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ABSTRACT The activity of a self-sufficient cytochrome P450 enzyme, CYP505D6,
from the lignin-degrading basidiomycete Phanerochaete chrysosporium was charac-
terized. Recombinant CYP505D6 was produced in Escherichia coli and purified. In the
presence of NADPH, CYP505D6 used a series of saturated fatty alcohols with Cy_;4
carbon chain lengths as the substrates. Hydroxylation occurred at the w-1 to w-6 po-
sitions of such substrates with C,_,5 carbon chain lengths, except for 1-dodecanol,
which was hydroxylated at the w-1 to w-7 positions. Fatty acids were also substrates
of CYP505D6. Based on the sequence alignment, the corresponding amino acid of
Tyr51, which is located at the entrance to the active-site pocket in CYP102A1, was
Val51 in CYP505D6. To understand the diverse hydroxylation mechanism, wild-type
CYP505D6 and its V51Y variant and wild-type CYP102A1 and its Y51V variant were
generated, and the products of their reaction with dodecanoic acid were analyzed.
Compared with wild-type CYP505D6, its V51Y variant generated few products hy-
droxylated at the w-4 to w-6 positions. The products generated by wild-type
CYP102A1 were hydroxylated at the w-1 to w-4 positions, whereas its Y51V variant
generated w-1 to w-7 hydroxydodecanoic acids. These observations indicated that
Val51 plays an important role in determining the regiospecificity of fatty acid hy-
droxylation, at least that at the w-4 to w-6 positions. Aromatic compounds, such as

naphthalene and 1-naphthol, were also hydroxylated by CYP505D6. These findings ';gf;i"“-dgw‘ayzow By el 22 A gLt
highlight a unique broad substrate spectrum of CYP505D6, rendering it an attractive ) .

. . . . Accepted manuscript posted online 31
candidate enzyme for the biotechnological industry. August 2018
IMPORTANCE Phanerochaete chrysosporium is a white-rot fungus whose metabo- Citation Sakai K, Matsuzaki F, Wise L, Saka Y,
lism of lignin, aromatic pollutants, and lipids has been most extensively studied Jindou 5, Ichinose H, Takaya N, Kato M, Warishi

9 4 p ’ p y : H, Shimizu M. 2018. Biochemical

This fungus harbors 154 cytochrome P450-encoding genes in the genome. As ev- characterization of CYP505D6, a self-sufficient
idenced in this study, P. chrysosporium CYP505D6, a fused protein of P450 and cytochrome P450 from the white-rot fungus
. . Phanerochaete chrysosporium. Appl Environ
its reductase, hydroxylates fatty alcohols (Cq_;s) and fatty acids (Cy_;5) at the Microbiol 84:201091-18. httpsy/doiorg/10
w-1 to w-7 or w-1 to w-6 positions, respectively. Naphthalene and 1-naphthol 1128/AEM.01091-18.
were also hydroxylated, indicating that the substrate specificity of CYP505D6 is Editor Ning-Yi Zhou, Shanghai Jiao Tong
broader than those of the known fused proteins CYP102A1 and CYP505A1. The Uiy

Copyright © 2018 American Society for

substrate versatility of CYP505D6 makes this enzyme an attractive candidate for Microbiology, AllRights Reserved.

b|0teChn0|09|ca| appllcatlons. Address correspondence to Motoyuki Shimizu,
moshimi@meijo-u.ac,jp.
KEYWORDS CYP505D6, CYP102A1, self-sufficient P450, Phanerochaete chrysosporium, K. and F.M. contributed equally to this work.

white-rot fungus

November 2018 Volume 84 Issue 22 e01091-18 Applied and Environmental Microbiology aem.asm.org 1


https://orcid.org/0000-0002-6907-6367
https://doi.org/10.1128/AEM.01091-18
https://doi.org/10.1128/AEM.01091-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:moshimi@meijo-u.ac.jp
https://crossmark.crossref.org/dialog/?doi=10.1128/AEM.01091-18&domain=pdf&date_stamp=2018-8-31
https://aem.asm.org

Sakai et al.

hite-rot fungi are capable of degrading a wide variety of recalcitrant aromatic

compounds, including lignin and environmentally persistent pollutants (1-9).
Fungal ligninolytic enzymes involved in the metabolism of aromatic compounds have
been extensively studied (1, 2). Oxygenation reactions mediated by cytochrome P450
monooxygenase (P450) play important roles in fungal metabolism of recalcitrant
xenobiotic compounds (3-9). Phanerochaete chrysosporium is a white-rot fungus whose
ligninolytic and xenobiotic metabolism has been extensively studied (1-9). The se-
quence of the P. chrysosporium genome revealed the genetic diversity of fungal P450:
as many as 154 P450 genes were identified therein (10-15). Among them, seven
homologous genes encode fused proteins of cytochrome P450 and its reductase (11).
P450BM3 (CYP102A1) of Bacillus megaterium and P450foxy (CYP505A1) of Fusarium
oxysporum are also fusions of cytochrome P450 and its reductase and catalyze subter-
minal (w-1 to w-3) hydroxylation of fatty acids (16-18). Not only fatty acids but also fatty
alcohols and amides are hydroxylated by CYP102A1 (19, 20). A CYP102 family enzyme
isolated from Ktedonobacter racemifer, Krac9955, was recently reported to hydroxylate
tetradecanoic acid at the w-1 to w-7 positions (21).

Hydroxy fatty acids are industrially valuable compounds for the synthesis of various
ceramides and additives, for example, for cosmetic formulations, lubricants, and adhe-
sives (22-25). Moreover, these compounds are biomaterials of particular interest for
food science and biomedical applications, for example, as drug and nutrient carriers for
lipophilic compounds (26). Hydroxy fatty acids and their derivatives were also reported
to play important roles in energy homeostasis, by controlling blood glucose and insulin
levels, and exerting antidiabetic effects; in the immune system, exerting anti-
inflammatory and antienteroviral effects; and in association with neurodegenerative
diseases (27-34). Hydroxy fatty acids are chemically synthesized via a reductive cleav-
age of olefinic fatty acids and a reduction of dicarboxylic acids (35, 36). However, harsh
reaction conditions and by-product formation make their production and purification
processes costly (36). To overcome these limitations, development of biological pro-
cesses has been attempted as an alternative strategy.

In a previous study, the 1-dodecanol metabolism of P. chrysosporium was analyzed,
demonstrating that 1-dodecanol is hydroxylated at seven positions (w to w-6) (37). The
current study aimed to characterize P. chrysosporium proteins involved in 1-dodecanol
and dodecanoic acid metabolism. The expression of genes encoding seven CYP505
homologs, CYP505D1 to CYP505D7, was evaluated in fungi exposed to 1-dodecanol and
dodecanoic acid. CYP505D6, which was the most strongly induced gene after a 2-h
incubation with the substrates, was cloned. CYP505D6 was purified, and its activity was
compared with those of other fused P. chrysosporium proteins.

RESULTS

Transcriptional regulation of class lll cytochrome P450 in P. chrysosporium. The
genome of the white-rot basidiomycete P. chrysosporium encodes seven class lll P450
proteins (CYP505D1, CYP505D2, CYP505D3, CYP505D4, CYP505D5, CYP505D6, and
CYP505D7) (10, 11). Sequence alignment of the heme domains of CYP505D isozymes,
CYP505A1 from F. oxysporum (UniProt identifier Q9Y8G7), Krac9955 from K. racemifer
(D6TEN2), and CYP102A1 from B. megaterium (P14779), which is a well-characterized
class Ill cytochrome P450, is shown in Fig. 1. CYP505D6 has 47%, 37%, and 39% amino
acid sequence identities to CYP505A1, Krac9955, and CYP102A1, respectively. The
heme-binding motifs of the P450 proteins are highly conserved (Fig. 1). Quantitative
reverse transcription-PCR (RT-PCR) was used to investigate the transcriptional regula-
tion of CYP505D genes in P. chrysosporium. All seven isoforms were expressed in fungi
grown in high-carbon, low-nitrogen (HCLN) medium (Fig. 2), and each gene showed a
different transcriptional response to exogenous 1-dodecanol and dodecanoic acid.
CYP505D6 was most strongly induced by the two substrates (Fig. 2). Thus, CYP505D6
was chosen for biochemical characterization in this study.

Production and purification of recombinant CYP505D6. Heterologous expression
of several class Il P450 proteins from bacteria and fungi in Escherichia coli expression
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CYP505D1 [@IT - -HE | PCPPAWPFLGHMTS IDPEYPTLSLHLFTKQYEEYRLRLPGR---DL “

CYP505D2WIT - - EP IPTPPSVPFLGHIPLLDREVPMLSLALLAEQYEIDIIYRL I FPGR---SS I|JAll ASQE[MVHEVSDDKR[@RI§TVQGPLGEVRAVAGDGEFTADV P GEEQNID | ENgIR | LMJAIRS FMK | RD 115
CYP505D3 IS - - QP | PMPPSVPFLGHVTTIDAELPVMSFRLLAKQYEEIYELNMLGRC I LWMLIVIINTQEMLHEVSDEKR[IRI§I VSGGLNEVRNAAGDGIEF TAHAD KEQRNNA | IR | LM[SI#S AMNMRN 118
CYP505D4 UIT - -HPIPTPPTVPLLGHATLIDHDFPMGTNALWAREY[EElIFRMCFPGR---TV SSYEMVHEASNDKLIARISSVGGPLAELRSSVGDG@VTANV P GEEQNNIG | LRV LMZCI@ST | SLRN 115
CYP505D5WIT - - TP IPSPPSIPFLGHVT I IDREVAIYSYNLLAKQYEEHIYQLNMMG - -ALR | I|VJICSQEMLHEVSDEKR[@RI§I PRSALEQVRNAVGDGEF TANGD - DPINIH LENRIR | LMJAIIS TMNTRN 115
CYP505D6 [WIT - - STIPTPPSIPFLGHVASIEREVPLRSFRLLSEQYEEMYELNILGR- - - KL L}
CYP505D7 WA - -TPIPSPPSVPFLGHVT I IDREVAIYSYNLLAKQY[EElIYQLNMMG - - AK - V

SSAKMMSDVSDDKKIY[SINMSGPLMQVRNAVGDGRFTAYGE - EPQMIG | ENgIR L L MIJAIJGT AS | RD 114
ICSQENLHEVSDEKR@RISVPSSALDQVGNAAGEGMFTAHGD - NPNIH LENIR | LMIJAI@S TMNTRN 114
CYP102A1 YT - | KEMPQPKTFGELKNLPLLNTDKPVQALMK | ADEL[EERIFKFEAPGR--VTR-IYJLSSQR|#I KEACDESRID[NLSQALKFVRDFAGDGMFTSWTH - EKIWIK KENGIN | L LI4SIdS QQAMKG 115
CYP505A1 [JAESVP IPEPPGYPL IGNLGEFTSN-PLSDLNRLADTY[EPIIFRLRLGAK---AP IJF[VSSNS#INEVCDEKRFKISTLKSVLSQVREGVHDGMFTAFED - EPMIG KENRIR | L VIJAIJGP LS | RG 115
Krac9955 [§JL - - RSQLDT IPMGDMK - - -EVHPESAVRDL | KQAQRHEPHIFQLPLPDG--TRR |

NSQEVHEVSDDKRKSPKGGLQELRPL | GDS[MLTADY P REEQNIIG | ENZIRV | SSNP I GLRG 115

LSSFAMVDEVCNDQFED[§RVSVNVRNLRSA | GSGIRFSADTS - DPAIR KENa| T | LM[ZSI@S LQAMRN 112

CYP505D2 MFDDUIVI]VV Al@MV VISWERFGPRFRIIDPAVDFIIALTLEAISLTTMSYRMNAFYTFVQ-NG IGIdFAKAMNEF LQESGGRSR[JGRVLS - AFMRGATAKAE QNRDL MMKYVDD - - - - - - NARSS 227
CYP505D3MFDDUVIVV S@L V LISWWERFGPYHKIINPADDFIJALTLEAISFCAMSYRWV IFYS | YVRNDVEIJFARAMSDF L LESGARAR[4PGI IA-PFMRSANAKYQQDIDVLMNFVDE-| | ADRRAHPT 236
CYP505D4 MFDDUV[VV S[®L V LISWWERFGPHYRIAIDPAEDFRIALTFEAISLCSMSYRMNPFYN - - - - SAMER4FAAAVVDFQVECMARSRIHGKLLN -AL IRSAKTKFE QDRDL LMQYADETVLEDRKAHP | 230
CYP505D5 MFDD[UIVI]VV N[@IL VQISWERFGPRHKIIDPAQDFIJALTFEAITFCAMSYR - - - -EL TLPQEGV[EIdFARAMADF LVESGNRAL[JPGIVQ-PFMRSTNSKYEEDIK I MEHYVND - | YEQRKANPT 229
CYP505D6 MFPDIULBJLAS[EL V LISWWERFGPKHRIIDPAEDFIIRLTLDTIALCAMSYRLNSFYR - - - -DSS[EI4FVQSMVDFLVECNLRAN[PGLLT -SVMVQTNAKYEEDIKTMTELADE- | IAERRRNPT228
CYP505D7 MFDDUV[BVV N[EL VQEWERFGPRYKIIDPSQDFRIALTLEAI TFCAMSYR - - - -YGR I X - - - VRR4FARAMADF L VESGNRALIHPG I VQ-PLMRATNSKYE ENIK I MQKYVDD -VYNQRKENPT 225
CYP102A1 YHAM[UV[s] | AVIeQIL VQIWWERLNADEHIEVPEDMIIRLTLDT IGLCGFNYRFNSFYR - - - -DQPH4F | TSMVRALDEAMNKLQMANPDD - PAYDENKRQFQEDIKVMNDLVDK - |  ADRKAS - - 227
CYP505A1 MF P E[UH[8l | AT{®IL CMI§FARHGPRTPID TSDNFIIRLALDTLALCAMDFRFYSYYK -EELQNYF | EAMGDFLTESGNRNRIJPPFAPNFLYRAANEKFY GDIALMKSVADE -VVAARKASP S 230
Krac9955 YEPMNMVBAAE[@LMAMWEHLNPEDLEINVPDDMIRVTLETIGLCGFSYHFHAITR - - - -EQMEEIRFVEAMVH I LSTTAARAT[HPP IEE-KLRFRQRRQLQADLDLLLSTADQ-LVRERKMMGT 226

CYP505D1 F FDDQV[MV | SLVLWERFGPHYK DIAEDFUIAATFEVIALCCASYRMNTFYT - - - -GGTRldVATAVVDYGVEGFARGKIHJGRLLS -WLMRSATAKFE QDKETLLQYADE-LLEERKAHPT 229

CYP505D2 - - - ARK[BJVIED LIUMNE KBJP VINEIRKMTE LS | KQNL L LKYHAVMRKLREFIDTMIG -DRPMTVDDVNKMPMLTAVMRISS LEUMGPSVPGRMIESLKDQTLK 341
CYP505D3 - - - DKK|[8) | (AN VYL HAK[K EgNeIL GMTEDN | RRNL LiF 8 | ENCIESRIESIGM L TF | MEg YIML KHIJE AMRKLRE@VDTV I G -ERPMTVDDVNKLPML I AVMRISALINGPPASARGASPYEDTT I G 350
CYP505D4 - - - EKK[BJVIRWT¥ | NRABP VIREKKMTDLSVKQNL Lyl [AVENCIISNIMESIGM L TF AMMHINL KNIJE AMRKLREEVDT I |G -DRAMTADDLSRLPMLVAVMRISATLUNS PSAPARIVQAMEATTLG 344
CYP505D5 - - - DKK[8] | (AN LMY G KB TOQINEEGLSEKT | KDNL LiF[8 | ENCESNmMESIGM L TF | | M YIML KNIJEAMRKLRERAVDT I I G -SRPMTVDDVHKLPML | AVMRISALIMGPPAPMRGAASFEDTLLK343
CYP505D6 - - - DKK[JLIAN |[WL YSK[@PKINEQSLSDVN IRNNL LEgF{8 | ENCLESRIESIG L L TFALRE Y| | KNIJEAMRKAHE[@VDEVLG -DQQIQLTDIGKLKN I DAVLRIATMEYNS PTAPMRTVRPFED I T |1G342
CYP505D7 - - - DKK[) | AN LIYUMYGK[P KRNEERLSEKT | KENL LgyF[8 -SRTMTVDDVHKLPML IAVMRIATLQYMGPPAPARGTAPFEDTL LK 339
CYP102A1 -GEQSDL|NTHW L NGK[JP ERNEIEPLDDEN IRYQ | | paF (8 VDPVPSYKQVKQLKMVGMVLNI[SALMEWPTAPAFSLYAKEDTVLG 343
CYP505A1 - - - DRK[BJLIMA AN L NGVBIPQIREIEKLSDEN | TNQL | pyF|s QINL KNIJEAYSKVQK@VDEVVG- - -RGPVLVEHLTKLPM I SAVLRIATL[JUNSP I TAFGLEA I DDTFLG 344
Krac9955 EGQKYNBIL[EN AL NG | K QS M FINL HH[EDVLNRAYERVDRVLGRDTRKTPTYEQIHQLVA{ I KQ ILKETL

IEXLIRmESIGM L TF | LA Y[ML KN[JEAMRKLRERVDTMIG
IGYCLINMESIGL L SFALNFIRV KNIgHVLQKAAEHAARVL -
ILYELI-RmESIG T L S F AMM
[EEKLDDVNIRNQ ! | QIFIY | LN IMMESIGL L SFAT]

CYP505D1 - - - DRK[BJVIEWAMIMNR AP VIREKKMTDLSVKQNL LRy L[N TENCIISNIMESIAFMS | | I N Y| | KY[JEAMRKLRE[@IDTVLG- - -DRQMTADDLARLPMLLAVMRIATLLEMT PVAPGRV IEAI EATTLK343
TRLEAGHE T T S{clVNREunE Y hq L

LEYCPTAPMFNRYPYEERPLA346

CYP505D1 GGQYA IDKGQD | LVAVHSSHRBPKVWEDBVDD@RIJERMLDGKFEALP - - -PDSWQIAZS Ale]L [NA[HREIRA [EAWQHAQ IM I TFLVQHITFTLADPQMENR | KQAFEILRVHDLYVHARRRTDRR 460
CYP505D2 NGKYAVAKGE I LVVCNF | AQRBISKV FEDBJAD EJKIJERMMDGKFEALP -PDAWQEASG AlelVISC(eNRER A FERWQ[FVQ | VLVYLLQHINLAFADPNMDER LKQT LE#L KPNEFY IHA | PRAERR 458
CYP505D4 GGKYA I AKDDTLL IATYVSQR@BPA IWEPBAEERRIJERMLDGKFEALP

CYP505D3 GGRFAVPKDTF IMCSLYN I HR@BTKVWEEBAEERRIJERMLDGKFEAMP -PDSWQEEG Y[EMHG[eNNER P FEIWQ[SAQ | ALVY LMQRIIT F AMADPGMDER LKQT Ll KPHEFF I HA | PRADRA 467

-PDAWQEEZG Al | [NS[CNRER P FEAWQIAVQ | VL VS LMQRFT FAFADGHNMDER MKQT LEAMKPHDFY | HA | PRTDRA 461
CYP505D5 G - KYPVAKDVP | YCGVYMVHRBPKVWEEBAEERRIJERMLDGRFEALP -PEAWQEESG FelVISA[CNRER P FESWQI3AQ | TVVY LMQRIFT F VMHDP SDEQ LKQT Ll | KPHEFF IHA | PRTDRP 459
CYP505D6 DGKYFVPKDYTVV INT I VAQR[BPTVWEEBSNEJHIJERMLDGKFEALP -PNAWQIEEG FIEMIJA[CHNER P FENWQIIA | |ALAVLLQKIEDFVLDDPSMERE LKQSL| KPAHFYVHALPREGKP 459
CYP505D7 G- KYPVAKDGR I YCG | YMVHRPKVWEEBAEEJRIJERMLDGRFEALP -PEAWQEESG FlelVIJAGNRER P FEAWQISAQ | TVVY LMQRIIT F VMHDP SMDEQ LKQT Ll | KPHEFF IHA | PRTDRP 455
CYP102A1G-EYPLEKGDELMVL I PQLHRKT I WEDPVEEJRIJERFENPSA- - - | P - -QHA F KZGNIEJQ[HA[GNREQQ FEYL HIJATLVLGMMLKHIID FEDHT - NME®D | KET LQL KPEGFVVKAKSKK | PL 456
CYP505A1 G- KYLVKKGE IVTALLSRGHV[PVV YENBADK|E | [JERMLDDEFARLNKEYPNCWKAIGN[EK[SAGHRER P FEIWQIAS LLAMVVLFQNINF TMTDPNRABE | KQTLQM | KPDHFY INATLRHGMT 463
Krac9955 G- KYQLQPSDT I TVLTPMLHRBRS | WEDBAE |

[ANIHDHHFNPEAEKQRP - - ANA Y KIHEG T[EQRIS[MRERE FEYL QIFATLVLGMMLQRIAYPYTTG - INQEK IREALENI KPADFYMRVRPRTD I D 462

Heme-binging domain

CYP505D1 GCVTLLPPAPAPGVGL - - AEAKGAP - - - -HDGGEGALPMHVF Y[ESIIV{eRIC[3A FIYQR | VAD 514
CYP505D2RA I PLLGPRAGPTS - - - -APVNGTN - - - -GI ADEGGHPMYVYYESIIMERICIHA FINQR | AGD 510
CYP505D3 HGAPLFS-TPSPLRPR--AASSAQP -PADTAGR - - -TPVYVLY[ESINT[ERIS[HG FIYQR | ASA 520
CYP505D4 RVPPLLGVRAAPAQST - -DGEKGK - - - - - VEAGEGAPPMYVY FleERIMERIAIRS FEYQR | AGD 514
CYP505D5 S | VP IPTPSSTLLRDQ--TAPAAQP -PVTTPGEGGGHRMYVL Y[ESINT[eRICISA FENQRVASD 516
CYP505D6 - -QLLATPSAAPFSSH--ARETTNASLPASPGTEAKQPMYVLY[ESINT[ERIS[SS FINQR | ANG 515
CYP505D7 S I VP IPTPSSTLLRDQ--TAPTAQPGPVTTPGEGGGHRMYVL YESIT[ERICIHA FENQRVASD 513
CYP102A1 GG I PSPSTEQSAKK - - - - - - - - VRKKAEN- - - - AHNTPLLVL Y[ESIIMERIAIRG TEYRD LAD | 504
CYP505A1 PTELEHVLAGNGATSS - - STHNIKAAANLDAKAGSGKPMA | FYERINS[RICISA LEANRLASD 521

Krac9955 H1 | I TPLDEDTVSETELVMVEAIHPEPEVPQKI AQKTTLLAL YESINTEMIAIRE VEYHR | AEA 522

FIG 1 Amino acid sequence alignment of heme domains of the CYP505D isozymes, CYP102A1, CYP505A1, and Krac9955. Sequences of CYP505D1 (protein
identification number ug.73.17.1 [https://drnelson.uthsc.edu/Phanerochaete.P450s.htm]), CYP505D2 (JGI MycoCosm protein ID 3035819), CYP505D3 (JGI
MycoCosm protein ID 137435), CYP505D4 (JGI MycoCosm protein ID 3002540), CYP505D5 (JGI MycoCosm protein ID 2900820), CYP505D6 (JGI MycoCosm
protein ID 2932311), and CYP505D7 (JGI MycoCosm protein ID 2925787) from P. chrysosporium; CYP102A1 from B. megaterium (UniProt identifier P14779);
CYP505A1 from F. oxysporum (UniProt identifier Q9Y8G7); and Krac9955 from K. racemifer (UniProt identifier D6TEN2) are shown. All protein identifications
except that of CYP505D1 are from P. chrysosporium JGI genome version 2.2. The protein identification of CYP505D1 is from P. chrysosporium JGI genome version
1.0 because it is not annotated in the updated genome database. The heme-binding motif is underlined. The Tyr51 residue located at the entrance of the
substrate-accessing channel of CYP102A1 and the corresponding amino acids in CYP505Ds are boxed. The sequences were aligned using CLUSTAL W.

systems was previously reported (17, 19, 38, 39). When the production of CYP505D6
was induced in the pBAD/TOPO vector system, a new protein band in the soluble
fraction was apparent during SDS-PAGE analysis (Fig. 3A). The molecular mass of the
band (120 kDa) was consistent with the molecular mass of CYP505D6 predicted from its
deduced amino acid sequence (118.0 kDa). Recently, CYP505D6 was produced by using
the pET expression system (40). After 48 h of incubation with 0.5 mM isopropyl-3-p-
thiogalactopyranoside (IPTG), the expression yield of CYP505D6 was 665 nmol/liter (40).
In the present study, the expression yield of soluble CYP505D6 produced in E. coli was
slightly improved (955 nmol/liter) by using the pBAD/TOPO vector system. The purified
recombinant protein showed a typical P450 CO difference spectrum, with the absorp-
tion maximum at 448 nm and no maximum at 420 nm (Fig. 3B). The heme content in
CYP505D6 was 0.45 to 0.55 mol of protoheme per mol of protein. In our previous study,
the absorption spectra of native and recombinant CYP505A1 enzymes were deter-
mined. However, a broad shoulder in the 440- to 490-nm region derived from flavin
prosthetic groups (16) was not prominent because of low flavin adenine dinucleotide
(FAD) and flavin mononucleotide (FMN) contents (17, 41). The absorption spectra of
recombinant CYP505D6 were similar to those of CYP505A1. The contents of FAD and
FMN in CYP505D6 were determined by a fluorometric method (42) to be 0.22 and 0.41
mol (mol protein)™’, respectively, indicating that CYP505D6 also has low contents of
these cofactors. Upon titration with 1-dodecanol and dodecanoic acid, a type | sub-
strate binding spectrum of CYP505D6 was observed (see Fig. S1 in the supplemental
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FIG 2 Gene expression profiles of class Ill P450 proteins in response to exogenous 1-dodecanol and
dodecanoic acid (lauric acid). The abundances of amplified cDNA fragments of CYP505D1, CYP505D2,
CYP505D3, CYP505D4, CYP505D5, CYP505D6, and CYP505D7 transcripts were normalized by comparison
with that of ACTT. The relative normalized expression for each gene in fungi upon a 2-h exposure to
1-dodecanol or dodecanoic acid is shown as a ratio to the normalized expression in the absence of the
substrate. Data are presented as mean values * standard deviations (error bars) from four independent
experiments.

material), indicating a spin-state transition of the heme from the low to the high spin
state upon substrate binding. Apparent K, (dissociation constant) values of 81.5 uM
and 155.8 uM were determined for the binding of 1-dodecanol and dodecanoic acid,
respectively (Fig. S1). These results indicated that CYP505D6 was successfully produced,
highly purified, and active.

Catalytic properties of CYP505D6. To evaluate the enzymatic activity of the
recombinant CYP505D6, its catalytic conversions of 1-dodecanol and dodecanoic acid
were analyzed. CYP505D6 has low contents of the FAD and FMN cofactors. In our
previous study, prior incubation with free FAD and FMN increased the specific activity
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FIG 3 SDS-PAGE analysis and absorption spectra of recombinant CYP505D6. (A) SDS-PAGE analysis of
purified CYP505D6. The expression of CYP505D6 was induced by the addition of arabinose (final
concentration of 0.2%, wt/vol), and the culture was allowed to continue for up to 48 h at 30°C. Protein
profiles before induction (time zero) (lane 1) and after a 48-h induction (lane 2) are shown. The crude
extract was loaded onto a DEAE-Sepharose column. The protein fraction was continuously eluted off the
DEAE-Sepharose column (lane 3) and the 2’,5'-ADP-Sepharose column (lane 4), followed by gel filtration
chromatography (lane 5) and analysis of the eluates. (B) Absorption spectra of CYP505D6. Solid line,
resting (oxidized); dotted line, dithionite reduced; dashed line, dithionite reduced plus CO; inset, CO
difference spectrum (CO bound minus dithionite reduced).
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FIG 4 Total ion chromatograms of the products of reactions catalyzed by CYP505D6, with 1-dodecanol
and dodecanoic acid as the substrates. The TMS derivation reaction products from reactions with
1-dodecanol (A) and dodecanoic acid (B) as the substrates were analyzed by using GC-MS. The results are
representative, and the experiment was performed four times.

of native and recombinant CYP505A1 enzymes, which have low flavin contents (17, 41).
A similar phenomenon was also observed in CYP505D6. The enzyme activity with 1.0
M FAD and 1.0 uM FMN, which were added 30 min before the reaction, reached levels
1.5-fold higher than that without FAD and FMN. Hydroxylated products of 1-dodecanol
conversions were determined by gas chromatography-mass spectrometry (GC-MS)
analysis (Fig. 4A; see also Fig. ST in the supplemental material). The substrate was
efficiently converted, with seven products generated. The mass spectra of the trimeth-
ylsilyl (TMS) derivatives of the reaction products had the same fragmentation patterns
as those previously reported for dodecanediols hydroxylated at positions w-1 to w-6
(37). An additional peak with a slightly shorter retention time exhibited a similar
fragmentation pattern, with an ion fragment at m/z 201, [C,H,sCHOSi(CH;);]™, char-
acteristic for dodecanediols hydroxylated at the w-7 position (Fig. S2). Thus, CYP505D6
converted 1-dodecanol to a series of dodecanediol isomers by incorporating an oxygen
atom at the w-1, -2, -3, -4, -5, -6, and -7 positions. During 1-dodecanol conversion, w-1-,
w-2-, and w-3-hydroxylated products were the dominant products (Fig. 4A); the yields
of products hydroxylated at the w-4, -5, w-6, and w-7 positions were lower (Fig. 4A).

Hydroxylated products of dodecanoic acid conversions were also identified by
GC-MS analysis (Fig. 4B and 5). The mass spectra of the TMS derivatives of the
reaction products exhibited fragmentation patterns similar to those of dodecane-
diols hydroxylated at positions w-1 to w-6, as previously reported (37). The spectra
contained ion fragments common to TMS derivatives of hydroxyl acids at m/z 147,
[(CH5),Si==0Si(CH;)51™; m/z 129, [(CH5),SiO=CHC;H]*; m/z 103, [(CH5);Si0=CH,]*;
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FIG 5 Mass spectrometry analysis of the compounds generated by CYP505D6 in a reaction with dodecanoic acid as the substrate.
The mass spectra were obtained from the GC peaks at the following retention times (in minutes): 40.08 (11-hydroxydodecanoic acid)
(A), 39.62 (10-hydroxydodecanoic acid) (B), 38.88 (9-hydroxydodecanoic acid) (C), 38.41 (8-hydroxydodecanoic acid) (D), 38.13
(7-hydroxydodecanoic acid) (E), and 37.95 (6-hydroxydodecanoic acid) (F) (Fig. 4B).

and m/z 73, [Si(CH5);]1". The spectra also contained characteristic ion fragments at m/z
117, [CH5CHOSI(CH3)51™, for w-1; m/z 131, [C,H,CHOSI(CH5)5]™, for w-2; m/z 145,
[CSH,CHOSI(CH,)51, for w-3; m/z 159, [C,H,CHOSI(CH,);1*, for w-4; m/z 173,
[CsH,,CHOSI(CH,)5]H, for w-5; and m/z 187, [C¢H,5CHOSI(CH,),]1*, for w-6. This conclu-
sively supported the formation of hydroxydodecanoic acids. Similar to the catalytic
conversion of 1-dodecanol, hydroxylation predominantly occurred at the w-1, »-2, and
-3 positions; the yields of w-4, w-5, and w-6 hydroxydodecanoic acids were consider-
ably lower (Fig. 4B). The yields of w-4- and w-5-hydroxylated products from dodecanoic

November 2018 Volume 84 Issue 22 e01091-18

aem.asm.org 6


https://aem.asm.org

Diverse Hydroxylation of Fatty Compounds by CYP505D6 Applied and Environmental Microbiology

TABLE 1 Kinetic parameters of saturated fatty alcohol (C,_,5) and fatty acid (Cq_,4)
conversions by CYP505D6¢

Substrate K., (uM) Ko (Min=") keo/K,, (Mmin=" pM—1)
Fatty alcohol
C, nonanol 3,800 250 6.6 X 1072
C,, decanol 1,100 220 2.0 X 1073
C;, undecanol 420 310 0.74
C,, dodecanol 350 350 1.0
C, 5 tridecanol 120 370 3.1
C,, tetradecanol 20 450 23
C,s pentadecanol 10 490 49
C,¢ hexadecanol 18 510 28
C,, heptadecanol 15 340 23
C,g octadecanol 19 330 17
Fatty acid
C, nonanoic acid 4,500 200 44 X 1072
C,, decanoic acid 1,400 230 0.16
C;, undecanoic acid 610 230 0.38
C,, dodecanoic acid 450 250 0.56
C,5 tridecanoic acid 230 310 14
C,, tetradecanoic acid 65 320 4.9
C,5 pentadecanoic acid 30 390 13
C,¢ hexadecanoic acid 38 330 8.7
C,, heptadecanoic acid 36 280 7.8
C,g octadecanoic acid 28 260 9.3

aData are presented as mean values from three independent experiments. The standard errors were <11%.

acid conversions were higher than those from 1-dodecanol conversions, whereas the
yields of products hydroxylated at the w-6 position were similar.

The kinetic parameters of CYP505D6 were then investigated, using saturated fatty
alcohols and acids with various carbon chain lengths (Table 1). The rates of NADPH
consumption and substrate oxidation by CYP505D6 were measured spectrophoto-
metrically by monitoring the change in the absorbance at 340 nm and by quantifying
the conversion of dodecanoic acid using GC-MS and liquid chromatography-tandem
mass spectrometry (LC-MS/MS), respectively (data not shown). The stoichiometry be-
tween the consumption of NADPH and the monooxygenation of dodecanoic acid was
1.04:1.00. CYP505D6 showed substantial activity against fatty alcohols and acids with
carbon chain lengths of C4 (nonanol and nonanoic acid) to C,4 (octadecanol and
octadecanoic acid). The highest catalytic efficiency (k,/K.,) was observed with penta-
decanol (C,5), among fatty alcohols, and pentadecanoic acid (C,5), among fatty acids
(Table 1 and Fig. S3). When fatty alcohol and fatty acid substrates with carbon chain
lengths of C,_, 5 were used as the substrates, the hydroxylation reaction occurred at the
-1 to w-6 positions of fatty alcohols, except for 1-dodecanol, and at the w-1 to w-6
positions of fatty acids (Table 1). However, a hydroxylation reaction occurred at the -1
to w-4 but not at the w-5 to w-7 positions with substrates with chain lengths of C;4_;5
(Table 1). The K,,, values for fatty alcohols were slightly lower than those for fatty acids,
when substrates with the same carbon chain length were compared (Table 1). The K,
and K, values for 1-dodecanol and dodecanoic acid were of similar magnitudes (Table
1 and Fig. S1). The NADPH-cytochrome ¢ reductase activity of CYP505D6 was 860 * 90
nmol min=" nmol~—", which was similar to those of CYP102A1 and CYP505A1 (18, 20).

The thermostabilities of CYP505D6 at 4°C and 30°C were determined using dode-
canoic acid as a substrate (Fig. S4). After preincubation at 30°C for 48 h, the activity of
CYP505D6 decreased to 29% of its maximal activity without preincubation (Fig. S4).
After preincubation at 4°C for 48 h, the activity decreased to 77%, indicating that
CYP505D6 is stable at low temperature.

Hydroxylated dodecanoic acid products generated by CYP505D6, CYP102A1,
and their variants. It has been reported that Tyr51 in CYP102A1 plays a crucial role in
substrate recognition by interacting with fatty acids (43). In CYP505D6, based on the
sequence alignment (Fig. 1), the corresponding amino acid of Tyr51 in CYP102A1 was
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FIG 6 Ratios of reaction products from reactions catalyzed by CYP505D6, CYP102A1, and protein variants with dodecanoic acid as
a substrate. The TMS derivation reaction products from reactions catalyzed by wild-type CYP505D6 and its V51Y variant (A) and by
wild-type CYP102A1 and its Y51V variant (B) were analyzed by using GC-MS. Data are presented as mean values * standard
deviations (error bars) from four independent experiments.

Val51. Therefore, the V51Y variant of CYP505D6 (CYP505D6 V51Y) was characterized
with dodecanoic acid as a substrate. CYP505D6 V51Y produced w-4, w-5, and w-6
hydroxydodecanoic acids; nevertheless, their yields were considerably lower than those
obtained using the wild-type enzyme (Fig. 6A; see also Fig. S5A in the supplemental
material). Therefore, Val51 is a key residue in CYP505D6 that influences the regiospeci-
ficity of hydroxylation with alkyl substrates.

CYP102A1 and its Y51V variant (CYP102A1 Y51V) were also generated, and the
reaction products from dodecanoic acid conversions were analyzed. Compared with
the wild type, the yield of the product hydroxylated at the w-4 position produced by
CYP102A1 Y51V increased (Fig. 6B). The products hydroxylated at w-5 to w-7 by
CYP102A1 Y51V were not generated by the wild type (Fig. 6B and Fig. S5B and S5Q),
indicating that Tyr51 at the entrance of the active-site pocket of CYP102A1 represses
the hydroxylation of dodecanoic acid at the w-4 to w-7 positions. Three-dimensional
structures of wild-type CYP102A1 and the Y51V variant were generated by using the
available structure of the heme domain of CYP102A1 (Fig. 7). The space around the
entrance to the active-site pocket of CYP102A1 Y51V was larger than that in the wild
type and, hence, would more flexibly accommodate the aliphatic head of fatty acids,
which would result in a diverse hydroxylation at the w-5 to w-7 positions of fatty acids
(Fig. 7).

Hydroxylation of naphthalene by CYP505D6. The hydroxylation of aromatic
compounds by CYP505D6 was further examined by using naphthalene and
1-naphthol as the substrates. Naphthalene was converted to 1-naphthol and 1,3-
dihydroxynaphthalene by CYP505D6 (Fig. 8). 1-Naphthol was also converted to
1,3-dihydroxynaphthalene (data not shown). The specific activity of CYP505D6
toward 1-naphthol (107 = 7 mol min—" mol~") was 4.7-fold higher than that toward
naphthalene (23 = 2 mol min=" mol—").

DISCUSSION

In the present study, the biochemical characterization of CYP505D6 from P. chrys-
osporium was reported. Among the seven analyzed fused protein-encoding genes,
CYP505D6 was the most strongly induced gene after a 2-h fungal incubation with
1-dodecanol and dodecanoic acid. CYP505D6 was capable of hydroxylating fatty
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FIG 7 Structural models of wild-type CYP102A1 and its Y51V variant. Shown is a comparison of the
overall structure (A) and the entrance of the catalytic pocket (B) of the heme domains. The heme
molecule is represented by orange, cyan, and blue lines. The colored residues indicate Tyr51 (red) in

CYP102A1 and Val51 (blue) in CYP102A1 Y51V. Tyr51 is located at the entrance of the substrate access
channel. An expanded view of the channel entrance in the CYP102A1 Y51V variant is shown.

alcohols (Cy_;5) as well as fatty acids (Cy_,5) at the w-1 to w-7 or w-1 to w-6 positions,
respectively. Naphthalene and 1-naphthol were also hydroxylated, indicating that
CYP505D6 was more versatile than CYP102A1 and CYP505A1.

Quantitative RT-PCR was used to evaluate the expression of class Ill P450-encoding
genes from P. chrysosporium. All the analyzed genes were expressed, and differently
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FIG 8 Total ion chromatograms and mass spectra of products generated by CYP505D6 from naphthalene as a substrate.
The TMS derivation reaction products from a reaction with naphthalene as a substrate were analyzed by using GC-MS. The
mass spectra (1-naphthol [A] and 1,3-dihydroxynaphthol [B]) were obtained from the GC peaks appearing at retention
times of 27.14 min and 35.26 min. The results are representative, and the experiment was performed three times.
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regulated, by exogenous 1-dodecanol and dodecanoic acid (Fig. 2). CYP505D1,
CYP505D2, CYP505D3, CYP505D4, and CYP505D5 comprise a gene cluster in the P.
chrysosporium genome (10, 11). However, these tandem P450 genes showed different
expression profiles (Fig. 2). Noncooperative regulation of tandem P450 genes from P.
chrysosporium has been previously reported (44). The differential gene expression of
P450 underpins the metabolic diversity of basidiomycetes.

P450-dependent hydroxylation of 1-dodecanol by several class Il P450 proteins was
previously reported albeit demonstrating »-1 to -3 hydroxylation (45-48). In the present
study, the data clearly indicated that CYP505D6 catalyzed the hydroxylation of 1-dodecanol
to form w-1- to w-7-hydroxylated 1-dodecanol. The 1,9-, 1,10-, and 1,11-dodecanediols were
produced as the major products. The level of production of 1,5-, 1,6-, 1,7-, and 1,8-
dodecanediols was considerably lower (Fig. 4A). These observations strongly supported the
notion that P. chrysosporium metabolizes 1-dodecanol to 1,5-, 1,6, 1,7-, 1,8, 1,9-, 1,10, and
1,11-dodecanediols using CYP505D6 and that CYP505D6 is responsible for the fungal
metabolic conversions of 1-dodecanol previously reported (37). However, the product
ratios for fungal cells and purified CYP505D6 appeared to be different (37). These obser-
vations suggest that other CYPs, including CYP505D isozymes, might be involved in
hydroxylation reactions of 1-dodecanol in P. chrysosporium.

White-rot fungi are capable of degrading a wide variety of recalcitrant aromatic
compounds, including naphthalene (7, 37, 49). An engineered CYP102A1 with three
amino acid substitutions efficiently catalyzes the oxidation of polycyclic aromatic
hydrocarbons (50). The present study revealed that even wild-type CYP505D6 catalyzed
the hydroxylation of naphthalene to form 1-naphthol and that of 1-naphthol to form
1,3-dihydroxynaphthalene (Fig. 8). This indicated that CYP505D6 was involved in
aromatic hydrocarbon degradation in P. chrysosporium.

The catalytic properties of CYP505D6 were considerably different from those of
other class Ill P450 proteins, such as CYP102A1 and CYP505A1. Sequence alignment
suggested that the amino acid residues at the entrance to the active-site pocket in
CYP505D6 may be responsible for the unique catalytic performance of CYP505D6.
According to crystallographic and mutational studies, several amino acid residues of
CYP102A1 are critical for substrate binding (43, 51-55). Arg47 and Tyr51 residues
located at the entrance to the substrate access channel play important roles in fatty
acid substrate binding by interacting with the carboxyl group of the substrate (43,
51-55). Inside the entrance, the hydrophobic residues Leu75, Phe87, Leu181, 1le263,
and Leu437 form a hydrophobic stretch in CYP102A1 that allows access to the aliphatic
chains of fatty acids (43, 51-55). All of the residues around the entrance to the catalytic
channel are conserved in CYP505D6 except for Try51.

The first interaction of CYP102A1 with fatty acid substrates would be the one between
the carboxylate anion of the substrate and Arg47 and Tyr51 residues of the protein (43,
51-55). Arg47 is essential for fixing the carboxylate of fatty acids and is conserved in
CYP505D6. However, the cavity around the substrate access entrance of CYP505D6 would
be larger than that of CYP102A1 because of the Tyr51-to-Val51 substitution, since the Y51V
substitution in CYP102A1 enlarged the entrance (Fig. 7). The difference in the catalytic
properties of these P450 proteins may be explained by this substitution. The aliphatic head
of fatty acids would turn and then penetrate the access channel. In CYP102A1, Tyr51
replaces Val51 in CYP505D6, making it impossible for the hydrogen bonding that supports
the electrostatic interaction with the carboxylate to occur. Because CYP505D6 harbors
Val51 at the corresponding position, the interaction of CYP505D6 with the carboxylate
anion of fatty acids at the entrance to the substrate access channel would be relatively
weaker than that of CYP102A1. Furthermore, a large entrance in CYP505D6 would be
flexible enough to accommodate the aliphatic heads of fatty acids, resulting in a diverse
hydroxylation reaction at the w-1 to w-6 positions of fatty acids (Cy_,5). CYP505D6 V51Y
produced fewer w-4, -5, and w-6 hydroxylation products of dodecanoic acid than wild-
type CYP505D6 (Fig. 6A). CYP102A1 catalyzed the hydroxylation of dodecanoic acid at the
-1 to w-4 positions, whereas CYP102A1 Y51V catalyzed hydroxylation at the w-1 to w-7
positions (Fig. 6B). These observations supported the notion that Val51 at the entrance of
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the active-site pocket of CYP505D6 plays an important role in determining the regiospeci-
ficity of fatty acid hydroxylation. Given that these enzymes perform a wide range of
biochemical reactions on physiological and industrial scales (51), the results of the present
study suggest that CYP505D6 and CYP102A1 Y51V might be promising starting points for
a further understanding and innovative protein engineering of the class Il cytochrome
P450 family.

CYP505A1 catalyzes the subterminal (w-1 to w-3) hydroxylation of fatty acids (16—
18), whereas Krac9955 hydroxylates tetradecanoic acid at the w-1 to w-7 positions (21).
In CYP102A1, Tyr51 replaces Phe51 and Val51 in CYP505A1 and Krac9955, respectively.
The diverse hydroxylation reaction at the w-4 to w-6 positions of fatty acids might
require a nonaromatic amino acid at the entrance to the active-site pocket in class Ill
P450. Although Krac9955 was unable to oxidize hexadecanoic acid, 1-dodecanol, or
1-tetradecanol, fatty alcohols and acids with carbon chain lengths of C, to C,5 were
hydroxylated by CYP505D6. These are interesting observations, but it is still unclear why
CYP505D6 and Krac9955 exhibit diverse hydroxylation of fatty compounds and differ-
ences in substrate specificity. Unraveling the details underlying the unique catalytic
features of CYP505D6 and Krac9955 will require further clarification by site-directed
mutagenesis and three-dimensional structural studies. Compared with CYP102A1 and
CYP505A1, CYP505D6 and Krac9955 show low activity toward saturated fatty acids with
the same carbon chain length (56). The poor regioselectivity of the fatty acid hydroxy-
lation resulting from a large entrance might cause low catalytic activity. The k_,/K,,
values of CYP505D6 for fatty alcohols were higher than those for fatty acids when
substrates with the same carbon chain length were compared (Table 1). Because the
steric hindrance of the aliphatic heads of fatty alcohols is smaller than that of fatty
acids, fatty alcohols should be more accessible to the substrate-accessing channel of
CYP505D6 than fatty acids.

Hydroxy fatty acids and their derivatives are of particular interest for food science and
biomedical applications (21-25) and also play physiological and pharmacological roles
(26-33). Although hydroxyl fatty acids can be chemically synthesized, harsh reaction
conditions and by-product formation render their production and purification processes
costly (34, 35). To overcome these limitations, biological processes have been developed
(35). P450-mediated enzymatic oxidation reactions can be used for the efficient generation
of alcohols from alkanes, while these conversions are not feasible using current organic
synthetic methods (57-60). The catalytic efficiencies of class Il P450 proteins, which are
fused proteins of P450 and its reductase, are higher than those of other P450 classes (16-20,
58). In the present study, CYP505D6 was shown to be versatile, generating fatty acids
hydroxylated at more positions than those produced by CYP102A1 and CYP505A1. Al-
though poor regioselectivity of hydroxylation means that more resources (financial and
material) have to be devoted to purifying individual metabolites, CYP505D6 would be
useful for the synthesis of hydroxyl fatty alcohols and hydroxyl fatty acids that are difficult
to synthesize on an industrial scale. Furthermore, the long-term stability of CYP505D6 at
30°C is clearly higher than those of CYP102A1 and CYP102A3 (see Fig. S4 in the supple-
mental material), which were completely inactivated after 48 h at 30°C (61). These prop-
erties suggest that CYP505D6 should be considered a potential candidate biocatalyst with
additional bioengineering possibilities (62).

In this report, the biochemical characterization of a class Ill P450 enzyme from a
basidiomycetous fungus was presented, providing a better understanding of the fungal
biology associated with the functional diversity of P450 enzymes. The broad substrate
specificity of CYP505D6 not only is attractive for biotechnological applications but also
provides insights into the biochemistry of this enzyme class.

MATERIALS AND METHODS

Chemicals. Fatty acids and alcohols were purchased from Wako Pure Chemicals Co. Ltd. (Osaka,
Japan). Naphthalene, 1-naphthol, and 1,3-dihydroxynaphthalene were obtained from Sigma-Aldrich (St.
Louis, MO, USA). All chemicals were of analytical grade. Deionized water was obtained by using the MilliQ
system (Merck-Millipore, Billerica, MA, USA).
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TABLE 2 Oligonucleotide primers? used in this study

Primer Gene Nucleotide sequence

Quantitative RT-PCR
CYP505D1-f CYP505D1 5'-CAAGTCCATTTGGGACGACT-3’
CYP505D1-r 5'-ACGAGACCAGGAGATGGAGA-3’
CYP505D2-f CYP505D2 5'-ATGGAGAAGGCCAAGAACCT-3’
CYP505D2-r 5'-AGGAGGATGGACATGACGAC-3’
CYP505D3-f CYP505D3 5'-ATGGAGAAGGCCAAGAACCT-3’
CYP505D3-r 5'-AGGAGGATGGACATGACGAC-3’
CYP505D4-f CYP505D4 5'-ATGGAGAAGGCCAAGAACCT-3’
CYP505D4-r 5'-AGGAGGATGGACATGACGAC-3’
CYP505D5-f CYP505D5 5'-ATGGAGAAGGCCAAGAACCT-3’
CYP505D5-r 5'-AGGAGGATGGACATGACGAC-3’
CYP505D6-f CYP505D6 5'-CAGCTCCTCAAGTCCTACGG-3’
CYP505D6-r 5'-TCCTTCACAAGCTCCTCGAT-3’
CYP505D7-f CYP505D7 5'-CATGGTCTGTGGTGTTGAGC-3’
CYP505D7-r 5'-CGAAGTTGTCGTCCTCCTTC-3'
ACT1-f ACT1 5'-CCAAGGCTAACCGTGAGAAG-3’
ACT1-r 5'-CACCAGAGTCGAGCACGATA-3’

Cloning for recombinant
protein production

CYP505D6-f CYP505D6 5'-ATGACGTCTACCATTCCGACGCCGCCGTCCAT-3’
CYP505D6-r 5'-CTATTCGAAGATATCGGTAGCGAA-3’
CYP102A1-f CYP102A1 5'-ATGACAATTAAAGAAATGCCTCAGCCAAAAAC-3'
CYP102A1-r 5'-TTACCCAGCCCACACGTC GC-3'

Site-directed mutagenesis

CYP505D6 V51Y-f CYP505D6 5'-TACGTCAGCTCGGCGAAGCTCAT-3’

CYP505D6 V51Y-r 5'-GAGCAGCTTCCTCCCGAGAA-3’

CYP102A1 Y51V-f CYP102A1 5'-GTCTTATCAAGTCAGCGTCTAAT-3’

CYP102A1 Y51V-r 5'-GCGCGTTACACGACCAGGCG-3'
9Gene-specific primers were designed based on genomic sequence data (http://genome.jgi.doe.gov/Phchr2/
Phchr2.home.html).

Culture conditions. P. chrysosporium (ATCC 34541) was typically maintained in HCLN medium (pH
4.5) (37, 63) at 37°C in a stationary culture. For the experiments, fungal conidia were inoculated in 20 ml
of HCLN medium (pH 4.5) (37, 63) in a 200-ml Erlenmeyer flask and incubated at 37°C in a stationary
culture. The medium was supplemented with 28 mM b-glucose and 1.2 mM ammonium tartrate as
carbon and nitrogen sources, respectively, as previously described (37, 63). After a 2-day incubation, the
mycelia were harvested by filtration and then immediately frozen in liquid nitrogen and stored at —80°C.

Quantitative RT-PCR analysis of class 11l P450 genes. After a 2-day preincubation in HCLN medium
(pH 4.5) at 37°C in a stationary culture, the appropriate substrates (2 mM 1-dodecanol or dodecanoic
acid) were added to the cultures. The mycelia were incubated for an additional 2 h. Total RNA was
extracted from the mycelia grown in the absence or presence of substrates by using the RNeasy minikit
(Qiagen, Venlo, The Netherlands). Single-stranded cDNA was then synthesized from the total RNA.
Quantitative RT-PCR was performed using gene-specific primer sets (Table 2) designed using the
genomic sequence of P. chrysosporium (http://genome.jgi.doe.gov/Phchr2/Phchr2.home.html). The
CYP505D1-specific primer set was designed based on an earlier P. chrysosporium genome sequence (JGI
genome version 2.0) because of nonavailability in the updated genome database. Gene expression was
normalized to the expression of the actin gene (64). The expression of each gene in the presence of a
substrate is shown relative to its expression in the absence of the substrate.

Construction of the gene expression system. A full-length P. chrysosporium CYP505D6 gene was
PCR amplified by using the primer combination specified in Table 2, using a 2400 DNA thermal cycler
(TaKaRa Bio, Otsu, Japan), as follows: an initial denaturation step at 95°C for 3 min, followed by 35 cycles
of denaturation at 95°C for 30 s, annealing at 62°C for 30 s, and extension at 72°C for 3 min. The PCR
products were separated by agarose gel (0.8%) electrophoresis. The gels were stained with ethidium
bromide and visualized by using Molecular Imager FX (Bio-Rad, CA, USA). The amplified CYP505D6 gene
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was inserted into the pBAD/TOPO vector (Invitrogen, Carlsbad, CA, USA) by TA cloning, using the
pBAD/TOPO TA cloning kit (Invitrogen). The recombinant plasmid was used to transform E. coli strain
TOP10 (Invitrogen) using the heat shock method, and the transformants were selected based on
ampicillin resistance on LB medium. Plasmid DNA was extracted from 4 colonies. The identity of the
plasmid containing the CYP505D6 gene (pBAD-CYP505D6) was verified by sequencing. The plasmid for
the production of recombinant CYP102A1 protein was constructed using essentially the same strategy.

Based on amino acid sequence analyses, sequences encoding the V51Y variant of CYP505D6
(CYP505D6 V51Y) and the Y51V variant of CYP102A1 (CYP102A1 Y51V) were generated by overlap
extension PCR using the QuikChange site-directed mutagenesis kit (Stratagene, San Diego, CA, USA) and
primers shown in Table 2.

Heterologous expression and purification of CYP505D6 and CYP102A1. E. coli TOP10 cells
harboring each of the P450 expression plasmids were grown at 37°C with constant shaking in the Terrific
broth (TB) supplemented with 100 wg/ml ampicillin, until the optical density of the cultures at 600 nm
reached 0.5. The expression of P450 was induced by the addition of arabinose (final concentration of
0.2%, wt/vol) to the medium. The cultures were allowed to continue for up to 48 h at 30°C. Cells were
harvested by centrifugation (4,000 X g at 4°C for 10 min), and the cell pellet was resuspended in buffer
A [50 mM 3-(N-morpholino)propanesulfonic acid (pH 7.4), 1 mM EDTA, 1 mM dithiothreitol, 10% (vol/vol)
glycerol, and 0.25 mM phenylmethylsulfonyl fluoride]. The cells were then broken by sonication (5 times
for 30 s) with a Q700 sonicator (Qsonica, Melville, NY, USA). The insoluble debris was removed by
centrifugation (15,000 X g at 4°C for 15 min), and the supernatant was stored at 4°C.

The crude extract was loaded onto a DEAE-Sepharose column (Sigma-Aldrich) equilibrated with
buffer A. The column was washed with buffer A, and proteins were then eluted with a 0 to 0.3 M KCI
gradient in buffer A. The fractions containing heme were collected, dialyzed against buffer A, and loaded
onto a 2’,5’-ADP-Sepharose column (GE Healthcare, Waukesha, WI, USA) equilibrated with the same
buffer. A dark brown fraction that was eluted in buffer A supplemented with 2 mM NADPH was loaded
directly onto a Superdex 200 HR 10/30 column (GE Healthcare) equilibrated with buffer A. The resulting
eluate was considered to contain purified recombinant proteins.

Spectral characterization. The P450 content of purified CYP505D6 was determined by carbon
monoxide difference spectral analysis using an extinction coefficient of 91 mM~' cm~" (65). The contents
of FAD and FMN in CYP505D6 were determined by a fluorometric method (41, 42). Type | difference
spectral determination of the K, values for the binding of 1-dodecanol or dodecanoic acid to CYP505D6
was performed as described previously (41). The absorption and fluorometric spectra were analyzed by
using a SpectraMax instrument (Molecular Devices, San Jose, CA, USA).

P450 enzyme assay. Hydroxylase activities were determined as previously described (19, 59), with
slight modifications. Briefly, the activity and substrate specificity of CYP505D6 were determined in
reaction mixtures (1.0 ml) containing 50 nM CYP505D6, 125 uM NADPH, 1 uM FMN, 1 uM FAD, 10%
(vol/vol) glycerol, and 5 ul of a substrate solution (0 to 600 mM in ethanol or dimethyl sulfoxide) in 50
mM sodium phosphate buffer (pH 7.5). The reaction was initiated by the addition of the substrate, and
the decrease in the absorbance at 340 nm was monitored by using a spectrophotometer. The reactions
proceeded at 30°C for 15 min, and 10 ul of T M HCI was then added. The background rate of NADPH
consumption in reaction mixture without the substrate was subtracted from the observed rates of those
with various substrates. The kinetic parameters K, and k_,, were calculated by fitting the obtained initial
rates using the Michaelis-Menten equation in Origin version 6.0 software (OriginLab, Northampton, MA,
USA). The residual substrate and reaction products were analyzed by GC-MS after extraction with 1 ml
of chloroform (three times), evaporation, and TMS derivation using N,O-bis(TMS)trifluoroacetamide-
pyridine (2:1, vol/vol) (37).

The NADPH cytochrome ¢ reductase activity was determined as an NADPH-dependent cytochrome
c-reducing activity in reaction mixtures (1.0 ml) containing 10 nM CYP505D6, 50 uM cytochrome ¢, 0.5
mM EDTA, 125 uM NADPH, 1 uM FMN, 1 uM FAD, and 10% (vol/vol) glycerol in 50 mM sodium
phosphate buffer (pH 7.5). The reaction was initiated by the addition of NADPH. One unit of activity was
defined as the amount of enzyme that catalyzes the reduction of cytochrome c at an initial rate of 1 pmol
min~'. The rate of cytochrome ¢ reduction was determined spectrophotometrically at 30°C using 21.1
mM~—T cm~" as the extinction coefficient for reduced cytochrome ¢ minus that for oxidized cytochrome
¢ at 550 nm (16-19, 59).

The thermostability of CYP505D6 was determined using dodecanoic acid as a substrate. Purified
CYP505D6 was preincubated at 4°C and 30°C for 3, 6, 12, 24, 36, and 48 h. Residual CYP505D6 activity
was assayed in reaction mixtures (0.5 ml) containing 125 uM dodecanoic acid, 125 uM NADPH, 1 uM
FMN, 1T uM FAD, 10% (vol/vol) glycerol, and purified enzyme in 50 mM sodium phosphate (pH 7.5). The
amount of generating NADP* produced by CYP505D6 was measured spectrophotometrically by mon-
itoring absorbance changes at 340 nm.

Instrumentation. GC-MS was performed at 70 eV using a GCMS-QP2010 apparatus (Shimadzu,
Kyoto, Japan) equipped with a 30-m fused silica column (DB-5; J&W Scientific). The oven temperature was
programmed to ramp from 80°C to 320°C at 8°C/min, with an injection temperature of 280°C. Naphtha-
lene conversion products were identified by comparing their respective GC retention times and mass
fragmentation patterns with those of authentic standards (37). Compounds for which authentic stan-
dards are not available were identified by comparing the mass data with those available from the
National Institute of Standards and Technology (NIST) mass spectral library.

Homology modeling of CYP102A1. Homology modeling of wild-type CYP102A1 and CYP102A1
Y51V was performed by using the Molecular Operating Environment (MOE) homology program (Chem-
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ical Computing Group Inc., Montreal, Canada) based on the template of the heme domain of CYP102A1
(PDB accession number 21J2).
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