[DEXyESI

Acta Microbiologica Sinica

2022, 62(8): 2938-2953
http://journals.im.ac.cn/actamicrocn
DOI: 10.13343/j.cnki.wsxb.20210778

Review RESEEETN

HRKHR X R YR R

RIFE", #4577, 204", x5, kg >

1 22Nz R Sl 2 TR Be, Bl 22M 730070
2 HiltA MmUY e R S TR R S e s, HoR 220 730000
3 FRERER A SR IR G B, VIS VIR LR SRR E, HOR 22 730000

RIS, HA&F, FIME, XD, K. 3 2RMRBR pd f J FR FBST IE . U YA, 2022, 62(8): 2938-2953.
Wu Shiyu, Wang Jinxiu, Li Shiweng, Liu Guangxiu, Zhang Wei. Flavin-dependent halogenases and their applications. Acta
Microbiologica Sinica, 2022, 62(8): 2938-2953.

B E: AR RL. FHLeF I b ETRRAH, TEAMFESR, ZELATRLR
BIF Ao A TR F S H. RARQY AN EREZ ) X404 g1Lde, a4&n LAY is
(haloperoxidase, HPO). o-Bf /% —BR4R #1 A X 1L.B& (a-ketoglutarate dependent halogenase, KG-Hal).
S-1% ¥ F AL R B AR 1 A X 1k B (S-adenosylmethionine-dependent halogenase)#= % % 1% #1 & X 1L Ag
(flavin-dependent halogenase, FDH). H ¥, ®HRHMA gLie B L oA 2. BA RDHFFEF
WA bk, RREFAB NG EE, B, KRITEFIRMA gubpegssty, £4, 4§
PeAUH] A SR AR R AT 4, 3T AR K B AT Ao AR B 0 i oy ok FARAT A R R AR A 1 fLBs
BATT RE . RGEA B T8 R EFRBE QLB 0 £ R R FARMAE] 694097, ) FFRBA
M ALBE R LB TAZ O AT, A A WAL 09 & MR B AR B,

X88iE: BB HERBA Q0B WAL R AW R

HEEWH: ELELHFLITLI(019YFE0121100); H A #HEi1%1(20JRSRA548)

Supported by the National Key Reseach and Development Program of China (2019YFE0121100) and by the Science and
Technology Plan of Gansu Province (20JR5SRA548)

*Corresponding author. E-mail: Lishweng@mail.lzjtu.cn

Received: 17 December 2021; Revised: 2 March 2022; Published online: 18 March 2022



RITFSE | MAY2AH, 2022, 62(8) 2939

Flavin-dependent halogenases and their applications

WU Shiyu', WANG Jinxiu*?, LI Shiweng"*", LIU Guangxiu®*?, ZHANG Wei*”

1 School of Biological and Pharmaceutical Engineering, Lanzhou Jiaotong University, Lanzhou 730070, Gansu,
China

2 Key Laboratory of Extreme Environmental Microbial Resources and Engineering, Lanzhou 730000, Gansu, China

3 Key Laboratory of Desert and Desertification, Northwest Institute of Eco-Environment and Resources, Chinese
Academy of Sciences, Lanzhou 730000, Gansu, China

Abstract: Halides are important raw materials in agriculture, pharmaceutical industry, and chemical
industry. They are mainly synthesized with chemical methods which, however, cause environmental
pollution and have strick requirement for the reaction conditions. The key enzymes for the biosynthesis
of natural halides are halogenases, including haloperoxidase (HPO), a-ketoglutarate dependent
halogenase (KG-Hal), S-adenosylmethionine-dependent halogenase, and flavin-dependent halogenase
(FDH). Among them, FDHs are the most promising halogenases owing to their wide distribution,
substrate specificity, and halogenated regioselectivity. Therefore, we reviewed the structures, types,
catalytic mechanisms, and applications of FDHs and summarized the use of gene analysis and gene
screening to search for new FDHs. This review is expected to expand the knowledge of the types and

catalytic mechanisms of FDHs, boost the research on FDHs and related enzyme engineering, and

provide technical ideas for the synthesis of new halides.
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Important agrochemicals, pharmaceuticals and halogenated natural products™™.
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Figure 2 Catalytic mechanism (A) and classification (B) of FDHs!"®. A: catalytic mechanisms of FDHs.
FADH,, reduced flavin adenine dinucleotide. B: the classification of FDHs which have been reviewed on the
UniProt database (according to Phintha et al®! and the updated data from UniProt database). The different
colors indicate the substrate classification of FDHs (pink, indole FDHs; blue, pyrrole FDHs; yellow, phenolic
FDHs; green, aliphatic FDHs; gray, FDHs that can use diverse substrates), and the red dots indicate that the
3D structure of enzyme has been reported in PDB.
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Figure 3 Schematic diagram of FDHs structure (A) and functional sites (B). A: the picture shows the 3D
structure of tryptophan halogenase PrnA (PDB ID: 2AQJ) with domains in different colors (FAD binding
domain and substrate binding domain are colored yellow and grey respectively). B: cartoon representation of
PrnA and magnification of the functional sites. The small molecules (FAD, Cl and tryptophan) binding with
PrnA are depicted as spheres and sticks. The functional sites of PrnA are marked by corresponding amino
acid residues and their locations. Val-187 (V187), Leu-337 (L337) and Ile-350 (I350) are the FAD binding
sites. Lys-79 (K79), Glu-346 (E346), Phe-450 (F450) and Phe-454 (F454) are the L-trytophan binding sites.
K79 is the active site, which plays roles in guiding and activating HOCI.
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Figure 4 Regioselective halogenation of tryptophan halogenases''® (according to Phintha et al.'® and the

updated data from UniProt database).
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Figure 5 Synthetic pathway of halogenated pyrrole natural products[34]. ACP: acyl carrier protein.
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Figure 6 Halogenation of phloroglucinol catalyzed by PItM (A)™*! and catalytic mechanism of CndH (B)"®!.
A: PItM catalyzes phloroglucinol to monohalotriphenol or polyhalotriphenol; B: the FAD of CndH is reduced
to FADH, by an unknown mechanism and then modified by molecular oxygen resulting in the hydroxylation
of a chloride anion bound near the flavin. The hydroxychloride produced diffuses through a tunnel to Lys-76,
which facilitates halogenation. The halogenated chondrochloren precursor is most likely bound to a carrier.
The structure of this precursor is not known.
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Figure 7 Catalytic mechanism of CmIS®”). In the reaction of acetoacetyl-CoA and CmlS, Glu-44 (E44) of
CmlS provides acid to neutralize the nitranion-leaving group of the chloramine intermediate (pKaLG:?aO).
Tyr-350 (Y350) of CmlS can stabilize enol intermediates.
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Figure 8 Diverse substrate scope of VirX1!"'"). The conversion rate of the compound halogenated by VirX1
is in parentheses.
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Table 1  Applications of tryptophan halogenases

Compounds Enzymes References

Indole alkaloids RebH [46]
RebH mutant (Y455W) [47]

Precursor RebH mutant (S2P/M71V/K145M/E423D/E461G/S130L/N166S/Q494R) [48]

compounds of RebH mutants (G112S/N470S; A442V) [49]

indole alkaloids RebH mutants (I52H/L380F/F465C/N470S/Q494R/R509Q; [50]

(typtophan and I52M/S110P/S130L/N166S/L380F/S448P/Y455W

tryptamine) F465L/N470S/Q494R/R509Q; N470S)
Bifunctional fusion enzymes (reductase RebF and halogenase RebH) [51]
PrnA mutant (F103A) [52]
PrnA mutant (E450K) [53]
Thal mutant (V521/V821/S360T/G469S/S470N) [23]
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Figure 9 Phylogenetic trees of different sources and types of FDHs constructed using MEGA 7 inferred by
the neighbor-joining method. The NCBI assession numbers of each FDHs is given in parentheses. The
numbers at the tree branch points indicate the percent bootstrap support for 1 000 iterations. The scale
represents evolutionary distance. Different colors indicate the source of the enzyme (brown: soil; blue: ocean;

gray: widely available).
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