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2 Seznam pouzitych zkratek

TBC Tuberkul6za

DR-TBC Drug-resistant tuberculosis, tuberkuloza rezistentni alespon
na jedno 1é¢ivo prvni volby

MDR-TBC  Multi-drug resistant tuberculosis, tuberkuldza rezistentni na
vice 1é¢iv prvni volby

XDR-TBC  Extensively-drug resistant tuberculosis, tuberkul6oza
rezistentni na vice 1é¢iv prvni a druhé volby a na fluorchinolony

HIV ~ Human immunodeficiency virus, virus zpisobujici ztratu imunity u
lidi

MIC Minimum inhibitory  concentration, minimalni inhibi¢ni
koncentrace

ICsp Half maximal inhibitory concentration, koncentrace inhibujici
cilovou strukturu z 50 %

ECos 95 % effective concentration, Koncentrace latky G¢inkujici na 95 %
cilovych struktur

ECgos 99 % effective concentration, koncentrace latky ucinkujici na 99 %
cilovych struktur

WHO World health organisation, Svétova zdravotnicka organizace

IUATLD International union against tuberculosis and lung disease,
mezinarodni unie proti tuberkul6ze a plicnim onemocnénim

BCG Bacilus Calmette Guérin

TAACF Tuberculosis antimicrobial acquisition and coordinating
facility, sluZba pro koordinaci a antimikrobialni testovani antituberkulotik

NIAID National institute of allergy and infectious diseases, Narodni

institut alergii a infek&nich onemocnéni

NIH National institute of health, Narodni institut zdravi
ATP adenosintrifosfat

NADH nikotinamidadenindinukleotid

FaF UK Farmaceuticka fakulta Univerzity Karlovy
KFCHKL Katedra farmaceutické chemie a kontroly

1é¢iv



KAOCH Katedra anorganické a organické chemie

FT-IR Fourier-transformed  infrared  spectroscopy,  spektroskopie
V infraCervené oblasti, transormovana dle Fouriera

NMR Nuclear magnetic resonance, nuklearni magneticka rezonance

MS Mass spectrometry, hmotnostni spektrometrie

HPLC High pressure liquid chromatoghraphy, vysokotlaka kapalinova
chromatografie

logP logaritmus rozdélovaciho koeficientu

NO oxid dusnaty



3 Formulace problematiky

3.1 Tuberkuloza

Tuberkuloza (TBC) je infekéni onemocnéni, které je lidstvu znamo jiz
dlouha tisicileti. Jednozna¢né predchazi prvni psané slovo a velmi pravdépodobné
doprovazi ¢lovéka od samotného pocatku vyc¢lenéni druhu Homo sapiens sapiens.
Nicméné nejstarsi fosilni nalezy lidi s prokazatelnou infekci tuberkul6zou jsou
staré zhruba 9 000 let".

Toto onemocnéni je zpusobeno organismy zvanymi mykobaktéria,
predev$im druhem Mycobacterium tuberculosis, jehoz objevitelem je Robert
Koch (odtud Kochiiv bacil). Koch svym objevem zptsobil zvrat v 1é€bé TBC a
zah4jil éru kauzalni lécby této infekce. I pfes to, ze u pocatku rozvoje
farmaceutické chemie, pfesnéji systematického hledani chemickych 1é¢iv, stoji
latky, které¢ se uplatiiovaly pii 1écbé€ infekénich onemocnéni’ (napi. Prontosil),

dodnes je terapie této nemoci komplikovana, zdlouhava a ne vzdy Gspésna.

3.1.1 Patologie onemocnéni

Nejcastéjsi pri¢inou onemocnéni tuberkuldzou je infekce bakterii zvanou
Mycobacterium tuberculosis. Mykobaktérium je tenky, lehce zahnuty obligatorné
aerobni bacil, ktery ma bunécnou sténu tvorenou vysokym podilem lipidl a diky
tomu je rezistentni vici klasickému Grammovu barveni. Tyto bacily jsou
barvitelné fuchsinem, od kter¢ho se velmi téZko odbarvuji napt. i1 kyselym
alkoholem, odtud pochazi nazev ,,acid-fast” bacily, které je mozno celkem lehce
identifikovat ze sputa nemocného.

Mnohem méné casto se setkdvame s tuberkuldézou zplsobenou jinym
druhem z rodu Mycobacterium, jeko je tiecba M. bovis, M. avium, M. kansasii
nebo M. smegmatis. K pienosu onemocnéni dochazi nejcastéji vzduchem, kterym
jsou prenaseny Castice zvané kapénky. Ty se obvykle uvolnuji do okoli kaslem,
mluvenim nebo napf. zpévem nemocného postizen¢ho plicni nabo laryngealni
formou TBC. Zivotaschopné zarodky vydrzi poletovat vzduchem celkem dlouho
dobu, a tak muze dojit k jejich rozsifeni napt. po celém objektu.

K nédkaze dochéazi nejcastéji tak, Ze jedinec vdechne kapénku nesouci

mykobaktéria. Ta se zachyti v plicich, nejCastéji ve stfednim nebo spodnim
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plicnim laloku, kde dojde k jejich fagocytdoze makrofagem. V tomto momenté se
rozhoduje o budouci nemoci nebo zdravi. Je zndmo, ze rezistence vuci ataku
mykobaktéria je dana geneticky a o vysledku vzdy rozhoduje pomér mezi
schopnosti makrofaga bacil zabit a virulenci bacilu. V ptipad¢ Ze je infekt
dostatecné virulentni se zacnou bacily vV makrofagu mnozit a kdyz je jich
makrofag plny, dojde k jeho smrti rupturou, ze které se vyplavi generace potomkutl
prvotniho infekta. V této periodé mohutného nartstu poctu bacili dojde k jejich
rozneseni krevnim a lymfatickym fecistém téméf do vSech tkani. Tento
logaritmicky narist poctu bacili konci obvykle po 2-10ti tydnech, kdy dojde ke
vzniku bunééné imunity a precitlivélosti organismu na bacily. Tim dojde
k zataveni nardstu jejich poétu a postupnému vyléceni 1ézi.

Bohuzel, ¢ast bacild velmi Casto piezije, v organismu se zamaskuje a
zustava zivotaschopnd po mnoho let. Této formé se tika tzv. latentni TBC. U
jedinct s nedostate¢né vyvinutou imunitou dojde do 12 mésict po prvotni infekcei
k reinfekci, ktera se zve post-primarni infekce. Jedna se €asto o lidi HIV pozitivni,
lidi s nedobie vyvinutou funkci T-lymfocyti nebo makrofagt ¢i o lidi zavislé na
alkoholu nebo jinych drogach.

Post-primarni infekce se muze projevit kdekoliv v téle, nejcastéji tomu
vS8ak je v hornich plicnich lalocich. Vysvétlenim, pro¢ pravé zde, je vyssi tenze
kysliku a relativné hor§i lymfatické zasobeni této €asti plic. Post-primarni forma
infekce je témét vzdy spojena s jistou destrukci tkan€. Na rozdil od imunitni
reakce makrofdgli na primarni infekci je nésledna hypersenzitivni reakce pfi
vzniku post-primarni infekce spojena s tvorbou nekrotické tkané. Dochazi ke
vzniku nekrotickych kavit, které organismus 1é¢i resorpei ztekutélého obsahu
doprovazeném depozici kolagenu. Kalcifikace téchto 1ézi se objevuje celkem
Casto, ale v zadném piipad¢ neznamena sterilitu tkané. Témto Utvarim se fika
tuberkuly (uzliky), od jejichz vyskytu je odvozeno pojmenovani celého
onemocneni.

Vyse popsana plicni forma TBC miZe ptejit vjiné formy jako jsou
tracheobronchialni, pleuralni, maningealni, gastrourinarni a dalsi. Nicméné ve
srovnani s plicni TBC ¢ini soucet vyskytu vSech ostatnich forem cca 20 %.

Klinicky obraz pacientli s TBC je casto velmi nespecificky a asi v5 %

pfipadi probihd onemocnéni asymptomaticky. Mezi nejCastéjs$i piiznaky patii



mirné zvySena teplota, anorexie, nava a ubytek vahy. Tyto symptomy mohou
pfetrvavat po mésice. Ve fazi vzniku precitlivélosti se mize objevovat celkové
zarudnuti. NejcCastéjSim priznakem je pak kaSel, ktery muize byt zprvu
neproduktivni, s pfibyvajicim ¢asem pak produktivni s moznym vyskytem krvavé
zbarveného sputa.

Nejkomplikovanéjsi je diagnéza u déti a StarSich pacienti (>65 let), u
kterych se klasické vyse popsané klinické ptiznaky vyskytuji v mensim procentu.
Obecn¢ plati, ze klinicky obraz nemocného je v uzké souvislosti s jeho kondici a

stavem imunitniho systému a lze ¥ici, Ze je velice proménlivy’.

3.1.2 Epidemiologicka fakta o tuberkuléze

Z celosvétové populace je asi tietina lidi hostitelem mykobaktéria. U
vetSiny nositelll se onemocnéni za cely Zivot neprojevi, béhem Zivota onemocni
pouze asi jeden z deseti hostitelli, ale pokud onemocni, pak jsou Ctyii z deseti
nakaZenych 1éeni nedostateéng’. TBC se vétsinou projevuje u  lidi
tietiho svéta. V roce 2006 zemielo 1 700 000 lidi na TBC, z toho bylo 231 000
koinfikovano HIV. Ddle bylo v roce 2006 diagnostikovano 9 600 000 novych
ptipadi TBC, z ¢ehoz bylo 709 000 piipadi koinfekce HIV. I kdyz byl nejvétsi
nartst novych ptipadi zaznamenan v letech 2003 a 2004, pocet mrtvych stale
diky naristu poctu obyvatel nasi planety roste. V poslednich letech byl
zaznamenan pokles nebo stagnace novych piipadi ve viech regionech®.

Koincidence TBC a HIV je velkym epidemiologickym problémem, TBC
je nejvetsi zabijak lidi s HIV. Piedev§im subsaharska Afrika, kde zije 0,7 %
sveétoveé populace, predstavuje se svymi 28 % nejveétsi rezervoar lidi se zminénou
koincidenci TBC a HIV®.

Velkym problémem se v poslednich letech stava té tzv. MDR-TBC’, coz
je forma infekce, kterd neodpovida na 1écbu 1é¢ivy prvni volby a po jejich pouZiti
nedojde k vyléCeni. Z celkového poctu diagnostikovanych onemocnéni
predstavuje takovato forma TBC 5 % ze vSech ptipadd. Hrozi redlné nebezpeci, ze
pokud se nedostane tato forma TBC pod kontrolu, bude velmi brzy Siroce
rozSitena. Kazdy rok se objevi zhruba 490 000 novych ptipadi MDR-TBC, které
zpusobi asi 130 000 ptipadt umrti. Nejvyssi incidence MDR-TBC je kazdoro¢né



oznamovana z nékterych regioni byvalého Sovétského svazu a z Ciny, kde
predstavuje 22 % viech nové diagnostikovanych piipadit TBC®,

V prvni dekadé tohoto stoleti byl zjistén vyskyt tzv. XDR-TBC, coz je
forma onemocnéni, ktera neodpovida ani na 1é¢bu latkami druhé volby a je
v soucasné dobé témét nelécitelna®. V jihoafrickém regionu bylo zjisténo, 7e 52
z 53 lidi infikovanych touto formou TBC a zaroven HIV zemfe do tii tydni.
Nejvice piipadi XDR-TBC se vyskytuje téz v byvalém Sovétském svazu a
v Cing, kde je kazdy desaty piipad diagnostikované MDR-TBC zafazen jako
XDR-TBC. Celosvétove se objevuje 40 000 novych ptipadit XDR-TBC ro¢né¢ a
nalez této formy onemocnéni oznamilo do biezna 2008 vice nez 45 zemi z celého

svéta, véetné Ceské republikylo.

3.1.3 Legislativni ustanoveni o tuberkuléze, jejim sledovani,
kontrole, Ié€bé a podpofe vyzkumu a vyvoje novych
léCiv

TBC, jakozto jedno z celosvétoveé nejvice problematickych onemocnéni, je
jednim z hlavnich témat politiky WHO. Na zékladé¢ dokumentl této organizace
jsou zemé, které jsou jejimi ¢leny nuceny implementovat standardy 1écby a musi
piesné sledovat vyskyt jednotlivych forem této nemoci. V 90. letech minulého
stoleti byla v souvislosti s alarmujicim naristem poctu diagnostikovanych
onemocnéni vypracovana strategic DOTS (Directly Observed Treatment Short-
course)“. Do roku 2006 pftijalo a implementovalo tuto strategii 184 zemi, coz
predstavuje 99 % vsech novych oznamenych piipadi a pokryva 93 % svétové
populace®. Ne ve viech zemich jsou v8ak idealni podminky pro provadéni DOTS
strategie. V celkem 90ti zemich, ve kterych se objevi 93 % ze vSech novych
ptipadt chybi cca 1 000 000 000 USD pro rozvoj a kvalitni napliiovani tohoto
piistupu k terapii. DOTS strategie zahrnuje a) politicky souhlas s udrZzovanim
nebo zvySovanim financovani programu pro boj s TBC, b) kvalitni detekci novych
pfipadli validovanymi mikrobiologickymi postupy, c) standardizovanou lécbu
s dozorem a podporou compliance pacienta, d) efektivni zasobovani 1éky a e)
kvalitni monitorovaci a vyhodnocovaci metodiku, kterd ma slouzit jako podklad

pro adaptaci lécebnych metodik na zakladé vyhodnocenych dat.



V roce 2000 vytvotfila WHO spolecné se Svétovou bankou na zakladé
neuspokojivych  epidemiologickych dat program Snidzvem STOP TB
partnershiplz, ktery ma za ukol sjednotit postup ¢lenskych zemi, alokovat dostatek
finan¢nich prostiedkii pro zvladnuti hrozici epidemie tuberkuldézy a pomoci
Vv nejhtife postizenych oblastech.

Na poli vyzkumu tuberkulézy a vyvoje novych lécebnych postupi se
relativné dlouhou dobu nic ned€lo — V podstat¢ celou druhou polovinu 20.
stoleti®. V roce 2001 byly oficialng formulovéany dva hlavni déivody tohoto stavu.
Za prvé byla dlouhou dobu védecka komunita pfesvédCena, Ze neni potieba
vyvoje novych 1éCiv a terapeutickych postupi, za druhé se k této problematice
stavély farmaceutické firmy tak, Ze vyvoj 1éCiv, které by mély novy mechanismus
ucinku je velmi drahy a névratnost takovych investic je nejisté13. Proto byla
ustanovena neziskova organizace Global Aliance for TB Drug development jiz
vdechla zivot The Rockefeller Foundation. Tato organizace je postavena na
propojeni vefejnych a soukromych zdroji a vytkla si za cil zrychleni objevil a
vyvoje novych 16¢iv proti TBC s podminkou cost-effectivness™. Zakladni formou
podpory je poskytovani grantd jednotlivym nadéjnym projektim i
spolufinancovani velmi néakladnych klinickych studii novych struktur s cilem
dostat tyto, za splnéni vSech pozadavkd na kvalitu, bezpe¢nost a G¢innost, v CO
nejkratsi dob¢ do rozsifeného klinického uziti.

Navic v souvislosti s nartistem vyskytu MDR-TBC a XDR-TBC hyla
definovana akutni potifeba vyvoje novych 1éCiv s novymi mechanizmy uUc¢inku.
Proto byly vytvofeny grantové programy organizované vladami bohatych zemi,
WHO i filantropickymi spolky, kterymi jsou rozdélovany finanéni prostiedky pro
podporu vyzkumu a vyvoje orientovaného na 1écbu tuberkulézy. Do téchto
programu se zapojily i velké farmaceutické firmy (Pfizer, Sanofi-Aventis, Bristol-
Meyers Squibb, Johnson & Johnson a dalsi).

Tato strategie se jiz po kratké dobé osvédcila a pfinesla jednak velmi
detailni popis mycobaktéria a jednak nova léciva s novym mechanizmem ucinku,

kter se jiz dostala do finalnich fazi klinického vyvoje’®.

3.1.4 Mycobacterium tuberculosis

Hlavnim patogenem, ktery ma na svédomi nakazu TBC je Mycobacterium

tuberculosis. S. T. Cole a kol. publikovali v roce 1998 pielomovou praci®, ktera
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krom¢ rozlusténi kompletni genetické sekvence kmenu Mycobacterium
tuberculosis Hs7Rv, infektu s lidskou virulenci poprvé izolovaného v roce 1905,
popsala na zakladé rozlusténi funkce mnoha gent fyziologické procesy tohoto
organismu a tézZ mechanismy probihajici pii ovlivnéni mykobaktéria 1é¢ivy. Tento
poznatek je prislibem znalostmi podepfeného racionalniho vyvoje novych
lécebnych postupt vedoucich ke kontrole TBC, bakterialni infekce, kterd dodnes
zpusobuje nejveétsi pocet imrti ze vSech bakteridlnich infekci. Dobra znalost
fyziologie bacilu uz dnes pfispiva k poznani mechanismu u¢inku jiz znamych
antimykobakterialnich latek a téz k popisu vzniku rezistence na né, coz muze do
budoucna znamenat podstatné zrychleni a zlepSeni ucinnosti lécby i
komplikovanych ptipadi.

prostiedi 1 v in vivo zvifecich modelech je genera¢ni doba ~24 hodin), schopnost
dormance, komplexni ,,bunééna schranka®, intracelularni patogeneze a geneticka
homogenita'’. Vsechny tyto znaky pfispivaji k chronickému charakteru TBC
infekce, kdy je ve stavu dormance, ktera je pravdépodobné geneticky kodovana,
ziejme souvisi se vznikem bunééné imunity hostitele a pravdépodobné zptisobuje
ukonc¢eni metabolické aktivity mykobakteria, schopen tento bacil piezit v hostiteli
po desitky let a béhem starnuti nebo snizeni jeho imunity se reaktivovat.

Zminéna bunécnd schranka obsahuje vedle peptidoglykanu velké mnozstvi
neobvyklych mastnych kyselin, glykolipidi a polysacharidi. Diky V piirodé
neobvyklym syntetickym cestam jsou syntetizovany latky jako mykolové
kyseliny, mykolocerosova kyselina, fenolthiocerol, lipoarabinomannan nebo
arabinogalaktan.

Diky precteni kompletni genové sekvence mykobaktéria je jasné, Ze se
jedna o zcela unikétni organismus, ktery se svymi aspekty v mnohém lisi od
ostatnich bakterii a leckdy lze najit vjeho genové vybavé spojitosti
s eukaryontnimi organizmy i houbami. Enzymatickd vybava mykobaktéria
umoznuje tomuto organismu syntézu vSech esencialnich aminokyselin, vitamin® a
dalsich potfebnych enzymovych kofaktort. Jeho genom koduje velké mnozstvi
oxidoreduktas, oxidas i dehydrogenas véetné oxygenas obsahujicich CYP450,

nebo hemoglobinu podobné struktury.
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Zcela signifikantni je schopnost bacilu piizplsobit se Sirokému spektru
okolnich podminek, ve kterych musi naptiklad soutézit o pfisun kysliku v plicich,
ale také celit mikroaerobnim az anaerobnim podminkdm v centru granul6zni
tkang'®,

Geneticky je téz kédovana pfirozend rezistence mykobaktéria vii¢i mnoha
antibakteridlnim 1é¢iviim. Za tuto rezistenci zodpovida v prvni fad¢€ siln€ lipofilni
bunééna sténa organismu, ovSem v geonomu lze nalézt napi. P-laktamasy,
aminoglykosid acetyl transferasy, i fadu proteinti zodpovédnych za ucinny eflux
1éciv*e,

VysSe zmin€ny metabolizmus lipidii je zcela unikatni. Jen velmi malo
jinych organismi produkuje tak pestré spektrum lipiddi jako je prave
mykobaktérium®’. Jde o spektrum sahajici od relativng jednoduchych latek jako je
palmitat nebo tuberkulostearat, ptes izoprenoidy az po velmi lipofilni a slozité
struktury jako naptf. mykolova kyselina nebo fenolfthioceroly, kterymi jsou
esterifikovany mukocerosové kyseliny, jez tvoti skelet pro pfipojeni mykosidu.
Analyza genomu bacili kultivovanych in vitro znaci, ze mykobaktéria jsou
zamétena spiSe lipolyticky nezli lipogenné. Toto zjisténi muzZe souviset s faktem,
ze prostiedi sav¢iho organismu poskytuje velké mnozstvi i variabilitu lipidd.

Z pohledu syntézy lipidii lze fici, Ze jsou v mykobaktériich ptitomny
minimalné dva typy enzymu. Jedna se o FAS-1, ktery zabezpecuje syntézu
kratSich esteri mastnych kyselin s koenzymem A z acetylkoenzymu A jako
substratu'’, a FAS-2, ktery se stara o elongaci kyselin vazanych na ACP v rozsahu
od 24 do 56 uhlika®. Na tyto hlavni dva enzymy navazuje kaskada reduktas, které
se staraji o zabezpeceni syntézy unikatnich mastnych kyselin specifickych pravé
pro mykobaktéria.

Z pohledu imunologie a patogenity téchto organizmi bylo zjisténo, Ze
vakcinace lidské populace musi zistat pfrednim cilem obecného snazeni, jelikoz
byly detekovany povrchové imunogenni peptidy, jejichz vyroba a aplikace muze
zajistit vyssi ucinnost nezli je BCG vakcinace. Co se ty¢e mechanismu virulence
mykobaktérii, pfestoze je znam cely genom tohoto organizmu, bylo detekovano
velmi malo struktur zptsobujicich jeho virulenci. Detailné byly popsany pouze 3
mechanismy tohoto procesu, jedna se o pfitomnost katalasy-peroxidasy, jez chrani

mykobaktérium od reaktivnich forem kysliku, dale pak faktor zplsobujici
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kolonizaci mikrofagii a gen kodujici faktor sigma®’, jehoz mutace zpiisobuje
ztratu virulence. Geneticky zaklad virulence je vSak velmi komplexni a dodnes je
v ném Fada otazek a témat k dal§imu studiu®. Dal$im velmi podstatnym faktorem
virulence je syntéza bunécné stény, nicméné v tomto piipade se jedna o nesmirné
komplexni proces, ve kterém jsou sice identifikované geny zodpovédné za jeji
syntézu, nicméné regulatorni geny, jejichz vyfazeni by zpiisobilo poruchu jeji
syntézy, jsou popsany zatim nedostate¢n&®®. Na zavér je nutno podotknout, Ze
popis genomu je nezbytny pro racionalni vyvoj novych zptsobt 1é¢by zalozenych

na kvalitni bioinformatice®*.

3.2 Soucasna farmakoterapie tuberkulozy

TBC je v soucasnosti jednim z onemocnéni, které jsou bedlivé sledovany
WHO jako globalni hrozby, tim paddem i jednotlivymi narodnimi organy, které
maji na starost dohled nad zdravim obyvatelstva. Bylo publikovdno mnoho
guidelines, které obsahuji standardni terapeutické algoritmy pro spravnou 1écbu
tohoto onemocnéni. V souCasné dob¢ je nejcitovangjsi guideline publikovany
American Thoracic Society s nazvem Treatment of Tuberculosis®.

Tento guideline je pouzitelny v zemich, kde je dobie rozvinuta zdravotni
péCe. V zemich kde tomu tak neni, je potfeba ndsledovat doporuceni vydana
WHO? a IUATLD?, ktera fesi principy terapie TBC v nepfiznivych podminkéch.

Obecné lze 1écbu TBC rozdélit na 1écbu TBC citlivou na lé¢iva prvni
volby, lé¢bu DR-TBC nebo MDR-TBC (citlivou na 1é¢iva druhé volby a
rezistentni na alespon jedno - DR-TBC - nebo vice - MDR-TBC - 1éC¢iv prvni
volby) a lé€bu XDR-TBC (rezistentni na izoniazid, rifampicin, alespon jeden
fluorochinolon a jedno injekcni 1é¢ivo druhé Volby)lo. Dale lze kazdou z téchto
terapii délit na 1écbu HIV negativnich a HIV pozitivnich pacienti, kterd se u TBC
citlivé na prvoliniova 1é¢iva vyrazné nelisi. Jinak je tomu u rezistentnich forem
infekce, kdy muze byt tato kombinace infekci doslova smrticim koktejlemzs.
Specialni pozornost si pak zada 1écba netypické TBC, tzv. extrapulmonarni TBC,
1é¢ba pacientii s rendlni nebo hepatalni insuficienci a 1écbu déti nebo gravidnich

zen®.
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3.2.1 Rozdéleni pouzivanych lé¢iv

Ptedem je nutno fici, ze v souvislosti s prudkym nartstem incidence DR-

TBC je empiricky pouzivano velké mnozstvi 1éCiv, u kterych je nadéje, ze budou

mit alespon statickou, 1épe pak cidni aktivitu. Vycet vSech latek publikovanych

pro terapii komplikovanych ptipadl rezistentni TBC piesahuje ramec této prace.

Vybrany byly

latky,

které jsou wuvadény v terapeutickych guidelinech

nadnérodnich regulatornich utradd, pfedevsim WHO a IUATLD.

Cel¢ spektrum antimykobakterialnich latek Ize podle téchto guidelines

rozdélit takto, v dalSim textu pak bude déleno dle mechanizmu uUc¢inku

doprovazeno délenim dle chemické struktury.

Skupina . Lékov
Lécivo Obchodni nazev
1é¢iv a forma
Cotinazin®
Prvni S ) @
izoniazid tablety | (Pfizer); Hycozid
volba peroralni -
(Takeda)
Abrifam®
rifampicin tablety | (Abbott); Rifaldin®
(Aventis)®
ambutol et Dadibutol®,
etambuto ablety o
Etibi®, Tibutol®
_ Piraldina®
pyrazina . @
" tablety | (Bracco); Zinamide
mi
(Merck & Co.)*
Ansamycin®,
rifabutin tablety | Alfacid®,  Ansatipin®,
Ansatipine®*
) V. )
Druha kanamyci ) Aminodeoxykana
nebo i.m. ® 3
volba injekéni n o mycin~, Bekanamycin
injekce
A2 Sulfate-
amikacin | nebo i.m | Amyglide-V*®,  Biklin®,
injekce Pierami®®
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kapreomy _ Capastat®,
_ nebo .m. 936
cin o Ogostal
injekce
ILV. Sesquisulfate-
streptomy _ ] ®
] nebo i.m. | AgriStrep™  (Merck
cin o .
injekce Co.);
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Trecator®

Druha ethionami o
tablety | (Wyeth); Iridocin
volba peroralni d 28
(Bayer)
rothiona
_ P tablety Prothicid®
mid
dlosert blet Oxamycin®,
cykloserin able
Y Y Seromycin®*
terizidon Tablety Terizidon®
PASER®
_ p. (Jacobus);  Rezipas®
aminosalicylova Tablety )
_ (Bristol-Myers
kyselina o
Squibb)
_ Tavanic®
Fluorochin lovofloxac ) e
_ tablety | (Aventis); Quixin
olony in .
(Santen)
_ Ofloxin®,
ofloxacin tablety o ®
Tariflox
_ Tablety Actimax®™
moxifloxa ] e
) nebo I.v. | (Sankyo); Actira
cin . i
injekce (Bayer),
Latky
s nejasnou klofazimin Tablety Lampren®™*
ucinnosti
Tablet
o Y Zyvox",
linezolid nebo Y2 i e a5
o Zyvoxid™ (Pfizer)
injekce
amoxicilin Augmentin®,
tablety e
/ klavulanat Amoksiklav
) Tablety ®
Klaritromy Macladin™,
) nebo 046
cin Zeclar
retardované
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tablety

imipenem

nebo
injekce

i.m.

Tienamycin®
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3.2.2 Inhibitory syntézy mykolové kyseliny

Do této skupiny latek Ize zafadit dvé prvoliniova antituberkulotika,
izoniazid a pyrazinamid. Pyrazinamid ma v této praci vyjimeéné postaveni, proto
mu budeme vénovat samostatnou kapitolu (viz kapitola 5.4). Dale sem patii
ethionamid a prothionamid a nitroimidazoly, nova potencialni antituberkulotika

ve fazi klinického ovéfovani (viz kapitola 4.1.1.3).

3.2.2.1 Izoniazid

Izoniazid

Izoniazid, hydrazid izonikotinové kyseliny, byl uveden do terapie v roce
1952%" coz jej &ini prvnim syntetickym, klinicky pouZivanym antituberkulotikem.
Jiz kratce po pocatku jeho administrace byly nalezeny mykobakteridlni kmeny,

J4 . 0 v & . it
které jsou V& tomuto 16&ivu rezistentni®.

Nicméné 1 presto je dodnes
nepouzivanéj$im lécivem v terapii TBC. Mechanismus jeho ucinku byl detailné
popsan, ve struCnosti se jedna, po aktivaci KatG katalasa-peroxidasa
hemoproteinem (izoniazid je tudiz proléfivem), o inhibitor InhA, NADH
dependentni enoyl-ACP reduktasy, ktera je zapojena predev§im v syntéze
mastnych kyselin s dlouhym fetézcem®. Tato fakta jsou potvrzena i studiem
mechanizmil rezistence, kdy byly u rezistentnich kmend objeveny mutace
v genech kodujicich zminéné enzymy KatG a InhA™. In vitro MIC se u kmeni
citlivych na izoniazid pohybuje kolem 0,25 pg.ml™. Spektrum aktivity izoniazidu
jsou bacily rodu Mycobacterium, ptedevsim druhy M. tuberculosis, M. kansasii a
M. bovis. Proti jinym mikroorganizmim toto 1é¢ivo aktivni neni, divodem je
odliSnost mykobakteridlniho metabolizmu, vysoka aktivita enzymu KatG a
neefektivni systém efluxu léCiv. Je baktericidni u rychle rostoucich bacilli, av§ak
pouze bakteriostatické u bacili rostoucich pomalu®. Vzhledem k délce trvani
1é€by TBC jsou hledany takové zplsoby formulace piipravkia, které umozni
snizeni podavaného mnoZstvi 1éCiva pi1 souCasném zachovani dostatecné

t¢innosti®™.
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3.2.2.2 Ethionamid, prothionamid

=
X
R N

R = CH,CHj - Ethionamid

R = (CH,),CH5 - Prothionamit

Ethionamid a prothionamid jsou strukturni analoga, jednd se o 2-
ethyl(propyl) pyridin-4-karbothioamid®®. Obé& latky jsou peroralnimi 16&ivy druhé
volby, opét prolécivy, které pisobi jako inhibitory ThnA, NADH dependentni
enoyl-ACP reduktasy®’, ovSem jejich aktivace probiha jinym zpisobem.
Enzymem aktivujicim tyto lé¢iva je pravdépodobné flavin monooxygenasa53.
Vzhledem k faktu, Ze se jedna o analoga, obé& latky maji zkiiZenou rezistenci>*.
Jejich MIC in vitro proti Mycobacterium tuberculosis Hs7Rv byla stanovena na

0,25 pg.ml™®. Pouziti obou 1é&v jako druholiniovych nabyvéd na vyznamu

S postupujicim rozsifenim vyskytu DR-TBC™.

3.2.3 Inhibitory syntézy arabinogalaktanu a peptidoglykanu
Do této skupiny lé¢iv lze zatadit 1é¢ivo prvni volby etambutol, dale pak
cykloserin, amoxicilin a klofazimin. V soucasné dob¢ se v této skupiné objevily
nové latky ve stadiich klinickych nebo preklinickych studii, napt SQ 109 (viz
kapitola 4.1.1.5).

3.2.3.1 Ethambutol
HO/jNH/\NHJi/OH

Etambutol

Chemicky je etambutol N,N'-bis(1-hydroxymethylpropyl)-ethylen-diamin.
Mechanismem ucinku tohoto IéCiva je inhibice arabinosyl transferas, které
zabezpeCuji syntézu arabinogalaktamu a lipoarabinomannanu, ovSem piesny
biochemicky cil tohoto 1é¢iva neni doposud piesné zndm. O mechanismu ucinku
je usuzovano zgenovych mutaci etambutol rezistentnich  izolatd®’.

Arabinogalaktan a lipoarabinomannan jsou nedilnou soucasti mykobakterialni
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bun&né stény. In vitro MIC proti Mycobacterium tuberculosis &ini 0,5 pg.I™*°,
Na zékladé zjisténé ucinnosti tohoto diaminu bylo syntetizovano a otestovano pies
100 000 novych latek a nékteré znich vykazaly srovnatelnou aktivitu jako

etambutol, jako naptiklad derivaty piperazinu nebo homopiperazinuss.

3.2.3.2 Cykloserin

oﬁo

H,N

Chemicky jde o analog D-alaninu, z ¢ehoz vyplyva i mechanismus uc¢inku
této latky. Cykloserin je inhibitorem alanin racemasy a D-alanin D-alanin ligasy.
Ktery ze zminénych dvou enzymt je hlavnim cilem zasahu tohoto 1é¢iva zlstava
doposud nerozluiténo®®. Tyto enzymy se staraji o syntézu zakladniho
pentapeptidu obsahujiciho pravé D-alanin, ktery je nutny pro stavbu
peptidoglykanu a tim padem je potieba pfi stavbé celé bunécné stény54. In vitro
aktivita proti Mycobacterium tuberculosis Hs;Rv byla stanovena na 25 pg.ml™.
Nevyhodou cykloserinu je diky velmi blizké podobnosti s neuroexcitaénimi
aminokyselinami jeho prokdzana neurotoxicita®®. Tento problém zpisobuje
problematickou syntézu analog cykloserinu, i kdyZ publikace z posledni doby

naznacuje jistou cestu jak tento problém obej it

3.2.3.3 Amoxicilin a klofazimin

Cl

HO Cl
Amoxicilin Klofazimin
Na konec této kapitoly mohou byt zminény tyto dvé léciva. V obou
ptipadech se jedna o latky z posledni skupiny antituberkulotik (viz kapitola 3.2.1),

-19 -



jejichz pouziti ptipada v uvahu pouze pii empirické 1€cb¢ rezistentnich forem
onemocnéni.

Ve zkratce amoxicilin, jedno z nejnovéjSich B-laktamovych antibiotik, ma
mechanismus G¢inku inhibici transpeptidasy, ktera se stara o zesiténi postrannich
peptidovych fetézcl pii syntéze peptidoglykantii a tim inhibuje syntézu bunécné
stény. Ov§em antimykobakterialni aktivita tohoto 1é¢iva je velmi slaba®.

U klofaziminu a jinych riminofenazini byla popsana aktivita pfedevsim
proti Mycobacterium leprae, od ¢ehoz bylo odvozeno jeho mozné pouziti jako
antituberkulotika. Mechanismus ucinku ptfedpoklada jakési poruseni funkce
bundéné membrany, nicméné do detailu neni zndam®. V posledni dob& bylo
publikovano n&kolik variaci na strukturu klofaziminu® a je mozné, ze diky
zvySenému zajmu o jeho strukturni analoga bude objasnén i mechanizmus jeho

tinku®.

3.2.4 Inhibitory proteosyntézy

Do této skupiny lze zatadit velmi vyznamna léciva, kterd se uplatiiuji pii
terapii infekci neodpovidajicich uspokojivé na léCiva prvni volby. Jedna se o
aminoglykosidova antibiotika streptomycin, kanamycin a amikacin a cyklicka
peptidova antibiotika mezi které muzeme zatadit kapreomycin a viomycin.
Vsechny zminéné latky pisobi pres 30S subjednotku ribozomt. Dale mizeme do
této skupiny zatadit klaritromycin a linezolid, které pisobi pfes 50S podjednotku
ribozomd.

Struéné budou probrany jednotlivé podskupiny délené dle chemické
struktury. Z pohledu vyvoje novych 1é¢iv jsou ribozomy jako misto zasahu 1é¢iva
velmi atraktivni a proto bylo v posledni dob¢ publikovano mnoho aktivnich latek,
které maji mechanizmus u¢inku pravé pies ovlivnéni funkce téchto bunécnych

organel (viz kapitola 3.2.4.3).
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3.2.4.1 Aminoglykosidova antibiotika

OH

H,N

Amikacin

Mezi aminoglykosidova antibiotika pouzivand v 1écbé TBC mizeme
zafadit streptomycin, kanamycin a amikacin. Mechanizmem jejich u¢inku je
inhibice proteosyntézy vazbou na 30S podjednotku ribozomi®. Zajimavé je, ze
prestoze se jednd o velmi hydrofilni 1é¢iva, velmi dobfe piekonavaji lipofilni
bariéru mykobaktérii, kterou je jejich bunécna sténa. Tento jev je mozno vysvétlit
tim, Ze v jejich transportu do intraceluldrniho prostoru hraji hlavni tlohu tzv.
poriny®’. Poriny jsou transportni systémy mykobaktérii, které slouZi pro transport
hydrofilnich nutrietd do buiiky®. Tento transportni systém je pro buiiky natolik
dualezity, Ze 1 u rezistentnich mykobakteridlnich kment nebyla zaznamenéna jeho
zména. V nedavné dobé pak byly publikovany studie popisujici rentgenovou
metodou cilové bunécné struktury kokrystalizované s ucinnou latkou®. Takovéto
studie mohou v budoucnu vést k vyvoji stejné ucinnych analog aminoglykosidd.

Jistou ptekaZkou pak mize byt zhorSeni transportu pies poriny, diky zméné
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struktury G¢inné latky. Téz diky vysoké reaktivité muze byt znacné komplikované

pfipravit polysynteticka strukturni analoga.

3.2.4.2 Peptidova antibiotika

NH,
NH,
Ox
OH O H,N _NH
SOl
N= 0
NH NH JJ\
o) NH
N H
H,N N” 0
e} H
NH,
NH,
o)
N
Q H,N _NH
\(KNH‘ .
N N O
o NH NH I
H
H,N N N0
e} H

Kapreomycin

Mezi peptidova antibiotika pouZivand v terapii TBC lze zafadit
kapreomycin a viomycin. Pro tyto latky plati ramcove to samé, co bylo v predeslé
kapitole zminéno pro aminoglykosidy. Miizeme jest¢ dodat, ze pokud se latky
pouzivaji v kombinaci s 16&ivy ovliviiujicimi funkci bun&ené stény’®, lze vyrazné

zvysit jejich aktivitu, nebo dokonce zvratit na n€ vzniklou rezistenci.
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3.2.4.3 Klaritromycin a linezolid

o~

NH

!
—0
$=

F
N
)
Klaritromycin Linezolid

Klaritromycin je systematicky dle své struktury fazen mezi makrolidova
antibiotika. Jeho in vitro aktivita proti mykobakteriim byla stanovena jako
dobra’, nicmén& jeho aktivita in vivo se ukéazala jako slaba’. Proto je jeste
potieba jeho vyznam a uc¢innost v terapii TBC prozkoumat a definitivné stanovit
jeho zarazeni v systému antituberkulotik. Jistou cestou ke zlepSeni zminénych
negativnich vlastnosti miize byt opét jejich podavani se synergisticky plisobicimi
latkami poSkozujicimi sprdvnou funkci mykobakteridlni bunécné stény73.
Nedavno byly publikovany nové makrolidy, které maji zvySenou aktivitu in vitro
a jistou Sanci na dal$i postup smérem k u¢innéjS$im latkdm jsou provadéné SAR
studie. Na zfetel je potfeba vzit opét mozné problémy s transportem latek do
bunék i s problematickou polysyntetickou modifikaci’.

Linezolid je pfedstavitelem zcela nové strukturni skupiny antibakterialnich
latek souhrnné oznaCovanych jako oxazolidinony. V roce 2004 byl povolen
americkou FDA Kuziti v terapii rezistentnich infekci zptisobenych Gram
pozitivnimi bakteriemi. Jsou to prvni zcela syntetické latky ovliviujici funkci
ribozomti”. Diky oekavanému nastupu pouziti téchto latek provedlo mnoho
firem SAR studie, ze kterych byly vybrany skutecné nadéné latky, napft.
ranbezolid, jenZ mé excelentni antibakteridlni spektrum a ktery postoupil v roce
2004 do faze 1 klinického ov&fovani’®. Pouziti oxazolidinond jako 1éciv proti

TBC musi byt dale detailnéji zkouméano.
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3.2.5 Léciva ovliviiujici DNA procesy

Tato skupina 1éCiv je celkem rozsdhla ve smyslu antibakteridlnich latek.
Ovsem co se tyce latek antimykobakteridlnich jde o né¢kolik aktivnich 1é¢iv a
nekolik latek v klinickych fazich ovéfovani. Lze sem zaradit dvé skupiny —
ansamycinova antibiotika, ze kterych sem patii derivaty rifampicinu. Druhou
skupinou uplatiiujici se vice v 1é¢bé bakteridlnich infekci jsou fluorochinolony.
V terapii TBC hraji nedilnou ulohu pii 1écbé infekci zplisobenych kmeny
rezistentnimi na l1é¢iva prvni volby. V bézné praxi jsou fluorochinolony druhé a

treti generace, dalsi zastupci jsou v riiznych fazich klinickych studii.

3.2.5.1 Ansamyciny

Rifampicin

Do této skupiny lze zatadit rifampicin, rifabutin a jejich analoga. Jedna se

o antibiotika ze skupiny ansamycini. Jde se o jedinou strukturni skupinu
antibiotik ovliviiujici procesy spojené s replikaci DNA. Pfesnéji lze tyto latky
popsat jako inhibitory B-podjednotky DNA depentdentni polymerasy. I pies to Ze
jde o jedine¢nou skupinu latek, bylo zjisténo, Ze ne mnoho analog vykazuje lepsi
farmakologické vlastnosti nezli ptedlohovy rifampicin. Strukturné optimaliza¢ni
studie byly provadény za cilem zlepSeni jeho biologické dostupnosti. BohuZzel
snad kromé& rifampentinu a rifametanu (ktera jsou v soucasné dob¢ ve fazi 2
7

klinického ové&fovani) nebyla nalezena struktura s vlastnostmi lepsimi’’.

Terapeuticky se jedna o velmi vyznamna 1é¢iva pro terapii TBC.
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3.2.5.2 Fluorchinolony
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Ofloxacin

Fluorchinolony zaujaly v poslednich dvaceti letech velmi dilezitou pozici
mezi antibakteridlnimi chemoterapeutiky. Tato strukturni skupina 1é¢iv zaziva
bouflivy rozvoj a hleddni novych jeSt€¢ ucinnéjSich derivati se Sirokym
antibakterialnim spektrem piinasi mnoho latek, jez jsou v soucasné dob¢ zarazeny
v riznych fazich klinickych studii. Antibakteridlni spektrum chinolond velmi
Casto zahrnuje i mykobaktéria. Ze starSich jiz registrovanych latek muzeme
jmenovat zéastupce druhé generace ofloxacin, levofloxacin (levotoCivy izomer
ofloxacinu) a ciprofloxacin. Popis mechanismu uc¢inku je zahrnut do kapitoly
zabyvajici se novymi fluorchinolony v riznych fazich klinického ovéfovani (viz
kapitola 4.1.1.1). MIC fluorchinoloni druhé generace in vitro proti

Mycobacterium tuberculosis Hs;Rv nepresahuje 1 pg.ml™*.

3.2.6 Inhibitory dihydrofolat reduktasy
Oy_OH

HO

NH,

p-aminosalicylova kyselina

Do této skupiny léciv lze ze vSech dnes pouZivanych antituberkulotik
zatadit p-aminosalicylovou kyselinu®. Pravdou je, e dihydrofolat reduktasa
mykobakterii ma jisté strukturni odliSnosti od humanni’®, a proto je (alesponl
teoretickd) moznost selektivniho zasahu mykobakterialniho enzymu. Na toto téma
jiz bylo publikovano nékolik zajimavych praci, které naznacuji, Ze tato cesta mize
byt do budoucna zaj imavou®.

Co se tyce samotné p-aminosalicylové kyseliny, jeji mechanismus byl

studovan mnoha skupinami, nicméné na jeho definitivni rozlusténi se jesté ceka.

-25-



Jedna z teorii tvrdila, ze dochazi k redukci aktivity thymidylat reduktasy, a tim
k interferenci s hladinami folatu, druha pak, ze p-aminosalicylova Kkyselina
interferuje s metabolizmem salicylati a nasledn¢ pak dochazi k poruse piijmu
Zeleza mykobakteridlni bunikou. MIC p-aminosalicylové kyseliny in vitro proti

Mycobacterium tuberculosis Hs7Rv nepiesahuje 1 pg.ml™*,

3.2.7 Farmakoterapie tuberkulézy citlivé na Ié€iva prvni
volby

Nejprve je zapotfebi vzpomenout, Ze podstatné vyhodnéjsi strategii nez
1éCba je Vv pfistupu k vaznym infekénim onemocnénim jako TBC prevence.
Preventivni piistup ktéto infekci zacal jiz pocatkem 20. stoleti, kdy
mikrobiologové Calmette a Guérin kultivovali kmen Mycobacterium bovis, ktery
ztratil svoji virulenci pro lidi, ale jistou invazivitu si zachoval. K prvni vakcinaci
clovéka doslo v roce 1925. Po jejim schvaleni Ligou narodii v roce 1928 se jeji
pouziti velmi rozsiftilo.

BCG vakcina je povinnou imunizaci obyvatel v 64 statech a v dalSich 118
je tato vakcina doporucovéna. Ve smyslu kontroly incidence tuberkuldzy je to
nejlepsi zpusob jak ji dostat pod kontrolu, popiipad¢ zcela eradikovat. Vakcina je
snadno dostupna, levna a bezpecna.

Klinické studie na infekcich zpasobenych jinymi kmeny nezli M.
tuberculosis prokazaly, ze takovéto infekce mohou zpisobit vznik rezistence
K pozdgjsi infekci timto kmenem. Uméla infekce BCG se rozsifuje lymfatickym
systémem do lymfatickych uzlin, kde zptsobuje infekci podobné primarni infekci
virulentnimi bacily. Vznik4 tak bunéfna rezistence, ktera je plné¢ dovyvinuta
zhruba Sest tydnid po aktivni imunizaci. Mechanismus vzniku odolnosti vici
infekei je zaloZen na potlaceni ptenosu infekce krvi, je zpiisobena aktivaci T-
lymfocytt. Jde tedy nikoliv o protekci vic¢i nakaze, ale vici vzniku akutni formy
nemoci, nebo jeji reaktivaci. Tato aktivace pisobi u vétSiny lidi zhruba 15 let.

Studie, zabyvajici se sledovanim snizeni poctu vyskytl jednotlivych typa
tuberkuldzy prokdzaly, Ze v n€kterych ptipadech (pfedevs§im u rozptylené formy
zasahujici vice organll) dosahuje uc¢innost vakcince 80 %. Tento fakt ji fadi mezi

P TR v 81
nejvyznamnéjsi pristup v kontrole tohoto onemocnéni®’.
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Vzhledem ktomu, ze mykobaktéria jsou velmi pomalu rostouci
organizmy, je poteba zacit 1é¢bu TBC i v piipadé, ze neni ukoncena kultivace
sputa, ale pacient ma objektivni diagnostické nalezy indikujici infekci TBC.
Velmi dilezité je rychlé stanoveni citlivosti kultivovanych bakterii na jednotliva

1é¢iva, kterd umozni ptipadnou adaptaci pouzité farmakoterapie.

3.2.7.1 Terapeuticka strategie

Bézné¢ se ihned po vySetfeni pacienta nasazuje Ctyfkombinace [éCiv
(izoniazid, pyrazinamid, rifampicin, ethambutol), ktera se podava podle okolnosti
denng, trikrat nebo dvakrat tydné€ po dobu dvou mésict.

Po ukonceni pocateéni dvoumésicni terapie se provede znovu
radiografické vysetieni plic a kultivace sputa. Pokud jsou plice bez kavit a sputum
negativni na rychle rostouci bacily, pfechazi pacient na dvojkombinaci rifampicin
izoniazid, kterd se podava tfikrat nebo dvakrat tydné po dobu dalSich 4 mésict.
Pokud je po dvou mésicich sputum stdle pozitivni na rychle rostouci bacily,
pokracuje se stejnou kombinaci po dobu dalSich sedmi meésici. Etambutol je
mozno vysadit v momenté, kdy je ukonceno stanoveni citlivosti bacilli na vSechna
lé¢iva. Pyrazinamid by se mél podavat po dobu alespot dvou mésict.
Alternativou podavani rifampicinu je rifapentin, ktery je ovSem kontraindikovan u
HIV pozitivnich pacientd.

Pokud jsou touto formou TBC nakaZeni HIV pozitivni, 1é¢ba probiha

podle stejného algoritmu pouze s vySe zminénym rozdilem.

3.2.8 Farmakoterapie tuberkulézy rezistentni na alespon
jedno léc¢ivo prvni volby (DR-TB a MDR-TB)

DR-TBC je definovana jako infekce rezistentni na alesponl jedno 1é¢ivo
prvni volby. Tato forma Ize rozd¢lit podle druhu rezistence na zhruba 4 podtypy.
Toto rozd¢leni je nutné kvili spravnému vybéru nasledné farmakoterapie. Obecné
lze pak fici, ze infekce rezistentnim kmenem mykobaktéria zptisobi prodlouzeni
1é¢by az na dva roky, kdy selhani compliance pacienta nebo chyba terapeuta mize
vést ke vzniku kmeni S rozsifenou rezistenci a vyvoji tzv. XDR-TBC, coz je zivot

ohrozujici infekce'.
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3.2.8.1 Terapeuticka strategie

Prvnim krokem ke spravné volbé ucelné farmakoterapie je zjisténi
citlivosti bacilti na jednotliva 1é¢iva. Tak lze roziadit DR-TBC do ¢tyi podtypt a
volit dalsi postup:

1/ rezistentni na izoniazid (+ streptomycin, zkiizena rezistence), postupuje
se tak, Ze se nasadi rifampicin, pyrazinamid a etambutol, ve zvlastnich ptipadech
se miize pridat jeden z fluorochinolonti (levofloxacin, moxifloxacin, ofloxacin).
Lécba této formy muze trvat minimalné 6 mésicu.

2/ rezistentni na izoniazid a rifampin (+ streptomycin, zkiizena rezistence).
Postupuje se tak, Ze se nasadi jeden z fluorochinolonti, pyrazinamid, etambutol, a
injeké&ni 1é&ivo druhé volby (kanamycin, amikacin, kapreomycin, streptomycin®),
pfipadné jeSté¢ alternativni perordlni druholiniové 1é¢ivo (ethionamid,
prothionamid, cykloserin, terizidon, p-aminosalicylova kyselina). Trvani 1é¢by
tohoto typu DR-TBC je 18 — 24 mésicu.

3/ rezistentni na izoniazid, rifampicin (+ streptomycin, zkiizena rezistence)
a etambutol nebo pyrazinamid. Postupuje se tak, Ze se nasadi jeden
z fluorochinolonti, pokud neni rezistence pak bud’ pyrazinamid nebo etambutol,
jedno z injekénich 1é¢iv a dvé ze skupiny peroralnich 1é¢iv druhé volby. Trvani
této 1écby je nejcastéji 24 mesict.

4/ rezistentni na rifampicin. Postupuje se tak, Ze se nasadi pyrazinamid,
izoniazid a etambutol, v pfipadé€ potfeby se mize pridat jeden z fluorochinolont.

Ve vSech zminénych ptipadech je potieba zvazit chirurgicky zasah

(odstranéni nejpostizenéjsi tkang).

3.2.9 Farmakoterapie tuberkulézy rezistentni na vétsSinu
konvenénich antituberkulotik (XDR-TB)

Od té doby, co byla poprvé popsana, forma XDR-TBC se objevila ve vice
nez 42 zemich Sesti kontinentii. UZ pfi prvotni diagnoze je potieba disledné zvazit
anamnézu pacienta (relapsy a zpusob jejich lécby) a epidemiologické tudaje
z oblasti jeho zivota. Vaznou roli hraje té€z pacientiv blizky kontakt s jinymi
extrémné slozita u pacientl s koinfekei HIV, ptitom zhruba 10 % vSech ptipada

MDR-TBC je klasifikovano jako XDR-TBC. U HIV pozitivnich pacienti je
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dosazeno vyléCeni u méné nez 2 % pacientl, u HIV negativni pak tato hodnota
osciluje okolo 50 %. Zatim bylo sesbirano velmi malo tdaji k tomu, aby mohl byt
vytvofen obecné platny terapeuticky postup, v kazdém ptipad¢ je doporucovana

individualni forma péce.

3.2.9.1 Terapeuticka strategie

Panel experti doporucil nasledujici postup ve farmakoterapii.

1/ Pouzij jakékoliv 1é¢ivo ze skupiny 1€kt prvni volby, u kterého je Sance
Ze bude Uc¢inné.

2/ V kazdém ptipad¢ pouzij injek¢ni 1é¢ivo druhé volby (zvaZz moznost, Ze
bude podavano 12 meésici a mozna i po celou dobu 1é¢by). Pokud je pacient
rezistentni na vSechna 1é¢iva, uvaz moznost pouziti takového, které jest¢ nikdy
nemél.

3/ Pfidej jeden zpozd&si generace fluorochinolont, napiiklad
moxifloxacin.

4/ Pouzij vSechna 1é¢iva ze skupiny druhé volby ktera nebyla pouzita pii
predeslé 1€¢be, nebo ta, u kterych je nadéje ze budou ucinna.

5/ Uvaz moznost pouziti 1é¢by vysokymi davkami izoniazidu i kdyz je
dokumentovana rezistence na davky niZsi.

6/ rozhodni, jestli je infekce lokalizovana®

7/ Rozhodni o moznosti chirurgického zasahu v piipadé, Ze infekce
lokalizovana je.

8/ Soucasné se snaz l1écit HIV.

9/ Zajisti kompletni monitoring pacienta a dodrzovani 1écby.
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4 Prehled soucasného stavu resené

problematiky

4.1 Vyvoj novych antituberkulotik

Vzhledem ke zminénym epidemiologickym faktim o zvySovani poctu
vyskyta rezistentnich forem TBC (viz kapitola 3.1.2), doSlo k ustanoveni
vyzkumnych priorit vefejného 1 soukromého vyzkumu v oblasti novych
antituberkulotik (viz kapitola 3.1.3). Béhem poslednich deseti let tak doslo
k ohromného posunu této oblasti badani a mnoho 1é¢iv pokrocilo do vysokych

fazi klinického ovéfovani®.

4.1.1 Léciva ve fazich 1-3 klinickych studii

Léciva kterd jsou v 1.-3. fazi klinického ovéfovani miizeme rozdélit podle
zakladni chemické struktury takto:

1/ Fluorochinolony — moxifloxacin a gatifloxacin

2/ Diarylchinolin — TMC207

3/ Nitroimidazoly — OPC7683 a PA824

4/ Pyrrol — LL3858 (Sudoterb®)

5/ Diamin — SQ109*

4.1.1.1 Fluorochinolony
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Moxifloxacin Gatifloxacin

Proti TBC puisobici fluorochinolony jsou jen malym procentem z rychle
rostouci skupiny nové zkoumanych antiinfektiv, ¢itajici v sou¢asné dob¢ nejméné
22 latek. Jejich objev souvisi s identifikaci jedné necistoty, ktera se objevila jako
znecisténi jedné SarZe pii vyrobé€ nalidixové kyseliny. Nasledoval prudky vyzkum
této skupiny latek a jejich rozsahlé pouziti na poli antibakteridlnich

chemoterapeutik®. Nov&jsi generace fluorochinolonii ma vyhodn&jsi vlastnosti
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Z pohledu redukce vedlejSich a nezddoucich ucinkt, zjednoduseni davkovani a
roz§ifené antibakterialni aktivity, ktera zasahuje i mykobaktéria. U mnoha z nich
je studovéna antimykobakterialni aktivita a je jen otdzkou casu, kdy dojde
k vybéru téch nejaktivnéjSich. Mechanizmus jejich ucinku je duélni inhibice ATP
dependentni gyrasy (topoizomerasy II) a ATP dependentni topoizomerasy V.
Detailni mechanismus ucinku fluorochinolonii na molekularni trovni je nadale
studovan. V pfipadé mykobaktéria jde jen o inhibici topoizomerasy II, jelikoz
mykobaktéria topoizomerasu IV nemaj184. U nékterych derivata je sila inhibice
mykobakteridlni topoizomerasy Il pouze stfedni, ale v preklinickych studiich jsou
latky majici cca. 10ti nasobnou aktivitu nez dnes pouzivané fluorchinolony
moxifloxacin a gatifloxacin®.

Zhruba v posledni dekad¢ doslo i pfes nedostatek objektivnich klinickych
dat k extenzivnimu rozsifeni pouziti fluorchinolont v terapii TBC. V posledni
dobé je vénovana pozornost pouziti fluorchinolonti pii 1é¢bé poprvé
diagnostikovaného onemocnéni, které je citlivé na 1écbu prvni volby. V tomto
pfipad¢ je studovan vliv na zkraceni celkového trvani 1é€by. Velky piispévek
ktomu pfineslo indické vyzkumné centrum v Chenaii®. Zmin&na studie
publikovala nasledujici fakta: pti zkraceni terapie o mésic za pouziti ofloxacinu
Vv prvni fazi 1é€by doslo k vyskytu relapsu pouze u 4 % pacientii. Tyto Gdaje jsou
velmi nadéjné uz vzhledem k tomu, Ze nové¢jsi moxifloxacin a gatifloxacin jsou
potentngjsimi antituberkulotiky neZ zminény ofloxacin®’.

Moxifloxacin a gatifloxacin jsou vyvijeny ve spolupraci Grantové
agentury Evropské komise, TB Aliance pfi WHO a firmami IRD a Lupin. Obé
latky jsou ve fazich 2-3 klinické studie. Latky jsou studovany jako potencidlni
1é¢iva pro zkraceni terapie TBC citlivé na léky prvni volby, jak jiz bylo zminéno.
Bylo prokézano, ze sterilizacni aktivita v kombinaci s rifampicinem a
pyrazinamidem je u infikovanych mysi velmi vysoka®. Metodika studia t&chto

latek zahrnuje i studium tzv. brzké baktericidni aktivity.
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4.1.1.2 Diarylchinolin — TMC 207

TMC207

Prvni publikace popisujici excelentni antimykobakteridlni aktivitu
diarylchinolinu proti mnoha mykobakteridlnim kmentim vysla v roce 2004 a byla
publikovana Andriesem a kol. z firmy Johnson & Johnson®. V soucasnosti byla
ukoncena 1. faze klinického ovéfovani. Byla zjisténa dobra tolerance a biologicky
polocas okolo 24 hodin. Tato latka ma mechanizmus ucinku Vv inhibici FoF;
podjednotky proton dependentni ATP syntasy. V zavislosti na tomto objevu se
rozvinula dalsi aktivita v hledani dalSich moznych inhibitord zminéného enzymu.

V této souvislosti mize zaujmout fakt, ze antimalarikum meflochin, u
kterého je znama jista antimykobakterialni aktivita®, inhibuje proton dependentni
ATP syntasu u Streptococcus pneumoniae®. V neposledni fadé je potieba zminit
mnoho derivati chinolinu s publikovanou antimykobakterialni aktivitou a dosud

nevyjasnénym mechanizmem cinku® 9

. Na prvni pohled jsou v publikovanych
strukturach jisté¢ podobnosti, ale to zda maji vSechny v této kapitole zminéné latky

stejny mechanizmus ucinku je potieba jesté dofesit.
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4.1.1.3 Nitroimidazoly — OPC7683 a PA824
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Jelikoz byla u nékterych derivath prokdzana velmi solidni
antimykobakterialni aktivita, je sou¢asné dob¢ celkem velky zajem o vyvoj téchto
struktur jako potencialnich antituberkulotik. Dvé ztéchto struktur jsou
K dnesnimu dni v klinické fazi studii. Jedna se o latku PA824, ktera je vyvijena
konsorciem pii TB Aliance a OPC7683, kterou vyviji Otsuka Pharmaceutical.

Historie téchto latek saha do 70. let minulého stoleti, kdy Ciba-Geigy India
vyvinula prvni nitroimidazol jako radiosenzitizujici agens. Zaroven bylo
prokdzano Ze derivaty nitroimidazolu maji vyznamnou antibakterialni aktivitu a
jejich spektrum zahrnuje i mykobaktéria. Bohuzel bylo pozdé&ji prokazano, Ze
zminéné struktury vykazuji mutagenitu v Amesové testu a v 80. letech bylo od
jejich dalsiho vyvoje upusténo. Pauza ve vyvoji trvala cca do 90. let, kdy mala
firma Pathogenesis pfisla s novymi strukturnimi typy, nitroimidazo-oxaziny a
nitroimidazo-pyrany.

Firma Pathogenesis studovala vice nez 700 slou¢enin, ze kterych byla
vybrana PAS824 jakozto nejvice potentni%. Tato latka byla studovana na
mutagenitu, av§ak nejen Amesovym testem, ale i testy na chromozomalni aberace,
nebo testy na zménu jadérek u mysi'®. Licence na tuto latku byla postoupena TB

Aliance, ktera dokoncila fazi 1 klinickych studii.
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Nov¢jsi derivat OPC 8673 je vyvijen jako specificky proti TBC. Latka je
téz disledné¢ proveéfovana na mutagenicitu. Vysledky vSech studii jsou zatim
negativni.

Mechanismem tuc¢inku téchto dvou nitroimidazolti je inhibice syntézy
mykolové kyseliny®™. Viechny tyto latky jsou prolé&ivy, aktivni forma vznika
teprve po enzymatické redukci nitroskupiny®®. Dale bylo prokadzano, Ze
nitroimidazoly plisobi aktivné i na nerostouci bacily, a to intracelularni produkci

NOY’.

4.1.1.4 Pyrrol — LL3858 (Sudoterb®)

Oy,

N
N

LL3858

CFj3

Pyrrol LL3858 je v soucasné dobé testovan firmou Lupin v prvni fazi
klinického ovétovani jako soucast kombinované terapie. Antituberkuloticka

aktivita derivatl pyrrolu byla poprvé publikovana Deiddaou a kol®

. Firma Lupin
syntetizovala fadu latek, z nichZ pravé LL3858 ma nebyvale vysokou aktivitu
(méné nez jednotky mikromold na litr) a v kombinaci s jinymi antituberkulotiky

vykazuje excelentni baktericidni aktivitu™.

4.1.1.5 Diamin - SQ109

M/\NH\/NH

SQ109

Tento diamin je vyvijen firmou Sequella a jednd se o N-substituovany
derivat adamantylaminu. Pivodné byl pifipravovan jako analog etambutolu®, ale
jeho strukturni odli$nost naznacuje, Ze se mize jednat o zcela novou aktivni latku
s novym mechanismem ucinku. Tato latka prosla preklinickymi studiemi (MIC u
my$i 0,1 - 0,63 pglh)'™ a vstoupila do faze 1 klinického ov&fovani.

Mechanismus jejiho ti€inku zatim nebyl zcela objasnén.
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4.1.2 Nové cile mozného zasahu mykobaktérii a nadéjné
struktury v preklinickych fazich vyvoje

Zde je potfeba poznamenat, Ze za poslednich 10-15 let narostl ohromn¢
zajem o vyvoj novych antituberkulotik, proto téz doslo k vyznamnému zvysSeni
publikacni aktivity na téma novych antituberkulotik, ktera je vysledkem
screeningu velkého mnozstvi chemickych latek.

Zminit vSechny latky, které maji slibnou antimykobakterialni aktivitu in
vitro, a jsou na pocatku preklinického screeningu by vysoce pfesahlo unosny
rozsah této prace, proto budou v nasledujicich dvou kapitolach probrany latky,

které se dostaly do stadia ,lead” podle schématu racionalniho vyvoje novych
101

1é¢iv=". Vyjimka bude ucinéna u analogii pyrazinamidu, kterd budou studovana
podrobnéji.

4.1.2.1 Inhibitory mykobakterialni cytochrom P450

monooxygenasy

Cl Cl
P\
@) N\Q\/N \©iN’N\
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Ekonazol Substituovany imidazol

L

Z vysledkli screeningu mnoha latek s anthelmintickou nebo antifungalni
aktivitou vyplynuly zajimavé Zévéryloz. Léciva jako ekonazol nebo klotrimazol
byly vcentru zajmu jako potencialnd aktivni proti mykobaktériim'®, Je
pravdépodobné, ze se jedna o inhibitory P450 monooxygenasy homologni
eukariontnim 14-steroldemethylasam. V nich se vaze na Zelezo, jelikoz se jedna o

hem obsahujici enzymy104.

Ekonazol vykazal in vitro antimykobakterialni
aktivitu, ktera byla potvrzena testem na mys$im modelu in vivo. V posledni dobé
bylo publikovano mnoho latek obsahujicich imidazolové jadro, jez je bohaté
substituované, a které jsou antimykobakterialn¢ aktivni, se shora zminénym

mechanismem u&inku®.
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4.1.2.2 Latky cilici na enzym FtsZ
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Inhibitor FtsZ
Enzym snazvem FtsZ je mykobakteridlnim analogem tubulinu, tedy

. ’ ’ Vv 7 v ’ w1, 1
proteinem naprosto nezbytnym pro usp&$né déleni bunsk™®.

Inhibitory
polymerace tubulinu vykdazaly jistou antimykobakteridlni aktivitu. Naptiklad
anthelmintika albendazol a thiabendazol, jez inhibuji polymeraci tubulinu u hlista,
vykazaly i slabou aktivitu proti mykobakteriim. Bylo provedeno né€kolik studii,
kter¢ hledaly specifické inhibitory FtsZ, které ptinesly jist¢ vysledky. Tuto
aktivitu vykézal i derivat taxanu nebo latky piivodné navrzené jako inhibitory
dihydrofolat reduktasy'®.  Nicméng pfesny  mechanismus  fungovani

mykobakterialniho FtsZ neni zcela objasnén a je piedmétem dalsiho studia®.

4.1.2.3 Inhibitory syntézy aminokyselin s rozvétvenym

Fetézcem
“2¢% NH _NH _N
ST
O O N_—~

Nekteré herbicidy, jako napfiklad sulfometuron (methylester), které
inhibuji syntézu aminokyselin s rozvétvenym fetézcem, vykazaly jistou inhibici

ristu mykobaktérii*®. Nov&jsi studie popsala inhibitor mykobakterialni syntézy
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acetohydroxyhydroxy kyselin. Dalsi latka byla objevena rozsahlym screeningem

knihoven organickych latek*'°,

4.1.2.4 Inhibitory nukleosidmonofosfat kinasy

Cl

Mykobakterialni thymidinsyntasa je dosti odli$na od t¢ humanni (pouze 22
% homologie), coZ ji ¢nni dobrym cilem selektivniho zasahu 16&iv'*'. Z tohoto
divodu se tento enzym stal atraktivnim cilem pocitatové zalozenych studii,
hledajicich jeho inhibitor. Jedna se napiiklad o thymidinova analoga, kterd byla

112

testovana, bohuzel s nepfili§ dobrym vysledkem™“. Jina studie pfinesla celkem

113

zajimavé vysledky s latkami analogickymi pyrimidinovym bazim Byla

pfipravena 1 analoga purinovych bazi sjistou aktivitou, nicméné piesny

mechanismus U¢inku je nejasny.

4.1.2.5 Inhibitory signalni kinasy

o
|+
F NS O
ISR QS N
+° N
S 0 o) O
I - | ~
O

N
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Nejen tloustka mykobakteridlni stény, ale i mykobakterialni kinasy jsou
obranou téchto organizmi proti fagocytoze mikrofagy. Extenzivni vyzkum
inhibitord téchto kinas muze vést k nové skupiné antimykobakterialné aktivnich
latek ™.

115

Jednou ze skupin, jez mohou mit zminénou aktivitu, jsou salicylanilidy
jejichz vyzkum je provadén na KAOCH FaF UK. Dalsi skupinou latek pak jsou
slouceniny odvozené od benzothiofenu nebo benzochinoxalinu''®. Dalsi skupinou
latek, kterou lze zarfadit do této skupiny jsou inhibitory tyrozin fosfatasy, které lze
chemicky definovat jako cyklické peptidy. Zasah signalnich kinas je dobrym
pfistupem ve vyvoji novych antituberkulotik, pfestoze se nemusi jednat o latky
baktericidni ani bakteriostatické, mohou svym mechanismem velmi zesilit

imunitni odpovéd’ organismu na probihajici infekci.

4.1.2.6 Inhibitory rizného mechanismu

4
CC

Publikované slabé ucinky fenothiazinu na inhibici rGstu mykobaktérii

|+
AN

vyustil v rozsahlejsi zajem o latky se stejnym ucinkem na bacily. Jednd se o

inhibitory typu Il NADH menachinon oxidoreduktasy™’.

oo
Lo

Gemfibrozil

Gemfibrozil, terapeutikum pouzivané pii 1é¢b€é hyperlipidémie je
induktorem proliferace peroxizomil. Vyzkum mechanismu plsobeni této latky na
mykobakteria mtize pfinést dalsi UCinné latky pisobici oxidoredukénim

mechanismem?*2,
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Thalidomid

Dale byla publikovdna studie analoga thalidomidu s imunomodula¢nim
ucinkem na experimentalni tuberkuldzni meningitidu, ktera pfinesla jisté¢ nadgje,
ze vyzkum imunomodulatorniho Uc¢inku thalidomidu mtze pomoci pii hledani

nov¢ skupiny antiinfektiv™

Inhibitor MAO

Jista korelace mezi antimykobakterialni aktivitou a inhibici MAO byla
popsana jiz v 60. letech minulého stoleti. Nicméné bylo potfeba provést rozsahlou
SAR analyzu, ze které vyplynula niZe uvedend latka jako dobry kandidat

s aktivitou v fadech jednotek pg.ml™*%,

R207910
Inhibitory ATP dependentni protonové pumpy. Tato struktura byla

publikovana celkem neddavno, mé excelentni MIC proti mnoha mykobakteridlnim

druhiim, pohybujici se v rozsahu 0,03 — 0,12 pg.ml™**2,

s NHH /=N
satintatee
N\ N

HO OH

Inhibitory syntézy sideroford.
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Siderofory jsou velmi vyznamnymi soucastmi bakteridlnich buné¢k, které
zabezpecuji ziskavani zeleza z bud’ nerozpustnych anorganickych latek, nebo
z zelezo obsahujicich proteini hostitele. Siderofory tak patfi k vyznamnym
virulentnim faktorim mnoha patogenii. Nize uvedend latka ma MIC na kulture M.
tuberculosis 0,19 umol.I*%,

HC1oH21

py 00—
o. HO -0 OH
\/S: NH2 o
H21C10 HO OH HO OH
0
NH
0
o) NH &
N N
NOo, =N N= S
N s
N
O,N CF3 F

Inhibitory syntézy bunécné stény

Zde je nutno podotknout, Ze kazda z latek zasahuje jinou Cast procesi
slouzicich ke stavb& mykobakterialni bunécné stény, nicméné jejich findlni efekt
patrné  zplsobuje nedostatecnou  funkénost pro mykobaktérium  zcela

nepostradatelné organely.

(@]
NH
HO\ A
N O
i~
(@]
BB3497

Inhibitory deformylasy peptidd. Tento bakteridlni enzym zabezpecuje
odstépeni formylu z N-konce nové syntetizovanych peptidi Nize uvedena latka
byla vybrana diky jednak SAR studii, kterd poskytla 6 aktivnich sloucenin a téz
diky skriningu téchto Sesti latek na 17ti mykobakteridlnich kmenech, pficemz

median jeji aktivity na téchto kmenech je 0,25 ug.m|'1’123.
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KHG20612

Inhibice syntasy acetohydroxykyselin. Tento enzym je velmi vyznamny
pro syntézu aminokyselin s rozvétvenym fetézce, jako jsou leucin, izoleucin, nebo
valin. Zminény inhibitor vySel ze skriningu asi 5600 latek, pfi¢emz byla

publikovana jeho aktivita ve form& ICsq pii koncentraci 1,8 — 2,6 umol.I™*°,

4.1.2.7 Antimykobakterialni latky bez popsaného mechanizmu

ucinku

Do této skupiny lze =zafadit publikované derivaty karbazolu a
dibenzofurani. Posledni dosud publikovanou skupinou jsou latky piirodniho

pavodu jako je napf. basiliskamid A, pamamycin 607 nebo lydiamycin A.

4.1.2.8 Dalsi mozné cile zasahu novych lé¢iv

Vzhledem k faktu, ze byl kompletné popsan mykobakterialni genom, za
poslednich 20 let doSlo k mohutnému rozvoji proteomiky a genomiky, jsou
objevovany nové a nové cile mozného selektivniho zasahu mykobaktérii.

Zv1asté velké komplikace pfinasi utlum metabolizmu mykobaktéria, ktery
je patrné zptisoben imunitou hostitele a kddovan v mykobakteridlnim genomu, a
je jednim z hlavnich virulentnich faktorti tohoto bacilu. Béhem utlumu a téz pfi
experimentalni kultivaci v anaerobnich podminkach bacil ,,pfepne metabolizmus
tak, Ze misto sacharidii za¢ne vice vyuzivat lipidy jako zdroje energie, diky up-
regulaci transkripce genli koédujicich enzymy [-oxida¢niho cyklu. S aktivaci
dormantni faze Zivota bacilu souvisi pravdépodobné téZ transkripéni regulator
DosR, ktery je up-regulovan, je-li bacil vystaven pusobeni reaktivnich forem
kysliku nebo NO. Je mozné, Ze jeho zasahem se podstatné snizi virulence celého

bacilu.
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Dalsim cilem, jez dosud nebyl zasaZzen Zadnou novou latkou, je enzym
syntetizujici cyklopropylované mykolové kyseliny. Ty jsou velmi dilezitym
virulentnim faktorem, jak jiz bylo zminéno dfive.

Obecnym cilem pak muze byt protein, ktery ovlivituje syntézu proteind,
zvany ,stringent response protein“. Tento byl izolovan a v soucasné dob¢ je s nim
pracovano ve smyslu rozpoznani jeho aktivnich center a detailniho popisu jeho
funkce.

Poslednim popsanym moznym cilem je zasah systému toxin-antitoxin. To
jsou enzymy, které jsou piitomny v bakterialni buiice po celou dobu jejiho Zivota,
ale pusobi proti sob¢ antagonistickym zpisobem. V momenté kdy je jejich
transkripce nestejnomérnd, dochdzi k bunécné smrti*?*,

Z celé kapitoly je patrné, Zze doSlo k ohromnému rozvoji vyzkumu novych
antimykobakterialné ptisobicich latek. Bylo nalezeno mnoho makromolekularnich
cili zasahu téchto latek, ale nejvétSim problémem stale zistava jednoznacné
ucinny zésah dormantnich bacild. V jejich zdsahu je dle naseho ndzoru nadéje
K plné kontrole onemocnéni TBC na celém svété, nebot’ celd tietina obyvatel nasi
planety v sobé takového bacila nosi. Pokud budou nalezeny opravdu G¢inné 1éky,
pak za predpokladu dostatecné politické a ekonomické podpory programu
bojujicich proti TBC miiZze dojit k vymiceni této zdlouhavé a lidské Zivoty berouci

nakazy.

4.1.3 Derivaty pyrazinamidu s publikovanou

antimykobakterialni aktivitou

Morfazinamid

Na tomto misté je potfeba zminit v prvni fadé morfazinamid. Tato latka je
prekurzorem pyrazinamidu. V bakterialni bunce se rozkladd na pyrazinamid,
formaldehyd a morfolin. Jeho antimykobakteridlni aktivita je totozna
s pyrazinamidem, nicméné je aktivni 1 v neutrdlnim prostiedi a téZ proti tzv.
netuberkuléznim mykobakteriim jako je Pseudomonas, Proteus vulgaris nebo
Staphylococcus aureus. Tento jev je patrné zptsoben uvoliovanim toxického

formaldehydu, jelikoz morfolin tuto aktivitu postrada. Zajimavy je fakt, ze in vitro
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125 'in vivo modely

studie ukazuji vyssi aktivitu morfazinamidu neZzli pyrazinamidu
pak fikaji pravy opak'?. Pravdépodobné vysvétleni tohoto d&je je patrné méné

vyhodna farmakokinetika nez ma pyrazinamid.

O
N
JI j/mNH2
7
Cl N

Druhym dalezitym analogem, ktery pfispél k vyznamnému posunu
V popisu mechanismu 0¢inku pyrazinamidu je 5-chloropyrazinamid. Bylo
objasnéno, Ze zmin&na latka plisobi nejspise jako inhibitor enzymu FAS-1'¥, tedy
odlisné od pyrazinamidu samotného. Ditkazem je zachovani antimykobakteridlni
aktivity proti pyrazinamid rezistentnim kmenim. Zbyva jest¢ dovysvétlit, zda
dochazi k metabolické pfeméné tohoto amidu na karboxylovou kyselinu stejné
tak, jak tomu je u pyrazinamidu. Dal§im povzbuzujicim zjisténim je fakt, ze 5-
chloropyrazinamid je aktivni i proti Mycobacterium smegmatis, kdezto

pyrazinamd samotny nikoliv'?®,

O
N\ OR
Cy
N

Dalsi kapitolou aktivnich derivati pyrazinamidu jsou jeho estery. K jejich
vyvoji doSlo na zékladé objevu aktivity pyrazinkarboxylové kyseliny proti
pyrazinamid rezistentnim kmenim. Ke tvorbé esterti bylo pfistoupeno z divodu
zvyseni jejich biologické dostupnosti a jejich in vitro testovani ptineslo nadg&ji, ze
jejich aktivita bude dobra'®. Nicménd selhaly in vivo experimenty,

pravdépodobné diky $patné stabilité téchto latek v organismu.

Mo X
N |

F =
O OH

O

V nedavné dob¢ byla publikovana skupina derivati pyrazinamidu vznikla

Mannichovou kondenzaéni reakcit™.

=43 -



Slibnou aktivitu i relativné Siroké terapeutické okno pii testovani in vitro

vykazuji substituované pyrazinkarbonyliminomethyl derivaty*®",

0
N
O
—
N

Podstatné horsi aktivitu opublikoval Chung a kol. u substituovanych
N-aminomethyl derivati pyrazinamidu, respektive 5-methylpyrazinamidu®.
Zajimav¢ je, ze vSechny publikované latky maji podobnou podstatnou ¢ést

molekuly.

N
O z
]
dNH N
OH

Misto v této kapitole najdou i derivaty salicylanilidii, které byly znimény
jiz dtive (viz kapitola 4.1.2.5). U téchto latek je zajimavy fakt, Ze nejaktivnéjsi ze
sériec syntetizovanych derivatl maji v anilidové casti molekuly substituci
pyrazinylem. Tato analogie ptfivadi kotdzce, zda je predpokladanym
mechanismem ucinku téchto latek prave inhibice signalni kinasy, nebo zda nejde

0 analogii mechanizmu u¢inku napft. 5-chlorpyrazinamidu.
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A poslednimi, nikoliv vSak nejméné¢ vyznamnymi jsou analoga

pyrazinamidu pfipravend na KFCHKL FaF UK doc. Dolezalem a kol., ze kterych

jsou vybrany latky se slibnou aktivitou™**%8,

Br
OH F F
Xr TM " 4N@
| N
] /):N/ NH ]
=z
< F N < F
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5 Vyvoj novych lé€iv proti tuberkul6ze na
KFCHKL FaF UK

5.1 Jiz publikovana fakta

Vyvoj novych 1é€iv proti TBC je dlouhodobym tématem, které je na FaF
UK feseno. KFCHKL je pracovistém, které zabezpeCuje syntézu novych latek
S potencialni anti-TBC aktivitou.

Zvolend cesta feSeni tohoto problému je syntéza analog jednoho
Z nejbéznéji pouzivanych 1éCiv, prvoliniového pyrazinamidu. Za posledni dvé
dekady bylo publikovano mnozstvi ¢lankd, které popisuji zpusob piipravy a

biologickou aktivitu analog pyrazinamidu®*®

. I pfesto, Ze doposud nebyl piesné
vysvétlen mechanizmus ucinku PZA, ukazalo se, Ze nejen samotny PZA, ale i
néktera jeho analoga vykazuji stiedni az vysokou anti-TBC aktivitu. Byly
nalezeny latky, které postoupily v ramci skriningu TAACF, s nimz ma FaF UK
podepsanou smlouvu o spolupraci, do vyssich irovni screeningu.

Tématika anti-TBC latek byla jiz od 90. let minulého stoleti podporovana
grantovymi agenturami a vramci KFCHKL bylo uspé$né¢ obhajeno nékolik

grantli, které tuto problematiku fe§i1y140-144

5.2 Vymezeni tematiky a jeji zarazeni do védecko-
vyzkumnych souvislosti KFCHKL FaF UK

Zvolenou tematikou je syntéza analog pyrazinamidu, které obsahuji krom¢
pyrazinového jesté dalsi aromatické jadro. Jedna se tedy o dalsi druh analog PZA,
coz zapada do dlouhodobé védecké prace provadéné na KFCHKL FaF UK.

5.3 Zpusob reseni tématu

Autoriv podil na feSené tématice spociva predev§im v pfipravé novych
strukturnich analog pyrazinamidu a zavedeni novych separacnich technik do
syntetickych postupti vedoucich k meziproduktim, které slouzi jako substrat pro
noveé pripravované latky. Tyto latky jsou poté predany K dalsim biologickym

analyzam.
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5.3.1 Vymezeni tématu z pohledu chemického

Na zaklad¢ jiz nabytych znalosti o chemii pyrazinového jadra (viz kapitola
543 a b54.4) ptipravit sérii analog PZA sobecnou strukturou 3-
arylaminopyrazin-2,5-dikarbonitril,  poptipad¢  N-arylpyrazin-2-karboxamid,
alternativné pak 6-chloro-5-tert-butyl-N-arylpyrazin-2-karboxamid. Takovéto
derivaty strukturné charakterizovat vSemi dostupnymi strukturné-analytickymi
metodami (FT-IR, *H, **C NMR, CHN analyza, pfipadngé MS). Po identifikaci
struktury pak latku charakterizovat fyzikalné-chemicky za pouziti HPLC (Cistota,
log P).

5.3.2 Flash Chromatografie

Sloupcova preparativni chromatografie je metodou, kterd ma ze vSech
znamych chromatografickych technik nejnizs$i rozliSeni. Velmi ¢asto dochézi
k ptekryvu Vv eluci jednotlivych latek, velmi nevyhodny je pomér mnozstvi
vlozené smési ku mnozstvi potiebného sorbentu pro tspé$nou separaci Cistych
latek.

Vzhledem Kk tomu, ze flash chromatografie je velmi bézné vyuZzivanou
metodou preparativni chromatografie v laboratornim méfitku, pficemz neni
mnoho dostupné literatury popisujici tuto techniku a jeji aspekty, autor si dovoluje
na piikladu separace tii polohovych izomerl tuto metodu predstavit a popsat jeji
hlavni aspekty.

Literatura tvrdi, Ze oproti konventnimu uspofaddni sloupcové
chromatografie je flash chromatografii dosahovano lepsiho, Vramci déleni
chromatografickych technik stfedniho rozliSeni. Ke zlepSeni dochézi diky sice
malému, ale pfesto ur¢itému vlozenému tlaku na kolonu, diky némuz se zkracuje
doba kontaktu vzorku se sorbentem, elucni piky se zostiuji a maji strméjsi kiivku
narGistu koncentrace jiz ve velmi nizkych koncentracich. Tuto U¢innost jeSté
podstatné zvysuje gradientova eluce'®®. V nagem technickém feSeni bylo mozno
pouzit pouze gradient krokovy.

Proto bylo pfistoupeno k vyuziti instrumentalni flash chromatografie za
pouziti piistroje Flash Master” Personal firmy Argonaut Technologies Inc.,
(Foster City, CA, USA).
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5.3.3 Hodnoceni antimykobakterialni aktivity

Hodnoceni antimykobakterialni aktivity byly provadény dvéma na sobé
nezéavislymi laboratofemi, a to pii Fakultni nemocnici v Hradci Kralové a diky
smlouvé o spolupraci mezi FaF UK a TAACF, coz je soucast NIAID zfizené
americkym NIH.

V Hradci Kralové provadéla testovani MUDr. Michaela Svobodova z
Ustavu klinické mikrobiologie Fakultni nemocnice v Hradci Kralové.

Testovani v ramci TAACF probiha zdarma na zadklad¢ zasldni vzorku
spolupracujici strané. Pres web pak Ize sledovat postup jejiho testovani. Ve
zkratce 1ze metodiku hodnoceni v ramci TAACF popsat takto:

V zati 1994 zalozil americky NIAID program vyvoje a testovani novych
antituberkulotik.

Program je urcen k intenzifikaci skriningu (kvantity i kvality) in vitro a in
Vivo testll s cilem otestovat co nejvEtsi pocet strukturnich typt potencialnich
antituberkulotik. Tato sluzba je bezplatna a ptipadna komercionalizace vysledki
je ponechéna poskytovateli slouc¢enin. Diky této podpoie akademického vyzkumu
a napojeni na firemni vyzkum lze pfedpokladat urychleni vyvoje novych
antituberkulotik.

Primary Assay Data (Level 1) — vSechny slouceniny jsou testovany proti
Mycobacterium tuberculosis H37Rv v koncentraci 6,25 pg.ml™. Vysledky jsou
uddvany v % inhibice. Slou€enina je povaZovana za aktivni, jestlize vyvola
inhibici vétsi nez 90%.

MIC Assay Data (Level 2) — slouceniny s inhibici vétsi nez 90% jsou dale
testovany pii nizSich koncentracich pro stanoveni pfesné minimalni inhibicni
koncentrace (MIC), vyvolavajici 99% inhibici ristu bakterii.

Cytotoxicity Assay Data (Level 2) — slouéeniny jsou testovany na zjisténi
toxicity (bunééna linie VERO). Index selektivity (SI) je definovan jako pomér
zmetené ICsp v systému VERO bunék k zjisténé hodnoté MIC.

Macrophage Assay Data (Level 3) — vybrané slouceniny jsou testovany in
vitro v modelu TB-infikovaného makrofagu. Je sledovana redukce ristu
residudlnich mykobaktérii po dobu 7 dni ve srovnani s kontrolou (bez
slouceniny). ECqgp @ ECg9 pak vyjadiuji koncentrace zptisobujici 90% a 99%

redukci ristu residualnich mykobaktérii.
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SDRMIC Assay Data (Level 3) — test je uren pro zjisténi zkiizené
resistence vuci mykobaktériu.

M. avium MIC Assay Data (Level 3) — zjisténi aktivity vi¢i uvedenému
kmenu

MBC Assay Data (Level 3) — minimalni baktericidni koncentrace

Ve Fakultni nemocnici v Hradci Kralové byly latky testovany in vitro na
ucinnost proti M. tuberculosis H37Rv, M. avium No. 152/73, M. avium No. 80/72
a M. kansasii PKG 8 na tekuté Sulové pudé zfed'ovaci metodou ve srovnani s
pyrazinamidem pfi pH 5,4. Testované latky byly rozpustény v dimethylsulfoxidu
v koncentracich 512, 256, 128, 64, 32, 16, 8, 4 a 2 pg.ml'l. Vysledky byly
odecitany po dvou a tiech tydnech. Aktivita PZA se 1i8i in vitro v zavislosti na
kyselosti pudy, na jejim sloZeni i velikosti inokula. Hodnoty MIC pro PZA se v

literatufe pohybuji v rozmezi od 6,25 do 50 pg.ml™.

5.3.4 Hodnoceni antifungalni aktivity

Doplitkové byly nové syntetizované derivaty pyrazinu testovany in vitro
na antimykotickou aktivitu pomoci mikrodiluéni bujénové metody™® **’. Aktivita
latek byla porovnavana s aktivitou standardu ketokonazolu vii¢i jednotlivym
kmendm.

Vybrané slouCeniny byly testovany na Katedie biologickych a lékatskych
véd Farmaceutické fakulty v Hradci Kralové doc. RNDr. Vladimirem Buchtou,
CSc.

Ptipravené slouceniny byly zkouseny in vitro na antimykotickou aktivitu
pomoci mikrodiluéni bujonové metody. Testovana latka byla dvojité fedéna v
roztoku RPMI 1640, ktery byl pufrovany na pH 7,0 pomoci 0,165 M roztoku
MOPS (Sigma). Konecné koncentrace latek se pohybovaly v rozmezi od 1000 do
0.975 uM. Soucasti testovani byly jednak slepé pokusy (bez G€inné latky), jednak
ureni aktivity standardu (ketokonazol) vici jednotlivym kmenim. MIC byly
odecitany po 24 a 48 hodinach pii teplot¢ 35 °C. V ptipadé Trichophyton
mentagrophytes byly MIC zaznamenany po 48 a 72 hodinach inkubace. Vybrané
slouceniny byly testovany na aktivitu proti Candida albicans ATCC 44859, C.
tropicalis 156, C. krusei E28, C. glabrata 20/1, Trichosporon ashaii 1188,
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Trichophyton mentagrophytes 445, Aspergillus fumigatus 231 a Absidia
corymbifera 272.

5.4 Pyrazinamid

N
)
O]

Pyrazinamid

Pyrazinamid je druhym syntetickym Ié¢ivem, které bylo uvedeno do
terapeutické praxe. Pocatek vyzkumu antituberkulotické aktivity tohoto 1éciva
spada do 50. let minulého stoleti. Jeho objev souvisi s poznatkem, Ze niacinamid,
vitamin B3, je schopen jisté inhibice rGstu mykobaktérii. Tento poznatek byl
poprvé publikovan v roce 1945 Chorinem a kol. Dlasi prace jinych skupin tento

148

fakt potvrdily™. Po tomto zjisténi nasledovala studie, hledajici analogické
struktury struktute niacinamidu a zanedlouho poté, v roce
1952, publikoval Malone a kol. prvni praci zamétfenou na antituberkulotickou

149

aktivitu pyrazinamidu=. Tuto praci jesté stejny rok potvrdila prace jiné skupiny,

kterou zvefejnil Solotorovsky a kol

. Je zajimavé, ze provadéné studie pfinesly
bohaté¢ ovoce ve form¢ dalSich velmi dilezitych antituberkulotik izoniazidu a
ethionamidu.

Jednim z velkych paradoxid pak je, Ze pfes jednoznacnou aktivitu
pyrazinamidu in vivo™, je jeho aktivita in vitro v klasickém uspofadani

. . (152
experimentu tém&f nulova'®,

Toto paradoxni chovani pyrazinamidu bylo
predmétem intenzivniho vyzkumu po dalSich 50 let.

Dalsi zajimavosti je, Ze od objevu aktivity pyrazinamidu do jeho uvedeni
do klinické praxe trvalo nezvykle kratkou dobu. Divodem je to, Ze kratce po
objevu této struktury bylo piistoupeno rovnou kin vivo studiim na mySich
modelech bez ptedchoziho, dnes jiz bezpodmine¢né nutného, screeningu in vitro.

Tyto paradoxy vedly K intenzivnimu vyzkumu, ktery se zabyval zjisténim
podminek, které mohou tento paradox zpiisobovat. Z provedenych studii pak
vyplynulo, Ze pyrazinamid je aktivni pouze v kyselém prostfedi, nejlépe okolo pH
5,53, Takové prostiedi vétsinou nebylo zajisténo pii pokusech in vitro, nicméng

se velmi ¢asto vyskytuje v organizmu v misté vyskytu zanétu.
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Dale bylo zjisténo, ze vysoké davky pyrazinamidu v kombinaci
s izoniazidem mohou vést ke ,,sterilizaci tkani“, tedy nemoznosti kultivovat nebo
izolovat ziva mykobaktéria154. Nicméné bylo zjisténo, Ze z organizmu neni mozné
zcela eradikovat pomalu rostouci nebo spici mykobaktéria, které mohou po
skonceni 1écby zptisobit relaps onemocnéni. Tatdz vyzkumnd skupina poprvé
publikovala fakt, ze pyrazinamid je s nejvétsi pravdépodobnosti prolécivem a
aktivni formou je pyrazinkarboxylova kyselina, ktera vznika az v mykobaktériu
metabolickou pfeménou enzymem pyrazinamidasou / nikotinamidasou (piesnéji
viz kapitola 5.4.2.2)"*,

5.4.1 Farmaceuticko-chemické vlastnosti pyrazinamidu

Pyrazinamid je latka relativné polarni. Jeji Log P ¢ini -1,884. Je rozpustny
Vv chloroformu, benzenu nebo dichlormethanu, ¢astec¢né je pak rozpustny ve vode.

Teplota tani krystala ¢ini u €isté substance 192 °oC¥®,

5.4.2 Farmakologické vlastnosti pyrazinamidu
Pyrazinamid je se svym zivotnim ptibéhem celkem vyjimecnym lécivem.
Sic prvoliniové 1é¢ivo pouzivané pii terapii zavazné infekce, prec nebyly nékteré
jeho farmakologické vlastnosti dodnes uspokojivé vysvétleny, Jedna se predevsim
o mechanismus jeho ucinku na molekuldrni a submolekularni Grovni. Samotné
jeho uvedeni do klinické praxe je argumentem zpochybiiujicim moderni pfistup
vyvoje novych 1é¢iv, piedev§im prvotniho high throughput screeningu in vivo za

,standardnich* podminek.

5.4.2.1 Farmakokinetika

Pyrazinamid je u lidi velmi dobfe absorbovan z GIT, na plazmatické
bilkoviny se vaze zhruba z10-20 % a prostupuje excelentné pres
hematoencefalickou bariéru (85-105 9% aktudlni plazmatické koncentrace).
Metabolizovan je v jatrech mikrozomalni deaminasou na  Kyselinu
pyrazinkarboxylovou. Vylucovan je ledvinami. Distribuovéan je do vSech télnich

tekutin i organt®.
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5.4.2.2 Farmakodynamika (mechanismus ucinku)

I pfesto, ze je pyrazinamid vyznamnym antituberkulotikem, jeho
mechanismus u¢inku je poznan snad nejhure ze vSech antituberkulotik.

Ve zkratce je predpokladany mechanismus takovyto: Jako pyrazinamid je
pfijat mykobaktériem, uvnitf jehoz bunky dojde k enzymatické pfeméné na
pyrazinkarboxylat, ktery je nasledné¢ aktivnim efluxem vypuzen zpét mimo
buitku®®®. V kyselém prostredi, které existuje v mist& zanstu, pak dojde k astecné
protonaci karboxylatu (pKa pyrazinkarboxylové kyseliny je 2,9) v zavislosti na
aktualni hodnoté pH v intersticiu, vzniku pyrazinkarboxylové kyseliny, ktera
prostupuje diftzi zpét do mykobakterialni bunky. Zde pak dochazi ke kumulaci
pyrazinkarboxylové kyseliny diky nedostateénému mechanismu jejiho efluxu,
sniZzeni intraceluldrniho pH tim dojde ke sniZzeni vitality enzymi, piipadné
vycerpani energetickych zasob diky snaze buiiky udrzet fyziologické podminky,
coz ma za nasledek bunéénou smrt. Tuto teorii podporuje fakt, Ze v neutralnim
prostiedi je pyrazinamid téméf neaktivni (protoze je drtiva vétSina molekul
pyrazinkarboxylové kyseliny ve formé karboxylatu), kdezto v kyselém prostiedi
je pyrazinamid aktivni*®, Vv nasledujicim textu budou podrobnéji rozebrany
aspekty uptaku pyrazinamidu mykobakterialni bunkou, aktivita pyrazinamidasy /
nikotinamidasy, mechanismus efluxu pyrazinkarboxylové kyseliny a potencialni
cile dalSiho zasahu této kyseliny v mykobaktériich.

Nikotinamidasa/pyrazinamidasa je enzym metabolizujici
nikotinamid/pyrazinamid na  pfislusné kyseliny. Pfi¢emz nikotinamid
metabolizuje U¢inn€ji nezli pyrazinamid. Je lokalizovana v mykobakteridlni
cytoplazmég. Tento enzym se vyskytuje pouze u prokaryontnich organismu. Stoji
za zminku, Ze pfes univerzalni pfitomnost v prokaryotech, ostatni bakterie nejsou
citlivé na pyrazinamid. Funkce pyrazinamiddzy / nikotinamiddzy spociva
V metabolismu niacinamidu na niacin, ktery je nasledné vyuzit pro syntézu NADH
Preiss-Handlerovou cestou, kterou vyuziva mnoho bakteridlnich druhti. Na rozdil
od ostatnich bakterii je vyskyt enzymu této cesty, niacin fosforibosyl transferasa u
Mycobacterium tuberculosis deficitni. Tohoto rozdilu se vyuziva pfi rozliseni M.
tuberculosis od M. bovis, protoze pii kultivaci prvniho druhu dochazi k hromadéni

niacinu v kultivaénim médiu.
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Mechanismus uptaku pyrazinamidu mykobaktériem je prvnim
Z kontroverznich jevi, ktery nebyl doposud jednoznaéné vysvétlen. Jedna skupina
dosla k zaveru, ze vstup pyrazinamidu do buiiky probiha pasivni difizi, Druha
skupina ptredpoklada vstup pyrazinamidu do bunky na zikladé kompetice
S niacinamidem prostiednictvim ATP-dependentniho aktivniho transportniho
mechanismu. Moznost, Ze obé dvé cesty mohou byt souCasné¢ vyuzity je
nevyvracena, ale ani nepotvrzena. Nicmén¢ obé skupiny fesici tuto problematiku
se shodly na tom, Ze pyrazinamid citlivd mykobaktéria hromadi **C pyrazinamid
uvniti buiiky, zatimco kmeny rezistentni na PZA (diky mutaci genu kédujiciho
nikotinamidasu/pyrazinamidasu) zadnou kumulaci radioaktivity uvniti bunky

156
nevykazuji™".

Vysvétlenim mutze byt fakt, ze citlivé kmeny metabolizuji
pyrazinamid na pyrazinkarboxylovou kyselinu, kterd se chova v neutrdlnim
prostfedi jako anion a kumuluje se v bunce, kdezto kmeny s poskozenym
enzymem toto nedokdzi a pyrazinamid je pasivni difuzi odstraniovan z bunky a tim
ke kumulaci radioaktivity uvniti buné€k nedochézi.

Rezerpin jako znamy inhibitor efluxu u mnoha rezistentnich bakterii*>’ se
ukézal byt aktivnim i v pripadé efluxu pyrazinkarboxylové kyseliny®.
Publikovana studie prokazala zvysenou citlivost mykobaktéria k pyrazinamidu za
pfitomnosti rezerpinu, zatimco citlivost k pyrazinkarboxylové kyseliné zménéna
153

nebyla™’. Dal§im faktem, ktery byl zjistén v této studii je to, ze valinomycin,
ktery ruS$i membrdnovy potencial vliv na citlivost mykobaktéria vici
pyrazinamidu ani pyrazinkarboxylové kyseliné nemél. Tyto indicie naznacuji, ze
pyrazinamid mulZe byt transportovan do bunky aktivné.

Poslednim  bodem nejasnosti je vazba pyrazinamidu nebo
pyrazinkarboxylové kyseliny na néjaké bunécné struktury, obecnéji feceno
specifita nebo nespecifita Gfinku pyrazinamidu. Studie, jez pouzila 5-
chlorpyrazinamid ukazala, ze je mozné, ze pyrazinamid samotny inhibuje syntasu
mastnych kyselin, presn&ji enzym FAS-1'°. Tato publikace vyvolala mnoho
otazek?" 159160 4 experimentalnich snah, které¢ nakonec vyvratily jeji pravdivost.
Na zéklad¢ kultivace rezistentnich mutanti na 5-chloropyrazinamid a porovnani
jejich genomu s mutanty rezistentnimi na pyrazinamid bylo jednoznacéné
prokazano, ze v ptipad¢ 5-chloropyrazinamidu skuteén€¢ dochédzi k mutacim

v genu kodujicim FAS-1, zatimco u pyrazinamid rezistentnich kmenii neni tato
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mutace pozorovana. Zbyva dofeSit otdzka, zda je prokazateln¢ vznikajici
metabolit, pyrazinkarboxylova kyselina, G€inna specificky nebo nespecificky. Pro
nespecifickou aktivitu hovoti fakt, Ze nebyly dosud izolovany mykobakterialni
kmeny rezistentni na pyrazinkarboxylovou kyselinu, pficemz kmeny rezistentni
na pyrazinamid existuji'®®. Dal§im argumentem pro nespecifitu G¢inku je fakt, Ze
pyrazinkarboxylovd kyselina je aktivni pouze v kyselych podminkéch,
V neutralnich nikoliv. Nicmén¢ je mozné, ze pokud dojde k protonaci karboxylatu
a vzniku karboxylové kyseliny, dojde k vazbé této protonované formy na tolik
bunéénych cild, ze mykobaktérium zkratka nemd Sanci prezit. Tuto otazku je

potieba jests dofesit™®.

5.4.2.3 Mechanismus vzniku rezistence

Mechanismem mykobakterialni rezistence na pyrazinamid je z ptevazné
vetSiny piipadi mutace v pncA genu156, ktery koéduje

pyrazinamidasu/nikotinamidasu'®* %

. Zajimavé je, ze pyrazinamid rezistentni
kmeny nejsou rezistentni na jina antituberkulotika, i kdyz se jedna o strukturné
velmi pifibuzné latky jako je napiiklad izoniazid nebo ethionamid. Jiny

mechanismus rezistence zatim nebyl popsan.

5.4.3 Chemické vlastnosti pyrazinového jadra a mozné
reakce na ném
V této c&asti prace jsou uvedeny vybrané metody piiprav na jadie
substituovanych funk¢nich derivath pyrazinkarboxylové kyseliny. Dlraz je kladen
pfedevsim na postupy, které byly vyuzity pii experimentalni praci. Kapitoly jsou
d€leny jednak z hlediska charakteru reakci probihajicich na pyrazinovém jadre,
ale téz podle typu funk¢nich skupin, které 1ze nalézt u jednotlivych meziproduktl

a konecnych latek.

5.4.3.1 Kondenzacéni reakce vedouci k pyrazinu

Piestoze vychozi latkou byl komeréné dostupny pyrazinkarboxamid, bylo
by vhodné zde alespon nékteré zpiisoby ptipravy pyrazinového jadra. Toto jadro
lze ptipravit bud autokondenzaci o-aminokarbonylovych sloucenin nebo

kondenzaci a-diaminl s a-dikarbonylovymi slougeninami™®® Témito zpusoby lze
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ziskat smés rizné substituovanych derivati pyrazinu. Novéjsim piikladem je

piiprava 3-alkoxy- a 3-aminopyrazin-2-karbonitrilg'**.

5.4.3.2 Reakce pyrazinového jadra

Pro ptipravu rtiznych substituovanych derivati pyrazinu jsou vhodné
homolytické substituéni reakce. Charakter substituentu prvniho substituentu
vazaného na pyrazinovém jadie rozhoduje o misté navazéani dalSiho substituentu.
Skupiny s +M efektem (napi. Cl, OCHs, NH;) upiednostiiuji substituci do polohy
ortho, &imZ vznikaji 2,3-disubstituované derivaty™®. Substituce do polohy para
probiha tehdy, je-li prvni pfitomny substituent s —M efektem (napi. CONH,
COCHp3). Pak vznikaji 2,5-disubstituované derivaty pyrazinu.

5.4.3.2.1 Homolyticka acylace

Homolytickd acylace (aroylace) pyrazinu je metoda ktera slouzi k
zavedeni karbonylové skupiny piimo na elektronové deficitni dusikaté
heteroaromatické slouceniny, které jsou k Friedel-Craftsovym aromatickym
substitucim inertni.

Zdrojem aroylradikalli jsou aromatické aldehydy, které predavaji vodikovy
atom  tert-butyloxyradikalim. Tyto radikdly vznikaji reakci  tert-
butylhydroperoxidu s ionty kovt. Vzniklé¢, mezomerné stabilizované, nukleofilni
aroylradikaly mohou aroylovat N-hetareny s vysokou reaktivitou a selektivitou.
Reakce se obvykle provadi ve zfedéné kyselingé sirové, ¢imz je N-hetaren v

g66-168 - Mechanismus radikalové

aroylace v prostredi H,0, AcOH, H,SO, Ize vysvétlit takto'®:

roztoku k disposici v protonizované form
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COOH “’ COOH
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CO-
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SO ET — LS
=
| N
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| (+)

Radikéalova aroylace je svym principem homolytickou fetézovou oxidaci

Vv homogenni fazi, jez je katalyzovana ionty kovi' .

Katalyticky aktivni jsou
kovy, které se vyskytuji ve vice oxidagnich stavech (Co*/Co*, Mn*/Mn**,
Fe?*/Fe®*, Cu*/Cu®h).

Tvorbu radikali z peroxida je pak mozno rozlisit dle reakéniho prostiedi
(pravdépodobné vSak vznikaji oba mozné radikaly, 1i§i se pouze pomérnym

zastoupenim):

polarni rozpoustédla (voda, kyselina octova): katalyzator je ve formé

iontovych komplext (siran, acetat), redox reakce probihaji pfedev§im pfies

transfer ligandi:

ROOH + M(™D)+ —— ROO" + M™ + H* E, = 40 - 50 kJ/mol

nepolarni rozpoustédla: kovy jsou v kovalentné vazané formé (naftenat),

redox reakce probihaji pfedevsim ptes transfer elektrond:

ROOH + M™* —— RO + M™D* + HO E, =40 - 50 kJ/mol

V nepolarnim prostfedi jsou vyssi oxidacni stavy kovi redukovany

aldehydy:

ArCHO + M+

ArCO + M™ + H*

Pokud je pfitomna vice neZ jedna reaktivni pozice na jadie azinu mohou
vznikat mimo mono- také diacylprodukty, jelikoz acylaci se reaktivita

hetarenového systému zvysuje.
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V protikladu s timto tvrzenim je skutecnost, ze vzniklé aroylhetareny jsou
méné bazické nez vychozi N-hetareny a pti odpovidajicich rozdilech bazicity se
produkty deprotonuji, ¢imz se u nich snizuje reaktivita. Je mozné, Ze u
monosubstituovanych derivati pyrazinu budou platit obdobnéd pravidla, ktera
formuloval Houminer pro homolytickou acylaci. Pfitomnost karboxylové (rovnéz
tak amidové a nitrilové) skupiny na pyrazinovém jadie ma jednak protektivni
funkci proti diaroylaci jadra a zaroven aktivuje pyrazinovy skelet pro radikalovy
nukleofilni atak. Tento postup byl Gspésné vyzkousSen i na naSem pracoviéti”l'”g.
Dalsi metoda aroylace (acylace) spociva v jiném zdroji acylradikali.

o174, 175

Vyuziva o-ketokyselin v prostfedi kyseliny persirové za katalyzy stiibrnych
iontl
O

OH N.__CONH, CONH,
A AgNO,, (NH4) S,0,
o) * [ /j/ H ,S0O, j/
N

Pfi pouziti pyrazin-2-karboxamidu jako vychozi latky je tak mozno dojit k
5-acylpyrazin-2-karboxamidu. Reaktivita a selektivita téchto acylaci umoznéna
nukleofilnim charakterem acylradikalu je v protikladu k tradiéni elektrofilni
aromatické acylaci. Selektivita reakce zavisi opét na substituentu na pyrazinu, tzn.

ze substituenty s -M efektem tidi radikal do polohy 5.

5.4.3.2.2 N-oxidace

Pyrazin nepodléha snadno elektrofilni substituci. Mnohem Iépe na
pyrazinovém jadfe probihaji substituce nukleofilni, ptfedevsim tehdy, je-li
pyrazinovy kruh aktivovan pfevedenim na N-oxid.

V zavislosti na délce zahtivani, teplot€¢ a molarni koncentraci peroxidu

vodiku pfechézi pyrazin na 1-mono- nebo 1,4-dioxid*®*"®. Bernardi'’

ptipravil
3-karboxypyrazin-1-oxid ptisobenim 2,5 molarniho ptebytku peroxidu vodiku na
pyrazinamid v prostiedi kyseliny octové. Podobné piipravil Uchimaru'® 3-(4-
morfolinokarbonyl)-pyrazin-1-oxid a Okada 3-chlorpyrazin-1-oxid, z né¢hoz dale
ziskal 3-methoxypyrazin-1-oxid. Pfipravou N-oxidi pyrazinovych derivati se

zabyval rovnéz Foks'®#%,
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Pii peroxidaci dvéma moly peroxidu vodiku vSak vzdy dostavame smés
produktii. Pokud je pyrazinové jadro substituovano, vznika ,,1-oxid i 4-oxid* a

v malé mite i 1,4-dioxid pyrazinu.

2 mol 30% H ,0, /AcOH
70°C,8h

N | (*)
[ \j 00
~ 00

N |
N(+)
4 mol 30% H ,0, /ACOH | N
95°C, 16-24 h, 95 °C —
Neo
Oy

Regioselektivita N-oxidace je pak dana vlastnostmi substituentu®®*.

Ttebaze peroxidace je adice elektrofilu (formalné OH"), ¢inidlo neatakuje pozici
S maximalni elektronovou hustotou, tzn. Ze pyrazin substituovany silnou
elektrondonorovou skupinou (+M: CHs, NH) se bude oxidovat pfedev§im na
atomu dusiku vzdalenéj$im od této skupiny za vzniku 3-substituovaného pyrazin-
1-oxidu. Podobny fenomén byl pozorovan i u ostatnich diazinli. Dostdvame tedy
podobné zastoupeni jednotlivych regioizomerG jako pii peroxidaci pyrazinu
substituovaného skupinou s -M efektem. Reaktivita té€chto jednotlivych odlisné

substituovanych regioizomert se v8ak vyznamné lisi (viz kapitola 5.4.3.2.3).

o<'> (—)
Ny~ CHs N<+)
AN
| 2 mol 30% H ,0, /AcOH
7~ 70°C,8h >>> >>>
N
Ve <+>
o() O()
o() (—)
N CONH CONH, @
[ \j/ 2 2 mol 30% H ,0, /ACOH N CONH, CONH,
Z 70°C, 8h >>>
N
| (+) (+)
O O()
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5.4.3.2.3 Halogenace pyrazinového jadra

Halogenpyraziny jsou dulezitou skupinou sloucenin v chemii derivatd
pyrazinu, protoze mohou poskytovat diky snadné substituci atomu halogenu za
nukleofil fadu jinak nedostupnych derivati. Halogenované derivaty pyrazinu lze
piipravit tfemi klasickymi zpusoby. Prvni metoda spociva
v piimé halogenaci pyrazinu v plynné fazi, druhd pak v zdméné hydroxylu ¢i
aminoskupiny na pyrazinovém jadfe halogenem pisobenim chloridu nebo
bromidu fosforylu. Nejcastéji se halogenderivaty pyrazinu ziskavaji nukleofilni
halogenaci N-oxidi pyrazinu185'188. Halogenace takto aktivovaného jadra probiha
zejména do polohy 2, mén¢ pak do polohy 3. Z halogenacnich ¢inidel se nejcastéji
vyuziva chlorid fosforylu (nize je uveden obecny mechanismus chlorace
nesubstituovaného pyrazin-N-oxidu pomoci chloridu fosforylu).

N

N N N
N Pocl N N A
[j—_# [j«—__’[j(u - [j\ +HA+POd
7 7 %) N N al
| | Cl H

New N

Oy oPOC Qorod,

Podle japonskych autort’®®  zavisi vysledek chlorace na jadie 3-
substituovanych pyrazin-1-oxidi pomoci chloridu thionylu, chloridu fosforylu
nebo acetylchloridu na charakteru substituentli. Substituenty s -M efektem urcuji
u 3-substituovanych pyrazin-1-oxidt vstup atomu chloru predev§im do polohy 6.
Za soucasné deoxygenace tak vznikaji 2,6-disubstituované pyraziny. Substituenty
s +M efektem fidi vstup atomu chloru zejména do polohy 3, vznikaji tedy 2,3-
disubstituované pyraziny. U substituentti se slabym +M efektem vznika smés 2,3-
a 2,6-disubstituovanych derivatl pyrazinu.

Poznatky v této oblasti shrnul Sato™®

, podle kterého misto vstupu chloru u
3-substituovaného pyrazin-1-oxidu pfi reakci s chloridem fosforylu je ovlivnéno
nejen charakterem substituentt, ale 1 reakéni dobou. Kromé reakce 3-
aminopyrazin-1-oxidu s chloridem fosforylu je ve vSech ostatnich pfipadech
upiednostnénym produktem 2,6-disubstituovany pyrazin. Soucasné vSak vznikaji
riznda mnozstvi 2,3- a 2,5-disubstituovaného derivatu. U 3-substituovanych
pyrazin-1l-oxida substituent s +M efektem (s vyjimkou NHy) potlaéi atak atomu
chloru na o-uhlik vzhledem k N-oxidovému seskupeni a para k tomuto

substituentu, vznika tedy opét 2,6-disubstituovany pyrazin. Jako vedlejsi produkt
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vznika 2,3-disubstituovany derivat vedle minoritniho mnozstvi 2,5-izomeru.
Substituent s -M efektem tento atak naopak usnadni, takze vedle 2,6-
disubstituovaného pyrazinu vznikaji jako vedlejsi produkty 2,3-disubstituované
derivaty s veétSim mnozstvim 2,5-izomerit nez v predchozim ptipadé¢.
Upfednostnéni vstupu atomu chloru na B-uhlik vzhledem k N-oxidové funkci je
zpusobeno -M efektem neoxidovaného atomu dusiku v pyrazinovém jadfe, tento
vliv je navic posilen pfitomnosti substituentu s -M efektem v jeho blizkosti.
Vysoce selektivni syntézu chlorpyrazint z 3-substituovanych derivati pyrazinu-1-
oxidu popsal v dalsi své praci Sato'®’. Reakce 3-methoxy- nebo 3-chlorpyrazinu s
chloridem fosforylu v pfitomnosti aminu (pyridin, diethylamin apod.) vedla k
vysoce selektivni tvorbé 3-substituovaného 2-chlorpyrazinu, zatimco pfi pouziti
chloracetylchloridu namisto chloridu fosforylu byl ziskan 6-substituovany 2-
chlorpyrazin. Za podminek bez pouziti aminu byl vychozi 3-
methoxykarbonylpyrazin-1-oxid pfeveden na methylester 6-chlorpyrazin-2-
karboxylové kyseliny (viz Tabulka 1).

Chlorace 3-karboxypyrazin-1-oxidu probiha za stejnych podminek jako

chlorace 3-karbamoylpyrazin-1-oxidu. Abe%

provadél tuto chloraci za nizsi
teploty a krats$i dobu. Jako meziprodukt vznika chlorid 6-chlorpyrazin-2-
karboxylové kyseliny, ktery hydrolyzuje na 6-chlorpyrazin-2-karboxylovou

kyselinu. V prostfedi methanolu 1ze ptfimo ziskat methylester této kyseliny.
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Tabulka 1: Reakce 3-substituovanych pyrazin-1-oxidi s chloridem
fosforylu (105°C, 2 h).

Polohy atomu chloru a
N\ R N\ R . o
"[ TLC'S,CﬂE j{ zastoupeni  izomeri ve  smeési
() Za o ~Za
V) N chlorderivati [%]
O
©
a p
Vytézek
R . 3 5 6
chlorace [%]
NH, 51 99 1 -
oC
79 44 4 52
Hs
Cl 76 55 5 43
CeH
96 43 8 49
5
CO
88 22 22 56
NH,
CO
91 5 5 90
OCHjs
CN 52 36 24 40

Chlorace 2-substituovanych pyrazin-1-oxida s chloridem fosforylu vede
opét ve vysokém vytézku k 2,6-disubstituovanému pyrazinu, vedle minoritniho
2,3-disubstituovaného produktu. Vytézek 2,5-disubstituovaného pyrazinu je
prakticky nulovy, viz Tab 2.
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Tabulka 2: Reakce 2-substituovanych pyrazin-1-oxidi s chloridem
fosforylu (105°C, 2 h).

CID(-)
:[Ni)jRPO—C'a- c|§ENij Polohy atomu chloru a
N N zastoupeni  izomeri ve  smeési
chlorderivata [%]
p a
R Vitézek 3 5
chlorace [%]
oc 61 12 0 88
Hs
Cl 76 10 0 90
CeH 72 11 5 g7
5
o 89 1 0 99
OCHg;
CN 2 0 0 100

Nize je zndzornén pravdépodobny reakéni mechanismus chlorace 3-
substituovanych pyrazin-1-oxida s chloridem fosforylu. Primarné vznika ester
dichlorofosfatu, ktery je nukleofilnim atakem chloridového iontu na
elektrondeficitni C) trasformovdn na Meisenheimeriv komplex. Ten miiZe
podléhat dvéma kompetitivnim reakcim. Bud Cg eliminuje proton a
dichlorofosfatovy anion za vzniku 2,3-disubstituovaného produktu, nebo dojde
k sekundarnimu ataku C(s) chloridovym iontem a pies dalsi reakéni meziprodukt

vznikd bud’ 2,3-disubstituovany, resp. 2,6-disubstituovany produkt.
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Nes Ny~ 0 Ve N™
| Cl
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Meisenheimertiv komplex
l_ po,ct’ “HCI

fa@ =T

Nukleofilnim atakem chloridového iontu na elektrondeficitni Cg 3-
substituovanych pyrazin-1-esterti dichlorfosfatu pak vznikd 2,5-disubstituovany

produkt.

PESNPERSIGE=TIS

Neoy () Ney o< e
Qv ¢ oroa, (opoa,

Reakéni mechanismus chlorace 2-substituovanych pyrazin-1-oxidi s

chloridem fosforylu je obdobny; rovnéz vznika 2,6- resp. 2,3-disubstituovany

produkt.
00 OPOCI ((IJPOCI
+) (+) )
N CI() N NL Cl N R
— = | Ry |
<\<:|“ T N
-Pozcg
- HCI
'/j N\ R N\ R
il v (1
N> N~ ~cl

5.4.3.2.4 Substitucéni reakce chlorderivatit pyrazinu

Vyména halogenu za aminoskupinu, resp. za merkapto-, alkylthio- ¢i
arylthioskupinu arylhalogenidu vyzaduje obecné tvrdé reakéni podminky. Reakci
zna¢nou mérou usnadnuje piitomnost elektronegativnich skupin (napft.: NO,, CN,

CONHjy, COOH), zejména A polohach ortho
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a para. Snadnost substituce halogenu vzrista dale s poctem téchto aktivizujicich

skupin'®®

Nukleofilni substituce typu alkylsulfanyl- ¢i arylsulfanyldehalogenace

Pro syntézu alkylsulfanyl- ¢i arylsulfanylpyrazint se ¢asto vyuziva reakce
halogenovaného derivatu pyrazinu s pfisluSnym alkyl- ¢i arylthioldtem. Reakce
vétsinou vyzaduje dlouhodobé zahtivani, Casto v autoklavu. Takto ptipravil Asai z
benzenthiolatu a 6-chlorpyrazin-2-karbonitrilu v prostiedi ethanolatu sodného 6-
(fenylsulfanyl)pyrazin-2-karbonitril. Koncem 80. let pfipravil pak Dlabal'®
zajimavé série na jadrech substituovanych symetrickych a nesymetrickych

dipyrazinylsulfida.

Cl N\ CN S N\ CN /)*
\[ j/ Ph-S () Na®) ©/ \[ j/ I j/ _pyraziny-S O Nat)_ I j/
7 7
N N

H,NOC H,NOC

Foks' ziskal fadu alkylsulfanyl- a arylsulfanylderivatd pyrazin-2-
karbonitrilu reakci 6-chlorpyrazin-2-karbonitrilu s pfislusnym alkyl- resp.
arylthiolatem sodnym v prostiedi dioxanu za normalniho tlaku. Z té€chto slouc¢enin
pak syntetizoval celou fadu na jadie substituovanych funkénich derivati

pyrazinkarboxylové kyseliny.

R—S N CN
Na( ~
dloxan 100 °C, 15 min. | P
N

Portnoy195 ziskal fadu potencialnich fungicid reakci substituovaného

benzenthiolatu s 5,6-dichlorpyrazin-2,3-dikarbonitrilem v prostiedi pyridinu
(akceptor uvoliujiciho se chlorovodiku). Reakci lze mozno provést i v

triethylaminu (TEA) ¢i jiné bazi.

L e L

Nutné je zminit 1 moZnost opacného postupu, tj. alkylace 2-
sulfanylpyrazind. Takovou metodu piipravy alkylsulfanylpyrazini pouzil
Cheeseman. 2-Sulfanylpyrazin protfepaval s methyljodidem v prostfedi hydroxidu

draselného. Reakce probéhla za laboratorni teploty béhem devadesati minut.
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5.4.4 Priprava pyrazin-2-karboxylovych kyselin a jejich
funkénich derivatua

Zavedeni PZA do terapie tuberkuldézy podnitilo Siroky a dlouhodoby
vyzkum ve skupiné pyrazinkarboxylovych kyselin, ktera tak predstavuje v chemii

derivatl pyrazinu pomérné nejlépe prostudovanou skupinu.

5.4.4.1 Priprava karboxylovych kyselin

Na jadfe substituované pyrazin-2-karboxylované kyseliny lze pfipravit
totalni syntézou pyrazinového skeletu'®®, oxidaci chinoxalinu'®’ manganistanem
draselnym, piip. oxidaci alkylového fetézce na pyrazinovém kruhu®. Mezi dalsi
postupy, kterymi lze ziskat pyrazin-2-karboxylové kyseliny, patii zmydelnéni

nitrild, podle zpisobu provedeni ziskame bud’ amidy nebo kyseliny***2*.

5.4.4.2 Priprava esteru
Pro ptipravu esterll pyrazinkarboxylovych kyselin se nej€astéji pouzivaji
bézné esterifikacni postupy, tj. reakce karboxylové skupiny s pfisluSnym
alkoholem za katalyzy kyseliny sirové &i chlorovodikové?®. Vyhodné je odnimat

vznikajici vodu vhodnym vysousedlem.

5.4.4.3 Priprava chlorida kyselin

Chloridy pyrazinkarboxylovych kyselin se nejcastéji pfipravuji plisobenim

chloridu fosfore¢ného®®, piipadné Gginkem chloridu thionylu®®*.

5.4.4.4 Priprava nitrili

Pyrazinkarbonitrily 1ze ziskat, kromé totalni syntézy pyrazinového cyklu, 1
klasickymi metodami, napt. zahfivanim halogenovanych sloucenin s kyanidem
méd’nym nebo dehydrataci amidu.

Karmas a Spoerri pfipravili sérii razné substituovanych nitrili ptisobenim
kyanidu méd'ného na bromované pyraziny. Jako reakéni prostiedi pouZzili bud’
pyridin, nebo y-pikolin.

Nitrily vznikaji také dehydrataci amidi. Reakce byla provedena oxidem
fosforecnym v prostiedi nitrobenzenu, suchého pyridinu nebo toluenu. Zatimco

dehydratace 3-aminopyrazin-2-karboxamidu probihala dobie (vytézek 51%),

- 66 -



pfiprava pyrazin-2,5-dikarbonitrilu, ktery byl =ziskdn plsobenim oxidu
fosfore¢ného na pyrazin-2,5-dikarboxamid v prostfedi nitrobenzenu, probihala S
malym vytézkem.

6-Chlorpyrazin-2-karbonitril vznikd pii reakci 3-karbamoylpyrazin-1-
oxidu s chloridem fosforylu.

Modernim zptisobem lze zavadét nitrilovou skupinu na pyrazinové jadro
pomoci trimethylsilylkyanidu. Sato popsal reakci 3-substituovanych pyrazin-1-
oxida s trimethylsilyl-kyanidem v prostifedi acetonitrilu, pii které vznikaji 3-

substituované pyrazin-2-karbonitrily?®> 2%,
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6 Dosazené vysledky - komentar publikovanych
vysledku

V této kapitole budou zminény vysledky, které byly opublikovany
V recenzovanych casopisech. Jde o publikace, které vznikly s pfispénim autora
této prace Autor se podilel na syntetické Casti téchto studii. Pribézné vysledky
byly prezentovany formou plakatovych sdéleni na tuzemskych i zahrani¢nich
konferencich (viz kapitola 7), sumarizovand data pak byla publikovana
v odbornych védeckych casopisech. Kumulativni Impact Faktor (Thomson
Reuters Citation report 2007) opublikovanych praci v ¢asopisech ¢ini 4,541, Dale
byl na zakladé optimalizace syntetickych postupli vyfesen grant FRVS s cilem
zavést demonstraci modernich separacnich metod pouzivanych pii syntéze analog
pyrazinamidu do praktickych pfedméti Farmaceutickd chemie a Technologie

prirodnich a syntetickych 16&iv obort farmacie a zdravotnické bioanalytika™*.

6.1 Flash chromatografie

Postup ptipravy derivatl pyrazinamidu v sobé zahrnuje reakce, vedouci ke
vzniku riznych polohovych izomeru (blize viz kapitola 5.4.3.2). Uz oxidace
pyrazinamidu na piislusny N-oxid poskytuje tfi izomerni slou€eniny. Podrobime-
li vzniklé N-oxidy chloraci pouzitim POCls, vznika smés polohovych izomerd,
kterou je potfeba rozdelit. Vzhledem k tomu, Ze se jednd o polohové izomery,
jejich Rf hodnota je velmi blizka. Jedinou moZnosti separace vzniklych produkt
z reakéni smési je pouZiti sloupcové preparativni chromatografie.

Nejnarocnsjsi  separaci bylo dé€leni clorpyrazinkarbonitrild, kde se
v chlorani smési vyskytovaly 3 polohové izomery. Aplikovédna byla metoda
krokové gradientové eluce soustavou ethyl-acetat : hexan ve vzriistajicim poméru
koncentrace ethyl-acetatu od 0 do 25 %, vzdy v krocich po 2,5 %.

Velmi dilezitym aspektem jakékoliv chromatografické metody je ptiprava
chromatografické kolony. Firma Argonaut Technologies dodava k pfistroji kolony
vyrobené z plastu a predplnéné silikagelem o velikosti ¢astic 40-63 um, coz je
obvykla velikost cCastic silikagelu pro sloupcovou preparativni chromatografii.

Alternativné lze vyuzit sorbentu s mensSim primeérem ¢astic, doporuceno je 20 —

40 um, ale je potieba pocitat s tim, Ze eluce bude probihat podstatné pomaleji diky
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vétsimu odporu kolony. Pfedplnéné kolony lze regenerovat, nebot’ jsou z obou
stran uzavieny plastovymi fritami, které¢ lze vyjmout a kolonu naplnit novym
silikagelem. Pfi regeneraci kolony je nutno dbat na to, aby byla kolona naplnéna
rovnomeérn€, nikde nevznikly zadné skuliny nebo vzduchové kapsy. Jde tedy o
plnéni kolony suchou metodou, metoda plnéni vyuzitim slurry se neosvédcila diky
nasledné Spatné tésnosti frity uzavirajici tuto kolonu (vlhky silikagel u stén).

Po naplnéni suchym silikagelem je nutno aktivovat kolonu, coz bylo vzdy
provadéno nejméné polarni slozkou elu¢ni soustavy tak, ze byla Cerpana do
kolony v recyklu po tak dlouhou dobu, dokud nepiestaly z vrchni ¢asti kolony
unikat bublinky vzduchu. V tomto momenté je kolona fadné pfipravena pro
naneseni vzorku. Vzorek 1ze nanaSet bud’ v tekutém stavu (pokud je dostatecné
tekuty) nebo naneseny na malé mnozstvi sorbentu (s vyhodou silikagel
V hmotnostnim poméru 1 : 1 vii¢i nanaSené smési, nebo kysele promyty motsky
pisek ve stejném pomeéru. Kapalina se nanasi vzdy na stied kolony a neché se
rozdifundovat do stran, pisek se nanési po celém priméru a zakryje se filtraénim
papirem, aby nedoslo ucpani kanalku pro ptivod rozpoustédla v tésnicim pistu.

Nejvyhodnéjsi postup eluce pro piipad dikarbonitrild je promyti 100 ml
hexanu a nasledna krokova eluce se zvySujicim se podilem ethylacetatu po 2,5 %,
kdy kazdy krok tvofi 50 ml elu¢ni smési. Kolony byly plnény cca 50 g suchého
silikagelu a déleno na nich bylo cca 2,5 g reakéni smési pfi pratoku cca 10
ml.min™%. Timto zpusobem bylo tedy dosazeno poméru 20 : 1 sorbentu ku smési,

coz je i dle literatury dobry vysledek.
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6.2 Priprava derivatu 3-chloropyrazin,
5-chloropyrazin nebo

6-chloropyrazinkarboxylovych kyselin

Nj\/éN N
(LT

MIC (Trichophyton mentagrophytes) = 31,25 umol.ml™

Derivaty odvozené od 3-chloropyrazin, 5-chloropyrazin nebo 6-
chloropyrazin  karboxylové kyseliny byly pfipraveny novou metodou
regioselektivni syntézy analog pyrazinamidu, kterd byla vyvinuta na nasem
pracovisti. Soucasti této metody pfipravy je u¢inna chromatografickd separace
jednotlivych slozek reakénich smési, které vznikaji béhem po sobé jdoucich
syntetickych krocich. Vzniklé chlorované derivaty pyrazin karboxylové kyseliny
byly podrobeny nukleofilni substituéni reakci s 4-methoxy nebo 3-
methoxybenzenthioly v piitomnosti heterogenni médi jako katalyzatoru. Byly tak
ziskany 6-, 5- nebo 3-(4-methoxyfenyl)sulfanyl pyrazinkarbonitrily nebo piislusné
karboxamidy a 6-, 5-, nebo 3-(3-mehoxyfenyl)sulfanyl pyrazinakarbonitrily nebo
ptislusné karboxamidy. Tyto latky byly strukturné charakterizovany a podrobeny
testovani na antifungdlni aktivitu. NejlepSim se ukazal byt 3-(4-
methoxyfenyl)sulfanylpyrazin-2-karbonitril se slabou az stfedni antifungalni

aktivitou proti Trichophyton mentagrophytes a Candida albicans®’.

6.3 N-substituovana analoga pyrazinamidu
Br
e
X N
I \j)k NH Br
R N/

Nejuspésnéjsi latky, R = H, tert-butyl, X = H, ClI

Kondenzaénimi  reakcemi  pfisluSnych  chloridi  substituovanych
pyrazinkarboxylovych kyselin (pyrazinkarboxylové kyseliny, 6-
chloropyrazinkarboxylové kyseliny 5-tert-butylpyrazin-2-karboxylové kyseliny a

5-tert-butyl-6-cloropyrazin-2-karboxylové kyseliny) s ruznymi substituovanymi
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aminothiazoly nebo aniliny byla pfipravena série tficeti N-substituovanych
pyrazin-2-karboxamidi. Nov¢ pfipravené latky byly kompletné strukturné
charakterizovany, byl jim chromatograficky stanoven Log P a nasledné byly
otestovany na antituberkulotickou a antifungalni antivitu a inhibici fotosyntézy.
Nejlepsi antimykobakterialni aktivitu na kmenu M. tuberculosis H37Rv vykazaly
amidy substituované 3,5-dibrom-4-hydroxyanilinem, kdy procento inhibice pii
koncentraci 6,25 pg.ml™ &inilo 54-72 %. Nejlepsi antifungalni aktivitu pak
vykazal 5-tert-butyl-6-chloro-N-(4-methyl-1,3-thiazol-2-yl)pyrazin-2-karboxamid
proti kmenu Trichophyton mentagrophytes, kdy ¢&inila MIC 31,25 pmol.I™.
Z pohledu inhibice generace kysliku v chloroplastech $penatu (Chlorella vulgaris)
dopadly nejlépe 5-tert-butyl-6-chloro-N-(5-bromo-2-hydroxyphenyl)-pyrazin-2-
karboxamid a 5-tert-butyl-6-chloro-N-(1,3-thiazol-2-yl)-pyrazin-2-karboxamid
s hodnotou ICso 41,9 umol.I™, respektive 49,5 pmol.I*%,

O
X N
Y
pz
R™ °N
F

F
Nejuspesnéjsi latky, R = H, tert-butyl, X = H, CI

F

Syntéza  N-substituovanych  dvoujadernych analog pyrazinamidu
pokraCovala dal$i sérii dvaceti latek odvozenych od pyrazinamidu, 5-
chlorpyrazin-2-karboxamidu, 5-tert-butylpyrazin-2-karboxamidu respektivr 5-
chlor-6-tert-butylpyrazin-2-karboxamidu. V amidové ¢asti molekuly byly pouzity
rizné substituované aryly. Byla potvrzena struktura téchto latek, stanoven Log P a
proveden bilogicky screening na antimykobakteridlni a antifungalni aktivitu a
inhibici fotosyntézy Vv chloroplastech Spenatu. NejlepSich biologickych vysledkli
V piipadé antimykobakterialniho screeningu dosahly
N-(3-trifluormethylfenyl)pyrazin-2-karboxamid s hodnotou 99 % inhibice rastu
kolonii M. tuberculosis H37Rv pii koncentraci 6,25 ug.ml™ a 6-chlor-5-tert-butyl-
N-(3-trifluormethylfenyl)pyrazin-2-karboxamid s hodnotou 95 % inhibice pfi
stejnych podminkach. Témto latkam byla dale stanovena MIC s hodnotami 6,25
respektive 3,13 pg.ml™. U téchto latek byla stanovena téZ ICso s hodnotou 62,5
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respektive 10 pug.ml™. Vysledny index selektivity &ini tedy 10, respektive 3,2, coz
posunulo prvni zminénou latku do dal$ich stadii biologického testovani.

Z pohledu antifungalni aktivity stoji za zminku pouze stfedni aktivita
5-tert-butyl-N-(3-trifluormethylfenyl)pyrazin-2-karboxamidu s hodnotou MIC
62,5 mol.ml™ proti Trichophyton mentagrophytes.

Z pohledu inhibice generace kysliku v chloroplastech Spenatu (Chlorella
vulgaris) dopadl  nejlépe 6-chlor-N-(3-trifluoromethyl-fenyl)pyrazin-2-

karboxamid s hodnotou 1Cso 12,1 pmol.I"™*.

6.4 Derivaty odvozené od pyrazin-2,5-dikarbonitrilu

N, EN

Pedey,

& N UNH s

Nejasp&sngjsi latka, MIC = 6,25 ug.ml™

Nukleofilni substituci 3-chlorpyrazin-2,5-dikarbonitrilu rizné
substituovanymi aniliny byla pfipravena série 3-arylaminopyrazin-2,5-
dikarbonitrild. Pfipravené latky byly strukturné charakterizovany, byl jim
chromatograficky stanoven log P a nasledné¢ byly testovany na
antimykobakterialni a antifungéalni aktivitu. Nejlepsi antituberkulotickou aktivitu
vykazal 3-{[3-(trifluormethyl)fenyl]amino}pyrazin-2,5-dikarbonitril s94 %
inhibice M. tuberculosis H37Rv pii 6,25 pg.ml™. Aktivita této latky byla
nezavisle potvrzena dvéma pracovisti. Jednim znich je TAACF pfi americké
NIAID a druhym je odd€leni mikrobiologie Fakultni nemocnice v Hradci
Kralové. Diky velmi dobré aktivit¢ se tato latka dostala do druhého kola
screeningu TAACF, kde byla bohuzel vyfazena diky velmi nizkému indexu
selektivity, jinymi slovy pro pfili§ vysokou cytotoxicitu. Relativné dobrou
antifungalni aktivitu s hodnotou MIC v rozmezi 3,91 — 31,25 pumol.I"* vykazaly
latky 6-chloropyrazin-2,5-dikarbonitril a 3-(2-kyan-4-nitrofenylamino)pyrazin-
2,5-dikarbonitril*®,
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6.5 Diskuse dosazZenych vysledku z pohledu vztahu
struktury a biologické aktivity

Ze vSech uvedenych latek by bylo mozno dedukovat jisté zékonitosti
pouze pro aktivitu antimykobakteridlni, kde byly dosazeny velmi variabilni
hodnoty biologické aktivity od témer nulové az po celkem solidni, kdy se MIC
blizila 1 ug.ml’l, coz je dnes brano jako hranice pro velmi dobrou aktivitu pii

vybéru novych kandidata na postup do vyssich fazi preklinického testovani.

Tabulka 3: Antimykobakterialni aktivita, vybrané nejlepsi latky

.. % MIC ICso
sloucenina - 1 .
inhibice (ng.ml™) (ng.ml™) I
O
N
BP
NG 99 6,25 >62,5
= 10
F
O
Cl N\ NH
|
—
, >
N 95 3,13 10
3,2
0]
Cl N\ NH
L
N 72 - -
Br
OH
):N\ ZN _
|
“ A 94 6,25 2,86
N// N NH 45
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Z pouhého pohledu na nejlepsi struktury vyplyva, Ze dobrou aktivitu maji

dvojjaderné derivaty nesouci na druhém, vétSinou nepyrazinovém jadie

elektronegativni substituent o velkém objemu a lipofilité. Nejlépe pak velky

halogenovy atom jako je brom, nebo perfluorovany methyl. Co se tyce substituce

na pyrazinovém jadre, zdd se, Ze mize byt variabilngjsi, aktivni jsou amidy i

nitrily, 1 kdyZ u nitrild dochdzi ke snizeni indexu selektivity, kdezto u amidu je

celkem dobry. Dalsi substituent krom¢ amidu nebo nitrilu na pyrazinovém jadie

byt muze, aktivni jsou i latky s chlorem v poloze 6 nebo tert-butylem v poloze 5.

Tabulka 4: Antifungalni aktivita, nejlepsi latky. = - latky jsou aktivni i

proti dal§im patogennim houbam

MIC (Trichophyton
slouc¢enina mentagrophytes)
72 /120 hod (pmol.mI™)
N
[N\j\// N 31,25
N/ SJi ] 125
o]
Cl Ny i 31,25
)91 _ 31,25
N
b\[N\ S 31,25
| N/]/ \QO/ 125
Cl_Ng ZN
)I _ 15,62"
N
Ny ZN
)I ~ @\ 15,62°
& N NH Cl
WO
31,25
Cl__N N
62,5
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® °

/} 2 31,25"
=z
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Vsechny ptipravené latky vykazovaly pouze stfedni antifungélni aktivitu,
kdy nejlépe dopadl derivat nesouci nejvétsi pocet nitrilovych skupin.

Inhibice fotosyntézy nebyla zkouména u vSech derivatl, ale ze ziskanych
dat vyplyva jista korelace s antituberkulotickou aktivitou i podobnost aktivnich
struktur. Zda se, ze aktivni mohou byt latky obsahujici co nejvice m-elektronovych
parii zapojenych do konjugace a majici absorpéni maximum posunuté co nejdale
od fialové ¢asti spektra.

Do budoucna by bylo vyhodné provést retrospektivni SAR analyzu vsech
na KFCHKL pfipravenych derivati za pouziti modernich vypocetnich ptistupi.
Takovéa studie by mohla poskytnout strukturni typy pro optimalizac¢ni studii téch
nejlepsich latek, které byly dosud pfipraveny. Je mozné, ze takovato racionalni
studie relativné velké knihovny strukturné podobnych latek povede bud’ k dalsimu
zvySeni aktivity, nebo snizeni toxicity nové pfipravenych struktur. Oboji by

mohlo byt dobrym piinosem pro vyvoj novych antituberkulotik na FaF UK.
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INTRODUCTION

Mycuses (fungal infections) are diseases caused by yeasts and moulds. There
has been a dramatic increase in the incidence of fungal infections since 1980s and
this fact has become importance problem in medicine. Fungi may be classified by
the level of tissue affected as superficial, subcutaneous, and systemic. Mycoses of
skin and their adnexa, including hair, nail and cornea are the most frequent forms
of fungal diseases' 3.

Relevant data regarding the incidence of systemic mycoses and their mortality
are difficult to obtain. Many deaths due to mycoses are not reported because they
are undiagnosed, misdiagnosed; or not specified because they are occurred
secondary to a pre-existing condition. Nevertheless, several studies suggest that
the incidence of fungal infections and attributed mortality are rising. This reflects
the increasing number of predisposed hosts due to factors such as the human
immunodeficiency virus (HIV) epidemic, advances in organ transplantation
program and cancer chemotherapy, and the increasing use of invasive procedures
for treatment, monitoring, and life support®*.

The occurrence of fungal infections is not uniform throughout the world.
Most mycoses are caused by fungi with variable distribution. In addition, attack
rates and incidence of opportunistic mycoses is associated with specific groups of
patients at risk. Candida spp., followed by Aspergillus, Cryptococcus,
Coccidioides, and Histoplasma are accounted for the most of systemic infections.

Consistent with their role as opportunists, fungi have become important
nosocomial pathogens. Most notable is the sharp rise in the rate of bloodstream
infections with Candida and the increasing importance of uncommon fungal
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pathogens such as Candida non-albicans spp., Fusarium spp., Trichosporon spp.,
and dermatiaceous fungi. The incidence of nosocomial candidemia is on rise.
Candida had the highest attributable mortality rate, almost 40 %°.

Discovery of new drugs for systemic opportunistic fungal infections is a major
challenge in antiinfection drug research. Established antifungal agents do not
satisfy the medical need completely, azole derivatives are fungistatic and
vulnerable to resistance, whereas polyenes and amphotericine B cause serious
host toxicity. Modified azoles (voriconazol) and a new class of echinocandins
(caspofungin) were introduced into clinical use. Other promising novel agents
under preclinical study include several inhibitors of fungal protein, lipid and cell
wall synthesis®. ‘

Also some pyrazine derivatives showed in vitro antifungal activity.
Dicyanochloropyrazines®’ are patented as industrial preservatives and
microbiocides. Some 5-halo-2-methylanilides of 2,3-dimethyl-5-(N-alkyl-
carbamoyl)pyrazine-2-carboxylic acid® were synthesized and tested for
anticipated fungicidal activities, see Fig. 1.

CH,(CH,), Cl /N CN
Bee CLL,

H,C

CONH X=-Cl, -F
I I R = alkyl, n:1-5

CONHX

Figure 1. The antifungal active pyrazine derivatives®-*

This is a follow-up paper to the previous studies®'2, where the structure
antifungal activity relationships among pyrazine-2-carboxylic acid derivatives
were discussed. Our work aimed at presenting the antifungal activity of the
phenylsulfanylpyrazine-2-carboxylic acid derivatives 1-13, studying structure-
activity relationships in this series, and to compare their activities with calculated
log P values.

EXPERIMENTAL
Chemicals
The studied compounds are shown in Fig. 2 and listed in Table 1. Synthesis,

physico-chemical data and analytical parameters of the discussed pyrazine-2-
carboxylic acid derivatives were described elsewhere'*'.
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In vitro antifungal susceptibility testing

The broth microdilution test'>'® was used for the assessment of in vitro
antifungal activity of the synthesized compounds against Candida albicans ATCC
44859 (CA), Candida tropicalis 156 (CT), Candida krusei E28 (CK), Candida
glabrata 20/1 (CG), Trichosporon beigelii 1188 (TB), Aspergillus fumigatus 231
(AF), Absidia corymbifera 272 (AC), and Trichophyton mentagrophytes 445 (TM)
in comparison with fluconazole (FLU). The procedure was performed with twofold
dilution of the compounds in RPMI 1640 (Sevapharma) buffered to pH 7.0 with
0.165 mol of 3-morpholino-propane-1-sulfonic acid. The final concentrations of
the compounds ranged from S00 to 0.975 ;zmol dm™. Drug-free controls were
included. The MICs were determined after 24 and 48 h of static incubation at
35 °C. With Trichophyton mentagrophytes, the final MICs were determined after
72 and 120 h of incubation. The results are summarized in Table 2.

Lipophilicity calculations

Hydrophobicity of compounds (log P values) was computed using the program
CS ChemOffice Ultra ver. 7.0 (CambridgeSoft, Cambridge MA, USA). Results
are shown in Table 1.

RESULTS AND DISCUSSION

Chemistry

Three regioisomers of 6-chloropyrazine- or 5-chloropyrazine- or 3-
chloropyrazine-2-carboxylic acid derivatives were coupled with 4- or 3-
methoxybenzene-1-thiols under catalysis by powdered copper oxide. This
nucleophilic substitution provided a series of 6- or 5- or 3-(4-methoxyphenyl)-
and 6- or 5- or 3-(3-methoxyphenyl)sulfanylpyrazine-2-carboxylic acid
derivatives'®, which were tested for their antifungal activity. The results of this
biological evaluation allow us to conclude some structure-activity relationships
(SAR) in the series of the methoxyphenylsulfanylpyrazine-2-carboxylic acid
derivatives'?, see Fig. 2 and Table 1.

" i
RZ |\ ]/ R2= —§
5 N 3
R’ = -COOEt, -CN, -CONH, —S‘Q

OMe

OMe

Figure 2. General structure of methoxyphenylsulfanylpyrazine-2-carbo-
xylic acid derivatives
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Table 1. Structure and calculated lipophilicity (log P) in the series of
studied compounds 1-13 in comparison with the standard fluconazole

(FLU)

Compounds R! R? log P
1 COOC,H; 6-(4-MecOPhS) 2.63

2 CN 6-(4-McOPhS) 2.51

3 CONH, 6-(4-MeOPhHS) 1.38

4 CN 6-(3-MeOPhS) 2.51

5 CONH, 6-(3-MeOQPhS) 1.38

6 CN 5-(4-MeOPhKS) 2.51

7 CONH, 5-(4-MeOPhS) 1.38

8 CN 5-¢3-McOPhKS) 2.51

9 CONH, 5-(3-MeOPhS) 1.38

10 CN 3-(4-MeQPhS) 2.51

11 CONH, 3-(4-MeOPhHS) 1.38

12 CN 3-(3-MeOPLS) 2.51

13 CONH, 3-(3-MeOPhS) 1.38
FLU 0.99

Antifungal activity

The antifungal activity of these 13 compounds was investigated in vitro against
Candida albicans, C. tropicalis, C. krusei, C. glabrata, Trichosporon beigelii,
Aspergillus fumigatus, Absidia corymbifera, and Trichophyton mentagrophytes by
the broth microdilution method. The results are shown in Table 2. Several
compounds showed only moderate antifungal activities especially against
Trichophyton mentagrophytes and Candida albicans. Their MIC values ranged
from 31.25 to 500 pzmol -dm=.

Table 2. Antifungal activity in the series of stadied compounds 1-13 in comparison with the standard
fluconazole (FLU) expressed as MIC (umol - dm™)

MIC/ECg, (zamol -dm )

CA cT CK | CG B AF AC | ™
Compounds | 24h | 24h | 24h | 24n | 24n | 24h | 2ah | 72h
48h | 48h | 48h | 48h | 48h | 48h | 48h | 120m

| 625 | 500 | so0 | 500 | 500 | 250 | so0 | 125
250 | >500 | >500 | >500 | >500 | s00 | >s500 | 250

" 3125 | 125 125 125 125 | 625 | 250 | 31.25
125 | 250 | 250 | 250 | s00 | 250 | so0 | 625

" 125 | 250 | 250 | 250 | 500 125 250 | 125
250 | 500 | soo | s00 | 00 | 250 | s00 | 250

>125 | 5125 | 5125 | >125 | >125 | >125 | >125 | 128

4 5125 | >125 | >125 | >125 | >125 | >125 | >125 | 125

26

-85-



Jampilek J., Dolezal M., Palek L., Silva L., Buchta V.: Antifungal Properties of

Some Arylsulfanylpyrazine-2-carboxylic Acid Derivatives. Folia Pharm. Univ.

Carol. 33, 23-29 (2005). ISSN 1210-
9495
MIC/ECgq (jzmol -dm™)

CA CT CK CG TB AF AC ™
Compounds 24 h 24 h 24 h 24 h 24 h 24 h 24 h 72h
48 h 48 h 48 h 48 h 48 h 48 h 48 h 120 h

5 >125 >125 >125 >125 >125 >125 >125 250
>125 125 >125 >125 >125 =125 >125 500

6 62.5 500 500 500 250 125 250 62.5

250 >500 500 >500 250 125 500 125

” 250 >500 >500 >500 500 250 >500 125

500 >500 >500 >500 >500 >500 >500 250

8 >500 >500 >500 >500 >500 >500 >500 >500
>500 >500 > 500 >500 >500 >500 >500 >500

9 125 >500 >500 >500 500 250 >500 250

500 >3500 >500 >500 >500 >500 >500 500

10 31.25 250 125 125 125 62.5 250 62.5

125 500 250 250 500 >500 >500 62.5

1 125 500 250 250 500 125 >250 125

250 >500 500 500 >500 250 >500 250

2 >125 >125 >125 >125 >125 >125 >125 >125
>125 >125 >125 >125 >125 >125 >125 >125

>125 >125 >125 >125 >125 >125 >125 >125

i >125 >125 >125 >125 >125 >125 >125 >125
FLU 0.06 0.12 391 0.98 0.24 >125 >125 1.95
0.12 >125 15.62 391 0.48 >125 >125 3.91

Tested strains

CA - Candida albicans ATCC 44859 TB - Trichosporon beigelii 1188

CT - Candida tropicalis 156 TM - Trichophyton mentagrophytes 445
CK - Candida krusei E28 AF - Aspergillus fumigatus 231

CG - Candida glabrata 20/1 AC - Absidia corymbifera 272

The methoxy group position is very important for antifungal activity. The
methoxy moiety in Cg, of the benzene ring caused compounds solubility loss in
the testing medium, therefore all derivatives with the methoxy group in Cg,
showed lower activities in comparison with the compounds substituted by the
methoxy moiety in C,.

Substitution by methoxyphenylsulfanyl moiety of position C, or Cs, or C3, of
pyrazine nucleus showed further influence on the biological activity. The
compounds substituted in C, seem to be most advantageous.

The variety of the C,, substitution of pyrazine nucleus proved to be important
as well. A carbonitrile moiety showed higher activity than the amide group, which

2

- 86 -



Jampilek J., Dolezal M., Palek L., Silva L., Buchta V.: Antifungal Properties of
Some Arylsulfanylpyrazine-2-carboxylic Acid Derivatives. Folia Pharm. Univ.
Carol. 33, 23-29 (2005). ISSN 1210-
9495

we expected, nevertheless the presence of the ester moiety ensured an interesting
activity of compound 1. This fact is probably the consequence of the advantageous
substitution of pyrazine C, position and benzene C,, position.

Additionally the values of hydrophobicity in the series of the studied
compounds were computed. The range of compounds log P was between 1.38 and
2.63. Their activity increased with higher lipophilicity; nitriles (log P = 2.51) and
ester (log P = 2.63). See Table 1 for the results.

In summary, the most efficient compounds in the series of the substituted
pyrazine-2-carboxylic acid derivatives were 06-[(4-methoxyphenyl)sulfanyl]-
pyrazine-2-carbonitrile (2) and 3-[(4-methoxyphenyl)sulfanyl]pyrazine-2-
carbonitrile (10), log P = 2.51.
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Abstract: Condensation of the corresponding chlorides of some substituted pyrazine-2-
carboxylic acids (pyrazine-2-carboxylic acid, 6-chloropyrazine-2-carboxylic acid, S-reri-
butylpyrazine-2-carboxylic acid or 5-fert-butyl-6-chloropyrazine-2-carboxylic acid) with
various ring-substituted aminothiazoles or anilines yielded a series of amides. The
syntheses, analytical and spectroscopic data of thirty newly prepared compounds are
presented. Structure-activity relationships between the chemical structures and the anti-
mycobacterial, antifungal and photosynthesis-inhibiting activity of the evaluated
compounds are discussed. 3.5-Bromo-4-hydroxyphenyl derivatives of substituted
pyrazinecarboxylic acid, 16-18, have shown the highest activity against Mycobacterium
tuberculosis HizRv (54-72% mhibition). The highest antifungal effect against
Trichophyton mentagrophvtes, the most susceptible fungal strain tested, was found for
5-tert-butyl-6-chloro-N-(4-methyl-1,3-thiazol-2-yl)pyrazine-2-carboxamide (8, MIC =
31.25 pmol'mL™). The most active inhibitors of oxygen evolution rate in spinach
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chloroplasts were the compounds 5-fert-butyl-6-chloro-N-(5-bromo-2-hydroxyphenyl)-
pyrazine-2-carboxamide (27, ICsp = 41.9 pmolL?) and 5-rers-butyl-6-chloro-N-(1,3-
thiazol-2-yl)-pyrazine-2-carboxamide (4, IC5o = 49.5 pmol L™).

Keywords: Pyrazinecarboxamides; in vifro antimycobacterial, antifungal and photo-

synthesis mhibition activity; lipophilicity determination.

Introduction

One third of the world’s population 1s infected with tuberculosis (TB), therefore today TB still
represents one of the major worldwide public health problems. The current recommended strategy is
facing two problems: multidrug resistance and HIV/AIDS pandemic [1]. There is an urgent need for
new antimycobacterial drugs, especially for treatment of multi-drug resistant tuberculosis (MDR-TB),
a growing problem among HIV-mnfected patients [2]. Additionally, in patients with mmpaired cellular
inmunity, mycobacterial and fungal (dspergillus, Histoplasma., etc.) infections predominate and may
coexist [3]. Pyrazinamide (PZA) 1s an mmportant sterilising tuberculosis drug that helps to shorten the
duration of current chemotherapy regimens for tuberculosis. PZA enters Mvcobacterium tuberculosis
by passive diffusion, is converted to pyrazinoic acid by nicotinamidase (pyrazinamidase) and is then
excreted by a weak efflux pump [4].

In connection with our research into antimycobacterial pyrazine derivatives [5] we were interested
m bimuclear analogues containing -CONH- bridges [6-9]. Various compounds possessing -CONH-
groups were found to inhibit photosynthetic electron transport [10-13]. Amides of 2-alkylpyridine-4-
carboxylic acid and 2-alkylsulfanylpyridine-4-carboxylic acid inhibited oxygen evolution rates in
Chlorella vulgaris and their inhibitory activity depended on the lipophilicity of the compounds [6.7].
This paper is the contimuation of our studies of antimycobacterial active pyrazinecarboxylic acid
derivatives, especially binuclear compounds connected by -CONH- bridges [5]. Previous studies [7—
9.14] showed that alkylation, amidation, aroylation of the pyrazine ring or substitution of the pyrazine
with chlorine increased antituberculotic and/or antifungal activity in series of functional pyrazine-
carboxylic acid derivatives. We have recently reported the synthesis of a series of amides prepared
from the substituted pyrazinecarboxylic acids and some aminophenols, halogenated and alkylated
anilines. All these amides possess some antimycobacterial, antifungal and antialgal properties [7-9.15].

The present study is concerned with the synthesis of the series of heterocyelic amides prepared
from substituted pyrazine-2-carboxylic acids and 2-aminothiazole, 2-amino-4-methyl- or 2-amino-5-
methylthiazole, and 2-bromoaniline, 2,6-dibromo-4-aminophenol, 3-methoxyaniline, 3,5-dimethoxy-
aniline, 5-bromo-2-hydroxyaniline or 3.4-dichloroaniline, respectively. One of the derivatives
synthesized, the N-thiazol-2-yl amide of pyrazine-2-carboxylic acid (1) was originally prepared by
Kushner and its antimycobacterial activity was tested, too [16].

One of the major goals for the physico-chemical characterisation of drugs is the prediction and/or
measurement of their lipophilicity. The logarithm of the octanol-water partition coefficient (log P) has
become the most widely used parameter for defimng lipophilicity and various in silico calculation
software packages have made possible the use of log P values in predictive models for absorption,

distribution, excretion and metabolism properties of drugs [17.18]. Reversed phase high-performance
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liquid chromatography (RP-HPLC) provides an easy, reliable and accurate way to determine the
concentration of a compound in solvents used for the measurement of partition coefficients. The
chromatographic retention time directly relates to the compound’s distribution between the mobile and
the stationary phases. The retention factor (K) determined from the retention time (7¢) and death time
(Tp) as (Tr- Tp) 1s equal to the ratio of the average number of analyte molecules in the stationary
phase to the average number of molecules in the mobile phase (c¢f. Eq. 1) during the elution process.
Log X, calculated from the capacity factor K, is used as the lipophilicity index converted to log P scale
[19].
T, -T

K=-f D Eq. 1
T (Eq. 1)

D

The aim of this work was to establish the structure-activity relationships in the mentioned series,
ie. to continue in studying of the substituent variability influence on the biological effect, and to
determine the importance of increased hydrophobic properties for antimycobacterial, antifungal and

photosynthesis-inhibiting activity of newly prepared substituted pyrazinecarboxamides.
Results and Discussion

The synthesis of amides is shown in Scheme 1. Condensation of chlorides of pyrazine-2-carboxylic
acid [20], 6-chloropyrazine-2-carboxylic acid [21], 5-tert-butylpyrazine-2-carboxylic acid [7] or 6-
chloro-5-tert-butylpyrazine-2-carboxylic [7] acid with 2-aminothiazoles and ring-substituted anilines
vielded a series of amides of mentioned pyrazine-2-carboxylic acids 1-30. The melting points, yields,
elemental analyses, IR, 'H- and ?C-NMR spectral data for the all compounds prepared are given in the
Experimental. Calculated log P values and measured log K values of all derivatives studied are shown
in Table 1.

Scheme 1: Synthesis of some substituted pyrazine-2-carboxamides 1-30.

NH,

X._ _N. _COOH X_ _N._ _cocl N%S X _N._ _CONH S
My IS YN
= LA A N R

R™ TN R™ N NH, R™ N

@ 1-12
RB

X =H,Cl

R = H, tert-butyl \
R?=H, 4-CH,, 5-CH, X N CONH
R3= 2-Br, 3,5-Br-4-OH, 3-OCH,, 3,5-OCHj, 5-Br-2-OH, 3,4-Cl I/ ]/ \Q
1 = 3
R N R
13-30

All compounds prepared were evaluated for their in virro antimycobacterial activity. Both the
highest activity (72% mhibition) against M. tuberculosis and the highest lipophilicity (log P = 6.00) of
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all compounds studied was found for S-terr-butyl-6-chloro-N-(3,5-dibromo-4-hydroxyphenyl)-
pyrazine-2-carboxamide (18). Two other compounds, 16, 17, with the identical substitution on the
aromatic part of the molecule, exert a comparable activity. The majority of compounds exhibited only
modest antimycobacterial activity (see Table 1 and Figure 1). In the Tuberculosis Antimicrobial
Acquisition and Coordinating Facility (TAACF) program compounds effecting <90% inhibition in this
primary screen (i.e. MIC > 6.25 mg mL™) are generally not evaluated further [22]. On the other hand.
such “mnactive” compounds may still have significant inhibitory activity and this data should not be
ignored; analogues, derivatives, and alterations in physical properties may confer some positive
changes in biological effects. Therefore synthesis and evaluation of other pyrazinecarboxylic acid

derivatives 1s necessary to round out the structure-activity data.

Table 1: Calculated lipophilicity (log P), logarithm of capacity factors (log K),
antimycobaterial evaluation (% of inhibition), antifungal susceptibility (MIC)
and OER inhibition in spinach chloroplasts (ICsp) of compounds 1-30 in

comparison with standards: pyrazinamide (PZA), fluconazole and atrazine.

% Inhibition MIC® ICs
Compound | X R! R’ /R’ log P log K |at 6.25 pg mL?| (nmol mL™Y)] (umol.L™)

1 %) H 3 0.31 0.5565 0 =300/>500 b
2 Cl H H 1.21 0.6064 32 ~500/>500 | 1589.0
3 (CH3)5C H 244 0.8987 47 125/125 b
4 Cl | (CHy)C 5 3.34 1.2282 42 125/125 495
5 H H 4-CH, 1.01 0.6112 0 >500/>500 | 582.8
6 Cl H 4-CH, 191 0.7068 21 250/500 485.5
7 H |(CHysC 4-CH; 314 1.0446 35 125/250 180.6
8 Cl | (CHs)C 4-CH; 4.04 1.4174 52 31.25/31.25| 888
9 o H 5-CH; 0.65 0.6193 10 1000/1000 | 862.2
10 Cl H 5-CH, 1.55 0.7213 15 125/250 4537
11 H |(CHysC 5-CH, 2.77 1.0670 65 125/125 3114
12 Cl | (CHa)C 5-CH, 3.67 1.4425 61 31.25/62.5 | 2190
13 Cl H 2-Br 294 1.0014 28 ~500/>500 | 3338
14 H |(CHysC 2-Br 3.51 1.4057 22 500/500 170.7
15 Cl | (CH)C 2-Br 1.63 1.6873 25 250/250 3154
16 Cl H 3.5-Br-4-0H | 431 1.0450 69 ~500/>500 | 995.2
17 H |(CH;)C| 3.5-Br-4-OH | 4.88 1.3158 54 ~500/>500 | 404.3
18 Cl | (CH;);C | 3.5-Br-4-OH | 6.00 1.8895 72 125/125 590.3
19 Cl H 3-0OCH; 242 0.6671 2 ~500/>500 | 499.8
20 H |[(CHy)C| 3-OCH; 298 0.9146 53 ~500/>500 |  799.5
21 Cl | (CHsC|  3-0CH; 4.10 1.1148 23 250/250 644.0
22 Cl H 3.5-OCH; 246 0.7701 11 1000/1000 | 533.0
23 H |(CHy,C| 3.5-0CH; 3.02 1.0286 5 500/500 317.2
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Table 1. Cont.
24 Cl | (CH;)sC 3.5-OCH; 4.14 1.3407 0 125/250 435.1
25 Cl H 5-Br-2-OH 3.34 0.8105 0 >3500/>500 146.2
26 H |(CH;);C| 5-Br-2-OH 3.91 1.1070 0 -500/>500 80.3
27 Cl | (CH;3);C| 5-Br-2-OH 5.03 1.5181 30 125/125 41.9
28 Cl H 3.4-Cl 4.15 0.9950 61 125/250 104.8
29 H |(CH;):C 34-C1 4.72 1.3395 15 125/125 1525.1
30 Cl | (CH;);C 3.4-C1 5.84 1.7563 0 62.5/62.5 130.1
PZA - - - 0.37 - 1007 - -
fluconazole | - - - 0.99 - - 1.95/3.91 -
atrazine - - - 1.03 - - - 1.0
“MIC = 12.5 g mL". data from [27]: *against T. mentagrophytes after 72 h / 120 h; “not tested
due to their low solubility in DMSO.
Figure 1: Quasi-parabolic dependence between logarithm of retention factor (log X) and
photosynthesis-inhibiting activity {log (1/ICsy [mol/L])} of studied
compounds 1-30.
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The evaluation of in vitro antifungal activity of the synthesized compounds was performed against

eight fungal strains. The results revealed no interesting activity against the majority of strains tested.

Ouly the compounds 5-fert-butyl-6-chloro-N-(5-methyl-1,3-thiazol-2-yl)pyrazine-2-carboxamide (12)

and especially 5-tert-butyl-6-chloro-N-(4-methyl-1,3-thiazol-2-yl)pyrazine-2-carboxamide (8) showed

some promising in vitro antifungal activity against Trichoplvton mentagrophytes, the most susceptible

fungal strain evaluated. (MIC
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comparison with fluconazole, the standard (MIC = 3.91 umol-mL'1 after 120 h, see Table 1). The
negative antifungal screening results do not allow us to draw detailed conclusions on potential
structure—activity relationships. On the other hand, the influence of an increasing lipophilicity
parameter on the imcreasing in vifro antifungal activity in the series of compounds evaluated is
remarkable.

The majority of the thirty compounds studied inhibited photosynthetic electron transport in spinach
chloroplasts (see Table 1 and Figure 1; compounds 1 and 3 were not tested for their photosynthesis-
inhibition activity due to their low solubility in DMSO). The IC5 values varied in the range 41.9 to
1589 ymol-L ™. The inhibitory activity of the studied compounds was relatively low, the most efficient
inhibitors were compounds 8 (ICs; = 88.8 umol-L’l)._ 4 (IC50=49.5 umol-L'I). and mainly 5-rerr-butyl-
6-chloro-N-(5-bromo-2-hydroxyphenyl)pyrazine-2-catboxamide (27, ICsp = 41.9 pmol'L™). For the
series of compounds 5-8 and 9-12 the biological activity showed a linear increase with increasing
lipophilicity of the compounds within these series. In both series of anilides 13-15 and 16-18, in the
case of the lipophilic compounds 15 (log P = 4.63) and/or 18 (log P = 5.28) a significant activity
decrease was observed. Results from previous observations have exposed the importance of the
phenolic moiety for the photosynthesis-inhibiting activity in the previously studied series of
substituted pyrazine-2-carboxamides [7. 8]. However, the biological activity of compounds 16-18 was
lower than that of compounds 13-15. We assume that this activity decrease was connected with the
increased lipophilicity of the compounds due to the presence of two bromine atoms.

Hydrophobicity parameters (log P values) of compounds 1-30 were calculated and measured by
means of RP-HPLC determination of capacity factor K and subsequently calculated log K. The values
of calculated lipophilicity (log P) of compounds ranged from 0.31 to 6.00. It can be assumed that the
computed log P values and the calculated log K values cormrespond relatively with expected
lipophilicity increases within individual series of compounds (pyrazine < 6-chloropyrazine < 35-terf-
butylpyrazine < 6-chloro-5-ferr-butylpyrazine). Capacity factor K/calculated log K values specify
lipophilicity within individual series of compounds. Results are shown in Table 1.

The lower antimycobacterial activities of the compounds presented do not allow us to draw final
conclusions on structure—activity relationships (SAR). Better SAR results are expressed in Figure I,
where the quasi-parabolic dependence between the logarithm of the retention factors (log K) and
photosynthesis-inhibiting activity {log (1/ICsp [mol/L])} of all studied compounds is shown.
Lipophilicity expressed as log K values ranged from 1.10 to 1.55.

From the point of view of the chemical structure, all compounds can be divided into two groups: (7)
compounds with an aminothiazole moiety (1-12, triangles in Figure 1) and (7/) compounds with an
aniline moiety (13-30, lozenges in Figure 1). The optimal substitution for the first group of compounds
was found to be the methyl group on Cs) of the thiazole ring. The optimal substitution in the second
group was found, m agreement with our previous results [7], to be the phenol and halogen (bromine)
moieties. The compound 5-zerr-butyl-6-chloro-N-(4-methyl-1,3-thiazol-2-yl)pyrazine-2-carboxamide
(8) was identified as the most active one in the three different biological assays. However, there is no

general trend in the SAR of the compounds evaluated.
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Chromatography Manager Software, Waters 2004 (Waters Corp., Milford, MA, U.S.A.). The
calculated log K values of all compounds are shown in Table 1.

Svnthesis of anides 2a-r

A mixture of acid, ie pyrazine-2-carboxylic [20]. 6-chloropyrazine-2-carboxylic [21].
S-tert-butylpyrazine-2-cartboxylic [7] or 5-fert-butyl-6-chloropyrazine-2-carboxylic [7] acids,
respectively, (50.0 mmol) and thionyl chloride (5.5 mL, 75.0 mmol) was refluxed in dry toluene (20
mL) for about 1 h. Excess thionyl chloride was removed by repeated evaporation in vacuo with fresh
dry toluene. The crude acyl chloride dissolved in dry acetone (50 mL) was added dropwise to a stirred
solution of the corresponding substituted amine (50.0 mmol) in dry pyridine (50 mL) kept at room
temperature. After the addition was complete, stirring continued for another 30 min. The reaction
mixture was then poured into cold water (100 mL) and the crude amide was collected and
recrystallized from aqueous ethanol.

Pyrazine-2-carboxylic acid thiazol-2-viamide (1). Yield: 88%; m.p. 187-188 °C (Ref. [16]: m.p. 187-
189 °C): For CgHgN4OS (206.2) calculated: 46.59% C, 2.93% H. 27.17% N: found: 46.55% C. 2.91%
H. 26.98% N; Rg = 0.43; IR em: 3432 (N-H). 1668 (C=0); '"H-NMR (CDCls), &: 11.14 (bs, 1H, NH),
9.52 (d, 1H, J=1.79 Hz, H3), 8.86 (d, 1H, J=1.79 Hz, H6), 8.65-8.63 (m, 1H, HS), 7.55 (d, 1H, J=3.57
Hz. H4"). and 7.09 (d, 1H, J=3.57 Hz, H5"); PC-NMR (CDCly). : 160.7, 157.3, 148.3, 144.9, 143.0,
142.7,138.2, and 114.3.

6-Chloropyrazine-2-carboxylic acid thiazol-2-vlamide (2). Yield: 98%: m.p. 153-155 °C; For
CsHsCIN4OS (240.7) calculated: 39.92% C, 2.09% H, 23.28% N; found: 40.03% C, 1.92% H, 23.33%
N: Re = 0.65: IR em™: 3435 (N-H). 1675 (C=0): '"H-NMR (DMSO-ds). &: 10.91 (bs. 1H. NH). 9.17 (s.
1H, H3), 7.59 (d, 1H, J=3.57 Hz, H4"), 7.36 (d, 1H, J=3.57 Hz, H5"), and 1.50 (s, 9H, CH3): “C-NMR
(DMSO-dg). 6: 163.6, 161.5, 158.2, 145.8, 141.7, 140.9, 137.7, 114.8, 38.8, and 28.2.

S-tert-Butvipyrazine-2-carboxviic acid thiazol-2-ylamide (3). Yield: 45%: m.p. 131-132 °C: For
C1oH14N4OS (262.3) calculated: 54.94% C, 5.38% H, 21.36% N found: 55.06% C. 5.43% H, 21.38%
N. Rp=0.63; IR em™: 3432 (N-H), 1676 (C=0); "H-NMR (CDCls), &: 11.02 (bs, 1H, NH), 9.39 (d, 1H,
J=1.37 Hz, H3), 8.66 (d. 1H, /=1.38 Hz, H6), 7.54 (d, 1H, J=3.58 Hz, H4"), 7.07 (d, 1H, J=3.57 Hz,
H5%), and 1.45 (s, 9H, CH3): BC.NMR (CDCls), 6: 168.8, 161.0, 157.4, 143.2, 139.7, 139.7, 138.1,
114.2,37.2, and 29.7.

S-tert-Butvl-6-chioropyrazine-2-carboxvlic acid thiazol-2-viamide (4). Yield: 97%:; m.p. 148-150 °C;
For CpH3CIN4OS (296.8) calculated: 48.56% C, 4.42% H. 18.88% N; found: 48.46% C, 4.65% H,
18.80% N: Rr = 0.88: IR em™: 3448 (N-H). 1675 (C=0): 'H-NMR (DMSO-de). &: 12.49 (bs. 1H. NH),
9.17 (s, 1H, H3), 7.59 (d, 1H, J=3.6 Hz, H4"), 7.36 (d. 1H. J=3.6 Hz, H5"). and 1.50 (s, 9H. CH;): "’C-
NMR (DMSO-ds), &: 163.6, 161.5. 158.2, 145.8, 141.7, 1409, 137.7, 114.8, 38.8, and 28.2.

Pyrazine-2-carboxviic acid (4-methvithiazol-2-vl)amide (5). Yield: 67%; m.p. 144-145 °C: For
CoHgN4OS (220.3) calculated: 49.08% C, 3.66% H, 25.44% N: found: 48.93% C, 3.78% H, 25.63% N;
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R = 0.50; IR em™: 3433 (N-H), 1670 (C=0): 'H-NMR (DMSO-ds). : 12.27 (bs. 1H, NH), 9.20 (d.
IH, J=1.0 Hz, H3), 8.95 (d. 1H, J=1.0 Hz, H6), 7.88 (m, 1H, HS), 6.90 (d, 1H, J~1.0 Hz, HS"), and
2.40 (s, 3H, J=1.0 Hz, CH3); BC-NMR (DMSO-dg), 6: 164.0, 163.6, 148.0, 147.8, 147.5, 145.6, 139.7,
111.2,and 17.7.

6-Chloropyvrazine-2-carboxylic acid (4-methvithiazel-2-yl)amide (6). Yield: 97%: m.p. 192-194 °C;
For CgH;CIN4OS (254.7) calculated: 42.44% C, 2.77% H, 22.00% N; found: 42.37% C, 2.70% H,
22.13% N; Rp = 0.74; IR cm™: 3434 (N-H), 1675 (C=0); 'H-NMR (DMSO-ds), 6: 12.54 (bs, 1H, NH),
9.23 (s, 1T, 13), 9.04 (s, 11 H53), 6.90 (d. 1H, J=1.0 Hz, HI5"). and 2.30 (d, 3H. J=1.0 Hz, CHs); "C-
NMR (DMSO-dg), 6: 162.0, 158.3, 147.9, 147.5, 1459, 144.5, 142.8, 109.0, and 16.7.

S-tert-Butvipvrazine-2-carboxviic acid (4-methvithiazol-2-yl)amide (7). Yield: 33%; m.p. 84-85 °C;
For C13H¢N4OS (276.4) calculated: 56.50% C, 5.84% H, 20.27% N; found: 56.44% C, 5.96% H,
20.18% N: Rp = 0.69; IR em™": 3434 (N-H), 1676 (C=0): 'H-NMR (DMSO-d), 8: 12.22 (bs. 1H, NH),
9.20 (d. 1H, J=1.5 Hz. H3), 8.89 (d, 1H, J=1.5 Hz, H6), 6.90 (d. 1H, J/=1.0 Hz, H5"), 2.30 (d, 3H.
J=1.0 Hz, CHs), and 1.39 (s, 9H, CH;): "C-NMR (DMSO-d;), 8: 167.5, 162.3, 157.0, 147.1, 1429,
141.4,140.7. 109.0, 37.1, 29.6, and 17.0.

S-tert-Butvi-6-chloropyrazine-2-carboxviic acid (4-methvithiazol-2-vl)amide (8). Yield: 97%; m.p.
118-120 °C; For Cy3H;5CIN4OS (310.8) calculated: 50.24% C, 4.86% H, 18.03% N: found: 50.17% C,
4.99% H. 18.09% N: Ry = 0.91; IR em™’: 3451 (N-H). 1675 (C=0); 'H-NMR (DMSO-~ds). &: 12.47 (bs,
IH, NH), 9.15 (s. 1H, H3), 6.89 (d, 1H, /~1.0 Hz, H5"), 2.30 (d, 3H, /=1.0 Hz, CH3), and 1.49 (s, 9H.
CHs); BC-NMR (DMSO-ds), 6: 163.5, 161.7, 146.2, 145.8, 142.1, 141.8, 140.8, 108.9, 38.7, 28.2, and
16.8.

Pyrazine-2-carboxylic acid (5-methvithiazol-2-vl)amide (9). Yield: 66%; m.p. 247-248 °C; For
CgHgN40OS (220.3) calculated: 49.08% C, 3.66% H, 25.44% N found: 49.03% C, 3.51% H, 25.32% N;
R = 0.42: IR em™: 3435 (N-H), 1672 (C=0): 'H-NMR (DMSO-ds). 8: 12.46 (bs. 1H, NH), 9.20 (d.
IH, J/=1.65 Hz, H3), 8.91 (d, 1H, J=1.65 Hz, H6), 8.73-8.70 (m, 1H, HS), 7.28 (s, 1H, H4"), and 2.38
(s, 3H, CH,); PC-NMR (DMSO-ds), 6: 163.0, 158.3, 148.0, 147.8, 147.5, 1439, 136.8, 127.4, and
11.5.

6-Chloropyrazine-2-carboxyiic acid (5-methvithiazol-2-vi)amide (10). Yield: 98%: m.p. 214-215 °C:
For CoH;CIN4OS (254.7) caleulated: 42.44% C, 2.77% H, 22.00% N: found: 42.53% C, 2.70% H,
21.95% N; Rg = 0.79; IR em™: 3436 (N-H), 1672 (C=0): 'H-NMR (DMSO-ds). &: 12.56 (bs, 1H, NH),
9.24 (s, 1H. H3). 9.05 (s, IH, H5). 7.27 (s. 1H, H4"), and 2.39 (s, 3H, CHz); "C-NMR (DMSO-dg), :
161.7, 157.1, 147.9,147.5, 144.5, 142.8, 134.1, 127.4, and 11.5.

S-tert-Butvipvrazine-2-carboxylic acid (5-methvithiazol-2-vi)amide (11). Yield: 33%; m.p. 114-116 °C;
For C13H1¢N4OS (276.4) calculated: 56.50% C, 5.84% H, 20.27% N: found: 56.59% C, 5.80% H,
20.36% N; R = 0.80; IR cm™: 3435 (N-H), 1677 (C=0); 'H-NMR (DMSO-ds), 6: 12.12 (bs, 1H, NH),
9.20 (s, 1H, H3), 8.88 (s, |H, Ho6), 7.24 (s, 1H, H4"), 2.38 (s, 3H, J=1.0 Hz, CH3), and 1.39 (s, 9H,
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CH;); PC-NMR (DMSO-ds), 6: 167.5, 162.0, 155.8, 142.9, 141.4, 140.6, 135.2, 127.6, 37.1, 29.6, and
11.4.

S-tert-Butvl-6-chloropyrazine-2-carboxviic acid (5-methyithiazol-2-yi)amide (12). Yield: 98%; m.p.
152-153 °C: For C13H;5CIN4OS (310.8) calculated: 50.24% C, 4.86% H, 18.03% N; found: 50.37% C,
4.69% H. 17.79% N: Rr = 0.85; IR cm'': 3453 (N-H), 1678 (C=0); 'H-NMR (DMSO-de), 8: 12.45 (bs,
1H, NH), 9.15 (d, 1H, J=0.5 Hz, H3), 7.27-7.24 (i, 1H, H4"), and 2.38 (d, 3H, J=0.5 Hz, CH3), 1.49 (s,
9H, CHs): BC.NMR (DMSO-ds), 6: 163.4, 161.4, 156.7, 145.8, 141.8, 140.8, 134.4, 127.4, 38.7, 28.2,
and 11.4.

6-Chloropvrazine-2-carboxylic acid (2-bromophenvi)amide (13). Yield: 24%; m.p. 118-119 °C; For
C1iHsBrCIN;O (312.6) calculated: 42.27% C, 2.26% H, 13.44% N; found: 42.31% C, 2.17% H,
13.28% N: Ry = 0.86; IR cm™: 3436 (N-H), 1701 (C=0); 'H-NMR (CDCls). &: 10.11 (bs, 1H, NH).
9.39 (d, 1H, J=0.55 Hz, H3), 8.83 (d, 1H, J=0.55 Hz, H5), 8.55 (dd, 1H, J=1.65 Hz, H6"), 7.61 (dd, 1H,
J=7.97 Hz, J=1.37 Hz, H3"), 7.43-7.35 (m.1H. H5"); BC-NMR (CDCls), 5: 159.5, 147.8, 147.6, 143.8,
142.1,135.0,132.6,128.5, 126.0, 121.6, and 114.1.

S-tert-Butvipvrazine-2-carboxyiic acid (2-bromophenyi)amide (14). Yield: 20%; m.p. 83-84 °C. For
CsH6BrN;O (334.2) calculated: 53.91% C, 4.83% H, 12.57% N; found: 54.13% C, 4.91% H, 12.68%
N: Rg = 0.94: IR em™: 3439 (N-H). 1693 (C=0): 'H-NMR (CDCls). 3: 10.35 (bs, 1H, NH). 9.39 (d, 1H.
J=1.37 Hz, H3), 8.71 (d, 1H, J=1.65 Hz, H6), 8.62 (dd, 1H, J=8.24 Hz, /~=1.65 Hz, H6"), 7.59 (dd, 1H,
J=825 Hz, J=1.65 Hz, H3"), 7.42-7.34 (m, 1H, H4"), 7.03 (dd, 1H, J=7.42 Hz, J=1.65 Hz, H5"), and
1.45 (s, 9H, CHs); "C-NMR (CDCL). &: 168.0, 161.3, 143.0, 141.3, 139.4, 135.5, 132.5, 128.4, 125.4,
121.4,113.8,37.1, and 29.7.

S-tert-Butvi-6-chloropyrazine-2-carboxviic acid (2-bromophenvijanide (15). Yield: 17%; m.p. 116-
117 °C; For Cy5H5BrCIN;O (368.7) calculated: 48.87% C, 4.10% H, 11.40% N: found: 48.56% C,
421%H, 11.28% N: Rp = 0.92; IR ecm™: 3435 (N-H), 1701 (C=0); "H-NMR (CDC13), 6: 10.11 (bs, 1H,
NH), 9.39 (s, 1H, H3), 8.83 (s, 1H, HS), 8.55 (dd, 1H, J=8.24 Hz, J=1.37 Hz, H6"), 7.61 (dd, 1H,
J=8.24 Hz, J=1.37 Hz. H3"). 7.43-7.35 (m. 1H, H4"), 7.09-7.03 (m, 1H. H5"); “C-NMR (CDCl;). 5:
159.8, 148.0, 147.9, 1441, 142.3, 135.2, 132.8, 128.7, 126.2, 121.8, 114.4, 37.0, and 29.7.

6-Chloropvrazine-2-carboxylic acid (3,5-dibromo-4-hvdroxyphenvi)amide (16). Yield: 14%: m.p. 191-
193 °C: For Cy;HgBrCIN3O; (407.5) calculated: 32.43% C, 1.48% H, 10.31% N; found: 32.33% C,
1.41% H. 10.27% N; Rr = 0.89: IR em™: 3432 (N-H). 1685 (C=0); 'H-NMR (CDCL), 8: 10.74 (bs, 1H,
NH), 9.86 (bs, 1H, OH), 9.20 (d, 1H, J=0.55 Hz, H3), 9.05 (d, 1H, J=0.5 Hz, HS), and 8.13 (s, 2H, H2",
H6'): BC-NMR (CDCls), 8: 160.8, 147.8, 147.8, 147.1, 144.8, 142.5,132.4, 1247 and 111.8.

S-tert-Butvilpyrazine-2-carboxyiic acid (3,5-dibromo-4-hvdroxyphenvi)amide (17). Yield: 24%: m.p.
206-208 °C; For C15H;5sBroN30, (429.1) calculated: 41.99% C, 3.52% H, 9.79% N; found: 42.11% C,
3.41% H. 10.02% N: Rp = 0.95: IR em’: 3432 (N-H). 1695 (C=0): '"H-NMR (CDCL), &: 9.38 (d. 1H.
J=0.55 Hz, H3), 9.29 (bs, 1H, NH). 8.83 (d, 1H, J=0.55 Hz, H5). 7.96 (s, 2H, H2", H6"), 5.84 (s, 1H,
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13.23% N: R = 0.90; IR em': 3360 (NH), 2961, 2838 (OCHs), 1690 (CO): 'H-NMR (CDCls) & 9.62
(bs., 1H. NH), 9.38 (d, 1H., J=1.37 Hz, H3), 8.62 (d. 1H, J=1.38 Hz, H6). 7.00 (d. 2H. /=2.20 Hz, H2",
H6"), 6.29 (1, 1H, J=2.20 Hz, H4"). 3.82 (s. 6, OCH;), and 1.4 (s, 9, CH;): C-NMR (CDCl;) &
167.8, 161.1, 161.1, 142.9, 141.3, 139.1, 139.0, 97.9. 97.2, 55.4, 37.1, and 29.7.

S-tert-Butvl-6-chioropyrazine-2-carboxvlic acid (3,5-dimethoxvphenvilamide (24). Yield: 49%; m.p.
123-124 °C; For C17H»CIN303 (349.8) calculated: 58.37% C, 5.76% H, 12.01% N; found: 58.57% C,
5.91% H. 12.05% N; R = 0.92; IR em™: 3376 (NH), 2960, 2839 (OCHs), 1698 (CO); 'H-NMR
(CDCl3) 8 9.31 (bs, 1H, NH), 9.25 (s, 1H, H3). 6.99 (d, 2H, J=2.20 Hz, H2", H6"), 6.30 (t, 1H, J=2.20
Hz, H4"), 3.82 (s, GH, OCHz), and 1.55 (s, 9H, CHs); "C-NMR (CDCL) & 164.6, 161.1, 159.8, 145.7,
141.0,140.2, 138.7,98.1,97.5, 55.4, 39.0, and 28.3.

6-Chloropyrazine-2-carboxylic acid (5-bromo-2-hydroxyphenvi)-amide (25). Yield: 71%; m.p. 154-
155 °C: For C;H;BrCIN;O; (328.6) calculated: 40.21% C, 2.15% H, 12.79% N; found: 40.51% C,
1.93% H. 13.05% N; Ry = 0.85; IR em™: 3370 (NH). 1682 (CO): '"H-NMR (CDCl3) & 9.27 (bs. 1H,
NH), 9.22 (d. 1H. J=1.1 Hz, H3), 8.98 (d. 1H. J=1.1 Hz, H5), 7.74 (d. 1H, J=2.47 Hz, H2"), 7.02 (dd,
1H. H4'), 6.62 (d, 1H, H5"). and 5.06 (bs, 1H, OH); *C-NMR (CDCls) & 165.2, 149.4, 142.9, 141.1,
139.0, 131.2, 128.5, 123.6, 120.9, 116.1, and 110.1.

S-tert-Butvipyrazine-2-carboxylic acid (5-bromo-2-hvdroxyphenvi)amide (26). Yield: 86%; m.p. 184-
185 °C; For C;5sH16B1N30; (350.2) calculated: 51.44% C, 4.60% H, 12.00% N: found: 51.39% C,
5.61% H. 11.94% N: R = 0.82; IR em™: 3368 (NH). 1685 (CO); '"H NMR (CDCls) & 9.55 (bs. 1H,
NH), 9.37 (d, 1H, J=1.1 Hz, H3), 8.60 (d. 1H, /=1.1 Hz, H6), 8.08 (d, 1H, J=2.47 Hz, H3"), 7.47 (dd,
IH, J=8.79 Hz, J/=2.47 Hz, H5"), 7.02 (d, 1H, J=8.79 Hz, H6"), 5.66 (bs, 1H, OH), and 1.44 (s, 9H,
CH;): ®C-NMR (CDClL) & 167.9, 161.0, 149.4, 142.9, 141.1, 139.0, 131.2, 123.6, 120.9, 116.1, 110.1,
37.1, and 29.7.

5-tert-Butyl-6-chloropvrazine-2-carboxvlic acid (5-bromo-2-hydroxyphenyljamide (27). Yield: 77%:
m.p. 160-161 °C; For C;5H;sBrCINs;O, (384.7) calculated: 46.84% C, 3.93% H. 10.92% N; found:
47.09% C, 4.12% H. 11.13% N; R¢ = 0.86; IR cm™: 3373 (NH). 1691 (CO); 'H-NMR (CDCls) 5 9.28
(bs, 1H, NH), 9.25 (s, LH, H3), 8.06 (d. 1H, J=2.47 Hz, H3"), 7.49 (dd, 1H, J=8.79 Hz, J=2.47 Hz,
HS5"), 7.03 (d, 1H, J=8.79 Hz, H6'), 5.65 (bs, 1H, OH), and 1.55 (s, 9H. CHs); *C-NMR (CDCL) &
164.7, 159.7, 149.7, 145.8, 140.8, 140.2, 130.8, 123.8, 121.2, 116.1, 110.1, 39.0, and 28.3.

6-Chloropyrazine-2-carboxylic acid (3,4-dichlorophenyl)amide (28). Yield: 83%:; m.p. 132-133 °C;
For C;1HgCLN3O (302.5) calculated: 43.67% C, 2.00% H, 13.89% N: found: 43.51% C, 1.78% H,
14.11% N; Rp = 0.88; IR em™: 3370 (NH). 1690 (CO); "H-NMR (CDCl3) & 9.41 (bs, 1H, NH), 9.38 (s.
IH, H3), 8.83 (s, lH. H5), 8.00 (d, 1H, /=2.47 Hz, H2"), 7.59 (dd, 1H, J/=8.79 Hz, /=2.47 Hz, H6"),
and 7.45 (d, 1H, J=8.79 Hz. H5"); "C-NMR (CDCL;) & 159.3, 147.8, 147.4, 143.2, 142.1, 136.1, 132.9,
130.7, 130.6, 128.3, 121.5, and 119.0.

S-tert-Butvipyrazine-2-carboxylic acid (3,4-dichlorophenvijamide (29). Yield: 76%: m.p. 143-144 °C;
For CsH;5CLN3O (324.2) calculated: 55.57% C, 4.66% H, 12.96% N: found: 55.63% C, 4.71% H,
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13.08% N: Rp = 0.92: IR em™: 3365 (NH). 1685 (CO): 'H-NMR (CDCl3) 5 9.67 (bs. 1H. NH), 9.37 (d.
1H. J=1.37 Hz. H3). 8.61 (d. 1H. J=1.37 Hz. H6). 8.01 (d. 1H. /=2.48 Hz. H2"). 7.58 (dd. 1H. /=8.79
Hz.J=2.47 Hz. H6"), 7.43 (d. 1H, J=8.79 Hz, H5"), and 1.45 (s, 9H. CH3); *C-NMR (CDCls) 5 168.2,
161.2, 143.0, 140.7, 139.0, 136.9, 133.0, 130.6, 127.7, 121.3, 118.9, 37.1, and 29.7.

S-tert-Butvl-6-Chloropyrazine-2-carboxyvlic acid (3,4-dichlorophenyl)jamide (30). Yield: 83%, m.p.
113-114 °C For C15H14CLN;0 (358.7) caleulated: 50.23% C, 3.93% H, 11.72% N: found: 55.63% C,
4.71% H. 13.08% N; R = 0.95; IR em™: 3390 (NH), 1685 (CO); '"H-NMR (CDC13) 3 9.38 (bs, 1H,
NH). 9.25 (s, 1H, H3), 8.01 (d. 1H, J=2.47 Hz, H2"), 7.59 (dd, 1H, J=8.79 Hz, J=2.48 Hz, H6"), and
7.44 (d, 1H, J=8.79 Hz, H5"), 1.55 (s, 9H, CHs): BCNMR (CDCl3) 6 165.1, 159.9, 145.8, 140.5,
140.3, 136.5, 133.0, 130.7, 128.2, 121.6, 119.1, 39.1, and 28.2.

Antimycobacterial assay

Antimycobacterial evaluation was carried out at the Tuberculosis Antimicrobial Acquisition and
Coordinating Facility (TAACF), Southern Research Institute, Birmingham, AL, USA, which is a part
of the National Institutes of Health (NIH). Primary screening of all compounds was conducted at 6.25
ngmL™? against Mycobacterium tuberculosis strain HyRv in BACTEC 12B medium using the
BACTEC 460 radiometric system [22,23]. The results are presented in Table 1.

In vitro antifungal susceptibility testing

The broth microdilution test [24,14] was used for the assessment of in virro antifungal activity of
the synthesized compounds against Candida albicans ATCC 44859 (CA), Candida tropicalis 156
(CT), Candida krusei E28 (CK), Candida glabrata 20/1 (CG), Trichosporon beigelii 1188 (TB),
Aspergillus fumigatus 231 (AF), Absidia corvmbifera 272 (AC), and Trichophvion mentagrophyvtes
445 (TM). Fluconazole was used as a reference drug. The procedure was performed with twofold
dilution of the compounds in RPMI 1640 medium (Sevapharma) buffered to pH 7.0 with 0.165 mol of
3-morpholinopropane-1-sulfonic acid. The final concentrations of the compounds ranged from 500 to
0.975 umo]-L'I. Drug—free controls were mecluded. The minimal inhibitory concentrations (MICs) were
determined after 24 h and 48 h of static incubation at 35 °C. With T. mentagrophytes, the final MICs
were determined after 72 h and 120 h of incubation. The results of all compounds in vitre tested

against 7. mentagrophytes, the most susceptible fungal strain, are summarized in Table 1.
Studv of inhibition of oxvgen evolution rate in spinach chloroplasts

The inhibition of oxygen evolution rate (OER) in spinach chloroplasts by the studied compounds
was mnvestigated spectrophotometrically (Specord UV VIS, Zeiss, Jena) in the presence of an electron
acceptor 2,6-dichlorophenol-indophenol, using method described in Ref. [25]. The compounds were
dissolved in DMSO because of their low water solubility. The used DMSO volume fractions (up to 3
vol. %) did not affect the oxygen evolution. The inhibitory efficiency of the studied compounds has

been expressed by ICs; values, 1.e. by molar concentration of the compounds causing 50% decrease i
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the oxygen evolution relative to the untreated control. Comparable ICsy value for a selective herbicide

atrazine [26] is about 1.0 pmol-L 7, the result are summarized in Table 1.
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This paper describes preparation and biological evaluation of pyrazinamide analogues. Pyrazina-
mide with its simple structure gives a good opportunity for further modification regarding an
increase of its antimycobacterial activity. We prepared a series of compounds derived from pyra-
zine-2,5-dicarbonitrile with arylamino substitution in position 3. All compounds were assayed in
vitro against major Mycobacterium and various Fungi species. The best activity was found in 3-{[3-
(trifluoromethyl)phenyljamino] pyrazine-2,5-dicarbonitrile 11 with the value of 6.25pumol ™!
against M. tuberculosis Hy;Rv and moderate activity against minor Mycobacterium pathogens.
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Introduction

In recent days, the health of people, who live in so-called
thirdworld countries, is becoming a problem of the
whole world, because of globalization and traveling-busi-
ness boom. Most of the health complications are in rela-
tionship with infectious diseases, such as AIDS, tubercu-
losis, sleeping sickness, or yellow fever. These are reasons
having influenced the main priorities of the World
Health Organization (WHO) global healthcare program
|1] or European Union Sixth Framework Research Pro-
gram [2].

Current treatment of tuberculosis consists in the com-
bination of two to four drugs with different modes of
action for three to nine months of continuous therapy
[3]. In fact, conditions of medical care in poor countries
and the increased resistance of Mycobacterium genus has
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made defeating tuberculosis worldwide very difficult.
Therefore, here is an urgent need for new drugs with
novel modes of action and higher selectivity and biologi-
cal activity.

Our research follows the pathway of known drug-ana-
logues preparation [4,5|. Various pyrazine derivatives
exhibit a wide range of biological actions including anti-
infective activity [6]. This study deals with pyrazinamide
analogues and shows structures derived from newly pre-
pared 3-chloropyrazine-2,5-dicarbonitrile that are
formed by nucleophilic substitution of chlorine in posi-
tion 3. Reports that 5-chloropyrazine-2-carboxamide has
a different mode of action compared to pyrazinamide
itself makes this direction in research more than relevant
|7]. We chose 5-chloropyrazine-2,5-dicarbonitrile — that
shows good activity itself - as our model compound [8].

Results and discussion

Twelve compounds were prepared of which nine were
new and not described so far in the literature. We fully
characterized all of them and they were screened for
anti-tuberculosis and/or antifungal activity.
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Table 2. Antifungal and antituberculosis activities of the presented compounds.

Mycobacterium
Strain CA CcT CK CG B AF AC ™ kansasii avium  avium tuberculosis
Compound 80/72 80/72 15274 HyRv
Nr. I
(nmolL) (nmoljLy® (%)
4 3,90 15,62 31,25 7,81 15,62 7,81 15,62 15,62 9 9 < o
5 15,63 15,63 15,63 31,25 31,25 1563 31,25 15,63 16 >128 >128 16 28
6 62,5 =125 >125 =125 >125 =125 >125 125 32 64 >128 =128 0
7 125 250 500 500 =500 125 500 62,5 =128 =128 =128 16 58
8 =500 =500 =500 =500 =500 =500 =500 500 64 128 >128 16 53
9 =125 >125 =125 >125 =125 >125 =125 >125 ° 9 9 ki °
10 62,5 =125 >125 >125 =>125 >125 >125 125 128 >128 =>128 16 33
11 62,5 125 125 125 125 125 125 125 128 =128 =128 8 949
12 391 15,63 7,82 15,63 15,63 7,82 31,25 31,25 16 128 >128 32 16
Fluconasole 0,06 0,12 3.91 098 0,24 =125 >125 1,95
Pyrazinamide =128 =128 =128  6to60o!"

@ MIC determination by the University Hospital in Hradec Krdlové [12].

® TAACF screening; data given in % of inhibition at 6.25 pmol/L.
' no data available at the time of publication.
4 structure released into level 2 of TAACF screening [10].

See Table 3 for further data. Fungi strains are given in abbreviations: CA - Candida albicans; CT - Candida tropicalis; CK - Candida
krusei; CG - Candida glabrata; TB - Trichosporon beigelii; AF - Aspergillus fumigatus; AC - Absidia corymbifera; TM - Trichophyton

mentagrophytes.

Table 3. TAACF data report — MIC determination, IC5, determi-
nation and calculated S| (selectivity index).

Compound Inhibition Assay MIC ICso SI
(%) (ng/ml)  (ugfml)
11 94 Alamar 6.25 2.86 0,45

All prepared compounds underwent biological activity
screening. The compounds 1 and 12 showed the best anti-
fungal activities whereas compound 11 reached the best
anti-tuberculosis activity (Table 2). Structure 11 was
released into level 2 of anti-tuberculosis screening. It was
found that this compound has a high cytotoxicity
(Table 3) and a low selectivity index, therefore it was not
evaluated further. More structures have to be described
to conclude more structure-activity relationships.

This study was supported by the Ministry of Education of the
Czech Republic (MSM002160822). Antimycobacterial data were
provided by the Tuberculosis Antimicrobial Acquisition and
Coordinating Facility (TAACF) through a research and develop-
ment contract with the U. S. National Institute of Allergy and
Infectious Diseases.

The authors have declared no conflict of interest.

Experimental

General experimental details
All reactions were run with newly purchased chemicals; where
relevant, a protective atmosphere of argon was used. All used sol-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

vents were dried or redistilled. Reaction kinetics was checked
using Merck UV 254 TLC plates (Merck, Darmstadt, Germany).
Purification of compounds was made using Flash Master Per-
sonal chromatography system from Argonaut Chromatography
(Argonaut Technologies, Redwood City, CA, USA). As sorbent,
Merck silica gel 60 with 40-63 pm granity was used (Merck). "H-
and “C-NMR spectra were taken on Varian Mercury VX-BB 300 at
300 and 75 MHz, respectively (Varian, Palo Alto CA, USA)
(CH;),Si was used as an inner standard. Microanalyses were
recorded on Fisons Instruments EA1110CE CHN analyst (Fisons
Instruments, Mainz, Germany). Mass spectra were taken using
Voyager-DE STR (Applied Biosystems, Framingham, MA, USA).
Infrared spectra were taken at Nicolet Impact 400 in KBr blocks
(Nicolet, Madison, WI, USA). The purity of the compounds was
checked by HPLC. The detection wavelength of 210 nm was
chosen. Peaks in the chromatogram of the solvent (blank) were
deducted from peaks in the chromatogram of the sample solu-
tion. The purity of the individual compounds was determined
from the area peaks in the chromatogram of the sample solu-
tion. UV spectra (4, nm) were determined on a Waters Photo-
diode Array Detector 2996 (Waters Corp., Milford, MA, USA) in
acetonitrile solution (approx. 3 - 10 ™% M).

HPLC lipophilicity determination (capacity factor K/
calculated log K)

The HPLC separation module Waters Alliance 2695 XE and
Waters Photodiode Array Detector 2996 (Waters Corp., Milford,
MA, USA) were used. The chromatographic column Symmetry®
Cis5 pm, 4.6 x 250 mm, Part No. WAT054275, (Waters Corp.) was
used. The HPLC separation process was monitored by Millen-
nium32® Chromatography Manager Software, Waters 2004
(Waters Corp.). A mixture of MeOH (p.a., 70%) and H,O-HPLC Mili-
Q Grade (30.0%) was used as mobile phase. The total flow of the
column was 1.0 mL/min, injection 30 pL, column temperature
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30°C and sample temperature 10°C; as detection wavelength,
210 nm was chosen. The KI acetonitrile solution was used for the
dead time (Tp) determination. Retention times (Tx) were meas-
ured in minutes.

The capacity factors K were calculated using the Millen-
nium32® Chromatography Manager Software according to the
formula K = (Tg = Tp)/Tn, where Ty is the retention time of the sol-
ute, and Ty denotes the dead time obtained via an unretained
analyte. Log K, calculated from the capacity factor K, is used as
the lipophilicity index converted to log P scale. Distributive
parameters © have been firmly established as the parameter of
choice for correlating both binding to biological macromole-
cules and transport through a biological system [11]. Constant it
describes the lipophilicity contribution of individual moieties
substituted in the same skeleton. These n parameters character-
izing hydrophobicity of the individual substituents were calcu-
lated according to the formula n = log K; - log Ky, where log Ksis
the determined capacity-factor logarithm of the individual sub-
stituted compounds, and log Ky denotes the determined
capacity-factor logarithm of the unsubstituted compound 3phe-
nylaminopyrazine2,5-dicarbonitrile.

Lipophilicity calculations

Log P, i. e. the logarithm of the partition coefficient for n-octa-
nolfwater, was calculated using the programs CS ChemOffice
Ultra ver. 7.0 (CambridgeSoft, Cambridge, MA, USA) and ACD/
Log P ver. 1.0 (Advanced Chemistry Development Inc., Toronto,
Canada). Clog P values (the logarithm of n-octanol/water parti-
tion coefficient based on established chemical interactions)
were generated by means of CS ChemOffice Ultra ver. 7.0 (Cam-
bridgeSoft, Cambridge, MA, USA) software.

Synthesis

3-Chloro-5-cyanopyrazine-2-carboxamide 3

Pyrazinamide was used as a starting material. The method used
is described elsewhere [16], briefly, pyrazinamide was oxidized
to give pyrazinamide-N-oxide 1a- 1c, the oxide was then reduced
to 6-chloropyrazine-2-carbonitrile 2a-2c and further reacted
using formamide and ammonium persulfate to give 3-chloro-5-
cyanopyrazine-2-carboxamide.

6-Chloropyrazine-2,5-dicarbonitrile 4
3-Chloro-5<yano-pyrazine-2carboxamide was dissolved in phos-
phoroxychloride and heated to 90°C. The mixture was kept at
this temperature for one hour, than cooled and poured drop-by-
drop onto ice. Formed crystals were filtered off and the solution
extracted with chloroform. The pure compound was crystallized
from waterfethanol. Yield: 66%; mp. 116-118°C; 'H-NMR
(DMSO): 9.41 (s, 1H); “C-NMR (DMSO): 153.24, 148.34, 135.65,
133.30, 117.14, 115.67; IR (KBr): 3310, 2260, 1660, 1525; LRMS
(mfz) 165 [M + 1]; Anal. Calcd for GHCIN, (164.55): C, 43.79; H,
0.61;Cl, 21.55; N, 34.05. Found: C, 43.70; H, 0.55: N, 34.08.

General coupling method (final compound formation)

To a solution of échloropyrazine-2,5-dicarbonitrile in toluene
was added one equivalent of ring-substituted aniline and 1,1
equivalent of pyridine as a base. The reaction mixture was
heated to reflux overnight. Then, the solvent was removed, the
crude compound was dissolved in ethyl acetate and dried over
Na;50, The solvent was then removed and the mixture was puri-

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fied using flash chromatography with gradient of elution from
0% to 20% ethyl acetate in hexane. Finally, the compound was
crystallized from water/ethanol.

3-(3-Chlorophenylamino)pyrazine-2,5-dicarbonitrile 5
General coupling procedure was used. Yield: 25%; mp. 197 -
199°C; 'H-NMR (DMSO): § 9.52 (s, 1H), 8.68 (s, 1H), 7.65 (s, 1H),
7.51 (d, 1H, | = 7.8 Hz), 7.4 (t, 1H, | = 2.06 Hz), 7.1 (d, 1H, | =
7.6 Hz); “CNMR (CDCls): & 154.05, 147.15, 139.56, 132.13,
130.88, 130.55,122.46, 121.52, 121.05, 120.88, 11564, 114.78; IR
(KBr): 3305, 2258, 1662, 1510; LRMS (m/z) 254 [M - 1]. Anal. Caled
for C;;HgCIN; (255.7): C, 56.37; H, 237; N, 27.39. Found: C, 56.4;
H, 2.35/N, 27.4.

3-(3,5-Dibromo-4-hydroxyphenylamino)pyrazine-2, 5-
dicarbonitrile 6

General coupling procedure was used. Yield: 40%; mp. 199 -
201°C: 'H-NMR (DMSO): § 9.95 (s, 1H), 9.22 (s, 1H), 8.6 (s, 1H), 6.9
(s, 2H); *C-NMR (DMSO): 8 158.54, 150.08, 145.15, 139.17, 130.00,
120.79, 120.70, 115.70, 114.35, 112.95, 11065, 110.55; IR (KBr)
3510, 3295, 2265, 1655, 1530; LRMS (m/z) 394 [M - 1]. Anal. Caled
for C;;HsBr;N:O (395.01): C, 36.49; H, 1.28; N, 17.73. Found: C,
36.50: H, 1.29: N, 17.71.

3-(4-Fluorophenylamino)pyrazine-2, 5-dicarbonitrile 7
General coupling procedure was used. Yield: 65%; mp. 182-
184°C; "H-NMR (DMSO): 8 9.25 (s, 1H), 8.25 (s, 1H), 7.35 (dd, 2H, ] =
8.2Hz, | =29 Hz), 725 (dd, 2H, | = 8.2 Hz, | = 2.9 Hz); “C-NMR
(DMSO): 6 159.23, 156.15 (d, | = 239.1 Hz), 145.00 (d, | = 2.9 Hz),
140.03,127.25(d, ] = 7.8 Hz), 122.05, 122.05 (d, J= 7.5 Hz), 115.78,
114.95, 114.74, 114.87 (d, | = 27.9 Hz), 114.28; IR (KBr): 3310,
2245, 1665, 1515; LEMS (mjz) 238 [M - 1]. Anal Caled for
Ci:HgFN;: (239.21): C, 60.25; H, 2.53; N, 29.28. Found: C, 60.23; H,
2.52; N, 29.26.

3-(2-Hydroxy-4-nitrophenylamino)pyrazine-2,5-
dicarbonitrile 8

To a solution of 6-chloropyrazine-2,5-dicarbonitrile in dimethyl
formamide was added one equivalent of 4amino-3-nitrophenol
and 1.1 equivalent of pyridine. The reaction was heated to reflux
overnight. Then, the solvent was removed, the reaction mixture
was dissolved in ethyl acetate, and dried over Na,50;. The sol-
vent was removed and the compound was purified using flash
chromatography with a gradient of elution from 0% to 15% ethyl
acetate in hexane. The pure compound was crystallized from
water. Yield: 58%; mp. 148-151°C; "H-NMR (DMSO): 8 9.82 (s, 1H),
8.25 (s, 2H), 8.14 (dd, 1H, ] = 8.3 Hz, | =2.1 Hz), 7.8 (s, 1H), 7,62 (d,
1H, | = 8.3 Hz); “C-NMR (DMSO0): 5 152.23, 150.95, 144.04, 141.02,
139.87,129.10,124.63, 120.96, 117.24, 115.07, 11496, 102.45; IR
(KBr): 3298, 2258, 1660, 1523; LRMS (m/z) 281 [M - 1]; Anal. Caled
for C,:HegNgO; (282.21): C, 51.07; H, 2.14; N, 29.78. Found: C,
51.08; H, 2.13: N, 29.79.

3-(2-Mercaptophenylamino)pyrazine-2,5-dicarbonitrile 9

General coupling procedure was used. Yield: 80%; mp. 227 -
230°C; 'H-NMR (DMSO): 5 9.15 (s, 1H), 8.08 (s, 1H), 7.60 (d, 1H, | =
8.1 Hz), 7.05 (m, 2H), 6.65 (d, 1H, ] = 8.2 Hz), 3.50 (s, 1H); *C-NMR
(DMS0): 6 157.08, 149.90, 140.95, 138.18, 130.50, 130.05, 123.15,
121.04, 116.55, 116.05, 11594, 115.05; IR (KBr): 3355, 3015,
2570, 2262, 1650, 1520; LRMS (m/z) 252 [M - 1]; Anal. Caled for
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C2H;NsS (253 28): C, 56.90; H, 2.79; N, 27.65. Found: C, 56.92; H,
2.80: N, 27.64.

3-{[2-(Trifluoromethyl)phenyllaminojpyrazine-2,5-
dicarbonitrile 10

General coupling procedure was used. Yield: 83%; mp. 185-
187°C; "H-NMR (DMSO): § 9.65 (s, 1H), 8.82 (s, 1H), 7.85 (d, 1H, | =
7.9 Hz), 7.5(d, 1H,] = 7.7 Hz), 7.35 (t, 1H,] = 1.9 Hz) 7.25 (t, 1H, ] =
1.7 Hz); *C-NMR (DMSO): d 165.15, 143.20 (q, | = 22,4 Hz), 141.25,
13045, 128.05, 126.16 (q, | = 15.2 Hz), 124.62 (q, | = 272.1 Hz),
121.95(q.] = 6.1 Hz), 118.15 (q, ] = 3.0 Hz), 117,55 (q, ] = 75.4 Hz),
115.62, 115.24, 112.25; IR (KBr): 3300, 2250, 1660, 1500; LEMS
(m/fz) 288 [M - 1]; Anal. Caled for Cy:HgF:Ns (289.22): C, 53.99; H,
2.09; N, 24.21. Found: C, 54.00; H, 2.08; N, 24.23.

3-{[3-(Trifluoromethyl)phenyllaminojpyrazine-2,5-
dicarbonitrile 11

General coupling procedure was used. Yield 63%; mp. 185-
188°C; 'H-NMR (CDCLs), 8: 9.35 (s, 1H), 8.45 (s, 1H), 7.95 (s, 1H),
7.85 (t, 1H, | = 2.0 Hz), 7.60 (d, 1H, | = 7.9 Hz), 7.25 (d, 1H, ] =
7.8 Hz); “C-NMR (CDCL), &: 165.44, 152.2 (q, ] = 8.5 Hz), 141.95,
130.05, 128.21 (q, | = 68.4 Hz), 126.25 (q, | = 8.7 Hz), 124.50,
12216 (q, ] = 2752 Hz), 121.05 (q, | = 32 Hz), 118.05, 116.15,
115.00, 114.45; IR (KBr): 3230, 2260,1655, 1510; LRMS (m/z) 288
[M - 1]; Anal. Caled for C,;HeF:Ns (289.22): C, 53.99; H, 2.09; N,
24.21.Found: C, 54.09; H, 2.01: N, 24.28.

3-(2-Cyano-4-nitrophenylamino)pyrazine-2,5-
dicarbonitrile 12

General coupling procedure was used. Yield 42%; mp. 195-
197°C; '"H-NMR (DMSO): 5 9.65 (s, 1H), 9.05 (d, 1H, | = 8.4 Hz), .25
(s, 1H), 8.15 (s, 1H), 7.65 (d, 1H, | = 8.3 Hz); *CNMR (DMSO): &
165.87, 148.25, 142.28, 140.97, 135.64, 129.27, 125.74, 121.07,
118.45,115.15,114.19, 112.25, 104.85; [R (KBr) 3225, 2250, 1650,
1505; LRMS (mfz) 290 [M - 1]; Anal. Caled for Cy3HsN, 0, (291.22):
C,53.61;H, 1.73; N, 33.67. Found: C,53.48; H, 1.76; N, 33.54.

Biological evaluation
We used two antituberculosis assays and one antifungal assay.

All compounds were screened at the TAACF screening (Tuber-
culosis Antimicrobial Acquisition and Coordinating Facility by
The National Institute of Health of the US government) [12]. This
screening has three levels: To release a compound into a higher
level of assays a successful result in previous level is necessary.
The primary screen is conducted at 6.25 pg/mL (or molar equiva-
lent of the highest molecularweight compound in a series of
congeners) against Mycobacterium tuberculosis HsRv (ATCC
27294) in BACTEC 12B medium using the Microplate Alamar
Blue Assay (MABA) [13]. Compounds exhibiting fluorescence are
tested in the BACTEC 460-radiometric system. In general, com-
pounds effecting <90% inhibition in the primary screen (MIC >
6.25 pg/mL) were not further evaluated. Compounds relieved
into level 2 underwent MIC and ICs, determination followed by
Selectivity Index calculation (SI, ratio of measured ICs, to MIC).
To be relieved to level 3 (in-vivo screening) the compound must
exhibit SI>10. None of the prepared structures was relieved to
level 3.

Another antituberculosis assay was provided by the Faculty
Hospital in Hradec Kralove and the assays were run under differ-
ent conditions (different growth medium, more TBC genuses).

© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Used strains were: Mycobacterium tuberculosis HyRv, Mycobacte-
rium kansasii CNCTC My 235/80, and Mycobacterium avium My
CNCTC 80/72. The culture were ten days old and the culture
medium used was Sula's medium at pH6.0 and 37°C; microdilu-
tion panel method. [14].

The Department of Medical and Biological Sciences at the Fac-
ulty of Pharmacy, Charles University, Prague, performs antifun-
gal susceptibility assays. The method used is microdilution
panel bouillon method with RPMI medium with glutamine as a
growth medium. Incubation takes 28-48 h at atmospheric pres-
sure, temperature 35°C, and darkness [15]. Tested strains were:
Candida albicans ATCC 44859, C. tropicalis 156, C. krusei E28, C.
glabrata 20(1, Trichosporon beigelii 1188, Trichophyton mentagro-
phytes 445, Aspergillus fumigantus 231, and Absidia corymbifera
272,
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Abstract

Unsubstituted, halogenated and/or alkylated pyrazine-2-carboxylic acid amides connected via —CONH— bridge with substituted anilines
were synthesized using currently known synthetic pathways. The synthetic approach, analytical, spectroscopic, lipophilicity and biological
data of 20 newly synthesized compounds are presented. Structure —activity relationships among the chemical structures, the antimycobacterial,
antifungal, photosynthesis inhibiting and antialgal activity of the evaluated substituted N-phenylpyrazine-2-carboxamides are discussed. 5-fert-
Butyl-6-chloro-N-(3-trifluoromethylphenyl)pyrazine-2-carboxamide (19) has shown the highest activity against Mycobacterium tuberculosis
H37Rv (MIC = 3.13 pg/mL). The highest antifungal effect against Trichophyton mentagrophytes, the most susceptible fungal strain tested,
was found for N-(3-trifluoromethylphenyl)pyrazine-2-carboxamide (14, MIC = 62.5 pmol/mL). The highest reduction of chlorophyll content
in Chiorella vulgaris was found for pyrazine-2-carboxylic acid (3-trifluoromethylphenyl)amide (9, ICsy = 12.1 pmol/L).
© 2007 Elsevier Masson SAS. All rights reserved.

Keywords: Pyrazinecarboxamides: Antimycobacterial: Antifungal; Photosynthesis inhibiting: Antialgal activity: Lipophilicity determination; Structure—activity

relationships; fn vitro

1. Introduction

Tuberculosis is still a major global disease infecting one
third of the world’s population and killing almost two million
people each year. Multidrug-resistant strains of Mycobacte-
rium tuberculosis in conjunction with the spread of HIV infec-
tion, often lead to the treatment failure. Thus, much effort is
being made to develop novel anti-tuberculosis drugs which
are more safe and efficacious [1]. There are two basic strate-
gies for antimycobacterial drug development. The first is the
extraordinary molecular diversity. The second results from

# Corresponding author. Tel.: +420495067389; fax: +420495067167.
E-mail address: dolezalm@faf.cuni.cz (M. Dolezal).

original compounds made more accessible by the design of
new, or the modemisation of, synthetic transformations. The
evaluation of pyrazinoic acid, the pharmacologically active
principle of first line anti-tuberculosis drug pyrazinamide, is
intensively focused on. The minimal structure of pyrazine
ring with an acyl moiety is sufficient for fatty acid synthase
type I (FAS I) and antimycobacterial activity of some pyrazi-
necarboxylic acid derivatives [2].

In connection with our research focused on antimycobac-
terial active pyrazinecarboxylic acid derivatives we are
interested in binuclear analogues with the —CONH— bridge
[3—5]. The amide function, as considered in this work, is
based on the bivalent moiety —CONH—, which can form
centrosymmetric dimer pairs with the peptidic carboxamido
group of some peptides, needed for binding to the receptor

0223-5234/$ - see front matter © 2007 Elsevier Masson SAS. All rights reserved.
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Milford, MA, U.S.A.) in ca. 9 x 10~* mol methanolic solution
and log ¢ (the logarithm of molar absorption coefficient £) was
calculated for the absolute maximum A, of individual target
compounds. Infrared spectra were recorded in Nicolet Impact
400 spectrometer in KBr pellets. '"H and '*C NMR spectra
were recorded on a Vardan Mercury-Vx BB 300
(299.95 MHz for "H and 7543 MHz for '*C) and Varian
(Palo Alto CA, U.S.A.) in CDCl; or DMSO-d, solutions at
ambient temperature. The chemical shifts ¢ are given in ppm
related to tetramethylsilane (TMS) as internal standard. The
coupling constants (/) are reported in Hz.

The purity of the final compounds was checked by HPLC,
see Section 2.2. The detection wavelength 210 nm was chosen.
Peaks in the chromatogram of the solvent (blank) were de-
ducted from peaks in the chromatogram of the sample solu-
tion. The purity of the individual compounds was
determined from area peaks in the chromatogram of the sam-
ple solution.

4.1.2. General procedure for pyrazinecarboxamide
synthesis

A mixture of acid, i.e. pyrazine-2-carboxylic [15], 6-chlor-
opyrazine-2-carboxylic [16], 5-tert-butylpyrazine-2-carbox-
ylic [3] or 35-tert-butyl-6-chloropyrazine-2-carboxylic [3]
acids (50.0 mmol) and thionyl chloride (5.5 mL, 75.0 mmol)
in dry toluene (20 mL) was refluxed for about 1 h. The excess
of thionyl chloride was removed by repeated evaporation with
dry toluene in vacuo. The crude acyl chloride dissolved in dry
acetone (50 mL) was added drop wise to a stirred solution of
the corresponding substituted amine (50.0 mmol) in 50 mL of
dry pyridine kept at room temperature. After the addition was
complete, stirring was continued for another 30 min. The reac-
tion mixture was then poured into 100 mL of cold water and
the crude amide was collected and recrystallized from aqueous
ethanol.

4.1.3. Data of prepared target compounds

4.13.1.  N~2-Chloro-5-hydroxyphenyl)pyrazine-2-carboxa-
mide (1). Yield 47%. Anal. Calcd for C, HgCIN3O, (249.5):
5292% C, 3.23% H, 16.83% N. Found: 49.31% C, 3.85%
H, 16.72% N. Mp 223—224 °C. HPLC purity 99.29%. log K:
0.4527. log P: 1.64 +0.41. TLC: Re=0.78. UV (nm) Amay/
loge: 232.3/3.38. IR (KBr) em™": 3348 (N—H), 1671
(C=0), 1593 (phenyl), 1529 (N—H), 1402, 1321, 1023 (pyr-
azine). "H NMR (300 MHz, DMSO-dg) & 10.27 (br s, 1H,
NH), 9.93 (br s, 1H, OH), 9.32 (d, 1H, /= 1.40Hz, H3),
8.97 (d, 1H, J=2.50 Hz, H6), 8.83—8.81 (m, 1H, HS), 7.87
(d, IH, J=270Hz, H6'), 7.32 (d, 1H, J=8.80 Hz, H3'),
6.61 (dd, 1H, J=8.80Hz, J=270Hz, H¥). “C NMR
(75 MHz, DMSO-dg) 6: 160.9, 157.1, 148.7, 144.0, 143.9,
143.6, 134.5, 130.0, 113.5, 113.2, 109.3.

4.1.3.2. N-(4-Fluorophenyl)pyrazine-2-carboxamide (2). Yield
83%. Anal. Caled for C HgFN;O (217.2): 60.83% C, 3.71%
H, 19.35% N. Found: 60.40% C, 4.15% H, 19.45% N. Mp
154—155°C. HPLC purity 99.21%. log K: 0.4416. log P:

1.58+0.46. TLC: Rp=0.78. UV (nm) Apafloge: 221.7/
3.48. TR (KBr) cm ™ ': 3440 (N—H), 1665 (C=0), 1595 (phe-
nyl), 1523 (N—H), 1409, 1318, 1027 (pyrazine). '"H NMR
(300 MHz, DMSO-d;) é: 10.84 (1H, br s, NH), 9.29 (1H, d,
J=1.7Hz, H3). 892 (1H, d, J=2.5Hz, H6), .80 (1H, dd,
J=25Hz J=14Hz, HS), 7.98—7.87 (2H, m, H2', HE),
and 7.26—7.15 (2H, m, H3, H5). '3C NMR (75 MHz,
DMSQ-dg) 6: 161.9, 158.8 (d, J =240.8 Hz), 148.0, 1452,
144.3, 143.4, 134.8 (d, J=2.6Hz), 1227 (d, J=7.8 Hz),
and 115.5 (d, J = 22.0 Hz).

4.1.3.3.  N+2-Trifluoromethylphenyl)pyrazine-2-carboxamide
(3). Yield 71%. Anal. Caled for C,HgFsN;O (267.2):
53.94% C, 3.02% H, 15.73% N. Found: 54.29% C, 3.05%
H, 15.53% N. Mp 123 °C. HPLC purity 99.66%. log K:
0.6911. log P: 2334+ 0.44. TLC: Rz=0.77. UV (nm) ../
loge: 221.7/329. IR (KBr) em™': 3370 (N—H), 1704
(C=0), 1593 (phenyl), 1457 (N—H), 1319, 1298, and 1112
(pyrazine). '"H NMR (300 MHz, CDCly) é: 10.26 (1H, br s,
NH), 9.52 (1H, d, /= 1.5 Hz, H3), 8.84 (1H, d, / =2.5 Hz,
H6), 8.64 (1H, dd, J =2.5Hz, J= 1.5 Hz, H5), 8.54 (1H, d,
J=74Hz, HY), 7.71-7.59 (2H, m, H5', HE'), and 7.33—
7.24 (1H, m, H4). C NMR (75 MHz, CDCl3) &: 161.0,
147.8, 1447, 1440, 1427, 1349, 1330, 1262 (q,
J =54 Hz), 124.6, 124.0 (q, J =272.9 Hz), 123.2, and 120.0
(q, J=129.7 Hz).

4.1.34. N+3-Trifluoromethylphenyl)pyrazine-2-carboxamide
(4). Yield 61%. Anal. Caled for C HgFsNO (267.2):
53.94% C, 3.02% H, 15.73% N. Found: 53.94% C, 2.93%
H, 15.62% N. Mp 109 °C. HPLC purity 98.81%. log K:
0.5585. log P: 2494+ 0.44. TLC: Rz=0.69. UV (nm) A,/
log e: 221.7/3.44. IR (KBr) em™': 3327 (N—H), 1680
(C=0), 1593 (phenyl), 1450 (N—H), 1337, and 1126 (pyra-
zine). '"H NMR (300 MHz, CDCl5) é: 9.80 (1H, br s, NH),
9.52 (1H, d, J = 1.4 Hz, H3), 8.84 (IH, d, /=25 Hz, H6),
8.61 (IH, dd, J=2.5Hz, J= 14 Hz, H5), 8.08—8.05 (1H,
m, H2'), 8.00—7.94 (IH, m, H4'), 7.52 (1H, t, J = 8.0 Hz,
H5'), and 7.46—7.40 (1H, m, H6'). *C NMR (75 MHz,
CDCly) 6: 160.9, 147.9, 144.7, 143.8, 142.4, 137.7, 131.6 (q,
J=327Hz), 1297, 1238 (q. J=272.6 Hz), 1228, 121.3
(q, J=4.0 Hz), and 116.5 (g, J =4.1 Hz).

4.1.3.5. N-p-tolylpyrazine-2-carboxamide (5). Yield 44%.
Anal. Caled for CoH ;N3O (213.2): 67.59% C, 5.20% H,
19.71% N. Found: 67.34% C, 557% H, 19.55% N. Mp
148 °C. HPLC purity 99.56%. log K: 0.4595. logP:
1.60 £ 0.40. TLC: Rp=0.70. UV (nm) Apafloge: 2182/
347. IR (KBr) cm ': 3348 (N—H), 1671 (C=0), 1593
(phenyl), 1523 (N—H), 1402, 1321, and 1023 (pyrazine). '"H
NMR (300 MHz, CDCls) é: 9.61 (1H, br s, NH), 9.51 (IH,
d, J=1.5Hz, H3), 8.79 (1H, d, /=25 Hz, H6), 8.58 (IH,
dd, J=25Hz, J=1.5Hz, H5), 7.68—7.60 (2H, m, AA’,
BB', H2', H6'), 7.24—7.16 (2H, m, AA’, BB, H3, H5'), and
2.35 (3H, s, CHy). '*C NMR (75 MHz, CDCly) &: 1604,
147.4, 144.6, 1445, 1423, 134.6, 1345, 1296, 1197,
and 20.9.
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4.1.3.6.  6-Chloro-N-(2-chloro-5-hydroxyphenyl)pyrazine-2-
carboxamide (6). Yield 58%. Anal. Calcd for C H;CI-N30-»
(284.1): 46.51% C, 2.48% H, 14.79% N. Found: 46.16% C,
3.42% H, 14.705% N. Mp 255°C. HPLC purity 98.72%.
log K: 0.7801. log P: 2.76 + 0.43. TLC: Rx=0.72. UV (nm)
Jmax/log £ 233.5/3.37. IR (KBr) cm™': 3365 (N—H), 1700
(C=0), 1593 (phenyl), 1528 (N—H), 1350, 1290, 1108 (pyr-
azine). 'H NMR (300 MHz, DMSO) é: 10.10 (1H, br s, NH),
9.93 (1H, br s, OH), 9.26 (1H, s, H3), 9.11 (1H, s, H5), 7.71
(1H, d, J =2.8 Hz, H6), 7.33 (1H, d, J = 8.7 Hz, H3'), and
6.64 (IH, dd, J=87Hz, J=2.8Hz, H4). "C NMR
(75 MHz, DMSO) 4: 159.9, 157.1, 148.3, 147.0, 143.9,
142.2, 134.4, 130.0, 114.4, 113.7, and 110.2.

4.1.3.7.  6-Chloro-N-(4-fluorophenyl)pyrazine-2-carboxamide
(7). Yield 59%. Anal. Caled for C, H;CIFN;O (251.7):
52.50% C, 2.80% H, 16.70% N. Found: 52.40% C, 3.205%
H, 17.07% N. Mp 131—132 °C. HPLC purity 98.03%. log K:
0.7557. log P: 270 £ 048. TLC: Rp=0,82. UV (nm) Ap,/
log e: 229.9/3.49. IR (KBr) em ' 3375 (N—=H), 1710
(C=0), 1594 (phenyl), 1533 (N—H), 1351, 1302, 1119 (pyr-
azine). "H NMR (300 MHz, DMSO) é: 10.74 (1H, br s, NH),
9.22 (1H, d, J = 0.6 Hz, H3), 9.05 (1H, s, H5), 7.93—7.83 (2H,
m, H2', H6'), and 7.27-7.17 (2H, m, H¥, H¥). "C NMR
(75 MHz, DMSO) 4: 160.8, 159.0 (d, J=241.0 Hz), 147.7,
147.1, 1453, 1426, 1345 (d, J=26Hz), 1230 (d,
J=8.1Hz), and 115.5 (d, J =223 Hz).

4.1.3.8. 6-Chloro-N-2-trifluoromethylphenyl )pyrazine-2-car-
boxamide (8). Yield 47%. Anal. Calcd for C;>,H;CIF3N:;O
(301.7): 47.78% C, 2.34% H, 13.93% N. Found: 47.44% C,
231% H, 13.65% N. Mp 148—150°C. HPLC purity
99.69%. log K: 0.8602. log P: 3.45+£0.46. TLC: Rp= 0.84.
UV (nm) Ayg/log & 220.5/3.26. IR (KBr) em ' 3384 (N—H),
1707 (C=0), 1594 (phenyl), 1543 (N—H), 1322, 1301, and
1109 (pyrazine). '"H NMR (300 MHz, CDCl3) é: 9.98 (1H, br
s, NH), 9.39 (1H, d, J = 0.6 Hz, H3), 8.84 (1H, d, / = 0.6 Hz,
H5), 8.46 (1H, d, J =8.2 Hz, H3), 7.73—7.59 (2H, m, HY,
H6'), and 7.35—7.27 (1H, m, H4). '*C NMR (75 MHz,
CDCly) 6: 160.6, 159.8, 147.9, 147.7, 143.5, 142.1, 133.0,
126.3 (q, J=5.2 Hz), 125.0, 123.9 (g, /= 2729 Hz), 123.5
and 1204 (q,J = 32.7 Hz).

4.1.3.9. 6-Chloro-N-(3-trifluoromethylphenyl)pyrazine-2-car-
boxamide (9). Yield 62%. Anal. Caled for C,,H;CIF;N;0
(301.7): 47.78% C, 2.34% H, 13.93% N. Found: 48.09% C,
2.72% H, 13.97% N. Mp 109 °C. HPLC purity 98.71%. log K:
0.8362. log P: 3.61 £047. TLC: Rp=0.80. UV (nm) Apa/
log & 219.8/3.35. UV (nm) Apy/log &2 232.3/3.38. IR (KBr)
em ' 3351 (N—H), 1680 (C=0), 1603 (phenyl), 1545 (N—
H), 1330, 1169, and 1131 (pyrazine). '"H NMR (300 MHz,
CDCls) 6: 9.52 (1H, br s, NH), 9.40 (1H, s, H3), 8.84 (1H, s,
H5), 8.07 (1H, br s, H2'), 7.99—7.94 (1H, m, H4'), 7.58—7.49
(IH, m, HS"), and 7.49-7.42 (IH. m, H6). *C NMR
(75 MHz, CDCl5) 6: 159.6, 147.9, 147.5, 143.4, 142.3, 137.4,
131.6 (q, J = 32.7Hz), 129.8, 123.7 (g, J = 272.6 Hz), 123.0,
121.7 (g, 4 = 3.7 Hz), and 116.7 (g, / = 4.0 Hz).

4.1.3.10. 6-Chloro-N-p-tolylpyrazine-2-carboxamide (10). Yield
59%. Anal. Calcd for C2H,oCIN;O (247.7): 58.19% C, 4.07%
H, 16.97% N. Found: 58.11% C, 4.45% H, 16. 32% N. Mp
134°C. HPLC purity 99.39%. log K: 0.7627. logP:
2724041, TLC: Re=0.81. UV (nm) A, /loge: 2227/
3.37. IR (KBr) cm ' 3370 (N—H), 1694 (C=0), 1592
(phenyl), 1531 (N—H), 1320, 1168, and 1144 (pyrazine). 'H
NMR (300 MHz, CDCly) 6: 939 (1H, d, J=0.5 Hz, H3),
9.34 (1H, br s, NH), 8.79 (IH, s, HS), 7.67—7.59 (2H, m,
AA', BB, H2', H6), 7.24—7.17 (2H, m, AA', BB, H3’,
H5"), and 2.35 (3H, s, CH;). *C NMR (75 MHz, CDCl,) é:
159.2, 1474, 144.1, 142.2, 134.9, 134.3, 129.7, 119.9, and
20.9.

4.1.3.11. 5-tert-Buryl-N-(2-chlor-5-hydroxyphenyl)pyrazine-2-
carboxamide (11). Yield 35%. Anal. Calcd for C,sH,;sCIN;O,
(305.8): 58.92% C, 5.27% H, 13.74% N. Found: 58.39% C,
6.335% H, 13.83% N. Mp 239-240°C. HPLC purity
09.34%. log K: 1.0654. log P: 3.33 +£0.42. TLC: Rp=0.87.
UV (nm) Adnaflog @ 225.2/3.29. IR (KBr) em ' 3376 (N—
H), 2992, 2960, 2926, 2915 (tert-butyl), 1690 (C=0), 1595
(phenyl), 1528 (N—H), 1320, 1250, 11320 (pyrazine). 'H
NMR (300 MHz, DMSQ) 4: 10.24 (1H, br s, NH), 9.93 (1H,
br s, OH), 9.23 (lH, d, J=1.6Hz, H3), 893 (IH, d,
J=1.6 Hz, H6), 7.92 (1H, d, J =29 Hz, H6), 7.32 (1H, d,
J=18.8 Hz, H¥), 6.60 (IH, dd, /=8.8 Hz, /=29 Hz, H4'),
and 1.39 (9H, s, CHy). °C NMR (75MHz, DMSO) é:
167.8, 1609, 157.2, 142.3, 141.2, 1405, 134.6, 1299,
113.1, 113.0, 108.9, 37.1, and 29.6.

4.1.3.12.  5-tert-Butyl-N-(4-fluorophenyl)pyrazine-2-carboxa-
mide (12). Yield 47%. Anal. Caled for C | H,gFN;0 (273.3):
65.92% C, 5.90% H, 15.37% N. Found: 64.92% C, 6.405%
H, 15.525% N. Mp 178 °C. HPLC purity 99.58%. log K:
0.9928. log P: 3.27 £ 0.47. TLC: R =0.84. UV (nm) Apax/
log & 222.9/3.34. IR (KBr) cm " 3361 (N—H), 2984, 2961,
2920, 2906 (tert-butyl), 1680 (C=0), 1591 (phenyl), 1522
(N—H), 1318, 1150 (pyrazine). "H NMR (300 MHz, DMSO)
4: 10.45 (1H, br s, NH), 9.19 (1H, d, J= 1.5 Hz, H3), 8.84
(IH, d, J=1.5Hz, H6), 7.96—7.86 (2H, m, H2', H6'),
7.25—7.15 (2H, m, H¥, H3), and 1.39 (9H, s, CHs). °C
NMR (75MHz, DMSO) & 1669, 1620, 158.7 (d,
J=240.8 Hz), 142.6, 142.6, 139.9, 1349 (d, J=2.6 Hz),

1226 (d, J=80Hz), 1155 (d, J=223Hz), 370,
and 29.6.
4.1.3.13.  5-tert-Buryl-N-(2-trifluoromethylphenyl )pyrazine-2-

carboxamide (13). Yield 47%. Anal. Calcd for CgHe
F3N;O (323.3): 59.44% C, 4.99% H, 13.00% N. Found:
59.47% C, 5.10% H, 13.05% N. Mp 82.5 °C. HPLC purity
99.89%. log K: 1.2622. log P: 4.02 £0.46. TLC: Rp=0.88.
UV (nm) Anaflog e: 224.0/3.27. IR (KBr) em™ " 3356 (N—
H), 2961, 2907, 2869 (tert-butyl), 1698 (C=0), 1593 (phe-
nyl), 1539 (NH), 1322, 1171, and 1118 (pyrazine). 'H NMR
(300 MHz, CDCl;) &: 10.27 (1H, br s, NH), 9.40 (1H, d,
J =14 Hz, H3), 8.70 (1H, d, J = 1.4 Hz, H6), 8.57 (1H, d,
J =82 Hez, H3"), 7.70—7.58 (2H, m, HY, H6'), 7.31-7.22
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(1H, m, H4"), and 145 (9H, s, CH;). *C NMR (75 MHz,
CDCly) é: 168.1, 161.5, 143.1, 141.0, 139.4, 135.1, 133.0,
126.2 (q, J=52Hz), 1243, 124.1 (g, J =272.8 Hz), 123.1,
119.8 (q, J =29.7 Hz), 37.1, and 29.7.

4.1.3.14.  S-tert-Butyl-N-(3-trifluoromethylp henyl)pyrazine-2-
carboxamide (14). Yield 38%. Anal. Caled for CgH sF3N5O
(323.3): 59.44% C, 4.99% H, 13.00% N. Found: 59.83% C,
5.09% H, 13.17% N. Mp 84.5°C. HPLC purity 99.81%.
log K: 1.1338. log P: 4.18 £ 0.46. TLC: Rz=0.86. UV (nm)
Jmaxflog & 217.0/3.35. IR (KBr) em': 3350 (N—H), 2974,
2938, 2911, 2874 (tert-butyl), 1684 (C=0), 1604 (phenyl),
1543 (N—H), 1339, and 1133 (pyrazine). 'H NMR
(300 MHz, CDCl3) 6: 9.78 (1H, br s, NH), 9.40 (1H, d,
J=1.7Hz, H3), 8.63 (1H, d, J= 1.7 Hz, H6), 8.08 (IH, br
s, H2"), 7.98—7.92 (1H, m, H4'), 7.51 (1H, t, J=8.0Hz,
H5'), 7.44—7.39 (1H, m, H6'), and 1.45 (9H, s CH3). "°C
NMR (75 MHz, CDCl;) é: 168.2, 161.4, 143.1, 140.9, 139.1,
138.0, 1316 (g, J=324Hz), 1297, 1238 (q,
J=272.6Hz), 1227, 121.1 (g, J=4.0Hz), 1164 (q,
J=4.0Hz), 37.1, and 29.7.

4.1.3.15. 5-tert-Butryl-N-p-tolylpyrazine-2-carboxamide (15).
Yield 83%. Anal. Caled for C;¢H N3O (269.4): 71.35% C,
7.11% H, 15.60% N. Found: 71.58% C, 7.38% H, 15.62%
N. Mp 143 °C. HPLC purity 99.08%. log K: 1.0222. log P:
328 £0.40. TLC: Rz=0.86. UV (nm) A, /floge 2229/
3.38. IR (KBr) cm™": 3351 (N—H), 2977, 2957, 2922, 2906,
2872 (rert-butyl, methyl), 1676 (C=0), 1592 (phenyl), 1520
(NH), 1314, and 1147 (pyrazine). '"H NMR (300 MHz,
CDCl3) é: 9.60 (1H, br s, NH), 9.39 (1H, d, / = 1.4 Hz, H3),
8.61 (1H, d, J = 1.4 Hz, H6), 7.68—7.61 (2H, m, AA’, BB/,
H2', H6"), 7.23—7.15 (2H, m, AA’, BB/, H3, HY), 2.35
(3H, s, CHy), and 1.44 (9H. s, CHy). °C NMR (75 MHz,
CDClz) & 167.6, 160.9, 1429, 141.5, 138.9, 134.9, 134.2,
129.6, 119.7, 37.0, 29.7, and 20.9.

4.1.3.16. S-tert-Butyl-6-chloro-N-2-chloro-5-hydroxyphenyl)-
pyrazine-2-carboxamide (16). Yield 69%. Anal. Caled for
C5H,5CILN;0, (340.2): 5296 % C, 4.44% H, 12.35% N.
Found: 52.525% C, 5.765% H, 12.12% N. Mp 253 °C.
HPLC purity 99.29%. log K: 1.4335. log P: 445+ 044,
TLC: Re=0.92. UV (nm) Ana/log & 227.6/3.28. IR (KBr)
em™": 3386 (N—H), 2990, 2960, 2939 (tert-butyl), 1705
(C=0), 1591 (phenyl), 1529 (N—H), 1340, 1260, 1049 (pyr-
azine). "H NMR (300 MHz, DMSO) &: 10.03 (1H, br s, NH),
9.93 (1H, br s, OH), 9.16 (1H, s, H3), 7.76 (1H, d, / = 2.8 Hz,
H6"), 7.33 (1H, d, J = 8.7 Hz, H3'), 6.63 (1H, dd, J = 8.7 Hz,
J=2.8Hz, H4'), and 1.50 (9H, s, CH3). °C NMR (75 MHz,
DMSQO) é: 163.8, 159.9, 157.1, 145.3, 141.4, 140.3, 134.4,
130.0, 114.0, 113.5, 109.8, 38.8, and 28.2.

4.1.3.17.  5-tert-Butyl-6-chloro-N-(4-fluorophenyl)pyrazine-2-
carboxamide (17). Yield 61%. Anal. Calcd for C,sH,sCIFN;O
(307.8): 58.54% C, 4.91% H, 13.65% N. Found: 58.265% C,
540% H, 1398% N. Mp 171-172°C. HPLC purity
99.53%. log K: 1.3488. log P: 4.39 £0.49. TLC: Rp=0.93.

UV (nm) Apa/loge: 228.7/3.33. IR (KBr) em™ ' 3370
(N—H), 2978, 2956, 2929 (tert-butyl), 1700 (C=0), 1594
(phenyl), 1532 (N—H), 1327, 1262, 1148 (pyrazine). 'H
NMR (300 MHz, DMSO) 4: 10.62 (1H, br s, NH), 9.12 (1H,
s, H3), 791-7.81 (2H, m, H2', H6), 7.26—7.16 (2H, m,
H3, HY), and 1.50 (9H, s, CH3). *C NMR (75 MHz,
DMSO) & 163.0, 160.9, 1589 (d, J=241.4Hz), 1454,
142.8, 140.6, 134.6 (d, J=2.6Hz), 1229 (d. J=8.0 Hz),
115.5 (d, J =223 Hz), 38.7, and 28.2.

4.1.3.18. 5-tert-Butyl-6-chloro-N-(2-trifluoromethylphenyl)pyr-
azine-2-carboxamide (18). Yield 26%. Anal. Caled for
C,6HsCIF5N3O (357.8): 53.72% C, 4.23% H, 11.75% N.
Found: 54.06% C, 3.89% H, 11.82% N. Mp 81 °C. HPLC pu-
rity  99.75%. log K: 1.6560. logP: 5.14+048. TLC:
Re=0.89. UV (nm) J,,,/log &1 229.9/3.26. IR (KBr) cm
3366 (N—H), 2980, 2961, 2936, 2909, 2874 (tert-butyl, tri-
fluoromethyl), 1715 (C==0), 1592 (phenyl), 1532 (N—H),
1323, 1290, and 1120 (pyrazine). 'H NMR (300 MHz,
CDCl5) 6: 9.99 (1H, br s, NH), 9.26 (1H, s, H3), 8.49 (1H,
d, J=8.2Hz, H3), 7.72-7.57 (2H, m, HY', Ht'), 7.33—7.24
(1H, m, H4'), and 1.56 (9H, s, CH3). °C NMR (75 MHz,
CDCly) é: 165.0, 160.2, 146.0, 140.6, 140.2, 134.7, 133.0,
126.3 (g, /=52 Hz), 1247, 124.0 (g, J=272.9 Hz), 123.3,
120.2 (q, J = 30.0 Hz), 39.1, and 28.2.

4.1.3.19. 5-tert-Butyl-6-chloro-N-(3-trifluoromethylphenyl)pyr-
azine-2-carboxamide (19). Yield 21%. Anal. Calcd for
C¢H,sCIF;N;O (357.8): 53.72% C, 4.23% H, 11.75% N.
Found: 53.49% C, 4.60% H, 12.03% N. Mp 71.8 °C. HPLC
purity 98.37%. log K: 1.5271. log P: 5.30 £0.48. TLC:
R:=084. UV (nm) A, /log & 232.3/3.28. IR (KBr) cm™":
3375 (N—H), 2985, 2960, 2940, 2910, 2870 (tert-butyl, tri-
fluoromethyl), 1720 (C=0), 1603 (phenyl), 1530 (N—H),
1325, 1250, and 1158 (pyrazine). 'H NMR (300 MHz,
CDCl3) 6: 9.99 (1H, br s, NH), 9.04 (1H, s, H3), 8.63 (1H,
d, J=1.7Hz, H6), 8.08 (1H, br s, H2'), 7.98—7.92 (1H, m,
H4"), 7.51 (IH, t, J = 8.0 Hz, H5"), 7.44—7.39 (IH, m, HE'),
1.34 (9H, s and CH3). '*C NMR (75 MHz, CDCls) &: 168.2,
161.4, 1449, 1409, 139.1, 138.5, 131.6 (q, J=32.4 Hz),
129.7, 123.8 (q, J =272.6 Hz), 122.7, 120.9 (g, J =4.0 Hz),
1194 (q. J=4.0Hz), 37.1, 31.0, and 29.7.

4.1.3.20.  S-tert-Butyl-6-chloro-N-p-tolylpyrazine-2-carboxa-
mide (20). Yield 31%. Anal. Caled for C;¢H 3CIN;O
(303.8): 63.26% C, 5.97% H, 13.83% N. Found: 63.17% C,
5.87% H, 13.69% N. Mp 162°C. HPLC purity 99.18%.
log K: 1.3205. log P: 441 +0.42. TLC: Rg=0.83. UV (nm)
Amax/log e 227.9/3.39. IR (KBr) em™': 3376 (N—H), 2978,
2056, 2929, 2867 (tert-butyl, methyl), 1701 (C=0), 1596
(phenyl), 1538 (N—H), 1317, 1260, and 1148 (pyrazine). 'H
NMR (300 MHz, CDCl3) é: 9.31 (1H, br s, NH), 9.26 (1H,
s, H3), 7.67—7.60 (2H, m, AA’, BB', H2', H6'), 7.23-7.16
(2H, m, AA’, BB', H3, H5), 2.35 (3H, s, CHz), and 1.55
(9H, s, CH;). "C NMR (75MHz, CDCl;) & 1644,
159.6, 141.2, 140.2, 134.6, 134.5, 129.6, 119.9, 38.9, 28.3,
and 20.9.

- 108 -



1112 M. Dolezal et al. | Ewropean Journal of Medicinal Chemistry 43 (2008) 1105—1113

4.2. Lipophilicity HPLC determination
(capacity factor Kicalculated log K )

The HPLC separation module Waters Alliance 2695 XE
and Waters Photodiode Array Detector 2996 (Waters Corp.,
Milford, MA, U.S.A.) were used. The chromatographic
column Symmetry® Ci;5 5pm, 4.6 x 250 mm, Part No.
WAT054275 (Waters Corp., Milford, MA, U.S.A.) was used.
The HPLC separation process was monitored by Millen-
nium32® Chromatography Manager Software, Waters 2004
(Waters Corp., Milford, MA, U.S.A.). The mixture of MeOH
p.a. (70.0%) and H,O-HPLC—Mili-Q Grade (30.0%) was
used as a mobile phase. The total flow of the column was
1.0 mL/min, injection 30 pL, column temperature 30 °C and
sample temperature 10 °C. The detection wavelength 210 nm
was chosen. The KI methanolic solution was used for the
dead time (T'p) determination. Retention times (Tg) were mea-
sured in minutes.

The capacity factors K were calculated using the Millen-
nium32® Chromatography Manager Software according to
the formula K = (T —T)/Tp, where Ty is the retention time
of the solute, whereas T denotes the dead time obtained via
an unretained analyte. log K, calculated from the capacity fac-
tor K, is used as the lipophilicity index converted to log P
scale. The log K values of the individual compounds are sum-
marized in Table 1 and Section 4.1.3.

4.3. Lipophilicity calculations

log P, i.e. the logarithm of the partition coefficient P for
n-octanol/water, was calculated using the commercially avail-
able program ACD/log P version 1.0 (Advanced Chemistry
Development Inc., Toronto, Canada). The results are summa-
rized in Table 1 and Section 4.1.3.

4.4. Biological methods

44.1. Antimycobacterial assay

Antimycobacterial evaluation was carried out in the tuber-
culosis antimicrobial acquisition and coordinating facility
(TAACF), Southern Research Institute, Birmingham, AL,
U.S.A., which is a part of the National Institutes of Health
(NIH). Primary screening of all compounds was conducted
at 6.25 pg/mL against M. tuberculosis H3zRv (ATCC27294)
in BACTEC 12B medium using both BACTEC 460 radiomet-
ric system and the Microplate Almar Blue Assay (MABA).
Compounds demonstrating at least 90% inhibition in the pri-
mary screen were tested at lower concentration against M. fu-
berculosis Hy7Rv to determine the MIC testing by MABA.
The MIC is defined as the lowest concentration effecting a re-
duction in fluorescence of 90% relative to controls. Concurrent
with the determination of MICs, the compounds were tested
for their cytotoxicity (determination of 50% inhibitory con-
centrations, ICsp) in VERO cells at concentrations less than
or equal to 62.5 pg/ml or 10 times the MIC for M. tuberculosis
Hi7Rv. After 72 h exposure, viability is assessed on the basis
of cellular conversion of MTT into a formazan product using

the Promega CellTiter 96 Non-radioactive Cell Proliferation
Assay. At the conclusion of secondary screening, the MIC
and ICs; values are formed into a ratio termed selectivity in-
dex (SI). At an SI level of 10 or greater, a compound is con-
sidered active at the second level [18,19]. The results are
presented in Tables 1 and 2.

4.4.2. In vitro antifungal susceptibility testing

The broth microdilution test [10,22] was used for the as-
sessment of in vitro antifungal activity of the synthesized com-
pounds against Candida albicans ATCC 44859 (CA), Candida
tropicalis 156 (CT), Candida krusei E28 (CK), Candida glab-
rata 20/1 (CQG), Trichosporon asahii 1188 (TB), Aspergillus
Sfumigatus 231 (AF), Absidia corymbifera 272 (AC), and
T. mentagrophytes 445 (TM). Fluconazole was used as a refer-
ence drug. The procedure was performed with twofold dilution
of the compounds in RPMI 1640 medium (Sevapharma,
Prague, Czech Republic) buffered to pH 7.0 with 0.165 mol
of 3-morpholinopropane-1-sulfonic acid. The final concentra-
tions of the compounds ranged from 0.975 pmol/L to
500 pmol/L. Drug-free controls were included. The minimal
inhibitory concentrations (MICs) were determined after 24 h
and 48 h of static incubation at 35 °C. With T. mentagro-
phytes, the final MICs were determined after 72 h and 120 h
of incubation. The results of all compounds in virro tested
against T. mentagrophytes, the most susceptible fungal strain,
are summarized in Table 1.

4.4.3. Herbicidal activities

4.4.3.1. Study of inhibition of oxygen evolution rate in spinach
chloroplasts. Chloroplasts were prepared by the procedure of
‘Walker from spinach (Spinacia oleracea L.) [23]. The inhibi-
tion of photosynthetic electron transport (PET) in spinach
chloroplasts was determined spectrophotometrically (Kontron
Uvikon 800, Kontron, Muenchen, Germany) using an artificial
electron acceptor 2,6-dichlorophenol-indophenol (DCIPP) ac-
cording to Kralova et al. [24] and the rate of photosynthetic
electron transport was monitored as a photoreduction of
DCPIP. The measurements were carried out in phosphate
buffer (0.02 mol/L, pH 7.2) containing sucrose (0.4 mol/L),
MgCl, (0.005 mol/L) and NaCl (0.015 mol/L). The chloro-
phyll content was 30 mg/L in these experiments and the sam-
ples were irradiated (~ 100 W/m?) from a 10-cm distance with
a halogen lamp (250 W) using a 4-cm water filter to prevent
warming of the samples (suspension temperature 22 °C).
The studied compounds were dissolved in DMSO due to their
limited water solubility. The applied DMSO concentration (up
to 4%) did not affect the photochemical activity in spinach
chloroplasts (PET). The inhibitory efficiency (concentration)
of the studied compounds has been expressed by ICs, values,
i.e. by molar concentration of the compounds causing 50%
decrease in the oxygen evolution relative to the untreated con-
trol. The comparable ICs, value for a selective herbicide
3-(3.4-dichlorophenyl)-1,1-dimethylurea (diurone, DCMU)
was about 1.9 umol/L [25]. The results are summarized in
Table 1.
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44.3.2. Reduction of chlorophyll content in the green algae
C. vulgaris Beij. The green algae C. vulgaris Beij. were culti-
vated statically at room temperature according to Kralova
et al. [26] (photoperiod 16 h light/8 h dark; photosynthetic ac-
tive radiation 80 pmol/m®s, pH 7.2). The effect of the com-
pounds on algal chlorophyll (Chl) content was determined
after seven-day cultivation in the presence of the tested com-
pounds. The Chl content in the algal suspension was deter-
mined spectrophotometrically (Kontron Uvikon 800,
Kontron, Munchen, Germany) after extraction into methanol
according to Wellburn [27]. The Chl content in the suspen-
sions at the beginning of the cultivation was 0.01 mg/L. The
applied compound concentrations were as follows:
0.83 pmolL, 4.2 pmol/L, 8.3 pmol/L, 25 pmol/L, 50 pmol/L,
75 pmol/L, and 100 pmol/L. Because of the low solubility
of the studied compounds in water, these were dissolved in
DMSO. DMSO concentration in the algal suspensions did
not exceed 0.25% and the control samples contained the
same DMSO amount as the suspensions treated with the tested
compounds. The antialgal activity of the compounds was ex-
pressed as ICs, (the concentration of the inhibitor causing
a 509% decrease in content of chlorophyll as compared with
the control sample) or as percentage of the control determined
for the studied concentration range (0.83—100 pmol/L) with
the corresponding standard deviation (S.D.). The comparable
ICs, value for a selective herbicide DCMU was about
7.3 pmol/LL [23]. The results are summarized in Table 1.
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9 Souhrn v €éeském jazyce

Autor této prace se vramci svého doktorského studia podilel na
dlouhodobé teSeném tématu pii FaF UK v Hradci Kralové, ktery se zabyva
hledanim novych potencialnich 1é¢iv proti tuberkuldéze. Zvolenym pfistupem
k feSeni tohoto tématu je syntéza analog pyrazinamidu, 1é¢iva prvni volby terapie
TBC, coz je linie vyzkumu zapocatd na pielomu 80. a 90. let minulého stoleti na
KFCHKL doc. Jifim Hartlem, CSc., na kterou navazal doc. Martin Dolezal, Ph.D.
Za celou dobu bylo pfipraveno ptes 800 analogii zminéného 1é¢iva.

V této praci je rozebran vztah chemické struktury a biologické aktivity
nasledujicich strukturnich analogii pyrazinamidu. Jednd se o derivaty
arylsulfanylpyrazin-2-karboxamid, arylsulfanylpyrazin-2-karbonitril, N-aryl nebo
N-thiazolylpyrazin-2-karboxamid a arylaminopyrazin-2,5-dikarbonitril.

Prvnim krokem studie a cilem prace autora je syntéza zminénych
analogickych struktur. Tyto latky byly nésledné strukturné analyzovany a jako
takové byly postoupeny spolupracujicim stranam pro biologickou analyzu. Ta
zahrnovala predevsim antimykobakterialni aktivitu a vzhledem k faktu, ze néktera
antimykobakteridln¢ 0¢inna 1éciva jsou aktivni i jako antifungalni latky, byla
sledovana 1 aktivita antifungalni. Vzhledem ktomu, ze pfipravené latky
absorbovaly ve viditelné oblasti elektromagnetického vinéni, byly poskytnuty pro
studium jejich potence na inhibici fotosyntézy.

Nekteré struktury vykazaly velmi solidni antimykobakterialni aktivitu.
Jedna se piedevsim o N-(3,5-dibrom-4-hydroxyfenyl)pyrazin-2-karboxamid, N-
(3-trifluormethylfenyl)pyrazin-2-karboxamid a 3-{[3-(trifluormethyl)-
fenyl]lamino}pyrazin-2,5-dikarbonitril, které vykazaly aktivitu s hodnotou MIC
v jednotkach pg.ml™. Tyto latky byly v ramci screeningu TAACF propustény do
urovné 2 hodnoceni, kdy byla stanovena toxicita, pfesna MIC a vypocten index
selektivity téchto latek. Jedna z nich ma Gspésny vysledek 1 v této oblasti a je dale
studovana.

Z publikovanych vysledkl je dobfe patrna souvislost mezi strukturou a
biologickou aktivitou pfipravenych latek a je nadéje, Ze vybérem dobré latky pro

strukturni optimalizaci je mozno dojit k velmi nadé&jné struktute.
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Antifungalni aktivita byla stanovena jako slabd az stfedni a z pfipravené
knihovny derivatl proto nelze racionalné posuzovat souvislosti mezi strukturou a
ucinkem. Inhibice fotosyntézy byla sledovéna jako okrajovy parametr, nicméné

nekteré z latek vykazaly v tomto sméru zajimavou aktivitu.
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10 Souhrn v anglickém jazyce

Author participated during his doctoral thesis on theme with long history
in Pharmaceutical Faculty research program, which is search for new
antimycobacterial active compounds. An approach that had been chosen to
develop such compounds is structure analogy of pyrazinamide, first-line agent in
treatment of tuberculosis. This pathway have been set up in late 80’s and early
90’s of last century by doc. Jifi Hartl, CSc. and followed by doc. Martin Dolezal,
Ph.D. until nowadays. In summary there was prepared over 800 compounds that
were screened on their antimycobacterial activity.

This thesis deals with structure-activity relationships of some
pyrazinamide analogues rather structures derived from arylsulphanylpyrazine-2-
carboxamide, arylsulphanylpyrazine-2-carbonitrile, N-aryl or N-thiazolyl-
pyrazine-2-carboxamide, arylaminopyrazine-2,5-dicarbonitrile respectively.

The first step of the whole study was chemical synthesis of new analogues
which was done by the author of this thesis. Chemical synthesis was followed by
structure elucidation and lipophilicity determination. After synthetic and
analytical part were completed, biological evaluation begun. Biological analysis
comprised antimycobacterial activity screening as a main task. Current knowledge
that some antimycobacterials are active antifungals as well gave good reason to
evaluate even antifungal activity. Lastly, because all prepared compounds
absorbed in the visible range of electomagnetic spectrum some of them were
evaluated for their potential photosynthetic inhibitory activity.

Some of prepared compounds exhibited relatively high antimycobacterial
activity, namely N-(3,5-dibromo-4-hydroxyphenyl)-pyrazine-2-carboxamide, N-
(3-trifluoromethylphenyl)pyrazine-2-carboxamide and 3-{[3-
(trifluoromethyl)phenyl]amino}pyrazine-2,5-dicarbonitrile  respectively. These
structures exhibited activity units of pg.ml™. These compounds were released to
higher levels of TAACF antimycobacterial screening. In these levels the nitrilic
compound exhibited unacceptable toxicity but one of amidic compounds showed
good selectivity index and is evaluated further. Published results give good view
onto structure-activity relationships of these analogues and promise even better

activity after some structure optimization experiments.
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In case of activity only poor or moderate activities were found thus no
relevant conclusions on structure activity relationships can be done. Inhibition of
photosynthetic activity was an additional experiment, because prepared
compounds of were. On the other hand, some of them exhibited good

photosynthesis inhibiting activity.
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