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1) B3 SE B 1Y |WA JlHo B B 6T
T 2 2ol a42 MEZ 7l5d HHE BMS 25t /&8A =t0f

A =4

O H=Zd =

— Polar and Alpine Microbial Collection (PAMC)O|Al ice®} soil2 Sk AFE M
o510, Pacbio Sequel IIE 0| &34 genome sequencing &I
Table 1.The results from the sequence analysis by Pacbio Sequel Il
Cell Name ~ Polymerase Read | Polymerase  Polymerase Average Read |
' Bases | Reads Read NSO | Length
icesoil | 13&.4*41.351-'1_unu| 6,891,829 31,580 20,095
O njdE 78A 2tolE={2 MEL S8 &=
=570 Z&st= clone2 poolinge

— PAMCZ| glycerol stocks ice, soill} sediment &
bt XM &HEl fosmid library 9

—

—pCC1FOS fosmid vector2 0|&35t fosmid library A&
inserte] o size =l

The results of fosmid library construction (Fosmid clone number and Insert

Table 1.
size)
B insert size Fosmid clone
Ice 32 23,000
Soil 26 54,000
Sediment 30 10,000
A CHEHA EM Ol RXX S8

O &2 43t 7Isd 7|89 =

— &5 fosmid libraryS 0| 23104 C
0| ZE&t=l specific media plate Xﬂ’%‘
osmid 22 screening 21

—

— Lipase/esterase 842 2=
> Lipase 2! esterase® &M Z =& screening 57| {8l Tributyrin 7|&0| ZE&H=l agar
platedi| 384 well plateE2 M &= fosmid libraryE H{ 5 2+ clonell EdS 2015}
g 228 M4

1 screening &. 1 ZA3, £ 75 plate (28,800 E2)0M £ 53Z9| &M

F

ol
ojo
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Table 2. The representative of fosmid clone with lipase activity
Plate ID Well no. Tributyrin 23] &7 clone gd ZF2 A
PIC-3 Ale | F14 | K1
a4

Structural comparison of cold—active enzyme PsSI and PbXI

Fig. 1.
> PbSI Ea4= PbXl 240 Hisf Z2Ct §10 U= 7|12 2 F/AE 7t AXLU=H
=ME Soll PbSI 2 Arg68 7| Z2AHo| otd RFEX 42 J|Ho| A Jhsdo|
US
O CFst 7| Zof cist a0 24 O O[H &E.
X274 esterase PsEst32] =4 9 dastd 54 =4
> PsEst3Q HHHA fx zAMo| Qs 7|2 2 FLIE oS5t 23 ofof 4 &9
sHHoIdE Mz
> J|& Zgtat EE ofnfk A FY| 812829 2o ot detg B StY| 5t ofdd
o EHHOIEHO 4 EMES FAMSIFOM, PskEst3 FAL esterase familyOM ol S4
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= 8.
> 7|29 ester chain ZO[0| M2t 42| HEE 245t a4 9ol Sd& AYstis
> AMEE J|EE2 p—Nitrophenyl ester 7|82t 47| & 2t fluorescein 7|Hte] C82f C12
JIEE2M VA 2 R2R1e FrEES Y HOIHE &85 &dT[&E 245 E
e -

i |
R TR | e

1
piliansnnfuns

Fig. 2. the enzyme activity comparison for various substrate and ligand binding

patterns of the cold—active enzyme PsEst3.
=t

2) LEd BA 2o BY 540 SEX HEel S4 o1
O == SE AR g2 sFnd=E /AA 2ol=282 F:It HE
- S53cl 7ol 2FEAE Y PAMCTF(Lichen/water F2{)ZFE H0EE |
fosmid library X &
> 53 ZHARS o3F (~bcm)2 &FF (80~35cm) ELLEZFH AR
DNAE FE35IU2L, 8372 ARNAM= 2oj282] 55 e 2452 DNAZS
20| HARCOH, 4ER0AM 31 ug DNAE & 20 S.
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> DNA F&2 MPBIOALS| FastDNA Spin kit for soil Ml&2 AIEstF2MH, 170 column

S of 200 mg O EYMES ALZSY 10 gOf AEZREH EY DNAS 58 &=
g 23 R/ +| 0| 85t01 pCCIFOS vector® Ol&3t0d Bto|saiels a8 FA|

library titer= 51,333 clonesE &% (using 384 format plate)

Fosmid library construction re:

e

2O HBRY AR !
FaREC T {Lichen/water 38 B85 X
74°17.9836'N 167" 55,0857 W S3% BAAR > opE BEM Y Fosmid 20| EJE] 35

Fig.3. Construction of fosmid library using environmental sample of the Arctic
ocean and PAMC strains.

O Y2E &4 DO BASHE, W3S S4 24
— Psychrobacter sp. PAMC 211190 A Jeff st OTCs(Ps_cOTC, Ps_aOTC)2| M5tstA,
T 54 24
> Arginine deiminase (ADI) 2dAZ2} arginine M8 2 O/ 4=0| 24 #H3H0| & 3ot
Aoz A UZ. 53], ADI A 2EZ pHII HLOHK]|
o

=0 2ot =22 U=0 We =
W {FAX 2HE MAMFS SIHAA FEL0IE &5t pHIF 22 2HF0| i35t
NEa

> ADI EMEZAZEQ} arginine MEMOAM ES0IXES U= ST HHEEEIO| Ornithine
carbamoyltransferases (OTC)E HN U2 O] HHAZ2 catalytic OTC (cOTC)2t
anabolic OTC (aOTC) F CHHZO| EXisHH ME CIHE 8o Zn|&eg =X e

_23_



ADI
L-arginine + H,LO ——> L-citrulline + NH;

cOTC

L-citrulline + Pi «——" L-ornithine + carbamyl-P
aOTC

CK
carbamyl-P + ADP — > ATP + CO, + NH;3

- . - - Ornithine
Arginine-Ornithine Arginine Deiminase Carbamoyltransferase Carbamate

Antiporter (AOA) (ADI) I r;o-rc' I Kinase (CK)

1kb

|

Q4FT48  Ps_aOTC

L T [ [ T

0 9 18 27 36 45 54 63 72 81

Fig. 4. The catabolic OTC (cOTC) and anabolic OTC (aOTC) from Psychrobacter
sp. PAMC 21119. (A) Schematic representation ofthe ADI pathway and the reaction
catalyzed by the OTCs. (B) Schematic representation ofgene organization within the
ADI system ofthe PAMC 21119 strain. (C) Clustering analysis ofOTCs searched
using ProtBLAST/PSI-BLAST from the PBD and Uniprot_sport databases. The three
clusters are indicated with light green, purple—blue, and orange circles. The genes
annotated with arcB or argF are indicated with green and purple dots. Ps_cOTC
and Ps_aOTC are indicated with red and blue dots. Darker and shorter connecting
lines indicate higher sequence similarity. Connections with P—values higher than
le—x are drawn in the corresponding color (x = number below).

[ R |
7= (Lichen/water S2)2 £2= DNAS At23510{ 1==
N E

> 530 ZOAIE2 PAMC
SBHRTA 2H0|=2{2|S O30 VSN CHIES wHstE KEAE HAMHCM,
2T TR J|E =22 SMNES EEE WM BHS BEIAUS
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Functional Screening using Metagenome Library

[/“/'_Upasn activity using TCN plate »\_\ I Rifampicin resistance

]

\ UCs0-1_M6 UCsSO-11_A3  UCSO-11_B1 UCS0-25_K6 /

UCS0-10_E22(halo) UCsS0-13_17(halo)

/" Carbenicilin resistance N

PWL-7_F10(B)

PWL-11_B14(B)

L PWL-16_H1(halo) PWL-18_H2(halo) PWL-13_ C7(hala) PWL-12 F1{BJP\|\‘L; 4
K 12_G1(B) PWL-12_F2(B) PWL-26_I8(red) PWL-15_AZ4{blus)

UCs0-7_020 UCso-22_c15
N / .  Ucso-1Fo ’/

Fig.5. The fosmid clones selected from functional screening using metagenome
library.

O NNE SEANM LBE 7|54 CHES
S9 B4 A7

— P. xylanexedens?Q H4&sid & TE MZE

-2
el
ol

= SENEAS MZY d2H

M
A3

HO

> P. xylanexedens2 2l SZAQ cellulose2lt xylanOlA FXHIZ (20 CT)2Z 30
Zb 2rEbst AL H|SHA xylanOlA glucose®?t 7ol {AISH £ 2 Xl2t= Z0| =0l

ZI 0 oo H|sH cellulosediM= At2tX|2F O K27 O[AFHS. O] AYEES &Iz H
(anaerobic condition)ME RHEQ =0 O R4S ALREL xylan}t glucose Hi X0
Al Kpets SE7F H =0 s =2lA X2t A= =el &=, oo H|3i cellulose

= A9 O[&stA| Xot= A2=E =l 7.
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Cellulose

Xylan

Paemibacillus xylanexedens Culture-20°C,
15D Glucose

Anaerobic

= o = T - —
3) HEd 77 2H Boll E49 WEN J|sd HF
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Fig. 8. The fosmid library pooling strategy for the protein gene screening based on

the enzyme activity.
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Fig. 9. The representative of fosmid clones with lipase activity.

_28_



—OM2 SFA Z}o|ERE|9 EASNM NZUL HEHES E
25t0{ clone? F&A F=2E KPDCOl S5&

(KPDC S5H3)

KOPRI—KPDC—00002394
KOPRI—KPDC—-00002395
KOPRI-KPDC—00002396
KOPRI—KPDC—-00002397

O CHHZE X J|HIO| HA CHHE 7

.

SN2 2y J|& el

o
€ Lactobacillus acidophilusOiM FEiet HEE Oof AHI2tOHA| (LaFae) S+

rr
io
=]
T

5l 4Z9| fosmid clonegS &

— 7|54 ciHA ofst EA 2AM0|8t Sdstu| I ol AH|ZHOFA|Of CHEH =
=AM 9 Jls A7 AA
— HEEA 9 A SIO|EZAAMEAMA (hydroxycinnamic acids)2 AE, &E, MY
U ME7|s MYOAM SAStH Y EENZE ASEH, A 4220 5% & 5 o
L2 otMot CHEF Mok st HES A B SO ESAALIAAMS g = A= M2
2 3889 T=£0| 52 &
- 2 AF0ME Lactobacillus acidophilusOlA] Felfi st HEZ Of AH 2t0HA| (LaFae)E =
Sotn 1 EH4E ZASIUS.
A M LaF: Bl\D! M1 2
. g
g . 1
; g
= pmrene ==
' - ; = S o
c. D, i E
';7“ i :: ﬁ‘ s 3s1s i 1 ;-u; E
S Y g II I Lk
3“.5 420408 - :: ’\ %hofTotal  95321% = §
; I . Il
i . - i ] 1 T ti 20
w o MK:\/M uo v ’E!dltngnnls'nn c:evﬁm:n 1s}l h . ST
. . 8 c D g
: emi B
LN, | 1 .;ul - e =
ey Py 3 ;‘:m:ﬁm:': o T 'm‘m:n‘ ln) % e g =

Fig.10. Biochemical characterization of LaFae.

_29_



= =
q £ 24

LaFael| 4%
~ LaFae® HENZAMO BUN SBYS TII| Qs |IIMQ UM, A
Jde|d {4k sodium metabisulfite?] EMOAMQ Ed2 FEE (I8 10A). 0.05
g/Lel sodium metabisulfiteOlM LaFaes= =x7| &M9ol 2 50%E [FXotF2H,
0.25 g/L 8=9 M 7tX| |7ZIM0ME 2471 =7 99 2 60%E LIEIHS. 0|2
oF & A= LaFae’t 2E EOA 2oECZ ASEH £ UTsE AS LIEH
A - y
] . ;
Eap iU BII'!H{ [ o ils ¥
[ . {3 F
- v &
: kﬂ) P A
a\ ¥ S 'HJ‘. “-{_HI \
A 'L ] . e ]
. .4 .l:'. ) '.F-f:q "}'{_ lltqI"
b my I L\ -ﬁg,;.
5 o a0 ﬁ f- e
. “y (L L
&9 3] e
. .
. - REE b AAAAS
= “HE i RS fl
s Ly
TR TR TIT aveRh nees Ty e L # aBip L B
N [ .1 ; " J.;-: - rll- F;i.‘“ -
e | B 1 8 e o G AEm T
FEIE 00 R
AP - — PP

Fig. 11. Overall structure and multiple sequence alignment of LaFae.

& Exiguobacterium antarcticumZ8E =2[§t bis(2—hydroxyethyl) terephthalate

(BHET) =dll 7I25 0| AE|2t0tA| (carboxylesterase) 2l &+

==
- H3 3™ HH 2|0} Exiguobacterium antarcticumZRE 2|8 bis(2—hydroxyethyl)
terephthalate (BHET) =2dlf 7125 A 0| AH| 20tA| (carboxylesterase)2l & 3 M35t

H Il e A

— W EZEE EaEst29] 7|

=
ot e, ZA8ez JtE 2 Ats ZO|E ZH& p—nitrophenyl esters
= Z 2H0| MM & &t

LIEFH 2R 7[&29] Z20|7t STt et &

EaEst22| oSty 54 S Olali5tr| @lof EaEst2 ## 28 Mg EaEst29 MA 2=
o

-/ 1
U /YOM, 0| ZE= a- helices &

—_

SHAl T HIOTUHA a/B hydrolase foldE HEHE F o

— |

_30_



=cIMOl HIEel B sheetz2 O0IZFUHAH U2 & ZUHQ (cap domain)= Z2& (1
9B). EaEst22| J|& Z& EA2 a2-, a5-, & 06- helixZ2 OIFH& 2 ZHI0l 2IoH
S AZ (A8 12C). olz{et #+2& (il Yatstd 4 AFE SollM X Felf 7|

S oeEo oy JINE AY AL,

[ES |

A B
2 - # 10
HE HE
5 i ]
& =
[: 5 o
C: €4 C6& c8 Ci C12
C D s
R = &1
z E
3 2’
= _E 2
& S Ve I = 558
E " K. (MM} = 0,58 - 0,4
Ul = g (5714 BT 4 2 437
3 4 & & T B B W Y 05 " 1 o
P -G [iM]

Fig.12. (Left)Hydrolase ativity assay and optimal pH of EaEst2. (Right) Overall
structure of EaEst2.
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Fig. 13. Characterization and overall structure of the esterase LgEstl.
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Fig. 15.(L, R) Hydrolysis activity analysis of wild type and mutants of HaBHETase
using spectrophotometry.
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Fig 17. The structure of LipE22 and Triacylglycerol lipase. Red represents the spiral
structure and yellow represents the folding screen structure.

_35_



1= O =
a 80 b 1004 &
[receeng = T
o 754 L ‘i 1. . LipE22
£ ™ =
- h &
[y % = ]
% ~,. B so
E 854 d E
= \M E %8 [
™ . | 1
2 pod .
& “"w...w. o .
S5y T T T T —T T 1 0+ . . ' . r .
10 20 3 40 5 &0 70 80 80 0 10 20 30 40 50 €0
Termperabure [T) Temperature [ C]
C | d
; 10014 5
— 1008 o o 5 & 0T I,J-H,M\
-l = = 30 T n’_ e a,-" +
%—7‘ 75 40 T %
o % 5 ¢
g 50 E -
ﬁ % 28 _
2 251 _ d 24¥
0 T T i 0-5 T T :
0 30 [=e] 80 120 L 8 1 ] a
Time (min) pH

Fig. 18. Results for characteristics of LipE22. (a) Results of analyzing the CD
percentage (%) of LipE22 according to temperature. (b) Results of analyzing the
appropriate active temperature of LipE22 as a percentage (%). (c) Results of
analyzing the durability of LipE22 to heat as a percentage (%). (d) Results of
analyzing the appropriate active pH of LipE22 as a percentage (%).
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Fig. 19. SDS gel photographs. (a) The size of the band indicates the combined
amount of liposome composed of phospholipids (Liposome). (b) SDS gel results
showing the liposome binding force of LipE22 according to NaCl concentration.
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Fig. 20. As a result of testing the toxicity of LipE22 to cells, the growth rate of the
experimental group (E. coli expressing LipE22) decreases compared to that of the
control group (E. coli expressing LipE22).
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Fig. 21. Results of characteristics of PLI proteins (131,132,133,135,137). (a) Results
of analyzing the CD percentage (%) of PLI proteins according to temperature. (b)
Results of analyzing the proper activity temperature of PLI proteins as a percentage
(%), and (c) Results of analyzing the proper activity pH of PLI proteins as a
percentage (%).
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Fig. 22. Results of substrate specificity of PLI proteins (131,132,133,135,137). (a)
results of measuring enzyme activity according to carbon chain lengths (C4, C6,
C8) of PLI proteins. (b) results of measuring enzyme activity according to oil types
(Soy bean, Olive, Sunflower, Rice bean, Coconut, Palm) of PLI proteins.

O Polycaprolactone(PCL) &3l £0|M

Fig. 23. SEM(scanning electron microscope) photos of PCL degraded by PLI
proteins (131,132,133,135,137). (a) photograph of PCL film before experiment. (b)
photograph of PCL film of (a) after  treatment  with PLI protein
(131,132,133,135,137). (c) photograph of PCL film of (b) taken with a scanning
electron microscope (SEM).
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Fig. 24. (a) Structure of PLI Protein (b) Conserved Sequence Structure of PLI
Protein (131, 133, 137) respectively. (c) Activity of PLI137 wild—type and PLI137
mutants (A264S, F266T) to pNPB substrate is expressed as percentage (%). (d)
PCL resolution of PLI137 wild—type and PLI137 mutants (A264S, F266T) is
expressed as percentage (%).
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pNPB hydrolysis PCL degradation
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Fig. 25. Comparative analysis of the activities of the PLI137 wild type and the
PLI137 mutant against the substrate pNPB and PCL in percentage (%) showed that
(a) the activity of the mutants (W310Y, W310F, and W310H) compared to the
activity of the pNPB of the PLI137 wild type decreased; conversely, the activity of
the mutants (L158V/L162V) increased (b) the activity of the mutants (K169A)
compared to the PCL resolution of the PLI137 wild type decreased PCL resolution,
especially the resolution of the mutants (W310Y, W310F, and W310H).
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Fig. 26. A structure and specific chemical reaction (left) in which the EH enzyme

_40_



consisting of a/f structure is shown in red and yellow. EH is an environmentally
friendly enzyme that efficiently promotes chemical reactions and has applications in
various industries such as pharmaceutical manufacturing, chemical synthesis, and

environmental purification (right).
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Fig. 27. Phylogenetic analysis of Epoxide Hydrolase (EH) enzymes found in various
organisms. Bosea sp. PAMC 26642 (BoEH) and Caballeronia sordidicola PAMC
26510 (CaEH) are highlighted as EH derived from bacteria (red box).
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Substrate preference of EHs

BoEH has preference on

] 1204 3 BoEH
AN H,C—— 1 W CaEH
i cl ¢l W
Y ?/\ o < 100 [ —
e—- 4
%{R)-H pichlorohydrin (S)-(+)-epichlorohydrin 1,2-Epoxy-9-decene £ 80
£ 604
2
CaEH has preference on £ 404
o L
204
O w.«..\of' O Q ] j I. I
P <« q,'ol 50&
7 & oV \3‘ & oY " ‘h
(R){+)-Styrene oxide  (S)-{~)-Styrene oxide 3, 4-Epoxy-1-cyclohexene Substrates

Fig. 28. A comparison of reactivity and conversion (%) preferred by the Epoxide
Hydrolase (EH) enzymes BoEH and CaEH for prefered substrates
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_ Overall Structure Multiple Sequence alignment

) C-term

BoEH

Fig. 29. The structure and multiple sequence alignment results for BoEH and CaEH.
BoEH that consists of 12 a- helixes and 8 B- strands, with the major active sites
being labeled Asp109, Tyr154, Tyr216 and His277. CaEH consists of 13 a- helixes
and 8 B- strands, with the major active sites being labeled Asp106, Tyr155, Tyr237,
and His298. Structural differences between BoEH and CaEH in multiple sequence
alignment are evident in the cap domain region, and the cap domain portion in
sequence alignment showed low conservativeness, and the catalytic domain showed
high conservativeness.
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Fig. 30. Tunnel Identification
tunnels in BoEH (green) and

site residues (BoEH: Asp109,

and Binding Residues Comparison. Substrate binding
CaEH (purple). Both BoEH and CaEH contain active
Asp249, His277; CaEH: Asp106, Asp267, His298),

and the size and shape of the tunnels determine the substrate specificity of each
enzyme. Residues that form substrate binding tunnels in BoEH and CaEH.
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Enzymatic assay for engineered proteins

A BoEH and mutants B CaEH and mutants
120 3 (R)-Epi 120 3 (R)-Epi
| El (R)-Sty | B (R)-Sty
= 1004 _ = _ _ _ ~ 1004
‘c‘i._:_ ] ] S:' ]
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> 1 > 1
5 40 5 40
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20 i 20 |"| |=~| ﬁ
3- L) L T L) 1 L] L 0- l. T J
WT Y113T Q155W Q219N L222W R223N R223A WT D106A T110Y V131W
Fig. 31. Results of enzyme activity analysis comparing the conversion rate
(Conversion%) of BoEH and CaEH wild—type (WT) and mutants to (R)—Epi and
(R)—Sty substrates. (A) BoEH WT showed low conversion rate to (R)—Epi, but
mutants  (Y113T, Q155W, Q219N, L222W, R223N, and R223A) enhanced the

conversion rate. All mutants maintained high conversion rate to (R)—Sty. (B) CaEH
WT showed (R)—Epi, but mutants (D106A, T110Y,
V131W) (R)—Epi. Both wild—type and mutant
showed high conversion rate to (R)—Sty.

low conversion rate to and

increased the conversion rate to
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¢ 1 WA (HE : oM ECAE EdE et SX0OjdEE gl =24 EZCAEH
—EréHfLi =)
(MELI2 9= M= 2E1A 7|X)

— M OMESIAE 2o 540 MEZEEE EN B

v 0N Z2tAE CHQAl 28 &M 24

Bis—hydroxyethyl terephthalate (BHET)= terephthalic acid (TPA)Ol ethylene glycol
P2EXIZI AEEl REZE, IEX PET E2tAECR SHME £ Q&= A Y. 7|=0 2E1E

SotAH 2 24 tfF=20| BHETO| tigh 28 &d (BHETase)s 7HX1 UA2H, 0] £
M2 24 U JjMslol 988 54 w20 o|gstn AUS (1P 32)
i i
—Eﬁ—t—é {:‘\"—L!,—G:‘EH;LH_-"I' + HOGHCH.OH -
h— — EG
PET -

hHD{|EH;—ﬁJ——f = E\——L = — CH:CH; OH
i i

HHET

Fig. 32. Molecular formula of Bis—hydroxyethyl terephthalate (BHET), ethylene
glycol (EG) and polyethylene terephthalate (PET).

Yol CUME MU HAFE Soff == M &40 25t BHETase &8 242 &
Mt Exiguobacterium am‘arcz‘/cumoilﬁ #ol =l EaBHETase= 1A|ZEEQH HiZE (O
33, (&), BHETS 87.1%E &£dllstH MHETE Mdst= A2 high—performance liquid

chromatography (HPLC)=AM®HEZ Sall 23 & (A& 33, ().
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Fig. 33. (Left) Schematic table of BHET decomposition with EaBHETase (Right)
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BHET—degrading HPLC analysis using EaBHETase.
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Fig. 34. (Left, Upper) Analysis of BHET degradation activity using
spectrophotometric analysis and comparison with IsPETase (Right, Upper) The
HPLC analysis of BHET degradation by HaBHETase. (Left, Lower) The HPLC
analysis of BHET degradation by St60. (Right, Lower) TLS analysis of phthalate
esters degradation by t60.
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M M2 24 SZO0| 2o|l=X 2Mst¥S. A8 35= Halocynthiibacter arcticus®E5E
7elii 8t HaBHETaseZt M 20|A 7tz 20| 7t =1 (A8 35, (&), 2! A|ZHSet
=2 2498 7X & = UASE 26 E (A8 35, (7F2)). olz{er 542 EaBHETaseO|
ME =olE (O8 35, ().
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Fig. 35. (Left) Hydrolysis activity of HaBHETase according to temperature. (Center)
Time—dependent Hydrolysis activity of HaBHETase (Right) Time—dependent
Hydrolysis activity of EaBHETase.
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-7 2ME P. xylanexedens 32 MY KM E FMet 1t o #F0
CHAtAZ & HEsid 2AQ M ZHI0|22 = (cellulobiose) &
S

() B-glucosidase (i) Cellobiose phosphorylase (iii) Phospho-B-glucosidase
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PTS: Phosphotransferase system

Fig. 36. A schematic diagram of the manufacturing and analysis method of sgRNA,
repair template for gene correction for P. xylanexedens strain improvement (adapted
from (Liu et al., ISME J. 2019))

—MZHo|2= HAFEZE= 9 J8(Fig. 36)1 &2 M7IX| AZI} ete|2|of
oA & 23X g1, 0] 0| phospho—beta—glucosidased| 2|8t M Z X}
O| =7} AMZE|E tHAFBZ I} P. xylanexedens T+FOA EHOI=
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Fig. 37. Prediction for cellobiose degradation—related metabolic clusters within the
P. xylanexedens strain
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— Geneious §%& annotation Z2MES S&t o|lF Z1} P xylanexedens
o Lo o SE A =ZHloj= =of 23 AL SHAHIE 1174 EX St
AE o E5E & UUL(Fig. 37), O] 5 W2 PTS A|AH 2H KT XI0|
1, M2 g—phospho—beta—glucosidase, beta—glucoside bgl operopn
antiterminator & X2 O SZ[US.

-0 ZEH2HE =0 oo A=ZHO|Z Oo|gX HAO| Us A=
Streptococcus pneumoniaed| M Moz 2ol E

6—phospho—beta—clucosidasel| &% Fig. 372 4, 5, 6, 78 E2HAHL}
JH& A EtMdol JHE TH7ke  (identities7t 5—6%, positiveZt 10%) A2 =2
2ol EUD, Paenibacillus SO ZtE HT7t B0l E  Paenibacillus
polymyxa®ll PTS IIC2} identities?t 13—14%, posititiveZl 25% |FAteH 2
HAE I 42 8HOZ LIEILIA 4H SHAHE FAEA E Bz 43
(Fig. 37)
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HIQF =, 1% glycine &7t
® 0Dzt 0.401 =& Al, 4000rpm, 20min centrifuge & A& XA
@ 10mM MgCl2E 20{ 4000rpm, 10min, 4C&E washing & &S XA
® @Hg oHH O Bh=

® 0.5M Sucrose+ 10% Glycerol 2mL2} lysozyme(10ug/mL) 1uLS &7t
= 37COA 30min Incubation

@ 4000rpm, 10min, 4CZ centrifuge & &Y XA

0.5M Sucrose+ 10% Glycerol 10mL= Y0 4000rpm, 10min, 4CZE
washing & 4354 XA

s
® @S B o gr=

0.5M Sucrose+ 10% Glycerol 1TmLO| pellet2 =2 = 1.5mL tubeo|
50uL® F335t0{ —80TO|Al =22

—RNP 24% =T 4 electroporation ZHE Oof2iet &S

Table 3. Concentration condition by RNP component

ntrol 50ul 14ul
10pho 8ul 2ul+2ul 2ul
i?j_ags,lgc >0ul (10ug/ul)  (10ug/ul)  (20ug/ul)

—1mm gap CuvetteO 211 1250V, 400, 25MF =22 Purse 23 &3

— Electroporation 0|&, Cellobiose M9 H{X| 5mLE 490{ recovery 12h X
<, OD&t 53

~FIYSWHS Sa HoFFS DY o ol
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(Bt1) 2 X|HFA KPDC(Korea Polar Data Center) MEXI2 Sx 22 (2024.12. X))
¥ 4N 23N (NRF—2021M1A5A1075524 /| S XH A UAEFHE-PN21014, PN22014,
PN23014, PN24014)° #t=23X|0O|EME (KPDC; Korea Polar Data Center) SX|

2=
i N |
AL
" PN21014 (1AM =) 2l A O E
= E{ 0| 0| E =
colef ojgr) | TN CEENERTER (5=2)
, | Fosmid clone | KOPRI-KPD Slgfqleeoégfyiizqﬁg;gg ;;nfgsm'd 5=
(PIC13—-E19) | C—00001808 (PIC13—E19) (2021-09-30)
, |Fosmid clone | KOPRI-KPD ggig“s'dr;zse”denwﬁfhC’iig?’;zg s=
(PSO25-J20) | C—00001807 synthesis (PSO25—J20) (2021-09-30)
, |Fosmid clone | KOPRI-KPD ggig“s'dr;zse”denwﬁfhC’iig?’;zg s=
(PSO21-P18) | C—00001806 synthesis (PSO21—P18) (2021-09-30)
, | Fosmid clone | KOPRI=KPD Séifoéﬁfyiiegqﬁﬁgii ;;nfgsm'd 5=
(PIC17—E19) | C—00001805 (PIC17—E19) (2021-09-30)
XL
e = E-IHIT:ZE?OM (2xA ) I A|G[ 0| E
GolEf o[ &1) P CEENIERER) (S54)
1| Fosmid clone |y gppi_kpp Slg(r:wlsongjrrys;iguegﬁweylzac’;e fo;;l: S=
(PSO23-K9) | 10002012 (PSO23—K9) (2022-09-23)
, Nucleotide sequence of fosmid =
2 Fosmid clone KOPRI=KPD | clone carrying laccase gene S=
(PSO_Lac5C) C—00002013 | (PSO_Lac5C) (2022-09-23)
. Nucleotide sequence of fosmid =
3 Fosmid clone KOPRI=KPD | clone carrying laccase gene s=
(PSO_Lac6E) C—00002014 | (PSO_Lac6E) (2022-09-23)
. Nucleotide sequence of fosmid =
4 Fosmid clone KOPRI=KPD | clone carrying laccase gene =
(PSO_LacH) | -~ 10002015 (PSO._Lac6H) (2022-09-23)
, Fosmid sequence carrying ==
3 l(:l:c))lscr:lgj_FcZ)cme KOPRI=KPD | genes related with pigment (20221’5'9_23)
C—-00002016 | synthesis (PIC15—F4)
, Fosmid sequence carrying ==
6 '(:};)\/S\/T;dgf::ﬂr;e KOPRI-KPD | genes related with pigment (2025_’5'9_23)
C—00002017 | synthesis (PWL7—F10)
. Fosmid sequence carrying ==
7 (Fs\i/ﬂ%fg;)e KOPRI=KPD | genes related with lipase gene (2022i5'9_23)
C—00002018 | (PWL13—-C7)
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. Nucleotide sequence of fosmid =
Fosmid clone . . =5
8 (PIC14—H14) KOPRI=KPD | clone carrying lipase gene (2022—09—-23)
C—00002019 | (PIC14—H14)
. Nucleotide sequence of fosmid =
Fosmid clone . . s=
9 (PSO2—110) KOPRI=KPD | clone carrying lipase gene (2022—09—23)
C—00002020 | (PSO2-110)
. Nucleotide sequence of fosmid =
Fosmie clone . . s=
10 (PIC19—A15) KOPRI=KPD | clone carrying lipase gene (2022—09—23)
C—-00002021 | (PIC19—A15)
. Nucleotide sequence of fosmid =
Fosmie clone . . =5
11 (PIC14—E21) KOPRI=KPD | clone carrying lipase gene (2022—09—23)
C—00002022 | (PIC14—E21)
. Nucleotide sequence of fosmid =
Fosmie clone . . =5
12 (PIC7-011) KOPRI=KPD | clone carrying lipase gene (2022—09—-23)
C—00002023 | (PIC7-011)
. Nucleotide sequence of fosmid =
Fosmie clone . . s=
13 (PIC8—F9) KOPRI=KPD | clone carrying lipase gene (2022—09—23)
C—00002024 | (PIC8—F9)
. Fosmid sequence carrying ==
14 (Fgggé%fgge KOPRI-=KPD | genes related with pigment (2022:;'9_23)
C—00002025 | synthesis (PS0O20—P6)
, Fosmid sequence carrying ==
15 '(:Sgsgéd_igne KOPRI-KPD | genes related with pigment (20221’6'9_23)
C—00002026 | synthesis (PSO2-K8)
, Fosmid sequence carrying ==
16 I(:};)Ssg;iglzoor;e KOPRI-KPD | genes related with pigment (2022c_’5'9_23)
C—00002027 | synthesis (PSO1-A20)
o PN23014 (3XHAX) 2 AG|O|E
clolE| o/ | MECIOE ID VSR (5=¢
Fosmid clone Nucleotide sequence of fosmid ==
1 KOPRI-KPD | clone carrying lipase gene <
PSO1-A7 - (2023—-11-03)
( ) C—00002394 | (PSO1-A7)
Fosmid clone Nucleotide sequence of fosmid ==
2 KOPRI=KPD | clone carrying lipase gene <
(PSO1—N4) - (2023—-11-03)
c—00002395 | (PSOT~N4)
Fosmid clone Nucleotide sequence of fosmid ==
3 KOPRI=KPD | clone carrying lipase gene <
(PSO3-12) - (2023-11-03)
c-00002396 | (PSO3~12)
Fosmid clone Nucleotide sequence of fosmid ==
4 KOPRI-KPD | clone carrying lipase gene <
(PSO3-K16) — (2023-11-03)
C—00002397 (PSO3—-K16)
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i PN24014 (4XHA ) 2| A| G| O| Ef
"~ | ©olE o/& | MECO[E D HEIOlE A= (5=
1 Lipase gene KOPRI=KPD | Nucleotide sequence of lipase s=
(PLI131-135) | C—00002695 |gene (PLI131-135) (2024—12-24)
5 Lipase gene KOPRI-KPD Nucleotide sequence of plastic ==
degrading enzyme gene
(PLI137) C-00002696 | (pLi1s) e S (2024—12-24)
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Sugar isomerases (SIs) catalyze the reversible conversion of aldoses to ketoses, A novel putative SI gene
has been identified from the genome sequence information on the psychrophilic bacterium Paenibacilius
sp. R4. Here, we report the crystal structure of the putative SI from Paenibacillus sp. R4 (PbSI) at 298 A
resolution. It was found that the overall structure of PbSI adopts the triose-phosphate isomerase (TIM)
barrel fold. PhSI was also identified to have two heterogeneous metal ions as its cofactors at the active

ge_ku_rds: site in the TIM barrel, one of which was confirmed as a Zn ion through X-ray anomalous scattering and
x:i’:;'?‘_’":;::; inductively coupled plasma mass spectrometry analysis. Structural comparison with homologous SI
Clucose Isomierase proteins from mesophiles, hyperthermophiles, and a psychrophile revealed that key residues in the

active site are well conserved and that dimeric PbSI is devoid of the extended C-terminal region, which
tetrameric SIs commonly have. Our results provide novel structural information on the cold-adaptable SI,
including information on the metal composition in the active site.

Paenibacillus
Psychrophilic bacteria
Cold adaptation

© 2021 Published by Elsevier Inc.

1. Introduction functional unit [7-12]. They also have metal cofactors for catalysis

in the active site [1,13]. The metal cofactors comprise two divalent

Sugar isomerases (SIs) reversibly catalyze the conversion of al-
doses to ketoses. Xylose isomerases (XIs; a type of SI), also known
as glucose isomerases catalyze the isomerization of p-xylose and o-
glucose to p-xylulose and p-fructose, respectively [1]. Xls have
become popular in the food industry because they can be efficiently
used for high-fructose corn syrup production without forming any
by-products [2,3]. Moreover, xylulose is used as a fermentation
source for ethanol production in the biofuel industry, and the
conversion of xylose to xylulose by this process can be achieved
using Xls [4,5]. Xls also have catalytic activity for other sugars such
as p-ribose, p-allose, and L-arabinose besides p-xylose and -
glucose [6].

Sls including XIs adopt the triose-phosphate isomerase (TIM)
barrel fold structure, primarily exhibiting the tetrameric form as a

cations such as Mgz'. Mn2*, and Co?* [1,13], one of which con-
tributes to substrate fixation and the other is directly involved in
hydride shift [ 14]. Despite these generalized roles of the metal ions,
Sls show a diversity of metal species depending on host organisms
[1]. Moreover, the heterogeneity or homogeneity of metal compo-
sition needs to be confirmed to understand the specific roles of the
respective metal ions. Therefore, metal preference identification for
the cofactor is necessary for characterization of a novel SI,

To date, numerous studies on Sls, including Xls, have revealed
their structures and mechanisms of action [ 15—18]. However, these
primarily included the Sis from mesophilic and thermophilic bac-
teria. Studies conducted on SIs from psychrophilic bacteria are rare
[19]. Such limited research has resulted in a scarcity of structural
and functional information on SIs from psychrophilic bacteria.

Abbreviations: SI, sugar isomerase; PBSI, sugar isomerase from Paenibacillus sp. R4: TIM, triose-phosphate isomerase; XI, xylose isomerase; PbXI, xylose isomerase from
Paenibacillus sp. R4; 5tX1, xylose isomerase from Salmonella typhimurium; TtXl, xylose isomerase from Thernus thermophilus; TisXl, xylose isomerase from Thermoanaer-
obacterium thermosulfuriigenes: SEC-MALS, size exclusion chromatography-coupled multi-angle hight scattering; 1CP-MS, inductively coupled plasma mass spectrometry.

=+ Corresponding author. Research Unit of Cryogenic Novel Material, Korea Polar Research Institute, Incheon, 21990, Republic of Korea.
* Corresponding author. College of Pharmacy, Chung-Ang University, Dongjak-gu, Seoul, 06974, Republic of Korea.
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Abstract: Ester prodrugs can develop novel antibiotics and have potential therapeutic applications
against multiple drug-resistant bacteria, The antimicrobial activity of these prodrugs is active
after being cleaved by the esterases produced by the pathogen. Here, novel esterase ScEst originating
from Staphylococcus chrontogenes NCTC10530, which causes dairy cow mastitis, was identified, char-
acterized, and analyzed using X-ray crystallography. The gene encoding ScEst was cloned into the
pVFT1S vector and overexpressed in E. coli, The recombinant ScEst protein was obtained by affinity
and size-exclusion purification. ScEst showed substrate preference for the short chain length of acyl
derivatives. Tt was crystallized in an optimized solution composed of 0.25 M ium citrate
tribasic (pH 7.0} and 20% PEG 3350 at 296 K- A total 0f 360 X-ray diffraction images were collected at
a 1.66 A resolution. ScEst crstal belongs to the space group of 242,2; with the unit cell parameters
of a =5023 A, b=68.69 A, ¢= 7115 A, and a = p = y = 90°, Structure refinement after molecular
replacement is under progress. Further biochemical studies will elucidate the hydrolysis mechanism
of ScEst. Overall, this study is the first to report the functional characterization of an esterase from
Staphylococcus chromogenes, which is potentially useful in elaborating its hydrolysis mechanism,

Key ds: carboxyl Staplylococcus chromogenes; X-ray crystallography

1. Introduction

Multiple drug resistance (MDR) bacteria are an emerging global threat that potentially
imposes healthcare and economic issues[1,2]. The production of drug-inactivating enzymes,
such as fi-lactamase and aminoglycoside modifying enzymes [3], drug elimination from
the cell, mutation of an existing target, and acquisition of a target by-pass system have been
proposed as major MDR resistance mechanisms. Therefore, the necessity for discovering
and developing novel antibiotics with unconventional modes of action has increased in
order to overcome these resistance mechanisms [4].

One of the strategies to avoid MDR is antibacterial prodrugs that are pharmacologically
inactive and are cleaved by bacterial enzymes to become active antibiotics [5]. Antibacterial
prodrugs are synthesized by adding functional groups to the antibiotic skeleton and may
have multiple advantages [5]. For example, adding a lipophilic pivaloyloxymethyl to
cephalosporin cefditoren increases its absorption in the small intestine [0]. Ester is also
a functional group that is added to antibiotics to increase the delivery efficiency, cell
permeability, and oral bioavailability of the prodrug [7,5]. Carbenicillin, carfecillin (phenyl

Crystals 2022, 12, 546. hitps:/ /doi.org/10.3390/ cryst12040546
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Abstract

Ormithine carbamoyltransferases (OTCs) are involved in the arginine deiminase (ADI) path-
way and in arginine biosynthesis. Two OTCs in a pair are named catalytic OTC (cOTC) and
anabolic OTC (a0TC). The cOTC is responsible for catalyzing the third step of the ADI path-
way to catabolize citrulline into carbamoyl phosphate (CP), as well as omithine, and displays
CP cooperativity. In contrast, aOTC catalyzes the biosynthesis of citrulline from CP and orni-
thine in vivo and is thus involved in arginine biosynthesis. Structural and biochemical analy-
ses were employed to investigate the CP cooperativity and unidirectional function of two
sequentially similar OTCs (32.4% identity) named Ps_cOTC and Ps_aOTC from Psychro-
bactersp. PAMC 21119. Comparison of the trimeric structure of these two OTCs indicated
that the 80s loop of Ps_cOTC has a unique conformation that may influence cooperativity
by connecting the CP binding site and the center of the trimer. The corresponding 80s loop
region of in Ps_aOTC was neither close to the CP binding site nor connected to the trimer
center. In addition, results from the thermal shift assay indicate that each OTC prefers the
substrate for the unidirectional process. The active site exhibited a blocked binding site for
CPinthe Ps_cOTC structure, whereas residues at the active site in Ps_aOTC established a
binding site to facilitate CP binding. Our data provide novel insights into the unidirectional
catalysis of OTCs and cooperativity, which are distinguishable features of two metabolically
specialized proteins.

Introduction

Ornithine carbamoyltransferases (OTCs; EC2.1.3.3) are the enzymes involved in the arginine
deiminase (ADI) pathway and arginine biosynthesis [1]. A pair of distinct OTCs are named
the catabolic OTC (¢OTC) and anabolic OTC (aOTC). The cOTC catalyzes the phosphorolysis

PLOS ONE | hitps://dol org/10.1371 journal pone 0274019 September 23, 2022
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Abstract: A gene encoding LgEst] was cloned from a bacterial fish pathogen, Lactococcus garvieae.
Sequence and bioinformatic analysis revealed that LgEstl is close to the acetyl esterase family and
had maximum similarity to a hydrolase (UniProt: Q5UQ83) from Acanthanoeba polyphaga mimivirus
(APMV). Here, we present the results of LgEstl overexpression and puriﬁcaﬁon, and its preliminary
X-ray crystallographic analysis. The wild-type LgEstl protein was overexpressed in Escherichia coli,
and its enzymatic activity was tested using p-nitrophenyl of varying lengths. LgEstl protein exhibited
higher esterase activity toward p-nitrophenyl acetate. To better understand the mechanism underlying
LgEstI activity and subject it to protein engineering, we determined the high-resolution crystal
structure of LgEstl. First, the wild-type LgEstl protein was crystallized in 0.1 M Tris-HCl buffer
(pH7.1),02M calcium acetate hydrate, and 19% (w/v) PEG 3000, and the native X-ray diffraction
dataset was collected up to 2.0 A resolution. The crystal structure was successfully determined using
a molecular replacement method, and structure refinement and model building are underway. The
upcoming complete structural information of LgEstl may elucidate the substrate-binding mechanism
and provide novel strategies for subjecting LgEstl to protein engineering.

Keywords: esterase; Lactococcus garvieae; X-ray crystallog raphy

1. Introduction

Esterases (E.C. 3.1.1.X) catalyze the hydrolysis of various substrates containing ester
groups, Esterases are serine hydrolases that contain a conserved Ser-Asp /Glu-His catalytic
triad with an o/ p hydrolase fold. Although esterases harbor the same o/ hydrolase fold
and have high sequence homology, they have different substrate specificities and perform
varying biological functions. Recently, esterases of microbial origin have gained significant
interest in scientific research because of their potential applications in the biotechnology
industry [1,2]. Therefore, extensive efforts are being made to identify unique esterases
with higher activity, improved stability, and broad substrate specificity from newly found
microorganism genomes as well as metagenomes. Such esterases can be further subjected to
protein engineering to generate esterases with a precise structure and desirable functions [3].

To date, many microbial esterases have been discovered and characterized [4,5]. In
particular, pathogenic bacteria have been well-known for producing various extracellular
esterases. These secreted esterases may be important for the virulence and pathogenesis

Crystals 2022, 12, 46. https://doi.org/10.3390/cryst12010046
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A novel bifunctional [i-lactamase/esterase (Lglacl), which is capable of hydrolyzing p-lactam-containing anti-
biotics including ampicillin, oxacillin, and cefotaxime as well as synthesizing biodiesels, was cloned from Lac-
tococcus garvieae. Unlike most bacterial esterases/lipases that have G-x-S-x-G motif, LgLacl, which contains 8-x-x-
K catalytic motif, has sequence similarities to bacterial family VIII esterase as well as f-lactamases. The catalytic
properties of Lglacl were explored using a wide range of biochemical methods including spectroscopy, assays,
structural modeling, igenesis, and ct aphy. We confirmed the bifunctional property of LgLacl hy-
drolyzing both esters and {i-lactam antibioties. This study provides novel perspectives into a bifunctional enzyme

from L. garvieae, which can degrade f-lactam antibiotics with high esterase activity.

1. Introduction

p-Lactam antibiotics have been extensively used in medicine, food,
pharmacy, fisheries, and agriculture [1-3] However, due to indiscrim-
inate usages, antibiotic residues have been one of the main environ-
mental pollutants that are commonly discovered in soil, groundwater,
and wastewater |4 ©|. Unfortunately, this phenomenon is largely
responsible for the occurrence of multiple-antibiotic resistances in
human and animal pathogens, which contributes to the rise of antibiotic-
resistant clinical infections [7.5]. Thus, the removal of antibiotic resi-
dues significantly reduces the health risks of humans as well as those of
other vertebrates [9,10].

To date, a wide range of methods including adsorption, sedimenta-
tion, coagulation, and filtration have been extensively explored to
remove antibiotics from the environment, although these methods have
some disadvantages, such as low levels of degradation, formation of
hazardous byproducts, and high economic cost | 11,12, Therefore, it is
highly indispensable to develop effective alternatives for antibiotics
removal from the environment, where they exist in high concentrations
as organic and inorganic mixtures. In this respect, biodegradation could

* Corresponding author.
E-mail address: doohunkimivsm.ac ke (T.D. Kim).
! These two authors equally contributed to this work.

022.02.081

hitps://doi.org/10.1016/].1jblamac

be an effective, economical, and ecological method for the degradation
of antibiotics [12.14]. Specifically, excellent functional properties and
environmentally friendly characteristics of enzymes make biodegrada-
tion attractive tools for the removal of environmental pollutants
[15-171.

Although several enzymes have been characterized for the elimina-
tion of ecological pollutants and contaminants, there is a growing in-
terest in hydrolases from lactic acid bacteria (LAB) [ 15-20]. Specifically,
these LAB-related enzymes were shown to be implicated in microcystin-
LR removal process [21], detoxification of zearalenone |[22], organo-
phosphorus pesticides [ 221, and the hydrolysis of phthalates [24].

Here, we report a novel bifunctional lactamase/esterase from Lac-
tococcus garvieae, which is capable of biodegradation of fi-lactam anti-
biotics and synthesis of biodiesels. L. garvieae, a highly virulent gram-
positive lactic acid bacteria, is widely distributed in fish, animals, veg-
etables, and meat [25 271, Interestingly, this bacterium exhibits strong
metal dissolution properties, which can lead to an environmentally
friendly biodegradation process in comparison to heat or toxic chemical
methods (28], Although there are several reports on biodegradation of
f-lactam compounds (29 32|, there is no report on a bifunctional
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