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Anotace
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Kralové, 2020. Diserta¢ni prace na Prirodovédecké fakulté Univerzity Hradec

Kralové. Vedouci disertacni prace Kamil Kuca. 124 s.

Onemocnéni prenasend vektorem piedstavuji asi 17 % odhadované
globalni zatéZe zplisobené infekénimi chorobami. V roce 2017 bylo celosvétové
zaznamenano 219 milioni novych pripadii malarie prendSené samickami komara
rodu Anopheles. V soucasné dobé jsou pro redukci populace komari Anopheles
gambiae povoleny ctyri skupiny insekticidii (karbamaty, organofosfaty,
pyrethroidy a organochloridy). Vysoka mezidruhova toxicita pouzivanych
karbamatli a organofosfati v kombinaci s rozvojem rezistence k pouZzivanym
pyrethroidim vede k potifebé novych insekticidnich sloucenin. V soucasné dobé
smeéruje vyzkum k insekticidlim, které by se vyznacovaly selektivni toxicitou viici
hmyzu, kdy jednou z moznych cest je vyvoj selektivnich inhibitord hmyzi

acetylcholinesterasy (AChE; EC 3.1.1.7).

V ramci disertacni prace byly vypracovany metodiky pro ziskdni AChE
zriznych druh@ hmyzu, jak homogenizaci z hlav Musca domestica (MdAChE),
tak rekombinantni produkci AChE komara Anopheles gambiae (AgAChE1). Pomoci
Ellmanovy metody byly otestovany inhibitory AChE z interni databaze sloucenin.
Inhibi¢ni efekt byl vyjadren hodnotami ICso a indexem selektivity (ICso lidské
AChE/ICso hmyzi AChE). Z otestovanych sloucenin byly nejacinnéjsi inhibitory
ze skupiny K1323-K1336 inhibujici obé hmyzi AChE v nanomolarnich
koncentracich. Nejslibnéjsim inhibitorem MdAChE byla sloucenina K1324
s hodnotou ICso 13,6 nM a s indexem selektivity 26,1. NejslibnéjSim inhibitorem
AgAChE1 byla slou¢enina K1328 s hodnotou ICs0 6,61 nM a s indexem selektivity
44,2.
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Vector-transmitted diseases account for about 17 % of the estimated global
burden of infectious diseases. In 2017, 219 million new cases of malaria
transmitted by female Anopheles mosquitoes were reported worldwide. Currently,
four groups of insecticides (carbamates, organophosphates, pyrethroids
and organochlorides) are permitted to reduce the population of Anopheles gambiae
mosquitoes. The  high interspecies toxicity of the carbamates
and organophosphates in combination with the development of resistance
to the used pyrethroids lead to the need for new insecticidal substances. Research
and development is currently moving towards insecticides that are characterized
by selective insect toxicity, one of which is the development of insect selective

acetylcholinesterase (AChE; EC 3.1.1.7) inhibitors.

In this dissertation thesis, methodology for production of insect AChEs was
developed, both by homogenization from heads of Musca domestica (MdAChE)
and by recombinant production of mosquito Anopheles gambiae AChE (AgAChE1).
AChE inhibitors from the internal database were evaluated using the Ellman
method. The inhibitory effect was expressed by ICso values and by calculated
selectivity index (human AChE ICso/insect AChE ICso). Among tested compounds,
the group of compounds K1323-K1336 inhibited both insect AChEs
in the nanomolar range. The most promising MdAChE inhibitor was compound
K1324 with an ICso value of 13.6 nM and a selectivity index of 26.1. The most
promising AgAChE1 inhibitor was compound K1328 with an ICs¢ value of 6.61 nM
and a selectivity index of 44.2.
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Uvod

Hmyzem prendSend infek¢ni onemocnéni patfi mezi hlavni piiciny nakazy
aumrti v tropickych a subtropickych zemich. V roce 2017 bylo dle Svétové
zdravotnické organizace (WHO) celosvétové zaznamenano 219 milioni novych
pripadii malarie prendsené samickami komara rodu Anopheles, které mélo
za nasledek 435 000 umrti. Malarie je nejrozsirenéjsi v Africe (92 %), dale pak

v Jihovychodni Asii (5 %) a v zemich Blizkého vychodu (2 %) (WHO, 2018).

Kontrola vektorii malarie je obecné nejucinnéjSim opatfenim prevence
pienosu onemocnéni, a proto je jednim ze zakladnich prvki globalni strategie pro
kontrolu malarie (WHO, 2008). V soucasné dobé jsou pro redukci populace
komard Anopheles gambiae (An. gambiae) dle WHOPES (WHO pesticides
evaluation scheme) povoleny ¢tyfi skupiny insekticidl (karbamaty, organofosfaty,
pyrethroidy a organochloridy) (WHO, 2006a). Karbamaty a organofosfaty jsou
zastupci insekticidi inhibujici AChE (Hemingway and Ranson, 2000). AChE je
serinovd hydrolasa umisténd v nervosvalovych ploténkach a cholinergnich
synapsich u bezobratlych i u obratlovct (Kim et al., 2010; Lu et al., 2012). Funkci
AChE je regulace cholinergni transmise $tépenim neurotransmiteru acetylcholinu.
AChE je velmi ulinny enzym a jeho inhibice vede k akumulaci acetylcholinu

v synapsi a tim k zamezen{ ukonceni nervového pienosu (Toutant, 1989).

Vzhledem k dlouhodobé zvysené spotiebé insekticidi byl pozorovan narfst
rezistence u exponovaného hmyzu (Awolola et al., 2009; Mutunga et al,, 2015).
Také toxicita organofosfatli a karbamati vici necilovym organismim a jejich
perzistence v plidé (Jeyaratnam, 1990; Satoh and Gupta, 2011) vedla kvyvoji
novych insekticidli, které by se vyznacovaly vyssi selektivitou vic¢i hmyzim
enzymum. V ramci predkladané disertacni prace byla zdrojem hmyzi AChE zvolena
moucha domaci (Musca domestica) pro jeji dobrou dostupnost. Cilem prace bylo
na ziskaném homogenatu otestovat jiz diive popsané inhibitory AChE, zjistit jejich
ucinek a selektivitu k hmyzimu enzymu. Dale byla rekombinantni produkci
pripravena AgAChE1 komdara An. gambiae, na které byly testovany stejné

inhibitory s naslednym vyhodnocenim mezidruhové selektivity.
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1 Malarie

Malarie je u ¢lovéka zptisobena 5 druhy parazita rodu Plasmodium (P. vivax,
P. falciparum, P. malariae, P. ovale a P. knowlesi) (WHO, 2015a; Winzeler, 2008).
Pro clovéka je nejvirulentnéjSim druhem P. falciparum, ktery se nejcastéji
vyskytuje v Africe (Klein, 2013). P. falciparum je plivodcem tzv. tropické malarie
vyznacujici se malarickymi zachvaty s nepravidelnou periodicitou - od kazdodenni
az po tridenni (maligni tercidna). Na druhou stranu P. vivax je pivodcem tzv.
benigni tercidny se zachvaty opakujicimi se kazdych 48 hodin (Volf and Horak,
2007). Oproti vySe zminénému P. falciparum je druh P. vivax daleko vice rozsiren
v Asii a Americe, pravdépodobné diky jeho adaptaci na chladnéjsi prostredi.
P.vivax je schopny dokoncit vyvojovy cyklus v komarovi rodu Anopheles i za
nizSich teplot i prezit obdobi zimy, béhem kterého neni komar jako mezihostitel
dostupny viibec (WHO, 2015a; Winzeler, 2008). P. vivax a P. ovale jsou znami pro
své latentni jaterni stadium, které miiZe byt zaktivovano mésice po prvotni infekci
a vyvolat tak relaps klinickych ptiznaki (Klein, 2013). P. ovale je také plivodcem
benigni terciany a radou dalSich vlastnosti je podobné onemocnéni P. vivax.
P. malariae se vyskytuje vtropech a subtropech Afriky a Jizni Ameriky,
kde zptsobuje tzv. kvartdnu se zachvaty opakujicimi se v 72 hodinovych

intervalech (Volf and Horak, 2007).

V poslednich dekadé byly vlesnatych oblastech Jihovychodni Asie
zaznamenany pripady malarie zptsobené P. knowlesi, u kterych byl popsan pirenos
z infikovanych opic na ¢lovéka, proto se tento typ onemocnéni radi mezi zoondzy
(WHO, 2015a). Zvlastnim typem indukované ndakazy je tzv. letiStni malarie
postihujici vesmés zaméstnance provozu nebo osoby bydlici v blizkosti letisté
(v okruhu cca 30 km). Nakazu zpusobuji infikovani komari, ktefi jsou prepraveni
v prostorach letadel. Obdobné jsou také popsany pripady nakazy z okoli

namofinich a ri¢nich pristavi (Jira, 2009).
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2 Vyvojovy cyklus rodu Plasmodium

Malarie je prendSena na clovéka pri sani samicky komdara Anopheles,
pri kterém jsou sporozoiti inokulovani do krve hostitele (Prudéncio et al., 2006;
Winzeler, 2008). Pro vyvojovy cyklus rodu Plasmodium (Obrazek 1)
je charakteristické stridani dvou hostitelli - ¢lovéka jako hostitele a komara jako
prenasece (Jira, 2009). U clovéka dochazi ksérii rozmnozovacich cykli
(schizogonii), z nichZ prvni a nékolik dalSich probiha asymptomaticky v bunkach
jaterniho parenchymu (exoerytrocytarni schizogonie) (Bednar et al, 1996).
Po inokulaci Plasmodium do krve hostitele putuje ve formé sporozoitu do jater
a tam tvori parazitoforni vakuolu (PV). V této fazi mize zistat latentni ve formé
hypnozoitu (napft. P. vivax a P. ovale) nebo pokracovat dale ve vyvoji k tvorbé
stovek merozoitli (Sturm et al,, 2006; Winzeler, 2008). Paraziti nasledné migruji
do jaternich sinusoid, kde tvoii meronty (Volf and Horadk, 2007; Winzeler, 2008).
Mezi druhymi azZ Sestndctym dnem v zavislosti na druhu, nové vytvoieni merozoiti
(aZz 20000 jedincd) pronikaji do jaternich sinusoid, kde napadaji cirkulujici
erytrocyty (Jira, 2009; Prudéncio et al.,, 2006). Béhem dalSich 48 hodin parazit
projde dal$imi intraerytrocytarnimi stadii (prstencové formy s centralni vakuolou,
trofozoit a schizont), kdy jeden schizont produkuje priblizné dalSich 16 novych
dcefinych merozoiti (Klein, 2013). Nasledné infikované erytrocyty praskaji
ve vzajemné synchronii, coZ ma za nasledek Kklinicky charakteristické cykly
horeCky a zimnice (Klein, 2013; Prudéncio et al, 2006; Winzeler, 2008).
U neimunizovanych jedinci je inkuba¢ni doba malarie 7-30 dni. Typickymi
priznaky onemocnéni jsou horecka, poceni, zimnice, bolest hlavy, nauzea
a zvraceni (CDC-Centers for Disease Control and Prevention, 2019; Volf and Horak,

2007).

Pii kazdé replikaci ¢ast merozoitii tvoii pohlavni stddium gametocytd,
které je schopno infikovat vnimavé komary (Klein, 2013). V pripadé, Ze jsou
gametocyty nasaty komarem, okamzité dochazi k preméné na aktivni samci
asami¢i gamety, které spole¢né vytvori zygotu (Klein, 2013; Winzeler, 2008).
Zygota se béhem 18-24 h méni na ookinetu cervovitého tvaru, ktera prochazi
stfevni sténou (mezenteron) komara. Po prichodu stfevni sténou se ookineta

usadi na vnéjsSim povrchu mezenteronu a zméni se v kulovitou oocystu s nékolika
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jadry obklopenou pouzdrem. Oocysta se béhem 4-21 dni zvétSuje, z polyploidniho
syncytidlniho jadra se formuje sporoblast, kde se vytvareji vietenoviti sporozoiti.
Vysledkem asi 11 synchronnich mitotickych déleni je tvorba asi 8000 sporozoiti
v kazdé oocysté. Z tisicii gametocytd nasatych s krvi hostitele se tvoii jen 50-100
ookinet a jen nékteré z nich vytvori oocysty. Zrali sporozoiti, ktefi po rupture
oocysty vstupuji do hemocelu, putuji hemolymfou do slinnych Zlaz komara (Jira,
2009). Zde cekaji na vhodného hostitele (zde mohou prezivat 50 i vice dnti),
kde pii sani komara znovu zopakuji sviij cyklus (Jira, 2009; Klein, 2013; Winzeler,

2008).
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Obrazek 1. Schematické znazornéni vyvojového cyklu malarie. Prevzato z MALWEST
(2016).

Z 50 000 nové vytvorenych sporozoiti je jen 15-80 jedincli inokulovano do
hostitele (Sinden and Billingsley, 2001). Prenos malarie z ¢lovéka na komara je
zavisly na vyvoji pohlavnich stadii Plasmodium, a proto je fada opatreni zabranujici

$ireni malarie cilena praveé na tato stadia (Cowman et al., 2016).
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3 Léciva blokujici prenos malarie

Sporogonicka faze vyvojového cyklu Plasmodium je jednim z klicovych mist
pro prevenci Sifeni malarie. Jedna ze strategii, jak sniZit prevalenci $ifeni malarie
v endemickych oblastech, je zacilena na vyvojova staddia uvniti komdara. Nova
antimalarika s uc¢inkem blokujicim prenos nemoci maji za cil prerusit prenos
z infikovaného jedince na vektor nemoci a eliminovat tak parazity z komari
(Griffin et al., 2010). Prvnim krokem k nalezeni slouCenin s gametocidnim u€inem
byl screening komerc¢né dostupnych antimalarik (Pukrittayakamee et al., 2004).
Principem ucinki 1éc¢iv blokujicich pienos je znic¢eni vétSiny gametocytid v krvi
hostitele, kdy ta jiZ neni nadale infekéni pro komara (Gongalves and Hunziker,
2016). V minulosti byla vyvinuta klicCovd dvojkombinace 1ékli artemisininu
s primachinem (Obrazek 2), ktera slouZila k eliminaci malédrie napriklad
v KambodZskych vesnicich (Song et al., 2010). Nicméné neni Gplné jasné, zda je to
gametocidni ucinek, ktery je zodpovédny za sniZeni vyskytu onemocnéni
v populaci (Graves et al., 2015). Doporucené davkovani pro clovéka k docileni
gametocidnitho ucinku je dle WHO 0,25 mg/kg primachinu v kombinaci
s artemisininem. Mezi dal$i 1ékové kombinace registrované v nékterych zemich
patii napriklad artesunat s pyronaridinem, arterolan s piperachinem, artemisinin
s naftochinem a artemisinin s piperachinem (WHO, 2015b). DalSich nékolik novych
lékovych pripravki cekd na vysledky klinického hodnoceni, aby mohly byt
schvaleny jako nova antimalarika (Okombo and Chibale, 2018).

artemisinin primachin

Obrazek 2. Chemicka struktura bézné pouzivanych léciv blokujicich prenos malarie.
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4 Vakcinace

K celosvétové eradikaci malarie je potfeba kombinace novych pristupti
a nastroji, z nichZ jednou z moZnosti je vakcinace. V minulosti vyvoj vakcin cilil
na exoerytrocytarni stddium (sporozoiti a jaterni infekci), erytrocytarni stadium
a blokovani prenosu (pohlavni stadium - gametocyty) (Barry and Arnott, 2014;
Cowman et al, 2016). Plné Uc¢inna vakcina proti gametocytim muze prerusit
cyklus prenosu onemocnéni, ale nebude mit pfimy uUcinek na priibéh infekce
u ockovaného jedince. Na druhou stranu vakciny cilené na erytrocytarni stadium

mohou mit vliv také pii kontrole morbidity a mortality (Jira, 2009).

Nejpokrocilejsi vakcinou v Klinickych studiich je RTS,S/AS01 (obchodni
nazev Mosquirix) cilend na sporozoity. Tento typ ockovani indukuje humoralni
abunécnou imunitni odezvu proti specifickému povrchovému proteinu
(cirkumsporozoitovy povrchovy protein - CSP), ktery je pritomny na povrchu
sporozoiti P. falciparum i u schizontd jaterni faze infekce (RTS,S Clinical Trials
Partnership, 2014). Tento typ vakciny se dostal do III. faze klinického testovani,
které se ucastnilo 15 000 africkych déti. V dalSim roce probihajici studie bylo
zjiSténo, Ze vakcinace tri davek sniZila vyskyt onemocnéni o 28 % u malych déti
a0 18 % u kojenci (Greenwood and Doumbo, 2016). V soucasné dobé probiha
implementacni program RTS,S vakciny ve trech zemich subsaharské Afriky. Pilotni
program je navrzen tak, aby generoval diikazy a zkuSenosti s vakcinou
v souvislosti s béZnou imuniza¢ni praci (WHO, 2019a). RTS,S/ASO1 vakcina
je povazovdna za experimentdlni standard, se kterym budou v budoucnu
porovnavany vSechny nové vyvinuté vakciny (Cowman et al., 2016; Greenwood
and Doumbo, 2016). Dlouhodoby cil vyzkumu je do roku 2030 vyvinout druhou
generaci vakcin/y, ktera by dokazala poskytnout dlouhodobou ochranu a uc¢inek

proti vice druhtim Plasmodium (Barry and Arnott, 2014).
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5 Kontrola vektoru malarie

Komar hraje dilezitou roli ve vyvojovém cyklu Plasmodium, a proto
eliminace tohoto vektoru pomoci insekticidli hraje zasadni roli pti redukci pirenosu
malarie. 0d pouZiti dichlorodifenyltrichloroethanu (DDT) a dalSich
organochlorovych insekticidii ve 40. letech 20. stoleti spocivala kontrola prenaSeci
maldrie prevazné na ucinku chemickych insekticidii (van den Berg et al.,, 2012).
DDT v kombinaci s pyrethroidy hraje dodnes dulezitou roli v kontrole komart
prenasejicich malarii. KdyZz bylo vroce 1996 v]izni Africe vylouCeno DDT
z programu pro kontrolu malarie, doslo k historicky nejvétSimu rozsifeni malarie
v zemi. V rozmezi let 1996 az 2000 doslo v Jizni Africe k nariistu novych pripadi
malarie aZ o 450 % a mortalita vzrostla témér o 1 000 %. Epidemie takového
rozsahu se dostala znovu pod kontrolu aZ se znovuzavedenim DDT v roce 2000

(Davies et al., 2007a).

V soucasnosti jsou pouze ¢tyri skupiny insekticidi schvaleny v oblasti
verejného zdravi dle WHO pesticides evaluation scheme (WHOPES) (WHO, 2006a).
Jednd se o organochloridy, karbamaty, pyrethroidy a organofosfaty.
Tyto insekticidy mtzeme dale délit podle mechanismu uc¢inku na insekticidy
ovlivitujici napétové frizeny sodikovy kandl (organochloridy, pyrethroidy)
nebo enzym AChE (karbamaty, organofosfaty). VSechny vySe zminéné skupiny
insekticidi mitizou byt pouzity pro systematickou aplikaci residualnich
insekticidnich postrikd, ale pouze pyrethroidy byly schvaleny k pouziti
na moskytiérach. U¢inek moskytiér oSetfenych pyrethroidy je vyrazné zvysen
vytvorenim tzv. chemického hal6 efektu, ktery rozsiti ucinek insekticidu i mimo
moskytiéru. Tato aplikace ma komara odpudit a tak zabranit sani komara
na Clovéku anebo komara primo usmrtit. ProtoZe pyrethroidy jsou jedinym
povolenym typem insekticidii schvalenym pro pouZziti na moskytiérach, je nutné
pouzivani této tridy zachovat po dostatecné dlouhou dobu i pres rozsireni
rezistence (Davies et al., 2007a). Voblastech s rozsifenou rezistenci vuci
pyrethroidnim insekticidim byla provedena studie, ktera i piesto potvrdila snizeni
prenosu maldrie pri pouziti moskytiéry impregnované pyrethroidy (N'Guessan et

al, 2001).

18



5.1 Insekticidy ptsobici na sodné kanaly
Pyrethroidy a organochlorové latky (napt. DDT) pilisobi na nervovy systém

hmyzu pomoci sodnych (Na*) napétové fizenych kanalii umisténych v plasmatické

vivs

v/

a nejucinnéjsi insekticidy pouzivané ke kontrole populace malarickych komari.
Jak bylo zminéno vyse, jsou jedinou schvalenou tfidou insekticidi pouZivanych
na moskytiérach z diivodu jejich nizké toxicity pro ¢lovéka a selektivnimu dcinki
ke komarim (WHO, 2006a). Chemické struktury slouCenin doporucenych
organizaci WHO pro aplikaci pomoci residudlnich insekticidnich postiikil jsou

uvedeny viz. Obrazek 3.
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Obrazek 3. Chemicka struktura organochlorové slouceniny (DDT) a pyrethroida
doporucené WHO pro aplikaci residualnich insekticidnich postrikii.

Selektivni toxicita pyrethroidnich insekticidii je zaloZena na jejich vyssi
afinité k hmyzimu Na* kandlu oprotilidskému (Warmke et al., 1997; Zlotkin,

1999). Také rozdilnda télesnd teplota a mensi velikost hmyzu v porovnani
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s Clovéekem hraje roli vselektivni toxicité. Napriklad toxicky ucinek DDT
a pyrethroidii znacné stoupa s nizsi teplotou. Metabolismus insekticidii je u hmyzu
pomalejSi nez u cClovéka a to vkombinaci smalym hmyzim télem vede
k dostupnosti insekticidu v cilovém misté jeSté pred jeho pripadnou detoxifikaci

(Narahashi, 1992; Zlotkin, 1999).

Na* kanaly maji klicovou roli v prenosu elektrického signadlu v nervové
soustavé (Obrazek 4). Tyto transmembranové proteiny tvori pory (kanaly), které
jsou vysoce selektivni pro sodné ionty. Za béZnych podminek ionty sodiku aktivuji
kanal, ktery se otevie, ¢imZ dojde ke zméné naboje (depolarizace) a naslednou
repolarizaci membrany se kandl znovu uzavie. Tento proces trva nékolik
milisekund a sodikovy kanal je ihned deaktivovian. DDT a pyrethroidy
se prednostné vazou na otevieny Na* kanal a tim ho stabilizuji (Bloomquist, 1996;
Narahashi, 2000; Vijverberg and Bercken, 1982). Na* kanal s navazanymi
insekticidy ma prodlouZenou odezvu z milisekund na minuty a zpoZdéni
deaktivace vede ksetrvalé excitaci. To ma za nasledek potlateni amplitudy
nervového impulsu, zvySené uvoliiovani neurotransmiteru a blokovanou excitaci
sodikovych kanali (Bloomquist, 1996; Narahashi, 1996; Vijverberg and Bercken,
1990).
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Obrazek 4. Mechanismus synaptického pirenosu. Upraveno z CNS Clinic-Jordan (2016).

Gen kodujici a-podjednotku Na+ kanalu komara An. gambiae obsahuje 6420
part bazi (base pair, bp) a dava vzniknout proteinu o délce 2139 aminokyselin
s predpokladanou molekulovou hmotnosti 240 kDa. Na* kanal je integralni
transmembranovy protein s ocekavanou topologii ¢ty velkych hydrofobnich
domén (I-1V), kde kazda doména ma Sest a-helixovych membranovych segmenti

(S1-S6) spojenych smyckou (Obrazek 5) (Davies et al., 2007b).
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Obrazek 5. Topologie komariho Na+ kanalu a jeho strukturdlni charakteristiky.
Homologni domény jsou znaceny I-IV. Transmembranové segmenty domén jsou popsany
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¢islicemi 1-6, Sedé oznacené segmenty formuji transmembranovy pér. S4 obsahuje kladné
nabité AMK znacené ,+“. MFK Cast zodpovédna za inaktivaci kanalu. Pirevzato z Du et al.
(2016).

V kazdé doméné segmenty S1-S4 tvori modul detekujici napéti, ktery je
kvazi-symetricky rozmistén kolem vnéjSiho okraje modulu poru. Segmenty S5 a S6
spojené P-smycCkou tvori tzv. membranovy pér (Obrazek 5, Seda vypln). Kazdy S4
segment, ktery slouZi jako napétovy senzor kandalu, obsahuje opakované motivy
(dva hydrofobni aminokyselinové zbytky a jeden pozitivné nabity). Po depolarizaci
membrany sesegmenty S4 pohybuji v extracelularnim sméru, coZz iniciuje
konformacni zménu, béhem které se C-terminalni poloviny segmenti S6 (aktivacni
brana) posouvaji od osy pért, ¢imz dojde k jeho otevieni. BEhem posuvu kanalu
kratké intracelularni spojovaci retézce mezi segmenty S4 a S5 prenaseji pohyb
na segmenty S5 a S6. Po kratkém otevieni dochazi k rychlé inaktivaci Na* kanald,
ktera je zprostredkovana inaktivacni c¢astici fyzicky uzavirajici vnitfni péry.
Cast inaktivace je lokalizovana v kratkych intracelularnich spojovacich oblastech
domén III a IV a je tvorena hlavné motivem MFM (aminokyselinové zbytky
methioninu, fenylalaninu a methioninu). Methionin v motivu MFM je zasadni
prorychlou inaktivaci v Na* kanalech u hmyzu, naproti tomu u Cclovéka
je substituovan isoleucinem (IFM-aminokyselinové zbytky isoleucinu, fenylalaninu

a methioninu) (Du et al., 2016).

Ackoli je kdédujici DNA sodného kanalu musSky Drosophila melanogaster
shodna z 82 % se sekvenci komara An. gambiae, alternativni sestiih vede u obou
organismil k riznym variantdm Na* kanald, které se lisi svou citlivosti k danym
insekticidiim (Davies et al., 2007a). Dal$im procesem, ktery miiZe ovlivnit riiznou
funkci Na* kanald, je editace RNA. Posttranskripéni modifikace mohou vést
ke zméné prepisu transkriptu v cilovém misté (zaménou jednotlivych bazi, jejich
inzerci nebo deleci). Identifikace vzniklych variant tak poskytuje zasadni
informace ohledné poradi aminokyselin v Na*kanalu, coz hraje duleZitou roli

pri interakcich s insekticidy (Davies et al., 2007b; Dong et al., 2014).

[ kdyz DDT a pyrethroidy maji stejny mechanismus ucCinku, liSi se mistem
vazby na Na* kanal. V otevieném Na* kanale se oblast vazajici insekticidy nachazi

v hydrofobni kavité spiraly tvorené doménou Il S4 (ohranicené S4-S5 retézcem),
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doménou II S5 a doménou III S6. Tato kavita je pristupna z lipidové dvojvrstvy,
a proto se zde vazou lipofilni insekticidy (Obrazek 6). Vazba insekticidu na kanal
jej stabilizuje v otevirené formé (O’Reilly et al., 2006). Tento princip byl potvrzen
cilenou mutagenezi klicovych rezidui ve vazebné oblasti Na* kanalli u Svaba
(Blattodea sp.) a u octomilky (Drosophila melanogaster), kdy zamény aminokyselin
zodpovédnych za interakci insekticidi s kanalem vedly ke ztraté citlivosti k tomuto

insekticidu (Du et al., 2009; Usherwood et al., 2007).
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Obrazek 6. Aminokyselinové zbytky detekujici pyrethroidy jsou oznaceny Zluté pro
vazebné misto S1 a zelené pro vazebné misto S2. Prevzato z Dong et al. (2014).

5.2 Insekticidy inhibujici acetylcholinesterasu
Dal$i velkou skupinou insekticidi pouZzivanych ke kontrole hmyzich

vektori tvori karbamaty (CA) a organofosfaty (OP). CA a OP jsou Siroce
pouZzivanou skupinou insekticidli inhibujici enzym AChE. AChE je serinova
hydrolasa umisténd v cholinergnich synapsich a nervosvalovych ploténkach
u bezobratlych i u obratlovct (Obrazek 4) (Kim et al., 2010; Lu et al,, 2012; Pang,
2006; Pang et al, 2012). Funkci AChE je regulace cholinergni transmise
rozStépenim neurotransmiteru acetylcholinu na acetat a cholin. AChE je velmi
ucinny enzym katalizujici preménu 103-10% molekul substratu za sekundu (Quinn,
1987; Rosenberry, 1975). Inhibice AChE vede k akumulaci acetylcholinu v synapsi

a tim k zamezeni ukonceni nervového prenosu (Toutant, 1989).

Struktura AChE byla zkoumana na modelovém organismu parejnoka
kalifornského (Torpedo californica), kde bylo popsano aktivni misto enzymu

(katalytické anionické misto, CAS), které je lokalizovano na dné uzké Stérbiny
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(Obrazek 7). Pro CAS jsou typické nékteré podjednotky jako napiiklad anionicka
podjednotka, kde dochazi kinterakci se substratem acetylcholinem; esterova
podjednotka (ES), které obsahuje aminokyselinové zbytky katalytické triady
enzymu; oxyaniontovou prohluben a acylovou kapsu, které jsou zodpovédné
za substratovou specifitu. Dals$i dutlezitd podjednotka zndma jako periferni

anionické misto (PAS) je umisténa ptiblizné 15A od CAS (Silva et al., 2014).
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Obrazek 7. Schématicky pohled na kavitu aktivniho mista AChE Torpedo californica
(TcAChE). CAS-katalytické aniontové misto, PAS-periferni aniontové misto. Molekula
substratu acetylcholinu je znacena modre. Pfevzato a upraveno z Silva et al. (2014).

Prvni 3D struktura AChE bezobratlych byla popsana u octomilky
D. melanogaster (DmAChE). Krozpoznani hlavnich mezidruhovych strukturnich
rozdil byla ziskana struktura DmAChE nasledné porovnana s enzymem parejnoka

kalifornského Torpedo californica (TcAChE) a slidskym enzymem (hAChE).
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Ackoli byla nalezena pouze nizka identita sekvenci (36 %) DmAChE a TcAChE,
topologie enzymi byla u obou druhii velmi podobng, s ¢aste¢nym prekryvem jejich
aktivnich mist (Harel et al., 2000). V nedavné dobé byla publikovana krystalova
struktura G119S mutované AgAChE1l (AgAChE1-G119S), ktera je rezistentni
k vétSiné acetylcholinesterasovych insekticidi (Cheung et al., 2018).

Narist v necitlivosti k pouzZivanym insekticidim mezi urc¢itymi kmeny Culex
pipiens, kdy nebylaidentifikovand mutace vdaném AChE genu (Ace), vedl
k vytvoreni hypotézy o dvou genech hmyzi acetylcholinesterasy (Malcolm et al.,
1998; Pang et al, 2012; Tomita et al, 2000; Toutant, 1989). Prvni Ace gen
paralogni ke genu D. melanogaster byl popsan u mSice (Schizaphis gramium) (Gao
and Zhu, 2002). Nasledné byla hypotéza dvou AChE genl potvrzena dalSimi
studiemi o paralognim genu Ace u afrického malarického komara An. gambiae
a u bavinikové msice Aphis gossypii (Li and Han, 2002). V soucasnosti je znama
velkd ¢ast hmyzu (Sktdci a prenaSeci onemocnéni), ktefi maji dva geny pro AChE
(AChE1 a AChE2) (Pang et al., 2009). Vyjimkou jsou druhy, které patii do radu
vysSich Diptera (dvoukridli) (Lu et al., 2012; Pang, 2014). Funkce AChE1 a AChE2
byly nasledné definovany Lu et al. (2012), kdy AChE1 je nezbytnd pro preZiti
hmyzu regulujici cholinergni transmisi, zatimco AChE2 zastava dulezitou

necholinergni funkci pti embryotickém vyvoji hmyzu, ristu a reprodukci.

Béhem 30. let 20. stoleti byly syntetizovany prvni vysoce toxické
organofosforové nervové paralytické latky (tabun, sarin, soman) (Abreu-Villaca
and Levin, 2018; Khurana and Prabhakar, 2000). Jako insekticidy byly OP poprvé
predstaveny ve 40. letech a nejvétSi rozmach vétSiny hlavnich OP byl v roce 1965
(Casida and Quistad, 1998). OP nahradily v 70. letech organochlorové insekticidy,
které byly zakazany z diivodu jejich perzistence a akumulace v Zivotnim prostiedi.
Pokles v pouzivani OP nastal po roce 2011 kviili jejich nadmérnému uzivani v 90.
letech predevSim vIndii (WHO, 2011). Organofosfatové insekticidy jsou
irreverzibilni inhibitory AChE, které vytvareji kovalentni vazbu se serinovym
zbytkem S199 AgChE1l (S203 u lidské AChE) v katalytickém misté enzymu
(Darvesh et al,, 2008; Pang, 2014; Schmidt et al., 2018). VétSina OP pouzivanych
v soucCasnosti  (chlorpyrifos, malathion a diazinon) vyZaduji bioaktivaci

monooxygenasou, ktera prevede fosfonothioat (S analog) na oxonovou formu
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(O analog), ktery ma silné inhibi¢ni ucinky viic¢i AChE (Abreu-Villaca and Levin,
2018; Perera et al., 2008; Wilkinson, 1983). Jak jiZ bylo zminéno vyse, blokaci AChE

dojde k blokaci nervového prenosu, ktery nasledné vede k usmrceni hmyzu.

OP insekticidy mohou podléhat rychlé degradaci, ale maji pomérné vysoké
riziko akutni otravy u vysoce exponovanych osob (Rahimi et al., 2006). V pripadé
nartstu inhibice AChE nad 70-75 % dojde k akumulaci acetylcholinu v centralnim
nervovém systému, autonomnich ganglich a jejich cilovych organech
a v nervosvalovych spojenich, kterd vede krozvoji zavaZného cholinergniho
syndromu. Tento syndrom je charakterizovan ucinky na centralni nervovy systém
(napf. zmatenost, zavraté, utlum dychacich funkci, kiece, koma) a ucinky
na perifernii (napf. zvySené poceni, slinéni, inik moci, slzeni, bronchokonstikce,
zuZeni zornic, tfes). Kromé AChE ovlivituji OP jako sekundarni cile i dal$i enzymy
ze skupiny serinovych esteras, kterymi jsou napriklad karboxylesterasa,
butyrylcholinesterasa, arylformamidasa, acetylhydrolasa faktoru aktivujiciho
desticky, cilova neuropatickd esterasa, hydrolasa amidd mastnych Kkyselin
a monoacylglycerol lipasa. SniZena aktivita cilové esterasy neuropatie vede
k degeneraci axonli a k demyelinizaci nervovych vladken znamych jako syndrom
OP-indukované opoZdéné neuropatie. Monoacylglycerol lipasa a hydrolasa amidu
mastné Kkyseliny jsou zahrnuty pri degradaci endokanabinoidii, neurotransmitert
regulujici synaptickou funkci. Jejich inhibice muze ovlivnit tvofeni synapsi,
neurogenezi a ve vysledku ma vliv i na kognitivni funkce, naladu a kontrolu

motoriky (Abreu-Villaga and Levin, 2018).

OP vykazuji toxicitu také prostiednictvim interakci s rliznymi receptory.
Pri expozici OP byla popsana pfima interakce s muskarinovymi, nikotinovymi,
serotoninovymi, N-methyl-D-aspartatovymi (NMDA) receptory, sniZend denzita
cholinergnich receptorti, porusena funkce GABA-ergniho, noradrenergniho,
dopaminergniho systému evokujici zvySené uvolnéni glutamatu. Mimo to dochazi
i k zasahu do energetického metabolismu. Funkénimi disledky téchto zmén jsou
napriklad zvysSena excitotoxicita, neurotoxicita, blokada oxidativniho metabolismu

s acidozou, ¢imz se dale prohlubuje toxicky efekt organofosfatti (Voicu et al., 2010).
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V soucasnosti jsou dle WHO doporuceny pro aplikaci residualnich
insekticidnich postiikid proti malarickym komarim tito zastupci OP: malathion,

fenitrothion a pirimiphos-methyl (Obrazek 8) (WHO, 2006a).
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Obrazek 8. Organofosfaty doporucené pro aplikaci residualnich insekticidnich postrikii.

Insekticidy ze skupiny karbamati (CA) jsou derivaty karbamové kyseliny,
které AChE inhibuji reverzibilné. Zajem o CA vznikl diky poznani ucinkt alkaloidu
fyzostigminu, které byly popsany v roce 1925 (Verma, 2014). Pozdéji v 50. letech
byly vyvinuty aryl methyl karbamaty a byl predstaven velmi uCinny karbamat
nazyvany karbaryl (Casida and Quistad, 1998; Verma, 2014). Od té doby byly CA
analogy pouZzivany jako insekticidy po nékolik desetileti (Casida and Quistad,
1998). CA inhibuji AChE pomoci karbamylace serinového zbytku v aktivnim misté
enzymu (Verma, 2014), vytvoreny komplex AChE-karbamat miiZze podléhat
spontanni hydrolyze, a tim se pomalu reaktivovat. Dekarbamylace trva v rozmezi

30-40 minut (Darvesh et al., 2008).

CA maiji stejné priznaky spojené s akutni otravou jako OP. Na druhou stranu
CA nezpisobuji opozdénou neuropatii a zplisobuji nizsi kozni toxicitu nez OP
(Colovié et al., 2013; Verma, 2014). Priznaky akutni otravy CA u savci se objevuji
rychleji a nejsou tak zadvazné jako priznaky vyvolané OP (Abreu-Villaca and Levin,

2018)

V soucasnosti jsou dle WHO doporuceny pro aplikaci residualnich
insekticidnich postfikii proti malarickym komdarim bendiokarb a propoxur

(Obrazek 9) (WHO, 2006a).
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Obrazek 9. Karbamaty doporucené pro aplikaci residualnich insekticidnich postiiki.

5.3 Regulatory riistu hmyzu

Vedle klasickych chemickych insekticidli existuji i dalsi alternativy, kterymi
jsou naptiklad regulatory rlstu hmyzu (insect growth regulator - IGR).
Tyto slouCeniny interferuji s metabolismem hmyzu a ovliviiuji tak jeho rist
naruSenim embryogeneze a metamorfézy. Béhem vyvoje hmyzu z vajicka
v dospélého jedince miize IGR inhibovat formovani chitinu (inhibitory chitinu)
nebo nahradit/prerusit produkci juvenilniho hormonu (analoga juvenilnich
hormonii). IGR jsou letalni pro stadium kukly, larvy i pro vajicka. JelikoZ IGR nejsou
neurotoxické, zda se, Ze maji mensi potencial skodit ¢lovéku a jinym obratlovcim
nez bézné insekticidy (Mian and Mulla, 1982). Nejvice pouzivanym IGR je analog
juvenilnich hormonti methopren (Obrazek 10), ktery byl v minulosti pouzivan
pro kontrolu populace komart a dalSich Skddcl ztadu Diptera (Mulla, 1995).
Methopren ovliviiuje metamorfézu stireva u Aedes aegypti (Ae. aegypti)
a zpomaluje zrani vajitek u samicek komara An. gambiae, ¢imZ ovliviiuje jejich

reprodukéni schopnost (Bai et al., 2010; Wu et al., 2006).
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Obrazek 10. Struktura methoprenu, analog juvenilniho hormonu.
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5.4 Bakterialnilarvicidy

DalSimi strategiemi kontroly vektorii onemocnéni je pouZiti biopesticidd,
jakymi jsou naptiklad biologické toxiny, viry, mikroorganismy nebo pfirodni
produkty. Bakterialni larvicidy, jako naptiklad Bacillus thuringiensis var israelensis
(Bti) a Bacillus sphaericus (B. sphaericus) jsou bézné pouzivany prii kontrole
populace malarickych komart (Fillinger et al., 2003). Soucasné trendy ve vyvoji
biologickych larvicid{, jejich mechanismu ucinkd a jejich dopady na rezistenci byly
shrnuty Ferreira and Silva-Filha (2013) a Poophati (2012). Ve strucnosti,
B. sphaericus and Bti produkuji insekticidni proteiny, které jsou produkovany
ve formé krystali. Tyto protoxiny larva pozie a v travicim ustroji se preméni
na aktivni toxiny, které nasledné reaguji s receptory ve stfevnim epitelu
a vyvolavaji tak cytopatologicky uc¢inek vedouci k umrti larvy (Ferreira and Silva-
Filha, 2013). Kromé vySe zminénych rekombinantnich larvicidnich bakterii jsou
dalSim predmétem vyzkumi i sinice produkujici moskytocidni protein z Bti.
Vhodnou kombinaci geni z rliznych organismi by mélo byt mozZné vytvorit tzv.
chytrou bakterii, kterd vyhleda a usmrti larvy pouze urcitych komart (Poopathi,
2012). Pro kultivaci bakterii bylo navic pouZito nékolik typl kultiva¢nich médif
z odpadnich materiali (napf. vyciStény maslovy odpad, kolac¢ z kokosového oleje,
kukuri¢ny Skrob, odpad z kavy), kterd umoZnila sniZeni nakladli. Navic bylo
dosazeno vyssi bakteridlni produkce nez za pouziti béznych médii Luria-Bertani
a Nutrient Yeast Extract Salt Media. Priimyslova vyroba B. sphaericus a Bti je proto
snadno dostupnd, ekologickd, nakladové efektivni, a navic recykluje

environmentalni odpad (Poopathi, 2012).
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6 Mechanismus rezistence komara Anopheles
gambiae
U komdra An. gambiae byly popsany dva typy rezistence, a to zvySena
metabolicka detoxifikace insekticidi a modifikace cilového mista plisobeni

insekticidu.

6.1 Modifikace cilovych mist napétové rizenych iontovych
kanali

Jednou znejznaméjSich mechanismi je rezistence oznacena jako
knockdown rezistence (kdr), vedouci ke ztraté aktivity genu. Kdr mutace byla
poprvé pozorovdna u mouchy domaci (Musca domestica, M. domestica)
v Sardinii, Italie (Busvine, 1951). Pozdéji byla identifikovana zaména leucinu
za fenylalanin na pozici 1014 iontového kanalu oznacena za mutaci zodpovédnou
za kdr rezistentni fenotyp (Williamson et al, 1996). Nasledné bylo objeveno
mnoho dalSich mutaci tohoto klicového rezidua umisténého ve vazebném misté
Na* napétového kanalu uzavieného retézcem S4-S5 domény II a S5 a S5 helixy
[I. domény. Stejnou mutaci mizZeme nalézt i u rezistentniho kmene An. gambiae,
kde je kdr mutace spojovana s mutaci leucinového zbytku v pozici 1014
umisténého uvnit vazebného mista S6 transmembranového segmentu domény II
iontového kandlu (Cislovdno dle Na* kandlu M. domestica). Klicovy leucin
vazebného mista je nejcastéji nahrazen fenylalaninovym (L1014P) nebo serinovym
zbytkem (L014S) (Martinez-Torres et al., 1998; Ranson et al., 2000). V soucasnosti
byla v iontovém kanalu An. gambiae na pozici 1575 popsana nova mutace, ktera se
nachazi v retézci mezi doménami III a IV. Zména asparaginu za tyrosin (N1575Y)
se objevuje pouze spolecné s L1014P mutaci a poskytuje komaru dalsi vyhody
spojené s rezistentnim fenotypem (Jones et al., 2012).

Kromé standardni kdr mutace byl u M. domestica také popsan tzv. super-kdr
fenotyp (M918T) spojeny s vysokou rezistenci k pyrethroidiim (Williamson et al.,
1996). M918 aminokyselinovy zbytek se nachazi ve spojovacim Ttetézci
mezi doménami II a IIl. Super-kdr mutace je zodpovédna za sniZeni sensitivity
k pyrethroidim 1000krat oproti varianté alely divokého typu (wild-type, WT)
(Vais et al, 2003, 2000). Dosud nebyla pozorovdna zadna super-kdr mutace

u komara An. gambiae (Schmidt et al., 2018).
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6.2 Modifikace cilovych mist acetylcholinesterasy
Necitlivost AChE kOP a CA byla poprvé objevena u druhu Anopheles

albimanus v Salvadoru roku 1970. Tato necitlivost se tykala zmény v aktivnim
misté, ¢imZ znemoZnila vazbu OP a CA kenzymu (Ayad and Georghiou, 1975).
Nartst rezistence k insekticidim byly potvrzeny také v zapadni Africe na Pobiezi
Slonoviny v populaci komara An. gambiae. Nejdrive se vyskytla rezistence
k pyrethroidim a pozdéji také ke karbamatim (N'Guessan et al, 2003).
Karbamatova rezistence je vysledkem zamény jedné aminokyseliny u AChE
v pozici 119. Tato glycin-serin substituce oznacena jako ACE-1R, vznikla zaménou
kodonu GGC—AGC a tato zdména jednoho kodonu vedla k vytvoreni restrikéniho
mista, a proto byla lehce detekovatelna metodou vyuzivajici polymorfismu délky
restrik¢nich fragmentli (PCR-RFLP) (Weill et al., 2004, 2003). Mutovany G119
aminokyselinovy zbytek lezi v oxyaniontové prohlubni blizko Kkatalytickému
aktivnimu mistu. To vede k vyznamnym zménam, jelikoZ mutace sniZuje objem
aktivniho mista enzymu a tak G119 aminokyselinovy zbytek blokuje karbamylaci
katalytického serinového zbytku S199 (Weill et al, 2003). Rekombinantné
exprimovand a purifikovana katalyticka ¢ast AChE1-G119S vykazovala pouze 3 %
z reak¢niho obratu WT enzymu (Wong et al., 2012).

6.3 Metabolicka detoxifikace
Velmi dobfe znamym mechanismem rezistence je u hmyzu zvySeni

metabolismu podilejiciho se na detoxifikaci insekticidii. Mechanismus degradace
je zalozen na nadmérné expresi detoxifikacnich enzyml jako jsou napriklad
karboxyesterasa (COE), cytochrom P450 a glutathion S-transferasa (GST)
(Hemingway and Ranson, 2000). Monitorovani a detekce rezistentnich alel
cilovych mist u An. gambiae je diilezitym bodem pfi rizeni vyskytu malarie. Mnoho
stanoventi je zaloZena na technologiich vyuzivajici polymerazovou retézovou reakci
(PCR), diky kterym je nasledné mozné detekovat sekvenci s rezistentnim mistem.
Proces metabolické detoxifikace miize zahrnovat velké mnoZstvi enzymi, z toho
divodu byla k analyze pouZita technologie DNA ¢ipli - DNA microarray. Po prvni
generaci analyzy genomové exprese u komara An. gambiae byly zjiStény geny,
které hraji roli pri obrané jeho organismu (Dimopoulos et al, 2002). Tento typ

DNA (Cipl je zaméfeny na identifikaci genli srozdilnou expresi u hmyzu
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se zvySenou metabolickou detoxifikaci, a tim i rezistenci hmyzu k insekticidim
(David et al., 2005).

Siroce pouZivané metody sekvenovani komaitho genomu poskytly nastroje
pro zintenzivnéni vyzkumu v oblasti insekticidni rezistence. Tzv. sekvenace nové
generace (next generation sequencing) v kombinaci s klonovanim individualnich
metabolickych gent vedla k hlubsimu porozuméni funkci proteinii a k objasnéni
mechanismu rezistence. Basic Local Alignment Search Toll (BLAST) byl pouZit
k identifikaci geni koédujicich COE, cytochrom P450 a GST proteiny genomu
komara An. gambiae. Sekvence oblasti zahrnujici konzervativni regiony,
katalytickou aktivni oblast a délky proteinové sekvence byly pouzity k potvrzeni
spravné kategorizace genu a spravného shlukovani do proteinovych rodin. Tento
proces poskytl informace o predpokladanych poctech genovych sekvenci v genomu
An. gambiae: 51 COE, 111 cytochrom P450 a 31 GST. BohuZel prizkum genomu
An. gambiae neposkytl informace o kdédovani funk¢nich (aktivnich) proteint
(Ranson et al., 2002).

Vroce 2014 byla v Beninu popsadna nadmérna exprese metabolickych genii
(CYP6P3, CYP6M2 and GSTD3) u komara An. gambiae vztahujicich se k rezistenci
na pyrethroidy. Zaroven v obdobi 2012-2014 nebylo zjiSténo navyseni kdr mutace.
Nartst rezistence vtéto oblasti na deltamethrin byl tedy vysledkem zvysSené
exprese metabolickych detoxifikacnich genti a ne kdr mutaci (Yahouédo et al.,
2016). Navic absence kdr alel u rezistentnich komard potvrzuje dulezitost
metabolické detoxifikace u An. gambiae rezistentniho fenotypu (Awolola et al,,
2009).

[ kdyZ metody molekularni biologie a bunéc¢né biologie poskytuji nastroje
k analyze exprese urcitych genli, musi byt bran zretel i na vzajemné interakce
urcitych gent. Nadmérna exprese gentli a necitlivost cilovych mist jsou dtlezité
faktory v mechanismu insekticidni rezistence, avSak zdsadni roli miize hrat také
interakce mezi rezistentnimi a regulatornimi geny (Liu, 2015).

Vedle modifikace metabolismu a ztraty citlivosti cilového mista
kinsekticidim byl neddvno popsan dal$i mozny typ rezistence vyznacujici
se zménou kutikuly hmyzu (koZni rezistence). Nadmérna exprese kutikularnich
genli (CPLC8 a CPLC #) po expozici insekticidu u An. gambiae ukazala jejich
potencidl pri metabolismu pyrethroidii (Awolola et al, 2009). Analyza
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kutikularnich lipidl z populaci An. gambiae v Nigérii, Tanzanii a Gambii naznacuje

zjevné rozdily ve sloZeni sacharidd kutikuly (Anyanwu et al., 2000).
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7 Strategie k prekonani rezistence

V minulych letech se znovu ukazalo, Ze onemocnéni prenasena komary
predstavuji v mnoha oblastech vyznamny problém. Tato situace je zplisobena
mnoha faktory, jako napriklad nedostatecnym posunem ve vyvoji vakcin, vyvojem
rezistence u Plasmodium sp. kdostupnym léciviim, ekonomickymi ztratami
v endemickych zemich nebo vyvojem rezistence na béZné pouzivané insekticidy
u komart (Davies et al., 2007b).

Roz$ireni insekticidni rezistence také ohrozilo ucinnost insekticidnich
piipravkli pouzivanych v soucasnosti. Zvlasté alarmujici zpravy ohledné
pyrethroidni rezistence mezi komary rodu Anopheles prichazeji ze zemi
subsaharské Afriky (Ranson et al.,, 2011; Ranson and Lissenden, 2016). Na druhou
stranu, produkce velkého mnozstvi insekticidli, a stim spojené jejich masivni
pouzivani vedlo jejich k akumulaci v ekosystému. Vyrazna environmentalni
kontaminace a toxicita pro velké mnozstvi necilovych druhti (v€etné ¢lovéka) vedla
k dal$i regulaci pouzivanych insekticidii (Casida and Quistad, 1998).

Strategie pro boj smalarii doporuc¢ené WHO v Globalnim malarickém
programu jsou vedeny souborem GlobdIni technické strategie pro maldrii 2016-
2030 (WHO, 2015c). Ta si dava do roku 2030 ambiciézni cile jako napriklad
eliminaci malarie v nejméné 35 zemich, sniZeni incidence malarie a jeji mortality
nejméné na 90 % a zamezeni opakovanému vyskytu malarie ve vSech zemich, kde
se jiz nevyskytuje (WHO, 2019b). Boj proti malarii se komplikuje kviili nékolika
souvisejicim faktortim, jako napriklad nedostatku predvidatelného a trvalého
domaciho izahrani¢niho financovani nebo vySe zminénym biologickym
problémiim, jako je paraziticka a insekticidni rezistence, kterd mize vazné oslabit
ucinnost v potlacovani maldrie a tak narusit nedavno dosazené uspéchy (WHO,
2015c).

Nékteré strategie nespoléhaji pouze na monitorovani vyvoje rezistence,
aletaké na planovani zdsahG pro minimalizovadni vyvoje od rezistence
s minimalnim vyskytem kbéZnému typu rezistence. DalSi doporuceni jsou
zaloZena na kombinovaném uzivani insekticidi s riznym mechanismem ucinku
namisto opakovaného pouzivani pesticidii se stejnym ucinkem. NejefektivnéjSim
zplUsobem ovlivnéni vzniku insekticidni rezistence by mélo byt pouziti kombinaci

nebo smési rtiznych skupin insekticidl, kde aspoi jedna trida by méla letalni efekt
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na rezistentni komary (napr. karbamaty aplikovany rezidudlnimi postriky
a moskytiéra oSetiend pyrethroidy) (WHO, 2015b, 2015c).

V pripadé Ze by rozsah protimalarickych opatfeni zlistal na soucasné
urovni, mohlo by dle matematickych modelt dojit k nar{istu incidence onemocnéni
a jeho disledkii. Tomuto lze zabranit optimalizaci vyuZivani aktudlné dostupnych
prostredkd. Pokud by redukce vektorti maldarie v rizikovych oblastech fungovala
nad 80 %, mohla by se vyrazné sniZit incidence i nasledna tmrtnost (WHO, 2015c).

V oblastech s vysokym prenosem malarie je kladen velky dlraz na vyvoj
dalSich inovativnich nastroji a pristupi vedoucich Kk eliminaci onemocnéni.
Zakladni vyzkum hraje zasadni roli v prohlubovani znalosti ohledné Plasmodium
sp. a jeho vektoru, které jsou pak dale vyuzity ve vyvoji u¢innéjsich diagnostickych
postupt, léc¢iv nebo vakcin. Nové poznatky jsou také aplikovany pro vylepseni
metod fizeni vektord malarie. Navazujici aplikovany vyzkum pak hraje dtlezitou
roli pfi rychlosti zavadéni novych poznatkil v rizikové oblasti, optimalizaci jejich
dopadi a efektivnosti financ¢nich vydaji (WHO, 2015c).

V soucasnosti neexistuje predvidatelny zplisob, jak najit novy mechanismus
ucinkl insekticidii a zda se, Ze nahodnost bude dtlezitéjsi nez bio-racionalni
pristup. V prvnim pripadé uspéch zavisi na strukturalni diverzité a mnoZstvi
prirodnich produkti nebo syntetickych sloucenin, jejich screeningu, optimalizaci
strukturné-aktivnich vztah pomoci syntézy chemickych analogii a nakonec
objasnéni cilového mista. Bio-racionadlni cesta je usnadnéna enzymatickymi,
membranovymi nebo kanalovymi cilovymi testy, které dopliuji stanoveni
insekticidni aktivity. Pokrok v oblasti genetického inZenyrstvi poskytl moZnost
usnadnéni vyroby insekticidii izolovanych zrostlin zvétSenim jejich vytézki
nebo moznosti produkce a zkoumdani cilovych enzymii a receptorti (Casida

and Quistad, 1998).
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8 Nové navrzZené insekticidy

Jednim ze zplsobl vyvoje selektivnich insekticidii je nalezeni sloucenin
s novym mechanismem ucinku. Jak jiz bylo zminéno vySe, mnoho hmyzich skiidca
a prenasSecii onemocnéni ma dva enzymy AChE1 a AChE2. Pezzementi et al. (2006)
popsali inaktivaci AChE u bezobratlych sulfthydrylovym ¢inidlem, které reagovalo
s volnymi thiolovymi (SH) skupinami cysteinu AChE. Inaktivace enzymové aktivity
naznacila modifikaci mezi SH skupinami a sulfhydrylovymi Cinidly (Pezzementi
etal,, 2006). Ve stejné dobé Pang (2006) publikoval 3D model AChE1 komara
An. gambiae, ktery byl ziskdn pomoci homologického modelovani a zdokonalen
simulaci s vice¢etnou molekulovou dynamikou (Obrazek 11). Ten vedl k nalezeni
nativniho cysteinu svolnou SH skupinou (Cys286), umisténého v blizkosti
aktivniho mista, ktery miize slouZit jako cil pro nové insekticidy (Pang, 2006).
Volna SH skupina cysteinu se nachazi u vstupu do aktivniho mista hmyzi AChE1
a nevyskytuje se u AChE2 a u AChE savct, ptakl a ryb (Pang, 2006; Pezzementi
etal., 2006).

Obrazek 11. Prekryti hmyzi AChE1 An. gambiae a lidského enzymu. Pohled shora dolt
na acetylcholin v katalytickém misté. Identifikatory proteinové datové banky pro komari
a lidsky enzym jsou 2AZG a 4EY4. Prevzato z (Pang, 2014)
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Molekula obsahujici methanthiosulfonat, thiol-reaktivni slou¢eninu (Obrazek
12) navrZenou cilené pro vazebného misto cysteinového SH residua irreverzibilné
inhibovala vice neZ 95 % enzymové aktivity po 1 hodinové expozici pti koncentraci
6 uM AChE1 komara An. gambiae (AgAChE1) zatimco totoZna expozice nezplsobila
zadny ucinek u hAChE (Pang et al, 2009). Na druhou stranu, analyza odezvy
na plnou davku odhalila u nékterych sloucenin irreversibilni inhibici hAChE
pri koncentraci > 10 uM. Tim bylo prokazano, Ze volna SH skupina cysteinu
v aktivnim misté AgAChE1l je perspektivnim cilem pro vyvoj selektivnich
insekticidii (Pang et al., 2009).
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Obrazek 12. Chemicka struktura derivatu obsahujicich methanethiosulfonat.

Pro potvrzeni konjugace sulfhydrylového cCinidla se specifickym cysteinem
hmyzi AChE1 byla navrZzena druhd generace inhibitori obsahujicich maleinimid
(PM20 a PY18, Obrazek 13). Predpoklada se, Ze maleinimid tvoii s volnou
SH skupinou cysteinu 286 C-S vazbu, a tak jsou jejich adukty stabilni béhem
procesu pripravy vzorku pfi kapalné chromatografii a hmotnostni spektroskopii.
Derivaty sukcinimidu (PMS20 a PYS18 ), které jsou stericky témér shodné
s maleinimidem, vSak nereaguji s cysteinem 286 za vzniku vazby, a tak byly

navrzeny k rozliSeni vazebné afinity sloucenin (Dou et al., 2013).
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Obrazek 13. Chemicka struktura druhé generace inhibitord cilenych na cystein
obsahujicich maleinimid a sukcinimid.

Experimenty scasovym prabéhem prokazaly ireversibilni inhibici
rekombinantni hmyzi AChE1 zptisobenou inhibitory obsahujici maleinimid, ty ale
neinhibovaly rekombinantni hAChE. Naproti tomu inhibitory obsahujici
sukcinimid nebyly schopné inhibovat ani jeden z enzymi. Tyto udaje potvrzuji,
Ze pro hmyz specificky cystein 286 je dostupny pro konjugaci se sulthydrylovymi
Cinidly (Dou et al., 2013).

DalS$im zplsobem vyvoje novych selektivnich insekticidii je redesign
klasickych insekticidi. Hartsel et al. (2012) se zaméfili na derivaci aryl methyl
karbamatu. Syntetizovali fenyl-substituované karbamaty (1-5, Obrazek 14),
které mély oproti komer¢né dostupnym CA (propoxur, bendiokarb, karbofuran)
vyssi selektivitu k AGAChE1 (> 100nasobné) (Hartsel et al., 2012). Nové CA byly
méné toxické nez komercné dostupné slouceniny, jak pti tarsalnim kontaktu, tak
pri testu topické aplikace. Nizkd korelace, mezi inhibi¢nimi aktivitami novych
CA pfi tarsalnim kontaktu a mezi jejich relevantni inhibi¢ni ¢innosti, naznacuje
vliv dal$ich faktorti ovliviiujicich schopnost inhibice enzymu v pripadé testovani
invivo (Hartsel et al, 2012; Jiang et al, 2013; Wong et al, 2013).
Tyto experimentalni CA vykazaly vysokou selektivitu k riznym druhtim komart
spojenou s nizkou aktivitou vici hmyzu prospésnému v zemédélské produkci
a nizkou oralni toxicitu u mysi. VSechny tyto vysledky naznacuji, Ze pripravené
karbamaty by mohly byt uzite¢né v programech pro redukci populace vektori

(Swale etal., 2015).
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Obrazek 14. Chemické struktury fenyl-substituovanych karbamatd.

Wong et al. (2012) syntetizovali pyrazol-4-yl methyl karbamaty (6, Obrazek
15), které mély prekonat G119S karbamatovou rezistenci. Tyto nové aryl methyl
karbamaty vykazovaly vysokou in vivo toxicitu pro An. gambiae kmene Akron pfi
pouziti testu toxicity tarsalnim kontaktem. Na druhou stranu, Zadna z téchto
sloucenin nevykazovala zvySenou selektivitu ve prospéch AgAChE1 (Wong et al,,

2012).

0]
o

Obrazek 15. Chemicka struktura pyrazol-4-yl methyl karbamatd.

Dale byly pripraveny nové CA a karboxyamidy zaloZené na zakladé
isoxalového jadra (7 a 8, Obrazek 16). Tyto slouCeniny cilily na oba kmeny
An. gambiae, jak na karbamat-citlivy kmen (G3), tak na karbamat-rezistentni kmen
(Akron). Nové slouceniny vykazovaly vysokou kontaktni toxicitu u obou kment
(G3 a Akron). Nicméné selektivita novych sloucenin k enzymu AgAChE1 byla velmi

nizka, pro nejlepsi slouceninu pouze 8nasobna (Verma et al., 2015).
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Obrazek 16. Chemicka struktura karbamatti a karboxyamidu s isoxalovym jadrem.

Alout et al. (2012) otestovali chemickou knihovnu 3000 sloucenin pro jejich
efektivnéjsi inhibici rezistentniho enzymu AgAChE1-G119S. Pyrimidinetrion furan-
substituované slouceniny (9 a 10, Obrazek 17) plsobici jako ireversibilni
kompetitivni inhibitory AgAChE1l se ukazaly jako nejslibnéjsi molekuly. Tyto
slouceniny prednostné inhibovaly mutovanou formu AgAChE1-G119S,
ktera je necitliva viici CA a OP. Slouceniny zaroven prokazaly in vivo toxicitu
k OP rezistentnim larvdm komara An. gambiae. Tato nova trida sloucenin
pojmenovana ,zabijaci rezistence“ mize byt prednostné cilenda na OP rezistentni
komary, a tak by mohlo v komari populaci dojit k obnové citlivosti k této skupiné

insekticidi (Alout et al., 2012).
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Obrazek 17. Chemické struktury nejlepSich insekticidnich kandidatu ze screeningu
provedeném Alout et al. (2012).

Pro vyvoj selektivnich inhibitor AChE1 Engdahl at al. (2016) provedli
screening 175000 slouCenin na enzymech AChE1 komara An. gambiae
a Ae. aegypti. Kolem 338 sloucenin vyznamné snizilo aktivitu AChE1 An. gambiae,
Ae. aegypti nebo obou. Dal$i analyzy poskytly data pro uroven selektivity

hmyz/¢lovék, ktera mohla byt rozdélena na zakladé chemické rozmanitosti
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sloucenin. U deviti vybranych struktur byl dale testovan vztah mezi davkou
a ucinkem. Sloucenina zaloZena na struktuie fenoxyacetamidu (11, Obrazek 18)
sejevila jako potentni nekovalentni inhibitor AChE1 shodnotou ICso
v submikromolarnim rozmezi u obou hmyzich enzymi. Inhibitor zaloZeny
na fenoxyacetamidu inhiboval také mutantni formu AgAChE1-G119S. Tento novy
inhibitor kombinuje selektivitu ke komarimu enzymu sucinnosti na obé
WT AChE1 a rezistenci nesouci AgAChE1-G119S, a tak ukazuje moZnost vyvoje
novych selektivnich nekovalentnich AChE1 inhibitorti (Engdahl et al., 2016).
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Obrazek 18. Chemicka struktura nejlepsiho inhibitoru vzeslého ze screeningu.

V navaznosti na publikované vysledky predchoziho screeningu byly dale
optimalizovany struktury tii asymetrickych thiomocovin (12-14, Obrazek 19).
Inhibi¢ni ucinky novych derivati byly velice variabilni. Sedm sloucenin prokazalo
inhibi¢ni acinnost s hodnotou ICso mensi nez 20 nM, pét sloucenin mélo hodnotu
ICso v rozmezi 20-100 uM a devét sloucenin bylo slabymi inhibitory hmyzi AChE1
(Knutsson et al, 2017). Vposledni dobé byla publikovana analoga
fenoxyacetamidu s cilem optimalizace inhibi¢niho potencidlu ptivodnich sloucenin.
Bylo vytvoreno 20 analogli, které zkoumaly vliv pritomnosti skupiny
ethylpiperazinu, piperidinového spojovaciho ftetézce a bifenylové skupiny.
Z téchto novych derivatl byly nejlepsimi inhibitory tfi slouc¢eniny (15-17, Obrazek
20), které mély hodnotu ICsp v  submikromolarnim  rozmezi.
Oproti thiomocovinovym derivatim byly tyto molekuly Gc¢inné i pri inhibici

rezistentniho enzymu AgAChE1-G119S (Knutsson et al.,, 2018).
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Obrazek 19. Chemické struktury tif molekul, které tvorily zaklad pro dalsi derivaty
v publikaci Knutsson et al. (2017).
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Obrazek 20. Chemické struktury nejlepsich kandidatu vzeslych z publikace Knutsson et
al. (2018)

Jako nova predpokladana trida insekticidii byli nedavno predstaveni
antagonisté D1 dopaminovych receptori (DAR; Obrazek 21). Neurotransmiter
dopamin a jeho receptory jsou esencidlnim mechanismem pro chovani u ¢lenovct.
Nékolik studii predpoklada, Ze interference s dopaminergnim procesem muze vést
k umrti, ke zneschopnéni jedince nebo naruSeni vyvoje, coZz €ini DAR vysoce
atraktivnimi pro vyvoj insekticidt (Hill et al., 2013; Meyer et al., 2012). Bezobratli
maji dva D1 receptory (DOP1 a DOP2) a jeden D2 receptor (Mustard et al., 2005).
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Pii porovnani sekvenci transmembranovych domén DOP2 receptorli u vybranych
druhi  bezobratlych  byla  zjiSténa  vysokd  identita  aminokyselin
v transmembranovych oblastech u Ae. aegypti ve srovnani s Culex quinquefasciatus
(C. quiquefasiatus), An. gambiae a D. melanogaster (100 %, 94 % a 97 % shody
aminokyselinovych sekvenci). Porovnani také ukazalo na nizsi aminokyselinovou
shodu mezi transmembranovymi sekvencemi Ae. aegypti a lidskymi D1 ortology,

hD1 (51 %) a hDs (47 %) (Hill et al., 2013).
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Obrazek 21. Chemicka struktura antagonistti D1-like dopaminovych receptori.

DOP2 antagonisté s moskytocidnimi vlastnostmi proti Ae. aegypti byli
testovani vtzv. ,early drug discovery studies“ a mnoho sloucCenin bylo vice
selektivnich ke komarimu receptoru nez k lidskému. Tyto antagonisté prokazovali
in vivo vysokou toxicitu pro komari larvy u obou druhG Ae. aegypti
a C. quiquefasiatus. V posledni dobé byla toxicita DOP2 antagonistli testovana
u larev An. gambiae, kdy tyto slouceniny vykazaly stejnou odezvu jako u Ae. egypti.
Rozdil v aktivité antagonisti mezi lidskym a komdarim receptorem ukazuje
na moznou strategii ve vyvoji novych selektivnich insekticidli, vyzadujicich
bezpecnost pro necilové organismy. Antagonisté hmyziho DOP2 receptoru jsou

slibnym cilem pro redukci prenasecti, ackoli je stdle nutné objasnit otazky tykajici
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se mechanismu u¢inku a komplexnich farmakologickych reakci (Hill et al., 2013;

Nuss et al.,, 2015).

DalSi oblasti je hledani prirodniho insekticidu, ktery by nebyl toxicky
k necilovym organismim a byl by zarovei i lehce rozlozitelny. Rostlinné druhy,
jako jsou zederach indicky (Azadirachta indica) a koZnatec indicky (Pongamia
glabra), jsou zdroji esenciadlnich oleji s insekticidnimi ucinky (Maheswaran
and Ignacimuthu, 2015). Rostlinné oleje a jejich extrakty jsou bezpecné
pro ¢lovéka a jiné savce (Maheswaran and Ignacimuthu, 2012). Byla vytvorena
smés olejl ze zederachu indického a koZnatce indického, ktera byla patentovana
jako novy biopesticid soznacenim PONNEEM. Tato smés byla testovana
na larvicidni, ovicidni efekt a na aktivitu odrazujici od ovipozice u lidskych
pirenasecli Anopheles stephensi a C. quinquefasciatus. PONNEM prokazal 100%
PONNEMu byla 100 % pii koncentraci 1 ppm u obou druhti, nicméné naruseni
ovipozice bylo za stejnych podminek jako u ovicidni aktivity nizsi. Uc¢inek
na necilové organismy Gambusia affinis a Diplonychus indicus (predatoii komari)
byl neSkodny. Index bezpectnosti naznacuje, Ze PONNEM by mohl byt pouZivan
spolecné sdravymi rybami a sprospéSnym hmyzem v programech kontroly
vektort. Biologicka aktivita PONNEMu by mohla byt vysledkem rliznych sloucenin
pritomnych v rostlinnych olejich (Maheswaran and Ignacimuthu, 2015). OSetieni
PONNEMem vedlo k redukci aktivity AChE1, o a B-esteras a GST a klarvicidnimu,
ovicidnimu uc¢inku s naruSenim ovipozice i u komart Ae. aegypti and Ae. albopictus
(Maheswaran and Ignacimuthu, 2012). Celkové poznatky naznacuji, Ze pripravek
PONNEEM miiZe byt pouzit jako alternativa k syntetickym chemickym pesticidim
pro kontrolu onemocnéni prenaSenych hmyzem (Maheswaran and Ignacimuthu,

2015).

Dalsi alternativou k syntetickym chemickym insekticidim jsou stribrné
nanocastice (AgNP) vyuzivajici vodny roztok zlisti rostliny Zornia diphylla
(Z. diphylla) jako redukcni a uzavirajici ¢inidlo pro Ag* ionty. Akutni toxicita
extraktu z listu Z. diphylla a biosyntetizovanych AgNP byla testovana na larvach
komara prendasejici malarii Anopheles subpictus, horecku dengue A. albopictus

a Japonskou encefalitidu Culex tritaeniorhynchus. Syntetizované AgNP prokazaly
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larvicidni G¢inek zavisly na davce u vSech druhti komari a zaroven byly bezpecné
pro necilové organismy Chironomus circumdatus, Anisops bouvieri a Gambusia
affinis (Govindarajan et al., 2016). Odlisny typ AgNP byl syntetizovan za pouZiti
extraktu z listu Rhizophora mucronata a byl testovan na larvach Ae. aegypti
a C. quinquefasciatus, kdy prokazal moZnou larvicidni aktivitu (Gnanadesigan et al.,
2011). AgNP jsou snadno a levné vyrabény, jsou stabilni v pribéhu casu a také
mohou byt pouZity v nizkych davkach pro sniZeni poctu larvalnich populaci
komard bez Skodlivych dc¢inki na jejich prirodni neptatele (napt. dravé ryby

a korysi) (Govindarajan et al., 2016).
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9 C(Cile disertacni prace

a)

b)

ReSersné zpracovat soucasné poznatky z oblasti problematiky maldrie,
jejiho Sifeni a moznosti v komplexnim pristupu v boji s timto onemocnénim,
vcetné vyvoje novych insekticidii, jako jeden z nastroji k zabranéni Sifeni

tohoto celosvétové rozsireného onemocnéni.

Na zakladé ziskanych informaci vybrat vhodné modelové organismy

pro izolaci hmyzi AChE.

Vyvoj metodiky pro ziskani hmyzi AChE z modelového organismu.

Zavedeni rekombinantni produkce AChE1 komdara Anopheles gambiae.

Na dostupnych hmyzich enzymech otestovat inhibitory AChE z interni

databaze sloucenin. Vysledky porovnat suc¢inky na hAChE a vyhodnotit

jejich selektivitu.
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10Metodika

10.1Chemikalie

BéZné chemikalie pouZité béhem reSeni disertacni prace byly ziskany
od firem Sigma-Aldrich c¢lena spole¢nosti Merck KGaA (Némecko), Bio-Rad
Laboratories (USA) a ThermoFisher Scientific (USA) v Cistoté p. a.

10.2Priprava musi acetylcholinesterasy

10.2.1 Priprava musiho homogenatu

Na zakladé informaci z literatury a dostupnosti v Ceské republice byla jako
zdroj hmyzi AChE zvolena moucha domaci (Musca domestica). Larvy byly porizeny
ve specializované prodejn€, nasledné byly ponechany ve tmé pii laboratorni
teploté, dokud nedoslo k vylihnuti dospélcti. Mouchy byly zmrazeny a skladovany
nejméné dva tydny pfi teploté -80 °C. ZmraZeni jedinci byli dekapitovani a musi
hlavy homogenizovany v ultrazvukové lazni (0,1 M fosfatovy pufr s hodnotou
pH 7,4) obsahujici rtzné koncentrace detergentu Triton X-100 za pouzZiti
sonikac¢niho zatizeni Bandelin sonoplus HD2070. Homogenizace probihala ve tiech
2-minutovych intervalech pii 4 °C pri maximalnim vykonu amplitudy s 60 %
aktivnich pulzl, homogenat byl nasledné centrifugovan (Boeco Germany) 15 minut
(4 °C, 2370 x g) a vysledny supernatant byl prefiltrovan pres 0,2 pum
polyvinylidenflouridovy (PVDF) filtr. Pro zvySeni vytézku byly optimalizovany
parametry délky homogenizace, poctu musich hlav a délky rozestupi mezi
homogeniza¢nimi cykly. U ziskanych supernatanti po homogenizaci byla
stanovena aktivita muSiho enzymu pomoci Ellmamovy metody (Ellman et al,

1961; Pohanka et al., 2010).

10.2.2 Purifikace musi AChE

Priprava nosice s afinitnim ligandem

K purifikaci muSi AChE ze supernatantu po homogenizaci bylo vyuZito
principu afinitni chromatografie. Jako vychozi nosi¢ byla zvolena 6B Sepharosa
s volnou epoxidovou skupinou (GE Healthcare) modifikovana inhibitorem AChE
takrinem (9-amino-1,2,3,4-tetrahydroakridin, THA). Jeden gram epoxy-aktivované

Sepharosy byl hodinu promyvan destilovanou vodou, vazebnym pufrem (50 mM

47



uhli¢itan sodny, 50 % (v/v) dimetylformamid, pH 10,5) s pifidavkem 1 g THA
avznikla smés byla michdna do druhého dne na trepacce (Barnstead®
MaxQ™ 4000; 40 °C, 60 rpm, 16 hod). Nasledujici den byla smeés nékolikrat
promyta destilovanou vodou a nezreagované skupiny nosic¢e byly zablokovany
1M ethanolaminem (40 °C, 60 RPM, 4 hod). Pripraveny nosi¢ byl trikrat promyt
roztoky o rtizném pH a destilovanou vodou. Kazdy cyklus zahrnoval promyti
octanovym pufrem (25 ml 0,1 M octan draselny, 0,5 M chlorid sodny, pH 4,5),
tetraboritanovym pufrem (25 ml 0,01 M tetraboritan sodny, 0,5 M chlorid sodny,
pH 10) a 25 ml destilované vody. Vysledny nosi¢ s afinitnim ligandem byl
skladovan vlednici v0,1 M Tris-HCl pufru, pH 8,0 sobsahem 0,5 M chloridu

sodného a 20% ethanolu.

Pro purifikaci musi AChE byl afinitni nosi¢ naplnén do 8 ml kolonky
anasycen nanasecim pufrem (0,1 M fosfatovy pufr s hodnotou pH 7,4).
Musi homogenat byl na kolonce inkubovan 10 min s afinitnim nosi¢em, ktery byl
nasledné trikrat promyt nanasecim pufrem. Pro vyvazani enzymu byl pouzit bud’
nadbytek substratu (30 mM acetylcholin jodid v nanasecim pufru) nebo nadbytek
inhibitoru takrinu (10 mM THA v nanaSecim pufru). Vyvazany enzym byl
dialyzovan proti nandSecimu pufru po dobu 12-24 hodin. Afinitni kolonka byla
regenerovana pomoci 6 M guanidin hydrochloridu a skladovana v lednici pti 4 °C

v 0,1 M Tris-HCI pufru, pH 8,0 s obsahem 0,5 M chloridu sodného a 20% ethanolu.

Dialyza eludtu a stanoveni pritomnosti proteinti

V pribéhu dialyzy byla zjiStovana aktivita MdAChE Ellmanovou metodou,
v pripadé nedostatecnych hodnot enzymovych aktivit byl proveden test
na pritomnost inhibitoru. Tento test spocival vnaredéni dialyzatu s hAChE
vpoméru 1:1 snaslednou detekci aktivity Elmanovou metodou. Pii prikazu
zbytkové pritomnosti inhibitoru byl proces dialyzy opakovan. Dialyzat byl
nasledné zakoncentrovan centrifugaci (2370 x g, 4 °C) v centrifugacnich
zkumavkach Vivaspin 500 (molekulova hmotnost rozhodovaciho limitu 30 000 Da,
PES) nebo Vivaspin 6 (molekulova hmotnost rozhodovaciho limitu 30 000 Da, PES)

s ohledem na objem zpracovavaného vzorku dialyzatu.
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10.3Priprava rekombinantni acetylcholinesterasy komara

Anopheles gambiae

Hmyz{ enzym AgAChE1 byl produkovan pomoci Bac-to-Bac® HBM TOPO®
Secreted expression systému (Invitrogen) vyuZivajici hmyzi bunécné linie.
Bakulovirovy expresni systém je zaloZen na generovani rekombinantniho
bakuloviru lokalné specifickou transpozici v Escherichia coli (E. coli) namisto
homologni rekombinace v hmyzich bunikach. Expresni kazeta vektori pFastBac™
se rekombinuje s rodicovskym bakmidem v E. coli DH10Bac™ za vzniku
expresniho bakmidu. Matersky bakmid obsahuje komplementac¢ni faktor lacZ-alfa
pro efektivni modro/bilou selekci pozitivnich rekombinantfi. Bakmid je nasledné
transfekovan do hmyzich bunék pro produkci rekombinantnich bakulovirovych

Castic (Obrazek 22) (Thermo Fisher Scientific, nedatovano).

pFastBac
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Obrazek 22. Rekombinantni produkce pomoci Bac-to-Bac® HBM TOPO® Secreted
expression kitu. Prevzato a upraveno z Thermo Fisher Scientific, (nedatovano).

10.3.1 Amplifikace templatové DNA
Templatova DNA (Uniprot ID: Q869C3) byla pripravena firmou Life Technologies

a namnoZena pomoci polymerazové retézové reakce (PCR). Pro PCR reakci byla
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pouZita Phusion DNA polymerasa (New England Biolabs), ktera generuje tupé
konce na amplifikované DNA. Oligonukleotidy (Generi Biotech, Ceska Republika)
pouzité pro amplifikaci jsou uvedeny viz. Tabulka 1 a reakéni smés PCR o celkovém

objemu 25 pl je uvedena viz. Tabulka 2.

Tabulka 1. Sekvence a orientace primeri pro PCR.

Nazev primeru Orientace Sekvence (5°- 3)
Anoga_AChE-f prredni GATAACGACCCACTCGTCGTGAATACAGACAAAGG
Anoga_AChE-r zadni CCACCCTCAGAACCGTGCGAGTCCTCT

Tabulka 2. Piiprava reak¢ni smeési pro PCR.

Nazev reagencie Objem (ul)
5 x Phusion HF pufru 5
Phusion DNA polymerasa 0,3
10 mM dNTP 0,5
10 uM predni primer 1
10 uM zadni primer 1
110 ng/pl templatova DNA 2
deionizovana voda 15,2
Celkovy objem reakce 25

PCR smés byla promichdna na vortexu (IKA) a PCR zkumavky byly
preneseny do termocykleru (Labcycler, SensoQuest). Teplotni profil PCR reakce

je uveden viz. Tabulka 3.

Tabulka 3. Teplotni profil PCR reakce.

Cyklus Teplota Cas (minuty) Pocet
opakovani

Uvodni denaturace 98 °C 1:00 1

Denaturace 98 °C 0:10 30
Nasedani primeri 55°C 0:30
ProdlouZeni DNA 72 °C 1:00

Finalni prodlouzeni 72°C 10:00 1

Chlazeni 4°C neurdito 1
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Analyza PCR produktu probihala separaci elektroforézou v 1%
preparativnim agar6zovém gelu (Lonza) za pritomnosti interkala¢niho barviva
DNA SYBR SAFE (Invitrogen) pfi konstantnim napéti 100 V po dobu 30 minut.
Amplifikovana DNA byla vizualizovana pomoci transluminatoru, jako DNA
velikostni standard molekulovych hmotnosti byl pouZzit O’GeneRuller™ 1kb DNA
ladder (Thermo Scientific). PCR produkt odpovidajici velikosti byl vyfiznut z gelu

a izolovan pomoci QIAquick Gel Extraction Kit (Qiagen) dle postupu vyrobce.

10.3.2 Bac-to-Bac® TOPO® Kklonovaci systém

Pro vloZeni izolované DNA do vektoru pFastBac byl pouZit Bac-to-Bac®
HBM TOPO® klonovaci kit (Invitrogen). Reakce pro topoklonovani byla pripravena
smichanim 3 pL izolované DNA, 1 pl roztoku soli (Invitrogen), 1 pl sterilni vody
aluyl Topo® vektoru (Invitrogen). Smés byla jemné promichana a inkubovana
10 minut pri laboratorni teploté. Pro transformaci chemokompetentnich bakterif
E. coli byly 2 pl klonovaci smési pridany ke 100 pl One shot® Mach1™ burnkam
(Invitrogen) a vznikla smés byla znovu jemné promichana a inkubovana na ledu
po dobu 30 min. Nasledné byly buniky vystaveny teplotnimu Soku (30 s, 42 °C)
a znovu vraceny na led po dobu 2 minut. Transformované buiiky byly smichany
s 500 pl S.0.C média (Invitrogen), prevedeny do 10 ml zkumavky a inkubovany
hodinu na trepacce (200 rpm) pii 37°C. Po hodiné bylo 50 pl transformovanych
bunék vyseto na LB plotnu obsahujici antibiotikum karbecilin (100 pg/ml), zbytek
bunék byl centrifugovan (5000 x g, 10 min), peleta byla znovu resuspendovana
v 50 pl média a nanesena na druhou LB plotnu s antibiotikem. Takto naockované
plotny byly inkubovany v termostatu pti 37 °C dnem vzhiiru do druhého dne.

Vyrostlé kolonie byly preneseny do sterilnich 1,5 ml zkumavek s 50 pl
sterilni vody. 20 pl z kazdého vzorku bylo povatfeno (95 °C, 5 min) a nasledné
pouzito jako templatova DNA pro kontrolni PCR reakci. Pro kontrolni PCR byla
namichana reakéni smés dle rozpisu (Tabulka 5) za pouziti FastStart™ master mixu
(Sigma-Aldrich) a jednoho vektor-specifického a jednoho gen-specifického
primeru (Tabulka 4). Teplotni profil PCR reakce je uveden viz. Tabulka 6.
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Tabulka 4. Sekvence a orientace primerti pro PCR.

Nazev primeru Orientace Sekvence (5°-3")
Anoga_AChE-f piredni GGAATTCACGACAACGATCCGCTG
SV40 polyA zadni CTCTGACTTGAGCGTCGATTTT

Tabulka 5. Piiprava reakéni smési pro PCR.

Nazev reagencii Objem (ul)
2 x FastStart™ mastermix 12,5
10 uM predni primer 1
10 uM zadni primer 1
110 ng/ul templatova DNA 1
deionizovana voda 9,5
Celkovy objem reakce 25
Tabulka 6. Teplotni profil kontrolni PCR reakce. _
Cyklus Teplota Cas (minuty) Pocet
opakovani
Uvodni denaturace 95 °C 4:00 1
Denaturace 95°C 0:30 30
Nasedani primerti 50°C 0:30
Prodlouzeni DNA 72°C 2:00
Finaln{ prodlouZeni 72 °C 7:00 1
Chlazeni 4°C neurcito 1

PCR produkty z kolonii byly rozdéleny na 1 % agar6zovém gelu (Serva)

a pozitivni kolonie se spravnou orientaci byly ockovany do 10 ml LB média

s prfidavkem 100ug/ml karbenicilinu a inkubovany do druhého dne na tfepacce

(150 rpm) pti 37 °C. Z narostlych kultur byly pripraveny zasobni kultury (ve 30 %

glycerolu pro dlouhodobé skladovani pti -80 °C) a 5 ml kultury inkubované pies

noc bylo pouzito kizolaci plazmidové DNA pomoci High Pure Plasmid Isolation

kitu (Roche). Plazmidova DNA byla eluovana do 30 pl sterilni vody a jeji

koncentrace byla mérena pomoci NanoPhoto-metru™ (Implen). [zolovana DNA

byla zaslana do Sekvenaéniho stiediska AV CR pro potvrzeni spravné sekvence

vkladaného genu.
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10.3.3 Bac-to-bac® HBM TOPO sekrecni expresni systém

Vialka MAX Efficiency® DH10Bac™ E. coli kompetentnich bunék
(Invitrogen) byla rozmrazena na ledu. Pro kazdou transformaci bylo pouZito 100 pl
DH10Bac™ bunék a 1 ng rekombinantniho pFastBac™ HBM konstruktu a smés
byla inkubovana 30 min na ledu. Nasledné byly buriky vystaveny teplotnimu Soku
(45 s, 42 °C) a inkubovany 2 min na ledu. K bunikam bylo pridano 900 pl S.0.C.
meédia pokojové teploty a burlkky s pFastBac™ Ag-ace konstruktem byly trepany
4hod (225 rpm, 37 °C). Transformované bunky byly naredény S.0.C. médiem
arozockovany na LB agar (50 pg/ml kanamycin, 7 pg/ml gentamycin, 10 pg/ml
tetracyklin, 100 pg/ml X-gal a 40 pg/ml IPTG). Plotny byly inkubovany dnem
vzhiiru 48 hod pti 37 °C. Po inkubaci bylo odebrano 10 bilych kolonii a ockovano
do tekutého LB média (50 pg/ml kanamycin, 7 pg/ml gentamycin a 10 pg/ml
tetracyklin).

Bilé kolonie byly analyzovany pomoci PCR za pouziti pUC/M13 predniho
a zadniho primeru pro ovéreni vzniku bakmidu (Tabulka 7). Reak¢éni smés PCR
byla pripravena dle rozpisu uvedeného viz. Tabulka 5 a reakce probihala dle
rozpisu uvedeného viz. Tabulka 8. Pozitivni kolonie byly rozmnoZeny a pres noc
inkubované kultury byly pouZity pro izolaci bakmidové DNA. Vzhledem k velikosti
DNA nad 100 kbp byla vynechana vazba na silikamembranu, DNA byla vysrazena

isopropanolem a ethanolem a rozpusténa v TE pufru.

Tabulka 7. Sekvence a orientace primerti pro PCR.

Nazev primeru Orientace Sekvence (5- 3)
pUC/M13 prredni CCCAGTCACGACGTTGTAAAACG
pUC/M13 zadni AGCGGATAACAATTTCACACAGG

Tabulka 8. Teplotni profil PCR reakce.

Cyklus Teplota Cas (minuty) Pocet
opakovani
Uvodni denaturace 95 °C 4:00 1
Denaturace 95°C 0:30 30
Nasedani primerti 55°C 0:30
ProdlouZzeni DNA 72°C 4:00
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Finalni prodlouZeni 72 °C 7:00 1

Chlazeni 4°C neurcito 1

10.3.4 Transfekce izolované bakmidové DNA

Bakmid byl transfekovan do hmyzich bunék Spodoptera frugiperda
(Sf9). Transfekce byla provedena v 6-jamkové destic¢ce, kde na kaZdou jamku bylo
nasazeno 8 x 105 Sf9 bunék s Zivotnosti vySsi nez 95 %. Pro kazdou transfekci
probihajicich v jednotlivych jamkach byla pripravena Kkoncentracni fada
bakulovirové DNA (1, 2, 3, 4 a 5 pg). Nasledné byl k bakulovirové DNA pridan
roztok Cellfectinu® II (Invitrogen) a po 30 min inkubace byla DNA-lipidova smés
po kapkach pridana do jamky s prisedlymi Sf9 bunikkami. Buniky byly inkubovany
3-5 hod pfti 27 °C, poté byla od bunék odsata transfekéni smés a do kazdé jamky
bylo pridano 2 ml kompletniho riistového média (Grace’s insect médium doplnéno
10 % FBS). Takto transfekované burlky byly inkubovany 72 hod pfi 27 °C
nebo do pozorovani pozdnich priznakd virové infekce. Infikované bunky byly
zcentrifugovany (500 x g, 5 min) a supernatant byl prenesen do nové 15 ml
zkumavky a oznacen jako P1 zasobni roztok bakulovirové populace. Pfitomnost
rekombinantniho proteinu byla potvrzena 1D mini gelovou elektroforézou
na polyakrylamidovém gelu s pridavkem dodecylsiranu sodného (SDS-PAGE)
a detekce proteinu byla potvrzena pomoci Western blottingu imunodetekci
monoklonalni Anti-His tag protilatkou konjugovanou s krenovou peroxidasou
(fedéni 1: 5000) (Thermo Fisher, MA1-21315-HRP). Buné¢ny supernatant byl
pouZit pro stanoveni aktivity komari AGAChE1 pomoci Ellmanovy metody. Dal$im
krokem bylo zjisténi titru P1 bakulovirového roztoku plakovou eseji a amplifikace

P1 virového roztoku.

10.3.5 Kvantifikace bakulovirti metodou real-time PCR

Plakova esej je Casové narocna, nékolikadenni metoda, a proto byla
pro zjiSténi titru bakuloviruvého roztoku pouzita metoda kvantifikace pomoci PCR
vrealném case (real-time PCR, qPCR). Bakulovirova DNA byla izolovana pomoci
sady PureLink Quick Plasmid DNA Miniprep Kit (Invitrogen). Pro kvantifikaci
bakuloviru byly pouzity dvé sady primeri - jedna sada nasedajici na gen ace-1

adruha sada amplifikujici gen pro GP-64 obalovy glykoprotein
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nukleopolyhedroviru miry Autographa californica (Tabulka 9), ktery je nezbytny
pro vstup bakuloviru do buiiky (Hitchman et al., 2007). Pro sestrojeni kalibra¢ni
kiivky v rozsahu koncentraci 108 -105 pfu/ml byla pouzita plazmidova pFastBac

DNA o presné stanovené koncentraci.

Tabulka 9. Sekvence a orientace primerti pro qPCR.

Nazev primeru Orientace Sekvence (5- 3)
Anoga_AChE_RT-f piredni GTCAGCTCTTTCACGTGATCTAT
Anoga_AChE_RT-r zadni GTAGTGCTCTTAGTGTGGCTTC

Gp-64-f predni CGGCGTGAGTATGATTCTCAAA
Gp-64-r zadni ATGAGCAGACACGCAGCTTTT

Pro gqPCR analyzu byla pripravena reakéni smés za pouziti DNA
interkalac¢niho Cinidla SYBR Green (gb SG PCR Master Mix, Generi Biotech) spolu

s prislusnou sadou primert a templatovou DNA (Tabulka 10).

Tabulka 10. Ptiprava reakéni smési pro gPCR.

Nazev reagencii Objem (ul)
2 x gb SG PCR Master Mix 10
10 uM predni primer 1
10 uM zadni primer 1
110 ng/pl templatova DNA 2
deionizovana voda 6
Celkovy objem reakce 20

PCR smés byla promichana na vortexu (IKA) a kratce centrifugovana. qPCR
probihala v kapilarach v pristroji LightCycler® 2.0 Instrument (Roche)
dle teplotniho profilu qPCR reakce (Tabulka 11).

Tabulka 11. Teplotni profil qPCR reakce.

Cyklus Teplota Cas (minuty) Pocet
opakovani
Uvodni denaturace 95 °C 3:00 1
Denaturace 95 °C 0:10 35
Nasedani primerti 60 °C 0:30
ProdlouZeni DNA 72°C 2:00
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Finalni prodlouZeni 72 °C 7:00 1

Chlazeni 4°C neurcito 1

10.3.6 Amplifikace virového titru roztoku

Amplifikace P1 bakulovirového roztoku probihala v 6-jamkové desticce,
kde bylo na jamku nasazeno 2 x 10 Sf9 bunék v Sf-900™ II SFM médiu obsahujicim
2 % FBS. Do kazdé jamky bylo piidano Sf-900™ II SFM média s 2 % FBS a P1

bakulovirovy roztok o vypocteném objemu:

MOI (PFU/burka) x celkovy pocet bunék
titr bakulovirového roztoku (PFU/ml)

P1 roztok (ml)=

Multiplicita infekce (MOI) je pomeér, ktery urcuje pocet virovych jednotek na
jednu bunku (plaque forming units, plak tvoricich jednotek, PFU). Pro prvotni
amplifikaci byl titr P1 bakulovirového roztoku odhadnut na 1 x 106 PFU/ml a MOI
byla zvolena 0,1 PFU/buiiku. Jako negativni kontrola slouzila jamka obsahujici
pouze bunécnou kulturu Sf9 s Sf-900™ II SFM médiem obsahujici 2 % FBS. Desticka
byla inkubovana 48 hod pri 27 °C nebo do pozorovani pozdni faze virové infekce.
Médium obsahujici virus bylo odebrano do 15 ml zkumavky, centrifugovano
10 min pfi 500 x g a supernatant byl oznacen jako P2 bakulovirovy roztok. Stejnym
postupem muZe byt P2 bakulovirovy roztok amplifikovan na P3 roztok s jesté

vysS$im virovym titrem.

10.3.7 Exprese rekombinantni AgAChE1

Rekombinantni produkce komairi AgAChE1l probihala na Sf9 bunkach
stejnym postupem jako predchozi amplifikace titru bakulovirovych roztoki.
Do 6-jamkové desticky bylo nasazeno 2 x 106 Sf9 bunék na jamku. Po hodinové
inkubaci pri laboratorni teploté bylo médium odebrano a nahrazeno Sf-900™ II
SFM médiem, 2 % FBS a vypoctenym mnoZstvim P3 bakulovirového roztoku pro
dosaZeni poZadované hodnoty MOI. Infikovana desticka byla inkubovana pti 27 °C
do zpozorovani pozdni faze virové infekce. Nasledné bylo médium odebrano
a centrifugovano po dobu 10 min pti 500 x g. Supernatant byl rozdélen po 1 ml

do sterilnich 1,5 ml zkumavek a skladovan pfti 4 °C pro dalsi analyzy.
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10.3.8 Purifikace rekombinantni AGAChE1

Pfi purifikaci byla pouzita afinitni chromatografie na vazanych kovovych
jontech svyuZitim nosi¢d HisLink™ Protein Purification Resin (Promega)
a Ni Sepharose™ excel (GE Healthcare). Pred zavedenim afinitniho nosice byla
optimalizovana koncentrace imidazolu vhodna pro promyvaci pufr. Purifikace
probihala v 5ml propylenové kolonce (QIAGEN) s ekvilibrovanym afinitnim
nosicem vazebnym pufrem (50mM Tris-HCl s hodnotou pH 7,5, 500 mM chlorid
sodny a 10mM imidazol). K afinitnimu nosic¢i byl pridan bunécny supernatant
vpoméru 1:1 a smés byla za stdlého michani inkubovdna 1 hodinu v lednici.
Afinitni nosi¢ s navazanou AgAChE1 byl promyt promyvacim pufrem (50 mM
Tris-HCI pufr, pH 7,5, 500 mM NaCl) s riiznou koncentraci imidazolu (20, 30, 40,
50, 70 a 90 mM). V konecném Kkroku byl enzym vyvazan elu¢nim pufrem (50 mM
Tris-HCI s hodnotou pH 7,5, 500 mM NaCl a 500 mM imidazol).

Purifikace na nosi¢i HisLink™ Protein Purification Resin probihala
dle optimalizovaného protokolu vyrobce. HisLink byl nanesen na 5 ml
propylenovou kolonku (QIAGEN) a ekvilibrovdn vazebnym pufrem (50 mM
Tris-HCl, pH 7,5, 500 mM NaCl a 10 mM imidazol). Poté byl k afinitnimu nosici
pridan supernatant v poméru 1:1 a smés byla za stalého michani inkubovana
1 hodinu vlednici. Afinitni nosi¢ snavazanou AChE byl nékolikrat promyt
promyvacim pufrem (50 mM Tris-HCl, pH 7,5, 500 mM NaCl, 20 mM imidazol).
V konectném kroku byl enzym vyvazan elué¢nim pufrem (50 mM Tris-HCI
s hodnotou pH 7,5, 500 mM NaCl a 500 mM imidazol). Purifikace byla doplnéna
o dialyzu proti 50 mM Tris-HCl, pH 7,5 obsahujici 500 mM NacCl.

10.4 Stanoveni aktivity acetycholinesterasy pomoci Ellmanovy metody

Ellmanovym protokolem byla stanovena aktivita AChE pfi pripravé musiho
homogenatu, komariho supernatantu a pti zkoumani selektivity AChE inhibitori
k enzymim (Ellman et al., 1961; Pohanka et al., 2010). Reakce enzymu probihala
v 0,1 M fosfatovém pufru s hodnotou pH 7,4 za pritomnosti chromogenu 0,25 mM
5,5’-dithiobis-2-nitrobenzoové Kkyseliny (DTNB) a substratu 1 mM jodidu

acetylthiocholinu. Aktivita enzymu byla stanovena méienim narlistu absorbance
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za minutu stanovenych ve 2 min intervalech pfi vinové délce 412 nm pii 37 °C

za pouziti Multi-mode microplate reader Synergy 2 (Vermont).

10.5Charakterizace enzymu pomoci stanoveni Michaelisovy

konstanty

Pro urCeni Michaelisovy konstanty (Kw) byla pouZita vySe popsana
Ellmanova metoda s rtiznou koncentracni fadou substratu acetylthiocholin jodid.
Kazda koncentrace substratu byla meérena v triplikatu s ur¢enim smérodatnych
odchylek. Naslednym zpracovani dat pomoci software GraphPad 6.0 byla urcena
optimalni koncentrace substratu pro enzymy MdAChE a AgAChE1, ktera byla dale

pouzita pro dalsi stanovovani aktivit danych enzymf.

10.6Méreni inhibi¢ni schopnosti sloucenin a jejich selektivity viici
hmyzi AChE

Pro méfeni inhibi¢ni ucinnosti latek bylo vybrano celkem 75 sloucenin
pochazejicich zinterni databaze, které byly na zakladé strukturni podobnosti
rozdéleny do 6 skupin (Obrazek 24-29). Enzymové meéreni bylo provedeno
po homogenizaci na supernatantu obsahujici MdJAChE a na bunétném
supernatantu obsahujici rekombinantni AgAChE1 jak u standardnich inhibitora

AChE (Obrazek 23), tak u vybranych sloucenin z interni databaze sloucenin.

Testovani inhibitord probihalo paralelné na lidskych a hmyzich enzymech,
kdy zdrojem lidské AChE byly erytrocyty zbavené hemoglobinu a zdrojem lidské
BChE byla separovana plazma, oboji dostupné na Katedie toxikologie a vojenské
farmacie Univerzity Obrany v Brné (Hrabcova et al., 2017). Hodnota ICso byla
vyjadrena jako koncentrace slouceniny, ktera inhibuje danou enzymovou aktivitu
na urovni 50 %. Roztoky testovanych sloucenin v koncentra¢nim rozsahu 10-3-
10-10 M byly inkubovany v 96-jamkové desticce po dobu 5 minut pri 37 °C. Kazda
koncentrace byla méfena v triplikatu. Aktivita enzymu byla urena mérenim
nardstu absorbance vzorku za minutu p¥i vinové délce 412 nm pii 37 °C. Méreni
probihalo ve 2Zminutovych intervalech za pouZiti Microplate readeru Synergy 2.
Selektivni index (SI) byl vypocitan jako pomér hodnoty ICso lidské AChE k hodnoté
[Cs0 hmyziho enzymu (ICso lidska AChE/ICso hmyzi AChE).
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Obrazek 24. Skupina 1 - struktury sloucenin s jednim aromatickym jadrem.
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Obrazek 25. Skupina 2 - struktury derivati pyridiniovych soli.
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Obrazek 26. Skupina 3 - struktury chinoliniovych a akridiniovych derivat.
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Obrazek 29. Skupina 6 - struktury 7-methoxytakrin-takrinovych heterodimeri nesoucich
thiomocovinovy a mocovinovy fragment ve spojovacim fetézci.

10.7 Statistické vyhodnoceni dat

Pro statistické vyhodnoceni dat byly pouzity programy Microsoft Excel
(Redmont, WA, USA) a GraphPad Prism version 6.0 pro Windows (GraphPad
Software, San Diego, CA, USA).
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11Vysledky

11.1Priprava musi acetylcholinesterasy

11.1.1 Priprava musiho homogenatu

Stanoveni optimalni koncentrace detergentu pro vytézek MdAChE

Pro pripravu musiho homogenatu byla nejprve optimalizovana koncentrace
detergentu Triton X-100. Pro tento ucel bylo pouzito 30 musich hlav a 0,1M
fosfatovy pufr, pH 7,4 ve finalnim objemu 2 ml. Byly vybrany dvé koncentrace
detergentu a to 0,1 % a 1 %. Ziskané aktivity byly porovnany s enzymovou
aktivitou bez pouziti detergentu a u obou koncentraci detergentu byl patrny
statisticky vyznamny nartst aktivity dle testu Kruskal-Wallis na hladiné
vyznamnosti o« = 0,05 s hodnotou p <0,0001. Nejvyssi vytézky pro MdAChE byly
ziskany za pouziti 1% koncentrace Tritonu X-100 (Tabulka 12). Hodnoty ziskané
aktivity za pouZiti 0,1 % a 1 % Tritonu X-100 se dle Dunnova testu na hladiné

vyznamnosti a = 0,05 statisticky vyznamné neliSily.

Tabulka 12. Vysledky aktivity za rtiznych koncentraci Tritonu X-100.

Koncentrace detergentu AA412 /min £ SD Relativni vytézek (%)
0 % Triton X-100 0,079 = 0,007 28,9 %
0,1 % Triton X-100 0,222 + 0,005 81,3 %
1 % Triton X-100 0,273 + 0,002 100 %

Stanoveni optimdlniho po¢tu musich hlav na vytézZek MdAChE

Homogenizace musich hlav byla zopakovana pro riizny pocet hlav a dle
vysledné celkové aktivity homogenatu byl vybran optimalni pocet pro biochemické
stanoveni (Tabulka 13). Pri sledovani zavislosti mezi ziskanou enzymovou
aktivitou po filtraci a poétem homogenizovanych musich hlav byla patrna
vzrustajici linearni tendence (Tabulka 13) charakterizovana rovnici y = 0,01976*x-
0,02152 s hodnotou R? = 0,982. Z porovnani z enzymovych aktivit pred a po filtraci
jsou patrny vyssi ztraty u velmi nizkych poc¢tli musich hlav. Po porovnani ziskané

enzymové aktivity a procentualniho ubytku aktivity po filtraci bylo zvoleno jako

optimalni mnoZstvi 30 musich hlav.
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Tabulka 13. Enzymova aktivita MdAChE v homogenatu v zavislosti na poctu musich hlav.

Pocet hlav AA412/min po AA412/min po Ubytek AA412/min po
centrifugaci filtraci filtraci (%)
1 0,030 £ 0,007 0,019 £ 0,002 37
5 0,083 £ 0,003 0,064 + 0,003 23
10 0,286 + 0,002 0,142 £ 0,004 50
20 0,623 £ 0,005 0,416 + 0,003 33
25 0,541 £ 0,003 0,491 £ 0,003 o
30 0,523 £0,003 0,516 + 0,002 1
35 0,846 + 0,005 0,691 £ 0,003 18

Stanoveni optimalniho délky homogenizace na vytézek MAAChE

Pro stanoveni zavislosti délky homogenizace na mnoZstvi enzymu byla
homogenizace provadéna 2, 3, 4 a 5 minut. Z dostupnych dat na hladiné
vyznamnosti a = 0,05 nebyla patrna statisticky vyznamna korelace (Spearmantiv
test, hodnota p = 0,750) mezi narGstem délky homogenizace a nariistem

detekované aktivity MdAChE v homogenatu (Tabulka 14).

Tabulka 14. Hodnota aktivity MdAChE v homogenatu v zavislosti na délce homogenizace.

Délka AA412/min po centrifugaci AAs412/min po filtraci Ubytek
homogenizace AA412/min po
(min) filtraci (%)
2 0,430 + 0,007 0,406 + 0,007 6
3 0,513 £ 0,009 0,494 £ 0,006 4
4 0,533 £0,005 0,452 + 0,008 15
5 0,569 + 0,003 0,484 £ 0,006 15

DalS$im faktorem optimalizace bylo zavedeni 10minutové pauzy mezi
jednotlivymi kroky. Z namérenych dat vyplyva, Ze zavedeni 10minutové pauzy
mezi jednotlivymi homogenizacemi vedlo kvyssim vytézkiim a to o 20,7 %
(Tabulka 15). Dle Mann-Whitney testu se na hladiné vyznamnosti a = 0,05 jedna o
statisticky vyznamny narast vdetekované aktivité enzymu v homogenatu

(hodnota p = 0,0022).
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Tabulka 15. Zména vytéZzku aktivity MdAChE v homogenatu po 10min. pauze mezi
jednotlivymi homogenizacemi.

AA412 /min £ SD nartst AA412 /min po pauze (%)

Sonikace bez pauzy 0,184 £ 0,007 -
Sonikace s 10 min. pauzou 0,222 +£ 0,005 20,7 %

Pro konecny protokol pripravy musSiho homogenatu byly pouZivany
mouchy zamraZené pii - 80 °C po dobu alesporii 14 dni. Pro izolaci MdAChE bylo 30
musich hlav homogenizovano v 0,1 M fosfatovém pufru, pH 7,4; 0,1 % Tritonu
X-100 pri 4 °C. Homogenizace probihala ve tfech 2minutovych intervalech a pfi

maximalnim vykonu amplitudy s 60 % aktivnich pulz{, jak bylo popsano vyse.

11.1.2 Purifikace musi AChE

Z homogenatu byla purifikovana MdJAChE pomoci nosice s afinitnim
ligandem THA. Pro eluci navazaného enzymu byly pouZity dva pristupy, jednak
nadbytek substratu anebo pouZziti inhibitoru THA. Optimalizace podminek
purifikace probihala v duplikdtu za pouziti 1 ml homogenatu a purifikovana
MdAchE byla zakoncentrovdna na findlni objem 1 ml. VytéZnost purifikace
za pouziti THA jako elu¢niho ¢inidla byla 33 % plivodni aktivity enzymu
v homogenatu. Ackoli nebylo ve vzorku prokazano zbytkové mnozstvi inhibitoru
THA, ziskana hodnota aktivity purifikovaného enzymu nebyla dostatecné vysoka

pro testovani inhibi¢nich vlastnosti slou¢enin na MdAChE (Tabulka 16).

Tabulka 16. VytéZznost purifikace MdAChE na zakladé eluce pomoci inhibitoru THA
a nadbytku substratu jodidu acetylthiocholinu.

AA412 /min £ SD AA412 /min * SD Cisté vytézek
homogenatu ACHE AA412 /min (%)

10 mM takrin 0,156 £ 0,014 0,052 £0,011 333

15 mM jodid 0,206 + 0,015 - -
acetylcholinu

20 mM jodid 0,133+£0,013 0,034 £ 0,020 25,6
acetylcholinu

30 mM jodid 0,205+ 0,011 0,029 £ 0,015 14,1

acetylcholinu

Eluce nadbytkem substratu byla provedena v nékolika rlznych

koncentracich jodidu acetylcholinu, ktery byl pro ucely testovani enzymové
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aktivity nasledné az stonasobné natfedén. Pri pouZiti nejniZsi koncentrace
substratu (15 mM) se nam nepodarilo ziskat aktivni purifikovanou MdJAChE.
Navyseni koncentrace substratu (20 mM a 30 mM) vedlo kziskani aktivni
purifikované MdJAChE (Tabulka 16), avSak svelmi rozdilnymi vytézky mezi

jednotlivymi opakovanimi.

Pro stabilizaci purifikovaného enzymu bylo do eluatu ziskaného promytim
afinitntho nosice s navazanou MdAChE pridan albumin o findlni koncentraci
1 mg/ml. Pritomnost albuminu zlepsila stabilitu MdAChE béhem zpracovani,
coz vedlo ke zvySeni vytéZzku purifikace na 63 %. Nicméné ani aktivita purifikované
MdAChE s albuminem nebyla dostate¢né vysoka pro testovani inhibi¢niho d¢inku
sloucenin (Tabulka 17). Z vySe uvedenych divodi a pro ¢asovou tisen byl pro dalsi

praci s enzymem a testovani sloucenin pouzita MdAChE obsaZena v homogenatu.

Tabulka 17. Vliv albuminu na vytéZznost purifikace MdAChE.

AA412 /min +SD AA412 /min + SD Cisté V}Iftéiek
homogenatu ACHE AAs2 /min

(%)

30 mM jodid 0,112 + 0,007 0,017 £ 0,006 15,2

acetylcholinu

30 mM jodid 0,135+ 0,008 0,088 + 0,007 65,2

acetylcholinu

+ albumin

11.2Priprava rekombinantni acetylcholinesterasy komara

Anopheles gambiae

11.2.1 Amplifikace templatové DNA

NavrZzena sekvence templatové DNA byla amplifikovana pomoci PCR
avysledny produkt byl separovan na agarézovém gelu a zobrazen pomoci
transluminatoru (Obrazek 30). PCR produkt genu ace-1 se nachazel v prvni jamce
a fragment se pohyboval v oblasti okolo velikosti 1 500 paru bazi (base pair - bp).
Dle mista nasednuti pouzitych primerti bychom méli dostat PCR produkt o délce
1653 bp, coZ odpovidalo naSemu nalezu na gelu (Obrazek 30). Oznaceny PCR
produkt vprvni jamce byl zgelu vyrezan, vyizolovan z agarézy a pouZit

pro klonovanti.
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6 000 bp

3 000 bp

PCR produkt ace-1 1500 bp

1000 bp

Obrazek 30. Agar6zova elektroforéza amplifikované cilové DNA.
1 - Produkt rekace PCR,
2 - DNA velikostni standardy molekulovych hmotnosti O’GeneRuller™ 1kb DNA ladder.

11.2.2 Bac-to-Bac® TOPO® Klonovaci systém

Izolovany fragment DNA byl vloZzen do vektoru pFastBac s naslednou
transformaci E. coli One shot Mach1™ bunék. Vyrostlé kolonie byly analyzovany
pomoci kontrolni PCR (Obrazek 31). V jamkach 1-7 se nachazi vysledny produkt
amplifikace DNA, ktery u vSech kolonii odpovida velikosti naSeho insertu
v plazmidu. Pro potvrzeni uspéSného vloZeni inzertu ve spravném sméru byly
jednotlivé produkty podrobeny sekvenaci. Ze sedmi vybranych kolonii doSlo

ke spravnému vloZeni insertu ve tfech pripadech.

68



PCR
produkt

Obrazek 31. Identifikace produkt PCR po transformaci E. coli One shot Mach1™ bunék.
1 -7 - produkty PCR,
8 - DNA velikostni standardy molekulovych hmotnosti O’GeneRuller™ 1kb DNA ladder.

11.2.3 Bac-to-Bac® HBM TOPO® sekrecni expresni systém

Ziskany pFastBac™/HBM TOPO® konstrukt nesouci gen ace-1 s potvrzenou
sekvenci DNA byl transformovan do kompetentnich bunék DH10Bac™ E. coli
a podroben modro-bilé selekci. Z bilych kolonii byl izolovan vznikly expresni
bakmid a analyzovan pomoci PCR s naslednou detekci na 1% agarézovém gelu
(Obréazek 32). Uspésna integrace cilové DNA do bakmidu pomoci transpozice byla
analyzovana pomoci bakmid-specifickych primerd. Samotny bakulovirus
transponovany pFastBac™/HBM TOPO® mél velikost uvedenou vyrobcem
2500 bp, velikost bakuloviru s vloZenou templatovou DNA by tedy méla odpovidat
4153 bp. Zobrazeni PCR produktu v oblasti odpovidajici ptiblizné 4 000 bp
(Obrazek 32) potvrdil v jamkach 2-4 dspésnou inkorporaci DNA do bakmidu.
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Obrazek 32. Identifikace produktd PCR po transformaci E. coli DH10Bac™ bunék.
1 - DNA velikostni standardy molekulovych hmotnosti O’GeneRuller™ 1kb DNA ladder,
2 - 4 - produkty PCR.

11.2.4 Transfekce izolované bakmidové DNA

Pro ucel transfekce hmyzich bunék byla rekombinanni bakmidova DNA
izolovana v dostate¢né koncentraci a Cistoté. Po transfekci bakmidu do hmyzich
bunék byl pozorovan priibéh virové infekce az do pozdni faze infekce. Buniky byly
centrifugovany a rozdéleny na supenatant a peletu, ve kterych byla potvrzena
pritomnost rekombinantniho proteinu elektroforézou (SDS-PAGE) (Obrazek 33).
Vjamkach supernatantu byly zjistény dva pruhy s velikosti mezi 50 a 75
kilodaltony (kDa), coZ odpovida predpokladané velikosti rekombinantniho
proteinu okolo 64 kDa (63393 Da dle serveru ExPASy, dostupné
z https://web.expasy.org/compute_pi/). V jamkach obsahujici vzorky
bunécnych pelet byly detekovany proteiny v celém rozmezi velikosti, jak jsme
predpokladali. Negativni kontrola pro supernatant neobsahovala Zadny vyrazny
pruh proteinu a negativni kontrola pro peletu obsahovala proteinové spektrum
podobné tomu v jamkach 7-11. Nasledna detekce Anti-his tag protilatkou potvrdila
pritomnost rekombinantniho proteinu v supernatantu. V dalsim kroku byla
prokdzana aktivita enzymu vsupernatantu pomoci Ellmanovy metody.
Po potvrzeni rekombinantni produkce AgAChE1 do média nasledovalo zjiSténi
titru P1 bakulovirového roztoku plakovou eseji a amplifikace virového titru,

jak bylo popsano vyse.
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Obrazek 33. Detekce proteinii po bakulovirové infekci Sf9 bunék na polyakrylamidovém
gelu.

1 a 14 - velikostni standardy molekulovych hmotnosti Precision Plus Protein™
Kaleidoscope™ Prestained Protein Standards (Bio-Rad),

2-6 - supernatant bunék Sf9 po infekci v ¢asovych intervalech 48, 72, 96, 120 a 144 hodin,
7-11 - peleta bunék Sf9 po infekci v ¢asovych intervalech 48, 72, 96, 120 a 144 hodin,

12 - supernatant bunék Sf9 bez infekce,

13 - peleta bunék Sf9 bez infekce.

11.2.5 Kvantifikace bakuloviri metodou real-time PCR

Pro sestrojeni kalibra¢ni primky (Graf 1) byla pouZita pFastBac™/HBM
TOPO® plazmidovd DNA o koncentraci 348 ng/pl. Pomoci zndmé velikosti
plazmidu byla DNA naredéna na rGzné koncentrace, ze které byla vytvorena
kalibrac¢ni primka pro stanoveni virového titru (PFU/pul).

Kalibrace qPCR byla provedena v koncentra¢nim rozmezi 105-108 pfu/ml
za pouziti sady primert pro gen ace-1. Pocet vzniklych kopii qPCR byl pfepocitan

na koncentraci ace-1 dle vzorce:

pocet k(:flm X objem eluce (ul)

Yot kopil /ml =
pocet kopii/m vzorek (mD)
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Namérené hodnoty kalibra¢ni kiivky odpovidaly vstupnim koncentracim

(Tabulka 18).

Tabulka 18. Kalibra¢ni krivka gPCR pro gen acel.

Vstupni koncentrace Hodnota cyklu prahu (Cy) Zjisténa koncentrace
acel (pocet kopii/ul) ace-1 (pocet kopii/ul)
1*105 17,71 1,00*105
1*106 14,57 1,04*106
1*107 11,48 9,33*106
1*108 8,11 1,03*108

Standardni kalibracni kfivka qPCR
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~ 18
e
L 16
£ 14 -
o
o 12 -
>
~ 10 -
>
(8] 8 -
g .. y =-3,189x + 20,94
c R2=0,9996
T 4 -
()
T, |

0 T T T 1

5 6 7 8
Log koncentrace DNA (pocet kopii/pl)

Graf 1. Standardni kalibrac¢ni krivka qPCR pro gen ace-1.

Nastavena qPCR metodika byla pouzita ke zjiSténi titru bakulovirového
roztoku u tff vzorkt (P2, P3-1 a P3-2). Pro kvantifikaci byla bakulovirovd DNA
izolovana z objemu 0,5 ml vzorkt P2, P3-1 a P3-2, eluovdna do 60 pl deionizované
vody. Pro priibéh qPCR byl pouzit 1 pul eluatu.

Koncentrace ziskané za pouziti sady primerti pro ace-1 a koncentrace
ziskané za pouziti sady primert nasedajici v oblasti genu pro GP-64 obalovy
glykoprotein se pohybovaly ve stejném radu (Tabulka 19). Vysledky ukazuji, Ze je
mozné pouzit sadu primerli pro GP-64 obalovy glykoprotein ke kvantifikaci

vloZeného acel genu v bakuloviru.
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Tabulka 19. Kvantifikace bakulovirovych roztoki metodou qPCR.

ace-1: pocet kopii/pl GP-64: pocet kopii/pl
P2 bakulovirovy roztok 0,935*106 0,975*106
P3-1 bakulovirovy roztok 4,755 *105 0,545 *106
P3-2 bakulovirovy roztok 0,765 *105 0,605 *10>

11.2.6 Purifikace rekombinantni AgGAChE1

Optimalizace elu¢nich podminek

Pfi zavadéni afinitniho nosice byly porovnany purifikacni nosice
Ni Sepharosa excel s HisLink nosi¢em. Pro purifikaci bylo v obou piipadech pouzito
1 ml bunéc¢ného supernatantu obsahujiciho sekretovany enzym AgAChE1. Béhem
purifikace vznikly frakce F (po priichodu bunécného supernatantu afinitnim
nosi¢em), frakce W (promyti nosi¢e promyvacim pufrem) a frakce E (eluce
proteinu). Pro sledovani rekombinantniho proteinu v pribéhu purifikace byla
kazda frakce po naneseni na nosi¢ promérena na zbytkovou aktivitu enzymu
Ellmanovou metodou a nanesena na SDS-PAGE gel. Rekombinantni AgAChE1 byla

v dalSim kroku detekovana pomoci Anti-his tag protilatky.

V SDS-PAGE gelech byly v obou pripadech (Obrazek 34 a Obrazek 35)
shodné lokalizované pruhy obarvenych proteinli vjamce ¢islo 2 a slabé vjamce
Cislo 3 voblasti mezi 50 a 75 kDa. V dalSich jamkach geld nebyly patrné zadné
pruhy. Méfenim zbytkové enzymové aktivity ukazalo negativni vysledky ve frakci F
(jamka cislo 2) a ve frakci W s 20mM imidazolem (jamka cislo 3), coZ ukazuje na to,
Zze se jednalo o detekci nespecifickych proteinli obsazZenych v supernatantu.
Tim doSlo v prvnich dvou krocich purifikace v pripadé obou afinitnich nosict

k odstranéni nespecifickych proteini.
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Obrazek 34. Optimalizace purifikace AGAChE1 pomoci HisLink nosice.
1 a 10 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 - frakce W, 20 mM imidazol,

4 - frakce W, 30 mM imidazol,

5 - frakce W, 40 mM imidazol,

6 - frakce W, 50 mM imidazol,

7 — frakce W, 70 mM imidazol,

8 - frakce W, 90 mM imidazol,

9 - frakce E, 500 mM imidazolem.
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Obrazek 35. Optimalizace purifikace AgAChE1 pomoci nosice Ni Sepharosy excel.
1 a 10 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 - frakce W, 20 mM imidazol,

4 - frakce W, 30 mM imidazol,

5 - frakce W, 40 mM imidazol,

6 - frakce W, 50 mM imidazol,

7 — frakce W, 70 mM imidazol,

8 - frakce W, 90 mM imidazol,

9 - frakce E, 500 mM imidazolem
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Pii detekci rekombinantni AgAChE1 Anti-his tag protilatkou byly patrné
rozdily mezi pouzitymi afinitnimi nosi¢i. RGzné Kkoncentrace imidazolu
v promyvacich pufrech nemély vliv na pfed¢asnou eluci proteinu z nosice HisLink
(Obrazek 36). Eluce vtomto pripadé probéhla aZ cilené za pouziti vysoké
koncentrace imidazolu velu¢nim pufru (jamka cislo 9). Na druhou stranu
pripouziti Ni Sepharosy excel dochazelo kuvoliovani proteinu znosice
i za nizkych koncentraci imidazolu (Obrazek 37). Mirna eluce probihala jiz
pri koncentraci 30 mM (jamka Cislo 4) a u koncentraci zastoupenych v jamkach
¢islo 5-8 (40 mM, 50 mM, 70 mM a 90 mM imidazol) dochazelo prakticky
k uplnému vymyti proteinu z afinitniho nosice. Ve frakci E (jamka ¢islo 9, 500 mM
imidazol) jiZ nebyl pfitomny protein, coZ odpovidalo vymyti proteinu z nosice jiz
v pribéhu nizkych koncentraci imidazolu v predchozich krocich. Z tohoto diivodu

nebyl afinitni nosi¢ Ni Sepharosa excel vhodny pro pouZiti k dalsi purifikaci.

Obrazek 36. Detekce HisLink purifikované rekombinantni AGAChE1 pomoci Anti-his tag
protilatky.

1 a 10 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 - frakce W, 20 mM imidazol,

4 - frakce W, 30 mM imidazol,

5 - frakce W, 40 mM imidazol,

6 - frakce W, 50 mM imidazol,

7 — frakce W, 70 mM imidazol,

8 - frakce W, 90 mM imidazol,

9 - frakce E, 500 mM imidazolem.
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Obrazek 37. Detekce Ni Sepharosa excel purifikované rekombinantni AGAChE1 pomoci
Anti-his tag protilatky za pouziti riznych koncentraci imidazolu v promyvacich pufrech.

1 a 10 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 - frakce W, 20 mM imidazol,

4 - frakce W, 30 mM imidazol,

5 - frakce W, 40 mM imidazol,

6 - frakce W, 50 mM imidazol,

7 — frakce W, 70 mM imidazol,

8 - frakce W, 90 mM imidazol,

9 - frakce E, 500 mM imidazolem.

Purifikace AGAChE1 pomoci nosice HisLink

Pro finalni purifikaci byl pouzit 1 ml buné¢ného supernatantu obsahujiciho
sekretovany enzym AgAChE1 vkombinaci s nosi¢em HisLink (Obrazek 38
a Obrazek 39). Pouze v jamkach ¢islo 2 a 3 na SDS-PAGE gelu se nachazely pruhy
obarvenych proteinii lokalizovanych v oblasti mezi 75 a 50 kDa (Obrazek 38).
To odpovidalo nalezu diive popsanych nespecifickych proteinii ve frakcich F a W
u optimalizace podminek pro nosi¢ HisLink (Obrazek 34). Pri detekci
rekombinantni AgAChE1 pomoci Anti-histag protilatky (Obrazek 39) byly
detekovany proteiny pouze ve frakci E (jamky cislo 6-8, 500 mM imidazol).
Rekombinantni protein je vSak v eluatech v tak malém mnoZstvi, Ze po obarveni
methylenovou modii neni patrny na gelu a zobrazi se aZ pri citlivéjsi detekci

pomoci Anti-his tag protilatky.
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Obrazek 38. Purifikace AgAChE1 pomoci nosice HisLink.

1 a 10 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 -5 -frakce W, 20 mM imidazol,

6 - 9 frakce E, 500 mM imidazol.

Obrazek 39. Detekce purifikované rekombinantni AgAChE1l pomoci Anti-his tag
protilatky.

1 a 10 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 -5 -frakce W, 20 mM imidazol,

6 - 9 frakce E, 500 mM imidazol.
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Pii purifikaci vétStho mnoZstvi bunécného supernatantu (7 ml) afinitnim
nosicem HisLink byl ndlez na SDS-PAGE gelu (Obrazek 40) opét shodny
s predchozimi nalezy (Obrazek 34 a Obrazek 38). Ve frakci F (jamka cislo 2) byl
patrny o néco silnéjsi pruh obarvenych proteinti nez ve frakci W (jamka cislo 3,
20 mM imidazol) (Obrazek 40). V ostatnich jamkach (jamky cislo 4-7) pak nebyl

detekovany zadny pruh odpovidajici proteintim.

Pii detekci rekombinantni AgAChE1l pomoci Anti-his tag protilatky
(Obrazek 41) jsme pozorovali ¢astecné vymyti proteinu jiz pri pouziti promyvaciho
pufru vdruhém a tretim kroku (jamKky c¢islo 4 a 5, 20 mM imidazol). Nejsilnéjsi
pruh byl zaznamenan v jamce ¢islo 6 po pouziti elu¢niho pufru. Dals$im navazujicim
krokem po purifikaci byla dialyza, béhem které doslo k odplaveni pouzitého
imidazolu ve frakci E. Tento krok byl dilezity pro eliminaci moZnych interferenci
béhem stanoveni inhibi¢nich schopnosti sloucenin. V dialyzatu (jamka ¢islo 7) byl
detekovan az o polovinu slab8i pruh oproti frakci E (jamka cislo 6, 500 mM
imidazol). To mohlo byt zptsobeno i nafedénim proteinu v pribéhu dialyzy.
V tomto pripadé se nam tedy nepodarilo ispéSné zopakovat purifikaci na afinitnim
nosic¢i HisLink s vétSim objemem bunécného supernatantu. Z toho divodu a pro
Casovou tisen jsme pro dals$i charakterizaci proteinu a testovani sloucenin

pouZzivali rekombinantni protein obsaZeny v supernatantu.
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Obrazek 40. Purifikace buné¢ného supernatantu pomoci nosice HisLink.

1 a 8 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 -5 -frakce W, 20 mM imidazo],

6 - frakce E, 500 mM imidazol,

7 - dialyzat.

Obrazek 41. Detekce HisLink purifikované rekombinantni AGAChE1 pomoci Anti-his tag
protilatky.

1 a 8 - standardy molekulovych hmotnosti Precision Plus Protein™ Kaleidoscope™
Prestained Protein Standards,

2 - frakce F,

3 -5 - frakce W, 20 mM imidazol,

6 - frakce E, 500 mM imidazol,

7 - dialyzat.
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11.3Charakterizace enzymii pomoci stanoveni Michaelisovy

Kkonstanty

Kinetické parametry MdAChE byly urc¢eny pomoci Km a Vmax, které byly
ziskany vypoctem zhodnot uvedenych viz.Graf 2. Hodnota Km #* SD
pro acetylthiocholin jodid byla 152,3 + 14,65 pM a hodnota Vmax * SD byla 0,256
+ (0,008 AA/min.

Stanoveni Km enzymu MdAChE

0.251
0.20 1
0.151

0.101

Enzymaticka aktivita AA/min

0.059

0.00', T T T T T T T T T T 1
0 1 2 3 4 5 6 7 8 9 10 11

Koncentrace substratu jodidu acetylthiocholinu (mmol/l)

Graf 2. Zobrazeni priibéhu inhibice musi acetylcholinesterasy nadbytkem acetylthiocholin
jodidu.

Kinetické parametry AGAChE1 Km a Vmax byly ziskdny vypocltem z hodnot

uvedenych viz. Graf 3. Hodnota Kwn * SD pro acetylthiocholin jodid byla 51,6
+ 6,0 UM a hodnota Viax = SD byla 0,264 + 0,009 AA/min.
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Stanoveni Km enzymu AgAChE1

0.251

0.20 4

0.10

0.05

Enzymaticka aktivita AA/min

Koncentrace substratu jodidu acetylthiocholinu (mmol/l)

Graf 3. Zobrazeni pribéhu inhibice komari acetylcholinesterasy nadbytkem jodidu
acetylthiocholinu.

11.4Méreni inhibi¢ni schopnosti sloucenin a jejich selektivity viici
hmyzi AChE

Testované slouceniny pochazely z interni databaze. Tato databaze sloucenin
vznikla z inhibitor a reaktivatorti lidské AChE s moznym vyuZitim pro terapii
Alzheimerovy choroby nebo pfi intoxikaci organofosfaty. Z toho diivodu byly jako
standardy pouzity reverzibilni inhibitory AChE ze skupiny léciv Alzheimerovy
choroby - THA a 7-methoxytakrin (7-MEOTA) (Soukup et al., 2013), které byly
v nékterych pripadech prekurzory testovanych molekul (Obrazek 23). THA
inhiboval hmyzi enzymy v sub-mikromolarnim rozmezi a u 7-MEOTA se hodnoty
ICso pro hmyzi enzymy pohybovaly v mikromolarnim rozmezi (Tabulka 20).
Vobou pripadech byly u obou hmyzich enzymt hodnoty ICso srovnatelné
s hodnotami ICsp lidské AChE, a tudiZ byly hodnoty SI srovnatelné. V této praci byly
jako standardy bézné pouzivanych insekticidii vybrany bendiokarb a karbofuran
(Obrazek 23). Bendiokarb inhiboval hAChE, MdAChE a AgAChE1 v nanomolarnim
rozmezi. U karbofuranu byla v pripadé inhibice hAChE hodnota ICso o rad vyssi
oproti hodnotadm ICso MdAChE a AgAChE1. Selektivita vii¢i hmyzim enzymim byla
v pripadé inhibice bendiokarbem srovnatelna, kdy hodnota SI odpovidala
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u MdAChE 3,1 a u AgAChE1 2,82. Na druhou stranu, v ptipadé karbofuranu doslo
k rozdilim v selektivité mezi hmyzimy enzymy. Selektivita k AGAChE1 byla nizka
(SI 6,67), kdeZto v pripadé MdAChE byla mirna selektivita pro hmyzi enzym

pozorovana (SI 20).

Tabulka 20. Namérené hodnoty ICso standardii.

Slougenina ICso hAChE ~ 1Cso MAAChE ~ MdAChE  ICsp AgAChE1  AgAChE1
+ SEM (uM) + SEM (uM) SI + SEM (uM) SI
takrin 0,320+0,0132=  0,510+0,029 0,63 0,506 + 0,042 0,63
7-MEOTA 10,0 + 1,0 10,90 + 1,160 0,92 6,550 + 0,455 1,53
bendiokarb 0,031 +0,001 0,010 + 0,001 3,10 0,011 + 0,001 2,82
karbofuran 0,020 £ 0,001 0,001 + 0,001 20 0,003 + 0,001 6,67

aData byla ziskana z publikace Hepnarova et al. (2018).

Na zakladé strukturnich podobnosti byly inhibitory testované na MdAChE
rozdéleny do Sesti skupin. Do prvni skupiny sloucenin (K013-K016, K019, K023,
K025, K037, K058, K080, K143, K146 a K152) byly zarazeny soli derivati
sjednim aromatickym jadrem (Obrazek 24). K013-K015 jsou N-methyl
heterocyklickymi derivaty se dvéma dusiky. SlouCeniny K014 a K015 maji dusiky
v meta a para pozici a nevykazovaly inhibi¢ni schopnost MdAChE (Tabulka 21).
Na druhou stranu, slou¢enina K013 s dusiky v ortho poloze inhibovala MdAChE
v mikromolarnim rozmezi s hodnotou ICs0762 pM. Dals$i navySeni poctu
heteroatomt dusiku (K019) vedlo ke ztraté inhibi¢ni schopnosti slouceniny.
Ve skupiné sloucenin s pyridiniovym skeletem (K016, K025, K080, K143, K146
a K152), molekuly K025 a K080 nesouci amidovou funk¢ni skupinu v para pozici
v testovaném koncentra¢nim rozmezi neprokazaly inhibici enzymu MdAChE. K146
s terciarnim aminem vpara poloze inhibovala MdAChE v sub-milimolarni
koncentraci. Zdména funkéni skupiny za tert-butyl (K016) nebo nitrilovou skupinu
(K143) vedla ke zvysSeni inhibi¢niho ucinku, kdy hodnota ICso pro MdAChE byla
82 uM, resp. 76,3 uM. Presunuti nitrilové funkéni skupiny do meta polohy (K152)
vedlo ke snizZeni inhibicniho uc¢inku MdAChE priblizné o jeden tad. Z derivati
amoniovych soli s aromatickym jadrem (K023, K037 a K058) pouze K058
inhibovala MdAChE, a to v sub-milimolarnim rozmezi. Nejlepsim inhibitorem v této
skupiné sloucenin byla K143 inhibujici 50 % enzymové aktivity MdAChE

v desitkach mikromold.
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V souvislosti se selektivitou v prvni skupiné sloucenin byla nejlepSim
inhibitorem molekula K143 shodnotou SI 9,33 (Tabulka 21). Zdména funkéni
skupiny za tert-butyl (K016) vedla ke sniZeni selektivity témér o polovinu. Pokles
selektivity o jeden rad byl patrny u zamény nitrilové skupiny za terciarni amin
v para poloze (K146) nebo u presunuti nitrilové funkéni skupiny do meta polohy
(K152). O jeden rad nizsi selektivita oproti K143 byla také zjiSténa u molekuly
K058 (SI 0,100) a nejnizsi hodnota SI (0,005) byla pozorovana u slouceniny K013
s dusiky v ortho poloze. U ostatnich slouCenin z prvni skupiny (K014 a K015,
K019, K023, K025, K037 a K080) nebylo mozné hodnotu SI vypocitat, z dlivodu

nedostate¢né inhibice jednoho nebo obou enzymt.

Tabulka 21. Namérené hodnoty ICsp sloucenin s jednim aromatickym jddrem v molekule.

Slougenina ICso hAChE ICso MAAChE MdAChE
+ SEM (uM) + SEM (uM) SI
K013 3,98 0,670 762 = 229 0,005
K014 >1000 >1000 -
K015 >1000 >1000 -
K016 347 + 28,8 82,0 + 4,78 4,23
K019 >1000 >1000 -
K023 761 + 48,7 >1000 -
K025 >1000 >1000 -
K037 >1000 >1000 -
K058 10,2 + 0,594 102 + 5,24 0,100
K080 >1000 >1000 -
K143 711+ 78,7 76,3 + 5,31 9,33
K146 104 + 9,20 591 + 43,9 0,176
K152 133+11,2 583 + 46,3 0,227

Do druhé skupiny sloucenin byly zarazeny derivaty pyridiniovych sloucenin
se dvéma aromatickymi jadry spojenymi alifatickymi nebo aromatickymi linkery
(Obrazek 25). Slouceniny K017, K021-K036 maji aromaticka jadra spojena
pfimou vazbou bez pouziti linkeru, miiZzeme je oznacit jako aromatické derivaty
N-methylpyridinia. U molekuly K017 byl v para poloze navazany fenyl a tato
sloucenina neprokazala inhibi¢cni ucinek (Tabulka 22). Zaména fenylu
za benzylovou funkéni skupinu (K020) vedla kndartstu inhibi¢ni schopnosti

slouc¢eniny u MdAChE s hodnotou ICso 73,7 uM. Zaména fenylu za pyridin (K021)
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vedla kinhibici MdAChE v sub-milimolarnim rozmezi. Umisténi 2-pyridylu
do ortho polohy (K035) vedlo znovu ke ztraté inhibi¢ni schopnosti pro MdAChE.
Ke ztraté inhibi¢ni schopnosti u MdAChE doSlo i v pripadé N,N-dimethyl-bis-
pyridiniového derivatu (K036). Mezi bis-pyridiniovymi slou¢eninami spojenymi
aromatickym linkerem (K055-K057) MdAChE inhiboval také pouze jeden derivat
a to K055 s ortho-xylenovym linkerem (Tabulka 22). Ve skupiné bis-pyridiniovych
sloucenin spojenych rtizné dlouhym alifatickym fetézcem (K210-K215)
inhibovala MdAChE pouze sloucenina K215 s hodnotou ICso v milimolarni oblasti.

V souvislosti s nejniz§imi hodnotami ICso byla vdruhé skupiné sloucenin

nejslibnéjsim inhibitorem K020 inhibujici MdAChE v mikromolarnim radu.

Ve druhé skupiné sloucenin inhibovaly MdAChE pouze ctyfi molekuly.
Nejvyssi selektivita pro hmyzi enzym s hodnotou SI 14,8 byla zjiStéma u slouceniny
K020, ktera byla zaroven i nejlepSim inhibitorem dané skupiny (Tabulka 22).
Zdména  benzylové  funkéni skupiny za  4-pyridyl (K021) vedla
k sedminasobnému poklesu selektivity (hodnota SI 2,02). ProdlouZeni linkeru mezi
dvémi pyridinii pomoci alifatického (K215) nebo aromatického linkeru (K055)

vedlo k vyssi selektivité pro hAChE.

Tabulka 22. Naméiené hodnoty ICso sloucenin se dvéma aromatickymi jadry spojené
alifatickymi a aromatickymi linkery.

Slougenina ICso hAChE ICso MAAChE MdAChE
+ SEM (uM) + SEM (uM) SI
K017 >1000 >1000 -
K020 1092 + 383 73,7 £ 8,29 14,8
K021 993 + 36,0 491 + 30,3 2,02
K035 1023 + 79,7 >1000 -
K036 841 + 39,2 >1000 -
K055 62,6 * 5,42 718 + 124 0,087
K056 520 + 68,0 >1000 =
K057 484 + 51,2 >1000 -
K210 >1000 >1000 =
K212 >1000 >1000 -
K215 146 + 7,55 1534 + 127 0,095

Ve treti skupiné sloucCenin jsou zarazeny derivaty chinolinia a akridinia

(Obrazek 26). K007 je jodid N-methylchinolinia, ktery inhiboval MdAChE
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v mikromolarnim rozmezi (Tabulka 23). NavySeni v poctu aromatickych jader
z N-methylcholinia na N-methylakridinium (K009) vedlo ke zlepSeni inhibi¢ni
vlastnosti. Hodnota ICso KO09 pro MdAChE byla namérena v sub-mikromolarnim
rozmezi. ProdlouZeni alifatického retézce u derivatu akridinu (K060) pak vedlo
ke snizeni inhibicni schopnosti u MdJAChE o dva fady. Navazani
2-pyridiniumkarbaldoximu pomoci but-(2E)-en-1,4-diylového linkeru k chinoliniu
(K066) a akridiniu (K067) ovlivnilo inhibi¢ni schopnost k MdAChE rlznym
zpusobem. U K066 doslo ke ztraté inhibice MdAChE v porovnani sjejim
prekursorem KO007. Na druhou stranu sloucenina K067 inhibovala MdAChE
v mikromolarnim rozmezi a oproti jejimu prekursoru K009 byla o rad slabsim

inhibitorem. K009 tak byla v této skupiné sloucenin nejuic¢innéj$im inhibitorem.

Ve treti skupiné inhibovaly MdAChE ¢tyti slouceniny, kdy hodnota SI byla
vypocitana u tfech znich. KO60 neinhibovala hAChE, a tak u ni nemohla byt
hodnota SI stanovena (Tabulka 23). NejselektivnéjsSim inhibitorem ve treti skupiné
byla slou¢enina K009 s hodnotou SI 32,2. Rozdil v po¢tu aromatickych jader mezi
chinoliniem (K007) a akridiniem (K009) vedl v pripadé selektivity k poklesu
ojeden rad. Nejméné selektivni slouceninou pro MdAChE v této skupiné byla

molekula K067.

Tabulka 23. Naméiené hodnoty ICso chinoliniovych a akridiniovych derivatu.

Sloucenina ICso hAChE I1Cso MdAChE MdAAChE
+ SEM (uM) + SEM (uM) SI
K007 246 + 38,9 90,8 + 6,34 2,71
K009 3,51 + 0,464 0,109 + 0,008 32,3
K060 >1000 17,9 + 3,24 -
K066 >1000 >1000 -
K067 3,98 + 0,454 6,61 + 0,280 0,602

Ctvrtd skupina sloucenin se sklad4d ze symetrickych bis-pyridiniovych
sloucenin (K364-K366, K420-K435), které se lisi ve spojovacim retézci (Obrazek
27). Sloucenina K366 je nesubstituovana bis-pyridiniovd molekula a jako jedina
v této skupiné ma aromaticky linker. Hodnota ICso se u K366 pro MdAChE i pro
hAChE pohybovala v mikromolarnim rozmezi hodnot (Tabulka 24). Slouceniny

K364 a K365 jsou (F) a (Z) nesubstituované izomery bis-pyridiniovych soli
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spojené but-(2E)-en-1,4-diylovym linkerem. Tyto dvé molekuly neprokazaly
inhibi¢ni Ucinek v rdmci testovaného koncentracniho rozmezi. Oproti tomu para-
substituované molekuly nesouci but-(2E)-en-1,4-diylovy linker (K420-K435)
vykazovaly Sirokou variabilitu inhibice v zavislosti na pouZitém substituentu.
Mezi lipofilnimi substituenty mély slouceniny s alifatickymi funk¢nimi skupinami
(K420-K422) nizkou schopnost inhibice  vesrovnani s molekulami
nesoucimi aromatické jadro. Vramci sloucenin s aromatickou funkéni skupinou
(K423-K426) byla nejlepsim inhibitorem MdAChE K423 s fenylem v para poloze,
ktera meéla hodnotou ICso vnanomolarnim fadu. Hodnoty ICso molekul
s benzylovou skupinou (K424) nebo s 3-fenylpropylovou skupinou (K425) byly
v porovnani s K423 vyssi, kdy obé slouceniny nevykazovaly inhibici MdAChE
vdaném Kkoncentratnim rozmezi. Vysledky ukazuji, Ze pouze K423 nesouci
fenylovou skupinu pripojenou primo k pyridiniové ¢asti, dokdzala inhibovat
MdAChE. Naopak prodlouzeni retézce mezi témito dvéma castmi (K424 a K425)
vedlo ke ztraté inhibi¢niho Gcinku. Na druhou stranu 4-nitrobenzylova sloucenina
(K426) vykazovala inhibici MdAChE v mikromolarnim rozmezi, avsak selektivita
vici MdAChE byla velmi nizka. Slouceniny obsahujici hydrofilni funkéni skupiny
(K427-K435) se také liSily ve schopnosti inhibice MdAChE. Vtéto skupiné
3-hydroxypropyl (K429), N,N-dimethylamino (K430) a 4-karbonitrilové
slouceniny (K435) byly lepsi inhibitory neZ jiné hydroxylové (K427, K428)
nebo karbonylové slouceniny (K431-K434). K429, K430 a K435 mély hodnoty
ICs50 v mikromolarnim rozmezi, avsak ve srovnani s hodnou ICsg jejich fenylového
analogu K423 byla jejich inhibi¢ni schopnost o dva rady nizs$i. V souvislosti
snejnizSimi hodnotami [Cso byla vtéto skupiné slouCenin nejslibnéjSim

inhibitorem K423 inhibujici MdAChE v sub-mikromolarnim radu.

Vramci c¢tvrté skupiny sloucenin bylo mozno urcit hodnotu SI u Sesti
inhibitort K366, K423, K426, K429, K430 a K435 (Tabulka 24). V péti piipadech
byla selektivita vii¢ci MdAChE zanedbatelna nebo ve prospéch hAChE (K366, K426,
K429, K430 a K435). Pouze sloucenina K423 s hodnotou SI 7,06 prokazala

selektivitu k hmyzimu enzymu a zaroven se jednalo i o nejuc¢innéjsi inhibitor ¢tvrté

skupiny.
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Tabulka 24. Namérené hodnoty ICso bis-pyridiniovych sloucenin (nesubstituovanych
a para-substituovanych).

Sloucenina ICso hAChE ICso MAAChE MdAChE
+ SEM (uM) + SEM (uM) SI
K364 >1000 >1000 -
K365 >1000 >1000 -
K366 8,01 + 1,30 14,1+ 1,5 0,568
K420 >1000 >1000 -
K421 >1000 >1000 -
K422 >1000 >1000 -
K423 4,93 + 3,61 0,699 + 0,089 7,06
K424 4,09 + 1,01 >1000 -
K425 0,0554 + 0,0029 >1000 -
K426 5,19 + 0,56 20,7 + 2,8 0,251
K427 >1000 >1000 -
K428 >1000 >1000 -
K429 31,5 +2,0 107 + 15 0,294
K430 1,05 + 0,06 4,14 + 0,23 0,253
K431 >1000 >1000 -
K432 >1000 >1000 -
K433 >1000 >1000 -
K434 >1000 >1000 -
K435 37,3+3,3 103 + 11 0,362

Patou skupinou sloucenin jsou bis-isochinoliniové derivaty s rtznymi
spojovacimi tetézci (Obrazek 28). Slouceniny v této skupiné (K291-K299, K302
a K412-K419) byly u¢innymi inhibitory a pouze tfi z nich (K291, K293 a K413)
neinhibovaly lidskou a/nebo MdAChE v daném koncentra¢nim rozmezi (Tabulka
25). Mezi slouCeninami s alifatickym spojovacim retézcem (K291-K299, K302
a K412-K415) sloucCeniny obsahujici devét (K299) a dvanact methylenovych
skupin (K302) vykazovaly hodnoty ICso u MdAChE v nanomolarnim radu. K296
sSesti metylenovymi skupinami inhibovala MdAChE v mikromolarnich
koncentracich a dal$i zkraceni spojovaciho uhlikatého retézce vedlo postupné
ke ztraté inhibi¢ni schopnost. Pritomnost kyslikového heteroatomu v molekule
(K412 a K413) nebo dvojné vazby (K414 a K415) nevedla kvySsi afinité
k enzymu. V tomto pripadé byly hodnoty ICso v mikromolarnim rozmezi s nizkou
selektivitou viici MdAChE. Délka spojovaciho retézce u téchto sloucenin byla ¢tyri

methylenové jednotky, coZ je vsouladu svysledky K296. Ve skupiné bis-
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isochinoliniovych sloucenin spojenych aromatickym linkerem (K416-K419) byla
naftylem spojena molekula (K419) Ucinnéjsim inhibitorem nez xylenem spojené
slouceniny (K416-K418) inhibujici MdAChE v nanomolarnim radu. V souvislosti

vV

K299, K302 a K419 inhibujici MdAChE v nanomolarnim radu.

Z dvanacti sloucenin paté skupiny (K296, K299, K302, K412 a K414-
K419) byla selektivita ur¢ena u deseti znich (Tabulka 25). Slou¢enina K413
neinhibovala hAChE v daném koncentra¢nim rozmezi, z toho diivodu nebyl index
selektivity stanoven. Mezi slouCeniny selektivni pro MdAChE patrily K299, K302
a K416-K417, kdy nejselektivnéjsi z nich byla K416 s o-xylenem ve spojovacim
Fetézci. Napojenim xylenu ve spojovacim retézci v poloze meta (K417) doslo
k priblizné trojndsobnému snizeni selektivity. Zaména xylenu (K416) za alifaticky
retézec (K299) vedla kpoklesu selektivity o polovinu. NavySenim délky
alifatického spojovaciho retézce na dvanact methylenovych zbytki (K302) doslo
k trojnasobnéhu snizeni selektivity k MdAChE.

Tabulka 25. Naméiené hodnoty IC50 bis-isochinoliniovych sloucenin.

Sloucenina ICso hAChE I1Cso MdAChE MdAAChE
+ SEM (uM) + SEM (uM) SI
K291 >1000 >1000 -
K293 >1000 >1000 -
K296 0,881 + 0,322 2,77 £ 0,08 0,318
K299 0,138 £ 0,008 0,0226 = 0,0006 6,10
K302 0,0697 + 0,0032 0,036 £ 0,001 1,99
K412 5,10 £ 0,39 7,40 £ 0,39 0,690
K413 >1000 693 £ 59 -
K414 158+1,12 17,6 £ 2,1 0,897
K415 38,7 + 4,4 112 + 11 0,346
K416 267 £ 11 21,9 + 4,7 12,2
K417 8,59 + 0,86 1,79 £ 0,12 4,79
K418 5,87 £ 0,49 5,56 + 0,49 1,06
K419 0,214 £ 0,011 0,228 + 0,009 0,936

Sestd skupina testovanych slou¢enin je tvofena 7-methoxytakrin-
takrinovymi (7-MEOTA-THA) heterodimery (K1323-K1336). Tyto slouceniny jsou
spojeny mocovinou (K1330-K1336) nebo thiomocovinou (K1323-K1329),
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ktera navazuje na methylenovy linker rizné délky (Obrazek 29). Nejslabsimi
inhibitory MdAChE ze skupiny sloucenin nesoucich thiomocovinu byly K1323,
K1325 a K1327 sjednim, tfemi a péti methylenovymi skupinami ve spojovacim
retézci, které inhibovaly MdAChE v sub-mikromolarnim radu (Tabulka 26). Ostatni
derivaty obsahujici thiomocovinu inhibovaly MdAChE v nanomoldrnim ftadu.
NejlepSim inhibitorem byla slouc¢enina K1324 s hodnotou ICso 13,6 nM,
ktera obsahovala tfi methylenové skupiny v linkeru. U slouenin s mocovinou
ve spojovacim retézci inhibovala MdAChE v sub-mikromolarnim koncentra¢nim
radu pouze jedna sloucenina (K1330). Dal$i moCovinové derivaty inhibovaly musi
enzym v nanomolarnim rozmezi, kdy nejlepSim inhibitorem MdAChE byla K1334
s péti methylenovymi skupinami v linkeru s hodnotou ICso 11,6 nM. Vzhledem
ktomu, Ze tyto 7-MEOTA-THA heterodimery inhibovaly MdAChE v sub-
mikromoldrnim az nanomolarnim koncentracnim rozmezi, pristoupili jsme

k dalSimu testovani sloucenin na rekombinantni AgAChE1.

Vramci selektivity 7-MEOTA-THA heterodimertit k MdAChE byl index
selektivity vypocitan u vSech ¢trnacti inhibitort. Nejselektivnéjsim inhibitorem byl
thiomocovinovy derivat K1324 se dvémi methylenovymi zbytky ve spojovacim
retézci s hodnotou SI 26,1 (Tabulka 26). Zkraceni spojovaciho fetézce na jeden
methylenovy zbytek (K1323) vedlo ke sniZeni selektivity na hodnotu SI 17,6.
Oproti tomu byla tretim nejselektivnéjSim inhibitorem sloucenina s nejdel$im
linkerem v molekule (K1329). Mezi mocCovinovymi derivaty byla nejselektivnéjsi
molekula s Sesti methylenovymi linkery (K1335) s hodnotou SI 7,02. DalSimi dva
mocovinové 7-MEOTA-THA heterodimery (K1330 a K1331) mély hodnotu SI
témér shodnou a ve srovnani s jejich thiomocovinovymi derivaty (K1323

a K1324) u nich doslo az k pétindsobnému poklesu selektivity.

Tabulka 26. Naméiené hodnoty ICso 7-methoxytakrin-takrinovych heterodimert
u MdAChE.

Slou¢enina n ICs50 hAChE ICs50 hBuChE ICs0 MdAChE MdAChE

+SEM (nM)  +SEM (nM)  +SEM (nM) SI
K1323 1 14830+1237 1827+645  842+383 17,6
K1324 2 355162 2145+117 13,6 + 0,365 26,1
K1325 3  276+10,7 88,1+ 1,33 227 +12,6 1,22
K1326 4  186+105 17560 +795 48,7 + 1,33 3,82
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K 1327 5 560 * 36,7 1277 +65,7 487 £ 22,2 1,15
K 1328 6 292 +22,1 213 +4,39 31,4+1,43 9,30
K 1329 7 758 £ 38,1 1321 £24,0 74,9 + 4,40 10,1
K 1330 1 4992 £+ 289 1453 +36,9 870 + 45,4 5,74
K 1331 2 299 + 13,8 900 +42,7 53,1+1,93 5,64
K 1332 3 54,5+ 1,60 879 £43,3 30,8 +0,673 1,77
K 1333 4 72,7 £ 2,20 579+ 14,1 27,7 0,772 2,62
K 1334 5 37,5+0,918 1089 £26,3 11,6 + 0,392 3,23
K 1335 6 129 £ 9,11 83,7 2,11 18,3 £ 0,462 7,02
K 1336 7 112 £ 7,22 544 +11,8 26,6 £1,19 4,19

Utinek 7-MEOTA-THA derivatt s thiomocovinou se u AgAChE1 v nékterych
piipadech lisil od ucinkd pozorovanych na MdAChE. K1323 byl nejslabsim
inhibitorem i v tomto pripadé a oproti inhibici MdAChE vykazoval vyssi hodnotu
ICso; konkrétné 4,4 puM (Tabulka 27). Na druhou stranu slouceniny K1325
aK1327, které inhibovaly MdAChE v sub-mikromoldarnim rozmezi, vykazaly
rozmezi. Nejslibnéjsim inhibitorem vramci 7-MEOTA-THA thiomocovinovych
derivati byla molekula K1328 s hodnotou ICso 6,61 nM, ktera méla ve spojovacim
Fetézci sedm methylenovych skupin.

Vramci slou¢enin 7-MEOTA-THA s mocovinou patrily derivaty K1330
a K1335 kmolekulam s hodnotou ICso inhibujicich AGAChE1 v mikromolarnim
rozmezi. V porovnani s i¢inkem slouc¢enin na MdAChE, doslo k nartistu hodnot ICsg
u AgAChE1 o rad (K1330) az o dva ady (K1335). Navic zdména heteroatomu siry
(K1328) za kyslik (K1335) vedla u AgAChE1 k nartstu hodnoty ICso o tfi fady
a ke ztraté selektivity. Slouc¢eniny K1331, K1333 a K1336 inhibovaly AgAChE1
v sub-mikromolarnim rozmezi hodnot ICso a i vtomto pripadé doSlo oproti
hodnotam ICso MdAChE k nartistu u vSech sloucenin o jeden rad. V neposledni radé
molekuly K1332 a K1334 inhibovaly AgAChE1 v nanomolarnim koncentra¢nim
rozmezi, kdy UCinnéjSim inhibitorem byla sloucenina K1334 obsahujici linker
s péti methylenovymi skupinami. Na zakladé vysledkd jsme u jednotlivych
mocovinovych derivati pozorovali silnéjsi inhibi¢ni uc¢inek k MdAChE nez

k AgAChEL.
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Index selektivity 7-MEOTA-THA heterodimerti k AgAChE1 byl vypocitan
uvsSech c¢trnacti inhibitori, stejné jako v pripadé MdAAChE. NejselektivnéjSim
inhibitorem mezi 7-MEOTA-THA derivaty k AgAChE1 byla sloucenina (K1328)
se Sesti methylenovymi skupinami a thiomocovinou ve spojovacim tetézci
(0,0612) zjisténou v této sérii, coZ je vporovnani s jejim thiomocovinovym
derivatem (K1328) 722krat nizs$i hodnota SI.

Druhym vyznamnym inhibitorem AgAChE1 v souvislosti s hodnotou SI
(SI 35,4) byla slouc¢enina K1329 obsahujici osm methylenovych skupin v linkeru,
avSak v porovnani s K1328 je zaroven o jeden rad horsim inhibitorem AgAChE1.
Tretim nejselektivnéjSim 7-MEOTA-THA heterodimerem byl inhibitor K1327
s hodnotou SI 18,7, ktery mél o jeden methylenovy zbytek kratsi linker nez K1328.
V porovnani mocovinovych a thiomocovinovych derivati 7-MEOTA-THA
heterodimert miZeme pozorovat vyssi selektivitu k AGAChE1 thiomocovinovych
derivatu oproti jejich kyslikovym isomertm. Z vysledki vychazi jako optimalni
délka spojovaciho tetézce u thiomocCovinovych molekul sedm az osm
methylenovych zbytkd pro inhibici AGAChE1. Na druhou stranu u MdAChE byla
nejvyssi selektivita pozorovana u thiomocovinovych derivati se dvéma az tremi
methylenovymi zbytky vlinkeru. Na zakladé vysledkG nebyl pozorovan trend
zavislosti selektivity na nartistu nebo zkracovani délky spojovaciho retézce.

ProtoZe 7-MEOTA-THA heterodimery prokazaly dobrou inhibi¢ni schopnost
hmyzich enzymu spojenou zaroven i s jejich dobrou selektivitou, piistoupili jsme
k testovani téchto sloucenin i na dalsi cholinesterase pritomné u ¢lovéka. hBuChE
je schopna rozdélit Sirokou Skalu cholinovych (napf. sukcinylcholinovych)
a necholinovych (napft. kokainovych) esterti, nejen acetylcholin. hAChE a hBuChE
vykazuji vysokou uroven homologie (Romano, Jr. et al., 2007), a proto se hBuChE
stava vyznamnym vedlejSim cilem (off-targetem) bézné pouzivanych pesticid.

Z mocovinovych derivati 7-MEOTA-THA heterodimerti (K1330-K1336)
byly vSechny slouceniny slabSimi inhibitory hBChE oproti MdAChE (Tabulka 26).
V pripadé molekul s thiomocovinou ve spojovacim retézci (K1323-K1329) byla
pouze jedna slouCenina (K1325) silnéjsim inhibitorem hBChE ve srovnani
s MdAAChE. Ztohoto divodu jsou 7-MEOTA-THA heterodimery vyjma K1325
zajimavé selektivni inhibitory MdAChE. V porovnani s inhibici AgAChE1 byly
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thiomocovinové derivaty (K1323-K1329) slabsimi inhibitory hBChE (Tabulka 27).
U mocovinovych derivati 7-MEOTA-THA heterodimerti (K1330-K1336) pouze
K1335 silnéji inhibovala hBChE nez AgAChE1.

Tabulka 27. Naméfené hodnoty ICso

7-methoxytakrin-takrinovych heterodimert

u AgAChEL.
Slou¢enina n  ICso hAChE ICsohBuChE  1Cso AgAChE1  AgAChE1
+SEM (nM)  +SEM (nM)  + SEM (nM) SI
K 1323 1 14830+1237 1827+64,5 4430233 3,35
K 1324 2 355 + 16,2 2145+117  74,0+3,30 4,80
K 1325 3 276 + 10,7 88.1+1,33 33,0 + 2,00 8,35
K 1326 4 186 + 10,5 17560+795 16,7 + 0,664 11,2
K 1327 5 560 + 36,7 1277+657  30,0+1,14 18,7
K 1328 6 292 +22,1 213+439  6,61+0,160 44,2
K 1329 7 758 + 38,1 1321+240 21,4+0,645 35,4
K 1330 1  4992+289  1453+369 3045%956 1,64
K 1331 2 299 + 13,8 900 + 42,7 105 + 5,75 2,85
K 1332 3 54,5+1,60 879 + 43,3 62,9 + 2,42 0,867
K 1333 4 72,7+220 579 + 14,1 126 + 5,55 0,578
K 1334 5 375+0918  1089%263 242+1,71 1,55
K 1335 6 129 +9,11 83,7+211 2101105 0,0612
K 1336 7 112 + 7,22 544 + 11,8 190 + 9,01 0,586
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12Diskuze

Vektorem prenaSend onemocnéni predstavuji asi 17 % odhadované globalni
zatéze zpusobené infekénimi chorobami. Mezi nemoci, které jsou obvykle
prenaseny prostiednictvim vektort, jako jsou komari nebo musky, patii napriklad
horecka dengue (4e. aegypti, Ae. albopictus), malarie (vice neZ 400 druhii komara
Anopheles), leishmani6za (musky druhu Plebotomus a Lutzomyia), lymfaticka
filariéza (komari rodu Anopheles, Culex, Aedes a Mansonia) a japonska encefalitida
(komari druhu Culex) (WHO, 2020, 2019¢, 2019d, 2019¢, 2006a). Kromé toho bylo
potvrzeno, Ze mouchy domaci (M. domestica) hraji vyznamnou roli v mechanickém
pienosu trachomu a prijmovych onemocnéni, kterda mohou byt pii¢inou détského
oslepnuti nebo umrti. PfestoZe jsou tyto dvé nemoci prenasSeny i jinymi cestami,
mély by byt mouchy povazovany za vyznamné vektory infekénich onemocnéni

(WHO, 2006a).

Vroce 2017 se na celém svété vyskytlo odhadem 219 miliont pripadi
malarie a z toho 435 tisic nemocnych tomuto onemocnéni podlehlo (WHO, 2018).
V globalnim méritku patfi mezi nejzranitelnéjsi skupinu nakaZenych malarii déti,
které do véku 14 let tvori vice neZ dvé tretiny vSech umrti na toto onemocnéni.
Umrtnost déti do péti let véku tvofila vroce 2017 dokonce 57 % z celkové
umrtnosti v diisledku maldrie (Roser and Ritchie, 2019). Hlavnim vektorem
malarie je v subsaharské Africe komar An. gambiae. Vzhledem k tomu, Ze samicky
An. gambiae uptrednostiuji sani krve v noci, 1ze u¢inného rizeni vektoru dosdhnout
nasazenim kontaktnich insekticidii v obydlich, a to bud’ jejich nanesenim na vniti'ni
stény (indoor residual spraying - IRS) nebo pouZitim insekticidy oSetfenych
moskytiér (insecticide-treated nets - ITNs) (Carlier et al, 2017). Insekticidy
schvalené WHO pro pouziti jako IRS patii do skupiny karbamatii, organofosfatd,
organochloridii a pyrethroidd. Na druhou stranu, pouze insekticidy ze skupiny
pyrethroidd jsou dle WHO schvaleny pro pouziti na ITNs (Carlier et al., 2017;
WHO, 2006a).

12.1Priprava musi acetylcholinesterasy

V souCasné dobé neexistuje komercné dostupna hmyzi AChE pouzitelna

pro testovani inhibi¢niho Uc¢inkd sloucenin. Z toho divodu jsme v prvnim kroku
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pristoupili k ziskani hmyzi AChE z modelového organismu. Pro nase potieby byla
vybrana Musca domestica, ktera nese ve svém genomu pouze jeden ace gen (Weill
et al, 2002), a tudiZ je vhodna pro pripravu enzymu homogenizaci celych musich
hlav. Vna$i studii jsme vychazeli z dfive publikovaného postupu pro pripravu
homogenatu, ve kterém byl popsan vliv detergentu Triton X-100 na vytéZek
ziskané aktivity MdAChE. Vtomto publikovaném postupu byl supernatant
sobsahem 1 % Tritonu X-100 (90-100 % celkové aktivity AChE) porovnavan
se supernatantem bez pridavku Tritonu X-100, ktery vykazoval pouze 15 %
celkové aktivity (Devonshire, 1975). Primér naméfenych aktivitnich dat v této
disertac¢ni praci s pouzitim 1 % Tritonu X-100 jsme povazovali za 100 % z celkové
ziskané aktivity MdAChE a porovnavali jej s praméry ziskanych aktivit
s pouzitim 0,1% Tritonu X-100 (odpovidal 81 %) a bez pouziti Tritonu X-100
(pouze 29 %). Ziskana data byla v souladu s publikovanymi tdaji (Devonshire,
1975). Ackoli jsme byli schopni dosahnout trojnasobného vytézku pii pouziti 1%
detergentu v porovnani s vytézkem bez tohoto detergentu, vzorky obsahujici vyssi
koncentraci detergentu vnaSem pripadé nebylo moZno zpracovat, jelikoZ
dochazelo k vyraznému pénéni vzorku a tim kjeho vyraznym ztratam. Z téchto

diivodii byla pro dalsi produkci vybrana koncentrace detergentu 0,1 %.

V minulosti byla AChE ziskdna zrliznych zdroji a purifikovana riznymi
zplUsoby, naptiklad pomoci dvou krokové afinitni chromatografie. Askar et al.
(2011) purifikovali AChE zovcich jater na koloné s nosicem Concavalin
A-Sepharosou, kdy vyslednd AChE byla 12krat cistéjsi s vytézkem 25 %
z celkového mnoZstvi enzymu v ptvodni tkani. Vdruhém kroku byl eluat
purifikovan na nosici s edrophonium sepharosou 6B s vytézkem 8 % a vysledny
enzym byl 842krat CistéjSi. Kaya et al. (2013) purifikovali AChE zlidskych
erytrocytli na nosi¢i Sepharosa 4B-L-tyrosin-takrinu. Tento postup vedl k 23%
vytézku zcelkového mnoZstvi enzymu a 658krat CistéjSimu enzymu. Naopak
Carroll et al. (1995) pouZili nosi¢ takrin-epoxy Sepharosy 6B, ktera byla pouZzita
pro purifikaci AChE ze tfi vzorka (komer¢né dostupna uhoii AChE, AChE
z bovinniho séra a AChE z elektrickych organt parejnoka). Purifikovana AChE
z bovinniho séra byla 65 000krat Cistéjsi a vytéZnost purifikace byla 59 %
z celkového mnozstvi enzymu. Na druhou stranu AChE z homogenatu elekrickych
organt parejnoka (Torpedo) byla 733krat Cistéjsi s vytézkem 38 %.
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Pro purifikaci MdAChE ze supernatantu jsme vychdazeli z postupu
publikovaného Carroll et al. (1995), kde byla AChE purifikovana pomoci nosice
takrin-epoxy Sepharosy 6B. Nami purifikovand MdAChE méla pri eluci 10 mM
takrinem vytéznost 33,3 %, coZ odpovida hodnotam publikovanym pro purifikaci
z parejnoka (Carroll et al., 1995). V disledku ¢asové narocnosti purifikace, a to
piredevsim z divodu opakovani dialyzy, jsme od eluce MdAChE z ligandu takrinem
upustili. Ani eluce nadbytkem substratu nebyla dostatecné ucinna a neposkytla
dostate¢né aktivni purifikovanou MdAChE, ani po navySeni vstupniho mnozZstvi

homogenatu na objem 4 ml.

MdAChE byla v minulosti Uspésné purifikovana Fournier et al. (1987)
za pomoci kombinace precipitace 70% siranem amonnym, pouZitim Concavalin
A-Sepharosy, afinitni kolony s trimethylammonium-6-hexylaminem spojenym
s CH-4B Sepharosou a N-methylakridinové kolony (Fournier et al., 1987). Nicméné
vuvedené studii Fournier et al. (1987) pouzili jako vstupni mnoZstvi pro
homogenizaci 20 000-30 000 musich hlav. To je mnohonasobné vétSi mnoZstvi,
nez jaké jsme byli schopni vnaSich podminkach zajistit. Z ¢asovych davoda
potiebnych pro dalsi vyvoj purifika¢niho protokolu a s prihlédnutim k faktu,
ze vminulosti byly slouceniny testovdny na samotném muSim supernatantu
(Devonshire, 1975) jsme pristoupili k testovani inhibice slou¢enin na MdAChE

ze supernatantu.

12.2Priprava rekombinantni acetylcholinesterasy komara

Anopheles gambiae

Homogenizace tél komari neni vhodny zplsob pro ziskdni komaii AChE
z nékolika dlivodi. Prvni problémem je velikost komariho organismu, jehoz hmota
neposkytuje dostatek materialu pro purifikace. Druhym je zpiisob obZivy samicek
komara (sani krve), které znemozinuje odliSeni hmyziho enzymu od enzymu
hostitele. Dalsi komplikaci pro purifikaci z homogenizovanych tél komara je také
fakt, Ze komar An. gambiae nese dva typy enzymu AChE1l a AChE2,
kdy za cholinergni funkci u komara zodpovida pouze enzym AChE1 (Weill et al,,
2002). Zvyse popsanych divodi jsme pristoupili krekombinantni produkci
komari AgAChE1. Zamérili jsme se na produkci ¢asti katalytické domény AgAChE1,
ktera jiz byla drive v literatufe publikovana (Jiang et al., 2009).
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Pro produkci jsme zvolili komeréné dostupny systém Bac-to-bac zahrnujici
hmyzi buriky Sf9 v kombinaci s plazmidem pFastBac, ktery nasledné dava vzniku
bakmidu nesouci rekombinantni bakulovirus pro infekci bunék. Ackoliv Jiang et al.
(2009) pouzil pribuzny typ bunék (Spodoptera frugiperda Sf21), pouziti hmyzich
bunék Sf9 vychazelo ze snazsi kultivace a manipulace, ackoliv je jejich schopnost
produkce rekombinantniho proteinu nizsi (Thermo Fisher Scientific, 2017).

Pro produkci proteinu do bunécného média a naslednou purifikaci byl
klonovany gen fuzovan se sekvenci poskytujici N-terminalni HBM sekre¢nim signal
a C-koncovou histidinovou znacku, coz skladbou odpovidalo publikovanému
konstruktu. Oproti proteinu publikovanému Jiang et al. (2009) naSe sekvence navic
obsahovala TEV S$tépici misto umisténé mezi histidinovou kotvou a sekvenci
AgAChE1. Vznikly konstrukt byl proto o néco delsi.

Enzym AgAChE1l byl v minulosti rekombinantné pfipraven i v jinych
expresnich systémech. Jako prvni byla rekombinantni produkce Kkatalytické
podjednotky AgAChE1 popsana v hmyzich bunikkdch Drosophila S2 (Carlier et al.,
2017, 2008; Weill et al.,, 2003). Dale byla ptipravena purifikovana katalyticka
doména AgAChE1 v bunkach Sf21 (Jiang et al.,, 2009) nebo v burikach kvasinek
Pichia pastoris (Wong et al., 2012). Stejny expresni systém vyuZivajici bunék Sf9
byl zvolen v nedavné dobé také Svédskou skupinou (Engdahl et al.,, 2015). V jejich
studii byla za pouziti bunék Sf9 a pomoci bakulovirového expresniho systému
exprimovana kompletni sekvence ace-1.

Bakulovirovy expresni systém je Siroce vyuZivany expresni systém
pro produkci proteini s vysokymi vytézky. Tento systém poskytuje posttranslacni
modifikace, které jsou velice podobné tém, které vznikaji ve vysSSich
eukaryotickych bunkach (Kost et al., 2005; Lo and Chao, 2004). Pro docileni
maximalnich vytézki rekombinantni produkce je zapottebi znat titr vzniklé virové
suspenze, aby bylo mozno dosahnout optimalni infekce hostitelskych bunék.
VsouCasné dobé je stanoveni titru bakulovirového roztoku hlavnim casové
naro¢nym krokem v expresi genii bakuloviru (Lo and Chao, 2004).

Kurceni titru bakulovirového roztoku je dle vyrobce doporuceno pouZiti
plakové eseje, ktera probihd 7-10 dni. Publikovany byly také jiné metody,
napiiklad komerc¢né dostupné imunocytochemické testy s monoklonalnimi

protilatkami proti bakulovirovému proteinu GP-64, které jsou schopny prokazat
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titr bakulovirového roztoku v ramci 48 hodin (Kitts and Green, 1999). Dale byla
popsana kvantifikace pomoci priitokové cytometrie, ktera zkratila kvantifikaci
na 2 hodiny (Shen et al,, 2002). Dalsi rychlou metodou detekce a kvantifikace
je kvantitativni PCR (qPCR), jehoZ hlavni vyhodou je rychlost stanoveni virového
titru, kde vysledky kvantifikace jsou dostupné do 1 hodiny po izolaci bakulovirové
DNA. Navic bylo prokazano, Ze bakulovirovy titr ziskany standartni plakovou eseji
dobre koreluje s titrem ziskanym pomoci qPCR (Hitchman et al, 2007;
Lo and Chao, 2004).

V naSem pripadé jsme stanoveni titru virové suspenze nahradili plakovou
esej metodou qPCR. V této metodé jsme s pouzitim DNA interkalacniho cinidla
SYBR Green kvantifikovali virovy titr za pouziti kalibrac¢ni krivky. Titr byl stanoven
pro gen ace-1 (kvantifikace specifickd ktargetu) a pro gp-64 (kvantifikace
specifickda k bakmidu). Hodnoty titru bakulovirového roztoku byly v obou
piipadech velice podobné, coZ potvrzuje piesnost stanoveni piitomné DNA,
a proto dalsi stanoveni mizZe byt pouZzita jak insert specificka sadu primert (ace-1),
tak bakmid specificka sada primera (GP-64). Z hlediska vétsi robustnosti metodiky
je pro vyuziti v praxi vhodnéjsi pouZiti primera pro GP-64, kdy miizeme urcit titr

bakulovirového roztoku pro jakykoli vneseny gen v bakmidu.

Existuje nékolik pristupi k purifikaci enzymu ze supernatantu
po homogenizaci cilové tkané. Ackoli pristupy pro purifikaci MdAChE zahrnuji
vazbu enzymu na nosi¢ pomoci interakce enzym-inhibitor, rekombinantni protein
poskytuje vice moZnosti purifikace ze supernatantu. V pripadé purifikace enzymu
AgAChE1 byly v literatufe popsany pouziti nosicti dextran sulfat-Sepharosa CL-6B,
Concavalin A-Sepharosa a his-tag afinitni nikl-chelata¢ni nosi¢ (Ni-NTA agaréza),
kdy byl dosazen vytézek purifikace 51,8 % a enzym byl 2 491krat cistsi (Jiang et al,,
2009). Vtéto disertacni praci jsme zvolili zpisob purifikace bez upravy
supernatantu v kombinaci s nikl-chelatacnimi nosici. Rozdil mezi nosi¢i je v druhu
matrice, kdy HisLink je tvoren modifikovanou porézni kfremicitou pryskyfrici (silika
gel) a Ni excel Sepharosa ma jako zaklad vysoce zesitovanou agarézu. Oba nosice
byly zvoleny na zakladé deklarované schopnosti vazby resinu k his-tag znacenému
proteinu v pritomnosti interferujicich molekul nebo k his-tag znacenému proteinu

vyskytujicimu se v hrubych lyzatech bunék. Ani u jednoho nosice se vsSak
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nepodatilo optimalizovat vazebné podminky, a tudiz pri purifikaci dochdazelo
k odmyti rekombinantniho proteinu jiZ pti velmi nizkych koncentracich elu¢niho
Cinidla. Engdahl et al. (2015) rovnéZ popsali netispésné pouziti C-terminalni His-
tag znacky pri purifikaci pomoci Ni-NTA agarézy, kdy purifikovali rekombinantni
protein za pouZiti prokainamid Sepharosy. V nedavné dobé byla v ramci pracovni
skupiny, ve které vznikala tato disertacni prace, publikovana uspésna purifikace
rekombinatniho enzymu AgAChE1 pomoci vysolovani na koloné HiTrap Desalting
column (Gorecki et al.,, 2020).

Z dostupné literatury je vSak znamo, Ze méreni inhibi¢niho potencialu
sloucenin lze provést i na samotném supernatantu (Engdahl et al, 2016)
a vysledky porovnani kinetickych parametri enzymu a inhibi¢nich konstant byly
publikovany jako srovnatelné a tudiZ i zastupitelné (Wong et al., 2012). Z vySe
uvedenych dtvodi jsme pristoupili kstanoveni inhibice enzymu AgAChE1

na supernatnatu po bunécné kulture.

12.3Charakterizace enzymu pomoci stanoveni Michaelisovy

konstanty

Pro charakterizaci proteinu jsme stanovili hodnotu Michaelisovy
konstanty (Km) pro substrat acetylthiocholin jodid. JelikoZ je hodnota Kn pro dany
enzym a substrat konstantni, 1ze pomoci této hodnoty porovnat jednotlivé pripravy
enzymu mezi jednotlivymi pracoviSti. Nami naméfena hodnota Km MdJAChE
pro substrat acetylthiocholin jodid odpovidala hodnotdm Kmn v homogenatu
obsahujicim Triton X-100 publikovanym Devonshire et al. (1975) pro rezistentni
kmen M. domestica (Devonshire, 1975).

Hodnota Kmn AgAChE1l méfené vbunécném supernatantu pro substrat
acetylthiocholin jodid rovnéz korelovala s hodnotou Ky publikovanou Jiang et al.
(2009), tedy s publikaci, ze které jsme vychazeli. V nedavné dobé byla v ramci
pracovni skupiny, ve které vznikala tato disertacni prace, publikovana hodnota Km
54,63 puM u purifikovaného enzymu AgAChE1 za pouZiti substratu acetylthiocholin
jodidu, coz ukazuje, Ze hodnoty Kn u purifikovaného enzymu a AgAChE1l

vbunéfném supernatantu jsou shodné (Gorecki et al, 2020). Tato zjisténi

Yy
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Na druhou stranu hodnoty K, publikovane Engdahl et al. (2015) se v pripadé
WT AgAChE1 lisily s hodnotami ndmi ziskanymi aZ o polovinu. Tento rozdil mohl
byt zplsoben jak rozdilem v metodice méreni, tak rozdilem ve zplsobu
vyhodnoceni dat. Engdahl et al. (2015) zvyhodnoceni vyloucili koncentrace
substratu acetythiocholin jodidu, za kterych jiZz dochazelo k substratové inhibici,
kdeZto v naSem pripadé bylo s timto jevem pocitano a pro vyhodnoceni K, tak byla

pouzita krivka pro substratovou inhibici.

12.4Méreni inhibi¢ni schopnosti sloucenin a jejich selektivity vaci

hmyzi AChE

V této praci byly jako standardy bézné pouZivanych insekticidli vybrany
inhibitory acetylcholinesterasy bendiokarb a karbofuran. Bendiokarb byl vybran
z dlivodu vysSiho insekticidniho ucinku (Jiang et al., 2013), kdeZto karbofuran
byl vybran vzhledem ke svému Sirokospektralnimu ucinku (Richards, 2011).
Oba insekticidy jsou obecné povazovany za neselektivni inhibitory (Jiang et al.,
2013; Swale et al, 2015), coz odpovidalo také vysledkim pro bendiokarb
dosazenych vtéto praci. Bendiokarb inhiboval ve stejném fradu jak hmyzi
(AgAChE1 a MdAChE), tak lidskou acetylcholinesterasu, a tudiz byl jeho SI vici
hmyzim enzymim nizky. Na druhou stranu, v pripadé pouziti karbofuranu
se selektivita k hmyzim enzymam lisila. Dle vysledkii ziskanych v této praci
karbofuran vykazoval urcitou selektivitu viici MdAChE (SI 20), kdeZto selektivita
k AgAChE1 byla nizka (SI 6,67).

Insekticidy ze skupiny karbamatli a organofosfatli jsou kovalentnimi
inhibitory AChE ptisobici na serin v CAS (Knutsson et al., 2018) a spolu s inhibitory
cysteinu 286 (hmyzi selektivita) cili na konkrétni aminokyselinu (Dou et al.,, 2013).
Na druhou stranu nekovalentni inhibitory mohou v pripadé inhibice katalytické
aktivity interagovat sjakoukoli oblasti proteinu (Engdahl et al., 2016). Mezi
nekovalentni inhibitory patii také THA a 7-MEQOTA, které byly v této praci pouzity
jako dalsi standardy. THA a 7-MEOTA byli vporovnani s bendiokarbem
a karbofuranem slabsimi inhibitory hmyzich enzymt, navic s nizsi selektivitou

k hmyzim enzymim.
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Vramci disertacni prace bylo na MdAChE testovano celkem 75 sloucenin.
Ve skupinach vytvorenych podle strukturalnich podobnosti byla nejlepsimi
inhibitory MdAChE Sesta skupina sloucenin, heterodimery 7-MEOTA-THA (K1323-
K1336). DalSimi vyznamnymi inhibitory MdAChE byly molekuly ze skupiny bis-
isochinoliniovych derivati K299, K302 a K419, sloucenina ze skupiny derivati
chinolinia a akridinia K009 a molekula ze skupiny bis-pyridiniovych derivati
K423. Z inhibitorl testovanych na MdAChE mély srovnatelné inhibi¢ni schopnosti
v porovnani s pouzitymi karbamaty slouCeniny K299, K302, K1324-K1336

s hodnotami ICs¢ v nanomolarnim radu.

Z hlediska selektivity ztestovanych inhibitordi na MdAChE vynikaly
slouceniny K009 (SI 32,3), K1324 (SI 26,1), K1323 (SI 17,6), K020 (SI 14,8),
K416 (SI 12,2) a K1329 (SI 10,1). Z téchto Sesti molekul byly ¢tyri (K009, K1324,
K1323 a K1329) také dostatecnymi inhibitory MdAChE s hodnotami ICso v fadech
desitek a stovek nanomoll. Derivat akridinia (K009) byl nejselektivnéjSim
inhibitorem MdAChE a v porovnani s THA byl 51krat selektivnéjsi. Molekula KO09
THA byla v minulosti popsana jiZ na hAChE (Drtinova et al,, 2014). Spojeni THA
s 7-MEOTOU pomoci alifatického linkeru (K1323-K1336) vedlo ke zvySeni
selektivity, kdy molekuly s kratsim methylenovym spojovacim retézcem (K1323,
K1324) byly selektivnéjsimi inhibitory MdAChE neZ slouc¢enina K1329 nesouci
sedm methylenovych zbytkd.

U testovanych molekul vykazujici nejvyssi selektivitu k MdAChE byly tyto
hodnoty selektivity porovnavany se standardnimi inhibitory bendiokarbem
a karbofuranem. Vyse zminéné inhibitory (K009, K020, K416, K1324, K1323
a K1329) byly vSechny selektivnéjSimi inhibitory neZ nami testovany standard
bendiokarb (SI 3,1). Nicméné pouze slouCeniny K009 a K1324 predcily svou
selektivitou i hodnotu SI testovaného standardu karbofuranu (SI 20). Ztoho
divodu se molekuly K009 a K1324 jevi jako nejvhodnéjsi kandidati na insekticidy

pouzitelné pro M. domestica.

Vramci pracovni skupiny byla provedena molekulové modelovaci studie
za UCelem zjiSténi vztahu mezi strukturou sloucenin a jejich vlivu na afinitu

k danym hmyzim enzymm. U enzymu MdAChE byly zkoumdany slouc¢eniny K299,
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K416, K423, K1328 a K1335. Ze skupiny bis-isocholiniovych inhibitort vykazala
molekula K299 dualni charakter inhibice MdAChE, pri¢emZ klicovou roli v kotveni
ligandu hraje pravdépodobné Tyr151 a to tvorbou m-m/kation-m interakcich
sobéma isochinoliniovymi Castmi molekuly is methylenovym linkerem
(hydrofobni interakce). Zaména alifatického spojovaciho retézce za aromaticky
fetézec obsahujici ortho-substituovany xylen (K416) vedla v komplexu K416-
MdAChE ke stabilizaci slouceniny rovnéZz pomoci paralelnich m-m interakci
sriznymi aromatickymi aminokyselinami. Navic vtomto pripadé byla patrna
hydrofobni interakce slouCeniny s His557 z katalytické triady enzymu MdAChE.
SlouCenina K423 nesouci but-(2E)-en-1,1-diylovy fretézec byla nejslibnéjSim
inhibitorem bis-pyridiniovych derivatli, ktera také vykazovala dudlni inhibi¢ni
charakter vazbou do obou anionickych casti enzymu. Stabilizace v komplexu
K423-MdAChE probéhla opét pomoci m-m/kation-m interakci s aromatickymi
aminokyselinovymi rezidui po obvodu lemujici vazebné misto enzymu. Vyrazné;jsi
afinita K423 k MdAChE oproti lidskému enzymu byla patrné zplisobena vysSim

mnoZstvim kation-m interakci (Hrabcova et al.,, 2017).

Na Sesté skupiné 7-MEOTA-THA heterodimert (K1323-K1336) bylo mozné
pozorovat rozdilné schopnosti inhibice vici MdAChE a AgAChE1l. Z hlediska
inhibice AgAChE1 mezi témito slouceninami nejvice vynikala slou¢enina K1328
inhibujici AGAChE1 v nanomoldrnim fadu s hodnotou SI 44,2. Na druhou stranu
nejucinnéjSim inhibitorem MdJdAChE byla molekula K1324 inhibujici také
v nanomolarnim adu s hodnotou SI 26,1. Z danych vysledk vyplyva, Zze MdAChE
nejlépe inhibuje 7-MEOTA-THA heterodimer sthiomocovinou ve spojovacim
retézci obsahujicim dva methylenové zbytky. Oproti tomu AgAChE1 byla nejlépe
inhibovana 7-MEOTA-THA heterodimerem sthiomocovonou nesouci Sest
methylenovych zbytkd vlinkeru. Rozdilnost inhibi¢nich uc¢inkii mezi MdAChE
a AgAChE1 bylo mozné ocekavat z dvodu odliSnych sekvenci kddujicich prislusné
enzymy (geny ace-2 a ace-1), a tim rozdilné struktury danych enzym. V minulosti
bylo provedeno porovnani sekvenci DmAChE (ace-Z) a AgAChE1l (ace-1),
kdy z vysledkt vyplynulo, Ze DmAChE sdili pouze 41 % sekvencni identity (56%
podobnost) s AGAChE1 (Carlier et al., 2008).
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Rizné derivaty tetrahydroakridinG nebo jejich hybridd vykazovaly
v minulosti vynikajici inhibi¢ni aktivitu vii¢i cholinesterasam souvisejici s jejich
schopnosti interakce s CAS a/nebo perifernim aniontovym mistem (PAS) enzymu
(Korabecny et al., 2014; Spilovska et al., 2013). Schopnost bivalentni inhibice byla
u AgAChE1 popsana napriklad u molekuly BW284c54 nebo bis(7)-takrinu (Carlier
et al, 2008). Nami testovand skupina heterodimerti 7-MEOTA-THA (K1324-
K1336) prokdzala dobrou inhibi¢ni aktivitu vici obéma hmyzim enzymim
(MdAChE a AgAChE1) a svymi hodnotami ICso se vyznamné priblizili k ucinnosti

karbamatovych insekticidi, které ucinkuji jako pseudoireverzibilni inhibitory.

Z hlediska schopnosti inhibice AgAChE1l se 7-MEOTA-THA heterodimery
(K1323-K1336) priblizily ke komer¢né pouzivanym insekticidim. Mezi WHO
schvalené insekticidy pro IRS u komara An. gambiae patii ze skupiny karbamati
propoxur a bendiokarb (WHO, 2006a). Z hlediska selektivity prekonaly bendiokarb
(SI 2,82) vSechny inhibitory nesouci thiomocovinu v linkeru (K1323-K1329).
Na druhou stranu slouc¢eniny s mocovinou ve spojovacim retézci (K1330-K1336)

nepatrily k selektivnim inhibitorim AgAChE1.

Karbamaty prosly v poslednich deseti letech vyvojem, ktery mél za cil
dosazeni vétsi selektivity novych insekticidli a pfekonani insekticidové rezistence
(Hartsel et al.,, 2012; Swale et al., 2015; Wong et al., 2012). Nejlepsi molekuly z aryl
methyl karbamati mély hodnoty ICso pro AGAChE1 v sub-mikromolarnim rozmezi
(Jiang et al, 2013). Testované molekuly K1328 a K1329 byly v porovnani
snovymi karbamaty o fadd az dva lepSimi inhibitory, nicméné byly o tad
méné selektivni (SI 44,2 pro K1328 versus SI 574 pro aryl methyl karbamaty).
V nedavné dobé probihal intenzivni screening velkého mnoZstvi sloucenin pro
jejich mozny insekticidni ucinek. Engdahl et al. (2016) se povedlo na zakladé
screeningu vyprofilovat nekovalentni inhibitory, které inhibovaly enzym AChE1
komara An. gambiae a/nebo Ae. aegypti. Tyto slouCeniny byly selektivni pro hmyzi
AChE1 a inhibovaly také rezistentni formu enzymu AgAChE1-G119S (Engdahl
etal, 2016). Voptimalizaci inhibitori N-aryl-N’-ethylenaminothiomocovin dale
pokracovala Knutsson et al. (2017), kdy nejlepSsi slouCenina 8 inhibovala AgAChE1
v submikromolarnim rozmezi s hodnotou SI 117 (Knutsson et al., 2017). Nejlepsi

testovany thiomocovinovy derivat K1328 byl v porovnani s molekulou 8 o dva
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rady lepsim inhibitorem AgAChE1l. Nicméné jeho selektivita byla 2,7krat nizsi

v porovnani s publikovanym derivatem N-aryl-N’-ethylenaminothiomocoviny (8).

Z porovnani s drive publikovanymi slouc¢eninami vyplyva, Ze heterodimery
7-MEOTA-THA jsou slibnymi inhibitory hmyzich enzymu. Nasledné by bylo rovnéz
vhodné molekuly testovat na enzymu AgAChE1-G119S pro zjisténi insekticidniho
ucinku sloucenin na bazi inhibitordt AChE efektivnich na populace An. gambiae
rezistentnich k pouzivanym insekticidiim. Na zakladé téchto poznatki by bylo dale
mozno optimalizovat strukturu za cilem zvySeni jejich selektivity viic¢i AgAChE1.
V pripadé dobrych vysledkli novych optimalizovanych struktur by bylo vhodné
doplnit vysledky in vitro testovani o in vivo testy na zivych komarech, o testy

mezidruhové specifity a informace o off-target ucincich.

Na zakladé popsanych rozdilnych inhibi¢nich schopnosti 7-MEOTA-THA
heterodimert na hmyzich enzymech MdAChE a AgAChE1 by bylo vhodné otestovat
také slouceniny ze skupin 1-5 na enzymu AgAChE1. Timto dal$im krokem by bylo
mozné najit dalS$i nové selektivni inhibitory AgAChE1, které se vSak na zakladé
vysledki ziskanych na MdAChE zatim mohou jevit jako neperspektivni slouc¢eniny.
Z Casovych dlivodi vsak jiz k tomuto kroku v této praci nedoslo. Tyto dalsi kroky
by mohly vést k nalezeni acetylcholinesterasovych insekticidli netoxickych k jinym

organismuim.

Nové, ucinnéjSi a selektivnéjsi insekticidy na principu inhibice AChE
by mohly v budoucnu pomoci s eliminaci druh@ komart nesouci rezistenci vici
pyrethroidnim insekticidim. Nartst rezistence k pouzivanym insekticidim mezi
druhy komart S$irici malarii a dal$i infek¢ni onemocnéni vyznamné ovliviuje
uspéSnost regulace vyskytu danych nemoci (Hemingway and Ranson, 2000).
Pyrethroidni rezistence je jednou z nejrozsitenéjSich typt rezistence (Dabiré et al.,
2014; Dery et al,, 2016; Elissa et al., 1993), coz je dasledek faktu, Ze pyrethroidy
jsou jedinymi insekticidy pouZivanymi pro impregnaci moskytiér a doposud
nebyly WHO schvéleny Zadné slouceniny ze skupiny inhibitor AChE pro pouziti
moskytiéry oSetfené insekticidy. Diivodem jsou obavy ztoxickych ucinki

na ¢lovéka.
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Pouziti nepyrethroidnich insekticidi na bazi inhibice AChE by navic mohlo
vést k pripravé novych kombinaci smési typu ,dva vjednom“ (pyrethroididni
a nepyrethroidni insekticid), které by mohly byt pfinosné ke kontrole vektort diky
plisobeni insekticidd sriznym mechanismem ucinku (Guillet et al, 2001).
Vzhledem k dobfe znamym toxickym uc¢inklim inhibitort AChE u savci je ale nutné
u novych insekticidnich kandidati hledat nizkou schopnost inhibice lidského
enzymu a naopak vysokou selektivitu k hmyzim enzymim (SI > 100)(Carlier et al.,

2017; Casida and Quistad, 2004).

K vyvoji insekticidli vSak vede od identifikace predlohové struktury
(tzv.lead structure) dlouhad cesta. V minulosti byly WHO vydany doporuceni
shrnujici postupy nutné k registraci nového insekticidu pro pouziti v malarickych
oblastech. Utelem téchto pokyni je popsat védecké udaje a informace,
které mohou byt potiebné k tomu, aby vlady danych stati mohly hodnotit
pesticidy za tcelem jejich registrace. Tyto informace maji statim pomoci zajistit,
aby vSechny pesticidy pouZivané v jakémkoli odvétvi, vietné zemédélstvi
a verejného zdravi, byly u¢inné pro zamysleny ucel a nepredstavovaly neprijatelné
riziko pro zdravi lidi, zvirat nebo pro Zivotni prostiedi. Dale by tato doporuceni
méla usnadnit ziskavani udajt a podavani zadosti o registraci pesticidi v ¢lenskych
statech Evropské Unie, Spojenych statli Americkych a Kanady (WHO/FAO, 2013).
Tato obecnd ustanoveni jsou nasledné upravena dalSimi dokumenty, kde je jiz
mozné dohledat konkrétni pozadavky laboratornich vysledi a dalSich studif
nutnych napftiklad pro registraci pesticidu k pouziti pro impregnaci moskytiér
nebo jako vnitini rezidudlni postriky proti komartim prendasejici malarii (WHO,
2006b). Tento dokument bliZe specifikuje tfi faze testovani, kdy ve fazi L. jsou
zahrnuty laboratorni studie, ve fazi II. probiha testovani slouceniny v malém
méritku v terénnich podminkach a ve IIl. fazi nasleduje testovani slouCeniny
v terénnich podminkach ve velkém méritku. V pripadé absolvovani vSech tii fazi
by mély byt znamy tidaje o stanoveni t¢innosti, miry aplikace v terénu a provozni
proveditelnost a prijatelnost insekticidu ur¢eného pro IRS a / nebo ITN pro rizeni
populace komart. Tyto doporucené postupy poskytuji zaroven nékteré informace
o bezpeclnosti a toxicité insekticidniho pripravku pro necilové organismy. Nicméné

se predpoklada, Ze predbézné posouzeni ekologické toxicity a bezpecnosti pro
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Clovéka pro danou novou slouceninu probéhlo jiZ pred provedenim jakékoli

terénni studie (WHO, 2006b).
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13 Zavér

V ramci této disertacni prace byly reSerSné zpracovany soucasné poznatky
z oblasti problematiky Sifeni malarie a mozZnosti v komplexnim pristupu v boji
stimto onemocnénim. Jednim z nastroji k zabranéni Sifeni tohoto celosvétové
roz$ifreného onemocnéni je vyvoj novych a selektivnéjSich insekticiddi, které budou
zaroven Setrné k Zivotnimu prostredi.

Na zakladé dostupnych informaci byla jako vhodny modelovy organismus
pro piipravu hmyzi AChE vybrana M. domestica. V ramci disertacni prace byla
vypracovana metodika homogenizace hlav M. domestica pro ziskdni hmyziho
enzymu. Ackoli zavedeni metodiky homogenizace probéhlo uspésné, purifikace
tohoto enzymu zhomogendtu za pouziti afinitni chromatografie nevedla
k uspokojivym vytézkiim a Cistoty MdAChE, coZ mohlo byt ¢astecné zpisobeno
relativné nizkym vstupnim poctem homogenizovanych musich hlav. Z divodi
nedostatec¢né purifikace enzymu a ztratdm spojenych s touto purifikaci byl v praci

pro testovani inhibi¢nich schopnosti novych sloucenin dale pouZivan pouze

supernatant ziskany homogenizaci.

Pro zavedeni rekombinantni produkce AChE1 komara An. gambiae byl
pouzit bakulovirovy Bac-to-Bac® HBM TOPO® Secreted expression systém. V ramci
rekombinantni produkce AgAChE1l se nam podarilo nahradit stanoveni titru
bakulovirového roztoku plakovou eseji metodou kvantitativni PCR, coZ vedlo
kvyraznému zkraceni produkce daného enzymu. Ackoli zavedeni produkce
rekombinantnitho enzymu za vyuziti hmyzich bunék Spodoptera frugiperda
probéhlo dspésné, purifikace tohoto enzymu z buné¢ného supernatantu za pouZiti
histidinové kotvy umisténé na C-konci tohoto proteinu nevedla k uspokojivym
vytézklim a Cistoté rekombinantniho enzymu. Z diivod nedostatecné purifikace
enzymu a ztratdm spojenych s touto purifikaci byl v praci pro testovani inhibi¢nich

schopnosti novych sloucenin dale pouZivan pouze bunécny supernatant.

Na ziskanych hmyzich enzymech byly testovany inhibitory AChE z interni
databaze sloucenin. Vysledky byly porovnany s jejich ucinky na lidském enzymu
a nasledné byla vyhodnocena i jejich selektivita. Mezi 75 inhibitory testovanymi
na enzymu MdAChE v homogenatu byla nejslibnéjsi skupinou inhibitori Sesta

skupina slouc¢enin (K1323-K1336). Sest4 skupina tzv. heterodimery 7-MEOTA-
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THA inhibovala v nanomolarnim radu také enzym AgAChE1. Mezi danymi hmyzimi
enzymy byly pozorovany mezidruhové rozdily v ucin¢ich molekul K1323-K1336.
NejslibnéjSim inhibitorem AgAChE1l zSesté skupiny byla slouc¢enina K1328
s hodnotou ICso v nanomolarnim rozmezi a indexem selektivity 44,2. V pripadé
inhibice MdAChE vynikala z Sesté skupiny sloucenina K1324 s hodnotou ICso také

v nanomolarnim rozmezi a indexem selektivity 26,1.
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ABSTRACT: Acetylcholinesterase cysteine-targeted insecti-

O O
cides against malaria vector Anopheles gambia and other Crz’\ﬁf\r\@ élz - r\@ Ny 9 Jvisem
mosquitos have already been introduced. We have applied the o o) Z

Trpaa1

olefin metathesis for the preparation of cysteine-targeted 9 ° L4 2
insecticides in high yields. The prepared compounds with Q/\(\%\I\O @/\(‘%\"@ L Fves
either a succinimide or maleimide moiety were evaluated on © o Z

Anopheles gambiae and human acetylcholinesterase with .\ Cys-targeted insecticides
relatively high irreversible inhibition of both enzymes but
poor selectivity. The concept of cysteine binding was not
proved by several methods, and poor stability was observed of si<1s mode of binding

the chosen most potent/selective compounds in a water/

buffer environment. Thus, our findings do not support the proposed concept of cysteine-targeted selective insecticides for the
prepared series of succinimide or maleimide compounds.

Trp2as

HsSAChE ICsp <3 uM has different

KEYWORDS: Acetylcholinesterase, inhibitor, insecticide, Anopheles gambiae, human, selectivity

ccording to the World Malaria Report 2017, there were species have been proposed to overcome insecticide

216 million cases of malaria with 445,000 deaths in 2016. resistance.'> The uniqueness of this approach depends on
Almost 2.7 billion people were reported at risk of malaria. the fact that the Cys residue is missing in the mammalian
Based on these alarming data, malaria remains a huge threat.! enzyme. Moreover, the Cys residue is sterically hindered in
Chemical insecticides are one of the major tools used for insect some insects such as Drosophila melanogaster and it is
elimination and/or prevention of the spread of vector-borne accessible to standard insecticides only with difficulty.”"
diseases.”® However, traditional chemical insecticides are often Thus, it is believed that Cys-targeted insecticides might possess
associated with significant toxicity to mammals and beneficial significant selectivity favoring Anopheles AChE over mamma-
insects such as honey bees or bumble bees.”” lian AChE.>"""*

The principal mechanism of insecticide action is the In this paper we report the optimization and total synthesis
formation of a covalent bond to acetylcholinesterase (AChE, of some of the previously reported Cys-targeted insecticides.
EC 3.1.1.7), a vital enzyme that is responsible for rapid Insecticides targeted to free cysteine were first proposed by
hydrolysis of the neurotransmitter acetylcholine ( Ach)‘é—g computational studies in 2012, and some of them have already
The standard organophosphate and carbamate insecticides been investigated.12’15 Herein, we describe a novel and more
covalently block Ser360 (Anopheles gambiae acetylcholinester- straightforward synthetic strategy for Cys-targeted insecticides
ase, AgAChE) and thus disable the process of ACh hydrolysis starting from commercially available reagents. In other recent
in invertebrates as well as in vertebrates. In recent years, several work, a similar synthetic approach was applied for develop-

compounds were introduced having very good and selective ment of several novel insecticides. The maleimide-containing

inhibition potency against AGAChE over human AChE.”~"!

Cysteine-targeted insecticides aimed at the Cys447 residue Received: October 16, 2019
(full-length numbering; in Torpedo californica the numbering is Accepted: November 26, 2019
Cys286) in the peripheral anionic site (PAS) of some insect Published: November 26, 2019
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Scheme 1. Application of Olefin Metathesis to Obtain Diversely Substituted Long Chain Alkanes”
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“Reagents and conditions: (a) Grubbs st gen. (0.02 equiv), reduced pressure up to 2 mbar, RT up to S0 °C; (b) Pd(OH), on C (20%; 0.2 equiv),
H,, MeOH/EA (2:1), RT; (c) LiAlH, 2 M solution in THF (2.5 equiv), THF, reflux; (d) NBS (3.0 equiv), PPh; (3.0 equiv), THF, RT; (e) HBr
48% solution in H,O (3.0 equiv), toluene, reflux; (f) furan (3.0 equiv), dioxane, 90 °C; (g) DIAD (1.3 equiv), PPh; (1.3 equiv), THF, 0 °C to RT;
(h) succinimide (1.5 equiv), K,CO; (1.5 equiv), DMF, 60°C; (i) 7 (1.5 equiv), K,CO5, (1.5 equiv), DMF, 60 °C.

Scheme 2. Synthetic Approach for Cys-Targeted Insecticides”
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“Reagents and conditions: (a) succinimide (1.5 equiv), K,CO; (1.5 equiv), DMF, 60°C; (b) 7 (1.5 equiv), K,COs, (1.5 equiv), DMF, 60°C; (c)
NBS (1.5 equiv); PPhy (1.5 equiv), THF, RT; (d) microwave irradiation (MW), dynamic curve with 100 W and 300 PSI max cap, pyridine (2.0
equiv), MeCN, 90 °C; (e) MW, dynamic curve with 100 W and 300 PSI max cap, piperidine (2.0 equiv), K,CO; (3.0 equiv), MeCN, 90 °C; (f)

vacuum app. 1 mbar, 130 °C.

compounds were prepared as Cys-targeted molecules that
should directly bind to Cys447, whereas succinimide-
containing compounds were developed for comparison
purposes. All of them were then evaluated in vitro for their
potency to block the action of recombinant Anopheles gambiae
acetylcholinesterase (AgAChE1), human acetylcholinesterase
(HssAChE), and human butyrylcholinesterase (HssBChE).
For the chemical synthesis, the long polymethylene chains
were required as the basic scaffolds for the outlined
compounds. The methyl esters with terminal double bond
(1a and 1b) were chosen as the starting material. Olefin

66

metathesis was applied (instead of using Grignard reactions)
with Grubbs reaction yielding dimeric intermediates 2a and 2b
in nearly quantitative yields (Scheme 1). There was no need to
use a stereoselective reaction, because hydrogenation of the
double bond took place in the next step. For this reason, a
cheaper first generation Grubbs catalyst was preferred and used
to obtain esters 3a and 3b instead of using one of the second
generation.'® Subsequent reduction of the esters provided
alcohols 4a and 4b in quantitative yields. The ester reduction
can be managed by two synthetic routes. Besides lithium
aluminum hydride, diisobutylaluminum hydride (DIBAL-H)

DOI: 10.1021/acsmedchemlett.9b00477
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was efficiently applied to obtain a,@-dihydroxy compounds 4a
and 4b (Scheme 1).

A challenging step was the attempt at selective protection of
one hydroxyl group to successively and selectively proceed
toward the formation of alkylating agent. Initial attempts for
selective protection were not successful and are described in
the Supporting Information (SI section 2.4). A convenient
approach consisted in the use of HBr as a selective reagent
with 4a and 4b resulting in monobromide intermediates 6a
and 6b."” HBr was also employed for the synthesis in previous
work; however, the authors did not fully describe how they
obtained monobromide intermediates."

Further reactions were analogous to those published."”
Diels—Alder reaction of maleimide with furan provided imide
7.'% Imide 7 and succinimide were then coupled with
brominated alcohols 6a and 6b. The intermediates 8a/b and
9a/b were obtained in two steps via coupling reaction and
subsequent bromination with N-bromosuccinimide (NBS) in
high yields (>70%) (Scheme 2). The original procedure was
simplified by skipping isolation of the alcohol intermediates
(17a, 17b, 18a, and 18b; described in SI) by direct
bromination to get 9a and 9b. Succinimide was used for
analogous N-alkylation to obtain 8a and 8b. In this way better
yields were achieved and further reduction of maleimide into a
succinimide scaffold, as was described in the original work, was
avoided.”

The final compounds containing the succinimide moiety
(10a/b and 11a/b) were obtained using microwave irradi-
ation. The N-alkylation of 8a/b achieved almost quantitative
yields in the case of the piperidine analogues (11a and 11b)
and around 90% for the pyridine analogues (10a and 10b;
Scheme 2). The final preparation of compounds 14a/b and
15a/b containing a maleimide residue required a slightly
different approach. In the case of the pyridinium compounds
14a and 14b, retro Diels—Alder reaction was used prior to the
N-alkylation. For the piperidine analogues 15a and 15b, the N-
alkylation of 9a/b had to precede the retro Diels—Alder
reaction to achieve the desired products. Both the N-alkylation
and the retro Diels—Alder reactions were carried out with good
yields over 58% (Scheme 2). These final steps were slightly
distinct from those reported in the original work, by using
different conditions and by implementation of microwave
(MW) irradiation."> Note that compounds 14a/b correspond
to previously published compounds under code names PM18
and PM20, and compounds 10b, 15a, and 11a are analogous
to PMS20, PY18, and PYS18, respectively (only the salts are
different)."® The rest of the compounds 10a, 11b, and 15b are
reported herein for the first time.

The crucial mechanism of action should be based on the
formation of a covalent bond between the maleimide moiety
and Cys447 in AgAChE], resulting in irreversible inhibition. A
detailed in vitro evaluation was made by Dou et al. in 2013."
For in vitro purposes, recombinant AGQAChE]1 was prepared and
purified in our laboratories (see SI Figure S1). The kinetic
parameters of the enzyme were evaluated (see SI Figure S2).
The K, constant of AGAChE1 was found to be 54.63 uM for
acetylthiocholine iodide (ATCh) as a substrate, which is in
very good correlation with the previously published data.'**’
To verify the enzyme and assay results, the standard inhibitors
including paraoxon and carbamates (bendiocarb, carbofuran)
were evaluated.

The inhibitory ability of the prepared insecticides toward
HssAChE and AgAChEl was determined using the spectro-
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photometric method described by Ellman et al. (Table 1).*'
HssBChE was used as a common off-target for AChE

Table 1. Inhibitory Activity toward AGAChE1 and HssAChE

ICgy + SEM (uM)”

Selectivity

Compound AgAChEL HssAChE index
10a 3.60 + 0.095 3.38 + 0.143 0.94
10b PMS20 2.06 + 0.040 3.39 + 0.338 1.65
11a PYS18 9.97 +£ 0.213 21.48 + 0.843 2.15
11b - 25.87 + 1.704 29.30 + 2.536 1.13
14a PM18 0.465 + 0.020 3.26 + 0.194 7.00
14b PM20 0.810 + 0.060 2.03 + 0.138 2.51
15a PY18 0.545 + 0.028 3.52 + 0.523 6.45
15b - 2.65 + 0.344 39.50 + 4.598 14.89
paraoxon 0.0072 + 0.0004 0.0084 + 0.0004 1.16
bendiocarb 0.0024 + 0.0003 0.0309 + 0.0008 12.70
carbofuran 0.0062 + 0.0008 0.0221 + 0.0012 3.59

“ICso values measured by modified Ellman’s assay 15 min after
introduction of inhibitor. “Selectivity for AGQAChEI is determined as
the ratio ICy, (HssAChE)/ICy, (AgAChEL1).

inhibitors. As shown in the Supporting Information, the
HssBChE inhibition levels observed for the prepared
compounds were over 60 uM (see SI Table S1). Maleimides
14a, 14b, and 15a were found to be the most potent inhibitors
of AgGAChE] and several-fold more potent than corresponding
succinimides. For HssAChE, maleimides 14a, 14b, and 15b are
similar in potency to the related succinimides 10a, 10b, and
11b. However, maleimide 15a was found to be several-fold
more potent than its corresponding succinimide 1la for
HssAChE. As HssAChE does not contain a free cysteine
residue which could react with maleimide 15a, the inhibitory
ability of this compound was found unexpected and cannot be
rationalized by interaction with Cys447.

The selectivity for AGQAChE1 was rather poor, and most
compounds were found to be relatively potent inhibitors of
HssAChE. Only in the case of 15b was the selectivity toward
the insect enzyme found to be over 10-fold. However, the
prepared compounds possess only poor inhibitory activity
toward AGAChE] compared to paraoxon or bendiocarb.

Further, time-dependent inhibition was used to determine
differences between both enzymes. A rapid decrease in enzyme
activity was observed within 3 min, and the activity remained
almost steady for 15 min for both HssAChE and AgAChEl
(Figure 1 and 2). Surprisingly, increased potency of
maleimides vs succinimides for AGAChEL is not necessarily

AgAChE1
g & 14a (0.4 pM)

-14b (0.8 uM)
..... +--15a (0.6 uM)
----- =--15b (2.6 pM)

100% =

©
Q
X
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20%

0%
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Figure 1. Time-dependent inhibition of maleimide derivatives on
AgAChEL
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Figure 2. Time-dependent inhibition of maleimide derivatives on
HssAChE.

evidence of covalent binding, since the same phenomenon is
seen for HssAChE. Additionally, the rate of enzyme—inhibitor
complex formation could be explained by noncovalent
interaction between pyridine/piperidine parts of the tested
compounds with both enzymes. Such interactions are in
general very rapid, and there is probably no covalent bond
formation involved in this short time period.””** The
previously published time-dependency'® did not prove
covalent binding of the compounds but depicted only a slower
or faster rate of binding to the enzyme.

Thus, the mechanism of interaction is truly crucial for this
series of compounds. We have tested the reversibility of the
reaction using the removal of the selected insecticides by
dialysis (Figure 3). Apparently, none of the tested compounds
showed reversible action of inhibition for either AGAChE1 or
HssAChE. Based on the previous work,"> maleimide-harboring
compounds were presumed to act as irreversible inhibitors and
succinimide compounds were prepared only as the controls to
prove insect-specific cysteine involvement in covalent bond
formation. The presented results are showing different
findings, with all succinimide- or maleimide-containing
compounds found to be irreversible-acting inhibitors when
incubated 30 min with enzymes and further dialyzed overnight
(Figure 3). The irreversible inhibition was shown toward
HssAChE as well, although in this enzyme the Cys is
substituted by Phe (Figure 4). It should also be noted that
maleimide is able to form a covalent bond with other amino
acid residues (except free cysteine) as was formerly reported.”*
However, the most surprising fact is that all succinimides
(10a/b, 11a/b) were found to be irreversible inhibitors of
both enzymes with recovery less than 20%. Such findings could

w Cys447

Ser360

His600
PR iPhe490
ey

A

Trpasa1 Glu359

Figure 4. Superimposition of compound 15a in the AGAChE1 active
site (PDB ID: 6ARX, G119S mutation). The close-up view for ligand
is presented as three-dimensional (4A; 15a is presented in green,
important amino acid residues in blue, and catalytic triad residues in
yellow) and two-dimensional (4B) diagrams.

be plausibly explained by, e.g., precipitation or denaturation of
the enzymes by the detergent-like succinimides.

Additionally, a molecular docking study was conducted.
Compound 15a was selected from all the tested compounds
for its valuable and higher inhibition activity on AGAChE1 and
moderate effect on HssAChE/BChE. Two protein structures
were used (PDB IDs: 6ARX in Figure 4 and SI Figure S3;
SYDH only in SI Figure S3) to reveal and better understand
the bindin% interactions between ligand 15a and the AGAChE1
active site.” The top docking-scored pose of 15a was found
different in each of the used proteins. For 6ARX with G119S
mutation (Figure 4), ligand 1Sa resulted in binding of the
maleimide moiety close to the catalytic triad and interaction
with tyrosine residues (Tyr489 and Tyr493), with the
piperidine ring attached at the rim of the gorge (Phe449,
Phe 490, and Tyr494). Differently in the SYDH protein (SI
Figure S3), the maleimide moiety was found interacting with

120% -
X 100% - '
2 80% - |
T 60% A g |
v | |
E 40% 1 . .
& | |
S 20% % %
0% . .
XY
< N
¢ S &

B AgAChE1 before dialysis
B AgAChE1 after dialysis
OHssAChE before dialysis
@HssAChE after dialysis

Figure 3. Reversibility of inhibition on AGAChE1 and HssAChE using the dialysis method.

68

DOI: 10.1021/acsmedchemlett.9b00477
ACS Med. Chem. Lett. 2020, 11, 6571


http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.9b00477/suppl_file/ml9b00477_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.9b00477/suppl_file/ml9b00477_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsmedchemlett.9b00477/suppl_file/ml9b00477_si_001.pdf
http://dx.doi.org/10.1021/acsmedchemlett.9b00477

ACS Medicinal Chemistry Letters

the rim of the AgAChEL gorge (Cys447, Phe449, Tyr494),
with the piperidine scaffold attached close to the active site
(Trp24S, Tyr291, Glu3S9). The literature was checked to
elucidate these contradictory results for the involvement of
tyrosine residues in maleimide binding, but there were no
literature data supporting the hypothesis of covalent bond
formation between a hydroxyl from either tyrosine or serine
residues, and thus different binding of ligand 15a in 6ARX
(Figure 4). Apart from sulthydryl cysteine residues, only
primary amines can be expected to possibly conjugate with
maleimide at pH values higher than 7.5; however, for 15a this
is not the case.”

The contradictory finding within in vitro evaluation and
molecular docking raised the question of binding of the
presented maleimide/succinimide molecules to AGAChE] or
HssAChE. The enzymes were treated with 100 molar excess of
iodoacetamide (IAA) to determine the affinity of the presented
inhibitors toward Cys447. IAA is a commonly used blocking
agent of free thiol groups.”” Although TAA is not strictly thiol
selective (as well as maleimide), the reaction should result in
AgAChE] enzyme that is resistant to irreversible inhibition by
maleimide-based inhibitors. However, both enzymes treated
with IAA were found irreversibly inhibited by selected
compounds 1la (succinimide scaffold) and 15b (maleimide
scaffold; Figure S). Apparently, these results indicate that

120% % AgAChE1 with 1AA
100% ZHssAChE with IAA
20% B AgAChE1 before dialysis
B AgAChE1 after dialysis
60% OHssAChE before dialysis
40% A HssAChE after dialysis
20%
0% o - - A
Control with 11a 15b
1AA

Figure S. Reversibility of inhibition on AGAChEI and HssAChE using
dialysis method after iodoacetamide (IAA) pretreatment.

irreversible inhibition is most probably not mediated by the
free cysteine residue Cys447 in AGAChEl as was formerly

reported.”” The maleimide or succinimide moiety can also
interact with other amino acid residues, e.g. with histidine from
the catalytic triad of AGAChE1 or HssAChE, and thus may
irreversibly inhibit both enzymes this way.

From the point of practical use for insecticidal purposes,
stability of the most potent and most selective compounds for
AgAChEI (15a and 15b) was inspected by incubation at 40 °C
(Figure 6). Fast degradation of both compounds was observed
in a water or buffer environment, with the water degradation
found to be apparently more rapid. In particular, compound
15b (the most selective for AGQAChE1) was almost completely
degraded within 1 h in water. Both compounds were more
stable in ammonium acetate buffer, but a degradation ratio of
over 50% was observed in 3 h.

In summary, eight compounds with a succinimide or
maleimide moiety were prepared and evaluated as cysteine-
targeted insecticides. Some of the compounds were shown as
potent AGAChEL1 inhibitors, but they were found to be potent
inhibitors of HssAChE with a limited selectivity ratio as well.
The time-dependent inhibition of the compounds was very
fast, resulting in inhibition of both enzymes within minutes.
The presented compounds acted in an irreversible manner to
both AgAchEl and HssAChE. Molecular docking on two
distinct AgGAChE1 proteins indicated contradictory results
showing the possibility of different interactions than the
proposed Cys-targeted binding. This phenomenon was further
confirmed by cysteine blocking treatment of both enzymes,
after which they were still found irreversibly inhibited by the
tested compounds, suggesting a different mode of irreverible
binding. The potential use of the tested compounds might be
limited by the relatively low stability depicted within the
degradation assay. Thus, our findings do not support the
proposed concept of cysteine-targeted selective insecticides.
We presume that this class of molecules will not be effective as
insecticides due to the aforementioned findings.
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1. General synthetic methods

The column chromatography was performed using silica gel 100 at atmospheric pressure
(70 — 230 mesh ASTM, Merck, Prague Czech Republic). The analytical thin-layer chromatography was
carried out using plates coated with silica gel 60 with a fluorescent indicator F254 (Merck, Prague Czech
Republic). Thin-layer chromatography plates were visualized by exposure to ultraviolet light (254 nm)
or by detection reagents phosphomolybdic acid (PMA) and p-anisaldehyde (Pernod reagent). NMR
spectra were all recorded on a Varian S500 spectrometer (500 MHz for 'H and 126 MHz for 3C).
Chemical shifts are reported in 8§ ppm referenced to an internal SiMe, standard for 'H NMR and
chloroform-d (CHClz-ds; 7.26 (D); 77.16 (C) ppm), CD30D (CHsOH-d4; 3.35, 4.78 (D), 49.3 (C) ppm), or
hexadeuteriodimethylsulfoxide (DMSO-ds; 2.50 (D), 39.7 (C) ppm). Chemicals were purchased from
Sigma-Aldrich Co. LLC and were used without additional purification. CEM Explorer SP 12 S Class was
used for microwave irradiation. Human recombinant AChE (HssAChE, EC 3.1.1.7), human recombinant
BChE (HssBChE, EC 3.1.1.8), 5,5 -dithiobis-(2-nitrobenzoic acid) (Ellman’s reagent, DTNB),
acetylthiocholine iodide (ATCh), and butyrylthiocholine iodide (BTCh) were purchased from Sigma-
Aldrich, Czech Republic. The final compounds were analyzed by LC-MS consisting of UHLPC Dionex
Ultimate 3000 RS coupled with Q Exactive Plus Orbitrap mass spectrometer (Thermo Fisher Scientific,

Bremen, Germany) to obtain high-resolution mass spectra. Gradient LC analysis confirmed > 95%

purity.
2. General procedure and spectral data

2.1 Synthesis of compounds 5, 6a, 6b

COOH MeOH, HCI COOMe
—_—
M AL

16 RT, 2 days 1a

Methyl 9-decenoate (1a): 9-Decenoic acid (16) (20 ml, 102.45 mmol) and methanol (MeOH, 150 mL)
were charged into the dried round-bottom flask filled with inert atmosphere (argon; Ar). HCl (sat. aq.
solution, 40 mL) was added dropwise at room temperature and the final mixture was stirred for 2 days.
After 2 days reaction mixture was neutralized with 10% NaOH (300 mL) and extracted with
dichloromethane (DCM; 2 x 500 mL). The organic layers were collected, dried with anhydrous Na,SO4
and filtered-off. The filtrate was concentrated under reduced pressure to afford 1a (18.90 g) with
guantitative yield as an orange oil. The structure of 1a was identified by NMR analysis and it was

directly transferred into the next reaction.



'H NMR (500 MHz, CDCls-d;) 6 5.87 —5.75 (m, 1H), 5.05 — 4.89 (m, 2H), 3.67 (s, 3H), 2.30 (t, J = 7.5 Hz,
2H), 2.10 — 1.99 (m, 2H), 1.69 — 1.57 (m, 2H), 1.42 — 1.34 (m, 2H), 1.34 — 1.27 (m, 6H). 3°C NMR (126
MHz, CDCl3) & 174.24, 139.06, 114.14, 51.39, 34.06, 33.72, 29.05, 28.87, 28.80, 24.90.

General procedure for Grubbs reaction (Olefin metathesis) of methyl esters 1a and 1b:

Grubbs 1st generation M COOMe
2 COOMe =
Nﬂ > MeOOC™ 72 3’”

reduced pressure up to 1 mBar,
1a:n=7 RT up to 50°C; 3 hours 2a:n=7
1b:n=38 2b:n=8

Methyl ester 1a or 1b (1.0 g, 5.43 mmol for 1a and 1.0 g, 5.04 mmol for 1b) and Grubbs 1°
generation catalyst (2.5% eq) were added into the dried round-bottom flask filled with inert
atmosphere (Ar). The mixture was stirred for 1 hour under reduced pressure using water vacuum
pump. Further, pressure was increased by using oil vacuum pump to values around 1 mBar and mixture
was stirred for another 1 hour at room temperature. Finally, the mixture was heated to 50 °C for
additional 1 hour at 1 mBar. The reaction mixture was purified by column chromatography
(hexane/ethyl acetate 95/0.5) to afford product 2a (841 mg, 91 % yield after two steps from 9-decenoic
acid (16) and (petrol ether/ethyl acetate (PE/EA) = 98:2) product 2b (910 mg, 98 % yield from 1b). Both

intermediates 2a and 2b were isolated as white solids.

1,18-dimethyl octadec-9-enedioate (2a) *H NMR (500 MHz, CDCls-d;) & 5.39 — 5.36 (m, 2H), 3.67 (s,
6H), 2.30 (t, J = 7.5 Hz, 4H), 2.01 — 1.92 (m, 4H), 1.67 — 1.56 (m, 4H), 1.44 — 1.17 (m, 16H). 3C NMR (126
MHz, CDCls) 6 174.26, 130.28, 129.81, 51.39, 34.07, 32.51, 29.64, 29.51, 29.12, 29.08, 28.90, 27.14,
24.92.

1,20-dimethyl icos-10-enedioate (2b) *H NMR (500 MHz, CDCls-d;) 6 5.41 — 5.33 (m, 2H), 3.67 (s, 6H),
2.31 (t, J = 7.6 Hz, 4H), 2.07 — 1.91 (m, 4H), 1.70 — 1.54 (m, 4H), 1.45 — 1.22 (m, 20H). 3C NMR (126
MHz, CDCl3) 6 174.29, 130.30, 129.83, 51.41, 34.09, 32.55, 29.70, 29.58, 29.32, 29.27, 29.20, 29.12,
29.05, 27.17, 24.93.

General procedure for Pd-catalysed double bond reduction of 2a and 2b using hydrogen:

Pd(OH), on carbon (20%); H»

_wy L COOMe X
MeOOCM{, Meooc/\Hf\COOMe

MeOH/EA 2:1
2a:n=7 3a:n=14
2b:n=38 3b:n=16




The compounds 2a or 2b (913 mg, 2.68 mmol for 2a and 822 mg, 2.23 mmol for 2b) were
dissolved in solution of MeOH:EA (20:40 mL) in the round flask filled with Ar. Pd(OH), on C (20 %)
(0.2 eq) was added slowly in small portions at room temperature.
The atmosphere in the flask was five times removed with oil vacuum pump at values around 1 mBar.
Same procedure followed with H,; atmosphere (three times atmosphere exchange).
Finally, the mixture was stirred for 1 hour under H, atmosphere. The mixture was then filtered through
a celite pad and the filter cake was washed three times with MeOH and EA.
The filtrate was concentrated under reduced pressure to afford title intermediates 3a (882 mg, 96 %

yield) and 3b (846 mg, 98 % vyield), respectively. 3a and 3b were obtained as white solids.

1,18-dimethyl octadecanedioate (3a) 'H NMR (500 MHz, CDCls-d;) & 3.67 (s, 6H), 2.30 (t, J = 7.6 Hz,
4H), 1.66 — 1.57 (m, 4H), 1.35-1.21 (m, 24H). **C NMR (126 MHz, CDCl3) 6 174.30, 51.39, 34.09, 29.63,
29.61, 29.56, 29.42, 29.23, 29.13, 24.94.

1,20-dimethyl icosanedioate (3b) *H NMR (500 MHz, CDCls-d1) 6 3.67 (s, 6H), 2.31 (t, J = 7.6 Hz, 5H),
1.68-1.57 (m, 4H), 1.26 (s, 28H).**C NMR (126 MHz, CDCls) 6 174.31, 51.40, 34.09, 29.64, 29.61, 29.56,
29.42,29.23,29.13, 24.94.

General procedure for reduction using LiAlH, in THF:

MeOOC/\Hf\COOMe LiAlH4 in THF (2M solution)‘ HO\/\Hi\/OH
THF, reflux
3a:n=14 4a:n =14

3b:n=16 4b:n =16

The compounds 3a or 3b (712 mg, 2.08 mmol for 3a and 629 mg, 1.7 mmol for 3b) were
charged into an oven-dried flask following addition of anhydrous THF (34 mL) under the inert
atmosphere (Ar). 2 M solution of LiAlH4 in THF (2.5 eq) was added dropwise into vigorously stirred
reaction mixture continuously within 1 hour and final reaction mixture was heated to reflux for 30
minutes. The reaction was quenched by addition of 2M solution of NaOH (8.5 mL) and mixture was
extracted with DCM 3x 100 mL. The organic layers were combined, dried with anhydrous Na;SO.,
filtered and the filtrate was concentrated under reduced pressure to afford title product 4a (597 mg)

and 4b (534 mg) with quantitative yields as white solids. No additional purification was needed.

Octadecane-1,18-diol (4a) *H NMR (500 MHz, CDCls-d;) 6 3.69—3.61 (m, 4H), 1.63 - 1.53 (m, 4H), 1.41
—1.20 (m, 28H). *C NMR (126 MHz, CDCl3) 6 63.09, 32.80, 29.63, 29.59, 29.57, 29.41, 25.72.



Icosane-1,20-diol (4b) *H NMR (500 MHz, CDCls-d;) 6 3.65 (t, J = 6.6 Hz, 4H), 1.62 — 1.54 (m, 4H), 1.41
—1.23 (m, 32H). 3C NMR (126 MHz, CDCls) § 63.10, 32.81, 29.66, 29.64, 29.60, 29.58, 29.43, 25.73.

General procedure for selective mono-bromination:

48% HBr in H,O

toluene, refl
Y ux 6a:n=16

d4a:n=14 6b-n = 18

4b: n =16

The compounds 4a or 4b (705 g, 3.49 mmol for 4a and 609 mg, 1.94 mmol for 4b) were stirred

in toluene (50 mL) under inert atmosphere. Solution of 48 % HBr in H,0 (4.0 eq) was added dropwise
and the reaction mixture was heated at 120 °C for 48 hours. The reaction was finished by portionwise
addition of saturated Na,COs; (10 mL), then diluted by water (60 mL) and extracted with DCM
2 x 120 mL. The organic layers were combined, dried with anhydrous Na,SO, and filtered. The filtrate
was concentrated under reduced pressure and purified with column chromatography (H/EA = 9:1) to
afford 6a (524 mg, 61 % yield) and 6b (440 mg, 60 % yield), respectively. 6a and 6b were obtained as

light orange solids.

18-bromooctadecan-1-ol (6a) *H NMR (500 MHz, CDCls-d1) & 3.65 (t, J = 6.6 Hz, 2H), 3.41 (t, J = 6.9 Hz,
2H), 1.92 — 1.81 (m, 2H), 1.63 — 1.53 (m, 2H), 1.46 — 1.39 (m, 2H), 1.39 — 1.22 (m, 26H). 3C NMR (126
MHz, CDCls) 6 63.08, 34.04, 32.83, 32.80, 29.65, 29.63, 29.59, 29.58, 29.52, 29.42, 28.75, 28.16, 25.72.

20-bromoicosan-1-ol (6b) *H NMR (500 MHz, CDCls-d;) & 3.65 (t, J = 6.7 Hz, 2H), 3.42 (t, J = 6.9 Hz, 2H),
1.92 -1.81(m, 2H), 1.62 — 1.54 (m, 2H), 1.47 — 1.38 (m, 2H), 1.38 — 1.19 (m, 30H). **C NMR (126 MHz,
CDCls) 6 63.09, 34.04, 32.83, 32.80, 29.66, 29.64, 29.60, 29.58, 29.52, 29.42, 28.75, 28.16, 25.72.

2.2 Synthesis of compounds containing succinimide moiety 10a/b and 11a/b

General procedure for the synthesis of compounds 8a and 8b:

o} o}
succinimide, K,CO3 /\9/\ NBS, PPh; /\9/\
N OH — > N Br
Br OH n n
/\ﬁf\ OME. MW, 60°C & THF
6a:n=16 1) o)

6b: n =18 17a: n =16 8a:n=16
17b:n =18 8b:n=18



The compounds 6a or 6b (671 mg, 1.92 mmol for 6a and 286 mg, 0.758 mmol for 6b),
succinimide (1.2 eq) and dried K,COs (1.2 eq) were dissolved in anhydrous DMF (4 mL). The reaction
mixture was stirred at 60 °C for 12 hours following extraction with brine (200 mL) and DCM 2 x 200 mL.
The organic layers were combined, dried with anhydrous Na,SO,; and filtered. The filtrate was
concentrated under reduced pressure and directly used into the next reaction. Then, 17a or 17b were
initially dissolved in anhydrous THF (40 mL) under the inert atmosphere (Ar). NBS (1.5 eq) and PPh;
(1.5 eq) were added consequently at room temperature. The final reaction mixture was stirred at room
temperature for 30 min. The reaction was diluted with water (50 mL) and extracted with DCM 2 x
175 mL. The organic layers were collected, dried with anhydrous Na,SO, and filtrated. The filtrate was
concentrated under reduced pressure and purified with column chromatography (PE/EA = 3:1) to
afford 8a (702 mg, 85 % vyield after two steps from 6a), 8b (286 mg, 82 % yield after two steps from

6b), respectively, as white solids.

1-(18-bromooctadecyl)pyrrolidine-2,5-dione (8a) *H NMR (500 MHz, CDCls-d;) & 3.52 — 3.47 (m, 2H),
3.41(t,J=6.9 Hz, 2H), 2.70 (s, 4H), 1.91 - 1.80 (m, 2H), 1.59 — 1.53 (m, 2H), 1.46 — 1.39 (m, 2H), 1.34 -
1.22 (m, 26H). *C NMR (126 MHz, CDCls) & 177.22, 38.89, 34.04, 32.82, 29.64, 29.62, 29.58, 29.52,
29.45,29.41, 29.13, 28.74, 28.16, 28.13, 27.69, 26.84.

1-(20-bromoicosyl)pyrrolidine-2,5-dione (8b) *H NMR (500 MHz, CDCls-d;) & 3.50 (t, J = 7.4 Hz, 2H),
3.41(t,J=6.9 Hz, 2H), 2.70 (s, 4H), 1.90 — 1.82 (m, 2H), 1.59 — 1.52 (m, 2H), 1.48 — 1.39 (m, 2H), 1.36 —
1.17 (m, 30H). 3C NMR (126 MHz, CDCl3) 6§ 177.23, 38.90, 34.03, 32.83, 29.65, 29.60, 29.52, 29.45,
29.41, 29.14, 28.75, 28.16, 28.14, 27.70, 26.85.

General procedure for the synthesis of pyridin-1-ium bromides 10a and 10b:

o) o)
pyridine ©)

N Br N N
&A@f\ MW, MeCN, 90°C &/\Hi; I P
(e} e} Br
8a:n =16 10a: n = 16
8b:n =18 10b: n = 18

Starting material, 8a or 8b (150 mg, 0.348 mmol for 8a and 136 mg, 0.297 mmol for 8b), and
pyridine (2.0 eq) were added into the microwave-sealed tube and dissolved with anhydrous MeCN
(2 mL). The reaction mixture was charged into microwave reactor with following settings: dynamic

curve, power max cap 100 W, pressure max cap 300 PSI, 90 °C, for 24 hours. The mixture was directly



purified by column chromatography (DCM/MeOH = 9:1) to afford 10a (152 mg, 86 % yield), and 10b

(143 mg, 90 % yield), respectively. Both products were isolated as white solids.

1-(18-(2,5-dioxopyrrolidin-1-yl)octadecyl)-pyridin-1-ium bromide (10a) *H NMR (500 MHz, CD;0D-d.)
59.08-9.02 (m, 2H), 8.65 — 8.59 (m, 1H), 8.18 — 8.10 (m, 2H), 4.70 — 4.65 (m, 2H), 3.51 — 3.43 (m, 2H),
2.69 (s, 4H), 2.11 - 1.96 (m, 2H), 1.62 — 1.51 (m, 2H), 1.44 — 1.23 (m, 28H). 3C NMR (126 MHz, CDs0D)
6 178.63,145.47, 144.56, 128.13, 61.74, 38.18, 31.10, 29.33, 29.32, 29.30, 29.28, 29.25, 29.20, 29.17,
29.08, 28.84, 28.70, 27.68, 27.22, 26.47, 25.78. HRMS (ESI*): [M]*: calculated for Cy7HssN,05* (m/z):
429.3476; detected: 429.3466. LC-MS purity > 95 %.

1-(20-(2,5-dioxopyrrolidin-1-yl)icosyl)-pyridin-1-ium bromide (10b) *H NMR (500 MHz, CDsOD-d,) &
9.13 - 8.97 (m, 2H), 8.70 — 8.57 (m, 1H), 8.23 — 8.09 (m, 2H), 4.69 (t, J = 7.5 Hz, 2H), 3.46 (t, J = 7.4 Hz,
2H), 2.70 (s, 4H), 2.06 (qd, J = 9.0, 8.3, 5.3 Hz, 2H), 1.62 — 1.47 (m, 2H), 1.47 — 1.15 (m, 32H). *C NMR
(126 MHz, CDs0D) 6 179.92, 146.81, 145.93, 129.48, 63.07, 39.55, 32.50, 30.73, 30.70, 30.68, 30.64,
30.59, 30.56, 30.47, 30.23, 30.09, 29.08, 28.61, 27.87, 27.15. HRMS (ESI*): [M]*: calculated for
CasHaoN205* (m/z): 457.3789; detected: 457.3792. LC-MS purity > 95 %.

General procedure for synthesis of compounds 11a and 11b:

O o]
piperidine, K,CO3
N Br N N
&/\Hﬁ MW, MeCN, 90°C &/\Hf\ Q
(o] o
8a:n =16 11a:n = 16
8b:n=18 11b: n =18

Compounds 8a or 8b (143 mg, 0.332 mmol for 8aand 131 mg, 0.2857 mmol for 8b), anhydrous
K2COs (3.0 eq) and piperidine (2.0 eq) were charged into the microwave-sealed tube and dissolved in
ahydrous MeCN (2 mL). The reaction mixture was charged into microwave reactor with following
settings: dynamic curve, power max cap 100 W, pressure max cap 300 PSI, at 90 °C for 30 min. The
mixture was directly purified using column chromatography (DCM/MeOH = 9:1) to afford 11a (141 mg,
98 % yield), and 11b (129 mg, 98 % yield), respectively, as white solids.

1-(18-(piperidin-1-yl)octadecyl)pyrroidine-2,5-dione (11a) *H NMR (500 MHz, CD30D-d,) & 3.49 —3.43
(m, 2H), 3.30 — 3.07 (m, 4H), 3.07 —3.01 (m, 2H), 2.69 (s, 4H), 1.91 — 1.81 (m, 4H), 1.78 — 1.71 (m, 2H),
1.70 — 1.63 (m, 2H), 1.55 (p, J = 7.4 Hz, 2H), 1.47 — 1.36 (m, 4H), 1.30 (d, J = 4.2 Hz, 24H). 3C NMR (126
MHz, CDs;0D) 6 180.01, 58.43, 54.31, 39.57, 30.74, 30.71, 30.65, 30.62, 30.57, 30.50, 30.24, 30.21,



29.06, 28.62, 27.87, 27.73, 25.17, 24.38, 22.83. HRMS (ESI*): [M+H]*: calculated for C27Hs1N20," (m/z):
435.3945; detected: 435.3935. LC-MS purity > 95 %.

1-(20-(piperidin-1-yl)icosyl)pyrroidine-2,5-dione (11b) *H NMR (500 MHz, CDCls-d:) 6 3.55 — 3.44 (m,
2H), 2.70 (s, 3H), 2.58 — 2.43 (m, 4H), 2.43 = 2.34 (m, 2H), 1.74 — 1.64 (m, 4H), 1.61 — 1.51 (m, 4H), 1.52
— 1.44 (m, 2H), 1.38 — 1.19 (m, 32H). 3C NMR (126 MHz, CDCls) & 177.21, 57.80, 53.25, 38.86, 29.62,
29.60, 29.56, 29.52, 29.50, 29.43, 29.42, 29.35, 29.10, 29.04, 28.11, 27.66, 26.96, 26.82, 23.86, 22.92,
22.42. HRMS (ESI*): [M+H]*: calculated for CysHssN,O,* (m/z): 463.4258; detected: 463.4260. LC-MS
purity > 96 %.

2.3 Synthesis of compounds bearing maleimide moiety 14a/b and 15a/b

H
o=N_o
furan

§
—_—
O\‘V\_\fo dioxane, 90°C G
7

10-oxa-4-azatricyclo[5.2.1.0%%]dec-8-ene-3,5-dione (7): Into an oven-dried flask maleimide (5.0 g,
51.51 mmol) was dissolved in anhydrous dioxane (76 mL) under the inert atmosphere (Ar). Furan
(12 mL, 154.53 mmol) was added and the mixture was stirred and heated at 90 °C overnight. The
reaction was diluted with water (250 mL) and extracted with EA 2 x 600 mL. The organic layers were
combined, dried with anhydrous Na,SO4 and filtered. The filtrate was concentrated under reduced

pressure to afford 7 (7.66 g, 90 % yield) as a white solid.

IH NMR (500 MHz, DMSO-ds) 6 11.13 (s, 1H), 6.52 (t, J = 1.0 Hz, 2H), 5.10 (t, J = 1.0 Hz, 2H), 3.32 (s, 2H).
13C NMR (126 MHz, DMSO) & 178.29, 136.92, 80.77, 48.89.

General procedure for synthesis 9a and 9b:

hybr|d7 K,CO3 /\9/\ NBS, PPh3 /\éa/\
B OH
f/\@?\ DMF, MW, 60° C

6a:n =16
6b: n =18 18an—16 9an—16
18b: n =18 9b: n =18

The compounds 6a or 6b (296 mg, 0.847 mmol for 6a and 180 mg, 0.4769 mmol for 6b), 7 (1.2

eq) and anhydrous K,COs3 (1.2 eq) were dissolved in dry DMF (4 mL). The mixture was stirred at 60 °C



for 12 hours. The resulting mixture was extracted with brine (200 mL) and DCM 2 x 200 mL. The organic
layers were combined, dried with anhydrous Na,SO, and filtered. The filtrate was concentrated under
reduced pressure and directly used without further purification into the next reaction. 18a or 18b were
then dissolved in anhydrous THF (40 mL) under the inert atmosphere (Ar). NBS (1.5 eq) and PPhs (1.5
eq) were added subsequently under room temperature conditions with stirring for 30 min. The
reaction mixtures were diluted with water (50 mL) and extracted with DCM 2 x 175 mL. The organic
layers were collected, dried with anhydrous Na,SO4 and filtrered. The filtrate was concentrated under
reduced pressure and purified with column chromatography to afford 9a (H/EA = 4:1, 320 mg, 76 %
yield after two steps from 6a), and 9b (PE/EA = 5:1, 177 mg, 71 % yield after two steps from 6b) as

white solids.

4-(18-bromooctadecyl)-10-oxa-4-azatricyclo[5.2.1.0%2,6*]-dec-8-ene-3,5-dione (9a) 'H NMR (500
MHz, CDCls-d;) 6 6.51 (s, 2H), 5.27 (s, 2H), 3.48 —3.44 (m, 2H), 3.41 (t, J = 6.9 Hz, 2H), 2.83 (s, 2H), 1.91
—1.81(m, 2H), 1.59—1.50 (m, 2H), 1.46 — 1.38 (m, 2H), 1.36 — 1.19 (m, 26H).*C NMR (126 MHz, CDCl5)
6 176.24, 136.51, 80.88, 47.36, 39.02, 34.04, 32.83, 29.67, 29.64, 29.63, 29.59, 29.52, 29.44, 29.42,
29.10, 28.75, 28.17, 27.58, 26.67.

4-(20-bromoicosyl)-10-oxa-4-azatricyclo[5.2.1.0*%2,6*]dec-8-ene-3,5-dione (9b) 'H NMR (500 MHz,
CDCls-d4) 6 6.51 (s, 2H), 5.27 (s, 2H), 3.50—3.44 (m, 2H), 3.41 (t, /= 6.9 Hz, 2H), 2.83 (s, 2H), 1.90—-1.80
(m, 2H), 1.60 — 1.52 (m, 2H), 1.49 — 1.38 (m, 2H), 1.35 — 1.20 (m, 30H). 3C NMR (126 MHz, CDCls) &
176.26, 136.52, 80.89, 47.38, 39.04, 34.04, 32.85, 29.67, 29.65, 29.61, 29.54, 29.45, 29.43, 29.11,
28.76, 28.18, 27.59, 26.68.

General procedure for retro Diels-Alder reaction leading to 12a and 12b:

O
NwBr vacuum, 150°C &A%\Br
S 0

9a:n=16 12a:n =16

9b: n =18 12b: n =18
9a or 9b (296 mg, 0.596 mmol for 9a and 422 mg, 0.804 mmol for 9b) were put into dried flask
with reduced pressure (1 mBar). The flask was heated at 130 °C for 60 min. The product was purified
by column chromatography (PE/EA = 7:1) to afford 12a (216 mg, 85 % yield), or 12b (208 mg, 57 %

yield), respectively, as white solids.



1-(18-bromooctadecyl)-2,5-dihydro-1H-pyrrole-2,5-dione (12a) *H NMR (500 MHz, CDCls-d;) 6 6.69 (s,
2H), 3.54 — 3.49 (m, 2H), 3.41 (t, J = 6.9 Hz, 2H), 1.92 — 1.80 (m, 2H), 1.63 — 1.52 (m, 2H), 1.50 — 1.38
(m, 2H), 1.38 — 1.16 (m, 26H). 3*C NMR (126 MHz, CDCl3) 6 170.86, 133.99, 37.93, 34.04, 32.83, 29.64,
29.62,29.59, 29.52, 29.46, 29.42, 29.11, 28.75, 28.52, 28.16, 26.73.

1-(20-bromoicosyl)-2,5-dihydro-1H-pyrrole-2,5-dione (12b) *H NMR (500 MHz, CDCls-d;) 6 6.69 (s,
2H), 3.55 — 3.48 (m, 2H), 3.41 (t, J = 6.9 Hz, 2H), 1.94 — 1.81 (m, 2H), 1.68 — 1.53 (m, 2H), 1.48 — 1.39
(m, 2H), 1.36 — 1.20 (m, 30H). 3C NMR (126 MHz, CDCls) 6 170.88, 134.01, 37.95, 34.06, 32.85, 29.68,
29.65, 29.62, 29.54, 29.48, 29.44, 29.13, 28.77, 28.54, 28.18, 26.75.

General procedure for synthesis pyridin-1-ium bromides 14a and 14b:

(0] (0]
pyridine ©)
N/\H?\Br MW, MeCN, 90°C N/\Hf\'\‘l N
\ \ ol _
(0] o) B
12a:n =16 14a:n =16
12b:n =18 14b: n =18

12a or 12b (204 mg, 0.476 mmol of 12a and 92 mg, 0.2015 mmol of 12b) and pyridine (2.0 eq)
were dissolved in MeCN (2 mL) and added into the microwave-sealed tube followed by microwave-
heated conditions as follows: dynamic curve, power max cap 100 W, pressure max cap 300 PSI, at 90 °C
for 24 hours. The mixture was directly purified via column chromatography (DCM/MeOH = 9:1) to
afford 14a (168 mg, 69 %), and 14b (63 mg, 58 % yield), respectively, as white solids.

1-(18-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)octadecyl)pyridin-1-ium bromide (14a) *H NMR (500
MHz, CD;0D-d) 6 9.06 (d, J = 5.8 Hz, 2H), 8.62 (t, / = 7.8 Hz, 1H), 8.15 (t, J = 7.0 Hz, 2H), 6.81 (s, 2H),
4.71-4.64 (m, 2H), 3.48 (t,/ =7.1 Hz, 2H), 2.10 - 1.98 (m, 2H), 1.62 — 1.52 (m, 2H), 1.45 - 1.37 (m, 4H),
1.36 — 1.20 (m, 24H). 3C NMR (126 MHz, CD;0D) § 172.57, 146.83, 145.94, 135.33, 129.50, 63.11,
38.53, 32.50, 30.71, 30.67, 30.60, 30.59, 30.55, 30.46, 30.15, 30.09, 29.46, 27.74, 27.16. HRMS (ESI*):
[M]*: calculated for Co7H43N,0," (m/z): 427.3319; detected: 427.3310. LC-MS purity > 95 %.

1-(20-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)icosyl)pyridin-1-ium bromide (14b) 'H NMR (500 MHz,
CD30D-d4) 6 9.07 — 9.01 (m, 2H), 8.70 — 8.53 (m, 1H), 8.17 — 8.10 (m, 2H), 6.81 (s, 2H), 4.72 — 4.60 (m,
2H), 3.48 (t, J = 7.2 Hz, 2H), 2.11 - 1.98 (m, 2H), 1.66 — 1.51 (m, 2H), 1.43 — 1.22 (m, 32H). *C NMR (126
MHz, CDs0OD) & 172.56, 146.84, 145.93, 135.32, 129.50, 63.12, 38.53, 32.50, 30.73, 30.69, 30.62, 30.60,
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30.57, 30.48, 30.17, 30.10, 29.48, 27.76, 27.18. HRMS (ESI*): [M]*: calculated for Ca9Ha7N20," (m/z):
455.3632; detected: 455.3636. LC-MS purity > 95 %.

General procedure for synthesis 13a and 13b:

) o)
piperidine, K,CO3
N B > N N
v MW, MeCN, 90°C /\Hi\o
S O

9a:n =16 13a:n =16
9b: n=18 13b:n =18

9a or 9b (207 mg, 0.417 mmol for 9a and 199 mg, 0.380 mmol for 9b), K,COs3 (3 eq) and
piperidine (2 eq) were dissolved in MeCN (2 mL) and added into the microwave-sealed tube followed
by microwave-heated conditions as follows: dynamic curve, power max cap 100 W, pressure max cap
300 PSI, at 90 °C for 30 min. The mixture was directly purified by column chromatography to afford
13a (DCM/MeOH = 9:1, 209 mg, quantitative yield) and 13b (DCM/MeOH = 20:1, 111 mg, 56 % yield),

respectively, as white solids.

4-(18-(piperidin-1-yl)octadecyl)-10-oxa-4-azatricyclo[5.2.1.0%2,6*]dec-8-ene-3,5-dione (13a): The

crude compound was directly used for the next reaction.

4-(20-(piperidin-1-yl)icosyl)-10-oxa-4-azatricyclo[5.2.1.0%2,6*]dec-8-ene-3,5-dione (13b) H NMR
(500 MHz, CDCls-d;) 6 6.51 (d, J = 1.0 Hz, 2H), 5.26 (d, / = 1.0 Hz, 2H), 3.52 — 3.41 (m, 2H), 2.83 (s, 2H),
2.75 = 2.60 (m, 2H), 2.59 — 2.49 (m, 2H), 1.86 — 1.72 (m, 4H), 1.70 — 1.60 (m, 2H), 1.59 — 1.49 (m, 4H),
1.36 — 1.17 (m, 34H). *C NMR (126 MHz, CDCls) 6 176.27, 136.53, 80.89, 58.71, 53.92, 47.38, 39.03,
29.68, 29.66, 29.62, 29.55, 29.49, 29.46, 29.34, 29.12, 27.59, 27.38, 26.68, 25.35, 24.41, 23.46.
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General procedure for retro Diels-Alder reaction yielding to 15a and 15b:

(0] (0]
vacuum, 150°C
Dt 0

13a:n =16 15a:n =16
13b:n =18 15b: n =18

13a or 13b (209 mg, 0.417 mmol for 13a and 94 mg, 0.178 mmol for 13b) were charged into
the dried flask. The flask was heated at 130 °C under the reduced pressure (1 mBar) for 60 min. 15a
(139 mg, 77 % yield) was prepared without any further purification. 15b (50 mg, 61 % yield) had to be
purified by column chromatography (PE/EA = 7:1). Both products 15a and 15b were isolated as white

solids.

1-(18-(piperidin-1-yl)octadecyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15a) *H NMR (500 MHz, CDs0OD-
ds) 6 6.81 (s, 2H), 3.48 (t, J = 7.2 Hz, 2H), 3.26 — 3.11 (m, 4H), 3.06 — 2.99 (m, 2H), 1.89 — 1.82 (m, 4H),
1.78 —1.70 (m, 2H), 1.70 - 1.63 (m, 2H), 1.60 — 1.50 (m, 2H), 1.42 — 1.35 (m, 4H), 1.35 — 1.23 (m, 24H).
13C NMR (126 MHz, CDs0D) & 172.55, 135.33, 58.48, 54.32, 49.51, 49.34, 49.17, 49.00, 48.83, 48.68,
48.66, 48.49, 38.53, 30.74, 30.71, 30.63, 30.58, 30.51, 30.22, 30.17, 29.48, 27.76, 25.21, 24.42, 22.90.
HRMS (ESI*): [M+H]*: calculated for Cy7HasN,0," (m/z): 433.3789; detected: 433.3777. LC-MS purity
> 95 %.

1-(20-(piperidin-1-yl)icosyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15b) 'H NMR (500 MHz, CDs;0OD-d,) &
6.81 (s, 2H), 3.48 (t, J= 7.2 Hz, 2H), 3.25 - 3.08 (m, 4H), 3.07 — 2.96 (m, 2H), 1.92 - 1.81 (m, 4H), 1.79 -
1.69 (m, 2H), 1.71-1.63 (m, 2H), 1.62 — 1.52 (m, 2H), 1.44 — 1.21 (m, 32H). *C NMR (126 MHz, CD;0D)
6 172.48, 135.32, 58.49, 54.30, 38.53, 30.77, 30.74, 30.65, 30.60, 30.54, 30.24, 30.20, 29.51, 27.81,
27.78, 25.23, 24.43, 22.95. HRMS (ESI*): [M+H]*: calculated for C2sHssN20>" (m/z): 461.4102; detected:
461.4106. LC-MS purity > 95 %.
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2.4 Unsuccessful synthetic routes

o] succinimide; K,CO5 ‘w Ho/\ﬁa/n\oH HBr; toluene
Mm B"/\ﬁa/n\Br DCM sa n=16: \ Br/\ﬁﬁ:\OH
[¢]

OMF 4b n=18§;
5 n=18;98 % 6a n=16; 55-60 %
8b n=18: 29 % 6b n=18; 55-60 %
= 3y (]

hybrid 7; K,COg;

DMF DIAD; PPh,
[e) THF
TBDPSCI; DIPEA;
DMF
N/\M/n\sr o
9b n=18;32% (]
HO OTBDPS TBDPSO OTBDPS
\/\% + \/\% 8b n=18:8%
19 20

General procedure of bis-bromination:

NBS, PPhs
HO\/\éa/\/OH » Br\/\éa/\/ Br

4b 5

1,20-dibromoicosane (5): The compound 4b (534 mg 1.7 mmol) was charged into the oven-dried flask
and dissolved in anhydrous THF (20 ml). NBS (1.21 g, 6.8 mmol) and PPhs (1.784 g, 6.8 mmol) were
added consequently. The reaction mixture was stirred at room temperature for 30 min. The reaction
was diluted with water (50 mL) and extracted with DCM 3 x 30 mL. The organic layers were combined,
dried with anhydrous Na,SO. and filtered. The filtrate was concentrated under reduced pressure and

purified via column chromatography (PE/EA = 299:1) to afford 5 (735 mg, 98 % yield) as a white solid.

IH NMR (500 MHz, CDCls-d;) 6 3.42 (t, J = 6.9 Hz, 4H), 1.86 (dt, J = 14.8, 6.9 Hz, 4H), 1.48 — 1.37 (m, 4H),
1.27 (s, 28H).*C NMR (126 MHz, CDCl3) 6 34.04, 32.85, 29.67, 29.65, 29.61, 29.54, 29.44, 28.77, 28.18.

General procedure of silylation:

TBDPSCI; DIPEA

HO OH —————»> HO_~(}\ OTBOPS  TBDPSO._~{y~ OTBDPS

4b 19 20

The icosane-1,20-diol 4b (378 mg; 1.2 mmol) was dissolved in anhydrous DMF (4 mL) under Ar
atmosphere. N,N-Diisopropylethylamine (DIPEA; 2.1 mL; 12.0 mmol) was slowly added and the
mixture was stirred for 15 min. Finally, tert-butyldiphenylsilyl chloride (TBDPSCI; 330 pL; 1.26 mmol)

was added dropwise and the reaction mixture was stirred at RT for 2 hours. The resulting mixture was

13



diluted with H,0 and DCM and extracted with DCM (2 x 50 mL). The organic layers were collected and
washed with 1M HCI; then with saturated NaHCO; and with brine. The resulting organic phase was
dried with anhydrous Na,SO,, filtrated and concentrated under reduced pressure. The residue was
purified by column chromatography using mobile phase PE/EA (8:1) to obtain 19, 20 as white solids
(19: 299 mg, 45 % yield; 20: 216 mg, 23 %) and starting material turnover (4b, 165 mg, 25 %)

20-[(tert-butyldiphenylsilyl)oxylicosan-1-ol (19) *H NMR (500 MHz, CDCls-d;) § 7.78 — 7.24 (m, 10H),
3.73-3.60 (m, 4H), 1.64 — 1.52 (m, 4H), 1.43 — 1.23 (m, 32H), 1.07 (s, 9H).

2,2,27,27-tetramethyl-3,3,26,26-tetraphenyl-4,25-dioxa-3,26-disilaoctacosane (20) H NMR (500
MHz, CDCls-d;) 6 7.90 — 7.19 (m, 20H), 3.67 (t, /= 6.5 Hz, 4H), 1.66 — 1.51 (m, 4H), 1.41—1.20 (m, 32H),
1.07 (s, 18H).

The general procedure of monosilyl-deprotection of compound 20:

TBAF
TBDPSO_~{}o\OTBOPS > HO_ ()7 OTBDPS
16 THF; 0 °C 16

20 19

Under Ar atmosphere, 20 (168 mg; 0.2123 mmol) was dissolved in anhydrous THF (5 mL) and cooled
to 0 °C. Tetrabutylammonium fluoride (TBAF; 223 pL, 0.223 mmol) was added dropwise and the
mixture was stirred for 1 hour at room temperature. The resulting reaction mixture was diluted with
DCM and H,0 and extracted with DCM (3 x 30 mL). The organic layers were combined, dried with
anhydrous sodium sulfate, filtrated and concentrated under reduced pressure. The residue was
purified by column chromatography using mobile phase PE/EA (8:1) to give crude product 19 (92 mg,
78 % yield) as white solid.

20-[(tert-butyldiphenylsilyl)oxyJicosan-1-ol (19) 'H NMR (500 MHz, CDCls-d;) 6 7.78 — 7.24 (m, 10H),
3.73-3.60 (m, 4H), 1.64 — 1.52 (m, 4H), 1.43 — 1.23 (m, 32H), 1.07 (s, 9H).

The general procedure of Mitsunobu reaction

(0]
DIAD, PPhs /\éa/\
> N Br
Br OH 18
/m THF, 0 °C - RT &
(@]
6b 8b

14



The compound 6b (170 mg, 0.3074 mmol), succinimide (40 mg, 0.40 mmol) and PPhs was dissolved in
anhydrous THF and cooled to 0 °C under Ar atmosphere. Diisopropyl azodicarboxylate (DIAD; 79 uL,
0.40 mmol) was dropwise added and the mixture was stirred at RT for 20 hours. The resulting mixture
was diluted with H,O and extracted with DCM (3x 30 mL). The organics were collected, dried with
anhydrous Na,SO,, filtrated and concentrated under reduced pressure. The residue was purified using

column chromatography with mobile phase PE/EA (3:1) to give 8b (11 mg, 8 % yield).

1-(20-bromoicosyl)pyrrolidine-2,5-dione (8b) *H NMR (500 MHz, CDCls-d;) &6 3.52 (t, J = 7.4 Hz, 2H),
3.43 (t,J=6.9 Hz, 2H), 2.72 (s, 4H), 1.92 - 1.84 (m, 2H), 1.61 — 1.54 (m, 2H), 1.50-1.41 (m, 2H), 1.37 —
1.19 (m, 30H).

General procedure of reactions from 1,20-dibromoicosane (5)

0]

succinimide, K,CO3 /\H/\
BF/WBr » N 18 Br

DMF, 60 °C

0
5 8b

1,20-Dibromoicosane 5 (498 mg; 1.13 mmol), succinimide (124 mg; 1.244 mmol) and anhydrous K,COs;
(172 mg; 1.244 mmol) were dissolved in anhydrous DMF (4 mL) under Ar atmosphere. The mixture was
heated to 60 °C for 3 hours. The resulting mixture was diluted with ammonium chloride saturated
solution (50 mL) and extracted with DCM (3 x 50 mL). The organic layers were combined, dried with
anhydrous Na,SO,, filtrated and concentrated under reduced pressure. The residue was purified by

column chromatography using mobile phase PE/EA (4:1) to give 8b (150 mg, 29 % yield).

1-(20-bromoicosyl)pyrrolidine-2,5-dione (8b) *H NMR (500 MHz, CDCls-d;) § 3.52 — 3.47 (m, 2H), 3.41
(t,J=6.9 Hz, 2H), 2.70 (t, J = 20.2 Hz, 4H), 1.90 — 1.80 (m, 2H), 1.60 — 1.52 (m, 2H), 1.47 — 1.38 (m, 2H),
1.35 — 1.20 (m, 30H). 3*C NMR (126 MHz, CDCls) 6 177.22, 38.89, 34.03, 32.82, 29.65, 29.63, 29.59,
29.53,29.51, 29.45, 29.41, 29.13, 28.74, 28.15, 28.13, 27.69, 26.84.

hybrid 7, K,CO3
Br Br > N%Br
/\978\ DMF, 60 °C @
0

1,20-Dibromoicosane 5 (209 mg; 0.4746 mmol), 7 (118 mg; 0.712 mmol) and K;COs; (98 mg;

0.712 mmol) were dissolved in anhydrous DMF (2 mL) under Ar atmosphere. The mixture was heated

15



to 60 °C for 3 hours. The resulting mixture was diluted with ammonium chloride saturated solution
(50 mL) and extracted with DCM (3 x 50 mL). The organic layers were combined, dried with anhydrous
Na,S0,, filtrated and concentrated under reduced pressure. The residue was purified by column

chromatography using mobile phase PE/EA (5:1) to give 8b (80 mg, 32 % yield).

4-(20-bromoicosyl)-10-oxa-4-azatricyclo[5.2.1.0*2,6*]dec-8-ene-3,5-dione (9b) 'H NMR (500 MHz,
CDCls-d1) 6 6.51 (s, 2H), 5.27 (s, 2H), 3.49 —3.44 (m, 2H), 3.41 (t, J = 6.9 Hz, 2H), 2.83 (s, 2H), 1.90 — 1.82
(m, 2H), 1.60 — 1.51 (m, 2H), 1.48 — 1.38 (m, 2H), 1.36 — 1.17 (m, 30H). 3C NMR (126 MHz, CDCl3) &
176.25, 136.51, 80.87, 47.36, 39.02, 34.03, 32.83, 29.66, 29.64, 29.59, 29.52, 29.44, 29.42, 29.10,
28.75, 28.16, 27.58, 26.66.
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1-(20-(2,5-dioxopyrrolidin-1-yl)icosyl)-pyridin-1-ium bromide (10b) 3C NMR:
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1-(20-(piperidin-1-yl)icosyl)pyrroidine-2,5-dione (11b) 'H NMR:
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1-(20-(piperidin-1-yl)icosyl)pyrroidine-2,5-dione (11b) **C NMR:
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1-(20-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)icosyl)pyridin-1-ium bromide (14b) *H NMR
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1-(20-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)icosyl)pyridin-1-ium bromide (14b) 3C NMR:
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1-(20-(piperidin-1-yl)icosyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15b) *H NMR:
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1-(20-(piperidin-1-yl)icosyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15b) 3C NMR:
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1-(18-(piperidin-1-yl)octadecyl)pyrroidine-2,5-dione (11a) *H NMR:
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1-(18-(piperidin-1-yl)octadecyl)pyrroidine-2,5-dione (11a) 3C NMR:
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1-(18-(2,5-dioxopyrrolidin-1-yl)octadecyl)-pyridin-1-ium bromide (10a) *H NMR
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1-(18-(2,5-dioxopyrrolidin-1-yl)octadecyl)-pyridin-1-ium bromide (10a) 3C NMR:
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1-(18-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)octadecyl)pyridin-1-ium bromide (14a) *H NMR:

o
E-LG-502_H o oD oo
7E-LG-502 o 2388 700
o ==t o
) (I U & R W B ) (
[ T o T~ ol VI B Ve T o B s | — = OO Ww oo oS~ NN N A Ao s O WM N A S OO W s MMM O GO My
D e 00 0505 B B YIS Toogdsonssoodgaadadddddd iy
A N N — - e R
600
Br o
\ f 550
r - v I v Vs v v |
N (]
ra - [\N v S )'I/' -500
‘ = Q —450
H NMR (500 MHz, Methanol -ds) & 9.06 (d, J=5.8 Hz, 2H), 8.62 (t,J= 7.8 Hz, 1H), 8.15 (. /= 7.0 Hz, 2H), 6.81
(s, 2H), 4.71 — 4.64 (m, 2H), 3.48 (t, J=7.1 Hz, 2H), 2.10 — 1.98 (m, 2H), 1.62— 1.52 (m. 2H), 1.45 — 1.37 (m, 4H), = 400
136 — 1.20 (m. 24H). (r)
1.4
350
G(d)| |H () I(t) J(s) A (m) B (t) C(p)| |D(p)
9.06 8.62 8.15 6.81 4.68 3.48 2.04 1.56
300
Fld)
1129 || 550
200
150
100
1 |
1
I | il i | —50
I | 1 1 1|t
i W i
P xJﬁ — Jj; NN —0
S & = = = & &Y
M S = &R 38 & = SH G o
-_.I = T = T T T = T T T T ol T T -Tl T T h!I Nlm .
9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5
= f1 (ppm) o




1-(18-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)octadecyl)pyridin-1-ium bromide (14a) 3C NMR:
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1-(18-(piperidin-1-yl)octadecyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15a) 'H NMR:

(ppm)
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1-(18-(piperidin-1-yl)octadecyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15a) 3*C NMR:

LG-K1432_C
LG-K1432

—1R5%

—1%3

58,48
54,32

Yy

N

SCNME (126 MHz, cd;od) 6 172,55, 13533, 58.48, 54.32, 49,51, 49.34, 49.17, 49.00, 48.83, 48.68, 48.66, 48.49, 38.53,30.74,

30.71. 30.63, 30,58, 30.51, 30.22, 30.17. 29.48,27.76, 2521, 24.42, 22 90,

4951 ccBod
4934 ccBiod
49,17 cciod
49,00 ccBiod
48,83 ccBod
4868
48,66 ccliod

148,49 ccBiod

%5
30,74
3071
3063
3058
3051
3022
3017
2948
2776
2521
244
2290

{
ﬁ

230 220 210 200 190 180 170 160 150 140

T
110
ppm

80 70

32



3.

HPLC analysis of final compounds

1-(18-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)octadecyl) pyridin-1-ium bromide (14a):
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1-(18-(piperidin-1-yl)octadecyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15a):

RT:0.00 - 22.51SM: 7G
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1-(18-(piperidin-1-yl)octadecyl)pyrroidine-2,5-dione (11a):

RT:0.00 - 22.52 SM: 7G
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1-(18-(2,5-dioxopyrrolidin-1-yl)octadecyl)-pyridin-1-ium bromide (10a):

RT:0.00 - 22.52SM:7G
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1-(20-(piperidin-1-yl)icosyl)-2,5-dihydro-1H-pyrrole-2,5-dione (15b):

RT:0.00 - 7.51SM: 7G
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1-(20-(2,5-dioxopyrrolidin-1-yl)icosyl)-pyridin-1-ium bromide (10b):

RT:0.00 - 10.01SM:7G
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1-(20-(piperidin-1-yl)icosyl)pyrroidine-2,5-dione (11a):

RT:0.00 - 10.01SM:7G
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1-(20-(2,5-dioxo-2,5-dihydro-1H-pyrrol-1-yl)icosyl)pyridin-1-ium bromide (14b):

RT:0.00 - 10.00SM: 15G
] 100

E 9%
é 85
é 80
é 75
E 70 Relative Abundance
é 65
é 60
; 55
; 50
é 45
é 40

= 35

Br

O
=
)

peak substance
impurities

U L N
0.0 0.5 1.0 15 2.0

6.42
6.67

T
25

T
3.0

35

T T T
4.0 4.5 5.0

Time (min)

Area
28747204791
629077823
853667279

55

6.0

6.5

7.0

7.5 8.0

%
95.09511
2.080975
2.823912

8.5

9.0

9.5

40

10.0



5. Recombinant AgAChE1 production and characterisation

5.1 Cloning and expression of recombinant AGAChE1

For recombinant Anopheles gambiae acetylcholinesterase (AgAChE1) production, the
catalytical domain ranging from D162 to S713 (ACES_ANOGA numbering, UniProtKB) was expressed.
The DNA sequence encoding catalytic domain of AgAChE1l was obtained from UniProtkKB Server

(www.uniprot.org, accession no: Q869C3), codon-optimised and de novo synthesized by GeneArt Gene

Synthesis Service (ThermoFisher Scientific) as GeneArt Strings DNA fragment. Two gene-specific
primers (AgACHE_F: 5°- GATAACGACCCACTCGTCGTGAATACAGACAAAGG-3'and AgAChE_R: 5'-
CCACCCTCAGAACCGTGCGAGTCCTCT-3") were used for PCR amplification of the catalytic domain
coding region. The blunt-end PCR product was cloned into pFastBac™ HBM TOPO® vector (Thermo
Fisher Scientific) under the control of the strong polyhedrin promoter. The cloned DNA was isolated
and sequenced to verify the correct insertion of the fragment in frame with the N-terminal Honey Bee
Mellitin secretion signal coding sequence and C-terminal hexahistidine tag coding sequence. For
recombinant bacmid DNA generation, the pFastBac™ HBM TOPO® vector carrying the AgAChE1
catalytic domain coding sequence was transformed into DH10Bac E. coli cells for transposition into the
bacmid followed by the blue-white screening. True white colonies were picked up and PCR analysed
using pUC/M13 forward and pUC/M13 reverse primer pair to verify successful site-specific
transposition. The recombinant bacmid DNA was isolated using PureLink™ HiPure Plasmid DNA Mini
Prep Kit (Thermo Fisher Scientific) and stored in TE buffer at 4°C up to 2 weeks or at -20°C for long-

term storage.

The recombinant baculovirus was produced by transfection of Spodoptera frugiperda Sf9 cells
as host cells (Thermo Fisher Scientific). The insect cells were maintained in SF-900™ Il serum free
medium as suspension culture and the cells were grown at 27°C in the incubated shaker at 125 rpm.
The bacmid DNA was transfected into insect cells using cationic lipid Cellfectin™ Il reagent in
unsupplemented Grace’s insect cell medium (Thermo Fisher Scientific). Four hours after transfection,
the transfection mixture was replaced with complete growth medium and cells were incubated at 27°C
until signs of the late stage of viral infection have appeared. The viral supernatant was collected,
clarified and used for generation of high-titre viral stocks at multiplicities of infection (MOls) of 0.1-
0.5. The recombinant AGAChE1 was expressed using high-titre recombinant baculovirus stocks in insect
suspension cultures in the mid-logarithmic phase of growth. The MOI used for expression was 3. The
expression kinetics of the produced recombinant protein were determined every day by measuring
the activity of acetylcholinesterase in the cultured supernatant using Ellman’s method.! At the end of
the expression, the recombinant proteins in the culture supernatant were harvested, cleared by

centrifugation and stored at -80°C for further experiments.
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5.2 Protein purification

Recombinant AgAChE1 was purified using NGC Medium-Pressure Chromatography System
(Bio-Rad, USA). The total volume of 6-8 mL of medium containing secreted protein was desalted using
5 mL HiTrap Desalting column (GE Healthcare) equilibrated with buffer A (20 mM sodium phosphate
buffer, 150 mM NaCl, 15 mM imidazole and 20 % (v/v) glycerol; pH 7.4). Acquired supernatant was
loaded onto a 1 mL HisTrap FF column (GE Healthcare) equilibrated with buffer A. Captured proteins
were eluted with buffer B (20 mM sodium phosphate buffer, 150 mM NaCl, 500 mM imidazole and
20% (v/v) glycerol; pH 7.4). Imidazole was subsequently removed by repeated centrifugation in
Amicon Ultra-4 (Ultracel-10K) tube (Merck Millipore). Protein concentration was determined by
linearized Bradford method adapted for 96-well plate.? Protein purity was determined by SDS-PAGE
(12.5 % polyacrylamide gel) followed by Western-blot analysis using primary rabbit anti-His-Tag
antibody (dilution 1:16,000, ab9108, Abcam); and a secondary horseradish peroxidase-conjugated
swine anti-rabbit antibody (dilution 1:10,000, P0217, Dako)(Fig S1).

A B
kD AgAChE] AgAChE] kD
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100 = Hi— . |
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15 — .. - 15
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Figure S1. Detection of recombinant AgAChE1. The mosquito enzyme was separated in polyacrylamide gel and
(A) stained using Coomassie blue staining or (B) transferred to PVDF membrane followed by immunodetection

of the histidine tag.
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6. Enzymatic assays

6.1 Maximum velocity and Michaelis constant determination

The recombinant AgAChE1l enzyme was assayed for enzyme kinetics parameters — the
maximum velocity (Vma) and Michaelis constant (Kw). The enzyme was mixed with various
concentrations of substrate (ranging from 25 uM to 2 mM) and the reaction was measured using
Ellman’s assay (Figure S2). The activity data of the enzyme was plotted versus the substrate
concentration data and non-linear regression analysis was used to determine the Kv and Vmax values
in GraphPad Prism 7 software. As the substrate is known to inhibit the enzyme, the inhibition of
substrate determination was used for Ky calculation. The catalytic activity was evaluated as the

enzyme unit formed by milligram of protein (U/mg).

AgAChE1

200~
=
e
= 150+
=
=
= 100+
®
£
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0 500 1000 1500 2000 2500

Substrate concentration [uM]

Figure S2. Determination of Michaelis constant and maximum velocity of the AGAChE1 enzyme. The enzyme was
measured with increasing concentration of substrate ATCh and the rates of product formation were used for

calculation of Vmax and Ku values.

6.2 Cholinesterase enzymatic assays

The catalytic activity of enzymes was determined by standard Ellman method* adapted for 96-
well plates. All tested inhibitors were freshly prepared in 50 % dimethyl sulfoxide (DMSO) / 50 %
methanol at 10 mM concentration as stock solutions and then diluted in 0.1 M phosphate buffer, pH
7.4. The reaction mixture contained HssAChE (70 ng/mL; 11 nM), AgAChE1 (150 ng/mL; 24 nM) or
HssBChE (220 ng/mL; 35 nM); inhibitor at required concentration (0.2 uM to 100 uM) and 500 pM 5,5°-
dithiobis-2-nitrobenzoic acid (DTNB) in 20 mM sodium phosphate buffer (pH 7.4). The mixture was
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pre-incubated at 37°C for 15 min and subsequently substrate (acetylthiocholine iodide - ATCh or
butyrylthiocholine iodide - BTCh) was added to the final concentration of 2000 uM. The final volume
of the reaction was 100 pL. The catalytic activity was evaluated as the amount of product (%) formed
by enzyme after 10 minutes of incubation at 37°C. The ICso values from three independent experiments
for each inhibitor concentration in triplicate were calculated using non-linear regression curve analysis
in Prism 7 Software (GraphPad). The selectivity index was determined as ratio of ICsg (HssAChE) /ICso
(AgAChE1) values.

Table S1. Inhibitory activity towards HssBChE.

Compound HssBChE ICso £ SEM (uM)?

10a > 60
10b PMS20 > 60
11a PYS18 > 60
11b - > 60
14a PM18 > 60
14b PM20 > 60
15a PY18 > 60
15b > 60
paraoxon 0.009 £ 0.0002
bendiocarb 43+0.1
carbofuran 18.6+0.7

2 |Cso values measured by modified Ellman’s assay 15 min after introduction of inhibitor; results are mean values

of three independent experiments

6.3 Time-dependent enzyme inhibition progress

The binding rates of compounds harbouring maleimide moieties (14a-b and 15a-b) were
analysed on HssAChE and AgAChE1 enzymes. The enzyme-compound mixtures were preincubated for
different time periods (0 — 15 min) to achieve enzyme inhibitions over 50 %. The level of enzyme
inhibition was determined using Ellman’s assay (same conditions as in Section 6.2) and expressed as

percents of uninhibited control reactions.
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6.4 Reversibility of inhibition

The reversibility of HssAChE/AgAChE1 inhibition was determined by incubation of the enzymes
with a high concentration of tested compound (at least 4 times higher than ICso value where possible)
for 30 minutes followed by overnight dialysis of the enzyme-inhibitor complex and subsequent
determination of enzyme catalytic activity recovery. The reaction mixture contained HssAChE (105
ng/mL) or AgAChE1 (225 ng/mL) with inhibitor in 20 mM sodium phosphate buffer (pH 7.4). The
inhibitor concentrations were 50 uM for HssAChE and 50 uM (11a and 11b) or 10 uM (the rest of the
compounds) for AGAChE1. The mixture was pre-incubated at 37°C for 30 min and divided into two
fractions. The first fraction was analyzed on remaining enzymatic activity before dialysis, the second
fraction was dialyzed against 20 mM sodium phosphate buffer (pH 7.4) at 4°C for 14 hours (three buffer
exchanges). The recovery of enzymatic activity after dialysis procedure was examined using Ellman’s
assay (same conditions as in Section 6.2). The remaining enzymatic activity was calculated as a per cent
of non-inhibited control reactions after dialysis and the data of the residual enzyme activity are shown

as means and standard errors from two independent experiments, each in triplicate.

6.5 Reversibility of inhibition after iodoacetamide pretreatment

The role of the cysteine residues on reversible or irreversible bond formation was tested by
blocking the free cysteines before the addition of the inhibitors. Recombinant HssAChE or AGAChE1
were treated with different molar excess of iodoacetamide (1:1 to 1:500) at 37°C for 30 min (Figure
S3). The 100x molar excess of iodoacetamide (2,4 uM in case of AGAChE1 and 1,1 uM in case of
HssAChE) was chosen to perform the experiments. The enzyme’s activity without iodoacetamide was
used as the control. After iodoacetamide pretreatment, the compounds with the highest selectivity
towards AgAChE1 harbouring succinimide (11a) or maleimide moiety (15b) were added at 50 uM or
10 uM concentration. The dialysis part of the experiment and remaining enzyme activity measurement

after dialysis were performed in the same manner as in Section 6.4.
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Figure S3. Influence of iodoacetamide ratio on activity of AGAChE1.

7. Molecular modelling studies

The structure of AGAChE1 catalytic subunit was gained from RCSB Protein Data Bank — PDB ID:
5YDH. For comparative purposes, we also included G119S resistant mutation structure (PDB ID: 6ARX).3
Receptor structures were prepared by DockPrep function of UCSF Chimera (version 1.4) and converted
to pdbqt-files using AutodockTools (v. 1.5.6).*> In case of using G119S resistant mutation structure,
Ser119 was manually replaced with Gly119. Flexible residues selection was based on our previous
experience with HssAChE or spherical region around the binding cavity.®’ Three-dimensional structure
of ligand was built by Open Babel (v. 2.3.1), minimized by Avogadro (v 1.1.0) and converted to pdbqgt-
file format by AutodockTools.® The docking calculations were done by Autodock Vina (v. 1.1.2) with
the exhaustiveness of 8.° Calculations were repeated 15 times for each ligand and receptor and the
best-scored result was selected for manual inspection. The visualization of enzyme-ligand interactions
was prepared using The PyMOL Molecular Graphics System, Version 2.0 Schrodinger, LLC, Mannheim,
Germany. 2D diagrams were created with Dassault Systémes BIOVIA, Discovery Studio Visualizer, v

17.2.0.16349, San Diego, USA: Dassault Systemes, 2016.
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Figure S3. Superimposition of 15a in the AgGAChE1 active site (PDB ID: 6ARX, G119S mutation — A and C; PDB ID:
5YDH, wild type — B and D). The overall topology with particular focus on PAS region is demonstrated in A and B.
The close-up view for ligand is presented as three-dimensional (A, B) and two-dimensional (C, D) diagrams.
Compound 15ais presented in green (A and B), important amino acid residues in blue and catalytic triad residues

in yellow.

8. Time-dependent stability measurement of 15a and 15b

The stability of compounds 15a and 15b was determined by incubation of compounds in pure
distilled water or 10 mM ammonium acetate buffer (pH 7.2) at 40°C every hour. The amount of
compounds remaining in the sample was determined by UHPLC-MS/MS on a 2.1 mm x 50 mm, 1.8 um
Zorbax RRHD Eclipse plus C18 column (Agilent), by using an 6470 Series Triple Quadrupole mass
spectrometer (Agilent) (electrospray ionisation - positive ion mode). Two MRM transitions were
followed for each compound: 15a (m/z 433.4=>110.0, 86.1), 15b (m/z 461.4=>100.0, 86.1). Eluents:

(A) 0.05% formic acid in water; (B) 0.05% formic acid in acetonitrile.
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ABSTRACT: Mosquito-borne diseases (including malaria) belong among the leading causes of death in humans. Vector control
is a crucial part of the global strategy for management of mosquito-associated diseases, when insecticide use is the most
important component in this effort. However, drug and insecticide resistance threaten the successes made with existing methods.
Reduction or elimination of malaria is not possible without effective mosquito control. This article reviews current strategies of
intervention in vector control to decrease transmission of disease and covers current relevant knowledge in molecular biology,

biochemistry, and medicinal chemistry.
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Anopheles mosquitoes. In recent years, malaria associated with
P. knowlesi has been reported as a zoonosis in forested areas of
Southeast Asia. To date, information has suggested that this
malaria is transmitted by mosquitoes from infected monkeys to
humans.

P. falciparum malaria is the most prevalent type of malaria and
also the most severe disease on the African continent. P. vivax has
broader geographical distribution, in Asia and America, when it
can be developed in the Anopheles mosquito in lower tem-
peratures and it can survive in a cooler climate."” P. vivax and
P. ovale have a dormant liver stage that may be activated months
after an initial infection and can cause relapse of symptoms.”

2. MALARIA TRANSMISSION

Malaria is transmitted by a female Anopheles mosquito, which can
inject hundreds of sporozoites into bloodstream of a vertebrate
host."* The Plasmodium parasite has a complex life cycle, which
consists of numerous transitions and stages (Figure 1). The
Plasmodium migrates to the liver and forms parasitophorous
vacuoles in hepatocytes. At this point, it can remain dormant as a
hypnozoite (P. ovale or P. vivax) or develop into thousands of
merozoites (P. falciparum). The parasites further induce
detachment of the infected hepatocytes, allowing them to
migrate to the liver sinusoid where vesicles filled with parasites
(syn. merosomes) are formed.® Between 2 and 16 days (depending
on the Plasmodium species), the new merozoites invade
erythrocytes and replicate. Over the next 48 h, the parasite prog-
resses through several stages (ring, trophozoite, and schizont)
and produces approximately 16 daughter merozoites per schiz-
ont.”” The schizonts then burst producing the characteristic
tever and chills cycles and the disease is clinically manifested. In a
nonimmune individual, malaria symptoms include fever, sweat-
ing, headache, nausea, vomiting, and chills. The incubation
period of the disease is from 7 to 30 days.”

In each replication, some merozoites are developed into
gametocytes, which can subsequently infect other mosquitoes.
When they enter the mosquito via a blood meal they are rapidly
transformed into activated male and female gametes. The
ookinete (motile and short-lived diploid parasite form) migrates
out of the blood meal, through the peritrophic matrix to the
midgut where an oocyst is produced. Within the oocyst, numer-
ous sporozoites are formed after a meiotic reduction of the
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chromosome. When the oocyst ruptures the sporozoites migrate
to the salivary gland where they wa1t for transfer to the host,
completing the transmission cycle.” The transmission of malaria
from humans to mosquitoes is much dependent on evolution of the
Plasmodium sexual stages and it is considered as a possible mter—
vention point via vaccination or transmission-blocking agents

3. TRANSMISSION BLOCKING DRUGS

The sporogonic stage of the parasite life cycle is one of the key
targets for preventing malaria spreading. Transmission-blocking
strategies are aimed to reduce the prevalence of infection in
endemic population by targeting vector stage of Plasmodium.
Antimalarials with transmission-blocking activity should inter-
rupt the transmission of the disease from an infected host to the
vector and thus clear the parasite from the vector. Screening of
commercially available antimalarial drugs with gametocytocidal
activity was one of the first approaches toward finding trans-
mission blocking compounds. Gametocytocidal activity of com-
mercially available antimalarial drugs is able to block trans-
mission by eliminating most of gametocytes in the human. These
patients render as noninfectious to mosquitoes with high impact
to reduction of transmissibility of the infection.""'* Artemisinin
(1) combination therapies (ACT), which include low-dose
primaquine (2) (Figure 2), have been developed for eliminating
malaria in Cambodian v111ages, 3 however, it is not clear if the role
of primaquine, specifically its effect on the gametocyte, was
responsible for reduction of the disease in the population.'*
Nevertheless, World Health Organization (WHO) recommen-
ded that primaquine (0.25 mg/kg) should be administered in
combination with ACT's as a gametocytocidal agent to decrease
Plasmodium transmission. Combinations of other compounds
such as artesunate (3) plus pyronaridine (4), arterolane () plus
piperaquine (6), artemisinin (1) plus naphthoquine (7), and
artemisinin plus piperaquine are new ACTs (Figure 2), which are
registered and used in some countries. In addition, there are several
new generic formulations of existing drugs. None of these provided
sufficient evidence for general recommendation to become an
antimalarial drug combination (i.e., for unrestricted use)."

4. VACCINATION

No malaria vaccine is available to date. The new tools including
vaccines are necessary to maintain recently achieved standards of
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disease control and to continue the elimination or global eradi-
cation of malaria. The developed vaccines in the past 30 years
targeted pre-erythrocytic stages (sporozoite and liver stages),
blood stages, and transmission-blocking vaccines (sexual
stages).'”'® An effective vaccine against the sexual stages should
interrupt the transmission cycle but would not have effect on the
already induced infection in the vaccinated person. On the other
hand, vaccines aimed to the replicating (asexual) blood stages
should be highlighted to reduce morbidity and mortality.'” The
most advanced clinical candidate to date is RTS,S/AS01, an anti-
sporozoite vaccine. This vaccine influences immune responses to
the circumsporozoite protein that is presented on the surface of
P. falciparum sporozoites and liver stage schizonts.'” This vaccine
already passed through phase III clinical trials involving over
15000 African children. It is considered to be the gold experi-
mental standard, which will be used for evaluation of all future
vaccines. The vaccination follow-up study with a three-dose
regimen reduced cases of clinical malaria in young children by
28% and in infants by 18%.'® The goal of further research is to
develop a second-generation of vaccine(s) by year 2030 that will
accomplish broad and long-term protection against multiple
Plasmodium species and strains.'®

5. VECTOR CONTROL

Since the mosquito plays an important role in the parasite life
cycle, a vector control insecticide is crucial for reducing malaria
transmission. Mosquito control has depended mainly on the
effects of chemical insecticides since the introduction of
dichlorodiphenyltrichloroethane (DDT, 8) and other organo-
chlorine insecticides from the 1940s. When DDT was excluded
from the malaria control program of South Africa in 1996, one
of the worst malaria outbreaks in the history of the country
occurred. Between 1996 and 2000, the amount of malaria
patients in South Africa increased by over 450% with mortality
increasing by almost 1000%."” In South African KwaZulu Natal,
the epidemic was only controlled when DDT was reintroduced
in 2000.%° In 2006, DTT was reintroduced by WHO for indoor
residual spraying (IRS) to decrease malaria transmission.”’
To date, only four classes of insecticides (organochlorides,
carbamates, pyrethroids, and organophosphates) have been
evaluated and recommended for use by the WHO pesticides
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evaluation scheme (WHOPES) in public health (more informa-
tion on www.who.int/whopes/en).”” These insecticides can be
further subdivided based on their modes of action, at the insect
voltage-gated sodium channel (VGSC) activators or the insect
acetylcholinesterase enzyme inhibitors. Malaria control consists
in the use of insecticides for indoor residual spraying or for
mosquito net treatments. All insecticides from these four classes
can be used as the active compounds for indoor residual spraying,
but only pyrethroids are approved for application on insecticidal
nets. The effectiveness of nets treated with pyrethroid insecticide
is highly improved by generating a chemical halo that is even
more effective than the mosquito net itself. This use of insecticide
tends to either deter or repel mosquitoes from biting or sub-
stantially shorten their life span. Where pyrethroids are the only
option for treating the mosquito nets to date, it is important to
maintain the use of these insecticides for as long as possible.
Studies in areas with pyrethroid resistance have indicated that
pyrethroid-impregnated nets in combination with insect growth
regulator reduce malaria transmission in spite of a high frequency
of pyrethroid resistance in mosquito populations.”™

5.1. Insecticides Targeting Voltage-Gated Sodium
Channels. Two main classes of insecticides used for adult mos-
quito control target voltage-gated sodium channel (VGSC)
functions. Chlorinated hydrocarbons (organochlorines) such as
DDT (8; Figure 3) and pyrethroids (9—14; Figure 3) have this
mechanism of action targeted on the insect nervous system.
Currently, pyrethroids are the most effective and safest insec-
ticide for control of adult malaria vectors. They are the only class
approved and recommended by WHO for insecticidal net fabric
because of their decreased human toxicity and selective rapid
effects on mosquitoes.”” The selective toxicity of pyrethroid
insecticides is largely based on the higher affinity of pyrethroid
insecticides for insect sodium channels than for mammalian
sodium channels.”*** The difference in body temperature and
the size of insects compared to humans also have a huge impact
and lead to lower toxicity for humans. Specifically, the toxic
potency of pyrethroids and DDT greatly increases with lower
temperatures. Moreover, the metabolism of insecticides is slower
in insects than in mammals, which together with the insect’s
small body size allows the insecticides to reach their target before
detoxification.”>*°
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Figure 3. Organochlorine insecticide (DDT) and pyrethroids recommended by WHO for indoor residual spraying against malaria vectors.

Sodium channels are crucial for controlling electrical signals in
the nervous system. These transmembrane proteins form a pore
in the membrane and are highly selective for sodium ions. In the
normal mode of action, the membrane current flow of sodium
ions activates the channel to open and then inactivates to shut the
channels in response to depolarization of the membrane poten-
tial. This action lasts only a few milliseconds, and the sodium chan-
nels are rapidly inactivated. The shut-down of the pyrethroid-
modified sodium channel is prolonged (from milliseconds to
minutes) and the delay in action results in persistent excitation.
This results in repetitive firing, repetitive activity on the sense
organs, depolarization of the membrane, suppression of the ampli-
tude of the nerve pulse, enhanced release of the neurotransmitter,
and blocked excitation of the sodium channel.”’~*” The pyre-
throids and DDT preferably target the open state of the VGSC,
and the binding to the channel seems to stabilize the open state
and inhibit the transition to the deactivated or inactivated forms
of the channel.””*%?!

The Anopheles gambiae sodium channel a-subunit gene con-
tains 6420 nucleotides and encodes a 2139-amino acid protein
with a predicted molecular mass of 240 kDa. The sodium channel
is a transmembrane protein with the expected topology of four
large hydrophobic domains (I-IV), each of which has six
membrane-spanning segments (S1—S6) connected by several
loops.'” The cDNA for the Drosophila melanogaster sodium
channel possesses 82% identity with the An. gambiae sequence
and in both organisms alternative and optional splicing can
introduce sodium channel protein variants differentially sensitive
to insecticides.”” The other process that can influence sodium
channel diverse function is RNA editing. This post-transcrip-
tional modification can change the gene transcripts by intro-
ducing site-specific alterations—one base to other conversion, or
insertion or deletion of specific nucleotides. Since the RNA
editing is a major mechanism for increase of sodium channel
functional plasticity, the identification of alternative splicing and
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RNA-editing variants critical for sodium channel function in
insecticide interaction can provide the information for under-
standing the physiological roles of this post-transcriptional
mechanism.**

Although the pyrethroids and DDT share the same mecha-
nism of action, they differ in the binding sites within VGSC. In a
sodium channel in the opened conformation, the insecticide
binding site is placed in a lipophilic cavity in the domain II S4
(bordered by S4—S5 linker), domain II SS, and domain III S6
helices. This cavity can be entered from the lipid bilayer and
allows entry by lipophilic insecticides. The binding of the
insecticide to the channel can stabilize the channel in the open
state.”® This model was confirmed by site-directed mutagenesis
of key residues in the binding region of cockroach (Blattodea sp.)
and fruit fly (Drosophila melanogaster) sodium channels. The
substitutions altered sodium channel sensitivity to selected
insecticides and provided the evidence that alteration of amino
acids in the binding domain for insecticides can contribute to the
distinct binding properties of insect sodium channels.***”

5.2. Insecticides Targeting Acetylcholinesterase. A large
group of adult vector insecticides consists of carbamates (CA)
and organophosphates (OP). OP and CA are commonly used for
insect control and share the same target in An. gambiae mosquito:
the enzyme acetylcholinesterase (recently reviewed®). Acetyl-
cholinesterase (AChE; EC 3.1.1.7) is a serine hydrolase located
at cholinergic synapses of most invertebrates and vertebrates.”
The function of AChE is in regulation of cholinergic neuro-
transmission where it terminates the neurotransmission by rapid
decomposition of the neurotransmitter acetylcholine to acetate
and choline. AChE inhibition leads to accumulation of acetyl-
choline in the synapses preventing the interruption of neuro-
transmission. AChE is a very efficient enzyme with a turnover of
10% to 10* 71777

The first invertebrate acetylcholinesterase 3D structure to
be determined was for the fruit fly, Drosophila melanogaster
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(DmAChE). The solved structure of DmAChE was then com-
pared with vertebrate enzymes from the Pacific electric ray,
Torpedo californica (TcAChE), and from humans (hAChE) to
determine the main structural differences. Although only low
sequence identity was found between DmAChE and TcAChE
(36%), the 3D structures folded similarly and their active sites
closely overlapped.*” More recently, the crystal structure of the
G119S AChE mutant of An. gambiae (AgAChE) resistant to
most cholinesterase targeted insecticides was revealed.*> Com-
pared to hAChE, a less aromatic and enlarged peripheral active
site was found for AgAChE, confirming the presence of C447
close to the entrance of the gorge instead of F295 in hAChE.
Moreover, the open channel was found on the base of the gorge,
supporting the idea of rational design of improved and selective
AgAChE targeted insecticides.

Increased insensitivity to present insecticides in specific strains
of the northern house mosquito without confirmed mutation
in the ace gene led to the two-ace-gene hypothesis.**™*" This
hypothesis was suggested by Bourguet et al., who found two ace
genes in Culex pipiens, differing in substrate specificity and
inhibitory sensitivity."® The hypothesis was confirmed with sub-
sequent reports of a paralogous ace gene in the African malaria
mosquito (An. gambiae).” To date, it is known that many disease-
transmitting or crop-pest insects have two ace genes (acel and
ace2) leading to two AChE proteins (AChEl and AChE2).
However, the true fly species (the higher Diptera) have only one
ace gene and thus one AChE protein.”” The functional speciali-
zation between two AChEs in mosquitoes revealed that AChE1
serves the main synaptlc function, whereas AChE2 plays only
limited synaptic role.>’ Organophosphorus insecticides were
discovered in 1937 in Germany In the 1970s, OPs replaced the
organochlorine insecticides that were banned for their persis-
tence and accumulation in the environment. After extensive use
during 1990s (especially in India), a decline in the use of organo-
phosphates has taken place since about 2001.”> Although the
human and insect nervous systems are very similar (cholinergic
nervous systems), the organophosphates act at the insect’s cen-
tral nervous system synapses but not at the neuromuscular
junctions, where glutamate and gamma-aminobutyric acid are
responsible for the insect’s neuromuscular transmission.>®
Organophosphorus insecticides are irreversible inhibitors that
inhibit AChE by forming a phosphorus conjugate covalently
bound to the catalytic serine residue S199 (5203 for human
AChE). In some cases, the phosphorus conjugate may affect the
peripheral anionic site conformation, although it is distantly
located from the catalytic site. Inhibition of the AChE enzyme
blocks nervous transmission and leads to the death of the insect.
Organophosphate insecticides can be rapidly degraded, but they
have a high acute poisoning risk for highly exposed people.”
Organophosphate insecticides also require monooxygenase-
mediated bioactivation to be converted from the phosphono-
thioate (P = S analogue) form to the oxon form (P = O analogue)
before acting as powerful AChE inhibitors.”>*® The organo-
phosphorus AChE inhibitors malathion (15), fenitrothion (16),
and pirimiphos-methyl (17) were recommended by WHO for
indoor residual spraying against malaria vectors (Figure 4).””

Carbamate (CA) insecticides are considered reversible inhibi-
tors of the AChE enzyme. The interest in CA originated with
usage of the naturally occurring alkaloid physostigmine, Wthh
was identified in 1925 and is used to treat myasthenia gravis.’
Later in the 1950s, Metcalf et al. developed aryl methylcarba-
mates and a very effective carbamate called carbaryl was intro-
duced by Union Carbide Corporation. Since then, CA analogues
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Figure 4. Organophosphates recommended for indoor residual spraying
against malaria vectors.

have been applied as pesticides.”' CA inhibit AChE by carbamylation
at the active site serine residue. As carbamates act as pseudo-
irreversible inhibitors of AChE, the serine—carbamate complex is
not stable and the carbamylated serine residue can be split from
the active site by spontaneous hydrolysis (decarbamylation in
about 30—40 min), in contrast to the nonrever51ble and long-
lasting mechanism of action of organophosphates.”” Carbamates
cause toxic acute effects and symptoms similar to poisoning by
organophosphates. Additionally, organophosphorus insecticides
produce a delayed neurotoxic effect in humans, called OP-induced
delayed neuropathy. This neuropathy is linked to phosphorylation
and further dealkylation of a protein called neuropathy target
esterase. CA are thought to be unable to initiate the neuropathy
and thus are not delayed neuropathgr inducers, and have lower
dermal toxicity compared to OP.** Currently recommended
CA for indoor residual spraying against malaria vectors are
bendiocarb (18) and propoxur (19) (Figure 5).**

@cx (5*

bendiocarb (18) propoxur (19)

Figure 5. Carbamates recommended for indoor residual spraying
against malaria vectors.

5.3. Insect Growth Regulators. In addition to the conven-
tional chemical-based insecticides, there are also alternatives such
as insect growth regulators (IGR). These compounds interfere
with metabolism and affect insect growth by acting via disruption
of embryogenesis and metamorphosis. During insect develop-
ment from egg to adult, IGR may inhibit the formation of chitin
(chitin inhibitors) or they may replace or disrupt the production
of juvenile hormones (juvenile hormone analogues). As they are
not neurotoxic, they appear to have less potential to be harmful
to man and other vertebrates than conventional insecticides. IGR
are lethal to eggs, larvae, and pupae.”” The most-used IGR is
methoprene, a juvenile hormone analogue, which has been used
for controll of mosquitoes and other pests from the order Diptera
over the past 40 years.”” Methoprene blocks midgut metamor-
phosis in Ae. aegypti and delays egg maturation in An. gambiae,
thus acting on female mosquito reproduction.’**

5.4. Bacterial Larvicides. Novel vector control strategies,
that is, the use of biological toxins, viruses, microorganisms, and
natural products, so-called biopesticides, are under develop-
ment.® Bacterial larvicides, that is, Bacillus thuringiensis israelensis
(Bti) and B. sphaericus, are already in use for malarial mosquito
control.®* Current trends in biological larvicides, their mecha-
nism of action, and implications for resistance were reviewed by
Ferreira et al. and by Poopathi.’>*° Briefly, B. sphaericus and Bti
produce insecticidal proteins, which interact with the larval
midgut. These protoxins are ingested and bioactivated by larvae
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into active toxins, which further interact with receptors in the
midgut epithelium leading to cytopathological effects and larval
death.® In addition, the cyanobacteria expressing mosquitocidal
B. thuringiensis proteins are developed for the same purposes.
By contemporary techniques, it should be possible to design smart
bacteria (by combining the genes from a variety of organisms)
that will seek and destroy larvae of specific vector mosquitoes.
Furthermore, several cost-effective culture media from biological
waste materials (e.g, clarified butter waste, coconut oil cake,
corncob, coffee husk waste) were used to yield a superior level of
bacterial production than conventional Luria—Bertani or
Nutrient Yeast Extract Salt media. Thus, the industrial produc-
tion of B. sphaericus and Bti is cost-effective, readily avallable,
environmentally safe, and recycles environmental waste.’

6. RESISTANCE MECHANISMS IN ANOPHELES
GAMBIAE

Three resistance mechanisms of insecticides are known in
An. gambiae: two target-site modifications and enhanced metabolic
detoxification of insecticides.

6.1. Target-Site Modification of VGSC. One of the best
known resistance mechanisms is termed knockdown resistance
(kdr), which was first observed in the house fly, M. domestica, in
Sardinia, Italy.”® Later a single leucine-phenylalanine change at
position 1014 was 1dent1ﬁed to be responsible for the kdr
resistance phenotype.®” Many mutations occur at this key residue
located in the binding pocket of the sodium voltage channel
enclosed by linkers S4—S5 of domain II plus S5 and S6 helixes
also in domain II. The same mutation can be found in resistant
strains of An. gambiae, where the kdr resistance is strongly
connected with the mutation of a leucine residue at position 1014
located within the binding pocket of the S6 transmembrane
segment of domain II region of VGSC (numbering according to
M. domestica sodium channel). The binding pocket key leucine
residue is mostly substituted with a phenylalanine (L1014F)
or serine residue (L1014S).”””" Recently, a new mutation in the
sodium channel of An. gambiae at position 1575 was reported.
This mutation is located within the domain III-IV linker of the
sodium channel. The change of asparagine to tyrosine (N1575Y)
occurs only together with the L1014F mutation, providing the
mosquito with additional benefit associated with the resistant
phenotype.”” In addition to the kdr resistance phenotype, the
superkdr resistance phenotype (M918T) associated with high
pyrethr01d insensitivity was identified in the M. domestica
genome.”” The M918 amino acid residue is located in the
connecting linkage between domain II and III plus this mutation
is responsible for the reduction of pyrethroid sensitivity up to
1000-fold compared to the wild-type variant.”>”* To date, no
superkdr M918T phenotype substitution has been observed in
An. gambiae, the major malaria mosquito vector.

6.2. Target-Site Modification of Acetylcholinesterase.
The insensitivity of AChE in Anopheles was first observed in
An. albimanus strains collected in Salvador in 1970. The active
site was altered resulting in failure of certain OP and CA to
bind.” The increased resistance was confirmed in malaria vector
populations of An. gambiae in the Ivory Coast, West Africa first to
pyrethroids and later also to carbamates.”® 77 Carbamate and
organophosphate resistance was later descrlbed as a single amino
acid mutation at position 119 in AChE1.”® This glycine-to-serine
substitution (G119S), termed ace-1R, was generated by a GGC
to AGC codon replacement, and this single point mutation
created a restriction site and is therefore detectable by poly-
merase chain reaction-restriction fragment length polymorphism

539

diagnostics.”®”” The mutated G119 residue lies within the
oxyanion hole close to the catalytic active site and the mutation
leads to a significant change in function. The mutation reduces
the volume of the active site and the G119 residue blocks
the carbamylation of the catalytic serine residue $199.”° The
recombinantly expressed and purified catalytic part of G119S-
AChE1 revealed only 3% turnover number of the wild-type
enzyme.”’

6.3. Metabolic Detoxification. A well-known resistance
mechanism in An. gambiae and other insect species is metabolic
enhancement of insecticide detoxification. The mechanisms of
detoxification are based on overexpression of detoxifying
enzymes belonging to carboxylesterases (COEs), cytochrome
P450 monooxygenases (P450s), and glutathione S-transferases
(GSTs).*

The monitoring and detection of resistant alleles of
An. gambiae target sites is an important aspect of malaria control.
Many assays are based on molecular biology techniques for
resistance sequence detection. In the metabolic detoxification
process, many enzymes can be involved and thus large-scale
assays using microarray analyses are indispensable. After the first
generation of genome expression analysis of An. gambiae
mosquito defense reaction, the highly specific microarray chip
was developed.®” This type of microarray chip is focused on gene
identification differentially expressed in metabolic-based in-
secticidal resistance.*

Genome-sequencing methods of mosquito investigation were
widely used and provided tools to intensify insecticide resistance
research. Deep sequencing together with cloning of individual
metabolic genes led to better understanding of the protein
function and revealed the resistance mechanism. The Basic Local
Alignment Search Tool was used to identify probable genes
coding for COE, P450, and GST proteins of the An. gambiae
genome. Sequence features regarding conserved regions, cata-
Iytic active sites, and protein sequence lengths were used to con-
firm proper gene categorization and clustering into the protein
families. This process provided information about 51 puta-
tive COEs, 31 GSTs, and 111 P450 gene sequences in the
An. gambiae genome. Unfortunately, the genome search provides
no information about coding of functional (active) proteins. 84

The overexpression of metabolic genes for pyrethroid resis-
tance (CYP6P3, CYP6M2, and GSTD3) in An. gambiae was
reported in Benin in 2014. At the same time, no increase in kdr
mutation frequency was found in Benin during the period 2012—
2014. The increase of deltamethrin resistance in this area was a
result of increased expression of genes resp0n51ble for metabolic
detoxification rather than from kdr mutations.®> Moreover, the
absence of kdr alleles in resistant mosquitoes confirms the
importance of metabohc detoxification for the An. gambiae
resistance phenotype.*’

Although the methods of molecular and cellular biology
provide powerful tools to analyze expression of certain genes, the
relationship between unique genes and their interactions must be
considered. Multiple and complex mechanisms are involved in
mosquito resistance to insecticides. Since gene overexpression and
target-site insensitivity are important in resistance mechanisms,
the interaction of resistant and regulatory genes may play a
crucial role in insecticide resistance.”’

More recently, cuticular resistance such as thickening of the
cuticle suggests another mechanism of resistance besides meta-
bolic enhancement and target-site modification. The overexpression
of cuticular genes CPLC8 and CPLC# after insecticide exposure
revealed their potential in pyrethroid metabolism in An. gambiae.*
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The analysis of cuticular lipids from An. gambiae populations in
Nigeria, Tanzania, and Gambia suggested differences in carbo-
hydrate composition.*®

7. STRATEGIES TO OVERCOME RESISTANCE

In recent years, mosquito-vectored diseases have re-emerged as
significant human health issues in many regions. Numerous
factors are involved including lack of progress in vaccine devel-
opment, the development of resistance by Plasmodium sp. to
available drugs, the socioeconomic decline in some disease
endemic countries, and the presence of resistance in mosquitoes
to routinely used insecticides (such as DDT and pyrethroids)."’
The large-scale production and common use of insecticides
resulted in their accumulation in ecosystems, causing environ-
mental contamination and toxicity to many off-target species
including humans.®" The extension of insecticide resistance also
limits the effectiveness of commonly used insecticides. There
have been serious reports from regions in sub-Saharan Africa of
pyrethroid resistance among Anopheles sp.*””°

The strategies recommended by WHO in its Global Malaria
Program are guided by the Global Technical Strategy for Malaria
2016—2030.”"" Tt provides ambitious global targets for 2030
including eliminating malaria in at least 35 countries, reducing
malaria mortality rates and malaria incidence by at least 90%, and
preventing a resurgence of malaria in all regions that are free of
malaria. The fight against malaria is being prolonged by several
interconnected challenges such as the lack of predictable, robust,
and sustained domestic and international financing and by
biological challenges already mentioned above such as parasitical
and insecticidal resistance, which has the potential to seriously
weaken the effectiveness of malaria responses and to erode
recently achieved gains.”!

If coverage of malaria interventions remains at current levels,
malaria incidence could increase moderately based on mathe-
matical modeling. However, the rise of the disease and its
consequences could be averted through a combined effort to
optimize the use of currently available tools. Vector control, at
levels covering above 80% in at-risk populations, could sig-
nificantly reduce the incidence and death rate. However, it will be
operationally difficult to reach this level of coverage for vectors.
Thus, further innovations in tools and approaches are needed for
elimination of transmission in areas with high transmission
rates.”’ There is no predictable route to find a new mechanism of
action for insecticides, and serendipity appears to be more
important than biorational approaches. First, future achievement
depends on the structural diversity and the number of natural
products or synthetic chemicals, their screening, optimization of
structure—activity relationship through the synthesis of chemical
analogues, and finally deep knowledge of the target site. The
biorational way can be facilitated by enzyme, channel, or mem-
brane target assays, which can supplement the determination of
insecticidal activity.®

Some strategies not only rely on monitoring of the resistance
evolution, but also on planning interventions to minimize the
development of insecticidal resistance to antimalarial drugs. Other
recommendations are based on diversified use of insecticides with
different mechanisms of action instead of repeated use of insec-
ticides with the same mechanism of action. The most effective
resistance management is the use of combinations or mixtures
of insecticides from different classes where at least one of them
has a lethal effect on the resistant mosquito (e.g, a carbamate

sprayed on the wall and a pyrethroid on long-lasting insecticidal
nets).”"%?
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8. NEWLY DESIGNED INSECTICIDES

One approach to development of selective insecticides is to find
compounds with new modes of action. As was mentioned above,
many disease-transmitting or crop-pest insects have two AChE
enzymes (AChE1 and AChE2). In 2006, Pezzementi et al. pub-
lished deactivation of an invertebrate AChE by thiol reagents
interacting with free cysteines of the enzyme. The inactivation of
enzyme activity suggested a covalent modification between the
cysteines and sulfhydryl reagents.”® Around the same time, Pang
et al. published a 3D model of An. gambiae mosquito AChE1
using homology modeling plus refinement with multiple
molecular dynamics simulations and found a native free cysteine
(Cys286) residue located near the active site, which can serve as a
target for novel insecticides (Figure 6).”* A free Cys residue is

Figure 6. Superimposition of the An. gambiae insect acetylcholinesterase
over the human counterpart. A perspective looking down on to
acetylcholine (ACh) at the catalytic site. The Protein Data Bank IDs for
the mosquito and human enzymes are 2AZG and 4EY4.”

present at the entrance to the active gorge of insect AChE1 but
not at that of AChE2 or AChE specific for mammals, birds, and
fishes.”"*

The methanethiosulfonate-containing molecule (20; Figure 7),
a thiol-reactive compound designed to target the Cys residue,
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Figure 7. Chemical structure of methanethiosulfonate compounds.

irreversibly inhibited >95% enzyme activity of An. gambiae
AChE] after 1 h exposure at 6 yuM concentration, while an similar
exposure showed no effect on human AChE.” On the other
hand, a full dose—response analysis detected in some compounds
irreversible inhibition of human AChE at inhibitory concen-
trations of >10 M. This proved the concept that the Cys residue
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Figure 9. Chemical structures of experimental phenyl-substituted carbamates.

in AChEI is a feasible target for development of selective insec-
ticides.” To prove the conjugation of a reactive moiety to the
insect-specific cysteine, second generation cysteine-targeted
maleimide-containing inhibitors (21, 22; Figure 8) were
designed. The maleimide moiety is assumed to form a carbon—
sulfur bond to cysteine 286, and thus, adducts are stable during the
digestion process and can be proved using LC—MS analysis.
Succinimide analogues (23, 24), which cannot react with cys-
teine 286 but that are sterically similar to maleimide, were
designed to estimate binding affinity.”® Time-course experiments
found irreversible inhibition of maleimide-containing inhibitors on
recombinant insect AChE1, but not on recombinant human AChE.
The succinimide-containing inhibitors were unable to inactivate
either the insect or human enzyme. These data confirm that the
insect-specific cysteine 286 is accessible for conjugation with
reactive moiety. Although this conjugation can lead to selective
and irreversible inhibition of AChE1, no insecticidal action has
been reported for these compounds on any mosquito species.”®
Redesign of the classic insecticides is also a suitable way to
develop novel selective insecticides. Hartsel et al. focused on
variation of the aryl methylcarbamate pharmacophore.”’ "
They synthesized phenyl-substituted carbamates (20a—e)
(Figure 9), which had higher An. gambiae/human selectivity
for An. gambiae AChE1 (>100-fold), unlike commercial carba-
mate insecticides (propoxur, bendiocarb, carbofuran).”” Novel
carbamates were found less toxic in comparison with commercial
carbamates in both tarsal contact and topical application assay.
Low correlation between tarsal contact activities of the novel
carbamates and relevant inhibition potency indicates that
other factors than enzyme inhibition ability influence in vivo
insecticidal effectiveness of the tested carbamates.”’ ™"’ These
experimental carbamates provided high selectivity toward
mosquito species, coupled with low activity against agricultural
insects and low oral toxicity in mice. All these results suggest that
such novel carbamates could be beneficial for vector control
programs.'®

A new approach to overcoming resistance to pyrethroids that
are used for impregnation of insecticide-treated nets would be
the development of new anticholinesterase-based compounds.
To date, no AChE inhibitors approved by WHO for IRS have
been approved for insecticide-treated nets, perhaps because of
concerns about human toxicity. A two-in-one combination of
pyrethroid and nonpyrethroid insecticides should be beneficial in
vector control by its progressive exposure to different insecticides
with distinct mechanism of action.'”" Many attempts were made
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to develop safe acetylcholinesterase inhibitors that ensure high
selectivity for inhibition of An. gambiae AChE1 over human
AChE. Novel acetylcholinesterase inhibitors should have effect
not only on An. gambiae carrying wild-type AChE1 (G3 strain),
but also on mosquitoes carrying its mutated variant, G119S
(Akron strain).

Wong et al. synthesized pyrazol-4-yl methylcarbamates (30;
Figure 10) to overcome the G119S carbamate resistance. These
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Figure 10. Chemical structure of pyrazol-4-yl methylcarbamates.

novel aryl methylcarbamates showed high in vivo toxicity to the
An. gambiae Akron strain using tarsal contact toxicity assay.
On the other hand, none of these carbamates exhibited suitable
selectivity for inhibition of An. gambige AChE1 over human
AChE."

Novel carbamates and carboxamides have been prepared
based on an isoxazole core (31, 32; Figure 11) targeting both
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Figure 11. Chemical structures of carbamates and carboxamides with
isoxazole core.

carbamate-susceptible (G3) and carbamate-resistant (Akron)
strains of An. gambiae. The novel compounds showed high
contact toxicity toward both G3 and Akron strains. Unfortu-
nately, selectivity for An. gambiae AChE1 over human AChE for
the novel compounds was very low, achieving a maximum of only
eight-fold for the best compound.'®”

Alout et al. screened a 3000-compound chemical library for the
ability to inhibit more effectively the G119S-AChE1 enzyme than
the wild type AChEL in respect of organophosphate sensitivity.
Pyrimidinetrione furan-substituted compounds (33, 34; Figure 12)
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Figure 12. Chemical structures of the best insecticide candidates from
high throughput screening by Alout et al.

resulted as the best hits, acting as irreversible and competitive
inhibitors of mosquito AChE1. These compounds preferentially
inhibited the AChE1 mutated form G119S, which is insensitive
to organophosphates and carbamates. The compounds also
showed in vivo toxicity toward organophosphate-resistant
An. gambiae mosquito larvae. This new class of compounds
called “resistance killers” can target preferentially OP-resistant
mosquitoes and were predicted to be able to rapidly restore OP
susceptibility in field populations.'”

To discover new selective AChE1 inhibitors, Engdahl et al.
made a high throughput screen of 17 500 compounds for inhi-
bition of AChEl of An. gambiae and Ae. aegypti. About 338
compounds significantly reduced activity of An. gambiae AChE1,
Ae. aegypti AChE], or both. Further assays provided some insect/
human selective hits, which can be divided based on their chemi-
cal diversity. Nine selected structures were assayed for dose—
response analysis. One compound, phenoxyacetamide-based
inhibitor (35; Figure 13), was potent as a noncovalent AChE1
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Figure 13. Chemical structure of phenoxyacetamide-based inhibitor
from high throughput screening by Engdahl et al.

35

inhibitor, with ICs, values in the submicromolar range for both
insects’ enzymes. Moreover, it had a moderate selectivity ratio
(>12) indicating preferential inhibition of insect enzyme. The
phenoxyacetamide-based compound inhibited also G119S-
AChE], which is responsible for insecticide resistance. This
new inhibitor combines selectivity for mosquito enzymes with
potency for both the resistance-conferring mutation G119S and
wild-type AChE1 and demonstrates a possibility for developing
new selective noncovalent AChEI inhibitors.'**

Recently, D1-like dopamine receptor (DAR) antagonists were
introduced as a new putative insecticide class. The neurotrans-
mitter dopamine and its receptors are essential for complex
behavioral mechanisms in arthropods. Several studies have sug-
gested that interference with the dopaminergic process might
cause death or result in incapacitation or disrupted development,
which makes DAR highly attractive for insecticide develop-

ent.'>'% Invertebrates possess two D1-like receptors (DOP1
and DOP2) and a single D2-like receptor.'”” Comparison of
DOP2 transmembrane domain sequences of selected inverte-
brates revealed high amino acid identity between transmembrane
domains of Ae. aegypti in comparison with Culex quinquefasciatus,
An. gambiae, and D. melanogaster (100%, 94%, and 97% of amino
acid sequence identity, respectively). The comparison also
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revealed lower amino acid identity between transmembrane
domains of Ae. aegypti and human D1-like orthologs hD; (51%)
and hDy (47%).'”

Ae. aegypti DOP2 antagonists with mosquitocidal properties
were evaluated in early drug discovery studies and multiple
compounds were shown to be more selective for the insect
receptor versus human receptor. These antagonists were highly
toxic to mosquito larvae in vivo for both Ae. aegypti and
C. quinquefasciatus. More recently, the toxicity of DOP2 antago-
nists was evaluated in An. gambiae larvae and demonstrated
responses similar to those of Ae. aegypti DOP2 antagonists.
The difference in antagonist activity between human and
mosquito receptor suggests a possible strategy for new drug
development emphasizing safety for nontarget organisms.
The insect DOP2 antagonists are promising targets in vector
control, although questions about the mechanisms of action
and complex pharmacological responses still remain to be
elucidated.'*>'*

Research of natural insecticides that do not possess a toxic
effect on the nontarget population and can be easily degraded
belongs to the most prioritized. Plant species such as the Indian
neem tree (Azadirachta indica) and Karanj tree (Pongamia
glabra) provide essential oils with insecticidal effects.”> In the
most cases, plant oils and extracts were considered as safe to
humans and other mammals.'*” A mixture of neem and karanj oil
was formulated and patented as PONNEEM, a novel biopes-
ticide. The PONNEEM was assayed for larvicidal, ovicidal, and
oviposition deterrence activities against the vector mosquitoes
Anopheles stephensi and C. quinquefasciatus. PONNEEM pre-
sented 100% larval mortality against Anopheles stephensi and
C. quinquefasciatus at the lowest concentration (0.1 ppm). The
ovicidal activity of PONNEEM was found 100% (at 1 ppm)
against two species of mosquitoes, but the oviposition deterrence
activity was lower than that of ovicidal activity at same con-
centration. The effect on nontarget organisms demonstrated that
PONNEEM had no eftects to Gambusia affinis and Diplonychus
indicus, which are mosquito predators. The safety studies sug-
gested that PONNEEM could be used together with predatory
fish and beneficial insects in integrated vector control strategies.
The biological activity of PONNEEM may result from various
compounds occurring in the plant oils.'"” Treatment with
PONNEEM resulted in reduction of the activity of AChE],
glutathione S-transferase, and a- and p-esterases and pro-
vided larvicidal, ovicidal, and oviposition deterrent abilities
against the vector mosquitoes Ae. aegypti and Ae. albopictus."”
The overall findings suggested that PONNEEM could be used
as an alternative to synthetic pesticides to control vector-borne
diseases.”

The silver nanoparticles (AgNP) using cheap aqueous leaf
extract of Zornia diphylla as a reducing and capping agent of Ag"
ions can be other alternative to synthetic pesticides. The acute
toxicity of Z. diphylla leaf extract and biosynthesized AgNP was
determined against larvae of the malaria vector Anopheles subpictus,
the dengue vector Ae. albopictus, and the Japanese encephalitis
vector Culex tritaeniorhynchus. Synthesized AgNP presented a
dose-dependent larvicidal effect against all tested vector species and
resulted safer to nontarget organisms Chironomus circumdatus,
Anisops bouvieri, and Gambusia affinis."'® A different type of
AgNP prepared via using Rhizophora mucronata leaf extract was
tested against larvae of Ae. aegypti and C. quinquefasciatus and
showed potential mosquito larvicidal activity.""' In summary,
AgNP are relatively easy to produce, stable over time, cheap, and
may be used at low doses to strongly decrease larval populations
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of malaria and arbovirus mosquito vectors. They resulted without
detrimental effects on mosquito enemies such as predaceous fish
and crustaceans.''°

9. CONCLUSION

In 2017, the World Health Organization established Global
vector control response 2017—2030 for vector control as a
fundamental approach to prevent mosquito-borne disease and
respond to outbreaks. In this Global vector control response,
several strategic goals were set. The goals include reduction of
mortality due to vector-borne disease globally relative to 2016 by
at least 75%, reduction of case incidence to vector-borne disease
globally relative to 2016 by at least 60%, and prevention of
epidemics of vector-borne diseases in all countries. In October
2017, WHO released an online mapping platform to track bio-
logical challenges to malaria control and elimination. It presents
maps from three WHO global databases: (1) Anopheles spp.
malaria vector insecticide resistance, (2) P. falciparum hrp2/3
gene deletion (that can lead to false-negative rapid diagnostic test
results), and (3) P. falciparum and P. vivax antimalarial drug
efficacy and drug resistance (database Web site: apps.who.int/
malaria/maps/threats/ ).

Increasing drug and insecticide resistance is highly challenging
to malaria control programs. Forthcoming insecticide-based
approaches should not be dependent on a single active agent to
maximize the effectiveness of vector control. It may be useful to
continue with combinations of different approaches. The stan-
dard insecticides (e.g., carbamates) might be redesigned to fulfill
novel findings and demands on the field. To overcome known
insecticidal resistance, compounds with novel mechanisms of
action should be used in combination and rotation with long-
used and well-established insecticides. Furthermore, and in addi-
tion to novel insecticides, plenty of supporting activities are
needed to prolong the time before resistance decrease the effec-
tiveness of novel molecular scaffolds. Not only should inhibition
of target insect enzymes be achieved within novel insecticide
development, but also the mechanisms of resistance and the
physiochemical properties of novel scaffolds together with their
pharmacokinetic parameters (absorption, distribution, metabo-
lism, and excretion) should be taken into consideration.
Advanced in silico methods can be abundantly used for iden-
tification and selection of novel insecticide-like scaffolds fulfilling
demands of their low health risk and environmental safety.
Scientists, manufacturers, control programs, WHO, and other
stakeholders have to work in close collaboration to establish and
implement resistance management strategies to stop the progress
of malaria transmission.
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Insects have a huge impact on quality of life around the world. They play roles in transmitting diseases, crop-
destruction, and as residential pests. Their increased resistance to the existing pesticides and the toxicity of
carbamates (CA) and organophosphates (OP) has led to the development of new environmentally safe
insecticides. In our study, thirty different bis-isoquinolinium and bis-pyridinium acetylcholinesterase
inhibitors were tested as candidates for potential new selective pesticides. Our compounds were
evaluated in vitro on insect acetylcholinesterase (AChE) from Musca domestica and human erythrocyte
AChE using the modified Ellman’'s method. The values of ICsg were compared and expressed via
a selectivity index (Sl) towards the insect enzyme. K299, K416, and K423 provided a high Sl and seem to

be suitable as new lead structures of novel selective anticholinesterase insecticides. Docking studies
Received 24th May 2017

Accepted 3rd July 2017 further provided the rational background uncovering the disparities in the ligand—enzyme binding modes

for each AChE enzyme. In vitro assessments as well as docking studies highlighted K299 and K416 as

DOI: 10.1039/c7ra05838a suitable candidates for lead structures of novel pesticides. However, further evaluation is needed to
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Introduction

Vector-borne diseases are among the major causes of illness
and death in many tropical and subtropical countries. In 2015,
214 million new cases of malaria, transmitted by Anopheles
gambiae, globally occurred, and the disease led to 438, 000
deaths.” Dengue fever as well as Zika virus disease is trans-
mitted by another mosquito species, Aedes aegypti. Currently,
Zika virus infections indicate rapid geographic expansion.’
Worldwide present bed bugs (Cimex lectularius) feed on human
blood and cause mental stress, acute discomfort, and social
stigma.* Finally, soybean aphids (Aphis glycines) cost US farmers
more than 1 billion dollars in yield losses and the purchase and
application of insecticides, hampering the production of bio-
diesel from soybean oil.> All the problems caused by crop-
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destroying, disease-carrying, and residential insects require
urgent solutions.®

Carbamates (CA) and organophosphates (OP) are examples
of pesticides that inhibit cholinesterases, which are commonly
used for insect control.”® Acetylcholinesterase (AChE; EC
3.1.1.7) is a serine esterase in the o/f hydrolase-fold enzyme
family." The function of AChE is to terminate neurotransmis-
sion by rapidly hydrolyzing acetylcholine (ACh) at the cholin-
ergic synapses and neuromuscular junctions of most
invertebrates and vertebrates.”**** The active site of the enzyme
is located at the bottom of a deep and narrow gorge, containing
a serine residue in a catalytic triad.”*® Current anticholines-
terase insecticides work through covalent modification of serine
at the active site of an enzyme, thus disabling its catalytic
function and incapacitating insects.”®

Due to the long-lasting consumption of pesticides, more and
more insect species have developed resistance.**™® This resis-
tance has been claimed to be due to three different mechanisms:
reduction in insecticide sensitivity of target enzymes, decrease in
insecticide penetration into the insect body, and increase in
detoxification activities.”” On the other hand, acute pesticide
poisonings (APPs) are responsible for significant morbidity and
mortality worldwide, particularly in developing countries.'® Esti-
mates of the total number of poisonings are quite variable,
depending on the period and author. Despite some limitations,
a total number of APPs in the range from 250 000 to 500 000 were
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estimated yearly with 3000-30 000 fatalities.” Due to the
increasing insect resistance to pesticides, off-target toxicity, and
several epidemic situations of insect-transmitted diseases, the
development of new selective insecticides is needed.

Our aim was to screen selected recently reported AChE
inhibitors from our in-house library**** and find out if any of
them provided selectivity to insect AChE. These selective inhibi-
tors could be used as new structure leads for further research.
Approximately thirty different symmetrical bis-quaternary AChE
inhibitors, namely bis-isoquinolinium and bis-pyridinium salts,
were evaluated as new pesticide candidates, and the selectivity of
these compounds was determined. Due to the fact that Musca
domestica has just one type of AChE responsible for cholinergic
function," it has been chosen as a suitable source of insect
enzyme. Finally, in silico studies were carried out to justify the
results obtained from the in vitro assessment. Predictive binding
poses of the selected ligands are shown in the cavity of greenbug
AChE (Schizaphis graminum, SgAChE; enzyme structurally related
to Anopheles gambiae and/or Aedes aegypti AChE) to validate our
hypothesis for the compounds under study.

Results and discussion
Biological assay

Herein, thirty different symmetrical bis-quaternary AChE inhib-
itors were assayed for their selectivity using the modified spec-
trophotometric method described by Ellman et al**?* The
validity of our protocol has been verified on the anti-Alzheimer's
disease drug tacrine, a well-known AChE inhibitor (data not
shown in the table).***” Musca domestica was used as a suitable
source of the insect AChE. Anopheles gambiae, a mosquito that
transmits malaria, has two types of AChE: paralogous AChE (AP-
AChE) to the Drosophila melanogaster gene, which is responsible
for cholinergic function in mosquito, and orthologous AChE (AO-
AChE), which plays a crucial role in the process of reproduction.
On the other hand, Musca domestica, which belongs to the true fly
species, has only one type of AChE, AO-AChE, in particular.®

The compounds chosen for selectivity screening can be
divided into two groups based on their structural features. All
these structures have been recently reported as potential
candidates for the treatment for AD or myasthenia gravis.>*>*
The first group consisted of symmetrical bis-pyridinium
compounds (see Fig. 1), which was selected based on the
linker length and its previously reported inhibition effect. The
IC5, values are listed in Table 1.

Initially, K366 was the non-substituted bis-pyridinium salt
connected with a naphthylene linkage. The ICs, value of K366
was in the micromolar range for both types of AChE. However,
selectivity towards MdAChE was very low. K364 and K365 are (E)
and (Z) non-substituted bispyridinium isomers with a but-(2E)-
en-1,4-diyl linker, respectively. They displayed no inhibition
effect in the tested concentration scale. The aromatic linkage
displayed a promising inhibitory effect, opposite to the linker
with a double bond. On the other hand, the substitution at the
para position of bis-pyridinium inhibitors with the but-(2E)-en-
1,4-diyl linker diminished the inhibitory ability.

39280 | RSC Adv., 2017, 7, 39279-39291
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para-Substituted bispyridinium inhibitors (K420-K435)
provided a very wide inhibition effect based on the used
substituent. Lipophilic moieties, such as aliphatic functional
groups (K420-K422), resulted in poor inhibition as compared to
the compounds with an aromatic ring. Among the aromatic
functional groups (K423-K426), a phenyl-bearing compound
(K423) was found to be the best inhibitor of MdAChE, having an
ICs, in the nanomolar range with a SI value of 7.058, which was
superior to that of the benzyl compound (K424) or the 3-phe-
nylpropyl compound (K425). The latter compound exerted no or
very low inhibition potency to MdAChE in the given concen-
tration scale. The results showed that only K423, bearing
a phenyl ring directly attached to the pyridinium moiety, was
able to inhibit MdAChE, whereas chain elongation between
these two moieties (K424 and K425) resulted in the loss of
activity. On the other hand, a 4-nitrobenzyl compound (K426)
showed inhibition in the micromolar scale although its selec-
tivity towards MdAChE was very low. Compounds (K427-K435)
containing hydrophilic functional groups also showed apparent
differences in their inhibitory ability. Among them, 3-hydrox-
ypropyl (K429), N,N-dimethylamino (K430), and 4-carbonitrile
compound (K435) were superior to other hydroxyl- (K427, K428)
or carbonyl-containing compounds (K431-K434), possessing
ICso values in the micromolar range. Among the hydroxyl-
containing compounds (K427-K429), no clear SAR can be
drawn since only K429 was able to inhibit MdAChE. However,
the SI values towards MdAChE were negligible for all of them.
Although K429, K430, and K435 were the best hydrophilic
compounds, their inhibitory ability towards MdJAChE still
decreased by two orders of magnitude as compared to that of
the phenyl analogue K423.

The second subset of compounds consisted of bis-
isoquinolinium derivatives bearing various linkers (see Fig. 2).
The bis-isoquinolinium derivatives (K291-K299, K302, and
K412-K419) were the most potent inhibitors in our study; only
three of them (K291, K293, and K413) did not inhibit human
and insect AChEs in the tested concentration range. This is
probably caused by the presence of the isoquinoline heterocycle
in them, which exhibits stronger stabilization via -1 or
cation-t interaction to the catalytic active site (CAS) and
peripheral anionic site (PAS) as compared to the bis-pyridinium
compounds.*® Moreover, the used linkage and its length
markedly influenced the inhibitory ability of bis-
isoquinolinium compounds.”’**®* Among the compounds with
an aliphatic linker (K291-K299, K302, and K412-K415), those
with nine and twelve methylene units (K299 and K302) were
found to be the best inhibitors of MdAChE, achieving an ICs,
value in the nanomolar range. K296, bearing six methylene
linkers, inhibited MdAChE in the micromolar range with a low
selectivity profile towards both AChEs. Furthermore,
compounds bearing shorter linkers (one and three methylenes)
were found to be inefficient for both enzymes, which was in
agreement with previously obtained results.>*® The presence of
an oxygen heteroatom (K412 and K413) or a double bond (K414
and K415) in the linker did not yield higher affinity. In this case,
the ICs, values lay in the micromolar range, and low selectivity
towards MdAChE was observed. The linkage length of these

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Structures of the evaluated standards and bis-pyridinium compounds (non-substituted and p-substituted).

compounds was four methylene units, which correlated well
with the result obtained for K296.

Among bis-isoquinolinium salts bearing aromatic linkers
(K416-K419), naphthylene-linked dimers (K419) were more
potent as compared to xylene-linked dimers (K416-K419). K419
inhibited MdAChE in the nanomolar range, but with low
selectivity. On the other hand, K416-K418 revealed high selec-
tivity for MdAChE over hAChE. In this regard, K416 possessed
the highest SI value of 12.185, and the second top-ranked
compound K417 had a three-fold lower SI value of 4.789.

This journal is © The Royal Society of Chemistry 2017

However, the most promising compounds in terms of the ICs,
values were K299, K302, and K419, achieving ICs, values in the
nanomolar range.

A group of four insecticides (pyrethroids (PY), carbamates
(CA), organophosphates (OP), and organochlorines (OC)) has
currently been recommended by WHO pesticide evaluation
scheme (WHOPES) for controlling vector-borne disease such as
malaria.** Compared to organophosphates, the carbamate
insecticides probably represent a better option because they act
as pseudo-irreversible AChE inhibitors with lower dermal

RSC Adv., 2017, 7, 39279-39291 | 39281
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Table 1 The ICsq values of the evaluated compounds
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Compound ICso HAChE + SEM* (uM) ICsp MdAChE + SEM* (uM) SI for MdAChE
Propoxur 2.094 =+ 0.040° 0.152° 13.78
Bendiocarb 0.359 + 0.016° 0.058° 6.19
Compound 1 0.201 = 0.019° 0.181° 1.11
Compound 7 20.68 + 9.509° 0.051° 405
Compound 8 247.4 + 106.8° 0.654° 378
K291 >1000 >1000 —
K293 >1000 >1000 —
K296 0.881 4= 0.322 2.77 £ 0.08 0.318
K299 0.138 4 0.008 0.0226 + 0.0006 6.093
K302 0.0697 £ 0.0032 0.036 %+ 0.001 1.936
K364 >1000 >1000 —
K365 >1000 >1000 —
K366 8.01 £ 1.30 141 £ 1.5 0.568
K412 5.10 £ 0.39 7.40 £+ 0.39 0.690
K413 >1000 693 + 59 —
K414 15.78 &£ 1.12 17.6 + 2.1 0.897
K415 38.7 44 112 £11 0.346
K416 267 = 11 21.9 £ 4.7 12.185
K417 8.59 £ 0.86 1.79 £ 0.12 4.789
K418 5.87 £ 0.49 5.56 *+ 0.49 1.056
K419 0.214 £ 0.011 0.228 4 0.009 0.936
K420 >1000 >1000 —
K421 >1000 >1000 —
K422 >1000 >1000 —
K423 4.93 + 3.61 0.699 + 0.089 7.058
K424 4.09 £+ 1.01 >1000 —
K425 0.0554 + 0.0029 >1000 —
K426 5.19 £ 0.56 20.7 £2.8 0.251
K427 >1000 >1000 —
K428 >1000 >1000 —
K429 31.5 £2.0 107 +£ 15 0.294
K430 1.05 £ 0.06 4.14 £ 0.23 0.253
K431 >1000 >1000 —
K432 >1000 >1000 —
K433 >1000 >1000 —
K434 >1000 >1000 —
K435 37.3 £33 103 £ 11 0.362

% The ICs, values are derived from triplicate and selectivity indexes (SI) were calculated as a ratio of ICs, value for ZAChE/ICs, value for MAAChE.

b Data were obtained from ref. 30. ¢ Data were obtained from ref. 31.

toxicity. Moreover, two approved CA for insecticide-treated nets
(ITN) are propoxur and bendiocarb, usually combined with PY.
The IC5, value of ZAChE for bendiocarb was found to be in the
submicromolar range (ICs, 0.359 uM), which was one order of
magnitude lower than that of propoxur (2.094 pM).* Based on
the reported data, the SI for both of these compounds were
calculated (propoxur SI 13.78 and bendiocarb 6.19).*** The
highlighted compounds in our screening study in terms of SI
are K299, K416, and K423. All these analogues resemble the SI
values of the approved CA. K416 with a SI of 12.19 is superior to
K423 (SI 7.06) and to K299 (SI 6.09). In terms of MdAChE inhi-
bition potency, K299 was able to block the enzyme activity in the
same range as bendiocarb. K423 had a comparable effect with
propoxur. However, these data need to be taken with precaution
since bendiocarb and propoxur presumably exert different
modes of AChE inhibition.

Due to the fact that increase in resistance affects all major
malaria vector species over all four recommended classes of

39282 | RSC Adv., 2017, 7, 39279-39291

insecticides,** the development of new insecticides is currently
a hot issue. Among the insecticides targeting AChE, a novel
class of methylcarbamate hybrids has been developed.**** In
this family, the most potent inhibitors were meta-substituted to
the phenyl ring (compound 1) and possessed an ICs, value in
the nanomolar range with low selectivity towards MdAChE.?***
Compared to those of our highlighted inhibitors (K299, K302,
and K419), their inhibitory effect and selectivity index were very
similar. On the other hand, the ortho-substituted carbamate
derivatives (compounds 7 and 8), which possessed higher
values of ICs, AChE, exhibited up to 350-fold selectivity, which
significantly exceeded that of our most of the selective
compounds (K299, K416, and K423) in this study. Recently,
Pang et al. have described thiol-reactive compounds, which
interfere with free cysteine in PAS of AgAChE; #AChE has no
such free cysteine.® These experimental thiol-compounds
inhibited >95% of AgAChE activity after a 1 h exposure at
6 uM. Under this condition, ZAChE activity remained

This journal is © The Royal Society of Chemistry 2017
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unchanged.® This suggested that inhibitors that bind to CAS
and concomitantly target free cysteine may lead to highly
selective insecticides. In this regard, our screened compounds
are dual-binding site inhibitors; thus, in some ways, they follow
the innovative Pang’'s dual binding site strategy.

Moreover, it was described that bis-pyridinium compounds
bearing a polymethylene linker of up to four carbons did not
inhibit the response of the nicotinic ACh receptor.** Further-
more, a representative compound of bis-isoquinolinium salts
was also evaluated for its nicotinic effect, and no inhibitory
ability was confirmed.* Therefore, we do not speculate any
inhibitory effect of our most promising compounds (K299,
K416, and K423) on the nicotinic ACh receptors.

Docking studies

To explain the reasons for varied potencies between ZAChE and
MdAChE inhibition, several ligands were docked into their

\N/\ AN
F F
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active sites as these enzymes were involved in the biological
assay. In this context, we followed our previously described
protocol.**** Moreover, the prediction of the ligand anchored
onto the cavity of greenbug AChE (Schizaphis graminum,
SgAChE) was carried out. The rationale for selection of this
enzyme is structural similarity to Anopheles gambiae AChE."
Moreover, the structure of SgAChE is freely available from the
RCSB Protein Data Bank as a 3D theoretical model (PDB ID:
2HCP). The crystal structure of #ZAChE (PDB ID: 4EY7) with the
well-known Alzheimer's disease drug donepezil was used as the
template receptor for docking.’****' Donepezil, likewise the
intended ligands used in this study, is a dual-binder, ie.
a compound capable of simultaneously interacting with both
anionic sites of AChE. MdAChE enzyme is not freely available
from the RCSB Protein Data Bank; hence, this enzyme has been
created based on the homology modeling technique and further
validated before performing the in silico calculations (see the
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Fig. 2 Structures of the evaluated bis-isoquinolinium compounds with aliphatic and aromatic linkers.
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Experimental section). Based on the selectivity and activity
profiles, we have chosen K299, being the most potent inhibitor
of MdAChE from the family of bis-isoquinolinium salts, K416,
having the highest selectivity ratio index for MAAChE under this
study, K423, the highlighted MdAChE inhibitor from bis-
pyridinium salts, and K425, as the highly effective hAChE
binder with no activity towards MdAChE in the tested concen-
tration scale.

Initially, K299 revealed a dual-binding site character in all
three models of AChE (Fig. 3), but with several divergences that
might explain different enzyme affinity.”* Regarding the ZAChE
enzyme (Fig. 3A and B), the proximal isoquinoline heterocyclic
core is engaged in parallel 7-m/cation-m interactions with
Tyr337 (3.8 A), T-shaped m-/cation-7 interaction with Trp86
(3.5 A), and 7t stacking with Phe338 (3.7 A), whereas the distal
isoquinoline moiety is sandwiched between Trp286 (3.6 A) and
Tyr124 (4.1 A) via -7 and/or cation-w stacking. The linker
combining both isoquinolines is responsible for weak van der
Waals contact to Phe297 and Tyr341. Ser203 from the catalytic
triad displayed a hydrophobic interaction to K299. On the
contrary, His447 demonstrated unfavorable positive-positive
repulsion to charged nitrogen from the proximal isoquinoline
moiety. The K299-MdAChE (Fig. 3C and D) complex is some-
what different from the K299-#AChE ternary complex.

The overall arrangement in the K299-MdAChE complex
placed the ligand in proximity of Tyr151, making this amino
acid a cornerstone for contacting both isoquinolines as well as
nine-methylene linker via either —m/cation-m or hydrophobic
interactions. Several other important amino acid residues
provided contact to K299. In this case, no catalytic triad residue
showed contact to K299. The last model K299-SgAChE in some
way combines positive features of the previously mentioned
K299-ZAChE and K299-MdAChE ternary complexes. Tyr335
(SgAChE) is equal to Tyr151 (MdAChE) and hence fulfils the role
of the central amino acid in which proximity K299 lies. The
distal isoquinoline core is sandwiched between Trp283 (3.6 A)
and Tyr124 (4.0 A).

In terms of the balanced selectivity and potency prediction
using docking studies, all the abovementioned observations
indicate that K299 can be the lead candidate in the search for
a novel pesticide. However, further evaluation is necessarily
needed to confirm this statement.

Continuing with the bis-isoquinolinium subset, the
compound K416 (Fig. 4) was preferably selected for docking
simulation instead of other aromatically linked bis-
isoquinolinium salts (K417, K418, and K419) based on the
highest selectivity profile towards MdAChE. It is well-known
that introduction of a flexible linker in combination with an
aromatic moiety leads to activity enhancement.**** This is in
accordance ith the aromatic residue-abundant character of the
mid-gorge region of the AChE enzyme. Indeed, this might be the
case for some derivatives from the family of aromatically linked
bis-isoquinolinium salts. However, hybrids used in this study
combined only the short methylene chain with the aromatic
part, which in general did not reach the inhibition potency of
alkyl-tethered bis-isoquinolinium salts. This is presumably
caused by the insufficient length of aromatically linked bis-
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isoquinolinium salts between the catalytic anionic site (CAS)
moiety and the peripheral anionic site (PAS) binder, i.e. between
both isoquinoline cores. The distance between these regions for
an ideal inhibitor was found to be around 20 A.* Apart from all
these, K416 is specific as compared to other inhibitors inspec-
ted in this study because it contains an o-disubstituted xylylene
moiety. This liability is plausibly responsible for less linear
properties in K416 as compared to those in other aromatically
linked inhibitors (K417, K418, and K419), thus preserving steric
rigidity leading to specific interactions and discrepancies in the
binding sites of each AChE enzyme. Upon closer observation of
the 3D complex of K416-hAChE (Fig. 4A and B), it was evident
that the distal isoquinoline core was not able to establish
favorable m-m/cation-m contact with Trp286, a crucial PAS
amino acid residue. This amino acid residue is only involved in
very weak hydrophobic contact. On the contrary, the proximal
isoquinoline moiety is engaged in face-to-face m-m/cation-m
interaction with Tyr341 (3.8 A). This amino acid residue is also
implicated in distorted m-m stacking with the connecting o-
xylylene moiety with the distance of 3.8 A. At the opposite site,
deep in the gorge of ZAChE, proximal isoquinoline can be
found, forming parallel 77 contact with Trp86 (3.9 A). No
direct interaction can be observed between K416 and the cata-
Iytic triad residues of hAChE. In contrast, K416 revealed edge-to-
edge ligand anchoring supported by parallel w- interactions
with Tyr151 (3.6 A) and a sandwich orientation to Tyr447 (4.0 A)
and Trp163 (3.8 A) in the PAS and CAS regions of MdAChE,
respectively. Additionally, His557 from the catalytic triad fur-
nished plausible hydrophobic contact with K416. Several other
interactions can be found as well, e.g. o-7 contact between the
distal isoquinoline heterocycle and Thr232, alkyl-m interaction
with Met231, van der Waals interactions with Tyr407, Trp549,
and Glu160, and many others. All the amino acid residues
encompassing the K416 in the cavity of MdAChE are highlighted
in Fig. 4(C and D). These findings justify the high potency and
selectivity of K416 for MdAChE over hAChE. The investigation of
the predictive model of K416 in SgAChE (Fig. 4E and F) is closely
related to that of the K299-SgAChE complex with Tyr335
networking both isoquinolines. In this case, a plethora of
attractive interactions can be found such as plausible cation-m
interactions with Tyr124, Asp75, and Tyr331. The catalytic triad
seems to stand aside of enzyme-ligand anchoring.

Via probing K423, the most potent and selective MdAAChE
binder from the bis-pyridinium family containing a but-(2E)-en-
1,4-diyl linker, some structure diversity in the specific AChE
active sites can be concluded. Considering the K423-hAChE
complex (Fig. 5A and B), K423 furnished a typical dual-binding
site pattern spanning the cavity gorge from the entrance to the
bottom of the deep gorge. Every aromatic part of the ligand
revealed face-to-face w— and/or cation- interactions with its
amino acid counterpart proximally to the enzyme center in the
order Trp286 (3.7 A), Tyr341 (4.0 A), Tyr337 (3.7 A), and Trp86
(4.0 A). Interestingly, all the catalytic triad residues are con-
nected through hydrophobic interaction to K423. In contrast to
hAChE, K423 mimics a similar spatial orientation in MdAChE
(Fig. 5C and D), extending from the rim to underneath the
gorge. Similarly, each aromatic part of the ligand displayed

This journal is © The Royal Society of Chemistry 2017
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favorable 7w-m and/or cation-m contacts with aromatic amino several cation 7 interactions, as illustrated in Fig. 4D. The

acid residues delineating the cavity enzyme. Stronger affinity of model of K423-SgAChE (Fig. 5E and F) gave the worst fit to the
K423 to MdAChE over hAChE might be provided by the web of active site and thus could be considered as the potential
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pesticide with the lowest interest in this study. This is mainly
speculated to be due to the unbeneficial occupation of the cavity
of SgAChE where some face-to-face w-m stacking is missing and
also the density of cation—m interactions is not so high.

This journal is © The Royal Society of Chemistry 2017

Lastly, our in silico study disclosed K425 as the ligand with no
activity towards MdAChE and high affinity to the ZAChE enzyme
in the tested concentration scale (Fig. 6).>® Taking into account all
the findings, no clear results or SAR data can be drawn based on
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the molecular level of the enzyme-ligand interaction. This is
indeed true for all three cases of K425 ZAChE, K425 MdAChE, and
K425 SgAChE where no clear differences can be observed in the
ligand lodging. Presumably, more definite results might be
generated via molecular dynamics or Monte Carlo methods;
however, these techniques are beyond the scope of this study.***
The docking score calculated by the Vina score (hybrid scoring
function combining empirical and knowledge-based scoring) for
K425 hAChE, K425 MdAChE, and K425 SgAChE complexes was
—12.7 keal mol™, —12.4 kcal mol™?, and —13.0 kcal mol %,
respectively, which slightly correlated with the obtained in vitro
results. Moreover, the energetic balance obtained for the K425
SgAChE complex does not discriminate this ligand from further
development as a selective pesticide. Note that further biological
assays towards SgAChE or related enzymes are necessarily needed
to make any clear conclusion.

Conclusions

In summary, 34 compounds were evaluated for their inhibition
ability to human and insect AChE. Their potency to inhibit
hAChE and MdAChE was tested in vitro, and SI values were
calculated to establish their selectivity. The most promising
compounds in terms of selectivity were K299, K416, and K423,
being more selective than the approved carbamates for
controlling vector-borne disease. Consequently, the promising
selectivity of these screened compounds was determined via
docking study with AAChE, MdJAChE, and SgAChE. The
apparent interactions of m-m or m-cationic origin were
described with several discrepancies indicating the binding
differences. The docking study highlighted K299 and K416 as
the candidates for lead structures in novel pesticides. However,
further evaluation is needed to confirm this proof-of-concept.
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1. Homogenate preparation from Musca domestica

The housefly larvae were bought at specialized store. Larvae were kept in the dark under the room
temperature until the adult house flies hatched out. Adult flies were frozen and keep under -80 °C
at least for two weeks. 30 fly’s heads were homogenized at 4 °C in 0.1 M phosphate buffer, pH 7.4,
0.1% (w/v) Triton X-100 by using Bandelin Sonoplus 2070. The homogenates containing AChE from
Musca domestica (MdAChE) were centrifuged for 15 minutes (4 °C, 5000 RPM). The supernatants

were filtrated through 0.2 um PVDF filters and used for studying acetylcholine inhibitors.



2. Preparation of AChE from human blood

Haemoglobine-free erythrocyte ghosts were prepared according to Worek et al.! with minor
modifications. Heparinised human blood was centrifuged for 20 minutes (4 °C, 5000 RPM) by Hettich
Universal 320R centrifuge. The plasma was separated, buffy coat was removed and erythrocytes
were washed three times by 0.1 M phosphate buffer, pH 7.4. Washed erythrocytes were centrifuged
5 minutes at 5000 RMP at 4 °C. Then, the packed erythrocytes were hemolyzed by dilution
inthe 0.01 M phosphate buffer, pH 7.4 and the process was accelerated by storage at -80 °C.
Haemoglobine was removed by process of dilution and ultracentrifugation. Erythrocytes were
washed two times with 0.01 mM phosphate buffer, pH 7.4 and centrifuged for 30 minutes (4 °C,
20 800 RPM) by Beckman Coulter, Optima L-90K centrifuge. Then, the sediment was resunspended
by 0.1 M phosphate buffer, pH 7.4 and centrifuged for the last time under the constant conditions.

The haemoglobine-free erythrocyte ghosts containing AChE were collected and storage at -80 °C.

3. Biological evaluation of AChE activity

In order to investigate the selectivity of AChE inhibitors to the insect enzyme we used modified
Ellman protocol.2? The assay mixture (200 pl) contained 1 mM acetylthiocholine iodide as substrate
and 0.25 mM DTNB as chromogen in 0.1 M phosphate buffer (pH 7.4). The activity was determined
by measuring of the increase in absorbance at 412 nm at 37°C in 2 min intervals using Multi-mode

microplate reader Synergy 2 (Vermont, USA).

4. Inhibition and selectivity to insect AChE

The IC50 values were expressed as a concentration of compound required for 50% reduction
in cholinesterase activity. Homogenate from Musca domestica fly heads was used as a source
of the insect AChE and the heaemoglobine-free erythrocyte ghosts as a source of human AChE.
Assays were handled parallel on human and insect enzyme. Assayed solutions of target compounds

(103 — 1010 M) were preincubated at 96-well plate for 5 min at 37°C. Each concentration was assayed



in triplicate. Software Microsoft Excel (Redmont, WA, USA) and GraphPad Prism version 5.02
for Windows (GraphPad Software, San Diego, CA, USA) were used for the statistical data evaluation.

Selectivity index (Sl) was calculated as a ratio of IC50 value of human AChE/IC50 value of fly AChE.

5. Insilico studies

Two structures of AChE were gained from RCSB Protein Data Bank — PDB ID: 4EY7 (crystal structure
of hAChE) and 2HCP (theoretical model of Greenbug AChE provided by Pang, Y.P.; Schizaphis
graminum, SgAChE).* Structure of MdAChE was built by homology modeling. The model was based
on the sequence ID Q7YWJ9 from UniProt database. The 3D structure of Drosophila melanogaster
AChE was chosen as the template (PDB ID 1DX4, X-ray structure, resolution 2.7 A, complex with
tacrine derivative 9-(3-phenylmethylamino)-1,2,3,4-tetrahydroacridine, overall sequence identity
88.32 %).> The model was built by Swiss-model software (ProMod3 v. 1.0.0; QMQE 0,74, QMEAN4),
inspected (one Ramachandran outlier outside of binding cavity) and found suitable for docking.t8
All receptor structures were prepared by DockPrep function of UCSF Chimera (version 1.4)
and converted to pdbqt-files by AutodockTools (v. 1.5.6).>1° Flexible residues selection was based on
previous experience (hAChE) or spherical region around the binding cavity.!"'3 Three-dimensional
structures of ligands were built by Open Babel (v. 2.3.1), minimized by Avogadro (v 1.1.0)
and converted to pdbqt-file format by AutodockTools.!* The docking calculations were done
by Autodock Vina (v. 1.1.2) with the exhaustiveness of 8.° Calculation was repeated ten times
for each ligand and receptor and the best-scored result was selected for manual inspection.
The visualization of enzyme-ligand interactions was prepared using 1.5.0.4 (The PyMOL Molecular
Graphics System, Version 1.5.0.4 Schrédinger, LLC, Mannheim, Germany). 2D diagrams were created

with Discovery Studio 2016 Client.



Notes and references

1 W.F,R.G, E.P.andS. L., Arch. Toxicol., 2002, 76, 523-529.

2 G. L. Ellman, K. D. Courtney, V. Andres and R. M. Feather-Stone, Biochem. Pharmacol., 1961, 7,
88-95.

3 M. Pohanka, J. Z. Karasova, K. Kuca, J. Pikula, O. Holas, J. Korabecny and J. Cabal, Talanta, 2010,
81, 621-624.

4 ). Cheung, M. J. Rudolph, F. Burshteyn, M. S. Cassidy, E. N. Gary, J. Love, M. C. Franklin and J. J.
Height, J. Med. Chem., 2012, 55, 10282-10286.

5 M. Harel, G. Kryger, T. L. Rosenberry, W. D. Mallender, T. Lewis, R. J. Fletcher, J. M. Guss, I. Silman
and J. L. Sussman, Protein Sci. Publ. Protein Soc., 2000, 9, 1063-1072.

6 K. Arnold, L. Bordoli, J. Kopp and T. Schwede, Bioinforma. Oxf. Engl., 2006, 22, 195-201.

7 M. Biasini, S. Bienert, A. Waterhouse, K. Arnold, G. Studer, T. Schmidt, F. Kiefer, T. Gallo Cassarino,
M. Bertoni, L. Bordoli and T. Schwede, Nucleic Acids Res., 2014, 42, W252-258.

8 L.Bordoli, F. Kiefer, K. Arnold, P. Benkert, J. Battey and T. Schwede, Nat. Protoc., 2009, 4, 1-13.

9 E.F. Pettersen, T. D. Goddard, C. C. Huang, G. S. Couch, D. M. Greenblatt, E. C. Meng and T. E.
Ferrin, J. Comput. Chem., 2004, 25, 1605-1612.

10 G. M. Morris, R. Huey, W. Lindstrom, M. F. Sanner, R. K. Belew, D. S. Goodsell and A. J. Olson, J.
Comput. Chem., 2009, 30, 2785-2791.

11 E. Nepovimova, J. Korabecny, R. Dolezal, K. Babkova, A. Ondrejicek, D. Jun, V. Sepsova, A. Horova,
M. Hrabinova, O. Soukup, N. Bukum, P. Jost, L. Muckova, J. Kassa, D. Malinak, M. Andrs and K.
Kuca, J. Med. Chem., 2015, 58, 8985—9003.

12 J. Korabecny, R. Dolezal, P. Cabelova, A. Horova, E. Hruba, J. Ricny, L. Sedlacek, E. Nepovimova, K.
Spilovska, M. Andrs, K. Musilek, V. Opletalova, V. Sepsova, D. Ripova and K. Kuca, Eur. J. Med.
Chem., 2014, 82, 426-438.

13 J. Korabecny, M. Andrs, E. Nepovimova, R. Dolezal, K. Babkova, A. Horova, D. Malinak, E.
Mezeiova, L. Gorecki, V. Sepsova, M. Hrabinova, O. Soukup, D. Jun and K. Kuca, Mol. Basel Switz.,
2015, 20, 22084-22101.

14 N. M. O’Boyle, M. Banck, C. A. James, C. Morley, T. Vandermeersch and G. R. Hutchison, J.
Cheminformatics, 2011, 3, 33.

15 O. Trott and A. J. Olson, J. Comput. Chem., 2010, 31, 455-461.



