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1. UVOD

Organofosforoveé inhibitory acetylcholinesterasy ujsgelmi toxické chemické
sloweniny, které jsou ve velkém mnozZstvi vyuzivany medlstvi jako pesticidy za
Gcelem zvySeni hospotkké produkce. Do kontaktu s nimighazi velké mnozstvi lidi
a kazdy rok je zaznamenanibtizné milion otrav a statisice umrti vagledku otravy,
hlavré v rozvojovych zemich. #i@stoZze je pouzivani vysoce toxickych OFI jako
chemickych bojovych latek zakazano, byly tyto latkyninulosti rekolikrat zneuzity.

Z téchto divoda je vyvoj novych metod profylaxe a terapie intoxikeOFI stale
aktualni. Sotasna profylaxe a terapie dokaze ochranit intoxikéh® jedince fed

letalnimi &inky OFI, ale nedokaze zabranit dalSimu toxickénidgopeni OFI, které
muze mit za nasledek snizeni vykonnosti, poruchy &hpvztratu ¥domi a mozné
trvalé poskozeni mozku.

Souwasny vyzkum se zabyva vyvojem nové skupiny antidot, biologickych
scavenger (,vychytavata“) OFI, coz jsou enzymy, které jsou schopny zliloxdt
molekuly OFI v krevnim okhu jeS¢ diive, neZz se dostanou na misto svého cilového
toxického @inku (acetylcholinesterasa). Bioscavengery mohot noydileny podle
funkeéniho principu na stechiometrické (jedna molekulayemu vaze 1 molekulu OFI),
pseudokatalytické (kombinace stechiometrického daesngeru a reaktivatoru,
obnovujiciho aktivitu tohoto bioscavengru) neboakgdické (enzym &pi OFI na
netoxické produkty).

Tato diserténi prace se zabyva moznym vyuZzitim enzymu fosfstei@sy jako
katalytického bioscavengeru a dale navrhem watro testovanim pseudokatalytickych
scavengar organofosfat na bazi cholinesterasy v kombinaci s oximovym

reaktivatorem.



2. TEORETICKA CAST

2.1 Organofosforové inhibitory AChE

Jsou to organickeé sloéaniny fosforu. Sloéeniny podobné struktury se pouzivaji
v zemeédéIstvi jako pesticidy (insekticidy), dale vimyslu jako zngkéovadla,
hydraulické kapaliny, pro neHavé Upravy materidl ve veterinarni i humanni
mediciré jako |&iva nebo jako experimentalni skmniny pro vyzkum nervovych
funkci a rekteré z nich mohou byt pouzity také jako bojovénluké latky s nervoy

paralytickym @inkem.

2.1.1 Nervowvé paralytické latky (NPL)

NPL jsou nejvyznamiSi a nejnebez@eéjSi skupinou bojovych chemickych
latek. Jsou vysoce toxické, relatévistélé, jsou prakticky bez zapachu, maji rychly
nastup dinku a do organizmu pronikaji vSemi branami vst(iphalainé ve forme par
sliznici dychacich cest, perorélrse zamtenou potravou a vodou, spojivkami i
neporuSenoui). Syntéza NPL neni slozita, je p&mm levna a jsou proto vojensky i
teroristicky snadno pouzitelné. NPL byly poprvéteyizovany ve 30. letech 20. stoleti
v Némecku jako insekticidy a diky jejich toxigitbyly nekteré z nich z&azeny do
vyzbroje vybranych armad. Do p@gi zajmu se tyto latky dostaly i v nedavné @ob
také diky zneuziti sarinu sektou Aum Shinrikyo ¢edl 994 ve rgstt Matsumoto a v
roce 1995 v Tokijském metru. Tyto incidenty si wfaly celkem 19 oHi a rekolik
tisic zasazenycHL(2). Dale byly pouzity IrAkem v iransko-iracké val(d®83-1988).

NPL jsou vV literatie ctleny na d¥ skupiny, které jsou ozdavany jako G-latky
a V-latky. G-latky (podle ,German®) bylygvodre syntetizovany v Bmecku ve 30.
letech minulého stoleti jako nové typy insekticanigripravki, pozdji vSak byly
pouzity jako komponenty chemickych zbrani. Jsobepbarvédkavé kapaliny \Eistém
stavu bez zapachu, relativrdole rozpustné ve va@da vybor@ v organickych
rozpoustdlech. V terénu vydrzi bez ztraty toxicity (v z4osi na latce a klimatickych
podminkach) &kolik hodin az dni. Zastupci skupiny G-latek jsabun (GA — O-
ethyldimethylamidokyanofosfat), sarin (GB - O-isgpylmethylfluorofosfonat),
cyklosarin (GF - cyklohexylmethylfluorofosfonat) aoman (GD - O-

pinakolylmethylfluorofosfonat).



V-latky (podle ,venom") jsou bezbarvé kapaliny beyrazreéjSiho zapachu, ve ved
jsou Spatd rozpustné, v organickych rozpoédiech a tucich jsou rozpustné deb
latky, ve srovnani s nimi také Iépe pronikajzk Zastupci této skupiny jsou latka VX
(O-ethyl-S-(2-diisopropyl-aminoethyl)-methylthiofoséat), kter4d byla do vyzbroje
zavedena po 2. 8tové valce a jeji struktura byla publikovana adee 1974 a rusky
analog této latky VR (O-isobutyl-S-(diethylaminoghmethylthiofosfonat).

Latka se sedni tkavosti a jeji analogy — oz¢mvany zkratkami GV, GP, IVA
(intermediate volatility agent; dimethylamido-O-d#methylaminoethyl)-
fluorofosfonat) je svymi fyzikakchemickymi vlastnostmi podobna ostatnim NPL.
V terénu vydrzi déle nez G-latky, ale kratSi doled fatka VX. Neni znamo, Ze by tuto

latku méla nektera z armad ve vyzbrojB(7).

Obr. 1: Chemické struktury vybranych NPL

N o)
Q Peod 7 R //O
HC (R HsC P P
N d ©CHs / “CHg
| O—\ O
CHs CH, HaC
tabun sarin cyklosarin
CHs
/ o)
cHy, F ohy, N R/
—P= 3 <
HsC CHs N CHs \N_/_ CHs
CHs ch—< wd
CHj 3
soman VX IVA

Béhem 80. - 90. let byla Ruskem vyvinuta skupinak&aenazvem Novichok

(,nov&ek"), o kterych se howo jako o teti actvrté generaci NPL a jsou ud&ji0x

vvvvvv

neni zndmo, ze by j&jaka armada #a ve vyzbroji.



Obr. 2: Redpokladané chemické struktury latek skupiny Nookch
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icinek je mozné vyjédt hodnotou mg.mif.m?3, coZ je koncentrace latky v daném
objemu vzduchu, kteréripurcité dok& expozice (1 min) vyvola smrt (L&) 50 % osob
pii inhalaéni expozici. Z tohoto hlediska ma nejvyssi toxidditka VX, niZsi soman a
jese nizsi sarin. Latka VX je diky sve lipofilitvysoce toxicka i P perkutanni expozici

(3-7).

Tabulka 1: Toxicita &kterych NPL praslovéka

Latka Inhal&ni toxicita LCtg Perkutanni toxicita LB
(mg.min*.m?) pro ¢loveka 70 kg(mg)

Sarin 150 - 1000 500 - 2000

Soman 70 - 500 500 - 1500

VX 15-40 10 - 60

V sowtasné dob je pouzivani chemickych zbrani zakazano Umluvadkazu
chemickych zbrani a o jejich z®ini, jejiz posledni verze vstoupila v platnost 14.
1997 Q).

2.1.2 Pesticidy

Vice nez 100tiznych OF je pouzivano jako pesticidy (zejména sktisidnim
acinkem) na celém s¥¢. Jsou aplikovany asi na 95 procentech &iské pidy(9).
OF jsou silné a velmidinné insekticidy a v této skugirpesticidi jsou nejpoetnsjsi
skupinou pouzivanych latek. Skupina OF pestici¢ dale dlena do ®kolika
chemickych podid, jako jsou naip organofosfaty, organothiofosfaty, fosfonaty,
fosfonothioaty apod. Vikledku expozice pestidich dochazi rdn¢ az k miliénu
piipadi otrav a tisi@m amrti, zejména v zemicketiho s¥ta (10). Jejich Siroké pouZiti
v zemédélské velkovyrols i dostupnost pro maloodiatele dava moznosti nahodnych,
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profesiondlnich i suicidalnich intoxikaci, proto |éba otrav organofosforovymi
sloweninami stale vysoce aktudlni. Zastupci pouzivan@dh pesticid jsou nap.
parathion, malathion, dichlorvos, demeton, diazjnofosalon, chlorpyrifos,

methamidofos, dimefox, leptofos-oxon a spoustyidal§l1;12).

2.2 Cholinergni pirenos

Cholinergni penos nervového vzruchu je na synapsi zped&bvan chemickou
latkou acetylcholinem (ACh). ACh slouzi jakofepasSeé (neuromediator) na
nervosvalové ploténce, vCNS a ve vegetativnim o systému na vSech
pregangliovych, vSech parasympatickych postganf@tiova rkterych sympatickych
postgangliovych nervovych zak&smich. Syntéza ACh probiha v cytoplazm
nervoveho zakareni z exogenhdodavaného cholinu (z potravy), na ktery je namaza
acetylova skupina z acetylkoenzymu A. Tato reakee kptalyzovana enzymem
cholinacetyltransferasou (EC 2.3.1.6). ACh je wdmu skladovan v synaptickych
vezikulach, jejichZz obsah jetipptenosu nervového vzruchu uvéin exocytézou do
synaptické &rbiny. Uvolneny ACh se navaZze na acetylcholinové receptory (AChR
coz jsou membranové proteiny skladajici se&kohka podjednotek a nachazeji se na
postsynaptické membrénve vegetativnich gangliich a organech inervovanych
parasympatikem (srdce, hladké svaly oka, brénamtovodu, cév, traviciho Ustroji a
Zl4z inervovanych parasympatikem). V klidovém stémegitomnost ACh) je AChR
uzaweny. Po navazani ACh na AChR dojde ke konf@mhameéné a v receptoru se
otewe transmembranovy kanalek, kterymtrzau podle koncenttaiho spadu proudit
ionty (K" z buiky, Na do buiky) a vznikly elektricky potencial se i&idale po
nervovém vlaka jako elektricky impulz k dalSi synapg§-7;13-16.

Receptory pro ACh jsou dvojiho typu: nikotinové (Ngteré mohou byt
stimulovany nikotinem a muskarinové (M), které mohoyt aktivovany alkaloidem
muskarinem, u nichz teme rozliSit izné podtypy v zavislosti na jejich chemické
struktue, lokalizaci, zfisobu penosu signalu a chemické selektivitN-receptory
muskularni (\) jsou lokalizované na nervosvalové ploténce, Nepéary neuronalni
(Nn) na postsynaptické membeéawve vegetativnich gangliich. Podjednotky N-receptor
tvorf svym uspeadanim iontovy kanal pro kationy N&K* a C&". Bylo identifikovano
pét typt M-receptodt (M1 — Ms). Mj-receptory (neurondlni) jsou lokalizovany v CNS,

perifernich neuronech a v parietalnichnkéch Zaludku a zpragtdkovavaji hlavé
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excitatni winky ACh (pomala stimulace v CNS, zvySeni sekre€d tHzaludku). M-
receptory (kardialni) se nachazeji v srdci a v aedinich tkanich (i hladkych svalech)
a jsou odpotdné za inhikini reakce (inhibice srdai frekvence, presynapticka
inhibice v centralnim i perifernim nervovém syst¢mWs-receptory (Zlazy/hladké
svaly) zprostedkovavaji pedevsSim exciteni &inky ACh a cholinergni stimulace
(zvySeni sekrece bronchialnich, slinnych a dalSitdez, kontrakce hladkych sval
vnitinich organ), v hladkych svalech cév vsakgobi nepimo relax&né (uvolnéni NO
zpiusobuje vazodilataci). V CNS receptory z&jig rizné funkce wvetre regulace
korové excitability, parti, uceni, genos bolestivych podti a ovliviiuji kontrolu
motoriky. Funkni vyznam receptér M, a Ms nebyl dosud fesré definovan. M-
receptory jsou spojeny s G-proteinem a podle typor@@einu dochazi kil k aktivaci,
nebo inhibici efektoru. Antagonistou vSech iyM-receptotl je atropin, typ N je
antagonizovan tubokurarinemytimetafanem13-15.

Molekula ACh je na receptor navazana urpéru 2 milisekundy a po disociaci je
ACh okamzi¢ hydrolyzovan specifickym enzymem acetylcholinesteu (AChE, EC
3.1.1.7), ktera je lokalizovana &nhé blizkosti receptoru, na cholin a acetat, nebo
pusobenim méhspecifické sérové butyrylcholinesterasy (BuChk,ELC1.8). ACh je
nejprve vazan kvarternim dusikem na anionické nifsisto vazajici cholin) enzymu a
karboxylovou skupinou na esteratické misto AChEjik& komplex enzym-substrat.
Odsepenim cholinu vznika acetylovany enzym, ktery rgagsivodou na komplex
enzym-kyselina a ten se spontdmazpadé na enzym a kyselinu octovou. AChE je pak
znovu gipravena 3ipit dalsi molekuly ACh. Po rozloZzeni ACh se receptaci do
puvodniho stavu, transmembranovy kanalek seiigzaaktivnim transportem za dodani
energie ve for ATP (adenosintrifosfat) se obnoviyodni iontové poréry. Cholin je
pak aktivnim transportnim mechanismem recyklovanndovového zakareni, kde
muze byt ogt pouZit pro syntézu ACI8(4;7;13-16).

2.3 Mechanismus &inku OFI

OFIl se vazou na hydroxylovou skupinu serinu v aktiv mis¢ AChE a
fosforyluji jej a tim inhibuji aktivitu AChE. Dialdfosfaty a dialkylfosfonaty, které
nemaji volnou hydroxylovou skupinu na atomu fosfgaou acylani (fosforylani)
inhibitory cholinesteras (ChE) a jinych serinovyelsteras. Na atom fosforu jsou

navazany twzné substituenty @iSinou alifatické alkyly) a odstupujici skupina je
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negasgji halogen (F), nitrilova skupina nebo substituoyamerkaptan. Z OF sl@enin

s atomem siry navazanym dvojnou vazbou na fosfeg)Re stanou inhibitory ChE az
po enzymatické oxidaci (cytochrom P450 a glutatfieoxidasa) této vazby na vazbu
P=0 v organismu. ifikladem mohou byt dva pesticidy: parathion (kteryoxidovan na

paraoxon) a malathion (ktery je oxidovan na malajyxo

Obr. 3: Metabolizace pesticidu parathion na paraoxo

NO,
HsC HsC,
L — \_
Q Q
\ _O \

NO,

R
CHs CH3

Béhem inhibice se nejprve tiioreverzibilni komplex enzym-OF. OF je na
AChE nejdive poutan nekovalentnimi vazby a je vhédmientovan tak, aby mohlo
dojit k vytvareni chemické vazby mezi atomem kysliku enzymu anato fosforu
inhibitoru. Vznika fosforylovany enzym za s@msného uvoléni odstupujici skupiny
(3;7;17).

Obr. 4: Inhibice AChE sarinem

CHs
. / < Inhlblce O\P/04<
AChE-OH SE Sen, M+ HE
SeH, AChE-G

F
Sarin

Cim wt3i je afinita OF k AChE a&im wtSi je rychlost gemsny komplexu
enzym-OF na fosforylovany enzym, tim gj&i je OF inhibitor. Fosforylovany enzym
se vodou hydrolyzuje velmi pomalu a fyziologick&kae AChE je zablokovana. Jedna
se o ireverzibilni inhibici. Fosforylovany enzymuie podstoupit bdi spontanni
reaktivaci (obnoveni aktivity) nebo dealkylaci, iéese nazyva starnuti neboli ageing
komplexu enzym-OF. Proces dealkylace zahrnuje ryeeaiické od&tpeni jedné
z alkoxylovych skupin navézanych na fosfémkem vody ve formy alkoholu a je tim

s s
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alkylovand AChE se stava riégtupnou dinku reaktivatoii AChE (nereaktivovatelnou)
a jeji aktivita se obnovi az po syntéze ACH& novg ktera trvad necelych 6 dni u
mozkové AChE 19), okolo 20 dni u synaptické AChR(), a @iblizn¢ 120 dni u
erytrocytarni AChE (jako syntéza nového erytrocytul?l). Nejrychleji probiha
dealkylace u AChE inhibované somanefadpw minuty), u sarinu se udav@adow
kolem 10 hodin a u V-latek dealkylace nebyla pozéma do 24 hodin. Tentogjd
probiha jak v nervovém systému, tak i v krevniméhab (erytrocytarni AChE a
plazmaticka BuChE).

Obr. 5: Dealkylace (ageing) AChE inhibované sarinem

CHs
o Dealkylace OH CHs
Ox/ + HO ——» oSNy + HO
P /P\C
/ “CHy Ache-d M CH
AChE-O 3

FosforylovanA AChE nefiie vykonavat svoji fyziologickou funkci -
hydrolyzovat ACh, ktery se tak hromadi na choliméch synapsich a dochazi
k dlouhodobému nadémému drazéhi receptot a vznika akutni cholinergni krize.
Predpoklada se, Zze pouze 1-3 % z celkové davky O#ostane na misto toxického
puasobeni (AChE na cholinergnich synapsich), zbyteky&ézan ChE a dalSimi enzymy
v krevnim olghu (erytrocytarni AChE, plazmatickd BuChE, karbesykrasy (CaE),
albumin, paraoxonasa), které tak slouzi jakioopené scavengery, nebo detoxikovan
(22). OF dale reaguji i s neurotoxickou esterasouydsdtasami jako je trypsin,
chymotrypsin a getnymi serinovymi peptidasami (nagorolylendopeptidasa), které
hraji roli v tvork® neuropeptid a hormori. Reakce OF se sekundarnimi cili, esterasami,
serinovymi amidasami a peptidasami mohou byt o&gho® za necholinergni subletalni
acinky OF a za chronickou toxicitufipexpozici nizkym davkam OF. ddteré OF
(somanci riuzné pesticidy) mohou tvid depo v tukové tkani a z ni jsou &@gozvolna
vyplavovany ¥;17;23-29. Podle nejnogjSich poznatk tvoii OF vazbu s &kterymi
tyrosiny v molekulach dalSich protéinnag. albumin, a-2-makroglobulin, slozka 3
komplementu, transferin, tubulin,a-1-antitrypsin, Kkinezin, apolipoprotein,f-
podjednotka ATP-syntasy). Vazba OF na tyrosin erizgepodléhd ageingu a je velmi
stabilni. Rychlost reakce je v porovnani s fosfacyki fosfonylaci aktivniho mista
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cholinesteras ¢kolikandsobg nizsi a proto se zméné biomolekuly timto zjpsobem
interakce vyraz&inepodileji na sniZeni toxicity OF v organizn2é)(

2.4 Klinicky obraz intoxikace OFI

Klinické ptiznaky akutni intoxikace OFI jsou #gobeny nadirnou stimulaci
cholinergnich receptar Symptomy intoxikace lze rozlit na muskarinové, nikotinové
a centralni.

Muskarinové piznaky (nadnérna stimulace muskarinovych recepiforse projevuji

midzou, poruchou akomodace spojenou s bolestichppekrvenim a otokem spojivek
a nosni sliznice, zvySenym pocenim, slzenim aémim (v disledku nadrérné
stimulace potnich, slznych a slinnych Z14z), zvggesekreci bronchialnich Zlazek a
zUzenim bronan duSnosti a pocitem tize na hrudi, zvySendevsi peristaltikou
(prajem az spontanni defekace), bolestmi az kolikoatétharakteru, nauzeou,
zvracenimgastym mdéenim, bradykardii a poklesem krevniho tlaku.

Nikotinové giznaky (nadnérna stimulace nikotinovych receptona nervosvalovych

ploténkach a sympatickych gangliich) jsou charakteany svalovou ochablosti,
tresem a zasSkubyrigné pruhovanych svél Dale se vyskytuji tonicko-klonickéréce,
které mohou skatit az ochrnutim (paralyzou) kosternich a dychasigiii.

Centralni piznakyse projevuji zavrami, nagtim, tzkosti, neklidem, endnoi labilitou,

zmatenosti, depresivnimi stavy, poruchami hybnostepresemi dechovych a
kardiovaskularnich center v prodlouzené miSe a¥doemnim. ®zké intoxikace mohou
skortit smrti v disledku poruchy funkce dechovych center a paralymhacich svdi
véetns branice. Vznikla akutni respifai insuficience vede k zastadechu s naslednou
zastavou srdce.

Po pgekonani akutni cholinergni krize trpi intoxikovaggdinec celkovym
metabolickym rozvratem (dledek dlouhodobé hypoxie a aciddzy). Neurologieké
neuropsychické poruchy (zvySend Unava, poruchy kepaema@ni labilita, Uzkost,
deprese, poruchy pain koncentrace a daeni) mohou fetrvavat celé wsice po
intoxikaci OFI. Komplikaci otrav OFI dZe byt remise otravy Zgobena vyplavenim
OFI z depotnich mist (n&psomanu z tukové tk&py nebo uvolgnim OFI z vazby na

proteiny krevni plazmy.
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Pozdni neurotoxicky efekt

Nekteré OFI (nap tri-o-kresylfosfat) zpsobuji stav zvany pozdni neurotoxicky
efekt. Tento stav se projevuje az z&alik dni nebo tydid po expozici OFIl. Jedna se o
motorické a senzorické poruchy, histologické émgn v perifernich neuronech
(degenerace ax@ra myelinu), inhibici a dealkylaci tzv. neurotoxéc&sterasy. Klinicky
pribéh je charakterizovan ve 30-40 %iznaky akutni otravy OFI, poté néasleduje
beziznakové obdobi latence (8 dni az ZXsia). Toto obdobi je vydtano fazi
cholinergniho drazshi (asi 30 % postizenych), vyskytuji se bolesti @arestezie
koncetin (vSichni postizeni trpi bolestmi a¥ekemi v Iytkdch). Bhem rékolika hodin
nasleduje obrna volnich pohybktera se postugnzhorsuje. Paralyza trva 1-2¢gsice,
poté nastava stadium denervace a vznéigké atrofie sva koncetin (2-6 né&siai).

Muze dojit i kcast&énému zlepSeni, ale rekonvalescence byva dlouhd)((ak7).

2.5 Sowasna terapie a profylaxe otrav OF

Terapie otravy OF| zahrnuje podani antidot (latkteré zabrauji toxickému
acinku  OFI), zamezeni dalSiho tpriku toxické latky do organismu (opust
zamdeného prostoru, odmeni zasazenych mist, vyplach Zaludkuisgzou aktivniho
uhli v pripad® perorélni otravy) a zabezfmni zakladnich Zivotnich funkci (we
dychani pi zasta¥ dechu, nefima masaz srdceigasta¥ srde&ni ¢innosti).

Antidotni terapie se sklada z podani anticholifdergi reaktivatak AChE a byva
doplréna antikonvulzivni terapii.

Anticholinergika jsou funé&ni neboli symptomatickda antidota, zalwgci
acinkam nahroma#&hého ACh na cholinergni receptory. Nejpouziygim I&ivem
Z této skupiny je atropin. Atropin blokuje stiméta pisobeni ACh na perifernich
muskarinovych receptorech, ale je malonay na nikotinovych receptorech a Spatn
pronika gres hematoencefalickou bariéru (HEBY). Podava se intramuskul&nebo
intravendzg v davce 2-4 mg po 10-30 minutovych intervalectdazprvnich piznaki
atropinizace (rozgni zornic, Zervenani pokozky, suchost sliznic, tachykardie). Po
zasazeni uitymi NPL (sarin, soman) je vyhodné podat kombinaatropinu
a anticholinergik s centralnim antimuskarinovyéiméem, jako je naip benaktyzin.

Reaktivatory AChE jsou kauzlni antidota, kterd imgjhopnost obnovovat
(reaktivovat) aktivitu AChE inhibované OF. Oximyateivuji fosforylovanou AChE

tim, Ze uvolni navazany OF z aktivniho mista enzgiky své vysoké afinitk enzymu
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a silné nukleofili€&. V pribéhu reaktivéniho procesu dochazi k tvarb
defosforylovaného enzymu a fosforylovaného oximi @bnoveni aktivity enzymu.
Rychlost reaktivace zavisi na struiduOF fosforylujiciho aktivni misto AChE, na
druhu enzymu, na struktel a koncentraci oximu a také na rychlosti dealley/laloytku
OF v aktivnim mist enzymu (ageing). Fosforylované oximy vznikajicéhém
reaktivace mohou byt silné inhibitory cholinesterasz niZze zmsobit ogtovnou
inhibici reaktivovaného enzymu, jsou vSak velmi tAEs Fosforylované oximy
s aldoximovou skupinou v poloze 2 maji p@e rozpadu kratSi neZz 1 minuta, zatimco
fosforylované oximy s aldoximovou skupinou v polozemaji poléas rozpadu delSi
nez 60 minut 17;27). Oximy se vaZou na AChE jako reverzibilni komfpetii
inhibitory a tvai s AChE komplexy bdi na aktivnim mist nebo na alosterickém mist
nebo na obou a chrani tak AChEeg fosforylaci. Toho se vyuzivaiprofylaxi pred
otravou OF (viz niZe). Reaktivatory AChE maji podob strukturu, liSici se gtem
pyridiniovych kruhi, paitem a pozici oximovych a dalSich skupin (karbameglo
apod.) a délkou spojovacih@tzce. Nej¥znejSimi pouzivanymi reaktivatory jsou

pralidoxim, trimedoxim, obidoxim, methoxim a oxim-B (28).

Obr. 6: Reaktivace AChE inhibované OF paraoxon

CH3 CH3
? Inhibice 7
AChE-OH + O,N 0—p—0Q ~——— AChE-O—f—Q  + O:N OH
o) \—CH3 ¢ CHs
Paraoxon Fosforylovana AChE
J*
? HON N Reaktivace HSC/\? S N
AChE -O—P—0 + | I —— ™ AChE-OH + O—k—ON | |
| + 1
\—CH3 ~ !/ 0 A N\/!/
' CHj i
Oxim Fosforylovany oxim

Pralidoxim (2-PAM) je monokvarterni oximcimny pri reaktivaci AChE
inhibované sarinem a latkou VX, ale nedostatelcinny na AChE inhibovanou
tabunem a somanem. Spapronika hematoencefalickou bariérou do CNS. Jedmy
pouzivany monopyridiniovy oximovy reaktivator. Vtatotni vyba¥ ho maji nap
armady Velké Britanie a USA.
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Trimedoxim (TMB-4) je bispyridiniovy oxim, u kteréh byla prokdzana
schopnost &t zvifata experimentathintoxikovana tabunem, sarinem a latkou VX, ale
ne somanem. Ma ze vSech pouZzivanych reaktitrdiejvyssi toxicitu.

Obidoxim (LUH-6, Toxogonin) je dobry reaktivator AE inhibované tabunem,
sarinem a latkou VX, ale ne somanem. K jeho neZédouinkim pati
hepatotoxicita, ale je mértoxicky nez trimedoxim. V antidotni vyb&warmady ma
obidoxim nap. Ceska republika, Bmecko, Finsko, Norsko a Nizozemsko. Toxogonin
(od nifmeckého vyrobce Merck) je jedinym registrovanymidotem otrav OFI pro
civilni pouziti vCR.

Methoxim (MMB-4) je z#iazen do antidotni vybavy Armadyeské republiky
(ACR) ve forn¢ injekéniho gipravku RENOL. Je dinny pi reaktivaci AChE
inhibované sarinem, cyklosarinem, VX a VEO{3)]).

Oxim HI-6 je &inny pri reaktivaci AChE inhibované somanem a také sariaem
latkou VX. Dle dostupnych udaje vSak jeho &innost u reaktivace AChE inhibované
tabunem nedostatea. HI-6 ma ze vSechiidge jmenovanych oxiiin nejnizsi toxicitu.
HI-6 je sowasti antidotni vybavy Svédska a Kanadigské republiky (viz nize) a
v souasné dob se pipravuje jeho zavedeni v @R ve forn¢ tiikomorového
autoinjektoru. Oxim HI-6 je v s@asnosti vyuZivan n&pstji ve forme¢ dichloridové
soli, je vSak snaha nahradit tutdl simethansulfonatem, ktery ma oproti dichloridu
vyhodrgjSi vlastnosti, zejména vysSi stabilitu a lepSipuestnost fi nizSich teplotach
(32.

Obr. 7: Chemické struktury vybranych reaktivétor

N
| HON=HC ° CH=NOH HON=HC CH=NOH
® Ie 2Br ® o o o
HON=H II\J 6‘9,\1\/\/|\1 AN NS 2Br
CH3

pralidoxim trimedoxim methoxim
CONH
HON=HC 55° A~ -CH=NOH 2cl” ’
| SN O N
\©\'v0\/’\‘
CH=NOH
obidoxim HI-6
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Podani anticholinergik a reaktivabor AChE je obvykle dopléno
antikonvulzivni terapii z @vodu poteby zabranit vzniku zachvaty CNS, které vedou
k tonicko-klonickym generalizovanymid¢im a naslednému posSkozeni CNS. Lékem

volby je diazepam, ktery se podava intramuskwardavce 10 mg#(;33).

2.5.1 Antidotni vybava ACR

ACR ma k dispozici profylakticka a terapeuticka aotid Profylaxe je podavana
pii predpokladu nasledné expozice organismu NPL a jezoydina podanimifpravku
PANPAL, ktery se sklada ztablety A (anticholindayi benaktyzin 0,8 mg a
trihexyfenidyl 0,6 mg) a z tablety B (pyridostign®® mg). Karbamat pyridostigmin je
reverzibilni inhibitor AChE slouzici k dasné ochrahAChE pged naslednymdinkem
NPL. Spat#& pronika es hematoencefalickou bariéru. Benaktyzin a trifenigyl jsou
anticholinergni latky sievahou centralniho ¢inku, které slouzi k odstrani rizika
nezadoucich dinka pyridostigminu, mozZznému zvySeni davky pyridostigmia
k oslabeni centréalnich¢inka NPL. DalSim profylaktikem je fiijpravek TRANSANT
s obsahem oximu HI-6 (0,8 g). Jedn& se o 2 transtlef naplasti, ze kterych se HI-6
vstiebava pes Kizi po dobu az 8 hodin.ifpravek je uken pro podani osobam, které
jsou vystaveny riziku intoxikace NPL v ramci vé&eho konfliktu nebo i likvidaci
zdsob bojovych chemickych latek aube byt pouZit rovéZ jako sodast
medikamentozni by pri nasledném k&eni otrav NPL.

Pro prvni pomoc formou svépomoci a vzajemné pon@cy ACR zaveden
autoinjektor COMBOPEN s obsahem obidoximu (220 mag)atropinu (2 mg) a
autoinjektor s diazepamem (5 mg).

Pro lékaskou pomoc ma @R k dispozici antidota na bazi anticholinergik
CHONOL I s obsahem atropinu (4 mg) a CHONOL Il satiem benaktyzinu (10 mg),
dale antidota na bazi reaktivAioAChE RENOL obsahujici methoxim (1,0 g) a
ANTIVA obsahuijici HI-6 (0,8 g) 7).
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Obr. 8: Chemické struktury anticholinergik a revetniho inhibitoru AChE
pyridostigminu

HO.
C—CO0O0 CHs
/
N CH | T\
H3C/ 2 OH N\

CHs

atropin benaktyzin

@\ )OI\

HO—C NS _CH3
H,C~ o~ N
_\—N 3 |

( j < > CH3

trinexyfenidyl pyridostigmin

2.6 Nove pristupy k profylaxi a terapii otrav OFI
2.6.1 Bioscavengery

Souasna terapie a profylaxe otrav OFI dokaze ochratokikovaného jedince
pied letalnimi dinky OFI. Je vSak svym ggsobenim primam zantiena na lébu
projevi intoxikace spojenych sinhibici AChE, kteraékalivn muze zpisobit
bezprostedni ohroZeni Zivota, neni jedinou molekulowle,tjejiz funkce je ovliviina
reakci s OFI. Diky tomu ma uvedenyigiup své nedostatky. Nedokaze zabranit
dalSimu toxickému t{msobeni OFI, které fite mit za nasledek snizeni vykonnosti,
poruchy chovani, ztrdtuédomi a mozné trvalé poSkozeni mozku. &Gena léba
neumo#uje zvySeni davek podavanych idekprotoZze maji ve vySSich davkach
negijatelné nezadouci ¢inky. Pokud navic dojde k ageingu fosforylované ACh
stavaji se oximové reaktivatory r@iné. Z tchto divodi se vyzkum zagfuje na
alternativni pistupy terapie a profylaxe otrav OFI. Jederéchto alternativnich
piistupl je zaméfen na ochranu AChEf@d inhibici. Sotiasny vyzkum se zabyva
identifikaci proteird, které mohou fsobit jako biologické scavengery (,vychyté&ed)
OF a které si zachovaji stabilitu v krevnimébb po co nejdelSi dobu. Tyto
bioscavengery jsou schopny neutralizovat molekufy \Ckrevnim obBhu jeSt drive,
nez se dostanou na misto sveého toxickéhdinkd (molekuly AChE na
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cholinergnich synapsich). Funkce bioscavengeru bla rayt rychla, ireverzibilni a
specificka. V idealnim ifjpact by bioscavenger #h dostaténé dlouho vydrzet
v krevnim olshu, za nefitomnosti OFI by mil byt biologicky neSkodny a nefhby
vyvolavat imunitni odpod’. Bioscavengery maji takeé ¢kolik technologickych
omezeni. Enzym musi byt rychle dostupny ve velkénoZstvi, musi byt aktivni proti
Sirokému spektru OF, musi vykazovat termalni stabid byt stabilni viznych
klimatickych podminkach bez ztraty aktivity a tgképoteba vyvinout vhodny Zjsob
aplikace. V neposledrifac jsou také dlezité ekonomické aspektyimyslove vyroby
téchto proteiri, které maji status ,orphan drug25. Bioscavengery funguiji, jak jiz
bylo popsano vySe, dustechiometricky (vdZzou nebo vychytaji OF), pseadalyticky
(aktivita stechiometrického bioscavengeru je kaminé obnovovana vhodnou latkou)
nebo katalyticky ($pi OF substrat na biologicky inertni produkty).

Enzymy jsou vyuZivany v terapii (jako biofarmakaj tadu let. Majicetné

vyhody jako je specifita, katalytick&iinost a postradaji vazné nezadougnky.

Stechiometrické bioscavengery

Zahrnuji girozere se vyskytujici lidské proteiny - cholinesterasyCi# a
BuChE) a karboxylesterasy. Jsou to enzymy, ktea§ujg s OF, ale nekatalyzuji jejich
hydrolyzu. Stechiometrické bioscavengery jsou sojopazat jednu molekulu OF na
jednu molekulu proteinu. V uplynulych letech by&stovano pouziti exoge&ipodané
AChE, BuChE i CaE.

Cholinesterasy (ChE)

ChE jsou serinové/p hydrolasy katalyzujici hydrolyzu esterové vazbiEGe
liSi v substratove specidita citlivosti na inhibitory. Na zaklg&dsvych katalytickych
vlastnosti rozliSujeme wwlovéka dva typy ChE. Acetylcholinesterasaegnost
hydrolyzuje malé substraty jako je ACh a butyrylihesterasa (zvana také
pseudocholinesterasa nebo neprava cholinestemsahppna hydrolyzovat objegj$i
substraty jako je butyrylcholin.

Na zaklad provedenych krystalografickych studii AChEimych Ziv@iSnych
druhi byla podrobgji poznana struktura aktivniho mista tohoto enzykfiastni aktivni
misto se nachazi na&prohlubré ve tvaru Uzkého hrdla, ktera je z poloviny zisma
v molekule enzymu a je lemovana aminokyselinamjdsdfobnimi postrannimietzci.
Jeho hloubka je relati¥rvelka, okolo 20 A (2 nm). Studiem vzajemnych iatei
AChE s jejimi moduléatory bylo v této oblasti nalamatkolik charakteristickych mist,
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podilejicich se vyznangma €chto interakcich. Jejich struktura j& pezidruhovém
srovnani porérné konzervovana, zejména hlavnich 14 aminokyselifi¢ich hrdlo.
Napriklad struktura lidské AChE je z 84 % totozna saldtirou enzymd orpedo
californica (34). Aktivni misto lidského enzymu, vzdaleniéqgtizné 4 A (0,4 nm) od
spodnicasti hrdla, se sklada 2yt hlavnichéasti: (1) z katalytickeé triady, coZ je oblast
kde dochazi ke &eni substratu a je slozena z aminokyselin Glu Bi#1447 a Ser
203; (2) kapsy, kde dochazi k nekovalentni ¥aatylovych skupin, slozené

z aromatickych aminokyselin Phe 295 and Phe 29Hd8jednotky vazajici cholin
(nazyvané v literafie také také ,anionické misto®), slozené z Trp 8k 202 a Tyr 337
a (4) periferniho mista, skladajiciho se z aminekysIrp 286, Tyr 72, Tyr 124 a Asp
74 (35).

Obr. 9: Struktura aktivniho mista AChE (vélpodle @5))

Periferni misto

Trp 286 Asp 74

Phe 297

Misto vazajici acylové sku piny/\©
Phe 295
HN Trp 86

° — Misto vazajici cholin
Glu334 4{

O

o H‘iﬁo&\
Katalyticka triada AChE Ser 203

His 447

Krome téchto mist se v AChE se dale nachazejijdst dalSi vyznamné
oblasti, interagujici s modulatory. Je to zejménstonzahrnujici aminokyseliny Trp 86,
Tyr 133, Tyr 337 a Phe 338, kde dochazi dle tyfitomného modulatoru kipvazr
hydrofobnim interakcim a tzv. oxianionicka prohliipgloZzena z Gly 121, Gly 122 a
Ala 204, kde dochazi ke stabilizaci tranzitnihavgtACh v piibéhu jeho Stpeni 36).
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Zajimavé je, Ze struktura hrdla nezahrnuje kéagimbité substituenty, jak by se dalo
s ohledem na strukturu ACHiqaipokladatCislovani aminokyselin aktivniho mista
piirozere zavisi na zivéiSném druhu, ze kterého enzym pochazi.

Struktura BUChE je podobna strukgtAChE (je ze 73 % homologni a z 54 %
identicka), liSi se zejména n@emnosti mista vazajiciho choli@?)

Funkci AChE je ukorteni &inku ACh na postsynaptickych membranach a
neuromuskularnim spojeni. Hydrolyza neuromediatafth acetylcholinesterasou je
jedna z nejrychlejSich znamych enzymatickych realeg@ 5000 molekul ACh za
sekundu). AChE se vyskytuje na cholinergnich syitépa nervosvalovych ploténkach,
v kostech a také vazadna nacja membraa erytrocyfi. Dale se vyskytuje nap
v elektrickém organu paub® elektrického Electrophorus electricusglectric eel) a
parejnoka kalifornskéhaorbrpedo californica Jeji molekulova hmotnost je 70-75 kDa
(monomer). Vyskytuje se v organizmechdbwu globularni forng jako monomer, dimer
nebo tetramer nebo v asymetrické férmmlozené az z 12 podjednotek, které jsou
piichyceny na kolagenové viakno. Cholinesterasy séamovyskytovat v rozpustné
formé nebo gichycené na membranu pomoci glykolipidickétettzce @8). AChE je
mére glykosylovana nez BuUuChE a dochazi u ni k inhipigbytkem substratu (ACh).
Selektivnimi inhibitory AChE jsou alkaloid huperziA a biskvartreni slatenina
BW284C51 (1,5-bis-(4-allyldimethylamoniumfenyl)par-on dibromid).

Inhibice AChE se vyuZiva v terapii a prevenci paepeich atonii traviciho
astroji @ moovych cest, k vyvolani midézy a snizeni nittotho tlaku pi glaukomu,
jako antidota perifernich kompetitivnich myorelagién k symptomatické ke
Alzheimerovy choroby (rivastigmin, donepezil, gakmin) a k Iéb¢ pii myasthenia
gravis. Pouzivaji se kratkodobé reverzibilni intaby AChE, které &inkuji jako
ne@imo pisobici parasympatomimetika (edrofonium, neostigmpyridostigmin,
ambenonium, fyzostigmin)L@).

BuChE je syntetizovana v jatrech a vyskytuje seiznych tkanich obratlovc
(plazma, jatra, #evo, pankreas, srdce, mozek), ale jeji fyziologiole neni dosud
pIné¢ objasgna. BUChE je schopna hydrolyzovat nebo vyvazatucgholu toxickych
estefi vcéetn heroinu, kokainu, prokainu, karbaméta OF. Hydrolyzuje také
kratkodol® pisobici periferni myorelaxancia sukcinylcholin (soreghonium) a
mivakurium. V disledku genetického polymorfismu magkteti jedinci nizsi aktivitu
BuChE (atypickd BuChE) a svalova paralyza po poaéaydrelaxancii u nich dze
misto 2-6 minut fetrvavat az &kolik hodin (13;39;40.
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V ramci vyzkumu vyuZiti bioscavendew profylaxi a terapii otrav OF byla provedena
jiz fada studii.

Bylo testovanan vivo podani fetalni bovinni sérové AChE (FBS-AChE) mysi
a opicim a bylo zji$ho, Ze premedikace FBS-AChE poskytuje ochrarfadp
nékolikanasobnymi Llgy OF @1;42). Dale byla porovnana farmakokinetika nativni a
rekombinantni AChE (bovinni, ofii a lidské) a zarove bylo prokdzano, Ze cilena
konjugace (pegylace) molekul polyethylenglykolu @Es molekulami lysinu na
povrchu rekombinantni lidské AChE (rHu-AChE) vede Wkzniku aktivniho enzymu
s lepSimi  farmakokinetickymi vlastnostmi. Pegylad&ChE mela za nasledek
prodlouzeni doby existence enzymu v krevniméhob a gispéla ke snizeni
imunologické odpogdi, ktera se vyskytuje po opakovaném podani AChHn Vivo
studii méla tato pegylovana AChE schopnost ochranitatai fed letalni davkou (2,5
LDsg) somanu a poskytovala vysSi urtwechrany nez nativni AChE8).

Dale bylo testovano podéani k&ké BUuChE (eg-BuChE) opicim, které byly
intoxikovany somanem a sarinen#4). Podana BuChE poskytla ochrandeg
n¢kolikanasobnymi LIy NPL. ProtoZe opakované podani proteinu z jinékociBného
druhu mize zmisobit problémy diky reakci imunitniho systémuidecké usili se
zametilo na testovani lidské plazmatické BuChE (Hu-BuEhEs cilem ziskat
bioscavenger, ktery bude mit minimalni fyziologickéunologické a psychologické
nezadouci &inky pri podanicloveku. Eliminani polatas Hu-BuChE u mdéat a opic
byl 70-75 hodin 45). Saxena et al #ili stabilitu plazmatické Hu-BuChE in vitro a
zjistili, Ze lyofilizovany enzym se d& skladovat B#siai, pii 4, 25 nebo 37°C a po
rekonstituci je aktivniin vivo (46) Hu-BuChE podana v 10x vySSi davce nez je
pottebna pro ochranu proti 5 P somanu neZjsobuje Zadné poruchy chovani.
Celkovym za¥rem tchto studii je, Ze Hu-BuChE je bezpg a &inny bioscavenger.
V souwasné dob je Hu-BuChE produkovana spotesti Baxter Healthcare Corporation
a v USA byly provedeny dvklinické hodnoceni (prvni faze) podani Hu-BuChEg¢O
studie byly dvoji¢ zaslepené a placebem kontrolované. Prvni studi ma cil
hodnoceni bezgeaosti, tolerance a farmakokinetiky intravendzpodané jediné davky
Hu-BuChE zdravym dospym dobrovolnikim. Do studie rdlo byt zaregistrovano 28
dobrovolniki, kteri byli ndhodi prifazeni (randomizace) do skupin a kazda skupina
dostala jednu zefit moznych davek Hu-BuChE nebo placebo intravendmhizi
(46:47). Utelem druhé Klinické studie, ktera probihala & s prvni studii, bylo
hodnoceni bezgaosti, tolerance a farmakokinetiky intramuskutanmodané jediné
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davky Hu-BuChE zdravym doslym dobrovolnikiim. Do této studie ®o byt
zaregistrovano 8 dobrovolnik48). Vysledky tchto studii nebyly jestpublikovany.
Hu-BuChE se ziskava z proSlé lidské krve a celkdeatupnost zavisi na mnoZzstvi
proslé krve, ktera je zrovna k dispozici. Protoasaby krve zavisi na ptu dard@ krve

a krev je pateba hlavs pro jiné &ely, byla snaha ziskat Hu-BuChE z rekombinantnich
zdroji. Takové zdroje mohou zabezjiedostatény piisun enzymu stejnéistoty a
aktivity. V USA byla spolénosti Nexia Biotechnologies vyvinuta produkce
rekombinantni Hu-BuChE (rHu-BuChE) z mléka transdeh koz. Tento produkt je
znam pod nazvem Protexia™. Tato rHu-BuChE ma velwdiobnou dinnost jako Hu-
BuChE ziskavana z lidské plazmy, ale jeji strukggeod Hu-BuChE [isi jinym typem
glykosylace a vyskytuje se v mléce transgennichjaka monomer nebo dimer, kdezto
plazmaticka Hu-BuChE je ve fogmtetrametru. Dsledkem &chto rozditi je jiny
farmakokineticky profil rHu-BuChE a kratSi péks v krevnim oghu. Molekula rHu-
BuChE byla proto modifikovadna fipojenim rekolika molekul PEG a jeji
farmakokineticky profil byl velmi podobny plazméti&e Hu-BuChE 49;50. V USA
byla provedena Kklinickd studie (také prvni fazepdmotici bezp#ost, toleranci,
farmakokinetiku a imunogenicitu intramuskularnihn@dani pipravku Protexia™
zdravym dobrovolnikm. Klinické hodnoceni je dvojit zaslepené a placebem
kontrolované a zadavatelem je sgolest PharmAthene. Do studie bylorazeno 32
dobrovolnika, ktefi byli roz&leni do 5 skupin. Dobrovolnici z prvni skupiny dast
jednu davku 50 mg Protexia, z druhé skupiny jedavkd 100 mg Protexia, zéeti
skupiny d¥ davky po 250 mg (1. a 72. den), &erté skupiny jednu davku 500 mg a
z paté skupiny jednu davku 750 mg Protexdd).( Vysledky klinického hodnoceni
nebyly dosud publikovany.

Model stechiometrického bioscavengeru byl u lalwsrdth zvfat funkéni, ma
v8ak nevyhodu, Ze rozsah ochraréhém expozice OFI jefpmo ungrny koncentraci
nezreagovaného aktivnino bioscavengeru v krevninthwob ProtoZze molekulova
hmotnost proteinového bioscavengeru je v rozmeZ8B®B&Da a molekulova hmotnost
OFI je okolo 180 Da, je hmotnostni pa&mbioscavenger:OFlifblizn¢ 500:1. Z toho
vyplyva, Ze pro ochranuied rekolikanasobnymi LIy OFI je nezbytnd ifitomnost
ponerné vysoké koncentrace bioscavengeru ¥hab

Potebnou velkou davku bioscavengeru by mohlo byt mamigit sodasnym
podanim vhodného oximového reaktivatoru. Podanimaxiby mohlo umozZznit
nepetrzitou reaktivaci bioscavengeru, jehaingk by se zrénil ze stechiometrického
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na pseudokatalyticky a bioscavenger by byl schopeytralizovat daleko vice OF.
Pritom by byl spatebovavan pouze reaktivator, jehoz cena je pouzgmmalomkem

piedpokladané ceny u konde¥ dostupného bioscavengeru.

Pseudokatalytické bioscavengenge tedy skladaji z kombinace cholinesterasy
a vhodného oximového reaktivatoru. Doctor et avpdb experiment, ip kterém mysSim
premedikovanym FBS-AChE podal ihned po expozidnsareaktivator HI-6. Ukazalo
se, ze podani HI-6 po premedikaci FBS-AChE zvysidmnost bioscavengeru proti
sarinuin vivoz pongru 1:1 (samotna AChE) na 65:32.
ProtoZe jako vhodny bioscavenger se jevi BuChEy lplovedeny experimenty
zabyvajici se reaktivaci BUChE s cilem vyiv@seudokatalyticky scavenger zaloZzeny
na kombinaci BUChE a oximu5®). Najit vhodny oxim, ktery by byl schopny
v dostaténé mfe reaktivovat BUChE inhibovanou OFI, se ale zatiepaddilo. Je
proto poteba navrhnout a zkoumat nové oximové reaktivatkigré by tuto schopnost
mely (54;55).

Katalytické bioscavengery zahrnuji enzymy jako je lidska paraoxonasa 1
(HUPON 1; aryldialkylfosfatasa, EC 3.1.8.1) a bakilai fosfotriesterasa (PTE; EC
3.1.8.1). U olihg obecné [(oligo wvulgarig byl objeven enzym DFPasa
(diisopropylfluorofosfatasa, EC 3.1.8.2). Tyto emgyjsou nazyvany fosfotriesterasy,
organofosforové hydrolasy, organofosfaty-degradugnzymy, parathion hydrolasy
nebo paraoxonasy. Dale do skupiny katalytickychséavengar pati i mutanti
cholinesteras, které po cilené mutaci ve své amgswlinovée struktie ziskaly
schopnost gpit OF (nap. mutant BUChE G117H). Jin&ida enzynmi schopnych
degradovat NPL jsou prolidasy (EC 3.4.13.9), kteogly identifikovany u
mikroorganisni druhuAlteromonas haloplanktia také lakasa (EC 1.10.3.2) z houby
hlivy Gst¥i¢né Pleurotus ostreatys VySe jmenované enzymy maji schopnost
hydrolyzovat molekuly OF. Geny pro hydrolyzu Olepd (organo phosphate
degradation), byly nalezeny u bakteAseudomonas diminuta, Flavobacteriamp. a
Agrobacterium radiobactetokalizovany na extrachromozomalnim plazmidu.

Pouziti katalytickych bioscavengeje vyhodné diky nizSim pigbnym davkam
(nizSi koncentraci v krevnim &bu, které jsou dostateé pro detoxifikaci velké davky

OFI (jako @i akutni expozici).
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NejaktivrejSi OF SEpici enzym jefosfotriesterasg kterd byla izolovana
z bakterii druhuPseudomonas diminuta z idnich bakteriiFlavobacterium Pati do
skupiny amidohydrolas, ale jeji evohi pavod je nejasny 18). U archebakterii
Sulfolobus solfataricua Sulfolobus acidocaldariubyla nalezena termofilni forma PTE
(56). Nativni forma PTE je dimericky metaloenzym seérda atomy zinku a
s molekulovou hmotnosti 36 kDa/monomer. Atomy‘Zn aktivnim mist mohou byt
substituovany za atomy €o Cdf*, Mn**, nebo Nf* aniz by enzym ztratil svoji
katalytickou aktivitu. PTE obsahujici atomy de nej&innsj&i, ale nejméa stabilni
isoforma a v nizSi koncentraci musi byt stabilizav@roteinovym progdim. Inkubace
PTE s fiznymi chelatanimi ¢inidly, jako je nap. EDTA, ma za nasledek inaktivaci
enzymu. Rekombinantni PTE je nyni produkovana pémiaaych expresnich systém
(Escherichia coli) Frirozeny substrat PTE neni dosud znamy. PTE hydugdyzejména
OF triestery a byla zaznamenana slaba smiSenasstéra laktonasova aktivita. Mezi
jeji substraty pat OF insekticidy vetré paraoxonu a jeho analibg parathionu,
fensulfothionu a dalSich. Navic je schopna hydmha NPL soman, sarin a dokonce i
latku VX, ale katalyticka €&innost pro tyto substraty je nizSi nez pro doxické
insekticidy 67).

Reakni mechanismus &teni OF zahrnuje polarizaci vazby P=0O nebo P=S
substratu (zvyseni elektrofilnino charakteru fosfprpotom dva divalentni kationty
enzymu aktivuji molekulu vody a zahaji nukleofizték a dojde k hydrolyze vazby P-O
za sogasné neutralizace zaporného naboje na odstupkyipirs (58).

V in vivo studiich bylo prokdzano, Ze laboratorniratd, kterym byla podana
PTE ped expozici OF, tolerovali 50x vySSi davku paraaxomez kontrolni skupina.
Terapeutické vyuziti PTi vivo je omezeno jejim potasem v plazm ktery se uvadi
v rozmezi 100 minut az 5 hodin. ProtoZze PTE je dréihiho mivodu, da se
piedpokladat, Ze aplikace tohoto enzymu vyvoldavéka imunitni reakci. Aby byla
ziskdna PTE s vyhodj$imi vlastnostmi proin vivo podani (prodlouzeni palasu
v krevnim olghu a sniZzeni imunogenicity), byly provedeny expeniy s enkapsulaci
PTE do biodegradabilnich ne¢8i PTE byla Usgsné enkapsulovana do mysich
erytrocyti a do lipozond (59;60. Rovrez byly provedeny prvni experimenty s pegylaci
PTE ©1). Do budoucna se pita s vyuzitim PTE ve fortnpény nebo ukotvené na
pevném nosi jako dekontaminéniho prostedku pro povrchovou dekontaminadizie

a povrchi zasazenych OF nebo by PTE mohla byt pouzivana }aitalyticky
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bioscavenger jakipmimotélnim obihu (detoxifikace krve osoby zasazené OF) tak i ve
forme injekéniho pgipravku 62).

Paraoxonasa Jje kalcium-dependentni enzym o velikosti 43-45 kDakrvi je
vazan na povrchu HDL (lipoprotein s vysokou husiptee spojeni s lidskym fosfat-
vazajicim proteinem (HPBP). Jeho fyziologicky sudiséni biologick& funkce nebyly
zcela objastny. PON1 je schopna hydrolyzovat OF, laktony, arické
karboxylestery a dastni se v metabolismucig a xenobiotik. Navic byly popsany
antioxida&ni &inky, schopnost vazat fosfolipidy a anti-aterositeka aktivita. PON1
je tedy povazovana za enzym se smiSenou funkciy kt&d rozmanité substraty.
Koncentrace PONL v lidské plagmse mezi jedinci liSi az 13krat. PON1 se vyana
genetickym polymorfismem a jednotlivé isoformy majbzdilnou substratovou
specifitu. PONL1 je lidsky protein, takze jeji infelk podani by nemuselo negmbovat
imunitni reakci. Katalyticka dinnost proti somanu a sarinu je podobna jako u BTE
PONL1 je schopnadtit i fosforylované oximy, takze jeji podani spaoié s reaktivatory
by mohlo byt vyhodné. VylepSeni OF-hydrolasové\aktiby mohlo byt realizovano
diky proteinovému inZenyrstvi. Pouziti PON1 jak@dmavengeru ip intoxikaci OF
bylo Usgsdné testovano u mySi a potkanUvaZuje se také o pouziti enzymu do
dekontamin&nich prostedki. Hu-PON1 niiZze byt, stejg jako BuChE, izolovana
z proslé lidské plazmy podle protokolu spravné twiiopraxe, nebo se da ziskat
rekombinantni PON1 pomoci expresnich systéRurifikace z plazmy nebo izolace
rekombinatni PON1 z expresnich sysbéjsou obtizné procesy a neposkytuji vysoké
vytéZky. Izolovana PON1 ma nizkou stabilitu, protoZejknu spravnému fungovani je
zapotebi vazba s HDL a HPBP. Tyto problémy by bylo mogyi@sit nap. uzawenim
PON1 do lipozom nebo ukotvenim na syntetické Hd&stice g5).

Ve snaze vylepSit katalytické vlastnosti enzymovyaibscavengeér, jako je
substratovd specifita a katalytick&innost, se provadi raciondlni design a cilena
mutageneze aktivniho mista enzymu. Cilem je zik&tlytické bioscavengery (PTE,
Hu-PONL1), které by byly schopné hydrolyzovat cosmgj spektrum OF optimalni
rychlosti a ze stechiometrickych bioscaveiigékChE, BUChE) vytvéit scavengery
s katalytickymi vlastnostmi.

Byli piipraveni mutanti cholinesteras s katalytickymi #hastmi jako je mutant
BuChE G117H, schopny hydrolyzovat paraoxon, saahothiopat a VX, ktery vSak
kvuli rychlému ageingu nehydrolyzuje soman. Rgizdrytvoieny dvojity mutant
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BuChE G117H/E197Q je jiz schopen somaipist Jejich schopnost hydrolyzovat OF je
ale zatim stéleifliS pomal& pro pedpokladané praktické vyuZiti a nevyrovna se PTE a
PON1 63;64. Dale jsou vyvijeny mutacemi upravené AChE, kt¢séu oproti
piirozere se vyskytujicimu enzymu velmi digbreaktivovatelné a které by mohly byt
ve spojeni svhodnym oximem vyuZivAny jako pseutidyické bioscavengery

s vysokou aktivitou@5). V piipact PTE se podd piipravit mutant PTE G60A, ktery
piednostd hydrolyzuje vice toxické genantiomery NPL, oproti nativni PTE, ktera
Stepi spiSe mantoxické R-enantiomery§6). Rovrez PON1 byla upravovana cilenymi
mutacemi a byly fipraveny nap mutanti H115W/Y71A a H115W/F347W, které
hydrolyzuji SirSi spektrum OF, nefipzere se vyskytujici PON16().

2.6.2 Reaktivatory AChE a BuChE

Oximoveé reaktivatory AChE jsouttkZitou sogasti antidotni terapie otrav OFI
a v sodasné dob se stale pracuje na zlepSeni vlastnosti pouZivargaktivatod, ¢i na
syntéze novych reaktivatiorAby oxim Iépe dinkoval, je vyhodné, aby prochazel HEB
a pisobil tak v mist, kde inhibice AChE zjsobuje nejvaz)si problémy — v CNS. Je
proto snaha zvysit lipofilitu oximuianim lipofilnich substitueit(fenyl, naftyl, delSi
alkylovéretézce, skupina -CFapod.) do molekuly oximu a tim ijomik pres HEB 68).
| pres zvySenou lipofilitu molekuly fftomnost kvarterniho dusiku vyzna#aniZuje
prinik téchto latek do mozku. DalSinriptupem feSicim tuto vlastnost reaktivaioie
piiprava jejich lipofilnich prol&v (napr. prol&€iva pralidoximu nazyvana ,pro-2-
PAM®), kdy ke kvarternizaci dusiku dojde teprve piniku aplikované latky
do mozku. Podani pro-2-PAM mi@tim intoxikovanym DFP a somanem sniZilo, na
rozdil od pralidoximu, vyskyt zachwata neurologickych poruch69). DalSim
piistupem je spojeni reaktivatoru s molekulou, kteyaslouzila jako vhodnyignasé
pies HEB (nap vhodné cukry nebo aminokyseliny). Dosavadni pgkpSpravit
takovéto sloteniny nevedly k dostata¢ aktivnim latkam T0).

Oximy, které se pouzivaji v séasné dob k l&cb¢ otrav OFI, nejsou schopny
acinn¢é reaktivovat AChE inhibovanou vSemi druhy OF. Jet@rsnaha nalézt oxim,
ktery by dolle reaktivoval AChE inhibovanou rozdilnymi OF — &wospektry
reaktivator AChE. Diky Siroké variabititv chemické strukite OFI bude nalezeni latky
s univerzalni tinnosti velmi slozit&i dokonce nemozné. Z tohotdwbdu je pozornost
obracena k terapeutickému vyuZziti kombinace vie&treatof, které se svym spektrem
Gcinku vhodrg dophuji (71).
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Souwasny vyvojovy proces (obr. 10) novych reaktivAatoAChE zahrnuje
molekulové modelovani a docking, které pomodiifasovych metod zkouma interakce
inhibitora AChE s intaktnim enzymem a interakce reaktivdt@ChE s inhibovanym
enzymem a vystupengdhto metod je pozadavek na strukturu aktivniho treatoru
AChE. Dale je testovana biologicka aktivita navrgen reaktivatoi pomoci unglych
neuronovych siti a poté jsou reaktivatory syntetirry. Déle je o¥fovana dinnost
téchto reaktivatal in vitro ain vivo (72). Na Katede toxikologie Fakulty vojenského
zdravotnictvi Univerzity obrany bylo syntetizovaaotestovano mnoho potencialnich
novych Sirokospektrych reaktivatorAChE. Pod#lo se gipravit nag. oxim K027,
ktery dol¥e reaktivuje AChE inhibovanou OF pesticidy, a oxK203, ktery ma

schopnost daie reaktivovat AChE inhibovanou tabunem.

Obr. 10: Schéma vyvojového procesu novych reakinidAChE (72)
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DalSim smérem ve vyzkumu je vyvoj reaktivator BUChE pro pipravu
pseudokatalytického scavengeru, protoze oximy p@an& k reaktivaci OF inhibované

AChE nejsou &inné i reaktivaci OF inhibované BuChE.

30



3. CILE PRACE

Cilem prace bylo studovat nové moznosti v profyla@i terapii otrav
organofosforovymi inhibitory acetylcholinesteraspraést nové informace a poznatky

/////

ve Srovnani se sgasnym stavem.
Dil¢imi cili bylo:

1. Zkoumat vyuziti enzymu fosfotriesterasy jako katiakého scavengeru.

a) Provést a optimalizovat chemické modifikace PTE pom
biokompatibilnich polymer, nasledné biochemické charakterizace
vzniklych konjugéal a hodnoceni jejich stabiliiy vitro.

b) Zkoumat podani nemodifikované a modifikované PTE vivo a

zhodnotit farmakokinetiku a imunitni odp&ai’ u potkana.

2. Zabyvat se navrhem @ vitro testovanim pseudokatalytickych scavefiger
organofosfal na bazi cholinesterasy v kombinaci s oximovym tiedkorem a
zkoumat dinnost vybranych oximovych reaktivatorna reaktivaci lidské
erytrocytarni AChE a plazmatické BuChE inhibovan(il.
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4. VYSLEDKY A DISKUSE

4.1 Chemicka modifikace PTE pomoci biokompatibilnich péymeri,
nasledna biochemické charakterizace vzniklych konjgati a hodnoceni
jejich stability in vitro
4.1.1 Priprava a charakterizace konjugafti fosfotriesterasy s methoxy-polyethylen
glykolem jako potencialni katalyticky bioscavengeiproti otravam
organofosfaty
Jun D., Musilova L., Link M., Loiodice M., Nachon,Rochu D.Renault F., Masson
P.. Preparation and characterization of methoxyygibllene glycol-conjugated
phosphotriesterase as a potential catalytic biestger against organophosphate

poisoning(submitted)

Bioscavengery jsou povazovany za nova slibna atatigwoti otravam OF.
V nasi praci jsme se za&iili na rekombinantni bakterialni PTE produkovarteucoli.
Tento enzym je schopen katalyzovat hydrolyady OF. Velkou nevyhodou tohoto
katalytického bioscavengeru nehumanninwvaalu je jeho porrné kratky pol@as
v organismu a imunitni reakce po opakovaném expmgriainim podani u zkdt. Tyto
problémy je mozné weSit pomoci konjugace enzymu s biokompatibilnimiypery.
Podobnym zfisobem byly upraveny naprekombinantni AChE a BuChE a bylo
prokadzano, ze doSlo k vylepSeni jejich farmakokakého profilu a snizeni imunitni
odezvy organizmu po opakovaném podani.

Pripravili jsme konjugaty rekombinantni PTE (36 kDa&)riznymi typy
methoxy-polyethylenglykolu (MPEG), které by mohljowit jako potenciélni
katalyticky bioscavenger. Cilem nasi prace bylepsit biologické vlastnosti enzymu,
aby bylo v budoucnu mozné jeho poddoi¢ku jako antidota proti OF intoxikacim. Ze
sedmi tyi MPEG jsme po fedchozich pokusech vybrali pro navazujicic expenigne
dva linearni monofurtdni derivaty MPEG s reaktivni aldehydovou skupinou s
molekulovou hmotnosti 2 kDa a 5 kDa. Molekuly MPEBE®@aguji s primarnimi
aminoskupinami aminokyseliny lysinu na povrchu rkalg enzymu. Monomer PTE
ma na svém povrchu sedm volnych aminoskupin a jeminoskupinu na N-konci,
které jsou teoreticky schopné reagovat s molekuMPIEG. Reakce PTE s molekulami

MPEG probiha ve dvou fazich: tvorba Schiffovy bazaikajici reakci karbonylové
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skupiny aldehydu s primarni aminoskupinou lysindger& je v dalSi faziin situ
redukovana tomnym kyanoborohydridem sodnym na sekundarni aktery tvai
vazbu mezi polymerem a enzymem a je velmi stabgtimalizovali jsme reaini
podminky (pordr jednotlivych latek vstupujicich do reakce, teplatdobu modifikace
PTE) a pipravili jsme homogenni populaci girmodifikované rekombinantni PTE.
Vysledné konjugéaty sy podle analyz provedenych pomoci SDS-PAGE a hostin
spektrometrie MALDI-TOF molekulovou hmotnostilgizné 52 kDa (pro MPEG 2
kDa) a 76 kDa (pro MPEG 5 kDa). U obou konjuggme utili Ky, a Vmax @ rovrez
jsme sledovali stabilitu modifikovanych enz§ma fyziologickych podminek (37 °C a
pH 7,4). Na zakla#l vysledki téchto experimerit jsme pro budoucin vivo testovani
vybrali rekombinantni PTE modifikovanou 5 kDa MPE®&era vykazovala vySsi

stabilitu za uvedenych fyziologickych podminakvitro.
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4.1.2 Hodnoceni termalni stabilityin vitro a podani nativni PTE a modifikované
PTE in vivo a hodnoceni farmakokinetiky a imunitni odpowdi u potkana

Termalni stabilita PTE

Termalni stabilita byla gfena v 0,2 M boratovém pufru (pH 8,5; 0,1 mM
CoClb) pri raznych teplotach (od 37°C do 60°C). \€enych¢asovych intervalech bylo
odebrano pdebné mnozstvi enzymu a po ochlazeni na 25°C bgltisgotometricky
zmefena rezidualni aktivita PTE v 50 mM boratovém pifrd 8,5; 0,1 mM CoG| 0,1
% BSA) za pouZiti paraoxonu jako substratu400 nm.

Obrazek 1: Termalni stabilita nativni PTE
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Obrazek 2: Termalni stabilita PTE modifikované 2aKPEG s aldehydickou futiii
skupinou.
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Obrazek 3: Termalni stabilita PTE modifikované SakRPEG s aldehydickou futiki
skupinou.
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Protoze nila PTE modifikovan® kDa MPEG s aldehydickou fuéhki skupinou
lepSi termalni stabilitu v tomto (obrazek 1-3)egchozim experimentuifjoha ), byl

takto modifikovany enzym vybran pro nasledujfcvivo studii.

In vivo studie vlastnosti nativni a modifikované PTE po podni u potkana

Cilem této studie bylo zji&hi polatasu PTE modifikované 5 kDa MPEG
s aldehydickou skupinou po intramuskularnim podapdtkana a porovnani s nativni
PTE a kontrolou. Déle #&a studie za cil hodnoceni imunitni odpdy ktera by mohla
vzniknout po opakovaném podani obou drehzymu potkana. Némé hodnoceni
imunitni odpo¥di je zaloZeno na hodnoceni &my polatasu po druhé aplikaci
nativniho a modifikovaného enzymu, ktera nasledwgéejnych skupin
experimentalnich zyé&t mésic po prvnim podaniitné hodnoceni imunitni odp&di je
zaloZzeno na stanoveni celkové hladiny protilatékw potkani.

Material

Chemikalie pouzité v tomto experimentu byly anakicistoty a byly zakoupeny od
firem Sigma Aldrich (Praha eska republika), Pliva-Lachema (Brriteska republika),
Acros Organics (Geel, Belgie), LaserBio Labs (Saphitipolis Cedex, Francie) a
PENTA (Prahaeska republika). Voda byla purifikovana pomoiispoje GORO
AQUA 35 (GORO, Praha eska republika). Nteni bylo provedeno na
spektrofotometru Helios (Thermo Fisher Scientific, Inc., Waltham, MA, USAyafy

a matematické zpracovani vyslédkylo provedeno pomoci softwaru GraphPad Prism
version 4.00 for Windows, GraphPad Software, CAAY&ww.graphpad.com).
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Metodika

Jako vhodné modelové laboratorniifevpro tento experiment byly zvoleny samice
potkana kmene WISTAR, jejichz hmotnost byla v rozin®90-230 g p prvni aplikaci
enzymu a 220-250 gipdruhé aplikaci o iésic pozdji. Pokusna zvfta byla krmena
standardni dietou a vodaa libitum.Provaagné experimenty byly schvaleny Etickou
komisi Fakulty vojenského zdravotnictvi Univerzitgrany v Hradci Kralové.ied
vlastnim pokusem byla roziéna po Sesti daitskupin. Pro podani PTE bylo jako
zpasob aplikace vybrano intramuskularni podani, kiestejné jako v fipact pouziti
autoinjektoru obsahujiciho antidota proti otravaf @plikovany objem byl vzdy 0,2
ml. Prvni skupig potkari byla podana modifikovana PTE v davce 1,19 mg.kg
(odpovidajici 34,5kat.kg"), druhé skupit potkarii nativni nemodifikovana PTE

v davce 0,54 mg.kh(odpovidajici opt 34,5ukat.kg?), a teti skupis kontrolni vzorek
(samotné vehikulum — sterilni 50 mM boratovy pptd 8,5; 0,1 mM CoG). Aktivita
PTE v krvi potkana byla #itena ve stanovenyafasovych intervalechtés 0 + 30 min,
1h,2h,3h,6h,12h, 24 h az 120 h). Krev Ipgtkarim odebirana z lateralni ocasni
Zily do heparinizovanych kapilér. Aktivita PTE wkpotkana byla réfena v 50 mM
boratovém pufru (pH 8,5; 0,1 mM Caf0,1 % BSA) za pouziti paraoxonu jako
substratu. ml krve bylo hemolyzovano v 98d boratového pufru a paralani 15ul
paraoxonu (70 mM) byla &ena aktivita PTE spektrofotometrickyi 870 nm. Stejny
postup byl opakovan zdyii tydny.

Vysledky a diskuze

Aktivita nemodifikované rekombinantni PTE v krvitkani po aplikaci byla na
hranici nfitelnosti a po zhrubaech hodinach byla prakticky srovnatelna s nulovou
hodnotou aktivity u kontrolni skupiny. Aktivita mifitkované PTE v krvi potkain vSak
postupr nafistala, po 36 hodinach dosahla maxima (62,3 jRat.po 120 hodinach
klesla na nulovou hodnotu (obrazek 4). Aby bylo n®zjistit, zda enzym vyvolava po
opakované aplikaci imunitni odp&¥, byl tento experiment u stejné skupiny
experimentalnich zidt po nésici zopakovan. Vysledky byly velmi podobné jako u
prvniho podani (obrazek 5). Maximalni aktivita emzyv krvi byla zjis€na ot po 36
hodinach od aplikace a byla oproti prvnimu podarsin39,7 pkatl). Na zaklad

téchto zjis&ni miZzeme konstatovat, Ze pegylovana PTE ma vyraradlouzeny
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polo¢as v krevnim okhu potkana, v porovnani s nativni PTE a diky zvgsstabilit je
jeji aktivita v krvi po aplikaci fiblizn¢ 20x vyssi.

Obrézek 4: Aktivita modifikované PTE, nativni PTp@ovnani s kontrolni skupinou
po prvni davce.
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Obrazek 5: Aktivita modifikované PTE, nativni PTp@ovnani s kontrolni skupinou
po druhé davce, ktera byla aplikovana po 4 tydnech.
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Obrazek 6: Porovnani aktivity modifikované PTE perpm (erverg) a druhém
(modre) podani — prolozeni dat z obrdzka 5.
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Maximalni aktivita modifikovaného enzymu v krvi laybproti teoretické maximalni
aktivité, které by se dosahldgipglokonalém transportu aplikovaného enzymu do
krevniho olkshu potkana, fiblizné 10x nizSi. Modifikovany enzym vykazal ve srovnani
s nativni PTE 40x &tSi hodnotu MRT. Daldn vivo studie modifikovaného enzymu
budou zansteny na podrobné zhodnoceni imunitni odfabivkteré bude provedeno
stanovenim hladiny protilatek a dale na zhodnopesjektivniho indexu fipraveného

enzymu u experimentaimavozenych otrav OFI.
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4.2 Navrh ain vitro testovani pseudokatalytickych scavengér
organofosfati na bazi cholinesterasy v kombinaci s oximovym
reaktivatorem a hodnoceni @innosti vybranych oximovych
reaktivator u na reaktivaci lidské erytrocytarni AChE a plazmatické
BuChE inhibovanych OFI

4.2.1 Schopnost kome&né dostupnych oximi reaktivovat lidskou
acetylcholinesterasu a butyrylcholinesterasu inhibeanou paraoxonemin
vitro

Jun D., Musilova L., Kéa K., Kassa J., Bajgar J.: Potency of several oxitte
reactivate human acetylcholinesterase and butyolifebsterase inhibited by paraoxon
in vitro. Chem Biol.Interact. (2008) 175, 421-424

Oximové reaktivatory AChE jsou zakladni gasti antidotni terapie otrav OFI
inhibitory (pesticidy, NPL). Jsou to derivaty pyntvych nebo bispyridiniovych
aldoximi. Jsou schopny roz§tit vazbu mezi inhibovanou AChE a OFI inhibitorem a
tim reaktivovat enzym. &iem poslednich dvou desetileti bgbecky vyzkum zarien
na butyrylcholinesterasu (BuChE) jako bioscavenggniopny vychytavat molekuly
NPL nebo pesticil z krevniho fecisté, kterd by slouzila jako nespecifické
profylaktikum otrav OP. BUChE je inhibovana OP if&) zpisobem jako AChE —
fosforylaci hydroxylové skupiny serinu v aktivnimis®i. Existuje proto hypotéza, Ze
reaktivatory AChE, pouzivané pro¢ku otrav NPL a pesticidy, by mohly reaktivovat
BuChE inhibovanou OP a slouzit v kombinaci s BuCjako ,pseudokatalyticky"
bioscavenger. V této studii byle vitro zkoumana &innost kometné dostupnych
oximovych reaktivatar (pralidoxim, obidoxim, trimedoxim, methoxim a H)-6
reaktivovat lidskou erytrocytarni AChE a plazmatickBuChE inhibovanou pesticidem
paraoxon. Jako zdroj enzwnbyla pouzita krev od zdravych dobrovoliijkzdrojem
AChE byly hemolyzované erytrocyty a zdrojem BuChfabkrevni plazma. Doba
inhibice a koncentrace paraoxonu, kterasgbi 95% inhibici enzyi byly vypcasitany
z experimentélé nantienych dat. Oximy byly testovany v koncentracich ji®a 10
uM, vlastni reaktivace trvala 10 minut. Pro¢iieni aktivity enzymi byla pouZzita
modifikovana metoda dle Ellmana. Od ziskanych hodeaktivace (%) byly odg¢eny

hodnoty odpovidajici hydrolyze substratuigpbené reaktivatorem.
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Nej&inngjSi reaktivatory AChE inhibované paraoxonem bylyidolim a
trimedoxim v 100uM i10 puM koncentraci. Ostatni oximy testované v této praci
nedosahly dostateé reaktivani innosti (mé® nez 25 %). V fipact reaktivace
BuChE, pouze trimedoxim dosahl reaktima kinnosti 12,4 % v koncentraci 1Q0M.

Z dosazenych vysledktedy vyplyva, Ze oximy schopné reaktivovat AChBujslabé
reaktivatory BUChE a kombinace BuUChE s testovanyedktivatory nemize byt
navrzena jako pseudokatalyticky scavenger. V tétacipbyla zkoumana pouze
reaktivace cholinesteras inhibovanych paraoxoneimychom |épe porozuéh této
problematice, je nezbytné prozkoumat i jiné inlubita dalSi oximové reaktivatory,
abychom pochopili vztah mezi strukturou @nkem reaktivatal. Z dostupné literatury
vyplyva, Ze toto jsou jedny z prvnich Utlagabyvajici se problematikou vyuziti BUuChE

jako pseudokatalytického scavengeru.
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4.2.2 Reaktivace lidské acetylcholinesterasy a butyrylcHmesterasy inhibované
paraoxonem vybranymi oximyin vitro

Musilova L., Kua K., Jung Y. S., Jun D.: In vitro oxime-assist&aativation of
paraoxon-inhibited human acetylcholinesterase angyicholinesteraseClin Toxicol.
(2009) 47, 545-550

Tato prace navazuje na vysledky ziskanéedphozi experimentalni studii. Byla
testovanan vitro schopnost 18 reaktivators rozdilnou strukturou reaktivovat lidskou
erytrocytarni AChE a plazmatickou BuChE inhibovan@esticidem paraoxon.
Testované reaktivatory byly porovnany s koémérdostupnymi reaktivatory AChE.
Cilem prace bylo zkoumat vztah mezi strukturowimkem reaktivatalr a také zjistit,
zda by BUChE mohla byt reaktivovanamito slowteninami a mohla tak slouzit jako
pseudokatalyticky scavenger. Testované &ainy pati mezi monokvarterni (2-PAM,
3-PAM, 4-PAM) nebo biskvarterni symetrické (methoxiobidoxim, trimedoxim,
K005, K033, K074, K075, K099, K101, K117, K316 aX3 nebo asymetrické (HI-6,
K027, K048, K127, K203, K206, K252 a K269) oximawaktivatory. Maji jednu nebo
dvé funkeni pyridiniové aldoximové skupiny v poloze 2 (2-PAMI-6, K005, K033,
K316), 3 (3-PAM, K099, K101, K317) nebo 4 (methoxiobidoxim, trimedoxim, 4-
PAM, K027, K048, K074, K075, K117, K127, K203, K20&252, K269) na
pyridiniovém kruhu. Biskvarterni reaktivatory s&ilidélkou spojovacihoetzce (od
jedné do pti methylenovych skupin) a vifpomnosti dvojné vazby nebo kysliku ve
spojovacimtetézci. Pro testovani reaktivai (innosti byla pouZita modifikovana
metoda dle Ellmana.

NejvysSi @innosti @i reaktivaci inhibované AChE dosahly latky K027 @650),
K075 (55.3 %), K203 (50.4 %), K048 (50.3 %) a t&&74 (46.4 %) p koncentraci
100 uM. Pri testovani reaktivni (¢innosti na BUChE byly na#éteny pongrné nizké
hodnoty reaktivace fpkoncentraci oximu 10@M: K117 (16.4 %), trimedoxim (12.2
%), K269 (10.6 %) a KO75 (10.3 %). Reaktima(kinnost ostatnich testovanych oxim
byla niz8i nez 10 %. Ukazalo se, Ze biskvarterminoxé derivaty jsou &nn¢jSi nez
monokvarterni. NejlepSi testované reaktivatory bligkvarterni aldoximy s dwna

aldoximovymi skupinami na pyridiniovém kruhu v ppé&4 nebo s jednou oximovou a
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jednou karbamoylovou skupinou v poloze 4 a&lymii- nebo ¢tyi-¢lenny spojovaci
ietzec (propanovy, 2-oxapropanovy, butanovy nebo bemdry).
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4.2.3 Reaktivace acetylcholinesterasy a butyrylcholinestasy — vyznam
v profylaxi otrav nervové paralytickymi latkami

Jun D., Musilova L., Kta K., Musilek K., Bajgar J.: Reactivation of AChdaBuChE
activity — possible implications for prophylaxisaagst nerve agentin Bajgar, J. (ed):
Central and peripheral nervous system: Effectsighlly toxic organophosphates and
their antidotes (2009) Research Signpost, Keraldid, ISBN 978-81-308-0331-9

(in press)

V této studii je diskutovana problematika vyuziti®@hE jako bioscavengeru a
také koncept pseudokatalytického scavengeru, kieryzalozen na kombinaci
cholinesterasy acinného reaktivatoru. Dale byla vitro sledovana €innost komegné
dostupnych oximovych reaktivator(pralidoxim, obidoxim, trimedoxim, methoxim a
HI-6) reaktivovat lidskou erytrocytarni AChE a ptaatickou BuChE inhibovanou OF
inhibitorem diisopropylfluorofosfat (DFP). DFP jétka strukturé podobna NPL sarin,
byl vyvinut kthem 2. S¥tové valky a je fiblizné 10krat mén toxicky nez sarin. AChE
i BUChE byla inhibovana 120 minut roztokem DFP wnéentraci, ktera Zisobi 95%
inhibici enzymii. Inhibované enzymy byly reaktivovany po dobu 1(humiroztokem
oximu v koncentraci 100uM a 10 puM. Enzymatickd aktivita byla #iena
spektrofotometricky podle modifikované Ellmanovytoay.

Bylo zjiStno, Ze nejtinnéjSimi reaktivatory AChE inhibované DFP jsou
obidoxim a trimedoxim v koncentraci 1@M. Reaktiv&ni (innost ostatnich oxim
nepgesahla 10 %. iP reaktivaci BUChE inhibované DFP regraiil Zadny z oxint
hodnotu 10 %, pouze obidoxim dosahl reakthiakinnosti 9,5 %. Podle dosaZzenych
vysledki miZzeme konstatovat, Zze reaktivovatelnost inhibovar@&BR byla dvakrat
vySSi nez BUChE a kombinace testovanych reaktit@@uChE proto neni vhodna pro
pouZziti jako pseudokatalyticky scavenger a ijeba nalézt &nngjsSi sloweniny a
prozkoumat reaktivaci cholinesteras inhibovanyghyimi OF.
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4.2.4 Invitro reaktivaéni uéinnost komeréné dostupnych oximi na lidskou
acetylcholinesterasu a butyrylcholinesterasu inhibeanou
organofosforovymi pesticidy

Musilova L., Kwa K., Pohanka M., Holas O., Jun D vitro ability of currently

available oximes to reactivate organophosphate igmstinhibited human

acetylcholinesterase and butyrylcholinestefasbmitted)

V této studii bylain vitro zkouméana &innost kometné dostupnych oximovych
reaktivatofi (pralidoxim, obidoxim, trimedoxim, methoxim a H)-6eaktivovat lidskou
erytrocytarni AChE a plazmatickou BuChE inhibovanpiti stukturré odliSnymi
pesticidy a OFI (paraoxon, dichlorvos, diisofluasfat, methamidofos a leptofos-
oxon). Abychom zjistili, prd v piipace AChE inhibované pesticidem methamidofos
dochézi k vySSi reaktivaciftip nizSi testované koncentraci oximu, testovali jsme
reaktivani (innost obidoximu v koncentéaim rozmezi 18 — 10’ M. Jako zdroj
lidskych enzynmi byla pouZzita krev od zdravych dobrovolaijkzdrojem AChE byly
hemolyzované erytrocyty a zdrojem BuChE byla kreptdzma. Doba inhibice a
koncentrace pestiaid vyvolavajici 95% inhibici enzyfyp byly vypatitany
Z experimental& nantienych dat. Oximy byly testovany v koncentracich §®0Da 10
uM a reaktivace trvala 10 minut. Reakiiwa (cinnost obidoximu u AChE inhibované
pesticidem methamidofos byla hodnocetiiakpncentracich 16— 10” M. Pro néteni
aktivity enzymi byla pouZzita modifikovand metoda dle Ellmana. @skanych hodnot
reaktivace (%) byly od#eny hodnoty odpovidajici hydrolyze substratuisgibené
reaktivatorem.

Podle naSich vysledkjsou nejlepSi Sirokospektré reaktivatory trimedoxa
obidoxim, protoZze jejich reakti¢ai &innost gesahla 50 % vifpack AChE
inhibované pesticidy paraoxon, leptofos-oxon a metldofos. Aktivita AChE
inhibované OF slateninami DFP a dichlorvos byla obnovena nedo&téteV pripacs
AChE inhibované OF dichlorvos, paraoxon, DFP adfgst-oxon, zpsobuje vyssi
koncentrace reaktivatoru (1Q0M) vyssi reaktivaci fosforylovaného enzymu. U AChE
inhibované OF methamidofos byla pozorovanacopasituace a vysSi reaktird
acinnost byla dosaZenatipnizSi koncentraci oximu (1@M). Testovali jsme proto
reaktivaci AChE inhibované pesticidyipiaznych koncentracich obidoximu, ktery byl
vybran jako vhodny modelovy oxim. Ziskali jsme takvonovitou Kivku,
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charakterizujici vztah mezi koncentraci reaktivatarreaktivani (innosti pro kazdy
inhibitor. Zjistili jsme, Ze maximalni hodnota realace AChE inhibované OF
methamidofos je skuteg pii koncentraci 18 M obidoximu, zatimco u ostatnich OF je
maximum i 10* M obidoximu. Tento jev se da vy&lit napt. vy3$8i mirou inhibice
AChE pi vysSi koncentraci oximu a také vznikem fosforgaych oxind, které
zpasobuji ogtovnou inhibici AChE. V pipact BuUChE inhibované OF pesticidy nebylo
dosazeno dostateych a terapeuticky vyuzitelnych hodnot reaktivade proto

zapotebi otestovat dalSi oximové reaktivatory s jinauldurou.
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4.2.5 Nové biskvarterni oximy — reaktivace AChE a BuChEmhibované
paraoxonem

Kuéa K., Musilova L., Jun D., Palek J., Cirkva L., Musilek K., Pohanka M.,

Zdarova-Karasova J.. Novel bisquaternary oximes — c®Redion of

acetylcholinesterase and butyrylcholinesteraseitéd by paraoxofsubmitted)

V této praci byly pipravenyctyti nové biskvarterni reaktivatory cholinesteras (B05
K054, K068 a K071) s odliSnou chemickou strukturQilem této prace bylo ziskat
noveé oximy, které by v budoucnu mohly nahradit ikky pouzivané reaktivatory. Jako
vhodny OFI byl pro tento experiment zvolen paraox@yla hodnocena jejich
schopnost reaktivovat AChE a BuChE inhibovanou @ayaem. Jejich reaktivai
acinnost byla porovnana se standardnimi reaktivatpralidoxim, obidoxim a HI-6).
Reaktivace BUChE se momentélihodre zkoumad, protoZe je snaha vyiitotzv.
pseudokatalyticky bioscavenger, ktery by mohl siiojako profylaktikum nebo k&vo
otrav OFI. Metoda prace byla stejna jako v publika¢Musilova L., K&a K., Jung Y.
S., Jun D.: In vitro oxime-assisted reactivation péraoxon-inhibited human

acetylcholinesterase and butyrylcholinesterase Gbixicol. (2009) 47, 545-550).

Podle naSich vysledk zadny z no¥ pripravenych reaktivatdr negekonal
reaktiv&ni innost obidoximu, ktery je povazovan za r@pejSi reaktivator
paraoxonem inhibované AChE. Oxim K053 dosahl poglobnhodnot reaktivani
acinnosti jako pralidoxim a HI-6. Ostatni oximy byp#i reaktivaci AChE neinné.
Nové oximy tedy nejsou lepSi nez standardni reatdry a nebudou dale pro tyto
ucely zkoumany. V fipact reaktivace BUChE nebylo dosazeno uspokojivycheds,
coz je v souladu sitve popsanymi vysledky, podle kterych je reaktivBesChE velmi
obtizna a jind nez u AChE. Pouze obidoxim a oxindp& a K068 dosahly reaktimai
acinnosti u BuChE okolo 10 %. Tato hodnota je relatiwnizka, ale v porovnani
s predchozimi vysledky dostatea. Vysledky z této prace by mohly byt v budoucnu

pouzity @i navrhu slodeniny s lepSi €&innosti na reaktivaci OF-inhibovanou BuChE.
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4.2.6 Nové nukleofilni sloweniny s oximovou skupinou jako reaktivatory
cholinesteras inhibovanych paraoxonem

Musilova L., Jun D., Patek J., Cirkva L., Musilek K., Pohanka M., &uK.: Novel

Cholinesterase Reactivators as Nucleophiles foratfirent of Paraoxon-Inhibited

Acetylcholinesterase and Butyrylcholinesterémémitted)

Nové reaktivatory AChE jsou syntetizovany jako paiélni antidota pro fébu
otrav OFI, nebo jako s@éast pseudokatalytickych bioscavengpro zlepSeni profylaxe
otrav NPL. V této préci bylyifpraveny ti nové potencialni reaktivatory cholinesteras
(K064, K065, K066) a byla testovana jejich schopnosaktivovat paraoxonem
inhibovanou AChE a BuChE. VSechny ®ovsyntetizované slaeniny jsou
nesymetrické biskvarterni latky s jednou oximovéupnou v poloze 2. Reaktivai
acinnost novych oximovych reaktivatorbyla porovnana s klinicky pouzivanymi
reaktivatory (pralidoxim, obidoxim a HI-6).

Ukazalo se, Ze Zadny #pravenych oxindi nedosahl stejné reakti&a (Cinnosti
jako standardni reaktivatory ¥ipact AChE i BUChE. Co se tyka reaktivace AChE,
potvrdily naSe vysledky fakt, Ze obidoxim je v 8asné dob nejlepSi reaktivator
v ptipadt paraoxonem inhibované AChE. Naopak oxim HI-6 nk@ral dostat@ou
acinnost i reaktivaci AChE inhibované paraoxonem. #pgac reaktivace BuChE
byla reaktivé&ni (¢innost no¥ pripravenych reaktivatérnedostaténa (meég nez 5 %).
PrestoZe no¥ syntetizované oximy népkonaly klinicky pouzivané oximy, jefiprava
novych strukturnich obdém reaktivatod (i kdyZz ne vzdy s uspokojivymi vysledky)
pottebna pro ziskani dalSich znalosti o vztahu meaktstrou a dinkem reaktivator
AChE a BuChE. Takové poznatky mohou v budoucnu morpid navrhu univerzalni

sloweniny s Sirokym spektrem reaktiird aktivity.
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5. ZAVER

Vysledky naSich experimeint prezentované vtéto praci jsou shrnuty

v nasledujicich bodech:

Nasim cilem byla ijprava pegylované rekombinantni PTE. Rddase nam
pripravit rekombinantni bakterialni PTE modifikovanows pomoci
biokompatibilnich polymér odvozenych od polyethylenglykolu. Analyzou
s vyuzitim SDS-PAGE a hmotnostni spektrometrie MAOF jsme zjistili, Ze
molekuly MPEG byly navazany na vSech teoreticky t@msych volnych
aminoskupinach aminokyseliny lysinu na povrchu PdaHaké na N-konci.
Modifikovany enzym si zachoval svou aktivitu a takédnoty K, a Vmax
Optimalizovali jsme podminky modifikai reakce (vzajemny pafm enzymu,
polymeru a reduniho ¢inidla, dobu a teplotu) tak, abychom vzdy ziskalieP
s navazanymi osmi molekulami MPEG. Ze vSech testysta polymed jsme
nakonec vybrali pro navazujici experimenty lineaMPEG o molekulove
hmotnosti 5 kDa s aldehydovou skupinou. Tatitvpo reakci s primarni
aminoskupinou a nasledné redukci sekundarni amawurim divodem vylkgru
bylo, Ze enzym rl po modifikaci zachovanu katalytickou aktivitu aravei
vykazal v provedeném experimentu nejlepSi termdgtalza fyziologickych
podminek (pH 7,4, teplota 37 °C). Proto jsméedpokladali, Ze takto
modifikovana rekombinantni PTE bude dosiadestabilni i v organizmu a
rozhodli jsme se takto upraveny enzym testavaivo.

Vin vivo experimentu byl laboratornim potkan intramuskularé aplikovan
pufrovany roztok modifikované a nemodifikované {wai) PTE a odpovidajici
kontrolni vzorek obsahujici pouze pufr. Naskednoyla sledovana aktivita
podaného enzymu v krvi potkiéawe stanovenycbtiasovych intervalech. Ukazalo
se, Ze aktivita nemodifikované rekombinantni PTEw potkami po aplikaci
byla na hranici r&itelnosti a po zhrubatdéch hodinach byla prakticky
srovnatelna s nulovou hodnotou aktivity u kontrolskupiny. Aktivita
modifikované PTE v krvi potkanvSak postup& namstala, po 36 hodinach
dosahla maxima a po 120 hodinach klesla na nultwaolnotu. Aby bylo mozné

zjistit, zda enzym vyvolava po opakované aplikacunitni odpo¥d’, byl tento
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experiment u stejné skupiny experimentalnichifatvipo ngsici zopakovan.
Vysledky byly velmi podobné jako u prvniho podaxa zaklad téchto zjiseni
muzeme konstatovat, Ze pegylovana PTE je st&Bilna ma vyrazé
prodlouzeny poleas v krevnim oéhu potkana, v porovnani s nemodifikovanou
PTE.

Tyto vysledky nemohly byt v débodevzdani disertai prace publikovany,
protoZze nebylo doka®no stanoveni protilatek v krvi potkan

Cast této disertmi prace byla zastena na nalezeni vhodnych kandidae
skupiny reaktivatar pro pipravu tzv. pseudokatalytického bioscavengeru,
skladajicho se z cholinesterazy a vhodného oximmwéhaktivatoru. Pro tento
Gcel byly testovany jak kome&né pouzivané reaktivatory, tak i nbv
syntetizované latky. Na zakladhodnoceni vysledkprovedenych experimeit
bylo zjiS€no, Ze biskvarterni slé@eniny dosahovaly lepSi reaktiird (cinnosti
nez slodeniny monokvarterni a svou roli ve vztahu struktiktenek hraly i
potet a poloha oximovych skupin na pyridiniovém kruhNejlepSimi
testovanymi reaktivatory byly biskvarterni aldoxinsg d¥ma aldoximovymi
skupinami na pyridiniovém kruhu v poloze 4 nebednpu oximovou a jednou
karbamoylovou skupinou v poloze 4 a zamovexly tti- nebo ctyi-lenny
spojovaciietzec (propanovy, 2-oxapropanovy, butanovy nebo bem@vy).
Zadny z testovanych oxiimvdak neprokazal schopnost steffolre reaktivovat
AChE inhibovanou tznymi OFI a byt tak univerzalnim reaktivatorem se
Sirokym spektrem &nku. Uginnost oximii v reaktivaci BUChE inhibované
riznymi OFI byla ve srovnani s AChE vyr&zmizSi. Nejvy3si hodnoty
dosahovaly pouze 16 % (latka K117, trimedoxim, K2&975, obidoxim), coz
neni pro praktické vyuziti dost&meé. Pro pipravu pseudokatalytického
scavengeru, fungujiciho na bazi BuChE, bude tedyotzxbi syntetizovat
sloweniny s vyssi reaktivai (&innosti. Experimentatn zjisténé strukturni
znaky @&innych reaktivator BUChE by mohly fedstavovat vhodnou cestu

k syntéze novych sl@enin s vyssi aktivitou.

49



6. SOUHRN

Bioscavengery jako profylaktika otrav organofosforavymi inhibitory
acetylcholinesterasy

Nervow paralytickeé latky (tabun, soman, sarin, VX) a jwédy (parathion,
malathion, chlorpyrifos) jsou vysoce toxické orginsforové slodgeniny, které
ireverzibilrg inhibuji enzym AChE. Inhibovana AChE né#e plnit svou fyziologickou
funkci — S€peni neuromediatoru acetylcholinu. Nasledné nahddémacetylcholinu na
cholinergnich synapsich @gobuje cholinergni krizi, kteraime skowit az smrti
intoxikovaného organismu. Séasny pgistup k profylaxi otrav OFI sgiva v podavani
reverzibilnich inhibitoit AChE (pyridostigmin), centraénpasobicich anticholinergik
(benaktyzin, trihexyfenidyl) a reaktivatoAChE (HI-6). Ripravky s obsahem
uvedenych latek jsou zavedeny v armadagtienych stai, véetns ACR. Terapie otrav
je zaloZena na aplikaci anticholinergik (atropnegktivatofi AChE (obidoxim,
methoxim, HI-6) a antikonvulziv (diazepam). VSechai® antidota mohou chranitqul
smrti ndsledkem otravy organofosfaty, nezabranhastedné paralyze po expozici,
kie¢im a porucham az trvalému posSkozé&nnosti mozku. Relativhnovy gistup
k profylaxi a I&€b¢ otrav OFI je pouZiti witych enzymi jako bioscavengér
Bioscavengery maji schopnosiininé neutralizovat toxické OF v krevnim & jeS¢
piredtim, nez dosdhnou svyctirpzenych cili (synaptickd AChE) a Zigobi intoxikaci.
Pro tyto &ely jsou intenziva studovany katalytické (fosfotriesterasa, paraosaha
stechiometrické (AChE, BUChE) a také pseudokatMgt(kombinace cholinesterasy a
oximového reaktivatoru) bioscavengery.

V nasi praci jsme se zabyvatipravou modifikované rekombinantni PTE, ktera
by slouzila jako katalyticky bioscavenger. PTE fzyn bakterialnihojvodu a jeji
nevyhodou je kratky pot@s v krevnim okhu a navozeni imunitni odpé&di po
opakovaném podani. Jednou z moznosti jak obejifpydblémy je modifikace
enzymového bioscavengeru konjugaci s vhodnym bigledifnilnim polymerem na bazi
polyethylenglykolu (pegylace), cozie zlepSit jeho stabilitu v krevnim & a
imunotoleranci diky sniZzené schopnosti imunitniy&tému rozpoznavat takto upraveny
enzym. Podiélo se ndm fipravit PTE modifikovanou pomoci MPEG, optimalizova
postup modifikace a porovnat vlastnosti modifiko&&TE s nativni PTH vitro a
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nasleds in vivo. Uk4zalo se, Ze modifikovany enzynglmyrazre vyssi stabilitu a delSi
polo¢as v krevnim okhu potkana.

Dale jsme se v naSi praci zabyvali navrhem a téstiov pseudokatalytického
bioscavengeru, ktery by se skladal z cholinestefA&hE nebo BuChE) a vhodného
reaktivovat AChE nebo BuChE inhibovanou rozdilnyd#). Ki naSich experimentech
jsme zjistili, Ze nejéinn¢jSi reaktivatory cholinesteras magikolik spole&nych
strukturnich ry8: jsou biskvarterni, s jednou neboétha oximovymi skupinami
v poloze para (4) na pyridinovém kruhu a délkoyopcihoirettzce mezi 3-£leny.
BuChE inhibovana OFI byla velmi obti&neaktivovatelna a hodnoty reaktivace byly na
rozdil od AChE velmi nizké. Testované oximy progsou vhodné jako soast
pseudokatalytického bioscavengeru v kombinaci si#@ysledky vSak mohou byt

pouzity @i hledani struktur novychéinnych reaktivatat.
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7. SUMMARY

Bioscavengers as prophylactics of poisonings causey organophosphate
inhibitors of acetylcholinesterase

Nerve agents (tabun, soman, sarin, VX) and pesscigharathion, malathion,
chlorpyrifos) are highly toxic organophosphorus poonds. They irreversibly inhibit
enzyme AChE. Inhibited AChE cannot perform its pblgical role — hydrolysis of
acetylcholine. Subsequent accumulation of acetyilob@n cholinergic synapses causes
cholinergic crisis and can lead to death of intated organism. Current prophylaxis of
OP poisonings consists of administration revershBhE inhibitors (pyridostigmine),
central anticholinergics (benactyzine, trinexypldghi and AChE reactivators (HI-6).
These substances are contained in antidotal measeme armies, including Czech
Armed Forces. Therapy of OP poisonings is baseadomnistration of anticholinergics
(atropine), reactivators of AChE (obidoxime, metimog, HI-6), reversible inhibitors of
AChE (pyridostigmine) and anticonvulsives (diazepaithese antidotes can protect
human from death, but they don’t prevent from pqgstsure incapacitation,
convulsions and permanent brain damage. Relatively approach in prophylaxis and
therapy of OP intoxications is administration ofrtagn enzymes as bioscavengers.
Bioscavengers are capable of neutralizing of ta@Rs in the bloodstream rapidly
before they can reach their natural targets (symapChE) and cause intoxication.
Catalytic (phosphotriesterase, paraoxonase), storatric (AChE, BUChE) and pseudo
catalytic (combination of cholinesterase and oximeactivator) bioscavengers are
intensively investigated for these purposes.

In our work we concerned with preparation of maatifrecombinant PTE which
could serve as catalytic bioscavenger. PTE is aymea of bacterial origin and its
disadvantage is relatively short half-life in thiedad stream and immunogenicity after
repeated administration. One way to circumventeéh@®blems is the modification of
enzyme bioscavenger by conjugation with suitablecdinpatible polymer based on
polyethylene glycol (pegylation). This approach @aprove its circulatory stability and
immunotolerance due to the decreased ability of umensystem to recognize modified
enzyme. We have prepared MPEG-modified PTE, we loptanized modification
process and we compared properties of modified B native PTEn vitro and
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subsequentlyin vivo. It was shown that modified enzyme had signifibaritigher
stability and longer half-life in bloodstream otthat.

Next step of our work was design and testing ofudeecatalytic bioscavenger
which consists of cholinesterase (AChE or BuChE) anitable oxime reactivator.
Oxime should have wide spectrum of reactivationcigficy (ability to reactivate
different OP-inhibited AChE or BUChE). Our experimeeshown that the most efficient
reactivators have several common structural featuhey are bisquaternary with one or
two oxime groups in para position on pyridiniumgsnand connecting chain with 3 or 4
members. OP-inhibited BuChE was very uneasily reatatble and values of
reactivation were very low in comparison with AChEherefore, tested oximes are not
suitable as a part of pseudo catalytic bioscaveimgeombination with BUChE, but the

results can be used in searching for new structifrefficient reactivators.
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ABSTRACT
Bioscavengers are considered as promising antideigginst organophosphate
poisoning. We focused on a bacterial phosphotriasée(PTE) expressedhn coli. The
main disadvantage of this non-human catalytic l@esnger is its relatively short half-
life in the organism and strong immunogenicity aftepeated administration.
Therefore, we prepared different methoxy polyethgleglycol (MPEG) conjugated
recombinant PTE as a potential catalytic bioscagemgth the aim to improve its
biological properties. Enzyme was modified with tWweear monofunctional MPEG
derivatives with reactive aldehyde group of molacueight 2 kDa and 5 kDa. We
optimized reaction conditions (reagent ratios, terajure and duration of modification
reaction) and we prepared homogeneous populatifuilpfmodified recombinant PTE
with molecular weight around 52 kDa and 76 kDapeesively. Modified PTE was
characterized using SDS-PAGE and MALDI-TOF and btedniningK, andVpax We
also investigated thermal stability of modified gyme at 37 °C. Based on our results,
for futurein vivo evaluation of pharmacokinetics and pharmacodynapragerties, we
selected recombinant PTE modified with 5 kDa MPHd&layde for its superior thermal
stability.
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INTRODUCTION

Organophosphorus (OP) compounds are widely usashdrthe whole world as
pesticides (e. g. malathion, diazinon, chlorpynfas agriculture, as lubricants and
softeners and flame retardants in the industry andhighly toxic nerve agents (e. g.
sarin, soman, VX) for military purposes in some i@snNerve agents and oxon forms
of OP pesticides are toxic compounds towards lianganisms due to their ability to
inhibit enzymes acetylcholinesterase (AChE; EC37).and butyrylcholinesterase (EC
3.1.1.8) in an irreversible manner. Their mechanafhaction is phosphonylation or
phosphorylation of serine hydroxyl group in theiaetsite of enzyme. Inhibition of
AChE involved in neurotransmission can lead in ctesic crisis and possibly death of
intoxicated organism [1,2]. For the recovery ofimted AChE activity during the
therapy of intoxication, compounds from the group atdoxime reactivators are
employed usually in combination with anticholinergirug atropine [3,4,5]. Their
reactivation efficacy depends on their chemicalatire and also type of OP inhibitor
[6,7].

Relatively new group of potential prophylactics dhdrapeutics are bioscavengers,
which are considered as promising antidotes agammganophosphate poisoning.
Biomolecules (typically enzymes) from this groupe arapable of neutralizing OP
inhibitors rapidly in the bloodstream after thegngtration into organism before they
reach their physiological targets [3,8]. Suitablendidates for these purposes are
cholinesterases (stoichiometric scavengers), hupaaaoxonase, carboxylesterase and
PTE (catalytic scavengers). The advantage of biuesggers compared to current
antidotes is their ability to prevent irreversileliéects of organophosphate intoxications,
such as post exposure incapacitation or brain darfgdgThey can also be used in post-
exposure treatments, as active components in fomksn protectants and for
decontamination of skin, mucosa, and wounds underaganditions [10].

We focused on a bacterial PTE expressecEincoli. This enzyme is a zinc
metalloprotein, which catalyzes the hydrolysis olvide variety of organophosphates
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and related phosphonates with a high catalyticongn and broad substrate specificity
[11]. The main disadvantage of this non-human gatabioscavenger is its relatively
short half-life in the organism, possible immunagén after repeated administration
and various adverse disposition physiological factd2,13]. A way to circumvent

these problems is the conjugation of PTE with bmpatible polyethylene glycol

derivatives. Cohen et al. demonstrated that cdattotonjugation of polyethylene-

glycol (PEG) side-chains to lysine residues of ridik as well as of rHUBChE, can
generate bioactive cholinesterase enzymes exhgb#im improved pharmacokinetic
profile [14,15]. The pegylation of insulin almosbropletely eliminated the resultant
conjugate's immunogenicity, allergenicity, and geicity. The conjugates were
observed to remain in the systemic circulation fonger periods of time than

unmodified insulin after subcutaneous administrafis].

The aim of present study was preparation of recoartii PTE ,, = 36 kDa)
conjugated with methoxy polyethylene glycol (MPEG@grivatives with reactive
aldehyde group, their characterization and optittomaof conjugation process. The
objective of reaction optimization was to obtainmugeneous and fully MPEG-
modified PTE, with the aim to improve its biolodigaoperties. We also determined
thermal stability of modified enzymes at physiokmdiconditions (pH 7.4, 37 °C).

MATERIAL AND METHODS

Chemicals

Chemicals used in experiments were of analyticadgrand were purchased from
Sigma Aldrich (Prague, Czech Republic), Pliva-Laohe(Brno, Czech Republic),
Acros Organics (Geel, Belgium), LaserBio Labs (Sapintipolis Cedex, France) and
PENTA (Prague, Czech Republic). Water was purifmd a GORO AQUA 35
apparatus (GORO, Prague, Czech Republic).

Preparation and purification of PTE

Enzyme was prepared as previously described BL.7¢liminutaPTE was expressed in

E. coli HMS 174 (DE3) pLysS (Novagen, Madison, WI, USA)rgmg the plasmid

PET17b-PTEn. pET17b was from Novagen. Briefly, the enzyme vpasified as

follows: (a) ion exchange chromatography on FastvHDEAE-Sepharose (Pharmacia

Biotech, Uppsala, Sweden); (b) affinity chromat@ima on Green 19-Agarose gel
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(Sigma); and (c) size exclusion chromatography tirogel AcA54 (Biosepra, Cergy-
Saint-Christophe, France) [18]. Prior the experim&TE solution in 50 mM borate
(sodium tetraborate/sodium hydroxide) buffer, pHp, 8was re-purified using ultra
filtration unit (cut-off 30 kDa; Vivascience AG, @eany) and was subsequently
filtered through 0.22dm disposable syringe filter (Millipore, Czech Repcpto avoid
bacterial contamination. The final concentration RTE was estimated using the
bicinchoninic acid method with bovine serum alburfB8A) as the protein standard

and was 1.45 mg.ml

Modification of PTE

MPEG polymers O-[2-(6-oxocaproylamino)ethyl®’-methylpolyethylene glycol
aldehyde (MPEG 2 kDaM,, = 2 kDa) andO-[2-(6-oxocaproylamino)ethyl>’-
methylpolyethylene glycol aldehyde (MPEG 5 kD&;, = 5 kDa) were used for PTE
modification. Polymers were dissolved in 0.2 M lerbauffer (pH 8.5; 0.1 mM Cog¢)l
together with reduction agent sodium cyanoborolug(NaBHCN) and mixed with
PTE solution. We used different PTE/MPEG/ NaBIN molar ratios for modification
ranging from 1:80:8 000 to 1:2 400:96 000. Reactiore was from 1 to 24 hours and
the reaction temperature 25 °C or 40 °C. Reactias stopped after addition of 10%
glycine solution into reaction mixture. The resuuofeacted polymer was removed from
modified PTE using ultrafiltration unit (cut-off 1kKDa; Vivascience AG, Germany).
Modification process was monitored by measuringrdyme activity and carrying out
SDS-PAGE (7.5% separation gel). Electrophoresis wasformed using Mini-
PROTEAN 3 Cell system (Bio-Rad, Prague, Czech RlguliProteins on gels were
stained using EZBlue Gel Staining Reagent (collo@i@omassie brilliant blue G-250;
Sigma Aldrich, Prague, Czech Republic), KaleidoscBpestained Standard (Bio-Rad,
Prague, Czech Republic) was used as an appropr@ezular marker.

Measurement of PTE activity
Enzymatic activity was measured in 50 mM boratddyypH 8.5; 0.1 mM CoGl0.1 %
BSA) at 25°C, using 1 mM paraoxon as substrateyiiezactivity was estimated using
spectrophotometer Helios Alfa (Thermo Fisher Sdieninc., Waltham, MA, USA) by
monitoring the change in absorbance at 400 nm.espanding to the releasqd
nitrophenol from paraoxon after its hydrolysis.
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Mass spectrometric analysis

Matrix-assisted laser desorption/ionization timdlght (MALDI-TOF) mass
spectrometry was used for recombinant PTE and iBEGlconjugated products
molecular weight determination. PTE or its MPEGjagated products were dissolved
in 50 mM borate buffer pH 8.5, containing 1 mM @ahe chloride to a final
concentration of 5 pg.jl An aliquot of sample was mixed with 10 mg‘p3,5-
dimethoxy-4-hydroxycinnamic acid in 50% acetongttl0% water/0.1% trifluoroacetic
acid (v/v), deposited onto a MALDI plate and driddass spectra were acquired in the
linear positive ion mode using a 4800 MALDI TOF/THF Analyzer (Applied
Biosystems, Framingham, MA, USA).

Determination of i and \ax

Kinetic parameters of enzyme were determined imB0 borate buffer (pH 8.5; 0.1
mM CoCh) at 25°C. Enzyme was incubated with varying cotregions of paraoxon (5
— 2000 pM). PTE catalysis obeys the Michaelis-Manmodel. Calculations for
determination of catalytic parametes, and Vy.x were performed using software
GraphPad Prism version 4.00 for Windows, GraphPadftw@re, CA, USA

(www.graphpad.com).

Thermal stability

Thermal stability was investigated at 37 °C in B.®hosphate buffer (pH 7.4; 0.1 mM
CoCL). Residual activity was measured after incubatédndesired time intervals.

Samples of the enzymes for thermal stability wemeubated using thermometer
controlled metal-block-thermostat MBT 250 (Kleirddlabortechnik GmbH, Gehrden,
Germany). At required time, aliquots of the enzysaeples were taken and chilled. At
required time, aliquots of the enzyme samples waken chilled and the activity was

determined.

RESULTS AND DISCUSSION
MPEG 2 kDa and MPEG 5 kDa aldehydes react withnb/siLys) e-amino
group. There are seven free Lys amino groups orstiniace of monomeric PTE and
one amino group located at the N-terminus, whi@htheoretically capable of reacting
with MPEG molecules. The probability of N-termintesaction depends on pH during
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conjugation. Reaction of PTE with MPEG aldehyde twas steps: formation of Schiff
base (condensation), which is in the next step idiately reducedn situ by sodium
cyanoborohydride to the secondary amine (Fig. 2).[Yielded secondary amine bond
is stable in the organism.

We established optimal conditions of the modificatsuch as ratio of enzyme
(set as 1), polymer and reduction agent. The ains vea obtain fully modified
homogeneous population of recombinant PTE with Isingand on SDS-PAGE gel.
Based on residual activity of conjugated enzyme rmaumiber of bands on SDS-PAGE
gel (results not shown), we determined optimal molaatios of
enzyme/polymer/NaBsCN 1:1 200:48 000 for MPEG 2 kDa and 1:800:40 000 f
MPEG 5 kDa. Optimal reaction time for conjugationrecombinant PTE with both
MPEG 2 kDa and MPEG 5 kDa was 24 hours to get follgdified PTE at given
reactant ratios. Lower reaction temperature 25 P@riged conjugates with higher
activity than those prepared at 40 °C. The catalgttivity of prepared modified
enzymes was not significantly altered, as welhas K, values (Table 1).

According to the SDS-PAGE gel and measured masgrapeve obtained fully
modified homogeneous population of recombinant RItE molecular weight around
52 kDa and 76 kDa, respectively (Fig. 2 and Fig.N8ss spectra of prepared MPEG
conjugates revealed, similarly to the SDS-PAGE gele population of conjugated
enzyme (two wide and relatively disperse peaksespwnding to the modified PTE ion
having one and two positive charges).

Based on the thermostablity results, the most stanizyme at 37 °C and
physiological pH (7.4) was PTE modified by MPEG B& This conjugate had
significantly higher stability than recombinant Paid PTE-MPEG 2 kDa. Because the
thermal stability is crucial for long half-life othe administered enzyme in the
circulation [20], PTE modified by MPEG 5 kDa is tlmeost suitable candidate for

furtherin vivo evaluation.

CONCLUSIONS
We established optimal conditions for the modtima of PTE with MPEG
2 kDa and MPEG 5 kDa, and we obtained fully modifromogeneous population of

recombinant PTE.
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Based on our results, for future vivo evaluation of pharmacokinetics and
pharmacodynamics properties we selected recombiRaiE modified with MPEG
5 kDa aldehyde for its superior thermal stability.

Our further studies will be focused on investigatiof bioavailability and
pharmacokinetics of the conjugate, evaluation omimological response following
repeated administration in suitable animal modell @&stimation of its protective
properties. Modified PTE could be a suitable caatdidfor protection against

organophosphate poisoning.
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Figure 1. Reaction scheme of PTE with MPEG 2 kDRIBEG 5 kDa. Reaction
consists of two steps — (a) formation of Schiffdasd (b) its subsequent reduction with

sodium cyanoborohydride to the secondary amine.

K, (uM) V__ (uM.min ™)
Enzyme
(95% confidence interval) (95% confidence interval)
289.8 3.14
PTE
(183.5-396.1) (2.75 - 3.53)
266.8 2.12
PTE-MPEG 2 kDa
(197.8 - 335.8) (1.94 - 2.30)
232.1 1.64
PTE-MPEG 5 kDa
(183.9 - 280.2) (1.53 - 1.75)

Table 1 K, andVmaxof recombinant PTE end prepared MPEG conjugateslyiia
parameters of enzyme were determined in 50 mM édmatfer (pH 8.5; 0.1 mM

CoCb) at 25°C.
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Figure 2. SDS-PAGE (7.5%). Legend: M - KaleidoscBpestained Standard, PTE
recombinant enzyme, MPEG2 — PTE conjugated with @REDa, MPEGS5 — PTE
conjugated with MPEG 5 kDa. Gel was stained usiagr@assie brilliant blue.
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Figure 4. Thermal stability of recombinant PTE @nepared MPEG conjugates at
37°C. Stability was measured in 0.2 M phosphatéeb@H 7.4; 0.1 mM CoG).
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Organophosphorus pesticides (e.g. chlorpyrifos, malathion, and parathion) and nerve agents
(sarin, tabun, and VX) are highly toxic organophosphorus compounds with strong inhibi-
tion potency against twwo key enzymes in the human body—acetylcholinesterase (AChE; EC
2.11.7) and butyrylcholinesterase (BuChE; EC 2.1.1.8). Subsequent accumulation of acetyl-
choline at synaptic clefts can result in cholinergic crisis and possible death of intoxicated
organism. For the recovery of inhibited AChE, derivatives from the group of pyridinium or
bispyridinium aldoximes (called oximes) are used. Their efficacy depends on their chemical
structure and also type of organophosphorus inhibitor. In this study, we have tested potency
of selected cholinesterase reactivators (pralidexime, obidoxime, trimedoxime, methoxime
and H-oxime HI-6) to reactivate human erythrocyte AChE and human plasma BuChE inhib-
ited by pesticide paraoxon. For this purpose, modified Ellman’s method was used and two
different concentrations of oximes (10 and 100 p.M), attainable in the plasma within anti-
dotal treatment of pesticide intoxication were tested. Results demonstrated that obidoxime
(96.8%) and trimedoxime (86%) only reached sufficient reactivation efficacy in case of
paraoxon-inhibited AChE. Other oximes evaluated did not surpassed more than 25% of
reactivation. In the case of BuChE reactivation, none of tested oximes surpassed 12.5% of
reactivation. The highest reactivation efficacy was achieved for trimedoxime (12.4%) at the
concentration 100 pM. From the data obtained, it is clear that only two from currently
available oximes (obidoxime and trimedoxime) are good reactivators of paraoxon-inhibited
AChE. In the case of BuChE, none of these reactivators could be used for its reactivation.

© 2008 Elsevier Ireland Led. All rights reserved.

1. Introduction

between inhibited AChE and inhibitor, which arose within
the AChE inhibition, and thus reactivate the enzyme._ After-

Acetylcholinesterase (AChE; EC 3.1.1.7) reactivators are
generally used as a part of the antidotal therapy following
intoxications with organophosphorus inhibitors |1]. From
the molecular level, they are able to break down the bond

# Correspondence author at: Faculty of Military Health Sciences, Univer-
sity of Defence, Trebesska 1575, Hradec Kralove 503 32, Czech Republic.
Tel.: +420 973 251 504; fax: +420495 518 094,

E-mail address: jun@pmfhk.cz (D. Jun).

0009-2797($ — see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.

doi:10.1016{j.cbi.2008.05.004

wards, the enzyme is able to fulfill its physiological role in
the organism [2].

During two last decades, many scientific efforts
have been focused on plasma cholinesterase (butyryl-
cholinesterase; BUChE; EC 3.1.1.8) as bioscavenger capable
to sequester the molecules of nerve agents or pesticides
from the blood stream and so to serve as nerve agent-
nonspecific prophylactics [3]. Several efforts were aimed to
preparation, purification and large-scale production of such
scavenging BuChE [4]. Other new approaches were focused
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on development of catalytic BuChE capable to catch the
inhibitor, detoxify and once again serve as a new scavenger.
Such modifications were possible using the preparation of
BuChE mutants [5].

BuChE as well as AChE is the serine hydrolase that
belongs to the esterase family within higher eukaryotes.
Compared to AChE, BuChE function is unknown till today.
It is able to split down similar substrates as AChE does, and
due to this, it can act as AChE in case of Alzheimer’s disease
|6]. It is also inhibited by nerve agents and pesticides in
the same manner—phosphorylation of the serine hydroxyl
group in its active site [7].

Due to the above-mentioned facts, there exists the
hypothesis that also AChE reactivators used for treatment
of nerve agent and pesticides intoxications could reactivate
inhibited BuChE and so serve as “pseudocatalytic” bioscav-
engers.

To find out if BuChE is reactivable by AChE reactivators
we wanted to test the currently available AChE reactivators
{pralidoxime, obidoxime, trimedoxime, methoxime and HI-
6) for their in vitro reactivation potency in this study. For
comparison, we have also tested these oximes in parallel
for their in vitro reactivation of AChE.

2. Material and methods
2.1. Chemicals

AChE reactivators pralidoxime (2-PAM; 1-methyl-2-
hydroxyiminomethylpyridinium chloride); obidoxime (1,
3-bis{4-hydroxyiminomethylpyridinium)-2-oxapropane
dichloride); trimedoxime (TMBA; 1,3-bis{4-hydroxyimino-
methylpyridinium)-propane dibromide) and methoxime
(MMB4; 1,1-bis(4-hydroxyiminomethylpyridinium)-met-
hane dibromide) were purchased from Leciva (Czech
Republic) and Merck {(Germany), respectively. HI-6 (1-
{4-hydroxyiminomethylpyridinium }-3-(4-carbamoylpyri-
dinium)-2-oxapropane dichloride) was purchased from
Phoenix Chemicals Ltd. (United Kingdom).

Purity of all tested AChE reactivators was tested
using TLC (DC-Alufolien Cellulose F; mobile phase n-
butanol:acetic acid:water—5:1:2; detection by Dragendorff
reagent) and NMR (Varian Gemini 300, Palo Alto, CA, USA).

Paraoxon [POX; 0,0-diethyl-0-4-nitrophenylp-
hosphate) was purchased from Dr. Ehrenstorfer (Augsburg,
Germany) in 95% purity. All other chemicals used in this
study were of analytical purity and were purchased from
Sigma-Aldrich (Czech Republic).

2.2. Invitro reactivation of ACRE and BuChE

Human blood samples were obtained from healthy vol-
unteers. The blood samples were centrifuged for 20 min
at 5000rpm and the plasma was removed as supernatant,
frozen and was kept under —80°C {source of BuChE). Then,
the erythrocytes were hemolyzed in phosphate buffer
(0.01 M, pH74)inaratio 1:10 (w/w), frozen and kept under
—80°C (source of AChE). Time of enzyme inhibition with
paraoxon (2 h, corresponding to 7 x Ty ) was calculated
from experimentally determined half life {T; ;) of reaction
between enzyme and paraoxon. Concentration of paraoxon,
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Fig. 1. Reactivation of paraoxon-inhibited acetylcholinesterase.

causing 95% enzyme inhibition {338 x 10-°M for AChE
and 1.4 x 107 M for BuChE) was calculated from experi-
mentally founded [Csy values. The inhibition of AChE was
started in plastic cuvette by addition of paraoxon solution
in isopropanol to the mixture of phosphate buffer (0.05 M,
pH 74) and hemolyzate {activity before inhibition was set
to 3.33 U/L) or plasma (activity was set to 133 U/L). After
inhibition, the solution of reactivator in phosphate buffer
(0.05M, pH 7.4)was added to the mixture containing inhib-
ited enzyme (final concentration of tested reactivator was
100 or 10 .M. After 10 min of reactivation, 5,5 -dithiobis-
2-nitrobenzooic acid (DTNB) in phosphate buffer (0.05 M,
pH 74) was added and the enzymatic reaction was ini-
tiated by addition of AChE substrate acetylthiocholine or
BuChE substrate butyrylthiocholine. The final concentra-
tion of DTNB and acetylthiocholine or butyrylthiocholine
in the mixture was 1 mM. The volume of sample in cuvette
was 2 mL. The activity of AChE in hemolyzate and BuChE in
plasma was determined with a modified method accord-
ing to Ellman et al. [8]. The absorbance was measured
at 436 nm for 1min using a spectrophotometer (Helios
Alfa, Thermo Fisher Scientific, Inc., USA). AChE activity was
measured after 2 min of delay for minimizing of the inter-
ference of DTNB with thiols in hemolyzate. All results were
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Fig. 2. Reactivation of parac¥on-inhibited butyrylcholinesterase,
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Table 1

Potency of cholinesterase reactivators to reactivate paraoxon-inhibited acetylcholinesterase and butyrylcholinesterase at concentrations 100 and 10 M

Reactivator Reactivation (%)

AChE BuChE

100 uM 10pM 100 M 10 pM

Mean 5.D. Mean s.D. Mean s Mean 5.0
Methoxime 234 32 43 L1 5.6 04 08 0.8
Obidoxime 96.8 0.6 59.4 0.6 a0y 0.3 22 03
Pralidoxime 18.1 0.6 13 0.6 5.5 0.1 1.0 0.2
HI-& 16.1 0.0 39 0.6 2.3 02 08 0.4
Trimedoxime 86.0 il 453 0.6 124 1.1 23 0.2

corrected for hydrolysis of substrate by reactivators. Solu-
tions of different cystein concentrations (added instead of
hemolyzate) were prepared for absolute calibration of used
method. Reactivation potency was calculated from the fol-
lowing equation:

%R = (17M> « 100
g —

where % R is percent of reactivation, ap is activity of
intact enzyme, g; is activity of inhibited enzyme and e is
activity of reactivated enzyme.

Each measurement was repeated three times. All exper-
iments were conducted under standard laboratory temper-
ature (25°C). Calculations were performed using software
GraphPad Prism version 4.00 for Wind ows, GraphPad Soft-
ware, San Diego, CA, USA, www.graphpad.com.

3. Results

Data characterizing in vitro activity of tested oximes
towards paraoxon-inhibited AChE and BuChE are summa-
rized in Figs. 1 and 2. Appropriate values of all results of
reactivation are shown in Table 1.

From the results obtained for AChE reactivation, it is
clear that the most potent reactivators tested in our study
seem to be obidoxime and trimedoxime. Their reactivation
activity surpassed other oximes tested. Although the high-
est reactivation potency was achieved at 100 p.M, potency
at the concentration 10 .M is also sufficient. Both con-
centrations of reactivators used in the experiment are
attainable in the human plasma in case of use of reacti-
vator during antidotal therapy. Except trimedoxime and
obidoxime, the other oximes tested in this study (prali-
doxime, HI-6 and methoxime) did not reached sufficient
reactivation efficacy.

In case of reactivation of BuChE, none from the currently
available oximes reached satisfactory reactivation potency.
Trimedoxime only showed 12.4% of reactivation efficacy at
the concentration 100 .M.

4. Discussion

Prophylaxis against nerve agents and pesticides poi-
soning is currently well investigated throughout the
world. Quaternary (pyridostigmine) and non-quaternary
{physostigmine, huperzine, and 7-methoxytacrine)
cholinesterase inhibitors, AChE reactivators or bioscav-

engers are tested or established (pyridostigmine) as
prophylactics against these intoxications [9,10]. Bioscav-
engers are the newest scientific approach. Several studies
have demonstrated that exogenously administered human
serum BuChE can be used successfully as a safe, effica-
cious, and single prophylactic treatment to counteract
the toxicity of nerve agents or pesticides [11]. The upper
limit of human BuChE dose required for protection against
organophosphates toxicity sufficient to protect erythrocyte
AChE above 30% of baseline activity ranges, depending on
nerve agent, from 134 to 249 mg/70kg [12].

Currently, catalytic bioscavengers are considered to
be more promising than stoichiometric. Paraoxonase and
phosphotriesterase seem to be the right substitution. In
this study, use of BuChE together with reactivators was
discussed as potential “pseudocatalytic” scavenger. This
concept was successfully demonstrated by Caranto et al.,
when the efficacy of fetal bovine serum AChE to detoxify
sarin was amplified by addition of bis-quaternary oximes
[13].

From the results obtained, it is clear that the oximes able
toreactivate paraoxon-inhibited AChE are poor reactivators
of paraoxon-inhibited BuChE. Due to this fact, such com-
bination could not be used as pseudocatalytic scavenger
supporting the turnover of nerve agents and pesticides
detoxification.

However, in this work, we have tested only reactivation
of paraoxon-inhibited cholinesterases. For better under-
standing of this problem, larger number of nerve agents
and pesticides should be tested as inhibitors. Moreover,
currently available oximes (pralidoxime, obidoxime, trime-
doxime, methoxime and HI-6) were tested only. Also larger
group (not only the currently available ones) of AChE
reactivators should be tested to get structure-activity rela-
tionship which could help in subsequent synthesis of new
reactivators of BuChE—"rational synthesis of BuChE reacti-
vators”.

As discussed above, the data obtained in this work is
the first one discussing the “pseudocatalytic bioscavenger”
topics. They showed that currently available oximes are of
poor efficacy in case of BuChE reactivation. To solve this
problem more precisely, more investigation is needed.
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In vitro oxime-assisted reactivation of paraoxon-inhibited human
acetylcholinesterase and butyrylcholinesterase
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Introduction. Organophosphorus pesticides and nerve agents are highly toxic to humans and other living organisms, primarily because of
their interaction with enzyme acetylcholinesterase. The aim of ow study was to find suitable reactivators of acetylcholinesterase and
butyrylcholinesterase and to recommend the most efficacious compounds for the next evaluation as antidotes for intoxication by
pesticides.  Aethods. Eighteen structurally different oxime reactivators were tested for their in vitro ability to reactivate paraoxon-
inhibited human erythrocyte acetylcholinesterase and human plasma butyrylcholinesterase to find out structure—activity relationship within
this set of compounds. Their reactivation ability was compared with commercially available acetylcholinesterase reactivators (pralidoxime,
methoxime, trimedoxime, obidoxime, and HI-6). Resuits and discussion. The best reactivation ability was achieved with obidoxime,
trimedoxime, compounds K027, K075, K203, and K048. We have also tested reactivation of butyrylcholinesterase with the aim to
recommend an efficient reactivator, able to perform a “pseudo catalytic” bioscavenger with butyrylcholinesterase, which is developed as
new antidote of organophosphate poisonings. Such combination could allow an enhancement of prophylactic and therapeutic efficiency of
administered enzyme. Compounds K117, K269, K075, and wrimedoxime were found to be the most potent reactivators of inhibited

butyrylcholinesterase.

Conclusions. In this work, we have evaluated only reactivation of paraoxon-inhibited cholinesterases. To get

better understanding of this problem, a larger number of organophosphorus inhibitors should be used.

Key words

Introduction

Organophosphorus pesticides (e.g., paraoxon, malathion, and
methamidophos) and some chemical warfare agents (nerve
agents, e.g., tabun, sarin, VX)) are highly toxic to humans and
other living organisms. They irreversibly inhibit enzymes
acetylcholinesterase (AChE; EC 3.1.1.7) and butyrylcho-
linesterase (BuChE; EC 3.1.1.8). Subsequent accumulation of
acetylcholine at synaptic clefts in nervous system because of
the inhibition of AChE can induce cholinergic erisis and lead
to death of intoxicated person. For diagnosis and prognosis of
organophosphate (OP) poisoning, the most useful parameter
is the cholinesterase activity.!
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Currently used antidotes in therapy of OP poisonings are anti-
cholinergics (atropine), which antagonize the effect of accumu-
lated acetylcholine and AChE reactivators (oximes), which
reactivate inhibited AChE? in combination with anticonvulsive
drugs (=.g., diazepam). Their reactivation ability depends on their
chemical structure and also type of the organophosphorus inhibi-
tor. Oxime reactivators of AChE are used worldwide in the treat-
ment of OP poisoning and they are also introduced as prophylactic
and therapeutic antidotes against nerve agent mtoxications in
some armies. Oximes hydrolytically cleave the OP molecule from
the active site of mhibited AChE and regenerate its enzymatic
function.” At this time, none of the commercially available oximes
is sufficiently effective against all known organophosphorus nerve
agents and pesticides.* Therefore, it is very important to find new
“broad spectrum™ cholinesterase reactivators.”

Paraoxon (0,0-diethy] O-4-nitro-phenyl phosphate), the active
metabolite of pesticide parathion (©,0-diethyl-O-4-nitro-phenyl
phosphorothioate), is a highly toxic non-nuropathic OP,’ which is
acutely neurotoxic because of the inhibition of AChE® (Fig. 1).
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Fig. 1. Structure of organophosphorus pesticides and paraoxon
parathion.

During the last two decades there have been efforts to find
more effsctive antidotes against OP intoxications and for this
purpose bioscavengers wers developed and tested. Enzyme bio-
scavengers (cholinesterases, phosphotriesterase, or human
paraoxonase) could serve as an efficient pretreatment to
neutralize highly toxic OPs in the bloodstream before they reach
their physiological targets. Several studies have demonstrated
that human serum BuChE (EC 3.1.1.8) can be used successfully
as a safe and effective prophylactic treatment to counteract the
toxicity of different OPs.” BuChE is a highly glycosylated pro-
tein present in human plasma and is also involved i neuronal
transmission. The enzyme hydrolyzes choline esters (e.g., ben-
zoylcholine, butyrylthiocholine, and acetylthiocholing) as well
as noncholine esters (cocaine, heroin, and aspirin).® Several pro-
tocols for purification and storage were worked out for obtain-
ing a sufficient amount of human BuChE, and this enzyme was
stable for more than 3 years.” Some mutants of BuChE with
higher capacity to catalyze hydrolysis of cocaine and OP were
prepared. The BuChE mutant G117H has the unusual ability to
hydrolyze OP as well as acetylcholine and it is resistant to inhi-
bition by OP (echothiophate, DFP, and paraoxon).'%

In our work, we tested 18 structurally different reactivators
for their iz vitre ability to reactivate paraoxon-inhibited eryth-
rocyte AChE and BuChE to find out structure—activity relation-
ship within this set of compounds. Reactivation of BuChE was
also tested, because the aim of our work was to find out whether
this enzyme can be reactivated by AChE reactivators. BuChE
could serve, in combination with suitable efficient reactivator,
as a “pseudo catalytic” bioscavenger. The catalytic activity of
OP-inhibited cholinesterase could be quickly and continuously
renewed in the presence of an oxime."* Such combination could
provide increased protection against OP intoxication in com-
parison with the enzyme administered alone. From the practical
point of view, suitable enzyme for this purpose could be
BuChE, because it is under several clinical trials.! 17

Chemical structures of tested reactivators are shown in Table
1. From a chemical point of view, the tested compounds are
monoquaternary (2-PAM, 3-PAM, and 4-PAM) or bisquater-
nary symmetric (methoxime, obidoxime, trimedoxime, K005,
K033, K074, K075, K099, K101, K117, K316, and K317) or
asymmetric (HI-6, K027, K048, K127, K203, K206, K252, and
K269) oxime reactivators. They have one or two functional
pyridinium aldoxime groups at position two (2-PAM, HI-6,
K003, K033, and K316), three (3-PAM, K099, K101, and
K317), or four (methoxime, obidoxime, trimedoxime, 4-PAM,
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K027, K048, K074, K075, K117, K127, K203, K206, K252,
and K269) at the pyridine rings. The bisquaternary reactivators
differ in the length of the connecting chain (from one upto five
methylene groups) and in presence or absence of double bond
or oxygen group in the connecting chain.

Materials and methods

Chemicals

All AChE reactivators were synthesized at the Department of
Toxicology, Faculty of Military Health Sciences, University
of Defence (Czech Republic).

Purity of all tested AChE reactivators was tested using
TLC (DC-Alufolien Cellulose F; mobile phase n-butanol :
acetic acid : water — 5 : 1 1 2; detection by Dragendorff Reagent)
and nuclear magnetic resonance (Varian Gemini 300, Palo
Alto, CA, USA) before their use.

Paraoxon (Q,0-diethyl-O-4-nitrophenylphosphate) was
purchased from Dr. Ehrenstorfer (Augsburg, Germany) in
95% purity. All other chemicals used in this experiment were
of analytical grade and were purchased from Sigma- Aldrich
(Prague Czech Republic).

In vitro reactivation of ACRE and BuChE

The blood samples were collected from healthy volunteers
from the vein into a disposable syringe containing 3.8%
sodium citrate (the ration blood/citrate was 1:10 w/w). The
citrated blood was centrifuged for 20 min at 2856 g and the
plasma was removed as supernatant, frozen, and was kept
under —80°C (source of BuChE). The erythrocytes were
washed three times with phosphate buffer (PB; 0.1 M, pH
7.4) and then hemolyzed in PB (0.01 M, pH 7.4) in a ratio
1:10 (wiw), frozen, and kept under —80°C (source of AChE).
Time of enzyme inhibition with paraoxon (2 h, corresponding
to 7 x I',,) was calculated from experimentally determined
half-life (7)) of reaction between enzyme and paraoxon.
Concentration of paraoxon, causing 95% enzyme inhibition
(338 % 107° M for AChE and 1.4 x 1077 M for BuChE), was
calculated from experimentally founded IC,, values. The
inhibition of AChE was started in plastic cuvette by addition
of paraoxon seolution in isopropanol to the mixture of PB
(0.05 M, pH 7.4) and hemolyzate (activity before inhibition
was setto 10 U/L) or plasma (activity was set to 13.3 U/L).
Final concentration of isopropanol in the sample was 5%.
Blank samples with uninhibited enzyme were incubated for 2h
with isopropanol (final concentration 5%). After inhibition,
the solution of reactivator in PB (0.05 M, pH 7.4) was added
to the mixture containing inhibited enzyme (final concentra-
tion of tested reactivator was 100 or 10 uM). After 10 min of
reactivation, 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) in PB
(0.05 M, pH 7.4) was added and the enzymatic reaction was
initiated by addition of AChE substrate acetylthiocholine or
BuChE substrate butyrylthiocholine. The final concentration
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Table 1. Structures of tested reactivators
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of DTNB and acetylthiocholine or butyrylthiocholine in the
mixture was 1 mM. The activity of AChE in hemolyzate and
BuChE in plasma was determined with a modified method
according to Ellman et al.'® The absorbance was measured at
436 nm for 1 min using a spectrophotometer (Helios Alfa;

Thermo Fisher Scientific, Inc., Waltham, MA, USA). AChE
activity was measured after 2 min of delay for minimizing of
the interference of DTNB with thiols in hemolyzate. All
results were corrected for hydrolysis of substrate by reactiva-
tors (oximolysis). Solutions of different cystein concentra-
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tions (added instead of hemolyzate) were prepared for
absolute calibration of used method.
Reactivation ability was calculated from the formula:

dn — {1,
%R:[I—MJXWO,
((JO—GL)

where %R is percent of reactivation, a; is activity of intact
enzyme, «, is activity of inhibited enzyme, and a, is activity
of reactivated enzyme minus oximolysis.

Each measurement was repeated three times and was con-
ducted under standard laboratory temperature (25°C). Calcu-
lations were performed using software GraphPad Prism
version 4.00 for Windows, GraphPad Software, San Diego,
CA, USA (www.graphpad.com).

All experiments were carried out in compliance with the
current law of Czech Republic.

Results

Data showing ir vizro ability of tested oximes to reactivate
paraoxon-inhibited AChE and BuChE are summarized in
Table 2. For comparison, the reactivation ability of standard
AChE reactivators (HI-6, obidoxime, methoxime, trime-
doxime, and pralidoxime) is also shown, which we estimated
previously using the same ir vit-o model.

According to the results acquired for AChE reactivation,
obidoxime (96.9% of reactivation), trimedoxime (86.0%),'
and compound K027 (86.0%) seem to be the most effective
reactivators tested in our study. From the newly developed
oximes, compounds K075 (55.3%), K203 (50.4%), K048
(50.3%), and also K074 (46.4%) had good reactivation ability.
The highest reactivation ability for these oximes was obtained
at the concentration 100 pM, but obidoxime and trimedoxime
had sufficient ability also at the lower concentration 10 pM.
Both concentrations of reactivators used in the experiment are
attainable in plasma.®® The other tested oximes were not able
to satisfactorily reactivate paraoxon-inhibited AChE (below
40%) in concentration applicable for ir vive experiments.

In the case of paraoxon-inhibited BuChE reactivation, only
compound K117 (16.4%), trimedoxime (12.2%), compound
K269 (10.6%), and K075 (10.3%) were a little effective at the
concentration of 100 pM. Compound K117 seems to be the
best BuChE reactivator with its 16.4% of reactivation ability.
The other reactivators tested in our experiment did not show
significant reactivation ability (below 10%).

Discussion

Oximes are not equally effective against all organophosphorus
inhibitors of cholinesterases. There is a clear demand for “broad
spectrum™ cholinesterase reactivators with higher reactivation
ability than those clinically available. To realize this need, a
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Table 2. Potency of tested oximes to reactivate paraoxon-inhibited
human erythrocyte AChE and plasma BuChE at concentrations
100 and 10 uM

Reactivation (%)

AChE BuChE
Concentration  100uM  10uM  100uM 10 pM
Reactivator Mean SD Mean SD Mean SD Mean SD

HI-6"° 161 0 39 07 23 02 08 04

Methoxime!® 234 32 43 11 61 04 09 06

Obidoxime'® 969 0.7 594 07 99 03 22 03

Trimedoxime!® 860 1.1 453 0.6 122 12 13 02

Pralidoxime!® 180 07 13 07 55 01 1.0 02

3-PAM 0 0 04 33 06 010 0

4-PAM 0 0 0 0 19 0103 0

K003 321 21 1.6 05 02 02 08 01

K027 860 11 224 34 46 09 06 01

K033 138 1.1 43 0 7.7 05 1.6 09

K048 503 0 112 22 33 06 12 0l

K074 464 0.6 279 1.1 93 07 1.2 11

K075 553 0.6 302 0 103 03 21 04

K099 32 0 05 05 23 08 1.0 03

K101 27 05 1.1 11 32 03 13 06

K117 (KR-22435) 149 04 33 04 164 0 38 0

K127 (KR-22432) 199 04 1.5 0 98 01 1.3 01

K203 504 04 163 04 64 01 09 0l

K206 304 0 69 04 72 01 09 0

K252 163 04 04 04 24 01 01 01

K269 268 07 94 0 106 01 16 0

K316 26 19 1.9 13 18 02 06 01

K317 7.7 07 52 07 38 0209 01

%, mean value of three independent determinations, time of inhibition by
paracxon 120 min, time of reactivation by AChE reactivators — 10 min; pH
7.4, temperature 25°C.

lot of new AChE reactivators of potential clinical utility have
been developed. 2%

The aim of our work was ir vifro testing of reactivation
ability of various oximes using paraoxon as cholinesterase
inhibitor and to compare them with previously tested cur-
rently available reactivators used in antidotal therapy (HI-
6, obidoxime, methoxime, trimedoxime, and pralidoxime)
to find structure—activity relationship within this set of
reactivators.

Bisquaternary oxime derivatives were more effective reac-
tivators of paraoxon-inhibited human erythrocyte AChE in
comparison with monoquaternary oxime compounds (2-PAM, 3-
PAM, and 4-PAM). The most potent reactivators in our test
were bisquaternary aldoximes, with two aldoxime groups on
the pyridinium rings at position fowr (obidoxime, trime-
doxime, K075, and K074) or with one oxime and one car-
bamoy] group at position four (K027, K048, and K203). They
have propane, 2-oxapropane, butane, or but-2-ene linkers
between two pyridinium rings. Their reactivation ability in
100 pM concentration surpassed 45% level.
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The best reactivator was obidoxime (96.9% reactivation
ability in 100 uM concentration and 59.4% in 10 pM concen-
tration),'¥ which has two aldoxime groups at position four
and 2-oxapropang linker, in contrast to its analogues K316,
with two aldoxime groups at position two (only 2.6% in 100
1M concentration) and K317, with two aldoxime groups at
position three (7.7% in 100 pM concentration). Also Musilek
et al. confirmed earlier that the oxime group at position four
substantially increases the ability of the novel compounds to
reactivate paraoxon-inhibited rat brain AChE.?*2*

The second most potent reactivator was trimedoxime (86%
reactivation ability in 100 uM concentration and 45.3% in 10
WM concentration), which has two oxime groups at position
four and propane linker. This is in good agreement with Oh
et al.,> who compared ability of bispyridinium oximes to reacti-
vate paraoxon-inhibited housefly AChE according to the
length of connecting chain. They found that the order of reac-
tivation ability was (CH2) < (CH2), < (CH2); > (CH2), >
(CH2),. Thus, trimedoxime with the propane linker — (CH2),
— showed the highest activity in this series of compounds, fol-
lowed by K074 and methoxime. Another compound with pro-
pane linker and one aldoxime group in position four — K027 —
reached 86% reactivation ability in 100 uM concentration
and 22.4% in 10 uM concentration followed by compound
K048 with butane linker and one oxime group in position
four (50.3% reactivation ability in 100 pM concentration).
These compounds were tested for reactivation ability of
paraoxon-inhibited human red blood cell AChE ir vire and
in vivo in tats exposed to paracxon by Petroianu et al.>* and
they concluded that K027 and K048 are the most promising
new oximes, because they had the best results iz viro and
also confer the best protection ir vive. They acquired similar
results also with methyl-paracxon-inhibited AChE in vitre
and in vive 27

According to our results, trimedoxime and K027 were equally
effective at higher concentration, but at lower concentration,
trimedoxime was much more effective (45.3%) than K027
(22.4%). The reason for this fact is that the curve of reactivation
process at whole concentration range of oxime is bell-shaped ™%
The higher reactivation activity of some compounds at the
lower concentration is caused by stronger inhibition of intact
AChE at higher concentrations. There is also possibility of
the formation of highly reactive phosphoryl-oximes (POXs),
which are able to re-inhibit the enzyme®” and decrease mea-
sured reactivation ability of reactivators. These POXs could
be decomposed in blood, because there is evidence that
human plasma is capable of degrading dimethyl- and diethyl-
POX of cbidoxime and trimedoxime by paracxonase.’' The
reactivation process is characterized in the increasing part
and the decreasing part of the curve shows both reactivation
and inhibition of liberated intact AChE by the reactivator
itself. Each reactivator varies in the optimal concentration for
reactivation. Some oximes could have this optimum at lower
coneentrations (e.g., 10 uM). 28293

Compounds K074 and K075 differ only in presence of
double bond in connecting chain, whereas K075 (55.3% of
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reactivation in 100 uM concentration) with but-2-en linker
had better reactivation ability than K074 with butane linker
(46.4% of reactivation in 100 uM concentration). Previously,
it was confirmed that the compounds K074 and K075 are
effective reactivators of nerve agent-inhibited AChE ir vizre
and in vive 77

Compounds K075 and K203 differ in one functional
group. K203 (50.4% of reactivation) has carbamoyl group
instead of one aldoxime group and K075 with two oxime
groups was slightly better reactivator. It can be seen that the
number of oxime groups does not influence reactivation abil-
ity of OP-inhibited AChE so significantly. Similar conclu-
sions were described by Kuca et al.* Other tested oximes did
not achieve sufficient reactivation ability. For example, com-
pounds K117 and K127 were synthesized and tested to reacti-
vate paraoxon-inhibited housefly and bovine red blood cells
ACHE by Kim et al.,*® but the results were not satisfactory.

Another purpose of our study was to find out whether
paraoxon-inhibited plasmatic BuChE is reactivatable by
tested oximes. Such combination of BuChE with oxime could
serve as “pseudo catalytic” scavenger. Unfortunately, none
from the tested oximes reached sufficient reactivation ability
in comparison with values measured for AChE. The best
reactivation ability was achieved by compounds K117
(16.4%), trimedoxime (12.2%), K269 (10.6%), and K075
(10.3%) in 100 pM concentration. All these compounds are
bisquaternary aldoximes, with two aldoxime groups on the
pyridinium rings at position four with propane and but-2-en
or 3-oxapentane linker. It seems that compounds with two
aldoxime groups in para-position on the pyridinium ring and
longer connecting chain could be more convenient for reacti-
vation of BuChE. Similar finding was made also by Karasova
et al., who assessed iz vive reactivation of tabun-inhibited rat
plasmatic BuChE. The best reactivation ability was achieved
by trimedoxime, compounds K127, K117, and obidoxime.*

In this work, we have evaluated only reactivation of
paraoxon-inhibited cholinesterases. To get better understand-
ing of this problem, a larger number of OP inhibitors should
be used.
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EC 3.1.1.8). Their interaction with human ov other living ovganisms is associated
with high toxicity; irveversible inhibition of AChE can result in cholinergic crisis
and possibly death.  Antidotes currently used for OP intoxications cownsist of a
combination of prophylaxis with carbamates (mostly pyvidostigmine) and therapy
with anticholinergics (atropine), ACHE oxime veactivators (pralidoxime, oxime
HI-6) and anficomvulsant drigs (diazepam). Another approach for prophylaxis is
administration of suitable scavenger, which is capable of neutralizing OP vapidly
affer its penetration info ovgamism. For these puwrposes, catalytic (e.g
paraoxonase, phosphotriesterase) and stoichiometric (cholinesterases) enzyme
scavengers ave intensively investigated Because of thelr furnover, catalytic
scavengers ave preferved to stoichiometvic ones. Combination of cholinesterase
and suitable veactivator can sevve as psendocatalytic scavenger, wheve the
enzyme is continuously reactivated by oxime. Suitable enzyme for this purpose
could be BuChE, because it is under clinical trials now. There is a possibility,
that AChE reactivators used for treatment of nerve agent and pesticides-
infoxications, could also reactivate inhibited BuChE. For lesting of this
hvpothesis, we evaluated reactivation potency of commercially available AChE
reactivators (pralidoxime, trimedoxime, methoxime, obidoxime and HI-6) to
reactivate human AChE and BuChE inhibited by diisopropyl fluorophosphate
(DFP), a compound structuvally similay fo savin. Accovding to our vesults,
reactivatability of imhibited AChE is almost two-times higher, than that of
BuChE. For construction of effective pseudocatalytic scavenger, more potent
compounds are needed To solve this problem, a lot of investigation on this field
muist be done.

Introduction

The primary targets of toxic organophosphates (OP), such as pesticides
(paraoxon, malathion, chlorpyrifos) and nerve agents (sarin, soman, tabun,
VX)), are enzymes from the family of cholinesterases - acetylcholinesterase
(AChE; EC 3.1.1.7) and butyrylcholinesterase (BuChE; EC 3.1.1.8). OPs
irreversibly inhibit cholinesterases by phosphorylation of the serine hydroxyl
group in the enzyme active site.

Before the starting of its toxic action, OP is after its absorbtion through the
skin or lungs transported by the blood stream to the different sites in central and
peripheral nervous system. Blood cholinesterases (erythrocyte AChE and
BuChE) are the first targets for OPs after their penetration into the organism
and therefore they are good markers for diagnostic of the severity of poisoning.
Inhibition of AChE is the cause of OP acute toxicity [1]. Inhibited synaptic
ACHE is not able to hydrolyze neuromediator acetylcholine, which can result in
cholinergic crisis and possible death of intoxicated organism.
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OPs interact also with other biomolecules in the organism (secondary
targets), which results in non-cholinesrgic effects, such as delayed
neurotoxicity [2].

Current antidotal therapy of OP intoxications

Antidotes currently used for OP intoxications consist a combination of
prophylaxis and therapy. For prophylaxis, compounds with protective effect
against inhibition of cholinesterases are often used. Suitable reversible
inhibitors for these purposes are carbamates (mostly pyridostigmine) and
oxime reactivators (H-oxime HI-6).

Subsequent therapy of OP intoxication consists administration of
anticholinergics (atropine) and AChE oxime reactivators (pralidoxime,
obidoxime, oxime HI-6) in combination with anticonvulsant drugs
(diazepam) [3,4]. Oxime reactivators of AChE represent the crucial part of
the antidotal therapy of OP intoxications [5]. These compounds are able to
react with OP in the enzyme active site which results in break down of the
bond between OP moiety and serine hydroxyl group. This process leads to
renewal of AChE activity and enzyme is able to fulfill its physiological role
again [6]. Depending on the OP inhibitor, inhibited cholinesterases differ in
the structure of inhibited active site. This is the reason, why there is no single
universal oxime reactivator able to reactivate enzymes inhibited by all kinds
of OP. Currently used AChE reactivators (obidoxime, HI-6) are relative
broad-spectrum, in comparison with the older ones (e.g. pralidoxime).

Relatively new approach for prophylaxis (and perhaps for therapy) is
administration of suitable enzymes, which are capable to scavenge OP
rapidly after its penetration into the bloodstream [7]. Suitable enzyme
scavengers for these purposes are cholinesterases, because they are natural
OP targets with high selectivity and sufficient reaction rate with OPs.
Because one molecule of cholinesterase neutralizes one molecule of OP
(reaction ratio 1:1), these bioscavengers are called stoichiometric. Catalytic
enzyme scavengers, represented by human paraoxonase or bacterial
phosphotriesterase are the second group of bioscavengers. While
stoichiometric bioscavengers are broad-spectrum for all OPs, catalytic ones
are more selective (e.g. phosphotriesrterase).

BuChE as bioscavenger

In the last years, a lot of efforts were focused on human BuChE as a
suitable bioscavenger which can serve as OP non-specific prophylactic [7].
Methods for large scale production of BuChE from outdated human plasma and
for production from the transgenic goat milk were developed [8]. Also different
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mutants of BuChE were prepared with the aim to make the enzyme with
catalytic properties against different OPs [9]. BuChE and its mutants were also
developed as a new therapeutic for protection against the toxicity of cocaine
[10,11]. BuChE as well as AChE is the serine hydrolase that belongs to the
serine esterase family. Compared to AChE, its function is not clear till today. It
is able to split down similar substrates as AChE does (including acetylcholine),
and due to this, it can substitute AChE in the case of Alzheimer’s disease [12].
It is also able to hydrolyze miscellaneous esters, such as are aspirin, heroin and
some local anesthetics, e.g. procaine [13]. BuChE is also inhibited by nerve
agents and pesticides in the same manner as AChE — phosphorylation of the
serine hydroxyl group in its active site [14]. A major limitation of protection
with cholinesterase is the 1:1 stoichiometry of enzyme detoxification of OP
compounds which, in combination with the approximately 200-fold difference
in molecular weight between OP compounds and cholinesterases, necessitates
the use of large amounts of enzyme to provide protection [2]. The upper limit
of human BuChE dose, which is required for protection against organophosphate
toxicity, sufficient to protect erythrocyte AChE above 30 % of baseline activity
ranges, depending on nerve agent, from 134 to 249 mg/70 kg [15].

Concept of pseudocatalytic scavenger

Combination of cholinesterase and potent AChE or BuChE reactivator
can serve as a pseudocatalytic scavenger, where the activity if OP-inhibited
enzyme is continuously renewed by oxime reactivator (Fig. 1).

For this purpose, relative broad spectrum oxime is needed, because
reactivation potency depends on the structure of OP inhibitor. Reactivation
velocity must be high enough to prevent aging of inhibited enzyme.
For example, the in vitro stoichiometric neutralization of sarin by AChE was

Inhibition
On,, PR | + HF

BuChE-cH + /
\OY BUChE-G

DFP

Reactivation

HO - N

* NI\ON*\L . meeend /\le.x
Buche-f o i

ime Phosphorylated oxime

Figure 1. Principle of pseudocatalytic scavenger — an example of inhibition and
subsequent reactivation of BuChE inhibited by DFP.
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increased from 1:1 to 3200:1 by the addition of the relative broad-spectrum
oxime HI-6, while the in vivo stoichiometry was increased to 57:1 in mice by
HI-6 [2]. From the practical point of view, suitable enzyme for this purpose
could be BuChE, because it is currently under clinical trials [16].

Reactivation of human AChE and BuChE inhibited
by DFP

There is a possibility, that AChE reactivators, used for treatment of nerve
agent and pesticides-intoxications, could also reactivate inhibited BuChE. For
testing of this hypothesis, we evaluated in vitro reactivation potency of
commercially available AChE reactivators (pralidoxime, trimedoxime,
methoxime, obidoxime and HI-6; Fig. 2) to reactivate human plasma BuChE
and erythrocyte AChE, inhibited by diisopropyl fluorophosphate (DFP). DFP,
a compound structurally similar to nerve agent sarin, was developed during
World War II and it is only about 10 times less toxic than sarin.

The whole method is described in [17]. Brefly, cholinesterases were
inhibited by solution of DFP for 120 min to 5 % of its original activity. Then,
inhibited enzyme was incubated for 10 min with solution of reactivator at
concentration 100 and 10 pM. Activity of AChE (BuChE) was measured
spectrophotometrically by modified method according to Ellman [18] with
acetylthiocholine (butyrylthiocholine) as substrate. Reactivation potency was
calculated from the formula: %opese = 100- 1000V parive Vieaed/ ( Viativer Vion), where
Yoreae 18 percent of reactivation, V.. 18 activity of intact enzyme, Vi 18
activity of inhibited enzyme and V.. 18 the activity of reactivated enzyme.

@ o HOMN=HC. e CH=MNOH
HON=HC™ 1P | \@ ~El @/
! N

Pralidosime { 3-PAM) Trimedoxime {TAB4)

HON=HC CH=NOH HON=HC. sar CH=NCH
=S il .-
\@v@ 28 \@Jvovr@/

Methoxime (VME4) Ohiderime
sof CONH;
2N, O N
CH=NOH
HI-6

Figure 2. Structures of oxime reactivators currently used in the therapy of OP-poisonings.
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Results and discussion

Data characterizing in vitro activity of tested oximes towards DFP-
inhibited AChE and BuChE are summarized in Fig. 3 and Fig. 4. Appropriate
values of all reactivation activities are shown in Tab. 1.

The most potent reactivators of DFP-inhibited AChE at 100 and 10 pM
were obidoxime and trimedoxime. Reactivation activity of other tested
oximes was below 10 %. Both concentrations of tested reactivators used in
experiment are attainable in human plasma in the case of administration use
of reactivator during antidotal therapy.

Reactivation of AChE
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Figure 3. Reactivation of DFP-inhibited AChE by currently used oxime reactivators.
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Figure 4. Reactivation of DFP-inhibited BuChE by currently used oxime reactivators.
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Table 1. Potency of cholinesterase reactivators to reactivate DFP-inhibited
acetylcholinesterase and butyrylcholinesterase at concentrations 100 pM and 10 pM.

Reactivation (%)

AChE BuChE

Concentration 100 pM 10 pM 100 uM 10 pM
Reactivator  Mean SD Mean SD Mean SD Mean SD
Pralidoxime 2.3 0 0 0 6.4 0.6 0.7 0.1
Trimedoxime 23.8 0 64 0 7.3 03 08 0.3
Methoxime 6.4 03 1.5 03 8.2 0.9 0.8 0.2
Obidoxime 17.1 0 74 03 9.5 07 1.5 04
HI-6 0 0o 0 0 38 0.1 0.7 0

In the case of reactivation of DFP-inhibited BuChE, none from the
currently available oximes reached reactivation potency higher than 10 % (at
both concentrations). The most active compound was obidoxime again (9.5%).

According to our results, reactivatability of inhibited AChE was almost
two-times higher, than that of BuChE. Oximes able to reactivate DFP-
inhibited AChE are poor reactivators of DFP-inhibited BuChE. Hence the
combination of tested compounds with BuChE is not suitable for the
construction of pseudocatalytic scavenger supporting the turnover of nerve
agents and pesticides detoxification. Moreover, similar results with the same
reactivators were obtained for AChE and BuChE inhibited by pesticide
paraoxon [17]. For the development of effective pseudocatalytic scavenger,
more potent compounds are needed. For better insight into this problematic,
larger number of nerve agents and pesticides should be tested as
cholinesterase inhibitors. Rational design of new BuChE reactivators can
bring new leading structures with higher efficacy.

Conclusions

Concept of pseudocatalytic scavenger is very attractive for several
reasons. Analogous to stoichiometric and catalytic bioscavenger, it also
prevents non-cholinergic effects of OPs, such as post exposure incapacitation
and brain damage [19]. The amount of cholinesterase administered together
with oxime reactivator, which ensures the same prophylactic effect against
OP intoxication as sole enzyme, could be lower [2]. Therefore, this concept
can save the cost of administered prophylaxis, because the price of oxime
reactivator is incomparable with the price of pure cholinesterase suitable for
human use. Lower enzyme dose also decreases possible immunotolerance
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issues during repeated bioscavenger administration. Immune response of
organism could be important limiting factor for long term or repeated
prophylaxis with enzyme bioscavenger, especially for recombinant enzymes
which are not identical with wild type ones [20]. Possible solution of this
problem is, for example, encapsulation or pegylation of such enzyme.

On the other hand, the disadvantage of pseudocatalytic scavenger is, in
comparison with stoichiometric enzyme scavenger, unequal prophylactic
efficacy against different types of toxic OPs. Enzyme bioscavenger efficacy
depends on the reactivator used in combination with enzyme and for this reason
relatively broad spectrum reactivators are needed. This is not a big problem
when the pseudocatalytic bioscavenger is based on AChE. Oxime HI-6 is
potent reactivator of nerve agent-inhibited AChE (with low efficacy for
pesticides), while obidoxime can be used in the case of OP pesticide-inhibited
ACHE. But according to our results, potency of commercially available AChE
reactivators to reactivate BuChE inhibited by common pesticides is very low
[17]. Another issue is attainable reactivation rate with such reactivators. In this
regard is AChE better candidate for pseudocatalytic scavenger than BuChE.
Also different mutants of cholinesterases could provide improved efficacy of
pseudocatalytic combination of enzyme and oxime reactivator than wild type
enzymes. But none from these enzymes is endorsed for human use at this time,
although BuChE is in clinical trials now and probably it will be approved by
Food and Drug Administration (FDA) in the near future. From the safety point
of view, administration of homologous enzyme (e.g. BuChE isolated from
outdated human plasma) could be practically without any side effects. On the
contrary, administration of reactivators can evoke some adverse reactions.

We can conclude, that concept of pseudocatalytic bioscavenger can
improve the efficacy and reduce the cost of prophylaxis based on
cholinesterase stoichiometric scavengers, until more potent catalytic
scavengers will be available.
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ABSTRACT
We have in vitro tested ability of common, commaltgi available cholinesterase
reactivators (pralidoxime, obidoxime, methoxim@ngdoxime and HI-6) to reactivate
human acetylcholinesterase (AChE) inhibited by fivaructurally different
organophosphate pesticides or inhibitors (paraoxichlorvos, DFP, leptophos-oxon
and methamidophos). We also tested reactivatiorhwhan butyrylcholinesterase
(BUChE) with the aim to find potent oxime, suitalbdeserve in combination with this
enzyme as a “pseudocatalytic” bioscavenger. Suntbowtion could allow an increase
of prophylactic and therapeutic efficacy of admi@ied enzyme. According to our
results, the best broad-spectrum AChE reactivatere trimedoxime and obidoxime in
the case of paraoxon, leptophos-oxon and methamademhibited AChE.
Methamidophos and leptophos-oxon were quite easBctivatable by all tested
reactivators. In case of methamidophos-inhibitechBGhe lower oxime concentration
(10 uM) had higher reactivation ability than the concatibn 100uM. Therefore, we
evaluated reactivation ability of obidoxime in centration range IOM — 107 M. The
reactivation of methamidophos-inhibited AChE wiiffatent obidoxime concentrations
resulted in bell shaped curve with maximum of rieation in 10° M. In case of
BuChE, no reactivator exceeded 15% reactivatiohtyland therefore none from the
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oximes can be recommended as a candidate for “psatalytic” bioscavenger with
BuChE.

KEYWORDS
Reactivation, oxime, acetylcholinesterase, butymylimesterase, organophosphate,

scavenger

INTRODUCTION

Organophosphates (OPs) are widely used as pestic{day. parathion,
methamidophos) in agriculture, as plasticizers #ache retardants (cresyl diphenyl
phosphate, triaryl phosphate) in the industry amsdtaxic chemical warfare agents
(nerve agents, e.g. sarin, VX). OP pesticide pomys causes tens of thousands of
deaths every year in the whole world [1]. OP pé&$ti irreversibly inhibit enzymes
acetylcholinesterase (AChE; EC 3.1.1.7) and butyiglinesterase (BuChg; EC
3.1.1.8) by phosphorylation or phosphonylation loé tserine hydroxyl group at the
enzyme’s active site. Inhibited AChE cannot cledive neuromediator acetylcholine
which is then accumulated in the nerve synapsescandes cholinergic crisis, which
can lead to death [2]. Current treatment of OP@uomgs involves the administration of
anticholinergic drug (atropine), anticonvulsantsatepam) and for the recovery of
function of inhibited AChE antidotes from the groap pyridinium or bispyridinium
aldoximes (oximes) are used. Therapeutic efficddhr@se compounds depends on their
chemical structure and also type of organophosghimtubitor. Prophylaxis is realized
by administration of reversible inhibitors of ACK&g. carbamate pyridostigmine) [3].

Relatively new approach in treatment of OP poisgsiis using of enzyme
bioscavengers. These bioscavengers are able to aadcneutralize toxic OP molecules
in the bloodstream, before they can reach theisiplhggical target - AChE in different
tissues [4]. They can prevent from post-exposucapacitation and toxic effects that
are commonly observed in animals treated by ti@usdi antidotal regimen [5]. Many
scientific efforts have been focused on butyrylohedterase (BuChE) as bioscavenger
capable to sequester the molecules of nerve agemssticides from the bloodstream
and so to serve as OP-nonspecific prophylactieq.[uChE was evaluated in several
clinical studies (phase 1) in USA. The aim of auwork was to test and summarize
reactivation ability of common, commercially availa AChE reactivators (methoxime,
pralidoxime, obidoxime, trimedoxime and HI-6) and evaluate their potential
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usefulness in the OP pesticide poisoning antido&dtment. We haven vitro tested
their potency to reactivate human AChE inhibited fye structurally different
pesticides. Moreover, we also tested in parallattreation of BUChE with the aim to
find potent oxime, suitable to serve in combinatith this enzyme (administered as
prophylactic antidote or occurring naturally in @) as a “pseudocatalytic”
bioscavenger. Such combination could allow an emeeof prophylactic and therapeutic
efficacy of administered enzyme and also a decrehaenount of enzyme and cost of

such a bioscavenger [7].

MATERIAL AND METHODS

Reactivation potency of five oximes (methoxime, lidexime, obidoxime,
trimedoxime and HI-6) was tested hyvitro screening test. For this purpose modified
Ellman’s method was used [8]. Paraoxon (diethyltebphenyl phosphate, the active
form of pesticide parathion), dichlorvos (2,2-dmtdvinyl dimethyl phosphate), DFP
(diisopropyl fluorophosphate), leptophos-oxo®-(@-bromo-2,5-dichlorophenyl)O-
methyl phenylphosphonothioate) and methamidophos O,Sdimethyl
phosphoramidothioate) were selected as appropratel OP pesticides and inhibitors.
Enzymes were inhibited to 5 % of their original i@ty using concentration
corresponding to I§5 in order to avoid the excess of inhibitor. Time afizyme
inhibition (equivalent to 7xij,) was calculated separately for each compound from
experimentally determined half- life {J) of reaction between enzyme and inhibitor
(data not published). Human erythrocyte hemolyrate used as a source of AChE and
human plasma was used as a source of BUChE. lethibihizymes were incubated for
10 min with solution of reactivator in concentraso100 uM and 10 pM (and i -
102M for obidoxime). Reactivation potency was calcethfrom the formula:

% R = [1-(a-&)/(a0-&)]*100,
where % R is percent of reactivation, ia activity of intact enzyme,; & activity of
inhibited enzyme and; as activity of reactivated enzyme. Detailed dgsiton of the

method can be found in Musilova et al [9].

RESULTS AND DISCUSSION
Measured values of reactivation ability of testedin® reactivators are

summarized in Table 1 and Table 2. Reactivatorsewsr vitro evaluated in
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concentrations 100 uM and 10 pM, which are usuattginable in plasma within
clinical treatment in the hospital in the casendbxication by OPs [10].

Our results demonstrated that the best broadsspedAChE reactivators after
10 minutes of reactivation are trimedoxime and okiche, because they reached more
than 50 % of reactivation in the case of paraokeptophos-oxon and methamidophos-
inhibited AChE. DFP- and dichlorvos-inhibited AChias not sufficiently reactivated.
Methamidophos and leptophos-oxon are quite easlgctivatable by all tested
reactivators. In case of reactivation dichlorvgegraoxon-, DFP- and leptophos-oxon-
inhibited AChE, higher oxime concentration causedyhér reactivation of
phosphorylated enzyme. Reverse behavior was oliséovanethamidophos-inhibited
enzyme, where the maximum reactivation ability veahieved with lower oxime
concentration. Therefore, we investigated relati@ween oxime concentration and
type of used inhibitor. Obidoxime was selected asudable model oxime and its
reactivation ability was estimated in concentratiange (depending on the inhibitor)
108 M - 10> M (Fig. 2 - 6). As a result, we obtained bell-shamiependencies of
reactivation ability on obidoxime concentration feach inhibitor. Maximum level of
reactivation for each inhibitor was achieved afedd@nt obidoxime concentration and
especially for methamidophos, the maximum was ethifowards lower concentrations.
While the lower oxime concentration (right side tbe bell-shaped graph) causes
practically only reactivation of phosphorylated yme, with increasing concentration
occurs enzyme inhibition with reactivator (left sidbf the graph) [11]. Another
important factor affecting reactivation procesdasmation of phosphorylated oximes
during reactivation [12]. Their presence causesnhéition of the enzyme and
therefore has strong influence on the course atiredion curve.
According to our results, reactivation ability elted oximes for BUChE was very low
in comparison with values measured for AChE. Sinmésults with reactivation of OP-
inhibited BUChE were obtained also by Aurbek €tL8l.

CONCLUSIONS
According to our results, bisquaternary oximes séeime more potent reactivators
of pesticide-inhibited AChE than monoquaternaryligoxime. No reactivator achieved
sufficient ability to reactivate OP pesticide-initdol BUChE and therefore none from
the oximes can be recommended as a candidatedeufjpcatalytic” bioscavenger with
101



BuChE. Because of this, larger group (not only therently available ones) of
reactivators should be tested to get structuredaictielationship which could help in
subsequent synthesis of new reactivators of BuCHEational synthesis of BUChE

reactivators”.

ACKNOWLEDGEMENTS
This work was supported by the NATO grant CBP.EARS(®83 024 and Plan de
coopération militaire Franco-Tcheque (16 A03-FR2%) BGA grant 08co501.

References

[1] L. G. Costa, Current issues in organophosphateology, Clin. Chim. Acta 366
(2006) 1-13.

[2] D. M. Maxwell, K. M. Brecht, I. Koplovitz, andR. E. Sweeney,
Acetylcholinesterase inhibition: does it explaine thoxicity of organophosphorus
compounds?, Arch. Toxicol. 80 (2006) 756-760.

[3] J. Bajgar, J. Fusek, K. Kuca, L. Bartosova, abd Jun, Treatment of
organophosphate intoxication using cholinesterasetivators: facts and fiction, Mini.
Rev. Med. Chem. 7 (2007) 461-466.

[4] A. Saxena, W. Sun, C. Luo, T. M. Myers, I. Kopitz, D. E. Lenz, and B. P.
Doctor, Bioscavenger for protection from toxicitfy arganophosphorus compounds, J.
Mol. Neurosci. 30 (2006) 145-148.

[5] D. M. Maxwell, K. M. Brecht, B. P. Doctor, and. D. Wolfe, Comparison of
antidote protection against soman by pyridostigmitie6 and acetylcholinesterase, J.
Pharmacol. Exp. Ther. 264 (1993) 1085-1089.

[6] D. Kolarich, A. Weber, M. Pabst, J. Stadlmamd, Teschner, H. Ehrlich, H. P.
Schwarz, and F. Altmann, Glycoproteomic characéion of butyrylcholinesterase
from human plasma, Proteomics. 8 (2008) 254-263.

[7] D. E. Lenz, D. Yeung, J. R. Smith, R. E. Swegnke. A. Lumley, and D. M.
Cerasoli, Stoichiometric and catalytic scavengesspeotection against nerve agent
toxicity: a mini review, Toxicology 233 (20-4-2003)-39.

[8] G. L. Ellman, K. D. Courtney, V. Andres, JrndaR. M. Feather-Stone, A new and
rapid colorimetric determination of acetylcholireystse activity, Biochem. Pharmacol.
7 (1961) 88-95.

[9] L. Musilova, K. Kuca, Y. S. Jung, and D. Jun\itro oxime-assisted reactivation of

paraoxon-inhibited human acetylcholinesterase andyryicholinesterase, Clin.
Toxicol. (Phila) 47 (2009) 545-550.

102



[10] J. Bajgar, Organophosphates/nerve agent poigonmechanism of action,
diagnosis, prophylaxis, and treatment, Adv. Clihe@. 38 (2004) 151-216.

[11] D. E. Lorke, S. M. Nurulain, M. Y. Hasan, K.uka, K. Musilek, and G. A.
Petroianu, Eight new bispyridinium oximes in comgan with the conventional oximes
pralidoxime and obidoxime: in vivo efficacy to peot from diisopropylfluorophosphate
toxicity, J. Appl. Toxicol. 28 (2008) 920-928.

[12] J. Stenzel, F. Worek, and P. Eyer, Preparataord characterization of
dialkylphosphoryl-obidoxime conjugates, potent embiinesterase derivatives that are
quickly hydrolyzed by human paraoxonase (PON119B@chem. Pharmacol. 74 (1-
11-2007) 1390-1400.

[13] N. Aurbek, H. Thiermann, F. Eyer, P. Eyer, andWorek, Suitability of human
butyrylcholinesterase as therapeutic marker andudmsecatalytic scavenger in
organophosphate poisoning: a kinetic analysis, daagy 259 (17-5-2009) 133-139.

103



Fig. 1.

Structures of tested oxime reactivators
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Table 1. Reactivation ability (%) of five oximesaoncentrations 100M and 10uM to
reactivate OP-inhibited AChE.

Paraoxon Dichlorvos DFP Leptophos-oxon Methamidophos

AChE 100 uM 10 pM 100 pM 10 uM 100 pM 10 uM 100 uM 10 pM 100 pM 10 uM
Mean SD Mean SD |Mean SD Mean SD [Mean SD Mean SD |[Mean SD Mean SD |[Mean SD Mean SD
Methoxime | 234 45 43 15|00 00 02 06|64 05 15 05526 05 11,9 09(61,7 24 681 114
Pralidoxime | 18,1 09 13 09| 26 06 02 06| 23 00 00 00]132 09 41 113|534 31 538 226
Obidoxime | 60,6 26 145 17| 20 12 33 23(158 16 18 05660 05 265 21450 05 935 39
Trimedoxime| 86,0 16 453 08| 00 00 00 00|238 00 64 00|53 05 26,4 27|94 75 531 109
HI-6 16,1 00 39 09|00 00 06 11|00 00 00 00|328 80 116 04374 123 752 14,6

Table 2. Reactivation ability (%) of five oximesaoncentrations 100M and 10uM to
reactivate OP-inhibited BUChE.

Paraoxon Dichlonvos DFP Leptophos-oxon Methamidophos

BUChE 100 pM 10 pM 100 pM 10 UM 100 pM 10 pM 100 pM 10 uM 100 pM 10 uM
Mean SD Mean SD |Mean SD Mean SD |Mean SD Mean SD |Mean SD Mean SD |Mean SD Mean SD
Methoxime 61 06 09 08|02 00 02 0,0f82 13 08 05 64 04 19 18|48 02 10 0,2
Pralidoxime | 55 01 10 03| 10 01 04 00| 64 08 07 0,1 23 18 00 00|35 03 00 0,0
Obidoxime 99 04 22 04| 31 00 16 04|95 10 15 06 |243 06 65 42|42 03 10 0,2
Trimedoxime| 12,2 1,7 13 03| 1,2 01 04 00|73 05 08 05|85 24 21 04|52 07 06 08
HI-6 23 03 08 05|06 00 04 00[38 01 07 00|56 49 00 00|48 02 01 0,2
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Fig. 2. Relationship between obidoxime concentratind correspondidng reactivation
ability of methamidophos-inhibited AChE
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Fig. 3. Relationship between obidoxime concentratind correspondidng reactivation
ability of paraoxon-inhibited AChE
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Fig. 4. Relationship between obidoxime concentratind correspondidng reactivation
ability of dichlorvos-inhibited AChE
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Fig. 5. Relationship between obidoxime concentragind correspondidng reactivation
ability of DFP-inhibited AChE
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Fig. 6. Relationship between obidoxime concentratind correspondidng reactivation
ability of leptophos-oxon-inhibited AChE
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VI.

Novel bisquaternary oximes — Reactivation of
acetylcholinesterase and butyrylcholinesterase
iInhibited by paraoxon

Kuc¢a K., Musilova L., Jun D;’ Palek J., Cirkva L.,
Musilek K., Pohanka M., #arova- Karasova J.

(submitted)

107



Novel Bisquaternary Oximes — Reactivation of Acetgholinesterase and

Butyrylcholinesterase Inhibited by Paraoxon

Kamil Kuca! Lucie Musilova® Jiri Palecek Vladimir Cirkva* Martin Paaf Kamil

Musilek! Martina Hrabinovd, Miroslav Pohankd,Jana Zdarova Karasdvaaniel Jun
1,5

'Faculty of Military Health Sciences, University Defence, Hradec Kralove, Czech
Republic

’Faculty of Pharmacy in Hradec Kralove, Charles Wamsity in Prague, Hradec

Kralove, Czech Republic

3Institut fur Organische Chemie and Zentrum fiir Bidekulare Wirkstoffe (BMWZ),

Leibniz Universitat Hannover, Hannover; Germany

“Institute of Chemical Process Fundamentals of t8CR, v. v. i., Prague, Czech
Republic

°Faculty of Environmental Sciences, Czech Universityife Sciences Prague, Praha,
Czech Republic

* Author to whom correspondence should be addre$sedail: kucakam@pmfhk.cz

Received: / Accepted: / Published:

Abstract: There were prepared four novel bisquaternary atdexcholinesterase
reactivators differing in their chemical structurgfterwards, their biological
activity was evaluated for their ability to reaetig acetylcholinesterase (AChE;
EC 3.1.1.7) and butyrylcholinesterase (BuChE; EIC138) inhibited by paraoxon.
Their reactivation activity was compared with startreactivators — pralidoxime,
obidoxime and HI-6 — which are clinically used atgent time. As resulted, none
of the prepared compounds surpassed obidoxime whicwonsidered to be the
most potent compounds if used for reactivation 6hk inhibited by paraoxon. In
case of BUChE reactivation, two compounds (K053 KA@8) achieved similar

results as obhidoxime.

Keywords: acetylcholinesterase; butyrylcholinesterareactivator; nerve

agent; oxime; pesticide; scavenger.
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Introduction

Acetylcholinesterase (AChE; EC 3.1.1.7) reactivatare group of drugs originally
developed as antidotes for the treatment of nergenta poisonings. They are
administered by soldiers using autoinjectors irecalsneed as immediate help if they
were intoxicated by nerve ageftdVith the increasing demands on the agricultural
production, several kinds of pesticides are extemgi used. Among them,
organophosphorus pesticides play a very importaie’r Unfortunately, these
compounds act biochemically very similarly as neagents (e.g. sarin) do. They inhibit
enzymes AChE and butyrylcholinesterase (BUChE18)** If considered AChE, its
inhibition is a life threatening process, becau§shB terminates nerve impulses on the
synaptic clefts of the nerve systémAfter the inhibition, it cannot degrade the
neuromediator acetylcholine (ACh), ACh cumulates the synaptic clefts, it
overstimulates receptors and intoxicated organamdie because of cholinergic crisis.
Standard therapy of such intoxications consistsanficholinergic drugs (mostly
atropine), AChE reactivators (clinically used —ljglaxime, obidoxime, HI-6; Figure 1)
and anticonvulsives (diazepam or avizafoheLhoice of anticholinergics and
anticonvulsives is relatively resistant to chand@s.the contrary, there are described
many new derivatives from the group of AChE reaattivs*

In this study, we have prepared four novel bisquaiy aldoxime cholinesterase
reactivators (K053, K054, KO68 and K071) with thendo get new more promising
oxime candidates which could in future replaceictily used reactivators (Figure 2).
Paraoxon (POX) was selected as an appropriate @pbasphate inhibitor of
cholinesterases in our experiment. Newly prepacadpounds were also tested for their
reactivation of BUChE. BUChE reactivation is atgar@ time well investigated to get
so-called “pseudocatalytic scavenger” able to acpraphylaxis or treatment of nerve
agent poisonings®

Figure 1. Chemical structures of clinically used acetylche$iterase reactivators
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N
| _now S NS
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Figure 2. Chemical structures of novel acetylcholinesterasetivators
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All obtained results are summarized in Table 1 &dbetter visualization also in

Figure 3.

Table 1 Potency of tested oximes to reactivate POX- irtatbihuman erythrocyte
AChE and plasma BuChE at concentrations 100 uMIEh@gM. (%, mean value of
three independent determinations, time of inhibitloy paraoxon 120 min; time of

reactivation by AChE reactivators - 10 min; pH #emperature 25 °C).

Reactivation (%)

AChE BuChE
Concentration100 uM 10 uM 100 uM 10 uM
Reactivator MeanS.D. Mean S.D.|Mean S.D. Mean S.D.
Pralidoximé [18.0 0.7 1.3 0.7 55 01 10 0.2
Obidoximé [96.9 0.7 594 0.7 99 03 22 03
HI-6 ° 16.1 O 39 0.7/ 23 02 08 04
K053 214 14 73 08 107 06 14 O
K054 0 0 04 O 0.2 O 0.2 O
K068 54 10 15 04 104 O 1.7 O
K071 0 0 0 0 0 0 0 0
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Figure 3 Reactivation of paraoxon-inhibited AChE and BuChEnbvel bisquaternary
aldoxime reactivators.

As resulted, obidoxime was the most potent reaidivan treatment of paraoxon-
inhibited AChE at both concentrations tested (10 amdi 100 uM). Newly prepared
oxime K053 together with pralidoxime and HI-6 reedlcomparable results which are
considered to be satisfactory for survival of intated organism’° All other evaluated
oximes were not effective in case of AChE reacioratin case of BUChE reactivation,
much more bad results were obtained. This resuiesponds with the general finding
described already earlier, that reactivation of BEGs very difficult and different to
that for AChE*™*3 In this case, obidoxime and two novel oximes (K@B®I K068)
achieved reactivation around 10 %. No other oxifmesduding pralidoxime and HI-6)
were able to reactivate sufficiently the POX-inkebi BUuChE.

If obtained results are compared, new AChE reatcirgaare not better than the
clinically used ones, so that their further invgation could be not recommended. Due
to this, novel structurally different oximes devigom clinically used ones (especially
from obidoxime) should be designed and tested Heir treactivation potency against
POX. On the contrary, if considered BuChE reactorat two oximes could be of
further interest (K053 and K068). Although they diot reach extraordinary quality in
their reactivation, 10 % reactivation is in view ather our results published earlier
relatively enougH. Due to this, if novel BUChE reactivators will besigned in the
future, results of this study could be used as$ &pproximation to the desired structure
with higher BUChE reactivation potency.
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Experimental section

Synthetic part:All chemicals used in this study were of reagerddgr They were
obtained from commercial sources (Sigma-Aldrich,e€@r Republic). All newly
prepared reactivators were prepared using standgnthetic approach described
several-times before by Musilek et'al®> As can be clearly seen from the reactivators’
structure, in the case of asymmetric reactivatbeset is the need to prepare them
through the monoquaternary intermediate. To obtiaén monoquaternary compound,
there is a need of mild conditions to prevent aatto@ of symmetric bisquaternary
compound (Figure 4).

Figure 4. General scheme of the synthesis of novel acetlidgierase reactivators

CH=NOH
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| BrCH,CH=CHCH,Br | Br N’ N 2Br
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CH=NOH CH=NOH CH=NOH l G

CH=NOH

NMR data together with melting points and yieldspoépared compounds are listed

bellow:

trans-2,4’-Bis[(hydroxyimino)methyl]-1,1’-(but-2-el,4-diyl)bispyridinium dibromide
(K053); yield 68 %; m.p. 194-196 °&4 NMR (3, 300 MHz, O) 5.52 (d, 2H, J = 4.5
Hz, CH,), 5.89 (d, 2H, J = 8 Hz, G} 6.03 (dt, 1H, J = 16, 4.5 Hz, CH=), 6.34 (dt,, 1H
J =16, 8 Hz, CH=), 8.07 (t, 1H, J = 6 Hz, arom ;1&21 (d, 1H, J = 6 Hz, arom H-3),
8.24 (d, 2H, J = 6 Hz, arom H-3’, H-5"), 8.38 ($4,1CH=N), 8.61 (t, 1H, J = 6 Hz,
arom H-4), 8.63 (s, 1H, CH=N), 8.85 (d, 1H, J = B, ldrom H-6), 8.87 (d, 2H, J = 6
Hz, arom H-2’, H-6"). The signals of =NOH disappedrin deuterated solvent’C
NMR (8, 75 MHz, BO) 48.37 (CH), 62.23 (CH), 126.94 (CH=), 126.96 (CH=),
127.02 (CH-3',5’), 129.90 (CH-3), 132.85 (CH-5),6195 (CH-2",6"), 146.99 (CH-6),
148.18 (C-4’), 148.21 (CH-4), 148.74 (CH=N), 151(€H=N), 157.37 (C-2).
trans-3,4-Dicarbamoyl-2’-(hydroxyimino)methyl- 1 (But-2-ene-1,4-diyl)bispyridinium
dibromide(K054); yield 55 %; m.p. 209-211 °@4 NMR (3, 300 MHz, DO) 5.40 (d,
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2H, J = 7 Hz, Ch), 5.54 (d, 2H, J = 5 Hz, Gl 6.04 (dt, 1H, J = 16, 7 Hz, CH=), 6.42
(dt, 1H, J = 16, 5 Hz, CH=), 8.09 (t, 1H, J = 6 ldrpm H-5’), 8.34 (d, 1H, J = 6 Hz,
arom H-3’), 8.43 (d, 1H, J =7 Hz, arom H-5), 8(§AH, J = 6 Hz, arom H-4"), 8.64 (s,
1H, CH=N), 8.86 (d, 1H, J = 6 Hz, arom H-6’), 9.(dl 1H, J = 7 Hz, arom H-6), 9.25
(s, 1H, arom H-2). The signals of COM&hd =NOH disappeared in deuterated solvent;
13C NMR @, 75 MHz, xO) 48.48 (CH), 61.25 (CH), 127.51 (CH=), 129.08 (CH=),
129.30 (CH-5), 129.91 (CH-3’), 130.27 (CH-5’), 186.(C-3), 144.12 (CH-6), 146.76
(CH-6"), 148.37 (CH-4"), 148.76 (CH-2), 149.88 (CN} 152.04 (C-4), 157.32 (C-2),
167.90 (CONH), 169.49 (CONH).
trans-2,2’-Bis[(hydroxyimino)methyl]-1,1’-(but-2-ei,4-diyl)bispyridinium dibromide
(K068); yield 60 %; m.p. 196-199 °CH NMR (3, 300 MHz, DO) 5.28 (d, 4H, J =5
Hz, 2 x CH), 6.06 (t, 2H, J = 5 Hz, 2 x CH=), 8.08 (dt, 2H; 8, 1.5 Hz, 2 x arom H-
5), 8.38 (dd, 2H, J = 8, 1.5 Hz, 2 x arom H-3),08(6t, 2H, J = 8, 1.5 Hz, 2 x arom H-
4), 8.78 (s, 2H, 2 x CH=N), 8.87 (dd, 2H, J = & Hz, 2 x arom H-6). The signal of
=NOH disappeared in deuterated solvéf€ NMR B, 75 MHz, DO) 48.53 (CH),
127.45 (CH=), 129.80 (CH-3), 130.53 (CH-5), 145(CH-6), 148.57 (CH-4), 148.74
(CH=N), 157.31 (C-2).
trans-4’-tert-Butyl-2-(hydroxyimino)methyl-1,1'{{t2-ene-1,4-diyl)bispyridinium
dibromide(K071); yield 47 %; m.p>300 °C;*H NMR (5, 300 MHz, BO) 1.25 (s, 9H,
3 x CHy), 5.22 (d, 2H, J = 5 Hz, G} 5.84 (d, 2H, J = 8 Hz, G} 6.04 (dm, 1H, J = 16
Hz, CH=), 6.32 (dm, 1H, J = 16 Hz, CH=), 8.02-9@5, 8H, arom), 8.64 (s, 1H,
CH=N). The signal of =NOH disappeared in deutera@sdent;"*C NMR (3, 75 MHz,
D,0O) 31.55 (CH), 38.45 (C), 48.38 (Ch), 64.37 (CH), 126.61 (CH-3'\5"), 127.47
(CH=), 127.54 (CH=)128.30 (CH-3),129.84 (CH-5)142.96 (CH-2',6’), 146.05 (CH-
6), 146.69 (CH-4), 148.70 (CH=N)57.94 (C-2), 166.88 (C-4").

Biochemical part:Purity of novel compounds was checked once againguTLC
technique and HPLC technique immediately prior theperiment (Jun et al.
2007,2008)%%’

Paraoxon (POX; O,O-diethyl-O-4-nitrophenylphosphateas purchased from Dr.
Ehrenstorfer (Augsburg, Germany) in 95% purity. ®eation activity of synthesized
reactivators was tested using our in vitro reatitivatest’ Short description of this

method is summarized here:
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Human erythrocyte AChE or plasma BuChE were inbibhly solution of paraoxon to 5
% of their original activity. Time of enzyme inhilmn with paraoxon (2 hours,
corresponding to 7xJ,) was calculated from experimentally determined i@ (T 1/2)

of reaction between enzyme and paraoxon. Thenbiteldi enzyme was incubated for
10 min with solution of reactivator at concentratib0* and 10° M. Activity of AChE
(BChE) was measured spectrophotometrically by nedlimethod according to Ellman
with acetylthiocholine (butyrylthiocholine) as stifase’® Reactivation potency was

calculated from the formula:
%R = (1-(a-a&)/(a0-a))*100

where %R is percent of reactivation, ia activity of intact enzyme,; as activity of

inhibited enzyme and & activity of reactivated enzyme minus oximolysis

Each measurement was repeated three times and ovakioted under standard
laboratory temperature (25 °C). Calculations wesdgomed using software GraphPad
Prism version 4.00 for Windows, GraphPad Softwé&an Diego California USA

(www.graphpad.com).
All experiments were carried out in compliance wvitie current law of Czech Republic.
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Abstract: New cholinesterase reactivators are synthesizedotential antidotes for
treatment of organophosphorus agent poisonings sorpat of pseudo catalytic
scavengers for improvement of the nerve agent ptapis. In this study, three novel
potential cholinesterase reactivators (K064, KO6866) were synthesized and tested
for their potency to reactivate acetylcholinesteralAChE, EC 3.1.1.3) and
butyrylcholinesterase (BuChE, 3.1.1.8) inhibited fgsticide paraoxon. As resulted,
none from the synthesized compounds surpassedntdyratinically used reactivators

(pralidoxime, obidoxime and HI-6).

Keywords: acetylcholinesterase; butyrylcholinesterase; neragent; pesticide;

reactivator; oxime; paraoxon; scavenger

Introduction

Chemical warfare agents (CWA) pose extraordinagh hihreat if considered their
misuse by terrorists. As known from the past, tiveye already misused by the Aum
Shinrikjo sect in 1995 in Tokyo subway (so callatif Attack): Owing to the simple
preparation and availability of precursors of thegents, they could be much more
easily misused if compared with biological (delay symptoms onset) or nuclear

(relatively expensive) weapons. Nerve agents dedme the most toxic group of CWA
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with the highest probability of use. Sarin, somanVX agent are the most known
members of the nerve agent fanfily.

These agents cause an inhibition of cholinesteragesh are then unable to split
endogenic esters in the human body (Figure 1). dalhe inhibited
acetylcholinesterase (AChE; EC 3.1.1.7) is unablesdrve its physiological role —
splitting the neuromediator acetylcholine at theagptic clefts. This failure of nerve
system leads to cholinergic crisis and death ofritexicated organisr.

p >

? Inhibition | o o
AchE-OH + ON—{  Y»—0—P—Q  =———=— AChE-O—F—Q 2
2 g g A

Paraoxon

J /\
(|) HON Reactivation ?
AChE_O_FII)_O + | L i ——™ AChE-OH + O—IF—ON/\© !
v +
o — ZN < o) - N\/g/
! ]
Oxime Phosphorylated oxime

Figure 1 AChE is inhibited immediately when paraoxon reagith serine hydroxyl
group in the enzyme active site. Reactivation cgeuren oxime reactivator cleaves the

bond between AChE and diethoxyphosphoryl moiety.

There are several approaches how to fight agdieshérve agent intoxications. Several
drugs are administered prior (prophylaxis) and ssafter (treatment) the nerve agent
intoxication? Among the prophylactic approaches, bioscavengersansidered to be
most promising directiof! If the post-exposure treatment is discussed, AChE
reactivators are the most important group of améisl@and therefore finding of the most

universal AChE reactivator is of high inter&sf.

©
@ 2Br CH=NOH |\ 2B CH=NOH
® @
I/ |/
K064 K065
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K066

Figure 2 Structures of newly prepared cholinesterase resciis.

In this communication, synthesis of three novel liclesterase reactivators (K064,
K065, K066) is described (Figure 2). Furthermohsirt potency to reactivate human
AChE and butyrylcholinesterase (BuChE; EC 3.1.li#)ibited by the pesticide
paraoxon Q,O-diethyl O-4-nitro-phenyl phosphate) is described. Clinicaibed AChE
reactivators, pralidoxime, obidoxime and HI-6, wered as appropriate standards for
the comparison (Figure 3).

~ _ o -
|@/ s HON=HC.__~ | 2ch | CH=NOH
HON=HC™ "N N0\,
CHs
Pralidoxime (2-PAM) Obidoxime

~ 2¢f ~~ CONH,
| ON__O0 N |

CH=NOH
HI-6
Figure 3 Structures of clinically used AChE reactivatorgtrently used in the therapy

of organophosphate agent poisonings.
Materials and Methods
Chemicals

As shown in the Figure 2, all newly prepared conmmusu are non-symmetric
bisquaternary compounds with the oxime group wigalesponsible for the reactivation
process (Figure 1). Owing to this fact, stepwisetlsetic approach via the
monogquaternary intermediate is needed (Figure d)géft the required monoquaternary
intermediate, the first reaction was conductedpatsic reaction conditions (excess of
alkylating agent; very diluted solution). The exaldscription of this approach was

described earlier by our group in Musilek et’al®
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Figure 4. General preparation of bisquaternary non-symé&@aoE reactivators
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Yields of all reaction, melting points and NMR spacof obtained products are

summarized in Table 1. As shown, the yields arthérange between 24-55 %, which

is comparable with the yields obtained for simdampounds published earlif™

Table 1. Melting points, yields of all reactions and NMR spa of newly prepared

compounds

Comp.

m.p.

Yield

NMR Spectra

K064

>300°C

55%

'H NMR (3, 300 MHz, BO) 5.43 (m, 2H, Ch), 5.83

in deuterated solvent.
13C NMR (@, 75 MHz, BO) 47.59 (CH), 63.53 (CH),
126.73 (CH=), 126.76 (CH=), 128.72 (CH-3'5
129.03 (CH-3), 129.61 (CH-5), 142.18 (CH-2'6
146.03 (CH-6), 147.88 (CH-4), 148.13 (CH-4"), 148
(CH=N), 157.02 (C-2).

(m, 2H, CH), 6.06 (dm, 1HJ = 16 Hz, CH=), 6.37
(dm, 1H,J = 16 Hz, CH=), 8.04-9.35 (m, 9H, arom),
8.68 (s, 1H, CH=N). The signal of =NOH disappeared

)

N

K065

>300°C

24%

'H NMR (3, 300 MHz, BO) 5.45 (m, 2H, Ch), 5.93
(d, 2H,J = 8 Hz, CH), 6.09 (dm, 1HJ = 16 Hz,
CH=), 6.29 (dm, 1HJ = 16 Hz, CH=), 8.02-9.35 (n
11H, arom), 8.79 (s, 1H, CH=N). The signal of =N(
disappeared in deuterated solvent.

13C NMR (3, 75 MHz, BO) 48.23 (CH), 60.03 (CH),
118.40 (arom), 123.31 (arom), 123.58 (arom), 12!
(arom), 127.12 (CH=), 127.33 (CH=), 128.55 (aro
129.41 (arom), 129.54 (CH-3), 134.22 (CH-5), 139
(arom), 142.65 (arom), 144.46 (arom), 146.85 (CH
148.38 (CH-4), 149.81 (CH=N), 157.26 (C-2).

=

.88
m),
64
_6)

K066

185-188°C

25%

'H NMR (3, 300 MHz, DO) 5.42 (d, 2H, = 6.5 Hz,
CH,), 5.54 (d, 2HJ = 5.5 Hz, CH), 6.08 (dt, 1HJ =
16, 6.5 Hz, CH=), 6.37 (dt, 1H,= 16, 5.5 Hz, CH=)
8.02-8.28 (m, 6H, arom H-5, H-4,5,6,7,8), 8.42
1H,J = 6 Hz, arom H-3’), 8.45 (d, 1H,= 6 Hz, arom

H-3), 8.54-8.60 (m, 1H, arom H-4"), 8.62 (s, 1
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CH=N), 8.87 (d, 1HJ = 6 Hz, arom H-6"), 9.77 (s, 1H
arom H-1). The signal of =NOH disappeared| in
deuterated solvent.

13C NMR (3, 75 MHz, BO) 48.42 (CH), 62.37 (CH),
127.53 (CH=), 127.62 (CH=), 128.64 (arom), 129.25
(arom), 129.62 (CH-3) 129.89 (arom), 132.33 (arom
133.57 (CH-5), 139.59 (arom), 142.93 (arom), 146.54
(CH-6), 148.73 (CH-4), 149.18 (arom), 151,83
(CH=N), 157.22 (C-2).

Purity of all tested AChE reactivators was testasth@ TLC (Merck; DC-Alufolien
Cellulose F; mobile phase-butanol : acetic acid : water — 5 : 1 : 2; detattby
Dragendorff Reagent) and NMR (Varian Gemini 300pP&lto CA, USA) prior to
their use**°

Paraoxon (POX;0,0-diethyl-O-4-nitrophenylphosphate) was purchased from Dr.
Ehrenstorfer (Augsburg, Germany) in 95% purity. Ather chemicals used in this
experiment were of analytical grade and were puwetidrom Sigma Aldrich (Czech
Republic).

In vitro reactivation of AChE and BuChE

All the prepared compounds were tested for thetivig to reactivate AChE and
BUChE inhibited by paraoxon. The whole method iscdeed in Musilova et df
Briefly, human erytrocyte AChE or plasma BuChE weémbibited by solution of
paraoxon to 5 % of its original activity. Time afizyme inhibition with paraoxon (2
hours, corresponding to 7xd) was calculated from experimentally determined gl
(T1s2) of reaction between enzyme and paraoXdren, inhibited enzyme was incubated
for 10 min with solution of reactivator at concenion 10* and 10 M. Activity of
AChE (BuChE) was measured spectrophotometricallgnbglified method according to
Ellman with acetylthiocholine (butyrylthiocholing@s substrat¥. Reactivation potency
was calculated from the formula:

%R = (1-(a-a)/(20-a))*100
where %R is percent of reactivation, ia activity of intact enzyme,; as activity of

inhibited enzyme and & activity of reactivated enzyme minus oximolysis

Each measurement was repeated three times and ovakioted under standard

laboratory temperature (25 °C). Calculations wesdgomed using software GraphPad
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Prism version 4.00 for Windows, GraphPad Softwé&an Diego California USA
(www.graphpad.com).

All experiments were carried out in compliance wvitie current law of Czech Republic.

Results and Discussion

Reactivation results are shown in Figure 4 andgabl

AChE BuChE
1004 - 504
1100 pm 1100 um
= 75 [ 10 pm . 40+ [ 10 uMm
S i X
S 33"
< 501 =
= 2 20
k5] s}
$ 254 o
14 o 104 H
0 Hl-- T |_|l- T l; '—Il- O'ﬂ'l. l- '-lli T T ,_ll_
Q © > <5 © © Y 5 ©
& N & & NS N2V~ N & NS NS
G X E S bop@ .@\@ E @8
& ® & &
Oxime Oxime

Figure 4 Reactivation of paraoxon-inhibited AChE and BuChy riewly prepared
bisquaternary oxime reactivators.

Reactivation (%)

AChE BuChE
Concentration100 puM 10 uM 100 uM 10 uM
Reactivator MeanS.D. Mean S.D.|Mean S.D. Mean S.D.
Pralidoximé®|18.0 0.7 13 0.7/ 55 0.1 1.0 0.2
Obidoxime'® [96.9 0.7 594 0.7 99 03 22 03

HI-6%¢ 161 0 39 0.7/ 23 02 08 04
K064 0 0O 04 04| 0 0 O 0
K065 02 02 15 15 0 0 O 0
K066 42 03 30 0] 27 0 09 03

Table 2 Potency of tested oximes to reactivate paraoxambited human erythrocyte
AChE and plasma BuChE at concentrations 100 uMIEh@gM. (%, mean value of
three independent determinations, time of inhibitloy paraoxon 120 min; time of
reactivation by AChE reactivators - 10 min; pH #emperature 25 °C).
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According to our results, the most potent reactivaf paraoxon-inhibited AChE from
newly developed compounds (at both concentraticested) was oxime KOG6.
However, its reactivation ability did not surpas&e#b. In case of paraoxon-inhibited
BuChE, the most promising compound was again nestoti KO66. Reactivation ability
of other tested oximes was below 1.5 %.

It is clearly shown that no oxime prepared in thtigdy is able to reach reactivation
potency of standard reactivators for both AChE &wChE. If considered AChE
reactivation, our results confirm the general féloat obidoxime is at present time the
most active reactivator in case of paraoxon porsptit'® On the contrary, currently the
most discussed oxime — oxime HI-6 — should not beduas treatment of paraoxon
because of almost no benefit. Similar results werglished already earliér® In case
of BUChE reactivation, only obidoxime was able lightly reactivate BUuChE inhibited
by paraoxon (cca 10 %). Reactivation activity ohest tested reactivators was
insufficient. The problem of BUChE reactivation blnically used reactivators was
already discussed earli€r?°

Although our new reactivators did not surpass thasecally active ones, the need of
novel structural variants (although with non-falmearesults) is necessary to get the
compact view on the structure-activity relationslp design in future a universal

compound with broad reactivation activity.
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