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PROMOCIJAS DARBA VISPAREJS RAKSTUROJUMS

Problémas aktualitate

Kardiovaskularo slimibu arst€Sana ir viens no prioritariem sabiedribas veselibas
uzlabo$anas virzieniem, jo asinsrites sistémas slimibas ir galvenais naves iemesls Eiropas
Savienibas valstis. Visbiezak sastopama hroniska asinsvadu slimiba ir ateroskleroze. Tas visu
attistibas stadiju patogenézé ir dazada veida ickaisumu procesi, kas ietekmé apolipoproteinu
izgulsnéSanos asinsvadu sieninas. Aterosklerotiskais process sakas agra jauniba un progresé
atkariba no cilveka dzivesveida, iedzimtibas un citiem faktoriem. Miisdienas aterosklerozes
medikamentozas terapijas galvena taktika ir zema blivuma lipoproteinu koncentracijas
samazina$ana asinsrites sistéma. STm mérkim izmanto divu tipu preparatus — statinus un
fibratus.? Paslaik pasaulé notiek vairaku pretickaisumu prepardtu parbaude aterosklerozes
dzivnieku modelos un kliniskajos péttjumos®.

Hidroksikarbonskabju receptori (HCA1, HCA2 un HCA3) ir ar G-proteinu saistitie
receptori. HCA endoggénie ligandi ir uzturvielu metaboliti. HCA palidz uzturét homeostazi,
regul§jot lipolizes, ickaisuma un citus procesus. HCA2 agonistus — niacinu un
monometifumaratu — izmanto aterosklerozes un multiplas sklerozes arstésana* °>. HCA2 ir
ekspreséts taukstinas un vairaku veidu imiin$tinas, tostarp ari makrofagos un monocitos, kas
piedalas aterosklerotiska procesa attistiba. HCA2 ligandi — 3-hidroksibutirats, niacins, butirats
un monometilfumarats — aktivé receptoru un izraisa labveéligus efektus, saistitus ar iekaisuma
samazinasanos, tostarp ari antiaterosklerotisku efektu®.

HCA2 kristaliska struktira nav zinama. Ar G-proteinu saistitie receptori ir S$inas
membranas proteini, un to kristaliz€Sana ir saistita ar dazadam gratibam. lzmantojot
datormodel@sanu, ir iegiti vairaki HCA2 homologijas modeli’®. Bet tie ir stipri atkarigi no
izmantotas veidnes struktiiras un ligandu veida. Receptora datormodeli norada uz dazadam
receptora-liganda saisti$anas vietam, kas apgritina homologijas modelu izmantos$anas iesp&jas
jaunu ligandu izstrad€, pieméram, virtualaja skrininga.

Ir zinamas vairakas HCA2 sintétisko agonistu klases, pieméram, pirazola, antranilskabes,
ksantina atvasindjumu un citas'®?*, HCA2 ligandu meklgjumos zinatnieki ir izmantojusi
augstas caurlaidibas savienojumu biblioteku skriningu vai zinamo HCA2 agonistu
modificéSanu.

Uzskata, ka HCAZ2 agonistiem vargtu bt terapeitiski nozimigs efekts aterosklerozes un
citu ar iekaisumu saistitu slimibu arsteésana, tadel jaunu aktivu HCA2 agonistu pétijumi varétu
dot butisku ieguldijumu jaunu zalvielu izveide.

Promocijas darba meérkis un uzdevumi
Pétijumu mérkis ir jaunu augstas afinitates HCA2 agonistu izveide.
Darba meérka IstenoSanai izvirzitie uzdevumi

e legiit receptora ligandu modelvielas ar rotaciju un konformaciju veidoSanas
ierobezojoSiem elementiem. Izpétit ligandu struktiru kustiguma ietekmi uz
savienojumu aktivitati.



e lzveidot HCAZ2 ligandu farmakoforo modeli.
o Izpétit HCA2 ligandu strukttiras-aktivitates likumsakaribas.
e Izpétit ligandu struktiirdalu aizvietoSanas iesp&jas ar iesp&jamiem bioizosteriem.

Zinatniska novitate un galvenie rezultati

P&tijuma rezultata ir iegiti jauni augstas afinitates HCA2 agonisti. Ir izstradatas (E)-2-(3-
(arilakrilamido)cikloheks-1-&n-1-karbonskabju, 2-(3-arilpropiolamido)cikloheks-1-én-1-
karbonskabju un 2-(5-arilpent-4-inamido)cikloheks-1-&n-1-karbonskabju sintézes metodes. Ir
izveidots HCA2 ligandu farmakoforais modelis, kas tika izmantots ligandu aktivitates
izskaidroSanai. Izmantojot HCA2 ligandu farmokoforo modeli, ir atrastas lidzibas starp
dazadam HCAZ2 ligandu klaseém. Paradits, ka cikloheksénkarbonskabi saturoso HCA2 ligandu
hidrofobaja dala apjomigus aromatiskus aizvietotdajus var nomainit ar fenilalkina grupam.
Antranilskabi saturoSos HCA2 ligandos karbonskabes funkcionalo grupu var aizvietot ar tas
bioizostéru — fosforskabi.



PROMOCIJAS DARBA GALVENIE REZULTATI

1. Akrilamidocikloheksénkarbonskabi saturosie HCA2 ligandi

Darba sakuma etapa ka izejas savienojums talakai modifikacijai tika izvéléts Merck
zinatnieku atklats augstas afinitites HCA2 agonists 1a'®. Misu pieejas pamata jaunu
savienojumu izveidé ir konformacionalas ierobezoSanas koncepcija, saskana ar kuru, ievedot
struktiras la karbonskabes un hidrofobas dalas savienojosa linkera rotaciju ierobezojosus
elementus, varétu iegiit savienojumus ar augstaku aktivitati un selektivitati, ja kada no
jauniegutas molekulas energétiski izdevigam konformacijam sakristu ar receptoram
nepiecieSamo bioaktivo konformaciju.
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1. att. HCAZ2 agonista 1a struktiira un tas konformacionala ierobezoSana.

Koncepcijas parbaudei ieguvam dubultsaiti, triskarSo saiti un ciklopropanu saturos$us
ciklohekseénkarbonskabes atvasinajumus, ka ar1 to analogus ar vienkarso saiti.

Meérka molekulu 5, kuru linkera dala satur dubultsaiti, sint€zei izstradajam vispargju
konvergentu sintézes metodi, kuras pamata ir Vitiga reakcija (2. att.). ST sintézes shéma lauj
ieglit mérksavienojumus 5 no arilgrupas vai heterociklus saturo$iem aldehidiem, un §im
mérkim izveidota originala trifenilfosfonija bromida atvasinajuma 3 divos solos. Bez tam,
noreducgjot sintézes intermediatu 4 dubultsaiti 10 % Pd/C Kklatieng, péc aizsarggrupu
noskelSanas ieguvam ar1 vienkarso saiti saturoSos savienojumus 1.
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EtOOC 2.PPh,  EtOOC tBuOK  EtOOC NaOH, H:0  Hooc
. N _ > —_—
54%
2 3 4 5
tHz, Pd/C
0o 0o

HN)K/\R HN)K/\R
EtOOC\é NaOH, H:0  hooc. t
6 1
2. att. Vispariga savienojumu 1 un 5 iegiSanas shéma.
Triskarsas saites linkeru saturo$o savienojumu 10 sint€zei no aldehidiem 7 ieguvam

arilpropiolskabes 8, izmantojot Korija-Fuksa reakciju'®. Apstradajot karbonskabes 8 ar
oksalilhloridu, ieguvam attiecigo karbonskabju hloridus, kurus izmantojam vinilamina 2



aciléSanas reakcija. P&c acilatvasinajumu 9 esteru grupu baziskas hidrolizes ieguvam
mérksavienojumus 10 (3. att.).
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3. att. Arilpropiolskabju atvasinajumu 10 iegiiSanas shéma.
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Cis un trans ciklopropana linkeru saturo$o savienojumu 11 un 12 sintézé ciklopropana
grupas izveidei izmantojam no diazometana generéta karbéna reakcijas ar attiecigiem Z vai E-

alkéniem.

Savienojumu aktivitate tika noteikta Latvijas Biomedicinas pétjjumu un studiju centra
(BMC), izmantojot funkcionalo cikliska adenozinmonofosfata (CAMP) testu. Ka references
vielu izmantojam resintezétu cikloheksénkarbonskabes atvasinajumu la, kura literatiira
noradita afinitate ir 38 NM*3, BMC noteikta savienojuma la funkcionala aktivitate CAMP testa
ir 8,3 uM. Sintez&to savienojumu aktivitates uz HCAZ2 ir paraditas 1. tabula®.

1. tabula
Cikloheksénkarbonskabju atvasinajumu HCA aktivésanas dati
Struktiira HCA2 HCA1 HCA3
N.p. Savienojums JOL ECso £SD
K. N R + | Inh, %" Inh., %" | Inh., %"
H pM

HO (6]
1. 1a 83+2.4 66 + 4 41+4
2. 5a 7 OO 45+12 14+3

N 1,2¢
3 10a OO 0.23 £ 0,10°
4. 11 ‘(f 12,5+5 55+15 40+5

/\
5. 12 © OO 34418 NA NA
6. 5b Z OO 14+0,1 NA NA

OH
7. 5¢ ~ % 58+42 26+7 NA
O
NZ ‘
8. 5d / NA 54410 NA
9, 5e ~ D 68 + 10 39+ 19 24+ 10
N

a Savienojumi 1b, 5a,b,n-w ir iegiti sadarbiba ar R. Bokalderi, V. Gailiti, I. Kaulu un M. Tkaunieku.
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Struktara HCA2 HCA1l HCA3
N. p. Savienojums JOL ECso + SD
. ) N R 0 E5Y | Inh, %" | Inh, %P | Inh., %P
H pM
HO [e]
10. 5f ~ b NA NA NA
N
OMe
11. 5¢ “1 63 +4,1 NA 21+7
Cl N
= N\ OMe
12. 5h L 53+21 61+8 38+ 13
OMe
OMe
N
13. 5i ~ ® 30+7 32+6 19+2
OMe
. = N\ O,SC
14 %) (A, 03520100
= OMe
15. 5k 51+13 58+ 6 31+ 14
OMe
16. 51 “ 1 27,5+3,5 52413 | 37+13
Cl N
17. 5m b 59+ 11 58+ 11 27+11
MeO N/
Cl
18. . °
n = S 59+£5 51+18 51+£3
(o]
19. 50 Z OO NA NA 26+ 10
O/
20. 5p AN NA NA NA
/N
N
21 5q i 41+1,4 NA NA
=
OH
22. 5r NS 27413 NA NA
‘ =
(0]
23. 5s k/\@[ ) 6.8+37 6616 | NA
(6]
Cl
24. 5t /\/\C[OMG 263+45 48410 | 36+22
OMe
25. 5u /\/ﬁ% 1749 5946 | 34+15
cl o
26. 5v /\/ﬁ% 24+7 54+14 | NA
Br o
= OMe
21. 5w - 23412 | 46+3 NA
Br
z
28. 13 S 3.6+ 1.6 56410 | NA
29. 1b 1,9+0,9 26+ 4
OH

10




Struktara HCA2 HCA1l HCA3
N. p. Savienojums JOL ECso £ SD
. ) N R 0 E5Y | Inh, %" | Inh, %P | Inh., %P
H pM
HO (@]
30. 1c /\/\@[°> 51,6242 623 | 28+7
O
N7 ‘
3L 1d 60+ 6 5546 NA
32. 1e \ j 70 + 14 60+ 15 26+7
N
33 N
1f _ 36,4+ 11,2 54+ 17 23+6
N
OMe
34. 19 B 4,1+29 5347 24410
Cl N/
NV
35. 10b S OO 0,9+0.,5 NA NA
OH
36. 10¢ \C[o> 174159
(o]

a  — aprekinats no vismaz tris eksperimentu rezultatiem;
b — cAMP inhib&sana, ja liganda koncentracija ir 50 uM;
c — viena m&rijuma rezultats;

d - eksperimenti veikti bez BSA;

NA — nav aktiva 50 uM koncentracija.

Savienojumiem ar naftalin-2-il hidrofobo dalu novérojam, ka atkariba no izmantota linkera
vielu efektiva koncentracija (ECso) HCA2 aktivésanas testa samazinas rinda cis-ciklopropans
(11, 34 % 50 uM) << trans-ciklopropans (11, 12,5 uM) < vienkarsa saite (1a, 8,3 uM) <
dubultsaite (5a, 4,5 uM) < triskarsa saite (10a, 1,2 uM), kas atbilst miisu hipotézei. Savietojot
So savienojumu energétiski izdevigako konforméru struktiiras, ka vienadu elementu izvéloties
cikloheksénkarboksilata dalu, var redzet strukttiru atSkiribas telpa (4. att.). Triskarsas saites
linkeru saturo$a struktiira 10a, dubultsaiti saturo$a struktira 5a un vienkar$as saites linkeru
saturo$a struktiira 1a parklajas un attiecigi Sie savienojumi ir aktivaki, bet trans-ciklopropanu
saturo8a savienojuma 11 abi enantioméri nedaudz iziet no plaknes un, ka redzams 4. attéla A,
atrodas zemak par 1a, kas varétu but skaidrojums savienojuma 11 aktivitates samazinajumam.
Savukart cis-ciklopropana linkeru saturosa savienojuma 12 enantioméru hidrofoba dala vispar
neparklajas ar 1a, 5a un 10a hidrofobajam dalam, un Sis savienojums ir praktiski neaktivs.

Noverota likumsakariba, ka, ievieSot konformacionalas ierobezoSanas elementus
molekula, tas aktivitate palielinas, nav universala un ir atkariga no savienojumu hidrofobas
dalas. Pieméram, benzodioksolu saturoSiem savienojumiem aktivitate lidz ar dubultsaites
ievieSanu uzlabojas par kartu (ECso 1¢ — 51,6 uM, 5¢ — 5,8 uM). 6-Hidroksinaftalin-2-il
aizvietotaju Vvai (2-hloro-6-metoksi)hinolin-3-il aizvietotaju saturoSiem savienojumiem
aktivitates praktiski nemainas (ECsp savienojumam 1b — 1,9 uM, 5b — 1,4 uM, 10b — 0,9 puM;
ECso 1g — 4,1 uM, 5g — 6,3 uM). Savukart 2-metilnaftalin-6-il hidrofobo dalu saturosais
savienojums ar dubultsaites linkeru 5f ir neaktivs, bet tas analogs ar vienkarso saiti 1f ir HCA2
ligands (ECsxo ir 36,4 uM).
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4, att. Dazadu linkeru saturo$o struktiru savietoSana.
la — zal§, 5a — zils, 10a — violets, 11 — roza, 12 — pel&ks.

Ligandu naftalin-2-il grupu var nomainit ar hinolin-2-il grupu vai benzodioksolu, un $adas
nomainas rezultata iegiitie savienojumi aktivitati saglaba (ECso hinolin-2-il analogam 5q —
4,1 uM, benzodioksolam 5¢ — 5,8 uM). Benzodioksolu var aizvietot ar par vienu metiléngrupu
lielaku ciklu dihidrobenzodioksinu ka vielai 5s, jo attiecigu savienojumu aktivitate praktiski
nemainas (ECsp 55 — 6,8 pM). Formali “atverot” dihidrobenzodioksina ciklu, attiecigais
savienojums 5k ar diviem metoksi aizvietotdjiem ir jau vajs HCA2 agonists un 50 uM
koncentracija sp&j samazinat cAMP Itmeni tikai par 51 %. M&ginajumi modul&t benzodioksola
atvasinajuma 5c aktivitati, ievedot ta aromatiskaja cikla halogénus, lidzigi ka tas ir hinolin-2-il
fragmentu saturo$as struktiiras 59,f, paradija, ka attiecigie bromu un hloru saturosie analogi
5n,u,V ir praktiski neaktivi, toties 2-hlor-3,4-dimetoksi analoga 5t gadijuma novéro jau biitisku
liganda aktivitates pieaugumu (ECso 26,3 uM).

Lidzigi literatira minétajam likumsakaribam, arm misu sintezétajiem divkar$as saites
linkeru saturoSajiem hinolin-2-il atvasinajumiem aktivitati uzlabo hidroksilgrupa hidrofobaja
dala. Pieméram, 6-hidroksihinolin-2-il aizvietotaju saturo$a struktira 5j (ECso 0,5 uM) ir
astonas reizes aktivaka par hinolin-2-il saturo$o savienojumu 5¢ (ECso 4,1 uM). Tomér
hidroksilgrupas pievienosanas vieta ir bitiska, un aktivitates palielinaSanai tai ir svariga
hidroksilgrupas pozicija pretgji linkeram, jo analogs 5r ar hidroksilgrupu 8-pozicija zaudé
aktivitati. Metoksigrupa 6-pozicija stipri samazina aktivitati, pieméram, savienojums ar 6-
metoksihinolin-2-il 5i ir neaktivs. Bet arT Seit ir svariga metoksi grupas pozicija, jo savienojuma
50, kas arT satur metoksigrupu, ECs ir tikai 6,3 uM.

Interesanta ir struktira 13, kuras hidrofobaja dala ir fenilacetilenil aizvietotdjs, un $i
savienojuma ECsp ir 3,6 uM, kas ir salidzinama ar 2-naftil saturo$a savienojuma 5a aktivitati
(ECso 4,5 uM). Tas lauj secinat, ka, iespgjams, liganda un receptora hidrofobo mijiedarbibu
veido galvenokart hidrofobas dalas apgabals, kas atrodas attalinata pozicija no linkera
pievienoSanas vietas, bet triskarsas saites vieta mijiedarbiba ar receptoru nav izteikta.

Lielaka dala no ieglitajiem Savienojumiem ir parbaudita ariuz HCAL1 un HCA3. Visi misu
sintez&tie aktivie savienojumi ir selektivi pret HCAZ2, jo tie ir vai nu neaktivi, vai ari loti vaji
HCAL un HCAS3 agonisti. 50 uM koncentracija HCA1 un HCA3 aktivéSana neparsniedz 50—
60 %, un vislielaka sp&ja aktiveét HCA1 (66 %) ir savienojumiem la un 5s. Selektivitate pret
HCA2 vargtu biit nepieciesama gadijuma, ja v€lamais farmakologiskais efekts ir saistits ar
iminstinu aktivéSanu. Bet, ja ir nepiecieSams aktivét receptoru taukSunas, iesp&jams, ka
selektivitate nav tik svariga, jo visi tris receptori ir ekspreséti adipocitos.
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HCAZ2 ligandu farmakoforais modelis

Izmantojot sintezéto savienojumu 3D struktiiras un to aktivitates, ar datorprogrammas
Schrodinger Small-Molecule Drug Discovery Suite!® izveidojam HCA2 ligandu farmakoforo
modeli. Hidroksilgrupas klatiene hidrofobaja naftalin-2-il dala uzlabo savienojuma aktivitati,
tapec automatiski izveidotais modelis ar labako aprékinatu veértgjumu tika papildinats ar
papildus tidenraza saites akceptoru hidroksilgrupas vieta uz struktiiras 10b pamata. Modelim
pievienojam izslégto telpu caulu un veicam manualu modela hidrofobas dalas struktiirelementu
poziciju un deskriptoru mainu, lai péc iesp&jas vairak aktivu un mazak neaktivu savienojumu
atbilstu modelim. Modela izveidé un pareizibas parbaudg€ ir izmantoti tikai misu sintez&tie
savienojumi. Tiem atSkiras tikai hidrofobais apgabals un linkers, bet ligandu
cikloheksénkarbonskabes dala visam struktiram ir vienada, tapec iegiitais modelis ir vairak
piemerots liganda hidrofobas dalas raksturoSanai.

Sada veida izveidotais modelis ir paradits 5. attgla. Modelim ir septini farmakoforie
apgabali AADHNRR, kur A ir Gdenraza saites akceptors, D ir idenraza saites donors, H —
hidrofobais apgabals, N — negativi ladéts elements, R — aromatiskais gredzens. Atbilstosi
modelim, HCA?2 ligands ir praktiski plakana struktiira ar garumu 15-17 A. Pie nosacijuma, ka
vismaz pieciem no septiniem liganda farmakoforajiem apgabaliem ir jasakrit ar modela
farmakoforajiem apgabaliem, modelim atbilst 18 struktiiras no 1. tabulas (5. att. A); no tam 12
ir aktivie savienojumi un viens — neaktivs savienojums (5f — 5. att. B).

5. att. HCAZ ligandu farmakoforais modelis AADHNRR.
A — visi modelim atbilstosie ligandi; B — strukttiras 5f atbilstiba modelim; aktivie savienojumi ir zala krasa,
neaktivie — oranZa; akceptors (A) — gaisi sarkans, donors (D) — zils, negativi 1adéts elements (N) — sarkans,
hidrofobs elements (H) — zal§, aromatisks gredzens (R) — oranzs.

Izveidoto modeli izmantojam, lai atrastu lidzibu starp dazadu HCA2 ligandu klasu
savienojumiem. Izmantojot literatiira minéto savienojumu skriningu'’, ir izdevies atrast Iidzibu
starp antranilskabi vai cikloheksénkarbonskabi saturoSiem ligandiem un vairakiem
piridopirimidona atvasinajumiem, ka ar7 bicikliskiem pirazoliem (6. att.).
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6. att. HCA2 ligandu skrininga ieklauto savienojumu 14 un 15 atrasta atbilstiba

farmakoforajam modelim.
A un C — metodg izmantotas 3D strukttras ar minimiz&tu energiju, un modelis ir bez izsleégtam telpam; B un D —
struktiiram izveidoti jauni konformeri, un modelis ir ar izslegtam telpam.

legiitos rezultatus var izmantot jaunu HCA2 ligandu dizaina. Farmakoforo modeli var
izmantot arT ligandu virtualaja skrininga.

HCAZ2 ligandu saistiba ar plazmas proteiniem

No literatiiras datiem ir zinams, ka antranilskabi saturoSiem HCA2 ligandiem piemit
izteikta tendence saistities ar plazmas proteiniem. Vérsa seruma albumins (BSA) ir plazmas
proteins, ko izmanto HCA2 ekspresg€joso Siinu iegtiSana, ka ari cAMP testa buferSkiduma. BMC
veiktajos CAMP testos buferskiduma ir izmantota 2 % BSA piedeva. Lai novertétu sintez&to
savienojumu iesp&jamo saistiSanos ar cAMP testa klatesoso BSA, tika veikti aktivitates
noteikSanas eksperimenti, kuros analizéjamas vielas 1¢g, 5a, 5¢, 10b, 11 un 13 iztur&ja 5 % BSA
Skiduma 30-45 minttes un tad veica cAMP testu. Savienojumu efektivas koncentracijas
mainijas nebutiski, tapéc sakuma pienémam, ka petamo ligandu saistiSanas ar BSA ir
nenozimiga. Velak BMC tika veikts cAMP noteikSanas tests, izmantojot BSA nesaturoSu
buferskidumu, un §1 testa rezultati atkariba no petamas struktiiras atskiras no 2 % BSA saturoSa
testa rezultatiem 2-55 reizes. Vislielaka atskiriba (35-55 reizes) ir savienojumiem ar vienkarsas
saites linkeru. Biologiskas aktivitates testu rezultatu izmainas ar un bez BSA piedevas ietekmé
misu secindgjumus par struktdras-aktivitates likumsakaribam. 6-Hidroksinaftalin-2-il
atvasinajumu 1b, 5b un 10b linkeru rinda vienkarsa saite — dubultsaite — triskarsa saite
visaugstaka savienojumu aktivitate testa bez BSA ir novérojama vienkarSo saiti saturoSai
strukttirai 1b (ECsp ir 0,04 pM).

Ir zinams, ka karbonskabes loti labi saistas ar plazmas proteiniem, un, nemot véra to, ka
misu sintez&tie savienojumi ir karbonskabes, talakos miisu sintezeto ligandu funkcionalas
aktivitates noteikSanas eksperimentos ar CAMP testu ir izmantota metode bez BSA piedevas.
Talaka darba vairaku miisu sintez&to savienojumu aktivitates BMC tika noteiktas, izmantojot
ari radioligandu metodi — ar tritija izotopu iezZim&tu niacinu ([*H]-niacins).
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HCAZ2 ligandi ar heterociklu linkeru

Misu sintez€to potencialo HCA2 ligandu linkeri ir aktivétas nepiesatinatas saites, kas
fiziologiskaja videé var reagget ar biologiskajiem nukleofiliem, tapéc talaka perspektiva tas nav
velami zalvielu elementi. Alternativa dubultsaites linkeram varetu bt 5-loceklu heterocikls.
No otras puses, dazi HCA2 ligandi ar musu darba lidzigam struktiiram, kur linkers ir tioféns,
pirazols vai tiazols, un karbonskabes dala ir antranilskabe, ir jau nosegti ar patentiem?®, bet
diemZzgl nav publicéta So savienojumu biologiska aktivitate. Lai parbauditu, vai linkera vieta
heterociklu saturosi savienojumi varétu but HCA2 agonisti, m&s ieguvam savienojumus ar
triazola linkeru 16 un tiofénu 17 (7. att.). Savienojumu ECsp ir 3—4 uM, kas ir par kartu lielaka
neka references savienojumam 10a.

i Ji§ i
N<
+ N N X N
! L O
SR v o g

EC50 0,23 HM

ECsg 3,28 uM ECso 3,94 uM

7. att. Heterociklus saturo$o HCA2 ligandu aktivitates, izmantojot metodi bez BSA.

Heterociklus saturoSas struktiiras ir patentétas, bez tam abu misu sintez&to heterociklu
saturo$o savienojumu $kidiba ir ievérojami sliktaka par savienojuma 10a un to dubultsaites
linkeru saturo$o analogu $kidibu, tapéc $is petijuma virziens talak netika turpinats.

2. Fenilacetilenu saturosie HCA2 ligandi un to modifikacijas

Miisu uzmanibu piesaistija HCA2 ligands 13 ar fenilacetiléna grupu liganda hidrofobaja
dala. Struktiirai 13 ir mazs rot€joSo saiSu skaits, tapec ta nav kustiga un tas modifikacijas mes
izmantojam ka modelvielas ligandu konformacionalas stabilitates hipotezes parbaudei, ka ar1
jaunu HCAZ2 ligandu izstrade. M&s ieguvam savienojuma 13 analogus 21 ar hidroksilgrupam
un halogéna atomiem dazadas pozicijas (8. att.). Arilhalogenidu 18 SonogasSiras reakcija ar
propargilspirtu ieguvam alkinus 19, kuru spirta grupas nooksidéjam lidz aldehidiem 20. E-
alkénus ieguvam Vitiga reakcija ar fosfonija bromidu 3.

propargilspirts Dessa-Martina 1.3, tBuOK

) O
Hal TEA, Cul reagents 2. aizsarggrupu &
Pd(PPh3),4 & OH vai MnO, 4 SO  noskeldana = N
— % T —_— 7 H
R DMF R R R COOH
19 20 21

18

8. att. Entna funkciju saturoso savienojumu 21 iegtisanas shéma.

Visu savienojumu 2la-f aktivitates palielinajas gan funkcionalaja testa, gan niacina
izspieSanas testa salidzinot ar neaizvietota savienojuma 13 aktivitati (2. tabula). Ligandam ar
o-hidroksilgrupu 21a un p-hidroksilgrupu 21c ir par kartu augstaka afinitate (ICso 0,037 uM un
0,025 uM) neka m-analogam 21b (1Cso 0,38 uM), tapéc talak pievérsam uzmanibu 0- un p-vietu
modificéSanai, vispirms ievadot halogénu atomus o-vieta. o-Hlor atvasinajums 21d (ECso
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0,27 uM) spgja aktivet HCA?2 Iidzigi ka o-hidroksi analogs 21a (ECso 0,25 uM), turpreti o-fluor
analoga 21le aktivitate samazinajas divas reizes (ECsp 0,45 uM), tacu ta afinitate nedaudz

uzlabojas (ICso 0,016 uM), tapéc pienémam, ka o-vieta var bit hlora vai fluora atoms.

2. tabula

Fenilacetilénu saturo$o savienojumu un to analogu aktivitates dati
Struktiira
. o cCAMP RLB
N. p. k. | Savienojums %\HXR ECso + SD, pM? ICs0 = SD, pM?
HO [6)
N
1. 13 S 1,01 £0,59 0,33+ 0,071
OH
7N
2. 21a S 0,25+ 0,11 0,037 £ 0,011
7R
3. 21b S OH |039+0,16 0,380 + 0,068
7
4. 21ch 0,13 + 0,02 0,025 + 0,004
OH
2N Cl
5. 21d N 027+0,14 0,088 + 0,024
= N F
6. 21e N 0,45+ 0,15 0,016 + 0,001
= % E
7. 21f 0,11+ 0,06 0,330 + 0,081
OH
8. 25 /V/V\Q 19.6 +3,1 2834093
S OH
9. 24a N 0,72+0,10 0,230 + 0,089
N
10. 24b /\/\@(OH 2,98 = 0,49 0,14 = 0,09
X
11. 24¢ /V\Q\ 0,16 + 0,06 0,013 + 0,006
OH
S Cl
12. 24d S 0,19 + 0,08 0,056 + 0,017
N F
13. 24e N 0,36 £ 0,12 0,067 + 0,009
S F
14. 24f S 0,08 £ 0,01 0,028 + 0,002
OH
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Struktiira
L 0 cAMP RLB
N. p. k. SaVIEHOJleS %\HJLR ECso + SD, llMa ICso + SD, llMa
HO” ~o
cl
X
15. 249 0,09 + 0,02 0,076 £ 0,019
OH
NN
16. 24h s 3,37+ 1,39 0,67+0,13
e
N
17. 24i /\/\@ 5,61+ 1,10 3,62+ 0,54
COOH
n
18. 24j /\/\@ 0,63 + 0,09 0,29 + 0,078
F
N
19. 24k S NA
OH
X
20. 26a O 0,41+0,14 0,040 + 0,005
21, 26b OH 0,23 +0,12 0,032 + 0,08
22. 26¢ 0,07 £ 0,01 0,021 + 0,004
OH
D
23. 26d O 0,13 +£0,06 0,075 + 0,007
ot
24, 26e O 0,19 £ 0,04 0,28 + 0,05
L
25. 26f O 0,26 £ 0,09 0,058 + 0,009
OH
a — aprékinats no vismaz no tris eksperimentu rezultatiem,;

b —savienojums 21c ir iegtts sadarbiba ar Dr. chem. M. Ikaunieku;
NA —nav aktiva 50 uM koncentracija.

Izmantojot 9. attéla redzamo shému, ieguvam savienojumus 24, kas satur tikai triskar$o
saiti.

(o}

3

1. Arl, Cul
1. (COCI),, DMF NH PdCl,(PPhj) Z NH
\/\ ; 2, D)ﬁ:EA - N N2OH. ~
COOH

@/COOEt 2. 2N NaOH R N @/COOH
2.2, DIPEA_ 2. 2N NaOH_
X
57% =
22 o 23 24

9. att. Fenilalkinu saturo$o savienojumu 24 iegtiSanas shéma.
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Savienojumi 24a-g ir augstas afinitates HCA2 agonisti (2. tabula). Praktiski visu
savienojumu 24 aktivitate un/vai afinitate ir lidziga to attiecigo analogu 21 aktivitatem. Sada
linkera modifikacija uzlabo savienojuma stabilitati in vivo, jo struktiira vairs nesatur aktivétu
nepiesatinato saiti. Visaktivakie savienojumi $aja sérija ir 2-fluor-4-hidroksi aizvietotaju
saturo$s 24f un 2-hlor-4-hidroksi analogs 249. Interesanti, ka struktiira 25 (2. tabula, 8. rinda),
kas nesatur triskarSo saiti, bet satur dubultsaiti, zaud&ja aktivitati 19 reizes, salidzinot ar to
analogu 13. ST struktiira atbilst izstradatajam farmakoforajam modelim, tapc aktivitates
zudumu var izskaidrot ar struktiiras kustigumu.

leguvam arT Merck atrasta savienojuma MK-6892'° analogu 24h, kas, tapat ka MK-6892,
satur hidroksipiridinu liganda hidrofobaja dala. Savienojuma 24h aktivitate ieveérojami kritas
(ECs0 3,37 uM), salidzinot ar hidroksifenil analoga 24c aktivitati (ECsg 0,16 uM).

Ir zinams, ka triskarsa saite organisma var oksid&ties ar citohroma P450 palidzibu, tapéc,
izmantojot datormodel&Sanu, noteicam savienojuma 24cC iesp&jamo metabolisko stabilitati.
Aprekini paradija, ka triskaria saite neatrodas tik tuvu (<5 A) P450 enzima dzelzs atomam, lai
viegli oksidetos. Ka redzams 10. attéla, aprékinata metaboliski nestabilaka vieta molekula ir
aromatiskaja gredzena.

A

A\

HO

10. att. Savienojuma 24c metaboliska stabilitate.
A — zala krasa nestabilaka vieta; B — Fe—pieejamiba, jo lielaka vertiba, jo augstaka pieejamiba dzelzs atomam.

Literattra ir atrodami dati, ka dazreiz p-fluor aizvietotajs hidrofobaja dala nemaina
savienojumu aktivitati, salidzinot ar p-hidroksi analogiem?. Lai parbauditu p-fluor aizvietotaja
ietekmi, ieguvam savienojumu 24j. Ta aktivitate samazinajas Cetras reizes, bet afinitate — 22
reizes, salidzinot ar p-hidroksi analogu 24c, tapéc var secinat, ka $aja gadijuma fluora atoms
nav hidroksilgrupas bioizostérs. Mgginot atrast alternativu p-hidroksilgrupai, sintez&jam
fenilacetiléna atvasinajumu 24i ar karbonskabi p-vieta, taCu iegita savienojuma aktivitate
samazinajas jau 35 reizes. levadot p-hidroksigrupas vieta hidroksimetil aizvietotaju, ieguvam
pavisam neaktivu savienojumu 24K.

Merck zinatnieku publikacija ir aprakstiti dazi cikloheksénkarbonskabi saturosi HCA2
ligandi, kas vielas hidrofobaja apgabala satur bifenil sistému®2. Lai parbauditu, vai triskarsa
saite musu gadijuma var€tu darboties ka benzola cikla bioizostérs, ieguvam savienojumu 26a-f
bifenil analogus 26a-f. Salidzinot iegtto bifenil savienojumu 26 un fenilacetilénil grupu
saturoSo HCA2 agonistu 24 aktivitates, var redzet, ka bifenil atvasinajumi 26a,c-e ir 1,5-3
reizes aktivaki par to analogiem 24a,c-e. Iznémums S$aja s€rija ir m-hidroksigrupu satuross
atvasinajums 26b, kas ir 13 reizes aktivaks funkcionalaja testa (ECso 0,23 uM) par triskarso
saiti saturo$o analogu 24b (ECso 2,98 uM), un savienojuma 26b afinitate, salidzinot ar vielu
24b, uzlabojas cCetras reizes. Turpreti 2-fluor-4-hidroksi aizvietotajus saturosa
bifenilatvasinajuma 26f aktivitate un afinitate samazinas 2—3 reizes (ECso 0,26 uM, 1Cso
0,058 uM), salidzinot ar ta triskarsas saites analoga 24f datiem (ECso 0,08 uM, 1Cs0 0,028 puM).
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Izmantojot ieprieks izstradato farmakoforo modeli, salidzinajam savienojumu 24 un 26
struktiiras. Bifenil sistémas un fenilacetilénu fragmentu parklasanas un salidzinato savienojumu
biologiskas aktivitates dati liecina par to, ka triskarsa saite savienojumos 24a-f ir benzola
gredzena bioizosters.

Bifenilsisttmu saturosas struktiiras 26 ir par apméram 2 A garakas neka to attiecigie
fenilacetilen analogi 24. Lai izpé&titu linkera garuma ietekmi uz savienojumu aktivitati, tika
iegtti divi augstas afinitates HCA2 ligandu 24d un 24g analogi 27a un 27b, kas satur par vienu
metiléngrupu garakus linkerus (11. att.). Ieglito savienojumu aktivitate samazinajas 2,3—2,5
reizes, salidzinot ar to analogu 24d,g aktivitatém. Lidz ar struktiiras pagarinasanos rotgjoso
saiSu daudzums, salidzinot ar struktiram 24d,g, palielinas par vienu, tapec, iesp&jams,
aktivitates izmainas varétu izraisit struktiiru kustiguma palielinasanas.

A e g
\©/\/\/?L O i i
A N N O\/\Mn)LN
H H H
0~ “OH 0~ “OH cl 0 ﬁ

27a,R=H, ECg,0,45 uM 28, 26 % 50 uM 29a,n =1, ECs0 7,03 pM
27b, R = OH, ECg0 0,23 uM 29b, n =2, EC50 4,40 M

11. att. HCA2 ligandu linkera modifikacijas.

Saisinot Dbifenilsistému saturo§am savienojumam 26c¢ linkera garumu par vienu
metiléngrupu, tika iegits ta analogs 28. Izradijas, ka §is savienojums ir praktiski neaktivs, jo
tas samazina cAMP limeni tikai par 26 % 50 uM koncentracija (11. att.). Straujo aktivitates
zudumu varétu izskaidrot ar datormodelésanas palidzibu — savietojot struktiiras 26¢ un 28,
noskaidrojam, ka to hidrofobie apgabali vispar neparklajas un isaka analoga 28 struktiiras
geometrijas del tas neatbilst HCA2 ligandu farmakoforajam modelim.

Izmantojot datormodelé$ana atrasto savienojuma 15 lidzibu ar struktiru 24d, ieguvam
savienojumus 29a,b, kas satur metilénétera fragmentu triskarsas saites vieta. Struktaram 29a,b
ir vairak kustigu saiSu neka fenilacetilénu saturoSiem savienojumiem, lidz ar to palielinas
struktiiru iesp&jamo konformaciju skaits. Garako linkeru saturo$a savienojuma 29b aktivitate,
salidzinot ar savienojuma 24d aktivitati, samazinas 23 reizes, bet 1sako linkeru saturosa
savienojuma 29a — 37 reizes. Lidz ar to var secinat, ka HCAZ2 ligandos, aizvietojot triskarso
saiti ar metilénétera fragmentu, molekula klaist kustigaka un tas aktivitate samazinas.

3. HCAZ2 ligandu karbonskabes dalas un amida grupas modificéSana

Salidzino$i maz ir zinams par HCA2 ligandu analogiem, kuriem biitu modificéta
karbonskabes dala un amida grupa. Veicot ieprieks iegtito HCA2 ligandu karbonskabes dalas
modifikacijas, iegiitas struktiiras—aktivitates likumsakaribas varétu dot ieskatu HCA2 ligandu
farmakofora modela karbonskabes dala un palidz&t izprast mijiedarbibu starp ligandu un
receptoru. lepriekS novérojam cikloheksénkarbonskabju saturoSo HCA2 ligandu amida saites
SkelSanos hidrolitiska vide, tapéc iesp&jamais amida saites aizvietoSanas ieguvums varétu biit
savienojumu stabilitates uzlabosanas.

Ligandu karbonskabes dalas pétjjumam ieguvam savienojuma 24d analogus 34 ar
modificétu karbonskabes dalu (12. att.). Amida saites izveidei Savienojumos 32 izmantojam
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divas metodes — aciléSanas reakciju ar pent-4-inskabes hloridu (31) vai karbonskabes 22
aktivéSanu ar EDC un HOBt reagentu kombinaciju. Izmantojot iepriek$ izstradato metodi,
veicam alkinu 32 SonogaSiras reakcijas ar jodbenzolu 33. P&dgja soli vielam veicam
aizsarggrupu noskelSanu.

/\/com I
" @E 33 o Ax.
NH, COOH IR
/\/ X Cul, PdCI2 PPhs),, TEA / N
N EDC HOBt 2. alzsarggrupu noskelSana = H
| IR
Cl
30 34

12. att. Savienojumu 34 iegtiSana.

HCA2 ligandos cikloheksénkarbonskabi var aizvietot ar antranilskabi, kas parasti gan
nedaudz samazina aktivitati, kaut ari daZzos gadijumos aktivitates izmainas ir nenozimigas.
Sintez&ta savienojuma 34a, kur cikloheksénkarbonskabes dalas vieta ir antranilskabe, aktivitate
gan samazinajas 15 reizes, salidzinot ar to analogu 24d (13. att.). Tom&r $o savienojumu ir &rti
izmanot ka references vielu aktivitates salidzinasanai, veicot talaku struktiiras modificé$anu.
Noskaidrojam, ka savienojumiem 34b,c, kuros karbonskabes grupa atrodas attiecigi meta un
para pozicija pret acilamida grupu, nav HCA2 aktivéSanas ipaSibu. Aizvietojot savienojuma
34a orto karbonskabes grupu ar fluora atomu, kura elektronegativitates dél tas ari varétu
uzvesties ka tidenraza saites akceptors, ieguvam savienojumu 34e, kas ari nav aktivs.

Nikotinskabe ir plasi zinams HCA?2 ligands, tapéc ieguvam HCA2 liganda 34a analogu
34d, kura antranilskabe ir nomainita pret nikotinskabi, tacu $1 modifikacija izradijas
neveiksmiga, jo savienojuma aktivitates samazinajas 12 reizes.

D

24d, R = ECs 0,19 uM 34d, R = N\ ECs 32,7 uM
COOH COOH
0
R 34a,R-= ECsp 2,84 uM 34e,R = NA
Z H COOH F
34b, R = NA 34f R = ECsp 25,9 uM
cl COOH
24d, 34a-g y
N7 NH
COOH N=N
34c,R = \(Q NA 34g,R = \(@ ECsp 3,40 uM

0" broH
13. att. HCAZ2 ligandu karbonskabju dalas modifikacijas.

leguvam ari savienojuma 34a analogus, kuros karbonskabe ir aizvietota ar to iesp&jamiem
bioizosteriem — tetrazolu 34f un fosforskabi 349. Tetrazolu saturosa savienojuma 34f aktivitate
samazinajas devinas reizes. Fosfonata 349 modifikacija izradijas veiksmigaka, jo iegiita
savienojuma ECsp ir 3,40 uM, un ta ir salidzinama ar references savienojuma aktivitati.

Nakamais solis HCA2 ligandu modific€Sana bija amida grupas nomaina uz iesp&jamiem
bioizostériem. Amidu aizvieto ar sulfonamidu, tioamidu, trifluoretilaminu, oksetanaminu,
dazadiem heterocikliem utt.?2~2%, Analiz&jot iespgjamo HCA?2 ligandu struktiiras ar amida saites
bioizostériem, izmantojam datormodel&sanu.

20



HCA2 ligandu analogu, kuros amida funkcionala grupa ir nomainita ar iesp&jamu
bioizosteru heterociklu, iegiSanas stratégijas pamata izvelgjamies heterocikla izveidi no diviem
buvblokiem — liganda linkera dalas 35 un liganda karbonskabes dalas 36 (14. att.). Miisu
sintézes shéma linkera dala satur arilbromida grupu, kuru talak bijam paredzg&jusi izmantot C-
C sametinaSanas reakcijas un iegiit savienojumus ar dazadiem aizvietotagjiem R liganda

hidrofobaja dala.
oy

COOH

v 1) ¢ ;
JO s () =
+ Br 1
Br COOR' Q COOR
35 36

37 38

Het - heterocikls

14. att. Heterociklu saturoso HCA?2 ligandu 38 sintézes stratégija.

Izmantojot So sheému, ieguvam tetrazolu, 1,2,4-oksadiazolu, izoksazolu un 1,2,3-triazolu
saturo$os savienojumus 38a-g (15. att.). Diemz&l neviens no tiem neuzradija HCA?2 aktivéSanas
ipasSibas. Salidzinot jaunas, heterociklus saturosas struktiiras 38a-g un to atbilstibu
farmakoforajam modelim ar savienojuma 26¢ struktiiru, secingjam, ka aktivitates trikuma
iesp&jamie iemesli var&tu bt arT jauno struktiiru kopgjais garums, heterocikla telpiskais izmérs
un farmakofora elektrona donora elementa trukums.

N-
0 ; O COOH N=N COOH
38a,R = HN/ 38¢,R = }N

‘ /@ R Z
COOH O N-0  cooH
N=
O 38b,R= X 38f, R = ErN N GooH
26¢, ECs; = 0,07 uM HO 38a-g %
N-o  cooH N-
38c, R = W&@ 38g, R = mﬁ GOOH

N:N  cooH
38d,R = %’N N7

Iz

HO

15. att. HCA2 ligandu amida grupas modifikacijas.
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SECINAJUMI

. legutas (E)-2-(3-(arilakrilamido)cikloheks-1-én-1-karbonskabes | ir selektivakas pret
HCAZ2, salidzinot ar HCA1 un HCA3.

0]
[/ }N)K/AR
H
HO™ "0
1

Balstoties uz (E)-2-(3-(arilakrilamido)cikloheks-1-én-1-karbonskabes  sérija |
atrastajam strukturas-aktivitates likumsakaribam, atrasti tadi jauni strukttirfragmenti ka
hinolins, benzodioksols un fenilacetiléns, ko var izmantot ligandu hidrofobas dalas
dizaina, aizstajot literatiira zinamo naftalina grupu.

. Irnovérojama tendence, ka iegiito HCA2 agonistu aktivitate ir augstaka, ja savienojuma
struktiirai ir ierobezotas dazadu konformaciju veidoSanas iespgjas.

. Cikloheksenkarbonskabi saturoSiem HCA?2 ligandiem piemit saistiba ar vérsa seruma
albuminu, kas ietekm& petamo ligandu aktivitates cAMP funkcionalaja testa.

. legutaja 2-(5-arilpent-4-inamido)cikloheks-1-en-1-karbonskabju Il s€rija ir atrasti
augstas afinitates HCA2 agonisti (piemeram, savienojums I11).

o} o)
N)K/\ N s~ ECs; 80 NM
X 50
H Ny H ICso 28 NM
HO™ Yo HO™ Yo
I m OH

. Antranilskabi saturoSos HCA?2 ligandos karbonskabi var aizvietot ar tas bioizostéru —
fosforskabi.

. Amida grupa cikloheksénkarbonskabi un antranilskabi saturoSos HCA2 ligandos ir
svariga struktiirdala, ko nevar aizvietot ar tadiem heterocikliem ka tetrazols, 1,2,4-
oksadiazols, izoksazols un 1,2,3-triazols.
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GENERAL OVERVIEW OF THE THESIS

Introduction

One of the priorities for improving public health is the treatment of cardiovascular diseases,
since blood circulatory diseases are the main mortality cause in the European Union.?
Atherosclerosis is the most common chronic vascular disease. Inflammation is a common
underlying factor during all phases of atherosclerotic process that leads to accumulation of
apolipoproteins within the arterial walls. The atherosclerotic process starts in early childhood
and its progress is influenced by lifestyle, genetic and other factors. The main approach of the
medical treatment of atherosclerosis is to decrease low-density lipoproteins concentration in
blood. Statins and fibrates are used for this purpose?. Nowadays a number of anti-inflammatory
therapies for atherosclerosis are studied using animal models and in clinical trials®.

Hydroxycarboxylic acid receptors (HCA1, HCA2 and HCA3) are G-protein coupled
receptors. Endogenous ligands of HCA are metabolic intermediates. HCA help to maintain
homeostasis by regulating lipolysis, immune and other processes. HCA2 agonists niacin and
monomethylfumarate are used to treat atherosclerosis and multiple sclerosis*®. HCA2 is
expressed on adipocytes and immune cells including macrophages and monocytes which are
participating in the development of the atherosclerotic process. HCA2 ligands, i.e. 3-
hydroxybutyrate, niacin, butyrate and monomethylfumarate activate the receptor resulting in
anti-inflammatory effects including anti-atherogenic effect®.

The crystal structure of HCAZ2 is unknown. G-protein coupled receptors are cell membrane
proteins, the crystallization and the solving of their crystal structures are challenging. Several
homology models of HCA2 are described in literature®’. But they are dependent on the
template and ligand type being used. Homology models indicate different ligand binding sites
in the receptor, which makes difficult their use in the virtual ligand screening.

Several classes of HCA2 synthetic agonists are known, such as pyrazole, anthranilic acids,
xanthine derivatives and others®12. HCAZ2 ligands were developed based on the leads identified
in high throughput screening or using modifications of previously known HCA2 ligands.

HCA2 may be an important target for the treatment of atherosclerosis and other
inflammatory diseases, therefore, there is a need to develop new active HCA2 agonists.

Aims and objectives

The aim of the Doctoral Thesis is to obtain high affinity HCAZ2 agonists.
The following tasks have been set to achieve the aim.
= To obtain models of HCA2 ligands using conformational restriction approach. To
analyze the flexibility influence on the activity of compounds.
= To develop a pharmacophore model of HCA2 ligands.
= To analyze structure-activity relationships of HCA2 ligands.
= To study possible replacement of structural motifs of HCAZ2 ligands with bioisosteres.
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Scientific novelty and main results

Methods for the preparation of hydroxycarboxylic acid receptor 2 agonists (E)-2-(3-
(arylacrylamido)cyclohex-1-enecarboxylic acids, 2-(3-arylpropiolamido)cyclohex-1-
enecarboxylic acids and 2-(5-arylpent-4-ynamido)cyclohex-1-enecarboxylic acids have been
elaborated. New high affinity HCA2 agonists are developed. Using created pharmacophore
model of HCAZ ligands, similarities between different classes of HCAZ2 ligands are found. It is
shown that large aromatic substituents at the hydrophobic part of the cyclohexene carboxylic
acid containing HCA2 ligand can be replaced by phenylalkyne moiety. The carboxylic acid
group can be substituted by phosphonic acid in the anthranilic acid containing HCAZ2 ligands.
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MAIN RESULTS

1. Acrylamidocyclohexene carboxylic acid derivatives as HCAZ2 ligands

Merck scientists developed a series of cyclohexene carboxylic acid derivatives as high
affinity HCA2 agonists'?, from which we selected structure 1a for further modifications (Fig.
1) he design of new compounds was based on conformational restriction approach. According
to our hypothesis, the introduction of a rigid linker between hydrophobic moiety and amide
bond of the structure could help to obtain a more active and selective compound if the
energetically favorable conformation of the new compound matches the receptor required
bioactive conformation.

amide
bond

i X
N 1a — Ar/X‘Y N
H H
0~ SOH 07 "OH
N J [ ———

hydrophobic  linker  carboxylic acid
moiety moiety

Ar = aryl
XY=z o~ =

Fig. 1. The structure and conformational restriction of HCA2 agonist 1a.

To prove the hypothesis, we obtained a series of compounds with double bond, triple bond,
1,2-cyclopropane linker and single bond analogs. We have developed a general method of
synthesis of E-alkene containing compounds 5 based on Wittig reaction (Fig. 2). This method
allows obtaining the desired compounds in two steps from the corresponding aryl or
heterocyclic aldehydes and triphenylphosphonium bromide 3. Compounds 1 with a single bond
linker were synthesized via Pd-catalyzed hydrogenation from alkene 4 and subsequent basic
hydrolysis.

3 i :
1. BrCH,COBr P*Phy
NH2 pyridine HN Br  RCHO HN)K/\R HNJ\/\R
EtOOC 2.PPh, EtOOC tBuUOK  EtOOC NaOH, H:0  hooc
[ - —_——
54%
2 3 4 5
tHz, Pd/C
o) o)
HN)K/\R HN)K/\R
Etooc\f:I NaOH, H,0 HOOC\@
6 1

Fig. 2. General approach to the synthesis of compounds 1 and 5.

Triple bond containing compounds 10 were synthesized from aldehydes 7. First, aldehydes
7 were converted to arylpropionic acids 8 in Corey-Fuchs reaction®?, then carboxylic acids were
converted into the corresponding acyl chlorides using oxalyl chloride and the acylation of
vinylamine 2 was performed. The hydrolysis reaction yielded compounds 10 (Fig. 3). In the
synthesis of cis and trans cyclopropane linker containing compounds 11 and 12, and
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cyclopropane was obtained from diazomethane generated carbene and corresponding E or Z-
alkene.

0 o
1. PPh, CBr, 1. (COCI),, DMF /NH /NH
i COOH 2 =
RXg 2 nBuLi;CO, / 2.2, TEA R coogt NaOH, H0 COOH
7 R
8
9 10

Fig. 3. Synthesis of arylpropionic acids 10.

The biological activity tests were performed in Latvian Biomedical Research and Study
Centre using functional cCAMP assay. Synthesized cyclohexene carboxylic acid derivative 1la
was employed as a reference compound. The reported affinity of 1a is 38 nM*%. In our CAMP
assay la showed ECso 8.3 uM. The activity of synthesized compounds on HCA1, HCA2 and
HCAS3 is summarized in Table 12

Table 1
Activity of cyclohexene carboxylic acid derivatives in CAMP assay
Structure HCA2 HCA1l HCA3
(6]
Entry | Compound N)LR ECso iaSD, Inh. %® | Inh. %" | Inh. 9
H pM
HO [e]
1 1a 83+2.4 66 + 4 41 + 4
2 5a Z OO 45+12 14+3
T 1.2¢
3 10a OO 0.23 + 0.10¢
4 11 Y(A) 125+5 55+15 40+5
/N
5 12 © OO 34+ 18 NA NA
6 5b Z O 14401 NA NA
L,
7 5¢ 7 S 58442 26+7 NA
(o]
N7 ‘
8 5d ~ NA 54410 NA
9 5e ~ b 68+ 10 39+ 19 24+ 10
N
10 5f ~ b NA NA NA
N

& Compounds 1b, 5a, b, n-w were prepared in collaboration with R. Bokaldere, V. Gailite, |. Kaula and M.
Ikaunieks.
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Structure HCA2 HCA1l HCA3
(e}
Entry | Compound N)LR ECso d:aSD, Inh. %° | Inh. %" | Inh., %b
H pM
HO [e]
OMe
11 5¢ “ 1 6.3+4.1 NA 21+7
Cl
= N\ OMe
12 5h (A 53+21 61+8 38+ 13
OMe
N
13 5i 7 30+7 32+6 19+2
Z OMe
. Ny 0.5¢
14 5 (L, 03520100
= OMe
15 5k 51413 5846 31414
OMe
16 51 “ 1 275+3.5 52+ 13 37+13
Cl N
17 5m b 59+ 11 58+ 11 27+11
MeO N/
Cl
18 5n - °, 59+5 S1+18 | 51+3
O
19 50 Z OO NA NA 26+ 10
0/
20 5p AN NA NA NA
_N
N
21 5q Y 41+1.4 NA NA
=
OH
22 5r NS 27413 NA NA
‘ =
(0]
23 55 /\/\C[ ) 6.8+3.7 6616 | NA
(6]
Cl
24 5t /\/\C[OM‘* 263445 48+10 | 36+22
OMe
25 5u /\/D[% 179 59+ 6 34+ 15
cl o
26 5v /\/D[% 2447 5414 | NA
Br o
= OMe
21 5w -, 23+12 46+ 3 NA
Br
z
28 13 * 36+1.6 5610 | NA
29 1b 19409 264
OH
30 1c /\/\@[°> 516442 62£3  |28%7
(o]
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Structure HCA2 HCAl HCA3
O
Entry | Compound N)LR ECso d:aSD, Inh. %° | Inh. %" | Inh., %b
H pM
HO 6]
N7 ‘
31 1d 60 <6 5546 NA
32 le ® 7014 | 6015 | 2647
N
33 1f m 3644112 54417 | 2346
N
OMe
34 1g B 41+29 53+7 24410
Cl N/
N
35 10b N 0 0.940.5 NA NA
OH
36 10c /\C[o> 1.7 +1.59
(6]

calculated from at least three experiments;
inhibition of cAMP using 50 pM solution of the tested compound;

experiment without BSA;

a
b
C  one experiment;
d
N

A not active at 50 uM concentration.

The effective concentration of compounds bearing naphthalene-2-yl hydrophobic moiety
decreases in row cis-cyclopropane (11, 34 % 50 uM) << trans-cyclopropane (11, 12.5 uM) <
single bond (la, 8.3 uM) < double bond (5a, 4.5 uM) < triple bond (10a, 1.2 uM),
corresponding to our hypothesis. We performed the superposition of energetically favorable
conformers of these compounds with cyclohexene carboxylate as a common fragment (Fig. 4).
Triple bond containing structure 10a, double bond containing 5a, and single bond containing
structure 1a overlapped and, respectively, these compounds are more active. Both enantiomers
of trans-cyclopropane linker bearing structure 11 are slightly out of plane, which can explain
the decrease of the activity. Hydrophobic moieties of both enantiomers of cis-cyclopropane
containing naphthalene derivative 12 did not overlap with 10a, 5a or 1a hydrophobic moieties,

and compound 12 is practically inactive.

Fig. 4. Superposition of compounds with different linkers.
la — green; 5a — blue; 10a — purple; 11 — pink; 12 — gray.
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The observed pattern that conformational restriction increases the activity of the compound
is not general and it is strongly dependent on hydrophobic part of the ligand. We observed a
10-fold increase of the activity of benzodioxole derivative with double bond linker 5c
comparing to single bond analog 1c (ECso 1c — 51.6 uM, 5¢ — 5.8 uM). The activity of
compounds with 6-hydroxynaphthalene-2-yl group or (2-chloro-6-methoxy)quinolin-3-yl
group with the replacement of linker remains practically similar (ECsolb — 1.9 uM, 5b —
1.4 uM, 10b — 0.9 uM, 1g- 4.1 uM, 5g — 6.3 uM). Surprisingly, the compound with 2-
methylnaphthalene-6-yl hydrophobic moiety and double bond 5f is inactive, but its single bond
analog 1f showed HCAZ2 activation properties (ECso 36.4 uM).

We established that naphthalene-2-yl group in the hydrophobic part of the ligand can be
replaced with quniolin-2-yl, benzodioxole or dihydrobenzodioxine with practically no change
in the activity (ECso of quinolin-2-yl analog 5q — 4.1 uM, benzodioxole 5¢ — 5.8 uM,
dihydrobenzodioxine 5s — 6.8 uM). We observed a significant loss of activity of compound 5k
with 3,4-dimethoxyphenyl hydrophobic group. We tried to introduce halogen atoms in the
hydrophobic moiety of benzodioxole 5¢ similar to quinolin-2-yl derivatives 5g,f, but these
modifications were unsuccessful — bromine and chlorine containing compounds 5n,u,v are
practically inactive. On the other hand, similar introduction of chlorine in inactive structure 5k
resulted in increase of the activity, thus 2-chloro-3,4-dimethoxy analog 5t showed ECso
26.3 uM.

The introduction of hydroxyl group substituent in the hydrophobic moiety of quinolin-2-yl
derivative with double bond resulted in increase of activity. 6-Hydroxyquinoline-2-yl derivative
5J (ECso 0.5 uM) is 8-fold more active than quinolin-2-yl analog 5q (ECso 4.1 uM). A similar
tendency has been described in literature for naphthalene-2-yl derivatives. The position of
hydroxyl group opposite the linker is important. For example, compound 5r bearing hydroxyl
group at 8-position is practically inactive. Methoxy group at 6-position increases the activity,
for example, 6-methoxy-quinoline-2-yl derivative 5i is inactive, but also in this case the position
of substituent is important. Thus, methoxy group bearing compound 5g shows ECsg 6.3 pM.

Intriguingly, the structure 13 bearing phenyacetylene in the hydrophobic part of the ligand
showed ECsg 3.6 uM, which is similar to naphthalene-2-yl derivative 5a activity (ECso 4.5 uM).
It can be concluded that the hydrophobic interaction between the receptor and ligand may
predominantly be formed by hydrophobic moiety area, which is remote from linker, but the
interaction of the site close to the linker or a triple bond as in the case of compound 13 is weak.

Most of the synthesized compounds were also tested on HCA1 and HCA3. All of them are
selective on HCA2, as they showed no activity on HCA1 and HCAS3 or the activity was
negligible. At 50 uM concentration of the ligand, the activation of HCA1 or HCA3 does not
exceed 50-60 %. Compounds 1a and 5s gave the highest activity towards HCAL (66 %). The
selectivity is required if the desired pharmacological effect is associated with the activation of
immune cells. However, if it is necessary to activate the receptor in adipocytes, the selectivity
probably is not an issue since all three receptors are expressed on adipocytes.

Pharmacophore model of HCAZ2 ligands

We developed the pharmacophore model of HCA2 ligands using Schrédinger Small-
Molecule Drug Discovery Suite!* and our synthesized ligands. According to our previous
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observation that hydroxyl group at the hydrophobic moiety of the ligand increases the activity,
the automatically generated pharmacophore model with the best result score was supplemented
with an additional hydrogen bond acceptor element using structure 10b as a template. The
excluded volume shell was added to the model. The position and descriptors of the
pharmacophores of hydrophobic site were manually modified to achieve maximum active
ligands and minimum inactive compounds to match the created model. In the pharmacophore
model design and ligand screening, we used only our synthesized compounds. Since only
hydrophobic moiety of our HCAZ2 ligands is diverse, but linker and carboxylic acid structural
parts are similar or the same for all structures, the created pharmacophore model is more
suitable for the characterization of the hydrophobic site of the ligand.

The created model consists of 7 pharmacophores — AADHNRR, where A is a hydrogen
bond acceptor, D is a hydrogen bond donor, H is a hydrophobic element, N — a negative charge,
and R —aring (Fig. 5). According to the model, HCAZ2 ligand is a practically flat structure with
15-17 A length. With the requirement that 5 of 7 ligand pharmacophores should match the
model, 18 synthesized compounds from Table 1 fit the model (Fig. 5, A), including 12 active
and only one inactive derivative (5f, Fig. 5, B).

Fig. 5. Pharmacophore model of HCAZ2 ligands.
A — all matching ligands; B — 5f; active compounds are shown in green, inactive — orange; acceptor (A) — bright
red; donor (D) — blue; negative charge (N) — red; hydrophobic element (H) — green; ring (R) — orange.

The pharmacophore model was utilized to find the similarities between synthesized
cyclohexene carboxylic acid HCAZ2 ligands and other classes of HCA2 ligands. The screening
of the compounds described in literature!” showed that some pyridopyrimidones and bicyclic
pyrazoles fit the created model, for example compounds 14 and 15 (Fig. 6).
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Fig. 6. Representative example of HCAZ2 ligand screening result.
A and C — low-energy conformers were implemented in the screening, model without excluded volume shell;
B and D — new conformers were created, model with excluded volume shell.

The results of the screening can be used in the design of new HCAZ2 ligands. The
pharmacophore model can find application in virtual ligand screening as well.

Plasma protein binding of HCA2 ligands

Previous studies have emphasized that anthranilic acid containing HCAZ2 ligands have
tendency to bind to plasma proteins. Bovine serum albumin (BSA) is a plasma protein used in
CAMP assay buffer and in the preparation of cells expressing HCA. BSA (2 %) was
implemented in the above-mentioned functional CAMP assays to establish activity of our
synthesized compounds. To evaluate the binding to BSA in cooperation with BMC, cAMP
assay with additional preincubation of compounds in 5 % BSA for 30-45 min was performed
for ligands 1g, 5a, 5¢, 10b, 11 and 13. We did not observe significant differences in the cAMP
level inhibition between the experiments with or without additional incubation and it was
concluded that binding to BSA is insignificant. In the following CAMP experiments without
addition of BSA we have observed 2 to 55-fold activity shift. The most significant 35 to55-fold
difference was found for the compounds with a single bond linker. Functional activity shift in
the presence of BSA affects our conclusions on structure-activity relationships. For example,
in a series of 6-hydroxynaphthalene-2-yl hydrophobic moiety bearing ligands 1b, 5b and 10b
the most active compound is single bond analog 1b with ECsg 0.04 uM.

Since it is known that carboxylic acids strongly bind to plasma proteins, and all our
synthesized HCA2 ligands are carboxylic acids, functional assays in the following experiments
were performed without the BSA additive. Radioactive ligand binding assay (RLB) using *H-
niacin was used as well.

HCAZ2 ligands with heterocyclic linkers

The linkers of previously described HCAZ2 ligands are activated unsaturated bonds, which
can react with biological nucleophiles in physiological environment. Since Michael acceptors
are not preferable elements of druglike compounds, possible alternative for a double bond linker
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is 5-membered heterocycle. Several HCA2 ligands with thiophene, pyrazole or thiazole linkers
and anthranilic acid in the carboxylic acid moiety similar to our compounds are covered by
patent.!8 Unfortunately, the biological activity of such analogs has not been reported. We have
synthesized compounds with triazole linker 16 and thiophene 17 (Fig. 7) to establish the
structure-activity relationship. The ECso of compounds 16 and 17 is 3—4 uM, which is 10-fold
higher than the activity of reference compound 10a.

0 o 0
N AL
~ "N” N S N
OO 10a 07 OH 160~ ©OH 17 0" OH

EC50 0,23 ]J.M

ECs 3,28 uM ECsg 3,94 uM

Fig. 7. HCAZ2 ligands with heterocyclic linkers, CAMP assay without BSA.

As heterocycles containing structures are covered by patent, and synthesized compounds
16 and 17 are poorly soluble in water or organic solvents, this research direction was cancelled.

2. Phenylacetylene containing HCAZ2 ligands and modifications

We have focused our attention on relatively simple HCA2 ligand 13 containing a
phenylacetylene group attached to the E double bond. Structure 13 has a small number of
rotatable bonds, thus it is conformationally stable. We have used analogs of structure 13 as a
model to prove conformational restriction hypothesis and to design new HCA2 agonists. We
obtained compounds 21 with hydroxyl groups and halogens at different positions using the
Sonogashira reaction — Wittig reaction sequence (Fig. 8). First, aryl halides 18 gave alkynes 19
in reaction with propargyl alcohol, and then alcohol group was oxidized to obtain aldehydes
20. Corresponding E-alkenes were synthesized using Wittig reaction with the above-mentioned
phosphonium bromide 3.

propargyl alcohol Dess-Martin
Hal TEA, Cul 1. 3, tBuOK

0
a reagent
PA(PPhs), Z M ormno, = So 2.deprotecton Ny
- — 4> = e = H
COOH
R  DMF R R R
19 20

18 21

Fig. 8. Synthesis of enyne containing compounds 21.

The introduction of hydroxyl groups and halides improved activity both in functional and
radioligand binding assays comparing with activity of non-substituted compound 13 (Table 2).
Ligands 21a and 21a bearing o- or p-hydroxyl group have higher affinity (ICso 0.037 uM and
0.025 pM) than m-analog 21b (ICso 0.38 uM), therefore we have modified o- and p-positions
of phenyl group. o-Chloro derivative 21d showed similar activity to o-hydroxyl analog 21a
(ECs0 0.27 uM and 0.25 uM). o-Fluoro substituent in compound 21e gave 2-fold decrease of
activity (ECso 0.45 uM), but the affinity of compound 21e increased slightly (ICso 0.016 uM),
so we concluded that chlorine or fluorine atom can be at the o-position.
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Activity of phenylacetylene derivatives and their analogs

Table 2

Structure
(o]
cAMP RLB
Entry | Compound HKR ECso + SD, pM? ICs0 + SD, pM?
HO (@]
7N
1 13 N 1.01+0.59 0.33+0.071
= OH
2 21a N 0.25+0.11 0.037 +0.011
Z N
3 21b N OH 0.39+0.16 0.380 + 0.068
7
4 21¢P 0.13 +0.02 0.025 + 0.004
OH
2N Cl
5 21d N 0.27+0.14 0.088 + 0.024
= N F
6 21e S 0.45+0.15 0.016 + 0.001
= \\ F
7 21f 0.11+0.06 0.330 + 0.081
OH
8 25 /\/A/\Q 19.6 +3.1 283 +0.93
S OH
9 24a N 0.72+0.10 0.230 + 0.089
N
10 24b /\/\C(OH 2.98 + 0.49 0.14 + 0.09
N
11 24c /\/\Q\ 0.16 + 0.06 0.013 + 0.006
OH
N Cl
12 24d N 0.19 £ 0.08 0.056 + 0.017
S F
13 24¢ N 0.36+0.12 0.067 + 0.009
S F
14 24f S 0.08+0.01 0.028 + 0.002
OH
S Cl
15 24g S 0.09 + 0.02 0.076 £ 0.019
OH
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Structure
2 CAMP RLB
Entry | Compound %HXR ECso + SD, pM? ICs0 + SD, pM?
HO 6]
N
16 24h S | Na 3.37+139 0.67 +0.13
Z oH
X
17 24i /\/\Q\ 5.61+1.10 3.62 +0.54
COOH
N
18 24 /\/\@ 0.63 = 0.09 0.29 £ 0.078
F
19 24k N NA
OH
O OH
20 26a O 0.41+0.14 0.040 + 0.005
21 26b OH 0.23+0.12 0.032 +0.080
22 26¢ 0.07£0.01 0.021 £ 0.004
OH
DU
23 26d O 0.13+0.06 0.075 £ 0.007
O
24 26e O 0.19+0.04 0.28 +0.05
Lt
25 26f O 0.26 +£0.09 0.058 +0.009
OH
a calculated from at least three experiments;
b prepared in collaboration with Dr. chem. M. Ikaunieks;

NA  not active at 50 uM concentration.

Compounds 24 were synthesized from alkyne 23 using Sonogashira reaction with
appropriate aryl iodides (Fig. 9).

o)
/\)L 1. Arl, Cul, TEA
“ 1. (COCl), DMF = NH PdACI,(PPhs),
N 2.2, DIPEA COOEt 2. 2N NaOH_ COOH
N ~coon  Z:2:DIPEA_ a
22 57% 23

Fig. 9. Synthesis of phenylalkyne derivative 24.

Compounds 24a-g are high affinity HCA2 agonists (Table 2). Practically in all cases the
activity and/or affinity of compounds 24 is similar to the activity of enyne function containing
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compounds 21. This modification of the linker improves the stability of the compound in vivo
since structures 24 do not contain an activated unsaturated bond. The most potent compounds
in the series are 2-fluoro-4-hydroxyl substituent containing 24f and 2-chloro-4-hydroxyl analog
244. Interestingly, structure 25 (Table 2, Row 8), which contains only double bond lost activity
by 19-fold, comparing with the analog 13. Since structure 20 fits the developed pharmacophore
model, the activity loss can be explained by the conformational flexibility of the structure.

We synthesized compound 24h with hydroxypyridine hydrophobic moiety, which is the
analog of the Merck developed ligand MK-6892%°. Surprisingly, the activity of compound 24h
dropped (ECso 3.37 uM) comparing to the activity of analog 24¢ (ECsg 0.16 uM).

It has been mentioned in the literature that p-hydroxyl substituent in the hydrophobic part
of the HCAZ2 ligand can be replaced with fluorine with no change in activity?®. To analyze the
possibility of this replacement, we have obtained compound 24j. p-Fluoro substituent gave 4-
fold loss of the activity and 22-fold loss of the affinity. It can be concluded that in this case
fluorine is not a bioisostere of the hydroxyl group. With the purpose to modify p-hydroxyl
group we have obtained phenylacetylene derivative 24i with carboxylic acid at p-position as
well as hydroxymethyl derivative 24Kk, but these modifications were unsuccessful.

It is known that the triple bond can be oxidized in biological systems by cytochrome P450.
We have established the metabolic stability of the phenylacetylene derivative 24c using
molecular modeling. Our calculations showed that in the case of structure 24c the triple bond
is not close enough (<5 A) to enzyme P450 iron atom. As it is shown in Fig. 10 A, the most
unstable part of the molecule is aromatic part, showed in green.

A

N\

HO

Fig. 10. The metabolic stability of compound 24c.
A — the most unstable atoms are showed in green; B — Fe—availability, highest score means highest availability.

Merck scientists developed cyclohexene carboxylic acid containing HCA2 ligands with
biphenyl system as a hydrophobic moiety?. We have obtained compounds 26a-f as analogs of
structures 24a-f replacing the triple bond with benzene ring to prove that triple bond acts as
benzene bioisostere. Biphenyl derivatives 26a,c-e are 1.5 to 3-fold more active than triple bond
analogs 24a,c-e in cCAMP functional assay. Compound 26b is an exception in this series since
it showed 13-fold higher activity (ECso 0.23 uM) than analog 24b (ECso 2.98 uM), the affinity
of compound 26b improved 4-fold. On the contrary, the activity and affinity of 2-fluor-4-
hydroxyl groups containing biphenyl compound 26f decreased 2 to 3-fold (ECs00.26 uM, ICso
0.058 uM) comparing with the activity of analog 24f (ECso 0.08 uM, 1Cso 0.028 uM). The
molecular modeling revealed that hydrophobic parts of biphenyl structures 26 and of triple bond
analogs 24 are overlapping. Summing up the biological activity data and the result of modeling,
it can be concluded that the triple bond in compounds 24 is benzene bioisostere.

Biphenyl derivatives 26 are about 2 A longer than the phenylacetylene analogs 24. With
the purpose to investigate the influence of linker length on the activity of the compounds, we
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obtained compounds 27a,b with extra methylene group which are analogs of high affinity
HCAZ ligands 24d and 24g (Fig. 11). The activity and affinity of new compounds decreased
2.3 to 2.5-fold comparing with the compounds 24d,g. With the extension of the structure, the
number of rotatable bonds increased by one comparing with structures 24d,g. Therefore,
decrease in activity can be caused by flexibility of the structure.

1 0
\©/\A/?L O i i
NV
S N N OMN
H H H
0~ "OH 0~ “OH Cl o ﬁ

27a,R=H, ECsy0.45 M 28, 26 % 50 M 29a,n =1, EC50 7.03 uM
27b, R = OH, ECg 0.23 uM 29b, n = 2, EC5p 4.40 pM

Fig. 11. Linker modifications of the HCAZ2 ligands.

By shortening the linker of structure 26¢ by one methylene group, we have obtained analog
28. This compound is very weak HCAZ2 agonist since it decreases cCAMP level by only 26 % at
50 uM concentration (Fig. 11). This rapid activity shift could be explained by molecular
modeling. Superimposition of structures 26¢ and 28 showed that the hydrophobic moieties of
structures do not overlap. The analog 28 with short linker does not fit the pharmacophore model
due to geometry of the structure.

Applying pharmacophore modeling, we have found the similarities between
pyridopyrimidone 15 and structure 24d. We used these findings to design new compounds
29a,b, which contain methylene ether group instead of triple bond. The new structures are more
flexible than their analog 24d. The activity of compound 29d with longer linker decreased 23-
fold, and the activity of compound 29a with shorter linker decreased 37-fold (Fig. 11). It can
be concluded that by replacing the triple bond with methylene ether fragment the obtained
structure is more flexible and more conformations are possible, so the activity of compound
decreases.

3. Modifications of amide group and carboxylic acid group of HCA2
ligands

Relatively little is known about modifications of the amide group or carboxylic group of
HCAZ2 ligands. Structure-activity relationships of analogs of previously developed HCA2
ligands with modifications in the carboxylic acid part could give additional information about
the pharmacophore model and could help to understand interactions between the receptor and
carboxylic acid moiety of the ligand. We have previously observed hydrolytic degradation of
the amide bond of cyclohexene carboxylic acid derivatives, so potential benefit of the amide
group replacement could be stability improvement of the compounds.

To study carboxylic acid part of HCA2 ligands, we have obtained a series of compounds
34 as analogs of agonist 24d. For the amide bond formation in compounds 34 two methods
have been used — the acylation reaction of anilines 30 with pent-4-ynoyl chloride (31) or pent-
4-ynoic acid (22) activation by EDC and HOBt reagent combination. Sonogashira reaction of
alkyne 32 and iodobenzene 33 was performed using the previously developed method. The last
step was cleavage of protection groups (Fig. 12).
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Fig. 12. Synthesis of compounds 34.

Cyclohexene carboxylic acid in HCAZ2 ligands usually can be replaced with anthranilic
acid leading to some decrease of activity, sometimes activity shift is insignificant. In our case
anthranilic acid analog 34a gave 15-fold decrease in activity comparing to cyclohexene
containing compound 24d (Fig. 13). Nevertheless this compound can be used as a reference to
compare activities of further modified structures. Benzoic acid derivatives 34b,c, where
carboxylic acid group is located at ortho or para position relatively to amide group, are
completely inactive. We have replaced carboxylic acid group also with fluorine, since fluorine
can behave as hydrogen bond acceptor pharmacophore, but the obtained compound 34e is
inactive.

Nicotinic acid is a widely known HCAZ2 ligand, so we have synthesized compound 34e —
an analog of compound 34a in which benzoic acid is replaced by nicotinic acid. Unfortunately,
this modification was unsuccessful as the activity dropped 12-fold (Fig. 13).

AN
24d,R = \{Q ECs 0.19 uM 34d, R = AN\ ECsp 32.7 uM
COOH COOH
0
R 34aR= ECso 2.84 puM 34e,R = NA
N
FZ H COOH F
34b, R = NA 34f R = ECsg 25.9 uM
cl COOH
24d, 34a-g ;
N~ NH
COOH N=N
34c,R = p/ NA 349, R = \(@ ECs 3.40 puM
P

O"(-);_PH
Fig. 13. Modifications of the carboxylic acid part of the HCA2 ligands.

We have obtained tetrazole 34f and phosphonic acid derivative 34g as bioisosteric analogs
of anthranilic acid 34a. The activity of tetrazole decreased 9-fold comparing to compound 34a.
Phosphonic acid bioisostere modification was successful and compound 34g showed ECso
3.40 uM, which is similar to the activity of reference compound 34a (Fig. 13).

Next step in HCAZ2 ligand modifying was the replacement of amide group with possible
bioisosteres. It is known that amide bioisosteres are sulfonamide, trifluorethylamine,
aminooxatane, different heterocycles, etc.2X2%, To analyze possible HCA2 analogs with amide
group bioisosteres, we have applied molecular modeling.

To obtain analog of HCA2 agonist 26¢, we have chosen synthetic strategy based on the
heterocycle construction from two building blocks — ligand linker component 35 and carboxylic
acid containing block 36 (Fig. 14). In this scheme, linker block 35 contains an aryl bromide
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group, which could be implemented in C-C coupling reaction to obtain ligands with different
R substituents in the hydrophobic moiety.

v I . e g
OIS () O ()
+ Br 1
Br COOR! Q COOR Q COOH
35 36 38

37

Het - heterocycle

Fig. 14. Synthetic strategy toward heterocycles 38.

Using this synthetic strategy we have obtained tetrazole, 1,2,4-oxadiazole, isoxazole, 1,2,3-
triazole derivatives 38a-g as analogs of high affinity HCA2 agonist 26¢ (Fig. 15). However,
these compounds did not show activity on HCA2. We have compared the new heterocyclic
compounds 38 with structure 26¢ using superposition of the structures and pharmacophore
modeling and concluded that possible reasons for the lack of activity could be the length of the

new compounds, the size of the heterocycle, or the lack of pharmacophore electron donor
element.

N-
o A (6] COOH N=N COOH
38a,R = HN/ 38e,R= |-N

=
N R
COOH N-0  cooH
N-
38b,R= < 38f,R= |N ) qooH
38a-g \/Ké

N-o  cooH N
38¢c, R = W&@ 38g,R= }—Q\/':‘ GOOH

N:N  cooH
38d,R = }rNN/

HO

26¢, ECyo = 0.07 pM

Fig. 15. Modification of amide group of HCA2 ligands.
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CONCLUSIONS

. The synthesized (E)-2-(3-(arylacrylamido)cyclohex-1-ene-1-carboxylic acids | are more
selective against HCA2 compared to HCA1 and HCAS3.

O
[/E\NJK/AR
H
HO™ ~O
1

Based on the structure-activity relationships found in the series of (E)-2-(3-
(arylacrylamido)cyclohex-1-ene-1-carboxylic acids I, new structural fragments for the
hydrophobic part of the ligand such as quinoline, benzodioxole, and phenylacetylene were
found, which can be used as replacement for the known naphthalene group.

. The activity of prepared HCAZ2 agonists tends to be higher if the structure of the ligand has
restricted conformations.

. Cyclohexene carboxylic acid containing HCAZ ligands bind to bovine serum albumin that
affects the results of cAMP functional assays.

In the series of 2-(5-arylpent-4-ynamido)cyclohex-1-en-1-carboxylic acids 11, high affinity
HCAZ2 agonists have been found, for example compound 111.

o) 0
N)K/\ N ~ ECs; 80 NM
X 50
H NR H ICsp 28 "M
HO™ Yo HO™ Yo
I m OH

. The carboxylic acid group can be replaced with phosphonic acid in the anthranilic acid
containing HCAZ2 ligands.

. The amide group in HCA2 ligands is an important structural motif that cannot be replaced
with tetrazole, 1,2,4-oxadiazole, isoxazole or 1,2,3-triazole.
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