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K BB AR AR T R ALY A K mri o oE %
B BRI 21 40 B BEAE 96 h F&fif HMX ik %) 88.9% , {H
SN 5 AR A AR R R A T BT IR AR . I,
A 5% R FH BRI 21 40 B % HMX R 47 B i, 5 1) FH R
0 3% - 3% 6 A A (LC-MS) J7 3 XF BR B 40 40 14 1% fift
HMX ) e ] 7= 9y 847 40 20 % 5, 400 nT 68 1) B A i
725 Rl BRI 5T 1 AN [R]85 3% DR 3R X BKOF 210 48 181 % i HMX
B 52 ), LA K OGT B AR 7™ A T R I Y 90 AT, O 0% TR AR E 4%
RACA WK 7K 5 G i B b i R 4 A ES AR 3

2 HR5E

2.1 ##
B PP BRE 2140 5 (Rhodobacter sphaeroides) H B
R AR 55 AR B B R 2040 B R OGBS A B i e RS
AT R 4 B S TR

FEmh SR 3 WY 1.0 g, MgSO, 0.2 g, CaCl,
0.07 g,(NH,),SO, 1.25 g, 34 % 2.5 g,KH,PO, 0.6 g,
K,HPO, 0.9 g,z /K 1000 mL,pH=7.0,

TR AR DI B 57 2k - B Al 3% 57 5L 03 i HMXG

A B EFE A (HMX, 4 99% ), BTHi T A Fl 5 &
I Sy i | A 38 Sy Al s K O IR

FIK
2.2 FH ik
2.2.1 HEMKBESR

B 10% JE IR B WA HMX & 8 100 mg- L7 1)
YAk 3% 55 5L, 78 30 °C L2500 Ix 6 IR 8% 35 46 vh IR 42 914k
B0 dYER YL T .

2.2.2 AEEFEEIHEKEREHMX PR EEE

ANTRIE 3% R 43 0 S B IR L R0 RN &2 R S T e TR
3L 2.5 g+ L7 W) S TREN 2 2005 CELBE CRERE T vA R vE
by A R R A SRR . R4 5L 0.45 gL
W R AR B H R R E (NH,),SO, .NH,NO, .
KNO, QR UL 35 57 5 b 1 /R (NH,), SO +BE BEF |, i
— 2 L ONH NO,+ 8% BEFF ) A8 9k 55 57 2 b iy AR
(NH,), SO+ B:F 25 48 20 A 0I5 X 1% B Bk 7% ik HMX
M5 o 4 e B 4l L 0.07 gL' i FeSO, ., CoCl,,
ZnSO A KCHR B YIML G FE R b i 42 J& B F CaCl,. D -
2R BROSCHR 8 ] 52 50y 1k FE dRciih 25 A R 42 H R AR 1
296 h J5 U 10 mL # &, B 0 &K 10 min (5% 3
10000 r-min™"), FHEAMA] UL 43506 BETHAE 540 nm il &
W PR A HMX MR BT FH 55 R 2R R K i 1) B
W, T UK 590 nm b ODME , L km H it . &%
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3AFATRE  BOF A
2.2.3 HMXKEBREHHE

W 5 7% 2B B9 H B AR 3R R 5 100 mg- LT Y
HMX 55 35 36 78 30 °C 2500 Lx it B8 15 35 46 v PR 48015
F& e ;3R 48 h A1 96 h JEHURE  FE4H7E 10000 r-min™
B30 10 min, U EJZIEW 50 mL T 200 mLIEK TR BeAR
FH 50 mL Y ZHEAE 250 mL T4 A9 20 W - b E 4T 2 1k
FEHL . BUREBOR T T BB AR v AT 5 T 8 2ot 4
IKBEFR N, AR5 L U8, B R R 46 3 5 mL H LC-MS i
(e
2.2.4 HEHKFENHEBRERS N

(1) Lt A8 ) B8 % B 10 I o 0

Z MESCHR 12 ) A R . DL AR s LB AR R
PRUEER 1, SR 25 I W 5 5 b €0 325 0 S o v i 2
R

(2) Ml L35 Iy I a2

il b6 7 BN E S Sk [12] B AEIE . R
& f & A 110 wmol-L”" HMX. 1.5 mmol-L"
NADH .50 mmol-L™" Tris-HCI Z& #h ¥ (pH {4 7.0) F
200 WL HLBER, ZARFR g 2 mLo 2 AN IS Ji 750 il
I (NADH)J5 ¥4 , 76 30 °CF W 60 min, Z )5 7£90 °C
TINFT0 minZ ko FEFEAE 8000 r-min™ fYE L
TR B 3 min, Z 5 7E 540 nm Ab 38 53 28 45 A] UL 43
S RE I E HMX Bt i

fitf 34 71 (V) 78 K | N 45 18 8 B 4 B A A 2B
1 mmol =¥ (8L 1k 1 mmol IE Y ) B 75 i i 1 ; il 1k
TG 778 SC ok R 22 v n] U R B T O B ) B B
(U/mg)",

fic i A W HMX BT & W B Sy 75, 100, 125,
150 mg- L™ A9 W R 96 85 3% 3 78 30 °C . pH{AE M 7.0
FERN &R 15% 9 508 B 85 5% BURE , 78 8000 r-min™
B 10 ming WO TR AR A0 i a5 R I, 43 N
ik 1% 7, TR IS T

1 & 100 mg- L HMX AW 1A I Ak 15 57 3%, pH (E
S99 4 5.0.6.0.7.0.8.0 F119.0, 7£ 30 °CFI4% R i
15% M 45 14 & 55 5%, BURE , 78 8000 r - min™ F & .0
10 min, WHE b A 240 B ) 2 L T VR, ) U g 9%
TR ) .

(3) Jilf & 1 19 SDS-5R PN Y Mok Jre 458 e L T

Z: MR SCHR (13 T 7 i, RS A8 e, xo ol 4 1) KL il Ak
VAT B VY I T Bz 958 JC ri Wk (PAGE) | FL ik A 2 T P i 2
B AT, 43 B T A MR R A 12% , Wk 4 TR A vk
4% B AEFLINAEE BE 30 WL(H15 WL AYBE S, A S5k
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FLZLOH , LI , RIS Y, i

T SDS EAE S vhl , W 2 min) . SEfHE 100 V, #
f T I e A S R R 120 V. HL KRGS RS AT % O
S G250 g 1 h L EEAT G, B BT AR
W e AT R
2.3 HMFE

(1) HMX [ e B I 5

ZISCHR [ 14 10 73k B AT WO 43 O o' B vk
HMX I o

(2) HMX [ fift 7= W) 45 ¥ 0 25 45 2

AR5 3% /3% (LC-MS) i MI cromass *F- 15 155X
AL AR S5 A T 4 PR R R G R 7 1100 &R 81 RO
3% (HPLC) & %4 % 2 , SUPELCOSIL lc-cn #E
(25 cmx4.6 mmx5 pm). L1 wl-min™ B9 7 & {# 1
FH /K 6 B2 (10%~70% H B 20 min, 70% W B 3 min,
70%~10% H £ 2 min, 10% H & 10 min) . M ¥
BRI [M-H 1 i % ES(-) L ek A7

3 ERS5HM

3.1 AREEFEZEN HEKBESEHMX B0

3.1.1  AEEIREIT H B 4 K K& BEfF HMX B9 2 i
AN T e 56T H TR AR A= R M [ il HMX Y 52 el ) 445

RWME R, HETATLLE B, L RRIERE, H

A Wy B OD i fie &, o 2.388 ; JC ik U5 IR 17 1A A 4

OD fHHAK ALK 0.612. 15 F2 W i IR [8] s I B, 5

M) P A 2 ) i O D {8 FH K 21 /0N (9 Bl 5 HE 5 WP Ay < 59 2R

P degradation rate 125
8o [Z..7lob
= B 120
o 60}
s 115
S (]
S 40t 3
'('é J1.0
g2 40.5
0.0

o1 2 3 4 5 6 7 8 9 10
carbon source

1 AT XS H B RE A 4 e 5 A HMX 52 )

VA HE, 2— & 2R, 3—FUHE, 4—REME, S— R METE R,
6— RN, 7—HFrEEIR, 8— W IR, 9—HMX/E A ME—iR i,
10— TC i

Fig.1 Effect of different carbon source on the growth of strain
H and degradation of HMX

1—amylaceum, 2—malt dust, 3—milk sugar, 4—saccharose,
5—amylogen,6—sodium acetate,7—citric acid,8—malic acid,

9—HMX as the sole carbon source,10—no carbon source

Chinese Journal of Energetic Materials, Vol.27, No.7, 2019 (550—557)

Fii R BE A2 RN FLBE DI METE R R TR L&
R M . 3X 2 W] H B AR 25 S B A0 Al 52 S SR R L IR
R 2 2R R FUME 5 AT R B AR W REAE O AR KR
JOT B A R R LR A P AR A X A 22 5 T S HMX A
Sk ME— B UR R, 5 TC R VR 1 A5 R L B A VR A T b
i, 3% U B HMX RE B H AR A Sy ME — Bk 95 A H L (B2
FIH AN

5 R AE Sy B R I TR A X HMX Y 5 il 56 I
5, 88.9% , LUk = ) A BE L FZ ZE B R LY, B AR X
HMX 1) B fift 2853 91 19 86.5% . 34% 1 33.2%., ZTREN
FHMX AR R 55 5, HMX P B fige S5 0 L B AIG, 20 591
28.1% Fl122.6% o HH AT 0, AS [a] e U5 Fp 28 % H B K Y
A KR HMX 1 25 B 52 i 8, il 25 5 9 H o R
B Btk Y5, HMOX ) A i 23 3 e 5 HMOXOAS 2 A 7 6 K1) e
FEBR IR, 24 Z G2 I A AT 4N B ORI B E b de R
HMX AE by I — i 5 I, T A 20 R 2, o ik 200 R A A
%o A3 LI PR ik U5 A= 4 5 % ka4 i i 7 ik v
A AR R A i e 0 M A I A A A S A
Yy LAl . X R REJE T H B RR R AR HMX O — Fh gt
AR B, B 2 7 TR A X 8 A A A 35 I g A i o R o 5
BT HMX 33K b A 22 BE 00 R A >0 R FH 25 50 1 H Bk
IR B 5, B 08 0 TE 4 BRT B G 1 A T A D K 3 R i
HMX 1 H 4.
3.1.2 AERIFEX H B E K KB HMX BT

RIEX HERA AR HMX A %A 5 E
B, SLE R T A NLAEIR EHLE IR A AR
X H R AR R A HMX RS2 ), A () 280 86 H T
K K BN 2 s . B 2 00 H A HLA
TRALHE B IR AR R R REE R FE O HMX 1 B fig %
3N 68.3% .77.4% .86.4% 1 24.6%, 0D {5 7 5 K
1.892.2.005.2.130 1 1.027 , HAU R 280 AL > 4
WE>EAK>KRE., WETLHAE(NH,),SO,.
NH,NO, 1 KNO,, H & fi# % 73 5l y 34% . 24.8% F
31.5%,0D{H4r % 4 1.418.1.126 #11.319, KL, N
Tk PEEAERE LR - L HERE T HEGABEX HEF
PRA K BB fE HMX 52, R 1 2 a0 & DABERE T R
AL IR B JEHL A IR (NH,) LSO, I 8508 f 4,
96 h %N 88.9% ;0D Jyhie K 2.338; M IS ML HLA
U8 NHNO, B, H A AL 3 R 34.5%, OD {H M 1.452,
ER R IR SRR 96 h BYFERRTE 80% LL |5 3%
TN BRI R A 3 2 3K B 60% 227 5 1 A in T ML A
TR, i RN 30% A4 o R A BIL TR B TS AL A
JRSE A7 R T H B RR A2 K B HMX B AR 055 Ak B AL
&g
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FRAR T 5245 BT H R bR AR K R B A HMX B 52 w8 biotrensformation 25
o3 A D DAL AT RE R, B SR AR R A VIR RESR AL BRUAE W AR K 80 oD 120
PRSI AT A R R R S (B LRy S N
. . - . e S 11
BT NICE ) HE IR 1A R SRR A s 8
§ N — — . S 40+ i
WAL 43 AT WL TG R, R ) B AR 1 2 1o
s
8, B SRR K L R £ 2ol I los
25 0 0.0
WZA degradation rate 1 2 Met3a| ion 4 5
8o 30D {20
® B3 AN [ Jm 1 0 H OB RR A K e [ HMX 52 1)
& 60r 115 1—FeSO,, 2—CoCl,, 3—ZnS0O,, 4—KCl, 5—CaCl,
'}53 40 110 o) Fig.3 Effect of different metal ion on the growth of strain H
® and degradation of HMX
g 20t 105 1—FeSO,, 2—CoCl,, 3—ZnS0O,, 4—KCl, 5—CaCl,

o 1 2 3 4 5 6 7 8 9
Nitroaen source

B2 RN [E EERT H BB A B R HMX 13 1
T—HEAM, 2—4FRWE, 3—BEE, 4—RE, 5—KNO,,
6—(NH,),SO,, 7—NH,NO,, 8—(NH,),SO +EF
9—NH,NO,+E
Fig.2 Effect of different nitrogen source on the growth of strain
H and degradation of HMX
1—peptone, 2—beef extract, 3—yeast extract, 4—urea,
5—KNO,, 6— (NH,) ,SO,, 7—NH,NO,, 8—yeast extract
and NH,NO,, 9—yeast extract and (NH,),SO,

3.1.3 AREEBEFX HEKEKEERHMX 0

AN TA) 43 ) B % H OB R A2 K SR i HMX S i 4n
K3 7R o B B3 AT AL, S (] 4 i 8 X H R B A R R
R fif HMX A — 2 B 52, L 38 Fe™ L Co™ . Zn™" (K FlI
Ca™ Xf HMX ) 25 BR AR K H 30% . 71%. 26.8% .
78.1% #1 88.9%, OD {8 43 il 4 1.304.1.936.1.093 .
2.056 F112.238, 7] LLE I YA W) 4 )8 B+ Ca™*, [%
il 35 B B K K 88.9%, 0D 2.338. fin AN [Al 4
G B EF0, R AR B X H B ARFE i HMXH — &
M5 ) B 11 4 J B T R AR s i E R R B
ERMEY A mE P EEZEEM . AMERITE LR
R AR A A T BT ) AR W 0 SR A T B Y
S HARRIE R AT IAGE & Ca™ ml LA B T
B A K TR B 8 28R A HMX
3.2 HEHKREMBHMX B 5 R 2 #E

ST IS HOTE AR B AR HMX ) 8] 7= 8, 7 R ik S R
56 85 K LC-MS SEAT R 3 A7, 45 SR &l 4 Fi .

MNFEL 4 vn] DU M, 8 R [ A B, g G S04 5T A
HH I [R] 2 2.880 min; G #E FE AR 48 hJ5 W) 5T A (1)1

CHINESE JOURNAL OF ENERGETIC MATERIALS

BTN R T 3 AR A e 15 3 T A E] ) B
(i W B[] 3.028 min) C (i WA ] 2.642 min) #l D
(H g IEE] 3.737 min) s HMX B[ # 96 h o, 4 5 A 2k
AR b 52 A AR, W) 5 B C AT D A2 2

i 3 5 B R T A S AR 4 B L C
F1D I 0T % &, X R (4 A X6 43 5T O B R[]
bt (Cm/z) Q& 5 BFR o FE R DU 2 A8 vt B 0 A A
(HMX) .B(mNs-HMX(\&(-1-Wfif 5&-3,5, 7- =g -1,
3,5,7-P0R ) ) .C(ANs-HMX (N & (-1, 5- - fif H-1,
7-ZRHE-1,3,5, 7-PUmESE e ) ) AT D (K B U B (ME-
DINA)) . 5 Hawari T 4t 18 535 20— B, (H 3 A K6 2]
X2 B IE A e (HO—CH,—CNO,—CH,—OH).

P I 5 435 SR A A A T, H R R B A HMOX 0 3 3R
ROy P4 B — 20 HMX 28 5 3 5t 1) 4 FH 2B i HMX
P il L A7 2E W) B HE mINs-HMX Be 6 fil§ FE AT A= 9
) T ol S A A dNs-HMOX, S5 82 B R 72 0 i AR T o 5 2 —
o IE HMX 28 5 /K i, FF 3R 2468 Az B v ) 7= o P —
fifi e (MEDINA) , W Scheme 1 7R .

A

MA—/;’Jg undegraded material
]

C A degraded 48 h

¢

CABD degraded 96 h

0 1 2 3 4 5 6 7 8 9
t/ min
B4 HERE HMXAE P LC-MS 15 #
Fig.4 LC-MS spectra of metabolites during HMX degrada-
tion by strain H
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1™ e
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NO,—N \1 reductase NO—N
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Scheme 1

LC-MS spectra of metabolites during HMX degradation by strain H
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l

?

|
[OH—H,C—N—CH,—N—CH,—OHJ+ H—N—CH,—N—H —[HCHO, N,O|

3.3 HERTENHEBRLENDDH

ot R 20 RO A W W ik A LT 2 W R OB TR ) £
FHSE R . h 6 R, H T R R A HMOX 2 5 K i T
IR BT B VR T L K 8 0T 36 B AR BN o I,
a3 AT H TR PR A R B A B T R R R R X HMX

F4 AR i 8%
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MEDINA

Possible degradation pathway for the degradation of HMX by strain H (no substance detected in parentheses)

AN TR B 37 45 00 H BB 7 A 8 R LG IR A —
FERIRZ MR, R R o R TRl DUE ) gR AR
AN TF HMX B ] 4 e B8 X 1 0k > 2E B R T 0 L6 3% 0 A
FEMFN L {E 75,100,125 mg-L" HMXAEFH R, K1t
5 7 H X B2 A 3 T 114.7%,160.3% F1108.3%
Wil 15 5 HMOX R B Ak e 4t v, L EL I T 32 2, >

&g

www.energetic-materials.org.cn



BRE 21 40 T B iR HMXIY o 48 R 7 il e 1

555

i 32 W HMX W] 16 Wk B 58 210 150 mg - L 1, A Lk XT
B I T FRE T 19.23%, 24 HMX 9] 4 ¥ FE N
100 mg- L™ B, B& PR 7™ A= 1 RE IV 1L 06 ) 3k B A A
A3 B TR AT fE 2 HMX Y 0T ok B 4 IR sl il 1% 3%
G o TR B A, B Y TR ) 23 A HMX O VR Y
A K o B E HMX B R 38 ) 100 mg- L
BF 05 R O B TR R, B R S PR R B — S R
BRUS S HMX O itk B o R, B AR T 40 F I 9 Bl
ek VK It fire B IO R i 04 9% T BRI, 2 2 pHE
95.0.6.0.7.0.8.0 F1 9.0 X H B ¥k 7= A= 54 HL A & L
Worsgm ., WE2HATLIEH, 2 pH{E K 5.0~7.0
i, pH {8 6.0 F1 7.0 i A X+ F pH {8 5.0 i, H
W15 BT 50.3%,181.8% ;24 pH {4 7.0~9.0
BF, pH 4 8.0 A1 9.0 B AH X T pH (B 2 7.0 B, e LE 1
F153 B> T 22.1%,35.2% ; pH (M 7.0 I, B Bk 72
A R U L S Ak B e Ak . B eT DUAR L pHAE
ao e B AR 23 5 e H G R T A R A LS T
S OB LS ) BEAR B E R E . £ BT IR LY
HMX & B 4 100 mg- L™, pH {H A 7 B, H 3 A% 7= 4 1)
HEL it V0 EE O ) B K

TR IE HMX X H B R 28 0L L 3% 77 195 1
Table 1

the specific activity of the crude enzyme solution produced

Effects of different initial concentrations of HMX on

by strain H
concentration  total protein total enzyme activity specific activity
of HMX/mg-L™" /mg /mmol-min~! /U-mg™!
0 8.81 1.37 0.156

75 8.06 2.70 0.335
100 7.15 2.90 0.406
125 7.33 2.38 0.325
150 8.13 1.02 0.126
T2 RIE pH X H BB Az LB LT ) 6 52

Table 2
of the crude enzyme solution produced by strain H

Effects of different pH values on the specific activity

total protein

H val total enzyme activity
pH value

specific activity

mg /mmol-min~! /U-mg™!
5.0 6.23 0.89 0.143
6.0 6.58 1.41 0.215
7.0 7.12 2.87 0.403
8.0 7.45 2.34 0.314
9.0 7.32 1.91 0.261
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Degradation Pathway of HMX and the Property of Crude Enzyme Produced by Rhodobacter sphaeroides

BAI Hong-juan, ZHAO Ting-ting, KANG Peng-zhou, GAO Li
(School of Environment and Safety Engineering ; North University of China, Taiyuan 030051, China)

Abstract: To further study the biotransformation process and producing enzyme properties of bacterial strain of Rhodobacter
sphaeroides to HMX, the effects of different carbon sources, nitrogen sources and metal ions on the biotransformation efficiency
of HMX of the strain and its growth were studied. The intermediate metabolites of HMX degraded by Rhodobacter sphaeroides
were analyzed by liquid chromatography-mass spectrometry (LC-MS) , and the possible degradation pathways were presumed.
The effects of different conditions on the specific activity of the enzymes produced by the strain were determined. The zymo-
grams were analyzed by polyacrylamide gel electrophoresis. The results show that the optimum carbon source, combined nitro-
gen source and metal ion for transforming HMX by the strain are malic acid, (NH,),SO, and yeast extract, Ca’", respectively.
When the initial concentration of HMX is 100 mg-L™", after 96 h of culture, three substances can be detected: two HMX nitroso
derivatives (mononitroso mNs-HMX and dinitroso dNs-HMX) , methine dinitramine (MEDINA) , and the mass-to-charge ratios
of their mother ions are 279, 263 and 136, respectively. The possible degradation pathways presumed have two branches. One
branche is that HMX is reduced to mNs-HMX and dNs-HMX by reductase, the other branche is that HMX is transformed and
open-loop cleavaged into methine dinitramine by hydrolase. The specific activity of enzyme and polyacrylamide gel electropho-
resis experiments show that the specific activity of the enzyme produced by the strain is significantly promoted when the concen-
tration of HMX is 75 mg-L™" and 100 mg-L™", while when the concentration of HMX is 125 and 50 mg-L™", the specific activity
of the enzyme produced by the strain has an inhibitory effect. When pH is 7, the specific activity of the enzyme produced by the
strain is the highest.

Key words: octogen(HMX) ; Rhodobacter sphaeroides;intermediate product;degradation pathway;analysis of crude enzyme
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