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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas biitiba un aktualitate

Malarija ir akiita slimiba, ko izraisa Anopheles moskitu parnésati Plasmodium paraziti.
Saskana ar jaunako Malarijas zinojumu! 2020. gada registréts aptuveni 241 miljons
saslims$anas gadijumu, no kuriem apmé&ram 627 000 bija ar letalam sekam.

Mikrobu patogénu ezimi ir labi zinami zalvielu meérki, sakot ar uz bakterialajam
transpeptidazém mérketam beta-laktamus saturo$am antibiotikam lidz pat vairakam pret
virusu zalvielam, kas mérkétas uz proteazém un apgriezto transkriptazi. Patogénie viensuni,
pieméram, Plasmodium sugas, kas izraisa malariju, nav iznémums. Ve&sturiski divas
veiksmigakas pretmalarijas zalvielas (pirimetamins un proguanils) ir meérkétas uz
dihidrofolata reduktazi.? Diemz&l rezistence uz antifolatu zalvielam paslaik ir plasi izplatita,
ka arT bazas rada jaunakas zinas par rezistences veidoSanos pret galvenajam malarijas
arsté$anas metodém, tostarp artemizinina kombinéto terapiju (ACTs).® Lidz ar to ir
pieaugos$a nepiecieSamiba papildinat pretmalarijas zalvielu klastu ar jaunam zalvielam, kas
aptur parazita dzives ciklu, izmantojot jaunus darbibas mehanismus.

Visas malarijas kliniskas slimibas izpausmes izraisa parazita cikliska vairo$anas
cilvéka sarkanajas asins$unas (RBC, 1. att.). Parazita attistibas formas, ko sauc par
merozoitiem, infic€ eritrocitus un parazitiskas vakuolas (PV) iekSien€ strauji parveidojas par
trofozoltiem. Aptuveni 48 stundu laika $linas esoSais parazits palielinas, tiek paklauts §tinu
daliSanas procesam un sadalas 16 vai vairak jaunizveidotos merozoitos. P&c tam tie Iitiska
procesa, ko sauc par egresu, izkliist no inficetas asinssiinas, lai turpinatu ciklu, inficgjot
jaunus eritrocitus, vai ari parveidojas par gametocitiem. P&dgjo tris dekazu darba
noskaidrots, ka egresu regulé parazita enzimu darbibu seciba, kura centra ir no kalcija joniem
atkariga serina proteaze SUBI. Visu Plasmodium sugu genomos ir atrodams viens SUB1
ortologs, arT génu defektu funkciju pétijumos paradits, ka SUBI1 ir svarigs enzims parazita
izdzivosanai. SUB1 tiek ekspreséts ka enzimatiski neaktivs zimogens, kas paklaujas vismaz
diviem proteolitiskiem $kelSanas procesiem.* Vispirms tas tiek paklauts autokatalitiskam
SkelSanas procesam, veidojot p54 formu (54 kDa formu), tad otra $kel$anas soli no p54 tiek
veidota nobriedust p47 forma (47 kDa forma). So procesu veicina plazmepsins X, kas ir

parazita aspartilproteaze.®



Gametocitu Merozoiti no aknam
veido$anas

inficésana/

Saplésta RBCM\

Gredzens\\
/

/

)

// Trofozoits

aktivizéti SERA
gimenes protetni

|
|

8-

. 7
O - ~ Saplésta .

SUB1atbrivota
-

r_—

[ . ‘
W _j

/
Caurlaidiga RBCM

Merozoits — -
Eksonémas

" (satur SUB1)

Enzimatiski _
neaktivi SERA
gimenes proteini

1. att. P. falciparum asins posma dzives cikls, un SUB1 loma merozoitu egresa.

Sakotngji enzims SUB1 tiek noglabats merozoitu sekrécijas organellas, ko sauc par
eksonémam, tad tiek atbrivots un nonak parazitiskas vakuolas iekSieng tieSi pirms egresa.
Tur enzims $kel ta substratus, kas rezultgjas ar saskeltu parazitiskas vakuolas un sarkanas
asins§tinas membranu (1. att.). Zinams, ka proteinkinaze G ir nepiecie$ama, lai SUB1 izklatu
no eksonémam.® Ir identificti vairaki SUB1 substrati, tostarp merozoitu virsmas proteini un
proteini no serina bagatas antigénu gimenes (SERA).” Genétiski modificéti paraziti, kas
nesatur SUB1, nav spgjigi saskelt ne PV, ne eritrocitu membranas, kas izraisa ieslodzito
parazitu bojaeju. Var paredzet, ka mazmolekulari SUB1 inhibitori varétu Iidzigi bloket
egresu un noverst parazitu vairo$anos.

Pedgjas dekades zalvielu atklasana tiek lietota merktieciga un struktiiras vadita pieeja,
kas fokuséta uz konkrétu proteinu un ta darbibas mehanismu.® Atgriezenisku kovalentu
saisto$o grupu izmanto$ana medicinas kimija ir sekméjusi kovalento inhibitoru izveidi.®
Viena no zinamajam elektrofilajam saistoSajam grupam, kas ir mérk&ta uz enzimu/proteinu
hidoksilgrupam, ir a-ketoamidi. Uz a-ketoamidiem balstiti inhbitori, Saistoties ar proteazes
aktiva centra serinu, veido hemiketalus. ST pieeja izmantota, lai raditu divas FDA
apstiprinatas zalvielas — Telaprevir un Boceprevir —, kas paredzgtas hepatita C arstéSanai.
DiemZ¢&l abas nesen tika aptur&tas to toksicitates un nepietiekamas efektivitates dél, noradot
uz izaicinajumiem Kkovalento inhibitoru attistiSanai par zalvielam.’ Racionala dizaina

rezultata, balstoties dabisko substratu sekvencg, ir izveidoti art SUB1 inhibitori, kas satur o-
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ketoamidus. Tie uzrada sp&ju inhib&t SUB1 proteolitisko aktivitati, tom&r neuzrada aktivitati

Stinu testos, visticamak, savienojumu polaras dabas del.
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Serina un treonina proteazu inhbitoru izveide ka “kaujas galvinas” ir izmantotas ar
borskabes. Enzimu aktivo centru serinu un treoninu hidroksilgrupas saistas ar borskabem,
veidojot ata kompleksu, kas imité tetraedrisko enzimatiskas reakcijas parejas stavokli.® FDA
ir apstiprinajusi vairakus peptidisku borskabju inhibitorus ka zalvielas, piemeram,
Bortezomib un Ixazomib, kas abi paredzéti multiplas mielomas arsté$anai. Bez Siem diviem

piem@riem sastopami arf citi borskabes saturo$i enzimu inhibitori.*
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Promocijas darba mérkis ir, balstoties un iepriek§ atrasto ketoamida 1 strukturu,
izveidot nakamas paaudzes inhibitorus ar uzlabotu SUBI inhib&Sanas sp&ju un parazita

augsanas inhib&Sanas sp&ju Stinu testos.
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Lai sasniegtu darba mérki, noteikti $adi darba uzdevumi:
v apkopot visus literatira publicétos SUB1 inhibitoru atklasanas méginajumus;
v izstradat sintézes metodes peptidisku borskabju iegiiSanai, kuros borskabes kalpo ka
atgriezeniska kovalenta serina atlikuma saisto$a grupa SUBI1 katalitiskaja centra;
v izstradat sintézes metodes peptidisko a-ketoamidu un borskabju iegiiSanai ar iesp&ju
R4

mainit dazadus aizvietotajus;



v noteikt sintez&to savienojumu SUBI1 inhibéSanas sp&ju un parazitu augSanas inhib&$anu
$tinu testos, ka arT izvertet to selektivitati pret zZiditaju serina un treonina proteazem;
v veikt struktliras—aktivitates likumsakaribu izp&ti un izmantot iegiitos rezultatus jaunu

SUBL inhibitoru struktiras planosana.

Zinatniska novitate un galvenie rezultati

Si promocijas darba ietvaros izstradatais p&tijums apraksta izstradatas sintétiskas
metodes, kas lauj iegiit SUBI inhibitorus — peptidiskas borskabes. Sintétiskie virzieni lava
iegiit dazadas peptidiskas borskabes ar modificétam P1, P3 un P5 pozicijam. Tika noteikta
iegiito inhibitoru sp&ja inhib&t SUBI, to sp&ja inhib&t parazita vairo$anos asinssiinas, ka ari
inhibitoru in vitro selektivitate pret citam serina un treonina proteazém (sadarbiba ar
profesora M. Blackman grupu Francis Crick institita). P&tljuma rezultata iegiita virkne ar
savienojumiem, kam piemit zema nanomolara SUBI inhib&Sanas aktivitate enzimatiskajos
testos, ka arT vairaki no tiem uzradija zemu mikromolaru inhibé$anas sp&ju P. falciparum
parazita augSanas testos.
Darba aprobacija un publikacijas

Promocijas darba galvenie rezultati apkopoti viena zinatniskaja originalpublikacija,
apskatraksta un patenta pieteikuma. PtTjuma rezultati prezenteti septinas konferencgs.
Zinatniskas publikacijas

1. Lidumniece, E.; Withers-Martinez, C.; Hackett, F.; Collins, C. R.; Perrin, A. J,;
Koussis, K.; Bisson, C.; Blackman, M. J.; Jirgensons, A. Peptidic boronic acids are
potent cell-permeable inhibitors of the malaria parasite egress serine protease SUBL.
Proc. Natl. Acad. Sci. U. S. A, 2021, 118, 2022696118 (IF(2021): 12.779).

2. Lidumniece, E.; Withers-Martinez, C.; Hackett, F.; Blackman, M. J.; Jirgensons, A.
Subtilisin-like Serine Protease 1 (SUBL) as an Emerging Antimalarial Drug Target:
Current Achievements in Inhibitor Discovery. J. Med. Chem. 2022, 65, 12535-12545
(IF(2021): 8.039).

Patenta pieteikums
Jirgensons, A.; Lidumniece, E.; Withers-Martinez, C.; Blackman, M. J.; Finn, P. W.
Novel boronic acid containing peptidomimetics as malarial serine protease inhibitors.
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PROMOCIJAS DARBA GALVENIE REZULTATI

Iepricksgjie petijumi miisu grupa rezultjas ar SUBI inhibitoriem, kas balstiti uz $is
proteazes dabiska substrata SERA4 $kelSanas vietu 1. Dekapeptida (KITAQ|DDEES), kas
atbilst substrata aminoskabju sekvencei, SkelSanas vieta tika aizvietota ar a-ketoamida
funkcionalo grupu. Padzilinatu struktiiras—aktivitates likumsakaribu petijumu rezultata tika
identificéts savienojums 2, kas uzradija zemu mikromolaru rekombinanta PfSUB1

inhib&sanas sp&ju (2. att.).™*

xﬂkﬁwﬁN g%

H,N o 0 HO o
K I T A Q / D D E E s
HSARIZpete
Me
o “MeH 0 b0 H
Me/u\H N, HWN%H]/N\/YOH
o) O Me O o}
HO” “Me
P3
2

ICso = 0,9 uM (PfSUB1)
2. att. SUBL1 inhibitors 2, kas atvasinats no dabiska substrata.

Diemzel savienojums 2 un lidzigi o-ketoamidi neuzradija aktivitati $tinu testos, kas
skaidrojams ar inhibitoru parlieku polaro dabu. Karbonskabes fragments, kas inhibitoros tika
ieviests, lai mijiedarbotos ar bazisko S’ kabatas virsmu aktivaja centra un imit€tu endogéno
PfSUBI substratu, visticamak, ir atbildigs par $o savienojumu vajo membranas caurlaidibu.
Substratu skeng$anas metodes uzradija S4 kabatas hidrofobo dabu,'? tap&c tika nolemts

modificét savienojumu 2, ievieSot lipofilus aizvietotajus inhbitora P4 pozicija.
1. Peptidisku a-ketoamidu inhibitoru sintéze un SUB1 inhibésanas spéja

Dazadi aizvietotu (P4 pozicija) inhibitoru sintézei nepieciesamais amids 8 tika iegiits
no trans-krotonskabes (3) p&c ieprieks aprakstitas metodes.’* Sakotngji ta tika epoksidéta
par 2,3-epoksisviestskabi (4), izmantojot Oxone® (1. shéma). AlCI; katalizéta epoksida
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atverSana ar natrija azidu deva B-azido-o-hidroksisviestskabi (5), kas talak tika paklauta
amidsaites veidoSanas reakcijai ar [-alantna terc-butilestera hidrohloridu (6). Azida

reducésana ar Pd/C, H> deva aminu 8, kas tika lietots nakamajas reakcijas bez papildus

attirisanas.
Mew = o Oxone, NaHCO3 0. O NaN3, AICl; (kat.) OH
\/Y - ————— 5> Me o)
OH H,0, acetons, OH H,O, pH =4
0.004 M dinatrija EDTA Mé N; OH
3 4 5
© 0
(¢]] @
HaN Ot Bu /\)L H, Me O o
Ot-Bu
__ HATU,DIPEA f Pd/C HzN)\/U\H/\)LOt-Bu
DCM ist. temp. MeOH OH
7 8

1. shéma. Amina 8 sintézes cels.

Inhibitoru peptidiskas dalas sintéze tika sakta ar N-Fmoc,O-terc-butil- aizsargatu L-
treoninu (10), kas paklauts amidsaites veidoSanas reakcijai ar glicina etilestera hidrohloridu
(9), lai iegiitu amidu 11 (2. shéma). Savienojums 11 tika paklauts Fmoc- grupas SkelSanas
apstakliem, tad ieglitais amins sametinats ar dazadam dabiskam un nedabiskam
aminoskab&m, lai iegiitu savienojumus 12a—j. Talakas aizsarggrupas $kelSanas un acilé$ana

cela iegitie starpprodukti 13a—j p&c hidrolizes deva galaproduktus 14a—j.

o 1. DMF,120 °C
Cle Fmoc-Thr(t-Bu)-OH (10) CHR'-CO
® FmocHN, , ~ 2. PgHN-CHR'-CO,H, )\n,N, NN
HNC_COpEt — HATU. DIPEA N~ COEl ATy, DIPEA, DMF vai PN Ot
DCM, ist. temp. £Bu0” “Me DCM, ist. temp. +Buo Me
9 1 12a-j
1. DMF,120 °C
(Pg = Fmoc) o R! N o o) R! H 0
vai Hy, Pd/C, EtOH N
N
Pg = Cbz Me)LN  NTCO,E LiOH Me)LN 7 SN COH
(Pg ) H H - = . H H
2. Ac,0, DIPEA, ,_Cg)uo Me THF:H,0 (20:1) t—guo Me
DMF vai DCM
13a-j 14a-j

2. shéma. Peptidiskas dalas 14a—j sintéze.

Biivbloki 14a—j un 8 tika sametinati, izmantojot HATU, lai iegiitu produktus 15a—j
(3. shéma). P&c oksidésanas ar DMP un aizrggrupu $kel$anas ar TFA tika iegtti galaprodukti

17a—j ka diastereoméru maisijumus.
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1 1
R, 0 R ! 0 f OH !
AcHNJﬁrN:ﬁLNACOZH 8, HATU, DIPEA AcHN/kn/ r‘\H/\H/ j)\[r ~Co,tBu
H o ———
0 O Me O
t—guO Me DCM, ist. temp. +Buo” “Me
14a- 15a-
1
o, Y
1524 AcHN H/\n/ CO,t-Bu
DCM, ist. temp o O Me O
t-BuO” Me
16a-j
1
TFA AcHN/'\[r . N/\n’ \l)k[r ~"Co,H
162+ DCM. ist. t o] H 0 wme O
, ist. temp HO” Me
17a-j

3. shéma. a-Ketoamidu 17a-j sintéze no buivblokiem 14a-j.

Visu sintezgto savienojumu proteolitiskas inhibésanas spéjas tika noteiktas,? novérojot
fluorogéna peptidiska substrata SERA4st1F-6R12 skelsanu rekombinanta PfSUBI klatien€.
Sakotngjie rezultati liecinaja, ka inhibitori, kas satur fenil- vai cikloheksilalaninu (17i, 17j,
1. tab., 9., 10. aile) P4 pozicija, uzrada samazinatu inhibésanas sp&ju. ArT inhibitors 17e (1.
tab., 5. aile) ar ciklopropilglicinu $aja pozicija uzrada vid&ju aktivitati, jo, iesp&jams, tas
neveido nozimigas mijiedarbibas ar enzima hirdofobo S4 kabatu. Lielaka dala pargjo
savienojumu (1. tab., 1.-4., 7., 8. aile) uzradija vid&ju lidz labu inhib&$anas sp&ju pie 10 uM
koncentracijas, tau vislabako aktivitati uzradija savienojums 17f ar ciklopentilglicina sanu

kedi (6. aile).

1. tabula
a-Ketoamidu 17a—j inhib&sanas spgja®
rPfSUB1 rPfSUB1
Nr. R! inhib&Sanas pakape Nr. R! inhib&Sanas pakape
pie 10 uM, % pie 10 uM, %

Me
1. 17a > 78 6. 17f O 97

Me
2. 17b Me . 71 7. 17 O 75
Mej\" g
5. 1 O 73 8. 17h @ 56

38

a1 A 78 9. 17 ©~
5. 17 [>-- 45 10, 17j <:>~ 23

2 Sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry Laboratory, The
Francis Crick Institute; viens mérfjums katram savienojumam.
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ICsp vertiba savienojumam 17f ir 370 + 3,35 nM, kas ir divas reizes labaka, salidzinot
ar izejas inhibitoru 2.

2. Peptidisku borskabju sintéze un SUB1 inhibéSanas spéja

Borskabes ir efektivas serinu saisto$as grupas, un tas var tikt icklautas atgriezenisku

101314 Tas mudinaja izmantot $o struktiiras

kovalentu serina proteazu inhibitoru struktiira.
elementu SUB1 inhibitoru izveidé. a-Ketoamida dala savienojumos 2, 17f (R* = 2-butil- vai
ciklopentil-) tika nomainita uz borskabes fragmentu, un savienojumi 18, 19a tika izvél&ti ka

pamatstruktiiras turpmakam modifikacijam P1, P3 un P5 pozicijas (3. att.).

2 (R'=j-Bu-) 18 (R' = i-Bu-)
17f (R! = c-Pent-) 19a (R = c-Pent-)

3. att. Potencialie SUB1 inhibitori ar borskabes fragmentu a-ketoamida vieta.
2.1 P1 pozicija modificétu peptidisku borskabju sintéze'®
Lai novertetu struktiiras—aktivitates likumsakaribas, tika sintez&ti dazadi peptidisku
borskabju atvasinajumi, kas saturgja valgjus un cikliskus borskabju fragmentus P1 pozicija
(4. shéma). Bavbloki 14k,f un 20a—qg tika sametinati, izmantojot HATU (A) vai T3P (B), lai
ieglitu savienojumus 21, 22a-Qg. Aizsarggrupas tika noskeltas ar BBrz (C) vai ar

izobutilborskabi, kam sekoja apstrade ar TFA (D), lai iegtitu borskabes 18, 19a—g.

A: HATU, DIPEA,

)
R, 0O DCM, ist. temp. Ry @ H (Pf)
A HN/H(N' N/\CO H ) (I) vai ACHN/HrN/, N/\n,NYB\O
c : H s 0ON_ B/ o -
i N g B: T3P, NMM, I I A

(0]
EtOAc, ist. t-Buo® Me
temp.
14k, f 20a-g 21, 22a-g

C: BBrj,

R! ) no OH
DCM, -78 °C /kﬂ/N N. B
’, ~,

vai AcHN T m/\g/ 1/2 o)
HO” “Me o

+Buo” Me R?

D: i-BuB(OH),, 1 M HCI,
MeCN/Heksans, tad TFA,

DCM 18, 19a-g
Me, ® © Me, ® © R2 Ph, ®  ©
% ~NH; Cl NH % —N(TM NH; Cl
Br 3 7/ 3Cl /,( S)2 }N" 3Cl
0>y o-B, o-B. o-B,
Meg O Me,y O Meg O R2-ciH Meg O
g g d: -(CH,),-OPMB g
Me Me Me e: -(CH,);-OPMB Me
Me @ Me b Me f: -(CH,),CO,t-Bu Me 9

4. sheéma. Peptidisku borskabju atvasinajumu sintéze ar modificétu P1 poziciju.
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Borskabju fragmentu 20a—g sintéze ir paradita nakamajas shémas. Lai sintez&tu
attiecigo a-aminoborskabes atvasinajumu 20a, kam ir L-aminoskabes stereokimija, tika
izmantota Matesona (Matteson) homologgsana® (5. shéma). Metilborskabes pinakola esteris
(23) tika parversts par (+)-pinandiola esteri 24a, kas talak pie —100 °C reaggja ar in Situ
generétu dihlormetillitiju. Cinka(II) hlorida veicinata ata kompleksa pargrup&Sanas lava
iegtt a-hlorborskabes esteri 25a. Sekojosa Sn2 reakcija ar LIHMDS deva N,N-bis-TMS
aizsargatu o-aminoborskabes esteri, kas péc apstrades ar 4 M HCI dioksana veidoja
biivbloku 20a.

Cl )
M Me ©
Me Me . e _ YNl

BI (+) vai (-) O’B\ n-BuLi, DCM, B LiIHMDS -

0B _pinandiols,_  MesJ_ P 100°C, THF . Q7™ THF, 78°C oz ist. temp, ,,. OBy
Me‘)j( THF, ist. temp. tad 1 M ZnCl,, tad 4 M HCI dioksana,
Me g Me Me THF, -100°C pentans, 78 °C [idz ist.

Me Iz ist. temp. temp. Me
P Me Md
23 24a (S)-25a (R)-20a
24b (R)-25b (S)-20b

5. shéma. Borskabes fragmentu saturo$u baivbloku 20a,b sintgze.

Otra stereoizoméra 20b iegiSanai tika izmantota ta pati metode (5. shéma), tacu $aja
gadijuma tika izmantots (—)-pinandiols, lai pagatavotu hiralu borskabes esteri 24b. Tas tika
parversts par hloridu (R)-25b, veidojot biivbloku 20b, kura aizvietotaju novietojums lidzinas
D-aminoskabes stereokimijai.

Lai optimizétu buvbloku 20c—f sintézi, tika iegiits atslégas savienojums 28 (6. shéma).
Izopropoksiborksabes pinakola esteris (26) tika paklauts homologéSanas reakcijai ar in situ
veidotu hlormetillitiju. Saskana ar GC-MS analizém $i reakcija deva maisijumu, kura I-/Cl-
aizvietotie produkti bija attieciba 1:5. Sausais atlikums tika paklauts reakcijai ar Nal
acetona, lai nodro$inatu pilnu konversiju par 27. ParesterificéSanas reakcija deva

starpsavienojumu 28, no kura talaka reakcija ar LIHMDS tika ieguts buvbloks 20c.
1.1 el
n-Buli,
tad TMS-CI, THF,
Me ~78 °C I1dz ist. Me Me

Me Me . . Me,
O temp. O, I +)-pinandiols O, |
Me;t :B—OiPr — Me :B—/ _* : ,> Me ‘ 5/
(] 2. Nal, o] THF, ist. temp. g

Me acetone, attece Me
26 27 28
Me, Me
LiHMDS Me.\\o\B_/N(TMS)z
THF, -78°C g
lidz ist. temp
20c

6. shema. Borskabes fragmentu saturosa biivbloka 20c sinteze.
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p-Metoksibenzilspirts p&c deprotonésanas ar n-BuL.i tika pievienots bivblokam 28, lai
iegiitu aizvietoSanas produktu 29 (7.shéma). Talakas oglekla virknes pagarinasanas
reakcijas, ka ar7 iegiita hlorida 31 aizvietoSana ietvéra iepriekS apskatitas reakcijas. Lai
izvairitos no veértiga biivbloka zudumiem, tika nolemts to izmantot turpmakajas reakcijas ka
bis-TMS aizvietotu aminu 20d.

Savienojuma 20d homologs 20e tika iegiits péc iepriek$ aprakstitajam metodém no
savienojuma 30 (7. shéma).

A1l buivbloka 20f sintéze tika sakta no savienojuma 28, kas tika paklauts reakcijai ar
deprotonétu terc-butilacetatu (7. shema). Reakcija iegiitais borskabes pinandiola esteris 34
tika paklauts Matesona homologg$anai un sekojosai Sn2 reakcijai ar LIHMDS, lai iegiitu

bis-TMS aizsargatu aminu 20f,

OPMB
Me M Me A\ /(
Ve wOo, | PMB-OH, ° wo opme |~ C Me O~p
Me \g—/ _r-Buli, DMSO_ Me 0 "o/ n-BuL, " s
e THF. 0°C Iiaz it Et,0, ~100 °C © Q -
f Tdz i Me
st. temp. Iidz ist. temp.
28 : P 29 30
n-BuLi, DCM
: ' OPMB OPMB
Me, Me ) Me. Me
-100°C, THF
30 Mo 0, Linmps " wo,_
tad 1 M ZnCl, » B THF, -78°C " B
THF, ~100 °C c « O N(TMS),
el 31 20d
n-BuLi
Et,0,
-100°C
OPMB OPMB OPMB
n-BuLi, DCM
Me o -100 °C, THF LiHMDS
N Me o Me oo “
Me (:) tad 1 M ZnCl, O~ ¢ THF, -78°C B ? N(TMS),
ol Q
Me THF, -100°C e w0 Me ..\o
Me Me
32 33 20e
CO,t-Bu
9 J/cozt-Bu
Me” ~Ot-Bu Me, Owp n-BuLol, DCM, Me, o
28 LDA Me J -100°C, THE_ B Cl
w " O
THF, -78 °C Me Q tad 1M2ZnCl, - e ]
lidz ist. temp. THF, =100 °C
34 35
CO,t-Bu
. Me O« “y
35 LiHMDS " B7N(TMS),
THF, -78°C  ° -nO
Me

20f
7. shéma. Borskabes fragmentu saturo$u baivbloku 20d—f sintéze.
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P&dgjo buvbloku 20g sakotngji tika meginats iegiit péc ieprieks izstradatas Matesona
homologg$anas procediiras, tacu ta izradijas neveiksmiga pieeja, tapc Soreiz nacas sintézes
celu mainit (8.shéma). Alternativa pieeja ietvéra in situ generétu dihlormetillitija
pievienosanos izopropoksiborksabes pinakola esterim (26), lai rezultata iegiitu borskabes
esteri 36. ParesterificéSana deva savienojumu 37, Kas tika paklauts tris solu sekvencei,

iegiistot buvbloku 20g ka diastereomé&ru maistjumu (1 : 2).

Cl

n-BuLi, DCM
» DM, - Me, Me
Me O‘?OiPr ~100°C, THE  Me O*Els)\m (+)-pinandiols g -'\0\ _<C'
—_— — B
'V'e>§r0 tad 5 M HCI M9>S(O THF gl
Me Me Me Me
26 36 37
1.PIMgBr, 1M ZnCly Me © o
THF, -78°C o w0, NH;Cl
_ THR-78°C
2. LIHMDS, .,,O/B
THF, 78 °C
3.4 M HCI, heksans

20
8. shéma. Borskabes fragmentu saturoéagbﬁvbloka 20g sinteze.
2.2 P1 pozicija modificétu peptidisku borskabju PfSUB1 inhib&$anas spéja®

Apmainot a-ketoamida funkcionalo grupu savienojuma 2 pret borskabes fragmentu,
tika ieglts savienojums 18, kas uzradija aptuveni septinas reizes lielaku inhib&Sanas
potencialu ka ketoamids 17f (2. tab., 1. aile). Savienojot labako zinamo peptida dalu no -
ketoamidu sérijas (ciklopentil- P4 pozicija) un borskabes fragmentu, tika ieglts substrats
19a, kas uzradija zemu nanomolaru inhibéSanas sp&ju (2. tab., 2. aile). D-aminoskabes
stereokTmija borskabes fragmenta (19b, 2. tab., 3. aile) un metil- grupas zaudésana (19c,
2. tab., 4. aile) rezultgjas ar samazinatu inhibitoro aktivitati. Paplasinot borskabju fragmentu
klastu ar dazada garuma alkil- un aril- aizvietotajiem, var&a novérot, ka lielakoties tas
neuzlabo inhibé$anas sp&ju, iznemot savienojumu ar hidroksietil- grupu (19d, 2. tab.,
5. aile).

Izveletajiem aktivakajiem inhibitoriem tika noteikta arT sp&ja inhibét P. falciparum
parazitu augSanu asins$iinu testa (2. tab.). Lai gan savienojumi 18, 19a un 19c uzradija
~2 uM inhib&sanas konstanti, tomér $ie dati neuzradija korelaciju starp ICsg un ECsp
vertibam. Tika Secinats, ka, iesp&ams, Siem savienojumiem ir nepietickama membranas

caurlaidiba, tadgjadi tiem ir limitéta pieeja SUB1 enzimam.

2 Sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry Laboratory, The
Francis Crick Institute.
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2. tabula

Peptidisko borskabju SUB1 inhib&Sanas sp&ja enzimatiskaja reakcija un §tinu testa.

Nr Struktir: i E(CSS' (;lil:/[)
: wiktura (rPfSUBL) parazita
augSana)
Me
1 18 i “MeH i 69,4+1,2 1,8+06
Me)LN NfLN/\n/ ~-B(OH ) ) ) )
H o H
HO' Me
(o] H o
2. 19a I Nf‘\N/\n/ B(OH 9,3+0,5 23+1,4
Ho 8 H
HO Me
't
3. 19 B(OH), 60,1 £2,1 184+1,8
Me” N /\n’
O
o H o
4. 19¢ Me)LN NrLN,\n, B(OH 543+1,1 1,9+04
H o H
[¢] H [o] (‘)H
5. 19d et SN A N B 4,6+0,1 15,0 £3,6
H o H o i
HO' Me
o H H ?H
6 19 Me)l\u Ny, y NBvo 2042+75 N.D.
HO” “Me .
of I no 3 8 3 N.D
7. 1 Me)LH N,, ” N\E/B\O 18,7+1, .D.
S
8. 199 )L i ) fLN/\n’ soH), 112,023 N.D.

ICso vertibas noteiktas, balstoties uz rPfSUBl vaditas fluorogéna substrata SkelSanas reakciju Katra inhibitora
klatieng. Vértibas (+ standartnovirze) ir aprékinatas, nemot véra vidgjo no trim atseviskiem mérijumiem.

ECs vertibas (+ standartnovirze) noteiktas, izmantojot SYBR Green | testu ar inkubaciju 96 h (divi eritrocitiskie
augsanas cikli); N.D., nav noteikts.

2.3 P3 pozicija modificétu peptidisku borskabju sintéze

Lai noskaidrotu talakos optimizéSanas virzienus, tika noteikts savienojuma 19a

sasitibas veids enzima aktivaja centra, izmantojot molekularo modelgsanu® (4. att.). Sie

pétijumi liecinaja, ka savienojuma P3 pozicijas sanu kéde iestiepjas $kidinataja apgabala,

2 Sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry Laboratory, The

Francis Crick Institute.
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kur ta neveido nozimigas mijiedarbibas. Tomer vargja saskatit iesp&ju mainit/pagarinat P3
aminoskabes sanu kédi, lai veicinatu hidrofobas mijiedarbibas ar enzima S3 kabatu (L461

atlikumu).

o
&1 M oo

N:H

4, att. Savienojuma 19a molekularais modelis PfSUBI1 aktivaja centra.

Inhibitoru sintéze paradita 9. shéma. Soreiz, lai iegiitu atvasindgjumus ar dazadam
lipofilam aminoskabju sanu kédem P3 pozicija, tika izmantota EDC-HCI, HOBt un DIPEA
aktivgjosa sistéma amidsaiSu veidosanai. P&c Boc- grupas SkelSanas ar HCl savienojumos
39a-j tie tika sametinati ar N-Boc-ciklopentilglicinu (40), lai iegtitu 41a—j. Boc- grupas
SkelSana un sekojosa acetilé$ana deva tripeptidus 42a—j. Estera hidrolize ar LiOH un nakama
sametinasana ar a-aminoborskabes biivbloku 20a rezultgjas ar starpsavienojumiem 43a—j,

kas pedgja soli tika parveérsts par galaproduktiem 44a—j paresterificé$anas cela ar

izobutilborskabi.
1.4 M HCI 1,4-dioksana
9,EDC-HCI, HOBY, - ’ o
BocHN__CO,H DIPEA BocHN\)LN/\CO Et CHClIj, ist. temp. “\)L ~
z . > =z 2!
R3 CHCly, ist. temp. g3 H 2. BocHN-c-Pent-Gly-OH (40), BocHN CO2Et
EDC-HCI, HOBt, DIPEA
38a-j 39a-j CHCl3, ist. temp. #aj
1.4 M HCI 1,4-dioksana, o
CHCl3, ist. temp. N\)J\ ~ 1. LiOH, THF/H,0
2. Ac,0, DIPEA, AcHN Y COzEt 2. 20a, T3P, NMM,
CHClg, ist. temp. o R® EtOAc/DMF
42a-j
0 o Me 0
H H o7 9 i-BuB(OH)z, 1 M HClgg H H
AcHN N\.)LN/\H’NYB‘O“ Me MeOH/Heksans AcHN N\.)LN N~ B(OH):
A H s H =
0O R O Me 0O R 0O ™
43a-j 44a-j

9. shéma. Savienojumu 44a—j iegtiSanas shéma.
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2.4 P3 pozicija modificétu peptidisku borskabju PfSUB1 inhibéSanas spéja

Pirmie divi iegtitie inhibitori ar alanTna un valina sanu k&deém P3 pozicija (savienojumi
44a un 44b) uzradija nanomolaru aktivitati, kas bija salidzinama ar inhibitoru 19a, kam ir
treonina sanu k&de (5. att.). Sie savienojumi uzradija arf submikromolaru aktivitati §tnu

testos, kas ieprieks nebija novérots $aja savienojumu klasg.'®

o b0 9y o b0 y
Me)LN N\__)J\N/\H,N\:/B(OH)2 Me)LN N\:)LN/\H,N\:/B(OH)2
H ES : H :oH :
(0] Me (o] Me OMe/\Me O Me

44a 44b
ICs0= 7,8 £ 0,3 M ICs0= 5,7 £ 0,1 nM
ECs0= 0,34 £ 0,08 uM ECs0= 0,26 + 0,06 uM
5. att. PFSUBL1 inhibitori ar augstu aktivitati enzimatiskajos testos un parazita aug$anas
testos.

Tika noteikta arT paréjo modificéto borskabju sp&ja inhib&t PfSUBI (6. att.). Rezultati
uzradija, ka savienojums 44 bija vismazak aktivs, savukart vairaki savienojumi ar leicina,
ciklopentil-, cikloheksil- un fenilalanina sanu k&édém (44i,e,f,j) uzradija lidzigu sp&ju inhib&t
SUBL. Peptidiskas borskabes ar terc-butilglicina (44c), fenilglicina (44d) un izoleicina (44h)
sanu kédeém P3 pozicija bija nedaudz efektivaki SUBI inhbitori.

]
1
o b0 Ny Me/'\IA:Me ©
N N._B(OH R3:
vy \)LN/\H’ ~BOH):
H E E
0 R 0 Me
17

ICs50 c d
(PfSUB1) = 2,10* nM 2,83 +0,06 nM

Aol O N A S G

e f g h i i
750£0,76 1M 6,72+028nM 43,50£2,72nM 538+0,08nM 7,80 £0,08nM 6,9 + 2,62 nM
*viens mérijjums
6. att. P3 pozicija modificétu inhibitoru 44c—j SUBI inhibitora aktivitate.®”
Savienojums 44b tika parbaudits arT uz vairakiem ziditaju serina enzimiem, piemeéram,
tripsinu, himotripsinu un elastazi.? Tika noteikts, ka tas ir vairak neka 100 reizu aktivaks pret
PfSUBI, salidzinot ar iepriek§ minétajiem enzimiem. Mikroskopiska nobriedusu Sizontu

kult@iru izpéte atklaja, ka péc 4 h inkub&Sanas ar savienojumiem 44a un 44b 10 uM

2 Sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry Laboratory, The
Francis Crick Institute.
b Vidgja vértiba no diviem atseviskiem mérfjumiem (+ standartnovirze).
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koncentracija, netika noveérots jaunizveidoto merozoitu egress no inficétajam Sunam,
apstiprinot savienojumu SUB1 inhib&sanas ietekmi uz parazita dzives ciklu.!®
2.5 PS5 pozicija modificeétu peptidisku borskabju sintéze

Apvienojot iepriek§ noskaidrotas SAR likumsakaribas, tika sintezéta virkne ar P5
modificétam peptidiskajam borskabem (10. shema). Sakotngji tika iegita skabe 45 péc
iepriek$ aprakstitas proceduras (9. shéma). Sekojos$a sametinaSana ar biivbloku 20a tika
veikta péc nedaudz atskirigas procediiras.!’ Atslégas savienojums 46 péc aizsarggrupas
noskelSanas tika paklauts acilé$anai, sulfoniléSanai vai reducgjoSai amin&$anai. P&dgja soli

tika iegutas peptidiskas borskabes 48a—s ka ieprieks, paresterificjot pinandiola esteri ar

izobutilborskabi.
9, EDC-HCI, HOB, Q 1. 4 M HCI 1,4-dioksana,
BocHN,, _CO,H DIPEA BocHN,, N/\CO Et CHClj, ist. temp. BocHN /\COZEt
CHCl; ist. temp. H 2. BocHN-c-Pent-Gly-OH (40),
Me Me EDC-HCI, HOBt, DIPEA
Me Me CHCl3, ist. temp.
38h 39h 41h
Me
b0 20a, T3P, NMM, o"' Me
_LioH _ N, ~ ___DMAP é
THF/H,0 BocHN H CO,H CHCl3, -15 °C BocHN N/\I‘r z
o Me lidz ist. temp. Me

1.4 M HCI 1,4-dioksana,

Me  i-BuB(OH),,
__CHCly, ist. temp. “Me _1MHClag _
2. R*-CO,H, EDC-HCI, H, EDC-HCI, N\/B\ N " MeOH/
2 rN/ﬁr Heksans /\Ir

§u.

HOB vai (R*C0),0, vai Ve
R*S0,Cl, DIPEA, CHCl5,
vai R*-CHO, E3N, TFE,
tad NaBH, 47a-s 48a-s

10. shéma. Borskabju 48a—s iegiiSana.

2.6 PS5 pozicija modificétu peptidisku borskabju PfSUB1 inhibéSanas spéja?

Savienojumu 48a—s PfSUBI inhib&$anas sp&ja redzama 7. attéla. Rezultati liecina, ka
savienojumi ar dazadam N-acil- grupam — alifatiskam, aromatiskam, heteroaromatiskam —
uzrada zemu nanomolaru aktivitati, kas ir salidzinama ar inhibitora 44h aktivitati.
Interesanti, ka arT sulfonil@tais analogs 480, kam ir mazaka peptidiska daba, uzradija lidzigu
sp&ju inhibét SUB1. Kad karbonilgrupa P5 pozicija tika aizstata ar metiléngrupu,
savienojumu SUBL1 inhib&sanas sp&ja kritas (48e un 48p; 48j un 48r; 48l un 48s).

2 Sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry Laboratory, The
Francis Crick Institute.
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(o] (0] (0] (0] (o] (o]
R%: Meﬁ)l\ Meh)l\ ~ ~ ~. Me ~
Me Me Me
Me
e f

ICsp a b c d
(PfSUB1)= 3,90+0,27nM 3,87+0,34nM 3,13+£0,05nM 1,96 +0,04nM 3,17+0,05nM 6,90 £ 0,27 nM

(o] (0] (o] o (0] (o]
@A\ ~ A A A A
N/ Nz ”\7N N N N

Ph
g h i j k |

4,09 +£0,15 nM 2,72+0,19nM 4,00 £0,13 nM 5,99 0,27 nM 9,34 £ 0,23 nM 9,47 £ 0,59 nM

o e (0] o\\S,,O H H HH H H
X X N§r >~ ~ Xy X
¢ i |
NH NH S A N
m n o P r s

425+040nM  660£061nM  3,38+030nM 23,17+0,03nM 70,96+ 6,75nM 23,46 £ 1,65nM
7. att. Savienojumu 48a—s PfSUBI inhib&sanas spgja.?

Diemzé&l savienojumi 48f,k,| 500 nM koncentracija uzradija cilvéka 20S proteasomas
inhibesanu,® lai gan SUBL1 inhib&sanas spgjas ICso (PfSUBI) vértibas bija lidzigas
savienojumam 44b, kas iepriek§ uzradija augstu selektivitati pret SUBI. Sie rezultati
liecinaja, ka P5 modificé$ana var samazinat SUB1 inhib&Sanas selektivitati attieciba pret
cilvéka 20S proteasomu.

2.7 P5un P1 pozicija modificétu peptidisku borskabju sintéze

Lai uzlabotu savienojumu selektivitati, tika nolemts inhibitoru strultira ieklaut
selektivitati uzlabojosus stuktiirelementus. Par pamatu nakamo inhibitoru dizainam kalpoja
savienojums 19f, kuram P1 pozicija atrodas glutaminskabes sanu kéde. Sis savienojums
iepriek§ uzradija véra nemamu selektivitati pret SUBI, salidzinot ar cilvéka 20S
proteasomas inhib&sanu.

Biivbloka 20f sintézei Soreiz tika izvéléta cita pieeja (11. shéma), kas bija atradka un
daudz produktivaka. terc-Butilakrilats tika paklauts vara(I) kataliz&tai B-boriléSanas
reakcijai,’® kas lava iegiit produktu 49 ar augstu iznakumu. P&c paresterificésanas un
Matesona homologg$anas iegttais hlorids 35 tika parversts par bis(trimetilsilil)amina

atvasinajumu 20f.

2 Vidgja vertiba no diviem atseviskiem mérijumiem (+ standartnovirze).
b Sakotngjie rezultati; sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry
Laboratory, The Francis Crick Institute.
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35 20f
11. shéma. Alternativa pieeja borskabes fragmentu saturo$a biivbloka 20f sintézei.

legiitais bivbloks 20f tika sametinats ar ieprieks sintez&tiem peptidiem 50a-g, kam
modificéta P5 pozicija, lai iegiitu starpproduktus 51a—g (12. shéma). Sie savienojumi talak
tika paklauti paresterificé$anas reakcijai, lai ieglitu peptidiskas borskabes 52a—g, turklat
reakcijas laika tika noskelts terc-butil- esteris.

e
R
(,)‘ Me

TMS)N. B
( )2 \;/ O Me Me
9 +-BuO,C.__~ M
Rt 8, ~ 2 201 R4 e
N . N~ ~CO,H B0 Me
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i“BUB(OH),, 1 M HClgg H . H/\n/ ~ B0
MeCN/Heksans o) o 3
Me \/go
Me
52a-g

12. shéma. Borskabju 52a—g iegiiSana.

Peptids 50a tika sametinats ar ar ieprieks iegtito buvbloku 20d, kas satur&ja PMB-
aizsargatu hidroksietil- aizvietotaju, lai iegitu savienojumu 53, kas péc paresterificéSanas un

PMB grupas noskelSanas ar TFA deva galaproduktu 54 (13. shéma).
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13. shéma. Savienojuma 54 iegiiSana.

2.8 P5 un P1 pozicija modificétu peptidisku borskabju PfSUB1 inhib&Sanas spéja
Savienojumu 52a—g un 54 PfSUBI inhib&$anas sp&ja redzama 8. attela.? Lielakoties
Sie savienojumi uzradija samazinatu aktivitati, salidzinot ar attiecigajiem savienojumiem,
kam modific&ta tikai P5 pozicija, tacu jaatzimé, ka savienojumu SUB1 inhib&Sanas sp€ja
joprojam bija nanomolara ITmeni. Attiecigi savienojums 54 uzradija nedaudz uzlabotu

PfSUBI inhib&Sanas spgju, salidzinot ar savienojumu 48Kk.

, N
Me © -\/go Fh

Me I1Cs0 a b
52 (PfSUB1 1304+064nM 3613+24‘InM
focaliva @” ot
g
. ,5:f‘f‘,59v9,5, M1 ,2;,79,’{0:5,7 M 1534+ 911,1, M 981 ;79,72787 nM__ 6,14 £0,07nM
(0] H (o] H PH
. NIKICLN/\H/NYB‘O
v # & o i
Me
Ph Me

54
IC5o (PfSUB1) = 6,57 £ 0,35 nM

8. att. Savienojumu 52a—s un 54 rPfSUBI inhib&sanas sp&ja.’

2 Sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry Laboratory, The
Francis Crick Institute.
b Vidgja vertiba no diviem atseviskiem mérijumiem (+ standartnovirze).
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Glutaminskabes fragmenta ietekme P1 pozicija tika noveértéta cilvéka proteasomas
inhib&3anas testa.? References savienojums 19f prakstiski neinhib&ja $o enzimu kompleksu,
savukart modificgtais savienojums 48| uzradija augstu inhib&Sanas sp&ju (9. att.). Apvienojot
modificéto peptidisko dalu no viena savienojuma un borskabes fragmentu no otra, tas
rezult§jas savienojuma 52b, kas uzradija nedaudz zemaku PfSUBI inhib&Sanas spg&ju, tatu

$ada veida tika ievérojami samazinata cilvéka proteasomas inhib&$ana pie 50 nM un 500 nM

koncentracijam.
Cilveka proteasomas 20S inhibésana j\ iH o y OH
N N _B-,
bezinhibitora Me” N N Y 0
7 - H H H
- O T \/&0
_w— 19f(500 nM) o
g
B
‘ —_—
T 400+ 52b (50 M) o . )
g —=— 52b(500 M) AP
2 NP NP o e
Q
% 200 - Me
5 481
7
481 (500 nM)
0- - i i( R K
0 20 40 60 l’\NuO'MﬂO\{\/‘LD
e
Laiks, min Me

9. att. Savienojumi ar modificétu P5 un P1 poziciju cilvéka proteasomas inhib&Sanas testa.

Savienojuma 52b rezultati $ajos testos apstiprindja, ka ir nepiecieSams savienojumu
strukttira ieklaut selektivitati uzlabojosu struktiirelementu, kas balstits enzima dabiskajos
substratos. Turklat sekojosajos parazitu augSanas testos $is savienojums uzradija traucetu

merozoitu egresu no infic€tajam asinsstinam.

2 Sakotngjie rezultati; sadarbiba ar M. J. Blackman, C. Withers-Martinez un kolégiem, Malaria Biochemistry
Laboratory, The Francis Crick Institute.
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SECINAJUMI

1. SUBI inhibitori, kas veidoti balstoties uz peptidu sekvenci dabiskajos substratos, ir
akttvaki, salidzinot ar inhibitoriem, kas atrasti savienojumu biblioteku skrininga.
2. Peptidiskais a-ketoamids 17 ar ciklopentil- grupu P4 pozicija uzrada visaugstako

SUBlinhib&sanas sp&ju, apstiprinot enzima S4 kabatas augsto hidrofobo dabu.

i ICso (PISUB1) = 370 £ 3,35 nM
AcHN ﬁN/\“/ j)J\r(N\/\COm sl )

HO Me

3. Ketoamida fragmenta maina uz borskabi peptidiskajos SUBI1 inhibitoros deva iespgju
izveidot savienojumums ar nanomolaru aktivitati. Izvélétas peptidiskas borskabes nomaca

parazitu vairo$an0s ari asinssiinu testos.

BECE BUY VRN b« ¥ S

2; IC5p = 0,9 uM (PfSUB1) 18; IC50 = 69 nM (PfSUB1)
neaktivs parazitu augSanas testos ECs (augSanas tests) = 1,8 uM

4. Aizvietotajiem P1 pozicija borskabés 19 jaataino L-aminoskabju stereokimija, lai iegtlitu

aktivakus PfSUBI inhibitorus.

" j\,\i‘/“,, i N H\/B(OH)2 )L i N B(OH),
eHoHor:eH/\g/ﬁe rL/\n/\r

19a; ICsp = 9,3 NM (PFSUB1) 19b; 1C5 = 60,1 NM (PfSUB1)

ECs, (augsanas tests) = 2,3 uM ECsp (augsanas tests) = 18,4 uM
5. Lipofili aizvietotaji peptidisku borskabju P3 pozicija nodrosina nepiecieSamas hidrofobas
sadarbibas ar enzima S3 kabatu, tadgjadi tiek iegtiti savienojumi ar uzlabotam PfSUBI1
inhib&8anas sp&jam un submikromolaru aktivitati parazita augsanas $tinu testos.
6. Savienojumi 48 ar dazadam N-acil- un N-sulfonil- grupam uzradija nanomolaru SUB1
inhib&Sanas sp&ju, noradot, ka $aja pozicija var tikt ievadits plass klasts ar alifatiskiem,
aromatiskiem un heteroaromatiskiem aizvietotajiem, tacu savienojumi ar metiléngrupu
karbonilgrupas vieta P5 pozicija uzradija samazinatu SUB1 inhib&Sanas sp&ju.
7. Glutaminskabes sanu k&des ievadiSana peptidisku borskabju P1 pozicija palielina SUB1

inhib&8anas selektivitati attieciba pret cilvéka proteasomu.
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8. Vara katalizéta terc-butilakrilata B-boriléSana un sekojo$a paresterificésana ir daudz
efektivaka pieeja savienojuma 34 iegtisanai, salidzinot ar ieprieks izmantoto pieeju, kura tas

tika sintezets no atslégas savienojuma 28.

CO,t-Bu

i-PrQ

- \
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Ot-Bu 2 soi Y 1 solis Qe Me 3 sofi fof

Y ey e NBo Me )(H"e
o kopéjais Me kopéjais Sy Me' Me

iznakums 93 % Md iznakums 41 % e Me
t-butilakrilats 34 28 26

9. Visefektivakais reagents peptidiskas dalas sametinasanai ar a-aminoborskabes bvbloku

ir propanfosforskabes anhidrids, ta izmantoSana samazina blakusprodukta veidosanos.
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GENERAL OVERVIEW OF THE THESIS

Introduction

Malaria is an acute febrile disease caused by Plasmodium parasites and spread to
people through the bites of infected Anopheles mosquitoes. According to the latest malaria
report! in 2020 there were estimated 241 million cases of malaria and 627 000 of deaths
caused by this infectious disease.

Enzymes of microbial pathogens are well-established drug targets, from the bacterial
transpeptidase targets of beta-lactam antibiotics to the protease and reverse transcriptase
targets of several anti-viral drugs. Pathogenic protozoa such as the Plasmodium species that
cause malaria are no exception, and two of the historically most successful antimalarial drugs
(pyrimethamine and proguanil) target the parasite dihydrofolate reductase.2 However,
resistance to these antifolate drugs is now widespread and reports of the emergence of
parasite resistance to other front-line antimalarial therapeutics, including artemisinin-based
combinations (ACTS), are of great concern.® There is a widely accepted need to strengthen
the antimalarial drug pipeline by the identification of new classes of antimalarial drugs with
new modes of action.

All the clinical manifestations of malaria are caused by cycles of parasite proliferation
within red blood cells (Fig. 1). Specialised developmental forms called merozoites invade
the red cell and rapidly transform within a parasitophorous vacuole (PV) into feeding forms
called trophozoites. Over a period of around 48 hours in the case of the most virulent
Plasmodium species, Plasmodium falciparum, the intracellular parasite enlarges, undergoes
nuclear division, and finally segments to form 16 or more daughter merozoites. These are
released from the host cell in a Iytic process called egress to allow the merozoites to invade
fresh red cells and repeat the cycle. Research over the past 3 decades has revealed that egress
is regulated by a parasite enzyme pathway, with a central role for a calcium-dependent serine
protease called SUB1. A single orthologue of SUBL1 is found in the genomes of all known
Plasmodium species, and gene disruption studies have shown that SUB1 is essential for
parasite survival. SUB1 is synthesized as an enzymatically inactive zymogen, which
undergoes at least two proteolytic processing events.* First, autocatalytic cleavage forms p54
(54-kDa form), then a second processing step produces the mature p47 (47-kDa form) from

p54. The second processing event is mediated by plasmepsin X, a parasite aspartic protease.®
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Fig. 1. The asexual blood stage Iifmlciparum and the role of SUBL1 in egress.

SUBL is initially stored in a set of merozoite secretory organelles called exonemes and
then discharged into the PV lumen just prior to egress in order to encounter and precisely
cleave its substrates, leading ultimately to rupture of the PV and red blood cell (RBC)
membranes (Fig. 1). A cGMP-dependent parasite protein kinase G (PKG) is required for
discharge of SUB1 from exonemes.® Multiple substrates of SUB1 have been identified,
including merozoite surface proteins and a set of soluble PV proteins called the serine-rich
antigen (SERA) family.” In genetically SUB1-null parasites, rupture of neither the PV nor
RBC membrane occurs, leading eventually to death of the trapped parasites, so small-
molecule inhibitors of SUB1 are anticipated to similarly block egress and prevent parasite
replication.

Over recent decades, target-based and structure-guided approaches have been applied
in drug discovery. Rather than identifiying active compounds in cell-based assays first and
establishing their target and mechanism of action afterwards, target-based discovery focuses
on a specific protein and mechanism of action.2 Applying reversible colavent warheads in
drug design has led to covalent enzyme inhibitors that serve as powerful therapeutics, as well
as molecular probes with striking target selectivity.® One of the known electrophilic
warheads that targets hydroxyl groups in proteins/enzymes is o-ketoamide. And o-
ketoamide-based inhibitors form hemiketals when attaced by serine proteases. This approach
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gave two FDA approved drugs, Telaprevir and Boceprevir; both for treatment of hepatitis C.
Unfortunately, both have been recently suspended due to toxicity and less optimal efficacy,
highlithing the challenges for reversible covalent inhibitors.® Rationally designed a-
ketoamide inhibitors derived from SUB1 natural substrate have showed proof-of-concept to
inhibit the proteolytic activity of SUB1, yet, overall these inhibitors showed no anti-parasite

activity in cell based assays, presumably due to the polar nature of these compounds.
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Hydroxyl groups in proteins and enzymes, such as the side chains of serine and
threonine, can be bound also to boronic acid warhead by forming ate complex, which mimcs
the tetrahedral transition state.® This has made an impact in medicinal chemistry, yielding
FDA approved peptidic boronic acid inhibitors, Bortezomib and Ixazomib; both are
proteasome inhibitors used for treatment of multiple myeloma. Besides these, there are also
other boron-based enzyme inhibitors.
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Bortezomib Ixazomib

The aim of the Thesis is to optimize structure 1 in order to develop next generation
inhibitors with improved inhibitory potency against SUB1 and inhibition of parasite
replication in cell based models.

To achieve the aim of the Doctoral Thesis, the following tasks were set:

v' to summarize all the published SUB1 inhibitor discovery efforts;
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v to develop the methods for the synthesis of peptidic derivatives containing boronic acids
as warheads for reversible covalent binding to serine residue in the catalytic center of SUB1,;
v to develop the methods for the synthesis of the peptidic ketoamide and boronic acid based
inhibitors enabling the installation of different R* groups;
v to determine SUBL inhibitory potency and parasite growth inhibition in cell-based assays
of synthesized compounds as well as to evaluate the selectivity versus inhibition of
mammalian serine and threonine proteases;
v to analyze structure-activity relationships (SAR) of the synthesized compounds and to
use these observations for the design of new SUBL inhibitors.
Scientific novelty and main results

The research presented in the Thesis describes the development of synthesis methods
to obtain peptidic boronic acid SUB1 inhibitors. The established synthetic routes enabled an
access of various peptidic boronic acids with modified P1, P3 and P5 positions. The newly
synthesized inhibitors were evaluated for their ability to inhibit SUB1 as well as for their
antimalarial potency in cell based assays and in vitro selectivity counter screen tests (in
collaboration with Prof. Michael Blackman’s group at the Francis Crick Institute). The
research has resulted in a series of compounds with low nanomolar inhibitory potency in
SUB1 enzymatic assays several of which displayed sub-micromolar inhibitory potency in P.
falciparum parasite growth tests.
Approbation of the Thesis
Scientific publications:

1. Lidumniece, E.; Withers-Martinez, C.; Hackett, F.; Collins, C. R.; Perrin, A. J,;
Koussis, K.; Bisson, C.; Blackman, M. J.; Jirgensons, A. Peptidic boronic acids are
potent cell-permeable inhibitors of the malaria parasite egress serine protease SUBL.
Proc. Natl. Acad. Sci. U. S. A,, 2021, 118, £2022696118 (IF(2021): 12.779)

2. Lidumniece, E.; Withers-Martinez, C.; Hackett, F.; Blackman, M. J.; Jirgensons, A.
Subtilisin-like Serine Protease 1 (SUB1) as an Emerging Antimalarial Drug Target:
Current Achievements in Inhibitor Discovery. J. Med. Chem. 2022, 65, 12535-12545
(IF(2021): 8.039)
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Patent application:

Jirgensons, A.; Lidumniece, E.; Withers-Martinez, C.; Blackman, M. J.; Finn, P. W.
Novel boronic acid containing peptidomimetics as malarial serine protease inhibitors.
W02021/001697, 2021.

Results of the Thesis were presented at the following conferences:

1.

Petrova, E.; Jirgensons, A. Synthesis of Peptidic a-Ketoamide Analogues of Known
PfSUBL1 Inhibitor. 10th Paul Walden Symposium on Organic Chemistry, June 15—
16, 2017, Riga, Latvia.

Lidumniece, E.; Jirgensons, A. Peptidic a-ketoamides as PfSUB1 Inhibitors.
Balticum Organicum Syntheticum (BOS 2018), July 1-4, 2018, Tallinn, Estonia.
Lidumniece, E.; Jirgensons, A. Peptidic a-ketoamides as an inhibitors of PfSUBL.
VIII EFMC International Symposium on Advances in Synthetic and Medicinal
Chemistry, September 1-5, 2019, Athens, Greece.

Lidumniece, E.; Jirgensons, A. Peptidic boronic acids as inhibitors of PfSUBL. 12th
Paul Walden Symposium on Organic Chemistry, October 28-29, 2021, Riga, Latvia.
Lidumniece, E.; Withers-Martinez, C.; Blackman, M. J.; Jirgensons, A. New
peptidic boronic acid containing inhibitors of malarial subtilisin-like serine protease
(SUBL). Balticum Organicum Syntheticum (BOS 2022), July 3-6, 2022, Vilnius,
Lithuania.

Lidumniece, E.; Withers-Martinez, C.; Blackman, M. J.; Jirgensons, A. Substrate
based inhibitors of malarial subtilisin-like serine protease containing boronic acid
warhead. 2nd Drug Discovery Conference, September 22-24, 2022, Riga, Latvia.
Lidumniece, E.; Withers-Martinez, C.; Blackman, M. J.; Jirgensons, A. Rationally
designed inhibitors of malarial subtilisin-like serine protease containing boronic acid
warhead. ACS Publications Symposium: Biological and Medicinal Chemistry,
March 6-8, 2023, Bonn, Germany.
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MAIN RESULTS OF THE THESIS
In the previous studies of our group, a SUB1 inhibitor was developed, which was based
on SUBL1 natural substrate SERA4 cleavage site 1 decapeptide sequence (KITAQ|DDEES)
where the scissile bond was replaced with a-ketoamide substructure (Fig. 2). Studies of
structure activity relationships led to an analogue 2 that possessed sub-micromolar inhibitory

potency against recombinant PfSUB1.1!

Me o
Me o e 0 OH OH
H H H H H
N l\bWN' N)ﬁrN\.)lfN N\)LN N\)LN%/
Hol 2 H : R L
HO™ "Me OH
H,N" Yo o HO" Yo
K | T A a /o D E E s

ICso = 0.9 uM (PfSUB1)
Fig. 2. Sub-micromolar ketoamide inhibitor 2 derived from SUB1 natural substrate.

Unfortunately, compound 2 and related a-ketoamides showed no anti-parasite activity

in cell based assays. This was perhaps unsurprising due to the polar nature of these
compounds, including the presence of a carboxylic acid moiety, which was designed to
mimic endogenous PfSUBI substrate by interacting with the basic S’ surface of the PfSUB1
active-site cleft. The polar inhibitors like 2 presumably had poor membrane-permeability
properties. In our work we decided to modify the structure of compound 2 at P4 position, as
the previous substrate scanning studies'? showed that hydrophobic substituents are preferred

at this position.
1. Synthesis and inhibitory potency of peptidic a-ketoamide inhibitors

The synthesis of peptidic a-ketoamide inhibitors with modified P4 position were

performed in analogy to the described literature procedures.'! First, building block 8 was
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prepared starting from trans-crotonic acid (3) (Scheme 1). In the presence of oxone it was
epoxidized to 2,3-epoxybutyric acid (4). AICIs catalyzed epoxide opening reaction with
sodium azide gave a-hydroxy,B-azidobutyric acid (5), which was subjected to the coupling
with B-alanine tert-butyl ester hydrochloride (6). Azide reduction with Pd/C, H> gave amine

8, which was used in the next reaction step without purification.
OH

Oxone, NaHCO O NaNs3, AICl; (cat
Me\/\fo 3, o _NaNg, AICl, (eat)_ o]
OH H,0, acetone, OH H,0, pH = 4
0.004 M disodium EDTA Mé Ny OH
3 4 5
o
@ o
HaN tBu /\)L Me © o
__HATU,DIPEA ]\)L OtBu Pd/C HZNMNVLOt-BU
T pomrt " MeOH on M

Scheme 1. The synthesis of amine 8.

Non-prime peptidic part of the inhibitors was synthesized by coupling N-Fmoc-,0-
tert-butyl-protected L-threonine (10) with glycine ethyl ester hydrochloride (9) to form
amide 11 (Scheme 2). Compound 11 was submitted to Fmoc- cleavage and resulting amine
was coupled with different natural and non-natural amino acids to get intermediates 12a—j.
Further cleavage of protecting group and acylation gave intermediates 13a—j, which were

hydrolyzed providing acids 14a-j.

CI®® Fmoc-Thr(t-Bu)-OH (10) /\CO 1. DMF,120 °C
HATU, DIPEA Bt S = 12a
HN_COzEt _ ATH, DIFEA B v 2. PgHN-CHR'-CO,H,
r. t-BuO HATU, DIPEA, DMF or
DCM, . t.
1
1. DMF,120 °C (Pg = Fmoc) j\ T ou g
PgHN/'\[rN’ “Nco,Et or Hy, Pd/C, EtOH (Pg = Cbz) e ”)\H/N" HACOZEt
0
tBuO M 2. Ac,0, DIPEA, DMF or DCM +Buo” “Me
12a-j 13a-j
1 o R! o]
)Ol\ R ' o N LiOH J N ~
Me” “N SN CO,E Me™ °N T N CoH
Ho T H THF:H,0 (20:1) H H
800" “Me t-Bu0” Me
13a-j 142

Scheme 2. The synthesis of peptidic scaffolds 14a—j.

Building blocks 14a—j and 8 were coupled by using HATU as a coupling agent to
provide products 15a—j (Scheme 3). After oxidation of hydroxyl group with DMP and
cleavage of tert-butyl groups with TFA, the final compounds 17a—j were obtained as a

mixture of diastereomers.
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Scheme 3. The synthesis of a-ketoamides 17a—j from peptidic scaffolds 14a—j.

Proteolytic potency? of all synthesized compounds (see Table 1) was tested by

monitoring the cleavage of the peptidic fluorogenic substrate SERA4st1F-6R12 in the

presence of recombinant PfSUB1. Results indicated that inhibitors bearing phenyl or

cyclohexylalanine (17i and 17j, Table 1, entries 9 and 10) at P4 position showed reduced

potency, also the inhibitor 17e with cyclopropylglycine (Table 1, entry 5) at P4 showed poor

inhibition, presumably due to insufficient interaction with hydrophobic S4 pocket. Most of

all other tested compounds (Table 1, entries 1-4, 7, 8) showed moderate to very good activity

at 10 uM concentration, particularly when isoleucine was replaced with cyclopentylglycine

17f (entry 6).
Table 1
Inhibitory Potency of a-ketoamides 17a—j?
Degree of rPfSUB1 Degree of rPfSUB1
1 1
S57 R inhibition at 10 pM, % 21177 R inhibition at 10 pM, %
Me,
1. 17a ) 78 6. 17f Q 97
Me
ot O
2. 17 . 71 7. 17 -- 75
Me;i\v’ 9
3. e O 73 8. 17h @ 56
o ad AL 78 9. 17 ®~ 38
5. 176 [>-- 45 0. 17j <:>~ 23

increase compared to the parent inhibitor 2.

An ICsg value for compound 17f was determined to be 370 + 3.35 nM, it was a 2-fold

2 Single measurenment for each compound; in collaboration with M. J. Blackman, C. Withers-Martinez et al.,

Malaria Biochemistry Laboratory, The Francis Crick Institute.
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2. Synthesis and inhibitory potency of peptidic boronic acid inhibitors

Boronic acids are known as efficient warheads for covalent reversible inhibitors of
serine proteases,'®'** which prompted us to investigate them as substructures for SUB1
inhibitors. a-Ketoamide moiety in compounds 2, 17f (R'= 2-butyl or cyclopentyl) was
replaced with boronic acid moiety (Fig. 3), and the compounds 18, 19a were selected as a
base for further development of PfSUBL inhibitors by modifying P1, P3 and P5 positions.

Ry 9 Ho9ow B9,
AcHN)\r(N" N N NysCoH = AoHN)\r(N:ﬁl\u/\n/N\_—/B(OH)Z
N H
0 0O Me O Q 0 MNe
HO Me e HO Me
2 (R'= i-Bu) 18 (R = i-Bu)
17f (R' = c-Pent) 19a (R' = c-Pent)
Fig. 3. Boronic acid covalent reversible serine binding group as an alternative to o-
ketoamide.

2.1 Synthesis of the peptidic boronic acids with a modified P1 position?®

To evaluate SAR of P1 amino acid side chain, boronic acid derivatives were
synthesized bearing different cyclic or acyclic boronic acid moieties at P1 position (Scheme
4). Building blocks 14k,f and 20a—g were coupled by using HATU (A) or T3P (B) to provide
the products 21, 22a—g. Protecting groups were cleaved either by BBrs (C) or by treatment
with isobutylboronic acid followed by TFA (D) to get free boronic acids 18, 19a—g.

R' e A: HATU, R! e N Oj
o) DIPEA, DCM !
N . ; N N._B<
AcHN)\n/ “CONTICOH f o (x)N E';j rt. AcHN/Hr . N/\n’ Y o
(0] H Y o B: H 2
) : T3P, NMM, 0 O R
t-Buo” Me R EtOAG, . t. t-Bu0” Me
14k,f 20a-g 21, 22a—g

C: BBrj;,

R' 0 OH
DCM, -78 °C i N2
- . AcHN . N/\n’ Y om)
D: i-BuB(OH),, 1 M g Hob R s
HO” “Me -

HCI, MeCN/Hexane,
then TFA, DCM

18, 19a-g
Me, @ © Me, @ © R2 Ph, @ ©
’rNH3CI YNHSCI ’rN(TMS)z }MNH3CI
" Q,B\O o-B, o-B, o-By
z B Me/,, O Me G :\O Rz =c:H Me G $O
g g d: -(CH,),-OPMB g
Me Me Me e: -(CH,);-OPMB Me
Me @ Me b Me f: -(CH,),CO,t-Bu Me ]

Scheme 4. Synthesis of the peptidic boronic acids with a modified P1 position.

The synthesis of boronic acid building blocks 20a—g was performed as described in

the following schemes. To synthesize the corresponding a-amino boronic acid derivative
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20a that resembles L-alanine stereochemistry, the Matteson homologation'® was used
(Scheme 5). First, methylboronic acid pinacol ester (23) was converted to (+)-pinanediol
ester 24a. Second, dichloromethyllithium species was generated in situ at —100 °C and to
this the boronic ester 24a was added. Zinc(Il) chloride promoted rearrangement of the
intermediate ate-complex gave the desired a-chloro boronic acid ester 25a. This was
subjected to Sn2 reaction with LIHMDS to give bis-TMS protected a-amino boronic acid
ester. After addition of 4 M HCI in dioxane, the desired building block 20a was isolated.
To obtain the stereoisomer 20b the same pathway as described above was employed
(Scheme 5), but (-)-pinanediol was used to prepare a chiral boronic ester 24b. It was
transformed to chloride (R)-25b, which was used to make the compound 20b where a-amino

boronic acid moiety resembles D-alanine stereochemistry.

e CIYMG LN
Me (+) or (4) o-B, n-BuLi, DCM, 8 LiIHMDS )’ 3
O’B\o pinanediol _ Me O -100°C, THF Mey b _ THF -78%Ctor.t " o-8B,
Me‘)j( THF, r. t. then 1 M ZnCl,, then 4 M HCl in dioxane, e 0
Me e Me Me THF, ~100°C to . t. pentane, ~78°C to. t.
Me Me Me
Me Ve
57 24a (S)-25a (R)-20a
24b (R)-25b (S)-20b

Scheme 5. The synthesis of boronic acid containing building blocks 20a,b.

To optimize the synthesis of the building blocks 20c—f, the key intermediate 28 was
prepared (Scheme 6). Isopropoxyboronic acid pinacol ester (26) was subjected to
homologation with chloromethyllithium species. According to GC-MS analysis the reaction
mixture contained iodo-/chloro-substituted products in a 1 : 5 ratio, thus, the crude product
was treated with Nal in acetone to get a full conversion to product 27. Transesterification
reaction led to an intermediate 28, which was converted to a building block 20c by the

treatment with LiIHMDS.
1.1 >l
n-Buli,
Me then TMS-CI Me M Me

Me Me ; P e,

O, o o] | (+)-pinanediol o) |
Me;t ‘s—ojpy THF.-78°Ctor.t Mei o/ Me o/
Me ol 2. Nal, g THF, . t. g

acetone, refux M€

26 27 28
Me Me
LiIHMDS Me"‘O\B_/N(TMS)Z
THF, -78°Ctor. t., g
20c

Scheme 6. The synthesis of boronic acid containing building blocks 54c.
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p-Methoxybenzyl alcohol was deprotonated with n-BuLi and then added to the
building block 28 to get substitution product 29 (Scheme 7). Further homologation reactions
and conversion of chloride 31 to bis-TMS protected amine 20d was performed as previously
described. To avoid the loss of valuable building block, it was decided to use the compound
in the coupling step as an N,N-bis-TMS protected intermediate 20d.

Homologue 20e was obtained from compound 30 by the same homologation and
substitution sequence described (Scheme 7).

To obtain amino boronic acid building block 20f containing a carboxylic acid moiety
in the side chain, the synthesis was started with deprotonated tert-butyl acetate and
iodomethaneboronate 28 (Scheme 7). The Matteson homologation gave a-chloro boronic

acid ester 35 in excellent yield, which was then converted to bis-TMS protected amine 20f.

OPMB
Me, 'V'eo | PMB-OH, Me, M?o OPMB " Me Q‘B/(
Me “Xg_/ _mBuli,DMSO _ Me “ "o/ n-Buli, " N
g THF, 0°Ctor. t. Kot Et,0, -100 °C © “‘O
tor. t. Me
28 29 30
n-BuLi, DCM,
~100°C, THE~ Me_ Me PPY8 | vps Me 1 PPIe
30 ——— > Me WO, ————— Me WO,
then 1 M ZnCly B THF, -78°C B
THF, -100 °C "0 ¢l "0 N(TMS),
i 31 20d
n-BuLi
Et,0, ~100°C
OPMB OPMB OPMB
n-BuLi, DCM
Me 0 *10000, THF LiHMDS
S B . Me, O T Me oo Au,
Me i then 1 M ZnCl, ~~g7 cl THF, -78°C S BT ON(TMS),
e ...o THF, ~100°C  Me o Me ‘,.O
Me Me
32 33 20e
o} CO,t-Bu
)J\ CO,t-Bu
Me” “Ot-Bu j n-BuLi, DCM,
LDA Me, O~g -100°C, THF Me Og NG
THF, -78°Ctor.t. Me .u(‘) then 1M ZnCl, Me .né
Me THF, -100°C  Me
34 35
CO,t-Bu

LiHMDS B “N(TMS),
5 —— > ]
THF, -78°C Me--\O
Me

20f
Scheme 7. The synthesis of boronic acid containing building blocks 20d—f.
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Finally, the compound 20g containing a phenyl group alpha to the boronic acid was
synthesized. Unfortunately, the previously used Matteson homologation was not successful.
Alternative method was applied (Scheme 8), which involved the use of isopropoxyboronic
acid pinacol ester (26) and in situ generated dichloromethyllithium species to provide
boronate 36. Transesterification gave compound 37, which was used in 3 steps sequence to

obtain 20g as a mixture of diasteromers (1 : 2 ratio).

Cl
n-BuLi, DCM,

. . Me, Me
Me O‘I|3Oi-Pr -100°C, THF Me o‘IIBJ\CI (+)-pinanediol e ..\O\ _<CI
B
'V"5>S(O then 5 M HCI Me>§(0 THF wd o
Me™ Me Me Me

26 36 37
1. PhMgBr, 1 M ZnCl, ®

Me Me Q

THF, =78 °C Me “\O\ NH;Cl

L C

2. LIHMDS, "'o’B
THF, -78 °C

3.4 M HCI,
Hexane 20g

Scheme 8. The synthesis of boronic acid containing building blocks 54g.
2.2 Inhibitory potency of the peptidic boronic acids with a modified P1 position?

When a-ketoamide functionality in compound 2 was replaced with boronic acid, it
resulted in compound 18, which showed ~sevenfold increase in PFSUB1 inhibitory potency
compared to the best a-ketoamide 17f (Table 2, entry 1). Combination of the known features
from the a-ketoamide series (cyclopentane at P4) and boronic acid moiety resulted in 19a
displaying low nanomolar potency (entry 2). Boronic acid epimer 19b and removal of the
methyl side chain at the P1 sub-site (19c, Table 2, entry 4) resulted in the decreased potency.
Exploring extended alkyl or phenyl substituents at the P1 sub-site (compounds 19d—g, Table
2, entries 5-8) met with only limited success, only boronic acid 19d bearing a hydroxyethyl
substituent displayed increased potency compared to 19a.

Selected most active inhibitors were tested for their capacity to inhibit growth of P.
falciparum parasites (Table 2). Compounds 18, 19a and 19c displayed inhibition potency
close to 2 uM, however, there was a poor correlation between ICso and ECso values. It was
concluded that this set of compounds suffered from poor access to PfSUBL1 within the

intracellular parasite.

2 In collaboration with M. J. Blackman, C. Withers-Martinez et al., Malaria Biochemistry Laboratory, The
Francis Crick Institute.
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Table 2

Inhibitory Potency and Growth Inhibition of Peptidic Boronic Acid Inhibitors

ECso (uM)
Entry Structure (I,I%SOSEAD (parasite
growth)
Me
1 18 i “MeH i i 69.4+12 1.8£0.6
ey Nf(N/\n,N\__/B(OH)z A%l 8%0.
Ho0o 0 e
HO' Me
o H o H
2. 19a Me)LN Ny, N/\[rN\:/B(OH)Z 93405 23+14
) H 0 e
HO' Me
3 19b )OL P R 60.1 % 2.1 184+1.8
. N, N._B(OH), A2, 4+1.
HO' Me
o H o H
4, 19¢ Ve )LN N, N/\n,NvB(OH)z 543+1.1 1.9+0.4
Ho9 H 0o
HO Me
o] H (o] H (‘)H
5. 19d NN N 4.6+0.1 15.0£3.6
H o H o i
HO' Me
o H o H ?H
6. 19 Me)LN Ny, N/\n/N\:/B\O 204.2+17.5 N.D.
Hog "o '\)
HO' Me
f o) H (o] H (I)H
7. 19 Me)l\N N,, N/\n/N\:/B\O 18.7+13 N.D.
H o H o :\/&
HO Me O
o H (o] H
8. 199 Me)LN Nf\N/\n,N\rB(OH)Z 112.0£23 N.D.
H o H 6 pn
HO' Me

1Cso values were determined by quantifying inhibition of rPfSUB1-mediated proteolytic cleavage of a fluorogenic

peptide substrate. Values are mean averages from at least three independent measurements + SD.

ECs values were obtained by quantifying inhibition of P. falciparum growth in vitro over a period of 96 h (two
erythrocytic growth cycles) using SYBR Green | assay. Values are mean averages from at least three independent

measurements + SD. N.D., not determined.

2.3 Synthesis of the peptidic boronic acids with a modified P3 position

To explore further possibilities to optimize the inhibitors, a molecular modelling was

used. The docking of a compound 19a into X-ray crystal structure derived model of PfSUB1?

(Fig. 4) revealed that the P3 side chain of the bound inhibitor 19a is extended into solvent

2 In collaboration with M. J. Blackman, C. Withers-Martinez et al., Malaria Biochemistry Laboratory, The

Francis Crick Institute.
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area, with no significant contacts with the molecular surface of the PfSUBL catalytic domain.
However, the docking results showed a potential for modifying and/or extending the P3
amino acid side chain in order to promote hydrophobic interactions with the S3 pocket (L461

residue).

SE>
@@ o TY

- S5
QCNHD s1 0 sz/HN\/—\
TS /_O//\OH b
- > T

Fig. 4. Compound 19a into X-ray crystal structure derived model of PfSUB1.

The synthesis of inhibitors was performed according to Scheme 9. EDC-HCI, HOBt
and DIPEA activating system was used to incorporate different lipophilic amino acid
residues in the structure of inhibitors. Boc group in compounds 39a—j was cleaved with HCI
and followed by coupling with an N-Boc-cyclopentyl glycine (40) to give the intermediates
41a—j. Deprotection of Boc group and acetylation gave tripeptides 42a—j. Hydrolysis of the
ester group and coupling of the resulting acid with an a-amino boronic acid ester building
block 20a gave the desired intermediates 43a—j. The last step involved the transesterification

reaction with isobutylboronic acid to get boronic acids 44a-j.
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9, EDC-HCI, 1.4 M HCl in1,4-dioxane,

H
BocHN COZH HOBt, DIPEA BooHN\)L /\CO Et CHClg, 1. t. BocHN N\)LN/\CO Et
T 2 z 2
R3 CHCl, . t. R3 2. BocHN-Cpent-Gly-OH (40), o s H
EDC-HCI, HOBt, DIPEA
38a-j 39a-j CHCl, 1. t. 4a-j

1.4 M HCl in1,4-dioxane,

CHCl, 1. t. AcHN \)L /\co Et 1. LIOH, THF/H,0
2. Ac,0, DIPEA, 0 R? 2.20a, T3P, NMM,

CHCl3, . t. EtOAC/DMF

42a-j
Me
\)L OuMe i-BUB(OH),, 1 M HCl,g \)L
AcHN /\n’NV MeOH/Hexane AcHN N \_/ B(OH),
O MNe
43a-j 44a-j

Scheme 9. The synthesis of peptidic boronic acids 44a—j.

2.4 Inhibitory potency of the peptidic boronic acids with a modified P3 position?
The first two examples with alanine and valine side chains at the P3 position
(compounds 44a and 44b) showed low nanomolar potency, which was similar to inhibitor
19a with threonine side chain. Importantly, both compounds 44a and 44b with more
lipophilic side chains showed increased sub-micromolar potency to inhibit the parasite

growth in cell based assays (Fig. 5).1°

R e

44a 44b
ICs0=7.8+0.3nM ICs0=5.7 + 0.1 nM
ECso= 0.34 + 0.08 uM ECso= 0.26 + 0.06 pM

Fig. 5. Inhibitors of PfSUB1 with activity in cell based parasite growth and egress assays.

The inhibitory potency of peptidic boronic acids 44c—j were determined (Fig. 6). The
results indicated that the least active inhibitor was 44g. Compounds bearing leucine,
cyclopentyl, cyclohexyl or phenylalanine side chains (44i,e,f,j) showed similar potency to
inhibit SUBL. Peptidic boronic acids possessing tert-butylglycine (44c), phenylglycine
(44d) and isoleucine (44h) side chains at P3 position were slightly better SUBL1 inhibitors.

2 In collaboration with M. J. Blackman, C. Withers-Martinez et al., Malaria Biochemistry Laboratory, The
Francis Crick Institute.
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1
)
0 hoo " Me/’\'A;Me ©
3.
Me)LN N\)LN/\H/N\/B(OHH R%
)

H o g M Me Co . a
1 (PfSUB1) = 2.10* nM 2.83 +0.06 nM
| | ' ' | '
v 0 oo Y
Me Me Me

e f g h i j
750 +0.76nM 6.72£0.28nM 43.50+272nM 5.38+0.08nM 7.80+0.08nM 6.9 +2.62nM

*single measurement
Fig. 6. Inhibitory potency of peptidic boronic acids 17¢—j.2

Examination of the inhibitory potency of compound 44b against the mammalian
trypsin-family serine proteases trypsin, chymotrypsin, and elastase revealed a high degree
of selectivity for PfSUB1? (>>100-fold). Furthermore, P. falciparum cultures containing
highly mature schizonts were supplemented with compounds 44a and 44b at 10 uM
concentration. Microscopic examination of the cultures revealed schizonts arrested by these
compounds, confirming inhibition of schizont rupture.®
2.5 Synthesis of the peptidic boronic acids with a modified P5 position

Combining all the known SAR results from previous modifications a set of new
inhibitors with different N-capping groups (P5 position) was synthesized (Scheme 10). First,
compound 45 was obtained using previously described peptide synthesis, which involved
the same coupling procedure as in Scheme 9. Slightly different method for coupling of an
acid 45 with a-amino boronic acid building block 20a was applied.!” The key intermediate
46 was deprotected and either coupled with an acid, acylated, sulfonylated or substituted to
N-monoalkylated amine via reductive amination. The last step to give products 48a—s was
carried out as described before by using transesterification reaction with isobutylboronic
acid.

? Values are mean average from two independent measurements + SD.
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Me CHClj . t. 2. BocHN-Cpent-Gly-OH (40),
Me Me EDG-HCI, HOBt, DIPEA
Me CHClg, . t.

39h 41h

H Me
20a, T3P, 9y (')"Me
_LiOH _ NMM, DMAP R
/\ _— ~ PN
THFH,0  BocHN r COH  “CHely, 15°c.  BocHN rﬁ/\ﬂ/ O Me

9,EDC-HCI, HOBt, 1.4 MHClin 1,4-
Bocl—i\lICOzH DIPEA BocHN, H/\COZEt dioxane, CHCI, rt. _ BocHN (f‘\ N Nco,et

tor. t.

1.4 MHClin 1,4-
dioxane, CHCI3 r.t.

H Me
2. R%-CO,H, EDC-HCI, o 9 Ve I1B'\lj|BF(|C(>:|H)z
HOBE or (R*C0O),0 or R4 B' _ 1 MAblg
R*S0,CI, DIPEA, N/\n’ “MeOH/Hexane N/\n’
CHCIj . t.

or R*-CHO, Et3N,
TFE, then NaBH,

§|-

47a-s 48a-s
Scheme 10. The synthesis of peptidic boronic acids 48a-s.
2.6 Inhibitory potency of the peptidic boronic acids with a modified P5 position?
PfSUBL inhibitory potency for compounds 48a-s is shown in the Fig. 7. The results
indicated that compounds with N-acyl groups bearing aliphatic, aromatic and heteroaromatic
substituents at P5 position displayed inhibitory potency at low nanomolar range comparable
to the parent inhibitor 44h. Interestingly, sulfonylated analogue 480 with less peptidic nature
gave similar activity compared to acylated analogues. When carbonyl group was replaced
with methylene group, the SUBL inhibitory potency decreased (48e vs 48p; 48j vs 48r; 48l
Vs 48s).
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(PfSUB1)= 3.90+0.27nM 3.87+0.34nM 3.13+0.05nM 1.96+0.04nM 3.17+0.05nM  6.90 + 0.27 nM

(o} (e} o (e} (e}
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O

9 Q Oy P H H HH H H
NC N So < < <
X~ X \\( ~ - X Xy s
< i |
NH NH S 2N ZN
m n o p r s

4.25+0.40 nM 6.60 £ 0.61 nM 3.38+0.30nM 23.17+0.03nM 7096+ 6.75nM 23.46 + 1.65 nM
Fig. 7. Inhibitory potencies of peptidic boronic acids 48a-s.?

Unfortunately, compounds 48f,k,I at 500 nM concentration demonstrated increased
inhibition of human proteasome® although their 1Cso (PfSUB1) values were similar to
compound 44b, which showed high selectivity against SUB1. These results suggested that
madification at P5 position can lead to decreased selectivity.

2.7 Synthesis of the peptidic boronic acids with a modified P5 and P1 position

To improve selectivity for inhibition of SUB1 and to avoid the off-target effects
against human proteasome, the selectivity inducing features from previous SAR studies were
taken into account. The base for the design of the next set of inhibitors was compound 19f
containing glutamic acid at P1 position, which showed remarkable SUBL inhibition
selectivity versus proteasome inhibition.

Even though the key amino boronic acid building block 20f was synthesized, an
alternative, more productive synthetic pathway was developed (Scheme 11). tert-Butyl
acrylate formed p-borylated product 49 in excellent vyield in the presence of
copper(l) catalyst.’® After transesterification and the Matteson homologation the desired

chloride 35 was obtained, which was transformed to bis(trimethylsilyl)amine derivative 20f.

2 Values are mean average from two independent measurements + SD.
b Preliminary results.
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Me  Me

Me
B,Pin,, NaO¢-Bu, @ dite)
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“%..B Ot-Bu
/\H/OI-BU N-Ire:FH \/\cl/ (+)-Pinanediol 0 \/\g/
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t-butyl acrylate 49 34
Me, Me Me, Me
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DCM BulLi “’Cl) 9 '”Ol 2
n-BuLl 0
2001 ob Ao, _umos ot~ Ao,

100 °C, THF al -78 °C, THF N(TMS),
35 20f
Scheme 11. Alternative route to boronic acid building block 20f.

The building block 20f was used in the coupling reaction with previously synthesized
peptides 50a—g with modified P5 position to give intermediates 51a—g (Scheme 12). Finally,
these compounds were subjected to transesterification reaction with isobutyl boronic acid to
get the final products 52a-g, also tert-butyl ester was cleaved in these conditions.

O“

TMS).N
( )2 Me

i 0 o
u tBuOZCV , Me
R% N, ~ 54f R“ Bw,
N SN CooH ~ B0
H g rH 2 T3P, NMM, DMAP /\ﬂ/ Me
Me

CHCI3, -15°C torr. t.

002! Bu
50a-g 51a-g
4 H o H (I)H
i-BUB(OH)2, 1 MHCl,, Ry N/, N/\n/N\./B\O
H H :
MeCN/Hexane o o]
Me \/g
Me
52a—-g

Scheme 12. The synthesis of peptidic boronic acids 52a—g.

Peptidic building block 50a was also coupled with boronic acid building block 20d
containing PMB-protected hydroxyethyl substituent to give compound 53, which after
transesterification and PMB cleavage with TFA yielded cyclic boronic acid 54 (Scheme 13).
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Scheme 13. The synthesis of peptidic boronic acid 54.

2.8 Inhibitory potency of the peptidic boronic acids with a modified P5 and P1
position
The PfSUBL inhibitory potencies? of compounds 52a—g and 54 are presented in Fig. 8.

In general, potency is decreased compared to series of compounds 48 with the same
substituent at P5 position; however the inhibitory potencies are still in low nanomolar

concentrations.

(0] (o]
QH . (" [1T"
R4 r YB\O NN N

'\/& Ph
0o

ICs0 a b
(PfSUB1 1304+064 nM  36.13 + 2.41 nM

\\,O
pecalien @A o
9
,é-ftft;@-pﬁw, ,,,,, 1 ,2,-,7?,%,0,-571"}/',,,,]5;3,‘},%9,-11JIM,,,,9-?159-?%PM,,,?;!‘}EQ;Q?DM
(0] H (0] H IOH
DR RN GRAS:
NP0 H oo v
Me
Ph Me

54
IC5, (PfSUB1) = 6.57 £ 0.35 nM

Fig. 8. Inhibitory potencies of peptidic boronic acids 52a—g and 54.°

2 In collaboration with M. J. Blackman, C. Withers-Martinez et al., Malaria Biochemistry Laboratory, The
Francis Crick Institute.
b Values are mean average from two independent measurements + SD.
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As an exception, compound 54 with hydroxyethyl substituent showed increased
inhibitory potency against recombinant PfSUBL if compared to the compound 48K.

The effect on substituent at P1 to proteosome inhibition selectivity is depicted in
Fig. 9.2 Reference compounds 19f did not show inhibition of human proteasome, while
compound 481 showed high inhibition of human proteasome. When the peptidic part from
one and boronic acid moiety from other were combined, it resulted in compound 52b with
lower SUB1 inhibition potency but with remarkable decrease of inhibiton of human
proteasome at 50 nM and 500 nM concentrations.

Human Proteasome inhibition

o] OH
inhibi Pe i A s
600 - —e— Noinhibitor me” N T 2 H/\g/ \é/\i
_v_ 19f(500 nM) Her “Me o
— 19f
o
% 4004 ~== 52b(50nM)
2 —=— 52b (500 nM) i P! R
c oy N, N/\IrN\_,B(OH»
Q | H H =
Q N o O MNe
(2] 'Me
O 200 - Me
g 481
T
—+—481 (500 nM)
0~ o i o Y (é)H
0 20 40 60 SN Y TN "\/‘L
Time N O Aye © o

52b

Fig. 9. Compounds with modified P5 and P1 position in human proteasome inhibition
assay.

2 Preliminary results; in collaboration with M. J. Blackman, C. Withers-Martinez et al., Malaria Biochemistry
Laboratory, The Francis Crick Institute.
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CONCLUSIONS
1. Rationally designed SUBL inhibitors based on the peptidic sequence of natural substrates
of SUBL are more potent compared to inhibitors found by screening of compound libraries.
2. Peptidic a-ketoamide 17 bearing cyclopentyl substituent at P4 position shows the highest
SUBL inhibitory potency, confirming the hydrophobic nature of S4 pocket on the enzyme.

o $§ H S H
ICsp (PFSUBA) = 370 £ 3.35 nM
AcHN No, N/A\"’N\T/H\H’N\V/A\COZH %0
H
o O Me O
HO" Me

3. Replacement of ketoamide warhead to boronic acid in peptidic SUBL inhibitors enabled
inhibitory potency at nanomolar level. Selected peptidic boronic acids supressed parasite
replication in cell based assay.

D\m ﬁwﬁr %Hr Y — Mebw ﬁmr B

2; 1C5 = 0.9 uM (PfSUB1) 18; IC50 = 69 nM (PfSUB1)
no activity in parasite growth assay ECs (growth assay) = 1.8 uM

4. Substituents at P1 position of peptidic boronic acids 19 require the stereochemistry that

resembles L-amino acid stereochemistry to obtain more potent inhibitors of PfSUBL.

o) o) o) 0
L N N B(OH) J N N B(OH)
Me” N N ~ 2 Me” N N 2
D SO YYCYTT,
HO” “Me HO” “Me

19a; IC59 = 9.3 nM (PfSUB1) 19b; 1C5y = 60.1 nM (PfSUB1)
ECsq (growth assay) = 2.3 uM ECsg (growth assay) = 18.4 uM

5. Substitution of P3 amino acid side chain with more lipophilic residues in peptidic boronic
acids provides the necessary hydrophobic interactions with the S3 pocket resulting in
derivatives, which possess improved PfSUBL inhibitory and sub-micromolar potency in cell
based parasite growth assay.

6. Compounds 48 with different N-acyl groups and N-sulfonyl group at P5 position (N-
capping group) show low nanomolar inhibitory potency, implying that a wide variety of
substituents could be installed at this position. On the contrary, compounds without carbonyl
group at P5 position show decreased potency.

7. The introduction of glutamic acid side chain at P1 of peptidic boronic acids decreases the

off-target effect against human proteasome.
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8. Copper catalyzed B-borylation of t-butyl acrylate and subsequent transesterification was
more effective route towards key intermediate 34 compared to the initial attempt to

synthesize it from intermediate 28.

COzt Bu
i-PrQ
\

B,
OtBu __ 2steps 1 step O"' Me 3 steps g 9
Y 1l yield 41% l\/B Me XFME
Me overall yiel b Me M

o) overall yield 93 % Me’ Ve Me
t-butyl acrylate 28 26

9. The most efficient reagent for coupling of peptidic scaffold with a-amino boronic acid
building block was propanephosphonic anhydride minimizing protodeboronated by-product

formation.
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