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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 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 i1s immobilized on beads and a functional
ester material is synthesized through a transesterification reaction. We
developed a reaction system for synthesizing flavor lipids using

immobilized lipase.

IV. R&D Results

Molecular evolution technique (ep-PCR) was used to change the
temperature characteristics of LipCA lipase of Croceibacter atlanticus
isolated from Antarctica. Mutant enzyme A37 was discovered through 1st
round screening, and mutant enzyme R1 was discovered through 2nd
round screening. In the case of mutant enzyme A37, one mutation (F43L)
was confirmed, and in the case of mutant enzyme RI1, five mutations
(F43L, S48G, S49G, N141K, K297R) were confirmed. As a result of
measuring the enzyme activity at 10°C and 30°C, the relative activity
RA10/30 values were measured to be 59% for LipCA WT, 65% for A37,



and 67% for R1. The enzyme is separated purely using a Ni-NTA column
using the enzyme's His-tag. The optimal temperature of LipCA WT, A37,
and R1 enzymes is 40°C, and the activation energies of WT, A37, and Rl
were measured to be 4.45, 3.47, and 3.11 kcal/mole, respectively. From
these results, it was confirmed that mutant enzyme R1 was a ‘cold-adapted
enzyme’. As a result of examining the kinetic parameters of LipCA WT,
A37, and R1 at 10°C, kcat/KM values were calculated to be 38, 42, and
63 min-lmM-1. It was confirmed that the enzyme efficacy of mutant
enzyme R1 was improved at low temperatures. The enzyme is immobilized
on MA-DVB beads by hydrophobic and covalent bonds, and an ester
synthesis reaction is performed in a non-polar solvent. It was confirmed
that the immobilized enzyme synthesizes octyl butyrate, a food flavor
ingredient, using butyric acid and octanol at 10°C, 20°C, and 30°C. It was
confirmed that mutant enzyme R1 has a higher yield of octyl butyrate
synthesis compared to WT and A37. Five back mutants were produced
through site-directed mutagenesis. Through back mutation, it was revealed
that L43F, G48S, and G49S are important for enzyme activity. It was
revealed that the above three amino acids are located in the °‘lid’ site
adjacent to the active site. Through this project, we developed a
low-temperature enzyme by molecularly evolving lipase from Antarctica
and developed a method to synthesize functional lipids.

Isoamyl fatty acid ester, a food flavoring ingredient, is synthesized using
Rcut lipase from Rhodococcus bacteria isolated from Antarctica. It was
produced in the form of an inclusion body in E. coli BL21 (DE3). We
produced the Rcut enzyme in E. coli Rosetta gami (DE3). Rcut enzyme
was immobilized on MA-DVB beads by hydrophobic and covalent bonds.
Ester compounds are synthesized using isoamyl alcohol and short- and
medium-chain fatty acids (C2-C10) of various lengths. In the esterification
reaction using immobilized Rcut, reaction products are rapidly synthesized
in the following order: isoamyl butyrate, isoamyl octanoate, isoamyl
hexanoate, isoamyl decanoate, and isoamyl acetate. Docking model was
investigated to explain the difference in reaction rate according to substrate
length. Binding energy and distance were obtained through docking model
of enzyme and fatty acid. Through this, substrate specificity was identified.
Reaction conditions such as reaction temperature, substrate concentration,
and reaction time are optimized for isoamyl butyrate, the most rapidly

synthesized fruit flavor ingredient. It was confirmed that the enzyme



activity was maintained even when the immobilized Rcut enzyme was used
repeatedly in the esterification reaction 6 times. Through this project,
lipase from Antarctica was immobilized on beads and a reaction method
for synthesizing isoamyl fatty acid ester, a food flavor ingredient, was

developed using this.

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 alkyl esters used as materials in the food and cosmetic

industries by non-aqueous reaction.
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Novel and valuable psychrophilic bacteria are discovered in Antarctica.

Acinetobacter
Alicyelebacillus acidocaldarius
Aguaspivillum
Arthnobacter
Acospirillum

Bacillus

DBizionia argentinensis
Brevibacterium
Brevimdimonas
Chryseobacteritm
Conmebacteritmt
Flavobacterium
Gloeocapsa

Hymenobacter roseosalivarius
Leptohmabya frigida
Massila

Micrococeus

Madestobacter multiseptatus
Neisseria

Nocardia

Nostac commune
Paenibacillus

Planococcus
Pseudonocardia antarctica

F
Psychrobacter
Sphingobacteriiom
+ Antarctic psychrophilic bacteria produce novel psychrophilic enzymes. Staphylocaccts
Srenctrophemonas
+ Psychrophilic enzymes are used in biotransformation as biocatalyst. Streptococcus
Snhepromyvees

<FEYY Ardoel BaEld dI lshola Aba>

Lipase-producing bacteria were isolated from Antarctic Ross sea by KOPRI.

Marinabacieriun lipolyticus . X
- Domain: Bacteria Domain; Bacteria

Phylum: Pseudomonadota Phylum: Bacteroidota
Class: Gammaproteobacteria Class: Flavobacteriia

y Order: Alteromonadales Order: Flavobacteriales
Family: Alteromonadaceas Family: Flavobacteriaceae
Genus: Marincbacter 7 » Genus: Croceibacter
Species: M. lipolyticus Species C. atlanticus
Domain: Bacteria Domain: Bacteria
Phylum: Pseudomenadota . Phylum: Actinomycetota
Class: Gammaproteobacteria Clase: Actinomycetia
Ord.er: Alteromonadales Qrder: Mycobacteriales
Family: Alteromonadaceae Family: NMaeariiaceae
Genus: Alteromonas Genus: Rhodococeus
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Lipase: triacylglycerol acylhydrolase (EC 3.1.1.3)
Lipase hydrolyzes triglyceride to produce glycerol and fatty acids.
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Microorganism produce lipases as nutritional factor or pathogenic factor.
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Lipases are commercial enzymes used widely in various industries.

Flavor production

Some pitches are
ester compound.

Pulp/Paper

Pitch removal

Spilled ol
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nvironment
bioremediation

Fatty acid
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Laundry wash
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fatty acid lipid
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Lipases are catalysts used for hydrolysis and synthesis of lipids.

Fatly’ seid Fatty acid ester
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e - e
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+ Synthetic and natural antioxidants are used widely in various

industries.

Cosmetics

Antioxidant
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What is psychrophilic enzyme? %fg

« High activity at low temperature

Why is psychrophilic enzyme?

« Biotransformation reactions for heat-labile substrate and products

* Low temperature food processing, thus discouraging microbial growth

» Low temperature industrial process, thus reducing processing costs

« Commercial trends favor low temperature operation (detergent application)

» High stability and activity in organic solvent
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Phenol lipids produced in our lab

CDOG (Cinnamoyl dioleyl glycerol) Q—L@_{J—q

1. CMOG (Cinnamolyl monooleyl glycerol) g:/_/_/g\_\—\L 5:{_/_/=\_\_\x
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s W o
40 £ 40 1 540 E 40
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d) ] d)
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A GrksiAl 2 g Az
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2d. 52| Jled &%

1 A7 H &

W Bdd ARELS 7, B4 FE, ol oA, Bege 2u, W &x
98w 9L Wobskel Mo W AL AAF. oA Ru® g
sl e A7 Wol S ATES BAste] Y TA 4FH A5

Naringin

Acyl donor Naringin acetate
CaH3.0, CagH34044
TH 2 ZFEL Ionic liquid ([Emim][Tf2)N])IA & vkl & o] &3] CAPES &
A1 8F -é-’ lﬂ‘%

A ZF (36-60 h), WFS 2% (65-75 °C), 71 & 2] E4](20:1-40:1), &

ol &H (10:1-20:1) & w7 FH A 3k Bioprocess Biosyst Eng.
(2013) 36: 799-807.

]

i

O

B A Ttk HolaAE /g & 5 UL In vitro gene WO

H O Z 4 Random mutagenesis, focused mutagenesis, recombination ¥Ho| 7= o]

ST LT

22 =K

<EAEIIH ] B >

Molecular evolution lipase LipCA

e in vitro gene diversification « Computer-aided evolution
® jn vivo gene diversification

o : Key milestones of directed evolution
+ Continuous evolution
® Screening method i .

* Pathway evolution

%A

. .
oo o g
. Directed Directed Sl
svolutionof  evolution of f Lo

subtilisin Evia _ lactamasevia ——
error-prone PCR. DNA shuffling  nonsizars

Summary of in vitro gene diversification methods

1 Focused mutagenesis
Random mutagenesis .

i

- Dl

Error-prone PCR

PCR with degenerate codon

Recombination

H | DNA shufflin Shuffled genes
Chem Rev (20213 121:12384-12444 omalogous genes 1 g
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2 AA G A4S NAT oAzt FAdelA Hd

T3l E ZFvlstal Fa/trans-Fa] et 91X|d A& stol=E54 IF E& MGEG
°] 2-OH & 7I25A IF Atel9] "2 w3 whgs F33. A4 #9d
I vwste] MYFE AL JE B {3 &4Jo] 7€, DPPH, ABTS®| #uZ
aAE] FFE. NAFH FNEEFTF dE AEE dg &4 vE.
J Food Sci (2022) 87: 3013-3025.

<e oAl & o &8 RAWTY FLAE AI>

Recent issues in lipase-mediated reactions

« Biodi s & A s s
Biodiesel R o,

biodiesel :O\P)f\/‘?\"/\/\/\/\/\/\/
= % 5 5 o L} iacyl gl |
« Functional lipids (oils) g s ity glyedd

o oM
Fructose laurate &
» Sugar esters B R o DVT

+ Cinnamic acid ester Q%ﬁ(vvvv Caffeic acid phenethyl ester
o Cinnamic acid ester

o

+ Caffeic acid phenethyl ester ‘/@\ . WT\AA/:D

* DHA phenolic ester

" Ascorbyl fatty acid ester
= /\/\/\/\/\)l\c/\/\
i Butyl laurate
+ Butyl laurate, Ethylferulate /\)%/ ' i

p S
DHA phenolic ester Ethyl laci;te /(P/\)‘\/\
+ Ethyl lactate, Pentyl valerate b e A G . Exhyl ferulate

S Ibuprofen Pentyl valerate jﬂ\/@)\ﬁv
HE

» Ascorbyl fatty acid ester

AR AY EE VR D AEddA 2eEHE ds stege T ostuE A
A A A4S Ad. ANLEL STt Y A AA ol &Eo] @] Wi
of Agol AFH. o AFAME WP Ao ES} SHLL FW BAR AE
st M stolA A Fw3 289 Bxel oF 9 A= 44 TbE
AL oJL3s o

Molecules (2022) 27: 7148

0 0

Novozym®435 A
Y ) NN
©/\/Lg/ - NSNS oH ‘/‘YV\O + —OH
Ultrasound &

. R
Methylcinnamate Octanol A i Octyl cinnamate Methanol
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4 B TholAl o) ol AH| 23 W o 2EZ W WSS Ed HE FATAES opd
ik A 2EHEE A A a4 ARZE A¥FHe=EZ AAE. Novozyme 435

7b =38t S gAo] 7 ¥ 93 Lipozyme TLIM7E ol 2HIE2 9442 €

g olzH= wek Sejsteld b w2 71E AeEs B 54 ozH =3
2o zE=wse] 71 A8 A7 987% B 95.1%. HEAY TLIMS =
= o A5 Zhpdd whee] Wl E Lol d2HE wE vk 8 A=
9 A

&0l 99.0% °©]7. =88 2 A=TH 549 A} EE oHEV B 59
EHY ¥ 2 Clog p %S 7IH. =2 9 I5FHH tyrosinase A 32 <l3|
phenolic glycosides, azelaic acid(AA) % ©°]E2 B3 EFEHT 2 A X U
tyrosinase A = A S HQ. ] Agric Food Chem (2021) 69:

13102-13112.

5. Vinyl stearate= EGCG2] &4 7 oA 2 w3 Hh2o] Hrldo] vHl5A A2
AN HFAH Fitst T89S AsE g dokAl DF "Amano" 157F FuiE ALS
. SulEA oA EUEY, vjd XZHolg o] E:EGCGE &H] 3:1, S4% 4.0%
(712 A=), vk 2% = A7k 50C 2 96417, 2HzE 65.2% EGCG H$&
gA. EGCG ZHold fF=A19 21754(3.49 £ 0.34)2 A EGCG(0.69 + 0.08):
o o =Skoh5.068]). gk, EGCG ZH ot %3+ BHT, BHA % %% EGCG
of vlal 43 XA A3E Jeldth EGCG ZHlold FEAE 73 tFH
°] POV(18.17 + 0.92 mEq/kg)E EGCG(48.50 + 1.23 mEq/kg)ol Hla) 21 2
A 7 2(62.5%)AF U EGCG F=A7F M4 A/ A W 2 Fd A FH S
g gAstAl A§ dAWs THAY AeS L}E}%‘f]ﬂ-. Antioxidants (2021) 10:
1282.

hpase DF “Amano™ |

HC” 0" CH,(CH,)CH

6. & gtolAl S o] &3 DHA-vanillyl ester &4

7F. DHAE o8 7HA] Aelg4E& e 583 SZolAY B HAdA HA 4
stEle 5 Aol EojH. oAl E o] &34 DHA-vanillyl esters “JAHgHS
A gastEd S S7HAA. AF3E Fol DHA-VES Holz 9 AHd 9
ZA oA DHA 3ol S7Hd S &1L, in vitro A oA DHA-VE] 2]af

A ABE A &3¢ rat primary neuron®] Aol Z71ES 933, Food Chem.
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(2015) 171:397-404.

MTT reduction activity 00
(% of control)

CTRL VA DHA  [DHASVA]  DHA-VE

1}, DHA-VEE DHA-EE$} vanillyl alcohol& AF&all Al st &, 717 H sl A
2etElE A= E S48A vws =, conjugated diene ¥ FTIR S4& %3 &

¢1st A3}, DHA-VE7} DHA-EE H.t}h 2kslo] tis] A A TS 2913-S. Food
Chem. (2015) 169:41-48.

t}. Caffeic acid, ferulic acid, sinapic acid, chlorogenic acid ©| butanol, octanol,
hexadecanol® #¢1 ¥, ABS AfF3 A&l &#4E 54T (antiamyloidal activity).
1 A3, caffeic acid®ll hexadecanolE &2 W ol antiamyloidal 371 7174 &
Ro 2 ¥ral A, Biotechnol Appl Biochem. (2013) Nov 22. doi: 10.1002/bab.1182

>

d d

100

80
¢ € g 80 I &
40 = 5 40
b 3
20 - a £ 20 H ’l‘ I-'-I

intensity %) @

intensity (%}

Relative fluorescence
Relative fluorescence.

A T ca Tas | ocas | cats B g Pas | pa o FAIG
only only
c D
[
= » .
2 100 £ Z 100
2 b £
i w . @ £ g0 "
8 50 ab
£ &0 ‘ § &0 ab
£ a0 E &0 a
z 2 T 20
£ o . =

T T T T 1 =
# 5A SAé SA3  SAl6 “p Cha  ChAs  Chag  ChAls
only

%3 PUFAS} rutin, vanillyl alcoholE ©] &34 Hl ==& A4tk
=, kst &48 54T BHT, a-EZWES WIEZE A1431o1, DPPH,
thiobarbituric acid assayE T3 3. &4 &0, bulk oil Al=H, o A 2H
A A% A, dE)l 98l PUFAS 4tsl7h =X 3 PUFAC] <jslA ¥
5719 &4 &9 &t SU7HE S W3S, ] Agric Food Chem. (2011) 59:

7021-7027.

7. Bl A E o] & Capsiate I A+
7}, 1059] capsiateE ¥4 32 DPPH (polar medium), Rancimat (nonpolar medium),
linoleic acid autoxidation (micellar medium) €4S =743, BHT ¥ «a-tocopherol&

P2 o 2 ARSI O™ Tween 20 micelle-linoleic acid A 28 9 A vanillyl stearate,
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oleate, ricinoleate 7} 7} £ 3H4bs)

Chem. (2011) 59: 564-569.

th. Capsiate= AFSIE, daAJA oA, 4
' e HEFH 7}73]3 AHSE.
3k, =, wvanillyl alcohol®} nonanoic acidZ capsiate &4 3+

vanillyl alcoholE AF&-3ll Al capsiate T st HH S

Biotechnol. (2010) 26: 1337-1340.

off
1%
ftlo
S
rr
pud
ftlo

J Agric Food

T3 AA afE Holr| wiFol oF
CapsaicinoidE capsinoid2 A&st= A+E T3

W 31 capsaicin ¥

7R3 World J Microbiol

(A) Hydrolysis
HO. HO
Z 1 = Lipase (o]
AN — nHy * oA~
MeO YN hexane MeO HO
o () (3)
(B) Acylation

Llpne

MwD\, Jk/\/\/\/

n-hexane

MeO
®) o

M o

n-hexane
70°C

Lipase

n-hexane, 70°C

Q\M

s
ey
Meo N0 2

o)

QM

I

(5)

HO . HO
XL NG
N]rCHz(CHz)sCHa —4> MeO O]rCHz(CHz)SCHa

HO.
Q\/NH?

2)

ot 3tstsol dE Ve AzEHIEE FAAste AFE T =, vanillyl
linoleate”} 348t Fgo] 714 Fom, Axg o]y odEAE THEOIA ARG
58S Ze Ae . J Agric Food

A3, UV ZAe fibroblasts® B 338l
Chem. (2009) 57: 7311-7323.
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2}. Vanillyl alcohol®} methyl nonanoate=5E| capsinoid (vanillyl nonanoate) 74 3F<
2 M capsiate and dihydrocapsiateE W@ Ast= A7+ FH T Biosci
Biotechnol Biochem. (2002) 66: 319-327.

8. Zl9A| & o] &3 Caffeic acid phenethyl ester (CAPE) &4 <1+
7ho Rk 9, Y Eqk, YAES, o DS ddE FHW <. CAPExE o
7HA A e ZEEE A BhEE =20, 39 3
T ERS] F3 A EF°] A=, CAPE A& FAsE A 2IA, A
2 F, 3T3-LIMES] vwtAlxze] #35}d e g&Fs =
Chem. (2015) 23: 3788-3795.

TN TN,
TS o oy
HO
7

OH

==

L}, Vancomycin®l ¢J3] Fx ¥ #AF &3S CAPEZF WAst= AL @I, =, A%
©] Serum alkaline phosphatase (ALP), amylase, y-glutamyl transferase (GGT), lipase
gdEs SHS 2, CAPEZF AR 45 WAS= AS #3. Toxicol Ind

Health. (2016) 32: 306-312.

H. =, amylase, lipase ¥°] &3 =

o] Eo&. World J Gastroenterol. (2009) 15:

2
o
0
il
o
rir
pH)
o
fr
HT
ol
d

t}. CAPE= FAAH
AW Aoz Ao RE

5181-5185.

2
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M3 & gyiE=d He X 24

1. Croceibacter atlanticus lipase (LipCA) ] Z}o}A]|
I 2471 H S 0163 LipCA WHolaa 7

O g=dAM ®2lgt Croceibacter atlanticus 2] LipCA ElIolA|e] L=EAS
HA 7171 fleiA] EARE 7S AREE AT S, ARdA w2 845
[e]

Holz wWola4aE 7dst”7] $8lA error-prone PCR 7|HS AFE3A=. st
Round ep-PCR A= dATPS] ¥%(0.025 mM)E dTTP, dGTP, dCTP (0.25
mM)oll Bl&] 1/102 32, 4 mM MgCL< H7Fske] PCR WHS-S 43 513

<EA B 7| E o] &3 ZlupobA] WMeolaa AFE>

Random mutagenesis : Error-prone PCR

5
Natural condition PCR " T
] g 5

= Spike dCTP and dTTP concentrations 10x
(compared to dGTP and dATP)

+ Increase concentration of MgCl, to 7 mM
= Introduce 0.5 mM MnCl,

3t [ | EI +
Error-prone PCR |
3 )
5

3

Emulsion

LipCA

gene ( \/
N~ :
epPCR Screening of
pET22 O —_— —> mutant enzymes
) showing high

lipase activity

( ) O LB-agar-TBN

£ cofiBL21 (DE3)

AHES pET22 W He| A8 E. coli BL21 (DE3) ol
sl % TBN-LB ®jX|oA HFHEHS FAsles FEZYE
o2 AE TBN-LB iAo HEsHo. 37°ColA]
4°CA A T2A1ZHE < vl &Fste] Fwgko] WTH H 3] A
%l

sk

n:E o

Hl| <
237, toothpick W
3ANZHEE wi et
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<EA SIS o] &3 A4 oAl 2=ed>

Error-prone PCR and Screening of psychrophilic LipCA mutant

[ lhpCdgene
ep-PCR LB-agar-TBN

—r————
 — —]
i ligation (pET22)
transformation

LB-agar (E. coli DH50)

l toothpicking

15t culture at 37°C for 3 h
3 | O

2 culture at 4°C for 72 h

e[ ®]

(8[a]e]e

total plasmid
purification

mutant l lipase assay (pNPC)
library

psychrophilic
LipCA mutant

\#[e]e|e|oe/

transformation
(E. coli BL21 (DE3))

=13
=

O Ist Round screening®l ] A3t A37 genes templateZ AFE3l4] 2nd Round
ep-PCRE  F 33t ol¥olE dGTP TEE J7HA7122 MnCLE 7k
Clonetech (Takara) kitE A}83}e] ep-PCR WS ST o] F FA> 1st
Round screening 74 3 & ¥4 3k At

Fig. The 1st and 2nd screening of LipCA mutants. A. E. coli BL21 (DE3) carrying
various mutant genes obtained from LipCA WT was toothpicked in TBN medium
and cultured at low temperature. The mutant strain A37 was selected by confirming
the halo size around the colony. B. By using the same screening method, mutant

R1 was selected from E. coli BL21(DE3) having various mutant genes obtained
from LipCA A37.
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O 1st Round screening= E3|4 971 mutant (A37, A24, B6, C27, E7, E9, H17,
J10, K30)& Ad2aivh. ztzhe] Wolasns thaddold e $o cell-free
extract (CFE)2] &4 84S pNPC HHO 2 30°Ce 10°CollA Z+zt A3kt
WT =2 vaid AL A &A(10°C/30°C)e] =713 WolaA(AINE
st At

O 2nd Round screening= %3l 9712l mutant (R1, QI5, S30, S52, T26, T32, T39,
U10, VH)E AE3tATh. 1st screeningy}t vFZF7FA] WFH O = 30°C2E 10°Coll A
EATAHS ST A37 WHolEAiol ®ElAd AL A4 (10°C/30°C)0)

Z713F Wol A RDE At

La
=
=
1
-]
(="

100 -+

El
F9
H17
110
K30

Wl
A3
A24
B6
C27

i S e, B

Activity (U/ml)
[ )
>
o ]
| 1
Relative activity (%) o
(5] -y Ln (=%
=) =) =] =)
S o E—
——
A4 [
Be [ ¥+

0
v

400 - 70 -
_ 030 _{f
E 300 Wise < 60 4
2 2]
5%
£200 ~ 3 50
3 1 a
<100-D|7 ;:40_ E:‘ ﬂ
4 5 J
CI_ 30 T L | L T T 1
FErRLcERnAEaERED el o=l I I i M=
< fpunBEEEE" SRopnuwBEERP

Fig. Lipase activity and RA'"*°of CFEs of E. coli cells obtained by error-prone
PCR. (A) and (B) show the Ist round of molecular evolution mutant enzymes; (C)
and (D) show the 2nd round of molecular evolution mutant enzymes. RA'**°was

calculated as the ratio of activity at 10°C and 30°C.

O ep-PCRS EafjA] A3t A373 R1 Woldh FHA I71HLEe 438
Gl AL S FRlskA Holaa  A379] A, Y ofHx
Hol(Phed3Lew)E  FQekA, wWolmA RIS Ae, 5709 ok
H o] (Phe43Leu, Ser48Gly, Serd49Gly, Asnl41Lys, Lys297Arg)S #2133

O SWISS Modeller ZZ1#8-S Z3] LipCA &4 9 33 X2 =383, 7+ Hol7}
Ueld X5 AT 3719 W o|(F43L, S48G, S49G)= 49 FARAE
97 AxE ClidFFRAM #HFEEHJT, UdA 2719 WHO|(NI4K, K297R)=

o
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1 43 4849 141 297 341

WT | F SS N K |

A37 | L SS N K |
vv - v

R1 | L GG K R |

43 > 143

S49->G49 |
S48 > G48

Fig. Molecular structures of LipCA WT, A37, and R1. (A) In A37, the amino acid
at position 43 was changed from Phe to Leu. In R1, Ser at 48, Ser at 49, Asn at
141, and Lys at 297 were changed to Gly, Gly, Lys, and Arg, respectively. (B) 3D
structure of mutant R1. Five mutated amino acids (F43L, S48G, S49G, N141K, and
K297R) were indicated. In case of A37, one amino acid was changed (F43L).

Catalytic residues are shown in green.

O LipCA WT, A37, Rl &2 activityS 30°Ce} 10°Coll A S48kt RA' o)
WT2 A5, 59%<2 ¥hAol, A372 65%, RIS 67%=Z A=A o]
ep-PCRS  FalA JidE Weolairt AoA gadgel F/HEASS
R =
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Table 51. Mutation position and lipase activity of WT. A37, and R1

LipCA Mutation position Activity Activity RANAGD
lipase at 30°C at 10°C (%)
(U/ml)* (Uml)
WT None 13189 772125 588+17
A37 F43L 148 +78 959166 646 +3.1
Rl F43L, 548G, 549G, 363 £20 24277 66.7+19

N141K K297R

* Lipase activity were measured using cell-free extracts of E. coli BL21 (DE3)
cells having LipCA WT, A37, and R1 genes, respectively.

2. LipCA Holga4 2 2 &% E

O LipCA WT, A37, Rl &A9 54L& xAlelr] SaiA ztzhe] &48 #5438
2ot 2t 249 Cc¥wol Histags 2+ 7] w&o] Ni-NTA Z#HE
ol gall A EF&urt zZ+z+e] CFEES Aol Fo] ¥ 713 Ao
imidazole £9& Yol WTH WHolEZ4AE £EAZ Y. SDS-PAGES E3iA
WT# Hola vt FEEASS el

N
0 _10‘.

<Ni-NTAZH S o] &3 ga49 HEi>

20 mM 500 mM
Enzyme Imidazole  Imidazole

T T T + r T
] W B0 B 100 0 140
Ghromatography Progress (mL}

WT A37 R1
KDa M CFE Ni CFE Ni CFE Ni
250
150
100
75—
30
Flow Wash Elut L= —
as ute —
through T — —— —y — <—
25 -
20 -
Agarose ¢ 1AL e .
bead N " SDS-PAGE of the cell-free extracts of E. coli cells and
54 TN purified enzyme. LipCA WT. A37, and Rl enzymes
Mi-N A b & N were purified from cell-free extracts of E coli cells
through Ni-NTA chromatography. Arrow indicates
His® tag LipCA proteins.

Fig. SDS-PAGE of the cell-free extracts of E. coli cells and purified enzyme.
LipCA WT, A37, and Rl enzymes were purified from cell-free extracts of E. coli
cells through Ni-NTA chromatography. Arrow indicates LipCA proteins.
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= 2 8484 E FAAT 5°CAlA 70°C7EA
43 Az, BE &4 HFY 2= 40°C AR B AT
HAZEAARYH SEsiA 227 J3 HolAe WFOE gig/do] ofEA
FAHEAE &7 faiA st qA & ALtstaA T
WT, A37, R19] A3t X7} z+z} 445, 3.47, 3.11 kcal/moleZ Al AFE At}
g UA 7t EEFE ANA =2 A4S JEr] "Ee, vt
Mgk HolE A7 WTO vl A 2eA &do] A4 vetd 2& & + Uth
WT, A37, R19] &4 §938} parameters AT 92l 10°ColAl 712 9]
=52 ZUMA7IHEA 2AFALS =435l Michaelis-Menten 13 =& F+31th
O] RS ZHE Lineweaver-Burk I ZE 18T Vot Ku S F3HATH WT,
A37, R19 Vi S 247 37, 34, 46 pM/minS 2 AAE AT, Ky &2 0.116,
0.102, 0.147 mM 22 AAHJT. 249 BEEE WgalA ko &S F3
A}, 441, 427, 926 s'2 AREAL. HFAHOZ a4 AFS U=
kea/Kn B 38, 42, 63 min'mM'2 A 2+E A}

A

R
rlo
oX
(B
)
kol
B
il
Lot

Qlsl7] St B3t olUA] AR

b
2
P
o]
-
b

o i .

g w0 e « T, Calculation of

Z 6 EXT] . L] activation energy

3 40 ~ 04 ®  E.= 445 keal/mole /- N
2 ] _ewt 3; k = Ae Ea/RT

E 0t i S L

2 ¢ 10 20 30 40 50 60 70 25 30 A2 A4 36

Temperature (°C) 1T(10%) k : reaction rate
A : Arrhenius constant
R : gas constant

a
g
o

g 10 |eas]  Sgy

% B 0 4 . *e, T : absolute temperature
ER Fos { @ =

2 40 4 “ g4 | ® E.=347 kcalimole E(l 1

£ 204 o ax - 02 logk = — « —+logA

23 —0—Aj3]

- R s (7 I 23R T

& 0 10 20 30 40 50 60 70 28 30 32 34 346

K Temperature (°C) . VT (10%
~100 12 4 .0
# * 1o | eR1 ® 0 oo

gt 1] K < e o 5
zZ 60 dgﬂzdp—ﬂ L e A i L Hydrolytic activity and activation energy of WT, A37.
k=] EXT R L T
2 10 pi D.J. ] . T 3 1 keealincle and R1. The effect of temperature on relative enzyme
E 2’3 ——RI1 g—; i activity and activation energy were measured. {A) and
% 70 10 20 30 40 50 60 70 28 3 32 34 36 (B) are WT: (C) and (D) A37: (E) and (F) R1.
Temperature (°C) LT (105§

Enzyme  Activation energy

(keal/mole) » The higher the activity at low temperature,
WT 245 the lower the Activation energy value.
A37 347 * Enzymes with low activation energy are
R1 IT‘ called cold-adapted enzymes.

Fig. Hydrolytic activity and activation energy of WT, A37, and R1. Effects of
temperature on relative enzyme activity and activation energy were measured. (A)
and (B) are WT; (C) and (D) A37; (E) and (F) RI.
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16 { —*WT 04 — «WT
& - ;
=1 203 ¥ 0.0031x + 0.0267
E g
e e
4 201
0 §
000 002 004 006 008 010 0 20 40 60 80 100
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16 4 —+—A37 b ' ®A37
- Zo3 4 y=0003x+00293
=12 E
E .
= ETRE
iy 2
4 0.1 A
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16 {—*-RI % ert
Soa | ¥y=0.0032x+00217
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E
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< >
2 g o1
0 ¢ 0
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Fig. Calculation of kinetic parameter of WT, A37, and R1 at 10 °C. (A), (C), and
(E) show Michaelis-Menten analysis of WT, A37, and Rl. (B), (D), and (F) are
Lineweaver-Burk analysis of WT, A37, and RI.

Table 1. Kinetic parameters of LipCA and mutant enzymes at 10°C

LipCA Vines Kn [E} Fest Fear/ K
lipase  (uMmin)  (mM) (uM) (min) (MM 'min")
WT 375 0.116 849 441 38.0
A3T 341 0.102 8.00 4727 417
R1 46.1 0.147 498 .26 62.8

3. LipCA Helad ¥ A3t 3 §4H8Nkg 43

O LipCA WT3 A37, Rl WHo|EAE o8& oz FAUNSS F
AeAH  EAE  MA-DVB HEZo  IAHSSAY. CFEE  HlZe9F 43
glutaraldehyde S  ©]&3ted J4AE  HE
RAAEAS pNPC assay WHOE SAsle] a4 71 "HE=d 28" A a4
4= Felskdth
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<&249 MA-DVB H|E %3k
Enzyme immobilization

(o]
E |
nzyme A

Ammonium sulfate
Glutaraldehyde

MeOH
o Touiler Adsorption Cross-linking Drying

&P &2
Bead E
Methacrylate
divinyl benzene

i

Table S2_ Enzyme activity of cell free extract and immobilized enzyme

Enzvme tvpe LipCA Enzyme activity  Total amount®  Total activity

lipase {8)]
WT 189+13Umg  60+2.1mg 1130 +76
Cell-free .
A37 20.1 +0.6 U/mg 61 +1.7mg 1240 +46
extract
Rl 31.7 +0.7 Umg 67 +4.2mg 2140 +47
WT 0.76 +0.07 Ulg lg 0.76 +0.07
tmmmoniag A37 0.38 +0.08 U/g lg 0.38 +0.08
Enzyme
R1 0.47 £0.08U/g g 047 £0.08

* Total amounts of CFE and immobilized enzyvme mean protein amount and bead
amount, respectively.

O Butyric acid®} octanolS 7]&A=Z  A}8-3] A esterification WHES  E3]  octyl

butyrate S FA A T MA-DVB M=o 2 A LipCA WT3 A37, Rl

Hol|EAE o] &34 10°C, 20°C, 30°Col A HH&-& 33ttt

O WhE 2ES EASH7] $l8iA HbSA S HPLCE #4353t Acetonitrile: Water
(90:10) &wl & AFE3IY RID HE7]12 =43 Z3, butyric acid, octanol, octyl

butyurate”} 2z} 2.88%, 4.70%, 11.23% 9] &% A}

RE 2% oA octyl butyrate’}t AAEJASH, Rl > A37 > WT AR

Whe=do] ol A EATH

K
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a

/\)J\ i
HiC OH H]C/\)LD/\\/\/\\/\CM

Esterification

e ———
= Immobilized +
i HO
H;C/\/\/‘\‘/\DH lipase 12
B -
80 T |
g 604 1
E -
z T
3 ]
- ﬂ
0 T
30°C 20°C 10°C

OWT mA37 mRl

Fig. Conversion yield of octyl butyrate synthesis. (A) Schematic depiction of the
synthesis process of octyl butyrate through an esterification reaction from butyric
acid and octanol using immobilized LipCA, A37, and R1. (B) Reactions were
carried out using immobilized LipCA WT, A37, and R1. Conversion yields were
then measured. Butyric acid (20 mM), octanol (100 mM), immobilized enzyme (100
mg), and molecular sieve (200 mg) were mixed in a reaction vial and esterification

reactions were performed for 18 h at various temperatures.

100000 1 Beforereaction s - . _
| e Solvent: ACN 00 : Water 10
P Flow: 1 ml‘min
E 50000 1 Dectector: RID
= B Temperature: 35°C
U -
_50000 | T T T T T 1
8 10 12
100000 -
| Afterreaction
E 30000 A [P S ]-r X
£ 1 "
B 0 v VAN
_50000 T T T T T T T T T T T 1
0 2 4 6 8 10 12

Time (min)

Fig. HPLC analysis of reaction mixture. octyl butyrate. The retention time of butyric
acid, octanol, and octyl butyrate were 2.88 mm, 4.70 mm , and 11.23 mm,
respectively.
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4. LipCA Wo]& 4 back mutation ¥ +32 4
O Rl Wol&A7F WTel HIajA A oA &Aoo F7tE o] fF& W37l HAsiA
571 o}r|:=AkS site-directed mutagenesis ¥ S 2 back mutation A]7]LAF 3 T
O YW=3 Zo] back mutations H3NA 570 primer setE A ZXdtH SDME
T3f skl
Table 53_ Primers used for back mutation
Name Primer (3°—37)
F129(43) CGCGGTTGCGTITICTGTTGGCACTC
R129(43) GAGTGCCAACAGAAAACGCAACCGCG
F142(48) CGTTTGCTGTTGGCACTCAGCGGCGCCAAGCCAACGCTG
R142(48) CAGCGTTGGCTTGGCGCCGCIGAGTGCCAACAGCAAACG
F145(49) TTGGCACTCGGCAGCGCCAAGCCAACG
R145(49) CGTTGGCTTGGCGCTGCCGAGTGCCAA
F423(141) TGCTGATCGCACCAATGCGGTGGIGCTCAG
R423(141) CTGAGCACCACCGCATIGGTGCGATCAGCA
F890(297) GGCCTGGAGTACGCCGAAAAJACTGCGTGCGGCGGGGAGC
R890(297) GCTCCCCGCCGCACGCAGTITTITCGGCGTACTCCAGGCC

* Numbers in parenthesis indicate the amino acid number of the enzyme. The
underlined part is the codon to change the amino acid, and the italicized letter is the
base to change

O Back mutation=

Qe Ak
332 E coli
TPt A3 B

=34 L43F, G48S, G49S, KI4IN, R297K Wola A&
back mutant’} A ZH AS &&A35l7] A sequencingS
BL21 (DE3) oA wWolais Attt SDS-PAGEE

H o] § 47} soluble forme 2 AbE A& &2l

A
1 43 4540 141 207 341
wr | F 55 N ]
Rl | L gq K |
RI_L43F | FE |
R1_G48S | 8 |
R1_G408 [ 5 . . |
RI_KI4IN | 5 ‘ |
R1_R297K | K |
B

kKDa M WT R1 L43F G488 G495 KI141N R297K

180
140
100 | —

60

35 oS weswesw
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Fig. Production of back mutants. (A) In L43F, the amino acid at position 43 was
changed from Leu to Phe. In G48S, Gly 48 was changed to Ser. In G49S, Gly 49
was changed to Ser. In K14IN, Lys 141 was changed to Asn. In R297K, Arg 297
was changed to Lys. (B) SDS-PAGE of cell-free extracts of E. coli cells carrying
WT, RI1, and R1 back mutant gene.

O WT, Rl WHo]a4, 57FA back mutant (L43F, G48S, G49S, KI141N, R297K)<]
AEA S SHste] ¥ wedth 37FA back mutant (L43F, G48S, G49S)2]
A &Ade] Riol vl ZA A2, 27FA] back mutant (K141N, R297K)<]
doi g ol R1¥% v =3k A {2 = Aok

030
4000 1 10 70 - J[
e e }
23000 v, 1
5 | E 60
= 2 i
£ 2000 + 2
= g
< 1 2 50 -
1000 4
0 - 40
% N ) = "
-3\ S b?" $°c3 CD:‘C’ \DT\ ,\Q'\NL- “é < ';3 \% @9'% \DSC— O
L &

Fig. Lipase activity of CFEs of E. coli cell obtained by back mutation. (A)
Hydrolytic activity of CFEs was measured using pNPC assay at 10 °C and 30 °C.
(B) RA'""was calculated as the ratio of activity at 10°C and 30°C. Two dotted

lines show relative activities of WT and R1.

Table 54 Lipase activity of CFEs of E. coli cells obtained by back mutation

Lipase  Activitvat 30°C Activity at 10°C RAA0
(U/ml) (U/ml) (%)

WT 2470 £140 1320 £80.9 53.7+32
Rl 4000 £117 2630 £172 65.9+43
L43F 2310£923 1330 £419 ST.T£20
G485 3490 £150 2070 +51.6 594+13
G498 2590 £203 1520 £77.6 588+27
KI141N 2590 £83.4 1660 +84 9 64.0+28
R297TK 3320 £127 2120 +613 639+16
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O RI ®el&nrk WTel HlalA A& @4dol A7 S7hE 21 F43L, S48G, S49G
Holo s HYHAFS ¢ F Utk F43L, S48G, S49G Hol= AR
GUd> oA WHol7p AAFPOM, o)A EF “lidE9)el Wol7t &4 A
ZQ3HA AeeL gy

5. LipCA Wol24h /M 9 AL 54 45

O & d7aAldME wARSZIHO R LipCA Weolaas 7idstil, A37, Rl

Adz 33TRES BAEYTh A37, RlI wWol&iv)

= A
Aol F7HE AES A3 3L, Activation energy’} 7rAgh

O A37, Rl WHeolaaE AL oA o] &slA A2l octyl butyrateE
F st WS T SHA

O Back mutationg E3] ZAZAl FsHAl 2z F43L, S48G, S49G Hol=
gelsk At

O AFAFHE Enzyme and Microbial Technology A'd 20243 2¢€ %o A A3 th.

Enzyme and Microbial Technology 173 (2024) 110370
Contents lsts available at ScienceDirect
EREMT
Enzyme and Microbial Technology
ELSEVIER journal homepage: www.elssvier.comlocat/ens
)]
Production of octyl butyrate using psychrophilic mutant lipase from e
Croceibacter atlanticus LipCA lipase developed by a molecular
evolution technique
Ha Min Song, Hyung Kwoun Kim
Division of Biotechnolagy, The Cotholic Liniversity of Korea, Bucheon 420,743, Republic of Korea
Development of ERARE FaaErion Structure analysis &
/ psychrophilic LipCA N &l Y i site-directed mutagenesis \
ep PCR 1 43 4549 141 97 341
WT ‘ E 5§ N K ‘ L a duee 141 7
—_ 'l Back wT F S8 N K
1st [ 1 & = e B I
A37\ I &g N K ‘ g Rl E s‘ia x g
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278. Rhodococcus lipase (Reut) 2| Z}ol=] &1

1. Reut 45 o]£3 o 2g 2 FAUS

O B AxHA o+ FFolA £ 3 Rhodococcus 7 32 Reut 45 o] &3] A
A E2Fo F25HA AFEEE Fu| ARl isoamyl fatty acid ester® A SFIL A}
3} T}, isoamyl alcoholZ} TFFSF A o](C2, C4, C6, C8, Cl0)e] A WAtS 7|2 =2
ARG Al A 2HE FGANESS FIE AT EANkES B3] 1AA, 1AB, 1AH,
IAO, IADS @A &2k &)

s L= L
_—
CH + H OJ\ R esterification R

Ispamyl alcohol Fatty acid (a) Isoamvl ester (b)

Fatty acid (a) Isoamyl ester (b)

0
Acetic acid )\/\DJJ\ Isoamyl acetate (IAA)
0
Butyric acid )\/\OJK/\ Isoamyl butyrate (IAB)
0
Hexanoic acid /j\/‘\OJ\/\/\ Isoamyl hexanoate (IAH)

e]

Octanoic acid )\/\]J\/\/\/\ Isoamvl ocatanoate

IA0)

0

Decanoic acid )\/\O)k/\/\/\/\ Isoamyl decanoate
(IAD)

Scheme Isoamyl ester synthesis using Rcut-mediated esterification reaction

golstAtt. £FE E. coli Rosetta gami (DE3) 2 ®}HA] Rcut
A =3t} E. coli Rosetta gami (DE3)ol= rare codon plasmid7} & ]
o o ampicillin =~ £]°]  chloramphenicol S ®]A|o] Fr7IH oz 4
o o] Afdde Reuwrt WiFE FEA FHE AAEHASS
T}, chloramphenicolS Wi Ao YA ¢S o= Reut 7} 4£F
AE st
O E. coli Rosetta gami (DE3)9A] Rcut &45 A4S, cell-free extract (CFE)E
Azt T CFEAl £+ Reut 45 MA-DVB H|Zo] YA 3}sy o ~HE
F/gREgol ARk

E. coli BL21 (DE3)°lA 2&AZ A3}, tii-& B84 e (PPT)Z
o

o
o K

faxd
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E_ colihost BL21(DE3) Rosetta-gami (DE3)

[ | [
Plasmid pET22-Reut pET22-Reut pET22

[ | [ 1 [ |
Chloramphenicol ( ) 9] &g ey
1T 1 |
MW Sup FPT Sup PPT Sup PPT GSup PPT
(kDa)

T
30
37

Fig. Expression of Rhodococcus cutinase in E. coli cells.

SDS-PAGE was performed using supernatant and precipitate after . coli

cells were lysed. Lane M, size marker; lane 1-2, E. coli BL21(DE3); lane
3-8, E. coli Rosetta-gami (DE3); lane 1-6, pET22-Rcut; lane 7-8, pET22;

lane 1-4, no chloramphenicol lane 5-8, chloramphenicol.

3. ol =H 2 §A4ukS 5 HPLCE ©]§3 W

O HPLCE E3alA 7123 wkgites #Asdth 7122 ARE-3 Isoamyl alcohol,
acetic acid, butyric acid, hexanoic acid, octanoic acid, decanoic acid I A E
gholst R ar, WHEAHEQl isoamyl acetate (4 min), butyrate (5 min), hexanoate (6.5
min), octanoate (10 min), decanoate (16 min) ¥ =& <213} t}.

O Isoamyl acetate, butyrate, hexanoate, octanoate, decanoate® -~ ¢J3}3., authentic
sampleZ AF&3Ith. HPLCE AlgallAl 2t EFS FEHEE 43T 1AA,
IAB, IAH, IAO, IAD 0-100 mM ¥ko @& IFIAWAS JH=Z=E T8
A 2E F3Th 1ABS] AfolE 0-500 mM FE7kA £ 5k Hado g
T3},

O Isoamyl alcohol 100 mM, fatty acid 100 mM= %3, 43}
ARGl A ol 2B 2 FANES FallstE A AER heAbE S S

O A Are] chain lengthell webd wWHg&HE 3 WhgFEo] tiEs & F Uth
IAB, IAO, IAH, IAD =22 whgo] mE7A FP= UL, 1AA
A8l P A Fskeh IAB7F 7HE wEA A EH A= 5A1 7
55%°l =eatdch.

tlo ofo
T,

. olo
5

o

-y

e

1o
dob oX

o

=

rlr

T,
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Fig. HPLC analysis of the reaction mixture.
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HPLC was performed after 5 h-reaction using isoamyl alcohol and various
fatty acids. isoamyl alcohol (IA), acetic acid (AA), butyric acid (BA),
hexanoic acid (HA), octanoic acid (OA), decanoic acid (DA), isoamyl

acetate (IAA), isoamyl butyrate (IAB), isoamyl hexanoate (IAH), isoamyl
octanoate (IAO), isoamyl decanoate (IAD). *, cyclohexane peak. Fig. S1.

Standard curve for isoamyl ester molarity and peak area.

(A) Isoamyl acetate (B) Isoamyl butyrate (C) Isoamly hexanoate (D) Isoamyl
octanoate (E) Isoamyl decatnoate (F) Isoamyl butyrate (50-500 mM)

A

70
. c4
S 60 %
= 50 ” c8
Bt C6
Z 40 =
8 ; 5 C10
2 30
= 2 % :
S 20 %

10

§ Eé . s =2

Reaction time (h)

om

Conversion yield (%)

70 -
60 -
50 -
40
30 -
20
10 A

—

IAA TAB IAH IAO IAD
Isoamyl ester

Fig. Isoamyl ester synthesis using isoamyl alcohol and various fatty acid.

Reaction was carried out with 100 mM of isoamyl alcohol and 100 mM of

fatty acid. The molar concentration was calculated from the product peak

area and the conversion yield was calculated. A, Time course of conversion
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yield was calculated. B, conversion yield after 5 h-reaction. A\, isoamyl
acetate (IAA); m, isoamyl butyrate (IAB); O, isoamyl hexanoate (IAH); e,

isoamyl octanoate (IAO); o, isoamyl decanoate (IAD)

4. Docking model2 ©]&3 Hk-g EolA 3) 4]

O A|¥4ke] Zolof wet &
o pxHog Hislr] sl 49 A WAake] docking modelS THE AT
Reut &4 & Ser-His-Asp triadS ZF3. low, 7|do] Agst= &7l Thr,
Glu, Ile, Leu o}9|:=4bS ZEAL Qlth.

O Reutfas RIS He d7EE 22 UA 7] "ol ARa 7129
dA 4R HIE F Adu. AWAte] maiol Agste FA A

Ao YA 7} 73+ candidates  ZFZF 10708 FSER T ZF candidate®]

Y
2
[
Z
T
2%
ox

AgANIA S} Serl142] Oy 7hA1 8] AgE Foto] L =zo] HEE FA 8
A
Leu™s 7 c4
£ ® &
Ser!™ Ay 3 y #
i ¢ & o
lles? = - T &ﬁf‘p \ 1 "‘a‘{d r‘\
~u Thr® ~y . —
Gl ; -
€3] & c8 C10 3
() SRS T For £
2 ‘ﬁi}m}i‘t : é‘ﬁ-{- 4 a "\y};\ﬁ, -
B
6.5
A acetic acid e -
98 1 Whseagd oy .
55 4 ©hexanoic acid é B
— 1  ®octanoic acid ¢ ¥
f(u_; . O decanoic acid Vs I
245
540
" :
3.5 s &M @m
0] Oy Tesed p e
25 T T T T T T T T T T T T T 7T
33 -3.1 -29 2.7 2.5 23

Binding energy (kcal/mol)

Fig. Docking models of each fatty acids at the active site pocket of Rcut
enzyme. A. Five amino acids in the Rcut active site were indicated, and 10

docking candidates of each fatty acid indicated. B. For 10 candidates of
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each fatty acid, the distances between the Oy of Rcut Ser''* and the
carbonyl carbon of the fatty acids were measured, and the binding energies

of each candidate were calculated.

O Decanoic acid, octanoic acid, hexanoic acid= A&7} 5A©]%42 candidate’} o)
odth. WA butyric acidE A7 5A candidate’} 170Fel §la, UHAE
2% A7t 4A wrolth. o) & docking model 2ol wElrd IAB A A Fol
7B wmE AS AW 4 Y Acetic acide WIFE AU A b A,
Ag 7t 5A0|Arol  candidate’t 47190 Aoz wE AU, o)A Z AN [AAQ

WAl WS Ae AL 4P F vk

5. Reut &4 ®H&-9o] # A3}
O IAB A o] 7 wokom, o]A o] A F PN A A FujdR o AL E 7
u] Foll JAB2] AA Wk

A BA
esterification 0
)\/\ ' & )\/\ )k/\
OH o

trans

Isoamyl alcohol W Isoamyl butyrate

8N/
B '
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Fig. Effects of substrate concentration on conversion yield

(A) Isoamyl butyrate was produced by cutinase-mediated esterification and
transesterification. (B) The amount of isoamyl butyrate was measured after
24 h-reaction using butyric acid and isoamyl alcohol (50-500 mM). (C) The

amount of isoamylbutyrate was measured 24 h-reaction using tributyrin and
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isoamyl alcohol (50-500 mM). (D) The amount of isoamyl butyrate was
measured while the butyric acid concentration was fixed at 300 mM and the
isoamyl alcohol concentration was increased from 300 to 500 mM. (E) The
amount of isoamyl butyrate was measured while the isoamyl alcohol
concentration was fixed at 300 mM and the butyric acid concentration was

increased from 300 to 500 mM.
St transesterification

O IAB + butyric acidE A} 3} esterification HH-S-, TBNS A& 3
A8y st A}, esterification
o)

Elasy

o7 AAHE F . F-S-S
sS 53 o =2 8o GAHJY. olALE W3 esterification
transesterification Wr-22] xzfolg}r] Hyt 71& ZA7|9F F£FQ Zolo] r]elsitia

deE o
O 713 #%E 50 mMelA 500 mM7HA F7kA1Z1 A3, 714 300 mM7HA] TAB
Aol AL S7HAAIRE 718 300 mM o] del A= o ol F7kekAl gt
O Isoamyl alcoholS 300 mME A 33 butyric acidE S7HAIZl A3}, 233 1AB
Aol Haskth wHROl  butyric acidE 300 mME Y33 Isoamyl

0

alcohole Z7FA1Z1 A3, 1AB A4 #Fo]l #AE Atk wh2kA butyric acid 300 mM
ol el Al Eankgo]l AalEe AS AT o] AL butyric acid®] pKa #©]
4.820]7] wZoll BlFA WPl %%ﬂl LFER AgetE ZaFHs
Mo E HMSAA Bae A FFS 7AE AR ATddET
6. 223} Reut A48 WHEALE 7hsAd ZAb

JAS RewtE AAHCE ARGstH™, WHEARE o] ThsEfoF gty & ANkSE
24X7F Rty 54 HEE A Fo| oA ZANES FIstE WA
63712 AP 3R TE Molecular sieveE ¥ Ao+ IAB AA F&°] 79
THAE A FgSS FelstAdth. AW, Molecular sieveE ¥ A @2 ASo+&
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Fig. Reusability of immobilized Rcut. The amount of isoamyl butyrate
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synthesized by immobilized Rcut was measured after 24 h-reaction. Reaction
system contained 300 mM isoamyl alcohol, butyric acid, and immobilized

Rcut in cyclohexane. (A) Reaction with molecular sieve (B) Reaction

without molecular sieve

TA3} Reut7t Fr]AE JABE 250 mM FE=7HA @A ¢ A1, 63447
HHE ARGl E A o] ZHAEA] e AL et oY A o

YA A Journal of Microbiology and Biotechnology Aol F3& 7 g ojt},
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A 2ol A WHo]E A 9| kinetic parameter A}
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2. g IolA|E o] &3t
O MF&H3E 2-1: LipCA ¥ Recut &

4 Hho] @4

d 7 W &

A7)

LipCA WT ¥ A& ®olaiE
©] 83} octyl butyrate ¥4

143} LipCA WT ¥ A37, R1 Ho|BAE
o] &3l A butyric acid, octanol Z4-F]
esterification ¥H-§-2 T34 2 F | EQ
octyl butyrateE 34d

RIFO] G4 E o] &3fA A-2(10°C)ol A octyl

butyrate &%+

Reut 45 ©] &3} isoamyl fatty

acid ester &4

143} Reuts o&3l A #7181 ol A
A" 2 F4u-ss TP

Isoamyl alcohol®} ©3}(C2, C4, C6), T3
A ®FAHC8, C10)9] esterification HH-g- o 2
Th 3 isoamyl fatty acid ester ¥/d &
Isoamyl fatty acid ester =2 2] HPLC

CRSESIEE N

LSy s S

O ARE3x 2.2: glgto}A)

o) FEEY B

2872 wa st

4 F W & 4 F+ 4
* Back mutations F3|A Rl ®Wola4io &4
Z7tell A TS F+= ot 4 B
LipCA ‘{ﬂf_o]ﬁﬁ\_ Rl-O/] %/‘é .E_/ﬂ‘ <) ]‘ ] ] [Slxe] T ~]’ ]- ‘ —
o WA 3 TEREAS 53 Ba B4
0% obrate] ANE BAY
o &, F3 ARFAbo| o gk Reut &4
Rcut 49 713 EolX4 XA} 1A Eo|AH S T3 A3}, C4>C8>C6>C10>C2=
ek

Reut &429] homology model
2 7] docking model |2

]]éoﬂ EHG]' dockmg —J—EE
7189 AjtellvA| et AZlE

714 Solde 2w
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Flexible liposome and skin penetration

Flexible liposome

Stratum corneum + small-sized unilamellar vesicles (80-250 nm)

Stratum lucidum

+ prepared of soy bean phosphatidylcholine

Epidermis

Stratum granulosum [

+ having a high content of linoleic acid
Stratum spinosum

+ having skin permeability

Stratum basale

Dermis

Stratum corneum
Epidermis

Dermis

5. glTolA] HbES FalA TS edge activators 7T 4 3. Edge activator

B thakd
A, 7R3
A4t 8k

dolo] AAe Ad =Z=2A YEEFY FF4,
FIANE 7 e B HAE Sl

Mgt edge activators R ¢ A3

o
o
&
oo o
-
R
>

<ZYAME YEEHES /ML) 93 Edge activator>

Conventional

Hydrophilic head liposome 1 Ethosome
Hydrophobic tail hydrophobic drug
phospholipid.__

ilayer

~/,__ethanol

DNA, peptide, drug

single chain
surfactant

Transfersome i Niosome

Edge activator

« Cremophore EL 35

« DMSO

N-decyl IMSO

Oleic acid

Sodium cholate

« Sodium deoxylcholate
» Sodium dodecyl sulfate

Sodium taurochoate
Span (20, 60, 80)
« Tween 20, 60, 80
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24 BAH 2EAE

1.

gstobAE TFE ASNEE FUT 4 dolH FTF NG HAE
BRII ok AgHOR EstelAlE MANY, B, HFEAY,
AeFatde EFeA TFe Eokoll AFEHI Atk FA CalBE HIEA LH
Fgol 2 AT fUol FutolArt Ao AgHIL AUtk FAA
Lok At 571 A=A gdolAlE thEdAAsta vl = a17g 3al A
AFHTR 7E FY e BAS UAT F or Yok AR AYS FEY
T AS AR 7
. . - o
= [ favorin | —
*:4 e rxw P%ﬂr)” Emc /Environment\ L\fh::;::'nﬂ//.‘ /]."']]"ql "l)m,‘
7{ e s otz \Bioremediation ~— mi:“::'nl /
T o, B ke o e .
L{FJ Acidalysis E;ig; GGI}.:;'aL}';B S, /_/limr(‘ "“\_\ Fﬁl‘;l ” ‘
EL{‘.J: U:L:kx F-Pﬁ \\ Diodics d/‘ — &% —-l\‘ Dncrutl;j\
= - I N
i e J/ Druu\{ ﬂtnmal i
-_Lz_ __i_; [plml'mnﬂ'u‘iml} fatty acid |
EG_OLX; : Ec-_f_k Y \‘\“pid
=i = e —
gutotal = A FAANA FLAF, FAF, FrIAE, AN wE=s el
AREETE Hlol e el FAB S ol&EA EA HIE, AYE HIY, dFAE
Ealiste dHel ARERH. seijielA e dle sdE @A, =Z8A AA,
ol et) Al el AgETh AMALYANHE GAF 2 47 Mgl AgHch
A=l e AR 7, AA Y AHE.
® Dehydrated fruits
Food "  Dairy products
industry * Flavor compound
» Fattvacids
B * Polymer wastes
. ig_ﬁ * Industrial waste water
M} n Pesticide
- - . o | 1
Application Chemical - Pheno]_zc compopnds
Elivase industry Removal of coatings
AR —_— = Synthesis ofbiodiesel
T
Detergent » TLaundrydetergent
industry » Dishwashing detergent
! ——
Textile » Synthetic fiber modification
industry » Pretreatmentofwool fabrics
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FatsiAl= DA o] oy AFEokllA AFS] AMstE WAlGtE HAH o=
ArEEo gt THE de] ARREHSIIAY A4EEA=  butylated  hydoxytoluene
(BHT)<} butylated hydroxylanisole (BHA)©|th. BHT$} BHATE 3332l IAS
3t FHE PSAR AFdE we A E2 st A4S 2
o F2 AF AdelA AiEe "ol xdE A FIFEF H7EE
AAe] 4ksts WAt de ARSEHIAH. AT BHTS BHA7VE &0
deed mE A BEREAe e AH, e dod F e A
APAH o2 WHAA HHA o] A& FFES TAstn Je= FAoth
et oAl S ol gdA HAABHZHRE A FASAE g,

Mz Farsia] AlgeS IS ¢ e Aotk

. = A vAAEQ] Croceibacter atlanticus, Rhodococcus O ZFE ®r=3k LipCA,
Reut E28 o434 thabet A2 B2 e A, AALARRY A7

AFE, AFE AR AT S 5 ATk

LipCA, Rcut Jsd X&

FA A BT o AN GFE AA HFBL
gAY+ U © & AEAeNN F15A FHBAR
Ag-HT
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Esterification
Butyric acid Aleohol by lipase Alleyl butyrate
#=1: Ethanol #=1 : Ethyl butyrate
=3 : Butanol #=3 : Butyl butyrate
=5 : Hexanol =5 : Hexvl butyrate
n=7 : Octanol #=T7: Octyl butvrate
#=0 Decanol #=0: Decyl butyrate

Wow! it smells good.

Fruit flavors & \
(o} 4 : .-
» .
i @ &

o banana apple muskmelon
LA ]
Hac/\)k:)/\/\ - m E
9] “ : i 4
2 ’ (E\ape
Hsc/\)kt/\/\/\ MLt L4 “Ahl
o) _'..*, orange  parsnip plum

4 20
..?-". ;:'
HSC/\)LO/\/\/\//\ pineapple A

/\)k/\/\/\/\/\ % T
HsC \ pear iy berries strawby
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