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Abstract: Cinnabarinic acid (CA) is a high-value nitrogen-containing tricyclic phenoxazinone
widely used in dyeing, chemical, and pharmaceutical industries. However, the efficient CA
synthetic system for large-scale CA production has not been constructed until now. To achieve
efficient CA biosynthesis, we constructed an in Vitro enzymatic synthetic system and a
whole-cell biocatalytic platform for CA biosynthesis in this study. Firstly, targeting the main
limiting factor of the CA synthesis, we identified a superoxide dismutase SodAprm capable of
efficiently converting 3-hydroxyanthranilate to CA. Subsequently, the in vitro catalytic
parameters of SodAprm were optimized, after which (176.6+14.3) mg/L CA was efficiently
synthesized. Then, based on the selected SodAprm, an Escherichia coli whole-cell catalytic
system BL-sodAprmwas constructed for CA biosynthesis. Finally, a maximal titer of 312.3 mg/L
CA was synthesized after optimization of the reaction conditions of whole-cell catalytic system
BL-sodAprm. In summary, this study lays a profoundly foundation for the biosynthesis and
application of CA and its derivatives in the future.

Keywords: cinnabarinic acid; superoxide dismutase; whole-cell biocatalysis; 3-hydroxyanthranilate

RHPKE IR (cinnabarinic acid, CA)f&—Fh K
RIS A BRI AR5,
JZFFERGe AL T Aot dh Al 245 541l 21
AR KB, BRI IIRN, CA W LIE
WA RIS S IR Z /K 4 (metabotropic glutamate
receptor 4, mGluR4)i s |4 | 35 F 1L Z 1K (aryl
hydrocarbon receptor, AhR) A {ARD>1 | i5| Wz 2,3-
XUJN 48 B (indeleamine-2,3-dioxygenase, IDO)FI
R A IO R % 0 0 o] ) 1014 2 1 R A g Ak ¢
FE A AR TR AR A 22 E AR B AR Y
PP Z Fp BT84 Hiramatsu S5PWESE & BPE 40
PN CA T3 3375 S 0 1 A ) = AR T 375 e g
LA . Lowe S5 B CA AR Ry 2 4E K]
+ IL-22 BEmishifl . Sy, #Fse k]
CA JNEA RIFMPTATE . PLEHE . KEE. JUE
Ji R DA R g R A S TE ), ek, Bh
PR BRI I e B, CA i HAT VS TE A BRI L S i
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ZARPERB,

HAT, CA AW EZA b2 gikl= b,
SR, MHELT CA Ab2E 6 Wit B xry 2 [ v %
P FNAE AR A AR, A 3k D — o o 22 %
FIRBE AR CA BAVE T & AN
CA il R IREFRIERAF UG R, [FA,
WFFR RIS AR . B A FUAF LR 8 i AR 2L
#5fL# (Pycnoporus cinnabarinus). I £1 AL 5
(Pycnoporus sanguineus) . ¥ £1 12 [ (Trametes
coccinea) & P K& ZZ #& (Bombyx mori) A i it
(Kallima inachus) il 48 i 1 /i % (Tecoma stans)
LGEYIARY HA RIRM CA A HRE 1B 1401
W — s kB, FEPIA RIR CA & aliE
TR, THREHESI RN, CA 4
#ak 2 o RIRARERE PR —3-5%
AR 24 HL 2K H iR (3-hydroxyanthrailate, 3-HA)RY)
da-E AR LLRLERBY (F 1), M B (laccase) . #
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E ALY AL B (superoxide dismutase, SOD)Fit
A Ak W) B (peroxidase) A0 AR i A 1k Wy
(horseradish peroxidase, HRP)3: ¥ ELA fifk CA
A RE Ul SR, XS RARI CA AW
HHAAZRE CA & EE WA . s
HEsr) CA G, 75 CA RIRE BUG bk 1 5
itz I, Schinagl S5P@ 1k UV-A §E BRI RAL
L (P. cinnabarinus) ' SZ P T 2 20 mg/g 4l
JItd T E (dry cell weight, DCW)AYJ CA FL1 2  Meng
2R o B 3R AR 7E P. sanguineus SYBC-L7
WESZEE T X5 CA TERNZF RS THERL
AR, EFR, GRAEYY MRS TR
RIBMAF R CA AEWA AR F A SUAN
BN AT RE . Sharma Z8P21E of R Ge QM TR Al
R AL TR SRS A K I AT B N SE 8 T RIR A
PR 14 A% ) S R B A R CA 2414 Actinocin A ML
A Yue SIS B ACH TF2 SRS IS B
P9 1A (Pseudomonas chlororaphis) GP72 Hi5k
BT 1362 mg/L /) CA MSKA R SRmMRAL
[l CA BN [27.2 mg/(L-d) K HuHI 55 T4
P. chlororaphis GP72 it — % &k CA msil A
BT R . Wik, FFRERE CA VG

RGN

FE CA WA R B (& 1), 3-HA 1
REASWER TGN 3-HA B AR
A AR A HEE(0) (W a). FfiJE 3-HA ¥
F B i B2 5 RN AR B TR TR I e
HE AR FIES 2 > O (S b) 5 iV (] 14 i
Z 5 3-HA BAG WA CA (U ¢).
SR, Ishii 2517 Manthey 25241 Liochev 4512
WFoR B, A Oy LR BB nl 3 14 Hh 11
CA MFFELE L, FFIES A H 5L O I Hrs:
R CA G FERER T, 1 O Ml
PRATH R HER T CA & LR, EFXTE 1
KN d FrR i) O BRI N, WFSEIER], Mn**
M AR S AL P fL T SOD W] 3 o BRAE I8
TEAGIR 2 P N B K Oy P bk £k ok O, FI
H,0, S BLXT B4 A 3 O AT BRI,
I, Mn? K#i% SOD 5] AL n] # K e vE
CA A s

RS CA BSOS RCE I, A i S
FAER, REME T —ELEY CA R
. E e, T RN F AR A R Sk R R A AL
Y1 ALl SOD J5 k1% T — A HF CA B E

COOH COOH
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. a
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COOH COOH
NH, NH
b
+ 0, =— + H- + 0,7
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Figure 1 Synthetic mechanisms of CAI>-!7-231,
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Ji ) SOD i SodAprm; i#ILXT SodApmm A 44H
AL AL SR T X CA BB RLE . Bl
J&, BT SodApm, TEXMAF P T —EH]
T CA & WM 4 20 I i 1k R 48 (whole cell
catalytic system, WCCS) BL-sodAprm. %%, i
13 Xt A A B AL 2R S8 BL-sod Aprm AL 25 F AU AR
LSBT R CA B i iR JBE AN OR RUBE A 06 il o
AR E R CA KHATEY Y&
WAE 6 BT R AL T S S, o KRR CA
N SR B8 T IR S it 5 SR il

1 MR5r%

1.1 Etk. FAIF54

K% ¥ (Escherichia coli) TOP10 [+ T.
TR R B A s A Al I ALK R AE E. coli
BL21(DE3)H#4 ; JiUhr pET28a F T[] ke U
ALY B AL SOD 1Y 3RIE o ASBHF 5 T I T bk
AR L2 1,
1.2 EZRHF

JERP 1R A Phanta Flash Super-Fidelity
DNA Polymerase (Fg &t i MERE A VIR B0 f
FRAF]). H7% PCR R 2xTaq Master Mix (B
SUMTMERE AR MR R A R A W) o 5106 U

* 1 KW FT A ERA R

JEORE I 22 e e M 4 ME R AR D RHRAT FRA 7] 58
Mo 3-HA, ARUHERR . SN A -p-2F R
(isopropyl-B-D-thiogalactopyranoside, IPTG)F14i
MR RAREE R A b2 ek AE AR R A
RN 2 14l A FHER-NTA Bl bise e B db
R TR R A IR A W] . BCA S FE &
TR £ I 1 T4 marker 30 [ 7 5 MERE A
IR R AR A A . LR &R & sy
¥ B Eig AR RA E . BRI
P A DR 2H B IBGUR & 1 B AL 2SR R
B . BURLAY 38 | AR TR R A A A T
P KA R 3 IR 2R T LB 3557 5410 g/L 1
. 10 g/L @ALdl . 5 o/L BEREhIRY)), LB
PREEFREEANIN 2% M9 B o 53 SR 52 30 75 SR b
Jin 50 mg/L AR RAREE & -

1.3 FH&
1.3.1 FRRIHEE

1) P 56 DR 2 2 B 010 6 2 i) i BT VG e
BY47410., KT BL21(DE3)ME G HUES
[ (Priestia megaterium) HBM 2L 4H , DL
Wi B R Ry Bl , A 514 sodAS-F/
0odAS-R . sodA-F/sodA-R #l1 sodAB-F/sodAB-R
S AR 1E EoRIE R SOD il 4 5 2 A

Table 1  Strains and plasmids used in this study
Name Genotype Source
E. coli TOP10 F~ merA A(mrr-hsdRMS-merBC) ¢80 lacZAM 15 AlacX74 recAl ToloBio

araD139A(ara-leu)7697 galU galK rpsL (Str®) endAl nup* G

E. coli BL21(DE3)

F~ompT hsdSB (rB-, mB~) galdcm (DE3)
Saccharomyces cerevisiae MATa, his3A1, leu2A0, met15A0, ura3A0

Lab storage
Lab storage

BY4741a

Priestia megaterium HBM Lab storage
BL-Con E. coli BL21(DE3) containing plasmid pET28a, Kan® This study
BL-sodAsce E. coli BL21(DE3) containing plasmid pET-s0dAsce, Kan® This study
BL-sodAEco E. coli BL21(DE3) containing plasmid pET-s0dA&co, Kan® This study
BL-sodAprm E. coli BL21(DE3) containing plasmid pET-sodAprm, Kan® This study
pET28a pBR322 origin, T7 promoter, T7 terminator, N-6xHis, N-Thrombin, N-T7, Kan® Novagen
pET-s0dAsce pET28a containing gene S0dAsce, Kan® This study
pET-s0dA&co pET28a containing gene SOdAeco, Kan® This study
pET-sodAprm pET28a containing gene S0dAprm, Kan® This study

Z&: 010-64807509
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S00Asce. SO0AEco A1 SOdAPrm. LA JFiHE pET28a
it , RASIY% pET28-F/pET28-R 52 3 %
pET28a s kML Ak, B 4T Dpn I i1k,

PGPS W3R 2, R DNA BRI
SRR AL E)A R RIS DNA &1
AT AL S R, SOD g s 3L K o ik
Jo R %) A g R T A o s P B A R IR A A B
oy El— L RN . v B JBORL Y % b SR
CaCly 53 b 2= e AR 1P 4l 2 1 Bk e AR
WAFFTRE TOP10 sz A v kA7 b it &2 i A
Ky P oR AR USSR T BRI Bk . Iy
EHi Y pET-s0dAsce . pET-S00AEco Fi1 pET-S00APrm
3L 2= R BL21(DE3) Mk 152 T
Tk BL-sodAge, BL-s0dAgco #11 BL-sodAprm, Ji
#i pET28a 5 A BL21(DE3) itk H455! BL-Con.,

1.3.2 EBFRES41k
K T AR ¥R BL-sodAsce, BL-sodAgco

1 BL-sodAprm T~ LB A i £ 3f 37 °CHHI E i 1%
HrFE . BHJGPRECA TR 75 AP T 3 mL LB 35575
(% 50 mg/L iR RAREER), T 37 °C.220 r/min
SR DL 1% MM 2514 100 mL

x2 AMRFAARSIY
Table 2 Primers used in this study

Primers Sequences (5'—3')

name

sodAS-F GTGGCAGCAGCCAACTCTCAGATCTTG
CCAGCATC

sodAS-R GGTGCCGCGCGGCAGCATGTTCGCGAA
AACAGCAG

sodA-F GTGGCAGCAGCCAACTCTTATTTTTTCG
CCGCAAAAC

sodA-R GGTGCCGCGCGGCAGCATGAGCTATAC
CCTGCCATC

sodAB-F GTTACGACGCTGCAAAATAAGAGTTGG
CTGCTGCCAC

sodAB-R  GGTGCCGCGCGGCAGCATGGCTTACAA
ATTACCAG

pET28-F GCTGCCGCGCGGCACCAGG

pET28-R GAGTTGGCTGCTGCCACC

http://journals.im.ac.cn/cjben

LB {95 5:(% 50 mg/L iR AP )AL R
1 37 °C. 220 r/min #5355 ODg0o=0.6; K5
JA 0.1 mmol/L IPTG, 37T 24 °C. 220 r/min
FRE R 18 ho KiFR 455 T 4 °C. 4 000 r/min
B0 20 min WA A LU TS A0 3 A 4lifk .
EEAMERET, HRRABRN 25 mL
Binding buffer (20 mmol/L Tris-HCI, 0.5 mol/L
NaCl, 10%H7H, 10 mmol/L BKME, pH 7.9)E
BRI, I T 75 44 (875 20 min,
AR S, 555 ) T AN R AL B A0 A e
55T 4 °C. 4 000 r/min 5.0 30 min W4E
TR o B XS 1 3 WA T B AR
B VR A5 500 mmol/L BKMAAY Elution
buffer ¥ ¥ (20 mmol/L Tris-HCI, 0.5 mol/L
NaCl, 10%H3i, 500 mmol/L BKME, pH 7.9 ),
B VR 45 A2 MR B Bk 15 mL 10 kDa 25 1
AR A (Millipore A wl). MR 5 188 A W IR
2T 20%89 HimEsw H & F-80 °C, sk E#EH
T4y SDS-PAGE 73 Hr il CA & RS .
1.3.3 {IMEEIEE R CA

SOD [ FAL . AS[FESRIE SOD Ml )i fk
PEREVEAG S50 T 96 fLAR Hh 47 . 100 pL B2
M AK Z (0.1 mol/L HEPES, pH 7.4)% fu %
1 mmol/L 3-HA I 1 pmol/L SOD; 30 °CHi &
15 min J5 M 5E 450 nm W GAE o ARSI A8 2 b
R ZR A Xt RE

SE R PEAL - R S AR R TEAS U I
N, ZH A3 RN 25 ARG LT, W Tl S g A 2% o
W5y A 0.1 mol/L CH;COOH-CH3COONa
(pH 4.4). 0.1 mol/L K;HPO,4-KH,PO, (pH 6.4) .
0.1 mol/L HEPES (pH 7.4). 0.1 mol/L Tris-HCI
(pH 8.4)F1 0.1 mol/L Glycine-NaOH (pH 10.0)l4
HEAT 28 MR A PEA .

&R E TP T 96 Ltk 4T .
100 pL fiff2# R AA& £ (0.1 mol/L Tris-HCI, pH
8.4)F 4% 1 mmol/L 3-HA ., 1 pmol/L SodAprm
1 mmol/L 48 & ¥ 30 °CHfF 15 min J5
ME 450 nm W IGAE LLIFEAS AN [R] 42 8 2+ X
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AL e RE R R . TELIERE b, HE— 25T
AN 48 B FAH A% SodAprm Wi AL fE
) RE

AN [RJES e B R L X CA B B 52 )
DA KR BE A B SOV T 96 FLAR H k4T, 100 uL
fifF2# [ W A& 22 (0.1 mol/L Tris-HCI, pH 8.4)H {1
S EWE R 3-HA 8 SodAprm. 1 mmol/L Cu®*
1 1 mmol/L Mn?"; JZJW F 30 °C Fi¥ % 15 min
JE M RE 450 nm OB . LABLIEAG 1, 3. 5. 7.
10 mmol/L 3-HA IR FH & X CA 5 B 52
Bl FEAR AL IS R R A b — 25 TP Al AS 5] il
#(0.5, 1.5, 3. 5 umol/L)Xf CA & HiAY R .
BT RSN, 2R cA &
ALK VAR R K 1 mL,
1.3.4 Z=YEENX CA ERIERREE

TRk BL-sodApm T LB AR W Z T &
T 37 °Cad B 455 3% o it Ji PR UL BR 75 45 F0 1 3 mL
LB Bi#FRP(E 50 mg/L MR FIRER), T
37 °C. 220 r/min IR ISR LA 1% 4R 5%
MZESHA 100 mL LB 77 5(%F 50 mg/L iz
W Z)MAEE P T 37 °C. 220 r/min §3: &
ODe00=0.6; BJ5 A 0.1 mmol/L IPTG, FfF
24 °C. 220 r/min 500 F4KEER55% 18 ho BiaR4h
HJ5 T 4 °C.4 000 r/min 5.0 20 min WA A
SRIG, A RIRBGRE N 0.04, 0.07, 0.1, 0.2 g
BB AIE A 1 mL 0.1 mol/L Tris-HCI (pH 8.4)%%
PR T E AR T CA A R A4
IR Z . BES 5390 10 KW AR R A S mmol/L
3-HA J5 T 30 °C. 220 r/min 5 F#EHE 4 h,
SRJEF 4 °C. 13 000 r/min i 5514 F &5.0> 10 min
WA B B ISR T R E &
B0 0.22 pm LT I8 S AT CA W P2
W LR IS ML S T CA & i fEf
FEE ] PEAG o JEF 1R A g A A R 2R 1 e
FER N SE, HE—2% CA BRIEFA sk
Bos RBAAFRA 10 mL,

Z&: 010-64807509

1.3.5 CA ®MGE

A SRS 5350 R IS R HPLC #E 47
CA WE &, 75 CA A AR 3 kL) 3 i 57 3 1 0
e R, FXTEAEAR R CA WE 50T,
B # % H SpectraMax 190 £ 3 fE [if§ Fx Y
(Molecular Devices 23 F)) AT o X T4 KARFH Y
CA {RHNEG= A B 4 40 A Ak A BV N, SR
HPLC 41T CA W& & oo WAH M
(E2695, Waters 2 F) >k H ‘%512 ZORBAX SB
C18 WA A 1% 4 (250 mmx>4.6 mm, 5 um). izl
AH A MR LK 0.1% = F ), BRI
WARPE A 1 mL/min, AR 25 °C, Kl
£ 450 nm. LAY M9 HPLC B el 72 17
WF: 0.0-0.1 min B #12% 10%, 0.1-7.0 min B
AHMN 10%ZRPE 38 AN 2= 40%,7.0—12.0 min B AH M
A0%ZR PERE 2 70%,12.0—15.0 min B A1 M 70%
KYERMZE 100%, 15.0-20.0 min B & ELE
100%, 20.0—23.0 min B A M 100%<k 4 i )il =
10%, F£F 10% LB T 4E+F 5 min.
1.3.6 HIEGI+ o

AR, SCHHRER 3 MY
FEAS R IS I9ME . B0HE )R 22 2K (error bar)ft 3R
T R BB KU W b 1 22 (standard  deviation, SD).
SEIS K HE ) R GraphPad 6.0 #E47 4347 .

2 ERS594

2.1 CA REZ4FM SR

R SIS CA G S R P R AR R E
— ol 3 Y CA Ky R, CA R —
Pl N-ZLER Wy Gl 2L 59 HAE 450 nm
HLA R B BGE28, PE ik, 1 5EXT CA 1)
FEREWAE AT T E o @I X CA B IEIE
AT 400 K (340-700 nm) 434, #F—HHEH] CA
{LTF 450 nm ZbF L — IR (] 2A) . FE 1L
Fel EAEE T ORR] CA MR AR E 2 8] 7Y
L REI(E 2B). BURIIRENFEH CA 1Y
TR R AE SR T Y A
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2 CA HIRSIEA) RIS E- KB 2k (B) E
Figure 2 Determination of CA absorbance spectra
(A) and absorption-concentration curve (B).

2.2 A[EIRIE SOD By 4E (L AniE M R AL

Gt 8 S AR W 6 AL i (Mn® T SOD) A& — 25 L Y
(7R 40 (O ) TH BRI R 2200, k4l CA &
BUHLE AT IRF AR 25 0L, S8 1T R U T IR %
£} (GenBank % 3%:%5 . NP _011872). KmiF@
(GenBank % 5¢5: ACT43484)# P. megaterium
HBM (GenBank %3¢ %5 : ADE71525)% i 1
Mn* K #i  SOD [if 7 . il ki iy # . 3R
k5 4lifk il SDS-PAGE 73 M i & B (F 3A),
it ik ARG SodAse. SodAgco FHI
SodAprm ) SDS-PAGE 43 #7245 3 5 %408 13 v 4
FERUARLYL SOD i R 1 K/ —E(F 2y 25 kDa),
TSP T XA FESRIE SOD i & iyl itk &
it BEE, XFaifb iR A5 SodAse.
SodAgco Fll SodApm 4T T CA BIMfEALA B FE
DAPEAG HE Ml X B AL ) CA Y E it
8T, KL SodApm HA BT K CA A HRE
FEHON(5.0£0.1) mg/L. FEF I, SodApm BT
HE— 1 CA WA MIFFE .

http://journals.im.ac.cn/cjben

A \;.’z} X . B
SN
kDa e G'Pb il 6
180 [
70 g I
55 £
40 5 2k _
35
25 0 1 1 1 1
N b%c"' & b@‘
O o P S
15 S

3 7X[E SOD EgHY SDS-PAGE Elif(A) Rt
E N (B)

Figure 3 Profiles of SDS-PAGE (A) and
evaluation of catalytic activity (B) of different SOD
enzymes.

2.3 RINEEFEN CA &R

DL FRTEERIN SodApm MILAE, AHFEE
FEMRE T AFZE MR SodApmfiEALAE JTHIEEA
R T 43 0.1 mol/L CH;COOH-CH3COONa
(pH 4.4). 0.1 mol/L K,HPO,-KH,PO, (pH 6.4) .
0.1 mol/L HEPES (pH 7.4). 0.1 mol/L Tris-HCI
(pH 8.4)F1 0.1 mol/L Glycine-NaOH (pH 10.0)7E
B 5 Pl SO0 % b, Sl XHiEfL =) CA
IR 22 J5 A BEL(E 4A), 7E 0.1 mol/L
Tris-HCl (pH 8.4 T, SodApm FJ LA AU HE
A (14.4+1.7) mg/L 1Y CA, I, d—Hiid 4
Ja& B U 5 A B 4B), AHESTHILR %
TR CA SR, Zn> % SodApmBiiEfL CA
AR RE I HA — & i ER, CA P EAUH
(2.0+0.3) mg/L, T Cu® [ {8 F 0 ] A% A A i
SodAprm BEEIL G L CA FURE ST, I CA P& iE
Al 15(40.0+2.0) mg/L. DA R SEA, AbEoR ik —
HAPE T 4 BB TAHEXT SodApm AL REN)
M, AN 4C ffs, SodApim7E Cu®*/Mn* 44
B R R AT E— 28 CA HIE K2 R )
(54.2+2.1) mg/L. 734k & B[R] 4 ok B 1)
3-HA [RIFER2 M 25 Sod Apem il X CA HIA L AE
WK 4D f1 4E fi7R, 7€ 5 mmol/L 3-HA &L
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A B C
20 501 60 -
Sl . 40 & :
) " im 30F Qaorg ik I
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0 _T__ZI:__I__I__I_ 0 1 1 1 1 1 1 5 i 1 0 1 1 1 1 1 1
22 008 S O A g A bR S S )
SNTERNOI Ay T ELFT TP NS S
" %c{sggok N v PP &
cO
g
D E F G
150 - _ 150 -
3-HA concentration (mmol/L) 200 I - _
- = T B 1 3 5 7 10 ~ 150L 1 )
~ - 5 150 = 100
= 100 + I r S 4 5 - 'éﬂ B
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5 50k = S 5 o 50+
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3-HA concentration (mmol/L)
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Figure 4 Construction and application of in vitro CA enzymatic catalytic system. A: Optimization of the
reaction buffers; B, C: Testing of metal ions; D, E: Optimization of initial added concentration of 3-HA; F:
Optimization of initial doses of SodAprm; G: Large-scale biosynthesis of CA.
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Figure 5 Construction and application of the whole cell catalytic system for CA synthesis. A: Testing of

whole cell catalytic system for CA synthesis; B: The effects of catalyst dose on CA synthesis; C: Time course
of CA synthesis; D: Large-scale biosynthesis of CA.

®"3 CAEMERKTE
Table 3 Biosynthetic levels of CA

Enzyme types CA synthetic strategies Titer References
Horseradish peroxidase Invitro crude HRP catalyzed 3-HA to CA 1.2 mg/L [19]

- Light irradiation of the cultured P. Cinnabarinus 20.0 mg/g DCW [20]
Laccase Continuous cultivation of P. cinnabarinus for 7 days 21.0 mg/L [28]

Spore coat protein CotA  System metabolic engineering of the P. chlororaphis GP72 136.2 mg/L [12]

and optimization of CA biosynthetic conditions

Superoxide dismutase Whole cell biotransformation of 3-HA to CA by thymocytes 9.0 mg/L [9]
Superoxide dismutase Whole cell biotransformation of 3-HA to CA by BL-sodAprm  312.3 mg/L This study

DCW: Dry cell weight.

3 Ww54&#

CA JE—FhhaeZou b B )2 i K 4R
TR BRI G SR R T
T CA MARR GRS PI(E 24), E B SR
i, CA FEME ARG 2 0T RIRAREE T
[EACH 3-HA 476 U7, WFIEIESE, B .
T A A T R R 4R A A 5 il 2R A T AL
3-HA A CAUSI gvak, SRR THi i sk Bk i
(Streptomyces antibi oti cus) () 22 i 4 Ak il Fl A 5
AT IR 168 A 96 4P 5E 8 11 CotA Rl R A7 Wy
MR A BT ARV, SR, REAIFE CA S
B Z , (R H AT CA SUEY A ARG E K
IR ETAE P T RKIR CA FLRAWIR L BN
DAL B AR KSR T AR B FAL 0122020 4 Yue

http://journals.im.ac.cn/cjben

LA BB A TGRS 7E P. chlororaphis
GP72 WE R T CA BB . SR,
IR CA 15 RAEM AR PR 185 L0 F R
B CA A RLAFFEI 22020, R, FFR SR CA
B ARG E

A O O e A Ak B R R o —
FoBr R A Ab A A r= H R B, AR T —
EILTFRIMNE A A N L CA &R
RGE. B, FXFRE CA Al A e
SR PR P —— 4 A L0 )R BB,
A 3 X6 A VR T B A W AR A W R Min® R A
Rl SOD [ &R 4307 . T e AR AE J5 3645 T —A4
A RGHBR O HARA LI L SodApm, Ff-i
A SRR SE B T E3A(176.6+14.3) mg/L




BB % | KB WA R R MR

B CA Al sk, HREMEMFETE H I Mo 0]
FETH Mn* 4K SOD il 7 ) fit Ak BE 1 AH HL 261,
AT EIL Cu* BT In A TR FE m] AR R b 2 7
Mn*" {6 SOD i & i fbaE /(14 4B), HAETF
AT SE o HEMZIN G vT RE A T LA R A
(1) SodApm Hli7E 12 3238 A4l Ak o A5 b g A7
B Mo B PR R (2) RSN AL
o B X 4 B B R N R — AN B 2R
U Ose ZEP4FN Yamakura 22550757 2% BH R 4% F
HEAYSRIER SOD MiHA T 48 &1
FAE. H5Z MR, Yue FEURIAHME
B CA BF5E TAERIFEFR B Cu* 1 Ho0: YA 72
APARAESE CA WA . B, ARBFFRETEARSD
il CA A RnyEat it —B S0l TR T4
YL CA A AR, SR, Wi S PR,
TEF At CA &R ES, 7™~
Y1 CA 1A BT in B B 5 20 16 P 1 7 34
TGN, 2 5 B A A A S 3 i SR
REAT o D Ak 350 % v 00 F 8 A I S o A
A AL IEBRE CA A B SR R U8,

M2, ARTRAE TR CA WA
W% T, EAXTANERRIR SOD il 2 ik
AL AR LS T /5115(176.6+14.3) mg/L
) CA & 1. M5, T SodApm MHL T —FH
T CA G M2 EMEIA R BL-sodApm; 18
X A AR R BL-sodAprm fiE AL S5 14 FOAT
I RS T 312.3 me/L B CA &8 ; FH1Ei
FE At b )RR RO AR RAESE T % R R AE
CA W6 Brh W N G 77 o SRTT, dn o] 52 9
FAE) CA G UCRAT R 5 S — D R e %
OIRZ —, R ARRE T CA WEYE
A AW, T LAy S At Ry U R i 2 A A ) n -
%5 & (questiomycin), ommatin D Fll actinocin £
R RAE A A B E T RS T o S A2

(-

W SRR ERAE . BRI WIRRE AR
SRARHE : SEHRERAT . SCRRRDT SR s Ao

Z&: 010-64807509

BOUNSE . SCEIR T R fFIE B A .
SRR, WS R E BN

16 # A 25 ¢ RATE 7 W

VR P W B AT A AT BB 22 52 W AR SCHT AR
TAERME RZBT M 45 DA R

REFERENCES

[1] GOCENOGLU SARIKAYA A, PAZARLIOGLU N.
Cinnabarinic acid: enhanced production from
Pycnoporus cinnabarinus, characterization, structural
and functional propserties[J]. Hacettepe Journal of
Biology and Chemistry, 2014, 2(42): 281-290.

[2] GOCENOGLU SARIKAYA A, OSMAN B, KARA A,
PAZARLIOGLU N, BEIRLI N. Adsorption of
cinnabarinic acid from culture fluid with magnetic
microbeads[J].
30(2): 88-96.

[3] GAWEL K. A review on the role and function of
cinnabarinic acid, a “forgotten” metabolite of the
kynurenine pathway[J]. Cells, 2024, 13(5): 453

[4] FAZIO F, LIONETTO L, MOLINARO G,
BERTRAND HO, ACHER F, NGOMBA RT,
NOTARTOMASO S, CURINI M, ROSATI O,
SCARSELLI P, Di MARCO R, BATTAGLIA G,
BRUNO V, SIMMACO M, PIN JP, NICOLETTI F,
GOUDET C. Cinnabarinic acid, an endogenous

Biomedical Chromatography, 2016,

metabolite of the kynurenine pathway, activates type 4
metabotropic  glutamate  receptors[J].
Pharmacology, 2012, 81(5): 643-656.
[5] JOSHI AD, CARTER DE, HARPER TA Jr, ELFERINK
CJ. Aryl hydrocarbon receptor-dependent stanniocalcin
provides
cytoprotection against endoplasmic reticulum and

Molecular

2 induction by cinnabarinic acid
oxidative stress[J]. The Journal of Pharmacology and
Experimental Therapeutics, 2015, 353(1): 201-212.

[6] PASCERI R, SIEGEL D, ROSS D, MOODY ClJ.
Aminophenoxazinones as inhibitors of indoleamine
2,3-dioxygenase (IDO). Synthesis of exfoliazone and
chandrananimycin ~ A[J]. Journal of Medicinal
Chemistry, 2013, 56(8): 3310-3317.

[71 FAZIO F, ZAPPULLA C, NOTARTOMASO S,
BUSCETI C, BESSEDE A, SCARSELLI P, VACCA C,
GARGARO M, VOLPI C, ALLEGRUCCI M,
LIONETTO L, SIMMACO M, BELLADONNA ML,
NICOLETTI F, FALLARINO F. Cinnabarinic acid, an
endogenous agonist of type-4 metabotropic glutamate

suppresses

encephalomyelitis in mice[J]. Neuropharmacology,

2014, 81: 237-243.

receptor, experimental  autoimmune

X: cjb@im.ac.cn



2048 ISSN 1000-3061 CN 11-1998/Q A:# T #2~44k Chin J Biotech

[10]

[11]

[12]

[13]

[14]

[15]

[16]

PATIL NY, RUS I, DOWNING E, MANDALA A,
FRIEDMAN JE, JOSHI AD. Cinnabarinic acid
provides hepatoprotection against nonalcoholic fatty
liver disease[J]. The Journal of Pharmacology and
Experimental Therapeutics, 2022, 383(1): 32-43.
HIRAMATSU R, HARA T, AKIMOTO H,
TAKIKAWA O, KAWABE T, ISOBE KI, NAGASE F.
Cinnabarinic acid generated from 3-hydroxyanthranilic
acid strongly induces apoptosis in thymocytes through
the generation of reactive oxygen species and the
induction of caspase[J]. Journal of Cellular
Biochemistry, 2008, 103(1): 42-53.

LOWE MM, MOLD JE, KANWAR B, HUANG Y,
LOUIE A, POLLASTRI MP, WANG CH, PATEL G,
FRANKS DG, SCHLEZINGER J, SHERR DH,
SILVERSTONE AE, HAHN ME, McCUNE JM.
Identification of cinnabarinic acid as a novel
endogenous aryl hydrocarbon receptor ligand that
drives IL-22 production[J]. PLoS One, 2014, 9(2):
e87877.

NOTARTOMASO S, BOCCELLA S, ANTENUCCI N,
RICCIARDI F, FAZIO F, LIBERATORE F,
SCARSELLI P, SCIOLI M, MASCIO G, BRUNO YV,
BATTAGLIA G, NICOLETTI F, MAIONE S,
LUONGO L. Analgesic activity of cinnabarinic acid in
models of inflammatory and neuropathic pain[J].
Frontiers in Molecular Neuroscience, 2022, 15: 892870.
YUE SJ, SONG C, LI S, HUANG P, GUO SQ, HU HB,
WANG W, ZHANG XH. Synthesis of cinnabarinic acid
by metabolically engineered Pseudomonas
chlororaphis GP72[J]. Biotechnology
Bioengineering, 2019, 116(11): 3072-3083.
I[IZUKA H, OBATA K, YAJIMA T, ICHIBA H,
FUKUSHIMA T. Development of a fluorimetric
method for acid using
ortho-tolyl hydrazine as the derivatization reagent[J].
Biomedical Chromatography, 2010, 24(3): 231-234.
KAKOTI M, DULLAH S, HAZARIKA D]J,
BAROOAH M, BORO RC. Cinnabarinic acid from
Trametes coccinea fruiting bodies exhibits antibacterial
activity through inhibiting the biofilm formation[J].
Archives of Microbiology, 2022, 204(3): 173.

OGAWA H, NAGAMURA Y, ISHIGURO L
Cinnabarinic acid formation in Malpighian tubules of
the silkworm, Bombyx mori. Participation of catalase in
cinnabarinic acid formation in the presence of
manganese ion[J]. Hoppe-Seyler’s Zeitschrift Fur
Physiologische Chemie, 1983, 364(8): 1059-1066.
HAHN V. Potential of the enzyme laccase for the
synthesis derivatization of  antimicrobial
compounds[J]. World Journal of Microbiology &
Biotechnology, 2023, 39(4): 107.

and

detection cinnabarinic

and

http://journals.im.ac.cn/cjben

[17]

(18]

[22]

[24]

[25]

[26]

ISHII T, IWAHASHI H, SUGATA R, KIDO R,
FRIDOVICH 1. Superoxide dismutases enhance the
rate of autoxidation of 3-hydroxyanthranilic acid[J].
Archives of Biochemistry and Biophysics, 1990,
276(1): 248-250.
IWAHASHI H,
Superoxide

ISHII T, SUGATA R, KIDO R.
dismutase enhances the formation of
the
3-hydroxyanthranilic acid with molecular oxygen[J].
Biochemical Journal, 1988, 251(3): 893-899.

CHRISTEN S, SOUTHWELL-KEELY PT, STOCKER
R. Oxidation of 3-hydroxyanthranilic acid to the

hydroxyl radicals in reaction of

phenoxazinone cinnabarinic acid by peroxyl radicals
and by compound I of peroxidases or catalase[J].
Biochemistry, 1992, 31(34): 8090-8097.

SCHINAGL CW, SIEWERT B, HAMMERLE F, SPES
G, PEINTNER U, SCHLIERENZAUER M, VRABL P.
Growth, morphology, and formation of cinnabarin in
Pycnoporus cinnabarinus in relation to different
irradiation spectra[J]. Photochemical &
Photobiological Sciences, 2023, 22(12): 2861-2875.
MENG D, SHAO X, LUO SP, TIAN QP, LIAO XR.
Pigment production by a newly isolated
Pycnoporus sanguineus SYBC-L7 in
fermentation[J]. Frontiers in Microbiology, 2022, 13:
1015913.

SHARMA K, GHIFFARY MR, LEE G, KIM HU.
Efficient production of an antitumor precursor
actinocin and other medicinal molecules from
kynurenine pathway in Escherichia coli[J]. Metabolic
Engineering, 2024, 81: 144-156.

KA, 5K, VRMGIK, BRR, REE, #IEY. W
T 4 A 0 s R ) D L e 9 e R AL (0]
AL S R Y B R, 2024, 51(1): 20-32.
ZHANG X, ZHANG L, XU PL, LI TR, CHAO RQ,
HAN ZH. The catalytic mechanism and activity
modulation of manganese superoxide dismutase[J].
Progress in Biochemistry and Biophysics, 2024, 51(1):
20-32 (in Chinese).

MANTHEY MK, PYNE SG, TRUSCOTT RJW.
Mechanism of reaction of 3-hydroxyanthranilic acid
with molecular oxygen[J]. Biochimica et Biophysica
Acta (BBA)-General Subjects, 1990, 1034(2): 207-212.
LIOCHEV SI, FRIDOVICH 1. The oxidation of
3-hydroxyanthranilic acid by Cu, Zn superoxide
dismutase: mechanism and possible consequences[J].
Archives of Biochemistry and Biophysics, 2001,
388(2): 281-284.

SHENG YW, BUTLER GRALLA E, SCHUMACHER
M, CASCIO D, CABELLI DE, VALENTINE JS.
Six-coordinate manganese(3+) in catalysis by yeast
manganese superoxide dismutase[J]. Proceedings of

strain
solid-state



BB % | KB WA R R MR

(28]

[29]

[30]

[31]

the National Academy of Sciences of the United States
of America, 2012, 109(36): 14314-14319.
ROYCHOUDHURY A, BASU S, SENGUPTA DN.
Analysis of different
transformation methods of E. coli using two common
plasmid vectors[J]. Indian Journal of Biochemistry &
Biophysics, 2009, 46(5): 395-400.

EGGERT C, TEMP U, DEAN JFD, ERIKSSON KE L.
Laccase-mediated formation of the phenoxazinone
derivative, cinnabarinic acid[J]. FEBS Letters, 1995,
376(3): 202-206.

Le ROES-HILL M, GOODWIN C, BURTON S.
Phenoxazinone synthase: what’s in a name?[J]. Trends
in Biotechnology, 2009, 27(4): 248-258.

de CARVALHO CCCR. Enzymatic and whole cell
catalysis: finding new strategies for old processes[J].
Biotechnology Advances, 2011, 29(1): 75-83.

RAO PV, VAIDYANAHAN CS. Enzymic conversion
of 3-hydroxyanthranilic acid into cinnabarinic acid.

of comparative efficiencies

Z&: 010-64807509

[32]

Partial purification and properties of rat-liver
cinnabarinate synthase[J]. Biochemical Journal, 1966,
99(2): 317-322.

OSE DE, FRIDOVICH 1. Superoxide dismutase.
reversible removal of manganese and its substitution
by cobalt, nickel or zinc[J]. Journal of Biological
Chemistry, 1976, 251(4): 1217-1218.

MILLER AF. Superoxide dismutases: active sites that
save, but a protein that kills[J]. Current Opinion in
Chemical Biology, 2004, 8(2): 162-168.

OSE DE, FRIDOVICH 1.
superoxide dismutase from Escherichia coli: reversible

Manganese-containing

resolution and metal replacements[J]. Archives of
Biochemistry and Biophysics, 1979, 194(2): 360-364.
YAMAKURA F, KOBAYASHI K, FURUKAWA 8§,
SUZUKI Y. In vitro preparation of iron-substituted
human manganese superoxide possible
toxic properties for mitochondria[J]. Free Radical
Biology & Medicine, 2007, 43(3): 423-430.

dismutase:

X: cjb@im.ac.cn



