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PROMOCIJAS DARBA KOPSAVILKUMS

Teémas aktualitate

Malarija ir postoSa infekcijas slimiba, kuru izraisa moskitu parnésati plazmodija (Plasmodium) paraziti.
Malarijas apdraudétos regionos mit aptuveni 40% pasaules iedzivotaju un §1 slimiba ir viens no galvenajiem
saslim§anas un mirstibas c€loniem jaunattistibas valstis (Centralamerika, Dienvidamerika, daudzos azijas
regionos ka ari Afrikd)." Malariju uzskata par vienu no nabadzibas céloniem jaunattistibas valstis, jo 31
infekcija palénina to ekonomisko izaugsmi par 1.3% gada.” Paslaik malarijas arsteanai tiek lietotas vairakas
sint€tiskas un pussintétiskas zalvielas, kas pieder hinolinu, antifolatu un artemizininu grupam, ka ar1 dazas
antibiotikas un Atovakvons (Atovaquone)®. Kaut ari pieejamo pretmalarijas lidzeklu klasts ir visai plass,
praktiski pret visiem preparatiem ir noverota rezistentu malarijas celmu paradisanas. Malarijas skartajos
apvidos rezistence turpina izplatities, kas lick domat, ka pasreizgjie terapeitiskie lidzekli tuvakaja nakotné klis
neefektivi.®  Ta rezultata ir pastiprinajusies centieni atrast pretmalarijas zalvielas ar jaunu iedarbibas
mehanismu. Tostarp, ka viens no potencialajiem zalvielu mérkiem ir enzims PfSUBL1.

Plasmodium falciparum enzims PfSUB1 ir subtilizinam radnieciga serina proteaze 1, kas pieder
subtilizinam lidzigo serina proteazu saimei. ST protedze izsauc vakuolas un saimnieksinas membranas
noardiSanos, ka rezultata no tas izplist merozoiti. Lidz ar to, PFSUBL ir bitiska loma parazita dzives cikla, kas
to padara par pievilcigu mérki jaunu pretmalarijas lidzeklu izstradei. *°

Mazmolekularu PfSUBI inhibitoru izveide ir saskarusies ar ievérojamam griittbam. Vairak ka 170,000
mazmolekularu savienojumu skrininga identificéta sarezgitas struktiras dabas viela MRT 12113,
hinolilhidrazona atvasinajums, hlorizokumarina atvasinajums JCP104. Saméra nesen, izveidoti peptidiskie
PfSUBI inhibitori uz difluorostatina bazes.®® Laika, kad uzsakam PfSUBI inhibitoru mekl&jumus, literatiira

bija aprakstiti tikai savienojumi MRT 12113 and JCP104.

"WHO | Factsheet on the World Malaria Report 2013
http://www.who.int/malaria/media/world_malaria_report_2013/en/ (accessed Apr 2, 2014).
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®Jones S. Nature Rev. Microbiology, 2008, 6, 94-95
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Blackman, M. J. Cell 2007, 131, 1072-1083.
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8Arastu-Kapur S.; Ponder E. L.; Fonovi¢ U. P.; Yeoh S.; Yuan F.; Fonovi¢ M.; Grainger M.; Phillips
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Pétijuma merkis un uzdevumi

Darba mérki ir:
a) jaunu malarijas proteazes PfSUBI inhibitoru atklasana;
b) to struktiiras optimizacija nolika uzlabot inhibitoro aktivitati;

€) SAR pétijumi ar mérki precizét virtuala dokinga metodes.

Inhibitoru meklgjumi tika balstiti uz trim atSkirigam pieejam:

1) racionalais dizains, kura pamata ir PfSUBl enzima substrata sekvence, taja ieklaujot ketoamidu ka
kovalento serina "slazdu", saSkelamas peptidsaites vieta;,

2) virtualas savienojumu bibliotékas skrinings uz PfSUB1 enzimu un atlasito trapfjumu sint&tiska attistisana;
3) Malaria Box savienojumu bibliotékas skrinings uz PfSUBL enzimu un atlasito trapfjumu sintétiska

attistiSana.
Zinatniska novitate

P&tijuma ietvaros Ipasa uzmaniba veltita iedarbigu un selektivu PfSUBI1 inhibitoru izveidei, kas
butu potenciali pretmalarijas lidzekli ar jaunu darbibas mehanismu. Sis ir aktuals p&tfjumu virziens,
nemot v&ra pieaugoso malarijas rezistenci pret pasreiz lietotajam zalém, ka arT ierobeZoto zinamo
SUBI inhibitoru klastu. Ka PfSUBI inhibitori darba ietvaros tika attistiti no peptidiem atvasinati a-
ketoamidi, kas saistas ar proteazi, veidojot atgriezenisko kovalento saiti starp inhibitora ketogrupu un
enzima katalitiskas triades serinu. Programmas ietvaros balstoties uz molekularas dinamikas (MD)
simulacijam, sintez&ti 28 no peptidiem atvasinati a-ketoamidi un noteikta So savienojumu PfSUBI1
inhib&sanas sp&ja. Misu pétijumi, izmantojot visas tris iepriek§minétas pieejas, apstiprina, ka PfSUB1

inhib&sana ir loti daudzsolo$s virziens jaunu pretmalarijas zalu izveidé

Darba struktiira un apjoms

Promocijas darbs sagatavots ka tematiski vienotu pétijumu kopa, kas ietver no peptidiem atvasinatus a-
ketoamidu, hinoksalina atvasinajumus un benzoksazinona atvasinajumus ka potencialus malarijas proteazes
PfSUBL1 inhibitorus. Darbs satur sekojoSas dalas: Ievads, literatiiras apskats, rezultati un to izvért&jums, no
peptidiem atvasinati a-ketoamidi ka PfSUBL inhibitori, dizains un koncepcijas parbaude, no peptidiem
atvasinatu a-ketoamidu struktiiras - aktivitates likumsakaribas, uz benzoksazinona struktiiras balstita PfSUBI1
virtuala skrininga trapijumu attistiSana, uz hinoksalina struktiiras balstitu Malaria Box skrininga trapijumu
attistiSana par PfSUBI inhibitoriem, eksperimentala dala un secindjumi. Darbs satur pielikumu, kura
apkopotas zinatniskas publikacijas (publicétas vai pienemtas publicésanai). Promocijas darbs un publikacijas

uzrakstiti anglu valoda, to kopgjais apjoms ir 253 Ipp.
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PROMOCIJAS DARBA GALVENIE REZULTATI
1. No peptidiem atvasinati a-ketoamidi ka PfSUB1 inhibitori

PfSUBL ir serina proteaze, kura substrata saskel$anai izmanto katalitisko triadi, kas sastav no Sergs, HiSss
and Aspsz,. M. Blackman grupas veiktajos substrata specifiskuma pé&tijumos noskaidrota optimala PfSUB1
substrata sekvence - KITAQ/DDEES. Mgs izstradajam potencialos PfSUBI inhibitorus, kas balstiti uz
KITAQ/DDEES substrata sekvenci, to struktiira saSkelamas peptidsaites vieta ieklaujot ketoamida funkciju.
Ketoamidi tika izveleti par kovalento strukttrelementu tapéc, ka inhibitora modific€Sana var tikt veikta gan

SUBI substrata saistianas vietas "prim-" gan "ne-prim" dala.

1.1. Koncepcijas parbaude

Lai parbauditu koncepciju, més ieguvam no peptida atvasinatu o-ketoamidu 1 un ta hidroksi-analogu 2.
Savienojumam 1 tika konstatéta PfSUB1 inhib&Sanas sp&ja (ICso = 8 uM). Tacu ta analogs 2, kura ketoamida

grup&juma vieta ir aminospirts, neuzradija PFSUB1 inhibitoro aktivitati koncentracijas Iidz pat 100 uM.

Me Me
M M
0 eH O Me . O 0 eH O Me . OH
AcHN\_)J\N N\_)kN/H(NfS(N AcHN\)J\N N\_)J\N)ﬁfN\_)}(N
s H z H z H Z H z
: o o o y 2 o O .0 y
Ho/\Me Me Ho/\Me “Me

NH,*HCI 1,ICso = 8 UM NH,"HCI 2,1Cg, > 100 M

1. att. No peptidiem atvasinata a-ketoamida 1 un ta hidroksi analoga 2 struktiiras un

PfSUBI inhibitora aktivitate

1.2 No peptidiem atvasinatu a-ketoamidu struktiiras - aktivitates likumsakaribas

P&c koncepcijas pieradiSanas tika veikti plasaki SAR pé&tijumi noliika iegiit no peptidiem atvasinatus a-
ketoamidus ar augstaku PfSUBI inhibitoro aktivitati.

,Prim” dalas aizvietotaju izpéte lika secinat, ka optimalais terminalas karbonilgrupas aizvietotajs ir
lidzigs asparaginskabes fragmentam enzima substrata (1. tabula, savienojumi 3-5, 7-8). Garakas vai isakas
kedes ievadisana noveda pie aktivitates pazeminasanas. NepiecieSamibu p&c karboksilgrupas ,prim” dala

pierada amidtipa analogi 6 un 9, kuriem tika konstat&ta ievérojama inhibitoras aktivitates krisanas.



1. tabula. P," aizvietotaja modific€Sana.

SERCEETEEE

Me O '

NH,*HCl
Sav. R1 (P1") 1Cs0 (LM)
3 .-~ ~COCH 1.0
4 ~~._—~_COOH 31
5 ~.._COOH 10
6 - CEONH, 38
7 COOH 7.0
8 . ~COOH 11
Me
9 H 100
2. tabula. Ps aizvietotaja modificésana.
Me
ISS SRS
Ps [ ~ N )}( N OH
O/\Me
O~ "OH
Sav. nr. Ps 1Cso(LM)
10 Ac-Lys-HCI 4.0
11 Ac-Ala 9.0
12 Ac 50+£0.1

PfSUBI inhibitoru “ne-prim” dalas struktiiras - aktivitates likumsakaribu petijjumi tika veikti,

vadoties pec molekularas dinamikas (MD) simulaciju rezultatiem, ka arT nemot vera savienojuma 3



saistibas veidu ar protedzi, kas noskaidrots veicot dokinga eksperimentus. Sie p&tijumi liecina, ka Ps
aizvietotajs nesniedz veéra nemamu ieguldjjumu saistibas brivaja energija. Papildus pieradijumi
mazsvarigajai Ps aizvietotaja lomai tika iegiti, sintez&jot analogus ar «a-Glu sanu kédi P; pozicija (2.
tabula, savienojumi 10-12). Tika konstatéts, ka acetil- vai acetilalanilgrupa acetillizina vieta Ps

pozicija bitiski neietekmé savienojuma PfSUB1 inhibitoro aktivitati.

3. tabula. P,-P, aminoskabju nozime no peptidiem atvasinatajos a-ketoamidu PfSUB1

inhibitoros.
Py P,
——t— ——
N B I St
« N =N >~
(@] Rs (@] Me O (e
[ — —_—
Ps P,
Sav. nr. R3, R4 R5 RG |C50
(P2) (P3) (P4) (HM)
13 Me, H ! Me 25+0.1
1 1 Me
HO/\Me \\/
14 Me, Me ! Me >50
1 1 Me
HO/\Me \\/
15 CH,CH, | Me Ve >50
HO” Me \\/
16 H, H ! Me 0.9+0.1
1 1 Me
HO” Me \\/
17 Me, H Me Me\\/Me 30+1
18 H, H ; Me >50
HO/\Me

Talakajos pétijumos tika noteiktas P,4 poziciju struktiiras - aktivitates likumsakaribas. Balstoties
uz substrata saistibas modeléSanu un savienojuma 3 molekularo dokingu (1. tabula), P, pozicija
nepiecie§ama maza izméra aminoskabe, ka alanins vai glicins. Saja pozicija ievietojot citas nelielas
aminoskabes, pieméram, «-Me-alaninu vai 1-aminociklopropilkarbonskabi, tika iegtiti neaktivi
savienojumi (3. tabula, savienojumi 14 un 15). Turpreti alanina vieta P, pozicija ievietojot glicinu, tika

ieglits savienojums 16 ar nedaudz paaugstinatu inhibitoro aktivitati, salidzinajuma ar analogu 13 (3.



tabula). Fragmentu P; un P, nozime tika noskaidrota, aizvietojot §is aminoskabes ar alaninu (3. tabula,
savienojumi 17 un 18). Saskana ar substrata saistibas un inhibitora 3 dokinga pé&tijjumiem, P3 sanu
kede ir versta prom no substrata piesaistes vietas enzima un mijiedarbojas ar skidinataju. Savienojuma
17 pazeminata inhibitora aktivitate ir izskaidrojama ar solvatacijas energétisko neizdevigumu, ko
izraisa polaras treonina sanu k&des nomaina pret metilgrupu. Savukart, izoleicins P, pozicija, labi
iederas hidrofobaja S, kabata. Ta sanu kédes nomaina pret metilgrupu, domajams, izraisa energétiski

izdevigu Van der Valsa mijiedarbibu zudumu, kas izskaidro savienojuma 18 zemo aktivitati.

4. tabula. Py sanu kédes modificésana.

Me
Me o R 0
H  H H
e M N AN
H S H
R
o me O R
Py
Cmpd. R, (Py) Rs (P2) P’ 1Cs50 (LM)
19 Bn - ~~_-CooH 100
20 n-Pr - ~_-COOH 20 +3
21 Ph _.-~_~COOH >50
12 _.~~_~COOH _-~~_~COOH 50+0.1
22 _.-~~_-C(=O)NMe, Me _.-~_~COOH >50
23 T\ _.~~_~COOH >50
/\‘g
24 Me -~_-C(=O)NH, >50
25 Et . -~_-COOH 1.2+0.1
26 -CH,OH - ~_-COOH 40+0.1
27 n-Pr H L.+~ ~COOH 45+0.1
16 Me - ~_-COOH 0.9+0.1

Lai noskaidrotu P; sanu kédes nozimi, tika izveidota neliela pentapeptidu a—ketoamidu analogu
19-27 sérija (4. tabula). Sajos pétijumos tika noskaidrots, ka S; kabata ietilpst tikai nelieli aizvietotaji -
P, pozicija etilaizvietotais savienojums 25 bija vienigais, kas uzradija ar metilanalogu 16 salidzinamu

inhibitoro aktivitati. Savienojums 22 ar N,N'-divaizvietotu glutamina sanu k&di un savienojums 23 ar

10



laktama cikla saslégtu glutamina sanu k&di tika izveidoti ka analogi, kas nesp&j veidot ciklisko

tautomeru, tacu tie neuzradija PEfSUB1 inhibitora aktivitate.

1.3 Glutamina sanu kéde P; pozicija

Atbilstosi optimalajai KITAQ/DDEES substrata sekvencei, tika iegiits savienojums 28 (2. att.) ar
glutamina sanu k&di P; pozicija, tacu tika konstatets, ka glutamina sanu k&de nav savietojama ar
elektrofilo ketogrupu. P&c aizsarggrupu noskelSanas §1 savienojuma prekursora, a-ketoamidam
raksturigais a-protona signals "H-KMR spektra bija nobidits stipraka lauka, kas liecinaja par blakus

esos$as karbonilgrupas pazusanu.

Me
0 Me 6 M 0
e
H H H H
N N N N
"y ¢LN ¢LHJY " CoH
put sl O O
o %o Me
07 “NH,

NH,*HCI 28, (ICsq = 7 uM)

2. att. a-Ketoamids 28 ar glutamina P; sanu kédi ka KITAQ substrata “prim” dalas

sekvences analogs.

Q
HN N
Cbz ~">Co,t-Bu
o - o
N
CbzHN NGO, Bu P -
-~ (]
o) (a) 2
O~ "NHcumyl
HN"\__co,t-Bu
29 HO
—  CbzHN @)
z NH
O 29b~95%

1. shéma. Modelsavienojuma 29 ar neaizsargatu glutamina sanu k&di sintéze. (a) TFA:DCM

Lai izpetitu glutamina sanu k&di saturoSa ketoamida uzvedibu, tika sintezets strukturali
vienkarsaks modelsavienojums 29. Aizsarggrupu noskelSana modelsavienojuma 29 un iegito

savienojumu 29a,b izpéte, izmantojot 2D KMR TOCSY un HMBC metodes, paradija ka Iidzsvars ir
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nobidits cikliska tautoméra 29a virziena, un Skiduma ir tikai ~5% savienojuma 29a. Cikliska
tautoméra veidoS$anas ir sagaidama ari savienojuma 28 un tas izskaidro negaiditi zemo §i savienojuma

inhibitoro aktivitati.
1.4 No peptidiem atvasinatu a-ketoamidu sintéze

No peptidiem atvasinatu o-ketoamidu sint€zei ka pamatbuvbloki tika izmantoti peptidi 30 un

aminospirti 31a-g (2. shéma). Savienojumi 30 tika iegtti Sskidras fazes peptidu sinteze.

0 R O R, Ry (TBS) HO

H
. HoN N._
R7/U\N/k”/N\L)J\N/S(OH N W R,
H o Rs H o R O (protected)
30 l ad (protected) 31a-g

SIS
N .
R, H/Hr ; N/QWHN\HJ\WN\&
(@) F_{5 H (0] R2 (@]
1-28

2. shéma. No peptidiem atvasinatu a-ketoamidu 1-28 sintéze no peptidiem 30 un aminospirtiem
3la-g. (a) EDC, HOBt, DIEA, DMF; (b) TBS aizsargatu savienojumu gadijuma, TBAF, THF; (c)
DMP, NMP, (d) TFA:DCM (1:1) vai HCI/Et,0.

OH R,=Me, n=2
H (010 = =
ac ZNWN\M” 2tBu RZ_Me,n_S
R, =Me, n=1
> R, O
31

R,=Et,n=2
a R,=Pr,n=2
Q OH
; H
RoL~COH — 3. nN N NHKumy! .
32 Mo I \/\[Or R3: ) 2 COZtBU
31b ( >CO,tBu
OH OMe
a-c H
> HzNﬁ)\[‘rN\ R3= B
R3 i
Me O
31c OMe

3. shéma. Aminospirtu 31a-c sintéze no epoksidiem 32. (a) NaN3, Cu(NO;)-3H,0, H,0; (b) O-
aizsargata aminoskabe vai N-aizsargats aminoskabes amids, vai RsNH,, EDC, HOBt, DIEA, DCM vai
DMF; (c) beziudens SnCl,, TEA, MeOH. Kumil = a,a—dimetilbenzil-
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OH

H
o HN N co,tBu
o O %ﬁ © R = Ot-Bu,
33 07 Rg  31d EZ - mngmyl'
ph_NO, _&f OH |,
3 N N\/\Cozt—Bu
Ph 0 34

4. shéema. Aminospirtu 31d-e sintéze Anri reakcija. (a) etilglioksilats, TEA, toluols; (b) Ra-Ni,
H,, EtOH; (c) Cbz-Cl, 1 M NaHCOs;; (d) NaOH, dioksans; (e) f-AlaOt-Bu-HCI, EDC, HOBt, DIEA,
DCM,; (f) H,, Pd/C, EtOH. Ja Rg = NH-kumil vai NMe,, (g) TFA:DCM (1:1); (h) kumilamins vai
dimetilamins, EDC, HOBt, DIEA, DCM.

OTBS,,
2 S HN N~
COzt-BU —
o} - Ry= NH
R, O
CbzHN 31f
H o}
Re T H Re= OtBu
H,oN N N
35 b, (] 2 : \/\Cozt-BU ~
e o]
Ph 31g

5. shema. Aminospirtu 31f-g sintéze, izmantojot aldehidu 35 homologizésanu ar MAC reagentu
vai izocianatu. (a) 2-(TBSO)malonnitrils, pg-AlaOt-Bu.HCI, 4-PP, Et,0; (b) terc-butil-3-
izocianopropanoats, TFA, piridins, DCM; (¢) H,, Pd/C, etanols.

Aminospirtu 31a-g sintézes metodes tika izveletas atkariba no nepiecieSamajiem aizvietotajiem.
Aminospirtu 3la-c gadijuma atslégas stadija bija epoksida cikla uzskelSana ar azidjonu (3. shéma).
Savienojumi 31d-e tika iegtti Anri reakcija no viegli pieejamiem nitrosavienojumiem 33, 34 un
etilglioksilata (4. shéma). Aminoaldehida 35 reakcija ar MAC reagentu un aminu un tai sekojosa Cbz
aizsarggrupas noskelSana tika ieglts O-TBS aizsargats aminospirts 31f (5. shéma). Aldehida 35 un
izocianopropionata Passerini reakcija un tai sekojosa aizsarggrupas noskelSana tika ieglits aminospirts

31g (5. shema).

2. Hinoksalina atvasinajumi ka PfSUBL1 inhibitori

Malaria Box bibliotékas skriniga uz PfSUBI tika atrasts trapijums 37a ar zemu mikromolaru aktivitati. Ar
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merki uzlabot aktivitati, ka arT noskaidrot struktiiras — aktivitates likumsakaribas, 2,3-dihlorhinoksalinu 36a-c
un aza-analoga 36d reakcija ar aizvietotiem aniliniem, tika iegtti vairaki 2,3-bis(fenilamino)hinoksalini 37a-r
(6. shéma). Mérka savienojumu iegtsanai tika izmantota modificéta literatiiras metode, kura izejvielas tiek
karsétas DMSO. Tas lava ievérojami saisinat reakcijas laiku ka ar vienkarSot produkta izdalisanu. 6-Hlor-7-
nitroaizvietotais hinoksalins 37p tika parvérsts atbilsto$aja aminoatvasinajuma 37q, no kura, savukart, tika
ieglits mezilaminoatvasinajums 37r (6. shéma). Asimetriski aizvietotais hinoksalins 37i tika iegiits divas
stadijas. Vispirms dihlorhinolina 36a reakcija ar 4-bromanilinu p&c =zinamas metodes tika iegits

starpsavienojums 38, kuram reaggjot ar 4-etoksianilinu, tika iegiits mérksavienojums 37i.

| P
AN ]
R_| R1
A — —
X N7 > el I
36a-c (X = CH) 37a- h,j-m,o,p (X = CH) from 2p
36d (X = N) 37n (X = N)
379, R= 6-Cl, 7-NH,
from1a | ¢ Et 37r, R= 6-Cl, 7-MsNH

@[1@ %@[IQ

6. shéma. Reagenti un apstakli 2,3-bis(fenilamino)hinoksalinu 37a-r sintézei: (a) aizvietots PhNH,,
DMSO, 130 °C; (b) kat. Pd/C, H,, EtOH, ist.t; (c) 4-BrPhNH,, AICl;, DCE, 80 °C; (d) 4-EtOPhNH,,
DMSO0,130 °C; (e) MeSO,ClI, Py, DCM, ist.t.

Savienojumu 37a-r inhibitora aktivitate tika noteikta enzimatiskaja PfSUBI1 testa. Fenilaminogrupu 4.
pozicijas aizvietotaju vari€Sana paradija, ka savienojumu aktivitates nodro$inasanai $ajas pozicijas
nepiecie$amas lipofilas grupas, vélams, broma vai joda atomi (savienojumi 37a-d). Savienojumi 37e-h,
kuriem Sie aizvietotaji bija neliela izm@ra, bija neaktivi. ArT hinoksalina atvasinajums 37i, kura viena
fenilaminogrupa ir bromaizvietota, bet otra - etoksiaizvietota, bija neaktivs, kas liecina par lielu lipofilu
aizvietotagju nepiecieSamibu abas molekulas pozicijas. Savienojumu grupa 37j-m tika izmantota, lai
noskaidrotu fenilaminogrupu 3. pozicijas aizvietotaja ietekmi. Analogs 37j ar hlora atomu $aja pozicija un
broma atomu 4. pozicija uzradija lidzigu aktivitati ka izejas savienojums 37a. Ari fenoksiaizvietotais
savienojums 37k uzradija salidzinamu aktivitati, savukart metil- un metoksianalogi 371,m bija neaktivi. Tika
veikti arT hinoksalina gredzena modifikaciju pétijumi, izmantojot savienojumus 37n-r. Hinoksalina 37a aza-
analogs 37n bija mazak aktivs. Hlora vai nitrogrupas ievadiS$ana hinoksalina 6. un 7. pozicijas pazemingja

aktivitati (savienojumi 370,p). Savukart, nitrogrupu aizvietojot ar aminogrupu vai mezilaminogrupu
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(savienojumi 37q,r) aktivitati atkal paaugstinaja, kas norada uz bitisku aizvietotaju elektronisko ipasibu

ietekmi.

6. tabula. Hinoksalinu 37a-r aizvietotaju ietekme uz to PfSUBI inhibitoro aktivitati.

2'| =

1!

5
gy A
7\X/ NZ N 1|\| 3
8 H 2

37a-m,o-r (X = CH); 470n (X = N)

N.p.k. Sav.nr. R R; R, 1Csp
(M)
1 37a 4'-Br 4'-Br 10+2
2 37b 4' -1 4' - 18+2
3 37c H 4" -(pyrrol-1-yl) 4' -(pyrrol-1-yl) 33+4
4 37d H 4'-(CO,Me) 4'-(CO,Me) 50+3
5 37e H H H >50
6 37f H 4'-F 4'-F >50
7 379 H 4'-Me 4'-Me >50
37h H 4' -Et 4' -Et >50
9 37i H 4'-Br 4' -OEt >50
10 37j H 3'-Cl-, 4' -Br 3'-Cl-, 4' -Br 14+1
11 37k H 3'-OPh 3'-OPh 22+4
12 371 H 3'-Me 3'-Me >50
13 37m H 3',5' -diMeO 3',5' -diMeO >50
14 37n H 4'-Br 4'-Br 36+4
15 370 6-NO, 4' -Br 4'-Br 30+£2
16 37p 6-Cl-,7-NO, 4' -Br 4'-Br 40+6
17 470q 6-Cl, 7-NH, 4' -Br 4'-Br 17+1
18 470r 6-Cl, 7-MsNH 4' -Br 4' -Br 11+2
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2. Benzoksazinona atvasinajumi ka PfSUB1 inhibitori

Savienojumu biblioteku virtuala skrininga rezultata ir atrasts benzoksazinona klases savienojums: 5186907,
kuram piemit PfSUBI inhibitora aktivitate. Ar mérki izveidot benzoksazinona atvasinajumus ka PfSUBI
inhibitorus, tika sintez&ta $1 savienojuma analogu s€rija, un noteikta to enzimatiska aktivitate. 2-Aril, 2-NH-
aril un 2-NH, benzoksazinoni tika iegfiti, antranilskabei reaggjot, ar benzoilhloridu, izocianatu vai

fenilhlorformiatu, un bromcianu, attiecigi,

0] O
— NS
N N —>
o-_N_o 33 analogi
39, IC5o~25 pM

3. att. Savienojuma 5186907 struktiira

Neviens no iegiitajiem savienojumiem neuzradija PfSUBI1 inhib&Sanas sp&ju. Lai atrastu PfSUBI1

inhibitoru $aja savienojumu klase, nepieciesami talaki p&tijjumi.

SECINAJUMI

1. PfSUBI inhibitora meklgjumiem izmantotas tris paral€las pieejas:
(a) Malaria Box skriniga trapijuma MPT109 struktiiras attistiSana;
(b) virtuala skrininga skriniga trapijuma 5186907 struktiiras attistiSana;

(c) no peptidiem atvasinatu a-ketoamidu sint€ze, balstoties uz PfSUB1 substratu specifiskumu.
2. a-Ketoamida fragmenta ieklauSana malarijas proteazes PfSUB1 peptida atpaziSanas

sekvence (KITAQ/DDEES) ir rezultativa pieeja atgriezenisku kovalentu PfSUBI1 inhibitoru

izveidei.
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3. No peptidiem atvasinatu ketoamidu inhibitoro aktivitati nosaka serinu saistoSais fragments
(ketoamida funkcija), ka arT peptida dalas saistiba ar enzimu ta subtrata saistiSanas vietas ,,prim” un

,,ne-prim” dalas.

4. No peptidiem atvasinatu ketoamidu mijiedarbibai ar enzimu ,,ne-prim” dala nozimigakas ir P;-P,

aminoskabes. Aminoskabe Ps pozicija nenozimigi ietekmé inhibitoro aktivitati.

5. ,,Prim” dala, negativi lad&tas karbonskabes fragmenta ievadiSana paaugstina savienojuma aktivitati,
domajams, pateicoties mijiedarbibai ar LyS,ss enzima S;” kabata. Optimalais savienotajposms ar galgjo
karboksilgrupu ir strukturali tuvs asparaginskabes fragmentam, kas atrodas enzima substrata P;’

pozicija.

6. Struktiiras - aktivitates likumsakaribu p&tijjumos noskaidrots, ka P; pozicija velami aizvietotaji, kas
nav lielaki par etilgrupu. P, pozicija glicins nodrosina augstaku aktivitati, neka alanins. Treonins Pj
pozicija padara savienojuma saistibu energgtiski izdevigaku, pateicoties hidrofilai sanu kédei, kas
versta uz skidinataju, savukart izoleicins P, pozicija nodro$ina hidrofobo mijiedarbibu, kas svariga

savienojuma inhibitorajai aktivitatei.

7. Glutamina sanu kéde, kas atrodama optimala enzima substrata P; pozicija, nav savietojama ar
elektrofilo ketoamida funkciju cikliska tautomera veidoSanas dél. Ta rezultata nav iesp&jama S§is sanu
kedes ieklauSana ketoamidu tipa inhibitoru struktiira, un tas norada uz nepiecieSamibu izveidot

konformacionali ierobezotus savienojuma analogus.

8. No parbaudita peptidu a—ketoamidu analogu klasta visaktivakais inhibitors ir savienojums 16
(IC5=0.9 * 0.2 uM), kas ir viens no labakajiem pasreiz zinamajiem PfSUBI inhibitoriem. Sis
savienojums ir izmantojams talakos pétijumos par PfSUB1 ka potencialu pretmalarijas biologisko

meérki, ka ar7 to var izmantot ka Iidersavienujumu pretmalarijas zalvielu meklgjumos.

Me
Me
e 0~ H/\g Me O U
OH” “Me

16, (IC5, = 0.9 % 0.2 uM)
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9. Balstoties uz virtuala PfSUBI inhibitoru skrininga atrasta trapjjuma 39 (5186907) struktiru,
izveidota neliela strukturali daudzveidigu benzoksazinonu bibliot€ka (33 savienojumi), tacu neviens

no Siem savienojumiem neuzradija PEfSUBI1 inhibitoro aktivitati.

10. Malaria Box savienojumu bibliot€kas skrininga identificéta jauna PfSUBI inhibitoru klase - 1,3-
bis(fenilamino)hinoksalini. Aktivais savienojums 37a uzradija aktivitati mikromolaru koncentraciju
Itmen1. Tas liecina, ka PfSUBI, iesp&jams, nav §1 savienojuma iedarbibas primarais merkis, tacu tas
var kalpot ka daudzsoloss sakumpunkts mazmolekularu PfSUB1 inhibitoru izstradei, nemot véra §1

savienojuma sp&ju penetrét caur parazita Siinu membranam.

Br
37a,1C50 =102 uM

11. Sakotngjas aktivas struktiiras optimizacija noveda pie savienojuma 37r, kura aktivitate ir tuva
savienojuma 37a aktivitatei, taCu sasniegt augstaku aktivitati neizdevas. Tomér pétijumu rezultata
noskaidrotas struktiiras - aktivitates likumsakaribas dod iesp&ju izveidot in silico modeli hinoksalina

analogu saistibai ar enzimu PfSUBI, kas veicinatu uzlabotu mazmolekularu PfSUB1 inhibitoru

H

Cl NN

Me_ //O I
PN N7 >NH B
(@) H r

izstradi.

Br
37r, IC5O =112 ILIM
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SUMMARY OF THE THESIS
Introduction

Malaria is a devastating disease caused by plasmodium parasite carried by mosquitoes. Approximately
40% of the world’s population lives in the area at the risk of malaria and it is one of the main causes of
morbidity and mortality in many developing countries (Central-south America, many parts of Asia, and
Africa)’. Malaria is recognized as one of the reasons of poverty in developing countries and infection caused
by malaria reduced their economic growth by 1.3% per year.” Currently, number of synthetic and
semisynthetic drugs from Quinoline, Antifolate, Artemisinin groups as well as number of antibiotics and
Atovaquone are used in clinics for the treatment of malaria.? However, startling spread of drug-resistant
malaria to practically all currently available drugs have been observed. Resistance in regions threatened by
malaria continues to spread, indicating current therapeutic agents will be practically ineffective in the near
future.® This has reinforced the search for new drugs with a novel mode of action and PfSUB1 inhibition could
be targeted to overcome the resistance with established chemotherapies.

Plasmodium falciparum subtilisin-like serine protease 1 (PfSUBL1) belongs to the subtilisin-like family of
serine proteases that leads to rupture of the vacuole and host cell membrane, causing merozoites egress.
Therefore PfSUB1 appears to play a critical role in the life cycle of the parasite and hence an attractive target
for the development of novel antimalarial drugs.*®

However, the development of small molecule inhibitors for PfSUBL1 has turned out to be a difficult task.
Screening of a collection of >170,000 low molecular weight compounds resulted in the identification of a
structurally complex natural product MRT 12113, quinolylhydrazone derivative, chloroisocoumarin derivative
JCP104, difluorostatone based micromolar level PfSUB1 inhibitors.®® At the time we started the search for
PfSUBL1 inhibitors only compounds MRT 12113 and JCP104 were reported in literature.

"WHO | Factsheet on the World Malaria Report 2013
http://www.who.int/malaria/media/world_malaria_report_2013/en/ (accessed Apr 2, 2014).

“Wells, T. N. C.; Alonso, P. L.; Gutteridge, W. E. Nat. Rev. Drug Discov. 2009, 8, 879-891.
3Avery, M. A.; Choi, S.-R.; Mukherjee, P. Curr. Med. Chem. 2008, 15, 161-171.
*Withers-Martinez, C.; Suarez, C.; Fulle, S.; Kher, S.; Penzo, M.; Ebejer, J.-P.; Koussis, K.; Hackett, F.;
Jirgensons, A.; Finn, P.; Blackman, M. J. Int. J. Parasitol. 2012, 42, 597-612.

>Jones S. Nature Rev. Microbiology, 2008, 6, 94-95

6Yeoh, S.; O’Donnell, R. A.; Koussis, K.; Dluzewski, A. R.; Ansell, K. H.; Osborne, S. A.; Hackett,
F.; Withers-Martinez, C.; Mitchell, G. H.; Bannister, L. H.; Bryans, J. S.; Kettleborough, C. A;;
Blackman, M. J. Cell 2007, 131, 1072-1083.

"Gemma, S.; Giovani, S.; Brindisi, M.; Tripaldi, P.; Brogi, S.; Savini, L.; Fiorini, I.; Novellino, E.;
Butini, S.; Campiani, G.; Penzo, M.; Blackman M. J. Bioorg. med. chem. lett. 2012, 22, 5317-5321
8Arastu-Kapur S.; Ponder E. L.; Fonovi¢ U. P.; Yeoh S.; Yuan F.; Fonovi¢ M.; Grainger M.; Phillips
C.; Powers J.; C.; Bogyo M.; Nat. Chem. Biol. 2008, 4, 203 - 213.

Giovani S.; Penzo M.: Brogi S.; Brindisi M.; Gemma S.; Novellino E.; Savini L.; Blackman M. J.;
Campiani G.; Butini S.; Bioorg. med. chem. lett. 2014, 24, 3582-3586.
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Aims and Objectives

Aims of the thesis are

a) discovery of novel malarial protease PfSUBL1 inhibitors;
b) structural optimisation to improve inhibitory activity;
¢) SAR study to refine virtual docking methods.

Inhibitor discovery was based on three different strategies:

1) rational design based on PfSUBL substrate sequence by incorporating ketoamide as a covalent trap instead
of scissile bond of peptide;

2) screening of virtual library against PFSUB1 and synthetic development of screening hits;

3) screening of Malaria Box library against PFSUB1 and synthetic development of hits.

Scientific Novelty

Emphasis was directed to develop potent and selective PfSUB1 inhibitors as potential anti-
malarial agents with a novel mechanism of action due to a cause of growing drug-resistance malaria,
much undeveloped research field, limited and low active known SUB1 inhibitors. Peptidic o-
ketoamides were developed as PfSUBL1 inhibitors; it is binding to the protease by forming a reversible
covalent bond between the keto group of the inhibitor and the serine of the catalytic triad. Accordingly
a Series of 28 peptidic a-ketoamides designed on a basis of molecular dynamics (MD) simulations
were synthesized and their PfSUB1 inhibition was determined. Our investigations on all three
approaches corroborate that it is a break through to move this field towards the development of novel

antimalarial drugs.

Structure of the thesis

The thesis is presented as a set of thematically unified research on peptidic a-ketoamides, quinoxaline
derivatives, and benzoxazinone derivatives as potential malarial protease PfSUB1 inhibitors. The thesis
consists the following parts: Introduction, literature review, results and discussions, peptidic a-ketoamide as
PfSUBL1 inhibitors, design and proof of concept, structure activity relationship of peptidic a-ketoamides,
developement of benzoxazinone based PfSUBL virtual screening hit, developement of quinoxaline based
PfSUBL1 inhibitors from malaria box, experimental section and conclusions. It also includes anex containing
scientific publications (published/accepted for publication). The thesis and publications are written in English

and constitute a total 253 pages.
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Publication and approbation of the thesis

Results of the thesis are discussed in 4 publications
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MAIN RESULTS OF THE THESIS
1. Peptidic a-ketoamides as PfSUBL inhibitors

PfSUBL1 is serine protease which uses the catalytic triad comprising of Sereggs, HiSsg and Aspsz, to cleave
the substrate. The best substrate sequence for PfSUB1, KITAQ/DDEES was determined in substrate
specificity studies by previous studies of Blackman’s group. We designed the potential PfSUB1 inhibitors
based on KITAQ/DDEES substrate sequence by incorporating ketoamide instead of the scissile bond.
Ketoamide was selected as a covalent warhead because the inhibitor can be derived on both prime and non-
prime sites of SUB1 substrate binding cleft.

1.1. Proof of Concept

To obtain the proof of the concept we initially prepared peptidic a-ketoamide 1 and its hydroxy analogue 2.
Peptidic a-ketoamide 1 inhibited PfSUB1 with an inhibitory potency (ICs, = 8 uM). Compound 2, in which the
ketoamide group was replaced by an amino alcohol group, showed no inhibitory activity against PfSUB1 at

concentrations up to 100 M.

AcHN¢t i(N¢L )ﬁr JH( WMHN¢L KL(N¢t )\w QY

NH,*HCI 1,ICso = 8 UM NH,*HCI 2,1Cs, > 100 M

Figure 1. Structure and PfSUBL inhibitory activity for peptidic a-ketoamides 1 and its
hydroxy analogue 2

1.2 Structure - activity relationships of peptidic a-ketoamides

After the proof of concept was obtained, we performed broader SAR investigations to obtain more active
peptidic a-ketoamides as PfSUB1 inhibitors.

The studies of prime-side substituents demonstrated that, the optimal linker to the terminal carboxyl
group resembles an aspartic acid residue (Table 1, compounds 3-5, 7-8). Introduction of a shorter or longer
chain resulted in decreased activity. The requirement for a carboxylic group at the prime side terminus was

confirmed by amide analogue 6, 9 that showed a considerable decrease in inhibitory activity.
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Table 1. Modifications of P;' substituent.

SERCEETEEE

Me O '

P1'
NH,*HCI
Comp. Ri(P.") 1Cs
3 /,\/COOH 1 0
4 *v._~_~-COOH 3.1
5 \\/COOH 10
6 -~ ~C(=O)NH, 38
7 COOH 7.0
8 \\/COOH 11
e
9 H 100
Table 2. Modifications of Ps substituent.
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Me o 0
e
H H H
Ps [\ NI )ﬁfN N OH
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H : H O § W
HO” ™M
@) OH
Comp. Ps |C50(“M)
10 Ac-Lys-HCI 4.0
11 Ac-Ala 9.0
12 Ac 50+0.1




The SAR of prime side components in PfSUBL inhibitors was investigated guided by results
obtained from molecular dynamics (MD) simulations of PfSUB1 bound to different substrates and the
binding mode of compound 3 obtained by docking calculations. These studies indicated that Ps
substituent might not provide an important contribution to the binding free energy. Additional
evidence of inconsequential role for Ps substituent was obtained from the series of peptidic a-
ketoamides with a-Glu side chain in P, position (Table 2, compounds 10-12). It was observed that
acetyl or acetyl alanine instead of acetyl lycine residues in Ps position does not affect the PfSUB1
inhibitory activity considerably.

Table 3. Importance of P,-P,amino acids in peptidic a-ketoamide PfSUBL inhibitors.

P, P,
— —
I
¢ N =N >~
O Rs O Me O (0]
| — | —
P, P,
Cmpd R3, R4 R5 RG |C50
(P2) (P3) (Ps) (UM)
13 Me, H ! Me 25+0.1
1 1 Me
HO” Me \\/
14 Me, Me ! Me >50
1 1 Me
HO” Me \\/
15 CH,CH, ; Me Me >50
HO” Me \\/
16 H,H ! Me 0.9+0.2
1 1 Me
HO/\Me \\/
17 Me, H Me Me\\/Me 30+1
18 H, H | Me >50
HO” Me

SAR around P,4 positions was further investigated. Based on modeling of substrate binding and
molecular docking of 3 (Table 1), the P, position appears restricted to small amino acids such as
alanine or glycine. Other small acids such as a-Me-alanine and 1-aminocyclopropylcarboxylic acid

were incorporated instead of alanine, but this resulted in inactive compounds (Table 3, compounds 14
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and 15). In contrast, incorporation of glycine instead of alanine in P, position was beneficial leading to
compound 16 with slightly increased inhibitory activity compared to analogue 13 (Table 3). The
importance of the P; and P, residues was investigated by substitution with alanine (Table 3,
compounds 17 and 18). According to substrate binding and inhibitor 3 docking studies, the side chain
of P; points away from the binding site towards the solvent. The decreased inhibitory activity of 17
can be explained by an increased solvation penalty resulting from replacing the polar threonine side
chain with a methyl group. On the other hand, the isoleucine in P, is well accommodated by the
hydrophobic S, pocket. Changing its side chain to methyl group likely results in loss of favourable
Van der Waals interactions, explaining the low potency of compound 18.

Table 4. Investigation of P, side chains.

Me
Me 6 R 0
H S H H
Me)J\H N\)LHNN\HJ\WN\} P'
~ R
o me O R
Py
Cmpd. R, (Py) Rs (P2) P’ 1Cs50 (LM)
19 Bn L.-~~_~COOH 100
20 n-Pr _.+~_~-COOH 20+ 3
21 Ph _.-~_~COOH >50
12 _.-~_~COOH _.+~_~COOH 50+0.1
22 _.-~~_~C(=O)NMe, Me _.-~_~COOH >50
23 __:/\NH .-~~~ COOH >50
/\‘g
24 Me _.-~~_~C(=O)NH, >50
25 Et .-~ ~COOH 1.2+0.1
26 -CH,OH _.~~_~COOH 40+0.1
27 n-Pr H _.-~_~COOH 45+0.1
16 Me L.-~~_~COOH 0.9+0.1

A limited series of pentapeptidic a—ketoamide analogues 19-27 were prepared to explore the

importance of the P, side chain (Table 4). These studies showed that the S; sub pocket can
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accommodate only small substituents. Only the ethyl group in the P; position in compound 25
produced a similar level of inhibitory activity as the methyl analogue 16. Compound 22 bearing an
N,N’-disubstituted glutamine side chain and compound 23 with its glutamine side chain constrained in
the lactam cycle were prepared as analogues restricted to form a cyclic tautomers; however these were
inactive as PfSUBL inhibitors.

1.3 Glutamine side chain in the P, position

Compound 28 (Figure 2) which bears glutamine side chain in P; position as in preferred
KITAQ/DDEES substrate sequence was prepared. However, it was found out that the glutamine side
chain is incompatible with the electrophilic keto group. Characteristic a-proton signal of a-ketomide
was shifted up-field after protecting groups in a precursor were cleaved indicating the disappearance

of adjacent carbonyl group.

Me
L O MeH o Me ., O
e T A
© - OHO/_\Me © ©
07 “NH,
NHy*HCI 28, (ICsq = 7 uM)

Figure 2. a-Ketomide 28 bearing glutamine P; side chain as an analogue of KITAQ

substrate prime side sequence.

Q
CbzHN N
z ~">Co,t-Bu
o - o)
CbzHN N
z ~"Co,t-Bu N 293 -5,
-~ (o]
o) (a) 2
@) NHcumyl
HN"\__co,t-Bu
2 HO
L~ CbzHN o)
z NH
O 29b~95%

Scheme 1. Synthesis of model o-ketoamide 29 with a deprotected glutamine side chain. (a)

TFA:DCM
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The structurally simplified model compound 29 was prepared. Compound 29a,b were
investigated by 2D NMR using TOCSY and HMBC methods which revealed that the equilibrium is
shifted to a cyclic tautomer of 29b and only ~5% of 29a was present in the solution. The formation of
cyclic tautomer is expected also in the case of compound 28 which may explain its unexpectedly low

enzyme inhibitory activity.
1.4 Synthesis of peptidic a-ketoamides

The synthesis of peptidic a—ketoamides involved peptides 30 and amino alcohols 3la-g as
principal building blocks (Scheme 2). Peptides 30 were prepared by using solution phase peptide
synthesis. Amino alcohols 31a-g were prepared by using different methods depending on substitution
pattern. Azidolysis of epoxide 32 was used as a key step to prepare amino alcohols 31a-c (Scheme 3).
The Henry reaction of readily accessible nitro compounds 33 and 34 with ethyl glyoxylate was used to
make amino alcohols 31d-e (Scheme 4). The reaction of amino aldehydes 35 with the MAC reagent
and amine followed by deprotection of Cbz gave O-TBS protected amino alcohols 31f (Scheme 5).
The Passerini reaction of aldehyde 35 with isocyanopropionate followed by deprotection provided

amino alcohol 31g (Scheme 5).

o R4 Ry (TBS) HO |

/H]/ /S(OH + HZNWN\R1
Ry

o] (protected)
protected -
l i ( ) 31a-g

Scheme 2. Synthesis of peptidic a-ketoamides 1-28 from peptides 30 and amino alcohols 31a-g.
(a) EDC, HOBt, DIEA, DMF; (b) if TBS protected, TBAF, THF; (c) DMP, NMP, (d) TFA:DCM (1:1)
or HCl in Et,0.
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R,=Me,n=2

\(S]/ CoztBU R,=Me,n=3
R, =Me, n=1

Ry, =Et n=2
Ry =Pr,n =2
o
szp\COZH _ac, HoN NHcumyl .
32 \/\[f 5= \K(/\)Z\COZtBu
( 2C02tBU
OH OMe
a-c H _
e, HzN\H\H/N\R Rs= _
5 .
Me O
31c OMe

Scheme 3. Synthesis of amino alcohols 3la-c using epoxide 32 azidolysis. (a) NaNs,
Cu(NO3)+3H,0, H,0; (b) O-protected amino acid or N-protected amide of amino acid or RzNH,, EDC,
HOBt, DIEA, DCM or DMF; (c) anhydrous SnCl,, TEA, MeOH. Cumyl = a,a—dimethylbenzyl.

OH

H
H,N N
0 2 " >COo,t-Bu
a-f
t-BU())k/\/NO2 or a-h © Rg = Ot-Bu,
33 Rg = NHcumyl,
07 Rs 31d R - NMe,
a-f
ph_NO, _3f OH
34 H,N N
2 ~"Co,t-Bu
Ph O 316

Scheme 4. Synthesis of amino alcohols 31d-e using Henry reaction. (a) ethyl glyoxalate, TEA
toluene; (b) Ra-Ni, H,, EtOH; (c) Cbz-Cl, 1 M NaHCOj;; (d) NaOH, dioxane; (e) g-AlaOt-Bu.HCI,
EDC, HOBt, DIEA, DCM; (f) H,, Pd/C, EtOH. For Rg = NHcumyl or NMe;,, (g) TFA:DCM (1:1); (h)
cumylamine or dimethylamine, EDC, HOBt, DIEA, DCM.
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ac H2N H\/\
0 M COzt-BU R2 = . NH
R, O
CbzHN 31f
H o)
R T H 2T omu
H,N N
35 _b,c_ T2 J\( ~">Co,t-Bu
- o)
Ph 31

Scheme 5. Synthesis of amino alcohols 31f-g using homologation of aldehydes 35 with MAC
reagent or isocyanate. (a) 2-(TBSO)malononitrile, S-AlaOt-Bu-HCI, 4-PP, Et,0; (b) tert-butyl-3-
isocyanopropanoate, TFA, pyridine, DCM,; (c) H,, Pd/C, ethanol.

2. Quinoxaline derivatives as PfSUB1 inhibitors

A series of 2,3-bis(phenylamino)quinoxalines 37a-r was prepared by reaction of 2,3-dichloroquinoxalines
36a-c and aza-analogue 36d with substituted anilines. (Scheme 6). Modified literature procedure was applied
by heating the components in DMSO that considerably shortened the reaction time and also simplified the
work-up. 6-Chloro-7-nitro-substituted quinoxaline 37p was transformed to amino derivative 37g which was
further converted to mesylamino derivative 37r (Scheme 6). Non-symmetrically substituted quinoxaline
derivative 37i, was prepared by reacting dichloroquinoline 36a with 4-bromoaniline according to the known
procedure. The resulting intermediate 38 was subjected to the reaction with 4-ethoxyaniline to give the target
compound 37i.

| TR

- (\INIQ a l/j:N\:[Ni@R b
— R_I R4 e — N NH Br
X
(Lde = ~LLLL sSeue)
—
H = N N

36a-c (X = CH) 37a-h,j-m0,p (X=CH) from2p
300 X=N) 37n (X=N) 37q, R= 6-Cl, 7-NH
Et e q, R= , 2
from 1a 37r, R=6-Cl, 7-MsNH

QIO %@EIO

Scheme 6. Reagents and Conditions for Synthesis of 2,3-bis(phenylamino)quinoxalines 37a-r: (a) subst.
PhNH,, DMSO, 130 °C; (b) cat. Pd/C, H,, EtOH, rt; (c) 4-BrPhNH,, AICl;, DCE, 80 °C; (d) 4-EtOPhNH,,
DMSO0,130 °C; (e) MeSO,CI, Py, DCM, rt.
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Table 6. Substitution pattern and PfSUB1 inhibitory activity of quinoxalines 37a-r.

4l

3N
| TR
AN
5 T
T -1 R4
7\X/ NZ N 1|\| 3
8 H 2

37a-m,o-r (X = CH); 470n (X = N)

No. Comp. R R, R, 1Csq
(M)
1 37a H 4'-Br 4'-Br 10+£2
2 37b H 4" -1 4" -1 18+2
3 37c H 4' -(pyrrol-1-yl) 4' -(pyrrol-1-yl)  33+4
4 37d H 4' -(CO,Me) 4'-(CO,Me) 50 + 3
5 37 H H H >50
6 37f H 4'-F 4'-F >50
7 379 H 4'-Me 4'-Me >50
8 37h H 4' -Et 4'-Et >50
9 37i H 4'-Br 4'-OEt >50
10 37j H 3'-Cl-, 4'-Br 3'-Cl-, 4'-Br 14+1
11 37k H 3'-OPh 3'-OPh 22+ 4
12 37l H 3'-Me 3'-Me >50
13 37m H 3'5' -diMeO 3'5'-diMeO >50
14 37n H 4'-Br 4'-Br 364
15 370 6-NO; 4'-Br 4'-Br 30+2
16 37p 6-Cl-,7-NO, 4'-Br 4'-Br 40+ 6
17 37q 6-Cl, 7-NH, 4'-Br 4'-Br 17+1
18 37r 6-Cl, 7-MsNH 4'-Br 4'-Br 11+£2

Inhibitory activity for the compounds 37a-r was tested in enzymatic PfSUBL assay. Variations of

substituents at the 4™ position of phenylamino group revealed that lipophilic groups, preferentially bromine
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and iodine, are required for activity (compounds 37a-d). Compounds 37e-h bearing small substituents in the
4™ position were inactive. Quinoxaline derivative 37i with bromine at one phenylamino group and ethoxy
substituent in another phenylamino group was also inactive implying the importance of bulky lipophilic
substituents at both sides. Impact of substituents at the 3" position of phenylamino groups was explored with
limited set of compounds 37j-m. An analogue 37j with chlorine in 3™ position and bromine in 4™ position
showed similar activity to the original hit 37a. Compound 37k containing phenoxy substituents showed some
activity while methyl and methoxy analogues 371,m were inactive. Quinoxaline ring modifications were also
briefly explored with compounds 37n-r. Aza-analogue 37n of quinoxaline 37a was less active. Introduction of
chlorine and nitro groups in 6™ and 7™ position of quinoxaline ring decreased activity (compounds 370,p).
Replacement of the nitro group with the amino group or mesylamino group (compounds 37q,r) restored the
activity indicating the importance of electronic factors of substituents.

3. Benzoxazinone derivatives as PfSUB1 inhibitors

Virtual screening of compound libraries has resulted in benzoxazinone class hit: 5186907 with micromolar
PfSUBL1 activity. With an aim to develop benzoaxazinones as PfSUBL1 inhibitors, a series of analogues was
synthesized and tested for PfSUB1 enzymatic activity. 2-Aryl, 2-NH-aryl, 2-NH, benzoxazinones were
prepared using reaction of anthranilic acid with benzoyl chloride, isocyanate or phenyl chloroformate, and

with bromocyan, respectively.

o=.N_o 33 analogues synthesized

39, |050~25 HM

Figure 3. Structure of 5186907

None of the compounds displayed detectable PfSUB1 inhibition. Additional investigation and

larger library of compounds are needed to find inhibitor for this type of compounds.
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CONCLUSIONS

1. Three parallel approaches used to discover PfSUBL inhibitor were:
(a) Development of malaria box hit compound MPT109
(b) Development of virtual screened hit compound 5186907

(c) Synthesis of substrate specificity of PFSUB1 based peptidic a-ketoamides

2. Incorporation of a-ketoamide into the peptide sequence (KITAQ/DDEES) recognized by malarial
protease PfSUBL is a successful approach to develop reversible covalent PFSUBL inhibitors.

3. The inhibitory activity of peptidic ketoamides is determined by the serine trap (ketoamide) and
enzyme binding interactions provided by peptide part at both prime and non-prime sides in active site
of the enzyme.

4. The most important interactions of peptidic ketoamides at non-prime side of the enzyme are

provided by P;-P, amino acids. Aminoacid in Ps position has litle impact on inhibitory activity.

5. At the prime side, an installation of negativey charged carboxylic acid was found to improve the
activity, likely via interaction with Lys,es in the S;' sub-pocket of enzyme. The optimal linker to the
terminal carboxyl group resembles an aspartic acid residue that is also in P,' position of prefered

enzyme substrate.

6. SAR studies showed a preference for small size substituents limited to an ethyl group in the P,
position. In the P, position, glycine is preferred over alanine. Threonine in P; appears to provide a
solvent-exposed hydrophilic side chain that minimizes solvatation penalty, whereas isoleucine in P,

appears to make crucial hydrophobic interactions important for inhibitory activity.

7. Glutamine side chain which is present in P; amino acid of prefered enzyme substrate is not
compatible with electrophilic ketogroup of analguoes ketoamide due to formation of cyclic tautomer.
This prevents the direct incorporation of this side chain in P; position of ketoamide inhibitors and

indicates the need for development of conformationally constrained analogues.

8. From the series of peptidic a—ketoamides the most active inhibitor was compound 16 (I1C5,=0.9 *
0.2 uM) which is among the best currently available PfSUB1 inhibitors. This is a useful tool
compound to study the role of PFSUB1 as a potential antimalarial target and can be used as lead

compound for antimalarial drug discovery.
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16, (IC5o = 0.9+ 0.2 uM)
9. A small library of structurally diverse benzoxazinones (33 compounds) were prepared as potanital
covalent PfSUBL1 inhibitors based on virtual screening hit 39 (5186907). None of the compounds
displayed detectable PfSUBL inhibition.

10. 1,3-Bis(phenylamino)quinoxalines have been identified as a novel class PfSUBL1 inhibitors by
screening of Malaria Box compound collection. The hit compound 37a displayed activity in
micromolar range. This indicates that PfSUBL is likely not the primary target for activity of this
compound in cell models. Nevertheless, it can serve as promising starting point to develop non-

peptidic PfSUBL1 inhibitors considering its ability to penetrate cell membranes of the parasite.

Br
37a,1C5p =102 M

11. The preliminary hit optimization resulted in compound 37r with similar activity of hit compound
37a, however no improvement of activity was reached. Nevertheless, SAR obtained is very useful to
create in silico model for binding of quinoxaline based inhibitors into the active site of PfSUB1

facilitating the development of improved non-peptidic inhibitors.
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