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Abstract Polyethylene is widely used as an agricultural film,
but eco-friendly technology is lacking for its decomposition. Thus,
recently, much attention has been paid to develop a technology for
biological polyethylene decomposition. It has been expected that
several oxidation steps will be required in the biological
degradation of polyethylene. First, secondary alcohol is formed on
the polyethylene chain, and then the alcohol is oxidized to a
carbonyl group. In the subsequent process, the carbonyl group is
converted to an ester by Baeyer-Villiger monooxygenase
(BVMO), and this ester bond is expected to be cleaved by lipase
and esterase in the final step. In this work, we reviewed BVMO
as one of the promising enzymes for polyethylene decomposition,
in terms of its reaction mechanism, classification, and engineering.
In addition, we also give a brief perspective on polyethylene
decomposition using BVMO.
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FepaEe Uert gol ko] EaL tigaLte] 7hss] W
woll A Y HollA] thiHO R o] &EHA AA ZEkx
g z= L AZE AAEE ek
2 3% 5,0008H0A 49 Eolm, NG =HA kgt FZEiY
< it W EAY WAL AeH1L,2]. A v BiE
FUEE ZEfagnogn 5007kl 1,3009HE0] @l 3l
TH3]. ol A AEjAl B ohde} 1Al FAAR] T
< zHske Flo= # dEA 7] wite] HEeEkeE AHlE
T AAAZE A vlEs 9k =88 7180 U

S, A4 Zekeg T A 195 AR s ZeddE
(PE, polyethylene)> HAMAZoZ ufs] 19 £ o]} A=}
[4]. PE= olE3l (CHye] vHEZom ZHE FTFPA=E vk
S3EaAE S o] R Ut PEE Wkl wEbd Adx F
o|€=I(LDPE, Low Density Polyethylene)?} %= Z2]o| ezl
(HDPE, High Density Polyethylene)®.2 #F%t}[5]. LDPEE
ARst LE7F W fA4o] sl AF A 8 o]9of
T 7Fg vld, IYA|, $98EEe] Az A=Y, HDPE=
A3t vt w3 disle] Zkg mho]mut AR BlE, AlA|
BAE 87] Azl AREEUHI]. PEY & 54 F shie ¥
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33 A eIET B Bl et IRIF sk v
EPATH10-12].
#<, PE 3l tigh #Ailo] molAHA] o]&ES

v Eo] ApAA EAGTIE BarEe] F7s8lal ATH1,5,13]
SRR, o}A7kA] PERSNO] HFAoR Hoste ahEC] F
AMA= AEs] A A= ot o, PEY 7= 2 A
Ao 2Ry EEg vAEESY §4& 7|We R PE £3) o
7B27F 57 AgtEo] SUTH13,14] tiEAR] oY AR F
iUk m-alkane®] ZafollA ololt|o]E L ZoEM, WA
71 A&2] alkane®] Penicillium, Bacillus, Pseudomonas, Rhodococcus
[15159] P&l 7k &4 g o3 #al=e A= +
gatal slrhl16]. ]9k 22 21 A& alkane #3f HIAEES
PE #3lje} o] vk BuE wAES dX3k= 497 B
7] W2 o] 7HdE s =& AlEE AL ItH4,5,7,17,18].
o]} 7+2 PES] AYESHH 3l ZAREoIA= PES] subterminal
oxidation FYHE A& Aow o=sl YuH19](Fig. 1).
Alkane®| subterminal oxidation W8~ alkane monooxygenase
of o3 wiZi=w, o] WhgoR FE 23 dFgo] AFHET}
(Fig. 1). Th ¥+8 DAl 23} E-2-2 alcohol dehydrogenase
o o8] AEC R AstHATHFig 1). °]F AELS Baeyer-
Villiger monooxygenase (BVMO)ll ¢Js] o|~E]l2 A=,
o] dl2H AE-2 T DAoNA lipase Z esterased] ]3]
e ck(Fig. 1). olEA AAHE AP4He B-oxidation cycleZ &
o7 At B FeR GFE Qrh. wEbA, £ JoA= PE
23l o AR F8 JTE T ZAeE didEl= BVMO

g 28, o Badl MSUAUF, BF, H2 T F
A
R

| A7ES 2Helzat it olek tEo] PE
Al BVMO2] o]¢ 7FsAe 71eks] A

-

£

BVMO &4 ¥h3 vAYUF

BVMO<= ketone == cyclic ketone2] carbonyl 218-7] Th-<ll
2k RS AFAEI ester T lactone® 2 A3HSh= Baeyer-
Villiger (BV) oxidation ¥-8-& Em|3l= flavoenzymes® 2 &
B JATH20]. ©] E4hv RAEATOZHA flavin adenine
dinucleotide (FAD)S} Ag=o] o A 9&S 3=
NADPHE HZoAZ Q2 3Th(Fig. 2). ©] F XaAE
BVMO®] 98t 7JAAE 282 71K alkane == PE)9] Ak}
kol 31814 FAE 213 nucleophile®] B/3ol wi§- T8
g &S gt}

WA 9 wAYUS SHlA, AR FHA 9
BVMO §4:¢] 243} #go= olopr|ad 4= ik A
AllXE NADP)H7F BVMOSH whg-ate] &aot 3 A
I e BARAE flaving $UA1A flavin semiquinoneg A
Aehe Aoz dEiA Ath21,22](Fig. 2). thy 9 WHEollA
Aba g FAE FodeAl Eedl, o] Ata Ak vk AW
A @AM THEoR flavin semiquinonedl] 28 EA3lE =
Aoz d#A Jth(Fig. 2). o] FHA wge] AEEH 713
S 38 FA37] 3 nucleophile?] flavin C4a-peroxide 7+
A7t A EThFig. 2). ©l¢F 22 nucleophile?] flavin Cdo-
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Fig. 1 Predicted pathway for decomposition of long-chain alkane or polyethylene [16]



J Appl Biol Chem (2021) 64(4), 433-438

Ff Ff
Ne _N_ _O N
/\(
—
_ NH
N NADPH H
o
H20

0]

435
T
N__O No_N._0
| z
NH (7 )@E NH
02 H/o
0 o ©
\MXJ\M?
T
No__N-__O

)
N N
/ —1a
NJ)/\'(NH
(0]

X

b
/ %/8 0
2

NH

XX

A \6/)><M’

Fig. 2 Schematic presentation of the reaction mechanism of the Baeyer-Villiger monooxygenases

Table 1 Classification of BVMOs [24]

Flavoprotein

Number of polypeptide

BVMO type Prosthetic group Cofactor subclass components Sources
I FAD NADPH B 1 Thermobifida fusca
I FMN (substrate) NADH C 2 Pseudomonas putida ATCC 17453
(0] FAD NADPH A 1 Streptomyces argillaceus ATCC 12956

peroxide S7H A A= BVMO 49 active sitel
= arginine Z717}F wl¢- T3k TS = Aoz dEHA
ATH23]. BVMO ®Hg-9] Al WAl TAeX = nucleophile?!
flavin Cdo-peroxide S7H|71 7129] Al 15 ©AUAE 3
a yAsE Aoz d¥ AUthFig 3). wWEkA, o] ¥k A}
E2ZM 849 active site?] flavin Cda-peroxides} 712o] ATt
H AMEA| Criegee SZHI7F 4" th(Fig. 2). 2 TAII Ul
HA 9hgollA o] F= AEE Fate] WREAEEA ester
2 Z3dr} o] BE whg TACA 3k E hydroxylslE
flavin & Wh8-5 Fslo] Hdso] thg whgol] Fefdh= 2

o2 A duh24,25](Fig. 2).

BVMO #49] &%

BVMO= < PE &8l #4ge] 2 aag F7uo] g2 &
55 W e 8ao)E SR, 2 ofole FE UYE
AEQ! caprolactone®] ‘2 AYihS gk TNl QojA F
s 84 5 RSlTH26]. o9k 2 AE seAew
%2 BVMOE©] 9348E 5t ol gREANME A+H
of Haxoe] glom, 1 71d v B vle & §We Ao

4

2 2#A ok durzEel BVMOS ER{E Zhol AT
o] Qe HAEAEL] F57, flavoprotein®ZM 9] subclass, ¥+
2o Tshs HEAAY FF Tl uEt EFEHI Uk o
E9

EA Wt type I, I, OF EFET UK(Table 1).

Type 1 BYMO

Type 1 BVMOE HZAEAGOZ FADE 7AW, NADPH
HZRIZAZ 71A= class B flavoprotein monooxygenase®]l
STH20]. T3 Type I BVMOE @ Zgjlelol=g2 74
o] & Aoz ey Uri(Table 1). Type I BVMOOIA =
Ao g AFHE FQ motife FXGXXXHXXXW[P/D]}
[A/GIGXWXXXX[F/YIP[G/M]XXXD7} ¢#EA AcH27,28]. A
Akl FXGXXXHXXXW[P/D] motife type I BVMO<|
fingerprinting motif2 B¢ FE2 FY typeollr w4 =& 1
4L Ueille AoE g UtH27-29]. Fingerprinting
motifi= TAEA 23 FAsAE LA FAD ¥ NADPH
Aw|Ql Alo]|2 Ao wn EmjRe Hol Walsls FA
FEje] FYA fAlel 7ofshs Ao® A AvH27,30]. ¥
A}l [A/GIGXWXXXX[F/Y]P[G/M]XXXD motif= active site

Mo b
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o Rsk= Zo® A don, BxIRl FADSH NADPH
7} Zbzb Agsle A2l Rossmann EE(GxGxx[G/ADE Aol
of fAIste Ao=R deA UTH27,28]. Active siteol|A] ©]
motif®] aspartate (D) F7|= ZaAo} AHHQA Hoz8-S 3}
= Aoz dHA ArH30].

Type 1 BVMOS] ti4Ql dlZ2= M el Thermobifida
fusca®] phenylacetone monooxygenase (PAMO)[27], Rhodococcus
sp. HI-319] (CHMO)[29],
Rhodococcus rhodochrous®]  steroid monooxygenase (STMO)
[25] Tol &&A Aok &E3h, gl frEie] type 1 BVMOZE
= Aspergillus flavus®] BVMO,pr g7t 2 814 JTH31].

cyclohexanone monooxygenase

Type Il BVMO

Type Il BVMOE type I BVMO$} 22 FMN3# NADHZ
HAEQIZFRE ARE-3h= Alo] 5Aolth26]. &gk, F+ /o] ZE3
Elol=g FAEo] e A% type I BVMO2| F8 SA4o|t}
[26]. °)’de] EAS 7IXHA class C flavoprotein monooxy-
genases® H-HEW type II BVMOZE E7310}[32,33]. oju] A
F Z3 7ol type II BVMOSL] 7% ZgjlElo|=7) =2
75 doer, AR ZeEe|l=e BXIAE NADHE
ARt FMNS A= AE3E ske A0 deiA 9
[26]. $LE FMN2 2y ks Fate] yuA] & tE &=
HEfo| =2 o]F st 4k /g5l FFol| o] EHOEN A=
nucleophile F/goll 7]ofshke ZAog 24 SUTH34].

Type 11 BVMO2| thiE4Ql dlZ+= ] (camphor, C;oH;50)
qAte]  #AASl=  Pseudomonas putida ATCC  174539]
diketocamphane monooxygenase (DKCMO)7} &2 # ATH35].
371 P putida®l 7-5+= /081 AE & DKCMOE 7H+=
Rozg 4#HA Joem, 7tz 25 % 3.6-diketocamphane
monooxygenases (2,5-DKCMO % 3,6-DKCMO)E H 315 o]
AtH26]. F a4 AP EFEQA camphor?] ©]3}2RE- 3}
Ao zZtzh Fedste, 2,5-DKCMO$} 3,6-DKCMO+  2,5-
diketocamphene®} 3,6-diketocamphene®] 2k} WkS-S- 7z} Eo)
Aoz Zufsle AR 4EA UTH36]

Type O BYMO

Type O BVMO+= $A 133 type I BVMO % type 11
BVMO% tha 5Hoxl §AE& HAFI Ut Type O
BVMOdIA = oln] A AFS type 1 BVMOoIA 27
motiZ} e WAEA] S Wk olE, type | BVMO %
type 11 BVMO2} HlwolA] 7324 HAMY Hgh AR A] 2
o=z dEA UrH24] HEAR] type O BVMOE Streptomyces
argillaceus ATCC 129562] MtmOIVe|tH37]. Type O BVMO
el MtmOIVE FHAZ AME-E]= polyketide?] mithramycin A3
A oA 2shg-g Fuste Zo®E duA UtH26].
Type O BVMO?! MmOIVE FADS BAEATCZ NADPH
E HEJAZ AFE3H, o] G4 FE class A flavoprotein
monooxygenase®l| <3HCH33].

Type O BVMO2| 5012 MmOIVe] 7-$-9f o] &
BVHE-S En) & & AT, tiFE BV oxidation 92] thE
WSS Svishs thls Eadke Helth38,39] dlE A4,
o gk BVMO= 44 AFl, 7rdsl, @7He4dst Al &A1 ¢

sk

cascade WHg-& viZNgThr LA Avh39-41]. whEbA W=
71%% dh= type O BVMORRE A Q9] frapdo] &g
MtmOIVS}F T2 type O BVMOEZE FAKSE M do] &4
A FE T AUTH40].

-

AAFEE o] &% BVMOY AF
BVMOE Z PE &8 o] a3k a4en F&2 iy
< Wt oflg} oln] AFe BT F4 Fu| 38RMdolA
sl o#e vh-S diAs] {3 ASFvEN F5 9
ot T Bl AdAl] EAEkE oE BVMOE ¢
oF 72 Ao AHE3lr] flsiM= Jidde] Had M EAe
CARE 54 B8] Yl diFow QTHE 49
SPA AL AlElaE BVMOS] HERSIA 81439 A=EE
Mol Hasiths Aolxe ool §itt. Type 1 BVMO %
type O BVMO®| HZ%21A}Z ARR-E]= NADPHE NADH]
vla) 108 o) ¥ Rog dEA glom, NADP'YY] A)A8A
AZLA) T3k NAD'| Blal w2 Aoz deA] Urh42]. ©]
2 9l&te] opE e type I BVMO 2 type O BVMOE ©|&
g 282 7AIAe] wlg WA AA FFolA AREs]el=
ojggo] Utk o9t 7 olFE o] BVMOL HEIAIC]
NADPHY] 2]&4& 2F7] 93t dvEo] 34 v} 2l
dE EW, £433%S F3ted NADPH ¢J&% BVMOE
NADH &g o2 7akst Ao txzd Aldo|th43]. o5
38 Acinetobacter sp. NCIMB 98712] cyclohexanone monooxy-
genase”} ©]€F oM, o] oY Fih= NADPHE HZR1A}
2 Qs Aoz dEA do44]. o5 AFolME i
33 ol 7Hksle] B221A19] NADPHSF =48 Aot
£3h= oln|iesl V)5S WU3] HESS NADPHY <14k
I AsAgshes VES Fof E¢WelE fsle] NADPH
oELI} v EAHo)E 273 Aoz U QUTH43).
NADPH®| <14 Adt #4919 27|59 &AWl S208D,
S208E, Q210N, Q210S, K326H, K326N, K349R<S NADH®
gk Edo] T7kE FAoE HiEo] QITH43]. © ot o]
EdHolES 2Fsle] okAdE di¥] NADHe digh &4&
2,6008] o] JHAAIZ] Aow HWaslal JrH43]. EFF Bl
2L BA| A RH R F5AgsE e EdNelE F
7k fdksle] L55R, S186P, TI87L, V253Y, F284Q, D341C,
W490Y<] ®Hol7F NADHe tist 448 Azl Aezw &
A ATH43]. &3 o]ES 2Fsle] RRE HHolA| S S186P/
S208E/K326H} S186P/S208E/K326H/K349RS 22t NADHe]
3k BAdo] oY &4 the] 1,920 2 41708 F © A
o2 BT UrH43]. ol ATE B A EdHolE
53 NADHO| 8H]&2 =o]7] X3k BVMOL H=UA}
EolAde b3 Mg AL opd Zlom HaEo] rh43].

pud

o 30 N 32

o

it wlo o

—

BVMO 4] A%

BVMO= 44§ BV 48} 1he-2 St =8 42X, PE &
3 HAAoA Fas AN 1 Jo] IA ZUEHL AUt
E3], PE H3lloll oir kst Akahsil g4Ee] #gow
PE ol carbonyl group®] BAE F, ©|E< F7F £l
HFEA] BVMORT 2 BV 418} 34go] Fagh Aot &)
Tk ol9} 7+& BVMO2| HhSollE 94 olF¥E NADPH %
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NADH HZRIA7} Alg-=|ojok gt} PE9} 72 A} &34
AoM= BVMO E47} Al Bro g ERjE|AY A2 EH
Al QR FHoR wEEojol & Zlog HuEI 9]
e B A BHEIAS Ajge] §olshA] e
BVMOS] A&#Q1 4L 7del = of8le Zo= o
BVMOE ©]§-¢ slsgAoli® oo} 22 A= ¥5H
o IF HEAze] AEde 9%t At Al=" vk 9l
[42,45-47]. &, BVMO HWHgollA ksl RIS tE &4
£ ol&sle] A= Aol o= NADP™ 9|&%F alcohol
dehydrogenaseE- ©]-8-51] 712 ZM endo-bicycloheptane-2-ol-
Absia71E oA NADP(BVMO BHollA & Asld Bz
O1ZHE thA] g A7l Aow HEo] rh48]. o|9h e
Azko] Bzt gk 2balEhY - e AL o
AW o2 BVMO2| AFdA o]gol Qlojr] T v HES
AL sbslEd AlZEE 7= 31 B3 BVMO 8429 QFgAd
I 4L Eoldde =8 I T8 aEEook e B
o3 Qlth

al

NGRS

gl ARSEIL AR o] X
Sl Agoltt. old FH
& el digk Aol o}
Falloll= 27HA] 4ks)t @A
7t o Aolgial o dEh Wx], Egogdl Azl 24 ¢
Fgo] PAHHI, dI&L JIEREV|E AtslE) o] 3
o4 F}2R97]:= Baeyer-Villiger monooxygenase (BVMO)®]
o3 o AEZE FBE L, o] o AE= iRt TAMA lipase
9} esteraseol] Q& dotE Zo 7 dgEct B AFoM= &
glogdl 88 Aol Bostke T8 §4 F 3Rl BVMO
o] ¥kg WAL, &7, B4FT SHoA FRstslnh Egt
BVMOE AM&-s+ Zjolddll &3l oo g A 7F
3] A&

W flo nt

ECEECR

EEaEE
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