RIGAS TEHNISKA UNIVERSITATE

Materialzinatnes un lietiskas kimijas fakultate
Organiskas kimijas tehnologijas institts
Biologiski aktivo savienojumu kimijas tehnologijas katedra

RIGA TECHNICAL UNIVERSITY

Faculty of Materials Science and Applied Chemistry
Institute of Technology of Organic Chemistry
Department of Chemical Technology of Biologically Active Compounds

Jekaterina IVANOVA

Doktora studiju programmas "Kimija" doktorante
Doctoral Student of the Study Programme "Chemistry"

OGLSKABES ANHIDRAZU UN TIOREDOKSINREDUKTAZES
INHIBITORU KA POTENCIALO PRETVEZA SAVIENOJUMU
SINTEZE

Promocijas darba kopsavilkums

SYNTHESIS OF THE INHIBITORS OF CARBONIC
ANHYDRASES AND THIOREDOXIN REDUCTASE AS
POTENTIAL ANTICANCER AGENTS

Summary of the Doctoral Thesis

Zinatniskais vaditajs
docents Dr. chem. RAIVIS ZALUBOVSKIS

Scientific supervisor
Docent Dr. chem. RAIVIS ZALUBOVSKIS

RTU Izdevnieciba
RTU Press
2017



Ivanova J. Oglskabes anhidrazu un tioredoksinreduktazes inhibitoru ka potencialo pretvéza
savienojumu sint€ze. Promocijas darba kopsavilkums. — Riga: RTU Izdevnieciba, 2017. — 49 lpp.

Ivanova J. Synthesis of the Inhibitors of Carbonic Anhydrases and Thioredoxin Reductase as
Potential Anticancer Agents. Summary of the Doctoral Thesis. — Riga: RTU Press, 2017. — 49 p.

Iespiests saskana ar RTU promocijas padomes "RTU P-01" 2017. gada 19. oktobra [emumu,
protokols Nr. 4.

Published in accordance with the decision of Promotion Council "RTU P-01" of 19 October 2017,
Minutes No 4.

ISBN 978-9934-22-032-6 (print)
ISBN 978-9934-22-033-3 (pdf)



PROMOCIJAS DARBS IZVIRZITS KIMIJAS DOKTORA
GRADA IEGUSANAI RIGAS TEHNISKAJA UNIVERSITATE

Promocijas darbs kimijas zinatnu doktora grada iegtisanai tiek publiski aizstavets 2018. gada
11. janvart Rigas Tehniskas universitates Materialzinatnes un lietiSkas kimijas fakultate, Riga,
Paula Valdena iela 3, 272. auditorija.

OFICIALIE RECENZENTI

Profesors Dr. chem. Maris Turks
Rigas Tehniska universitate

Vadosa pétniece Dr. chem. Aiva Plotniece
Latvijas Organiskas sintézes institiits

Profesors Dr. habil. chem. Raimonds Valters
Latvijas Zinatnu akadémija

APSTIPRINAJUMS

Apstiprinu, ka esmu izstradajusi So promocijas darbu, kas iesniegts izskatiSanai Rigas
Tehniskaja universitate kimijas zinatnu doktora grada iegiSanai. Promocijas darbs zinatniska grada

iegliSanai nav iesniegts neviena cita universitate.

JekaterTna Ivanova ..............cooiii (Paraksts)

Datums: ...

Promocijas darbs ir uzrakstits latviesu valoda, taja ir ievads, literatliras apskats, rezultatu
izvertejums, eksperimentala dala, secinajumi, literatiiras saraksts, pielikums, 64 atteli, 14 tabulas,

kopa 121 lappuse. Literatliras saraksta ir 89 literatiiras avoti.



SATURS / CONTENT

PROMOCIAS DARBA VISPAREJS RAKSTUROJUMS......cooiiiiriieieinieiieeisiseieieie e 5
TEMAS AKTUALIEALE. .....eveueetiietetiet ettt ettt b ettt enes 5
PEtTjuma mErkis Un UZAEVUIMI ......c.coiiiiiiiiieiiiiee ettt 6
Zinatniska novitate un galvenie reZUIAL .........coiieriiiiiiiieiee e

PROMOCIJAS DARBA GALVENIE REZULTATI

1. 2-Aizvietota 6-sulfamoilsaharina atvasinajumu sintéze, hidrolize un CA inhib&Sanas

AKLIVITALES TAKSTUTOJUITIS ¢...tiuteiiiietietieteie sttt ettt ettt ettt e st esee b e s e saeeseeneeneensesesseeneeneeneensenes 7
2. 2-Aizvietota saharina atvasinajumu sint€ze, hidrolize un CA inhib&Sanas aktivitates

TAKSEUTOJUITIS ..ottt e sttt e st et et e et e e st et e eneent e s e et e eseeseeneensesseabeeneeneeneensensensens 10
3. Aromatisko sulfonamidu sint€ze un CA inhib&Sanas aktivitates raksturojums............c.cc..c..... 12
4. Leakadina atvasinajumu sintéze, to TrxR inhib&Sanas aktivitate un pretvéza aktivitate ......... 16
SECINATUMI ....cooooviiiiiieeiiesie sttt sttt 24
GENERAL OVERVIEW OF THE THESIS .26
IEEOAUCTION ..ottt ettt et sttt st ettt b e bt be et et naenreas 26
ATMS ANA ODJECTIVES ..ottt ettt ettt e et e et eae e st e st ensesse et e eseeneenseneensenseenes 27
Scientific novelty and Main TESULLS .......ccueriiiiriiieieeeee et 27
MAIN RESULTS OF THE THESIS ..ottt 28
1. Synthesis and hydrolysis of the derivatives of 2-substituted 6-sulfamoylsaccharin,

and determination of CA inhibitory @CtIVILY ......cecieieieieierieieee e 28
2. Synthesis, hydrolysis and CA inhibitory activity of 2-substituted derivatives of saccharin....31
3. Synthesis and CA inhibitory activity of aromatic sulfonamides............ccceevevereeirienenenennens 33
4. Synthesis, TrxR inhibitory activity and anti-cancer activity of Leakadin derivatives ............. 37
CONCLUSIONS ...ttt ettt b et b ettt b et b et ettt e 45
PUBLIKACIJAS / PUBLICATIONS ...ttt sssese st 46
LITERATURAS SARAKSTS / REFERENCES ........ooviuiiieiieiiieieceeeeeee e 48



PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Témas aktualitate

P&c Slimibu profilakses un kontroles centra informacijas onkologiskas slimibas ka naves
c€lonis Latvija ienem otro vietu aiz asinsrites sisteémas slimibam. Latvija uzskaité gada beigas esoso
onkologisko pacientu skaits ir pieaudzis no 49 272 pacientiem 2000. gada lidz 73 983 pacientiem
2016. gada. Pec statistikas datiem Latvija 2016. gada 5895 cilvekiem iestajas laundabiga audzgja
izraisita nave [1].

Pastav vairakas stratégijas v&za arst€Sanai, un T darba izstrades gaitd més pieversamies
divam no tam.

Viena no pieejam ir oglskabes anhidrazu (CA) inhibitoru izveide.

Zinams, ka cinku saturo$o enzimu oglskabes anhidrazu 9. un 12. izoformas (CA IX un
CA XII) ir paaugstinati ekspresétas hipoksijai paklautos audzgjos, tapec CA IX un XII ir definéti
par zalu mérkiem hipoksijai paklauto audz&u arst€sanai. Lai izvairitos no nev€lamajiem
blakusefektiem, janodrosina selektiva CA IX un XII inhib&Sana.

Paslaik kltnika ka pretvéza lidzekli nelieto nevienu CA inhibitoru, tau Sobrid savienojumam
SLC-0111 (1. att.) ir pabeigti pirmas kliiskas fazes p&tijumi [2, 3], un tas tiek gatavots otras
kliniskas fazes pétfjumiem. Galvenais SLC-0111 trikums ir relativi zema CA IX inhib&anas
selektivitate, salidzinot ar CA II (nemérka enzims, off-target), kas var izraisit dazadus
blakusefektus. Tapéc joprojam ir aktuala CA IX un CA XII inhibitoru klasta paplasinasana un

selekttvu inhibitoru mekl&jumi.

SLC-0111

1. att. CA inhibitora SLC-0111 struktiira.

Otrs darba virziens ir tioredoksinreduktazes inhibitoru sintéze.

Tioredoksinreduktazei (TrxR) ir svariga loma visos biokimiskajos procesos, kuros ir
iesaistits tioredoksins, pieméram, ribonukleotidu reduc€sana lidz dezoksiribonukleotidiem,
oksidetaju un radikalu neitralizacija u.c. Tioredoksinreduktazei ir nozimiga loma dazadu
fiziologisko un patologisko procesu (apoptoze, vezis, hronisks ickaisums, autoimtinas slimibas,
neirodegenerativas slimibas) norisé [4]. Novérots, ka TrxR bieZi ir paaugstinati ekspreséta véza
gadijuma, tapec TrxR1 ir uzskatama par svarigu mérki pretvéza terapija [5].
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Pétijuma mérki un uzdevumi
Pétijuma merki:
1. oglskabes anhidrazu inhibitoru izveide;
2. tioredoksinreduktazes inhibitoru izveide.
Promocijas darba galvenie uzdevumi:
1. saharina un aizvietota saharina N-alkilatvasinajumu sintéze un to hidrolize ar mérki
iegiit aizvietotas sulfamoilbenzoskabes, un CA inhib&sanas aktivitates noteikSana;
2. aromatisko sulfonamidu sintéze un CA inhib&Sanas aktivitates noteikSana;
3. leakadina atvasinajumu sint€ze ar aizvietotaju ievadiSanu aziridina cikla un pie

amidgrupas N, TrxR inhib&Sanas aktivitates un pretvéza aktivitates noteikSana.

Zinatniska novitate un galvenie rezultati

Sintezgta virkne N-alkilsaharinu un N-alkil-6-sulfamoilsaharinu, veikta to hidrolize, ieglistot
aizvietotas sulfamoilbenzoskabes. Visiem iegilitajiem produktiem noteikta hCA I, II, IX un XII
inhib&Sanas aktivitate. 6-Sulfamoilsaharina atvasinajumu hidrolizétas formas labak inhib€ ar vézi
saistito transmembrano izoformu hCA IX neka to cikliskie analogi, savukart cikliskie
6-sulfamoilsaharina alkilatvasinajumi ir spécigaki hCA XII inhibitori neka to atvértas formas.
Saharina atvasinajumi (gan cikliskie, gan hidrolizetie) ir selektivi hCA IX un XII inhibitori, tie
neinhib& hCA I un II, kas ir nemérka enzimi (off-target).

Ir sintez&ta virkne aril- un hetaril- aizvietotajus saturoso sulfonamidu. Dalai produktu tika
noteikta CA I, II, IX un XII inhib&Sanas aktivitate, pargjiem savienojumiem CA inhib&Sana
promocijas darba iesniegSanas bridi vél nebija noteikta. No paslaik pieejamiem datiem secinajam,
ka tioféna ciklu saturosie sulfonamidi ir labaki CA inhibitori neka benzola gredzenu saturosie.

Sintezeta virkne leakadina atvasinajumu ar aizvietotajiem pie cikla N un amidgrupas M.
Visiem iegilitajiem aziridina atvasinajumiem noteikta TrxR inhib&Sanas aktivitate, ka ari
citotoksicitate uz véza stnu linijam HT-1080 (cilvéka saistaudu fibrosarkoma), SHSY5Y (cilvéka
neiroblastoma), MCF-7 (cilvéka krits adenokarcinoma). Dazi no sintezEtajiem aziridina
atvasinajumiem inhib& TrxR pat par 100 %, savukart dazi izrada TrxR aktivéSanas efektu, un,
balstoties uz $aja darba apkopotajiem rezultatiem, ir diezgan griti izdarit secinagjumus par
struktiras — aktivitates likumsakaribam, tacu iegiitie rezultati norada, ka sintez&tajiem leakadina

atvasinajumiem ir augsts potencials pretvéza zalvielu izveidei.



PROMOCIJAS DARBA GALVENIE REZULTATI

1. 2-Aizvietota 6-sulfamoilsaharina atvasinajumu sinteze,

hidrolize un CA inhibé&sanas aktivitates raksturojums

Sadarbiba ar Latvijas Biomedicinas pétijumu un studiju centru veicam 6-sulfamoilsaharina
(1) (2. att.) un hCA II kokristalizaciju un ieguvam rentgenstruktiiru, ta paradot, ka tikai pirmgjais
sulfonamids mijiedarbojas ar enzima metala jonu [6].
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2. att. 6-Sulfamoilsaharins.

Bakalaura darba [7] sintez&tajiem savienojumiem 2a-c¢ (3. att.) novérojam, ka, veicot to
kokristalizaciju ar hCA II, notiek saharina izotiazola cikla atvérSanas, ka rezultata ieguvam hCA II

un savienojumu 3a-c kokristalus (4. att.).
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3. att. 6-Sulfamoilsaharina alkilGtie atvasinajumi.
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4. att. N-Alkil-6-sulfamoilsaharina hidroliz&tas formas.
Visticamak, hidrolize un cikla atvérSanas notiek nevis pasa enzima ietekm& (CA nav
raksturiga peptidazes aktivitate), bet gan kristalizacijas buferskiduma augsta pH (9,0) dgl. 5. attela

ir redzamas hCA 1II un sintez&to inhibitoru 3a-c¢ kompleksu rentgenstruktiiras [8].
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5. att. A) hCA II un 3a rentgenstrukttra; B) hCA II un 3b rentgenstruktiira;
C) hCA 1II un 3¢ rentgenstrukttra [8].

6-Sulfamoilsaharinu (1) sintez&jam no tozilhlorida 4, veicam ta alkiléSanu un hidrolizes

reakcijas (6. att.).
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a) CISO;H; b) NH4OH; ¢} HslOg, CrOs, MeCN; d) RBr, K,CO;: ¢) NaOH, THF/MeOH/H,0
6. att. 6-Sulfamoilsaharina atvasinajumu sintgze.

Citosolas izoformas hCA I inhib&Sanas aktivitate ir samera plasa diapazona, Ki ir no 2,6 lidz
451 nM (1. tabula). Savienojums 3j bija vienigais, kas uzradija zemu hCA I inhib&Sanas aktivitati,
savukart savienojumu 1, 2d, 3h un CA inhibitora acetazolamida (AAZ) inhib&Sanas aktivitate ir
lidziga. Ja mes salidzinam ciklisko un atverto saharina formu inhib&Sanas spgjas, tad, piem&ram,
cikliskajam formam 2b un 2h ir attiecigi 27 un 43 reizes labaka hCA I inhib&Sanas aktivitate neka
hidrolizetajam (3b un 3h). Parsvara visas cikliskas formas bija aktivakas par atvértajam, iznemot

parus 2d/3d un 2i/3i.



Kopuma visi savienojumi, iznemot 5, uzradija augstaku hCA II inhib&Sanas aktivitati
(Ki=0,2-8,4 nM) neka klmika lietotais antiglaukomas Iidzeklis acetazolamids (AAZ)
(Ki = 12 nM). Saja gadijuma cikliskas formas ir nedaudz aktivakas par atvértajam, tau ne vienmér,
un §1 atSkiriba nav tik liela, ka hCA I gadijuma. Redzams arf, ka, pagarinot alifatisko k&di no diviem
lidz Cetriem oglekla atomiem, hCA II inhib&Sanas sp&ja pieaug, bet, ievieSot molekula pentil-
aizvietotaju, aktivitate atkal samazinas, savukart savienojumi ar nepiesatinatiem vai aril(alkil)-
(benzil-, 4-aizvietotie benzil- un fenil(etil)-) aizvietotajiem uzradija labu hCA II inhib&Sanas
aktivitati.

Apskatot ar vezi saistitas transmembranas izoformas hCA IX inhib&Sanu, novérojam, ka Saja
gadijuma situacija ir pretgja, t. i., saharina atvertas formas ir labaki inhibitori neka cikliskas formas.
Savienojumu 3a, 3d, 3i un 3j inhib&anas spgja (Ki = 42,1-92,9 nM) vairak neka Cetras reizes
parsniedz attiecigo ciklisko formu inhib&Sanas aktivitati.

hCA XII izoformu labak inhib& saharina cikliskie atvasinajumi neka hidrolizétie. Vairaki
sintez&ti savienojumi uzradija inhib&Sanas aktivitati (Ki = 5,2-14,3 nM), kas ir salidzinama ar

acetazolamida inhib&Sanas aktivitati (Ki = 5,7 nM).

1. tabula. 6-Sulfamoilsaharina atvasinajumu 1, 2a-i, 3a-j CA inhib&Sanas aktivitate

S R Ki (nM)
av. hCA I hCA II hCA IX hCA XII
1 H 251 8,4 337 52,9
2a \—@ 9,1 0,4 378 6,7
2b . 4,6 0.4 271 9,5
2¢ n-pentil 4,3 3,5 380 5,2
2d Et 257 1,0 452 72
2e n-Pr 49 0,6 278 5,9
2f n-Bu 4.8 0,6 512 5,7
2g Bn 2,6 0,4 51,8 5.8

2h ‘—@—xo: 49 0,2 52,9 7.9
2i —@— Br 57,8 0,8 321 14,3
3a \—Q 59,0 2,8 71,6 48,6
3b e 125 0,7 78,1 67,8




1. tabulas turpinajums. 6-Sulfamoilsaharina atvasinajumu 1, 2a-i, 3a-j CA inhib&Sanas aktivitate

Sav. R Ki (nM)
hCA 1 hCA Il hCA IX hCA XII
3¢ n-pentil 29,9 6,0 333 68,3
3d Et 66,2 1,7 92,8 71,7
3e n-Pr 81,4 0,2 89,5 63,6
3f n-Bu 41,4 1,1 130 58,7
3g Bn 64,0 1,5 67,4 50,5

3h '—@—m: 213 2,2 73,6 195
3i —@— Br 38,7 0,3 70,5 27,0

3j H 451 31,7 42,1 63,3
AAZ - 250 12 25 5,7

Interesanti, ka $aja pétijuma potencialo CA inhibitoru konstruésanu veicingja kristalografijas
petijumi, kuru rezultata izradijas, ka saharina cikls sarmainas hidrolizes apstaklos var atverties,
veidojot sulfamoilbenzoskabju atvasinajumus, un tie saistas CA aktivaja centra. Savienojumi 3a-i
ir selekttvi hCA II inhibitori, kas var bt svarigi antiglaukomas lidzeklu mekl&jumos, jo CA II ir

mérkenzims antiglaukomas CA inhibitoru konstruéSana.

2. 2-Aizvietota saharina atvasinajumu sintéze, hidrolize

un CA inhibé$anas aktivitates raksturojums

Lai paplasinatu CA inhibitoru klastu saharina (5) atvasinajumu rinda, sintez&am virkni
N-aizvietoto saharinu 6a-i un hidrolizéjam dazus no tiem baziska vidg, ieglstot aizvietotas

sulfamoilbenzoskabes 7a-f (7. att.).

o] 0O 0 o
‘5‘3:'0 a g‘ﬁo b S JI\ R
NH —» N-R — = H
Cry
0
5 6a-i Ta-f

a) RBr, K;CO4: b} NaOH, THF/Mc¢OH/H,0
7. att. Saharina atvasinajumu sintéze.

Sintezgtie saharina atvasinajumi un sulfamoilbenzoskabes neinhibg citosolas izoformas hCA
I un hCA II (2. tabula). Tas tika nov@rots ari ieprieks citiem saharina atvasindjumiem [6, 9-14]. ST
pasiba ir nozimiga selektivu CA inhibitoru mekl&jumos, kad ir svarigi atrast tadus savienojumus,

kas inhibétu tikai ar vézi saistitas hCA IX un hCA XII.
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Analizgjot hCA IX inhib&Sanas rezultatus, var teikt, ka labako inhib&Sanas aktivitati uzrada
savienojumi 6a, 6b un 6i, kuru aizvietotdaji satur aromatisko fragmentu. Interesanti, ka
4-brombenzil- aizvietotam savienojumam 6b piemit Cetras reizes augstaka hCA IX inhib&Sanas
sp&ja neka benzil- aizvietotam (6a), bet, nomainot bromu ar nitrogrupu, aktivitate samazinas
(savienojumam 6c¢ ir 53 reizes zemaka inhib&Sanas aktivitate neka savienojumam 6b). Pargjie
saharina atvasinajumi uzradija vidgji zemu hCA IX inhib&Sanas aktivitati (Ki = 103—481 nM)
neatkarigi no aizvietotajiem. Saharina "atvértajam formam" jeb sulfamoilbenzoskabju
atvasinajumiem ir vidéja hCA IX inhib&Sanas aktivitate.

Sintez&tie savienojumi inhib&ja hCA XII labak (Ki = 3,9-245 nM) neka hCA IX. Tie visi ir
labaki inhibitori neka saharins. Labakais §1s izoformas inhibitors ir savienojums 6b (Ki = 4,3 nM),
kura molekula ir 4-brombenzilgrupa. Zemaka inhib&sanas aktivitate piemit atvasinajumiem 7¢ un

7d, kuriem ir alifatiskie aizvietotaji.

2. tabula. Saharina atvasinajumu 6a-i un 7a-i CA inhib&Sanas aktivitate

Sav R Ki, M
) hCA 1 hCA Il hCA IX hCA XII
Saharins (5) - 18540 5950 103 633
6a Bn > 10000 > 10000 89,2 18,7

6b ‘—Q— Br > 10000 > 10000 22,1 4,3
6¢ ‘—Q—NO: 324 > 10000 1169 29,0

6d T > 10000 > 10000 236 45,1
6e N > 10000 > 10000 209 37,9
6f P > 10000 > 10000 164 36,5
6g A e > 10000 > 10000 102 34,0
6h . > 10000 > 10000 563 43,7
6i o~ Ph > 10000 > 10000 76,1 10,4
7a Bn > 10000 > 10000 342 125
7b —@— Br > 10000 > 10000 277 86,4
7e ~ > 10000 > 10000 481 245
7d S > 10000 > 10000 436 227

Te e > 10000 > 10000 392 151




2. tabulas turpinajums. Saharna atvasinajumu 6a-i un 7a-i CA inhib&Sanas aktivitate

Sa R Ki, nM
Ve hCA 1 hCA 11 hCA IX hCA XII
7f R - > 10000 > 10000 250 74,6
AAZ - 250 12 25 5,6

3. Aromatisko sulfonamidu sintéze un CA inhib&s$anas aktivitates raksturojums

Sadarbiba ar Latvijas Biomedicinas petfjumu un studiju centru, izmantojot ieprieks
konstrugtos un miisu grupa sintez&€tos CA inhibitorus (8 un 9), tika iegiitas un publicétas CA II —

8, CA IX — 8 un CA IX — 9 kompleksu rentgenstruktiiras (8. att.) [15].

N%’@S% RSN AW
NN NH, N=N NH,
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Val 130 — I
-~ &
ey
i e e )
Giln 92 5 o Bro 203 & el Pro 203
gﬁ i Leu 199 Gy Leu 199

Thr 201

Friaisag His 94 4 :
y " %zm ’.0 :

CATI - 8 komplekss CATX — 8 komplekss CATX -9 komplekss

8. att. Savienojumu 8 un 9 struktiira un to kokristali ar CA IT un CA IX [15].

Balstoties uz ieglitajiem enzimu-inhibitoru rentgenstruktiiranalizes datiem, sadarbiba ar
profesoru K. Taru veicam jaunu potencialo CA IX selektivu inhibitoru konstruésanu ar molekulara
dokinga metodes palidzibu. Balstoties uz So dokingu, planojam iegit virkni sulfonamidu (8. att.).
Sie inhibitori konstrugti ka paspielagojosies inhibitori, t. i., tie var pastavét vairaku atropizoméru
(rotaméru) forma un spgj pielagoties aktiva centra formai lidz robezai, kas joprojam nodrosina
selektivu mérkenzima izoformu inhib&Sanu. Potencialo inhibitoru molekulas konstrugtas no tris
biivblokiem — Ar'/Het, Ar/Het' un sulfonamida grupu saturosa (tioféna vai benzola gredzens)

fragmenta (9. att.).
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9. att. CA inhibitoru shematisks att€lojums.

Produktu 16 vispariga sintézes shéma ir paradita 10. attéla. 4- vai 5-bromhinolina 10 Suzuki
reakcija ar sintez&tajiem pinakolboratiem 11 veidojas halogenidi vai pseidohalogenidi 12, savukart,
iesaistot borskabes vai pinakolboratus 13 Suzuki reakcija ar savienojumiem 14, ieguvam biarilus
15. No biariliem 12 vai 15 vienas vai nepieciesamibas gadijuma vairaku reakciju rezultata ieguvam
produktus 16. Suzuki reakcijas veicam paaugstinata temperattira, izmantojot dazadus palladija
katalizatorus (Pd(PPhs)4, Pd(dppf)Clz2, Pd(OAc)2, Pd(PPh3)2Cl2), bazes (KOAc, K3POs, K2CO3) un
skidinatajus (DMF, dioksans, MeCN/MeOH).
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10. att. Sulfonamidu 16 sint€zes vispariga shéma.
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3. tabula apkopoti dati par sintez&to sulfonamidu biologisko aktivitati. Dalai savienojumu
CA inhibg&Sana paslaik tiek noteikta, tapec Sobrid ir diezgan griiti izdarTt secinajumus par struktiiras —
aktivitates likumsakaribam, tacu arT no esoSajiem datiem var redzet, ka tioféna ciklu saturosie
produkti uzrada nedaudz labaku hCA I inhib&Sanas aktivitati. ArT hCA II vislabak inhibg tiesi
tioféna fragmentu saturoSie savienojumi. Visaugstako hCA IX inhib&Sanas sp&ju uzrada

savienojums 16d (ICso = 6 nM), kas ir arT labakais hCA XII inhibitors (ICso = 31 nM).

3. tabula. Savienojumu 16a-p CA inhib&sanas aktivitate

Struktiira ICso, nM
hCA 1 hCA 11 hCA IX hCA XII
O g _SO,NH,
Q ! 8944 135 483 559
16a

Q O 7638 4203 821 7599
1

6b
¢ )
SO:N H, CA inhibé&Sana paSlaik tiek noteikta
16¢
O s SO;NH,
Q O Cl 850 41 6 31
16d

O SO,NH,
Q D O 9224 4267 8794 3408

Q O O SO-NH, 9094 273 777 6405

Q O O S0.NH., CA inhib&Sana paslaik tiek noteikta
g




3. tabulas turpinajums. Savienojumu 16a-p CA inhib&Sanas aktivitate

Struktiira

ICso, nM

hCAI [ hCANIl [ hCAIX [ hCAXII

CA inhib&8ana paslaik tiek noteikta

CA inhibé&Sana paSlaik tiek noteikta

SO,NH,

CA inhib&sana paslaik tiek noteikta

SO,NH,

CA inhibe&sana paslaik tiek noteikta

SO,NH,

CA inhibéSana paslaik tiek noteikta

O . _SO,NH,

CA inhib&sana paslaik tiek noteikta

SO,NH,

CA inhib&sana paslaik tiek noteikta

CA inhib&sana paslaik tiek noteikta

SO,NH,

3446 16 294

376




Profesora K. Tara grupa veiksmigi ir veikta CA IX kokristalizacija ar savienojumu 16a, un

ir iegiita CA IX — 16a rentgenstruktiira (11. att.).

/ Val 130

\
’\ Leu 199
(SN
LN A
His 94 g )
\ Y } Thr 201

Thr 200

11. att. Savienojuma 16a un CA IX rentgenstrukttra.

4. Leakadina atvasinajumu sintéze, to TrxR inhibéSanas aktivitate un pretvéza aktivitate

Otrs promocijas darba darba virziens bija aziridina atvasinajumu, kas izrada
tioredoksinreduktazes inhib&Sanas aktivitati, sintéze.
Aziridina atvasinajumus 19a-m ieguvam, aizsargajot leakadinu (17) un iegtito savienojumu

18 paklaujot reakcijam ar aminiem ar sekojosu Cbz aizsarggrupas nonemsanu (12. att.).

0 0 0
a-b c-d R
NH, ——— NBoc; — = N’
H N N R

LI‘. bz H

17 18 19a-m

a) CbzCl, NaHCO;, H,0, EtOAc: b) Boe,0, DMAP, DCM:
¢) HNRR', DCM; d) H,, Pd/C, MeOH

12. att. Leakadina atvasinajumu 19a-m sintéze.
4. tabula apkopota informacija par savienojumu 19a-m citotoksicitati uz véza §tinu linijam
HT-1080 (cilveka saistaudu fibrosarkoma), SHSYSY (cilveka neiroblastoma), MCF-7 (cilveka

kriits adenokarcinoma) un TrxR inhib&Sanu (attélots procentos). Savienojumam 19h citotoksiskais

efekts uz visam trim $tnu linijam nav konstatéts, savienojumam 19a citotoksiskais efekts nav
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konstatéts uz Stnu Inijam HT-1080 un MCF-7. Abus savienojumus, kas neuzrada citotoksisko
efektu uz vienas vai vairakam Stnu Itnijam, vieno tas, ka tie nesatur aromatisko sisteému. Kopuma
augstaks citotoksiskais efekts no savienojumu grupas, kur pie amida ir aizvietots fenilgredzens, ir
tiem atvasinajumiem, kur aizvietotajs ir para vieta. Zemakas ICso vertibas uz §tinu linijas SHSYSY
ir savienojumiem 19b un 19g, kur attiecigi aizvietotaji CF3 un #-Bu atrodas para vieta benzola
gredzena.

Ja apskata benzilaizvietotus amidus, var redz&t, ka uz visam trim $tnu linijam visaugstako
citotoksicitati uzrada savienojums 19m, kuram meta vieta ir Et aizvietotajs.

Negaiditi izradijas, ka divi no sintez€tajiem savienojumiem aktivé nevis inhibé TrxR (19a,
19e). Neliels aktivéSanas efekts piemit arT savienojumiem 19i, 19k un 19m. Pargjie savienojumi ir
TrxR inhibitori (4. tabula). Visaugstaka TrxR inhib&$anas spgja piemit savienojumam 19c¢, tas

inhib& enzimu par 93 %. Benzilatvasinajumi 19i-m neinhib& TrxR.

4. tabula. Aziridinu 19a-m citotoksicitate un TrxR inhib&Sanas aktivitate

ICso, mM TrxR
Sav. inhibésana, %
HT-1080 SHSY5Y MCF-7 (¢=0,2 mM)
O
W)L NN "
i 2,7 * —-13+£5
N ,
H L\"D
19a
W)L N
N H 0,11 0,048 0,13 73+6
H
19b
o : OMe
\;/)Lh' 1,1 0,86 1,2 93+9
H
19¢
el
W)LI\' 0,45 0,19 1,1 846
N H
H
19d

* — citotoksiskais efekts nav konstatéts.



4. tabulas turpinajums. Aziridinu 19a-m citotoksicitate un TrxR inhib&Sanas aktivitate

1Csp, mM TrxR
Sav. inhibésana, %
HT-1080 SHSY5Y MCF-7 (c=0,2 mM)
OMe
(0]
W)Ll\' OMe 1,5 0,72 1,1 -32+7
N H
H
19e
i
W)L N ;
N H 2,3 1,8 1,6 69+6
H
19f
W)LI\' 0,15 0,092 0,17 17+6
N H
H
19g
0]
" (9]
‘\:/)Lh/\r\) * * * 4+6
H
19h
] OMe
W)LN
N H 0,53 0,89 1,7 —5+4
H
19i
O
W)LN OMe
N H/\©/ 0,56 0,50 0,62 5+£3
H
19j
O
W)L N
N | /\©/ 0,51 0,54 1,7 —3+3
H
19k
O
W)L N
N H 0,47 0,55 0,54 3+4
H
191

* — citotoksiskais efekts nav konstatéts.



4. tabulas turpinajums. Aziridinu 19a-m citotoksicitate un TrxR inhib&Sanas aktivitate

1Cs0, mM TrxR
Sav. inhibésana, %
HT-1080 SHSY5Y MCF-7 (¢ =0,2 mM)
O
W)L N
N H/\©/\ 0,11 0,13 0,11 -5+1
H
19m

* — citotoksiskais efekts nav konstatéts.

Leakadina (17) reakcijas ar attiecigajiem acilhloridiem notika viena stadija (13. att.);

ieguvam virkni aciléto aziridinu 20a-i.

0 O
a
W/U\NHE : W/[LNHz
N N
H

A

O R

17 20a-i
a) RCOCI, McCN

13. att. Leakadina aciléSana.

N-Acileto aziridinu rinda augstaka citotoksicitate piemit savienojumiem ar aromatisko
sisttmu molekula (savienojumi 20f-i) (5. tabula). Siem savienojumiem ICso uz §inu Iinijas
HT-1080 ir 0,17-0,25 mM, uz MCF-7 — 0,18-0,77 mM, uz SHSYSY savienojumiem 20f, 20g, 20i —
0,015-0,78 mM. Ja salidzinam savienojumu 20e (ar furil- aizvietotaju) un 20f (ar tiofén-2-il-
aizvietotaju) citotoksicitati, tad tioféna ciklu saturoSam atvasinajumam ir augstaka citotoksicitate
uz visam trim $iinu linijam. Savienojumiem 20a, 20¢ un 20d citotoksiskais efekts nav noverots.

Visi savienojumi, iznemot 20d un 20g, ir TrxR inhibitori. No acilétajiem aziridiniem
savienojumi 20a un 20h inhib& TrxR par vairak neka 70 %, pie tam 20h spg&j noinhib&t enzimu pat

par 100 %.

5. tabula. Aziridinu 20a-i citotoksicitate un TrxR inhib&Sanas aktivitate

ICso, mM TrxR
Sav. R inhibésana, %
HT-1080 SHSYSY MCF-7 (c=0,2 mM)
20a Me 3,2 3,1 * 89+ 10

* — citotoksiskais efekts nav konstatéts.



5. tabulas turpinajums. Aziridinu 20a-i citotoksicitate un TrxR inhib&Sanas aktivitate

I1Csp, mM TrxR
Sav. R inhibésana, %
HT-1080 | SHSY5Y | MCF-7 (¢ =02 mM)
20b Ph 1,4 12 1,4 61 =7
20¢ i-Pr 5,6 2,6 * 49+7
20d +-Bu 48 27 * 36+6
8]
20e @ 12 13 1,1 28+5
S
20f - 0,23 0,78 0,71 86+ 11
20g Q 0,25 0,015 0,18 ~18+6
Br
20h N Q 0,23 1,3 0,53 100+ 0
I
20i Q 0,17 0,17 0,77 5847
FiC

* — citotoksiskais efekts nav konstatéts.

Ir veiktas art leakadina (17) reakcijas ar izocianatiem, iegiistot savienojumus 21a-e (14. att.).

0 0]
: W/U\
NH, — . NH,
N N
H
(}'A\N R
17 H
2la-e
a) RNCO, MeCN
14. att. Leakadina reakcijas ar izocianatiem.

No $§is savienojumu s€rijas visi savienojumi ir TrxR inhibitori, labakais no tiem —

savienojums 21e (6. tabula). Divi (21a un 21d) savienojumi TrxR inhibg loti vaji.
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6. tabula. Aziridinu 21a-e citotoksicitate un TrxR inhib&Sanas aktivitate

ICsp, mM TrxR
Sav. R inhibésana, %
HT-1080 | SHSYSY | MCF-7 | (c=0,2mM)
21a Pr 0.25 * * 7+5
21b 1-Bu 0,56 0,60 27 18+4
21c Ph 0.26 0,58 0,79 1546
21d Q 0,29 0,15 0.85 749
Br
21e N 0,10 0,046 0,31 56+8
L |

* — citotoksiskais efekts nav konstatéts.

No N-acil- aizvietotiem aziridiniem 20b,c,e, kurus sakuma aizsargajam ar Boc grupu (sav.
22a-c), tika sintez@ta rinda savienojumu 23a-t (15. att.), kuriem ir aizvietotaji gan pie aziridina N,

gan pie amida N.

0 O 8]
. . R"
NH a NBoc, b N
N B —— N I N li‘
Zﬂba c, € 22a-¢ 23a-t

[ )
[
~

]

]
=
=
(¥ ]
(5]
=

1

1
=
=

a) Boc,O, DMAP: b) HNRR', DCM
15. att. Leakadina atvasinajumu 23a-t sintéze.

7. tabula redzams, ka no trim aizvietotajiem pie aziridina slapekla zemaka citotoksicitate
noverojama ar i-Pr grupu aizvietotiem aziridiniem 23m-r, Tpasi uz $tnu lmijas HT-1080, savukart

fenil- un 2-furil- aizvietotiem aziridiniem citotoksicitates uz $tnu linijas HT-1080 ir lidzigas.
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Lielaka dala no 7. tabula redzamiem savienojumiem inhib& TrxR, tacu 23g, 23i, 23k un 23m
ir TrxR aktivatori. Aziridina atvasinajumiem 23d, 231 un 23r ir augsta TrxR inhib&Sanas sp&ja (76—

91 %), bet savienojums 230 inhib& TrxR pat par 100 %.

7. tabula. Aziridinu 23a-t citotoksicitate un TrxR inhibéSanas aktivitate

1Cs0o, mM TrxR
Sav. R R' R" HT- MCF- | inhib&sana, %
1080 SHSYSY 7 (¢=0,2mM)

23a H Ph 0,45 0,65 1,35 33+3

23b H 2 0,17 0,099 0,12 22+4

23c H @ 0,83 1,19 133 2546

23d | Ph | H 0,46 0.57 142 8445

23e Me h 0.15 0.56 127 19+7

23f H Q 0,12 0,09 0.84 5046
AN

23g H| _ o040 047 1.23 69+ 11
_/

23h H o 0.41 0.58 145 5042

23i H @_\ 0.13 0,091 0.13 8949

23j | 2-furil- | H 0,53 127 1,30 65+ 4

23k Me I 0,21 0,51 1,34 37+7

231 H __@N’ Y | 0073 0,45 1,08 91 + 4
/

23m | i-Pr | H h 1,20 1,71 1,60 569
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7. tabulas turpinajums. Aziridinu 23a-t citotoksicitate un TrxR inhib&Sanas aktivitate

ICSO, mM TrxR
Sav. R R’ R" inhibésana, %
HT-1080 | SHSY5Y | MCF-7 | (¢=0,2 mM)
23n H Q 1,10 1,59 1,46 55+ 4
230 H ' @ 1,23 1,62 1,49 100+ 0
Me(

23p | iPpr | H @ 1,69 1,70 1,73 63+8
23r Me Ph 1,09 1,53 1,44 76+ 6
23s H Q 0,59 0,70 1,47 30+7

W
23t H N0 | 0,67 1,12 1,90 50+5

1Y e b b 9
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SECINAJUMI

6-Sulfamoilsaharina N-alkilatvasinajumi un to hidrolizes produkti (disulfamoilbenzoskabju
atvasinajumi) nav selektivi hCA IX/hCA XII inhibitori, bet tie ir selektivi CA II inhibitori,
un tos varétu lietot tur, kur par zalvielu mérki ir izvirzita hCA II, piem&ram, antiglaukomas
lidzeklu izveide.

N-Alkilsahariniem un to hidrolizes produktiem ir izteikta selektivitate uz hCA IX un
hCA XII.

Aromatisko sulfonamidu rinda atseviskiem savienojumiem (ipasi tioféna ciklu
saturoSajiem) ir raksturiga neliela selektivitate uz hCA IX.

Aziridina atvasinajumiem ar arilaizvietotaju pie karbamoilgrupas N atoma ir novérojams
augstaks citotoksiskais efekts, salidzinot ar par€jiem atvasindjumiem, tacu izteiktas
citotoksicitates atskiribas, ar daziem izn€mumiem, nav novérojamas.

Aziridina atvasinajumiem piemit TrxR inhib&Sanas aktivitate, tacu struktiiras — aktivitates
likumsakaribas pagaidam ir griiti formul&jamas. Dazi aziridina atvasinajumi uzradija TrxR

aktiveéSanu.
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GENERAL OVERVIEW OF THE THESIS

Introduction

According to the information of the Centre for Disease Prevention and Control of Latvia
oncological diseases are the second major cause of death in Latvia, the first being cardiovascular
diseases. In Latvia the number of oncological patients has increased from 49 272 in 2000 to 73 983
in 2016. According to the statistics in year 2016, 5895 people in Latvia died of malignant tumor
[1].

There are several approaches for the treatment of cancer. In this thesis we focused on two of
them.

The first approach is the development of the inhibitors of carbonic anhydrases (CA).

Two isoforms of zinc containing enzyme carbonic anhydrase (CA IX and CA XII) are
overexpressed in hypoxic tumors thereof CA IX and XII are defined as drug targets for the
treatment of hypoxic tumors. It is necessary to achieve a selective inhibition of CA IX and XII
otherwise severe side effects may appear.

At the moment there are no CA inhibitors used in clinics, however Phase I of clinical trials
for the compound SLC-0111 (Fig. 1) has been completed [2, 3] and it is being prepared for the
Phase II of clinical trials. The main drawback of SLC-0111 is relatively low CA IX inhibitory
selectivity in comparison with CA II (off-target). That can cause severe side effects so it is still
necessary to expand the range of the inhibitors of CA IX and XII and to develop selective inhibitors

of these isoforms.

Y
/@l 0 \©\;U
SLC-0111 "

Fig. 1. The structure of CA inhibitor SLC-0111.

The second part of the thesis is devoted to the synthesis of the inhibitors of thioredoxin
reductase (TrxR).

Thioredoxin reductase plays an important role in all biochemical processes where
thioredoxin is involved, for example, the reduction of ribonucleotides to deoxyribonucleotides,
neutralization of oxidants and reductants, etc. Thioredoxin reductase is very important in various

physiological and pathological processes (apoptosis, cancer, chronical inflammation, autoimmune
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diseases, neurodegenerative diseases) [4]. TrxR is often overexpressed in the case of cancer so

TrxR1 is defined as drug target in cancer therapy [5].

Aims and objectives

The aims of this research are:
1) the development of the inhibitors of carbonic anhydrases;
2) the development of the inhibitors of thioredoxin reductase.
To achieve the aims the following tasks are set:

1) the synthesis of N-alkyl-saccharins and N-alkyl-6-sulfamoylsaccharins and their
hydrolysis to obtain substituted sulfamoylbenzoic acids and to determine CA
inhibition;

2) the synthesis of aromatic sulfonamides and the determination of CA inhibition;

3) the synthesis of the derivatives of Leakadin with the substituent in the aziridine ring
as well as at the amido group nitrogen, the determination of TrxR inhibitory activity

and anticancer activity.

Scientific novelty and main results

A series of N-alkylsaccharins and N-alkyl-6-sulfamoylsaccharins was synthesized and
hydrolized to obtain substituted sulfamoylbenzoic acids. hCA I, II, IX and XII inhibitory activity
for all the synthesized products was determined. The hydrolized products of 6-sulfamoylsaccharin
show better inhibitory activity of tumor-associated transmembrane isoform hCA IX than their
cyclic analogues. Cyclic alkyl derivatives of 6-sulfamoylsaccharin are stronger hCA XII inhibitors
than their open forms.

Saccharin derivatives (cyclic and hydrolized) are selective hCA IX and XII inhibitors; they
do not inhibit hCA I and II (off-targets).
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MAIN RESULTS OF THE THESIS

1. Synthesis and hydrolysis of the derivatives of 2-substituted 6-sulfamoylsaccharin,
and determination of CA inhibitory activity
In collaboration with Latvian Biomedical Research and Study Centre, we have performed
co-crystallization of 6-sulfamoylsaccharin (1) (Fig. 2) and hCA 1II and obtained an X-ray, which
proved that only primary sulfonamide interacts with the enzyme metal ion [6].

0.0 Q4

S 5%
w mNH

8]
1
Fig. 2. 6-Sulfamoylsaccharin.

Compounds 2a—-2¢ (Fig. 3) were synthesized while working on Bachelor thesis [7]. After the co-
crystallization of 2a—2c¢ with hCA II, we noticed that the isothiazole ring of saccharin was opened

and we obtained co-crystals of hCA II and 3a—-3c¢ (Fig. 4).

Q.0 o
A, ) / u.;{:'_/_r
s . Ph 0 S
h \CE?N_/_ \El; _/ m
0

N
0

2c

Fig 3. Alkylated derivatives of 6-sulfamoylsaccharin.
Ox\ fp U U - \ .r -
o i o N e e
CO-.H CO,H CO H
3a 3b Je

Fig. 4. Hydrolized forms of N-alkyl-6-sulfamoylsaccharins.

The isothiazole ring opening occurs most probably by alkaline hydrolysis due to the relatively
high pH (~9.0) in the crystallization buffer and the enzyme itself is not involved in hydrolysis (CA
does not possess peptidase activity). X-ray structures of hCA II and 3a—3c are shown in Fig. 5 [8].
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Fig. 5. A: X-ray of hCA II and 3a; B: X-ray of hCA II and 3b; C: X-ray of hCA II and 3¢ [8].

6-Sulfamoylsaccharin was synthesized from tosyl chloride 4, then alkylated and hydrolized
(Fig. 6).

o0 a-c O Q0 d 0.0 Qg
a-s — » HN 5 I 57
\©\ 2 NH 2 N-R
4 ! 2a-i
[
lc
00 %l
H
CO,H
3a-j

a) CISO;H; b) NH4OH;: ¢) HslOg, CrO;, MeCN; d) RBr, K;,CO;: ¢) NaOH, THF/MeOH/H,0
Fig. 6. Synthesis of the derivatives of 6-sulfamoylsaccharin.

Against the cytosolic isoform hCA I inhibition (Ki) the activity range of substituted
compounds was between 2.6 and 451 nM (Table 1). Only compound 3j showed low hCA I
inhibitory activity. Compounds 1, 2d, 3h had a comparable inhibition profile to that of CA inhibitor
acetazolamide (AAZ). Cyclic compounds 2b and 2h were 27 and 43 times, respectively, more
active than the hydrolized ones (3b and 3h). The cyclic forms of saccharin derivatives were more
active than the open ones, except pairs 2d/3d and 2i/3i.

Almost all compounds (except 5) showed higher hCA II inhibitory activity (Ki = 0.2-8.4 nM)
than anti-glaucoma drug acetazolamide (AAZ) (Ki = 12 nM). In this case cyclic forms are slightly
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more active than the open ones, however this difference is not as significant as in the case of hCA 1.

We also noticed that an increase of the aliphatic chain from two to four carbons led to the increase

of hCA II inhibitory activity but a further increase to five carbons was detrimental for the inhibitory

activity. Unsaturated or aryl(alkyl) chains (benzyl, 4-substituted benzyl, phenethyl) led again to

highly effective CA inhibitors.

An opposite inhibition pattern was observed in the case of the tumor-associated

transmembrane isoform hCA IX. Even though none of the compounds was superior to AAZ, the

inhibitory activity increased going from the closed to the open forms (compounds 3a, 3d, 3i and 3

with Ki =42.1

-92.9 nM).

hCA XII is better inhibited by saccharin closed forms. Several synthesized compounds

showed inhibitory activity (Ki = 5.2—-14.3 nM) that is in the same range as AAZ inhibitory activity
(Ki=5.7 nM).

Table 1. Inhibitory activity of 6-sulfamoylsaccharin derivatives 1, 2a-i, 3a-j

Compound R Ki, nM
pou hCA 1 hCA I1 hCA IX hCA XII
1 H 251 8.4 337 52.9
2a \—Q 9.1 0.4 378 6.7
2b S 4.6 0.4 271 9.5
2c n-pentyl 4.3 3.5 380 5.2
2d Et 257 1.0 452 7.2
2e n-Pr 49 0.6 278 5.9
2f n-Bu 48 0.6 51.2 5.7
2g Bn 2.6 0.4 51.8 5.8
2h ‘—@—xm 49 0.2 52.9 7.9
2i ‘—@—Br 57.8 0.8 321 143
3a \—Q 59.0 2.8 71.6 48.6
3b L 125 0.7 78.1 67.8
3¢ n-pentyl 29.9 6.0 333 68.3
3d Et 66.2 1.7 92.8 77.7
3e n-Pr 81.4 0.2 89.5 63.6
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Table 1 continued. Inhibitory activity of 6-sulfamoylsaccharin derivatives 1, 2a-i, 3a-j.

Ki, nM
Compound R hCA I hCA II hCA IX hCA XII
3f n-Bu 41.4 1.1 130 58.7
3g Bn 64.0 1.5 67.4 505

3h '—@—xo; 213 22 73.6 195
3i —@— Br 38.7 0.3 70.5 27.0

3j H 451 31.7 42.1 63.3
AAZ — 250 12 25 5.7

The most interesting finding of this research is the fact that drug design has been guided by
the crystallographic work, which evidenced a hydrolytic process that was taking place during the
crystallization experiments. Unexpectedly, the hydrolysis afforded compounds possessing a free
COOH moiety in addition to the primary and secondary sulfamoyl moieties. Compounds 3a-i are
selective hCA 1I inhibitors and this finding can be important in searching for potential anti-

glaucoma agents as CA II is a drug target for glaucoma treatment.

2. Synthesis, hydrolysis and CA inhibitory activity of 2-substituted derivatives of saccharin

In order to expand the range of CA inhibitors among the saccharin (5) derivatives, we
prepared a series of N-substituted saccharins 6a-i and hydrolized some of them to obtain substituted

sulfamoylbenzoic acids 7a-f (Fig. 7).

0 0] 0 0
ffo a E,JO b S N R
NH - N-E —— = H
©:§3 CO,H
0
5 6a-i Ta-f

a) RBr, K;CO;: b) NaOH, THF/Mc¢OH/H,0
Fig. 7. Synthesis of saccharin derivatives.

The cytosolic isoforms hCA I and II are not inhibited by the saccharin derivatives and
sulfamoylbenzoic acids (Table 2). That has already been observed for other saccharin derivatives
investigated earlier [6, 9—14]. This feature is important in searching for selective CA inhibitors
when it is necessary to obtain compounds that would inhibit only tumor-associated isoforms hCA

IX and XII.
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hCA IX was quite efficiently inhibited by compounds 6a, 6b and 6i that contain aromatic
substituents. Interestingly, 4-bromobenzyl saccharin derivative 6b is a four times better hCA 1X
inhibitor than benzyl derivative (6a) but if nitro group instead of bromine is present in the molecule
the activity decreases (compound 6¢ is a 53 times weaker inhibitor than compound 6b). Other
saccharin derivatives are medium-weak hCA IX inhibitors (Ki = 103—481 nM), irrespective of the
nature of the substituent. The open saccharins showed rather modest activity as hCA IX inhibitors.

hCA XII was inhibited better (Ki = 3.9-245 nM) than hCA IX. All the synthesized
compounds are better inhibitors than saccharin. The best hCA XII inhibitor is compound 6b
(Ki=4.3 nM) with 4-bromobenzyl group. The weakest CA inhibitors are those with aliphatic
substituents 7¢ and 7d.

Table 2. CA inhibitory activity of saccharin derivatives 6a-i and 7a-i

Compound R i, nM

pou hCA 1 hCA 11 hCA IX hCA XII

Saccharin (5) - 18540 5950 103 633

6a Bn > 10000 > 10000 89.2 18.7

6b ‘—Q— Br > 10000 > 10000 22.1 4.3

6¢c ‘_Q—NO: 324 > 10000 1169 29.0

6d o > 10000 > 10000 236 45.1

6e o > 10000 > 10000 209 37.9

of T W > 10000 > 10000 164 36.5

6g o > 10000 > 10000 102 34.0

6h \‘, - > 10000 > 10000 563 43.7

6i \—Q > 10000 > 10000 76.1 10.4

Ta Bn > 10000 > 10000 342 125

Tb 1—©— Br > 10000 > 10000 277 86.4

Tc T > 10000 > 10000 481 245

7d P N > 10000 > 10000 436 227

Te e N > 10000 > 10000 392 151

7 % >10000 | >10000 | 250 74,6

AAZ - 250 12 25 5.6

32



3. Synthesis and CA inhibitory activity of aromatic sulfonamides

In collaboration with Latvian Biomedical Research and Study Centre the X-rays of

complexes CA 11 — 8, CA IX — 8 and CA IX — 9 were obtained and published (Fig. 8) [15].

Leu 134

Pro 203

His 119

CA Il -8 complex CA TX — 8 complex CATX - 9 complex

His 96

Fig. 8. Structure of compounds 8 and 9 and their co-crystals with CA II and CA IX [15].

In collaboration with Professor K. Tars we have designed new potential CA IX selective
inhibitors using a molecular docking based on the previously obtained enzyme — inhibitor X-ray
complex data. We planned to synthesize a series of sulfonamides shown in Fig. 9. These inhibitors
were designed as self-adapting inhibitors that can exist as various atropisomers (rotamers) and are
able to adapt to the shape of active centre providing selective inhibition of target enzyme. The
potential inhibitors consist of three building blocks: Ar'/Het, Ar/Het' and sulfonamide group

containing (thiophene or benzene ring) moiety (Fig. 9).

iy O 0
—_ ‘(O
50

5-NH, i
6o = HaN 30

Fig. 9. CA inhibitors
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General synthesis scheme of products 16 is shown in Fig. 10. Suzuki reaction between 4- or
5-bromoquinolines and pinacolborates 11 gave halides or pseudohalides 12. Suzuki reaction
between boronic acids or pinacolborates 13 and compounds 14 gave biarils 15. Products 16 were
obtained from biarils 12 or 15 in one, or more steps. Suzuki coupling was carried out using various
palladium catalysts (Pd(PPhs)4, Pd(dppf)Cl2, Pd(OAc)2, Pd(PPh3)2Cl2), bases (KOAc, K3POa,
K2COs3) and solvents (DMF, dioxane, MeCN/MeOH).

) A7
BPin ! G i
Ay L
l b - M’ R
=F —
[,I//:L”;I {{.)“- \Y R
Br X {J\J“'- A__Z
10 11 X

——
——
12
—

X

A%_ Z‘_‘ M 16
(- Qf“ g T |
R' Y i 5
13 14 Ar= :

BPin 5. SO,NH,
BPin e __d
___________________________ 15 , ! :
iA,Z,M,Q=CHvaiN; : :
"( = Br vai OTf Q_SolNHEE
‘R =H vai Me : : :

'R' = BPin vai B(OH),

Fig. 10. Synthesis of sulfonamides 16.

Biological activity of synthesized sulfonamides is shown in Table 3. The enzymatic assay
for some compounds is still ongoing so it is quite difficult to make conclusions about structure —
activity relationships at the moment, however we can see that thiophene ring containing products
show better hCA T inhibitory activity. hCA II is better inhibited by the compounds with thiophene
moiety as well. Compound 16d was the best hCA IX (ICso0=6 nM) and hCA XII (ICs0=31 nM)

inhibitor.
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Table 3. CA inhibitory activity of compounds 16a-p

Structure ICso, nM
hCA1 hCA 11 hCA IX hCA XII
O S SO,NH,
Q N | 8944 135 483 559

16a
O SO,NH,
(O~ e8| a0 | w1 | 799

16b

w
2
Z
K

Determination of CA inhibition is ongoing

16¢

O §_ . SO;NH,

O Q Ql 850 41 6 31
16d

O SO,NH,

O Q O 9224 4267 8794 3408
16e

O O 9094 273 777 6405

O SO,NH,
f

Z
-
=

e
Ln
.,D
Z
3

Determination of CA inhibition is ongoing

=z
| O
e
7/
\\I

Determination of CA inhibition is ongoing

Z
| =
=
A
o
w
5
Z
G2

Determination of CA inhibition is ongoing
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Table 3 continued. CA inhibitory activity of compounds 16a-p

Structure

ICso, nM

hCAT |

hCAIl | hCAIX | hCAXII

SO,NH,

Determination of CA inhibition is ongoing

SO,NH,

Determination of CA inhibition is ongoing

SO,NH,

Determination of CA inhibition is ongoing

S0,NH,

- &

Determination of CA inhibition is ongoing

SO,NH,

Determination of CA inhibition is ongoing

SO,NH,

Determination of CA inhibition is ongoing

S
O~

16p

SO,NH,

3446

16 294 376

In Professor K. Tars’ group CA IX co-crystallization with compound 16a was performed

and CA IX — 16a X-ray was obtained (Fig. 11).
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Thr 200

Fig. 11. 16a — CA IX crystal structure.

4. Synthesis, TrxR inhibitory activity and anti-cancer activity of Leakadin derivatives

The second part of this PhD thesis is devoted to the synthesis of aziridine derivatives that are
potential inhibitors of TrxR.

Aziridine derivatives 19a-m were prepared from Leakadin (17) by protecting with Cbz and
Boc groups (compound 18) and following reactions with various amines. Cbz group was removed

during the last step (Fig. 12).

0 0 0]
a-b c-d R
NH; ——= NBoc; —— N’
N N N R
H Chz H
17 18 19a-m

a) CbzCl, NaHCO;, H,0, EtOAc: b) Boe,0, DMAP, DCM:
¢) HNRR', DCM; d) H,, Pd/C, MeOH

Fig. 12. Synthesis of Leakadin derivatives 19a-m.

The cytotoxicity of compounds 19a-m on cancer cell lines HT-1080 (human fibrosarcoma),
SHSYSY (human neuroblastoma), MCF-7 (human breast adenocarcinoma) as well as TrxR

inhibition (showed in %) is shown in Table 4.
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In Table 4 we can see cytotoxicity of compounds 19a-m on cancer cell lines HT-1080 (human
fibrosarcoma), SHSYSY (human neuroblastoma), MCF-7 (human breast adenocarcinoma), and
TrxR inhibition (showed in %).

Compound 19h does not have any cytotoxic effect on all investigated cell lines. Compound
19a does not have any cytotoxic effect on cell lines HT-1080 and MCF-7.

Both compounds that do not have any cytotoxic effect on one or several cell lines do not have
aromatic moiety. Compounds with the substituent in para position in phenyl ring at amide N have
better cytotoxic effect. Compounds 19b un 19g with the substituents CF3 and #-Bu in para position
in benzene ring have the lowest ICso values on cell line SHSYSY.

Among the benzyl substituted amides compound 19m (with ethyl substituent in meta
position) has the highest cytotoxicity on all three cell lines.

Interestingly, two of the synthesized compounds do not inhibit TrxR but activate it (19a,
19e).

Compounds 19i, 19k and 19m also possess slight activation effect. Other compounds are
TrxR inhibitors (Table 4).

Compound 19¢ possesses the highest TrxR inhibitory activity. The enzyme is inhibited by
93 %. Benzyl derivatives 19i-m do not inhibit TrxR.

Table 4. Cytotoxicity and TrxR inhibition of aziridines 19a-m

ICso, mM TrxR
Compound inhibition, %
HT-1080 SHSYSY MCF-7 (¢=0.2 mM)

)
W)Lh/\' * 2.7 * ~13+£5
H

O
W)\ N 0.11 0.048 0.13 73+6
H

0

: OMe
W)L N 1.1 0.86 12 939
H
19¢
* — cytotoxic effect was not detected
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Table 4 continued.

Cytotoxicity and TrxR inhibition of aziridines 19a-m

N
H

19j

I1Csp, mM TrxR
Compound inhibition, %
HT-1080 SHSYSY MCF-7 (c=0.2 mM)
W)LN 0.45 0.19 1.1 8+6
N H
H
19d
OMe
i Q
W)LN OMe 1.5 0.72 1.1 -32+7
N H
H
19¢
X
W)L N ;
N H 2.3 1.8 1.6 69+ 6
H
19f
\—;)Ll\' 0.15 0.092 0.17 17+6
N H
H
19g
O
- O
\:/)Lh/\r\) * * * 4+6
H
19h
O OMe
W)L N
N H 0.53 0.89 1.7 -5+4
H
19i
O
\_/)LN OMe
H/\©/ 0.56 0.50 0.62 5+£3

* — cytotoxic effect was not detected
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Table 4 continued. Cytotoxicity and TrxR inhibition of aziridines 19a-m.

I1Csp, mM TrxR
Compound inhibition, %
HT-1080 SHSYS5Y MCEF-7 (¢=0.2mM)
0]
\—/)L N
N [ /\©/ 0.51 0.54 1.7 -3+3
H
19k
O
W)L N
N H 0.47 0.55 0.54 3+4
H
191
(0]
W)L N
N H/\©/\ 0.11 0.13 0.11 -5+1
H
19m

* — cytotoxic effect was not detected

The reactions of Leakadin (17) with corresponding acyl chlorides gave a series of compounds

20a-i (Fig. 13).

0 O
d
W)LNHQ 2 W/ILNHz
0" R

17 20a-i

a) RCOCI, MeCN

Fig. 13. Acylation of Leakadin.

Compounds with aromatic moiety (20f-i) possess the highest cytotoxicity among N-acylated
aziridines (Table 5). ICso of these compounds on cell line HT-1080 is 0.17-0.25 mM, on MCF-7 it
i8 0.18-0.77, and on SHSYSY itis 0.015-0.78 mM (compounds 20f, 20g, 20i). If we compare the
cytotoxicity of compounds 20e (furyl substituted) and 20f (thiophene-2-yl substituted) it is obvious
that the compound containing thiophene ring has higher cytotoxicity on all cell lines. Compounds
20a, 20c and 20d do not show any cytotoxic effect.

All compounds except 20d and 20g are TrxR inhibitors. Compounds 20a and 20h inhibit
TrxR for more than 70 %. Compound 20h inhibits TrxR even by 100 %.
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Table 5. Cytotoxicity and TrxR inhibition of aziridines 20a-i

1Cs0, mM TrxR
Compound R inhibition, %
HT-1080 | SHSY5Y | MCF-7 | (c=0.2mM)
20a Me 32 3.1 * 89+ 10
20b Ph 14 1.2 1.4 61+7
20¢ i-Pr 5.6 2.6 * 49+7
20d +-Bu 48 2.7 * 36+ 6
0
20e g 1.2 1.3 1.1 28+5
=
20f -y 0.23 0.78 0.71 86+ 11
20g Q 0.25 0.015 0.18 ~18+6
Br
20h @ 0.23 1.3 0.53 100+ 0
I
20i @ 0.17 0.17 0.77 5847
FiC

* — cytotoxic effect was not detected

Reactions of Leakadin (17) with isocyanates gave compounds 21a-e (Fig. 14).

0 8]
: W/U\
NH, . NH;
Ir:jl N
odA‘N'R
H

17
21a-e

a) RNCO, MeCN

Fig. 14. Reactions of Leakadin with isocyanates.

All compounds 21a-e are TrxR inhibitors, the best one is 21e (Table 6). Two compounds

(21a and 21d) are very weak TrxR inhibitors.
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Table 6. Cytotoxicity and TrxR inhibition of aziridines 21a-e

I1Csp, mM TrxR
Compound R inhibition, %
HT-1080 | SHSY5SY | MCF-7 | (c=0.2mM)
21a Pr 025 * * 7+5
21b -Bu 0.56 0.60 2.7 18+ 4
21¢ Ph 0.26 0.58 0.79 1546
21d "<i::? 0.29 0.15 0.85 749
Br
21e - 0.10 0.046 031 56+8
Cl

* — cytotoxic effect was not detected

A series of compounds 23a-t (Fig. 15) was synthesized from N-acyl substituted aziridines
20b,c,e that were protected with Boc group (compounds 22a-c¢). Compounds 23a-t have

substituents at both aziridine and amide N.

0O O (8]
. . RH‘
NH, a NBoc, b N
N N

e e — N §|
O"LR OA\R OA\R
20b, c, e 22a-¢c 23a-t
""""""" R TR
20b: @  22a @
0~ ! o~
20¢:  --Ph 122 --Ph |

a) Boc,0, DMAP; b) HNRR', DCM
Fig. 15. Synthesis of Leakadin derivatives 23a-t.

N-i-Pr substituted aziridines 23m-r show the lowest cytotoxicity, especially on cell line HT-
1080 (Table 7), however, the cytotoxicities of phenyl and 2-furyl substituted aziridines on cell line

HT-1080 are in the same range.
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Most of the compounds shown in Table 7 inhibit TrxR, however 23g, 23i, 23k and 23m are
TrxR activators. Aziridine derivatives 23d, 231 and 23r have high TrxR inhibitory activity (76—
91 %). Compound 230 inhibits TrxR by 100 %.

Table 7. Cytotoxicity and TrxR inhibition of aziridines 23a-t

ICs0, mM TrxR
Compound R R' R" inhibition, %
HT- MCF- ’
1080 | SHSYSY | 777 | (¢=0.2mM)
23a H Ph 0.45 0.65 1.35 33+3
23b H @—\ 0.17 | 009 | 002 | 2244
23c¢ H @ 0.83 1.19 1.33 25+6
23d Ph H Q 0.46 0.57 1.42 84+5
23e Me Ph 0.15 0.56 1.27 19+7
23f H Q 0.12 0.09 0.84 50+6
W
= N (8] . . . - +
23g H 0.40 0.47 1.23 69+ 11
23h H Ph 0.41 0.58 1.45 50 +2
23i H @—\ 0.13 | 0091 | 0.13 ~89+9
23j 2 H @ 0.53 1.27 1.30 65+4
furyl-
23k Me Ph 0.21 0.51 1.34 3747
== N 8] . . . +
231 H @ 0.073 0.45 1.08 91 +4
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Table 7 continued. Cytotoxicity and TrxR inhibition of aziridines 23a-t

ICs0, mM R
Compound | R R' R" HT m 1ll))}t10n,
= 0
jogo | SHSYSY |MCR7| %
23m H Ph 1.20 171 1.60 ~56+9
23n H p 1.10 1.59 1.46 5544
230 H ) Q 123 1.62 1.49 100 + 0
Med)
i-Pr o
23p H @ 1.69 1.70 1.73 63+ 8
23r Me Ph 1.09 1.53 1.44 76+ 6
23s H Q 0.59 0.70 1.47 3047
W

2 H Noob | oo 1.12 1.90 50 +

3t 67 9 5
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CONCLUSIONS

. N-Alkylated derivatives of 6-sulfamoylsaccharin and their hydrolized forms (derivatives of
disulfamoylbenzoic acids) are not selective hCA IX/hCA XII inhibitors, but they are
selective CA 1II inhibitors and can be used as drug targets for hCA II, for example, in
searching for novel antiglaucoma agents.

. N-Alkylated saccharins and their hydrolized forms are selective hCA IX and hCA XII
inhibitors.

Some aromatic sulfonamides (especially those containing thiophene ring) express moderate
inhibition selectivity towards hCA IX.

. Aziridine derivatives with aryl substituent at N atom in carbamoyl group express higher
cytotoxicity compared with other derivatives, however, for most compounds the difference
in cytotoxic effect is minimal, except some derivatives.

. Aziridine derivatives express TrxR inhibitory activity, however, structure — activity
relationships currently are difficult to define. Some of the aziridine derivatives showed

TrxR activation effect.
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