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B FBeo AR SORAIME BRI BIE N B AR T R A R 4EAE Z Ds AL H bn 4
25(OH)VDs B /T B MR, FExf Fdh AT KB T2 S e A8 o b — il s
BOARSZHE AT BARE R C25 Fedb AL 4EE X Dy HISRHEEESE DY . AR LI at b, @
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(1) C25 AR D: BREALERRIIFIE R R T2 i i — R~ A2,
MARHE A 358 2 B3R — Mk R R B 4E AR Ds REIIIBERE 1-18, AR B AR~ 9
25(OH)VD; FE|F=4) 1,25-3F 484 % Ds (10,25(0H)VD3). 4 16S rDNA 74 5€,
HirE bk N E RFEMAE (Bacillus megaterium), %N B.megaterium H-1. 18 B [H
BRI AT Z, W€ B.megaterium H-1 B 5L K EESAEN: ¥I4G pH 1H 7.5, HiHB)
WK 6% (V/V), K 6h B NIEM4EAE R Dy, HMaE 2% (V). thitb)s BAs
;=) 25(0H)VDs B FEAE K ¥ 36 h I ik £ 1.43 mg/L.

(2)C25 BREWEAER D: REBEHIZH R EWE BZESMT R A HNFHEAR,
W& A 2R Dy 5T 120§ G ) B.megaterium H-1 34T 7404, A5 4270 NMERAR
5 5. BE—BXEE IR P450 L5038 (PFO0067) [IFERAREATIRE, KIS
f 2 P450 i (CYPs) K. 454 NCBI ¥ e Luxd 45 SRR B 4 A~ CYPs 43 J&@
T CYP102. CYP106 A1 CYP109 k. Hrh, kH CYP109 K& CYP-1. CYP-2 737l
Kot C AN 4EAE R Ds 1K) C25 A #2310 CYP109EL A1 CYP109A2, #K: CYP-1 A CYP-2
4354 4 CYP109E1-H A1 CYP109A2-H.. il it 77 Bl Fy 3R 45 H I K 41 cypl109el-h AT
cypl09a2-h, WS B0 R CYP109E1-H A1 CYP109A2-H 43 %4 CYP109E1 £l
CYP109A2 ] H SR AR, [KIIEHEN CYP109E1-H A1 CYP109A2-H 7] fit /& B.megaterium
H-1 1 C25 1304k 2E 25 Ds (108 .

(3) C25 BEEL R D; REBHRFEREEDIRIIE. 5T LRSS, Ik
L CYP109E1-H F1 CYP109A2-H TEAH S LEfAF 1 (Bacillus subtilis) WB600 14 2 H 1 55
R, HHFEEEHERNTEE WB600-pMAS-CYP109EI-H A1 WB600-pMAS-
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CYPI09A2-H. #— Bl EHEK TEN MM E 4L R Dy B FER -
CYPI09E1-H 2442 Ds 1) C25 S22 Abll, 18t ST CYPL09EL; CYP109A2-
H B 7 HAYEAE R Ds 1) C25 M2k ThResh, [FIRBAE Cla fimEAbThRE, HARME
R AE— AP ES R AR R D i FE . HALE WB600-pMAS-CYP109E1-H 7F & ¥
32 h I} 25(0H)VD; W JE ik B fe i, A 2.32mg/L. 1 B4 H WB600-pMAS5-CYP109A2-H
TER 24 h I 724 25(OH)VDs WK IR R & =, 4 2.50 mg/L;  [RIFIEA ) 2 & =4
1a,25(0H)2VDs, 4K 40 h I &Pk Bk 2 ey, 4 1.31 mg/Le

EiE. 44 D3, 25(0OH)VDs, 1a,25(0H),VDs, EKHFHIAFE, 40tz P450



Abstract

Abstract

Microbial transformation is an important method for the production of high-value
compounds, and modifying the precursor through the chemical-enzyme pathway is a popular
green pharmaceutical approach. 25-hydroxyvitamin D3 (25(OH)VD3), as the main active form
of vitamin D3 in the human body, can promote calcium and phosphorus absorption, control
various cellular reactions, and has high medicinal value. The industrial production of
25(OH)VDs as a widely used raw material in clinical applications is limited by complex
chemical synthesis processes and high costs, which restrict its extensive application in the
pharmaceutical field. Microbial transformation of vitamin D3 to synthesize 25(OH)VDs3 is a
green and efficient innovative technology with the potential to replace traditional chemical
synthesis methods. Screening new microbes from nature or constructing genetically engineered
strains are effective means to obtain microbes with hydroxylation capability for vitamin Ds. In
this paper, a unique carbon source plate method was used to isolate strains from nature that have
the ability to generate the target product 25(OH)VDs through hydroxylation, and the
fermentation process was optimized to improve the conversion efficiency. Furthermore,
transcriptomics techniques were used to explore the key enzyme genes for C25 hydroxylation
of vitamin D3 in the target strain. Based on this, heterologous expression engineering strains of
the key enzymes for C25 hydroxylation of vitamin D3 were constructed to verify the catalytic

function of the key enzymes. The main research results are as follows:

(1) Screening and fermentation process optimization of C25-hydroxylation strain for
vitamin Ds. A strain capable of hydroxylating vitamin D3 to produce the target product
25(OH)VDs and the byproduct 1,25-dihydroxyvitamin D3 (1,25(OH)>VD3) was isolated from
forest soil using a unique carbon source plate method, and identified as Bacillus megaterium,
named B.megaterium H-1, based on 16S rDNA sequencing. The fermentation process was
optimized using a one-factor-at-a-time approach, and the optimal fermentation conditions for
B.megaterium H-1 were determined as follows: initial pH 7.5, glycerol as co-solvent with a
concentration of 6% (V/V), addition of substrate vitamin D3 at 6 h of fermentation, and inoculum
size of 2% (V/V). After optimization, the concentration of the target product 25(OH)VD3
reached 1.43 mg/L at 36 h of fermentation.

(2) Discovery and bioinformatics analysis of key enzymes for C25-hydroxylation of
vitamin Ds3. Transcriptome sequencing was performed on B.megaterium H-1 before and after
12 hours of vitamin D3 induction, resulting in a total of 4270 transcriptome information.

Transcripts containing the cytochrome P450 domain (PF00067) were further screened, and 5
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cytochrome P450 (CYPs) genes were identified. Based on the comparison with the NCBI
database, four of these CYPs were found to belong to the CYP102, CYP106, and CYP109
families, respectively. Among them, CYP-1 and CYP-2 from the CYP109 family corresponded
to known C25-hydroxylases of vitamin D3, CYP109E1 and CYP109A2, respectively. Therefore,
CYP-1 and CYP-2 were named CYPIO9EI-H and CYP109A2-H, respectively. The gene
sequences cypl09el-h and cypl09a2-h were obtained through cloning and sequencing, and
bioinformatics analysis revealed that CYP109E1-H and CYP109A2-H were natural variants of
CYP109El and CYPI109A2 in B.megaterium H-1, suggesting that CYP109E1-H and
CYP109A2-H might be the key enzymes for C25-hydroxylation of vitamin D3 in B.megaterium
H-1.

(3) Heterologous expression and functional validation of key enzymes for C25-
hydroxylation of vitamin D3. Based on the above results, successful heterologous expression
of CYP109E1-H and CYP109A2-H was achieved in Bacillus subtilis WB600 system, resulting
in recombinant gene engineered strains WB600-pMAS-CYP109E1-H and WB600-pMAS-
CYP109A2-H. Further studies on whole-cell transformation of vitamin D3 by recombinant gene
engineered strains revealed that CYP109EI-H acted as a C25-hydroxylase of vitamin D3 with
higher stereoselectivity than CYP109E1. CYP109A2-H not only exhibited C25-hydroxylation
activity towards vitamin D3, but also possessed Cla-hydroxylation activity, catalyzing a two-
step consecutive hydroxylation process of vitamin Ds. The highest concentration of 25(OH)VD;
produced by WB600-pMA5-CYP109E1-H was achieved at 32 hours of fermentation, reaching
2.32 mg/L. On the other hand, the highest concentration of 25(OH)VD3 produced by WB600-
pMAS-CYP109A2-H was obtained at 24 hours of fermentation, reaching 2.50 mg/L.
Additionally, a byproduct, 1a,25(0OH),VDs, was detected, and its highest concentration was

achieved at 40 hours of fermentation, reaching 1.31 mg/L.

Keywords: Vitamin D3, 25(OH)VD3, 10,25(0OH)2VDs, Bacillus megaterium, cytochrome P450

enzyme
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1.1 4R D REFEERER

Y423 Ds (Vitamin D3) #EFCN“PHGCHEA R, B—FBEHEHEE, BRTIAEY
HIREAL, ] BLE AR DL 7-Bi EE [E % (7-Dehydrocholesterol) SARTA, 4840
MRS E 2. 44 R Dy fE AR BEACHT . P A M 0 AR K R E S5 T B A B E A
BI, SR, SHIEHEA 25-FIHE4E4E R Dy (25(0H)VDs) Fl 125-F2 544K Ds
(10,25(0OH)VD3) AL, 4E2EZ Ds FAEDE A BRARY . fE AR, 4E4E 2 Ds 19T
ISR R BN R P4S0 B (CYPs) B FHHTPIL IR L, A Be R A
AYEED, wE 1-1 B, 44 R Ds HIOREN AR AT Z CYP2TAL1 kA
25(0H)VDs, #E—G1EB i@ CYP27B1 #4L AN 1a,25(0H),VD;s LR 4 55iE
P,

OH

CYP27B1

HOV HO HOV

4L & D, 25(0OH)VD, 1a,25(0H),VD,

B 1-1 NARZEAE R Dy FA BT R 30 S Bt A

Figure 1-1 Reaction process for the conversion of human vitamin Dj to its active form

NAEGRZ YA 2 Ds 2251 A, WE BEAAGE . 121 DhRe g5,
Il R 8 442 & Dy SR AMEAME 25(0H)VD; BX 10,25(0H),VD; 1 E4E4E & Ds A &,
HHPEN T HBR ARG R D SRR, X0 T 5 D) s ts 505 Thae i 4 1)
AR R O E B, JRRIE, 25(0H)VD: & A NMR4EA: 3 Dy & R 1E DL B T4,
FEEE /NG R AR, B R ARG . B E R TR, TR AR
PEEW, iRt thah, fEE &I A Hisd N TANERNFE 25(OH)VDs 1] Tl £k
B, SemEXS R EmEME N, AR U, g8 ERTIR, 25(0OH)VDs
e B A mMIE R, HAELM FJET C25 BRAEMYEAFR D, Fik, IR AR
—HEN TR E & C25 I E & Ds A= ik

1.2 C25 #EAL AR D;s SRR

C25 I E R Dy ABE W EMA L P IRPGRT, (HAZIEFEAFAE 7> 25 W A
1



SRR, A BB i, T EHIZ T C25 BRI b4 R Ds I N, HET Dk
AR C25 FREALYEAE 3R D3 SREUL G BSOS BUR AR P A3 1
1.2.1 (AR

20 AR, R TAESE R C25 FRAEMAEA R Ds /B ARG AR A S A 0,
HAEB®SAEYEEST 224 RN E, B EPR WG T — Bk 26 6 C25 FEEk
YA Dy I HGEIUS 19, BT, 25(0H)VD; 78 Tl b EZ@ b A sk ok A 77, HiZ
o PR T AR ORGP AT RS e Rk SE I IX Sk e th 5 AR, JUHE C25 fifiz
B, X E R T 25(0H)VDs 1) Tl AR =S 170, f5ildn, Lyth-goe %5 A it WAL Bl T BE
TG, BB MY a4A des-AB-H i kE-8p,25- 1%, #t— 2P I N A A 25(0OH)VDs!EL,
BAIETRE 60 2P, BAES . i, BAESEMER 1¢,25(0H),VDs &2 lo-
FREE ARG 25-F2 BRI @ 46 G S SIFRAT , TG R R b e ) A 1 o AR A 2 2k
WG BIEAE G BOP R E Z HE R, W AR Z 20 A & &, HAEG ol 72
bR RER M, SR, AR B AR R B RBGCRIR GaE Yt 3R
ML, SR AS,7- IR RBIRT 1%). 1599™ HEE 2 AF T Tk A= K
RS, BEEE R C25 BRI AEAE R Dy Has KRk, AR FHR—Faea s
TR BARAL A R, 2 C25 FREA A& Ds I TbAb A=,
1.2.2 AR

BT RaGEE s, MAEMERNREEMAEY B Gtk R Ds #
R C25 BRIEAYEA 25 Ds AR I AF R MR DL H o oA e Ao i R FE Al A 4 e P A
SR SR — A R AT A7 8 A 52 SRR IRATAH L (1) = 41 6- 200, Bl A= W) 2 A I AR
PR XTIRETIS /N A R IR B AR R S, AR 6 KR T AR
FHEBRNAIR, RN ARA, EEML, 5T SEI A, FEik Tk
SRR 2R, B, S 0T TR I I A P A T SE TR SR BHZ ) Cllas
C118 M1 Cl6a Az s (IFEFRAL, I TR N T 28 [ B Tl A A = 2220, Jm ek, 1
AR AT SE ISR C25 FR AN YR AR 28 Ds A P2 I STk RS H 2 38 22, FLRAE D R 7 5.
R AMRAEFE ML AW ARF H AR R, ik, U4 R D NEY), @itttk
AR C25 BRI gEAE R Dy AT I DI LT 5

S ERJUHER, B TAEENCETF R M2 T4 77 C25 BE4EAER Ds
AR, A —ANEChE WL SRR IR AR 44 R Ds IR KIRAEY, 4
JE IR R BRI HOR A B A7 C25 ML AR D EE T RO, AFRIERI4EE
F D3 17 C25 A3 AL BRI I 70 AN [F) A 32 0 w149 S 0 3 T8 A 7 B 2 R TR TR 1 A 1%
SR IIIR G 2 —. 443K Dy 19 C25 D7 FRR Al 0T L 5h 70 A 4H 1 Sk 5 1)
CYPs, HH kit Ds B4k C25 FRAEMYEAER Ds YIRS P450 B LT
CYP105/107/109 FK %, HuliCH 2 BB IR 2 SR IEAT IR T, I3 b 21 e 2
WA g T RARARPY . B CYPs BASR, JK[EEE C25 A7t Elg (S25DH) A 4E4:
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% D3It C25 friz b fe 77, (AR5 R B S25DH WU FE MR =, (£ B i F& 5 2k
i, AR kA A =,

1.3 44K D: R EENR

T 2R E Y RIRIZAE, B ATEAR A T % Geib 22 & B ORGP A OR G
3 B AT T AL S B AR R, 4R R Dy 4By C25 B fb gl &
Ds g R, 4E4 3R Ds 1 C25 AR AL R E AL OAE R, FEHE R 464 3= Ds 1)
C25 iR EE B T CYPsPY, CYPs & —REEMF &A MA R WL WM ES, FHR
HEHEFURS N5 — 8RS, T 450 nm 4k Bk F e g m #5422, P450 g B
A E ARSI X g, a0 KO E S A CExx RN AT 2 45 & X 38 1 “FxxGxxxCxG” 7
Hl, AEN CYPs I HIRHIEZE R0, {254 Sk il it S i 32 RV R 2 —,
CYPs HEALII R BB, FEVLRINER IR E, FHBAT 2 FEYF 1, i CYPs
e Z N T 25900 I . AEIIE AR . G BRG44SR0,
1.3.1 ANERIEILIVIREREER D BEALEE

HAl, COA ZMEILIYRIEI4EA 2R Ds 19 C25 AR b g gidikiE (K 1-1), 1
U CYP27A1. CYP27B1. CYP2D25. CYP2J3 1 CYP2R1, iX&k CYPs ¥J#ilF s B 4k
AR D3 I C25 fiFRFALMEIBO3O, Hdr, CYP27A1 R — M amif RM4E4 K Ds
F2IEALEE . Sakaki 25 AW KB ORIRAT CYP27A1 54 RIEHIEAIE R4S (RPs) B LR
RYPAE R A (A F'E _ERR P IE R 2 I8 JR I (Adr) 72 BRI B BF (S. cerevisiae)
RSz AR ER A, E M Scerevisiae T UL B R VEE ALEE (1a(OH)VD:3) ¥ 4L A
10,25(0H), VD3P, 7E 57 —Iihf si i, JUMIRFLahP RIS 4E 4 3 Ds 19 C25 a2k Ab il
I KRB (E.coli) MRINSPLRIEFIE, ARSI, 5 HAL LR A3 KI5
[f) CYPs AHEL, AV CYP27A1 X 4EA4 2 Ds (FERIEAIEMERAKCE. 5 CYP2R1 #LL,
CYP27A1 AAX T DL 4k 48 4= & Ds 4 7* 25(0H)VD: 80 1a(OH)VDs #% 1k K
10,25(0H)2VDs ,  # 4k 77 ) & £ F5 26(OH)VD; « 24R,25(0OH),VD; . 27(OH)VD; «
25,26(0H)2VDs #i1 25,27(0OH).VDs &5 HAm4E A 2 Ds fiTAEY), X T2 25(0H)VDs 147 5
5 Rl In A RS, tbAb, S cerevisiae QMBI AL HIZE M (S R 2 CYP27A1 HIEAE
&2 —, T YEAE R Ds AEDEEALIS,

= 1-1 WFLIYRIR I 4ELE 2 D3 P450 2310

Table 1-1 Vitamin D3 P450 hydroxylases of mammalian origin

b D AL CRUE &4 F=H) S 2SR
NZE Y3 Ds 25(0H)VD3
CYP27A1 [30]
PN 1a(OH)VD; 1a,25(0H)2VD;
YEE 2 Ds 1a(OH)VD;
CYP27B1 N DR [31]
25(0H)VD;3 1a,25(0H)2VD;
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43k 141

Yt Ds 25(0OH)VDs [32]
CYP2D25 I

25(0H)VD; 1a,25(0H)2VD; [32]
CYP2J2 NE S YR Ds 25(0OH)VDs [33]
CYP2J3 KR YR Ds 25(0OH)VDs [34]
CYP2C11 KR YR Ds 25(0OH)VDs [35]
CYP2R1 NE S YR Ds 25(0OH)VDs [36]

NEM M Z R i CYP27AL 2442 D3 1 C25 2k 4b i, 1 CYP27 FKk
15 —AN R CYP27B1 I8 B Cla A FESEALAEHBY, Uchida 28 AR, I 1E & W
AT IMAALLE Adx 1 Adr, /NERIE CYP27B1 AT LRI 6448 2 Ds 384T €25 £ 0
Cla 2RI, ZHF TR B 4E A K D3 9 C25 1 F1 Cla A2 3R IEAL [ B 2 DA 92 B
I iR GE AN . 4k & Ds £ CYP27BI1 EMISE & 1148 h B F S . Bt
Ab, IEH R AN T 1E1E GroEL/ES B8 K K3 55 /N IR CYP27B1 7E E.coli 1%
R, LI AK CYPs [ IR RSt 1 35 M1 52 B Br R CYP27B1
4h, NJE CYP27B1 tHEA Cla fifmAbimtE. fElmK b, 443K D WREME B 1 3
BEH TN CYP27B1 KR4 T4091 8¢ Q65H RAFSFE KNG, ANpgit— XA N
25(0OH)VDs i#47 Cla fr 34l B, & AR 1a,25(0H)2VDs Sk Z BT 81401, Kk 15k
W CYP27B1 B aK L, Tuckey % NHILAE E.coli 113K IE GroEL/ES MIAJE Adx.
Adr SZHLAE 30 min N4 7 6000 pmol/mg CYP27B1 & (M, FE[F—IiwF i, KRIFEE
. E.coli VK R A I8 0o g 25 525 PR N CYP27B1 X 25(0H)VDs AL RER, %45
R CYP27 FIERITE 7] Re 2> 32 W i i sz ma 1

Fr CYP27A1 #1 CYP27B1 4, i kI HARIH FLEN I KIE I 4E A2 2= Ds (1) C25 fir ik
1l . NI CYP2R1 5 NV CYP27A1 # AT LM A 4E 42 25 D3 1) C25 fir #2544k, {1 CYP2R1
KRR Ds BRI /2 CYP27AL 19 5 fi5, H AR CYP2R1 RAFER KBNS S
B EZ D O e 1 B, XA FE R B, CYP2R1 X 25(0OH)VDs HIAY)E Ak
I AR RIS 2 e B B /E FBO), Strushkevich 258 A& IR GroEL/ES 185 A 5%k
B TH & Ecoli 1 ANJE CYP2R1 [HJRIE/KFM, Hosseinpour F1 Araya %5 \7E
S.cerevisiae T FIRFRIA TIERIER) CYP2D25, B 4i4E R Dy &4t 7 &K,
CYP2D25 [ 7 B C25 itk Thae s, iLaef 25(0H)VDs it — B i K
1a,25(0H)2VD;3.25,26(0OH), VD3 1 25,27(0OH), VD3B3 441, K 5k A CYP2J3 5 GroEL/ES
1E E.coli LRI AT SLBLZ4EAE R Ds 10 C25 (R FALTETERY, Ohyama 25 N\ i B
N AR Ui M8 7 [X 3803 A1 GroEL/ES HFL RIS 1 AJE CYP2J2 1E E.coli H I iR 3R
WAL R IMNIR CYP212 5 KRR CYP2I3 B 73%MFIEYE, fE ANk CYP212 ANE
FHE YL R Ds i C25 A2 I LGRS 4T, CYP2C 11 & —Fhifi K BURR A Ao 4 4 4=
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% D; ) C25 fifedEibig, (BG4 R Dy WEYE BB 4E L K Dy, Fi4ged &
D: A& CYP2C11 [ i Rsl,

1.3.2 SUAEYIRIERIZEAR Ds BEALEE

AT CYPs 25 Z M SR AN & O FE, £ AR IS A% e 22 0

WIEER . 3k 12 Frx, HAEVIRILEFBRERIKE (Pautotrophica) R )&

(Stretomyces) HA YA Dy 1) C25 Frfn AL ThRE LK, LT KIEI CYPs #%) V2 W
AT 44 & Dy AT FEBOS], Kawauchi 25 B FEDARH S H (S lividans)
Hh YRR IA KR T Pautotrophica 1) CYP105A2, FFINE6GAE X 4EA4 & D3 1Y C25 fif2
FAIETENT Sk B K (85 B (S.griseus) PI4EAE 3R Ds FRHEALEE P450SU-1 (CYP105A1)
IS E.coli BE2HFL R TRE TR nl SCI4E 2R 5 D3 46 8 25(0H) VD3 # 10,25(0OH)2 VD301,
JE CYP105A1 #1 CYP105A2 HIREERFFHIAA 55%H) [ —1, (H ZF @A TE AL
BEZFESR: CYPI0SAL 44K Dy B C25 fii. Cla i ibigt:, H3f4iA R
Do IR v i T4k 2R 3% DU, B2, CYP105A2 HAZEME— M Pautotrophica
ORI 4EAE 2R D3 1 C25 A Akl , SRS T H 753 R IR Pautotrophica NBRC 12743
(1) P450 Vdh (CYP107BR1) L HA ¥ 4E4E &K Ds 4k 25(0H)VDs 1 10,25(0H)2VDs 1]
CIEVA L™

12 WFERIE4EAE R D P450 FR (L
Table 1-2 Vitamin D; P450 hydroxylases of bacterial origin

Bacillus megatherium

itk 3 Dy FREEAL ‘ N ‘
. KIS JEE) ) ZH 3R
IKEOBER A YR Ds 25(0H)VD;
CYP105A1 [47]
Streptomyces griseolus 25(0OH)VD; 10,25(0OH)2VD;
4 7 R ‘
CYP105A2 YL ZK Ds 25(0OH)VDs [46]
Pseudonocardia autotrophica
2= IREF AT Y% Ds 25(0H)VD;
CYP107CB2 [50]
Bacillus lehensis 25(0OH)VD; 10,25(0OH)2VD;
H 7B R IKE YB3 Ds 25(0H)VD;
CYP107BR1 [49]
Pseudonocardia autotrophica 25(0OH)VD; 1a,25(0H)2VD3
25(0H)VD;
[51]
CYP109E1 E R b i YR Ds 24S(OH)VD;
Bacillus megatherium 24S,25(0H)2VD3
EPN = (haa ‘ [52]
CYP109A2 Y% Ds 25(0OH)VD;




BRIEE R Ab, TEFFAT R (Bacillus) RN T 4524E 3R D3 [ C25 A2 RAL R
Fatima % N RKIUKIR T 42 [IRZFMUAT I B.lehensis G1 1] CYP107CB2 %44 % Ds
l(OH)VD; H A C25 {2 & 4L if P, Rita 55 AR BLRIE T BE K4 A #F

(B.megatherium) DSM319 [f] CYP109A2 1 CYP109E1 LR A 4EA K Ds FadkAbfE
LAt CYP109A2 42k % Ds FILMBIIE C25 RIAL 4R E, 7 CYPI09EL 42 % Ds
HA C248 T C25 fr e B A /E P2,

1.3.3 KEBE C25 Ar i S BEX 464 R Ds KFett

Rugor 5 NiiE, >k H AL EIBEAFE (S denitrificans) Chol-1S FIE[EEE C25 il
S B (S25DHD REMS (AL, {55 B S FLAH AT AE P i) X S B8 1R P2 AN I N S) 7R 545 S25DH
aify (EATD . giE R RYD . BINEE-B-HRIR ORMBNERD. 2-HHEE O CAL
B 1 Ks[Fe(CN)s] CHLF-3248) B NAK Z357% 162h J&, 25(0H)VDs IKEIEE] 1.4
g/L, FEEREIE 99%12%), 5 CYPs ML, S25DH BEA L Mt A Bk S . S25DH HIMEALIEME
iz T H ATHRkIE 1 4EA4 3 Ds P450 FR R 0EE, thAh, S25DH XF4EA 3R Ds 1 C25 A7 X 35k
PR B S T CRE 44 R Ds P450 FRIEALREY; SR1M Szaleniec 25 A\ RiE S25DH
SRS RS, A WA FE 0 TR RS A N AT 15334,

1.4 £AREIAEF C25 BEMELER D Kt R BEE

25(OH)VDs 1E N & UL C25 FRRALYEAE R D3, RIGIKNA) Z R ER 2. 2T
AR 2 BT 25 S ) 1E 00 30T B, N B SR 590 S ik Bl I 2 1 i AR A
HEAAMAER D I C25 ARFE TN REMI AW 2 gk i 25(OH)VDs [F)JEAHEY,
de, TN RS AR S 4 B BRI A 4E A 3R Ds 746 25(OH)VDs (R SR T AE
PIvipR (3R 1-3). Bl R P BRI RO & A R e, B i @244 R Ds
[ C25 Ao F2 A i 11 255 [R] TR 2 v A A B A R R0 RS AR 70 8 S 06) - TRy 4 4
PR A A 30T DU B £ AR = R s o & 5 ORI B Rl 7 NAD(P)H,  FLZE R B S B ot
FEH A 1) HaOr 23 B N i S AL AR, AN 2238 1 Ha O AR 523 17 5 o il v 1T B LG
e, DR I R T MOE 4R R Dy IR T4 A EAIE TR AR TRy 3
R TR, Rewit— Dt m g it (h ek 2 Ds 427 25(0OH)VD; [RR B,

L4.1 B4EAER Ds BN C25 BEMAEER Ds KIRRFUEY

Sasaki 58 N IXRIE T AE T4 R Ds AT AR AL, @i x4y 300 tREE
5 BT, KIMPLUESEREH (S. sclerotialus) FERM BP-1370 ®] LATE 25(OH)VD; HJ Cla
MsINFHL, BOIREEEE (S. roseosporus) FERM BP-1574 BEW 4L 1a(OH)VDs 4K
10,25(0H), VD0l JRAE ZF M AN R LLEA 38 Ds A S AE D9, (HIX I T AR R BIEY
AT TAFA R D FRIEATEY) . Sasaki 58 NFE_BiR Sl Bt — 20k /19 A
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W R AL TN RE R Pautotrophica FERM BP-1573, il id 4 4i oAb (E 200 L & B
K15 8.3 mg/L 1 25(OH)VD; 1 0.17 mg/L [ 1a,25(0OH), VD557,

WEE BT R I 4EAE 2% Ds R R AR B AR AW G I, €25 F b 4E2E 2 Ds
7= B WAS B — 53Tt Schmitz 55 N R A ELERVE /R IKWH (Kutzneria albida) 1E4
REEALALJG 7] 7742 63.7 mg/L ) 25(0H)VDsPl, Kang 25 A% H 7% 1B % £ K H
Pseudonocardia sp. KCTC 1029BP A2 40 fufie b, KB5S 356 mg/L (1) 25(OH)VD; #
61.87 mg/L [1] 10,25(0H)2VD3, #ALR S HIEE] 59.4%F1 30.94%, F=¥ikEMR2] 7 5%
FRFAL 60, fift, Tang &8 NE L IR ZEAUFTF B (Bacillus cereus) zju 4-2 315 830 mg/L
() 25(OH)VDs, ZIH 7 AR B A sk i i i = 200, % 1-3 Fil%s T AR 44 &
Ds [ C25 S I THRER R AR A, BT 25(0H)VDs 4b, AEMIE 2 & 1t
HABE =Y, 1 10,25(0H)2VDs. 2a,25(0H)2 VD3 1 245,25(0H). VD3 &« Bl =¥ HIA71E
IR 53 85 5 WS R HE R, DRIk, 9 JF AT v DX 3ad 28 1 () B A P ok s Bl = ) A
BRI 5T B A R .

1.3 B4R D AN 25(0H)VDs A1 1a,25(0H)2VD; IR SR

Table 1-3 Natural microorganisms that convert vitamin D3 to osteodinol and osteotriol
Bk ) Py BHHR
JUIRHE%SE B FERM BP-1370

25(0H)VD; 1a,25(0H)2VDs [56]
(S. sclerotialus FERM BP-1370)
45 # FERM BP-1574
1a(OH)VD; 1a,25(0H),VDs [56]
(S. roseosporus FERM BP-1574)
97k R IR FERM BP-1573 ‘
$iE K Dy 25(0OH)VDs. 1a,25(0H)2VD;3 [57]

(P.autotrophica FERM BP-1573)
BB RIKE KCTC 1029BP
(Pseudonocardia sp. KCTC 1029BP)
H 7R~ IR CGMCC 5098

44K D 25(0H)VDs. 14,25(0H),VD; [59, 60]

YEE 3 Ds 25(0H)VD; [62]
(P.autotrophica CGMCC 5098)
H RV R KR $etEK D, 25(0H)VD2. 1a,25(0H)2VD; 58]
58
(Kutzneria albida) #E4 2R Ds 25(0H)VD;
IR ZF AT Zju 4-2 ‘
43R Ds 25(0H)VD; [61]

(Bacillus cereus zju 4-2)

Rk Ak, Wi el — R 5K ZEL 40 pH {E (pHD < i EIKE (DO
KEFIRSE (T) &, Dlik—Digm C25 B iR R Ds i &P ARy, A
TS B SR B VA IR A E e A 42 R Ds I RE A 825 0,



1.4.2 BHAR D: BN C25 BREMEAR D: NER TEE

bW BRI e G A R e, AEIA i AR a e C25 B 4E4 3 Ds
HP= s e it 7S MR CBGRMERI4EE R Ds 1) C25 AL B AL s 1, DA
AT TN S E R, #EAH T e C25 i e A & Ds HAEK TR E
PRI, IR R A A 2 Y35 BE B2 1 (S, Lividans ) RZLIRZIIR T (R. erythropolis)
P RA B e MR JFEIAEE, T2 N TR @A 25(0H)VDs B3RP TARE R0 1,
Hayashi 25 JJBIETE S, lividans HHIEEIB/A CYP10SATRTVRSA [ Be b TREEE, #ETigk
5 7.7 mg/L [¥] 25(OH)VD;!65-7],

R. erythropolis P & R i 0 B | o R 0 €2 S P P W R S S N I R G I A
THEVETEF= R, PRI AE JvtE FAnff R A T 25(0H)VDs A%, Tamura %5 A
IHILAE R. erythropolis 1 3:321A Vdh Fl TheCD Ff# 37 NAD(P)H B4 R48, HEHAFER T
TR B IR AL PR 5 3845 1176.5 pg/L 1 25(OH)VDs. 5 Vdh KJ5 I B 4 B Pautotrophica
NBRC 12743 #tL, E4 R. erythropolis i) 25(0H)VDs 77 B A JT #0481,

Ban 55 N\ & PR R 78 [IREF P A IR B (Sebekia benihana) FERIZH 1Y) cyp-sb3a 21
INHYEA R Ds BRI DIRE, SR BA 4E42 3 D3 FRHALRE 7 1 R I 055 25 1R (S.coelicolor)
h YRR L CYP-sb3a W, ME S.coelicolor ALY Z Ds 1 & B R il 2]
25(OH)VDs f1 10,25(0H)2VDs, K MHEWT cyp-sb3a Z4EE R Ds 1) C25 (il Cla fiFEsE
AL B A 199,

B.megaterium &35 % B2 H AR P450 F2RE10EE BM3 (CYP102A1) FK I B %,
Abdulmughni 25 A K HAF 18 TS CYP27A1. CYP109E] #1 CYP109A2 (3K T
FER IR U072, M 7E B.megaterium DSM941 S#YE3RIE NJE CYP27A1 i), H 80.81 mg/L
Yed 2R Dy AN AR ), [FIFELL B.megaterium DSM941 JNTE E40 i, 14
i CYPI09E! H&guffEivih &, it K EFIRIE K I CYP109EL 7£ C24S8 F1 C25 £ 5L
Yi K Dy FIFR AL, I Ab, i ik AR K CYP109A2T' A [ B 4 B.megaterium DSM941
£ 48 h WA 477 282.7 mg/L ff) 25(0OH)VD; 7,

15 FARXHMABXEEEMAAE

1.5.1 ZRICHHFARE X

VE RN E ) C25 $IEAL4EE K D3, 25(0H)VDs 78 [ 2547 VAN 5% 8 97 5 45 A4 B
BT ZHIN AT BT ARSI EERE, Kt R D WAL 25(0H)VDs A&
— Pl AR B HL 2k IR 774 DRI, I R A A A B B R R TR B AR AR B
AYEAE R D3 1) C25 DA DhRE T AE M2 A e A AR 7= 25(OH)VDs ()26 Ail . 2T
Y FK D3 ) C25 M FRRALERTELEA: 2 D3 [7] 25(OH)VD3 ¥ AE W4 A 2 o e vk e A
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HY, $23mgEA: 3R Ds BB bk P K SC B M B PRLRE B2 (P, O T2 BT 42 R Dy
[f) C25 hrfedbiull, BHhRFmEMBRFADE L AA C25 b IREwitk, JFit—
Bz A C25 A AL ThRE B K . R, AR SCHRAD A B FHI4EAE R Ds
() C25 RrEadAb bk, Jhyzds HAR AR I4E4E 3R Dy 1) C25 etk by, e sty
77 25(0H)VDs [2E N TRE TR B35 Refil . IX TR 5047 B F-HESh 1A C25 Fatkfb 4k Ds 1
AR RIS, Rk N SRR AT KRR SRR A AR AR DR

1.5.2 BRI EERFTAR

AR SCIE T I B AR T e B 48R 3R Ds 19 C25 fr¥sd AL Thse bk, JFiEd it
IR AR BSINER BE S T iR R m A AR 7 C25 SRR LA R Ds IR N T
BE— AR FUR R SR A T B8, 45 & e S ALy BORYZ IR 4E 42 3R D3 i C25 (e kALl
A g S A N TR g uE R AL T Re . HARN R

(1) C25 (AR D BEA BRI IR R KRBT 2. LI4EA R Ds AME— TR
ITEWLER TFARE NG T, MERR DB R R 4EE R Ds A KM, HiEdHEE
JEHTE (TLC) VEWIFRE T LA 4EAE 3 Ds A2k C25 23644 R D ITE B ARE K,
a5 G m RGBS (HPLO) . WU (- BB ECH (LC-MS) ML IR &1 (TH-
NMR) JEXTHETE B A B R R B = AT i S e . IR B C25 AR Bk ThRE I
HEWIVE N B RRBE R, ARAE R E 0 i e b g FHdn 4 Dol A0A0 B A BRI A 9
SAF LA R C25 PRI YEAE R Ds =, RS R I AT R R AF Rt

(2) C25 BREMEAR Ds REMHIZHE . R XANFHEARNEHEER Dy 5
THIE B AR EAREEAT 00, SRS AR EREAGL, IS A CYPs 4kl
(PF00067) W AT IR, Y2 AERI4EA 3R Ds (1 C25 [k iblg . RAEIEAEH
PRER 6 35 W NCBI B i R AR ORI AP IR it 51 0 SRy, R4 &5
S5 NCBI $¥8 AT Eoxf ARk 4 A= 3 D3 1 C25 MR SEALEE, Kz dE prfs geE &
D ) C25 {7 ¥t AL Mgt AT AL M5 B 2 o i & BEHE DU LA AL Th RE

(3) C25 REABAR D: XBMIRERIES £ RAIIERKEE. /£ LA T
PEIERGE, O 7RE—PHR T C25 A s b i 5 Dy SREBERIVE R S ThRE, AR oE
FRRRIE RN, I A TR RIAT4EA R Dy MR OREAT IIRER
fitbo KA LC-MS 955558 RBP4, W OGS BT 442 3K Ds IR AL i, AT
PRI e TR 5 21 73 R A A DL 96 UE S BRE I 10 HE AL g



BoE MBS

F-E MEREFE
2.1 BFFCHHEL

2.1.1 RAFHE

AN BERRR . EARE. B, SALEN. BERRET. BEERAE AT, WEER A
TRERET . TRERES. LoKBREREE. EEALE. Him. ZUK. BERR. WRMER. 4G, FEE.
IR R B B2 FA R AR, AR HER (Amp). FB&ZE (Kana).
/NPT His BgBEPIA. HRP frid/MRIT HIS Hog PRI A B RilgA T4y T
BIRAA; 442 D WH ElAE THRAFR; 25(0H)VD; (25(0H)VDs3) AR i
10,25(0H)2VD:s FrifE it (1a,25(0H)2VD3) W HIEH AR AR A F]; DNA REHE.
PR E A A TR T B VA R AE R A IR A F] s BamHI A1 Ndel BRI TEN VTG 4 X
Loading Buffer 4 H & HEEAEVH ARG R A A BARHEEDR DNA BISGAF & Bk E
il R B iR A TR R A A

2.1.2 B
ARSI AR AR 2- 17

R 2-1 AT I B A
Table 2-1 Strains used in this study

[Eafis FHIRFE 5
Bacillus megaterium H-1 AR,
(CGMCC
No. 20362)
E. coli IM109 recAl, endAl, gyrA96, thi-1, hsdR17 (rk-mk+) supE44 Invitrogen
Bacillus subtillis WB600 S % R
B. subtillis = ZH i WB600- ‘
H# 20 B. subtillis, #4 cypl09el-h J:[H] ENSY@ A
pMA5-CYP109E1-H
B. subtillis = ZH % WB600- ‘
HZH B. subtillis, %4 cypl09a2-h %A AR
pMA5-CYP109A2-H
B. subtillis = ZH % WB600- ‘
H4H B. subtillis, LA AR
pMAS
2.1.3 kL

AR SCRITAE I R JFORL A1 22 2-2 173 o
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It DS

K 2-2 ARICH R BRL
Table 2-2 Plasmids used in this study

JHL FHIRFE P S
PMAS B. subtillis WB600 fitd Py 3K IA ki, KanaR S % IR
pMAGS-cyp109eh PMAGS #£75 cyp109eh F [ ¥ NS (A
pMAGS-cyp109ah PMAGS #£71 cyp109ah F[A] ¥ NS (A

2.14 5%
AR AdE 51 P2 2-3 AT 7
%23 A KB

Table 2-3 Primers used in this study

514 5°-3° el

IG5

primer A CAGAGTTTGATCCTGGCT

primer B AGGAGGTGATCCAGCCCA

Cyp-1-F TTATTCGAAGGATCCTACGTAATGGCTTCTTATGCGCCCC

Cyp-1-R CGCGGCCGCCCTAGGGAATTCTTAATGGTGATGGTGATGATGACA
Cyp-2-F AAAAGGAGCGATTTACATATGATGAATCCAAAAGCAGTGAAAAGA
Cyp-2-R GAGCTCGACTCTAGAGGATCCTCAGGCGTTATTAAAAGCAATTTC

2.1.5 B5EE
LB #7924k (g'LD: EEEPR 55 EAME 10; NaCl10; ZEfiE 20.

TB 85773 (gL BEREN; 23.6; SRR 11.8; KoHPO49.4; KHoPO42.2; Hil 4.

AR FERE (g L) WAFE 105 (NH4)28040.1; F R 55 MgS04-7H20 0.2; K.HPO4

0.1; CaS040.05; FeSO4-7H20 0.002; pH 7.0,

ikl gRdt (g/L): 4E4EEKD; 8x10%; KoHPO4 0.75; (NH4)2SO4 0.8; MgSO4-7H0

0.1; Biflg 20; pH 7.0,

GM I 15375 1x VAW 95.6 mL; 20%% & FHVAWR 2.5 mL; 5% /KEEREEH 0.4

mL; 10% BEEHAT 1 mL; 10 mg/mL (2B 0.5 mL74,

GMII 577 4E: 1x HhifFl 96.98 mL; 20%%i & BEVA R 2.5mL; 5% /KRS HE 0.08
mL; 10% FEHA 0.04mL; 1 MMgCh0.25mL; 1M CaCl,0.05mL; 10 mg/mL A%

FRVAWR 0.1 mL4,

10x RV (g/L): KoHPO4 70; KH2PO4 305 (NH4)2SO04 10; FFAZEZEN 5: MgSO4 174,
11



It DS

2.1.6 £

0.1 M PBS 2 (¢/L): 80 g NaCl; 2 g KCl; 7.62 g NayHPOu; 0.77 g KHaPOu;
W77 pH 7.4,

0.1 M TEFREFZEMR: 1 mM EDTA, 20%HH, 1 pug/mL K< T, 75 pH £ 8.0,
2.1.7 SEIAYER
AT ) 3 EAL SR U0 2-4 PR

% 2-4 SIS

Table 2-4 The experimental instrument

I ER AR G/
SW-CJ-1FD i TIE & SN IR ]
HYL-C A& xR KA SRS FL B A IR A 7]

SPX-150B-Z Ak 3744
HLFRF
pH 11
Z DIRe BRI
JE I ZEIROK R %
VR LAL
HTCRO002 FLAR =5 CoHL
DW-86L728] H KUK A
1260 Infinity 11 A (3l R4
ETC821 % PCR 1%
UV-2000Z % 4MA] WAt EE T
i 7K IR
PGV S0
HEAHBK. BERS
IR AR AX

iSO A BR A A
% E OHAUS A
% E OHAUS A
2 [ Molecular Devices /A &
2% [# Zealway /A 7]
Eppendorf /A &
Canvic A ]
Hh [ ¥R A
F H 2R A A
IR AR R A A A A IR 7]
Jeles Chig) A RA
iR SV A PR A 7
A &
%[ Bio-Rad A #]
EHEREERHA IR A A

2.2 BrFTTIER
2.2.1 WMHDE SR

PREN2 g+ 3% 8 T-100 mLESHR 1, IIA20 mLIC /KB HER S, W FiERI mLT &
SR FREL, 7E30°C, 220 r/minFRPREE7£12 ho WSO pL & 1 IR MR T LA4EA KD Ny
M — B R () [ A B 35 L 0 P |, B T30 °CHS #5240 18] B 15 7336 ho MBIk AR

12



It DS

WA, PRI BRI AR B i (LB (A 3 95 36 P AR = X RIZR, RIZRSPARAE30 °CHE 77
FaERE R 16 h, FAFELE H stk 2 BIPCEUE1E B br AR 3T 4542 R D FAL I 7T (T
W2.2.3), FpREEEH G BOFER R Z E i (TLC) (FE2.2.12.1) talll, kiR
15 B A H Ak 425 R DsAE 1 1 B AR K -

222 EMHEREREREEST
2.2.2.1 EE R IERHE

WL 5 T PRAE LB A4 55 77 5k e i i 7 3k BB TEAS,  JF PR 1l v 78 2 S 2
TR

2.2.2.2 16S IDNA HJ¥ #H R Ge K & F 4007

K _E A T UNIQ-104F: 20 40 B 3k X 2L DN AR ) Sk A7 6 N L (R B . LR 2-3 7
7N[Fprimer A primer B2y b R 51 04 38 B K 1116S IDNA . PCRZ N 251 1.2.2.6. 471
[ TR A% 16S rDNA FH 75 M 4 MERT A= M RHR A BR A J1 T T .

2223 RGBT

H AR PR 16S rDNAJT 5138 id 5ENCBIEHE MO L, 573% H 144N o G VeI B ik
I MR 22 P EZ 14 B R 0 16S t1DNAF S H T RAER B ¥ HT. 16S tDNAF ¥
MEGA (11.0) #AEx5%. HE5, FHNeighbor-JoiningiE 4 & R G #4b I, HEHH 5 S
f£ (Bootstrap, 1000/XKE ) PHE RS K AN EAEET,

2.2.3 SR D ISR R

FE BT EE R 2R 1 T AR PR B V8 T 256 10 mL LBIRAE; 7236150 mLAE i+,
30°C, 220 t/min FEIREEFR24 h, $Z AR R2% MR & R LB AR 7R3 (50 mL/250
mL) F, BNRDYEEZRDs, BRIZORER0.25 o/L. KEEEEFRIE/E30°C, 220 r/min 2
IR¥EFET2 h, BRI AL R A -

2.2.4 YIRS E S SAERE

500 mLA&EAR A — &R B SR R S22, &IFANUE. APLER RS
e 28 RACHA , WRAAFEH10 mL I RE R, 13022 pm A HLIENEE, AU, F gt
AL C20A S HH W I Z 3R 4y BT TLCYE: (PEL2.2.12.1) KR o2t . 4ifb)a
P00 HEELC-MS. "H-NMRIEAT /0 b7 48 78 H 454

KO € - S A (LC-MS) X R RS i S 4E A2 R DsF2 FE AR 1 it 3R 4T 53
#ro 43 H7 K Agilent 1260 Infinity LC R 4t fl Agilent 65205 i i f:Q-TOF (VUFLAT K AT
(B R, RAXEB S HE (ESD J&. K Agilent Zorbax SB-C18 a4 (2.1x150

mm, 3.5 uM), J#E 0.5 mL/min. ZEAG P2 A% IR A IEAR B8 H 4k 70
13



It DS

RFbRAERK SRR, WO, TMS AR,
2.2.5 TRAEH KRR KRR RITHE

3 RS BRI 4E A D5 25(0H) VD3 Al 10,25(0H ) VDs bR i, 5K FFEE AR g v 741 i
BRIKE N mg/L. 5mg/L. 10 mg/L. 50 mg/L. 100 mg/LIIVA, M4 w2 (i
(HPLC) 73#r &t (FENL2.2.12.2) 2l i AR - IR B bl #h 28, R FE br v dh 26115 7= 4)
PR
2.2.6 HinERIIFEFHNF
2.2.6.1 Ff &

KH4EA %R Dy iFS BirEk, BEMEBIZ N 1%. BEFERTEN 12 h, BFREMHHN
30°C A1 220 rmin’t. EFHESEIAES 12 /N2 BUBRE ST H AN, 300 H br
B ARLE LR 5K B 235 SRl 5 £ 5.

2.2.6.2 RNA H$EHU s 41 7

N ot AR ERAE R 4EAE 3R Ds i ST R R KI5, f ST s A
M 30U EE 50 mL F4A, K TRIzol Reagent(Invitrogen )7AU7HE B B /A& ) 51 RNA,
AL SR CREAESRD #EATIE 708 DU 22 RN 0 H I EE AR

Total RNA F¥ il Kl

(s, semawrrs |

|

(e, wem =t oona |

l

( peringe, wmie, Enw |

2-1 RNA-Seq FZEiife Kl
Fig. 2-1 RNA-Seq main Flowchart

2.2.7 BHRIERT 56K

AR e I P45 2R, N NCBI 8 122 & ) HF SR SC Bk K PP 41, JFIE T Primer
Premier BAF BT 7 P 2k KB 51 VI8 (PR 2-20. N 793 H R, KA 7 %F
SER) PCR KR (60 uL), BASHEES WK 2-5:

#* 2-5 FEEP R PCR MR R

Table 2-5 PCR reaction system of gene amplification

14



It DS

vl R (ul)

BiH DNA 1

E 519 1
NS 1
PrimeSTAR HS(Premix) 30
ddH,O 27

RMFRFN: 95°C P Smin, BE/EHEAT 30 MER, HAMEHEHE: 95°C Ak
30s, T1°CiBK30s, 72°C & T2 73l fe/a AT 72°C Z4E4H 15 min. Hrp, T1 A
T2 7 A B 5100 Tm (B H FEFKERE (T2=1 kb-min). ¥ H5EMRSE, @I
HEBEEERL LUK 7 BS P28, SRS H B2 H0%s B ) ks EAT B RIS [RDfSe 7 3257 DL Bt g
BRI DNA [ & R vl B 15

2.2.8 EAFNKIMAE

28 [RI ) R UAC ) B R 2R R 5 e P 34k pMAS 7 16°CE B i % +2 8-16 h,
R AL R KA B IM109 H e IRAT T2 100pg/mL 2% AR J5 il PCR 5k
77 IR PH AL T, B IER IO AL TI8 2 05 PN & MER AR R A TR 2 w1 AT I

2.2.9 KIGFFE IM109 BRZ3 s & R84
2.2.9.1 KA H IM109 852 2 1 i) 5%

W IRAEAE-80°C (1R AT R IM109 M LB [l 770k F BRI BRI 7%, 37°C {5 B 3G 77
HESRERAK, BREKEEME] 10mLLB ¥, DL 37°C F1 220 rpm HI54F T8
F7 12 ho KRR 1% EBE 3 50 mL LB 1, 7E 37°C F1220 rppm F153% 1.5 h,
H R OD600 {HiLF] 0.4-0.6. H B R F AT JCH K 50 mL B.OE T, fEvKisT
#E 30 min. 7E 4°C F14000 rpm K &0 10 min, K LiEWMFF. ELHEAE T, HELO
EHMA 10 mL Fil/A [ CaCly HMRIRS], fEVKBHERE 30 min. FFIRAE 4°C F1 4000
rpm T B0 10 min, B EIEFF 25 A B0 I TIA C Y CaCla A 30% H i % 2 mL,
FERWZIR ST ¥4 100 uL PRG3R 2 H0A L 1) 1.5 mL EP &, %RAET-80°C.

2.2.9.2 KHFTFH# IM109 B4k 5

M-80°C TRAFHI KA B IM109 252 2540 e FR B & S 4 i, B T ok BRlfk. 78
i TAEGY, B 1 pL Bk in N 2B SMEN EP &, SRETEUKIAE FCE 30 min.
KT BT 42°CKIEEH, #3890 s JE L RIBNIKIEH ## E 3-5 min. fEHF TAEGH,
[ FHOIMA 800 uL LB (4D, #AJ57E 37°C, 220 rpm FEIKF K E 45-60 min. 56
BE, BETRONEOHLH, L 12000 rpm B0 1 min, WHX 800 uL biE . KR4 B

PRI 5], SRJETRATAE AT 100 L/ mL HUEFR A LB PR Lo F- P EE, ET 37°C
15



BoE MBS

R AR R SR 10-12 he BEEFHM: R AL T, @id PCR #ATIGE
2.2.10 B.subtilis BRZASWIH] &AM EAERN TEE MR
2.2.10.1 B.subtilis WB600 %37 2 [ il £ Al #: 4k,

J9ifill % B.subtilis WB600 /& 322540, 7T LK RE ) — 1% ¥ B.subtilis WB600
FEMT LB~k E 37°C 5597 36 h, AT IEMEET 100%. P FEHEEM T 5 mL GM
[ ¥i7adkrh, 7£30°C, 125 /min R FEFR IR . B 2 mL _FIRRE =2 50 mL GM
I 55531, 37°C, 250 r/min $3% 3 h, HEH3| ODeoo x5 0.5 4. IR T 4°C,
3000 rpm &0 10 min, 32 FiSW. H 10 mL EEAXRBKRREFEEK, BFEH
Bl A BV A B 52 A5 20 i mT DA B FH SR B A

2.2.10.2 HZH B.subtilis LR T F5 B R 2 5 56 0F

AR O B0, 7E 0.5 mL BRI 1 ug/mL BEA TR, 37°C, 200 r/min 5
3% 1-2h J5iR TAERCFUIE AR, FAE 37 °CHE 35, it PCR B63iE (1977 2R % FE A 7
BT K0 UE IE A IO A T3 22 5 N M AR MR A IR A B 3E TP

2.2.11 P450 ] CO FHEYE REBF 5T

H 4618 id Bradford & /51 a8 E 70 S0l sE SOk AR B 1 IR BE, SRS FH R 2 Pl B
KRB RE A2 120.1 mg-mL'o $ERok, (EHGIE LE UL, ZERE G A JE I oo A AH [F]
RARIBCRAA SR 1, F4 400-500 nm 3 Bl A IR ISOG S 0 8 48 . SRS HL 300 uL #
At LERE SR R ol A ] & & CO I No, 3B EA 2-5mL-min”', 84 A
21850 s. ESJE, MMAREFMKERERE, (FHIKEN 0.4 mol- L, FHi/EHERIM

LR CO IR 45 & 2L tait,

2.2.12 T
2.2.12.1 #HEENE (TLC)

K GF 2541 i 2 2 MR, FEREATPAL L : B4, B RE BRI 60°C M AR Hh itk
1hE’Jz£1MJE JEITHE TR S IFE Cki=2: 1 (V7)o {8 & Bl - IR R B VA T AR
RNREF . BT EESEERZENT, AT AR I h SR TR S A S

2.2.12.2 EROBAEAEE (HPLC) 20#r 448

W mLR R —f P SRR R BB, GIFANZE. APLERE T8 X
WEANET, IO mLHEEE R, 130.22 um A HIDEE RISRAG R BEBRE it o KRR i 7E
Sunfire™ CI18t 4L (5 mm, 4.6x160 mm Agilent) it 2. /KL PERL R B It Apik
HEATAI: 0-10 min, 50% ZJf: 10-15min, 50-100% ZJi: 15-25 min, 100% ZJi:

25-30min, 100-50% Zf&: 30-35min, 50% ZJE. HURHEREARFR 20 uL, Kl KN
16



It DS

265 nm, Jii#E 1.0 mL/min, #7540 °C.
2.2.12.3 HnE A Western-Blot 73t

IR FEAIER TREEERR 240 J5, B 50mL 780, SO0fsEwA, /4 0.1
MPBS & (pH7.4) &=, I 25 mLPBS SR E 2 E A, FFMA 15 pg/mL
VBN, fE 37 CC/KIRHA . 30 min. 58 FHHE P BIREASCIS BRI R, RRORE SR A T 4 s,
% 6, 30min. B0 E1FEIH EIERED AMHBRK . B30 pL FHEF 5 10 uL4 X Loading
Buffer 225, 95°CHi¥ & 10 min DLRHF B A I 8 B ARV K BE B PR o B 22 8% 7 B IR,
i SDS-PAGE (160V, 30 min) 7 &5 . b5, &HRHE% NI 7EET Western-Blot
Gy Htel,

2.2.12.4 BIESG T

A S LA E AR EZE (meantSD) RN, K SPSS Guit-B % it 5t Zu s
BEATAEEE, KA ANOVA K38 T it 73 bt o

17



HoE RS

B=E SREH®

3.1 C25 AR E B4 E D HHRIIIHIE R KRB AL

W PAEAE R D3 ME— IR A AL SR PR IR SR AR AE s bk, X i
FeAbde: 38 Dy W AT SRS 08, B E T AE B bm IR (0 S 2SR 2 S A, Ao B2 L
HA C25 A AL TR bR AT B bn Ak, AR H AR PRI RGUR & 04 R €
Hom g o LRI LRGSR TTIR, S H AR 25(0OH)VDs HIREE, M
N a8 AR bk s RO I 4E 4 R Ds B8 RIF R

3.1.1 BHIRE BRI

1 I ME— B YT AR I TR SR AT 34 A H bR AR, JE— 2B X LE B AR B RT3
g4 KD R BEWT 78 . B2 ZHTi% (TLC) RSN AR F AL 4E A4 Z D3 IS
HTLCE M ZSE R (B3-1) AIEN, BAR1-18REME G 4E A 2 Ds 4% AL A I A 32 2 7 M) Product 1
HMProduct2 (fEFXPIAIP2). PIAIP2ZETLCAHR b 73 A125(0OH) VD3 A 12, 25(0H)2 VD
i BAR R, W2 AW =P 1A B AR B AR = #25(0OH)VDs, P2 NEIF“#)10,25(0H)2VDs.

Vitamin D, | —
25(0H)VDj=—> - 3‘_ Product 1
1a,25( VD,—> " % Product2

BI3-1 T FR1-18 KB M TLCA Il
Figure 3-1 TLC detection of fermentation products of strain 1-18
(1-3: bkl 4: WIPRI-18ME41REALHD

3.1.2 BT EHEE

RIEEr=YiEiTHPLC . LC-MSHIIAIE SEP1ATP2A74E,  H Wi 1] 4373 15 25(OH) VD3
FRUE AT 10,25(OH) VDb AE S AR XS N (F3-2) 0 B FRH-1% 4842 R D5 I FE AU WA I
GERANE3 2R, WIS AR RIS B PIfEm/z 401 [M+H] R AEE — N T 1,
383[M-H20] " M1365[M-2H O] A AFAERFE i, 525(0H)VDs (Co7HaaO2) FRifh il IMS
Bl —% . P27Em/z 417[M+H] A EE — N0 T B 1, 1£399[M-H0] F1383[M-2H,0] 4k
FEE T BT, 51a,25(0H)2VD3 (Ca7HaaO3) e i IMS B 1S — 2. & EEHEN R PR 1-18
HARE MR R4 A RDsMCLafC2507 AUTFIRE

18



EER ] R
r1
P2
A Strain 1-18
Vitamin D,
N 25(0OH)VD,
1a,25(0H), VD,
1 " | 1 1 |
0 5 10 15 20 25 30

{4 ®IIH} [5) Retention time (#/min)

Kl3-2 BR1-18 4 i i 1k = W T HPLC4S

Figure 3-2 HPLC results of whole-cell transformation products of strain 1-18

100 3833
P1 365.3008.
384.3293
401.3430
— 192.1385 245227 Ii '[271 2356 23436
121.1028
\ bl g bl .u.,.hll L l:l l. 182160
o e
- 3833253
1009 Calcifediol Standard
365.3204
] 384.3355
401.3457
257
HOV"oH 71. 2430 2.3481
" *135.1192 2432106§1|l .(2 e
e e A e
50 100 150 200 250 300 350 400 450 500
1003 399.3051
P2
381.3032
J 4003273
363.2087 3823189
364.3072 [ 397.3104 417.3376 440.3524
e Il Il = |L |
399.3284
1009 Calcitriol Standard
)
3815150 400.3309
363.3079 382.3167 422.3452
| 3843033 | | 417.3351 | -
7350 | 360 370 380 390 400 410 420 430 = 440 450 460 470 480

K3-3 Bk 1-18 4l itk =) IMS E it

Figure 3-3 MS profile of whole-cell transformation products of strain 1-18

R A PRI 7 A4 o)
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HoE RS

ZER AT, TH-NMR RS WL BI3- 10 BEI3-2. F=#P1/"H-NMR (400 MHz, CDCl3):
96.05-6.57 (d, J=11.3Hz, 2H), §5.04 (s, 3H), 64.82 (d, J=2.0Hz, 1H), 62.84 (m,
1H), 62.23 (m, 1H), §0.93 (d, J=6.1Hz, 3H), 50.88 (d, J=6.6Hz, 6H), §0.54
(s, 3HD, 53R —2( ), itk WP 1A H bR 425(0H) VD3,
FAHIP2I ' H-NMR (400 MHz, CDCl3): §6.44-6.23 (d, J=11.3Hz, 2H), 05.33 (s,
1H), §5.00 (s, 1H), 64.43 (m, 1H), 6423 (m, 1H), 62.83 (d, J=12.5Hz, 1H),
02.60 (d, J=9.9 Hz, 1H), 62.30 (m, 1H), 61.21 (m, 6H), 60.92 (d, J=6.2 Hz,
3H), §0.54 (s, 3HD. H3CHRAPHRaE—2, mtA g F=4P2 4 10,25(0H)2VD;s.

3.1.3 BHREE
3.1.3.1 JEA S IEEHE

BEARL-18 P RIZE /530 °CE| B RE 16 h, WK EFLH M, HZHF (K3-4A). Hik
1-187E LB A 7R b B (R ok, AN R 8 . Ml G 2 s S B B PR 1-18
SR, Kinl, +4.0-10.0 pm, FEASGEFEORHEY], NEZKEMER (E3-4B).

A B

I3-4 TEPR1-18 1 TE S HFAE
Figure 3-4 Morphological characteristics of strain 1-18
(A: WIS B: BHEFHE)

3.1.3.2 ARG HIHE

I Y 3RS B AR 1-1811 16S IDNAFR 4 7 41, BLHE1393 Mk . e 154 Mok & it
BRI 16S IDNAL B PR 1-18[1716S iDNAJFFI LA, HA R Rgudttb i (BE3-5). 45R5E
B, WPR1-185 B RZFMFTE (B.megaterium) MIREJRVEZRRI99%LL b BEHR1-18M %A
B.megaterium H-1, PRjk 2 H 5 3% 18 504 20 o A Ok ss s B G (CGMCC No. 20362). H
T B.megaterium KR . 2 TR % @RS, T2 NH T4 RB12. KR
BT HREE (PHB) 55225 OB A& sorh B0, (R SG T HAE B2 R A 4E A 2 D3 J7 T R BF 2
A HRGE
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CIEL T S

owes Bacillus halodenitrificans (ATCC 49067)
96% Bacillus halophilus (DSM 4771)
Bacillus naganoensis (ATCC 53909)
Bacillus halodurans (ATCC 27557)
~ Bacillus mojavensis (IFO 15718)
" Bacillus vallismortis (DSM 11031)
Bacillus lentus (NCIM 8773)
Bacillus psychrosaccharolyticus (ATCC 23296)
Bacillus niacini (IFO 15566)

P8%

08
95%| 9%

9675

Bacillus chitinolyticus (IFO 15660)
Bacillus marinus (ATCC 29841)

_ Bacillus weihenstephanensis (DSM 11821)
8%

Bacillus flexus (IFO 15715)
3% | stain 1-18

95% . -
Bacillus megaterium DK?2

05%)

—_—

0.02

BI3-5 Bk 1-18 1 HEALAR 43 #r

Figure 3-5 Evolutionary tree analysis of strain 1-18.

3.1.4 B.megaterium H-1 AL AR D R T E04L
3.1.4.1 REFRFEWTUE pH X B.megaterium H-1 # 4k 44 2 D3 FH 540

B FREEAI IR pHA T AR B A KR I B L, M s S0 8 SR o AR . B R
(R aEpH— 7 T 38 It 5038 T AR ) A RS PR AT o V20 M S8 TR it 5 AL AR E, S2mm B
PRXF TR I3 R o o — T3 1T, XA S S AH S B R TG PRt B — e R BE R s B, 4 2f
ZD: RN E T A e, [R5 2 pHX B.megaterium H-1 AL 4542 2 Ds 520 . JHIT
NaOHAHCI 58 72 2 W) aapHIE, FBEAFVIMGpHAE B 25 4F T, B5F7 30T B.megaterium
H-1H A K R AR 4E A 2R Ds 2 m S5 SRR (K13-6), B 7M1 4G pH A 7.0-8.050 [H
W F| T B.megaterium H-1 1) £ &K, ¥ 4L 72 hisk B 45 7= 9 25(0H)VDs #l g 7= )
10,25(0OH) VDK FE i i, H m kA K BOE& Wt pH N 7.5 fE & VI tapH &4 T
B.megaterium H-1 ALY 72 Wi P2k B fe e, HAR = #925(0OH) VD3 2 24670.19 pg/L,
B Y01 0,25(0H) VDR & 4310.25 pg/L. EH TR, B.megateriumKIFP45052 3L
A BM3 1) S i& pH £ 7.0-8.070 Bl A B2, il B 2R AT B (B.subrilis) K IFFHFEAEFCYP109B1
[ EoEpHAET.S /e A1, 45 IR 5 SRR 8 28 PR A B B P 2 AL i P S & pHAEL — 28
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800 6
== 10,25(0H),VD;

mm 25(0H)VD; =S

B Biomass

Concentration(pg/L)
("1/3) sseworg

6.0 6.5 7.0 7.5 8.0

Kl3-6 VIiGpHXS B.megaterium H-15 144 22 D3 15200

Figure 3-6 Effect of initial pH on the transformation of vitamin D3 by B.megaterium H-1.
3.1.4.2 JEYBhEFIN B.megaterium H-1 AL 4E4: & D3 520

M T 4E 4 R Ds s T HRIE TR, ALK TR A= W 5D N 0 20 B P9 AR P A B
(O, PRI, 75 ZEAEAR 2R A DN R A B 790 DA 3E AR ) 4 B G JEC A A et U 38 . A LI
FILEAE R & R 25 S5O, AEW58 . A RS AL TS V2, WiPanaya™s
NIERLAINT BEAENBIE T, Skl S 2R AT (B, subtilis) GRSWI1-BIZEj" & 22 2 (1
PR AV L LU LV AN A v e L S L AR R FE P 9 ik, I B9 R T
APEET, GfFEORE. o0, N BRI S R 4E A IR DS B R % IR R ik
Ao EUEBY . FHHLBIATRIXS B. megaterium H-1 AL 464 R D IS N E3-7f R, £ 1
H5H M RGBT ROR .l S AT BB E R, BRI —iE S H
T R E SR = B AR Y25(OH) VD IR E, (H2 M & B/ A R BE R AR K
IR . 34h, AESEhR R e H s WA N BRIEAE A, R R E A, & T
B BRI o AR T AR B s i Tl A MLV A, Bl AL A AL FRUAE R et A A ]
A H—2 2B RCR, BRI AIR SORf E DLH AR 9 I 4E A2 22 Ds 1) B 741

PESCHRRIE, TangZ N LAEIR ZEHUFTF B zju 4-2 (Bacillus cereus zju 4-2) NFEHAL B
B, I ERIN200 g/LERASE-BHBIRG (HP-B-CD) B, E74)25(0H)VDs Ik fE
1L F830 mg/L Y, LR i Kutzneria albidatE & 1% (W/V) FHIEL-BHMIFE (M-B-CD) 11k
55 FRFE A P2 4270.4 mg/LI25(OH)VDsA12.0 mg/Li 1a,25(0H):VD;B8, 5 IRHHE AH
EE, H ISR 5 SR H AR, T DL SR F H i B AR RIS VR A IS Rt 8 4 e
HARLEAE XD AR R IR AL T 48 A
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