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Abstract

In recent years, toxic organophosphorus compounds (OPs) have been used for civilians, becoming a great threat to the world.
Alternative to the current treatment policy unpredictable for any prevention, researches on bioscavenger as an improved treat-
ment have been actively conducted. Bioscavengers refer to proteins and enzymes that prevent intoxication by inactivating or
binding toxic OPs before they reaches the target. In particular, extensive efforts have been made to develop catalytic bio-
scavengers that quickly detoxify OPs even with a small dose of the protein by performing multiple binding and hydrolysis
processes with OPs. This review introduces the latest studies and results for developing catalytic bioscavengers using molec-
ular evolution and protein engineering techniques. We will briefly present some of the remaining challenges on developing
enzymes into clinically approved drugs.
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Figure 1. Structures and names of representative toxic organopho-
sphorus chemicals.
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Figure 2. Representative medical organic materials for inactivating
toxic organophosphorus chemicals.
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Figure 3. Classification of catalytic bioscavenger candidates.
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Figure 4. Comparison between stoichiometric and catalytic bioscavengers upon their detoxifying mechanism of organophosphorus compounds.
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2.1.1. 7t254 O AH|2tA|(carboxylesterase, CaE)

CaBi= 7FE 54t o AHEE GFE 8l 7l= S R Tiie)
= A1) E 2 (ubiquitous) ol A~HEHAl AlDo]th(Table 1)[22,23]. AF
o] BA3t QI 5714 CaE FolAE 3k tiAAE 9 3 el
T2 sk 72 ol 2ERHAIMCED) I 27, A, A 9 =
Ao B3] W s A 7tE8A o A EHA(hiCE)F 7S &
3] AE]aL Qltk hiCES] 7% HuAChE®] nlsl &4 9]¢ ¥7
(active-site pocket)©] B =Z17] witel Z7)7} o] 2 V|- s AEE
% 9tH24]. CaEE AN~HZE JhFRaisks d] glo] 3709 ofulw
2K(Ser221, Glu353, His 464)& AHg-3k= 2102 defA QIrH25]. CaE

= 27 olxEEAe] S| R9)e] WEF ERER 27 (tryptophan
residue) S 23l QA 927 wi-ofl[26], SAEA 8 AAE CaE
A3t =8 F7HA717] §18t AP sk H(charged) 711
g5hE 9 4 A A o= & wESEHA] 1 s A ¢ (un-
charged) 3}5=3 X o & WSl RIFItH27]. AL ok
%] 9k &) WS FAE FHI ABAE £TE Ko &
SO RH CaE AAL Zh= FullA vlo] L AIRIAZA 9] &8 75
& yrotr gt

oyt sHAIE FH] F3 F 7S WA R EAMOA(mu-
tatns) S A=, A HAE L cuprinaZ5-E %3 E3 CaEQ)
G137D EAHO)A|ZFE ololt]o]F Hof[28] hCE12] /3 -9l
2709 oluiAbS Ao g JL ZAwo|doln, F WALE
Bacillus subtilis=5-E] -2 p-nitrobenzylesterase (pNBE)2] =<1Ho]
A& hCE1E A $keto] ALY} S5 Folela =HFrh WA,
hCE19] 271¢] /g ofuieAit 95 X|&shzd] Qo] & A& &
7191 8}5HEo] Agsh= Ser221 27| FHel YxA oz B4 K-
9] ABAIsE XS AEFTE VI46H/L363E hCEl S<iwo]A|9] 74
- & 59 A9 v s 2700 &4 A7) sk E A3
= dixgozs sS4l digh 383S THAAI7IA] koA
B0 AGFE SEE STHAE  UAUTH29]. A O Z, VideH/
L363E hCE1: wild type (wt) hCE1o] H]&8] AR, Ank Alo]E& Al
o & T QA3 £57) 22 5, 20, 33,00000714] S7FeEA AL, v
7H7] Az half-time)S ZH2F 9.5, 11.5 W 1.2 hZ 743k tH29]. 314
ok, G921 FHulAd vlo] e ARIAR E857] flsiAE A
L5 9F 1,0008) o)/ mofof F7| wiiel ox3] shAel] FH T

T+ WA ZE Bacillus subtilis®] hCE19] %% F=A|(structural
homolog)Ql pNBEE A}H&-3t0] EdHolAlE AAsISlEtl, pNBELE
drejo} A|3EoA 22t 9l W shy] S v Eol Eaehs oA
HuAChE, HuBChE, hCE1$h= A3l Th30]. A2z o2 A|gds)
= R eE A" 5ol(A107H)°) pNBES] 4 Al™ QI 5
Mol 715 F43 9 X852 A TR0 pNBE SAHoAIE A
238ATH31]. Antell tiE] A&EE £EE 4,000017FF AR
PNBE E<1H0]2|(A107H/A190C)E A3l oL}, hCEIZ 3E =<1
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Table 1. Catalytic Bioscavengers and Their Strategy for Improvement of Hydrolysis Efficiency on Toxic Organophosphorus Chemicals

bio(sjgzlzltllgcers Mv(:/:gliltar Structure and length Characteristics Methods References
(ECh(’_%:Fill 0 180 kDa 56 6—52[8/ imt;(r)llc()i’aci ds Serin hydrolase Active site mutagenesis [24,29]
PEGylated site-specific mutagenesis,
(ECA?}EI 7 70 kDa 531az:r§in£01§;i ds Serin hydrolase post-exposure treatment with an HI-6 [44,45,123]
T oxime
BChE . . . . . .
(EC 3.1.18) 85 kDa a/p fold, 574 amino acids Serin hydrolase Active site mutagenesis [31,124]
(ECP?\IHS 1 40 kDa 6-215215(1 ejmii grzrc)iilser’ Ca**-dependent Hydrolase Directed evolution [66,67]
PTE 39 kDa (a B)s TIM-barrel, Zn*"-dependent Directed evolution, computational design [80,125]
(EC 3.1.8.1) 365 amino acids Hydrolase techniques ’
(Ecogd]Ag 0 35 kDa (glgf )ZHEEZI-:?S:L Binuclear metallohydrolase Directed evolution [99,126]
DFPase 35 kDa 6-bladed S -propeller, Ca”*-dependent Site-directed mutagenesis, X-ray and [100,103]
(EC 3.1.8.2) 314 amino acids hydrolase neutron scattering, PEGylation ’
SMP30 6-bladed S -propeller, Mg*", Mn**, Co**-dependent . . . .
(EC 3.1.82) 33 kDa 299 amino acids hydrolase Expression using chaperones in E. coli [107,127]
. . 2 Encapsulation in stabilized liposomes,
OPAA Pita bread fold of two domains, Mn™" -dependent - .
59 kDa . . . encapsulation in meta-organic [112,113,128]
(EC 3.1.8.2) 517 amino acids bimetalohydrolase . . .
frameworks, site-specific mutagenesis
HuProlidase 54 kDa Pita bread fold of two domains, Mn*"-dependent Bi-metallic Directed evolution, computational design [117,129]
(EC 3.4.13.9) 493 amino acids dipeptidase techniques ’
af/Ba sandwich, ot
MPH . Zn""-dependent . .
(EC 3.18.1) 35 kDa (metallo-hydrolase/oxidoreductase aryldialkylphosphatase Directed evolution [120,130]

fold) 331 amino acids

HolAE 2&3I9S woll= st a9E IA Ech

7V #H A AFtelAE, ol e s TR/ Sparus aurata®)
7¥ell ) %3 CaE (hepatic CaE)7} 2] AChERTIE #7121 31et&
dhe] Aol sk, 53] FopdER o2kl (anti-acetyl-
cholinesterases) A2 2] =/dEAe] tst G&0] =t 3lo] B3 A
t}. Hepatic CaBell tlallxl= thafst G719 Ald s st 7t
T 28 574 2 9d 3 7S Bl Al a4l s
Brlehe Blo] AE ook 3 Zlo|rh32].

2.1.2. OIMIEZE 2l Of AH|2kA|(acetylcholinesterase, AChE)

AChEE AZAGEA oMHEEUS 7H-sliste] U4 AlHA
oA WA A=e] Ads TEAIE Al 7s] &5 (serine hy-
drolase)©]tHTable 1)[33]. AChE % BChE: ~10" M'min™ 2] o]&-x}
S5 ARk)E F9ED A& AdskARE = S58 2P
ARl A TE AXAY EA-54EE B3A7E mshgel wet o
TFHoZE Bl 50 Jdel] afel disEl oy 4
2] AChEE A% A}, A1l AChE7} 7 &80] & o=
YERATH34,35].

AChEE 54529 el x7o]7] wite] 57 opn|iAtke]
85 B3l AChEZ} 71 S A% & Addsts 540
QEE s7] 9k w2 o] glojgith oy 2% FolA =AW
# FEE] AChE7} R71Q1 Bk =/l A3HdE Blon o =
HolAlE Ad 77191 sh=e] 7krielE SXIA17]E Flo] oy
2t =AHo)E ACKE 27 791l dist 711 slsh=e] A% 1A
Ao EZA Agshe 2 oE BRIFGITH36,37]. EA0] AhEA] A

e P

o

3sst ® 31 A A 2 =, 2020

A3t S5 F7M7I7] S8l ookt 49 AChEE AlZF(recom-
bination)3F1L F-9]-#]7(site-directed) EARIO] B F-9]-5-0] X (site-spe-
cific) =AW S F-gato] APs Ay}, F-9-5o0]4 EAwol2 A
¢ 5384 =% § AChES] SA4-u7l AEds afo] dAEHA
ML 8t £2F AT ZloZ W HTH38-40]. 11 FollA
5 53] W286A =809 A9 v|ATEE S0 WA A2 o
a5 Frisle o =R wt AChE®] ]3] Bl tidt A st ot
2~58 A% YEI o o] uf F-22)(mono-oximes)S! K2033} H]
A& (bis-oximes) Q! K075, 7 7FA9] HIAF]E]HE <4 (bispyridium
oximes)°l| &J¥F a&°] 7P =ShH41].

Zenbo]] thall A= Y337A/F338A-HUAChE E41H0| 7} 718 =2 7}
sl E8S Belom, o]F EYelddZ2ZHpolyethylene glycol,
PEG)Z ] 2|(PEGylated)d}3L HI-6 202 &2 3 H$, A
T Ante] ogt 21 O] A FHOAE AESH: AO0E
ERstTH42-44]. Y337A/F338A-HUAChE SQ@WHo|E =9 EAE2
o dEiME &8-S Fo|7] S8l eRtg B3t 7 A7kl
o] AFeME AGPAZA 7 Afet S-S Adsidle Aol
AZEQTE AEE AR S4 Folls 2-PAMET 71 4 AE
(alkyl chain) Zril 9= hexyl 2-PAMO] AEAAZ AM8E90S 7
- Y337A/F338A-HUAChE7} Bl tisf] & 283 712 &= U3
th4s].

olgA 43t AgE AChE: Uy 54E2 HHste S
vle] @ AR =A 22 EZ

(¢}

=S A3 g npo] s
MRAE ARgsllof shoh= v 574 $4-AChE Ao A 23]
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2.1.3. RE|IZZ2 o AH| 2k (butyrylcholinesterase, BChE)

BChE: AFEel €%, 71 17 Ul tg] 2&elA T2 4= A
W bl B, AJQ1e] 739 AChERT 841 U] W BChEE X
3ol )l Ao ® F4¥rH46]. BChES] Au)shz] ke o}z 73
oA wsiAA) ko), w0 R AChES EFA3stal o=
HEEEE 24438 4 Qe 5 988 sk Fo® d#A lo
[47], 5783 9-olli= AChEE UlAlst &4 AHE dsh= 32
2 I3 (ghrelinyS 28 = 9l 3102 U3 %ItH48]. BChES)
&/3 Ser198, Glu325 2 His438¢l ©]&3st, Ser198°] 7121 313t
ol Ag= oJAETH49).

BChE2] -9 200 mg A =2] 0] FoJ=ojok 2 x LDs 2] 4k
o thall QIAS K38 5= QIth50]. BChES] A2 A&A s £2=
7717 S8l oy EIRlolAlE AR, 1% sl
BChE-G117HE wt BChERTF AR 2 vxell disl] 212+ 1,0008)] 2
7,9008) = Ageo] a1, Eliks} 45 (dephosphorylation rates)
= 27+ 100 22,0009 T #3k0H32]. ©] Aol = BChES] AlE
Al £EE Fo)7] A3l kel FHES = GluloTS =]
Ao 2 A= AAYLE AAR, dd GI117H SdHo Aol &
2], 2% Z9WolA| BChE-G117H/E197Q= Ankol| &k o)A & Zuj
S ARAoZ AU 5 Y3T) Sl EAROIAE AR Y
vxel disll Adst S5 sy, 59EA rsle] H
A E 78] Fud vlo] LANIA R FEH 7)ol FEskA
SFSkTH32].

TSk, 18582 BChEQ] AR H|E WejA Feto] 7] wlFof
BChE®] t® Aate]l =38 73 A3 BChEE AAHA, o=
wt BChES} ¥]w s vl 3 wixk|7t &4 gokeh vy A48
23 =¥ o7 A2 BChES AChES} vE7IA| 2 PEGylated 3151
gy 71Yg] el 2 x LDs® A&FHS FARE § 2 Wb Ad FHell 72
mg/kg®] PEGylated A|Z3 BChES Foi3t 24 Ao 55 A%
g AEE 100%2] 87E A% 5 Utk S B3 A5l

= UPAT 3} AAE YA 5
© AUATH50].

Ft Aol s Sl FARFE He] "HojA Qs 4771719 o]
ik X8-S T3 92 BChE WOl A|(BChE-MANE ooz
igtoll ] HEA = Qs ol E377C/AS16CE F71 815t
o] dojx BChE-M482] 7-9-oll= 53] 37 CTolld A LU vt
W75 7o EN IER QPYE nlo] a2 A &g 4 9l
& HAF3ITH51].

ARA o=, oA AFyd diHEAES 5L Ao
sk, S4EA S 134 07 Woldhs o)Al sty X s
ZH= U1 (endogenous) THldolt), Tl 318k 7)< gl 9]
Edo] f3 WS 53 v EeE dels o= A Ay
& AFYo, o) Wil HolAE AR e 31k AlF
JaiA el 2gsle] =2 F] 88 S5 (Kw/Kv = 1 x 107 M'min™)
2 E5AEAS 7R g ok F71HQl o Bas A
o7 Helth

2.2. N FI0IM Tl B
Ak, BHElEle), alxF SO RN HEE A F71QA TR

BAES AF Alenko] £ E(xenobiotic) HAdEH] el = w2

B85 YERA] && Aojghs Q12o] S ke, f5 X
2 i >N O =2 HO —
3Kdirected evolution) B A+ 7] W (computational design)2] Z1}%.

= ol A maaES APATCEA O S a&E 4P &

N

BAZIE H B2 719E alea Qlnk offl AelMe HA aass
ofGA AEABIG AL, B IR QlE) o= Fwe] Fvl g8 o] o]

o] hete] thar Atk

2.2.1. LEFS ALK 1 (paraoxonase 1, PON1)

PONI12 ZH5 934 71538 &2(Ca®*-dependent hydrolase)©] ™
AFke] PON1 (HuPON1)2] 79 7hollq A == deh A (glycopro-
tein) = N oA Akl 12 (phospholipids) % ZFHAHE 2=
dlollo] E(cholesteryl linoleates) GAtsa-& 7Hraalgho=zZHM AUE
A A (low density lipoprotein, LDL) % 17 % Xeh® A (high den-
sity lipoprotein, HDL)2| 4telE ofWstar, olefst & yite] 54

& 73 8l(atherosclerosis) 3 A A gke] ofpgel] Tk WA
2 44 QTKTable 1)[52-54]. HUPONIE 51-& AHEZ Q] of A

2, XA U f7]AE 7R & = 9ol 53] 2E(lactone) S
b gatA o g Rasrhss].

1At AFAC s FEE] W mido] Aol ol
43 Bo] gl Ao W FTH56]. AEAl 9
3 =% F PONI1S 3Lt PON1-knockout¥ F 7] PONIS
Fleh= A9 9 7 A9= Z38) PONI©O] 7194 AEA 2 5E 2
A W RS E Atk o] FRIETHS5].

Q1A Wiell A HuPON12] f7]]1 3lHE 73l 52 17191 3
FE 590l ot wkg W17 7o) 3bdE 8kl 412 PONI

1=l

o
A} o Al(genetic polymorphs)$} 7HA] 7F W £3=9] xlo] @ 7]

.
o)
5~
Q
Z
1o

& TR A1 SAEE 9 ASAIE TR & 5 Qe A
[58-60]°l1 4] Sul/d wlo] @ ~7HIA o] Ag}et SR =Z wEFTh 1.2 x
LCs® AR = 2ol F5 71w Z1el] Akt 8L E7]9] PONI,
E= Ve EA5EC] PONIE AZee 245 FAlstd Foishal
< o 7|V 2e] AE Y 3]E8-E0] A FEEE Flo] HEE F3l
15| 9 t(Table 2)[61,62]. AIE PONIS 5452 55 o|xlof &
o Al AEEO] 20%14 75% 714 FAEGIOH 5 o]Fom HH
Yl oA 9] AChE &5 Hedh 4 itk 2ev o %2 852
x LDsg)8] AF, 4Rk Alo] &% AR Boi= EREel eEd 714919
7A-9-oll= A3 PON19] &8 58 o4 X852 a7t g9
oh sdst A, e TEESS] 4 4 x LDsy §%2 S229
2132 S-<5(chlorpyrifos oxon) W= 2 x LDsy £%2] tho]olE<(dia-
zoxon)o|A & AoPadS 4= QI31E=H[63], ©]i= PON1S &34]1 Hlo]
LAARIAEA e8] i dF w20t okdet 719l Sk
B S 85 7= Aol T3t FE AR
olef] IR 77191 BEE Tkl 58S 2L FAlel 1A Ul
ayxo g W= = 9l HuPONIS 7] S8l = 213F 2 @Ak
A o] ARSEIITE 2 Zgk 9 dAk A e R 22
(A EARo] futa} 722, WA ol |(variants) 2] W 2 A
OJAIEL] Fvll Tl st AR THAIE HsgEct 9] WS B

i
>
)
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Table 2. Recent Research Trend on Catalytic Bioscavenger as a Post Prevention and Treatment on Toxic Organophosphorus Chemicals[131]

Toxic OPs Exposure route OPs dose Bioscavengers Protein T1m}ng Animal % survival Intoxication — Experiment
dose (min) symptoms  length (days)
GB Inhalation 1.2 x LCy HuPON1 4 30 Guinea pigs 67% Light 1
(846 mg/m’®) pig ° &
. 1.2 x LCs . . 0 .

GD Inhalation (841 mg/m’) HuPON1 4 -30 Guinea pigs 75% Light 1
. 1.2 x LCs . . 0 .

GB Inhalation (846 mg/m’) RPONI1 2 -30 Guinea pigs 73% Light 1
. 1.2 x LCs . . o .

GD Inhalation (841 mg/m’) RPONI1 2 -30 Guinea pigs 71% Light 1
Sp-CMP- iv. 2 x LDsp rePON1(4E9) 22/ 11 =60 Mice 63% / 45% Light/Moderate 14
Coumarin

GF s.C. 2 x LDsg rePON1(1IG1) 1/02 -60 Guinea pigs 100% Light/Moderate 0.125
%A]; %1; s.c. 5 x LDso rePON1(I-F11) 03~12 ND Mice 90~100% Light 4

VX s.c 2 x LDsp rePTE(C23) 5/2 45/ 15 Guinea pigs 100% Light/ 0.125

e Moderate-sever ’

VX s.C. 2 x LDsg rePTE(C23AL) 1/2 +5 Guinea pigs 100% Sever 0.125

GD S.C. 3 x LDsg DFPase 71 -5 Rats 50% Sever > 1

GD S.C. 3 x LDsg DFPase-Mut 358 -5 Rats 100% Light > 1

GB S.C. 1/2 x LDsg Human liver prolidase ND ND Mice 50% / 0% ND 1

GD s.C. 1/2 x LDs Human liver prolidase =~ ND ND Mice 0% / 0% ND 1

GF s.C. 1/2 x LDs, Human liver prolidase = ND ND Mice 33% / 0% ND 1

*ND - Not determined, *i.v. - Intravenous injection, *s.c. - Subcutaneous injection.

3 vl F72] 5= PONL F-4+] /-2 4 &% (gene-shuffling) T AeE BRIETH69]. SFEFICIEG) B SAZOHAH | E
% A=t PON1 Ho| A S AHsko 24 HuPON19] &2 &Y (OxAc)E 2-AEZFEF O] E(2-ketoglutarate) X O}~ ZE|0] E(aspar-
3tk o] gA A E Wil A rePONT)S digtolA] & 8= tate) = AEA7]= GOT1 o 9 HoA T24 A ddE4o]
AW 23 HUPON1F= AR Sl 5498 YERITH64,65]. 1= X A A7 249 £ 9 oY HAE A= G sEE HEA
8 5l AL AA PHOR ofe Ao Beldo] Wl Aded AUS  REY] 9% FulY Glu Mol S AANAZA A 5 ek Ao

7, rePON1ol| Bl3| Ato]ZE A 71738 F=o] 1354)] 7A€
rePON1 HOJA(4E9)E 95 4 UUTHTable 3)[66]. 2 x LDsy &2
APOIER AR FAKSp-CMP-coumarin) S4Ed 2 & 5 417171

1 h A, AL%(1.1 mgkg)d] JAE 495 oY AgoA Foigls

ul, So] HashHa S 50%7H T 5 gl tix
TOE wt ePONLE Folalole Wl A7k sk X3om, &

= 5 min A %F 381l =A]Q1 Atropine plus 2-PAME £330
el A H ozt AESE = QU9

F7H219l fi gk WS o) AL PONI S BE GAD £7)
Q1 BHBARL, 3, AIZE AL W BHyate] Sv) Ego) )
AAE3IH67,68]. GAID HAdEAe njal Thalzt ofele VAR
#7121 SAEA ] M Zial] 28-S %o)7] flal f= X3t
9 AR A S AFSSH] rePONT HIOIAIE W 8A7| 3} -8
PO}, FulAd vpo] e 2 AWIA ] Q7 E = W] TR a 8-S o
A ZPirePON1 HolA9] H1 F1 &8 kew/Ky ~10° M'min™).

AR X BARA Y] 848 E1sky] $18 EtE](parathion) 2}
HetEE AFAE A8 0% TS rePONI HOlAH S A
a A3tk o] AFolAE 2 mgkg FNA T5E A 1 min©]
At F 8] Aol SFEH O] E-SAR oA HO|E Ef o ubA|
(glutamate-oxaloacetate transaminase, GOT) & 47} 7)1/ % rePON1 ¥
olA|g} &7 Fold 9 1.4 x LDs, 39 delEore g

3sst ® 31 A A 2 =, 2020

GOT17} OxAcE Aol Foisials ul, £71 & S5l sl
Trelo] AYH o R BIEE= AR YERHTH70-72].

o} =nfo] 2 2~ (adenovirus) & E$ HUPON1S] Hd2 S22
FA 2 Ul tolojEke| o3t FES oWska71,73-75] ¥ A9
AChE &3& sk ZoZ dafitt 5 %181¥ rePON1 Wo|A]
(VIL-D11, I-F11)E ofdlienlo]g A WEIR 2 (cloning) 3 3 F o
Foak3lg ul, g F&= 6.3 x LDsy §%2] dafe<=01} 5 x LDs,
o] gaFo] Al Ak Alo]EE AR Ht= ERES 43] RHE Fo9 7
So| = ehH A ®BFEATHT6]. LEE rePON1 HO] A= wt PON1
7} 7o) 7499 S5 Jollo|x HDLY ##Ho] Q= Aoz uslzl
o, PAelA 6~7 day 5 LEEFH T 4.1 mgmL)E F-A= 31k

=2 ) 58, A U AEI 5, QA AR wE2E
Zo] HES B G Q Hlo] Q AANIA EA] ZhFojof B H|Z
Eoll 9lo], HuPONI AHAIZA 1 $538] 11 2AES THA71A] 3
tH18,63,77,78]. 1 F 5 %18} 9 A4k A WS AX dolx
rePON12] Wo|Al:= HuPON1 2] 3HAIE S53ta GAIE /719 54E
Ao tfgh Fulld vlo] L AFNRIA A F& F1HIL E 5 Qe Slolrh

2.2.2. ZAEEE|0| AH| 2| (phosphotriesterase, PTE)
PTEE I AZAIE 715-Ealst BESF wEg]ololx] A50=
A e vhelglo} g4o]tiTable 1)[79,80]. 71314k A4 = Eok
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Table 3. Bioscavengers Catalytic Efficiency of Wild Type and the Most Improved Variants[131]

Enzyme Variant name GA GB GD-f GD-s GF VX
PON1 wt 0.043 0.008 0.0055 0.0015 0.013 <2 x 107
PON1 4E9 ND 0.03 (4x) 0.74 (135%) 0.058 (39%) 175 (135%) 8 x 10° (> 40x%)
PON1 1IG1 0.23 (5x) 0.32 (40x) 5.1 (927%) 5.1 (3400x) 3.4 (262%) ND
PTE wt 69 0.82 0.1 0.01 0.005 0.001
PTE YT ND 12 (15%) 3 (30%) 3 (300x) 4.8 (960x) ND
PTE C23 15.8 (0.2%) 14.8 (18%) 0.83 (8.3%) 0.83 (83x) 0.46 (92x) 0.5 (500)
PTE d1-1v ND ND 0.38 (3.8x) 0.11 (11x) 0.15 (30%) 0.35 (350x)
PTE 10-1-D11 12.6 (0.2%) 5.5 (6.7%) 0.07 (0.7x) 0.07 (7%) 0.32 (64x) 5.1 (5,100%)

DFPase wt ND 0.25 ND ND 0.1 ND

DFPase Mutl ND 1.4 (6¥) ND ND 2.9 (29x) ND
OPAA wt ND ND ND ND ND ND
OPAA FLYD ND ND ND ND ND ND

Prolidase wt ND 8 x 107 2 x 10° 3 x 107 3 x10? ND

*Attributed to the two toxic isomers of GD: SyR. and SyR; f - fast, s = slow; *ND - Not determined.

dhelg]ote] AE U2 f9% F ity 22 o wedk BxiE 1)
Aoy wegote] 44 Bl oAlUX|e] ot Qs FHert Bl
gofe] HEZ ol AFAE EallsHs PTEE £<12 57 wliEol &
71 =35 s A% A EAE 14 = SICH81-83]. PTE

&5 7o E Eeta,

fol

3
< I FEEH dAR 52 S
714 ALe] A-gAlel disiAe 1 o] Y= A} itk
AR PTEE &%F 2 Aol 22 A 7-28l9] A9 23 &2
AES HATH84] VXl tisiM= afo] 4l vekom[8s), uef
&0l gt Zial] a8 vn S ol AEAlel gt 7
3 A& AR5 W2 =70l tiTable 3)[83]. welhA PTES 7|4Hk
O7 3 afdo|x g AHEYS Zhe Fvld nlo] e AAIRIAE
3 F= gk @ dAF A g e] Hgo] dagict

F7101A BB VR 288 =9 PTE WolAlE AgA7]
+ Aol glol, PTES Bdh= opd F-44S W Zefan=g 2
2sto] gyt AEE Fd HBAFLh T o2 W0 Z & Esche-
richia coli (E. Coli)*l|X] PTES] Hd 55 27| ©AZ /A8 $
& F% 23k S ARSI TH86,87]. DNA ME3[88], 48] &
Arol[89], H-9-50]7 Edwoe][90], AL AA21] 53 &) <l
9 YHEY 235 53 PTE EAWH0)A glo] Heg](library) =
Adsh7] 18l PTES] A7 T8} Full AlAE e gl s 7))
THOL]. vhekgh whal oz S e tiall S4Fo2H of# PTE WolA|
S A = olla, 1 S AR e TS Fu) a8% G- 9 V-
SEAS] 54 oP3AAE 7wl 5 ol HolARE st

91

o} Al &85 =REFCH21,91].

foi
o

M
gg{

(o]

PTEZL @A17H4) Wis) 7bg Efrslo] sl A1l §7]el 7
S0y vho] oA RS 5

o
w3l JAoll shAIRE JaA ]
s7] flEiME 71t SEARe] TgtE 29S8 STHIACK
ok FE g 2 ALt AA RS Sal 2ok &80) 7€ PTE
HOA|(10-1-D11, Table 3)E V& F YN, ARFASAZE &8 A
o= AE 9 | 5E Sxleked o] HlolArt JuAow AREESITE
gk PTE HolAlE RVt SAEH ] S59 7|3 1e] Folst
7] 918 2| =AKintradermal injection)2] ¥ A elst Ax} vXol|
oJgt AP 4l WAl HAE dWsta doeA VX R 23]

N

1o m ¥ o

1217 =9 ACKE SIS HEACR RED F glgo] By
o} o= SR 25 A 7H kst Al

0] Fol7t FFsebsl GO, PTE Mol Ale] AL A 2A|2A
Fg4 OIF AU FelFeirkon),

223, EAZEZ|O| A2 ASH(PTE homologs)

PTEXT} 20708 of]icilg o BASHAA oAl A e §lof
= PTES} 90%°] &UAE 7+ OpdA (organophosphate-degrading
enzyme from Agrobacterium)i= S5-2] Agrobacterium radiobacter P230
olgh= E¢F whe|glot #FERE ¥ ${vhTable 1)[93]. PTES}
AFstAl OpdATe A:Rb} Alo]E g Al 54 o)Al wlalx=
At g87 7l 7hs o, VAR f7191 SAdEdel
M= @ F8H0I12TE OpdA (0.15 mgke)= 3 x LDs, &3] t}o]
S Z 2 W X(dichlorovos), “E3}2}+E]2(ethyl parathion), ™d 32}l
(methyl parathion)?} 2 AFA 22 AolA A 7wl ol
= ) B8-S BTH94]. HelFRER A 5 AR FH 9 A8
5 A5 OpdAE 7o Al 24 h7h Bk ARl & 100%8] 4
&5 1oy, gsEtEl 2o At F5 254 10 min % OpdA
£ Tl Aol & I vAA &k s S5 545, 90
min®] A|%S w HHEEle] OpdAE Foidh Ak, 24 h A3et A
A 62.5%2] BEES Bth
2] PTE s 7191 sh=9] 7hrialiell Slo] 1 &80]
o8t 2[95-98] {71UAE SAJEH el dhall A3t S 2t

TEZQ AT o] Aok o]l AqtellA IEksE 7t
3 285 =9 25 &3ElE|F A (sulfolobus solfataricus,
Ssopox)7} AHE I AlO]FE ARIS] 543 oA d Aol sl 1 Fwij
FEO| a7t AAETHE S v eE, o] WolAle] {74t
S84 et & mEd A ¢ s Aolek AT

o

+r He

224, ClojO|AZ2H Z2 Q2 FAIE|O0|=(diisopropyl-fluoropho-
sphatase, DFPase)

DFPase= St 249 Loligo pealei 2 4 2739 Loligo vul-

garis®] FAOENE FElE EAEA, 424 AR A DFP9)
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ERE, A AL APOlER AR ZEElE & gl AoR U
ZtHTable 1)[100]. wt DFPase= EA =49 A= i3
E AeEols B8ta, AR 9 Al EE Al disk Su &8
o] o}5= =T Table 3)[101].

DFPase®l] tiall F9-27 EAwolel XA W F/d#} AleHneutron
scattering)= B3l 7HEdll a0l JAE WolAlE sk, olE
H)ggd Z2H<l PEGS} skl vl X5 ok tigh <Al &
3 EAJ(immunogenic properties)7HA] /At = A7 A RH
Stk WA, F9-%%4 EAMo|E AX S271A-DFPasei= wt DFPase
of| ujsl DFPOll tht 7143l E&o] 30% S 7F=%137[100], DFPase
o] A% T2 o XA Y F/9A} ke Egste] A 45
Eoldol A (Mutl, Table 3)%= DFP, AF, Alo]Z =2 Alde| tisf H o)
20u 9] ThEal B Tl 9 AR e AaE o]F3itHio1].
DFPaset= H| X7 WhjZo]7] uito] Efi-5=2 degddo=z 9l
g o YollA AAE gHgo] = upEiA o o v v
MRS E2)7] Q1% o R H|EA ZeuE vAS WPAA
AN FA, Dl Ba)|ol MESAHOZRES B, PR TR
Aol Mol AAE A 5o adE daAk Pok102,103]. ©] BE
P& AA WH=01X] PEGylated DFPase ¥©]#|& 3 x LDsy 822
ARl lEA1717] 5 min A Fo| Fojst AR, T x2S F
% 15 min Yol AF43t ¥bH PEGylated DFPase MHo|A1S FoALSH
E 25 %24 w7} A3 o]Foln AEEATHTable 2)[103]. &
ATellA] AEE DFPase TAHOAE AF 2 Alo]FE Al &
Ad ol ddA e Hisl =2 Fll &S Holr ZulAd vho] e T A

N

2.2.5. wsjulA W 230(senescence marker protein-30, SMP30)

HuSMP-30-> 7+ 2 A% Z2oA 2 W Em, & A ZA1E(an-
tiapoptotic) 2! @AFSKantioxidant) & SHERE o2} Ca?t 274 dl uhy)
7y gl o3l AEks sk Z1o® ¢# A QITh(Table 1)[104].
SMP30-2 AF, 4Rk EHE DFP <202 7rE|7F 3840w, &qt
9] 7A9-olli= 4714 o AAE FUF E5(~2 x 10° M'min)Z 7}
FEER= Ao HuErH105,106]. AZFE HuSMP30S tha+
ol WA 7= b AZ3e 2M[107], SMP30S Egsle] BT} &
F2<l Zulg ulo]| L AMNIAE Jisly] 9% f & W3} 9l WAk
A BakE 7re = 9lE Flolg dAEnh

2.2.6. 77|214k QHSHO| EE 210 A (organophosphate acid anhydrolase,
OPAA)

OPAAL: W= HEE £EH O Ao e S5E5AA
(moderately-halophilic) B}Ell2]oHAlteromonas Sp. 5 JD6.5)°l14 &
gE o ofe] §712 el dal w2 v 24 S
Elti(Table 1)[108]. OPAAYE C-eHC-terminal)ollA] 2712] Mn**
o]2ell Agate] DFP, &4k BRE, AH, AlOlE &AM, dlehes 3
GP(2,2-dimethylcyclopentyl methylphosphonofluoridate)®] 7}~23l&
% = flo, HZos mHFe| tiEiM e B 5L S B
the ot A7k A3iE109,110].

OPAAZ] VXol O3t 73] &85 Fol7] fsh Wos ¥
Sol7] =dwo] Whfo] AREE ek /¥ OPAA 3% =<iWo]
© VXS] A5 ol Al tial Fuf dmgo] 367 T =S
(Table 3)[111]. FA°] ¥ =& VX oZAAE 7123 5= 3
= F7H]L Fawe] AAE el hEolxl OPAA 4% =<inio]

X o

X

3sst ® 31 A A 2 =, 2020

© 2 v &&o] 16M] FEgtel AAER] ZHANL T 7FA] o)A
A5 BF 7R ¢ dvks o 99t A
SHH, OPAAS] AU oHY/d R fal YAld o=z ekysle =
Z(stabilized liposome, SL)°ll OPAAE F&E3}sIEY o oA
2335 PYARQl dEHIE AAISHAAME & &S Yeh= 3lo] 4
HESITH112]. OPAAE 7NAAZ|32) ks A ool Z1X%] ¢y,
ARA o] =il 38 S-S M 5771 72 A|(meta-organic
frameworks, MOFs)l| 300 nm&] Z17]% OPAAE &3} o zH =
Aed 7R 288 A AAFTH113]
AEH O R OPAAL 711 SAEAEY, 6Py 7
| Z&o] vl H5 5 AN A5A ol Aol tgt Asx
st =& I Stk OPAAS] Fvl| T8 7iMsh] gt ko= o]
A

2.2.7. ZE2|CIOH|(prolidase)

AFEe] s Zg ttolA|(HuProlidase)= T tiake] HE @rloA
ZQ3F oJ3ke- s, C-Eete] ZEW(proline) T SO EEA|ZEY
(hydroxyproline) <4715 ek HHE =9 7eEsll, 53] Gly-Pro
A i S GdsitlTable 1)[114]. AFE-2] 7holu}h thi bt Al
2 RE A A% reHuProlidase: A%k, AR, ERE, Alo]E=
AL T SAELS 7Rl 4 vkar Hars v 106,115].

ofd|iznfole A W HElE 28319 reHuProlidase”} DFP Wi
F71014F ZAEA o3t Lo 7HE FHZE o]u- AL HITE
AeA] BRIsHE AFelA, o] ks ALY AdlA & 52
ZE|tholAl ] Hol | 9% 100~1508 S5l
%, 1 x LDy 8%<] DFPol| 7 ¥ 73 =29 F9] 79 APgAIZIo]
Ag 4~8 h F AAE NS Eel3iek v7IAIR, 1 x LDsy 8%
AR, AE e Alo]E R AR CZRE HAE B3 fHolx A
FTKTable 2)[116,117].

FAEHA otdlwHlol A - WEE 7FAAIZ] F oA mouse
BChEE TAAIX & dizol v]3f 500~1,5008171 #2 FF
O F BChEZ} &dHlom, g FHe AH, &Rk W A2 2 AR
o] FUs AeIA 24 h B AL F UATH117]. ©]& ot
vlo]H A e WEZ 7917 712 €% reHuProlidase?] 5=7} o
Zare] vzl 308 gkl =2 Ehthe Heoll BlFoi RS o, @
¥ reHuProlidase®] 85 F%7/F S3EHAZNE FHE B3|l
T 9RFoIe Foleks A2S UFth 3t prolidase= #7121 3}
hEo] digt Su) g&o] W] wlitel F e 4= A¥elA] BChES] 72
-9} Zol7t U AOZ HRIth wt HuProlidase:= 7114 54
o] g3t F&o gigdshr]ells a8do] BN f 21sh W
AN A S A8 5 ANE Ao HoFlt

2.2.8. HIEOZE[2 Jt4eE8l A (methyl parathion hydrolase, MPH)

MPH<= Plesiomonas sp. WBC-3%2] pZWL0 Z&FAH| =oA] k7l
H Wgatge] e 7sl f- A2 mph)oll 28] s wEslatE
2, SEtEe 22 f71Q1 3itEs JEEsishe Alo® dHA
UTHTable 1)[118]. mph A= o] BHelgjolr} we shehe]enks g
e, Ax gl yA] FEA0RA o8 5 Ul Fth MPHE tiE
HoERE ddE T YAE 30, @ B/8 a MESAEIL BA
& G (monomer) W oFd B FF=F o]22] o] AlE]|(binuclear
center) & FHreITHE HolA] ofdd o] 2uks sk wt Thld A=



2 was

Rl

o

> S

[e]

7 =4
2tol7F QITH119]. MPH WlEstte] ol ialA= Ful a8&o] =
A9k, el atepg vt 22 57190 3Rl sk a8-S oF 3uj7HH]
o 1o 7 W ATHI20] i X3 S Fal 7R E MPH Ho)
A= odueleEnte] 85 100874 72 4 Aoy
[120], 1A vlo] e AAHIA 2] ZAAHE H7kel] Yalirl= ot
et fr1ar HAEA D 1 o) d Al Higt a8/de] Aok
s A4S Yok

382 9 ud

EI_XI_-i

AN T oHEo] A3l flEiAE A0 E Q]
o] kg7 dso] QIS E ook sttt 53]

9] A9, AdlellA wuA okFo] 38X
Aol vl wiig 2l $3 50 A
W3k o7t A estti121]. @z ZaE ko] o] 71| A
ET8RT, A 409 d 59 PEGE 2 FEAIE 53 v g
8] 58 71 AE T =85S Foto] il ofe-g
|EAZA Bgal ghth122]. SA vlo] @ AFNRIA] &
o]t WS nig o T3] 2| AsEAE WAL §
Ay,

07 Aol B8k,
9] o] HityAl zla ]
OFEZF, 2-PAM ¥ To|obAlE &
O}, f o ARFAEA7) ol o ilA
o gk H o7} Q). AAEA &Sl
18 g njo] 9 AFRNIA T} Hd
FEA plo]| 2 ATHIA = EAE
Ao 2T I TS

=

(

9
71e
ek

A5A7} s
o7 uyH Qe
slt} nlo] AAIRIA Foll A=
lof] 5 ANBARZHE &

T A7 =7
sith= HollA] thge] il okE-S R A o7 ool shrh= X
B S Zta Qlvh sERIRE Fud wle] @RI 9] Aol
shte] B} vre] {7104k Akl tial] Wigo] 7hsEl]
o Ageke] dwlARE g4 oas o 5

#1097, 7)Ee) SEEES TR
AR G4SN I8t V)&
THEAM S Ful| g &o]
- A o7 v EA(PONI, PTE, DFPase)”} VA
TG (Kea/Ky > 1 x 107 M'min™)Z 733

R

A

v

[e5

Moz B
Al EgIe.

A, ok Zul o] oA A83197] 18] Adsiol
e TAISo] wob ek, )y wlo] o AsNIAE 2§

= AEel) slalit, A e uiel o] whudl okio] 74 4

@.i

gl

>~ =3
AgEd

ol Wy, oFBSh 9 oRisa B4, WA W3, YL A
A8 A 5 Tk wARAEE S Folslo} & St
7 A
o A7 STARIEHL 8 WMD EATAIE 2] 408 vof 4

P9k

o
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