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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Problémas biuitiba un aktualitate

Malarija ir viena no vissenakajam un postosakajam cilvéces slimibam, ko
izraisa Cetras Anopheles moskitu parn€satas Plasmodium parazitu sugas. Galvenie
slimibas simptomi ir nogurums, galvassapes, drudzis, vemsana, smagakos gadijumos
var iestaties koma vai pat nave. Slimiba ir izplatita tropu un subtropu klimatiskajas
joslas, Iidz ar to aptuveni puse pasaules iedzivotaju dzivo saslimSanas riska zonas.
2015. gada registréti ap 214 miljonu saslimSanas gadijumu, no kuriem gandriz
pusmiljons bija ar letalam sekam [1].

Senakas un plasak lietotas antimalarijas zalvielas ir hinins un artemisinins, kas
izoletas no Azijas tautas medicina izmantotajiem augiem. Papildus tiem attistita virkne
citu sintetisko zalvielu, diemzel lielakajai dalai So vielu ir zinams tikai visparigs
darbibas mehanisms nevis konkrétais biologiskais mérkis [2—4]. Peédgjas desmitgades
kliniskos pétijumus sasniedz uz jauniem kemotipiem balstiti zalvielu kandidati, kas
atrasti, skring€jot molekulas tiesi uz parazitu, un ir atklati arT jauni iesp&jamo zalvielu
biologiskie mérki [5-6]. Kop$ 2000. gada malarijas izraisito naves gadijumu skaits ir
samazinats par 60 %, savukart saslimsanu skaits — par 37 % [1].

Slimibas apkaro$anas centienus apdraud rezistentas malarijas izplatiSanas, pret
kuru daudzos regionos neefektivi ir jau praktiski visi zinamie preperati. Paslaik vienigie
lidzekli rezistentds malarijas arst€Sanai ir artemisininu kombinacijas, taCu nesen
vairakos regionos ir registréta rezistenta malarija ari pret §is grupas medikamentiem,
noradot uz akiitu nepiecieSamibu radit jaunas, rezistences brivas zalvielas [1].
Rezistences brivas zalvielas priekSnoteikums ir tas iedarbiba uz tadiem molekularajiem
mérkiem, uz kuriem neiedarbojas paslaik izmantotas pretmalarijas za]vielas. Ka $adi
molekularie merki izstradataja darba ir izvelétas malarijas aspartilproteinazes —
plazmepsini [3].

P. Falciparum genoma iekodeti 10 plazmepsini (Plm). GremoSanas
plazmepsini (Plm I, Plm II, PIm IV) un histo-aspartilproteinaze (HAP jeb Plm III)
darbojas eritrocttos, kur tie degradé hemoglobinu mazakos peptidos, lai iegiitu augSanas
un vairoSanas procesam nepiecieSamas aminoskabes. Gremosanas plazmepsini -1V ir
visvairak pétiti, un tos ir salidzinosi viegli ekspresét, nodrosinot proteinu biologiskajiem
un strukturalajiem pétfjumiem. Sie etri enzimi ir savstarpgji lidzigi, to aminoskabju
sekvence sakrit no 60 % Iidz 79 %, un visi tiek uzskatiti par potencialiem zalvielu
mérkiem [3,5,7-12].



Bez gremosanas plazmepsiniem identificéti vél sesi PIm subtipi (V, VI, VII,
VIIIL, IX, un X). Atskiriba no gremos$anas plazmepsiniem, to nozime ir mazak izprasta.
No ne-gremosanas plazmepsiniem tikai Plm V ir pieejama rentgenstruktiira (4ZL4)
un noskaidrota funkcija organisma, kas veicinajis p&tijumus Plm V inhibitoru izveide
[13—15]. P&c sekvences homologijas vislidzigakie gremo$anas plazmepsiniem ir
Plm IX un X.

Lidzsingjie pétijumi parada, ka gremosanas Plm I-IV inhibitori samazina
parazita augSanu, tacu tikai viena Plm subtipa inhib&Sana nav pietiekama, lai nogalinatu
parazitu. Turklat ne vienmér tiek noverota korelacija starp izoléta enzima inhib&$anu un
iedarbibu uz parazita augSanu $iinu testos. Viens no skaidrojumiem tam ir Plm I-IV
sp&ja savstrap&ji kompensét cita darbibu. Otrs iesp&jamais iemesls ir tas, ka patiesais
kritiskais biologiskais mérkis varétu bit kads no strukturali [idzigajiem ne-gremosanas
PIm subtipiem [3,16,17].

Lai izveidotu Plm inhibitorus ar samazinatiem blakus efektiem, uzmaniba
japievers selektivitatei pret cilvéka aspartilproteinazém — katepsinu D un E. Lai arT
aminoskabju sekvence PImII un CatD sakrit tikai par aptuveni 35 %, enzimu
kristalstruktiiras norada uz lidzibu abu enzimu aktivaja kabata.

Sobrid zinamos PIm inhibitorus var iedalit divas grupas péc to struktiiras —
peptidomimétiskie un nepeptidomimétiskie. Vairums peptidomimétisko inhibitoru
uzrada zemaku selektivitati pret Cat D un vajaku aktivitati Stnu testos. Ir publicetas
vairakas rentgenstruktiiras ar peptidomimeétiskajiem inhibitoriem un PIm II, kas parada,
ka Sie inhibitori saistas ar enzimu ta sl€gtaja konformacija, kur enzima kustigais varsts
nosedz katalitisko kabatu. P&dgjo divdesmit gadu laika ir atklati ari vairaki
nepeptidomimétisko inhibitoru kemotipi, kas visbiezak uzrada augstu selektivitati pret
Cat D. Rentgenstruktiiras ar nepeptidomimétiskajiem inhibitoriem norada, ka tie saistas
ar atvertu enzima konformaciju, kur varsts nenosedz katalitisko kabatu. Atveértaja
enzima konformacija veidojas papildu sub-kabata, kurai optimalas ir inhibitoru
struktira iestradatas alkilvirknes. Tiek uzskatits, ka tieSi §1 IpaSiba nodroSina
nepeptidomimétisko inhibitoru augsto selektivitati [3,5,7—12].



Pétijuma meérkis un uzdevumi

Promocijas darba mérkis ir jaunu nepeptidomimétisko plazmepsinu inhibitoru
izveide.

Izvirzitie uzdevumi

e Veikt fragmentu bibliotekas skriningu, ar kodolmagnétiskas rezonanses metodi
nosakot fragmentu saistiSanos malarijas aspartilproteinazi — plazmepsinu II.

o Sintétiski pilnveidot izveléto fragmentu Iidz inhibitoram ar ICsy vertibu vismaz
100 nM. Izstradat un piemerot sint€zes metodi savienojuma analogu iegtisanai.

e Noteikt jauno savienojumu inhibitoro aktivitati uz plazmepsiniem I, II, IV un
katepsinu D. Perspektivakajiem inhibitoriem noteikt citotoksicitates raditajus un
P. Falciparum augsanas inhib&Sanas sp&ju asinss$iinu testos.

e Veikt struktiras-aktivitates likumsakaribu analizi un izmantot iegiitos rezultatus
jaunu inhibitoru struktiiras planosana.

Zinatniska novitate un galvenie rezultati

Fragmentu skrininga rezultata noteicam 10 plazmepsina Il inhibitorus, kas
balstiti uz jaunam bazes struktiram. No tiem 2-aminohinazolin-4(3H)-ona atvasinajums
tika izveléts talakai attistiSanai. Izmantojot molekularas modelésanas sniegto
informaciju, pirmaja optimizacijas cikla ieguvam savienojumus ar uzlabotu Plm
inhibitoro aktivitati. Vienam no tiem ieguvam inhibitora-enzima ko-kristala
rentgenstruktiiru, kas noradija, ka saistiSanas notiek enzima atvertaja konformacija, un
deva norades par savienojuma optimizé$anas iesp&jam. Veicam struktiiras-aktivitates
likumsakaribu izpéti 2-aminohinazolin-4(3H)-ona 3., 5. un 7. pozicijas aizvietotajiem.
leguvam selektivu plazmepsina IV inhibitoru. Rezultata izstradajam plazmepsinu
inhibitoru s€riju, kuru skaita efektivakie ligandi ir ar nanomolaru inhibitoro aktivitati
enzimatiskajos testos, vidgji 1 uM inhib&Sanas sp&ju P. Falciparum augSanas testos.
Iegiitie inhibitori ir ar zemu citotoksicitati, turklat uzrada labu selektivitati pret cilvéka
aspartilproteinazi — katepsinu D. legiitie rezultati norada, ka 2-aminohinazolin-4(3H)-
oniem ir augsts potencials pretmalarijas zalvielu izveidei.



PROMOCIJAS DARBA GALVENIE REZULTATI

1. Fragmentu skrinings

Fragmentu identifikacijai ! tika izmantota komerciali pieejama strukturali
atskirigu ChemBridge fragmentu biblioteka (1000 fragmentu), kura savienojumi atbilst
Astex Ro3 likumiem [18]. Fragmentu saistiSanas tika noteikta ar malarijas
aspartilproteinazi — plazmepsinu II (Plm II). Skriningam tika izvéleta KMR metode, kas
lauj identificet relativi vajas mijiedarbibas starp proteinu un ta ligandu, registréjot
fragmentu spektru [19,20].

Viena KMR parauga tika analiz&ti seSi savienojumi jeb fragmenti. P&c
references spektru uznemsanas tika pievienots PIm II un atkartoti uznemti spektri. Lai
parliecinatos, ka novérota mijiedarbiba starp fragmentu un proteinu notiek proteina
aktivaja kabata, tika veikti izspieSanas eksperimenti, paraugam pievienojot zinamu Plm
II inhibitoru — pepstatinu A un atkartoti uznemot spektrus.

Lai izvairttos no viltus pozitiviem rezultatiem, tika veikti tris dazadi KMR
eksperimenti: 1) STD (Saturation Transfer Difference)[21]; 2) Tip KMR eksperiments
[22]; 3) WaterLOGSY (Ligand Observed via Gradient Spectroscopy) [23,24].
Savienojumi, kas skrininga kokteilos uzradija selektivu saistibu vismaz divos KMR
eksperimentos, tika individuali parbauditi atkartoti.

No izmantotas ChemBridge fragmentu bibliotekas 24 savienojumi bija
neskistos$i un skriningam nederigi. Skrininga rezultata 842 savienojumi neuzradija
saistibu ar enzimu, 85 uzradija nespecifisku saistiSanos, savukart 49 uzradija saisti$anos
enzima aktivaja kabata.

Fragmentu skrininga atrastajiem 49 savienojumiem tika noteikta inhibitora
aktivitate uz enzimu. ICsp vertibu 24-200 uM uzradija 10 savienojumi.
2-Aminohinazolin-4(3H)-ons 1, kur§ uzradija visaugstako inhibitoro aktivitati un
ligandu efektivitati tika izvelets talakai attistiSanai (1. att.).

(0]
— N o
Fragmentu Mj 49 FRET tests 10 inhibitori )\/\Q
e . . . —_— s
biblioteka Plm II savienojumi Plm II ICso <200 uM N NH,

1

(ICso = 24,3 uM, LE = 0,35)

1. att. Fragmentu skrTninga shematisks att€lojums.

!Sadarbiba ar LOSI Fizikali Organiskas Kimijas laboratoriju K. Jaudzema vadiba.
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Lai noskaidrotu, vai fragmentus ir iesp&ams apvienot, tika veikti KMR
eksperimenti, nosakot fragmentu saistibu pa pariem. Tika noskaidrots, ka savienojumi
1 un 2, saistas atskirigas vietas enzima aktivaja kabata. Turklat starp 1 H-7 un 2 H-5 tika
novérota NOE sadarbiba divdimensionalaja '"H-'H NOESY spektra, kas norada, ka tie
atrodas relativi tuvu viens otram (2. att.).

NH, 0
oh N 0
NN SH  H N)\/Np
o N\

NOE
2 1

s
L/

2. att. NOE spektra novérota 1 un 2 savstarp&ja mijiedarbiba enzima aktivaja kabata.

Diemzgl nevienu no abiem fragmentiem neizdevas sakristalizét ar enzimu un
noskaidrot konkrétu mijiedarbibas veidu vai to relativo novietojumu, lai saprastu, ka un
ar kadu linkeri fragmentus apvienot. Tacu iegiita informacija noradija, ka
2-aminohinazol-4(3H)-ona 1 7-pozicija versta kadas enzima kabatas virziena un ir
papildinama ar aizvietotajiem — tioféna 2 bioizosteriem.

2. Sakotnéja fragmenta 1 optimizéSana

Tika iegati Cetri 7-pozicija aizvietoti savienojuma 1 analogi (3. att.). Aplikojot
iegiito savienojumu Plm II inhibitoro aktivitati, redzams, ka 7-brom-2-aminohinazolin-
4(3H)-ons 3 uzrada Cetras reizes lielaku inhibitoro aktivitati (ICso = 5,9 pM), salidzinot
ar skriningd atrasto fragmentu 1. Bromida nomaina pret fenilgrupu lauj iegtt pat
10 reizes aktivaku savienojumu 4 (ICso= 2,3 uM).

0 0 0 o
o
e s TN seasJUce s Noeas
7
. N/)\Nnﬂ O N/)\NHZ N N, N N ONH,
- ~

3 4 5 6
ICs (PIm 1) = 5,9 uM ICs (PIm 1) = 2,3 uM ICs (PIm IT) = 28,3 M ICso (PIm IT) = 8.2 uM

3. att. Savienojuma 1 analogi un to PIm II inhibitora aktivitate.
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Uzlabotais fragments 4 tika izmantots talakai inhibitoru attistisanai. Lai
noskaidrotu talakos optimiz&$anas virzienus, savienojuma 4 iesp&jamais saistibas veids
PIm II aktivaja centra tika noteikts, izmantojot molekularo model&éSanu.? Model&Sanai
tika izmantotas divas PDB piejamas PIm II kristalstrukttiras: 2BJU — atverta un 1LEE —
aizvérta konformacija. DatormodeléSanas pétijumos ieguvam divus energgetiski
izdevigakos saistibas veidus: a) tetrahidrofuranil- (THF) grupa veérsta S1° kabatas
virziena atveértaja enzima konformacija (4. A att.); b) 7-fenilgrupa vérsta S1° kabatas
virziena slégtaja enzima konformacija (4.B att.). Abi modeli noradija, ka
2-aminohinazolin-4(3H)-ona N1 atoms un 2-aminogrupa veido tidenraza saites ar Asp34
un Asp214 sanu k&dem, kas veic enzima katalitisko funkciju.

B

4. att. Savienojuma 4 molekularais modelis Plm II aktivaja centra:
(A) atverta un (B) slégta enzima konformacija.

Izvertgjot abus iegiitos modelus, redzam, ka lipofilas grupas pievienosana THF
gredzenam varé&tu uzlabot inhibitora saistiSanos spgju: A gadijuma lipofilais aizvietotajs
biitu vérsts S1° kabata, kuras virsmu veido enzima Ph294 un Tyr192 atlikumi. Savukart
B gadijuma lipofilais aizvietotajs mijiedarbotos ar enzima kabata izvietoto Trp4l
atlikumu.

3. 3-Pozicija aizvietotu 2-aminohinazolin-4(3H)-onu struktiiras-aktivitates
likumsakaribu izpéte

Apskatot PIm inhibitoro aktivitati 3-pozicija aizvietotiem (THF gredzena
modificétiem) 2-aminohinazolin-4(3H)-oniem, redzam, ka savienojums 7a, kas satur
nepiesatinatu furana ciklu, uzrada lidzigu ICso vertibu ka piesatinatais analogs 4 (1. tab.).
Tomér janem véra, ka zalvielu izveidoSanai piesatinatais furana cikls ir piemérotaks, jo
ir ktmiski un metaboliski stabilaks [25].

2Sadarbiba ar LOSI Fizikali Organiskas Kimijas laboratoriju K. Jaudzema vadiba.
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1. tabula. 3-Aizvietotu 2-aminohinazolin-4(3H)- onu PIm inhibitora aktivitate.

I .R
N
Ph/©\)N\/)\NH2
ICso (UM
N.p-k R PlmIl PlmI (Lll’llr)l IV CatD
1 rac-4 \C)j 2,3 - - -
20 7a ~ 32 - - -
3 rac-Th \CD 520 - - -
) 0.
4 7¢h ( 125 520 200  >200
5 rac-Te ] @ 20 24 11 9,0
6 25557e aaa 23 43 30 17,0
7 racf 057 13 0.6 138
8 2RSS ﬁ/@ 034 12 05 46
9 2S5RTf 30 46 27 220

10 rac-Tg ~° OQ 25 37 13 195
11 rac-Th e OO 11,5 - - -

12 7ib \Q/\Q 3,0 - _ _

13*  rac-7j o~ 1,6 2,3 1,5 25,0

14 rac-7k \GQ 5320 30 90

15% 7d° \KOJ/Q 4,0 6,4 2,0 20,0

savienojums iegiits sadarbiba ar O. Borysov; Pdiastereoméru maisijums




Pievienojot fenilgrupu tetrahidrofurana 4-pozicija (7c¢), novéro inhibitoras
aktivitates samazinaSanos, salidzinot ar neaizvietoto analogu 4. Savukart, izvertgjot
S-aizvietotus tetrahidrofurana analogus 7e-k, redzams, ka 5-fenil-aizvietots analogs 7f
ir 10 reizes aktivaks Plm II inhibitors par optimiz€to fragmentu 4. Salidzinot abus
diastereomérus 7f un 7e, redzams, ka cis-novietoti aizvietotaji tetrahidrofurana (7f) lauj
sasniegt labaku aktivitati, salidzinot ar trans-izoméru (7e). No abiem cis-konfiguracijas
enantiomériem izomérs 2R,5S-7f uzradija augstaku inhibitoro aktivitati salidzinajuma
ar ta 2S5, 5R-7f enantiomeéru.

Citi THF 5-pozicija aizvietotie analogi 7g-k (1. tab.) ir vajaki Plm II inhibitori,
jo, visticamak, neveido izdevigas mijiedarbibas ar enzima kabata esoSajam
aminoskabém vai veido repulsivu stérisko mijiedarbibu ar enzimu.

Japiebilst, ka analogos 7c¢-g,j-k netika novérota izteikta selektivitate starp Plm
subtipiem (I, Il un IV), tacu batiski, ka Sie savienojumi uzrada véra nemamu selektivitati
pret cilvéka proteinazi katepsinu D (CatD/ Plm = 10).

Aktivaka savienojuma 7f atvasindjumi 8 ar aizvietotdjiem aromatiskaja
gredzena (5. att.) uzradija zemaku Plm II inhib&Sanas sp€ju neatkarigi no aizvietotaja
novietojuma un elektroniskajiem efektiem. Secinajam, ka, visticamak, pat salidzinosi
nelielie aizvietotaji veido repulsivu sterisko mijiedarbibu ar enzima virsmu, un tas noved
pie aktivitates samazina$anas. Sie rezultati noradija, ka talakiem p&tfjumiem jaizmanto
7f atvasinajumi bez aizvietotajiem.

Plm IT (uM)
R = p-F5C; 1C50=2,4
R = p-MeO; I1C50=11,0

Q _ R =p-F; IC50=3,5
/@LNM R =p-Cl; ICso= 1,9
R R=p-Ph; 1Cs0 = 50,0
Ph N/)\an b 30

R = p-F, m-MeO; 1C5,=2,0

R = m-Me; 1C50=8,8
8 R = m-MeO; IC50=17,0

R =m-Cl; IC50=17,5

R = 0-Meg; 1C50=17,0

5. att. Savienojuma 7f atvasinajumi 8 un to PIm II inhibitora aktivitate.

4. Enzima-liganda ko-kristala analize

Projekta sadarbibas partneriem prof. K. Tara vadiba veiksmigi izdevas iegiit
savienojuma rac-7f ko-kristalu ar Plm II. Kristalizacijas méginajumiem tika izmantots
savienojums rac-T7f, kas ir racemats. legiitie ko-kristala elektronu blivuma attgli pielauj
abu enantiom@ru iespgjamibu, tau, némot vera enantioméru atskirigas aktivitates,
enzima liganda kompleksa vizualizacija uzradits aktivakais enantiomérs (6. att.).
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Ko-kristala rentgenstruktiiranalize paradija, ka ligands 7f saistas ar enzimu ta
atvértaja konformacija (6. att.). Saja konformacija kustiga varsta dala ienem stavokli,
kura enzima aktivais centrs ir atsegts un varsta atvérSanas rezultata veidojas papildus
kabata (flap pocket — varsta kabata) [26]. Lidz Sim atvértas konformacijas ko-kristali
literatira bija zinami vienigi ar ligandiem, kas satur n-alkilgrupas, kuras ienem varsta
kabatu [26-29]. Miisu liganda gadijuma varsta kabata ir neaizpildita, un ta ir plataka par
lidz $im publicétajam (6. att.).

Iegttie ko-kristala rentgenstruktiiras analizes dati norada, ka hinazolinona N1
atoms un aminogrupa veido H-saites ar enzima katalitiska centra aspartatiem (Asp34 un
Asp214). N-(5-Fenil-2-tetrahidrofuranil)metil-aizvietotajs veérsts S1° kabatd un
mijiedarbojas ar enzima Tyr192, Phe294 un 11e300 atlikumiem, savukart 7-fenilgrupa
veido hidrofobas mijiedarbibas ar Ile123 un m—n mijiedarbibas ar enzima Trp4l
atlikumu.

2BJU d

\ flap
pocket
- — & 3 _

6. att. Enzima — liganda ko-kristala rentgenstrukttiranalizes datorvizualizacija. Miisu
izveidotais inhibitors rac-7f (zal$) un literatlira aprakstitais inhibitors ar n-pentilgrupu
(brins, PDB ID: 2BJU) enzima aktivaja kabata.

Iegtta ko-kristala rentgenstruktiiras analize sniedza vertigas norades uz
savienojuma talakas optimizéSanas iesp&jam: 1) apskatot 6. att. redzams, ka
2-aminohinazolinona 5-pozicija iesp&jams pievienot aizvietotajus; 2) aizvietotaji no
hinazolinona 8-pozicijas varétu tikt ievirziti S1 kabata (lidzigi ka 2BJU molekulas
bifenil-grupa 6. attela); 3) savienojums biitu papildinams ar aizvietotajiem hinazolinona
7-pozicija, kas aizpilditu varsta kabatu.

5. 5-Pozicija aizvietotu 2-aminohinazolin-4(3H)-onu struktiiras-aktivitates
likumsakaribu izpéte

Savienojumi 9, kas 5-pozicija satur aizvietotas oksi, amino, merkaptogrupas
vai jodu, uzradija saméra Iidzigu Plm inhibitoru aktivitati un, salidzinot ar izejas
inhibitoru 7f (R =H), netika noverots nedz bitisks aktivitates uzlabojums, nedz kritums
(7. att.). Visticamak, Sie aizvietotdji neveido nozimigas mijiedarbibas ar enzimu.
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Plm II (uM)
R=MeS; 1Cso=0,87

R O
‘ N o R=EO; ICx=13
/)\t)—l B R = uPrO; 1Cso—= 1.8
Ph N~ "NH, R =Me,)N; IC5, = 2,2
0 R = PhO; 1C5=22

R=I; 1Cs=32

7. att. 5-Aizvietoto 2-aminohinazolin-4(3H)-onu 9 PIm II inhibitora aktivitate.

Izvertejot 5-aizvietotu-2-aminohinazolin-4(3H)-onu 10a-g un 1la,d, g
biologiskas aktivitates datus (2.tab.), redzams, ka visi savienojumi uzrada sub-
mikromolaru aktivitati. Turklat var novérot vairakas biitiskas sakaribas. Pirmkart,
gadijumos, kad THF aizvietotajs ir R' = H (10a-g), selektivitate pret Cat D parsniedz
100 reizes, turpretim, ja aizvietotajs R! = Ph (11a, d, g) selektivitate saglabajas robezas
no 10 Iidz 50 reizém.

2. tabula. 5-Aizvietoto 2-aminohinazoli-4(3H)-onu Plm inhibitora aktivitate.

R? cl)
josasa
—
Ph N~ “NH,

I1Cso (uM

N.p. k. R! R? o)
PImII PlmI PImIV CatD
1 rac-7f Ph H 057 13 0,6 13,8
2 rac-10a H @ 0,96 1,6 2.4 n.a.
3 rac-1la Ph 077 15 0,95 13,3
4  rac-10b H (\j 055 2.8 1.8 68,0
6  rac-10c H / @LNH 082 20 10 930
7 rac-10d 033 35 1,4 100,0

8 rac-11d Ph 0,28 0,6 0,5 20,0

©/C07
9  rac-10e H @L 05 1,0 15 980
- CO,H

CONIT,
10 rac-10f  H T 06 34 25 na
12 rac-10g H CO,H 0,5 11,5 6,0 n.a.
13 rac-llg  Ph | 04 10 06 110




Otrkart, 5-aizvietotie savienojumi 10a/11a, 10d/11d, 10g/11g, kuros THF
aizvietotajs R' = H vai Ph, uzrada lidzvértigu biologisko aktivitati (2. tab.). Tas ir
pretstata iepriek§ novérotajam, kur pareja no 4 (R! = H) uz 7f (R! = Ph) deva aktivitates
picaugumu Iidz cCetram reizém (1. tab., 1./7.rinda). Iesp&ams, ka 5-pozicijas
aizvietotaju dé| notiek visas molekulas izbide enzima aktivaja kabata, kas Iidz ar to
ietekm& ar1 THF grupas novietojumu. Ta rezultata fenil-aizvietotajs pie THF vairs
neveido n—n mijiedarbibu ar S1° kabata esoSo fenilalaninu, ko izjat ka kritumu liganda

Sadi rezultati pielauj iesp&ju Plm inhibitoru izveidé izmantot neaizvietotu
THF-grupu (R!'= H), kas lautu uzlabot savienojumu polaritati un samazinat to
lipofilitati, vienlaikus saglabajot savienojumu aktivitati un uzlabojot selektivitati pret
Cat D.

6. 8-Pozicija aizvietotu 2-aminohinazolin-4(3H)-onu struktiiras-aktivitates
likumsakaribu izpéte

Hipotéze par aizvietotaju virziSanu enzima S1 kabata no hinazolimonu
8-pozicijas ar alkil- vai O-alkil-tiltinu neapstiprinajas. Savienojumi (12a,b un 13b) ar
salidzinosi maziem aizvietotajiem ka -OMe, -Me un garaku alkilvirkni (12¢) bija vajaki
Plm inhibitori ka 8-pozicija neaizvietots analogs 7f (3. tab.).

3. tabula. 8-Aizvietotu-2-aminohinazolin-4(3H)-onu Plm inhibitora aktivitate.

i
X0
—
Ph N~ "NH,
R!

N.p. k. R! R 1Cs (M)
PInll PimI PImIV CatD
1 rac12a  OMe Ph 32 72 22 120
2 rac-12b Ph 1000 na 50 1000
3 rac-13b Me H 43 320 50 800
4  rac-12¢  nPent Ph 1000 730 280 97,0
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Interesanti, ka, salidzinot R; = Me grupu saturo$u savienojumu 12b (R?= Ph)
un 13b (R?>= H) Plm II inhibitoro aktivitati, redzams pilnigi pretéjs efekts Ph grupas
pievienosanai pie THF cikla. Atskiriba no iepriek$gjas inhibitoru s€rijas inhib&sanas
konstantes palielinas gandriz simtkartigi. Visticamak, aizvietotaji 8-pozicija veido
stériski repulsivu mijiedarbibu ar enzimu un biitiski izmaina inhibitora novietojumu.

7. 7-Pozicija aizvietotu 2-aminohinazolin-4(3H)-onu struktiiras-aktivitates
likumsakaribu izpéte

Kristalstruktiiras analize rada, ka aminohinazolinona 7-pozicija atrodas pie
ieejas varsta kabata un te ir iesp&ja varict ar aizvietotajiem, kas piepilditu varsta kabatu
(6. att.). Atbilstosi izvirzitajai hipot€zei savienojumi ar alkilvirkném 7-pozicija (14c—f)
ir labi plazmepsinu inhibitori, Tpasi 14e un 14f, kas ir aktivaki par izejas inhibitoru 7f
(4. tab.). Tacu So savienojumu gadijuma tiek zaudeta selektivitate pret Cat D. Tas ir
negaidits rezultats, jo tiek uzskatits, ka katepstnam D nav vai arT tas viegli neveido
atverto konformaciju un varsta kabatu, ka arT literatira zinamie plazmepsinu inhibitori
ar varsta kabatu aizpildosam alkilvirkném uzrada augstu selektivitati pret Cat D [26—
29]. Savienojumus 14e un 14f interesanti biitu talak attistit par Cat D inhibitoriem, bet
tas neietilpa miisu pétijuma uzdevumos.

4. tabula. 7-Aizvietotu-2-aminohinazoli-4(3H)-onu Plm inhibitora aktivitate.

i
0
/@\)\J\I\/I)— Ph
—
R N~ ONH,

ICso (LM)
N.p. k R
Pinll  PlmI PImIV CatD

1 rac-76 @ 0,57 130 0,60 13.8
2 rac-14a < 0,50 1,10 0,40 43
3 rac-14b @\ 0,80 - - -

4 rac-l4c o 0.80 0,38 1.20 43
5 rac-14d W g 040 0,30 0,60 3.0
6  rac-l4e - 012 0085 026 0.5
7 rac-14f e~ 0,088 0,08 011 0.4
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Ta ka 2-aminohinazolin-4(3H)-oni ar 7-pozicija pievienoto alkilgrupu zaudé
selektivitati, turpinajam pilnveidot 7f struktGru un ieguvam savienojumus ar dazadiem
aizvietotajiem pie 7-fenilgrupas. Turklat, nemot véra, ka ieprieksgjie rezultati nedeva
viennozimigu parliecibu par Ph-THF grupas nepiecieSamibu, paraléli ieguvam art
analogus ar neaizvietotu THF.

Inhibitori 15, kuriem hinazolinona 7-fenilgrupas satur meta- un orto-
aizvietotajus, uzradija nelielu inhibitoras aktivitates kritumu (8. att.). Veicot So
savienojumu molekularo modelésanu Plm II struktiira, tika noskaidrots, ka m-
aizvietotajiem ir maz vietas Plm II kabata un tie veido repulsivu mijiedarbibu ar enzima

virsmu.
Plm II (uM)
0 R=m-Cl;  1C5y=2,3
| o R=m-Ph;  1C,=53
R‘—\ NG NH, R=m-nHex; 1C5,=3,6
O R =0-CF;0; IC50=1,7
15 R =o-F; 1Cs0=0,7

R=0-F3C;  1C50=2,8

8. att. Orto- un meta- aizvietotu 7-fenil-2-aminohinazolin-4(3H)-onu
Plm II inhibitora aktivitate.

Apskatot inhibitorus 16, kas satur para- pozicija aizvietotu 7-fenilgrupu, var
novérot, ka pietickami garas alkilvirknes pievienosana (16i un 16k) uzlabo savienojumu
inhib&sanas konstantes 1idz pat tris reiz€m (5. tab. 9., 11. rinda), salidzinot ar izejas
inhibitoru 7f. Jauzsver, ka Sie savienojumi uzrada Iidzvertigas ICsy vertibas starp Plm
subtipiem, turklat selektivitate pret Cat D saglabajas robezas no 10 lidz 50 reizém.

Citu hidrofobu aizvietotaju pievienoSana 7-pozicijas fenilgrupai para- stavokli
(5. tab.) deva vajakus vai lidzvertigi aktivus Plm II inhibitorus.

Interesantus rezultatus uzradija inhibitori ar fenil-alkil aizvietotajiem pie
7-pozicijas fenilgrupas inhibitoros 16s un 16t. Tie ir saméra vaji PIm I un Plm II
inhibitori, bet specigi Plm IV inhibitori. Sads rezultats norada, ka Plm IV varsta kabata
var novietoties lielaki aizvietotaji ka PIm I vai PIm II. Sie bija pirmie inhibitori iegiito
2-aminohinazolinonu rinda, kuriem novérojam izteiktu selektivitati starp Plm subtipiem
ar saméra Iidzigu aminoskabju sekvenci. Ari literatira atrodama varsta kabatas
aizvietotaju salidzino$a analize un ir novérots, ka lielaka nozime ir alkilvirknes
garumam [30].
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5. tabula. Para- aizvietotu 7-fenil-2-aminohinazolin-4(3H)-onu inhibitora aktivitate.

ICs (uM
N.p. k. R! R  (LM)
PimIl PimI PlmIV CatD
1 rac-16a H 1,30 - - -
FsC
2 16be Ph 310 140 2 8,4
3 rac-16¢ H 0,60 - - -
CF;0
4 rac-16d Ph 055 060 07 95
5  rac-16e NH,OC H n.a. - - -
6 rac-16f MeO H 3,90 — - -
7  rac-16g E H 2,30 - - -
t
8§  16h° Ph 200 130 130 52
9 rac-16i nBu Ph 023 030 020 22
10 rac-16j° H 050 020 018 -
nPent
11 rac-16k Ph 015 030 010 50
12 rac-16° cHex Ph 2,40 0,50 0,80 8,6
13 rac-16m’ O/\ Ph 107 940 120 100
14 rac-16n° v Ph 040 048 030 32
15 rac-160° T Ph 060 140 040  na.
16 ractept [ ] Ph 200 200 070 na
17 rac-16r° @v\ H 070 130 010 -
18 rac-16s° - Ph 100 320 013 60
19 rac-16t° ©/\/\ Ph 320 650 040 91
20 rac-16ub @\/\/\ Ph 120 360 200 52
20 racteve [ Ph 042 130 080 50

b

2diastereoméru maisijums; °savienojums iegiits sadarbiba ar O. Borysov
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Lai iegltu skaidrojumu savienojumu 16s un 16t selektivitatei starp Plm
subtipiem, tika izveidots Plm IV homologijas modelis,? izmantojot pieejamo Plm II
struktiru (2BJU) ka templatu (Plm IV atvértas konformacijas kristalstruktiira nav
zindma). leglitais modelis paradija (9. att., B, D), ka PIm IV gadijuma varsta kabata ir
plasaka, jo PIm II Thr108 atlikuma vieta ir Ala108 atlikums, kas atvieglo inhibitoru 16s
un 16t Ph-alkilgrupas ievietosanos.

o~ £ e R Ti08 W~ 72 Al08
N/ W AR rv
A g SN

9. att. PIm II un Plm IV varsta kabatas salidzinajums: (A) Plm I un 16k, (B) PIm IV un
16k, (C) PIm II un 16s — ar dzeltenu Iiniju noradita sadursmes vieta, (D) Plm IV un 16s.

Sakotngji izvirzitais merkis pilnveidot skriningad atrasto struktiru 1 Iidz
inhibitoram ar ICsy vertibu vismaz 100 nM tika sasniegts.

Izveletiem, aktivakajiem Plm inhibitoriem 16j,k,s,t tika noteikta sp&ja inhibet
P. Falciparum aug$anu asins§inu testd (6. tab.). Saja testd savienojumi uzradija
aptuveni ~1 uM inhib&Sanas konstanti. Savienojumi 16j un 16k ir sp&cigi visu triju
plazmepsinu inhibitori, savukart 16s un 16t ir selekttvi PIm IV inhibitori. Savukart
P. Falciparum aug8anas inhib&Sana visi uzradija lidzigas véribas, 1idz ar to var izvirzit
hipoteézi, ka Plm IV un (vai) tam strukturali Iidzigakie (Plm IX, Plm X) var€tu bt
galvenie izstradato inhibitoru biologiskie mérki, kas atbildigi par parazita augSanas
inhib&sanu asinsstinu testos.

3Sadarbiba ar LOSI Fizikali Organiskas Kimijas laboratoriju K. Jaudzema vadiba.
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6. tabula. P. Falciparum 3D7 aug8anas inhib&Sana un citotoksicitates raditaji.

RI
nBu- nPent- @\/\ . ©/\A
R! ’
N rac-

rac-16j 16k rac-16s rac-16t
P. Falciparum
3D7 augganas EIC\;" 0,9 1,1 1,2 3,9

inhibasana® (uM)

Citotoksicitate (]igi‘; 2205 | 2139 13 >1888

3 Noteikts, izmantojot SYBR Green I testu ar inkubacijas laiku 96 h; ® noteikta uz Swiss
Albino pelu embriju §tinam (3T3).

Noteicam arT izv€leto inhibitoru citotoksicitati embriju $tinu augSanas testos.
Savienojumi bija praktiski netoksiski, iznemot savienojumu 16s. legiitie rezultati Stinu
testos norada, ka 2-aminohinazolin-4(3H)-oniem ir augsts potencials antimalarijas

zalvielu izveidei.

8. 2-Aminohinazolin-4(3H)-onu atvasinajumu sinteze

2-Aminohinazolin-4(3H)-oni tika sintez&ti no antranilskabju amidiem 19,
kas reakcija ar benzoilizotiocinatu veidoja tiourinvielas starpproduktus 20.
Starpsavienojumi 20 tika cikliz&ti par attiecigajiem 2-aminohinazolin-4(3H)-oniem 21,
aktivgjot tiolu ar divam metodém: a) izmantojot DBU ka bazi alkilésanai ar Mel un NaH
amida deprotoné$anai; b) izmantojot Et;N un EDCI ka aktivéjoSo reagentu.

IIaN R o 0
~ A |
IIATU DIPEA X ON"R! O BANCS N7 R

R2—— Rz_: H R*— P H

NH, C117C17 it = NH, Et,0, i.t. NH
S” "NHBz
17 19 20
A: DBU, Mel, CH,Cl,, 2 A: NH,-NH,, EtOH, it

tad NaH X NTR! attece N NR!

B: EDCL Et;N R Y RP- Y

: - BN, Pz = B: K,CO3; MeOH/H,O
CH,CI, N ONHBz s 2 ZNT NI
21

1. shéma. 2-Aminohinazolin-4(3H)-onu iegiSanas vispariga shéma.
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Benzoilgrupas noskelSana savienojuma 21 tika veikta, izmantojot hidrazina
hidratu etanola (1. shéma, metode A) vai K»COs3, varot metanola (metode B).

No 2-aminohinazolin-4(3H)-onu biivblokiem 23, kas iegiiti no bromidu vai
jodida funkciju saturo$am antranilskab&m, tika iegiita analogu s€rija 24, modificgjot
halogénu pedgjas sintézes stadijas, izmantojot Suzuki-Miyaura, Sonogashira vai Heck
reakcijas (2. sheéma).

fe) 1) Suzuki-Miyaura, fe)
P Sonogashira
X N7 OR! vai Heck reakcija S NTR!
N NHBz  2) Bz-grupas noskel$ana N NH,
23 24
X=Brvail R? = aril-, alkénil-, alkinil-

2. shéma. 2-Aminohinazolin-4(3H)-onu modificésana pedgjas stadijas.

8.1. Tetrahidrofurfurilamina atvasinajumu sintéze

3-Aizvietotu 2-aminohinazolin-4(3H)-onu atvasinajumu sintézei
nepiecieSamie amini 18 tika iegtti no aldehidiem vai ketoniem 25, kas reakcija ar
Grinjara reagentu deva spirtus 26 (3. shéma). Tie NIS vai NBS veicinata ciklizésana
veidoja attiecigos bromidus 27 vai jodidus 28 ka diastereoméru maistjumu, kura trans
diastereomérs ir parakuma (cis: trans =no 1: 1 [idz 1: 4). legutie jodidi 28 tika parversti
par attiecigajiem aminiem 18, sakuma veicot halogéna nomainu pret azidu un tad
starpproduktu reducgjot ar Ra-Ni un H, (3. shéma (B)), savukart bromidi 27 tika
transforméti par aminiem, izmantojot Gabriela metodi (3. sheéma (A)).

2

R OH
R! X

O BMg T NIS vai NBS o A: KPhth, DMF, 80°C, 1) o

al JLR, n ( S vai NBS ( R2 ad N,HH,0, FOH 2 R?
- n - ~ _ >
THF, -78°C lidz i.t. / CH,Cly, i.t. " R B: NaN;, DMF, 80°C, ( R R!
_ tad Ra-Ni, H,, MeOH
25 26 27 X=Br, 18
n=1.2 28X =1

3. shéma.Tetrahidrofurfurilaminu 18 iegtiSana.

Selektivai cis- diastereoméru iegliSanai tika izmantota modificéta literatiiras
procediira [31]. Cikliz&jot TES aizsargatus spirtus 29, attiecigie jodidi 28 tika iegtti ar
augstu diastereoselektivitati (4. shéma). Péc produktu hromatografiskas attirisanas tika
ieglti tiri cis- diastereoméri, kas transforméti par attiecigajiem aminiem péc 3. shema

aprakstitas pieejas.
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HO R Et;Si0. 1
TESCI, imidazols NIS (0]
_ _
DMF, i.t. CH,Cl,, i.t. R

=

26 28
cis: trans = 10: 1 Iidz 30: 1

4. shéma. Diasterecoselektiva 2-(jodmetil)tetrahidrofuranu 28 iegtiSana.

Enantiobagatinati tetrahidrofuranu atvasinajumi 2S§,55-27b, 2R,55-27b un
28,5R-27a tika sintezgti no ketona 29, ko reducg, izmantojot Noyori metodi ar hiraliem
ruténija-diaminu kompleksiem (R ,R- un S,S-TsDPEN) ka katalizatoriem un natrija
formiatu ka hidrida avotu (5. shéma) [32,33]. Iegiitie enantiobagatinatie spirti R-26a un
S-26b tika ciklizeti ar NBS un diastereomérie bromidi 27 tika hromatografiski atdaliti.

HO.

OxPh [RuCh(p-Cym)),, TsDPEN
HCO,Na, H,0 + Q\
ez | CH,Cl,, it. Ph
DMF, 40 °C
& R-26a (ee 89%) 2S8,5R-27a 2R,5R-27a
(netika izoléts)
29
--------------------------------- oSS Br—%m Br—\(9
Ph Ph '| TSDPEN '
! NBS 0
P Phﬁ)"’NHT L p— Qm ! .
< NHTs s CHyCl,, it. "Ph “Ph
NH, NH, i
R.R-TsDPEN S,S-TsDPEN

5-26b (e 86%) 2R 55-27b 25,55-27b

5. shéma. Enatiobagatinatu 2-(brommetil)tetrahidrofuranu iegtisana.

Jodids 32 tika iegits ka diastereomeru maisijums no feniletikskabes 30, to
alkilgjot ar alilbromidu un tad reducgjot ar LAH lidz spirtam 31 (6. shéma) [34]. Spirts
31 talak tika ciklizg&ts par attiecigo jodidu 32, izmantojot NIS (cis: trans = 10: 3), un no
jodida 32 tika ieglits nepiecieSamais amins péc 3. shéma aprakstitas metodes.

HO.C 1) LIHMDS, HO
2 W alilbromids, THF NIS
Ph Ph R
2) LAH, Et,0 CH,Cl,. it.
/

30

6. shéma. 4-Fenilaizvietota tetrahidrofurana 32 iegiiSana.
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8.2. Antranilskabju sintéze no izatiniem

5- un 8-aizvietotu 2-aminohinazolin-4(3H)-onu sint€zei nepiecieSamas
antranilskabes 17 tika iegiitas no izatiniem 35, kas sintez&ti pec Sandmeyer metodes
(7. shéma) [35]. Sim noliikam attiecigie anilini 33 tika transforméti par starpproduktiem
34, acilgjot ar 2-(benziloksi)imino)etikskabi [36] (metode A) vai izmantojot reakciju ar
hloralhidratu un hidroksilamina hidrohloridu (metode B).

A)R?=Bn

2-((benziloksi)imino)etikskabe, 1M NaOH,
| A HATU, DIPEA, CH,Cl, @ k80, Cﬁg: 1,0,
/ 2= = =
Rl NH, B)R*=H < ("o 50°C, 5 min. 5 min. F N NH,

C1,CC(OH),, NILOIFHCI, R i

33 Na,SO,4. H,O/dioksans 4 15 i

7. shéma. Izatinu un antranilskabju iegisana.

8.3. Antranilskabju atvasinajumu iegiSana C-H aktivéSanas reakcijas

2-Aminohinazolin-4(3H)-onu  5-pozicijas modificéSanai  nepiecieSamo
6-jod-antranliskabju atvasinajumu 42 iegiiSanai tika veikti C-H aktiv&Sanas p&ttjumi.

No literatiiras zinams, ka benzoskabes [37], dazadi benzamidu atvasinajumi,
piem@ram, N-tozilbenzamidi [38—40] un N-alkilbenzamidi [41-44], tiek sekmigi
izmantoti ka virzosas grupas C-H aktivéSanas reakcijas. Tomér jaatzZime, ka benzamidu
N-alkilgrupu klasts zinamajos piemeéros ir diezgan ierobezots.

Sakotngji ka modelsubtrats C-H aktivéSanas/ jod€sanas apstaklu piemeklesanai
tika izveleta 2-nitrobenzoskabe (36a) (7. tab., 1. rinda). Diemz€l, varigjot katalizatoru
un oksidétaju daudzumus, ka arT reakciju laiku un $kidinatajus, pilnu izejvielas
konversiju neizdevas panakt.

Ka subtratu izmantojot N-mezilbenzamidu 36b (7. tab., 2. rinda), izdevas
optimizet reacijas apstaklus (2 ekviv. NIS, 10 mol% Pd(OAc),, DMF, 100 °C, 24h) un
panakt pilnu izejvielas konversiju par produktu. Diemzel produkts 37b tika izol&ts tikai
ar vid&ju iznakumu (53 %), jo polaritates dél to ir griiti atdalit no reakcijas maisijuma.

N-Alkil-2-nitrobenzamidu 36¢ (7.tab., 3. rinda) orto-jodésana jau
piemeklétajos — labakajos C-H aktivéSanas apstaklos (1 ekviv. PhI(OAc), un I,
10 mol% Pd(OAc),, DMF, 100 °C, 24h) bija sekmiga. To starpa arT Plm inhibitoru
sint€zei nepiecieSamais N-CH,-THF benzamids veidoja atbilsto$o jodéSanas produktu
ar labu iznakumu (86 %).
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7. tabula. C-H aktivésanas pétijumu 1ss kopsavilkums.
H (0]

oksidétaj s/halogéna avots ! Y
kat. Pd(OAc),
Y Y
dk skidinatajs, temp. dL
NO, NO,
36a-c 37a-¢
N.p. k. Izejviela Konversija®, % Secinajumi
)
1 o 36-66 nepilna konversija,
nevar atdalit no izejvielas
NO,
f 0\\5 .0 zems izdalitais iznakums,
2 @\)L N Me 0-100 problematiska Ms grupas
NO, noskel$ana
0
3 R 2486 produkts hromatografiski
H izdalams, atgiistot izejvielu
NO,

Balstoties uz izstradato 6-jod-antranilskabes atvasinajumu iegiSanu C-H
aktiveSanas reakcija, tika iegiiti 6-jod-antranilskabes amidi 42 (8. sh&ma). Sakuma
komerciali pieejama 4-brom-2-nitrobenzoskabe (38) tika transform&ta par
nepiecieSamajiem amidiem 40. No tiem C-H aktivéSanas/jodesanas reakcija tika iegtti
jodétie starpprodukti 41, kuriem nitrogrupa tika reducéta ar natrija sulfidu. legitie
antranilskabju amidi 42 transforméti par attiecigajiem 2-aminohinazolin-4(3H)-oniem
pec ieprieks izstradatas metodes (1. un 2. shéma).

amins 12 vai 20f, PhB(OH),, [¢]
/@f‘\m{ HATU, DIPEA Yf Pd(PPhy),, K,CO; NY}’R
CHL,Cly, it. . THF/H,0, 80 °C H
Ph NO,

38
I 0
PhI(OAc)s, I, 0O,
PA(OAC), H/\Lf _ NaS10H0 Nt)’ R
- .
DMF. 100 °C THF/ MeOH, var. Ph NH,
41 42

8. sheéma. 6-Jod-antranilskabju amidu 42 iegiisana.

25



)]

2)

3)

4

5)

SECINAJUMI

Ar kodolmagnétiskas rezonanses fragmentu skrininga metodi identificétie
2-aminohinazolin-4(3H)-oni ir jauna plazmepsinu I, Il un IV inhibitoru klase ar labu
selektivitati pret katepsinu D.

legiita liganda-plazmepsina II ko-kristala rentgenstruktira, kas norada, ka
2-aminohinazolin-4(3H)-oni saistas ar atvértas konformacijas enzimu, kur
2-aminogrupa un 1N veido TGdenrazsaites ar enzima katalitiskajiem aspartata
atlikumiem.

Veicot modifikacijas 2-aminohinazolin-4(3H)-onu tresas pozicijas aizvietotajiem,
noskaidrots, ka augstaku inhib&anas sp&u uzrada savienojumi ar N-(5-
feniltetrahidrofuranil)metil-grupu. Fenilgrupa vérsta S1° kabatad un veido n—n
mijiedarbibas ar Phe294.

0

. O ICso (PIm 1) = 1,2 uM

/@fiﬁ Q@ 1C3 (PIm TT) = 0,34 1M

Ph N7 ONH, 1C5 (PIm 1V) = 0,5 uM

ICs (Cat D) = 4,6 uM

2R,58-7f

Labaku inhibitoro aktivitati uzrada 2-aminohinazolin-4(3H)-oni ar cis-
konfiguracijas aizvietotajiem tetrahidrofurana. No abiem cis-konfiguracijas
enantiomériem izomérs 2R, 5S- uzrada augstaku inhibitoro aktivitati salidzinajuma

ar ta 25, 5R- enantiomeéru.

Aizvietotaju ievadiSana 2-aminohinazolin-4(3H)-onu astotaja pozicija izraisa
inhibitoras aktivitates samazinasanos.

0
N~ O IC5y (PIm I) = n.a.
L D“‘Ph IC5o (PIm 11) = 100 pM
Ph N~ "NH, ICs5o (PIm IV) =5 uM
Me ICso (Cat D) = 100 uM
rac-12b
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6) 2-Aminohinazolin-4(3H)-onu piekta pozicija versta $kidinataja virziena un augstaku
inhibitoro aktivitati uzrada savienojumi ar skabes funkciju.

CO,H

R=H R=Ph
N O IC5o (PImT) =3,5 uM ICso (PImT) = 0,6 uM
L "R ICso(PImI)=0,33 uM  ICso (PIm IT) = 0,28 uM
Ph N7 ONH, IC5)PImIV)=14puM  ICso (PlmIV)=0,5 uM

IC5, (Cat D) = 100 uM IC5, (Cat D) =20 uM
R =H; rac-10d
R =Ph; rac-11d
7) Piektaja pozicija aizvietotu 2-aminohinazolin-4(3H)-onu struktiiras-aktivitates
likumsakaribu izpéte norada, ka inhibitoru izstradé ir iesp&ams izmantot
neaizvietotu 3-tetrahidrofurfuril-grupu. Sis atvasinajumu sérijas parstavji uzrada
uzlabotu selektivitati pret katepsinu D, un aizvietotas/neizvietotas tetrahidrofuranil-
grupas savienojumi uzrada lidzvertigas plazmepsinu inhibitoras aktivitates.

8) 7-Alkil-2-aminohinazolin-4(3H)-oni uzrada augstu plazmepsinu inhibitoro
aktivitati, tacu tiek zaudéta selektivitate pret katepsinu D, kas ir netipiski ne-
peptidomimétiskajiem inhibitoriem ar iestradatu varsta kabatu aizpildoSu alkil-
grupu.

(0]

1, O ICsq (PIm T) = 0,085 uM

N\/\/@fi D'“Ph 1Cay (PIm 11) = 0,12 M

N7 ONH, ICso (PIm TV) = 0,26 uM

ICsy (Cat D) = 0,5 uM
rac-14e

9) 7-(p-Alkil)fenil-2-aminohinazolin-4(3H)-oni ir aktivi plazmepsinu I, II, IV
inhibitori, savukart 7-(p-fenilalkil)fenil-2-aminohinazolin-4(3H)-oni ir selektivi
plazmepsina IV inhibitori. Izveidotais Plm IV molekularais modelis parada, ka
Plm IV gadijuma varsta kabata ir plasaka, kas lauj taja izvietot p-fenilalkil grupas un
dod iespgju iegut PImIV selektivitati starp citiem gremoSanas plazmepsinu

subtipiem.
(0]
—n, O R = nPent R =Ph-C;Hg
O 1 ()P 105 (PImD =03 M ICsp (PIm 1) = 3,2 uM
N7 ONH, ICs (PIm IT) = 0,15 uM 1Csq (PIm IT) = 10,0 uM
IC5 (PImIV) = 0,10 uyM  ICs5o (PIm IV) = 0,13 uM
h IC59 (Cat D) =5,0 uM ICs, (Cat D) = 6,0 uM
R = nPent; rac-16k ECso (Pf)=1,1 upM ECs (Pf) = 1,2 uM

R =Ph-C;Hg; rac-16s
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10)Parazita augSanas inhib&Sana asins§tinu testos vislabak korel€ ar plazmepsinu IV
inhib&Sanas sp&ju. Tas norada, ka vai nu tiesi Plm I'V no gremosanas plazmepsiniem
ir kritiskais za]vielu merkis, vai arT Plm IV ir labs modelproteins strukturali l1dzigo
ne-gremosanas plazmepsinu IX, X inhibitoru izveidei.

11)3-Aizvietotu-2-aminohinazolin-4(3H)-onu atvasinajumu iegfi$anai &rta un vispariga
pieeja ietver amida veidoSanu no antranilskabes un 2-aminometil-tetrahidofurana
buvblokiem ar sekojosu anilina aminogrupas transformaciju par tiourinvielu un cikla
sasleégSanu.

12) O-TES aizsargatu nepiesatinatu spirtu iekSmolekulara oksijodésanas reakcija ar
N-jodsukcinimidu irefektiva literatiiras metodes modifikacija diastereoselektivai
cis-2-(jodmetil)-5-feniltetrahidrofuranu un cis-2-(jodmetil)-5-izopropil-tetrahidro-
furanu iegiiSanai (cis: trans 1idz 30:1).

13)Paladija katalizéta C-H aktivéSanas/jodéSanas reakcija ir &rta metode 6-jod-
2-nitrobenzamidu iegiiSanai, kas ir nepiecieSami ka Dbaivbloki 5-jod-
2-aminohinazolin-4(3H)-onu konstruéSanai un lauj vaikt 2-aminohinazolin-
4(3H)-onu piektas pozicijas modific€sanu sintezes p&dgjas stadijas.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Malaria is one of the most devastating infectious diseases caused by
Plasmodium parasites and transmited by the mosquitos Anopheles. The main symptoms
of malaria are feaver and vomiting but in the worst cases it can lead to deep coma or
even death. The disease is spread in tropical and subtropical regions thus around half of
world population lives in the infection risk zones. According to the WHO estimates,
around 214 million cases of malaria occurred in 2015 and almost half million had a
lethal outcome [1].

The oldest and commonly used antimalarial drugs are quinine and artemisinin,
natural products isolated from the plants that where used for the treatment of malaria
symptoms for centuries. Currently, numbers of synthetic antimalarial drugs have been
developed; however, for most of them the exact mechanism of action and the biological
target are not known. In the past decades, new chemotypes of antimalarials have been
identified by screening compounds in vitro and in cell assays on parasite strains [2—4].

As a consequence of Malaria eradication efforts, since 2000 mortality caused
by malaria has been reduced by 60 % [1]. Nevertheless, the parasite strains resistant to
currently available antimalarial drugs are spreading. To date, the only effective
treatment of resistant malaria is based on artemisinin combination therapy; however,
recently appearance of resistance also to this group of medicines has been registred in
several regions [1]. This indicates the urent need for antimalarial agents with novel
mechanism of action, acting on yet unexplored molecular targets [1]. Malarial aspartic
proteases — plasmepsins (PIm) are considered to be promising biological targets [3] and
were selected as objects of this research project for the development of new inhibitors
as potential antimalarial drugs.

There are 10 plasmepsin subtypes encoded in the P. Falciparum genome.
Digestive plasmepsins (PIm I, Plm II, Plm IV) and histo-aspartic protease (HAP or
PIm III) are involved in cleavage of hemoglobin to provide amino acids for protein
biosynthesis. Digestive plasmepsins are the most studied subtypes; methods for
expression are well defined providing material for biological and structural research.
PIm I-IV shares high sequence similarity (70 % to 79 %), and all are considered to be
potential drug targets [3,5,7-12].
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Apart from digestive plasmepsins, there are six additional Plm subtypes (V,
VI, VII, VIII, IX, and X). The role and mechanism of Plms V-X are less known. Recent
investigations have established the function of PIm V showing that it is essential for
parasite survival [13—15]. Plasmepsin subtypes Plm IX and X share the highest sequence
homology with the digestive plasmepsins, while PIm V is more distant. Thus, it may be
possible that digestive plasmepsin inhibitors can also inhibit PIm IX and X.

Previous studies demonstrate that inhibitors of digestive Plms I-IV suspend
the parasite growth; however, the knockout studies have indicated that hemoglobin
digestion by plasmepsins has redundant mechanisms thereby inhibition of only one
subtype is not enough to kill the parastite. Furthermore, correlation between enzymatic
assays of digestive plasmepsin inhibition and parasite growth tests is not always
observed indicating that the crucial biological target might be one of structurally similar
non-digestive plasmepsin subtypes [3,16,17].

Selectivity of Plm inhibitors against human aspartic proteases — Cathepsin D
and E (Cat D and Cat E) is an important requirement to provide Plm inhibitors with
fewer side effects. Although sequence homology of Plm II and Cathepsin D is about
35 %, the X-ray structures indicate high similarity in the enzyme active centre.

PIm inhibitors can be divided into two groups — peptidomimetic and non-
peptidomimetic. Peptidomimetic inhibitors mainly show lower selectivity against Cat D
and are less effective in cell assays compared to nonpeptidomimetic inhibitors. The
X-ray structures of peptidomimetic inhibitors with Plm indicate that these inhibitors
bind to closed enzyme conformation where the catalytic site is covered by a flexible
loop called a flap. In recent years, several series of non-peptidomimetic plasmepsin
inhibitors have been discovered. Many of these inhibitors bind to the enzyme open-flap
conformation where the flap opening presents an additional flap pocket. Flap pocket can
be occupied by the chemical groups, typically alkyl chains of the inhibitor to provide
higher selectivity over other aspartic proteases [3,16,17,5,7-12].

31



Aim and Tasks

The aim of the Doctoral Thesis is to develop novel nonpeptidomimetic
plasmepsin inhibitors.

In order to achieve the aim, the following tasks have been set:

e To perform NMR fragment based screening on plasmepsin I1.

e To develop and apply the method for the synthesis of selected compound and its
derivatives. To improve selected hit to the inhibitor with ICsy value at least 100 nM.

e To determine inhibitory activities of new compounds on plasmepsin I, II, IV and
Cathepsin D. To determine cytotoxicity and P. Falciparum growth inhibition for the
most promising inhibitors.

e To analyse structure-activity relationships and use SAR observations in the
structure-based design of new inhibitors.

Scientific Novelty and Main Results

NMR fragment screening provided 10 new structures of the potential
plasmepsin II inhibitors. 2-Aminoquinazolin-4(3H)-one was selected for the futher
optimisation. Derivatives of 2-aminoquinazolin-4(3H)-one were synthesised using
information from molecular modelling and SAR. Co-crystal of inhibitor with Plm II was
obtained and the X-ray structure of the complex was solved, indicating that inhibitor
bound to open flap enzyme conformation, and this provided directions for the further
optimisation. Structure-activity relationships were explored for 3rd, Sth and 7th position
substituents of 2-aminoquinazolin-4(3H)-one. Selective plasmepsin IV inhibitor was
obtained. In conclusion, series of digestive plasmepsin inhibitors were developed where
the best compounds showed a nanomolar inhibitory activity in enzymatic assays, around
1 uM inhibition activity in P. Falciparum growth test, low cytotoxicity and good
selectivity against human aspartic protease — Cathepsin D. The obtained results
indicated that 2-aminoquinazolin-4(3H)-one based plasmepsin inhibitors have high
potential for the development of new anti-malarial drugs.
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MAIN RESULTS OF THE THESIS

1. Fragment Screening

NMR-based fragment screening* was performed using commercially available
ChemBridge fragment library, containing 1000 Astex Ro3 [18] compliant compounds.
NMR-based method was selected as one of the most sensitive method that allowed
identifying relatively week interactions between ligand and enzyme by recording spectra
of the fragment [19,20]. Fragments were screened against malarial aspartic protease —
Plasmepsin II (P1m II).

The screening was done with mixtures of six fragments and spectra were
recorded for every sample in the absence and presence of PIm II. Binding specificity of
all binders was evaluated by competition experiments with pepstatin A, which is was a
potent aspartic protease inhibitor. Three different spectra were recorded for every
sample to avoid false positive results: 1) STD (Saturation Transfer Difference); [21] 2)
Tip [22] and 3) WaterLOGSY (Ligand Observed via Gradient Spectroscopy) [23,24].
Fragments that showed binding to the Plm II by at least two NMR techniques were
retested as single compounds.

Fragment screening revealed 85 unspecific fragments and 49 fragment hits that
bound to the Plm II active site. Those hits were further tested in enzymatic assays, which
disclosed 10 compounds showing measurable inhibitory activity (ICso = 24 uM to
200 uM). 2-Aminoquinazolin-4(3H)-one 1 with the highest potency and ligand
efficiency was selected for further development (Fig. 1).

O
Fragment NMR screening 49 FRET assay 10 inhibitors /)\/\E)
N~ 'NH,
1

library Plm IT hits — Plm I ICs0 <200 uM
(IC5o=24.3 M, LE = 0.35)

Fig. 1. Summary of fragment screening and fragment hit 1.

NMR competition experiments in pairs with other fragment hits were
performed to find fragments that could be further linked or merged with the
2-aminoquinazolin-4(3H)-one 1. It was found that fragment 1 and 2 did not share the
same binding site; moreover, an interligand NOE was observed between H-7 of
fragment 1 and H-5 of fragment 2 in the 'H—'H NOESY spectrum, indicating the close
proximity of two fragments 1 and 2 (Fig. 2).

4in collaboration with LIOS Department of Physical Organic Chemistry (K. Jaudzems)

33



NH, 0
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S HN S\ H H N//L/NP
oS v
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NOE
1

Fig. 2. The observed interligand NOE of fragment hits 1 and 2 in enzyme active site.

All attempts to co-crystallise fragment 1 with Plm II failed and exact binding
mode of the hit could not be obtained by X-ray crystallography. However, NOE
experiment gave a hint that there was an additional pocket around 7-position of the
fragment 1 that could be optimised by substituents — bioisosters of thiophene.

2. Initial Optimisation of Fragment Hit 1

Initial optimisation of hit 1 provided four analogues 3-6 with substituents at
7-position (Fig. 3). Attachment of bromide function at 7-position gave compound 3 with
4-fold increased activity (ICso = 5.9 uM) compared to hit 1 from NMR-screening.
Exchange of bromide to phenyl group as a bioisoster of thiophene resulted in even more
active inhibitor 4 with 10-fold increased potency against PIm II (ICso= 2.3 uM).

o (0] o) (0]
O
0, [®) O N
AP LSAY, QS J@ﬁﬁ@
m NH: O
>

3 4 5 6
ICso (PIm IT) = 5.9 uM ICso (PIm 11) = 2.3 uM ICso (Plm 1) = 28.3 uM ICso(Plm 1) = 8.2 yM

Fig. 3. Analogues of hit 1 and their Plm II inhibitory activities.

Improved fragment 4 was selected as a base structure for further development
of Plm inhibitors and it was docked® in the Plm II active site to determine the possible
binding mode. Two available X-ray structures of the Plm II (2BJU — open and 1LEE —
closed flap) were used and both provided high-quality binding modes where: a)
tetrahydrofurfuryl- (THF) group was directed to S1° pocket in the open flap
conformation (Fig. 4A) and b) the molecule was rotated 180° and 7-phenyl group was
directed to S1° pocket in closed flap conformation (Fig. 4B). Both models indicated
hydrogen-bond interaction between N1 and 2-amino groups of the 2-aminoquinazolin-
4(3H)-one 4 and catalytic Asp34—Asp214 dyads.

3in collaboration with LIOS Department of Physical Organic Chemistry (K. Jaudzems)
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D,

Fig. 4. The obtained binding modes of compound 4 in the Plm II active site: (A)
openand (B) closed flap conformation.

A W \j (Flnppo(k

Both structures suggested that addition of any lipophilic substituent to the THF
functionality might improve binding potency in compound 4: A) lipophilic substituent
would occupy S1° pocket and interact with Ph294 and Tyr192 dyads, and B) it would
explore S1 pocket and interact with Trp41 dyad.

3. SAR of the 3-Position Substituents of 2-Aminoquinazolin-4(3H)-ones

Addition of lipophilic substitutents to the THF-group and modifications at
3-position of 2-aminoquinazolin-4(3H)-one provided analogues 7a-k (Table 1). From
these series compound 7a bearing unsaturated furan moiety showed similar ICsy values
to the saturated analogue 4. Still, saturated furan functionality is more appropriate in the
development of inhibitors due to the chemical and methabolic stability [25].

Phenyl group at 4-position of the THF-group resulted in less active compound
7¢, while compound 7f with cis-phenyl group at the S-position of the THF group was
found to be the most potent PIm II inhibitor. The corresponding trans-diastereomer 7e
was considerably less potent. Both enantiomers of the active diastereomer 7f were
prepared and enantiomer 2R, 5S-7f was found to be a 10-fold better inhibitor than 2§, 5R-
7f. Other analogues with substituents at the S-position of the THF group (7g-k) showed
decreased potency compared to inhibitor 7f. Most probably the favourable interactions
with amino acid dyads were not formed or the obtained analogues (7g-k) clashed with
the surface of the enzyme.

It should be noted that in the above-mentioned series no selectivity between
Plm subtypes (I, II and IV) was observed, although compounds 7¢-g,j-k displayed
considerable selectivity for Plm II versus Cat D — human aspartic protease: Cat D/
Plm II =~ 10 (Table 1).
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Table 1. Inhibitory Activities of 3-Substituted 2-Aminoqiunazolin-4(3H)-ones

Entry R ICs (M)

PimIl PimI PlmIV CatD
1 rac4 -~ 23 - - -
20 7a \@ 32 - - -
3 rac-7b /\C@ 52.0 - - -

} 0.

4 7e , 125 520 200  >200
5 rac-Te . @ 2.9 24 1.1 9.0
6 25557 )T 23 43 30 170
7 racf 057 13 0.6 13.8
8  2R5S7f \(17/@ 034 12 0.5 4.6
9 285R-7f 3.0 46 27 220

10 rac7lg  ~"° OQ 25 37 13 195
11 racTh 0O OO s - i i

12 7ib \Q/\Q 3.0 ) ; ;

13* rac-7j o~ 1.6 2.3 1.5 25.0

14 rac-7k \GO 53 20 30 90

15* 7d° \Cj/g 4.0 6.4 2.0 20.0

2prepared in collaboration with O. Borysov; "mixture of diastereomers




Different substituents in the aromatic ring of the most potent compound 7f
provided weeker inhibitors 8 (Fig. 5). More likely, even relatively small substituents
clash with the enzyme and that results in decrease of potency. The obtained results
indicate that unsubstituted phenyl derivative should be used in further studies.

Plm IT (uM)
R = p-F;5C; 1C50=2.4
R = p-MeO; IC59=11.0

Q _ R =p-F; IC50=3.5
P "R R =p-Ph; 1C5,=50.0
Phi N)\NHZ b 30

R = p-F, m-MeO; 1C5,=2.0

R = m-Me; IC50=8.8
8 R = m-MeO; 1G5y =17.0

R =m-Cl; 1C50=17.5

R = 0-Me; 1C50=7.0

Fig. 5. Derivatives of the most potent inhibitor 7f and their inhibitory activities.

4. Analysis of the Enzyme-Protein Co-crystal Structure

A co-crystal of inhibitor rac-7f with Plm II was successfully obtained and the
X-ray structure of the complex was established in collaboration with prof. K. Tars. The
inhibitor molecule rac-7f is racemic and the electron density maps are well-defined for
both enantiomers; however, 2R, 5S5-7f enantiomer is used to visualise the complex as it
showed higher activity in enzymatic assays.

The X-ray structure revealed that ligand 7f bound to the Plm II in the open-flap
conformation (Fig. 6 — green). In the open conformation, the active centre of the enzyme
is uncovered and flap provides additional pocket — flap pocket [26]. The open-flap
conformation has been previously reported only with inhibitors containing n-alkyl
chains that fill in the flap pocket. However, complex with 7f presents an open,
unoccupied flap pocket that is wider than in the previously reported crystal structures.

bl
2BJU 4

flap
pocket

Fig. 6. X-ray structures of inhibitor — Plm II complex: compound rac-7f (green)
and published compound bearing n-pentyl group (cyan, PDB ID 2BJU).

The co-crystal structure is in agreement with the docking results indicating that
N1 and 2-amino groups form hydrogen bonds with the catalytic Asp34—Asp214 dyads.
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The N-(5-phenyl-2-tetrahydrofuranyl)methyl moiety interacts with the Tyr192, Phe294
and I1e300 residues in the S1° pocket, and 7-phenyl group forms hydrophobic interaction
with Ile123 as well as an edge-to-face aromatic interaction with Trp41 located at the
entrance of the flap pocket.

The obtained X-ray structure provided worthwhile information for the further
optimisation possibilities: 1) 5-position of 2-aminoquinazolinone is pointed towards
solvent molecules and there is free space for the addition of the substituent; 2)
substituents of 8-position might be directed in S1 pocket (by analogy with 2BJU bi-
phenyl group); 3) the flap pocket could be targeted by introducing hydrophobic groups
(n-alkyl chains) in 7-position of 2-aminoquinazolinone scaffold.

5. SAR of the 5-Position Substituents of 2-Aminoquinazolin-4(3H)-ones

Compounds 9 containing substituted oxy-, amino-, sulphide group or
iodide in the 5" position of 2-aminoquinazolinone showed potencies comparable to
2-aminoquinazolinone 7f (R=H) without essential activity improvement or drop
(Fig. 7).

Plm II (uM)
R =MeS; ICs)=0.87

R O
. o_, R-FO; IC=13
/)\/\Ef T R=nPrO; 1Cs5;=1.8
Ph N~ "NH, R=Mge)N; 1C5;=2.2
0 R=PhO; ICsy=2.2

R:l; IC50:3.2

Fig. 7. SAR of 5-substituted 2-aminoqiunazolin-4(3H)-ones.

Other derivatives 10a-g and 1la,d,g gave sub-micromolar ICso values
(Table 2). Furthermore, the obtained results allowed making a preliminary conclusion
on structure-activity relationship of 5-substituted compounds.

First, selectivity over Cat D is more than 100-fold when R!'= H (10a-g),
whereas if R! = Ph (11a,d,g) selectivity maintains between 10 to 50-fold over Cat D.

Second, inhibitors bearing phenyl group on THF ring (R! = Ph) 10a,d,g show
similar values to unsubsituted THF derivatives (R! = H) 11a,d,g. This is opposite to the
previously observed case where addition of phenyl in compound 4 gave four times more
active compound 7f (Table 1, entries 1 and 7). Probably substitution in 5-position shifts
all molecules and it affects also THF group disturbing n—m interaction of phenyl and
phenylalanine in S1° that results in the drop of activity. Those observations provide a
possibility to use unsubstituted THF to improve selectivity by keeping potencies.
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Table 2. Inhibitory Activities of 5-Substituted 2-Aminoqiunazolin-4(3H)-ones

R? o|
oo ase
—
Ph N~ "NH,

Entry R! R?

ICso (LM)
PImII PimI PImIV CatD
057 13 0.6 13.8
096 1.6 24 n.a.
077 15 095 133

1 rac-7f Ph
2 rac-10a H
3 rac-11a Ph
4

A O |

rac-10b H 0.55 2.8 1.8 68.0

6 rac-10c H 0.82 2.0 1.0 93.0

</>/\
Z

CO.H 0.33 3.5 1.4 100.0
0.28 0.6 0.5 20.0

7 rac-10d H
8 rac-11d Ph

=14

9  racl0e  H 05 10 15 980
CO,H
CONH,
10 rac-10f T 06 34 25 na
12 rac-10g gou 05 115 60  na
13 racllg  Ph | 04 10 06 110

6. SAR of the 8-Position Substituents of 2-Aminoquinazolin-4(3H)-ones

The hypothesis that substituents of 8-position might be directed to S1 pocket
was not proven. Compounds (12a,b and 13b) containing relatively small groups like
MeO-, Me- or longer alkyl chain (12¢) are weaker PIm inhibitors compared to the
8-unsubstituted compounds (Table 3).

Intriguingly, that addition of phenyl moiety to compounds containing R! = Me
group 12b (R?= Ph) and 13b (R?= H) gave exactly the opposite effect — an increase in
1Cs values almost 100 times compared to the previously observed decrease. Likely,
substituents at 8-position make steric repulsion with protein and change position of the
inhibitor.
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Table 3. Inhibitory Activities of 8-Substituted 2-Aminoqiunazolin-4(3H)-ones

i
Ve
Ph N7 NH,
R!

Entry R R Plm 11 PlrInCIS : (Llﬁg IV CatD
1 rac12a  OMe Ph 32 72 22 120
2 rac-12b Ph 1000 na 50  100.0
3 rac-13b Me H 43 320 50 800
4  rac-12¢  nPent Ph 1000 730 280 970

7. SAR of the 7-Position Substituents of 2-Aminoquinazolin-4(3H)-ones

Different substituents were introduced to 7-position of 2-aminoquinazolin-
4(3H)-ones to target flap pocket of the enzyme (Table 4). All 7-substituted compounds
(14a-f) are potent PIm inhibitors. Compounds 14e and 14f containing alkyl moiety give
even better inhibitory activities than starting inhibitor 7f but selectivity over Cat D is
lost. This is an unexpected result as it is considered that Cat D does not make open
conformation and flap pocket as well as it is known that PIm inhibitors with alkyl chains
filling flap pocket tipically are very selective towards Cat D [26—-29]. Compounds 14e
and 14f would be interesting to develop as Cat D inhibitors but that is outside the scope
of the present research.

Table 4. Inhibitory Activities of 7-Substituted 2-Aminoqiunazolin-4(3H)-ones

i
O,
N/I)—Ph
A
R N~ 'NH,

Entry R Plm 11 thfljso (ull’\;lril IV CatD
1 rac7f @ 0.57 130 0.60 13.8
2 rac-14a o 0.50 .10 0.40 43
3 rac-14b @\ 0.80 - - -
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Table 4. (continued)

ICso (uM)
Entry R
PimIl__ PimI_ PmIV_ CatD
4 raclde L 080 038 120 43
5 rac-14d A 040 030 060 30
6  raclde . 012 0085 026 05
7 rac-14f e~ 0088 008 011 04

As 7-alkyl substituted 2-aminoquinazolin-4(3H)-ones provided unselective
inhibitors, we proceed with 7f scaffold. Besides, as previous results did not convince of
the necessity of phenyl group at THF, both substituted and unsubstituted analogues were
examined.

Inhibitors 15 with meta- or ortho- substituted 7-phenyl group showed a slight
drop in potencies (Fig. 8). Later molecular modelling proved that meta-substituents
make steric clash with the enzyme.

PIm II (uM)
0 R=m-Cl;  [Csy=23
! o R=m-Ph;  1C5y=523
)N:\L}—I’h R=m-nBu; 1C5,=2.0
N N7 NI, R = m-nHex; 1C5,=3.6
R . R=0-CF30; [C5y=1.7
15 R=0-F;  1Cy=0.7

Fig. 8. Inhibitory activities of ortho- andmeta-substituted 7-phenyl-2-
aminoquinazolin-4(3H)-ones.

The introduction of the alkyl substituents at the para-position of the 7-phenyl
group (16i and 16Kk) improved the Plm II inhibitory activity up to 3 times (Table 5,
entries 9, 11). Those compounds showed no selectivity between Plm subtypes and
selectivity over Cat D maintaining between 10- to 50-fold.

Other results were obtained for phenyl-alkyl substituents at 7-position (Table
5, entries 18, 19). Compounds 16s and 16t are week Plm II inhibitors, but potent and
selective PIm IV inhibitors. This indicates that flap pocket of Plm IV has different
structural requirements for the groups occupying this position. Previous selectivity
between Plm subtypes demonstrated mainly with different length of alkyl-chains [30].
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Table 5. Inhibitory Activities of Para-substitutents of 7-Phenyl-2-Aminoquinazolin-

4(3H)-ones
i
O,
N 2
CLT 0
O N NH,
RI
1Cso (uM
Entry R! R? s (M)
PInIl PlmI PImIV CatD
1 rac-16a H 1.30 - - -
FsC
2 16b° Ph 310 140 2 8.4
3 rac-16c¢ H 0.60 - - -
CF;0
4 rac-16d Ph 055 060 07 9.5
5  rac-16e NH,OC H n.a. - - -
6 rac-16f MeO H 3.90 - - -
7  rac-16g E H 2.30 - - -
t
8  16h® Ph 200 130 130 52
9 rac-16i nBu Ph 023 030 020 22
10 rac-16j° H 050 020 0.8 -
nPent
11 rac-16k Ph 015 030 010 5.0
12 rac-16l° cHex Ph 240 050 080 86
13 rac-16m® O/\ Ph 107 940 120 100
14 rac-16n® v Ph 040 048 030 32
15 rac-160° hhs Ph 060 140 040  na.
16 ractept [ ] Ph 200 200 070 na.
17 rac-16r° @\A H 070 130  0.10 -
18 rac-16s° - Ph 100 320 013 60
19 rac-16t° ©/\/\ Ph 320 650 040 91
20 rac-16u’ @M Ph 120 360 200 52
21 rac-t6v [ [ Ph 042 130 080 50

2mixture of diastereomers; "prepared in collaboration with O. Borysov.
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To explore possible reasons for the high selectivity of compound 16s, a
homology model of open-flap PIm IV was built using the 2BJU structure of PIm IT as a
template® (X-ray structure of PIm IV is not known). The resulting model suggests that
the flap pocket of PIm IV is slightly more spacious at depth than that of PIm II due to a
Thr108 to Ala108 mutation that allows more bulkier 3-phenylpropyl group of compound
16s to fit in the flap pocket (Fig. 9).

W R A108

/ o -\f’
£ }2”\ L
. ey .
N A L

Fig. 9. Comparison of Plm I and PIm IV flap pockets: (A) PIm II and 16k, (B) PIm IV
and 16k, (C) PIm II and 16s — putative clash highlighted in yellow, (D) PIm IV and 16s.

The aim to improve hit structure 1 to potent inhibitor with at least 100 nM
inhibitory activity was achieved.

The most active Plm inhibitors 16j,k,s,t were selected for testing their capacity
to inhibit growth of P. Falciparum clone 3D7 in an in vitro growth assay (Table 6). All
the compounds displayed inhibition potency close to 1 uM. Compounds 16j and 16k are
strong PIm I, I and IV, but 16s and 16t are selective Plm IV inhibitors. All compounds
were active in cell-based assay and as all of them are inhibitors of PIm 1V, it can be
speculated that Plm I'V and/or nondigestive plasmepsins structurally similar to PIm IV
(e.g., PIm IX and X) might be the critical targets to achieve parasite growth inhibition.

%n collaboration with LIOS Department of Physical Organic Chemistry (K. Jaudzems).
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Table 6. Growth Inhibition of P. Falciparum 3D7 Clone and Cytotoxicity Values of
Selected 2-Aminoquinazolin-4(3H)-ones

O
|
0,
N Ph
oA
RI
nBu- nPent- @\/\ ) ©/\/\
R! ’
rac-16j ’iagl: rac-16s rac-16t
P. Falciparum
3D7 growth EIC\;“ 0.9 1.1 1.2 3.9
inhibition® (M)
Cytotoxicity® (}fﬁi‘; 2205 | 2139 13 >1888

2The ECso values were determined using SYBR Green I assay with the incubation time
96 h; "measured using Mouse Swiss Albino embryo fibroblasts (3T3).

In addition, cytotoxicity of compounds was determined in mouse embryo cell
assay and the results obtained indicated that most of the active Plm inhibitors displayed
low toxicity, except compound 16s. Thus, the 2-aminoquinazolin-4(3H)-one derivatives
are a promising class of compounds for the development of novel antimalarial agents.

8. Synthesis of 2-Aminoquinazolin-4(3H)-ones

2-Aminoquinazolin-4(3H)-one derivatives 22 were synthesised from
anthranilic acid derivatives 17 (Scheme 1). Anthranilic acid amides 19 were subjected
to the reaction with benzoylisothiocyanate and resulting intermediates 20 were
converted to corresponding 2-aminoquinazolin-4(3H)-ones by two methods:
a) alkylation of thiol with Mel and NaH as the base for amide deprotonation or b) using
EDCI as activation reagent for the thiol function. Cleavage of benzoyl group in
compounds 21 with hydrazine hydrate or K,COj3 gave final products 22.
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o} H,NT R o 0

18 A~
S BZNCS X !
R{j\)k O matu.DIPEA e T N R et N
i P
Z NH, I —— = NH, EtO, .t NH

CH,Cly, r.t.
S~ "NHBz
17 19 20
O O
A: DBU, Mel, CH,Cl,, ~.,  A:NH,NH,, EOH, -~
then NaH R A N R reflux R A N7 R
S A ——
B: EDCIL, EGN, N ONHBz  B: K,CO; MeOH/H,0 N7 N,
CH,Cl, reflux
21 22

Scheme 1. General approach to the synthesis
of the 2-aminoquinazolin-4(3H)-one derivatives.

2-Aminoquinazolin-4(3H)-one building blocks 23, containing bromide or
iodide function allowed providing series of analogues 24 at the final stage of synthesis
using Suzuki-Miyaura, Sonogashira or Heck coupling reactions (Scheme 2).

1) Suzuki-Miyaura, o
~ Sonogashira
1 N N TR or Heck reaction ot X N R
| |
= Z _— ~
N~ 'NHBz 2) Cleavage of Bz & N~ 'NH,
23 24
X=Brorl R? = aryl-, alkenyl-, alkynyl-

Scheme 2. Modification of 2-aminoquinazolin-4(3H)-one building blocks.

8.1. Synthesis of Tetrahydrofurfurylamine Derivatives

Synthesis of amines 18 was performed according to Scheme 3. Addition of
Grignard reagent to aldehydes or ketones 25 provided alcohols 26. NBS- or NIS-
promoted cyclization gave disubstituted tetrahydrofuran derivatives 27 or 28 as a
mixture of diastereomers (trans: cis = 4 :1 to I :1). Halomethyl tetrahydrofuran
derivatives 27 or 28 were converted to amines 18 in two steps either using Gabriel
synthesis or via formation of azide followed by reduction.

R? OH
RI
o BV TN X o A KPhth DMF,80°C, o o
a e (§ Nsornms o then NoH,H0, FrOH 12 7&)’]22
n -
THF, -78°C to r.t. /) CHChrt " R' B: NaNj;, DMF, 80°C, R
27 X=Br, then Ra-Ni, H,, MeOH
25 26 28 X -1 18
n=1,2

Scheme 3. Synthesis of amines 18.
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Modified literature procedure [31] was applied for the diastercoselective
synthesis of cis-iodomethyl tetrahydrofurans 28 (Scheme 4). Homo allyl alcohols 26
were converted to silylethers and subsequent NIS-promoted cyclization gave the desired
intermediates 28 in high diastereomeric excess in favour of the cis-isomer. lodides 28
were converted to the corresponding amines according to Scheme 3.

HO_R Et5SiO.
TFSC] imidazole
DMF r.t. CH L17 r.t.

=
26 28

cis: trans = 10: 1 to 30: 1

Scheme 4. Diastereoselective synthesis of 2-(iodomethyl)tetrahydrofurans 28.

Enantioenriched bromides 28,55-27b, 2R,5S5-27b and 2S,5R-27a were
synthesised from alcohols R-and S-26b (Scheme 5), prepared by Noyori asymmetric
transfer hydrogenation using chiral Ru-diamine complexes. After non-
diastereoselective cyclisation of alcohols R-26a and S-26b, resulting 2-bromomethyl
tetrahydrofuran diastereomers were separated and converted to the amines by the
described procedure (Scheme 3).

O Ph [RuCL(p-Cym)l,. ISDPEN N Q\
HCO,Na, H,0
_HCONaH,0 CH,Cl,, r.t. Ph

DME, 40 °C
7 R-26a (cc 89%) 25,5R-27a 2R 5R-27Ta
29 (not isolated)
--------------------------------- | S.s- LR Br (s
Ph Ph 5 TSDPEN NBS ' o
Ph\)\ Ph o . E—— Q(V) (S
< TNHTs NHTs | CH,C, et - ph
NH, NH, ;
RR-TsDPEN S,S-TSDPEN !

S-26b (ee 86%) 2R 55-27b 2S,55-27b

Scheme 5. Synthesis of enantioenriched 2-(bromomethyl)tetrahydrofurans.

Alcohol 31 was prepared according to the described two-step procedure from
phenylacetic acid [34] that included alkylation with allylbromide and subsequent
reduction with LAH (Scheme 6). NIS-promoted cyclisation afforded iodide 32 as a

mixture of diastereomers (cis:trans = 10: 3).
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1) LIHMDS,
nozcj all\ Ibromide, THF
Ph >
Ph 2) LAH, Et,0 CH,Cly, 1t

30

Scheme 6. Synthesis of 2-(iodomethyl)-4-phenyltetrahydrofuran 32.

8.2. Synthesis of Anthranilic Acid Derivatives from Isatins

3- and 6-substituted anthranilic acids 17 were synthesised according to
Scheme 7 using Sandmayer methodology [36]. Corresponding anilines 33 were
transformed to intermediates 34 by acylation with 2-(benzyloxy)imino)acetic acid (route
A) [36] or using reaction with chloralhydrate and hydroxylamine (route B).
Intermediates 34 were futher transformed to isatins 35 that gave required acids 17 after
oxidative cleavage (Scheme 7).

A)R?=Bn
2-((benzyloxy)imino)acetic acid.

0
A I—IATU DIPEA, CH,Cl g 1M NaOH,
‘ s s 2Ll ‘ X conc. H, §04 H,0, @\)k()][
/ _—mm
Rw/ NH, B)R’=H ‘// N 0 8o°c%mm // o YA,
R 2

CL,CC(OH),, NH,OHHCI, H
Na,S0,, H,O/dioxane

Scheme 7. Synthesis of anthranilic acids via Sandmayer isatin approach.

8.3. Synthesis of Anthranilic Acid Derivatives Using C-H Activation Reaction

5-lodoanthranilic acid derivatives were synthesised using C-H activation and
the best substrate and conditions were examined (Table 7). Benzoic acids [37], different
benzamides, e.g., N-tosylamides [38—40] and N-alkylbenzamides [41—44] can be used
as directing groups in C-H activation reactions. However, the scope of
N-alkylbenzamides is limited to a few examples.

For initial C-H activation/iodation experiments we used 2-nitrobenzoic acid
(36a) as the model compound (Table 7, entry 1). Unfortunately, we were not able to
achieve full conversion exploring different amounts of catalyst or oxidant or changing
reaction time or solvent.

The best conditions (2 equiv. NIS or 1 equiv. PhI(OAc), with I, 10 mol%
Pd(OAc),, DMF, 100 °C, 24h) were found using N-mesylbenzamide 36b (Table 7, entry
2). Under optimised conditions, the substrate was fully converted to the product;
however, isolated yield was only 53 % because of the complication during the isolation
process.
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Different N-alkylbenzamides were tested under the optimised conditions;
required N-CH,-THF benzamide gave the corresponding product in good yield (86 %).

Table 7. Short Summary of C-H Activation Studies

oxidant/halogen source
H (6] cat. Pd(OAc),, 1 [e)

solvent, lemperalure
[ :[ Y [ I Y
NO, NO,
36a-c 37a-¢
Entry  Substrate 36 Conversion?, % Conclusions
)
average conversion, inseparable
OH
1 36 10 66 mixture of product/substrate
NO,
Q O\\S 0 low isolated yield,
2 @\)\ N Me 0to 100 problematic cleavage of Ms
NO, group
e " products separation by column
3 @\)L N 24 to0 86 chromatog?aphy, recovery of
NO, starting material

6-lodo-anthranilic amides 42 were prepared based on developed C-H
activation procedure (Scheme 8). After amide bond formation and subsequent Suzuki
reaction, commercially available 4-bromo-2-nitrobenzoic acid 38 gave amides 40. C-H
activation provided intermediates 41 that gave corresponding anthranilic amide
derivatives 42 after nitro group reduction with sodium sulfide.

amine 12 or 20f, o PhB(OH),,
/@fj\ml HATU, DIPEA N/\LO)’ Pd(PPh3);, K5CO5
CH,CL, rt. H T THRIL0. 80°C c t}f
NO,

1 O

PhI(OAc),, 1. O,

_ PdOAY, N Na,$10H,0 H/I)—R
]

DMF, 100 OC 0, THF/ MeOH, reflux Ph NH,

42

Scheme 8. Synthesis of 6-iodoanthranilic amides 42.

Obtained amides 42 were transformed to the corresponding
2-aminoquinazolin-4(3H)-ones according to Schemes 1 and 2.
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)]

2)

3)

4)

5)

CONCLUSIONS

Nuclear magnetic resonance fragment screening provided a new class of plasmepsin
I, IT and IV inhibitors based on 2-aminoquinazolin-4(3H)-one scaffold with good
selectivity over Cathepsin D.

Ligand-plasmepsin II ~ co-crystal —structure was solved indicating that
2-aminoquinazolin-4(3H)-ones interacted with enzyme in open conformation where
2-amino group and 1N formed hydrogen bonding with catalytic aspartate dyads.

Modifications at 3™ position of 2-aminoquinazolin-4(3H)-ones demonstrated
that the highest inhibitory activities were shown by compounds with
N-(5-phenyltetrahydrofuranyl)methylgroup. Phenyl moiety occupied S1° pocket and
made favourable n—n interactions with Phe294.

0
1, O, IC50 (PImI)= 1.2 uM
/@fi Q@ ICso (PIm IT) = 0.34 uM
Ph N~ "NH, 1C50 (PIm IV) = 0.5 uM
IC5 (Cat D) = 4.6 uM
2R.58-7f
2-Aminoquinazolin-4(3H)-ones ~ with  cis-configuration  substituents  on
tetrahidrofuran displayed higher inhibitory activities. Of both enantiomers of the
active cis-diastereomer, enantiomer 2R,5S- showed better inhibitory activity than

28, 5R-enantiomer.

Introduction of substitutuents at 8" position of 2-aminoquinazolin-4(3H)-ones
resulted in the drop of inhibitory activity.

O

1, O, ICs5o (PIm I) =n.a.
2 D IC5o (Pm 11) = 100 M
Ph N~ "NH, 1G5 (PIm IV) =5 uM
Me ICs, (Cat D) = 100 uM

rac-12b
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6)

7)

8)

9)

The 5% position of 2-aminoquinazolin-4(3H)-ones was exposed to the solvent and
carboxylic acid in this position was the best function to achieve higher plasmepsin
inhibitory potency.

CO,H

R=H R =Ph
ICso (PIm I) = 3.5 uM ICs5o (PIm I) = 0.6 uM
1Cs50 (PIm IT) = 0.33 uM 1Cs0 (Plm IT) = 0.28 uM
ICs59 (PIm IV) = 1.4 uM ICs59 (PIm IV) = 0.5 uM
1Cso (Cat D) = 100 uM ICso (Cat D) =20 uM

R =H; rac-10d
R =Ph; rac-11d

Structure-activity relationship of 5-substituted 2-aminoquinazolin-4(3H)-ones

indicated that unsubstituted 3-tetrahydrofurfuryl-group could be used in inhibitor

structure as selectivity over Cathepsin D was increased and both substituted and

unsubstituted tetrahydrofuranyl-compounds showed similar plasmepsin inhibition.

7-Alkyl-2-aminoquinazolin-4(3H)-ones are potent plasmepsin inhibitors though
selectivity over Cathepsin D is lost, which is unusual for non-peptidomimetic
inhibitors with alkyl-group as the flap pocket substituents.

(6]

PO ® &0y
N7 ONH, ICsy (PIm IV) = 0.26 uM
_ ICs (Cat D) = 0.5 uM

7-(p-Alkyl)phenyl-2-aminoquinazolin-4(3H)-ones  are  potentplasmepsin I,
II, IV inhibitors with good selectivity against Cathepsin D whereas
7-(p-phenylalkyl)phenyl-2-aminoquinazolin-4(3H)-ones are selective plasmepsin
IV inhibitors. Homology model of Plm IV suggested that the flap pocket of Plm IV
was more spacious and could accomodate phenyl group, which allowed obtaining
selectivity between digestive plasmepsin subtypes.

(0]
i, 0O R = nPent R =Ph-C5Hg
O /)N\ Qv“f’h IC5o (PIm 1) = 0.3 uM ICso (PIm 1) = 3.2 uM
N7 N, ICso (PIm I1) = 0.15 uM 1Cso (PIm 11) = 10.0 pM
O ) IC5o (PIMIV)=0.10 uM  ICsq (PIm IV)=0.13 pM
R ICs, (Cat D)= 5.0 uM IC5 (Cat D) = 6.0 uM
R = nPent; rac-16k ECso (Pf)=1.1 pM ECso (Pf)=1.2 uM

R =Ph-C;Hg; rac-16s
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10)Parasite growth inhibition correlates with plasmepsin IV inhibitory potencies
indicating that either digestive PIm IV is the crucial biological target or PIm IV is a
good model protein for structurally simillar non-digestive plasmepsins IX and X.

11) General method for the synthesis of 3-substituted-2-aminoquinazolin-4(3H)-ones
involves amide formation from antranilic acids and 2-aminomethyltetrahydrofuran
building blocks with subsequent transformation of aniline moiety into thiourine
derivative and ring clousure.

12)Modification of the literature procedure provided the method for the
diastereoselective synthesis of cis-2-(iodomethyl)-5-phenyltetrahydrofuran and cis-
2-(iodomethyl)-5-isopropyl-tetrahydrofuran from corresponding O-TES substituted
unsaturated alcohol and N-iodosucinimide (cis: trans up to 30:1).

13)Palladium catalysed C-H activation/ iodation reaction is a convenient method for the
synthesis of 6-iodo-2-nitrobenzamides that are important building blocks for the
synthesis of 5-iodo-2-aminoquinazolin-4(3H)-ones and allow modifying the
5t position in the last steps of the synthesis.
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