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In vitro biochemical function of cyclodipeptide oxidase
DmtD3 E3 from Streptomyces aidingensis CGMCC 4.5739

JIANG Yuechen, YAO Tingting, YUAN Weicheng, LI Wenli"
Key Laboratory of Marine Drugs of Ministry of Education, School of Medicine and Pharmacy, Ocean University of

China, Qingdao 266003, Shandong, China

Abstract: [Background] The establishment of cyclodipeptide synthase (CDPS)-associated tailoring
enzymes offers particular promise for the generation of diketopiperazines with novel structures and good
bioactivities. In the previous studies, coded diketopiperazines of the dmtA3B3C3 in CDPS gene
cluster-terpenoid drimentines (DMTs) was identified in Streptomyces aidingensis CGMCC 4.5739. It
was speculated that dmtD3-E3 in the downstream of CDPS participated in the biosynthesis of DMTs.
However, the function of dmtD3 E3 has not been characterized. [Objective] To characterize the
cyclodipeptide oxidase dmtD3 _E3 in the gene cluster dmt3 of CDPS in S. aidingensis CGMCC 4.5739,
and provide functional elements for structural diversity study of diketopiperazines. [Methods]
dmtD3 E3 was cloned from the genome of S. aidingensis CGMCC 4.5739, and the recombinant plasmid
pWLI209 was constructed and expressed soluble in Escherichia coli BL21(DE3). In vitro enzymatic
reactions were performed, and high performance liquid chromatography-mass spectrometry (HPLC-MS)
and nuclear magnetic resonance (NMR) were used to ensure the structure of catalysate. [Results] The
cyclodipeptide oxidase dmtD3 E3 catalyzed the oxidative dehydrogenation of C14—C17 in cyclo-(L-
Trp-L-Leu) (cWL) to generate cWAL, and the dehydrogenation of C10—Cl11 in cyclo-(L-Trp-L-Ala)
(cWA) to generate cCAWA. The results showed that dmtD3 FE3 demonstrated broad substrate specificity.
[Conclusion] This study explored and characterized the novel cyclodipeptide oxidase dmtD3 E3 in the
CDPS biosynthesis pathway, laying a foundation for the further generation of ‘“non-natural”
diketopiperazines through strategies of combinatorial biosynthesis and synthetic biology.

Keywords: cyclodipeptide oxidases; Streptomyces aidingensis CGMCC 4.5739; diketopiperazines;
cyclodipeptide synthase biosynthesis pathway
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Table 1  Strains and plasmids used in this study

TR R -5 R AR KU

Strains/Plasmids Genotype/Description References/Source

E. coli DH5a. H T ROk e T Stratagene company
Host strain for general cloning

E. coli BL21(DE3) EEAERBEE Novagen company

Protein expression host
Streptomyces aidingensis
CGMCC 4.5739

the dmt3 locus
pET-28a(+) Kan®, expression vector

pWLI209

Drimentine A J* A& Bk, & ZERE dne3
The strain produced drimentine A harboring

pET-28a carrying the dmtD3_E3 gene

o ] L3 ol A 0 R o DR B
China General Microbiological Culture
Collection Center (CGMCC)

Novagen company

AMF5Y This study
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P R IR R R
1.4.2 DmtD3_E3 RiA4ik

W I RIS MR TE S 100 pg/mL R
MERPIER LB WK SR, 37 °C.
220 r/min IR, R 1% R E 1L
) LB B3R B rp AR 22 5 37 1] ODgoo 1H 1 0.4-0.6
iAo A TG AT A 1) DmtD3_E3 &1,
XPREE . IPTG WREELAL G, & 1 Bl R
K42 0.05 mmol/L IPTG, 16 °C ., 220 r/min

7. 8 000 r/min .0 5 min UK, i
AGE R HIA Y 50 mmol/L Tris-HCI, 500 mmol/L
NaCl ZE i EE R, A 1 mmol/L HH
R ), A BIHLAE 4 °C BEAT LR 2
1.0-1.5 min, 4 °C, 18 000 r/min &.C> 60 min,
B 0.22 pm GALIEIREE 2288 LA fb AR 4l
b, SR AN TR] v J32 1 K s 2 g i, 0 R MG
4y 747 SDS-PAGE #illl, -6 1& M8 H 415>
2 ik e di i o3 AR IR OR AT
143 BfEL R N K HPLC #30 & 4

K FH e 280 AH 48,315 (HPLC) 43 it 125 0F 1 S
R H TR . DmtD3 E3 ARSI 4% 14
K ARV 0.5 mmol/L Y ik
cyclo-(L-Trp-L-Leu) (cWL) . cyclo-(L-Trp-L-Ala)
(cWA) . cyclo-(L-Trp-L-Ile) (cWI) . cyclo-(L-
Trp-L-Phe) (¢cWF) X cyclo-(L-Trp-L-Tyr) (cWY)
NIy, W R B IR R AR O o A (A
1 mmol/L), Tris-HCI (pH 8.0)Z% A Z (&1
50 mmol/L), PAEBEKIGA DmtD3 E3 1F R *t
HEZH, 30 °C Jx)ii 2 h, HSEEM CIEZ IR
M, &% 5 min, 13000 r/min &[> 20 min,
35 UEAT HPLC #:3 . HPLC #6345 {4 : Angilent
1260 Infinity MRS, EiGHN YMC-Pack
ODS-A C18 (5 um, 120 nm, 150 mmx4.6 mm),
AN IS ddH,0 0 HARZA4K : 0-5 min,
5% N 5 5-30 min, 5%-50%Z M ; 30-35 min,
100% i, W~ 1 mL/min, KN
260 nm,

2 ZREA

2.1 EEFE dme3 F dmtD3 K& dmtE3 £
ERESH

wmE 1 fEk 2 Fras, S. aidingensis CGMCC
4.5739 Y IER TR dme3 B E B B9 65 4 TR
Mt HE ) dmtd3 38 ZJIKE W IE D dmeB3 157K
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Figure 1

H Drimentine A

<

A: S. aidingensis CGMCC 4.5739 H1 %4 CDPS (1) 5L K #%

Organization of dmt3 gene cluster and its heterologous expression product drimentine A. A: The

CDPS-containing locus dmt3 from S. aidingensis CGMCC 4.5739; B: The chemical structure of drimentine A.

£ 2 8. aidingensis CGMCC 4.5739 & dme3 EFNEE TR
Table 2 Predicted functions of dmt3 gene cluster from S. aidingensis CGMCC 4.5739

Protein Size Proposed function Homologous

(aa) Protein/Organism

Accession No. (Identity/Similarity, %)

DmtA3 229 Terpene cyclase
DmtB3 248 Cyclodipeptide synthase
DmtC3 299 Phytoene synthase
DmtD3 123 Hypothetical protein

DmtA1/S. youssoufiensis
DmtB1/S. youssoufiensis
DmtC1/S. youssoufiensis
AlbA/Streptomyces noursei ATCC 11455 AANO07908.1 (38/46)
DmtE3 177 Nitroreductase family protein AlbB/Streptomyces noursei ATCC 11455

MG776357.1 (34/49)
MG776357.1 (46/59)
MG776357.1 (42/54)

AANO07908.1 (42/52)

W5 BB RS T IE I dmeC3 A, TEHRIAEAE 2 4
HHESEILN, 4% dmtD3 F dmtE3 . W15
B2 B dmtD3 F dmtE3 9 i il 3L 38 5 il
FIFEEN, 52 #RiE MY albonoursin 4= Y& ik
IR K EALEE AIbA FI AlbB 24 H: 1R FE 41
AR A>3 0 46%F1 52% , HiI H4t [F] & 4% 38
TIRAAEE I RE. A TS DmtD3 K DmtE3
P TIRE , R ARSI 7 S 36 % HAE AL D RE 1 7
5T o
2.2 DmtD3 E3HIREHMAMESELRAK
F B8 F IR J5E PCR §714 dmeD3 E3 F:[R F
BL, K/NH 886 bp (K] 2A), RSN T4 KA
J5ki pET28a-dmtD3 E3, fiv44 N pWLI209, ¥
HH¥: A E. coli BL2I(DE3))5G, 1581 R ILH
Mo HeMR F RS RBZMY RIGFRAEM, &
A aifl 8, SDS-PAGE #6540 /8] 2B Fit/i .
581 Marker FoX), BG4+ 5 HNE

—2(, ¥ DmtD3_E3 #fifk . 45515 %] DmtE3
K/NHy 23.3 kDa By %407 LR/NR 12.4 kDa (1)
DmtD3 4547 .
2.3 DmtD3 E3 HIIhRELE

M 38 BT AT 8 AT 260 2R K45 T DmtB3 fi 4k
FEH R K eyelo-(L-Trp-L-Leu) (cWL, 1),
WE DL WL ()RR, RIS 7k 1.4.3
o) SN AR R A TR SN o W] 3A iR,
S RELHAR L, cWL (1)4 DmtD3_E3 i fb A= it
72 (B 3B). L&MW 2 WEST T B TN miz
298.156 3 [M+H]" (K 3C), #£xHoyTE N
297, ¥ N CisHoN3O,, HEFFZJIK ¢cWL (1)
B 43F it 299 /b 2 Da (& 3D). HiZZ5 R AT Al,
DmtD3 E3 A LML IR —REY cWL ()47
AAL, Wik 2 DMEAEREY 2, AW
DmtD3_E3 b IE B &0 4 U 9 Ao B AT 7
HE—2 G
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A B I M kDa
. 7>
= 53
2kb B
1 kb “ 30

886 bp

DmtE3 (23.3 kDa) — 88 o 23
DmtD3 (12.4 kDa) —8 . 10

2 dmtD3_E3 EFEFEK DmtD3_E3 ER4WE  A: dmD3 E3 N BHIKE, M: 1kb
Marker; 1: dmtD3 _E3 JL[H 5Bt 886 bp. B: DmtD3_E3 #H[1#i5 SDS-PAGE (10%)/-#r, M: HH
Marker; 1: DmtE3 4lifb )5 /N>R 23.3 kDa, DmtD3 4lifb 5 K/NA 12.4 kDa

Figure 2  Electropherogram of dmtD3 E3 and purification of DmtD3 E3. A: Electropherogram of
dmtD3 _E3, M: 1 kb Marker; 1: Gene dmtD3_E3 (886 bp). B: SDS-PAGE (10%) analysis of DmtD3 E3, M:
Protein Marker; 1: Purified DmtE3 with molecular weight of 23.3 kDa, purified DmtD3 with molecular
weight of 12.4 kDa.

A C
UV at 260 nm (mAU) [M+H] [2M+H]*
298.156 3 595305 4
(i) cWL+DmtD3_E3 101 :
100 F
< 8F
(e}
1 2 Z 61
W z
. Z 4t
100 F 1 (i) cWL control 5
£ 27
h‘ OL""l’"'l""l""l""l""I""l""l
. . . . . 200 300 400 500 600 700 800 9001 000
0 8 12 16 20 24 miz
t (min)
B D [2M+H]*
[M+H]*  599.336 7
o} 300.171'5
S gl
§ (0] H 6 3 )
DHN DmtD3_E3 =z or
= 5 2 4+
NH 8
H =27
0 0 P 'I!"'II'"'I"" !'"'|""|""|""|""|
1: cyclo-(L-Trp-L-Leu) (CWL) 2: cyclo—(L-Trp-L-ALeu) (CWAL) 200 300 400 500 600 700 800 900 1 000

mlz
3 L WL AKRYIIRZE DmtD3_E3 (k4 IheE  A. DmtD3 E3 {A4MNEE/Z ., HPLC i, i.
cWL+DmtD3 E3; ii: ¢cWL+#&W DmtD3 E3 X840, B: DmtD3 E3 fiifk cWL () iR ER ., C: 1k
4 2 19 HR-ESI-MS. D: 1649 1 19 HR-ESI-MS

Figure 3 In vitro biochemical analysis of DmtD3 E3 with ¢WL as substrate. A: HPLC traces of
DmtD3 E3-catalyzed reactions, i: ¢cWL+DmtD3 E3; ii: ¢WL+boiled DmtD3 E3 control. B: Schematic
diagram of cWL (1) catalyzed by DmtD3_E3. C: HR-ESI-MS spectrum of 2. D: HR-ESI-MS spectrum of 1.
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2.4 DmtD3 E3 EUEBRRE T 2 B
HIRR T

T B DmtD3 E3 Ak i A 7S W i 45
F, E— e e A 2 DU E .. T,
WY KA IA R E 10 mL, RA 2 AR
LR LBEHEBU N 7= ), F2R F R 1] C-18 2+l
BB AR TIEY 2. kEW 2 A
AR, 'TH NMR 2045 40~ , "H NMR (400 MHz,
DMSO-dg, 8, J/Hz): 8.17(C-1, s), 6.98 (C-2,
d, 2.5), 7.26 (C-4, d, 8.0), 6.92 (C-5, t, 7.5),
7.01 (C-6, m), 7.51(C-7, d, 7.9), 2.67 (C-10,
m), 4.23 (C-11, m), 10.86 (C-12, s), 9.57 (C-15,
s), 5.18 (C-17, d), 0.78 (C-19, d, 6.6), 0.51
(C-20, d, 6.6), LA F 2355 5 O iR B SCHk[14]

A
100 | UV at 260 nm (mAU)
(i) c(WA+DmtD3_E3
4
0 -

100 = (ii) cWA control

3
—/ le I I I |

8 12 16 20 24

@}

H 0
XN | H
DmtD3_E3
|/ /\V _
NH
H |l
0
3: cyclo-(L-Trp-L-Ala) (cWA)
4 Ll cWA AERYIIRE DmtD3_E3 KNI EE

S .

— 5, MEHMIEY cyclo-(L-Trp-L-ALeu)
(cWAL), b5 2 4514 S DmtD3_E3 #ifbA fk
Ji &S R B A 3B TR o
2.5 DmtD3 E3 E¥TEZ MR

7T #5% DmtD3_E3 % T3 KISy 2
A HAT— 2 TEz M, BRI A AN [R) 07 7 R a5
i A 7 R B3R RN IR AT IR
Y12 MR TT o 43 30 LA A5 i I 1 2 5 1 ) 6% 1
K cyclo-(L-Trp-L-Ala) (cWA, 3). cyclo-
(L-Trp-L-Ile) (cWI)HI7H5F 57 77 % 2 55 1R M %
HIIR Bk cyclo-(L-Trp-L-Phe) (cWF). cyclo-
(L-Trp-L-Tyr) (cWY) WKW . R SLI ik
HR A R I R 2R A A AN I Ry 4 S U TR 4 R
K5 iR

, [MH[
*10" 9561093
4
3t
g : [2M+H]*
5 2f 511.2105
S 0
1t
O’ikl k hI‘ Ll R
200 300 400 500 600 700 800 900 1000
miz
1
7 H
9 N

(@]
6
XY 22 I
5l TN g
83/11 NH

imn 15
v || 12>

O
4: cyclo-(L-ATrp-L-Ala) (cAWA)

A: DmtD3_E3 5 ¢WA (3)R§/ i HPLC 434, i:

cWA+DmtD3 E3; ii: ¢cWA X HR4. B: L&) 4 i HR-ESI-MS &%), C: DmtD3_E3 fi#fk cWA (3)

B 7

Figure 4 In vitro biochemical analysis of DmtD3 E3 with ¢WA as substrate. A: HPLC traces of
DmtD3 E3-catalyzed reactions using cWA (3) as substrate, i: ¢cWA+DmtD3 E3; ii: ¢cWA control. B:
HR-ESI-MS spectrum of 4. C: Schematic diagram of cWA (3) catalyzed by DmtD3_E3.
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UV at 260 nm (mAU) E T
100 - (i) cWY+DmtD3_E3 pIns J\V\@
/\ NH on
108 B 1o
(ii) cWY control cyclo-(L-Trp-L-Tyr)(cWY)
0L /\ H 0
100 (iiii) cWF+DmtD3_E3 N H
0
= NH
100 (iv) ¢cWF control
H
/\ (0]
108 - cyclo-(L-Trp-L-Phe) (cWF)
(v) cWI+DmtD3_E3
H 0
\ N
100 (vi) ¢cWI control /HN
NH
—_ 1 1 1 1 H O
0 10 15 20 25

t (min)

5 DmtD3_E3 JR¥13 2% HPLC 7 [E

cyclo-(L-Trp-L-Ile) (cWI)

Figure 5 The HPLC analysis of substrate selectivity of DmtD3_E3.

HPLC Rl 25 R B, SXFIRAAHL, cWA
(3)4 DmtD3_E3 fi#Efb A " ¥ 4. IE&
HR-ESI-MS B R6EY) 4 W T BTN m/z
256.11 [M +H]" (¥l 4B), #&/5 H A1 i i 255,
53 F N ClyHisN;0,, LR K cWA 3)H 453 F
#2570 2 Da. (bA Y 4 HHGKAK, 'THNMR
AR . "H NMR (400 MHz, DMSO-ds, §,
J/Hz): 8.40 (C-1, s), 6.99 (C-2, brs), 7.28 (C-4,
d, 8.0), 6.93(C-5, t, 7.1), 7.02 (C-6, t, 7.1),
7.54(C-7, d, 8.0), 8.38 (C-10, s), 10.26 (C-12,
s), 4.23 (C-14, m), 10.87 (C-15, s), 1.23 (C-17,
s)o DA e S5 O A SCHk[16]1—3, ke
HALEY cAWA (4). SR, MRV S5 F,
DmtD3_E3 AR LI cWI. ¢cWF & cWY
(& 5)o 25 R Ul W 28 — Ik fL i DmtD3_E3 B%
a LRI S, aidingensis CGMCC 4.5739 H
CDPS W& AL dme3 FDH % g i w14k
cWL (1), XAJLAINAE dme3 F PR 7R U5 1 34
TRk cWA (3), BB —ERIRY TRz

3 wtikE&#

Drimentines (DMTs) /& — 2% 2 i £k 15| W
RN RR AL A Y, R R R R b R,
QIR 5 AR Z IR G AL, % & Wik
it 22 H EEAAET DMTs B8 ERAFE B
Wi, SR SR . MR A,
FHH AR TR A AR B e R 25 A M. O
SCHRAGE S LRI AT w7 IR Rk 1 L #
AN TR U 1 38 IR Rl 5 38 Ik G A ) %
SrYiN N WD Sl BRI RWal = 1 B2 ) W 7/ B /S
177 A ot B0 K SR AL R A 7 AR S A s i

ARSCR RSN 7 S5, X S, aidingensis
CGMCC 4.5739 ' drimentines 4= )& &%
B hRE LR T RAE, B T DmtD3 E3 &
FEIR IR E AL B DI RE , FERT LLR G dme3 FERAR
HAHIA cWL (1), 1L cWL (DAY C14-C17
PP A A i c WAL (2). 14k, DmtD3 E3
K —EIRY Tz M, 00T LIEE cWA (3)
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f) C10—C11 I NUsEE A e A3 — k2R A&
Y) cAWA (4). EREEMNZE, CHRED
albonoursin £ ¥ & B & 72 H 3R =K A AL il
AIbA B fEWEMEAL cyclo-(L-Phe-L-Leu) (cFL){fK
WA o p-BA"”, M4k DmtD3_E3 5
AIbA_B HATH R A | (H 27 SE 6 i v
FEARA I 2 G20 S04, HED AT e 5 IS Fn
M2 G ORI OG, BARIEIRG friff— 2
5T, M4 drimentines A4 44 BEHLHI™, @
TR SRR dme3 FERREHEA T R IR A AR
73 W & drimentines 28 b & ¥, 2  H A0
drimentines K ZHFEYE, A5 E X CDPS
A=W g A T OB i 16 1 T P 2 4 RN RAE
T CDPS A=) il s B i s 1B 1 2
REJCE, NG EalE A G A E BRE Ay
T B A AR KRR RIR W) B T Al
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