M4 F B & 2022%F HF67% £ 16 H: 1806 ~ 1820 ¢ OPERRE Y Zekidt
SCIENCE CHINA PRESS
CrossMark

& click for updates

SAM H HI &M I . Hr e v S

AT, ARE, M RE, K
FHRZFACT 2B, REAY TRREE TR0 %, Kt 300072
* B & ., E-mail: mindong@tju.edu.cn

2021-10-14 Yk, 2021-11-29 1&11], 2021-12-14 3557, 2021-12-16 MZEHR &
[EFK A RPI2-FE4:(21977079) %5 B

% S-IR 4 -L-% & B (S-adenosyl-L-methionine, SAM) H t H B & YA B F A X HE. 2 X BATE AW
Bl FSAMAN[4Fe-4S| 1 fb £ R — R P EE oy 5 i R N, B20014F 8 E R4 DLk, R ABEHKR, B
B A K B B Rk 2 —. 4k, SAM B iy FEBETUH0H K B 3 RO Fo it 8 AL R R, RSO 5 MR &
MRRIATHEMINFONE, AZPERBRBEERBEEEH. RERCEWUREH N2 FAED AR, BK

Wak, iLEHERGEMSAME B HBEMREN) ZHE SRR, B ZAEHTLAGFTAN AL E 7
o B o RS ALEIFEAT T A, FEXTSAME i BT R R KR M AAT R Z.

Keptinl

S-RFH-L-F i & 2 (S-adenosyl-L-methionine, Ado-
Metl SAM) & —7Fit Hy it R HH B 22 R 2% 6 i il i i Ak
Y. SAMIERE =152 IR F (adenosine triphosphate, ATP)
ZAM AR Z KB, e A S A AR
AR R, AT, SAMEA —
IES5H, e BA3 N ATRE N C-SiE. SAME A
BN D) RE R AE S SAMAS Y HY JE 54 FE i (M Tase) (1)
AL A, T EEAL A 2RI, INDNA. RNA. ZH AR,
BRSNS A, AR, AT R R,
A —Z 5 SAMA Y g AT DUt fb— 28 2B iR R
HZM AL 2= B SR RIMERY S vz, L an e A 22 Fnd
HF A, DR —SAy RIS AR )
B X — RV B RE  F B LSRR,
A5 4 SAM H i JL il

SAM H i 3L e H A A i K E AR K2 —,
WA LT ISAMAI[4Fe-4S]. SAM [ i Sl —
AR IHAT 34> 1 bt 24 2 20 B 9 AR <7 45 A Bl Cxxx Cxx C

SAM B W 28, Shan ik, £ e &, EAHLE, B o RN

(P FRATA B LRI IE), FRZE 43 [4Fe-4S]HE T
3NERIET. AR T4 A SAM B R 45+ rh
SRR A R 5 A 7 2 AR S 1Y
[4Fe-48]" B 455 1466 HL T4 SAM, i SAMIFICs - scsi—
SHEWTRL, 77 A5 - i SR H i 3E(5'-dA - B5"-dAdo-),
T2 A R 1 P 3, AL AR 2y i 1 s ™,
B2 N T o AN C 57 AR ) 1 5 AN 1R 7
TS RS, MRtz A, 5-dA TR AT LS R AU A T
TR, e R A=, W31 0mFgE &
W, A —FAEZ M SAM [ G- G ERAE A
Mg, AT LASEEE DI MTS AMER C i g — S B, T IR 32 93
SRILP L R, RGBS 1 R FEF211
A TRIR AL, HRATEEF2 1B B 1 0 I e i 02!
(E).

HC AT L, SAM [ p LRGSO 21 B SRS
BT TEHEE. Fn, WO A sk R
W2£20144FEBroderick 4 Ak Fe iy L5 R X HZATURAE T

doi: 10.1360/TB-2021-1067

SIS 077, RN, FREl %, 45, SAMF HAEREWT oY BEIR: 1S SpbLi]. FaE i, 2022, 67: 1806-1820
ZhiN, Zhu HJ, QiaoJJ, et al. Recent progress in radical SAM enzymes: New reactions and mechanisms (in Chinese). Chin Sci Bull, 2022, 67: 18061820,

© 2021 (PIEREE) btk

www.scichina.com  csb.scichina.com


https://doi.org/10.1360/TB-2021-1067
http://《中国科学》杂志社
http://www.scichina.com
http://csb.scichina.com
http://crossmark.crossref.org/dialog/?doi=10.1360/TB-2021-1067&amp;domain=pdf&amp;date_stamp=2022-02-11

P A

SAMS SRR
O O

1
J_Oez
Z
T
N
o
Z{_&Z
v T
J_cé:
2
I
N
A
4

OH OH

£ HISAME BRI IR

0 o
o NH o
s Jg’> Nf 2 sZF /Ig—> e N
€ INH “N —FeNH fN f\
A 2 & 2 y X-H &
17 + <1 g | <N I

J + Nu—CHj

N
Flls” &~ N N - ~s . <N J ——= CH.H N
LFI5\_C o Piira o H o
S—Fe S—Fe
OH OH OH OH OH OH
JFEZHSAME (B EFSDph2fE (Y HIR AL i
NH, 00
N NH>
< \JN HoN N~SN
0 \ y 2 S
,W§ o N s . N/J HN
o) k j = HN =
b2 OH OH sZF < N
—Fe —Fe N
vy ang OH OH
e—S — Fe—=S
|/Fe|7S |/Fe|7S o H HoN
s—Fe 74 o)

B 1 (MW7 fR)SAMIY =25 C— ST 24 2 i

Figure 1 (Color online) Three categories of C—S bond cleavage reactions of SAM
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Table 1 Summary of radical SAM enzymes characterized since 2015
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Figure 2 (Color online) Catalytic mechanism of TqqB
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StrBJ& T'SAM [ i JE R h (U SPASMIE MK, Bk
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EAE 2 B WG, A B b S AL+ 140, (HIE 1
PR AR B . PRI AE—SE RN, 43 —F N FL T DA
VRIS 7% BGOSR, [T # A T 1k
R & ROV(E3).

1.4 QhpDiLRYC—SHEIE WK B

T2 A B BR R (Paracoccus denitrificans)™, BR 4L
21 S (QHNDH )& —Fi i A4 Al e 1 e Sl Ak it
AR, FEA A R . Ry TH R AR
fEFA™Y. QHNDHA 3N A R, HerghpCoi
57 Fi k9 kDA, HHEA 440 i ik
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QhpD%i &, i QhpCHLLTIRE X 454 #EQhpD & 7 IE

L fof 9 2 L Z5 A R b, TR IR T S SR 2548 T HE (A
S2). B4, QhpCHI7HCysHk A Ay F 15 QhpD Y4l
BRI SS 4, QhpCHIGlul 63 i JR B A ER AR A
FEH|QhpDIArg37HIE [, IR SAM A H Ll 5
B JFEME[4Fe-4S17E R SRR IR FARSE &, JEUHHD
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Figure 3 (Color online) Catalytic mechanism of StrB. The clusters in blue and purple correspond to the active site cluster and the auxiliary cluster,
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i, B A= RIPoy DAL I REIE 15 Val9sE B I K, Uk
S — 22 10 SR AL 2 R R ) T J5 2210 22 n] A4 Ak

PoyDHIMEAL LI WLIEIS3. 5'-dA-TEBUEY)IC HIH,
TE RGBS A HhoC ) E 3, —A ATV R sS4 A H N H R
TFHHR(PTRE R Cys-372) 55 R85 F fr LRl LU= A 2
] SR AL R 3L,

2 B IMEEAESAM A HhiSLfE

B A G TR RN L K 25k e 5 A
FEMAL HECY IR, BRI RS Y R
SAM [ iy S g A BRI AN Z, (BRI B9 SRR
FEH B X TILF A FISAM A H AL, 5'-dA- MUK
Yy PRI LU A S - dAFIIRY) F B, A5 1R
By, HRFEAR, SAMH HFERFRD K5 -dA- T E)
FoAb R h. B A S LA S -dA- ™ A R
FI 325 00 A B A S S 1, AR A 2
AR A R R A R R THBRAE RN, X 2621 TE
BRI R G W6 e R S s

2.1 PolH#AEI) C—CREERIR W

JE 7% Z (nikkomycins) Fll £ %4 % & (polyoxins) /&
XTS5 FE A A B T M B ST B RS A &R,
LI [7] 285 /) J2 24 5 OB 2 (aminohexuronic acid)[sg].
S L ORI R 2 UMP RIS 92 445 I 19 B R (PEP) 3 1ok
SN R UMP(EP-UMP) 5 C5 SE{H A i B A% .
el HAT A I . EP-UMP 2 il i UMPY
VNI T B A% il (22 A 25 3R 5 U POl A K PEP 1Y 45
Pt TN ) B L 5 3% B UMP Y 3/-OHTE ), H.CS5' EP-
UMPHEN ] 736/ 11 BT R A, i T i
MBI REAF R 2 OB RR CS —COIE 1, Mt
JESAM H H J:fFPolHAE F15'-dA - S /LEP-UMPHICS'5 |
KR

LillaFilYokoyama""#4PolH 5EP-UMPJ% Ji, PolH
THFES AMAE Jl FR W8 e - LR S - W PR TIR (U-OAP). 4 7%
D,O 47 PolH N H, TEU-OAPHI7'i BB A TR
X5 S A PolHAE AL 5 L — > LACT RO i H B
FErpE AR, i Al AR ELA A R AT A 5 () T )
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SEASE A, B T PolHIG T [4Fe-4S1iEAME A HoAh 4
IR FIE TR BN T, RIC7 B A AR il A&
AU RS T IR IL Y. X RARIRC209A/S Y I
VEAT B iR IR (electron  paramagnanetic resonance,
EPR)&IN &I T C7- R R, HAIMC209A/S-PolHA
P 7 -REIU-OAP(epi-U-OAP). IR TLLT
HEALHLTR, WnE 4R,

PolH{#i [H{5'-dA- NEP-UMPHHUHS', JEEHIEK.C5'
B, 3% A BT C3 U IE SR U-O AP R 25
F. X — A AN = AECT A 3, HApkCc20937
TR 3R R DL = 42 U-O AP, B £E RIPolHAHE AL 1) Sz I3 75
C209% A H13E(C209 ik i J5 58, % B AT BES&
T3 — TR S M 2 R (AN 2R iR I, SRS A HR
F A% 338 3 2R 1 B T A S MR AR i AR T

2.2 OxsBI#AEII4E IR M

FR PGS 2 & A(oxetanocin-A, OXT-A)=HE KZ{f
e (Bacillus megaterium);=A= [\ —Fp ELA B HT
TR RRE AL . OXT-ARIBERRILTE AT L)
Tt A A 7 AU DN AR A BTG M, I3 2 TR 4% LA
Bl 2 2 B M, Bridwell-Rabb%
/\[28]75\5%, TEOXT-AR A B, %Eﬂi??(cobalamin,
Cb)HA ISAM H Hi 3L iEOxsBRMEAL E 2430 T e iiiE
BGE ) T AR

OxsBZE [ H 4S5 SR A, A FEN-Ii 25 H4 J (N-
terminal domain, I). Cbl&%&3(Cbl binding domain,
II). AdoMetIXJi(AdoMet radical domain)ld A B2 e
3§ (Helix bundle domain, IV). 1 Cbl 5 25 R ITAESE &
RIFEH. FEOXT-ARA B EH, OxsBAEfL2'-li 4
R -5'- 8/ —/ = B2 (AAMP/dADP/dATP)JE ilOXT-A
FIPUTCES. ARPEIRPRICSCI AT A, b AT RES 4R 5~
dA-)A\dAMP. dADPH{dATPIC2 v & HL T S 1.
B T G AA TS 400 11 Pk 66T LA 3 o s 1 1l S I A
YA I, RAIE M JAMP/dADP/AATP RIS (14
5). TEMCIERET, OxsAFTAEILAYBERR /K i 5 Z (0ER, ]
DI ] 7= [ R 3h. ColnT e 5 [ i3t
() BT RO, BN A BRI TG AL RE 225 B2
FE ML LTS24, Chl-y=) [ Fh 2B A9 o0 B T4
AR T 3mIE.

2.3 ViperinftEfbitg % 1Bk R W
Viperinft—MTIRETFEN, TEREEEIHL
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Gizzi% NP IX LA BF5E K R, Viperinfa &5
TR A B TR AR I 2 (CMIPK 2) Y 6 (R X 48, HL
TELacinutrix mariniflava PA-FE R @A F238, I
Viperin 1] G A B ik R i D fe. H4e K i Viper-
in(rVIP)X & 1T R 2RI W b A7 ik )5 R 30, JIEPICTP
FEAERT IS -dA 2 R TVIP RV 913015, BA:
T E e 3 - i 4R -3, 47 - A -CTP(ddhC TP, &
CTPH £&—4rF/AKI=H). Hok, 4 -Rbric iy

CTP5rVIP, SAM I HY5 -dA s #mfk, 15
MAZA ZARECH. e VIPT] B8 R B LL T HLEM AL
NE(FEIS4), 5'-dA-EEXLCTPRYCA(IH, FifiJr 16 R 4l Bh
TR 23 -OHRE] H ML E T, 1% A M3 T8
— AT R E IR — 2 A T EHEE A Y
ddhCTP.

ddhCTPREMSAE I 95 15| 221 1 D3 I RN A At
RIRNAR A TNEEZOE T, RN BN EN R
il Viperin[FJFEAA7E T AMK, J2& HATME—C 0] DL B
PR R A /N TR AR EE Y. Viperinfy
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T2 AR T e S e
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3 HAtwhsr e b S AM E HiAE

3.1 R YA IKEEAprD4 HEALIIBIAK R

%R K (apramycin) & — PSSR BRI R
(AGA), BE&A— MR RER \WEL5H, I Hax A\
WEAEC3 o B A Z BT Car Bl AR S fil
ATy W A HNE W AL R (APH(3) B 1, X BERRfL
AR E IR ARR, 33 BE S0 20 B (0 T 25 WL ). (H2
LEGER I ED G AR A (L ANC3 B4).  7EAaprD3
FlAaprD4ZRASR T & BT £ — Mliparomamine ) F1 2,
HIFRA ZERRRAER, VI P 7 5
C3'f %A, HparomaminefR n] HESEC3 it 48 S b Y JFE
Yy, 8 BRI BER AR B R v B A 2 B T 4y
KeKim&E N Wxd sk [ S, tenebrariusi AprD3FIAprD4
AT T 5.

IS LB, AprDAZHRIISAM H i Sk, HAEH
ERIE A CX,CX,CHEF 45 A [4Fe-4S 1%, 18 A K &
FEAVER. AprD4\C4'fi & 18 U )5+ ) dliparoma-
minefli 7KIE fil{4"-oxolividamine. AprD3 A H A E N, i#
il AT NADPHIA 5 A 345 lividamine.

it Lin AT G ARG 0 (R SN A R FEE
HE, 20214 Yeh2s A6 i LR B2 3-4%
H 5 AprD4E B J5 ML= 1) o A Hofig bt 2, Sk 1
AprDAMHEALHLE]. anEl6fR, H5E5-dA-4BICA (]
MIHJG AR B B 3, T R e OB B B
FH3E, S 4053 -OHE A (1) -1 Bk LA = A s H 2L,
1% A HSESEA T A AR A B R R AT Ak, AR R
IK7=H).

3.2 C10PRIC10QREALIIERPIEALIR

CC-1065)& FIAF N FLIF O — M5l (spirocyclopro-
pylcyclohexadienone) 5. iX—JE RIR 1) 2w A BT
b 21, AT PEIR f I R
W4y, I BRIESNG/INA TR AUEE DN A 381 5 2ot

SAM

H —OH OH
- g 5-dAdoH _.é A
HO ;‘é HO ”

Paromamine

Bl 6 (MZHUE @) AprDARYEILHLH]
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Recent progress in radical SAM enzymes: New reactions and
mechanisms
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S-adenosyl-L-methionine (SAM) is the second largest cofactor in the human body, and its metabolism is closely related to
various physiological activities. In addition to a methyl donor, SAM is also used by radical SAM enzymes with a [4Fe-4S]
cluster to catalyze a series of radical reactions. Since the discovery of this enzyme family, it has been found to play
important physiological functions in all kingdoms of life. According to bioinformatics prediction, over 220000 radical
SAM enzymes are involved in more than 85 biochemical transformations. Almost all radical SAM enzymes have a
conserved CxxxCxxC motif, which coordinates the [4Fe-4S] cluster. The reduced [4Fe-4S] cluster provides an electron to
SAM to cleave the Cs ,genosine=S bond of SAM and generates a 5'-deoxyadenosine radical (5'-dA-). This radical then grabs a
hydrogen atom from the substrate to generate the substrate radical and initiates many different types of reactions. These
include thioether crosslinking reactions, radical addition reactions that generate C—C bonds, aliphatic etherification that
generates C—O bonds, oxidation reactions, complex rearrangement reactions, methylation, methylthiolation, cyclopro-
panation reactions and so on. The nonclassical radical SAM enzyme Dph2 cleaves the C, \i.—S bond of SAM to generate a
3-amino-3-carboxylpropyl radical (ACP radical), which is added to a histidine residue of the substrate protein elongation
factor EF2 for diphthamide biosynthesis.

Radical SAM enzymes have a very rich substrate scope, including ribosomally synthesized and posttranslationally
modified peptides (RiPPs), proteins, nucleosides and all kinds of small molecules. Classifying by the type of substrate, this
review summarizes some of the newly discovered radical SAM enzymes since 2015 and introduces the catalytic
mechanism. In addition to new enzymes and reactions, strides have been made in mechanistic studies of radical SAM
enzymes in the past several years. Using rapid freeze-quench (RFQ) combined with electron spin resonance spectroscopy
(EPR) and electron-nucleus double resonance spectroscopy (ENDOR), researchers have captured and characterized two
types of novel intermediates in radical SAM enzymes. These two intermediates are organometallic species with Fe—C
bonds formed by the iron-sulfur cluster with the 5'-dA radical and ACP radical, respectively. These findings answer the
long-standing question of how enzymes control active organic radical species in radical SAM enzymes and the
regioselectivity of SAM cleavage.

Finally, we look forward to the future directions of radical SAM enzymes. As discussed above, radical SAM enzymes
catalyze numerous difficult reactions, such as C—H activation and C—C bond formation. New enzymatic reactions with
unnatural substrates could be developed with protein engineering. Therefore, natural product analogs could be easily made
for drug development. Furthermore, in the radical SAM chemistry, only Dph2 can cleave SAM unconventionally to
generate the ACP radical, other than the 5'-dA radical from all the other radical SAM enzymes. Whether there are more
enzymes using this mechanism to catalyze the reaction remains unexplored. We expect that more Dph2-like enzymes that
can generate ACP radicals will be discovered in the future. Finally, the drawback for almost all the reported radical SAM
enzymes thus far is their low efficiency. Protein engineering or other strategies that could increase the stability and
efficiency of radical SAM enzymes are in high demand. Only by this means would we expect more widespread use of
radical SAM enzymes as biocatalysts in synthetic biology.

radical SAM enzyme, iron sulfur cluster, biosynthesis, catalytic mechanism, radical reaction
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