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Antibiotic-related biosynthetic study of Antarctic
cold-adaptation Streptomyces and their CYP's
application
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SUMMARY

(4 B 2 o B

I. Title

Antibiotic-related  biosynthetic study of Antarctic cold-adaptation
Streptomyces and their CYP’s application

II. Purpose and Necessity of R&D

II-1. Characterization of functionality about Polar Streptomyces-related novel
CYP

II-2. Maximization of activity by engineering of Polar Streptomyces-related
CYP

II-3. Creation of hybrid compound by metabolic engineering based on Polar
Streptomyces-related CYP

III. Contents and Extent of R&D

II-1. Secure/functionalization of novel CYP and crystallization/structure
analysis

III-2. Build of electron transport system and analysis of substrate-flexibility
on CYP and their application

III-3. Creation/structure analysis of hybrid compound from CYP enzyme
reaction

IV. R&D Results

IV-1. We purified 44 soluble CYP and analyzed their 3 kinds of CYP
structure

IV-2. We finished analysis about electron transport system and
substrate—flexibility on 105 CYP and tried to use for structural change

IV-3. We made several hybrid compound by using 3 kinds of CYP enzyme
reaction and confirmed their structure

V. Application Plans of R&D Results



Genome analysis between Polar and non—Polar Streptomyces will be applied
for evolution study on environmental (temperature) adaptation—-possible
secondary metabolite-related biosynthesis. Using the obtained special new
CYP proteins, industrial useful hybrid compound will be produced by
changing their structure
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3-1. FAWA+ #ef A7]s CYP 59

& A 2d (2014 T 20159 %) w9F =SA | 7 A AlE E
NE FEs] st gtom, 2016 %0 89 complete Al #¥ =it (Bosea
sp. PAMC26642, 223: 38-39; Hymenobacter sp. PAMC26628, 223:50-51;
Variovorax sp. PAMC28711, 225:46-477; Burkholderia sp. PAMC28687, 226:16-17,
Microbacterium sp. PAMC28756, 226:18-19; Frondihabitans sp. PAMC28766,
226:20-21, Hymenobacter sp. PAMC26554, 227:19-20; Mucilaginibacter sp.
PAMC26640, 227:23-24 5)< Journal of Biotechnology #do] HFi 945315,
L flok 22 wFEl Alw R obueh, AA B ATEA FHsta e B
T UFEY AluiA AsE WEeRE 2 O5e gYd 7led CYP FHdA
(Self-sufficient CYP 34 <, alkane hydroxylase 8 %, CYP460-amine hydroxylase
5 <, Steroid hydrolyase 18 <&, Terpenoid hydrolyase 32 <%, Fatty acid
hydrolyase 7 &, ¥ CYPI08B 1 & )& &Hslow (Table 1), 259 Td}
7' = #A A5 FEs gt gk

Table 1. A & vt 759 Eo CYP ## grE

Function Type Saﬁg’le Sralg;rli’ée Gene No. Source

1 SR8 4153 Rhodococcus sp.
2 22724 5370 Paenibacillus sp.
3 HSR18 1813 Terrabacter sp.
4 NP167 562 Curtobacterium sp.
5 23288 3454 Terribacillus sp.

SEIf-%lZfsf(i)Cient CYP102 6 HSR18 3348 Terrabacter sp.
7 NP167 1721 Curtobacterium sp.
8 23288 4351 Terribacillus sp.
9 HSR45 7263 Dermacoccus sp.
10 22657 4436 Bacillus sp.
11 NP108 3009 Rhodococcus sp.
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12 NP78 1859 Streptomyces sp.
13 NP206 3110 Curtobacterium sp.
14 22393 126 Bacillus sp.
15 26561 304 Sphingomonas sp.
16 23165 947 Bacillus sp.
17 22965 728 Bacillus sp.
18 23412 800 Bacillus sp.
19 23319 498 Bacillus sp.
20 23215 2798 Bacillus sp.
21 25034 1065 Bacillus sp.
22 23447 863 Bacillus sp.
23 23408 1049 Bacillus sp.
24 23324 3848 Bacillus sp.
25 23239 3263 Bacillus sp.
26 22942 770 Bacillus sp.
27 22844 3630 PBacillus sp.
28 22915 5949 Bacillus sp.
29 23377 881 Bacillus sp.
30 22915 5950 Bacillus sp.
31 22724 3305 Paenibacillus sp.
32 JS14-3 5583 Flavobacterium denitrificens
33 12598 6261_6262 Streptomyces alboniger
34 40806 4527 Streptomyces morookaensis
1 14820 3127 sphingomonas echinoides
2 26605 160 Sphingomonas sp.
CYP153D 3 26410 1731 Sphingomonas sp.
Alkane 4 26617 1801 Sphingomonas sp.
hydrolyase 5 26621 3332 Sphingomonas sp.
AlkB 6 HSR13 4470 Rhodococcus sp.
LadA-a 7 KIS30-44 5014 Burkholderia sacchari
LadA-A 8 25886 758 Pseudomonas sp.
1 14820 860 sphingomonas echinoides
2 25886 2102 Pseudomonas sp.
hygrf;“);;‘fase Cytochzo 3 26605 4132 Sphingomonas sp.
4 27130 347 Psychroserpens sp.
5 27130 347 Psychroserpens sp.
Steroid 1 HSR18 4919 Terrabacter sp.
hydrolyase CYplosA 2 20724 1530 Paenibacillus sp.
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3 HSR18 4253 Terrabacter sp.

4 22724 4629 Paenibacillus sp.

5 22915 4129 Bacillus sp.

6 23377 3540 Bacillus sp.

7 3-4 5920 Bacillus niacini

8 12598 5696 Streptomyces alboniger

9 NP206 4422 Curtobacterium sp.

10 NP90 2854 Streptomyces sp.

11 40643 2175 Streptomyces sp.

12 W2061 93 Streptomyces sp.
CYP154C 13 26508 5729 Streptomyces sp.

14 NP191 1530-1531 Streptomyces sp.

15 40643 2389 Streptomyces sp.

16 W2061 4085 Streptomyces sp.

17 26508 1366 Streptomyces sp.

18 W2233 1029 Streptomyces sp.
CYP101C 1 14820 1051 sphingomonas echinoides

2 14820 124 sphingomonas echinoides
CYP101D

3 14820 126 sphingomonas echinoides
CYP105A 4 39366 7181 Streptomyces sp.

5 12257 8280 Streptomyces canus

6 12257 8962 Streptomyces canus
CYP105B

7 26508 746 Streptomyces sp.

8 40447 3918 Streptomyces lactamdurans

9 12257 2264 Streptomyces canus

10 40643 2535 Streptomyces sp.

11 40806 630 Streptomyces morookaensis

;f ;élfgggﬁ P10sD 12 40806 4909 Streptomyces morookaensis

13 41178 4336 Streptomyces laurentii

14 41178 5080 Streptomyces laurentii

15 NP191 4743 Streptomyces sp.

16 NP206 3274 Streptomyces sp.
CYP105X 17 40447 7297 Streptomyces lactamdurans

18 40447 5061 Streptomyces lactamdurans
CYP107B

19 KED 2697 Streptomyces sp.

20 15944 6710 Streptomyces carzinostaticus
CYP107L

21 NP0 1784 Streptomyces sp.
CYP109D 22 23288 2172 Terribacillus sp.
CYP196A 23 14820 2323 sphingomonas echinoides

_13_




24 26410 2418 Sphingomonas sp.
25 26605 1053 Sphingomonas sp.
26 26617 1237 Sphingomonas sp.
27 26621 35 Sphingomonas sp.
28 12257 3148 Streptomyces canus
29 15944 2495 Streptomyces carzinostaticus
CYP170A
30 40185 546 Streptomyces laurentii
31 NP206 8598 Curtobacterium sp.
CYP170B 32 12598 3902 Streptomyces alboniger
1 12257 1767 Streptomyces canus
2 12598 6769 Streptomyces alboniger
3 15944 5901 Streptomyces carzinostaticus
Fatty acid CYP102B
atty ac i
hydrolyase 4 40185 3443 Streptomyces laurentii
5 NP191 8159 Streptomyces sp.
6 NP206 7307 Curtobacterium sp.
CYP102T 7 SR8 2243 Rhodococcus sp.
De§$§£201 CYP108B 1 39638 2194 Actinomadura verrucosopora

A FePstar Jv= FdR CYP F42 106 Fol digh 2 dd A b5 2
. PCR ¥4 o= F2Y3stal pET28a(+)/pET32a(+) EHAME <to =z [z A=z
gtole] wmix|wto R E coli () o]FHd AgS Fdste] oud bty ki)

As AR Aoz 4452 CYP #F4AF (Self-sufficient CYP 20 %, alkane
hydroxylase 5 %, CYPI06A 6 %, CYP154C 8 &, terpenoid hydrolyase 4 &, %
CYPI08B 1 & &) ## solubledt @9lds XF FRlstglon, olF ‘Ql‘%
26410_1731 (CYP153D) ¥#& solubledt @z g#] A& Fig. 1

2 grE gdd 715 CYP @A s o] &3 159 Vs T8 #" dA4E
A oo s W Folw, 2017d% <ol 279 =¥E FUHH O

g

3
8- —-

Figure 1. AA @a 3l Ax23d F14F 26410_1731 (51 KDa)S &3l



15% SDS-PAGE= &<l3st A3} 1, crude extracts; 2, 10 mM imidazole; 3,
marker; 4, 100 mM-1 imidazole; 5, 100 mM-2 imidazole; 6, 500 mM imidazole
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Crystal Structure of Cytochrome P450 (CYP105P2)
from Streptomyces peucetius and Its Conformational
Changes in Response to Substrate Binding
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I These authors contributed equally to this work.

Figure 2. I Z|2® Fx&4 &83F CYPI05P2 ¥#d =&

Q74 AA 571 CYP (CYP105P2, flavone hydroxylase; CYP153D17, alkane
hydroxylase; CYP106AZ2 & CYP106A6, steroid hydroxylase, CYP105P2-flavone
)Y AP xg AFS gRP o, 2016 5¥Ed = A2 FREA #AH AT
7F vkl CYP105P2 ©@9d 4% &4 U85 International Journal of
Molecular Sciences A'd (17:813. doi:10.3390/ijms17060813.)¢ Fii-¢+5 38}
(Fig. 2). T3t Ag~d F2E4 #d A7 vhFglE 26605_160 (CYP153D17)
oz A T3k 201613 = 129, International Journal of Molecular Sciences #d
(17:2067. doi:10.3390/ijms17122067.)° =w< Fi-¢5 A5 (Fig. 3). 18 1}
Wz 370 CYP (23377_3540, 3-4_5920, ¥ CYP105P2-flavone) ## Fx A+ &

A ERE) A Aa FolH, 2017AE ofild] BF FhHon Fud ¢,
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Figure 3. CYP153D17 (26605_160) Tl o] A gfA~e G2, A, overal structure;

B, multiple sequence alignment

2
3
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3-2 ZFRubAF FE] CYP whd  Qix|L]ojd]l & o] &3l
23] Fojst

StHEl =% CYP #+4#F (Self-sufficient CYP 34 <%, CYP460-amine hydroxylase
5 <&, alkane hydroxylase 8 <&, Steroid hydrolyase 18 <%, Terpenoid hydrolyase

32 &, Fatty acid hydrolyase 7 &, ¥ CYPI08B 1 & %) TolA dA dd-=
gag L2 BEAS npREEdCYP gl tiste] 159 71d dd fLx RES
olalsl”] {8l in-silico &S THFAS. & IwolA RA3aL & Discovery
Studio 35 Z =S o]&sto] 7|H3 @A 3o in-silico ¥ & &A=
sk o2 oju] @y Fx FAo] upglE CYP153D17 (26605_160)S EFASZ Tt
oksl 712 #AH 7% BAI A 7158 alkane hydrolyase 4] C10 (dacane)%-
B C15 (pentadecane) 7}A ZAo|7} t}3k alkane 152 7] 2S o=z $-Ak3}

WSS frEstelEt A 4 AMe (Fig. 4). wekd, @A o= 71239 in-vitro
T2 g SRt gy W & 2017d% ¢to® 71dW CYPIS3DI7 w4
o V15 vhEe FYeta olF w=EaE A,

Decane (C10)

Dodecane (C12)

Tetradecane (C14) Pentadecane (C13)

Figure 4. CYP153D17 (26605_160) real @& 2= o} thst alkane 71 &S
AHE3te]l & RS in-silico docking 4 © o]

Tl A4 @ FxEAol A9 mhpgl TAIQl steroid  hydroxylase
(23377_3540) CYP106A2E ©]83}o] Discovery Studio 3.5 ZZ 13 © % homology
model ¥ ligand docking ## AFE WPt S. A4S =2, steroid hydroxylase
(23377_3540) CYP106A2¢ thfet mEAS A zelsd o (Fig. 5), 474 ZH Zol=



Ade] 712 (androstenedione, corticosterone, progesterone, 2 testosterone)¥}
ligand docking 175 Fd3te] tiFE 15 CYP-heme¥ 7127kl A7t 40 ~
59 A 95 A& F AAS (Fig. 6). o8t A3= CYPI06A2 (23377_3540)9]

steroid hydroxylase 7158 #%8 4 Q& o0 Y& AT AT,

Figure 5. DS 35 Z 2138 o]83}9 steroid hydroxylase (23377_3540)
CYP106A2¢°] w3k model A% A, steroid hydroxylase (23377_3540) CYP106A22]
homology model; B, steroid hydroxylase (23377_3540) CYP106A29} -A}3H

il A S5 7ke) sequence Hlal A

Figure 6. A 43& models o2 st ~HZol= A 7|45 ligand
docking ¢t 23}, A, Androstenedione (4.0 A); B, Corticosterone (5.9 A); C,
Progesterone (5.6 A); D, Testosterone (5.9 A)

L

23 CYP106A2 (23377_3540) whuldol tigh &Adel] dash dxpxdolr]xd #



H Alg3lE AAAEA ZE adrenodoxin - adrenodoxin reductase 5ol thate] o}

Fek AFEo]l AFHIL U5 WA B AFHAAE o& CYPY €4S Fdg

Al 712} o Had = (Fig. 7)= v S 2 cytochrome P450 reductase (CPR)
3 )

¢} ferredoxin (FDX) ## 288 ¢35t A4 B3t I CYPI06A2 #H
Fo] Ak ARZHE FAF CPR 2 ferredoxin (Fig. 8)5 2 §dAE F=2Y sl
solubledt @A S 8RS o]F Fa WkSo| A& 7] Wi 2017E % oro

o]
yal AN
2 AAAeIN LY B ATE ShFesel $/199) RS Fag 449
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A Novel NADPH-dependent flavoprotein reductase from Bacillus @mek
megaterium acts as an efficient cytochrome P450 reductase

Mohammed Milhim, Adrian Gerber, Jens Neunzig, Frank Hannemann, Rita Bernhardt*

Institute of Btochemsry, Saarland Untverstty, 66123 Soarbraicken, Germany

ARTICLE INFO ABSTRACT
Articte history Cytachromes PAS0 (P450s) require electron (ransfer partners fo catalyze substrate conversions. With
Received 9 February 2016 regard to biotechnological approaches, the elucidation of novel electron transfer proteins is of special

Received in revised form 20 May 2016
Accepted 25 May 2016
Available online 26 May 2016

interet, as they can influence the enzymatic activity and specificity of the P450s. In the current work
we present the identification and characterization of a novel soluble NADPH-dependent diflavin reduc-
tase from Bacillus megaterium with activity towards a bacterial (CYP10BAI) and a microsomal (CYP21A2)
P450 and, therefore, we referred to it as B. megaterium cytochrome P4S0 reductase (BmCPR). Sequence

i SO analysis of the protein revealed besides the conserved FMN-, FAD- and NADPH-binding meuifs,the pres-
i ence of negatively charged cluster, which is thought to represent the interaction domain with P450s
o andfor cytochrome ¢, BCPR was expressed and purified to homogeneity in Escherichia coli. The puri-
CIPI0GAT fied BmCPR exhibited a characterist ic diflavin reductase spectrum, and showed a cytochrome c reducing
ariR2 activity, Furthermare, in an in virra reconstituted system, the BmCPR was able to support the hydroxy-
Micrasomal P45 lation of testosterone and progesterone with CYPI0GAT and CYP21A2, respectively. Moreover, in view
Diflavin reductase of the hiotechnological application, the BmCPR is very promising, as it could be successfully utilized to

establish CYP106A1- and CYP21A2-based whole-cell biotransformation systems, which yielded 03 g/L
hydroxy-testosterone products within 8 hand 0.16 /L 21-hydroxyprogesterone within 6 h, respectively.
In conclusion, the BmCPR reported herein owns a great potential for further applications and studies and
should be taken into cansideration for bacterial and/or micrasomal CYP-dependent bioconversions.
©2016 Elsevier BV. All rights reserved.

Figure 7. CPR ¥ Fdxol tjs] Fx3 =&

BnCPR HOLKNSPF! LNRLLPTLTEAGKMMLSGHL 60
23377 _peatb1a HaL NSLLPSLTETOK | ILSBYLTASL 60
Phosphate Moiaty

EnCPR QTVSKOVTILVBSITGNADGLAENTGKTLEAKGF N TYSSHNOFKPANL KKLENLEINHS 120
23377 _peatb1a KTISKEVT L YBSITGNATGL AENAARKLEGNGF 0T | SSHSOFKINNLKKVONLERRHS 120

EnCPR ELGG 180

23377_pedb 14 ELGG 160
paz0

BACPR ERL K DG 240

23377 _peadbla TR EEWISALS 240

FAD Rine
BACPR VLENLHENGRGSNKETRHLEL SLEGSBLTYERGHSLGINPENDPEL YOLLLNEFKUDASE 300
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33 JAWAF fe OPE o]&F TATHOE B
2 AF"HA gHst SX] fg thYgd CYP @A (Self-sufficient CYP 34 &,
CYP460-amine hydroxylase 5 <, alkane hydroxylase 8 <, Steroid hydrolyase 18
%, Terpenoid hydrolyase 32 <&, Fatty acid hydrolyase 7 &, 2 CYPIO8B 1 %
5)S e w uksk 71E  (fatty acid, alkane, steroid, % terpenoid) —¥#¥#
in-silico ¥4 <& &3stol B4 WEo] 7heAde EF FARstAL dA o5 CYPE <]
&3 in—vitro 2 in-vivo enzyme assay WHOoZ MZL ANEAS AAistE AT
E FIYSAS. A AHE T d@Ee AAZA FdE 21F  (Self-sufficient
CYP 2 %, alkane hydroxylase 4 %, CYP106A 6 %, CYP154C 8%, ¥ CYPI108B
1 F)olH, o]F 3 T/ T FA dHolHE ®BoF (Fig. 9).
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Figure 9. TALON resing ©o]&3 @ d A SDS-PAGE gel A3 ##
CYP9 CO-reduction &4 &<l dlo]¥

Steroid hydroxylasez}il A Ztx= CYP106A A<y} CYP154C Ao vz S tj
Aoz Ay RE 25 /9 steroidd (Fig. 1005 7122 AF&EY] n-vitro 2
in-vivo enzyme assay A@S sty on, Fx7t WHAHE AMELE AEES
HPLC, GC-MS, @ NMR T2 %4 5S¢ Wie o G35k 243192
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Steroid hydroxylase HPLC +4]; B, Steroid hydroxylase GC-MS 4]

T3 CYP154AC ALl W2233.1029 CYP 9Wd S o83 n—vitro ¥ in—vivo
assay & gORHH *HET Tz AEAE st on, HPLCS ©] &%
ol & dF9 A5E HAF (Fig. 12). 233 o 2 CYP154C ¢ A S

in-vitro % In-vivo assay assay=Z+F-H AF steroid® FAbsE w2 SQls

W, A BRE AR AddolAsue A}ﬁo}o% Goo HAsE Agel 9
o 20I7TUE obe] AEAe] ke ZrhAA NMR WHOZ 5o TR 5
A uEE o2 FAHoR wREHE A
A ;;- :‘:;‘nlw whrnld s ®i4 1 h!ﬂ]’ﬂl)’ pruge werune U _ IR WAL 242 nm B. ;;- ;:l-'lll!lw wharold s P13 4'ﬂrl]ll!ll-a.i1.!“4’1!"! U W E_1 WAYL:Z42 nm
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Figure 12. CYP154C A€ <l W2233.1029 @A S o] &3t jn-vitro 2 in-vivo

assay W3 o]% w3 AlEAo HPLC F4] Ho]gH. A, Hyroxyprogesterone

714 ok w3 Axlo] wpE HPLC #4; B, 4-pregne-3,11,20-trione 7] ol
H

gk wkg Aol wE HPCL &4

3k fatty acid hydroxylasegbil AZtx+= CYPI06A A€ CYP102A A4 <]
self-sufficient P450 @A S oz Iz BE {8 79 fatty acid (Fig. 13)

=

E 71dE AMES in-vitro enzyme assay B3RS Ao, 77t WAH
M2 AEHLS GC, GC-MS, ¥ NMR 73 4] 5o W& o83t #4353
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A doly F ¥ AEE How (Fig. 14). T3 CYP102A A€ 22724 5370
CYP @A S o] &3t jnvitro assay BPOZHH Mg 729 JEHS ik
st om, GC 2 GC-MS & °o|€d Fx #d Holy 5 Ui A5E HAF
(Fig. 15). A3&5 o2 CYP106A % CYP102A @A S o] &3 /n-wvitro assayi—'?—
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Figure 14. CYP106A Al ¥l 25034_1065 T+ &S o]8-3F jn—vitro assay HH3-

o] % W3 MEH GC D GC-MS #4] dlol€. A, Stearic acid 7] 2ol that

S Axto] w2 GC 2 GC-MS #4; B, Oleic acid 7] @] th3t wr& Ay &
GC % GC-MS #4
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