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SUMMARY

|. Title

Production of functional lipid materials using lipase enzymes from

polar microorganisms

[l. Purpose and Necessity of R&D

The purpose of this study is to identify special functional lipases with
high industrial usefulness from microorganisms isolated from polar
regions and to produce large amounts of active lipases through gene
cloning and expression. The recombinant lipase produced is intended
to be used to synthesize phenolic lipids with antioxidant and

antibacterial activity.

IIl. Contents and Extent of R&D

The active strains are selected by measuring lipase activity with TCN
plate, pNPC, and pH stat method for polar microorganisms received
from Korea polar research institutes. The lipase gene was isolated by
shotgun cloning method and expressed in E. coli cells. Recombinant
lipase was purely isolated and the biochemical properties of lipase
were examined. We established a reaction system that synthesizes

phenolic lipids using commercial lipases.

IV. R&D Results

We received lipase production strain that the Korea Polar Research
Institute isolated from the Polar. Bacterial strains that form large halo
around the colony while culturing in a TBN or TCN agar plate were
selected and these bacterial strains were liquid cultured in a Marine broth
medium at 20°C for 48 h. The bacteria with high lipase activity of the
cell free extract and culture fluid through the pNPC assay and active oil /
pH stat assay were selected.

The lipase gene (lipA9) was isolated from the polar isolate Marinobacter

lipolyticus bacteria (Stock No. #27-A9) by shotgun cloning method.



Recombinant plasmids were transformed into E. coli BL21 (DE3) bacteria
and IPTG induction experiments were conducted. After microbial culture
(20°C, 20 h), the E. coli cells were crushed by sonication and protein
expression was analyzed through SDS-PAGE. After the LipBL enzyme was
isolated from the cell extract through anion exchange chromatography, the
property about temperature, pH, the substrate specificity, the organic
solvent resistance, and the NaCl activity were examined. The lipBL
enzyme was immobilized by CLEA method to compare biochemical
properties and stability. The homology modeling of the LipBL enzyme was
performed and the structure of the active site was examined.

We found the lipase gene from the genomic DNA of the polar isolate
Croceibacter atlanticus (Stock No. #40-F12) by shotgun cloning. LipCA
was produced from recombinant E. coli bacteria and LipCA was purified
from cell extracts. The properties of temperature and pH, and substrate
specificity were examined. The LipCA enzyme was immobilized by CLEA
method to compare biochemical properties and stability. The homology
modeling of the LipCA enzyme was performed. The active site and lid
structure were identified.

We found lipase gene from the genomic DNA of the polar isolate
Alteromonas sp. bacteria (Stock No. #39-G1) by shotgun cloning method.
N-terminal deletion mutant (20, 54) was developed to produce active
enzymes. We purified the enzyme, and confirm temperature, pH
characteristics, substrate specificity, and organic solvent stability. It was the
cold-adapted enzyme and the lipase activity was high maintained in the
high concentration salinity.

We synthesized fatty acid vanillyl ester, hydroxy phenyl acetic acid-fish
oil, and medium chain fatty acid cinnamate by commercial lipase. The
substrate molar ratio, solvent condition, enzyme amount, reaction time were
investigated. Antioxidant activity and antibacterial activity were measured

using the produced phenol lipid.

V. Application Plans of R&D Results

We identified new lipase genes from polar microorganisms and produced
large quantities of active lipase. After investigating the reaction
characteristics of the active lipase, the active lipase can be used as an
enzyme catalyst for bioconversion reaction. It is planned to be used to
synthesize phenolic lipids used as materials for food industry and

cosmetics industry because of antioxidant activity and anti-bacterial activity.
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A% F, W2 AIZF (36-60 h), HFE 2% (65-75 °C), 71H ] E4H](20:1-40:1), &

wazne

Aot 7149 EH (10:1-20:1) &
(2013) 36: 799-807.

#4335t Bioprocess Biosyst Eng.
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vanillyl castor oil ricinoleic acid vanillyl ester (RAVE)
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24 g S SR 4388 Fol DHA-VEE HolE FH Hd 9 >
ZZ A DHA o] T7HES FRISA L, in vitro A PolA DHA-VEe] 23|
A ABE A B¢ rat primary neuron®] AEo] FVIEE B3-S, Food Chem.

(2015) 171:397-404.
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Chem. (2015) 169:41-48.
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hexadecanolE &%l ¥, AR A3} A3 &31E ZAH3T (antiamyloidal activity).
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Al EA% A3, #ls7]ol oA PUFAS] 4Fsl7F X321 PUFA°l 934 =
=719 2448 & &= SV S B3lS. T Agric Food Chem. (2011) 59:
7021-7027.

2. ZIHAE o] &3 Capsiate &8 AT

7} 10E9] capsiateE /335t DPPH (polar medium), Rancimat (nonpolar medium),
linoleic acid autoxidation (micellar medium) €4S =43, BHT % a-tocopherol &
fzTo 2 A2 2™ Tween 20 micelle-linoleic acid Al2~8l oA vanillyl stearate,

oleate, ricinoleate 7} 7}Fg £ &4ts 58S 2= AS 3. 1 Agric Food
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Chem. (2011) 59: 564-569.

u}. Capsiate= A4St EA, daHFA JA, AFH A a5 Holr] o oF
s EE é}%%ﬁ]—xﬂi AHE-E . CapsaicinoidE capsinoidZ Z¥3sl= AFE 3
St =, vanillyl alcohol®} nonanoic acidZ capsiate A sl= WHI capsaicind
vanillyl alcoholE A& A4 capsiate &Adst= WHS 7/IE3. World J Microbiol

Biotechnol. (2010) 26: 1337-1340.

l

(A) Hydrolysis
MeO” N NY\/\/\/\ whexiiic MeO /”\/\/\/\/
o M
(B) Acylaxion

..
MeO Jk/\/\/\/ n-hexane  MeO O

H H Lipase s
MeO]: 1 N]TCHQ(CHZ)GCH;, —4> MeOI 1 O]rCHz(CHg)SCH3
(1) o n-hexane (5) o
70°C
Lipase
Q\' n-hexane, 7(]( ﬁ HOQ
7(\/\/\)\ OW\/\)\ MeO NH,
°“(4) M P)
ot §4tslso] ddE FHUE dzHEE dA-de ATFE 3. =, vanillyl
linoleate”} @4k} FHo] 71 Fom, ~xyoly dEHS TWEAA AMES
A3, UV ZAE fibroblastE B St 58S 2te A& #3. J Agric Food

Chem. (2009) 57: 7311-7323.
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2}. Vanillyl alcohol?} methyl nonanoate=-E] capsinoid (vanillyl nonanoate) /332
ZM  capsiate and dihydrocapsiateE ¥ A4St AT FH3 Biosci
Biotechnol Biochem. (2002) 66: 319-327.

3. 2] A E ©]-83F Caffeic acid phenethyl ester (CAPE) &4 A+

7h HEE @, ndslt, dAES, 4 2RsHA duE AWl CAPEE oY
7HA AlE ZEEY20A EAEE 40U, d9F, HYxA, AlxHg, v
Tt EZ ol B3 A &EFo] L. CAPE F=AE FAst AA g3A, A
2§, 3T3-LIAIZS vIgkA|ZE 9] #3bo] gk FaFS ZAME Bioorg Med
Chem. (2015) 23: 3788-3795.

N

. Vancomycin®l] ol3] =8 A& <4S CAPEZ| A 8t= S 913, &, AA
9] Serum alkaline phosphatase (ALP), amylase, y-glutamyl transferase (GGT), lipase
24e AT 23, CAPEZF AF 4= WAS= AS . Toxicol Ind
Health. (2016) 32: 306-312.

T CAPET g AAZES A 53t A2 BaR. &, amylase, lipase o] €11 =

At og Ao FF 5ol =%, World J Gastroenterol. (2009) 15:
5181-5185.
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=439 th 8l 2S Marine-TBN (tributyrin)
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ohAl 84 %A
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LA |l =] o]
Jol= SAHS AT

+, +, +H, HHHOE ?%“}%E‘r
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B MR Fol Wl
st ¥ 02 =43tk pH statd
BAo elstolAl fAHA BAT fHA F2Y

gytota] Ea8d S
HEskar
, A =270 wEkA (-

20°C el A

< PNPC 3} pH
%‘ W 1 U/ml ol*u g4

Ad

A7E A3t

Eode

Lipase activity
Strain Strain name TBN plate pNPC (U/ml) pH STAT (U/ml) | Lipase gene
No. (halo_size) Sup. CFE Sup. CFE reported
33-H5 | Marinobacter _maritimus (1) 0.048 0.186 0.000 3.300 No
27-A9 | Marinobacter _lipolyticus () 0.006 0.930 0.000 3.225 Yes (LipBL)
73-C7 | Psychrobacter nivimaris (++++) 0.097 0.063 0.000 3.222 | No
28-C8 | Marinobacter _lipolyticus () 0.020 1.044 0.000 3.220 Yes (LipBL)
31-All | Marinobacter lipolyticus (++) 0.021 1.094 0.000 3.185 Yes (LipBL)
31-Al Pseudoalteromonas _atlantica (+++) 0.023 1.067 0.000 3.180 Yes
39-D12 | Salinimicrobium _marinum () 0.000 0.489 0.000 1.935 No
33-B6 | Brevundimonas nasdae (+++1) 0.013 0.161 0.000 1.675 Yes
34-D1 Croceibacter _atlanticus (+++) 0.015 0.275 0.000 0.829 Probable
63-H12 | Marinobacter _lipolyticus () 0.048 0.036 0.000 0.075 Yes (LipBL)
31-F4 | Alteromonas _stellipolaris (++1) 0.436 15.541 0.000 0.045 Yes
40-F12 | Croceibacter _atlanticus (CE==s) 0.013 0.139 0.000 0.030 Probable
37-E7 | Hyphomonas atlantica () 0.000 0.300 0.000 0.030 | Yes
53-F8 | Marinobacter _goseongensis (1) 0.006 0.016 0.000 0.015 Not vet
41-F2 | Marinobacter _lipolyticus () 0.021 0.862 0.000 0.005 Yes (LipBL)
17-E4 | Rhodococcus _cercidiphylli (++++) 0.005 0.019 0.000 0.005 No
15-B7 | Rhodococcus cerastii () 0.003 0.145 0.000 0.005 No
69-A9 | Acinetobacter oryzae () 0.035 0.108 0.000 0.000 | Not vet
29-B9 | Marinobacter _lipolyticus () 0.019 0.978 0.000 0.000 Yes (LipBL)
32-H2 | Marinobacter _goseongensis () 0.013 0.003 0.000 0.000 | Not vet
40-G5 | Erythrobacter citreus () 0.010 0.214 0.000 0.000 | Yes
17-F1 Rhodococcus cerastii () 0.006 0.072 0.000 0.000 No
39-F2 | Erythrobacter vulgaris (+++) 0.000 0.499 0.000 0.000 | Not vyet
10-B4 | Alcanivorax borkumensis (++++) 0.000 0.070 0.000 0.000 Yes
30-E4 | Alcanivorax _borkumensis ()
53-D12 | Alcanivorax borkumensis (+)
2-E12 | Marinobacter algicola (+)
27-A7 | Marinobacter _algicola (+)
27-G3 | Marinobacter _algicola (+)
29-G5 | Marinobacter _algicola (+)
32-D9 | Marinobacter _algicola (+)
30-G8 | Marinobacter _goseongensis (+) Not vet
27-D6 | Marinobacter _hydrocarbonoclasticus (+) Yes
15-Al | Marinobactersalarius (+)
32-F6 | Marinobactersalarius (+)
31-H6 | Pseudoalteromonas _shioyasakiensis () Yes
5-D9 Rhodococcus cerastii (+) No
19-E6 | Rhodococcus cerastii (+) No
19-F8 | Rhodococcus cerastii (+) No
19-H6 | Rhodococcus cerastii (+) No
60-A6 | Pseudoalteromonas _atlantica (-) Yes
32-F7 | Sulfitobacter _porphyrae (-) No

_15_




- FAATF2ZVE 23 BT 7

o
=
oy
o
fru
iU
%)
o
3
[:o{n
P>
e
ox
filo

[N
oxl
ok
pate
v

=
Marine-TBN LA 8] 2] | A clear zone< FAst= S SHHIF L wlgFA
AEZFZHo] &S PNPCHHI pH statFH o2 AT
Lipase  activity
stock Strain Name TBN plate pNPC pH STAT
(Halo formation) PPT CFE PPT CFE
1 01-A8 Psychrobacter (+++) 0.000 0.503 - -
2 01-B9 Pseudoaltermonas +) 0.000 0.492 - -
3 01-C1 Pseudoaltermonas (++H) 1.542 1.507 - -
4 01-C6 Pseudoaltermonas (++) 0.135 0.867 0.600 | 2.560
5 01-C9 Pseudoaltermonas (+++) 0.375 0.531 - -
6 01-D5 Pseudoaltermonas (++++) 9.043 13.193 | 3.140 | 2.320
7 02-B10 Pseudoaltermonas (++) 0.599 2.309 0.000 | 2.280
8 02-B11 Pseudoaltermonas (++) 0.542 2.226 0.000 | 2.980
9 02-C2 Pseudoaltermonas (++) - - - -
10 02-D7 Pseudoaltermonas (++) 1.272 1.996 - -
11 02-D8 Alteromonas () 0.202 1.069 - -
12 02-El Alteromonas (++++) 0.254 0.281 2.500 | 2.680
13 02-F10 Alteromonas (+++) 0.261 0.741 0.000 | 2.200
14 02-F4 Alteromonas (++) 0.461 0.502 - -
15 02-F6 Alteromonas (1) 0.159 0.442 - -
16 02-G2 Alteromonas (+) 0.374 1.351 2.820 | 2.860
17 02-G7 Alteromonas (+) 0.227 1.757 2.340 | 3.140
18 02-H10 Psychrobacter (H+++) 3.303 17.888 | 3.140 | 3.600
19 03-H10 Alteromonas (++++) 0.082 0.423 - -
20 04-F2 Psychrobacter () 0.270 0.517 - -
21 04-H10 Psychrobacter ) 0.100 0.836 2.160 | 0.740
22 05-H3 Alteromonas (++) 0.126 0.710 2.400 | 3.680
23 14-A8 Alteromonas (++) 9.571 22.953 | 3.180 | 2.560
24 14-D12 Pseudoaltermonas (++) 0.051 0.396 - -
25 22-D10 Psychrobacter (H+++H++) 0.152 0.030 1.820 | 2.360
26 22-G1 Psychrobacter (+++++) 0.598 0.031 - -
27 23-E5 Alteromonas (+++) 4.715 22.001 | 2.820 | 3.000
28 25-A2 Pseudomonas ) - - - -
29 25-D4 Marinobacter () - - - -
30 27-G1 Pseudoaltermonas (++++++) 0.051 2.401 - -
31 28-C9 Alteromonas (+++1) 5.826 22.216 | 2.580 | 2.880
32 28-D6 Alteromonas (++++) 7.545 16.200 | 3.440 | 2.980
33 28-E12 Alteromonas (+++) 0.384 0.048 - -
34 28-ES Psychrobacter (++) 8.389 23.321 | 2.620 | 2.900
35 30-B10 Marinobacter (++) - - - -
36 30-B11 Marinobacter (++) - - - -
37 33-A8 Alteromonas (+++1) 15.034 15.464 | 3.040 | 2.760
38 33-C3 Alteromonas (++++) 3.248 5.213 - -
39 33-C8 Alteromonas (+H++) 3.494 18.410 | 2.980 | 3.040
40 34-A12 Psychrobacter (+H+++) 0.277 0.027 - -
41 34-B8 Psychrobacter (++++) 0.719 0.229 - -
42 34-E8 Psychrobacter (++++) 0.670 7.944 - -
43 35-E9 Alteromonas () 1.100 1.124 - -
44 38-D9 Alteromonas (++++) 1.836 8.834 - -
45 38-F2 Alteromonas (++++) 4.169 17.428 | 2.600 | 3.520
46 39-G1 Alteromonas (1) 4.304 17.121 | 3.120 | 2.960
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274. Marinobacter lipolyticus ©] 3}o}A| W=

- = A 2] (Stock No. #27-A9)R! Marinobacter lipolyticus T S-ZF-¥ | I}o}A]|
- ZH(1ipA9, lipBL)E shotgun cloning W} o2 ZFolf LS.

- DNA 971 9S B43% A3 & 7124709 9712 FAEJLH, 1 FolA
3796-5010 91x]ol gl oAl FAATE 2o oS WH=

0 1 2 3 4 5 [ 7

f f f f f f f {7124 bp
3796 5010

(4] 3677 5732 6169

{ Ser/Thr protein kinase | <:| <:!

5005 5691 M hpolticus
M. lpolyticus Hypothetical
Hypothetical protein
protein

Fig. Nucleotide sequence and gene map of insert DNA

Insert DNA consists of 7,124 bps. The open reading frame of /ipA9 gene was written

in red.

- LipA9 #AAE F 1215709 B712 FAH0] Qon, Gude 404749
obEl o s FAH e,

1 ATGACGGAATCGAAACAGGTCACCGGCCTTTCATCAGGCCACCTTACTCACATTGAAGACCATCTTGACCGCCGCTATATCCAGCCGGGG
1 MTESKQVTGLSSGHLTHTIEDHLTDRIRYTQPG

91  AAATTGCCCGGGGCGCTGACTCTGGTGGCCOGACGTGGGGAAATTGCCTATCTGAAAGCTCAGGGGCTGATGGATGTGGAGCGCAACAAG
31. K LPGALTLVARRGETIAYLZ KAQGLMDVETRNHK

181  CCGGTCTGCCGGGATACGGTGTTCCGCATTTATTCCATGACCAAGCCTATTACGTCCATCGCCATGATGCAGCTCTATGAGCAGGGGCGG
61 PV CRDTVFRIYSMTEKPTITSIAMMAQLYZESQGR

271 TTTTTGCTGGATGATCCGGTACACAAGTACATTCCGGCCTGGAAGAACCTGCGGGTTTACAACAGTGGTGTCTATCCCAACTTCCTGACC
99 r L LDDPVHKYTPAWKNLRVYNSGVYPNTFTLT

361  ACACCTGCAACCAGCACCATGACCATTCGCGACCTGTTCACCCACATGTCAGGCCTGACCTATGGGTTCATGAACCGCACCAACGTTGAC
21 TPATSTMTIRDLTPFTHMSGLTYGFMNTRTNVD

451  GCCGCCTATCGGGAGCTGAAGCTGGATGGCAGCCGGAATCTGACACTGGAAGCGCTGGTCGGTCATCTGGCGGAACTGCCGCTGGAGTTC
51 AAYRELIKLDGSRNLTLEALVGHLAETLTPLETF

541  TCACCGGGTACCGCCTGGAACTATTCGGTCAGCACGGATGTGCTGGGGTATCTGGTGCAGTTGCTGGCTGATCAGCCGTTTGATGAGTAT
1T SPGTAWNYSVSTDVLGYLVQLLADG QPEFTDEY

631  CTGCGCGAGCATATCTTTGAACCATTGGCCATGTCCGACACCGGCTTCCATGTTCGTGACGATCAGCTCGACCGTTTCGCCGCCTGCTAT
21 LREHIFEPLAMSDTGFHYRDDA QLDRTFAACY

721 CAGTACGATCCGGTCGACCAGTTCAAGCTGCAGGACGATCCGCAGACCTCCCCTTTCCGGGACAAAAGGAGGTTTCTGTCTGGTGGCGGC
241 QYDPVDQFKLQDDPQTSPFRDI KRREFLSG®GG®G

811  GGGCTGGTTTCCACCATTGACGATTATTTCCACTTTGCCCAGGCACTCTGTCAGGGTGGCGAGTTTGGCGGGCGGCGGATTATTGGCCGA
2717 G LVSTIDDYFHFAQALCQGGETFOGGRRTITIGHR

901  AAGACTCTGGAATTCATGCGTCGCAATCATCTACCCGGCAATCAGGACCTGCCTGGCCTTTCCGTCGGTCCGTTCAGCGAAACACCTTAT
301 K TLEFMRRNHLPGNQDLPGLSVGPFSETTPY

991 GCCGGGACCGGCTTCGGGCTGGGCTTTTCGGTAAAGACTGACGTCGCCAAATCCCAGATCAACGGCTCGGTCGGCGAGTATGGTTGGGGT
31 AGTGFGLGFSVKTDVAKSQINGSVGEYGWG

1081  GGCCTGGCCAGCACCAACTTTATTATCGATCCGGTGGAGGAACTGGTGGTGATTTTCATGACGCAACTGATCCCCTCCTCGACCTACCCG
1 GLASTNFIIDPVEELVVIFMTQLTIPSSTYP?P

1171 ATCCGTCAGGAATTGCGGGCGATTGTGAATGGGGCGTTGGTCTAG
391 I RQELRAIVNGATLV .

90
30

180
60

270
90

360
120

450
150

540
180

630
210

720
240

810
270

900
300

990
330

1080
360

1170
390

1215
404

Fig. Sequence of /ip49 gene and its deduced amino acid sequence (GenBank accession
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number MG988389). The conserved S-x-x-K and G-x-S-x-G sequences are underlined.

The amino acid sequences (Thrz,Serm,Leul76,Serm,andAsp234)underlined are different
from those of M. lipolytic SM-19.

- B golAl FHAE pET22 W E A A4St E. coli BL21 (DE3) ol 2%
TR =

- AN Z3F E colivts
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NI _ﬂ, 091'4
=
K
i

flo
N
Ll
mMNNI
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c o
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[¢)e]
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12 ot

o o

off 2 ot
X,
i,
32
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1:0{1
o
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it
ox
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L

2
14 A ostazntedlys S3A A, JFHo=
& BYstg o a4 HFAHETE 905 Umgl 2 SAHEH AU

&

— . 2 3 4 5 6
1704
1204 & .

75 e

544 -

- §.- «LipA9
i

357 "

42

Fig. SDS-PAGE analysis of LipA9. Lane 1, protein size marker; Lane 2, cell-free
extract of E. coli cells harboring empty vector (pET22); Lane 3, insoluble fraction of E.
coli cells expressing LipA9; Lane 4, cell-free extract of E. coli cells expressing LipA9;

Lane 5, purified LipA9 by anion exchange chromatography; Lane 6, purified LipA9 by
gel permeation chromatography.
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Table Purification table of LipA9

Total Total Specific

Step protein activity activity \?Zl)d P”rig‘fgtion
(mg) L) (U/mg)

Cell-free 153 14,900 974 100 1

AIEC 233 13,500 579 90.6 595

GPC 5.58 5,050 905 339 929
849 A2 pNPC (Cy) 7189 Eaflol W& 405 nm §3 = W=
ZA3P o, RYEALE o83t ZF A48 S ZASHAT
A4 HA pHE 8.0°0% ZAHEI pH 7.5-10 H*HOM =2 gA4e HY.
H# 25E 70°CE SAHJIL 60°C B} $e& 2xolA T4 Ao =7
ZaE A=

st dole] Aol HE HaBAS ZAT A%, A4 ASDolT} e

3], C4-Cy 2:10191 14 3] M =

tributyrin®] g &/ o] tricaprylin &
AR}, tricaprylin =+ olive oilol] gk B3 2k Q= A

Fht Pvopd BaYE & 5 slvk
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Fig. Substrate specificity and effects of temperature and pH on LipA9 and LipA9““FA,
The hydrolytic activity of LipA9 toward various (A) p-NP esters, and (B) triglycerides
was measured. (C) Activity versus temperature was measured at pH 8.0. (D) Activity
versus pH was measured at 37 °C. (E) Residual activity was measured after incubation
at various temperatures. (F) Residual activity was measured after incubation at various
pHs. Open circle indicates LipA9, while closed circle indicates LipA9“-4,

- FAUAAER] Marinobacte lipolyticus Z5-E =3 LipBL &49] f7]&uj
gk WAEde 543871 AsiA LogP #kol —1.391A4 0.89 ®floll b= 13714
S E 25% FEZ 3087+ A 23S T 2-butanone, pyridine, ethyl acetates
AL & &ujol] thsl] Ao FA] ko, Y8 &4 CaBeY

Hlw gk A7}, 2-butanone R ethyl acetates A 9|slal B3t 235 AU
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- FE®NaC) FEo] wWE FHUIE 2AE A 0-075 M B HS0lA
4ol ﬂié&XluP 0.75-2 M 8ol A &4 FAo] WE glo] FA=HUT v
FHE CalB 49 75, 025 M 744 &4 W37t fIAAINE 0.25-2 M 7FA]
BAGAH ] A% AT

A 140 B 120
glzo 100 -e-LipBL
5,100 é —O-CalB
= z 80
£ 80 g
3 60 =1
'E = 60
z 40 2
= g
g 20 £ 40 ’
S
0 20
IR N S e o " & {
s %o &~ S e« & & e\\' A0 eis & ‘l\ B\@ Q}\ 0 T T T T T T T 1
FHE S &S ‘-\& S & &S & 0 025 05 075 1 125 15 175 2
FITFF TSI FT I TS
R ?’rﬁ & %Q R " N NaCl (M)
& W
&‘&
\'}" Organic solvents(Log P)

Effect of different organic solvents and salt on the stability of LipBL. 10mM p-NPC was used as
substrate at pH 8 and 37 C for 3min reaction and CalB lipase was used as control. A) Enzyme was
pre-incubated with 25% organic solvent for 30 min at room temperature, and residual activity was
measured without organic solvent. B) Effect of concentration of NaCl.

- LipBL &4F CLEA (cross linked enzyme aggregate) W™ O 2 117 3} A| A
AEetA EA 9 olHAS H WP E coli AEZZNo FATAHS =A
A3, aAGHAETT 97 U/mg,‘li UJebdth, CLEAZAY S E3)] LipBLCFAS
kst aAagd S SAT A, 116 UmglE S FH AL activity retention

Protein Enzyme Enzyme  Immobilization  Activity
Sample Conc. activity activity Yield retention
(mg/ml)* (U/ml)° (U/mg) (%) (%)
Cell-free extract
. 21.9 21313 £ 714 973 £ 3.3 - 100
(LlpBLfree)
LipBLF4 7.4 858.2 + 22.7 116.1 = 3.1 33.8 40.3

a Protein concentration of soluble LipBLand CLEA LipBLwere measured by Bradford
method.

b Enzyme activities of LipBLfree and LipBL CLEA were measured using p-NP hexanoate
assay.

- LipBL™9} LipBL** &4 9] ¥hg 54 vttt 2%, pH, 71 @504, NaCl
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ol mE 24, 7718w WA & =AS Ay, 1A o] o] 2
37} #FE =R gt ©Ek, LipBLYF* &4 7} pH 9-10.5 F7Foll A QF A o]
7Hd Ao 2 Ut
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Relative activity (V)

o L[] [l=

C2 C4 C6 C8 C10 C12
Substrates

Fig. Hydrolysis of p-nitrophenyl (p-NP) esters.
10 mM p-NP esters were used as substrate at pH § and 37°C
for 3 min reaction.

=
o]

20 1
120 120 - 120
=0 J = = 100 4
F10 £100 A = —&— Soluble-LipBL
B = £ 30 o
- 80 4 = 80 = 0 —e CLEATLipBL
g g B
& 604 2 60 s 07
& 407 —o—SolubtelipBL & 0] o SelubleLipBL
20 4 —e—CLEALipBL 20 1 —€—CLEATipBL
0 T T T T 0 ————————— 0
6 7 3 5 10 0 10 20 30 40 S0 60 70 80 90 0 0.5 1 15 2
pH Temperature (°C) NaCl (M)

Fig. Effect of pH. temperature and salt on the LipBL activity by p-nitrophenyl caprylate (p-NPC) assay. 10 mM p-NPC was used as
substrate for 3 min reaction. A) Effect of pHat 37°C and 50 mM of'the following buffer were used; potassium phosphate pH 6-8. Tris-
HCI pH 8.5. sodium bicarbonate pH 9-10.5. B) Effect of temperature at pH 8. C) Effect of NaCl concentration
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Residual activity {%n
=
=

g T T T T T 00— T T ]
g 10 20 30 40 30 60 70 80 90 100
Organic solvent concentration (2o}

120

100§
80
60
40
20
a L

0 10 M 30 40 30 60 70 80 90 100

Organic solvent concentration (%a)

Residual activity (%)

120
100 4
80
60
40
20
o T T T T i T T ]

0 10 20 30 46 50 60 70 80 90 100

Residual activity (%6}

Organic solvent concentration (%o}

Fig. Organic solvents stability of LipA9, LipA9“*** andCalB. (A) After incubation of the
enzymes with organic solvents at 30 % concentration at 25 °C, residual activity was
measured by p-NPC assay at standard condition. Organic solvent stability test was
performed four times and mean values were calculated. Standard deviation were shown
with error bars. After incubation of (B) LipA9, (C) LipA9““**, and (D) CalB with the
organic solvents at various concentrations at25 °C, residual activities were measured.
Open circle, DMSO; open square, methanol; closed circle, acetone; closed square,
2-propanol. Numbers in parenthesis mean log P values.

- LipBL &49] homology modelings 3§31l A F9 & —71:/\}5‘}91‘:]'.
1ubd © 2 g J}olA| = catalytic triad (Ser-His-Asp)E Ztal QA TH

o e
—\o

o &= catalytic dyad (Ser’*-Lys”) 7+%& 2zt
FHol Tyr 2717k 28 A8 QoM B284E EobFE o2 o35
o] Foll A Tyr'™Z7]&= Ser ¥ Lysoll BF ¥ T3 AT Tyr'' 2=

Lysol¥t 92 F< Aoz B,

E
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Fig. 3D structural homology model of LipA9. Schematic 3D structure of LipA9 (A) and
the side chains of active sites Ser’”,Lys”,Tyr'*'andTyr'®(B and C) are shown.

Table Evaluation of the homology model by using ProSA, VERIFY3D, and ERRAT

ProSA VERIFY 3D ERRAT

compatibiliy

score (%)

Z-score quality factor

LipA9 model

-9.59 95.70% 83.679

"Percentage (%) of the residues with averaged 3D-1D score > 0.2. More than 80% of the
residues should have scored > 0.2 in the 3D-1D profile.

- Site-directed mutagenesisE F3lA] SAAF-9 ot 4bE WA St ofn| =4k
AT AR A3, Tyr'™77)7} Phe® vl A $-ole &40 =5 ALSHA T
Tyr'"' 2717} PheZ vl ¥ 22% A o] 2= At

Table A comparison of specific activity and kinetic parameters of the wild type LipA9 and the
derived mutants

Relative K, k. k /Ky,
Constructs a o 1 1
activity (%) (uM) (s ) (s uM)
Wild type 100 4.05+0.33 708+32.3 175
S72A <1 nd nd nd
K75H <1 nd nd nd
Y141F 22.1 5.43+0.2 155+1.51 28.5
Y188F <1 nd nd nd
Y141F-Y188F <1 nd nd nd

a, Activity was

measured by p-NPC assay at standard condition. nd, not determined
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34. Croceibacter atlanticus ©] 3}o}A] &=

- Croceibacter atlanticus 2] genomic DNAZH-E g ulolA] {F-HdA-E
B8 A3} Alcanivorax sp.

o
=

cloning o2 3 A7VAL3 dwAaqd

DG881 lipase (LipCAE YA HH)eF LX|3t= A= Bhe .

shotgun

- B9 16S rRNA AES OA B43E A3} C atlanticus 9= A3 .
w2} A C atlanticus 73 Alcanivorax w°] L3 glItolA FAAE zZka Q1S90
s S

- SRS g uolA FHAAE WA E o] AUSAL E coli FolA N LHIH S

lacZ
Cfocexb\:rg:;:ﬁrmcu MCS
lipC (1.0b)
Ndel
.
lacl
Supplementary Fig. S1. Shotgun cloning and sub cloning of lipCA gene.

- LipCA 22 @7 Ads} gl MES B4 A3 1,0237] G712
TAE o, Thulz 9 75‘—0r, 34171 ofu|=4to 2 FAE Sl Homology
modeling 5~ A3}, Ser’', His’"?, Asp™ o}r]icato] HAhol BHRIE TS
catalytic triad2 4 =+ 7<4'<’537<4 Ql gaolA = gld.
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Fig. Nucleotide and amino acid sequence

91

31
181

61
271

91
361
121
451
161
541
181
631
211
721
241
311
271
901
301
991
331

ATGAAT CCTGCTGTTTTTGAGCGGGCGACT GTACGCGCCCT GATGACHT TACCCGGCCOGGT GCTGLCGCGTTTTGCT GCCGGACT GGAA
M 8P AV FERATVYRALMTLPGPVLARTEF®AATGLE
ACCCACAGTCGTTCGCATCTGGATGCGCGGETTGCGT TTTCT GTTGECACTCAGCAGCGCCAAGCCAACGCTGGATT CAGGCACGGTGGAG
THSRSHLDARLEKEFLLALGSSAKPTILIDSGTVE
CAGGOCCRGCLAACCTACCGOGAGATGATCLCGCTGCTLRATGTGLCGCCGATTCRT CTCOCCAT GLT GRTALATCACCAGGTCACLGT G
G ARRTVYREMTIALLDVYAPIZRLPVYVY VDHAQVTYVY
GACGACGGCAGCCAGATTCT GG TGCGTCLT TACCGOCCLGCCAATGCGCOGCGAGTGGCT OCCGLCAT TCTGT TTTTT CACGGTGLCGET
npbeGgsal LYyYRRERYRPANAPERY APATILILFFIHGGGG
TTTACTGTGGGCGEOGTGGAAGAGT ACGACCGGCTGTGCOGCTATATTGCTGAT CRCACCAATGCGCT GRTGCTCAGT GTGGAT TACCGG
FTVGGVEEYDRLCGCRY I &4&DRTHNAVY VY LSV DYR
TTGGCCCOGGAGCACCCTGOGCCCACCGGCATGGAT GATTCATTTGCOGCCT GRCGCTGRTT GCT GRATAACACCGCT CAACTGGGECT G
LAPEHPAPTOGMDDSF AAWERWLLDIHNETARQLGL
GATCOGCAGCOGTTAGCGGT GATGGGCGAT AGT GCOGLUGGTTGCATGAGTGCGGTGGTGTCACAACAGGCCAAGCTGGCAGGCCTLCCG
pDP@RLAVY MGDSAGG CHS AV Y S22 AKLAGLEP
CTGCOGGCGTTGCAGGTGTTGATCTACCCCACCACGGACGGTGCCCTGGCCCACCCT TCCGT GCAGACGCTGLGGCAGGRT TTCGLLCTG
LpPaALQ@VLIYPTTDGALAHPSY2TLGQQOG®FGL
GATCTGGCCTTGCTGCACTGGT TCCGTGACCAT TTTAT TCAGGACCAGGCACTGATCGAAGACTATCGCATCT CCCCCCTGOGCAACCCR
pLALLHWPFERDIHFI@Da@4&LIEDYRTIZSPLERINETP
GATCTGGCCGLT CAGCCOCCOGCAATTGTGATTACCCCLACGGATCCT TGCAGGAT GAAGGCCT GLAGT ACGCCRAAAAACTGCL TGCE
pLAGR@PPAITI Y I TATDPLUERDEGLETYAETE KTLTEA
GOGGAGAGCACCGT GACCTCACTGGATTACCCGGAACTLRTGCATGGAT TTATT TCCAT GGG CAL LT GATTCOGGCAGCCCGCAALGCE
A GS TV TS LDYPELVYHGF T S MGGV I P A AREA
TTGAATGACATCTGTGATGCCACCGCTCAGCGRTTLTAG
L NDI CDATA QR L #xx

residues are underlined.

Aleaniverax sp. H10035 lipase partial
Alcaniverax sp. NBRC 102024 hydrolase
Aleanivereax sp. DSM 26293 acetyl esterase
Alcarmiverax jadensis hydrolase
Alcaniverax sp. DGBE1 hvdrolase
Croceibacter atlanticus LipCA (this work)
Aleanivareax nanhaiticus hydrolase

Alcarmiverax sp. P2S70 hydrolase
Alecaniverax hongdengensis hydrolase

Alcanivorax dieselolei hydrolase

Alcanivorax xenomutants hydrolase

Alcanivarax sp. Nap_24 lipase

Alcanivorax sp. N3-TAhydrolase

Buriholderia sp. AD24 Carboxyvlesterase
Hylemonella gracilis hydrolase
Alphaproteobacteria bacterium 65-37 hypothetical

Revranella massiliensis hypothetical
Phodospirillales bacterium 35-66-84 hypothetical

Symbiobacterim thermophilion hydrolase

76.6

1 I 1 I 1 1 1 1
70 60 50 40 30 20 10 0
Nucleotide Substitutions ( x 100)

90
30
180
80
27
a0
360
120
480
160
540
180
630
210
720
240
310
27
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300
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330
1023
541

of Croceibacter atlanticus LipCA.

Catalytic

Fig. Neighbor-joining tree showing the phylogenetic positions of Croceibacter atlanticus

LipCA and

some other related proteins.

megalign program was used.

- ;265 -

For making phylogenetic tree,
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Fig. Expression and purification of LipCA. Lane 1, protein size marker; lane 2, cell-free
extract of E. coli cells harboring empty vector; lane 3, insoluble fraction of E. coli cells
expressing LipCA; lane 4, cell-free extract of E. coli cells expressing LipCA; lane 5,
purified LipCA by 30% ammonium sulfate precipitation; lane 6, purified LipCA by Gel
filtration chromatography after ammonium sulfate precipitation.

Table 1.  Purification of LipCA

) ) Total Total Specific ) ) )
Purification . . . Yield Purification
activity protein activity
step (%) fold
) (mg) (U/mg)
Cell-free extract 2370 51.0 46.5 100 1
(NH,4),SO4PPT 1640 8.00 205 69 4.4
GPC 1420 4.32 329 60 7.0

Z H-g- pH7} 8.5%
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Fig 2. Effect of pH and temperature on the LipCA activity. 10 mM p-NPC was used as a
substrate for 3 min reaction. A. Effect of pH at 37°C and 50 mM of the following buffer were
used; potassium phosphate pH 6-8, Tris-HCI] pH 8, 8.5, sodium bicarbonate pH 9-10.5. B. Effect
of temperature at pH 8. Potassium phosphate pHS buffer was used.
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Fig. 3. Hydrolysis of p-nitrophenyl (p-NP) esters and tri-glycerol esters. A. 10 mM p-NP esters
were used as a substrate at pH 8.5 and 37°C for 3 min reaction. An enzyme activity of 100%
correspondsto 13.98 U/mg B. Substrate was carried out for 3 min and released fatty acids were
neutralized with 10 mM NaOH at 37°C to maintain constant pH value. An enzyme activity of
100% correspondsto 75.2 U/mg.
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Table S1. Activity retention of LipT A4S preparation

Lipase preparation Total activity ;—‘xctivit‘;/’ {?fellﬂ(ﬂl
{7} (o)
Cell free extract 128 10¢
LipCU ASLEA prepared
with GA® Cone. of
0 mM 836 655
25 138 108
30 mM 92.9 728
75 mM 46.6 36.5
100 mM 30.1 238

3G A, Glutaraldehy de

b3
es]

120 130 -
Z 100 gloo
= S
& 0 % 804
2 60 / e
£ z
2 40 Z a0
= 4 \}‘\-o =
20 20
10 20 30 40 50 60 70 80 6 65 7 75 8 85 9 95 10
Temperature (C) pH
c D
5 120
=100
g 100 -\ 5
= 2 g0
= 2 S
B 2 60
= z
R 2 4
] (o
T2 20

T T v 1 0 s e e e
0 10 20 30 40 530 60 70 123456 78910111213
Temperature(C) P

Fig. Effect of temperature and pH on LipCA and LipCA““™* activity and stability. A.
Effect of temperature on LipCA and LipCA®™™* activity. B. Effect of pH on LipCA and
LipCA““** activity. C. Effect of temperature on LipCA and LipCA™™* stability. D.

Effect of pH on LipCA and LipCA“"™* stability. Open circle, LipCA; closed circle,
LipCACLEA
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Fig. Reusability of LipCA““**. Lipase activity was measured repeatedly after recovery
by centrifugation.
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Fig. Substrate specificity of LipCA and LipCA““"*.A.Variousp-NP esters were used as
substrates. B. Three triglycerides were used as substrates and pH stat assay was used.
Open bar, LipCA; closed bar, LipCA“**

- Spain Arreo lake metagenome®l Al -2+ alpha/beta hydrolase enzyme (PDB ID
5]D4)E 7I¥FS. = homology modelinge F33tR 1 AP AL gIfolAe] EAHQI
o/p hydrolase foldE AUw Y1 AR A Ser-His-Asp %S &2lstyx, &

ARAE d1 Q& [idTRE 9392,
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Lid (L242-F252)
P

Fig. Homology model of LipCA. A. Three-dimensional structure of LipCA is presented.
B. Active site of LipCA is shown. C. Lid structure of LipCA is shown.

4738 . Alteromonas T 3o}A| L=
- 5= Beaufort Sea (70-56-1581 N, 136-25-1178 W)oll A &E&]gt 3] FAHF 39-G1S

16S rRNA 4S5 F3stal 5 A4S T3l A3, Adlteromonas T2 =
B EHAE

- 16S rRNA A€ Alteromonas sp. 76-1 (GenBank : KY697829.1)2} 99.86%,
Alteromonas naphthalenivorans SN2 (GenBank : GU166736.2)2} 99.86%, Alteromonas
stellipolaris TK_P30 (GenBank : LR218081.1)3 99.64% “&&/d< HEATh wrehA,
39-G1 T+ Alteromonas & 2.2 RE-F{FE Q3L Alteromonas sp. 39-G1 2.2
M3t TH DNASTAR Z 213 9] Clustal W Wl o3 A4 ATFES

LI} BFE HAFIUH
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Supplementary Fig. S1. 165 rRNA sequence of strain 39-G1

1 ATTGAACGCTGGCGGCAGGCCTAACACATGCAAGTCGAACGGAAACATGTCTAGCTTGCT 50

Bl AGATGATGTCGAGTGGCGHACGGGTGAGTAATGCTTGGGAACTTGCCTTTGCGAGGGRRE 120
121 TAACAGTTGGAAACGACTGCTAATACCGCATAATGTCTTCGGACCAAACGGGGCTTAGGC 180
181 TCCGGCGCAAAGAGAGGCCCAAGTGAGATTAGCTAGTTGGTGAGGTALAGGCTCACCAAG 240
241 GCAACGATCTCTAGCTGTTCTGAGAGGAAGATCAGCCACACTGGGACTGAGACACGGCCC 300
301 AGACTCCTACGLGAGGCAGCAGTGGLGAATATTGCACAATGGGGGAAACCCTGATGCAGC 360
361 CATGCCGCGTGTGTGAAGAAGGCCTTCGGGTTGTAAAGCACTTTCAGTTGTGAGGAAAAG 420
421 TTAGTAGTTAATACCTGCTAGCCGTGACGTTAACAACAGAAGAAGCACCGGCTAACTCCG 480
481 TGCCAGCAGCCGCGGTAATACGGAGRGTGCGAGCGTTAATCGGAATTACTGGGOGTAAGC  B4D
541 GCACGCAGGCGGTTTGTTAAGCTAGATGTGAAAGCCCCGGGCTCAACCTGGGACGGTCAT 600
801 TTAGAACTGGCAGACTAGAGTCTTGGAGAGGGGAGTGGAATTCCAGGTGTAGCGGTGAAL 66D
661 TGCGTAGATATCTGGAGGAACATCAGTGGCGAAGGCGACTCCCTGGCCAAAGACTGACGE 720
T2l CTCATGTGCGAAAGTGTGGGTAGCGAACAGGATTAGATACCCTGGTAGTCCACACCGTAL 780
781 ACGCTGTCTACTAGCTGTTTGTGGCTTTAAGCCGTGAGTAGCGAAGCTAACGCGATAAGT 840
541 AGACCGCCTGGRGAGTACGGCCGCAAGGTTAAAACTCAAATGAATTGACGGGGGCCCGCA 900
901 CAAGCGGTGGAGCATGTGGTTTAATTCGATGCAACGCGAAGAACCTTACCTACACTTGAC 1060
1061 ATGTTGAGAAGTTACTAGAGATAGTTTCGTGCCTTCGGGAACTCAAACACAGGTGCTGCA 1120
1121 TGGCTGTCGTCAGCTCGTGTCGTGAGATGTTGGGT TAAGTCCOGCAACGAGCGCAACCCT 1180
1181 TGTCCTTAGTTGCCAGCATTTAGTTGGGCACTCTAAGGAGACTGCCGGTGACAAACCGGA 1240
1241 GGAAGGTGGGGACGACGTCAAGTCATCATGGCCCTTACGTGTAGGGCTACACACGTGCTA 1300
1301 CAATGGCATATACAGAGGGATGCGAGACAGTGATGTGGAGCGGACCCCTTARAGTATGTC 1360
1361 GTAGTCCGGATTGGAGTCTGCAACTCGACTCCATGAAGTCGGAATCGCTAGTAATCGCAG 1420
1421 GTCAGAATACTGCGGTGAATACGTTCCCGGGCCTTGTACACACCGCCCGTCACACCATGG 1480
1481 GAGTGGGATGCAAAAGAAGTAGTTA 1505

Supplementary Fig. 82 Phylogenetic tree of strain 39-G1 using 16S rfRNA
sequence

Alteromonas sp. U70
:.4Ergmn30ﬁas sp. 76-1
—:.éfremmonas stellipolaris TK._P30

Alteromonas sp. V4.BE .32

39-G1 (this research)
{Ah‘emmanas sp. 11472

1 L s Alteromonas sp. DH12

................................ Alteromonas naphthalenivarans SN2

03

|
0

Nuclectide substitutions (x100)

- f-AA DNAE Alteromonas sp. 39-GlolA FZ5 Utk DNA ©HE pUCI9 =&~
noo] AdER, ARG EeavE golBy e E AHESIA E coli DHSoE 3
A% 33t ETFE-Y/AB oA WSS halo zones Hols 25
Ay, ZECEHEH 4L AxY SH2rEE E4sAT. ol#d A3 EAL

o zH|epAl/YuA FAAE FAHEE sthuhe] FdA ORF2 LA AT

[e:

- FAAE 1140709 FEEl LB =9} 379709] oW iAo @ FAE O Qlth. BLAST
searchs T3l o] T AL esterase family IVl &3t= Ao =2 B HT o] &4
£ ‘o ~E A EstAl’olelal B 27]F Ut} esterase EstAl 2 family IVl &3l=

E esterasesE AR5 AlETE FASIH O W, o] esterase EstAlS Alteromonas

sp. esterase (GenBank PHS53692.1)9} TY3lth= Aol B AU o @iz A
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Supplementary Fig. 53. Nucleotide and protein sequence of esterase EstAl

1 ATGAACCTACTTACCTTTTCCTTCGCCTTTTTCATTTTGRTGGTATC AR TGACCTTTTCRGCTICTACATCTGRGGLTTCTACCCAC AL an

1 WNLLTTFSF+rFFILVYEHWNTFRALSETSEEALETHN an
91 ACTGATACGGCCAGTGUGAGTARACAAAAGRCCGATACAGTCAAAATCTCTAATGAATCTCCRT TAACCRTGCCAGCTAARACGTTACCE 180
a1 T DT 4+ & # % EQ@E ADTW¥EISNESREPLTYEPEALETLE &0
181 CTGECAAGTGCTTCAAGCGATGAACTTAAARGCGCGAT TTCTCAATACCCCATRCCRTCAGT TRATGAAGTCATTAACAACACGCCTC AR 270
6l L P& 4 & &8 DELELS A+ I &8 0F7TPHWNPSVYDEYINNTEI a0
271 TCTATAGAGCAGTGECRTGAATTGATTCARATAAGAAATRCAGATCAGAAARAGAARATCARAARAATGCRCARGCAGTTTRGATGTTGAT 360
99 ¥ I EQWERELTIOG@IERBNALDOETEEI EENEEQOFDVID 120
361 GIGTCTITGRAKAARATTAATRECETACCRGTCAGGCGACTTACGCCARAGACCATTRCCCCTGAATTTARAAACAAGGTATTTATTGAC 450
121 ¥ 8L FEEINGYPYEREEBELTEPETTIGALPETFIEHNTETWTFTITI 150
451 GTACACRGTGGCRCT TACGTRTTTTTTTCCRRGCTRCCCAGCAT AGAAGAAAGCTTGTT AA TTGLCCATAGAGTGRRTATTACAGTGATT 540
1581 ¥ HG66 +#Y%¥FF&G6LF &I EESLLIAHEYGEITWVI 120
541 ARTATCGATTATAGCATGCCACCTCATGCRCCATTTCC AGCAGCACTTAACGATRTARTRT CAGTTTATAGCAGCGTRGCTRGCAGAACAT 630
B & I DY & MWPPHAAPFPLALWLMWNDYYRSYYT S &V 4o EXR 210
631 GRCGCACAGAATCTTTITATAGRTGECACATCTGCAGE AGCAGGTTTAGTGCT TRCTRCCATGCAAACGLTTATTGCTGACARGCAACCG 720
211 G A WL FIGGETSRAGE AHGL VI ALY OTLIADEOEP 240
721 TTRCCAGCAGCAGTRTATGCGRGCACCCCTTRGGCTGATTTRACGAAAACCRECEATACCCTTTATACCAATGAAGRTGTTRATCGTATT a10
240 L P A A ¥ Y AGTEPWADILTETGDTILYTNET GYTIDERI 270
811 TTGGTGACATACCARGRGTTTTTGRAAGCAGCRGCTAATCTATATGCTGEARGCGAAAGET TAACCCACTCCTCTATTTCCCCTCTTTAT 900
a2 LY I YT QGFLEALALAINLY AGRERLITHS ST EPLY 200
901 GRCAATTTTGATGRCTTCCCGECTACGTTTTTAATATC TRGCACGCRAGATATGTTTCT AAGCGAT ACGRT GCGRGTRAATCRT AAGLT A 980
a0 & HWFDGFPPTFLI®GETHRDIDWWEFLSRSDTYHRYNETEL 330
991 CRIGATGCACAAGTACRCACCCAGTTAGARGTTTTCGAAGGRT TATCCCATGCCGATTACGTTGTTGLTTATGARACCCCAGRATCTCAC 1080
3 B D A QVETOLEWFEGLSRHAMDY VY LAY ETPESH 360
1081 TCTRTATACCAAGAGCTTARGCAATTTCTACTAAGCGTGTGTACTAARAGTAGCGACTAR 1140
/L B Y Y QO ELEQFLLSEYLOTER 8 I e am

_| Uncultured bacterium EstKT7
74 Uncultured bacterium EstKT4
194 73 Uncultured bacterium E25
Marine y proteobacterium HTCC2143 esterase
1 _| Xvlellafastidiosa putative esterase

b

64 Synechocystis sp. putative esterase

{ Uncultured bacterium Mgs-mt1
Alteromonas macleodii putative esterase

99

Alteromonas sp. esterase

[¥E)
Lh

100 ' Alteromonas sp. EstAl (this research)
Rhizomucor miehei RmEstB

13 Uncultured bacterium E40
Acinetobacter calcoaceticus estA

67 Saccharelobus shibatae SshEstI

93 Sulfurisphaeratokodaii Sto-Est

1 1 1 1 J
04 03 0.2 0.1 0.0

Fig. Esterase EstAl sequence was compared with similar proteins, including uncultured
bacterium EstKT7 (GenBank ADH59413.1), uncultured bacterium EstKT4 (GenBank
ADHS59412.1), uncultured bacterium E25 (PDB 4Q05), marine gamma proteobacterium
HTCC2143 putative esterase (ZP _01615954.1), Xylella fastidiosa putative esterase
(UniProtKB/Swiss-Prot QI9PCN5), Synechocystis sp. putative esterase
(UniProtKB/Swiss-Prot  P72953), uncultured bacterium Mgs-mtl (PDB  4Q30),
Alteromonas macleodii esterase (YP_002127854.1), Alteromonas sp. esterase (GenBank
PHS53692.1), Rhizomucor miehei RmEstB (PDB 4WYS), uncultured bacterium E40
(PDB 4XVC), Acinetobacter calcoaceticus estA (GenBank CAAS50601.1), Saccharolobus
shibatae SshEstl (PDB 3WI1), and Sulfurisphaera tokodaii Sto-Est (PDB 3AIK). The
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phylogenetic tree was generated with the neighbor-joining method (MEGA 5.2).

Bootstrap values (n = 1,000 replicates) are reported as percentages.

- Esterase 39-G12] 23}, 3z 2 E d&5H7] fsA 7|0 AT family aih

v &
S sequence alignmentE T35 5. HEH HGG, GTSAG EHE A E& U3

-

931, catalytic triad (Ser221, Asp317 and His347)E 2Z'k3. Family IVel]l So]F <l

N-terminal cap domain (al, 02, and a3)S <13+

- esterase EstAl®] TF A& E2PLS F=37] H38, 8= template TEZA
uncultured bacterium Mgs-mtl esterase (PDB:4Q30)E AH&-3}% o ’dt =, esterase
EstAl> T4 B AEZE A= o/f 7HrF B3 84 FE Fx29 dFHE S8
2] o YAS 7L ASUT. SA 57 S221, D317 9 H3472 B4 ARolE
EZANA AMZE eF 3A Bolx 1OHW catalytic triad & AEHAY, TU|FAE, family
IV enzymes= &4 FHE G A =WdA UHA dRES AA st o =)

o2 FAAEY. ©] cap domaine EA &4, SolA, 91X MY, & A H

QA AH == PHASE Ao e AR I A T}, esterase EstAl

1147

Lo

of Tt 3o WA (al, a2, R o3)F BH F9E mPsE Z) mujeloz 3
337 tholA itk

- E. coli BL21 (DE3) M X0l A esterase EstAlS AAFsl=t] pET 22 HEE AL&3}
Ao, C-LHoA His6é tagE 7F= intact enzyme = A AlZoA] AJAHE A T
HE g FEEAA4Y 24 4L =4 &Y (47 U/mg protein). WEHA]
SDS-PAGECI A= o=+ Azt dild Wert AEHA godth 4 olz=He
Al EstAlS A4kslr] 9 $Ele N 29 AdS FEA R AAG F /hY &4
Hol TS wHEQITE SignalP 4.1 Server T2 1L N terminal 1%

Met1ol Al Ser207kA] A Ao = oF3ste] AT Ado] AAH st SdWo
BAE ARIFHTHA20). = G2 AWl AXAE 3D TFE7F olv B3I

ftlo

Aol

Mgs-mtl esterase (PDB: 4Q30)9} H| 28} N-terminal 54 ©}v]x4FS A A3he] A%
SAHOAE EAATI LA st eH, F

9T E. coli BL21 (DE3) AlXolA F
EdHolA BT =2 84 @S BEITHEF 23 U/mg protein). E3F SDS-PAGE]



A OE e TheA Az

HolAl= =2 &

g @i Wi o Z7E AEE 7 AT F =d
HAAR, F 94 SdRolAA)E oFt ¥ 2 84S
HPom, o] Ao F WA EdWolA(AHE FAHNL, A3ty A4S =
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- Bsterase 39-G1E E. coli BL21 (DE3)lAl AJ4tstr] 9134 F 7FA mutant (A1-20,
A1-54) E A zxg. WTOl B4 mutant 49 A4Fo] F71g G484 0] 5uj
A= A=

EstAl

Esthl

4030
WP_082823965.
WP_013786322.
WP_129740261.

EstAl

4030

WP_082823965.
We_013786322.
WP 129740261,

Estal

4030
WP_082823965.
Wp_013786322.
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-

Fig. Multiple sequence alignment of esterase EstAl with other related enzymes. 4Q30,
MGS-MT1 o/f hydrolase from uncultured bacteria; WP _082823965.1, o/f hydrolase from
Alteromonas  stellipolaris;  WP_013786322.1, o/f  hydrolase from  Alteromonas
naphthalenivorans; WP _129740261.1 o/f hydrolase from Alteromonas sp. 76-1. Empty
triangles (A) represent putative catalytic triad: S221, D317, H347. The a-helix, B-sheet,

random coil, and beta turn represent as o, B, m, and T, respectively. Black squares
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represent the oxyanion hole and pentapeptide near active site serine residue. White

arrow represents the Cap domain of esterase EstAl. Red boxes indicate regions with

identical amino acids residues.

- Esterase 39-G19] &S A7387] 9314 mutant (A1-54) #2]3FA T Ni-NTAZ
A GPAZHS AHESA BE4E B 2y, vl&Ado] 98.6 Umgolll #8]
&2 13.8%% YESTE SDS-PAGER A ©d W=z R 28E &
o] 7|AEoA, 25 ¥ pH 5XS AT o] E4v HAH2E7F 40%0]A
T 0= AT 40% EAdo] FAIE AL 0-40% FIElA E, A0 4.15 kcal/molZ =

=
A=A A2l cold-adapted enzyme$ S 2218

A
Esterase activity
WT and mutants of esterase EstAl ofeell-fise extract
1 379 Hisb
WT | | | 4.7Umg
21 379 Hisb
A1-20 | [ ] 21.5Umg
33 379 His6
Al1-54 | | | 23.4Umg
B 2
MW WT A1-20 Al-54
(kDa) M Sup Ppt Sup Ppt Sup Ppt
100 | a4
75 | - o -
37 | '_"" oy
F==-1 - —
25 | o SN ‘.".'.".-:
|_—

Fig. Construction of mutant esterase EstAl for protein expression in E. coli

A, Wild type (WT) and two mutants (A1-20, Al1-54) were constructed, and the esterase
activities of the three recombinant E. coli cell-free extracts were measured. B, Protein
profiles of the three recombinant E. coli cells were analyzed by SDS-PAGE. M, protein

size marker; Sup, supernatant (cell-free extract); Ppt, pellet.
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Supplementary Table 52. Purification of EstAl

ittt Total activity Total protein  Specific activity Purification Recovery

w (mg) (Uimg) fold (%)

Cell-free extract 2010 86.0 234 1.0 100
Ni-NTA agarose 876 10.7 819 3.5 435
Superose 12 277 281 98.6 42 138

Fig. Structure homology model of esterase EstAl

A, Homology model of esterase EstAl constructed by SWISS-MODEL with MGS-MT1
(PDB 4Q30) used as the template. The a-helix, B-sheet, loop, and catalytic triad are
shown in cartoon in sky blue, purple, pink, and red, respectively. B, An enlarged view
of the esterase EstAl putative catalytic triad. Three amino acids (S221, D317, H347)
that were expected to affect enzyme activity were located close to each other. C, Cap

domain and catalytic domain are shown purple and red, respectively.
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Fig. Purification and characterization of esterase EstAl

A, During purification of esterase EstAl, protein profiles were analyzed by SDS-PAGE.
M, protein size marker; Sup, cell-free extract; Ni-NTA, proteins after Ni-NTA
chromatography; GPC, proteins after gel permeation chromatography. B, Substrate
specificity of esterase EstAl was examined towards p-NP esters (C2, acetate; C4,
butyrate; C6, caproate; C8, caprylate). C, Effect of temperature on the esterase EstAl
was measured. D, A graph was made using the Arrhenius equation to obtain the
activation energy of the esterase EstAl. E, The effect of pH on the esterase EstAl was
measured. pH (6.0-8.0), 50 mM potassium phosphate; pH (8.0-9.0), 50 mM Tris-HCI;
pH (9.0-10.5), 50 mM carbonate-bicarbonate; pH (10.5-11.0), 50 mM Na,HPO,-NaOH.

- Esterase 39-G19] enzyme kinetice 33+ 23, 7| pNPASl W Ku Viax, kear
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Supplementary Fig. S4. Enzyme kinetics of the esterase EstAl using pNPA {C;) substrate.
A This graph shows enzyme activity according to pNPA concentration. B, Lineweaver-Burk

plot was drown to calculate the Kyyand V., values.
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Fig. Effect of chemical reagents on esterase EstAl

A, The effect of various inhibitors on esterase EstAl was measured. White bar, 1 mM,;

black bar, 5 mM. B, The effects of various detergents on esterase EstAl were
measured. White bar, 0.1%; black bar, 0.5%. C, The effect of NaCl on esterase EstAl

activity was measured. D, The effect of NaCl on esterase EstAl stability was measured.
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Table 1. Effects of organic solvents on EstAl esterase

Residual activity (%) at a concentration of

Solvent log P
15% 30% 50%

None 100 +2.08 +208 100 +208
DMSO -13 93.63 + 1.97 102.53 + 0.68 100.15 + 2.88
Methanol -0.76 62.52 + 141 13.12 + 0.68 ND
Acetonitrile  -0.33 201 +£0.09 ND ND
Ethanol -0.24 94.84 + 0.69 ND ND
Acetone -0.23 87.68 + 0.38 ND ND
Isopropancl 0.1 9364 + 1.69 ND ND
Chloroform 20 5833+ 0.79 5439+ 1.71 4742 +1.06
Cyclohexane 3.2 9348 + 1.69 8495 +3.65 ND
n-Hexane 35 99.63 + 2.86 8424 + 146 ND

Table 2. Effects of metal ions on EstAl esterase

Relative activity (%5)
Ton
ImM SmM

None 100 +432 100 +432
Li* 13991 + 7.75 13934 + 5.02
Na* 11892 + 340 14028 = 11.56
K* 11205+ 598 12823 + 237
Mg?* 12014 + 819 121.17 £ 599
Ca* 14301 = 11.47 14376 + 5.08
Co** 10094 + 8.75 9039 +2.71
Nit* 11402 + 424 113.27 + 139
Zn** 7807 £330 3854 £ 1.42
Cu?* 9463 + 7.04 48.79 + 1.02
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