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Abstract:

analysis. B. subtilis strain 168 was able to stereoselectively transform cis-propenylphosphonic acid (cPPA) to fosfomycin.

In this study, we investigated the mechanism of transformation by Bacillus subtilis strain 168 by proteomic

The maximal fosfomycin production was 816.6 ng/mL after two days cultivation, with a conversion rate of 36.05%. We
separated the whole cellular proteins by two-dimensional gel electrophoresis (2-DE) method, and 562 protein spots were
detected in the presence of cPPA in the medium, while 527 protein spots were detected in the absence of cPPA. Of them, 98
differentially expressed protein spots were found. Among them, 52 proteins were up-regulated whereas 20 were
down-regulated in the presence of cPPA in the medium, and 26 induced at the presence of cPPA. The differentially
expressed proteins were analyzed by combined MS and MS/MS methods. Eighty protein spots, including 45 up-regulated
proteins, 17 down-regulated proteins, and 18 induced by cPPA were identified. Based on the results of proteomic analysis,
we postulated two steps of transformation: in the first step, cPPA was hydrated to 2-hydroxypropylphosphonic acid; in the

second step, 2-hydroxypropylphosphonic acid was transformed to fosfomycin via a dehydrogenation reaction.

Keywords: Bacillus subtilis strain 168, cis-propenylphosphonic acid, fosfomycin, transformation, proteomic analysis
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Fig. 1 Structure of fosfomycin.
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Fig. 2 Transformation of cis-propenylphosphonic acid to fosfomycin by B. subtilis strain 168.
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Fig. 3 2-DE gels of total cytoplasmic proteins of B. subtilis strain 168 in transformation medium without substrate
cis-propenylphosphonic acid (A) and with substrate cis-propenylphosphonic acid (B) in the pH 4—7 range. The numbers
present in (A) indicate the down-regulated proteins, while the numbers present in (B) indicate the proteins that are
up-regulated and those induced by the substrate.
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R 1 B subtilis 168 EAEIEFE (R BINAGEHBRIFSINAGHHE) PERKNEREARNERE
Table 1 Identified proteins from B. subtilis strain 168 cells grown in the presence of cis-propenylphosphonic
acid in the medium and in the absence of cis-propenylphosphonic acid in the medium

Spot number Protein name pI/MW™  pI/MWE®  Score  Fold Match COE’;; )a £e
Stress response proteins
It 313 Superoxide dismutase 4.71/12 4.83/29 93 8 65
03 329 Stress response protein SCP2 5/27 4.83/29 172 17 43
03 490 Pyridoxal biosynthesis lyase pdxS ~ 5.26/32 5.76/23 73 15 32
20 505 Thiol peroxidase 4.89/18 4.68/23 331 19 84
It 526 60 kDa chaperonin 4.73/57 4.75/19 72 25 20
+ 4 Chaperone protein dnakK 4.76/66 4.81/70 127 2.22 30 48
+ 25 Trigger factor 4.42/47 4.54/65 143 4.61 24 43
3 447 Alkyl hydroperoxide reductase 4.48/21 4.6/25 86 15.62 5 45
- 27 Chaperonin GroEL 4.73/57 4.8/58 58 8.15 11 24
- 178 NH;-dependent NAD' synthetase ~ 5.07/30 5.28/48 182 12.03 16 40
Transport proteins
+ 237 ATPase component 6.16/33 4.46/31 79 5.45 9 52
+ 309 gliifgffgpsr‘iiei SBC WANSPOrIer 5 ¢362 58329 60 280 13 16
A 371 ATP synthase subunit alpha 5.83/62 5.83/29 60 2.80 13 16
+ 383 glifgiiegp;iriiei SBC ansporter s 9360 522026 64 669 33 29
- 374 YviB 5.25/53 5.54/25 61 2.32 11 31
Proteins related to the formation of co-enzymes
03 362 Phosphomethylpyrimidine kinase 5.41/22 6.1/27 137 19 86
It 54 é;ggr";;;'js'ecarb‘”‘ylate 55/57 59550 396 29 47
+ 99 Phosphomethylpyrimidine kinase ~ 5.74/29 5.88/38 61 3.52 12 35
+ 316 Thiazole biosynthesis protein 4.91/27 5.01/29 195 6.03 17 57
32 ééiigr";ig’;i‘js‘;arbo"ylm 46522 48831 66 367 8 58
+ 466 bifunctional riboflavin kinase 6.19/36 5.97/23 67 8.51 15 45
+ 500 Eg;‘;l:/t;‘ﬁ;} adenyly] tr;r‘lz‘f’g::;n 6.19/36 67221 66 470 8 33
+ 517 dNé?lyD éj;‘;g’gslgem flavin 57038 58220 132 687 23 54
+ 522 Riboflavin biosynthesis protein 7.19/33 5.31/19 53 7.90 9 27
- 308 Phosphomethylpyrimidine kinase ~ 5.74/29 6.06/30 238 2.20 19 63
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gk 1
- Methenyltetrahydrofolate 56731 63832 144 316 17 57
cyclohydrolase
Central carbon metabolism
It 134 Triosephosphate isomerase 5/27 5.35/38 147 19 29
243 LRI R 51931  5.54/40 110 16 46
aldolase
Dihydrolipoamide
03 278 - 4.95/50 4.66/31 133 15 22
496 i g BEE S 52/36 525722 60 12 39
dehydrogenase
+ 258 Fructose 1,6-bisphosphatase 11 5.24/34 5.03/40 157 11.42 19 44
+ 29 Glyceraldehyde-3-phosphate 5.2/36 6.9/30 80 312 10 32
dehydrogenase
+ 368 Enolase  (2-phosphoglycerate co/07 51126 64 475 10 43
dehydratase)
+ 459 Translaldolase 5.89/23 6.25/24 360 8.12 20 73
4 229 Malate dehydrogenase 4.92/34 5.01/35 166 5.51 17 44
+ 381 Deoxyribose-phosphate aldolase 5.11/22 5.37/27 210 2.05 15 58
+ 472 Triosephosphate isomerase 5/27 5.16/26 84 3.63 10 47
+ 480 (Clyeeitol I 77362 6.12/25 97 1361 19 27
dehydrogenase
4 503 Translaldolase 5.89/23 5.61/22 280 12.56 15 62
+ 507 Glycerol-3-phosphate 7.73/62 61423 113 743 16 24
dehydrogenase
_ Dihydrolipoamide
40 R " 4.95/50 5.11/50 68 15.8 18 52
- 154 Gyl 52/36  532/41 112 16 20 40
dehydrogenase
- 165 G Rl e e g 52/36 53141 150 539 18 47
dehydrogenase
- 232 Malate dehydrogenase 4.92/34 4.94/34 69 7.3 13 54
- 305 Pyravate dehydrogenase (Bl 5,/ 07 58pg 115 479 13 40
alpha subunit)
= 393 Translaldolase 5.89/23 6.06/23 268 7.82 17 58
Proteins related to amino acid metabolism
It 106 Acetolactate synthase 5.31/62 4.88/44 104 6 10
3t 312 Alpha-acetolactate 48229  546/22 117 14 37
decarboxylase protein
20 358 Phosphoserine aminotransferase 5.64/40 5.35/28 130 17 28
It 387 Cysteine synthetase A 5.64/33 5.07/29 194 23 50
+ 92 Urocanate hydrotase 6.33/61 6.31/43 108 8.12 27 57
¥ 133 Ketol-acid reductoisomerase 5.49/37 5.9/41 66 3.08 14 54
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21
+ 219 Arginase 5.1/32 5.2/35 76 2.65 13 46
3 241 Cysteine synthetase A 5.64/33 5.82/40 107 2.76 16 49
301 dﬂg:gg;;ﬁ‘;ls?;ﬁem 48229 494530 162 285 17 51
4 302 Cysteine synthetase A 5.64/33 5.48/29 135 13.80 18 65
+ 296 L-alanine dehydrogenase 5.28/40 5.84/31 65 13.70 6 18
i 475 Serine hydroxymethyltransferase 5.56/45 5.73/23 109 5.60 15 52
= 22 Acetolactate synthase 5.31/62 5.56/67 56 6.75 11 22
= 90 Serine hydroxymethyltransferase 5.56/45 5.93/50 74 3.20 16 47
- 91 Serine hydroxymethyltransferase 5.56/45 5.81/50 81 2.33 9 30
- 275 Cysteine synthetase A 5.64/33 6.06/34 62 2.03 7 35
Nucleotides metabolism
oS 233 fi‘:}’fy‘gfog ;$Zg°ph05phate 6.18/53  6.1/35 45 16 28
+ 122 f;f;gﬁ;;g;‘;g"ph“phate 6.18/53 62241 83 206 14 35
+ 384 DNA topoisomerase I omega ¢354 43806 63 266 16 28
subunit
- 366 Uracil phosphoribosyltransferase 5.9/23 6.31/26 93 2.82 16 76
Proteins related to oxidoreductase
+ 194 Aldo-Keto Reductase 5.5/35 5.85/36 113 21.95 16 73
+ 281 3;?33;3;‘;’3222“““ 528/31 55638 90 245 17 40
+ 320 fl’ri'gzg;zgroxybenzoate'z’3'dEhy 544/28  5.74/32 297 218 15 37
Other function
1% 461 Hypothetical protein BSU29220 5.23/44 5.46/23 44 11 26
It 482 Uncharacterized protein ybfN 4.68/24 38 7 52
i 205 Flagellin 4.75/29 4.9/35 474  21.84 16 63
+ 206 Flagellin 4.97/33 170  13.40 17 66
+ 226 Flagellin 4.97/33 5.07/32 71 27.00 9 52
+ 345 Sigma-54 5.35/30 5.26/28 160 2.57 4 12
i 353 Cell-shape determining protein 5.09/36 5.09/36 124 3.76 19 41
+ 438 Hypothetical protein BSU31030 6.19/19 6.89/23 77 4.19 8 58
4 446 Spore germination B3 8.83/42 5.35/24 58 12.31 16 38
- 203 Flagellin 4.97/33 5.01/38 61 5.11 10 55

: theoretical pl value and molecular weight (MW); @): the actual pl value and molecular weight (MW); +: up-regulated
protein; —: down-regulated protein; ¥f: protein induced by cPPA.

cjb@im.ac.cn



746

ISSN 1000-3061 CN 11-1998/Q Chin J Biotech June 25,2013 Vol.29 No.6

B 3-W R HIM I S, 3-E TR H I ik AW 1
iRt s 25 RGN 4G — S
Pk e i &0 E3 (Dihydrolipoamide dehydrogenase
E3). R E M (Malate dehydrogenase); =
SEE S AR AE A 1,6 ZBER RN 1
(Fructose 1,6-bisphosphatase Il ) %, H:rf, 7E1:
FRILPE ICYIAFAERT,  3-BHF IR H i 1 A & 1
TR TM T 21.39 1. 7825 7 3RIA 0
wET, S5 H A SRR ES R Rk
n 3-8 e H o i & B (Glycerol-3-phosphate
dehydrogenase) L iZRikHLIA 21.04 £, 2-W5iR
H R M & ¥ (Enolase , 2-phosphoglycerate
dehydratase) [ 1HZRIE 4.75 % TEJFE W PN #s
MiES T, SRR CA B 22 3Rk
R 2% X — D7 5 A SRR TR ER
T, YN IR o 12— =B 48
g, HE ARIRGIM LIS, — 8B S Ak ik
BERE R, M — B4 Al BB AE SR A G A i
MIAE T 3 AR
234 SHEEBRNBNERRE

o i B AR 2 2 5 2 HL R A AR Y 25 7
FEIRHI T A RR B. subtilis 168 TEA i ¥ i 45 s
MR R TR AL AR R, 15 RIK SR FLIR & U
(Acetolactate synthase) . a- £ Bt L R i 2 1§
(Alpha-acetolactate decarboxylase) . Bk 22 & R %
Z i (Phosphoserine aminotransferase) . 2}t 2 ik
& il A (Cysteine synthetase A) 55, [A]A}, JRT
fR /K& (Urocanate hydrotase). FilE R4 55+
¥ T (Ketol-acid reductoisomerase) . A5 % FiR fiff
(Arginase) . PR 5 B A, a- CEEFLER LR
JiE AN L-TN 2R A = (L-alanine dehydrogenase)
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S A RGE SN L R A YNEIPER O 2l a= g
B A, ERRIIKE T 1453 500 Fs BER
22 F IR E e 22 FIR G ORI — OB
M, B EIEFRIA WA N 2 2R KF R L
Tt WRRRN AR RILE B T 6 1%, ZM
LBNNATRII A . SARTE , X2 5 IR
AR ) Tl 2 A 0 1) 722 A i i R A J LA 2 3 % 3
SRR G IR (A, TSI 95 W R RN
PR R WA —RES B, BT
F A5 AT BE 5 X BEEE 1) AR IKP A
2.3.5 IDPRIEBERR N B BRI R R me
YK B. subtilis 168 LEA I M R
R 55 % JE R AR ACINE Y R I A TR il
(Inosine-5"-monophosphate
DNA #i$h 55 1 (DNA topoisomerase [ ) |14
Fik, DNA JRFhSFAaEE 1 iy EiHRA T A2 TE
RGO ML PR 5 Wl 2 AP — 7 W B 1) 7 W e B R AP
(25 AF R T AR 1 — T e S i
2.3.6 IS ARBRRR 4 A R A R M
RPN EER BT T, 256 MRZE
S TR 5 oA ) I ) RS AR A T AROR AR AR o
X fE B ¥ K M (Bifunctional riboflavin
kinase) MYRIAEE LI T 13.21 %, KRR
B A ATP ¥4k FMN, FMN 2 1R 2 1 46
B, Z5RZGE R, BRmR Y L v g I Al
(Phosphomethylpyrimidine kinase) ik [,
LI B NEE (Thiamine) BERRIL, TEAUATAL
RAEUER (TPP), B2y M BIHEACHS bk Sk
(BEFNER) 5 5 20 SONE S, 40 oW 1) M3
TR a3 B AT -5 R AR T e 2% Rl
R b4k, 3R A (Riboflavin biosynthesis

dehydrogenase) il
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protein) FYFRIAE FIH 7.9 f%; 1-MEISHR-5-FR TR
i & (1-Pyrroline-5-carboxylate dehydrogenase)
fyFisE FiR,
237 S 5EARNHEENRE R BLIER
TER NG TER T T, 25 51 5
AL S R N i ) ek i kA T AR K 284k
Hrpr 3-8 55 TR 2 H (Hydroxyisobutyrate
dehydrogenase) ik I T 2.45 f%; 2,3-—
FRIEH RSB  (2,3-Dihydroxybenzoate-2,3-
dehydrogenase) MY & ik & L T 2.18 1% ;
Aldo-Keto Reductase iff 1) 31k L T 21.954%,
X e —FP BB LR 2 A R & AR S AL i
S T
2.3.8 RPN IEBERRN HA T BE A BRI H AR
B TR SRR A AE, B T 25—
Sere e AT S FHAL DR E H I 22 Rk .
FEHIBEE T (Flagellin), #45%¢ K7 sigma-54, H
E M B A ) BE H (Cell-shape determining
protein) . #f il i & & [ (Spore germination
B3) %,
2.3.9 IRAGBEREESHE D BREBMEL
MEPE B subtilis 168 TEA YN M B iR
R AR KL, A 11 AN 7 2-DE Kl -
I PIALL BB, BT 52 F A 309 F
383 AT AL & 1Y Oligopeptide ABC transporter
99 R 308 ft % M
Phosphomethylpyrimidine kinase, 466 F1 500 1,3
iY Bifunctional riboflavin kinase, 154 Fl 165 {3

(Binding protein) ,

i Glyceraldehyde-3-phosphate dehydrogenase,

393 il 503 fIr{t# MY Translaldolase, 229 Fl 232
{2 A Malate dehydrogenase, 241 F1 387 Frft.3&
iy Cysteine synthetase A, 301 I 312 fR3RAY

Alpha-acetolactate decarboxylase, 90 11 91 X AY
Serine hydroxymethyltransferase, 122 Fil 233 ft.3%
A% Inosine-5'-monophosphate dehydrogenase, 206
F1 226 1AM Flagellin, BIREATER A HL K &l
W ERACE VRN, HEEESR PR e A
Rl o X PR AEVF 2 B 284l AR HL Ik
iR B A R B G A i A T
A LU UM T8 s RS i i s |
A S A L AR s SRR S DR A TR
FHIEAR A 5 25 15 A A T i A R 28 T g )
PR FEAE T, 5 E H R R A WS
Wrad | AR . BEEIL . AL CWEREALAF R
SSFEEH TR, XL SR
HEHARE 2 E A
3 W

B. subtilis 168 FREN AR O 2o, Xt % i
PRI AEBAE AT RO AR g T, W
T2 R AT PN 445 151 I A ) R b B S i ot 7
R, HICRAZE AR N IR R RbR, BB
T3 DRI G A B TR AN %o o B 4 A Bl 8 3R 114
FRACHL B AL AL BRI W AT Y

TEARESE T, FeAT A & B i 51,
SINTREE R T B. subtilis 168 TEAT JiC P 47
PR kb AR, A AR R A 2R iR
Mo HEREIR, TE ORI A6 DR (b i 5
KRR, MARZ R R A A T 224,
AR . AR . BRI, Xt
BT P A TR e A POl 5 2% 1 e A A A 4K
WM ERAN, EITZ PR — MR
PR 2%

B. subtilis 168 TEIXA IKYFIA Y1+
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EEKE, WIREHM 2-DE KRR K,
SR, — 7 T T TSI B iR 1) 155
FTF, REBEANRILERE TIRKZ, A
B ERT, AT, R[4 TIRZ Y
R RISEN; S, Mg
BRGNS, IRZE A KL TR GBI, &
W 5 1 2 1 T AT Y H A RO A3 AR T R AR
Ak, FECTERHRIK T bR R AR, IR
B AR Z2 8 R A LA R X8 1 B2
Mo R TAR KA T4, X sl T AR K
PRI

IR MR AT B. subtilis 168 et fe—Ff 57
T, YR RTE S A N K B IR 1 35 77 e rh A
Kt , — 5 T 275 sl RGP s e R )
SUEM, S —rmEas AR A S AL
FEARSERG , FRATT A BRI P s e R 75 - 2 AR 0 I
PRIMBZ B, XI5 7 R A
PR LR AR E Y b2 3R o 1, PR
Hrh 6 DA% : Hspl00s . Hsp90s .
Hsp70s. Hsp60s. Hsp40s #l small Hsps!'™, &A1
B RGN E S, A TR RBE
HAEA 2B e, anm] LUR B 21k,
R ARG S 2 B 1, BHLL BT e R T 5 | i
AR TR A, B DR IR 1A% T A o LA R Al
B AZ I AR AR A2, Y B subtilis 168
() 240 M TE 58 TN A B IR (0 B R B rp A R, K
PR R AR R TR N B Y 1R
T, HEHOWPS A B iR Ak a5 22 s [ ny A .
TR IR AL R R B, BE s
FE A E PR PG P4 (Reactive oxygen species,
ROS), i by & Fid A &, X L) g
SN, A ALY A | B i A A
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B AhpC SFER B S b I M 4™ A s o
WAL, XF B. subtilis RV, 08 A7 7E T3 b —F
(L2 IN v S e S e R R E O =N & e S
XHETT LB 1k 55 A7 2 bt 2R 1 i b T2 e R
BRI AT AR5 2,

B HHFCy Ik, STk ST HTA P Aery O
DRI s IR e AL Bl 25 2R B AR D, ¢
THAAH IR WARA R e, 18
A R RE5E B, subtilis 168 K
TP s e R AR Ak i B R A A b, FROT IR A
2PN Nl S LR EST AV E P UE =R ol R ER I
SRR, WA SAALRES SR IAE FIRRIA, W
A V5L 3k S8 A 0 il R VAR B SE AL T 1 5 2
iko XULH], TEARFBHAEY T, PN 46 R
AL R B AL R A —FE0. X B
subtilis 168 B EE [ T4l A WA FEh, FEAT I
PRI, AL T —MoK G R, ARSI 92
S SRR PIRRK G R RIA & BE T
812 4%, HEWEAE L] 2R g Y [FIRT, e wT
REfE AL — DK 20 IR — 43 B I Y I A s
WEIR I, TR BERRRR ; TENSYITPY IS IR 1175
FT, AIRZ M AR LR, fEiX sl A i,
281 SHEE A 3- AL T R A E IR S5 N
PR B A5 K AHEE , HETE 3-S5 T e it S il
PVERTTS , INBEwEmR A& SR, A i
TR B, A5G RE SME H B 45 2R
TATARy, FetbsrmiDitts, H—2, fE—Fuk
A REAAEFTT N AR R Bl A PN B TR
S0, TEMERER AT, B RR N A,
WAL R (K 4), AT — L0 TARRFXT
T A il 1 DR R A T SR AL G, DA IE F A
AL HLEE RIS
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PO:H, Urocanate hydratase ,OH

=
H H

———>> CH;~CH— CH,~ PO;H,
H,0

Hydroxyisobuyrate H, <H
dehydrogenase “c—c

Bl 4 B. subtilis 168 1S A & BEBE 4 1L B 1 S = A0 0T GE4 %1

Fig. 4 Hypothesized mechanism of transformation of cis-propenylphosphonic acid to fosfomycin.
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