534.

[4] GANT T G. Using deuterium in drug discovery: leaving the la-

(3]

(6]

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

bel in the drug[J]. Journal of Medicinal Chemistry, 2014,
57(9): 3595-3611.

ISIN E M, ELMORE C S, NILSSON G N, et al. Use of radio-
labeled compounds in drug metabolism and pharmacokinetic
studies[J]. Chemical Research in Toxicology, 2012, 25(3):
532-542.

JUNK T, CATALLO W J. Hydrogen isotope exchange reac-
tions involving C - H (D, T) bonds[J]. Chemical Society Re-
views, 1997, 26(5): 401-406.

ATZRODT J, DERDAU V, FEY T, et al. The renaissance of H/
D exchange[J]. Angewandte Chemie International Edition,
2007, 46(41): 7744-7765.

VALERO M, DERDAU V. Highlights of aliphatic C(sp’) —H
hydrogen isotope exchange reactions[J]. Journal of Labelled
Compounds and Radiopharmaceuticals, 2020, 63(6): 266-280.
ATZRODT J, DERDAU V, KERR W J, et al. C—H functional-
isation for hydrogen isotope exchange[J]. Angewandte Chemie
International Edition, 2018, 57(12): 3022-3047.

YANG H F, ZARATE C, PALMER W N, et al. Site-selective
nickel-catalyzed hydrogen isotope exchange in N-heterocycles
and its application to the tritiation of pharmaceuticals[J]. ACS
Catalysis, 2018, 8(11): 10210-10218.

ZARATE C, YANG H F, BEZDEK M J, et al. Ni(I)-X com-
plexes bearing a bulky a-diimine ligand: synthesis, structure,
and superior catalytic performance in the hydrogen isotope ex-
change in pharmaceuticals[J]. Journal of the American Chemi-
cal Society, 2019, 141(12): 5034-5044.

PALMER W N, CHIRIK P J. Cobalt-catalyzed stereoretentive
hydrogen isotope exchange of C(sp’) —H bonds[J]. ACS Catal-
ysis, 2017, 7(9): 5674-5678.

MA S, VILLA G, THUY-BOUN P S, et al. Palladium-cata-
lyzed ortho-selective C—H deuteration of arenes: evidence for
superior reactivity of weakly coordinated palladacycles[J]. An-
gewandte Chemie International Edition, 2014, 53(3): 734-737.
ITO N, ESAKI H, MAESAWA T, et al. Efficient and selective
Pt/C-catalyzed H-D exchange reaction of aromatic rings[J].
Bulletin of the Chemical Society of Japan, 2008, 81(2):
278-286.

MAEGAWA T, FUIIWARA'Y, INAGAKI Y, et al. Mild and ef-
ficient H/D exchange of alkanes based on C—H activation cat-
alyzed by rhodium on charcoal[J]. Angewandte Chemie Inter-
national Edition, 2008, 47(29): 5394-5397.

ESAKI H, OHTAKI R, MAEGAWA T, et al. Novel Pd/C-cata-
lyzed redox reactions between aliphatic secondary alcohols and
ketones under hydrogenation conditions: application to H—D
exchange reaction and the mechanistic study[J]. The Journal of
Organic Chemistry, 2007, 72(6): 2143-2150.

KURIMOTO A, SHERBO R S, CAOYY, et al. Electrolytic deu-

teration of unsaturated bonds without using D,[J]. Nature Catal-



%3% www.synbioj.com

541

(18]

[19]

[20]

(21]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[32]

ysis, 2020, 3(9): 719-726.

WU Y M, LIU C B, WANG C H, et al. Selective transfer semi-
hydrogenation of alkynes with H,0 (D,0) as the H (D) source
over a Pd-P cathode[J]. Angewandte Chemie International Edi-
tion, 2020, 59(47): 21170-21175.

LIU X, LIU RY, QIU J X, et al. Chemical-reductant-free elec-
trochemical deuteration reaction using deuterium oxide[J]. An-
gewandte Chemie International Edition, 2020, 59(33): 13962-
13967.

HONG H L, ZOU Z R, LIANG G, et al. Direct electrochemical
reductive amination between aldehydes and amines with a H/D-
donor solvent[J]. Organic & Biomolecular Chemistry, 2020,
18(30): 5832-5837.

LOH Y Y, NAGAO K, HOOVER A J, et al. Photoredox-cata-
lyzed deuteration and tritiation of pharmaceutical compounds[J].
Science, 2017, 358(6367): 1182-1187.

ZHANG M L, YUAN X G, ZHU C J, et al. Deoxygenative
deuteration of carboxylic acids with D,O[J]. Angewandte Che-
mie International Edition, 2019, 58(1): 312-316.
DONGYY,SUYL,DULL, et al. Plasmon-enhanced deutera-
tion under visible-light irradiation[J]. ACS Nano, 2019, 13(9):
10754-10760.

LANG Y T, PENG X J, LI C J, et al. Photoinduced catalyst-
free deborylation-deuteration of arylboronic acids with D,O[J].
Green Chemistry, 2020, 22(19): 6323-6327.

ZHANG Y T, JI P, DONG Y, et al. Deuteration of formyl
groups via a catalytic radical H/D exchange approach[J]. ACS
Catalysis, 2020, 10(3): 2226-2230.

DONG JY, WANG X C, WANG Z, et al. Formyl-selective deu-
teration of aldehydes with D,O via synergistic organic and pho-
toredox catalysis[J]. Chemical Science, 2020, 11(4): 1026-
1031.

NILSSON G N, KERR W J. The development and use of novel
iridium complexes as catalysts for ortho-directed hydrogen iso-
tope exchange reactions[J]. Journal of Labelled Compounds
and Radiopharmaceuticals, 2010, 53(11/12): 662-667.

PONY YU R, HESK D, RIVERA N, et al. [ron-catalysed tritia-
tion of pharmaceuticals[J]. Nature, 2016, 529(7585): 195-199.
LIU C B, CHEN Z X, SU C L, et al. Controllable deuteration
of halogenated compounds by photocatalytic D,O splitting[J].
Nature Communications, 2018, 9: 80.

TAGLANG C, MARTINEZ-PRIETO L M, DEL ROSAL I, et al.
Enantiospecific C—H activation using ruthenium nanocatalysts[J].
Angewandte Chemie International Edition, 2015, 54(36):
10474-10477.

HALE L V A, SZYMCZAK N K. Stereoretentive deuteration
of a-chiral amines with D,O[J]. Journal of the American Chem-
ical Society, 2016, 138(41): 13489-13492.

BROWN J A, COCHRANE A R, IRVINE §, et al. The synthe-

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

sis of highly active iridium(I) complexes and their application
in catalytic hydrogen isotope exchange[J]. Advanced Synthesis &
Catalysis, 2014, 356(17): 3551-3562.

KERR W J, REID M, TUTTLE T. Iridium-catalyzed formyl-se-
lective deuteration of aldehydes[J]. Angewandte Chemie Inter-
national Edition, 2017, 56(27): 7808-7812.

ARNOLD F H. Innovation by evolution: bringing new chemis-
try to life (Nobel lecture)[J]. Angewandte Chemie International
Edition, 2019, 58(41): 14420-14426.

ZEYMER C, HILVERT D. Directed evolution of protein cata-
lysts[J]. Annual Review of Biochemistry, 2018, 87: 131-157.
DEVINE P N, HOWARD R M, KUMAR R, et al. Extending
the application of biocatalysis to meet the challenges of drug
development[J]. Nature Reviews Chemistry, 2018, 2(12):
409-421.

QU G, LI AT, ACEVEDO-ROCHA C G, et al. The crucial role
of methodology development in directed evolution of selective
enzymes[J]. Angewandte Chemie International Edition, 2020,
59(32): 13204-13231.

BORNSCHEUER U T, HUISMAN G W, KAZLAUSKAS R J,
et al. Engineering the third wave of biocatalysis[J]. Nature,
2012, 485(7397): 185-194.

CUIY L, WANG Y H, TIAN WY, et al. Development of a ver-
satile and efficient C—N lyase platform for asymmetric hy-
droamination via computational enzyme redesign[J]. Nature
Catalysis, 2021, 4(5): 364-373.

PAYNE K A P, WHITE M D, FISHER K, et al. New cofactor
supports a, S -unsaturated acid decarboxylation via 1,3-dipolar
cycloaddition[J]. Nature, 2015, 522(7557): 497-501.

PAYER S E, MARSHALL S A, BARLAND N, et al. Regiose-
lective para-carboxylation of catechols with a prenylated fla-
vin dependent decarboxylase[J]. Angewandte Chemie Interna-
tional Edition, 2017, 56(44): 13893-13897.

HERNANDEZ K, PARELLA T, PETRILLO G, et al. Intramo-
lecular benzoin reaction catalyzed by benzaldehyde lyase from
pseudomonas fluorescens biovar I[J]. Angewandte Chemie In-
ternational Edition, 2017, 56(19): 5304-5307.

XU J, HU Y J, FAN ] J, et al. Light-driven kinetic resolution of
a-functionalized carboxylic acids enabled by an engineered fat-
ty acid photodecarboxylase[J]. Angewandte Chemie Interna-
tional Edition, 2019, 58(25): 8474-8478.

ZHANG R K, CHEN K, HUANG X, et al. Enzymatic assem-
bly of carbon-carbon bonds via iron-catalysed sp® C - H func-
tionalization[J]. Nature, 2019, 565(7737): 67-72.

KAN S B J, HUANG X Y, GUMULYA Y, et al. Genetically
programmed chiral organoborane synthesis[J]. Nature, 2017,
552(7683): 132-136.

KAN S B J, LEWIS R D, CHEN K, et al. Directed evolution of

cytochrome c¢ for carbon-silicon bond formation: bringing sili-



542

BREDF

%£3%

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

con to life[J]. Science, 2016, 354(6315): 1048-1051.

HUANG X Q, WANG B J, WANG Y J, et al. Photoenzymatic
enantioselective intermolecular radical hydroalkylation[J]. Na-
ture, 2020, 584(7819): 69-74.

BIEGASIEWICZ K F, COOPER S J, GAO X, et al. Photoexci-
tation of flavoenzymes enables a stereoselective radical cycli-
zation[J]. Science, 2019, 364(6446): 1166-1169.

ATZRODT J, DERDAU V, FEY T, et al. The renaissance of H/
D exchange[J]. Angewandte Chemie International Edition,
2007, 46 (41): 7744-7765.

LIU M, CHEN X, CHEN T Q, et al. A facile and general acid-
catalyzed deuteration at methyl groups of N-heteroarylmeth-
anes[J]. Organic & Biomolecular Chemistry, 2017, 15(12):
2507-2511.

MOOZEH K, SO S M, CHIN J. Catalytic stereoinversion of L-
alanine to deuterated D-alanine[J]. Angewandte Chemie Inter-
national Edition, 2015, 54(32): 9381-9385.

ZHAN M, XU R X, TIAN Y, et al. A simple and cost-effective
method for the regioselective deuteration of phenols[J]. Euro-
pean Journal of Organic Chemistry, 2015, 2015(15): 3370-
3373.

YAMADA T, SAWAMA'Y, SHIBATA K, et al. Multiple deuter-
ation of alkanes synergistically-catalyzed by platinum and rho-
dium on carbon as a mixed catalytic system[J]. RSC Advances,
2015, 5(18): 13727-13732.

VALERO M, KRUISSINK T, BLASS J, et al. C - H function-
alization-prediction of selectivity in iridium(I)-catalyzed hydro-
gen isotope exchange competition reactions[J]. Angewandte Che-
mie International Edition, 2020, 59(14): 5626-5631.

KERR W J, MUDD R J, REID M, et al. Iridium-catalyzed
C(sp’)—H activation for mild and selective hydrogen isotope
exchange[J]. ACS Catalysis, 2018, 8(11): 10895-10900.
AUGUSTYNIAK W, KANSKI R, KANSKA M. Synthesis of
tritium labelled[2’,6']-L-tyrosine[J]. Journal of Labelled Com-
pounds and Radiopharmaceuticals, 2004, 47(13): 977-981.
WOOD W A, GUNSALUS I C, UMBREIT W W. Function of
pyridoxal phosphate: resolution and purification of the trypto-
phanase enzyme of Escherichia coli[]]. Journal of Biological
Chemistry, 1947, 170(1): 313-321.

WATANABE T, SNELL E E. Reversibility of the tryptopha-
nase reaction: synthesis of tryptophan from indole, pyruvate,
and ammonia[J]. Proceedings of the National Academy of Sci-
ences of the United States of America, 1972, 69(5): 1086-1090.
SNELL E E. Tryptophanase: structure, catalytic activities, and
mechanism of action[J]. Advances in Enzymology and Related
Areas of Molecular Biology, 1975, 42: 287-333.

KIICK D M, PHILLIPS R S. Mechanistic deductions from
multiple kinetic and solvent deuterium isotope effects and pH

studies of pyridoxal phosphate dependent carbon-carbon lyas-

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

(71]

[72]

es: Escherichia coli tryptophan indole-lyase[J]. Biochemistry,
1988, 27(19): 7339-7344.

BORODA E, RAKOWSKA S, KANSKI R, et al. Enzymatic
synthesis of L-tryptophan and Sprime-hydroxy-L-tryptophan
labeled with deuterium and tritium at the a-carbon position[J].
Journal of Labelled Compounds and Radiopharmaceuticals,
2003, 46(8): 691-698.

KAWATA Y, TANI S, SATO M, et al. Preliminary X-ray crys-
tallographic analysis of tryptophanase from Escherichia coli[J].
FEBS Letters, 1991, 284(2): 270-272.

PANUFNIK E, KANSKA M. Enzymatic synthesis of isoto-
pomers of tyramine labeled with deuterium and tritium[J]. Jour-
nal of Labelled Compounds and Radiopharmaceuticals, 2007,
50(2): 85-89.

PAJAK M, KANSKA M. Synthesis of isotopomers of L-DOPA
and dopamine labeled with hydrogen isotopes in the side chain[J].
Journal of Radioanalytical and Nuclear Chemistry, 2009, 281
(3): 365-370.

ZHANG Z Y, CHEN L, LIU L, et al. Chemical basis for deute-
rium labeling of fat and NADPH[J]. Journal of the American
Chemical Society, 2017, 139(41): 14368-14371.
MACHEROUX P, GHISLA S, SANNER C, et al. Reduced fla-
vin: NMR investigation of N5-H exchange mechanism, estima-
tion of ionisation constants and assessment of properties as bio-
logical catalyst[J]. BMC Biochemistry, 2005, 6: 26.

BENSON T E, MARQUARDT J L, MARQUARDT A C, et al.
Overexpression, purification, and mechanistic study of UDP-N-
acetylenolpyruvylglucosamine
1993, 32(8): 2024-2030.
CHEN S, GUILLORY R J. The [4B-"H] NADH-H,0

exchange-reaction of the mitochondrial NADH dehydrogenase

reductase[J].  Biochemistry,

[J]. Biochemical and Biophysical Research Communications,
1985, 129(2): 584-590.

ESWARAMOORTHY S, BONANNO J B, BURLEY S K, et al.
Mechanism of action of a flavin-containing monooxygenase[J].
Proceedings of the National Academy of Sciences of the Unit-
ed States of America, 2006, 103(26): 9832-9837.

KRUEGER S K, WILLIAMS D E. Mammalian flavin-contain-
ing monooxygenases: structure/function, genetic polymor-
phisms and role in drug metabolism[J]. Pharmacology & Thera-
peutics, 2005, 106(3): 357-387.

ALDERTON W K, COOPER C E, KNOWLES R G. Nitric ox-
ide synthases: structure, function and inhibition[J]. The Bio-
chemical Journal, 2001, 357(Pt 3): 593-615.

SUMNER J S, MATTHEWS R G. Stereochemistry and mecha-
nism of hydrogen transfer between NADPH and methylenetet-
rahydrofolate in the reaction catalyzed by methylenetetrahydro-
folate reductase from pig liver[J]. Journal of the American
Chemical Society, 1992, 114(18): 6949-6956.



%3% www.synbioj.com

543

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

[81]

(82]

(83]

[84]

(85]

[86]

CHUN S W, NARAYAN A R H. Biocatalytic, stereoselective
deuteration of a-amino acids and methyl esters[J]. ACS Cataly-
sis, 2020, 10(13): 7413-7418.

ELEMES Y, RAGNARSSON U. Synthesis of enantiopure o -
deuteriated Boc-L-amino acids[J]. Journal of the Chemical So-
ciety, Perkin Transactions 1, 1996(6): 537-540.

TAKEDA R, ABE H, SHIBATA N, et al. Asymmetric synthesis
of o -deuterated o -amino acids[J]. Organic & Biomolecular
Chemistry, 2017, 15(33): 6978-6983.

CHATTERJEE B, KRISHNAKUMAR V, GUNANATHAN C.
Selective a-deuteration of amines and amino acids using D,O[J].
Organic Letters, 2016, 18(22): 5892-5895.

XU J,LOU Y J, WANG L L, et al. Rational design of biocata-
lytic deuteration platform of aldehydes[J]. ACS Catalysis,
2021, 11(21): 13348-13354.

MACDONALD D, LU P. Determination of DNA structure in
solution: enzymatic deuteration of the ribose 2' carbon[J]. Jour-
nal of the American Chemical Society, 2002, 124(33): 9722-
9723.

ZIMMER D P, CROTHERS D M. NMR of enzymatically syn-
thesized uniformly “C '""N-labeled DNA oligonucleotides[J].
Proceeding of the National Acedemy of Sciences of the United
States of America, 1995, 92(8): 3091-3095.

EDEGGER K, GRUBER C C, POESSL T M, et al. Biocatalyt-
ic deuterium-and hydrogen-transfer using over-expressed ADH-
" A" enhanced stereoselectivity and 2H-labeled chiral alcohols
[J]. Chemical Communications, 2006(22): 2402-2404.
YAHASHIRI A, SEN A, KOHEN A. Microscale synthesis and
kinetic isotope effect analysis of (4R)-[Ad-"*C, 4-"H] NADPH
and (4R)-[Ad-’H, 4-"H] NADPH[J]. Journal of Labelled Com-
pounds & Radiopharmaceuticals, 2009, 52(11): 463-466.
WONG C H, WHITESIDES G M. Enzyme-catalyzed organic
synthesis: regeneration of deuterated nicotinamide cofactors
for use in large-scale enzymatic synthesis of deuterated sub-
stances[J]. Journal of the American Chemical Society, 1983,
105(15): 5012-5014.

REEVE H A, LAUTERBACH L, LENZ O, et al. Enzyme-
modified particles for selective biocatalytic hydrogenation by
hydrogen-driven NADH recycling[J]. ChemCatChem, 2015, 7
(21): 3480-3487.

ROWBOTHAM J S, RAMIREZ M A, LENZ O, et al. Bring-
ing biocatalytic deuteration into the toolbox of asymmetric iso-
topic labelling techniques[J]. Nature Communications, 2020,
11: 1454.

ROWBOTHAM J S, REEVE H A, VINCENT K A. Hybrid
chemo-, bio-, and electrocatalysis for atom-efficient deutera-
tion of cofactors in heavy water[J]. ACS Catalysis, 2021, 11
(5): 2596-2604.

WANG X D, YIU H H P. Heterogeneous catalysis mediated co-

(87]

[88]

[89]

[90]

[o1]

[92]

[93]

[94]

[95]

[96]

[97]

(98]

[99]

[100]

factor NADH regeneration for enzymatic reduction[J]. ACS
Catalysis, 2016, 6(3): 1880-1886.

WANG X D, SABA T, YIU H H P, et al. Cofactor NAD(P)H
regeneration inspired by heterogeneous pathways[J]. Chem,
2017, 2(5): 621-654.

SABA T, BURNETT J W H, LI J W, et al. A facile analytical
method for reliable selectivity examination in cofactor NADH
regeneration[J]. Chemical Communications, 2020, 56(8): 1231-
1234.

BAUMANN M, BAXENDALE I R. The synthesis of active
pharmaceutical ingredients (APIs) using continuous flow chem-
istry[J]. Beilstein Journal of Organic Chemistry, 2015, 11:
1194-1219.

BOGDAN A R, DOMBROWSKI A W. Emerging trends in
flow chemistry and applications to the pharmaceutical industry[J].
Journal of Medicinal Chemistry, 2019, 62(14): 6422-6468.
THOMPSON L A, ROWBOTHAM J S, NICHOLSON J H, et
al. Rapid, heterogeneous biocatalytic hydrogenation and deuter-
ation in a continuous flow reactor[J]. ChemCatChem, 2020, 12
(15): 3913-3918.

AL-SHAMERI A, PETRICH M C, JUNGE PURING K, et al.
Powering artificial enzymatic cascades with electrical energy[J].
Angewandte Chemie International Edition, 2020, 59(27):
10929-10933.

GOOBEN L, RUDZKI M, ALCALDE-ARAGONES A, et al.
Selective copper-or silver-catalyzed decarboxylative deutera-
tion of aromatic carboxylic acids[J]. Synthesis, 2012, 2012(2):
184-193.

GRAINGER R, NIKMAL A, CORNELLA J, et al. Selective
deuteration of (hetero)aromatic compounds via deutero-decar-
boxylation of carboxylic acids[J]. Organic & Biomolecular
Chemistry, 2012, 10(16): 3172-3174.

BHADRA S, DZIK W I, GOOSSEN L J. Decarboxylative
etherification of aromatic carboxylic acids[J]. Journal of the
American Chemical Society, 2012, 134(24): 9938-9941.
PATRA T, MUKHERIJEE S, MA J J, et al. Visible-light-photo-
sensitized aryl and alkyl decarboxylative functionalization reac-
tions[J]. Angewandte Chemie International Edition, 2019, 58
(31): 10514-10520.

BELLEAU B, BURBA J. The stereochemistry of the enzymic
decarboxylation of amino acids[J]. Journal of the American
Chemical Society, 1960, 82(21): 5751-5752.

ZHANG K, NI Y. Tyrosine decarboxylase from Lactobacillus
brevis: soluble expression and characterization[J]. Protein Ex-
pression and Purification, 2014, 94: 33-39.

THOMAS B, BEAL M F. Parkinson's disease[J]. Human Mo-
lecular Genetics, 2007, 16(R2): R183-R194.

SIEVER L J, DAVIS K L. The pathophysiology of schizophre-

nia disorders: perspectives from the spectrum[J]. The Ameri-



544

BREDF

%£3%

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

can Journal of Psychiatry, 2004, 161(3): 398-413.

CERAVOLO R, VOLTERRANI D, GAMBACCINI G, et al.
Presynaptic nigro-striatal function in a group of Alzheimer's
disease patients with Parkinsonism: evidence from a dopamine
transporter imaging study[J]. Journal of Neural Transmission,
2004, 111(8): 1065-1073.

LI J, ZHU M, MANNING-BOG A B, et al. Dopamine and L-
DOPA disaggregate amyloid fibrils: implications for Parkin-
son's and Alzheimer's disease[J]. FASEB Journal, 2004, 18(9):
962-964.

DUNATHAN H C. Stereochemical aspects of pyridoxal phos-
phate catalysis[M]// Advances in enzymology-and related areas
of molecular biology. Hoboken, NJ, USA: John Wiley & Sons,
Inc., 2006: 79-134.

VEDERAS J C, REINGOLD I D, SELLERS H W. Stereospeci-
ficity of sodium borohydride reduction of tyrosine decarboxyl-
ase from Streptococcus faecalis[J]. The Journal of Biological
Chemistry, 1979, 254(12): 5053-5057.

DRAGULSKA S, KANSKA M. Enzymatic synthesis of trypt-
amine and its halogen derivatives selectively labeled with hy-
drogen isotopes[J].
Chemistry, 2014, 299(1): 759-763.

PANUFNIK E, KANSKI R, KANSKA M. Enzymatic synthe-
sis of tritium-labelled isotopomers of histamine[J]. Journal of
Labelled Compounds and Radiopharmaceuticals, 2005, 48(1):
45-50.

XU J, FAN J J, LOU Y J, et al. Light-driven decarboxylative

Journal of Radioanalytical and Nuclear

deuteration enabled by a divergently engineered photodecar-
boxylase[J]. Nature Communications, 2021, 12: 3983.
SORIGUE D, LEGERET B, CUINE S, et al. An algal photoen-
zyme converts fatty acids to hydrocarbons[J]. Science, 2017,
357(6354): 903-907.

SORIGUE D, HADJIDEMETRIOU K, BLANGY S, et al.
Mechanism and dynamics of fatty acid photodecarboxylase[J].
Science, 2021, 372(6538): eabd5687.

HAVIR E A, HANSON K R. L-Phenylalanine ammonia-lyase
(IT): Mechanism and kinetic properties of the enzyme from po-
tato tubers[J]. Biochemistry, 1968, 7(5): 1904-1914.

HAVIR E A, HANSON K R. L-phenylalanine ammonia-lyase
(maize, potato, and Rhodotorula glutinis). Studies of the pros-
thetic group with nitromethane[J]. Biochemistry, 1975, 14(8):
1620-1626.

HODGINS D S. Yeast phenylalanine ammonia-lyase[J]. Jour-
nal of Biological Chemistry, 1971, 246(9): 2977-2985.
SCHUSTER B, RETEY J. The mechanism of action of phenyl-

alanine ammonia-lyase: the role of prosthetic dehydroalanine[J].

[114]

[115]

[116]

[117]

Proceedings of the National Academy of Sciences of the United
States of America, 1995, 92(18): 8433-8437.

GLOGE A, LANGER B, POPPE L, et al. The behavior of sub-
strate analogues and secondary deuterium isotope effects in the
phenylalanine ammonia-lyase reaction[J]. Archives of Bio-
chemistry and Biophysics, 1998, 359(1): 1-7.
LEWANDOWICZ A, JEMIELITY J, KANSKA M, et al. Triti-
um secondary kinetic isotope effect on phenylalanine ammonia-
lyase-catalyzed reaction[J]. Archives of Biochemistry and Bio-
physics, 1999, 370(2): 216-221.

JEMIELITY J, KANSKI R, KANSKA M. Synthesis of tritium la-
beled[3R-"H] -, and[3S-’H] -L-phenylalanine[J]. Journal of La-
belled Compounds and Radiopharmaceuticals, 2001, 44(4):
295-304.

GULYAS B, HALLDIN C. New PET radiopharmaceuticals be-
yond FDG for brain tumor imaging[J]. The Quarterly Journal
of Nuclear Medicine and Molecular Imaging, 2012, 56(2):
173-190.

BIREE: HB%0989—), 5, #
. W7 AR B E A, S AR
2B 2 e, TR AL,

E-mail: jianxu@zjut.edu.cn.

BIRAEE: RiE1976—), I, &
P2, AR WSS A I S 1
o, & AR TR, A R
H4%.

E-mail: wuqil000@163.com.

E—1EE: HEBU995—), &, il
LS WEFTTT I D E ) RE AL
H I HE -

E-mail: 2560753069@qq.com




