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Abstract: Organic halides, which serve as critical structural motifs in pharmaceuticals, agrochemicals, and advanced
materials, are typically synthesized using energy-intensive processes that involve toxic reagents and generate hazardous
waste. In contrast, halogenases-nature’s biocatalytic tools-catalyze regio- and stercoselective halogenation under

environmentally benign conditions, offering a paradigm shift towards sustainable chemistry. This review systematically
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consolidates recent breakthroughs in halogenase research, emphasizing mechanistic insights, engineering innovations,
and scalable industrial applications. Halogenases are mechanistically classified into three major families: flavin-
dependent enzymes that mediate electrophilic halogenation through transient hypohalous acid intermediates; non-heme
iron/a-ketoglutarate-dependent oxygenases that drive radical-based halogenation pathways; and S-adenosylmethionine
(SAM)-dependent enzymes that facilitate rare nucleophilic halogenation. Cutting-edge structural biology techniques,
enhanced by computational simulations, have elucidated dynamic substrate-enzyme interactions and transient catalytic

states, facilitating the rational design of halogenases with tailored reactivity. , The integration of bioinformatics tools
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with high-throughput screening platforms has concurrently accelerated the discovery of novel halogenases from
underexplored microbial niches, revealing unprecedented catalytic diversity. To bridge natural enzymatic capabilities
with industrial demands, interdisciplinary strategies are being deployed: Directed evolution optimizes activity and
stability under non-native conditions; computational protein design rebuilds substrate-binding pockets for non-
canonical substrates; and synthetic biology frameworks reconstruct halogenation pathways in engineered microbial
hosts. These efforts collectively expand the biocatalytic toolbox, enabling precise halogenation of complex scaffolds,
including aromatic systems, aliphatic chains, and heterocycles. In industrial contexts, enzymatic halogenation is
gaining traction for synthesizing high-value compounds, ranging from antibiotic derivatives and antitumor agents to
crop protection molecules, while circumventing the traditional reliance on heavy metal catalysts, extreme temperatures,
and halogenated solvents. Emerging applications further extend to the functionalization of biomaterials and fine
chemicals, underscoring the versatility of halogenases. Future advancements will likely harness machine learning
algorithms to decode sequence-activity landscapes and predict multi-enzyme cascades for tandem halogenation-
functional group interconversions. Such developments are in line with global sustainability agendas, positioning
halogenases as key biocatalysts in the transition towards circular chemical economies. This review highlights the
convergence of enzymology, systems biology, and green chemistry in unlocking the full potential of halogenases,

paving the way for next-generation biomanufacturing.
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Fig. 1 Halogens represent the most prevalent and crucial modification groups in both pesticides and pharmaceutical products

(Data are obtained from http://www.bcpepesticidecompendium. org/index_new_frame. html, https://www. accessdata. fda. gov/scripts/cder/daf/index.
cfm and https://sites.arizona.edu/njardarson-lab/top200-posters/)
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Fig.12 The structural, function and catalytic mechanism of copper-dependent halogenase ApnU™"
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(c) The key residues in the catalytic pockets of F1As from different sources

(The red lines denote the residues essential for fluorination activity; the yellow lines indicate the residues capable of forming

hydrogen bonds with the modification groups at the C2’ position of adenine.)
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Fig. 13  The typical structure SAM-dependent halogenase
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Fig. 14 Tunnel engineering enhances the catalytic performance of Thal halogenase
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3 EFR R s B LR 08 S S 45
Table 3 Typical engineering cases of natural halogenase in recent years
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LR /pH AL SRIK I 100% %% 16 A B FR L s 1 k_, = (1.66 + 0.02) min™
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C(sp)—H A S BIHLA, - B AEAIE Ji 4 S5 3 TR 1)
&R AL S W IR kR O B BT B C—F 4 .
DFT i+ A MD A4 45 2R, N—F S0 & %
AN BRI G B, I HLE I B NaN A& T
SvHppE-Fluor 1/ 5 Z1 { 1f- A4, 5 5 % # w3 K] T
B Rt B3 5 Fe (I —F o Ja] 44 32 30T 1) 2 1) BY
] A ER 2 (] D IR T L RE 22 . R 1A AL
1 3 I 21 3% Bk SR AL 9 F 1B ML AL & AR
AR T EE TR, BN S A HEHERE
VERA VAL C—F S8 B — Flog AL, o2
b At 4 JE B 0 TRE s, DA SR BE AL AR ik
S 6

3.2.3  SAMARM A £ ALERIE AL C—X TB A&,

Jiang 25 1 M WE B Thermotoga martima



750

BRENE H6B

5 4 0
Yio2c )
Y104
@2 g Q-l 5
2k ‘Y” ok 150 TTN, 18% vield
4 96.5:3.5ern
w B Me
SHppE-Fluor
37
T, -
b
Unnatural halogenases No
Direct evolution

£

MSBS 4l fk 15 51— il SAM M # f) ¥ 3 ip 1 4 %
B HATase, JFidid @ fiRAE (WSL/VTIT) i H %
WA, Bi)E, St—PHEFLIRE T H
FAECl Br AT B A i i i 10 3% P 1 98 A8 4 ML
M2 FfiM4. Hrr, M4 RARLE 80 °CHIMLAL 2 b7 H
T4 T B A B HATase (IR e M, B 7 KRR K
1L SalL. QM/MM 7R, o048 % RAZ R g PR A7
AT B 7K AR B 6 AN ) 3 SR AR B A
A B R, AT S R BT I A .
ZHE AR N T AE KR o 4k BT AN [R] 51 2R i 4 AL
i, NAJE R A B Ak o 1 i ) R R 4
BET R R
324 A& REBBEEEN C—CITE R

Yu S M HRGE T — AN T A R R A
(ANCase), ZMF @S fEHE R EMZE (Sav) HAH
Hiw 5EY RGO R R T 3R . BT E
i) ANCase 7£ Z F C(sp") —H JEW I &AL s B H 3%
P R R AT . 7E X TR IR F ST,
% ANCase ] Sav 5 Ni 45 & X g7 € S =4,
HEMEHESRE T RERE. X—HERNEHLF
A4 ) J5 B Th Re AL 3R B TR mT g1, JF (e
FAL RS T H S 78

. |
; e ,O—Fgl'=
by Wi 7l E AGF=5.6 keal/mol H I
Q*-- neld % % Radical recombination .
P H
N
ACCO, 0O gy H\
N 07 i o N—1By
820 TTN, 63%yield IF H
95 5er /'BIJ Sl o
N ol
H g
= S —Fa=—.
oo
Me 53

+

b =y
H

Hg &

F
H |
JO—Fel =,
Wl
Intl ™~

TS1

AG*=17.0 keal/mol
N=F activation

;
N\
B
o}
INF Alr#=4.4 kcal/mol
H-atom transfer
H

vel Cisp’)-H

“0—Fa"
SO—Fa'm=
Sl :
fluorination

Bl 15 s E AR el o 20 FR Bk S A A i g o

Fig. 15 Directed evolution enhances the fluorination activity of non-heme iron oxidase
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Table 4 Examples of FDHs catalyzing enantioselective reactions

[125-127]

B 1L ISR | X WA AL Y XA L 2
RebH 4V ES /5 tBu FRFRAL IR 99:1
Ar)\gcl
Ar=
NH, p-NH,Ph-
RebH 3-T K,,: 0.002 mmol/L S WL 2 e 17 T A >99.5:0.5
k_:0.03 min™ Qs
Ejl\w NH,
N/
RebH 4V+S K,,: 0.47 mmol/L o PRIRAL SN 96:4
k. 0.36 min™' o™
Br
MeQ
RebH 4PL KA T . AL S 91:9
o0
MeQ
AetF ES /9 % B ARFR AL S 99:1
OMe

A Z M1, - BRI R =ik, 8w B
ST AR R B T BhAh,  AetF I8 g 5 AL A ity B
$&, R HAEAZCRILT JamD A MCE9 'Y, j@ it
IR AR A i P A R G R 3R R A B, B A SR
T AetF i8I AN Al AL ) 52 B0 R I 1 4K 00 A 0
X e R R T FDH EAL S I YE L, 3598
7N T AetF 7EAEPIHE A SRS D) RE

Z K E RRAERAR =AY AAT 2
A5, (HIEPEVEZ pd A E 76 1 C—H B2 475 1 I Bk
{i% . NHFe/aKGH A fift {ix — n] @ 52 45 7 3 L 8%
Wilson 2 20 FI| F SyrB2 i it 1k AF KSR R o- &
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M= . FIERERNL, =&"UmN
FEER B HT AT R A R B E S, X T AL I Sk
T SyrB2 £ Z IR N H I N Jy, RN T
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Table 5 Recent cases and key data pertaining to the potential industrial application of halogenases

B 10 B AR 2k AR A B A g A A PR R R Sk
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Fig. 17 Representative research progress in the field of halogenase research
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Fig. 18 AI/ML drives the intelligent evolution of halogenase
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