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Abstract

As the halogens have a large electronegativity, the introduction of a halogen atom to small mole-
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cules can have a profound effect on their bioactivity, physical and chemical properties. Halides can
be synthesized through chemical reactions, which require high energy consumption and result in
environmental pollution. Many natural compounds contain halogen atoms, and a range of haloge-
nases have been identified to be responsible for the halogenation. In this review, the microbial
halogenases identified and their characteristics and catalytic mechanisms were first introduced.
The current strategies to broaden the catalytic substrates of halogenases and to improve the ther-
mal stability were then summarized. The information provides clues for the development of highly
efficient halogenases in industrial catalysis.
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1. 5|8

KRR 2 AAE T S RBRRTI U SAC T . T KRS BEA R A, SR EEn
DUHR S S AR TR, SO BB BT, Rk, RRICERAEZAY). R AR 15
ATZ N o B IR R EE R T H R M IR ER S A R A T[] [2] [3] [4]: A HURmE dubk
FIE HRIBR | PR LB ENZE LM A R T (5] [6]: WZAANRMEEMANIESMESH KRR
T7][8]e Bk, xRS BREFA TV A2 KE .

AL, AV E Y R E R @A G R, XM AT S BT B R ETE R AR
TG . A R Y G BSOS U FERIR AN, HAYI& BOS S b 1 & 0 AL B 45 B AT
KT . H AT C AR IR e A Bl 1 AR R B AN Bl i 2 ) 32 2 A DU AR g id S AL )
(haloperoxidases, HPO)+ a-ii [ —FRIK i 7 1 1k i (a-ketoglutarate-dependent halogenases, KG-Hal). 34 21K
#4710 B (flavin-dependent halogenases, F-Hal)Fl S- i B it 4 B2 1046t 14 %0 AL ¥ (S-adenosylmethionine-
dependent fluorinases) (€ 1) [9]. KB/ KICEEAZ DA IREUUE =4k, DLEHEAE WL, JF S-IF
H IR RO A 2 g, R DT R IE = k.

AL O L RSB T s BEIEE[9] [10] [11], EHIERE L, A CEEGHEHTRE, R4
fE A/ AL BE R 73 28 VEALSIAI N A ek g, DASR B

2. HPO

HPO & S L A BURIE 52 (K — 2 R IR s AL, &M P a2 S e 2K 9 1 1 S = AR T s R A
WA, SEKAE KRR . HPO W BLF IS IRAC R BT st S 82, ANBe S RITR KA R,
I, HPO v RLor A& A P (chloroperoxidase, CPO). R i L ¥l (bromoperoxidase, BPO) Rl 4
W (iodoperoxidase, IPO). 1, CPO AT LAFIAI &, IR AIBBEAT Bt B2, T BPO R BRI HIBLANTL,
ANRER I EACY) . 1582 5 OB RS 3, o A Y g o) BRI 21 3K AR Y i S AL ) g
(heme-iron-dependent haloperoxidases, Heme-HPO)FIE 1K 5 284 p<i it 28 A4 ) i (vanadium-dependent halope-
roxidases, V-HPO),

DOI: 10.12677/amb.2020.94020 142 A HTI


https://doi.org/10.12677/amb.2020.94020
http://creativecommons.org/licenses/by/4.0/

A %

Heme-iron-dependent haloperoxidases
— Haloperoxidases ‘[
Vanadium-dependent haloperoxidases

— a-Ketoglutarate-dependent halogenases
— Flavin-dependent tryptophan halogenases

— Flavin-dependent pyrrole halogenases
Halogenases 7 Free-standing substract flavin-dependent

Flavin-dependent phenolic halogenases

halogenases .

— | _ Flavin-dependent ]
phenolic halogenases Carrier protein tethered substrate flavin-

dependent phenolic halogenases

Decarboxylative mechanism flavin-
dependent phenolic halogenases

— Aliphatic flavin-dependent halogenases

— S-adenosylmethionine-dependent fluorinases

Figure 1. Overview and classification of microbial halogenase [9]

B 1. WA Bl S 53[0

2.1. Heme-HPO

5 —> Heme-HPO K H T VEE H Caldariomyces fumago, %5+ /K .5 & (caldariomycin) E4) & il o
EE MR IE RS, B 8 A a-MBHEAL RO = SR, S I R, AL 1, 3R R TR
RARBEER[2]. A, ZMEEA AN, A SRR P450 JEE[12]. Heme-HPO [
AR R T A RS K A F46, MEHdEMEIRAER Fe(IDE &Y. EMEMARNBER
(GuI8)MEH T, 33 O-0 #EWiH, Fe(IINE MR EFRILTEIL Fe(IV)-OX0 EEW. KRB TMES
MgEE, LR RRITE SRR, Y s 1k[13] [14]. Heme-HPO i = JEEi% 1% (substrate selectivity)Fll
[X 38(1% $E PE (regioselectivity), I B8 A5 H BT BRI KR, 5112 5 52 536 G R K AR OB 2) [15]
[16].

2.2. V-HPO

V-HPO EBAFIE TG an . CLESE(17], (HFEHIA . BB Ml H A RI18] [19]. A
V-HPO 2 XUHETY , 55 W8 P B35 I i 1) 45 440 v BE AR B o ZEMREALAE IR I BT B, VB 1 A DA AR LA A
Pl 1) — RIS E IR S - R AL E AR N, SR A SIS TR A A 4 5
RE—TRE, FEIREMMYPEERTER . KRS THBOM AR, SEUR BRI . R RIX
1] PR TSt JER A 57 i i A s (4] 3) [20] [217

K#f5> V-HPO Toidifs S tEHE PR, AN E5> V-HPO HA YIRS i £ettk . o R it LA R
Pk B V-HPO & I8 (Corallina officinalis) ™ IR EALYIEE V-BPO, T 57 % F- % 247 5 (1) AE X
PRI SN, w7 e (B)-(+)-nerolidol 4% a-snyderol, p-snyderol F1(+)-3f-bromo-
8-epicaparrapi oxide [22]. IAN, BEEE H (Streptomyces) sp.CNQ-525 H1 % 5 HHAR AN R IA LK I Y 11 1 48
S NapH 1 BAT = B Rk FEYE, 225 napyradiomycin FIAE A I, 51 St 2044 SF2415B1 &
ARG SF2415B3 [23]. #E# 1A sp. CNH-121 H LA AL S0 S AL 6 Mcl124 F7 5746 merochlorin Fif
AR ALE i merochlorin-A 1 merochlorin-B.
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Figure 2. Catalytic cycle of Heme-HPO [10]. In the resting state, water is bound to the heme-iron, which is subsequently re-
placed by hydrogen peroxide. After protonation of this complex by a catalytic glutamate (Glul83), water is eliminated creat-
ing the actual active species, the Fe(IV)-oxo complex. A halide, in this case chloride, binds to the Fe(IV)-oxo species and is
released as hypochloric acid, regenerating the heme-site by hydrolysis with water

[ 2. Heme-HPO RIHEALIBER10]. FERIGRTSHY, KEMARKES. BEKKIELEINK, £ Fe(ll)-OOH &
&Y. BEEXAERGUI)RFLIZESHE, R Fe(V)-oxo E6¥. 2fE, &8T5 Fe(IV)-oxo E&HMIL
A, BREERRSRR, FESKNKEEEMIRK

0
Br/O,"VV—OH H,0
HO” | productive
/=N ~\ pathway
B© INZ nHo, HOBr
disproportion- |
pathway ¥
02 + Br
HO, Il
.VV-OH
HO”,

Figure 3. Catalytic cycle of V-HPO [10]. In its resting state, vanadium contains four oxygen ligands, while the free coordi-
nation site is occupied by a catalytic histidine residue. In presence of hydrogen peroxide, a hydroxyl group is substituted by
peroxide. Upon elimination of a hydroxide ion, a cycloperoxo-species is generated, which is stabilized by a catalytic lysine
residue. This cyclic intermediate is opened by addition of a halide, in this case bromide, which can then be hydrolyzed by
water, leading to the release of hypobromic acid. During catalysis, the vanadium does not alter its oxidation state (V)

3. V-HPO HOHELTRER[10]. FERIGKRTS, AEBENMEERKE, MBEHERM LS ELESIREARESE. EEEL
SEAT, —IMREFKTEAYERK. EER—BFEEXYETE, mERIEXDPEGF. BETR, IREF
BB EAPEE, ZREKSFKE, BEEREEE. EEEIED, AFSKTEELRES
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EHR HPO fefiEtbir 2 & AL b, (HE A Heme-HPO —HEABA RIS A, EAK
#7> V-HPO —HE AT 1= L IR 5 MEAN AR AR (KRR, BRIk, HPO Xk DU DN R AF IR AE M AL 51 AE T
MR AR R IZ NI o

3. KG-Hal

KG-Hal 2K#i T o-Fi 5 —BAAE ML R — R bl 45 0 F TR BRIEIN SP3-HL 441k
g i - H ol , B — 8 F R BN X IR B 1 (24 1 ORI KG-Hal &2 T & {5 MU 1 (Pseudomonas
syringae) ] SyrB2, 2 53R FEAIL Syringomycin E HIZEX & . SyrB2 ik mibiif B L-= &R,
L2550 B A 201 5 Ik JL 3 4 2 1 (peptidyl carrier proteins, PCP)4% & 7 AE 58 i b A S N7 o 1R B I 2 5 0 R
RS AFLE Fe(ID). O, A1 CIRY, SyrB2 A &AL G 251 SyrB2 FIAZ% 0 th )\AN P AT 1 p-31 8 jelly-roll”
BRE R, ZOBREAGFERNHRARE M . ERELRERAER, o-fiR . & TRk T 5N
HUG 1) Fe(IDS5 & IRDENTEPESL s K o FRR ZHFE AR G WG, o-KG MR FERREN Fe(1V)-
oxo FEATE A, HMNEDHFFE—NEET. SR FHBURN B b3, FRWENIHFE Fed) o
(K 4) [26].

CH
R T2
R ~
CH, CH, . H
OIHz 6] 2 I o o e o
) L P Vc I Clo, D § Cli ©
His His © \ His™™ Fe ~o=[ *KG His/Ee '« ~—| o-KG
H,O His His
Co0" o0 oo
CO,
a-KG CI” R. .
ICHZ Q?Hz
R
- ‘ - 0
qHZ Succinate Cm A? \ o
Cl N . ;lfeIH—O Cl:,,,\ll’}"\‘,
(Cl or Br) His His }-R‘ H,'S-/I,:e -0 |
o His >_ R
[6)

Figure 4. Catalytic cycle of KG-Hal [9]. In its resting state, a-KG, chloride ions and water molecules
combine with Fe(I) in the catalytic center, and subsequently the substrate enters the active site to remove
a molecule of water and combine with oxygen. After that, a-KG removes one molecule of carboxyl group
to form Fe(IV)-oxo intermediate, and takes away one hydrogen atom of the substrate. Finally, the halogen
atoms attack the substrate, chlorinating the substrate and regenerating the Fe(II) center

[ 4. KG-Hal OEILIBIR9]. ERIAKSH, o-KG. B FMKSFSELFOM Fe(DEE, R
BRPENEMLR, ER—FFRHSERES. ILFE, «KG RE—DFHRE, B Fe(IV)-oxo
hEfk, AFERVYN—IEET. RERRRFHIURY, EROSMUHBE Fe()Hil

bR 7 S BRI S S RIRY), KG-Hal RS ALILIRY) . WelO5 & 55— M4 € W] LA s b i 25
JEVIIE, 0258 — e )R R T 2B ARG R T L Ktk ‘EZ2 Y5 Welwitindolinone A&
i, 15t 12-epi-Fischerindole U il 12-epi-Hapalindole C H HE ffi % ik I 7 11540 [27] [28]. BesD 25—
AR I AL B B LR Y KG-Hal, 5 SyrB2 Al WelOS FFEE YRR, 61 57 &AL I 58 i =R 7=
A 4-CI-RTR[29]. ML, TESARZE B (Actinomadura) sp. ATCC 39365 [] adeadecin E4) & g 12+
R E A o-FR ZBRIKHEZ T R LEE AdeV, #8473 x4k 37 3 M H KPR 2-dAMP,
2'3'-ddAMP B 2'-dIMP, 4354 2'-Cl-2'-dAMP., 2'-Cl-2',3'-ddAMP B¥ 2'-C1-2'-Dimp [30],
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KG-Hal 2 DL B RRAE R, ML #alifh, Keat {EAK, XERe SRR GI T S A7 Tl AE YL
(FIREF o

4. F-Hal

F-Hal J& T3 22 (O 8 o S8l gk 508, 75 50 H 35 25348 )5 i (Flavin-Reductase, Fre)™ AE 34 Jif Y 3
R M FR(FADH2) KIHL 4> T4, 4K FAD-OOH 25 xifb [ Mi[31] [32]. &8 RKHA AR 7-
K ALEE ProA (IR T R, HORMIA B RS A AL R ] EAETERIRE, B — K2y 10 A FdEiE RS
T, JERYMLE S TR AT A AR [33] [34]. 7EMEALE AR B, FADH2 WHAL7> T4, 4K
FAD-OOH H&%1. K5, =k¥xl FAD-OOH sEizMit, SERARINARK. R&[YIET5IR
VI 5 &R, T =4 Wheland JIRE, SRS IR SF IS 2 BRI IL(E346) £ Tk, 1531k
(1 5) [35]o PrnA 1 FEORSF I 7P (WxWXIP) 5 £ 5 45 A FADH2 {157 (GxGxxG) /& 4 ¢ F-Hal & K 145
HESEFT .

H,0
H\]'{+ Lys79 FAD-OH FAD _NapH

FmpNAD :

Figure 5. Catalytic cycle of F-Hal [9]. In the resting stage, FADH?2 activates molecular oxygen
to form FAD-OOH complex. Subsequently, the halide nucleophilically attacks FAD-OOH, re-
sulting in the formation of hypochlorous acid. Finally the halide anion reacts with the aromatic
ring of the substrate to produce the Wheland intermediate, which is then deprotonated by the
conserved glutamic acid residue (E346) to obtain the halogenated product

[E 5. F-Hal HOMEILTBIR[9]. FAEEILEEIAMEL, FADH2 SELSFE, £ FAD-OOH £4
. SRIE, EHPIx FAD-OOH ¥ E, SBRSEBRINER. RELRUIREFS5RY
WEERRE, MWL Wheland A, REHRFRTHERRKXEEMO)ERTE,
Blga k=4

4.1. BEEKEE & S BB (Flavin-Dependent Tryptophan Halogenases, FDT-Hal)

FDT-Hal 1 2675 %% Yo R 5 1% (Pseudomonas fluorescens)M s 1% 2 (pyrrolnitrin, Prn)4= ¥ & i 42 4
BE[36] [37]. ] BT EL B AL A PN 1 2 AR G AR B AN (VR AL : PrnA S EAEIRR T 7 S A,
J&E T R ER 7- =<1 1L B s PrnC SIS A [E] 44 B J5 , =S8 32 L JB /R QB (Lechevalieria aerocolonigenes)
Fit UUR 8 2 A6 BORAE  R IIT 2558 ) — B 0 = IR -7- )AL B RebH, ‘&5 PrnA 11 55% I 17 51 [F) R 1,
BT EE IR 7 S5 AL [38].

JE RIRIR IR (Kutzneria) sp.744 H @ ALARZHE AR IR (kutzneride) £ ) & BUS 2 75 2 N AR R <110
filf (KtzQ A1 KtzR)A—> Fe(I)/a-KG #aitE i L BE(KtzD) [39] [40]. Hrb KtzQ AL 7-S &R T 1k,
KtzR ffif5 =itk 6 540, ARk 6,7- —HEORR . RITIEEE T IF2HE NERIR 6-x<1Llg, e %R KEE
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B (Streptomyces albogriseolus)F ] ThaL 157 & ik 6-F AR IR, 2 505|408, thienodolin MEWy I E
W& I 41]; B = R 5555 1 (Streptomyces toxytricini) i SttH FN4% BB 4%E 52 15 (Streptomyces violaceusniger)SPC6
H1(#) Th-Hal A (V2R 6-pa HEREPE[42]

4 B B 5 1 (Streptomyces rugosporus) 1 If] PyrH J& 58— /M R &R S5-I LlE, 7ot i &
VGRS PytH SAEEIRN 5 SA0K[43]. RAIR-5-x{ulf ClaH 25 1 #IR4ESE 5 (Streptomyces
uncialis) "S5 WAL, 5 % JE Bt (cladoniamide) R ZE ) & B, st (VR IRI AL [44]. 72 B
% NAL-107 V& gz, BRIR S-xLEg MibH 17 57 JREE T = BRFR L W ik, 1A ALl B
HIR[45].

4.2. BEKB R P {LES(Flavin-Dependent Pyrrole Halogenases, FDPR-Hal)

FDPR-Hal & & =< {L it 8 () i AL, < BLE) FDPR-Hal £ ZAUFER . — 28/ RE <1 A0 5 11
mEng, an EIRFAR B PrC: 53— IS )AL -2- R BRI R A o — N LAY K51 1 ok 1 M1 P I B TR
B & (pyoluteorin) A4 & BU& 1 H [ PItA [46]. PItA ) C it & A5 — AN PELILEE 5 R 45 A 24 B (cleft), &
—ANURR R BRE [X S (helical region): JERMIMZE G 5 REEM R, VPRI ANRRR . 5 0K s B
FHEE, PrnC A1 PItA AP HA 1R 5 ) X B, K 20 A A BigE 7= 4 7 B AR — A = TR &4
[47]. 5 PIA 8L L & o 1k i 8 60 45 7 3 28 1 (Actinoplanes) sp. ATCC3302 1% 5 H & Bk 7K
(pentachloropseduilin) 4= 4/ & ik 1) HalB Fl8E % 1% sp. CNQ-418 12 5 chlorizidine A A=) Hl1) Clz5 [48]
[49]. BbAb, BETEEABRAS B B 15 (Pseudoalteromonas luteoviolacea) T b AFTE— AN E B IS X {LEF Bmp2.
Bmp?2 5 [F) 5 D5 (1) Bt e 5 Bmp 1 R i 22088 1 1 R 4 #2 15 Bmp4 AH G . Bmp2 471 57 AL IE % -2- 2 FE-S-Bmp
HEW, AR IR =501 AFTIE4 N IEFTHE LR F-Hal, Bmp2 fEA0RZEAC R,
{RTEIETE R AR B[50] . 5 R 05 & R SAC BRI AR B, 05 4 IR 38 5 30 L R i, 58 5 T
Ja R R L. R, Bmp2 B8 AL [ SX —HFAE 5] S T RFE R 1%

4.3. BERKBREY 25 1LEE(Flavin-Dependent Phenolic Halogenases, FDP-Hal)
4.3.1. {ER TSR ERRBEE A 1LEs

(Free-Standing Substract Flavin-Dependent Phenolic Halogenases)

JEAE A A] JE LB (Pochonia chlamydosporia)™ ] =i 1Ll Rdc2 F1 Chaetomium chiversii 1) <1 14§ RadH
HAEA TSI RIEY), Z5RK RN BRI A& 51 [52] [53]. FEARSMR AR R
Rdc2 R KL 2 MR IRIERAR =W, U1 KR8 )l (zearaleone) dihydrosorcylide. 25 #f1%% B % (curvularin)
235 3R (curcumin) 5[ 541 WERTS & IR FAFAEZ AR HERS, Rde2 I SAGBIRAL R S E5 RE T il — <A
/B

1 R T A0 SL A I 35 ARG By 2K b (L BIE EL3E Gsfl. AclH. Cazl. AcOTAhal 1 GedL, ‘EAf/1437i
S5 7 — R 5| HE KIRFW), BHE K 7 % & (griseofulvin) (Gsfl). aspirochlorine (AclH). chaetoviridin (Cazl)«
% i % 7% & (ochratoxin) (AcOTAhal) Al dihydrogeodin (GedL) [55]-[60]18I4#04& B B A1 H I ER /> 5 Rde2
A RadH —#f, x5 &I BB R, {2 AcOTAhal Xi4JE A 75 B 3 M F2 55 06 A6 ik I 1
FLIE AR B (Dictyostelium discoideum) 1] ChlA 225 7304015 S K+ 1 (DIF-)AEYA K, 151 x4k THPH,
PR &AL THPH 88 504k THPH [61], 1 %2218 2 (ansamitocin) =4 & i 2 tH 1) Asm12 A8 i fbiis 2 i
My 2RJEM[62] [63]. BEFEH sp. CNQ-525 napyradiomycin AE¥) & & 12 F NapH2 8 x4 ZEER TR AT C2 fiL
B, (R E AR R ZIa[64]. i, EREB SRR RN IR R IL T —FiH 2K < 1L PItM,
BT (A28 =M ) — AR @A edbh, IR SNEEE 23 b, PIOM X — SR R AT A= Pt B i
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TEPE[65]
43.2. (EATHEAHER-KYPEFHNEREBIRE XL Es

(Carrier Protein Tethered Substrate Flavin-Dependent Phenolic Halogenases)

B = (5% 75 1 (Streptomyces roseochromogenes)H 2 5 & 42 %5 2% (chlorobiocin) A= )& ) Clo-Hal.
AU 5 R B (Amycolatopsis mediterranei) 2 5 B R85 2= (Balhimycin) AE ¥4 A% ¥ BhaA. ¥R 25K
BB B (Streptomyces lavendulae) ™ 51 57 &AL & il Complestatin ) ComH FIVF-JiF L B (Actinoplanes  tei-
chomyceticus) 2 5% % i 7 (teicoplanin) -E & B 1) Tep2 [66] [67] [68] [69]#F & /F F T#AE -+
() A 3 22 MR I 2 o AL o X SRR £ 57 T 1k PCP-TiS S R B PCP-B-F8 S I S IR ()4, 26 R AH i )
. R s CndH SRR K CHORNT, LRV PCP-IRE IR T A, BEAEKAIARM LR
HEE, ATLLRNEA R A[70].

C-1027 & BR7H 55 55 i (Streptomyces globisporus) &y I — AN R A PUMR2E7=9), SgeC3 & H A
Y& BORAE T ) — A A B[ 711 SRR SRS SR IR R B . A MR S 8RR SgeC2 HHER,
SgcC3 A RA bidh, RUIXABEHEALH) I RYZ(S)-BUR)-p-BE A MR-S-SgeC2 [72]. X —RKMMK
AL BEEE LG Ram20 A1 End30, ‘BA153 7075 B Ik 24148 25 H 547 7 (ramoplanin) 1 & 17 5 2 (enduracidin)
WG U R 5T b R IR R H BRI FE [ 73] [74]

4.3.3. EEBRRELH IR ERKBREA1LEE (Decarboxylative Mechanism Flavin-Dependent
Phenolic Halogenases)

PR T SR AC B B M B P 1 PR R PR VR AL BmpS 2 55— AN 45 5 MO MR o A WL 1) P 28 3R A
TUM R pa e[ 75]. Bmp5 5 HAh T3 s AL R 2R e 1 [RIVR AN K, 5 R B4 7y 3 R Ol
FUINARERA —E P A RN . BmpS AT RSN RN, (HF ZRAYN NADPH [F A7 1L,
F W BmpS5 A5 B AW R ICF AR ERE . EIRWY). NADPH fil FAD /77, Bmp5S 5 4-F2L0K
FR S ST Y, 3-VR-4-F2 R R, I8 I I R HEAT 58 —UIRAL, 193] IR . Bmps WA fALEN, (H
T R 25, R W% B 5 Hh A7 v BE AL B R D A 0 5 o e, T A B8 B AR g i A
WIAAEAET5].

4.4. PeAniER FE KB E q{LE§(Aliphatic Flavin-Dependent Halogenases, AFD-Hal)

AFD-Hal e i ACIE i85 1) C-H B . 22 N 5 h 5% 25 15 (Streptomyces venezuelae) )5 5 2 X L CmlS
mn RS K R AT o R E L F-Hal HROR R IS5 M R-IE:  AFEAAAE ST PEAL SUIE R T JEiliE; FAD
LK 8a 5 KERILN A G, AR 5 SA0ik: AEVF 2 S5EUE M BURY #A R B 4 & 1 AER R 1
885 VEMEAL SRS H AR E44 ST ERRIVA R, BREIR Y350 fi Side e MR AL Hr ik, MR
E A 78 24 2% LA &AL =4[ 761 o

BT, Chankhamjon 2577175 K #h & (Aspergillus oryzae) RIB40 71 %5 5g H ) — W I RE B FL #4 F5 ify i
1Ll AoiQ, 17157 K 5% B 2 (diaporthin) ) FH EAL A S XUE [, AR OB AL R R e Tl &= AT A . x4k
AL BRI T AoiQ 52 Hi ) F-Hal fEEARIFIEAALHEI[77], FERIH MR AoiQ [RIVEEGHLA77E T H
f E B,

45. BERRKBE LB, FRMEEMEWLT

4.5.1. ¥ EEZERBE GBS RPEE Y
AT SE A5 AR R AUAR BB SR 0 R I AL ) DX S B . PrnA SR (O R FR-7-TR AL,
TEPEAL SR RN IR (F103) R ANRR, S 7-IREZARM S5-I AR UL 2:1 BILLREK[78].
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Shepherd 5[ 7911 [FIFF 15 VA RAL )AL BE SttH, 753 — > = AR R 1 iZBg i) XBOEFEE, s sl
3-I5|WRNIRIE Y 6 S AL 5 50K,

Andorfer 55 [80 i R HIBEHLIE A E FIREAT75, W LR BR-7- 0 (L RebH BEAT 1 /NBE0E, A
TP RebH RAEM, AE s {LMIMRIRMIN 6 5 LB 5 5476k, Payne S8[81]xFEF 4= 7 pq 1L RebH it
170Uk % %8 PCR (error PCR)J&, B4 7 RebH # ALy — DT RARMK, 1% RATVRRENS [X I3k £k s ALh|
KRV 4 5 hL8k .

4.5.2. REARRKHE SR LENEYEFREMN

TE T O < AL Kcat (B AU, o e PEAZE DL Gy g A = ) iAW i), BT AR MEA 1 s )3
PR SRENS FT LA F1-Hal ARV AL PERE, —FhoRng 2 FHRERE I XL, KRG E M B A
Ky XL I B T 52 R B K R EEA 5. Chen ZR[82] MK BHEFE 1 SPC6 H 4552 g Hivr
FR-6- <AL E(Th-Hal), X Ik £ 5 A (& BR-6- < (L SttH AH R, (EJA R (Tm) bt SttH =il
10°C, H Kecat 05 T2 HAh (0% 82 XL B . Takahashi %5[83 ) Th-Hal 5m& 3K 25 AOAT B ) 35 2048
JRBEES B AE— D, LR AR RBELE 45°C AT T 5 2 FhAE R ORI K A s Ak S 8% - Th-Hal PR SR AR 2546 B0«
Th-Hal REAAIEREMPMEREE, SECERMIM™ARKERA, HIEERORESE, MinSKkrEsiE, X
F 7 Th-Hal f#4F&5E 4[84].

— MR 2R 5 PCR AT € Mk, FIFIREVE TGRSR R, it h B #vee MR
ARAAK . Poor Z5[85] [86]%) =1L RebH AT T =4t Z4 PCR, KINHN AR Topt (AN Tm {8 HLEFAE
LR\ Ay, H ) B L A R R TR AR e 1 S iR 1], {H Keat {E FEK . Foh—/NRABIE M =4
SEMRHIES Th-Hal 2880, SRR A B RS NKE R IR, FECER AT 0. F At 43 o for 25 B
A%, DAID ST R R, N-om 2 2 RSN AR, $2m T RErfae .

4.5.3. FIRRRKBBE D LEEERIERA~Y

¥ F-Hal SR AED G BT, rTRA M=) 2 FE . Sanchez 4587 ¥ i IR 3 R A
B R A G B R RE R EE A, BV G B0 AN ) DX dnladk 3% (0 R o A B 1 R R R N R R IR )
A AR B, AT T S I A S R R DR AR P2 ) B AN [R) X 3 A4 44 . Roy S [88 K (A 2R 7- i AL 51
ANA: 7 pacidamycin BRI R, BT FALE) pacidamycin.

5. S-BR E R EERAKHIE! FLEE(S-Adenosylmethionine-Dependent Fluorinases)

N RALEE FIA Sk B TR F 55 % 1 (Streptomyces  cattleya) )5 LR EFN 4-T875 BIR N & IS 1A
NG SR A FR(SAM) A 5'-9-5"- i AR TF (5'-FDA) I H54K[89] [90]. FEMEALIEIF FIFTLEM By, 71
IS T DMK SR A ) 456 B RAGEG 10 — NS 1 D48, 8ok oy 7, il S0 5 2 o i 1k ik
&R T SAM SEACEFIISEM /T ELEALYI S 1000 5247, BE 2 5 454 BIRALBRE VEAL &, IR 4R
W FREFIL, VERNERZARGFIE R SAM BFEM S-BRR T, SET C-S BIMWMIZA C-F BMA4 L,
AR T 595 AR R R P (1A 6) [91].

B P A X KB FIA [FYREG/ESE R H sp. MA37. BV K B (Norcardia brasiliensis) F1F 82 B
sp. N902-109 HIAF1E, BN TERRESRI SAM A% 5'-5-5"- W E R (5'-FDA). ANFHZ, X =FhlFH Keat
¥ T %R FIA, HEAE &M Keat/Km {H[92]. Bb4h, Huang 550 M2 WG 5EEE 15 (Streptomyces
Xinghaiensis) NRRL B-17474 R BL T 5 FIA LRI EALESF F1IA4, 7157 SAM KIAL[93].

5.1. S-IRE RSB E S ILERE PET PRI A

PET (Positron Emission Computed Tomography) & —Fl € L AIEZ G A, 75 ER AR ar R
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IR, W AERE. EAR. ZR. TRIR, Ao LB R ERG BF, C &), ARG AR
EEA. G B 18F-PET /N s FIIIAE Gt )51 75 B2 AN B IRA T 20 [ BE g, DN SRS T AE N sR i iR FITE
I A IR RE AT PR, A% I TR A T i, BULEEA T i1 N O il PET 7%
SHMEETR, BFH RS L TRRAR A, B SAYRKER, DR s A YA
SONEE I, AT LA U i R Ak 27 7 % (Radiochemical yield, RCY )il A= BT 75 I AL [ 94]

H.C
=0
HN:-- NH,
=N
R=C ]
-
H” +S R N N/.'J
\('” "F o— | $
H
\{ H
~ OH OH
SAM
SAM /( NH,
1 OH
H.. -H- F H., = L-methionine F
Y Hoe 0l ‘F
e R OH O
A g O —~ 0 F-Thr
OH — Y
OH OH 0 \\F/\n’OH
5-FDA(33) F-acetaldehyde O
5-FDA F F-acetate

Figure 6. Catalytic cycle of S-adenosylmethionine-dependent fluorinases [10]. In the resting stage, the
solvated fluoride ion binds to an active pocket of fluorinase, exchanges water molecules, and binds to
the polar group of the protein through hydrogen bonding; subsequently S-adenosylmethionine binds to
the active site of fluorinase and drives the desolvation of fluoride ions. The desolvated fluoride ions act
as nucleophiles where it attacks the 5'-carbon atom of S-adenosylmethionine ribose to generate 5'-fluo-
rine-5'-deoxyadenosine (5'-FDA) and L-methionine (L-Met)

6. S-BRE M SRR IR B MBS L BN 10]. ERIBMEL, BRMBLYBFEEEIE
BB — AN OR T, kg F, BESRSEARMRMEEBERE; ETkR S-BRERR
FRESDRNEEMAS, BERXDE FHRISFIL, RBTHNELIEFERFEZLF,
B S-BRERRERZIEN S-RIEF, £RT S-R-5-BHERE(S-FDA)F L-BRREL(L-Met)

5.2. S-IRE MR BABE S UBERAME P HIER

AT WAL ZE L R ML 22808, #oT R SIE I HE M MAL, TRt RiEd 24
e R 7 TN NNV 2 B2 RS 7 M B AR . A5 & i C-F BT ER A%, HERLSEI
JERYE AL, ARG R R IGS T RFE AR B R AN T A, i R B (R S S A S
fiij (% .75 %% - Bustaquio 5[95| ¥ JE1E Salinispora tropica " 4t AL EE FIA fFER B YmAY Sall (1) 35
K, M TR % DU 29 salinosporamide Ao BEAl, I8 AT DL U A1 75 A& Rl B 3 SR B
1bE¥) - Hong %596 18 F 98 L 1E-CoA 1E R T BUREIL A1) -6 1 PKS BIEY, W6 BUS HUPTRZ H % -
Walker %5[97]8 H %A 1 FE-CoA VENAZAE M), FRITER FI AV 2 KRR AN B R &
TAEZ)H, 9 RARFA =AY S RG]l . 53, Thuronyi 25[98] X AE LFEAL K IAT B b 4 FH 3
P ZIRAE A JERE P2 A e &) 2-98-3-F2 5 T IR IR, X Ah Uik i) — ML &1mT LR SRR, AR 773
R ILBE IR (PHA) A=) 2L .

6. REERE
B3R TR — DR ], W ASCE YR B R . AR AR R V2 S KRR T
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RBMEY), XELEYR R RIR B . AT 2RI E TR ke, X DU
Pl BA A RO R, i PR LB 0 KA B T R T 36 2 B 2L ) i AL o

TG )AL SN S A B A, REIRIE AR K. A s AL N E WAL I RESR ik
BRSNS, AT R RPN A R A R IX R R s AR . PSR LB
o-KG WA s ALl 3 F A b (i LS SR A Bl LA DX ST AR F64, BAT — € (10 Tk M AL
A& F7, ABEAE Tk EXMBRAEH], IEAIRK IR EE . R . M EY 25T BORA RS
W FCIX e AL VR FIBLEE, R LR EOT R RSN 20E, SO H RV, ot XS F Ve AR E 1
TH et B3 5 T P o e Bl A A 7 5 AR SR 98 B A
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