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SUMMARY

I. Title

Screening  of  multi-functional ~ psychrophilic  lipase  from  polar

microorganisms and synthesis of functional compound

II.  Purpose and Necessity of R&D

The purpose is to discover special functional lipases with great industrial
usefulness from microorganisms isolated from polar regions, and to
mass-produce active lipases through gene cloning and expression. The
recombinant lipase produced is intended to be immobilized on beads and
then used to synthesize phenolic lipids with antioxidant and antibacterial

activities and lipid esters, which are functional food materials.

III. Contents and Extent of R&D

Lipase activity was measured by the TCN plate and pNPC method for
polar microorganisms distributed by the Polar Research Institute, and
strains with high activity were selected. Lipase gene was expressed in E.
coli cells by shotgun cloning. Enzyme activity and expression level are
increased through molecular evolution techniques. Recombinant lipase
expressed in Escherichia coli is immobilized on beads and a functional
ester material is synthesized through a transesterification reaction. We
developed a reaction system for synthesizing phenolic lipids using

commercial lipase.

IV. R&D Results

In order to use enzymes industrially, it is necessary to increase the activity
of enzymes and optimize reaction characteristics through molecular
evolution technology. An error-prone PCR method was used to improve
the reaction characteristics of LipCA lipase found in Antarctic Croceibacter
atlanticus. The lipase activity of the mutant strain (M3-1) was greatly
increased compared to the wild type (WT) strain. The M3-1 strain
produced about 3 times more lipase enzyme than the WT strain. After

confirming that the base sequence of the M3-1 gene differs from the WT



gene in four base sequences (73, 381, 756, 822), the secondary structures
of the WT and M3-1 mRNAs are predicted and compared by RNAfold.
Compared to the mean free energy (MFE) of WT mRNA, the mean free
energy (MFE) of M3-1 mRNA decreased by 4.4 kcal/mol, and the MFE
value was reduced by mutations at bases 73 and 756. When base 73 is
changed (T—C), mutant enzyme production decreases while WT enzyme
production decreases. These results demonstrate that base changes at
position 73 can significantly affect protein expression levels, and that
altering the mRNA sequence can increase mRNA stability and increase the
production of foreign proteins in E. coli.

Synthesis of wvanillyl butyric acid (BAVE) or wvanillyl caprylic acid
(CAVE) from VA with tributyrin or tricaprylin through transesterification
using immobilized lipase. BAVE and CAVE remove DPPH radicals from
organic solvents. Also, BAVE and CAVE showed antioxidant activity in
the Menhaden emulsion system. CAVE exhibits antibacterial activity
against food spoilage bacteria including Bacillus coagulans. Zeta potential
measurement confirmed the insertion of BAVE and CAVE into the B.
coagulans membrane. In addition, propidium iodide uptake assay and
fluorescence microscopy showed that CAVE increased B. coagulans
membrane permeability. Therefore, CAVE is expected to play an important
role in the food and cosmetic industries as a dual functional material with
both antioxidant and antibacterial activity.

A lipolytic enzyme (Rcut) was found in Rhodococcus (RosL12) isolated
from the Antarctic Ross Sea. The gene consisting of 651 bases encoding
216 amino acids was identified as a cutinase gene through BLAST search.
Active Rcut is generated after transformation of the intact gene containing
the signal sequence into Escherichia coli Rosetta-gami™ 2 (DE3) pLysS.
The specific activity of the purified enzyme was determined to be 2,190
U/mg. Rcut showed the highest activity at 40°C and the activation energy
was measured as 3.16 kcal/mol. Rcut shows high activity against medium
chain fatty acids (C4-C10). Rcut decomposes polycaprolactone and
polyethylene terephthalate and can be used to decompose synthetic plastics
that cause environmental pollution.

Alkyl butyrates are known as important additives in the food industry.
Synthesis of various alkyl butyrates from various fatty alcohols and butyric
acid using immobilized Rcut. As a result of the synthesis of alkyl

butyrates using alcohols of various chain lengths, the preference for



alcohol substrates was in the order of C6 > C4 > C8 > Cl10 > C2.
Through molecular docking analysis, they found that the more hydrophobic
the alcohol, the more accessible it is to the active site of the enzyme. As
the chain length increases, the number of twists increases, making it
difficult for the hydroxyl oxygen of the alcohol to access the serine in the
active site of the enzyme. Rcut maintains synthesis efficiency for at least
5 days in isooctane solvent. 100 mM substrate was added daily for 5 days
and the reaction was carried out to synthesize 452 mM butyl butyrate. We
showed that Rcut is an efficient enzyme for producing alkyl butyrates used

in the food industry.

V. Application Plans of R&D Results

Discovery of new lipase gene from polar microorganisms and mass
production of active lipase. After investigating the reaction characteristics
of active lipase, the active lipase is immobilized on beads and used as an
enzyme catalyst for bioconversion reaction. It is planned to be used to
synthesize phenolic lipids and alkyl esters used as materials in the food
and cosmetic industries by non-aqueous reaction because of their

antioxidant activity and antibacterial activity.
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o]
\ lipase DF “Amano™ |
5 L Ester
+ AN _ LN
H_C/\D CH;(CH,)1sCH, ' s

5. g utotA & ©]&& DHA-vanillyl ester $4 A
7k DHAE o8] 7bA A2 84S zhe S8 BdojAn Byt oA 44 2
BHE 5 orgAlo] HojA. 2l HolAl S o] &3] DHA-vanillyl esterS 4§ AHaho

2A gastgd S SR, AP S Fol DHA-VEE HolE FH A3 9
24 DHA #Fol S71ES 1%, in vitro A elA DHA-VEO] o3&
Al ABE A 2§ rat primary neuron® A Eol FT7HEE B3 . Food Chem.

(2015) 171:397-404.

2 108

MTT reduction activity 0
(% of control)

MTT reduction activi

. DHA-VEE DHA-EE$} vanillyl alcoholE AF&3]A FAIe 3 A7|7F HslHA
2etEl = AEE SAEA ¥ E. =, conjugated diene ¥ FTIR A4S %3] 3
gt A3}, DHA-VEZ} DHA-EE HEt} Abstel] s &2 <t S 933, Food
Chem. (2015) 169:41-48.
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http://www.sciencedirect.com/science/article/pii/S0308814614013958#gr5
http://www.sciencedirect.com/science/article/pii/S0308814614013958#gr5

t}. Caffeic acid, ferulic acid, sinapic acid, chlorogenic acid ¢ butanol, octanol,
hexadecanolE& #¢1 ¥, AR Af3t A&l E#E 54T (antiamyloidal activity).
1 A3, caffeic acidoll hexadecanolE ¥ 1= WOl antiamyloidal &7} 7+ &
Ao Z 813 A, Biotechnol Appl Biochem. (2013) Nov 22. doi: 10.1002/bab.1182
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<3t PUFA$} rutin, vanillyl alcohol% o] & A HEEI=E AYqtkst
5, FAs g4 543 BHIL, o-EXAES Hu=ZE A3 oH, DPPH,
thiobarbituric acid assaye T3 3. &4 %UH, bulk oil A| =¥, ol HAA 2H o
A EA% A, #HE=7]0 9siAl PUFAS 2tsl7b 212322 PUFAC] <34 ¥
5719 &4 &9 &7 S7FE S B3e. T Agric Food Chem. (2011) 59:
7021-7027.

6. B A& o] &3 Capsiate T AT+

7} 1054] capsiateE ¥/ 3st3Z DPPH (polar medium), Rancimat (nonpolar medium),
linoleic acid autoxidation (micellar medium) &4 74 3. BHT ¥ o-tocopherol &
P2 o 2 ARSI O™ Tween 20 micelle-linoleic acid Al 28 9 A vanillyl stearate,
oleate, ricinoleate 7} 7} £ At 58S e AS WE. T Agric Food

Chem. (2011) 59: 564-569.

L. Capsiate™ 34bst&A], da3d oA, A5 A &35 Hol7] wiFol of
B Oe= AFHMAZ AFEE. CapsaicinoidE capsinoid® A Est= A+LE 43
3k, =, vanillyl alcohol®} nonanoic acidZ capsiate@/dst= W 3 capsaicinF}
vanillyl alcohol& A}F&3lA] capsiate &/d3t= WHS 7H2E. World J Microbiol

Biotechnol. (2010) 26: 1337-1340.
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(A) Hydrolysis

HO~ 1w Lipase Hojij\/ , ©
MeO™ N‘T(\/\/\/\ n-hexane MeO NH, HO/U\/\/W
o (2) (3)
(B) Acylation

PO o | & o] Lipase HO o

e OH -
MeO HO n-hexane  MeO

(4) ®)
HO " HO
ST e o}
B ———
MeO 1 N]TCHz(CHz)sCHa 4 MeO : O]rCHz(CHz)SCHa
M o n-hexane ®) o

70°C

Lipase

HOQH n-hexane, '7()" Q/ . HOQ‘
MeO NM HO OM MeO NH.
(

o Fikstso]l FAE FUFE JdEEEES Fdete AdFE FAY. =, vanillyl
linoleate”} #Atst FHol 7} Fom, Axgolqg oEAS wEoIA AL
A3, UV ZAMS fibroblastE HE o st 58S 2= AS W3, J Agric Food

o
SENPRPW= A |
. D/\E:[?

2}. Vanillyl alcohol®} methyl nonanoate=E| capsinoid (vanillyl nonanoate) 7 3F°
2 M capsiate and dihydrocapsiateE® T # A= A7+ FR T Biosci

Biotechnol Biochem. (2002) 66: 319-327.

7. 219 A & o] &3 Caffeic acid phenethyl ester (CAPE) 34 A+
7ho vRbe G, Y8, IAES, G Uy A AdE AW, CAPEE o9

THA A md TR EI 1AM BHEE 2A, FHS, AR, AERA, v



B E R B3 oA Z%o] . CAPE FLAS FAey AF 294, A
A FF, 3T3-LIAES] HaA 22 Fslo] tist dFS AL Bioorg Med
Chem. (2015) 23: 3788-3795.

WWOWWE
HO
OH 7
1. Vancomycin®ll ol Fx ¥ #HAF &84S CAPEZF WAsts As @3, =, A%
9] Serum alkaline phosphatase (ALP), amylase, Y-glutamyl transferase (GGT), lipase
g4e 34T A3, CAPEZF A% &4 WASe= A& WE. Toxicol Ind

Health. (2016) 32: 306-312.
T}, CAPE= FAFAAE S XNE8+= o2 93 3. =, amylase, lipase o] =3 =

Aoz G FFH d5o] Folw. World J Gastroenterol. (2009) 15:

5181-5185.
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A3 & Agrd HE 2 a1
138. Crocerbacter atiaticus 2| T}o}pA] 7|3

1. BAF 371 HE o] &3 LipCA Holah 7

O LipCA gl FolAle] WHolaiE /W37l #1384l error-prone PCRE T3 . 4,
7N1AE AHEske dNTP FollA dATPS FL=& W3 PCRE F33. dATP &
T7F 171091 739, PCR product %ol th=f 122 743 dATP FE7F 1/5¢ 7
%, PCR product o] d¥ 7+43. JATP F%7F 1/2¢1 7%, PCR product o]
FTUF. weEbA dATP =5 11008 ZoJA PCR ¥H-&S S35t mutation

=7t e A2 AAHT

K

(mM) 1(con) 2 3 4

dATP 0.25 0.025 0.05 0.125
dTTP 0.25 0.25 0.25 0.25
dGTP 0.25 0.25 0.25 0.25
dCTP 0.25 0.25 0.25 0.25

O Mn* %7} 15 mM o2 E H7lEW PCR wHS A=A &S Mg* %7
2uf & EobA W non-specific ¥F-g-0l P H. wekr Mg’ FEE 2 E EoiA
PCR %¥'-$-& 3 3l™H mutation %= 7 Aoz A3

(mM) 1(con) 2 3 4
MgCl, 1.5 3.0 1.5 0
MnCl, 0 0 1.5 3.0

O Mg¥ 522 28| 2 Z7}1382, dATP =2 1/109+3 2484 epPCR ¥H2S
FP3 F 100 L ¥ 3.

O A% DNAYS 1.6 pgl2 A thx GAE P 3 Gel extraction ©]F,
Ndel, Hindlll A $tEAF 2230 spin column washing, 12| 3. pET22 ¥ E ]
At E coli DH Sa 9l transformation 538 $F. E. coli DH Sa 9l
transformation 3¢+ T A H FZYUE A Z-E IA v A toothpick
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FePgt T 1537 FEUE FE3

2. LipCA Hola 4 238y
O E. coli DHSa i 1537} 2%-E plasmidE 7AW £l A E coli BL21(DE3)9
transformation ¢+ A3}, TBNO|A] haloE FAst= FEYUE &S AA Z22Y

L = XT.

o4 halo E4 2 BlE&°] 10% HEe]”7] W&ol halo T Tl T5F

A

S wjAEE 1570 AE7F g e F2EYE FAHE. |, 2, 373 23EYS

A 7HE halo7t & 22U E ZFobd. Mut(1-1, 1-2, 2-1, 2-2, 3-1, 3-2)&

b2,

==

Al

of offl 3 of

ol
ol

1K ~32|Y 25 ~32| Y 3% A32|4
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Protein Lipase Specific activity

(mg/ml) (U/ml) (U/mg)
WT 22 5.82 2.65
MI-1 4.4 0.88 0.20
M1-2 22.9 175 7.64
M2-1 19.6 11.6 0.59
M2-2 14.6 65.7 4.50
M3-1 16.4 1469 89.57
M3-2 21.1 679 32.18

. [ -
B2 A o] WT Hth 713 M1-2, M2-2, M3-1, M3-2°] talrx] G471 <E
H A0 2~3F) slod o o = A o =
A4S FdeAE. M1-29] A5, @717F 270 Wsta, ofv| Ak A ES WA
o - =) -
e, M2-291&= A717F 478 WstaL ofm =4t 27) W EH(M6E9T, F252Y). M3-19
[e) =) 1 = o ol =
A9, A7 7F 470 Wska opmi=Ake] 17) WIHF25L). M3-2E M3-13 593
6
:L -2 i ﬂrj‘éf‘lc‘ctl‘ﬁcrGTTT’n‘GAGtEEGCGACTGTACGCGCCCTGATGACG’ITACtC\EGCCOGGTGCI‘GGCECG’I‘THWNCCGGACNGMACCCACAG’l‘DGTIthATE’I‘GGATGCBCGG’I‘TGCE’I"I‘TTC‘I‘GTTGGCAC’IEAGU.GCGCC i gg
Mute-2 1 150
Mut3-1 1 150
Mut8-2 1 150
¥T 151 | AAGCCAACGCTGGAT TCAGGCACK COGGCGAACCTACC o GOGC GCCGATTCRTCTCCCC 'CAGGTCACGGTRGACGACGGCAGCCAGATT CTGGTGCGTCGT 301
Muti-2 151 301
Mut2-2 151 301
Mut3-1 151 301
Mut3-2 151 3 301
:T“ ggi TACCGCCCGGCCAAT GOGCOGCGAGTGGCTCCCRCCATTCTRTTTT TTCACGG TGGCGGT TTTACT GTGGGCGGC 'GACCGGCTGTGCOGCTATATTGCT GATCGCACCAATGCGGTGGTGCTCAGT GTGGATTACCGE 222
1(312-; 301 450
Mut3-1 301 450
Mut3-2 301 o 450
:Tt . 22{ TTGGCCCCOGAGCACCCTGOGCCCACCEECAT GRATGAT TCRTTTG COGCCTRGCGCTRG TTG CTG GATAACACORC TCAACTGGRCCTGGATC CRCAGCGGTTAGCGGTGATGGGCGATAGTGC GGG OGET TGCATGAGT GLGGTGE TG ZELE
KE*;-Z 451 600
Mut3-1 451 600
Mut3-2 451 600
;T“’Z ggi TCACAACAGGCCAAGCTGGCAGGCCTGCCGCTGCOGGCGTTRCAGG TGT TGAT CTACCCCACCACGGACGGTGCOCT GRCCCACCCT TCCGTGCAGA OGCT GGG GCAGGET TTCGGGC TGGATCT GECCTTGCTGCACTGGTTCCGTGAC ;Fgg
thz-z 601 750
Mut3-1 601 750
Mut3-2 601 oy —— 750
:Tt o ;2{ CATTTTATTCAGGACCAGGCACTGATCGAAGA CTATCGCATCTCCCCCCTGCGCAACCCGGAT CTGGCCGGTCAGCCCCCGGCAATTGTGATTACCGCRACGGATCCGTTRC CTGGAGTACGCC GAA ARA CTGCGTGCG g%
K:té—z 751 900
Mut-1 751 | -~ C- 900
Nut3-2 751 | -t C- o 900
:T“ o ggi GCGGGGAGCACCG‘rﬁAECTCACTBGATTACCCGGAACTGETGCM‘GGA‘[TTATTTCCATGGGCGGGGTGI\HCCGGCAGCCCECMGGNTTGAATGACA‘I CTGTGATGCCACCGCTCAGCGGTTGTAA : gg
uﬁcz»z 901 1029
Mut3-1 901 1029
Mut3-2 901 1029
25 69
WT 1 MNPAVFERATVRALMTLPGPVLARFAAGLETHSRSHLDARLRFLLALSSAKPTLDSGTVEQARRTYREM I ALLDVAP IRLPYVVDHQVTV 90
Mut 1-2 1 MNPAVFERATVRALMTLPGPVLARFAAGLETHSRSHLDARLRFLLALSSAKPTLDSGTVEQARRTYREMIALLDVAP IRLPVVVDHQVTY 90
Mut2-2 1 MNPAVFERATYRALMTLPGPVLARFAAGLETHSRSHLDARLRFLLALSSAKPTLDSGTVEQARRTYRETIALLDVAP IRLPVVVDHQV TV 90
Mut3-1 1 HNPAVFERATVRALMTLPGPVLARLAAGLETHSRSHLDARLRFLLALSSAKPTLDSGTVEQARRTYREMIALLDYAP IRLPVVVDHQVTV 90
Hut3-2 1 MNPAVFERATVRALMTLPGPVLARLAAGLETHSRSHLDARLRFLLALSSAKPTLDSGTVEQARRTYREMI ALLDVAP IRLPVVVDHQVTV 90
WT 91 DDGSQILVRRYRPANAPRVAPA ILFFHGGGF TVGGVEEYDRLCRY I ADRTNAVVL SVDYRLAPEHPAP TGHDDSF AAWRWLLDN TAQLGL 180

Hut1-2 91 DDGSQILVRRYRPANAPRVAPAILFFHGGGF TVGGVEEYDRLCRY I ADRTNAVYL SVDYRLAPEHPAPTGHDDSFAAWRWLLDNTAQLGL 180
Hut2-2 91 DDGSQILVRRYRPANAPRVAPAILFFHGGGF TYGGVEEYDRLCRY I ADRTNAVYL SVDYRLAPEHPAPTGHDDSFAAWRWLLDNTAQLGL 180
Hut3-1 91 DDGSQILVRRYRPANAPRVAPAILFFHGGGF TVGGYVEEYDRLCRY I ADRTNAVVL SVDYRLAPEHP AP TGHDDSF AAWRWLLDNTAQLGL 180
Mut3-2 91 DDGSQILVRRYRPANAPRVAPAILFFHGGGF TVGGVEEYDRLCRY I ADRTNAVVL SVDYRLAPEHPAPTGMDDSF AAWRWLLDNTAQLGL 180

252
WT 181  DPQRLAVHGDSAGGCHSAVYSQQAKLAGLPLPALQVLIYPTTDGAL AHPSVQTLGQGFGLDLALLHWFRDHFIQDQAL IEDYRISPLRNP 270
Mut1-2 181 DPQRLAVMGDSAGGCHSAVVSQQAKLAGLPLPALQVLIYPTTDGALAHPSVQTLGOGFGLDLALLHWFRDHFIGDQALIEDYRISPLRNP 270
Mut2-2 181 DPQRLAVMGDSAGGCHSAVVSQQAKLAGLPLPALQVLIYPTTDGAL AHPSVQTLGQGFGLDLALLHWFRDHY IQDQALTEDYRISPLRNP 270
Mut3-1 181 DPQRLAVMGDSAGGCHSAVVSQQAKLAGLPLPALQVLIYPTTDGAL AHPSVQTLGQGFGLDLALLHWFRDHFIQDQALIEDYRISPLRNP 270
Mut3-2 181 DPQRLAVMGDSAGGCHSAVVSQQAKLAGLPLPALQVLIYPTTDGALAHPSVQTLGQGFGLDLALLHWFRDHFIQDQAL IEDYRISPLRNP 270

WT 271 DLAGQPPAIVITATDPLRDEGLEYAEKLRAAGSTVTSLDYPELVHGF ISHGGY IPAARKALNDICDATAQRL . 342
Mut1-2 271 DLAGQPPAIVITATDPLRDEGLEYAEKLRAAGSTVTSLDYPELVHGFISHGGY IPAARKALNDICDATAQRL. 342
Mut2-2 271 DLAGQPPAIVITATDPLRDEGLEYAEKLRAAGSTVTSLDYPELVHGFISMGGY IPAARKALNDICDATAQRL. 342
Mut3-1 271 DLAGQPPAIVITATDPLRDEGLEYAEKLRAAGSTVTSLDYPELVHGFISNGGY IPAARKALNDICDATAQRL . 342
Mut3-2 271 DLAGQPPAIVITATDPLRDEGLEYAEKLRAAGSTVTSLDYPELVHGFISHGGY IPAARKALNDICDATAQRL . 342
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73 381 755 822
wT I T A 7 T |

Mut3-1 | < s c c ]
BT T s £ & |
3BLGIA | C A c c |
755C3T | c s T c |
822C3T | 3 G < T |

Fig. E. coli colonies carrying WT and mutant LipCA genes. E. coli
BL21 (DE3) cells carrying WT and mutant LipCA genes were cultured
in TBN-LB agar medium.

O Mutant 8 E X E coli BL21 (DE3)7¢ CFEE SDS-PAGEE %3 #4243}
AT M3-1 247F WT &4l " A 3 o] ©+50] 21 25 Selstit

MW pM  WT Mi1 MI-2 MZ-1 M22 M3-1 WT* M3-1*

Fig. SDS-PAGE of cell-free extracts of E. coli cells carrying WT and
mutant genes. The cell-free extracts of E. coli cells containing WT and
mutant genes were analyzed by SDS-PAGE. M, protein size marker;
WT* and M3-1*, CFE of 0.2 lipase unit.
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O Mutant FAA=S A E coli BL21 (DE3)7# %] CFE°l ths] &23A4S A3
A3, M3-12] @484 0] WTAl HlaiA] 3w} 718 AS F2Asdeh

Table. Lipase specific  activity of CFEs of E. coli cell
obtained by molecular evolution

Mutant Specific  activity (U/mg)
WT 943
M 1-1 90.6
M 1-2 52.9
M 2-1 55.2
M 2-2 39.1
M 3-1 292.7
O WT M3-1 ®Wolaiol talx 2% &4 kA, T2 pHol e &4
Y-S Felstsie.
A B
120 120 WT 120 M3-1

=100 o
E 80 A
2 60 -
= 40
E 204

ity (6) o

Relative activity (%6)
s
245882
;:?
£
Residual activi

L oo | o
o O O o
g

Residual activity

=]

0 102030405060 7080 o

! 20 4 60 0 20 40 60
Temperature (°C'} Incubation time (min}) Incubation time (min)
D E
120
120 = .
= 5 owT
<100 F100 OM3.1
% s0 £ 80
k> 8
2 60 o 60
o S
.z 40 4 40
k] z :
5 20 Z 0
0 0
6 7 8 9% 10 11 4 5 6 7 8 91011
PH PH

Fig. Effects of temperature and pH on LipCA lipase WT and M3-1.
(A) The lipase activities of LipCA lipase WT and M3-1 were measured
in the temperature range (10-70) °C. (B) and (C) The residual
activities of WT and M3-1 were measured at intervals of 20 min under
heat treatment for 60 min from (20 to 50) °C. e, 20 °C; o, 30 °C; m,
40 °C; o, 45 °C; A, 50 °C. (D) The lipase activities of WT and
M3-1 were measured in the pH range (6.5 — 10.5). (E) The residual
activities of WT and M3-1 were measured after pH treatment for 60
min from pH (5§ to 10.5).

wol7t dolgown g

O WT# M3-1 3422 Codon usageES H| LAt =,
F74 2] codon usage’doll & }o]7t

Z codon usageE Y| A3, WTH M3-1

glee Fdskdth
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Table. Comparison of codons

in WT and M3-1 genes

Mu‘ga.tion WT M3-1
position Codon Amino Codon Codon Amino Codon
acid usage (%)* acid usage (%)*
73 TTT Phe® 0.51 CTT Leu® 0.10
381 GAA Glu'? 0.70 GAG Glu'? 0.30
756 TTT Phe®? 0.51 TTC Phe®? 0.49
822 GGT Gly*™ 0.38 GGC Gly*™ 0.40
* Codon usage in E. coli genes
O WTH# M3-1 mRNAY TZE AAFsE duAES vwsgt. 1 A3 M3-1
mRNA ] <FA 3} 01]L1X]7} %7 73 $1x9] 9717} HolxH

Table. Minimal free energy of WT and mutant LipCA mRNA

Minimal free energy of mRNA  (kcal/mol)
Gene MFE Thermodynamic ensemble
secondary structuref S@gturet

WT -469.90 -485.72

M3-1 -474.30 (-4.4)** -488.63 (-2.91)

M3-1-73* -472.10 (-2.2) -487.67 (-1.95)

M3-1-381%* -474.30 (-4.4) -488.05 (-2.33)

M3-1-756* -472.60 (-2.7) -487.52 (-1.80)

M3-1-822* -473.80 (-3.9) -488.31 (-2.59)

* Back mutation of M3-1 gene; M3-1-73 (C" —T),M3-1-381(G " —
AYM3-1-756(C " —T),M3-1-822(C - —T)

T The MFE structure of an RNA sequence is the secondary structure
that contributes a minimum of free energy. This structure is predicted

using a loop-based energy model and the dynamic programming

algorithm introduced by Zuker et al. [33].

1 The thermodynamic ensemble is a statistical ensemble that is a

probability distribution for the state of the system.

** Parentheses indicate the energy difference between mutant and WT.

O WT# M3-1 mRNAS BE 12= ngsgrt. 138 9712 23ets 1-168
29 AL A Gebd AL Helsith ol AS Bal 13 drle) wehE
58l mRNA Hg4 0] S7HAES St



MFE (1-168)

WT = -64.3 kcal/mol
2240, | M3-1=-66.5 kcal/mol
" | AE = -2.2 keal/mol

MFE (381)

WT = 0 kcal/mol
Ay M3-1 =0 kcal/mol
AE = 0 kcal/mol

MFE (740-766)

WT = -4.0 keal/mol
M3-1 = -5.7 kcal/mol
AE = -1.7 kcal/mol

MFE (580-585, 821-827)
: WT = -0.66 kcal/mol

U M3-1 = -0.71 kcal/mol
' ,"q,’_ AE = -0.05 keal/mol

Fig. Prediction of the mRNA secondary structures of WT and M3-1.
The sub-structures around the four base mutations (U”*—C,A®'—-G,U™*
—C,andU**”—>C) in the predicted structure of WT and M3-1 mRNA

were compared. Arrows indicate mutated base positions.

O M3-1 F32F9] back mutations $733F3. Z2S E. coli BL21 (DE3) oA
#3 ¥, CFES SDS-PAGES &3 Z4sth dAZAdu= 738 H718 WT
I FAEA WA B, @l F o] e ko] WTH frARsAl H AT

Primers used in back mutation

name Primer (5> — 3°)

F73 GCCCGGTGCTGGCGCGTITTGCTGCCGGACTGGAAAC

R73 GTTTCCAGTCCGGCAGCAAAACGCGCCAGCACCGGGC

F381 TACTGTGGGCGGCGTGGAAGAGTACGACCGGCTGTGC

R381 GCACAGCCGGTCGTACTCITCCACGCCGCCCACAGTA

F756 CACTGGTTCCGTGACCATTTTATTCAGGACCAGGCACTGAT
R756 ATCAGTGCCTGGTCCTGAATAAAATGGTCACGGAACCAGTG
F822 CAACCCGGATCTGGCCGGTCAGCCCCCGGCAATTGTG

R822 CACAATTGCCGGGGGCTGACCGGCCAGATCCGGGTTG

Primers were prepared to induce the 4 mutations from the M3-1 gene to the
WT gene. Italics are bases for inducing back mutations, and underlined regions
mean codons containing mutations.
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M3-1  M3-1 M3-1 M3-1

MW M WT M3-1 -73 -381 -736 -822
(kDa) - 2
100 r -

75 |

50 (N

O s e - —— —

Fig. SDS-PAGE of the cell-free extracts of E. coli cells carrying WT,
M3-1, and four back mutants. Cell-free extract of E. coli cells
containing WT, M3-1, and four back mutant genes were analyzed by

SDS-PAGE. M, protein size marker.

O M3-1 F%#+9] back mutations G383} Z+72+S E. coli BL21 (DE3) oAl &
H3t & CFEY 24848 54 23, M3-1-739] A%, 24840 A %
A WTH frAFSE ks Btk mebx 2 A+E T3 739 971 HetE F3
mRNA S| /o] S7E el de] B o] A7 F7He As At

Table. Lipase specific activity of CFEs of E. coli cells
obtained by back mutation

Mutant Specific activity (U/mg)
WT 94.3
M3-1 292.7
M3-1-73 128.8
M3-1-381 235.2
M3-1-756 276.7
M3-1-822 225.2
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LipCAlipase
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WTDNA | | € grs 1 *h 3 e
L ‘b soggase | Fg - 190 €6 450
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Random mutagenesis W o m o ORE 48y
@ e w ©
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|
M3-1-381 [ = = x| o 2 *
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y i [ W
e y a’!; = o Fa = 822 @ fe
T e
K] &
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WT M3l M3l M3 M3 M3
73 381 756 82
Aol Al IR=S =]
O oo 44 2345 =

= 1

of A )3} +. Han Byeol Jeong, Hyung Kwoun Kim
(2021) Increased mRNA stability and expression level of Croceibacter atlanticus

lipase gene developed through molecular evolution process. J. Microbiol. Biotechnol
31: 882-889
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28, FHAYAE HEE =

O oAl & o] &3l T A WAL HA sl FASY . BlFolA & o] &3
EdH g 2H 23 WS 3T O ZM  caprylic acid vanillyl ester (CAVE),
butyric acid vanillyl ester (BAVE)E ¥ 332, DPPH radical scavenging, conjugated

diene, triene test, emulsion partition test, 3} &4, zeta-potential, PI testE <3 .

Vanillyl alcohol TBN.TCN
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1 Vanillyl alcohol 2 R= C3H;, Tributyrin 4R=C3H;
3R=C;H;s. Tricaprylin Butyric acid vanillyl ester (BAVE)
SR=C;Hs
Caprylic acid vanillyl ester (CAVE)

Fig. Lipase-mediated transesterification of vanillyl alcohol and triglycerides.
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Fig. High-performance liquid chromatography chromatograms. (A) Reaction mixture
containing VA and TBN was analyzed at 0 h. (B) Reaction mixture containing
VA and TBN was analyzed at 1 h. (C) Purified BAVE was analyzed. (D)
Reaction mixture containing VA and TCN was analyzed at 0 h. (E) Reaction
mixture containing VA and TCN was analyzed at 0.5 h. (F) Purified CAVE was
analyzed.
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Fig. Optimization of transesterification reaction parameters using CalB (A-C) and
K80 (D-F) lipases. The specific activity of CalB and K80 is 2.7 and 10.7 U/mg
of bead, respectively. (A) and (D) The effects of the molar ratio of VA and



triglyceride were investigated. The concentration of VA was fixed at 30 mM,
while the concentration of triglyceride was changed. (B) and (E) The effect of
lipase amount was investigated. (C) and (F) The time course of conversion yield

was calculated under optimized conditions. o, TBN; e, TCN.
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Fig. DPPH radical scavenging activities of BAVE and CAVE. Assay was
performed in methanol (A), butanol (B), and toluene (C). o, solvent; m, 1 mM
BHT; ¢, 1 mM VA; A, 1 mM BAVE; A, 1 mM TBN; o, 1 mM CAVE; e, 1
mM TCN. (D) The specific conversion rate of each antioxidant in methanol,

butanol, and toluene was calculated.
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Fig. Effects of antioxidants on MO-in-water emulsion. MO-in-water emulsion was
prepared with 10% MO, 1% Tween 20, and 1 mM test compounds. MO-in-water
emulsion was stored at 35°C for 5 days. (A) Formation of CD was measured on
the basis of absorbance at 237 nm. (B) Formation of CT was measured on the
basis of absorbance at 270 nm. 0o, None; m, 1 mM BHT; ¢, 1 mM VA; A, 1
mM BAVE; A, 1 mM TBN; o, 1 mM CAVE; e, 1 mM TCN. (C) and (D) CD
or CT-forming rate was calculated from the linear equation obtained by the
least-square method. (E) Partition behavior of VA, BAVE, and CAVE in
MO-in-water emulsion system. Emulsion was prepared with 50% MO, 1% Tween
20, and 1 mM test compounds. After 24 h, emulsion and aqueous phases were

analyzed using HPLC.

O BAVE, CAVEZ} Bacillus coagulans 2] %™
42 543% 23}, BAVE, CAVEZ} #el 2

2 S A #ldh

A B
Nobacterial cell Bacillus coagulans
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) o
\B -20 ’\: -20

-25 -25
Fig. Zeta potential measurements. (A) Zeta potential was measured for BAVE and
CAVE. (B) Zeta potential was measured for Bacillus coagulans after incubation
for 4 h in PBS, 5% acetone, 2 mM BAVE, and 2 mM CAVE.
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Antibacterial activities of various

compounds

MIC (uM)
Bacterial  strain
VA TBN TCN BAVE CAVE
Alcaligenes faecalis KCTC2678 >1000 >1000 >1000 >1000 991
Bacillus coagulans KCCM11715 >2000 >2000 >2000 >2000 15.0
Bacillus subtilis KCTC2189 >2000 >2000 >2000 >2000 57.4
Pseudomonas fluorescens KCCM41443 >2000 >2000 >2000 >2000 200

* MIC (minimum inhibitory concentration) was calculated as a concentration that

causes 90% growth inhibition compared to control bacteria.

O BAVE, CAVEZ} B. coagulans Al X% T3 Ao] JgS F= A

Al BAVE, CAVEE A&t JF&E4d PI¢ 448 < 3 =2

L34 A A3, CAVEE A ElstH PI7F Ml Qte 2 Ho] 5073 g<13).
o

olel A}E =wozZ WHEI. Jin Ju Kim, Hyung Kwoun Kim (2021)
Antioxidant and antibacterial activity of caprylic acid vanillyl ester produced by

lipase-mediated transesterification. J. Microbiol. Biotechnol. 31: 317-326

B

LightMicroscope Fluorescent Microscope

None

BAVE

5 1500

% 1000 CAVE /
=

2 s00 m ﬂ /

i 0 - T T r il

control acetone BAVE CAVE z\\

Fig. PI uptake assay and fluorescent microscopy. (A) After treating BAVE and
CAVE for 4 h, the levels of PI uptake of B. coagulans were measured. (B)
Bacillus coagulans treated with PBS (none), BAVE, and CAVE were stained with

PI, and observed with light microscopy and fluorescent microscopy.
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3. Rhodococcus sp. 2| 3tolA| 7| wt

O Rhodococcus (RosLL12, #3 A12)
E. coli BL21 (DE3)

ATGAAGAGAOGC T GATCGOCT AT CCAT TECTGCACT TCCCATCTCOGES ACAGCACTRECGC TT2OCATCGGAGT G0 TOGGOCGCE
¥ R B L L&t & [ @& & . & L @& 8 AT X LEI&EY & AR
COGTGTTCCGAT 3T AGACGTCT OGT TCQCTECCOGC AL QT ALGAAS TTCTIGGCC TCCGC ATCACGIGTACTCCT TTTSTGAACAGCGTC
Foow & B oy s F Sty R Pkt R R PF N NS %
AABTCGCAACTETCUGATCOCT DAGTC AGCAUG I ACGEOC P AACT ACGCCGOCGACT TS ACEC AGGOUAOGUGGLACDUUGA TC TCGE
Ew &k o DR W S L PA N R o BEE sy g P &R
CACCTCCTCOCTZATCTCAATTCOOTTGCOOCATCC TCOC CO TCOACCAAA TTTO TGATSCGEGOTTACT 20C ASGOCOZ0 ACCATCO T
B ¥ AN BN ¥ &a 6 FPg T BEFY LG GEYHEBE H T ¥
ACCARCCCAGTCAGTCTCCOCACTCOCAGCACC T CACCC AT GCCA TCATSCOGGOCCCRATCGLCIACC ICATCGACGGICOT TATCHTE
I8 & PG RET PR BEZF I & v & LBk T aabhogp = B & 8 R0
TTOGRGEAATOCAT TOG A TCATOG G ARGAAGATC GAAA TAGCCAGCA ST ACAT ACCET TCACGC ACCAACAG T TTCT R0 AAD TTCGES
BEoaw NGB R Sl ki oz TR BE LS B E RBRTY QSRS NWER
GACCCGETETGCCAGATCOGTSGCT TCAACACC T TCGE TCADCTGACCTASGGCACCAASCGU TCGRACGASGCASGGTSDC TCG TTCGES
B ONE QN LGS PN TR GH B BTN & & 2E Q6 4 8
GICGCTCACGTATGCATCTGA

A a © VIR S

O 651 bp, 216 amino acid , Blast search . Rhodococcus sp.
PBTS2 cutinase 98% . 100%

. Rhodococcus cutinase

@] Ross Sea Rhodococcus (strain RosL12) lipase
(Reut) s

O Rhodococcus cutinase

cutinase

Aspergilius oryzae(3GBS)

Malbranchea cinnamomea (SX88)
Colletotrichum gloeosporioides (ADCN) | Fungal
Humicola msolens (40YY) J catinase

Fusarium solani (3QPC)

Moesziomyces antarcticus (7CC4)

Rhodococcus sp.(this research)

|—Uncu1mrai bacterium (4EBO)
Saccharomonospora viridis ($WFK)
|_| E Thermobifida fusca (4CG3) Bacterial
Ideonallasakaiensis (6ANE) cutinase
Bacillus licheniformis (1C3L)
—|:Mius subtilis (11SP)
s

Fig. Phylogenetic tree of Rhodococcus cutinase.

A phylogenetic tree was constructed by comparing sequences of
Rhodococcus cutinase with those of bacterial and fungal cutinases using
the Maximum Likelthood method. The scale bar means the number of

amino acid substitutions per site.

O Rhodococcus cutinase homology modeling . /B
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Fig. Homology model of Rhodococcus cutinase.

A homology model of Rhodococcus cutinase was constructed on the
SWISS-MODEL server using Fusarium solani cutinase (PDB: lcex) as
a template. o-Helices, B-sheets, and loops are presented by cyan, red,

and magenta colors, respectively. Inboxes detail the catalytic triad and
two disulfide bonds.

O Rhodococcus cutinase 422 A wollA ek BASEY] 98l A E. coli BL21
(DE3)w 3 E. coli Rosetta-gami 2 (DE3) oS AF&3tth o] A%, E coli

. . X - o
Rosetta-gami 2 (DE3) ol 4] cutinase’} A el 2 Wo] AiE = AES
= = - = o = = o =]
Slsielth Ea NLE AENAL AN AxF DAL e
[e] S S = o S E-

A%, 2487 DENAL BT,

Al BL21 Rosetta-gami™ 2

' Intact Histag i Intact His-tag ' 5 .

(ngua 7M- Sip  Pot 'Sup Ppt  Smp Pot| Sup  Ppi B J ) N u:;:':?;m:‘z

I | — E WT [ sP ‘mature proten 7\6><H35\ 62 1482 2079

50 [ s e

37 | — 3 =3 = ; == = L7 |lg ] 174 129 ND

5;- — LR R s [ ] 005w w0

15 pelB-A20  [FEE [ ] 64 1601 2103

Cc MW M CFE Ni-NTA CM

R

(el

Fig. Expression and purification of RhAodococcus cutinase.

A. SDS-PAGE was performed using the supernatant and precipitate of
E. coli BL21 (DE3) and Rosetta-gami™ 2 (DE3) pLysS cells
containing intact and His-tagged cutinase genes. B. Mutant cutinases

having modified N-terminal signal sequence were prepared and
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produced in E. coli. Enzyme activities were then measured, respectively.
In addition, after purification, enzyme activities were measured,
respectively. SP, signal peptide. C. SDS-PAGE was performed using
enzyme samples after cell lysis, Ni-NTA chromatography, and CM

chromatography.

O Rhodococcus cutinase &40E T84 23t 2520 st 54 ZASEA
A 2wt 50CE UeElHA T g4 A3t U A 7} 6.24 keal/mol 2
ZA doll u2hA] 'cold-adapted enzyme' ©] BQlE At G4 GorAA
Aol A 30T7HA] B 3HARE 40CHE QHFAdo] HolA = Ao] &= ATt
49 H4 pHe 9.090 Aoz Sl
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Fig. Effects of temperature and pH on Rhodococcus cutinase.

A. Effects of temperature on cutinase activity. B.Graph was made using
Arrhenius equation to obtain the activation energy of Rcut. C. Effects
of temperature on cutinase stability. D. Effects of pH on cutinase

activity and stability.
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Fig. Chain length specificity of Rhodococcus cutinase.

Hydrolytic activity of Rcut was measured towards p-nitrophenyl esters

with various chain lengths.
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Fig. Stability of Rhodococcus cutinase towards various reagents.

A. Residual activity of Rcut was measured after it was treated with
various inhibitors (10 mM) for 1 h. B. Residual activity of Rcut was
measured after it was treated with various detergents (0.5%) for 1 h.
C. Residual activity of Rcut was measured after it was treated with
various metal ions (5 mM) for 1 h. D. Residual activity of Rcut was
measured after it was treated with various organic solvents (30%) for 1

h. Numbers in parentheses refer to LogP values.
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Fig. Degradation of synthetic polymers by Rcut.

A. Rcut was used to treat three types of biofilms (PCL for 6 h, PLA
and PET for 24 h). Amounts of weight loss were measured,
respectively. B. Rcut was used to treat PET fragment for 24 h. The
reaction product was then analyzed by HPLC. C. After treatment with
Rcut, changes in surface structures of three types of films were
observed by SEM. PCL, polycaprolactone; PLA, polylactic acid; PET,
polyethylene terephthalate; TPA, terephthalate; MHET,
mono-(2-hydroxyethyl) terephthalate.

O Hxg<=A AA: Seok-Jae  Won, Han Byeol Jeong, Hyung-Kwoun Kim. 2020.
Characterization of Novel Salt-Tolerant Esterase Isolated from the Marine Bacterium

Alteromonas sp. 39-G1. J. Microbiol. Biotechnol. 30: 216=225.

Antarctic
Rhodococcus

? PCL [ o
cutinase gene ” .I::>
) AV VavE E
> < : Ja

Ex 1 Hydrolysi
pression vdrolysis PLA
,\ro

30
- 25
£ 20
=
= 13
o E
ﬁ Trans- I g 4
Nt ; NEL 5
o T esterification o
0
. — ps8yanze
0 oooD IERER 2R 1]
pINP esters

_37_



O Rhodococcus cutinaseE MA-DVB B Eo| 7 A 337 GetAA S =35t}
T st ArEZole] 7S o] &3l A transesterification €4S A 3T
IR 47F FS dolel 7]Zo thE] =2 transesterification &S Zh=
Ao SAHlT ol el A%E WA FAAY TEOE SFAL
B IS =

A B
530 -
100 g I
%i % 1 gzo |
2 60 E 45 .
3 g
< Rl arc 5101
H 1 e E ] 1
=21 == e lonn.
o
0 30 60 90 120 3288 ESE 2
Time (min) pNP esters

Fig. Thermal stability and transesterification assay of immobilized Rcut.
A. Effects of temperature on immobilized Rcut stability. B.
Transesterification reaction was performed with each pNP-ester using
immobilized Rcut. Enzyme activity was measured by calculating the

reduced amount of pNP-ester used as a substrate.

O Rhodococcus ZH-F -2 cutinaseS E. coli BL21 (DE3)3} Rosetta-gami™ 2 (DE3)
pLysSell Al &39S w], CFEAA] pNPCE 7|2 E o] &3ty SAHE S
Z+7} 4,62 U/mL9 61.68 U/mLe] L th. Cutinase:= 0]%’(@@% Z4s
BL21 (DE3) #FolA 2&3& l e & AoE dAEH, Az
o] duldoe] FAAFUE AAHHEJT. 1 24 ] B
7oA o B & % A = Al kA R
Cell free extract® 7] oAr AaoA Exuw=rt 3olstr] of3g
A2 o] i do] AE T olH gt FAHS BEst7] 918l Pichia pastoris
(X-33) #FE ol&ste] @l dg Azt sk T ol ATl A o
@A 2 N-terminalol] A S do] EAS wf ¥ Wdo] & & Aow
gl =Y. ek Yeast 213 A E (a-factor)= E3HSH FE] 9 Reut (Rhodococcus
cutinase)”} AHAE 7HA AL U&= Hef o] @A S 77t
ket PCRES 53l Reut®] FHAE S ol o] &% primere

gea 2.

A

p=
[e]
=
1

FE
]

i, offf _l”‘ =
o
ol

Vector Primer name Sequence  (5°-37)

pPICZaA a-factor F CGGAGTGGCCGAATTCGCGCCGTGTT
a-factor R ATTTCGGTGAGGTACCTCAGCTGCGT

pPICZA Native F CAAGGAGAATTCATGAAGAGACGCCTG
Native R ATTTCGGTGAGGTACCTCAGCTGCGT
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O Cloning vectorg A Ztet L, o] & d=e] A E2 invitrogenAhe] EasySelect™
Pichia Expression Kit (Manual part no. 25-0172)¢] Wy o2 Zd) 3}t
1. pPICZaA-A29Rcut

Sacl(208) EcoRI(1208) Kpnl(1782)

837
RO o >| e T RO i

2. pPICZA-Rcut

Sacl(208) EcoRI(943) Kpnl(1604)

[ "AOXI promoter 20Reut AOXI terminator

A& ol Fete] Al de S
S-S SASAS W pPICZaA-A29Rcut
AgA M= 1.88 U/mLe] %“é o] 245 o m, pPICZA-Reuts 2=

O Z+7+9] cloning vectors 2ZH3l 3
a

[

34

FAASA A= 1.38U0/mLe] Z7d¢] SA AT FH o] o]HA A ¢
i A

34

A

slel pNPCE 71H R 8l &5

;32

°
O Pichia pastoris?| A= A ZH] FH oAl &Aool A vEhA] Fger,
AgA o] Az g A= Aol Ao YeErA] &3kt E. colidll A

A Reute] SAERT ¢ 22 A5 YY) "o 53 ddo] mf-

[e]

AA AL AS Aolgt FFA T FAAY] codon®| Pichia pastoris codon
wageel AT ok ol Ak WHAUL A1 AL, F2UA

2]
codone W7t tA]l Reutz TASZIZ ST FAATA 2 BionicsAkell 4]
st oem, Lo FAA A 215712 DNAN G S Wttt W79

O Native gene®l A1 2] codon adaptation index (CAI)e] %t 0.56%] GC percent=
63.75%= AXrE AT} ©lE Pichia pastoris @5 A 7+ o] o] &&=
codon® 2 Codon optimizationdt A3} CAIZ = 0.98°] GC percent= 36.77%=
A LEE T CAIZE Al AF2 https://www.biologicscorp.com®| A =8 8} % 32, ©] #t=
03 1Ato]1 9] B 7HAH, 13 7725 457F 7HE A S8+ codone
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optimized gene®l

A= DNA & Zedl cloningel &
W= primer A &> Q35
g £ W= IA
U/mLe] &Aool AU} 7

= v,

& ek

Vector-gene Expression host pNPC activity Total Protein solution
(U/mL) volume(mL) status
pPICZaA-29Rcut Pichia pastoris 1.88 90 Cell culture media
pPICZA-Rcut Pichia pastoris 1.38 90 Cell culture media
pPICZA-Rcut (opt) Pichia pastoris 1.35 90 Cell culture media
pET22-Rcut E. coli (BL21) 4.62 10 Cell free extract
pET22-Rcut E. coli (Rosetta-gami) 61.68 10 Cell free extract
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434 . Rcut g|T}olA|E o]-L3 o] A E FAHIS

H O w—
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Scheme Schematic depiction of alkyl butyrate synthesis by esterification

reaction using immobilized cutinase (immRcut).
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Fig.. Effect of temperature on butyl butyrate synthesis with immRcut.

Synthesis reaction was performed at each temperature using 100 mM

butyric acid and 100 mM 1-butanol as substrates.
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Fig. Effects of butyric acid and 1-butanol concentrations on butyl butyrate
synthesis using immRcut. (A) The amount of BB synthesized was measured
when the 1-butanol concentration was fixed at 100 mM and the butyric
acid concentration was increased from 50 to 250 mM. (B) The synthesis
amount of BB was measured when the butytic acid concentration was fixed

at 100 mM and the 1-butanol concentration was increased from 50 to 250
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Fig.. Effects of organic solvents on the synthesis of butyl butyrate.

The BB synthesis reaction in each solvent was performed using 100 mM

butyric acid and 100 mM 1-butanol as substrates.
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Fig. Investigation of the stability of immRcut in isooctane solvent and

continuous synthesis of butyl butyrate using immRcut.

(A) The reaction was performed in isoctane solvent with 100 mM butyric
acid and 100 mM 1-butanol as substrates. After washing the used
immobilized enzyme, the reaction was repeated 7 times under the same
conditions. (B) BB was synthesized continuously for 5 days using immRcut.
Butyric acid and 1-butanol at 100 mM were added to the reaction solution
every 24 h (open circle). Butyric acid and 1-butanol at 500 mM were added

at the beginning of the reaction (closed circle).
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Fig. S1. HPLC analysis of octyl butyrate (D) Fig. S1. HPLC analysis of decyl butyrate (E)
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Fig. Alkyl butyrate synthesis of immRcut according to the chain length of

alcohol.

(A) Each reaction was carried out with 100 mM of butyric acid and 100
mM of each alcohol (ethanol, 1-butanol, 1-hexanol, 1-octanol, 1-decanol) as
substrates. (B) The synthesis amount of alkyl butyrate was measured while
the butytic acid concentration was fixed at 100 mM and the alcohol
(1-butanol, 1-hexanol, 1-octanol) concentration was increased from 0 to 100
mM. (C) 100 mM butyric acid, 50 mM 1-butanol, 50 mM 1-hexanol, and
50 mM I-octanol were all put into one vial and the synthesis reaction was
performed. (D) 100 mM butyric acid, 50 mM I1-butanol, and 50 mM
I-hexanol were all put into one vial and the synthesis reaction was
performed.
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Fig. S1. HPLC analysis of one-pot reaction using butanol. hexanol, and
octanal (F)

a, butyric acid: b, butanol: ¢c.hexanel: d. octanel; b’. butyl butyrate: ¢’. hexyl
butyrate; d’. octyl butyrate
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S Y3 S114= A 9 Alddyoh N190# FRo2 7] "] &4
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A =Re FH 4 4Ree] a4 24 %%oﬂ o

Table Chemical property of alcohol, binding energy, and average distance

Number of Number of Binding energy Average
carbons rotable bonds (kcal/mol) distance (A)’
Ethanol 2 1 -2.78 -
1-butanol 4 3 -3.39 2.6
1-hexanol 6 5 -3.83 2.6
1-octanol 8 7 -4.34 2.9
1-decanol 10 9 -4.58 3.6

"Average distance between the hydroxyl group of 50 each alcohol molecules

and the oxygen of the active site serine of the enzyme
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Fig. 3D structure of the active site of Rcut and the result of molecular

docking of each alcohol and the active site of Rcut.
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(A) Amino acids near the active site of Rcut are indicated. S114 is
responsible for the enzymatic activity of Rcut. Results of molecular docking
of 10 volunteer ethanol (B), 1-butanol (C), 1-hexanol (D), 1-ocatanol (E),
and 1-decanol (F) to the active site of the enzyme are presented. In the

molecular structure, arrows indicate hydroxyl groups of each alcohol.
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Fig. 53. Alkyl butyrate synthesis and molecular docking results using FoC.
A. Alkyl butyrate synthesis using FoC [18]. B-E. molecular docking result of
butanol (B), petanol (C). and heptanol(D).
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Butyricacid Esterification
e > ||1c‘/\)l\0Hc'|i,
HyC H( ot Immobilized lipase Flavor esters
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