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ABSTRAKT

Univerzita Karlova v Praze, Farmaceuticka fakulta v Hradci Kralové

Katedra: Katedra farmaceutické chemie a kontroly 1éciv

Kandidat: Mgr. Barbora Vanaskova

Skolitel: Prof. PharmDr. Martin Dolezal, Ph.D.

Nazev disertacni prace: Derivaty  pyrazinkarboxylové kyseliny jako potencialni

antituberkulotika (pfiprava a studium biologickych vlastnosti)

Disertacni prace se zabyva hledanim potencidlnich antituberkulotik odvozenych od
pyrazinkarboxylové kyseliny. Soucasti prace je teoreticka ¢ast, ve které je nastinéna problematika
tuberkulozy, faktory ztézujici efektivni 1é€bu onemocnéni (vyvoj rezistence a koinfekce HIV) a
soucasné terapeutické postupy. Samostatna kapitola je vénovana slozeni mykobakterialni bunééné
stény. Dale je uveden stru¢ny piehled pouzivanych antituberkulotik prvni a druhé linie, 1é¢iv nové
zavedenych do klinické praxe a slibnych derivatl v riznych fazich preklinického a klinického
hodnoceni. Zvlastni pozornost je vénovana pyrazinamidu, piehledu souc¢asnych teorii mechanismu
ucinku tohoto antituberkulotika prvni linie a specifickému cili pyrazinkarboxylové kyseliny, tj.
ribosomalnimu proteinu  S1. Pro TUplnost je wuveden pichled derivatd pyrazinamidu
s antimykobakteridlni aktivitou publikovanych od roku 2011 (mimo slou¢eniny publikované
pracovni skupinou prof. Dolezala).

Vlastni prakticka ¢ast se zabyva pripravou a hodnocenim biologické aktivity derivatd
pyrazinkarboxylové kyseliny. Konkrétné bylo ptfipraveno 123 derivatd (z toho 111 autorkou
diserta¢ni prace). V ramci prvni ¢asti se jednalo o N-benzyl ¢i N-fenylpyrazin-2-karboxamidy
(53 latek). Zbyvajicich 70 sloucenin patiilo k alkylamino, fenylalkylamino a cykloalkylamino
derivatim pyrazinamidu, N-fenylpyrazin-2-karboxamidu, N-(2-chlorfenyl)pyrazin-2-karbox-
amidu a N-benzyl-pyrazin-2-karboxamidu. Pfevazné se jednalo o polohové isomery 5 a 6, v piipadé
alkylamino derivati N-benzylpyrazin-2-karboxamidu i 3-isomery. Vsechny piipravené latky byly
testovany in vitro na antimykobakterialni aktivitu vii¢i Mycobacterium tuberculosis H37Rv a tifem
kmentim atypickych mykobakterii — M. kansasii a dvéma kmenim M. avium. Ve vsech
ptipravenych sériich byly pozorovany latky s vynikajici in vitro aktivitou via¢i Mycobacterium
tuberculosis H37Rv  (MIC=1,56—-3,13 ug/ml, tj. 5—10 umol/l) srovnatelnou s INH
(MIC=0,2-156 pg/ml, tj. 1,5—11umol/l) ¢&i vyrazné pievySujici aktivitu PZA
(MIC = 6,25 - 12,5 pg/ml, tj. 51 — 102 pmol/l). Cast latek téz vykazala aktivitu viici atypickym
mykobakteriim. Na zdkladé ziskanych dat byly studovany vztahy mezi strukturou a biologickou

aktivitou.



U vsech latek byla dale testovana antibakterialni a antifungalni aktivita, u Casti latek pak
aktivita herbicidni ¢i antivirova. Pouze latky ze skupiny cykloalkylamino derivatl vykazaly aktivitu
viigi Gram-pozitivnim bakteriim srovnatelnou s pouzitymi standardy. Zadna z latek nevykézala
antifungalni aktivitu ¢i aktivitu viici testovanym Gram-negativnim bakterialnim kmentim. Az na
nékolik vyjimek nebyla pozorovana vyznamna antivirova a herbicidni aktivita.

Nékteré slouceniny byly dale studovany z hlediska vlivu na syntézu esencialnich slozek
mykobakterialni bunééné stény, tj. jako potencidlni inhibitory synthasy mastnych kyselin I ¢i

enoyl-ACP reduktazy. Tento mechanismus u¢inku nicméné nebyl prokazan.



ABSTRACT

Charles University in Prague, Faculty of Pharmacy v Hradci Kralové

Department: Department of Pharmaceutical Chemistry and Drug Control
Candidate: Mgr. Barbora Vanaskova

Supervisor: Prof. PharmDr. Martin Dolezal, Ph.D.

Title of Doctoral Thesis: Derivatives  of  pyrazinecarboxylic acid as potential

antituberculotics (synthesis and biological evaluation)

This doctoral thesis deals with searching for potential antituberculotic drugs derived from
pyrazinecarboxylic acid. Thesis contains theoretical part, in which problematics of tuberculosis,
factors hindering the effectiveness of treatment (development of resistance and HIV coinfection)
and current therapeutic practice are outlined. An individual chapter is devoted to the composition
of the mycobacterial cell wall. A brief overview of first-line and second-line antituberculars as well
as drugs newly introduced into the clinical practice and promising derivatives in various phases of
preclinical and clinical trials is further stated. Special attention is dedicated to pyrazinamide, current
theories dealing with mechanism of action of this first-line antituberculotic drug and to ribosomal
protein S1, a specific target of pyrazinecarboxylic acid. A summary of pyrazinamide derivatives
with antimycobacterial activity published since 2011 is listed for completeness. Derivatives
prepared by working group of professor Dolezal were omitted.

The practical part of this thesis describes synthesis and biological evaluation of 123
derivatives (111 synthesised by author of the thesis) of pyrazinecarboxylic acid. First series includes
53 derivatives of N-benzyl or N-phenylpyrazine-2-carboxamides. Remaining 70 compounds belong
mainly to 5- or 6-alkylamino, phenylalkylamino and cycloalkylamino derivatives of pyrazinamide,
N-phenylpyrazine-2-carboxamide, N-(2-chlorophenyl)pyrazine-2-carboxamide and N-benzyl-
pyrazine-2-carboxamide. In the case of N-benzylpyrazine-2-carboxamides, the 3-alkyalamino
isomers were prepared as well. All prepared compounds were screened for invitro
antimycobacterial activity against Mycobacterium tuberculosis H37Rv and atypical mycobacteria
— M. kansasii and two strains of M. avium. Compounds with excellent in vitro activity against
Mycobacterium tuberculosis H37Rv were reported in all prepared series. The activity of these
derivatives (MIC = 1,56 — 3,13 ug/ml, i.e. 5— 10 umol/l) was comparable to INH (MIC =0,2 —
1,56 pg/ml, ie. 1,5 — 11 pmol/l) or significantly exceeding the activity of PZA (MIC = 6,25 —
12,5 pg/ml, i.e. 51 — 102 umol/l). Few compounds were active against atypical mycobacteria. Main
structure-activity relationships are discussed.

All compounds were additionally tested for their antibacterial and antifungal activity. Some

of the compounds were tested for herbicidal and antiviral activity as well. Only some



cycloalkylamino derivatives possessed activity against Gram-positive bacteria comparable to used
standards. None of the tested compounds exerted antifungal activity or activity against Gram-
negative bacteria. With few exceptions, no significant antiviral and herbicidal activity was
observed.

The influence of selected compounds on synthesis of essential mycobacterial cell wall
components was further evaluated. Nevertheless the proposed mechanism of action — inhibition of
fatty acid synthase | or enoyl-ACP reductase was not confirmed.
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1 FORMULACE PROBLEMATIKY A
ZPUSOB RESENI

Tuberkuldza spolecné s HIV a malarii patii k nejcastéjsim infekénim onemocnénim a i v 21.
stoleti predstavuje zdvaznou hrozbu az pro 1/3 svétové populace. Ackoliv se pocty noveé
infikovanych pacientd béhem poslednich let snizuji, bylo vroce 2014 dle odhadi Svétové
zdravotnické organizace (WHO) hlaseno 9,6 milionu nové nakazenych a 1,5 milionu pacientti
zemielo na nasledky tuberkuldzy. Z epidemiologického hlediska predstavuje zavazny problém
predevs§im rozvoz rezistence na bézné€ pouzivana antituberkulotika prvni, ale i druh¢ linie, a také
koinfekce virem HIV. Mezi hlavni ptiiny rozvoje rezistence patii predev§im nevhodna 1ékova
preskripce, kratka doba 1é¢by, nedostateéna adherence pacienta k 1é¢bé, ¢i v piipadé rozvojovych
zemi omezena dostupnost 1ékt. Terapeuticky rezim u tuberkuldzy vyvolané kmenem citlivym na
antituberkulotika prvni linie trva obvykle 6 mésicu a sklada se z kombinace pyrazinamidu (PZA),
isoniazidu, rifampicinu a ethambutolu. V pfipadé komplikovaného pribéhu onemocnéni nebo
tuberkulézy vyvolané rezistentnimi kmeny se podava kombinace péti a vice antituberkulotik (prvni
i druhé linie), coz pfinasi riziko zdvaznych nezadoucich u¢inkd, nedostate¢né adherence pacienta
k 1é¢bé a rozvoje sekundarni rezistence.

PZA patii mezi antituberkulotika prvni linie a tvofi zakladni slozku terapeutickych rezimi
tuberkulézy. Diky steriliza¢ni aktivité a synergickému pisobeni s rifampicinem se vyznamnou
meérou podili na zkraceni terapie. Pfesny mechanismus G¢inku PZA nebyl plné objasnén, nicméné
se na jeho celkové aktivité podili jak nespecifické déje, tak i inhibice v nedavné dobé rozpoznanych
subcelularnich cild. PZA je, jakoZto prolé¢ivo, metabolicky transformovan na kyselinu
pyrazinkarboxylovou (POA). Naslednou intracelularni akumulaci POA dochazi ke snizeni pH
cytoplasmy, poruSeni membranového transportu, inhibice metabolickych déji a bunééné smrti.
Mezi specifické cile PZA, POA a nékteré jejich derivati (napt. 5-chlorpyrazin-2-karboxamid a
estery POA) patii naptiklad synthasa mastnych kyselin typ | (FAS 1), tj. enzym esencialni pro
syntézu mastnych kyselin s dlouhym fetézcem, které slouzi jako zakladni slozka mykobakterialni
buné&éné stény. Béhem poslednich péti let byly objeveny dva specifické cile pouze pro POA a to
ribozomalni protein S1 (RpsA, kli¢ovy pro syntézu proteini) a aspartat dekarboxylasa (PanD,
klicova pro syntézu prekurzoru pro panthotenat a koenzym A). V roce 2015 byla popsana piesna
krystalograficka struktura RpsA, ¢imz do jisté miry pfinasi moznost cilené syntézy derivati POA a

povzbuzuje zajem o dal$i modifikace této pomérné€ jednoduché molekuly.
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2 CIL PRACE

Cilem této disertaéni prace bylo navazat na dlouholety vyzkum novych derivatt POA
probihajici pod vedenim prof. Dolezala na Katedfe farmaceutické chemie a kontroly 1éCiv
Farmaceutické fakulty v Hradci Kralové. Vlastni prace se zabyva syntézou novych, v literatuie
dosud nepopsanych derivati POA, analyzou fyzikalné-chemickych vlastnosti a testovanim jejich
biologické aktivity. Vramci experimentalni prace byly pripraveny N-benzylpyrazin-
2-karboxamidy a N-fenylpyrazin-2-karboxamidy substituované jak na pyrazinovém, tak fenylovém
jadre (cilova struktura I). Posléze byly pfipraveny derivaty substituované na pyrazinovém jadie
alkylamino, cykloalkylamino ¢i fenylalkylamino skupinou (cilova struktura I1). U pfipravenych
slouCenin byla primarné studovana aktivita antimykobakterialni, doplitkové aktivita antibakterialni
a antifungalni, a u casti latek téz aktivita herbicidni. Na zaklad¢ ziskanych dat byly diskutovany
zakladni vztahy mezi strukturou a biologickou aktivitou. V ramei mezinarodni spoluprace bylo
biologické hodnoceni dale rozSifeno 0 testovani antivirové aktivity a studium mozného
mechanismu G¢inku u sloucenin se slibnou antimykobakterialni aktivitou. S vyuzitim dosazenych
vysledkt byly navrzeny dal$i modifikace pyrazinového jadra.

V neposledni fadé bylo cilem této disertacni prace ptinést shrnuti problematiky tuberkulédzy,

soucasné terapie a trendl ve vyvoji novych antituberkulotik.
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3 TEORETICKA CAST

3.1 Tuberkuloza
3.1.1 Zakladni fakta

Tuberkuléza patii mezi infekéni onemocnéni vyvolané bakteriemi druhu Mycobacterium,
nejcastéji druhem Mycobacterium tuberculosis. K dal§im méné Castym pivodcim onemocnéni
patii M. bovis, M. africanum a M. microti." Epidemiologickou situaci monitoruje Svétova
zdravotnicka organizace (WHO), ktera kazdoro¢né¢ vydava zpravu hodnotici aktualni Sifeni
tuberkulozy, vyvoj rezistence a koinfekce HIV. Dle WHO je pfiblizné 1/3 svétové populace
infikovana mykobakteriemi a piiblizné u 5 — 10 % dochazi k progresi a rozvoji aktivniho
onemocnéni®. Nejvice ohroZenou skupinu piedstavuji osoby s oslabenym imunitnim systémem
(HIV), Spatnymi Zivotnimi a socialnimi podminkami (bezdomovci a drogové zavisli) a starsi
osoby’.

K $ifeni onemocnéni dochazi prevazné kapénkovym pienosem a inhala¢ni cestou, kdy jsou
mykobaktérie uvolnované z dychacich cest osob s otevienou (aktivni) formou tuberkuldzy.
Z tohoto divodu jsou plice nejcastéji napadenym organem, nicméné rozliSujeme 1 mimoplicni

formy tuberkul6zy (postizeni miznich uzlin, pleury a kosti)®.

3.1.2 Rezistentni formy tuberkuldzy

Rezistence na b&zné pouzivana antituberkulotika predstavuje celosvétové zavazny problém?.

S ohledem na pacienta piinasi riziko nedostate¢né adherence k 1é¢bé (délka terapie, nezadouci

ucinky) a tim riziko nasledného rozvoje rezistence na dalsi antituberkulotika. Mezi hlavni pfi¢iny

vzniku rezistence patii nevhodna 1ékova preskripce (monoterapie a kombinace nevhodnych
antituberkulotik), kratkd doba lécby, nedostatecnd adherence k 1é¢bé, ¢i omezena dostupnost 1éki

(problematika rozvojovych zemi)* °. Prvni zminky o rezistentnich kmenech se objevily jiz v roce

1944 a to kratce po uvedeni streptomycinu na trh, kdy k rozvoji rezistence dochdzelo zejména

v diisledku pouzivani streptomycinu v monoterapii.

Dle ¢asového sledu mezi vznikem rezistence a zahajenim 1écby antituberkulotiky lze rozlisit
tyto 3 zakladni typy rezistence:

e Primarni rezistence: Rezistentni kmen izolovany u pacientdi, ktefi nebyli dfive léCeni
antituberkulotiky. Tento typ je zaloZen na geneticky podminéné necitlivosti mykobakterii na
dan¢ antituberkulotikum.

e Ziskana (sekundarni) rezistence: Pivodné citlivy kmen se v prubc¢hu 1é¢by nebo po jejim
skonceni stal rezistentni na 1€k v diisledku nevhodné 1écby ¢i v diisledku nedostatecné adherence

k 1é¢ebnym protokolim.
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o Inicidlni rezistence: Tento typ se tyka pacientl, u nichZ nelze vyloucit/prokazat diiveéjsi uzivani
antituberkulotik. V podstaté se jedna o kombinaci priméarni a neodhalené ziskané rezistence”,
Obecné dochazi k rozvoji rezistence témito mechanismy: inaktivaci/modifikaci léCiva,
zménou cilového mista, nedostate¢nou kumulaci 1éCiva uvnitt buiiky v disledku nizké permeability
pies bunéénou sténu &i efluxem 1é¢iva® ’. Mezi dali mechanismy patii inhibice aktivace prolégiv,

ktera byla popsana naptiklad u antituberkulotik isoniazidu (INH)® a pyrazinamidu (PZA)°.

Tabulka 1: Mycobacterium tuberculosis - mechanismus 1ékové rezistence® *°*2,
L Gen/ Cetnost
Lecivo MIC zpﬁsob)llljl' Funkce genu mutace
(zavedeno do praxe) | (ug/ml) | oo (%)
katG Katalasa-peroxidasa 30 -60
0.02 inhA Enoyl-ACP reduktasa 70-80
Isoniazid (1952) ’0,2 ahpC Alkyl-hydroxyperoxidasa -
kasA B-Ketoacyl-ACP synthasa -
ndh NADH dehydrogenasa 9,5
Rifampicin (1966) 0,05-1 rpoB RNA polymerasa (p podjednotka) 95
16— 50 pncA Nikotinamidasa/pyrazinamidasa 72 -97
Pyrazinamid (1952) (pH 5.5) panD Aspartat dekarboxylasa -
’ hadC B-Hydroxyacyl-ACP dehydratasa -
Ethambutol (1961) 1-5 embB Arabinosyl transferasa 70-90
rpsL Ribozomalni protein S12 65 — 67
Streptomycin (1944) 2-8 rrs 16S rRNA 8§-21
gidB rRNA methyltransferasa 33
Amlkacgféléz;r)lamycm 2-4 rrs 16S rRNA >60
. tlyA 2’-O-methyltransferasa 80
Kapreomycin (1960) - T 165 IRNA 40-100
. gyrA DNA gyrasa (podjednotka A)
Chinolony (1963) 0,5-25 ayrB DNA gyrasa (podjednotka B) 75-94
etaAlethA Flavin monooxygenasa >60
Ethionamid (1956) | 2,5-10 inhA Enoyl-ACP reduktasa >60
ethR Transkrip¢ni represor -
Kyselina para-
aminosalicylova 1-8 thyA Thymidylat synthasa 36
(1946)

MIC = minimalni inhibi¢ni koncentrace

V piipadé mykobakterii jsou za diivody primarni rezistence nejcasteji povazovany nizka
propustnost mykobakteridlni bunééné stény, ktera je dana specifickych slozenim a strukturou®®, a
dale pak efluxni systémy, které aktivné transportuji 1éciva (INH, rifampicin, chinolony,

streptomycin a ethambutol) vné buiiky'. Rezistence vznikda na zakladé spontannich
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chromozomalnich mutacich s frekvenci 10° az 108 replikaci. JelikoZ se na rozvoji rezistence u
mykobakterii nepodili plazmidy a transpozony, je pravdépodobnost vzniku rezistence na 3 souc¢asné
podavana antituberkulotika velice nizka (1072 az 10%°)3. Amplifikace genetické mutace nevhodnou
preskripci nebo nespravnym uzivanim antituberkulotik vede Krozvoji klinicky rezistentni
tuberkulozy. Zakladni pfehled mechanismi rezistence antituberkulotik viz Tabulka 1 (zpracovano
dle referenci® 1°12),

Dle citlivosti k jednotlivym antituberkulotikim rozliSujeme kmeny monorezistentni -
rezistence pouze na jedno antituberkulotikum prvni volby, polyrezistentni - rezistence na vice nez
pfedstavuje extenzivni lékova rezistence™. Jako multirezistentni (Multi-drug resistant
tuberculosis, MDR-TB) oznadujeme tuberkulézu zplisobenou kmenem Mycobacterium
tuberculosis rezistentnim minimalné¢ vi¢i INH a rifampicinu. V piipadé extenzivni 1ékové
rezistence (Extensively drug resistant tuberculosis, XDR-TB) je tuberkul6za zptsobena kmenem
Mycobacterium tuberculosis rezistentnim vic¢i INH a rifampicinu, tj. jako v ptipadé MDR-TB, a
tento kmen je dale rezistentnim i vii¢i fluorochinoloniim a nejméné jednomu dal$imu intraven6zné
podavanému antituberkulotiku druhé volby (amikacin, kanamycin, kapreomycin)® **. MDR/XDR
fenotyp je zpusoben postupnym hromadénim mutaci v riznych genech, které koduji bud’ cilové

misto nebo enzymy zapojené do aktivace 1égiva® ™,

3.1.3 Problematika HIV koinfekce

V soucasné dob¢ predstavuje koinfekce HIV a tuberkuldézy zavazny problém predevsim
v rozvojovych zemich?. Zasadni je u HIV-pozitivnich pacienti prevence rozvoje tuberkulézy
(moznost preventivniho podavani INH), v€asna diagndza tuberkuldzy (pravidelné odbéry sputa) a
intenzivni monitoring u jiz koinfikovanych pacient*’. Oslabeni imunitniho systému HIV infekci
vyrazné zvysuje pravdépodobnost rozvoje tuberkuldzy (obzvlasté v pocatecnich stadiich HIV
infekce) a to piiblizné 26ti-nasobné oproti b&zné HIV-negativni populaci® 8. U koinfikovanych
pacientd bylo pozorovano zrychleni progrese HIV infekce (mykobakterie indukuji pomoci
protilatek replikaci HIV v T-lymfocytech a makrofazich)™®. U HIV-pozitivnich pacientil byla navic
pozorovana reaktivace latentnich forem tuberkuldézy, extrapulmondlni a diseminované formy
tuberkulozy®®, a dale téZz malabsorpce antituberkulotik a CGast&jsi selhani 1é¢by, coz miize
vyznamnou mérou prispivat k rozvoji rezistence®.

Standardni terapeutické rezimy u HIV-pozitivnich pacientl jsou uvedeny v kapitole 3.3.2

Terapeutické rezimy.
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3.1.4 Epidemiologie tuberkulozy

a nejcastéjSich infekénich onemocnéni. Dle odhadi WHO pro rok 2014 onemocnélo pftiblizné
5,4 milionu muzd, 3,2 milionu Zen a 1,0 milionu déti, tedy celkové 9,6 milionu pacientl
(133 ptipadi na 100 000 obyvatel), z nichz 1,2 milionu tvofili HIV-pozitivni pacienti (viz Obrazek
1). Nejvice piipadi bylo zaznamenano v jihovychodni Asii a zapadnim Tichomoii (celkové 58 %)
a dale v Africe (28 %), viz Obrazek 2. Z jednotlivych stati byl nejvyssi pocet piipadd hlasen
v Indii (23 %), Indonésii (10 %) a Cin& (10 %). Ve srovnani s rokem 2013 doslo k mirnému nardstu
poctu hlagenych ptipadii (9,0 milionu piipadi, z nichz 1,1 milionu byli HIV-pozitivni pacienti®),
nicméné prevalence ve srovnani s rokem 1990 celosvétové poklesla o 42 % a narist ptipadd
reflektuje spiSe zkvalitnéni hlaseni do narodnich databazi a poskytovani dat nez ptipadné zvysSené

Siteni nemoci’.

Obrazek 1: Odhad celkového poctu pripadi tuberkulézy a umrti nasledkem tuberkulézy
v letech 1990 — 2014.*

TB incidence TB deaths
2
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* Zelenou barvou odhad celkové incidence, rtizovou barvou odhad mortalita u HIV-negativnich
pacientli, Cervenou barvou odhad celkové incidence respektive mortality u HIV-pozitivnich
pacientt, svétlej$i odstiny barev znazoriuji pasy nejistoty. Prevzato z WHO, Global tuberculosis
report 2015. WHO/HTM/TB/2015.22, 2015,

Co se rezistentnich forem tuberkulézy tyka, bylo v roce 2014 hlaseno 480 000 pacientd
s MDR formou tuberkuldzy, z nichz vice nez polovina (54 %) pochézela z Indie, Ciny a Ruska®.
Ptiblizné€ 9,7 % plvodné diagnostikovanych MDR forem tuberkulézy bylo po stanovani citlivosti
piedefinovano na XDR formu?.

Ptestoze umrtnost od roku 1990 poklesla 0 47 %, zemtelo v roce 2014 ptiblizné 1,5 milionu
pacientli véetné 0,4 milionu HIV-pozitivnich pacientii (viz. Obrazek 1)° coz jsou podcty

srovnatelné s rokem 2013
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Obrazek 2: Odhad incidence tuberkuldozy, 2014.
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Pievzato z WHO, Global tuberculosis report 2015. WHO/HTM/TB/2015.22, 20152,

D

Tabulka 2: Vyvoj poétu hlasenych onemocnéni TBC v CR na 100 000 obyvatel.

Hlasena onemocnéni TBC
Rok Celkem na
Dychaci ustroji Jina Celkem 100 000
obyvatel
2000 1244 198 1442 14,0
2001 1185 165 1350 13,1
2002 1037 163 1200 11,8
2003 1011 151 1162 114
2004 909 148 1057 10,4
2005 896 111 1007 9,9
2006 956 117 973 9,5
2007 790 81 871 8,4
2008 793 86 879 8,4
2009 632 78 710 6,8
2010 621 59 680 6,5
2011 557 52 609 5,8
2012 552 59 611 5,8
2013 455 47 502 4,8
2014 464 50 514 4,9

Zpracovano dle UZIS CR. Zdravotnicka statistika: Tuberkuldza a respira¢ni nemoci 2014. 2015%.
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Situace v Ceské republice

V Ceské republice bylo v roce 2014 hlaseno celkem 514 piipadi (4,9 p¥ipadu na 100 000
obyvatel), z ¢eho 496 bylo nové zjisténé onemocnéni (337 pripadd u muzi a 159 u zen, z 90 %
sejednalo o plicni formu tuberkuldzy)®. Nejvyssi pocet hlasenych piipadii ve srovnani
s celorepublikovym primérem byl zaznamenan v Praze (7,8/100 000 obyvatel), nejnizsi pak
v Jiho¢eském kraji (2,4/100 000 obyvatel)?. Ac¢koliv doslo k mirnému nartistu hla§enych piipadi
oproti roku 2013 (502 hlagenych ptipadii, tj. 4,8 ptipadu na 100 000 obyvatel®®) Ize z dlouhodobého
hlediska konstatovat, Ze epidemiologicka situace tuberkul6zy na tizemi Ceské republiky je piizniva
a pocet zjisténych piipadi trvale klesa?**, Dle dat z Registru tuberkulézy bylo v roce 2014 hlageno
39 piipadiim Gmrti na tuberkulézu (mortalita 0,4 na 100 000 obyvatel)®?, coz predstavuje mirny
meziroéni pokles (o 5 umrti®).

Ceska republika patii k zemim s nizkym vyskytem tuberkuldzy. Vyvoj poétu vsech
hlagenych piipadi tuberkulézy v Ceské republice od roku 2000 shrnuje Tabulka 2, a graficky
od roku 1970 Obrazek 3.

Obriazek 3: Vyvoj po¢tu hlasenych onemocnéni TBC v CR na 100 000 obyvatel.
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100 +--------------- O Regcidiva TBC jina / Other TB - relapses -
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ORecidiva TBC DU/ TB of respiratory system - relapses
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0
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Pievzato z UZIS CR. Zdravotnicka statistika: Tuberkuléza a respira¢ni nemoci 2014. 2015%,
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3.2 Mycobacterium tuberculosis — bunééna sténa

Mycobacterium tuberculosis patii mezi obligatné aerobni, Gram-pozitivni, acidorezistentni,
nepohyblivé tycky o Sifce 0,3 az 0,6 um a délce 1 az 4 um, vyznacujici se velmi pomalym riistem
(generaéni doba pfiblizné 24 h) a v ptipadé infekce intracelularni lokalizaci v makrofazich * %,

Mykobakterialni bunééna sténa je hlavnim faktorem virulence a ma zasadni vyznam pro rist
a preziti obzvlasté v makrofazich. Jeji unikatni vlastnosti jsou dany vysokym obsahem lipida** %',

S 24

komplex* %

, na ktery ve vrchni ¢asti navazuje glykolipidova vrstva a ve spodni casti plasmaticka
membrana®®. Pochopeni biosyntézy mAGP komplexu a dalsich dulezitych komponent

mykobakterialni bunécné stény miize prispét k cilenému vyvoji novych antituberkulotik.

3.2.1 Mykolyl-arabinogalaktan-peptidoglykanovy komplex

Jak jiz bylo feeno, mykobakteridlni bunécna sténa je bohata na lipidy a je slozena ze tii
hlavnich ¢asti — peptidoglykanu, arabinogalaktanu a mykolovych kyselin, které jsou vzajemné

propojeny kovalentnimi vazbami a vytvaii mAGP komplex **?’, viz Obrazek 4.

e Peptidoglykan

Peptidoglykan PG tvofi pomyslnou patef mykobakterialni bunééné stény, kdy linearni
glykanové fetézce tvoii sit’ s postrannimi kratkymi peptidy®®. Glykanové fetézce jsou tvofeny
ze stiidajicich se jednotek N-acetylglukosaminu a kyseliny N-acetylmuramové vzajemné

27, 29

propojenych B-1—4 vazbou . Propojeni mezi PG a arabinogalaktanem (AG) vznika

fosfodiesterovou vazbou mezi kyselinou muramovou (z PG) a galaktanem (z AG).*

¢ Arabinogalaktan

V ptipadé AG se jedna o polymer sloZeny z D-galaktofurandzy a D-arabinofuranozy, které se
pravideln& nesttidaji, ale vytvaii samostatné vzajemné propojené bloky®. P¥iblizné 30 jednotek
D-galaktofurandzy je linearn€ propojeno B-1—5 a B-1—6 vazbami, a vytvari tak galaktanovou ¢ast
AG. Arabinanova Cast je tvoten asi ze 70 jednotek D-arabinofuranozy propojenych a-1—5, a-1—3
a B-1—2 vazbami.® Mykolové kyseliny (MA) se ve skupinach po &tyfech vazi na koncové jednotky

arabinanové ¢asti, nicméné 1/3 koncovych jednotek ziistava volna®,
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Obriazek 4: Mykobakteridlni bunééna sténa.
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Ptevzato z Brown et al.*.

e Mykolové kyseliny

MA jsou mastné kyseliny s dlouhym fetézcem (celkovy pocet Ceo — Coao), které jsou
rozvétvené v poloze o (proximalni fetézec, C22 — Ca4) a hydroxylované v poloze B*" % . Hlavni
fetézec (tzv. distalni fetézec) obsahuje jeden az dva cyklopropanové kruhy (konfigurace cis i trans),
které se podili na integrité bunééné stény a chrani mykobakterie pfed oxidativnim stresem®® %',
Dle substituce na distalnim fetézci rozliSuje 3 typy MA a to a-, methoxy- a keto-MA.

Mimo mAGP komplex jsou MA soucasti glykolipidd, naptiklad trehaloza dimykolatt (TDM,

tzv. cord faktor) a monomykolati (TMM) lokalizovanych na bunééném povrchu?’.

Obrazek 5: Chemicka struktura mykolovych kyselin dle substituce na distalnim Fetézci.
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Pievzato z Takayama et al.®.
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3.2.2 DalSsi slozky bunécné stény

Jak jiz bylo zminéno, na vnéjsi vrstvu mAGP komplexu tvorenou mykolovymi kyselinami
navazuje vrstva glykolipidi a spole¢né vytvari mykobakteridlni vn&j$i membranu (mycobacterial
outer membrane, MOM) tzv. mykomembranu. MOM obsahuje naptiklad vy$e zmifiované TDM
a TMM, glykopeptidolipidy, sulfolipidy, dimykocerosaty a lipooligosacharidy?.

TDM neboli Cord faktor se vyznamnou mérou podili na virulenci mykobakterii a ovliviiuje
usporadani skupiny mykobakterii do podlouhlych utvara®. Jeho aktivita zavisi na lokalizaci
mykobakterie. TDM chrani bunku pied zni¢enim makrofagy tim, Ze brani splynuti fagozomi
obsahujicich mykobakterie s lysozomy**. TDM ovlivije imunitni reakce a pfispiva k tvorbé
a udrzeni granulomatozni reakce®® .

Dalsi vyznamnou slozku mykobakterialni bunécné stény predstavuje glykolipid
lipoarabinomanan (LAM), ktery je zakotveny v cytoplasmatické membrané a prostupuje mAGP
komplexem i MOM. LAM tvoti heterogenni smés vysokomolekularnich fosforylovanych
lipopolysacharidii obsahujicich arabinézu a manézu®’. Spolu scord faktorem patii LAM
mezi hlavni faktory virulence. MiiZe se téZ vazat na leukocyty (navozeni chemotaxe T-lymfocyti)

a modulovat imunitni odpovéd’ (aktivace makrofagt)*.

3.2.3 Plasmaticka membrana

Plasmatickd membrana ma zasadni podil na metabolismu lipidi, regulaci bunécné aktivity,
piijmu Zivin z okoli a signalizaénich reakcich®, a je tvofena prevazné strukturnimi lipidy
(fosfolipidy), jako jsou Kardiolipin, fosfatidylethanolamin (PE), fosfatidylinositol (Pl) a
fosfatidylinositol mannosidy (PIMs), lipomanan (LM) a LAM. Soucasti plasmatické membrany
jsou mimo jiné i neutralni lipidy — triacylglyceroly (TAG) a cholesterol, které slouzi jako zdsobarna
energie®® *. Poméry jednotlivych slozek plasmatické membrany se mohou ligit v zavislosti na
mykobakterialnim kmenu a vn&j$ich podminkach®.

o Fosfatidylinositol — dale modifikovan na PIMs, LM a LAM, tj. esencialni slozky
mykobakterialni bunééné stény. U patogennich druhti se podili na modulaci imunitni reakce
(naptiklad produkce cytokind a inhibice zrani fagozomi)* *,

e Fosfatidylinositol mannosidy — podili se na udrzovani integrity plasmatické membrany*.

23



3.3 Terapie tuberkulozy

3.3.1 Soucasna farmakoterapie

Soucasna farmakoterapieterapie tuberkuldzy je zaloZend na pln€ kontrolovanych lé¢ebnych
rezimech tzv. DOTS (Directly observed treatment short-course) doporu¢ovanych WHO, které
vychazi z principii kombinované, kontrolované dvoufazové terapie s vyuzitim antituberkulotik
prvni a druhé linie. DOTS se vyznamnou mérou podili na redukci incidence tuberkulozy a
zpomaleni rozvoje 1ékové rezistence?. Blize jsou jednotlivé terapeutické rezimy popsany v kapitole
3.3.2. Primarni cile 1éby tuberkulozy spoéivaji v'':

o cradikace mykobakterii;

e zachovani kvality zivota a produktivity pacienta;
e prevence umrti a pozdnich nasledki onemocnéni;
e zabranéni pienosu tuberkul6zy na dalsi osoby;

e prevence rozvoje a Sifeni rezistentnich forem tuberkuldzy.

Antituberkulotika prvni volby
Mezi antituberkulotika prvni volby fadime INH, rifampicin, ethambutol a PZA. Tato kapitola
bude vénovana stru¢nému popisu mechanismu ucinku a rezistence o to u prvnich tfech

jmenovanych 1éCiv, problematice PZA je vénovana samostatna kapitola 3.4.

¢ Isoniazid
Hydrazid kyseliny isonikotinové, prolééivo, aktivace mykobakterialni N
katalasou-peroxidasou (KatG) za u¢asti NAD™, | -
Mechanismus 1céinku: Inhibice enoyl-(acyl-carrier-protein) reduktasy _NH,
(enoyl-ACP reductasa, InhA), ktera je soucasti komplexu synthasy mastnych © H
kyselin II (Fatty acid synthase II) zapojené do syntézy MA esencidlnich pro isolrﬁeljzid

mykobakterialni bunénou sténu*’ “,

Rezistence: Pievazné mutaci nebo nadmérnou expresi genu kodujiciho InhA (inhA)*" a

mutaci genu katG kodujiciho aktivaéni enzym KatG.* %,

e Rifampicin

Ansamycinova antibiotika.

Mechanismus u¢inku: Vazba na p-podjednotku DNA-dependentni RNA polymerasy
za vzniku stabilniho komplexu, ¢imz dochédzi k inhibici syntézy nukleovych kyselin®.

Rezistence: V 95 % piipadi mutace genu rpoB kodujiciho B-podjednotku RNA polymerasy

— zkiizend s ostatnimi ansamycinovymi antibiotiky™ °* %,
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rifampicin

e Ethambutol

Odvozen od aminoalkoholu, chiralni slouc¢enina, aktivni pouze OH
i H
S,S-(+)-isomer. \/[
™) N/\/N
Mechanismus tucinku: Neni dosud plné€ objasnén. Hlavni H
podil — inhibice syntézy AG a LAM® % tj. zakladnich slozek HO
ethambutol

mykobakterialni bunécné stény, inhibici riznych druhl arabinosyl
transferas 1-111°* . Mezi dalsi identifikované cile ethambulolu patii inhibice synthasy spermidinu®’,
inhibice gluk6zového metabolismu®®, transportu mykolati®® a syntézy TDM®.

Rezistence: Mutace genti kodujici arabinosyl transferasy I-111, primarné gen embB®.

Antituberkulotika druhé linie

Antituberkulotika druh¢ linie hraji dilezitou roli v terapii tuberkulozy rezistentni vici 1é¢ivu
¢i léCivim prvni linie, nicmén€ jejich pouzivani piinasi jistd rizika a to predevS§im zavaznych
nezadoucich ucinkd a niz8i uc€innosti ve srovnani s 1éCivy prvni linie. V této ¢asti bude pouze pro
je mozné ziskat napiiklad v piehledovych ¢lancich®® ¢ a doporu¢eni WHO pro terapii resistentnich

forem tuberkulozy®,

e Fluorochinolony (levofloxacin/ofloxacin, moxifloxacin, gatifloxacin): Fluorochinolony
inhibuji mykobakteridlni DNA gyrasu (topoisomerasu II), ¢imZz brani sestaveni DNA

po replikaci®.

0 0 O

F COQH F COCH F COOH
| | |
S CQ AL RN
levofloxacin N moxifloxacin gatifloxacin

25



¢ Aminoglykosidova antibiotika (Streptomycin, amikacin, kanamycin): Mechanismus t¢inku
je zalozen na ireverzibilni vazb&é aminoglykosidovych antibiotik na 16S rRNA v 30S

podjednotce ribozomu, ¢imz dochazi k inhibici proteosyntézy®® ¢’

NH,
\OH o
HoN
OH NH
OH ‘\\O, H2N
o]
HoN OH HO
H : .
N 0. .O_ .0 HOY ‘OH
HoN
NH,
tr 'OH K. .
HO OH .
kanamycin A: R' = NH, R?=OH
OH . ’
kanamycin B: R' = NH;, R?=NH,
streptomycin amikacin kanamycin C: R' = OH, R? = NH,

o Kyselina p-aminosalicylova: Mechanismus ucinku nebyl plné objasnén, pravdépodobné

dochézi k inhibici syntézy folata® &i interakci se zpétnym vychytavanim zeleza®.
COOH
OH Q
O N N>LO
H
- N
NH, F Ve
kyselina p-aminosalicylova linezolid 0

e Oxazolidinony (linezolid): Mechanismus u¢inku oxazolidinonti je zalozen na inhibici syntézy

proteini vazbou na 23S rRNA v 50S podjednotce ribozomu .

¢ Glykopeptidova antibiotika (kapreomycin): Inhibice proteosyntézy vazbou mezi 16S rRNA
v 30S podjednotce ribozomu a 23S rRNA v 50S podjednotce’™. Stejny mechanismus uéinku byl
popsan i u viomycinu'?, ktery aktuilné neni zatazen do terapeutickych rezimi rezistentnich

forem tuberkulozy®,
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0 o]

HsN

kapreomycin R =H, OH

e Cykloserin a terizidon: Cykloserin — cyklicky analog alaninu, primarné inhibuje enzym
D-alanin racemasu, ¢imz brani syntéze peptidoglykanu™ "*. Minoritné se na celkovém ucinku
cykloserinu podili inhibice D-alanin:D-alanin ligasy’®. V pfipadé terizidonu se jedna
0 zdvojenou molekulu cykloserinu. Mechanismus t¢inku terizidonu je shodny s mechanismem

cykloserinu®®

0O
Q
HN
L TS
2
0

cykloserin terizidon

e Thioacetazon

H
o SN NH:
Thioacetazon inhibuje cyklopropan-synthasu, ¢imz brani /@/\ T
N

tvorb€ cyklopropanového kruhu v distalnim fetézci MA, které

jsou esencialni slozkou mykobakterialni bunéené stény’™ " thioacetazon

3.3.2 Terapeutické rezimy

Standardni terapeutické rezimy

Standardni terapeutické rezimy vychazi z doporuc¢eni WHO' 7/, jehoz cilem je zabranéni
chyb v preskripci a tim sniZeni rizika rozvoje rezistence, zvySeni dostupnosti 1éCiv a zajisténi
srovnatelnych podminek pro pacienty, snizeni naklad na 1é¢bu, vyskoleni osetfujiciho personalu
a v neposledni fadé vyhodnoceni dosavadnich vysledki terapeutickych rezima'’. Tabulka 3 uvadi
prehled doporuc¢eného davkovani antituberkulotik prvni linie pro dospélé.

Standardni terapeutické rezimy se skladaji z dvou fazi a to z kratsi intenzivni faze (obvykle
po dobu 2 mésicil) a nasledné pokracovaci faze (4 a vice mesicti). B€hem intenzivni faze je obvykle

podavana kombinace Ctyi léCiv, V pokracovaci fazi dvojkombinace. Pro zkraceni zapisu 1éCiv
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pouzivanych v daném rezimu pouziva WHO vlastni zkratky (uvedeno v zavorkach za jednotlivymi
1é¢ivy), pocet mésicli 1é¢by uvadi ¢islovka pred zkratkou®'.

U pacientd s primoinfekci tuberkulozy citlivé na 1éCiva prvni linie by béhem dvoumési¢ni
intenzivni faze méla byt podavana kombinace INH (H), rifampicinu (R), PZA (Z) a ethambutolu
(E), tj. zkracené 2HRZE, nasledovana ¢tyfmésicéni pokracovaci fazi s kombinaci INH a rifampicinu
(4HR). V populacich se znamou nebo predpokladanou vysokou mirou rezistence na INH
by pokracovaci fazi méla tvofit kombinace 4HRE".

V piipadé jiz diive lé¢enych pacientdl by pred zac¢atkem 1é€by meéla byt stanovena citlivost
mykobakterii k 1é¢iviim prvni volby (minimaln€ k INH a rifampicinu). Pokud stanoveni citlivosti
neni mozné nebo aktudln¢ dostupné, pacient je léCen rezimem 2HRZES/1IHRZE/SHRE,
kde oznadeni S predstavuje streptomycin’’,

Standardni 1é¢ba HIV-pozitivnich pacienti s tuberkuldzou citlivou na antituberkulotika
se zasadn¢ neli$i od postupti pouzivanych u HIV-negativnich pacientt. U nové diagnostikovanych
nasledované 1é¢bou kotrimoxazolem a antiretrovirotiky’®, a standardni rezim by se mél skladat
z 2HRZE/4HR piipadné 2HRZE/4HRE. V ptipadé noveé vzniklé tuberkulézy u HIV-pozitivnich
pacientt jiz 1éCenych antiretrovirotiky je nutné posoudit riziko moznych lékovych interakci

a piipadné obménit pouZivana antiretrovirotika®’.

Tabulka 3: Doporucené davkovani antituberkulotik prvni linie pro dospélé.

Doporucena davka
Denni davka Davkovani 3krat tydné
Davka a Davka a ,
; e iy s , Denni
rozmezi (mg/kg Maximalni rozmezi (mg/kg e .
« . . - . maximalni
télesné davka (mg) télesné davk
hmotnosti) hmotnosti) avka (mg)
INH 5(4-6) 300 10 (8 -12) 900
Rifampicin 10 (8 -12) 600 10 (8 -12) 600
PZA 25 (20 — 30) - 35 (30 - 40) -
Ethambutol 15 (15 - 20) - 30 (25 - 35) -
Pievzato a wupraveno z WHO, Treatment of tuberculosis: guidelines - 4th edition.

WHO/HTM/TB/2009.420., 2010"".

Terapie rezistentnich forem tuberkul6zy

V ptipadé€ rezistentni formy tuberkuldzy je dilezité pro spravné nastaveni terapie stanovit
citlivost daného izolatu na antituberkulotika. Pfi sestavovani individudlniho l1écebného rezimu
se mimo citlivosti izolovaného kmene hodnoti téz vék a celkovy zdravotni stav pacienta,

komorbidity (napt. diabetes mellitus a rendlni insuficience) a koinfekce (HIV). V ptipadé, ze nelze
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z jakéhokoliv divodu provést testy citlivosti, pouziji se standardni postupy =zalozené
na zkusenostech s terapii u reprezentativni skupiny pacientti’® ,

Mimo klasické déleni antituberkulotik na 1é¢iva prvni a druhé linie, WHO téz tidi
antituberkulotika do péti skupin na zakladé G¢innosti, zkuSenosti s pouzivanim a bezpeénosti®, viz

Tabulka 4.

Tabulka 4: Klasifikace 1é¢iv pro terapii MDR-TB dle WHO.

Isoniazid
Rifampicin
Pyrazinamid
Ethambutol
Rifabutin
Rifapentin

1. Skupina — p. 0. 1é¢iva prvni volby

Streptomycin
Kanamycin
Kapreomycin
Amikacin

2. Skupina — injekéné podavana lé¢iva

Levofloxacin/Ofloxacin
3. Skupina - fluorochinolony Moxifloxacin
Gatifloxacin

Ethionamid

Protionamid

Cykloserin

Terizidon

Kyselina p-aminosalicylova a jeji sodna stl
Bedachilin

Delamanid

Linezolid

4. Skupina — p. o. bakteriostaticka 1é¢iva
druhé linie

5. Skupina — lé¢iva s omezenym Klofazimin
mnoZstvim dat tykajicich se i¢innosti a | Amoxicilin/klavulanat
bezpecnosti pii dlouhodobém podavani Imipenem/cilastatin
v terapii rezistentnich forem tuberkulozy Meropenem
Vysoké davky isoniazidu (16-20 mg/kg/den)
Thioacetazon
Klarithromycin

Pievzato a upraveno z WHO. Companion handbook to the WHO guidelines for the programmatic
management of drug-resistant tuberculosis. WHO/HTM/TB/2014.11, 2014%,

Pii vybéru 1é¢iv postupuje dle nasledujicich pravidel™ :

o Pouziti nejméné Ctyt riiznych latek G¢innych na dany klinicky izolat — fluorochinolon + injekéné
podané 1é¢ivo ze skupiny aminoglykosidt + 1é¢ivo prvni volby (dle citlivosti, nejcastéji PZA) +
1é¢ivo ze 4. skupiny.

e Vybér leciv ze skupin 1 az 4 postupovat hierarchicky dle uc¢innosti.
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e Vyhnout se 1é¢ivim s nizsi bezpecnosti zplsobujicim naptiklad zavazné nezadouci U¢inky
¢i tézké alergické reakce.

e L¢civo z 5. skupiny mlize byt zafazeno pouze v pripad¢, ze nelze vybrat 4 1€civa z predchozich
skupin.

e Pfi pouziti injekéné podavanych 1éCiv je minimalni délka intenzivni faze 8 mésict, nasledujici
faze 8 — 12 mesict a celkova délka terapie nesmi byt kratsi nez 20 mésict.

Optimalizace 1é¢ebnych rezimt spolu s rychlou diagnozou a stanovenim citlivosti kmene
na léciva prvni a druhé linie vyrazné ptispiva k zlepSeni klinické odpovédi pacientd na lécbu.
Pro uspésnou terapii tuberkulézy vyvolanou rezistentnimi kmeny je nezbytny pravidelny
monitoring. Odbéry sputa a kultivace by mély byt provadény v mésic¢nich intervalech, dokud
nebude pozorovana konverze, tj. dvé po sob¢ jdouci negativni kultivace odebrané v rozmezi tficeti

dni. I poté by pacienti méli byt sledovani ve dvou- az tfimési¢nich intervalech®.

3.3.3 Nova antituberkulotika v klinické praxi

Bedachilin

V roce 2004 byla ptipravena série diarylchinolini vykazujici
slibnou in vitro aktivitu viéi Mycobakterium tuberculosis®. Z téchto
latek byl posléze vybran derivat oznaceny jako R207910
(v klinickych studii téZ jako TMC207) — bedachilin, ktery vykazal

vybornou aktivitu i vi¢i MDR a XDR formam tuberkulozy
|82

s hodnotami MIC v rozmezi od 2 do 60 ng/ml®, bez zkiizené

rezistence k sou¢asné pouzivanym antituberkulotikiim prvni linie®®

T™C207
8 Po necelych padesati letech od registrace rifampicinu 1967 se tak bedachilin

bedachilin stal prvnim zaregistrovanym antituberkulotikem primarné uréenym pro terapii MDR-
TB®.

Jeho mechanismus ucCinku je zaloZen na inhibici protonové pumpy mykobakterialni
adenosintrifosfat (ATP) synthasy, konkrétné se vaze na podjednotku ¢ ATP synthasy, coZz vede
ke konformaénim zménam tohoto enzymu, ztraté funkce a naslednd bunééné smrti®* %, Bedachilin
prokézal G¢innost i na nereplikujici se mykobakterie, u nichz je zachovana pouze zbytkova aktivita
ATP synthasy, Kk jejiz inhibici dostatuji i nanomolarni koncentrace bedachilinu®’. Diky této
sterilizacni aktivité by bedachilin mohl vyznamnou meérou pfispét ke zkraceni délky terapie.

Bedachilin je intenzivné metabolizovan cytochromem P450 (CYP3A4), coz pfinasi riziko
lékovych interakci se soucasné podavanymi induktory nebo inhibitory CYP3A4%. Soucasné
podavani bedachilinu s induktory CYP3 A4 jako jsou naptiklad efavirenz a rifamyciny (rifampicin,

rifampin, rifapentin a rifabutin) mize vést k vyraznému snizeni plasmatickych hladin bedachilinu®*

30



8 Na druhou stranu kombinace s inhibitory CYP3A4 (ciprofloxacin, erythromycin, klarithromycin,
a antiretrovirotika ritonavir a lopinavir) mize zvySovat hladiny bedachilinu a tim i riziko moznych

nezadoucich reakci®® &,

Delamanid

OPC-67683 neboli delamanid patii do skupiny nitroimidazold, pfesnéji se jedna o derivat
odvozeny od 6-nitro-2,3-dihydroimidazo[2,1-b]oxazolu. Toto peroralné podavané prolécivo je
aktivovano pomoci deazaflavin-dependentni nitroreduktasy (Ddn)* a jeho primarni metabolity
inhibuji buné&tné dychani a syntézu methoxy- a keto-MA, tj. hlavnich slozek mykobakterialni
bunééné stény™. Na usmrceni mykobakterii se podili i oxid dusnaty uvolnény pii metabolizaci
delamanidu®,

Hodnoty MIC delamanidu va¢i kmentim Mycobacterium tuberculosis (véetné rezistentnich
forem) se pohybuji v rozmezi od 6 do 24 ng/ml®%. In vitro aktivita byla pozorovéana i vii¢i atypickym
mykobakteriim — Mycobacterium kansasii a M. bovis®. Delamanid navic vykazuje sterilizaéni

%2 \/ kombinaci

aktivitu a synergické pusobeni s rifampicinem a ethambutolem®®
s antituberkulotiky prvni volby nebyla pozorovana zkiizena rezistence ani antagonistické
pusobeni®,

Delamanid ma dlouhy biologicky polo¢as (moznost intermitentniho podavani) a navic neni
metabolizovan prostfednictvim cytochromu P450, coz umoziuje jeho pouZiti v terapii tuberkuldzy
u HIV-pozitivnich pacientt (pozn. antiretrovirotika indukuji, anebo jsou metabolizovana enzymy
cytochromu P450)%.

V dubnu 2014 byl delamanid zafazen na seznam zakladnich 1é¢iv pouzivanych pro terapii

plicni formy MDR-TB v piipadech, kdy nelze pouZit standardni 1é¢ebné rezimy®

FsCO
Tl . Tl
0 N

OPC-67683 PA-824
delamanid pretomanid

Pretomanid

Pretomanid (v klinickych studiich ozna¢ovany jako PA-824) patii do skupiny nitroimidazold,
presnéji se jedna o latku odvozenou od 6-nitro-6,7-dihydro-5H-imidazo[2,1-b]oxazinu. Stejné jako
delamanid je pretomanid prolé¢ivem, které vykazuje dobrou aktivitu vii¢i kmeniim Mycobacterium

tuberculosis (véetné rezistentnich kment, MIC v rozmezi od 15 do 250 ng/ml) a sterilizaéni
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aktivitu. V kombinaci se soucasné pouzivanymi antituberkulotiky nebyla pozorovana zkiiZena
rezistence®* %,

Mechanismus ucinku je zaloZen na inhibici syntézy MA esencialnich pro syntézu
mykobakterialni bunééné stény®. Tento mechanismus w¢inku nicméné nevysvétluje wcinek
na nereplikujici se mykobakterie, které v anaerobnich podminkach syntetizuji mykolaty pouze
v omezeném mnozstvi®. Stejné jako delamanid, je i pretomanid aktivovan prostiednictvim Ddn
za vzniku tii metabolitd. Hlavnim metabolitem je des-nitro pretomanid, pti jehoz vzniku dochazi
mimo jiné k uvolnéni oxidu dusnatého® %*. A pravé uvolnéni oxidu dusnatého se vyznamnou mérou
podili na inhibici nereplikujicich se mykobakterii, tj. sterilizaéni aktivité®. Nutnost aktivace
prostfednictvim Ddn ptinasi téz riziko rozvoje rezistence. V piipadé pretomanidu bylo izolovano
183 rezistentnich kmenti Mycobacterium tuberculosis, u nichz se v 83 % vyskytovala jednoducha
mutace jednoho z gent kddujicich Ddn (ddn) nebo enzymy podilejici se na syntéze deazaflavinu
(geny fgd, fbiA, fbiB a fbiC). V disledktt mutace dochazi ke zméné katalytické domény potiebné
pro aktivaci pretomanidu®”.

Aktualné probihaji klinické studie, které se zabyvaji u¢innosti a bezpecnosti pretomanidu
v kombinované terapii tuberkuldézy. Ve treti fazi klinického testovani se nachazi kombinace
pretomanidu, moxifloxacinu a PZA. Vysledky druhé faze naznacuji, Ze je tato kombinace bezpe¢na
a dobfe tolerovana pacienty. Ve srovnani se standardni terapii HRZE u tuberkuldézy vyvolané
mykobakteriemi citlivymi na tato antituberkulotika vykazala kombinace pretomanidu,
moxifloxacinu a PZA vyrazné€ vyssi baktericidni aktivitu béhem prvnich osmi tydnd uZzivani.

Podobnych vysledki bylo dosazeno i u MDR kment Mycobacterium tuberculosis®.

3.3.4 Antituberkulotika v preklinickych a klinickych studiich

Ackoliv doslo za poslednich 25 let k vyraznému poklesu incidence tuberkulozy, nejvétsi
problém stale piedstavuje nartist pacientl s rezistentnimi formami tuberkulézy a HIV koinfekce?.
Nova antituberkulotika by méla spliiovat nasledujici étyfi hlavni pozadavky®?:

e Zkraceni doby lécby (aktivita i viici nereplikujicim se mykobakteriim, synergické ptisobeni
S jinymi antituberkulotiky).

e ZvySeni adherence pacienta k 1écbé — intermitentni podavani 1é¢iv, minimum nezadoucich
ucinkd a lékovych interakei.

e Zavedené 1éCiv s novym mechanismem ucinku k zajisténi aktivity i vici rezistentnim kmeniim
Mycobacterium tuberculosis.

e SniZeni incidence latentnich forem tuberkuldzy pomoci kratSich a bezpe¢néjSich terapeutickych

rezimu.
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K identifikaci novych cili pisobeni antituberkulotik vyraznou mérou ptispélo sekvenovani
genomu Mycobacterium tuberculosis H37Rv, které napomohlo rozpoznani jednotlivych gent
a jejich funkci®. Detailngjsi popis moznych ciléi zasahu piesahuje ramec disertaéni prace. Shrnuti
dosavadniho pokroku v oblasti hledani novych antituberkulotik nabizi piehledovy ¢lanek z roku
2015,

Tabulka 5 pfinasi aktualnich prehled sloucenin v riznych fazich preklinického a klinického
hodnoceni. Mezi tyto latky patii jednak nové derivaty pripravené obménou struktury pouzivanych
antituberkulotik, dale pak slouceniny ze zcela novych chemickych skupin, ale také 1éCiva

registrovana v jinych indikacich.

Tabulka 5: Pi‘ehled latek v preklinickych a Klinickych studiich, aktualizovano v kvétnu 2016.

Preklinické Klinické studie
studie Faze I Faze 11 Faze 111

e TBI-166 e Q203 e Sutezolid Kombinace:

(Klofazimin) e SQ109 e Bedachilin + optimalizovany
e CPZEN-45 e Vysoké davky zakladni rezim pro MDR-TB
e SQ609 rifampinu ¢ Delamanid + optimalizovany
e 1599 e Levofloxacin zakladni rezim pro MDR-TB
e PBTZ 169 Kombinace ¢ Rifapentin + moxifloxacin
e BTZ043 e Bedachilin, e Pretomanid + moxifloxacin + PZA

pretomanid, PZA

Pievzato a upraveno z Working Group on New TB Drugs, Drug Pipeline. 2016

Benzothiazinony - BTZ043 a PBTZ 169

Novou skupinu latek se slibnou antimykobakterialni aktivitou ptedstavuji benzothiazinony.
Vlastni mechanismus G¢inku téchto latek je zaloZzen na inhibici dekaprenylfosforyl-B-D-riboza-
2'-epimerasy, ktera je potiebna pro syntézu dekaprenylfosfoarabindzy, tj klicového prekurzoru
arabinanu (jedna z hlavnich slozek mykobakteridlni bunééné stény)'®'% Viadéi strukturou
benzothiazinonu se stala latka BTZ043 se slibnou aktivitou i vic¢i rezistentnim kmentim
Mycobacterium tuberculosis'® 1%, \V kombinaci s INH, rifampinem, ethambutolem, bedachilinem,
pretomanidem, moxifloxacinem, meropenem (bez klavulanatu) a SQ-109 nebylo pozorovano
antagonistické plisobent, a v pfipadé kombinace s bedachilinem byl pozorovan synergicky efekt'%.,
PBTZ 169 je zastupcem novéjsi generace benzothiazont, které se vyznacuji lepsi rozpustnosti,
rychlejsi absorpci a lepsi Gi¢innosti nez BTZ043 in vitro i in vivo na my$im modelu tuberkulozy®®.

Aktualné se obé latky nachazi v preklinickych studiich.
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)\ Kji

BTZ043 PBTZ169

Kaprazamyciny - CPZEN-45

Kaprazamyciny patii mezi nové nukleosidova antibiotika izolovana ze Streptomyces sp'®®
G¢innd na Gram-pozitivni bakterie a mykobakterie’”. Kaprazamyciny inhibuji translokasu |
(MraY), ktera je zapojena do syntézy peptidoglykanu, tj. esencialni slozky bakterialni bunécné
stény™”’

Pfi studiu vztahi mezi strukturou a Géinkem (SAR) byla urena zakladni ¢ast molekuly —
kaprazen — nezbytnd pro zachovani antimykobakterialni aktivity’®®. Néslednou modifikaci
kaprazenu byla pfipravena série semi-syntetickych derivati, z nichz se jako nejslibnéjsi derivat jevi
CPZEN-45'8, Ve srovnani s kaprazamyciny ma CPZEN-45 uzsi spektrum uéinku, coZ je dano
pfedev§im  jinym mechanismem G¢inku. CPZEN-45 inhibuje  N-acetylglukosamin-
1-fosfotransferasu, ktera je nezbytna pro iniciaci syntézy mykobakterialni bunééné stény™®’

CPZEN-45 se aktualné nachazi v preklinické fazi testovani. In vitro byla pozorovana aktivita
i na nereplikujici se mykobakterie, in vivo i na XDR kmeny Mycobacterium tuberculosis'®
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CPZEN-45 1599

Analoga spektinomycinu - 1599

Spektinomycin patii mezi antibiotika diive pouzivana v terapii gonorey, jehoz mechanismus
tginku je zalozen na inhibici translace, ¢imz inhibuje syntézu proteina™. Jeho antimykobakterialni
aktivita je nicméné zanedbatelnd. Semi-synteticka analogy spektinomycinu vykazaly slibnou
aktivitu i vi¢i MDR a XDR kmentim Mycobacterium tuberculosis a nebyla u nich pozorovana

11 Mechanismus

zkfizena rezistence s bézné uzivanymi antituberkulotiky prvni a druhé linie!
ucinku, stejné jako u spektinomycin, spo¢iva v inhibici translace u bakterii (neinhibuji translaci

v savCich bunkach). Vud¢i strukturou je latka oznacovan 1599, kterd kromé aktivity vaci
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rezistentnim kmentm vykazala in vivo aktivitu vii¢i latentnim formam tuberkulézy, tj. steriliza¢ni

aktivitu'*,

Riminofenaziny - TBI1-166

Zakladni latku skupiny riminofenazinii pfedstavuje klofazimin (ptivodné pfipraveny
jako barvivo), slibné 1égivo zkracujici celkovou dobu terapie u MDR forem tuberkulozy*?
Nicméné jeho podavanim dochazi k akumulaci v organech a tukové tkani, a nasledné zméné barvy
pokozky. Tento nezadouci ucinek se podatilo odstranit pfipravou méné lipofilnich derivatt, z nichz
TBI-166 prokazal vyssi invitro aktivitu nez klofazimin vici replikujicim se mykobakteriim
i rezistentnim kmenim®® ¢, Aktualné se TBI-166 nachazi v preklinické fazi testovani, piesny

mechanismus uc¢inku neni znam.

Cl OCF;  OCH;

R

Seeusaisbouy

OCH;
klofazimin TBI-166

Dipiperidiny - SQ609
Mezi dalsi slibné slouceniny v preklinické fazi testovani patii dipiperidinovy derivat SQ609,
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ktery byl vybran na zakladé in vitro a in vivo testovani . Mechanismus u¢inku dipiperidinovych

derivati nebyl piesné objasnén, pravdépodobné interferuji se syntézou mykobakterialni bunééné

N @/
O
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Cl
o () A

N \N
SQ609 Q203

stény'®

OCF;

Imidazopyridiny - Q203

Vedouci slouceninou této skupiny latek je Q203, ktera byla pripraven optimalizaci struktury
imidazo[1,2-a]pyridin-3-karboxamidu. Jak bylo zjisténo, amidova c¢ast molekuly je dilezita
pro zachovani aktivity vii¢i Mycobacterium tuberculosis H37Rv a zlepSeni biologické dostupnosti

latky'*". Mechanismus uéinku spoéiva v zasahu do dychaciho fetézce, konkrétné ve vazbé
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na b podjednotku komplexu cytochromu bc;. Inhibici tohoto komplexu dochazi k nasledné inhibici
syntézy ATP,

Dle vysledka studii Q203 inhibuje rast MDR i XDR kmentt Mycobacterium tuberculosis
(klinické izolaty) a to v nanomolarnich koncentracich'®, Na mysim modelu tuberkulézy byla

118

pozorovana ucinnost V davkach nizSich nez 1 mg/kg™—®. Q203 se aktualné¢ nachazi v I fazi

klinického testovani a stala se predlohou slouéeninou pro optimalizaci strukury™'’,

Oxazolidinony - sutezolid

Sutezolid (PNU-100480) patii stejné jako linezolid mezi oxazolidinony. Mechanismus
ucinku oxazolidinonii je zalozen na inhibici Syntézy proteini vazbou na 23S rRNA v 50S
podjednotce ribozomu™. Sutezolid a linezolid vykazali in vitro pouze bakteriostaticky ucinek
na replikujici se mykobakterie, nicméné v pfipadé nereplikujicich se mykobakterii uGc¢inek
baktericidni. Ve srovnani s linezolidem byla pozorovana vyrazné vyssi aktivita sutezolidu in vivo

119 Vys3i aktivita ve srovnani s linezolidem byla pozorovana

na my$im modelu latentni tuberkulozy
i v piipadé rezistentnich kmenti Mycobacterium tuberculosis'®. Po perordlnim podani je sutezolid
rychle oxidovan na aktivni metabolit (PNU-101603), jehoz aktivita je vyrazné nizsi ve srovnani
s parentni latkou®’. Sutezolid byl velmi dobfe tolerovan jak ve fazi I klinického hodnoceni

na zdravych dobrovolnicich*?, tak ve fazi Il na pacientech s tuberkul6zou?.

O O
@g}&ing/ @g}@ug{

linezolid sutezolid

Ethylendiaminy - SQ109

Ethylendiaminy patfi mezi strukturni analoga ethambutolu®® a SQ109 byl vybran jako
neslibngjsi latka ze série 69 derivati'?®. Na rozdil od ethambutolu jeho mechanismus u¢inku spo¢iva
V inhibici MmpL3, membranového transportéru pro TMM. Nésledkem toho dochazi k hromadéni

TMM (prekurzor TDM) v cytosolu, neprobiha syntéza TDM a nedochazi k vazbé mykolatt na AG

v bunééné sténé'®. V nedavné dobé bylo zjisténo, ze SQ109 a jeho analoga inhibuji téz syntézu

vitaminu K, transport elektronti, bunééné dychani a syntézu ATP, ovliviiuji pH gradient

a membranovy potencial potfebny pro membranovy transport’?’. Mnohé ztéchto cili byly

127

identifikovany i u dal$ich druht bakterii, hub a Plasmodium falciparum*‘. V in vitro studiich bylo

pozorovano synergické plisobeni mezi SQ109 s rifampinem, bedachilinem a sutezolidem®?® 2,
V casné fazi klinického hodnoceni (faze Ila) byl SQ109 dobie tolerovan pacienty s tuberkulozou,
nicméné nebyl pozorovan baktericidni efekt samostatné podavaného SQ109 ani synergicky efekt

v kombinaci s rifampicinem*®.
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ethambutol SQ109

Ve druhé fazi klinického testovani se aktualné nachazi i rifampicin, u kterého aktualné
probiha hodnoceni podavani ve vysokych davkach **L. V in vitro i in vivo studiich bylo potvrzeno,
ze podavani vyssich davek zvySuje baktericidni a steriliza¢ni aktivitu rifampicinu, a pfispiva
ke zkraceni délky terapie®®" *¥2. Dle dosavadnich vysledkii klinického hodnoceni lze usoudit,
ze podavani rifampicinu v davkach 35 mg/kg u pacientd s tuberkulézou citlivou na

133

antituberkulotika je bezpe¢né a podavana davka byla dobfe tolerovana pacienty™". Ve srovnani se

standardni davkou rifampicinu, tj. 10 mg/kg, byl pti davce 35 mg/kg pozorovan vyrazny pokles
podtu jednotek tvoricich kolonie na mililitr sputa®®,

Aktualng téz probiha druha faze klinického testovani v piipadé levofloxacinu (schvaleny
WHO pro kombinovanou terapie rezistentnich forem tuberkulozy®), ktera ma za cil uréit optimalni
davkovaci algoritmus k dosazeni maximalni G¢innosti a bezpe€nosti levofloxacinu (vysledky
nebyly doposud publikovany).

V soucasné dobé se ve fazi Il klinického hodnoceni nachazi predev§im kombinace nové
zavedenych 1éCiv se standardizovanymi rezimy pro 1é¢bu MDR forem tuberkulézy (bedachilin
nebo delamanid) nebo antituberkulotiky prvni a druhé linie (pretomanid + moxifloxacin + PZA)",

Jednu z moZnosti prevence rozvoje tuberkulozy predstavuje i vakcinace BCG vakcinou
(atenuovany kmen Mycobacterium bovis), ktera ov§em vykazuje nedostate¢nou ucinnost zejména
proti rozvoji plicnich forem tuberkulézy u dospélych a dospivajicich. Ve snaze o zefektivnéni
vakcinace byla pfipravena fada vakcin, z nichz 13 se aktudln€ nachézi v riznych fazich klinického
vivoje!™,

Mimo samotny vyvoj novych antituberkulotik a vakcin je dilezitd i prevence rozvoje
rezistentnich forem tuberkulézy a to pfedev§im presnym urcenim citlivosti kmene na
antituberkulotika, dodrzovanim standardnich terapeutickych rezimti a dislednym sledovanim

odezvy pacienta na terapii.
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3.4 Pyrazinamid

PZA, analog nikotinamidu, patii mezi antituberkulotika prvni volby a O
tvoii dulezitou soucast terapeutickych rezimi zejména z divodu sterilizacni N\ NH,
aktivity auc¢innosti v kyselém prostiedi’®*. Usmrcuje nereplikujici se [ =
mykobakterie, které prezivaji uvniti makrofaga®®® ¥ a v kombinaci s INH PZA

a rifampicinem prispiva ke zkraceni délky terapie na Sest mésici (u kmenti ~ pyrazinamid

citlivych na tyto antituberkulotika)* .

3.4.1 Mechanismus uc¢inku

Ackoliv byla antituberkuloticka aktivita PZA objevena jiz v roce 1952 a posléze byl PZA
zaveden do terapie tuberkuldzy, jeho piesny mechanismus uéinku nebyl az do nedavné doby
znamy™*® **°. Pivodni hypotéza piedpokladala nespecificky mechanismus Géinku, kdy PZA jakozto
prolé¢ivo podléha po vstupu do mykobakterialni bunky enzymatické konverzi na kyselinu
pyrazinkarboxylovou (POA), tj. vlastni Gi¢innou latku*. P¥iblizn& od roku 2000 se objevilo nékolik
teorii popisujicich mozny specificky uc¢inek PZA a POA. Jednotlivé teorie jsou popsany nize
V textu.

Schéma 1: Konverze PZA na POA.
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N
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Nespecificky mechanismus ucinku

PZA vstupuje pasivni difuzi do mykobakterialni buiiky, kde je pasobenim
nikotinamidasy/pyrazinamidasy (PncA) nasledn& konvertovan na POA (pKa = 2.9)'*. Pfevazné
efluxnim mechanismem a pasivni difuzi vystupuje POA vné builky do extracelularniho prostoru
a pokud je toto prostfedi kyselé¢ (naptiklad pH = 5.5), mala ¢ast POA pfijima proton a stava

se HPOA (nedisociovana forma)'*?

. Vtéto formé HPOA snadno pronikd pasivni difuzi do
intracelularniho prostoru. Pasivni difuze HPOA pievazuje nad nedostatecnym efluxnim
mechanismem, coz vede ke kumulaci POA uvnitf butiky. HPOA vnasi do cytoplasmy protony, coz
vede k jejimu okyseleni a inhibici enzymi zivotné dulezitych pro pteziti mykobakterie. Navic
zména pH gradientu negativné ovliviiuje membranovy transport, coz vede k inhibici syntézy

protein a RNA"1*? viz Obrazek 6.
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Aktivita PZA je silné€ zavisla na pH okolniho prostfedi a nartista s aciditou. Pokud je vSak
pH extracelularniho prostoru neutrdlni az alkalické, dochazi ke kumulaci POA vné buiky,
coz vysvétluje aktivitu PZA pouze v kyselém prostiedi a ne pfi neutralnim pH*®".

Nespecificky ucéinek PZA/POA je v ptipadé Mycobacterium tuberculosis zavisly
na nedostatecném efluxnim mechanismu pro POA. Perzistujici mykobakterie s nizkou
metabolickou aktivitou maji navic nedostatek energie pro eflux POA, ¢imz se zvySuje jejich
citlivost k PZA/POA™’. Navic nékteré latky snizujici energeticky metabolismus mykobakterie

AM . Tento efekt je specificky pro PZA a byl popsin napiiklad

zvySuji ucinek PZ
u N,N-dicyklohexylkarbodiimidu (DCCD), rotenonu, valinomycinu, dinitrofenolu, kyanidu
a azida™ % Zvyseni aktivity PZA in vitro bylo pozorovino i po snizeni energetického
metabolismu kultivaci v substratové chudém médiu, pfi niz§ich teplotaich (15 —25°C) ¢i

Vv anaerobnich podminkach 4414,

Obrazek 6: Konverze PZA na POA, nespecificky mechanismus u¢inku POA a inhibice trans-
translace.
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prostiedi (C); pfestup HPOA do mykobakterie, acidifikace cytoplasmy a porucha membranové
funkce (D); inhibice trans-translace vazbou POA na RpsA (E). Pfevzato z Miotto et al.**®.
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Specificky mechanismus ucinku
¢ Synthasa mastnych kyselin I

Synthasa mastnych kyselin I (Fatty Acid Synthase I, FAS 1) je komplex enzymt podilejicich
se na syntéze vysSich mastnych kyselin s dlouhym fetézcem (Cis — Coape) Z acetylkoenzymu A
(acetyl-CoA) a malonyl-CoA™’. Vy3ii mastné kyseliny jsou dale vyuzivany k syntéze zakladnich
slozek mykobakteridlni bunééné stény™,

Nejprve byla inhibice FAST navrZena jako mechanismus Géinku pro 5-chlorpyrazin-2-
karboxamid (5-CI-PZA)*®8. Zimhony et al.*® identifikovali gen fasl kédujici FAS I, ktery byl
zodpovédny za rozvoj rezistence k 5-CI-PZA u Mycobacterium avium, M. bovis BCG i M.
tuberculosis. V ptipadé kmene Mycobacterium tuberculosis byla inhibice FAS I posléze potvrzena
jako specificky cil jak pro PZA tak i POA®. Aviak studie na izolovaném enzymu nepotvrdila PZA
jako inhibitor FAS 1", Nicméné v roce 2007 Ngo et al.*’ potvrdil FAS T jako specificky cil
pro PZA a POA, a zaroven také popsal vztah mezi inhibici FAS I a koncentraci PZA a POA
(se vzrustajici koncentraci se zvySovala mira inhibice FAS 1, plati i pro 5-CI-PZA).

Autoti studii se dale zabyvali inhibi¢ni aktivitou riznych derivati PZA a POA. PredevS§im
se jednalo o analoga 5-CI-PZA a estery POA (POE, napt. n-propylester, nehalogenované POE,
5-chlor-POE, 5-fluor-POE)™" **°. Ze studovanych latek vykazaly nejsilngjsi inhibi¢ni aktivitu
(vyrazné pievySujici PZA a POA) halogenované estery POA (5-fluor-POE, nasledované 5-chlor-
POE) a nehalogenované POE',

Sayahi et al.™

publikoval v roce 2011 studii, ve které pomoci NMR potvrdil vazbu PZA
i POA na izolovanou FAST a ur¢il vazebné misto PZA. Pfesné vazebné misto pro POA nebylo
ur¢eno, nicméné na zakladé vysledki bylo stanoveno, ze PZA i POA inhibuji FAS I odliSnym
mechanismem. PZA soutézi s NADPH (kofaktor FAS 1) o vazebné misto, které se pravdépodobné
nachazi v katalytické doméné B-ketoacyl reduktasy a/nebo B-enoyl reduktasy (dvé ze sedmi
podjednotek FAS I)™'. Stejny mechanismus inhibice, tj. kompetice s NADPH o vazebné misto na

FAS I, bylo potvrzeno i pro 5-CI-PZA™,

¢ Ribosomalni protein S1

Vroce 2011 byl publikovan novy specificky cil pro POA a to ribosomalni protein S1
(RpsA)™3, ktery zprostiedkovava vazby mezi ribozomem a tmRNA. POA se vaZze na C-konec RpsA
(30S podjednotka)***, ¢imz dochézi k inhibici trans-translace nezbytné pro syntézu proteind.

Trans-translace hraje zasadni roli v kontrole kvality syntézy proteint, a je dulezita
pro zivotaschopnost buiiky a odpovéd na stres'®. Trans-translace se aktivuje pfi predtasném
ukonceni elongace proteinti, pomoci ribonukleoproteinového komplexu (tmRNP) uvoliluje mRNA
z ribozomu a podili se na degradaci vzniklého defektniho proteinu®®®. Komplex tmRNP je tvoien
transferovou-mediatorovou RNA (tmRNA), malym proteinem SmpB, elonga¢nim faktorem Tu

a ribozomalnim proteinem S1'*°. Poté co dojde k uvolnéni mRNA z ribozomu, tmRNA se vaze
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na jeji misto a stava se predlohou pro translaci. Pii nasledné translaci tmRNA vnasi do defektniho
proteinu zna¢ku (sekvence aminokyselin), ¢imz je vznikly protein uréen k degradaci®®.

Inhibici trans-translace u nereplikujicich se mykobakterii lze vysvétlit schopnost PZA
eradikovat i perzistujici mykobakterie, které maji nedostatek ribozomii a zachovani proteosyntézy
je zasadni pro jejich pieziti®. Trans-translace je dilleZita zejména pii stavech, které mohou vést
k Castéj$im chybam pfi proteosyntéze. Takto je mozné vysvétlit jak né€které stresové stavy (kyselé
pH, hypoxie, latky negativné ovlivitujici metabolismus a jiné 1éky) mohou potencovat aktivitu
PZ All; 141.

o Fosforibosyl transferasa Kkyseliny chinolinové

Jiz dtive byla vyslovena domnénka, ze by se PZA jakoZzto analog nikotinamidu mohl podilet
na biosyntéze NAD", coz by teoreticky mohlo vést k inhibici nékterych enzyma této metabolické
drahy nebo k syntéze nefunkénich analogi. Nicméné tato domnénka nebyla prokazana®’.
Mykobakterie jsou navic kromé biosyntézy NAD" z nikotinamidu (&i nikotinové kyseliny) schopné
syntetizovat NAD* de novo z aminokyselin™®®,

Fosforibosyl transferasa kyseliny chinolinové (QAPRTasa) predstavuje klicovy enzym
v de novo syntéze NAD**°. QAPRTasa katalyzuje syntézu mononukleotidu kyseliny nikotinové
(NAMN) z kyseliny chinolinové a 5-fosforibosyl-1-pyrofosfatu'®®, a jiz diive byla studovana jako

k160

mozny cil novych antituberkulotik™". V roce 2014 byla publikovana studie popisujici inhibici

katalytické aktivity izolované mykobakterialni QAPRTasy pomoci PZA (analog kyseliny

)161

chinolinové)™*". Mechanismus uéinku je pravdépodobné zaloZen na vazb&é PZA do vazebného mista

pro chinolinovou kyselinu. V pfipadé POA nebyla zaznamenana zadna inhibi¢ni aktivita'®®.

Na zaklade¢ vysledka této studie byl identifikovan dalsi specificky cil pro PZA - QAPRTasa.

0 0 o) o 0
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PZA kyselina kyselina kyselina
pyrazinamid pyrazinkarboxylova nikotinamid nikotinova chinolinova

o Aspartat dekarboxylasa

Aspartat dekarboxylasa (PanD) byla identifikovana jakozto mozny cil POA na zakladé¢ studia
kmenu rezistentnich na PZA bez mutace genii pncA i rpsA. U téchto kmenl byla pomoci
sekvencovani genomu objevena mutace panD'. PanD se podili na syntéze B-alaninu, ktery je
prekurzorem pro panthotenat a syntézu CoA™. Shi et al.®? v roce 2014 publikoval studii, ve které

popsal pri¢innou souvislost mezi mutaci genu panD a rezistenci na POA u kment bez mutace pncA
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a rpsA. Popsana byla téz inhibice mykobakterialni PanD pomoci POA (v terapeuticky relevantnich
koncentracich 25 — 200 pg/ml), nicméné tento enzym nebyl inhibovan ani PZA,
ani nikotinamidem?*°

pro POA.

. Na zaklad¢ téchto vysledkti byla PanD navrzena jako novy specificky cil

3.4.2 Mechanismus rezistence na PZA

Vroce 1996 byla prokazana spojitost mezi genem pncA kodujiciho enzym
nikotinamidasu/pyrazinamidasu a rezistenci Mycobacterium tuberculosis na PZA', Nasledné bylo
zjisténo, ze mutace genu PNCA predstavuje hlavni mechanismus rezistence na PZA (priblizné
u72—-97 % kmenti Mycobacterium tuberculosis)* %% ¥° Mimo konverze PZA na POA je
pro nespecificky mechanismus 0¢inku  ddlezity urCity pomér mezi efluxem POA
do extracelularniho prostoru a piestupem HPOA zpét do intracelularniho prostoru'®?. Jak bylo
zjisténo, Gcinnost efluxniho systému je variabilni, nicméné u kment Mycobacterium tuberculosis
citlivych na PZA se nachazi v uréitém rozmezi. Izolované kmeny Mycobacterium tuberculosis
s hodnotami efluxu POA niZz§imi neZ toto rozmezi byly rezistentni na PZA'. Na druhou stranu,
u kment piirozené rezistentnich na PZA (naptiklad Mycobacterium smegmatis) byly pozorovany
hodnoty efluxu az 900krat vyssi nez u Mycobacterium tuberculosis'®.

S objevem nového specifického cile pro POA (protein RpsA), byla posléze objevena i mutace
genu rpsA (Rv1630) kodujiciho tento protein. V dasledku mutace dochazi ke zméné vazebného
mista pro POA na C-konci proteinu a tim k zprostfedkované rezistenci na PZA™ 1%,

Déle byly izolovany kmeny rezistentni na PZA bez mutace genii pncA i rpsA™ 2. Pomoci
sekvencovani genomu byl jako cil mutace stanoven gen panD, které koéduje PanD.
Mezi identifikované mutace u PZA-resistentnich kmend patii také mutace genu hadC kodujici
B-hydroxyacyl-ACP dehydratasu zapojenou do elongace mykolovych kyselin* **’. Tato mutace
vede primarng ke ztraté virulence mykobakterii’®’, tudiz se nepfedpoklada, ze by méla piimou

spojitost s rozvojem PZA-rezistence®?.

3.4.3 Derivaty pyrazinamidu s antimykobakterialni aktivitou

Tato kapitola bude vénovéna derivatim pfipravenym chemickou obménou molekuly PZA ¢i
POA, u kterych byla hodnocena antimykobakterialni aktivita a byly publikovany od roku 2011.
Piedchozi obdobi, tj. latky publikované do roku 2010 véetné, ve své disertaéni praci detailné popsal
doktor Zitko'®. Pomineme-li derivaty pfipravené pracovni skupinou prof. Dolezala na Katedie

farmaceutické chemie a kontroly 1é¢iv (bude diskutovano v jiné ¢asti této disertacni prace, kapitoly
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5.1 a5.2), bylo od roku 2011 publikovano jen malé mnoZzstvi slou¢enin, které ve srovnani s PZA

vykazuji vyssi antimykobakterialni aktivitu.

Jednoduché substituce pyrazinového jadra

Béhem poslednich 5 let byly publikovany jednoduché derivaty PZA vzniklé zavedenim
halogenu/halogend na pyrazinové jadro. Zavedeni fluoru do polohy 3 (1) nevedlo k vyraznému
zvySeni  invitro  antimykobakterialni  aktivity = vi¢i  Mycobacterium  tuberculosis
(MIC = 12,5 ug/ml)**® v porovnani s PZA (bézné udivané hodnoty MIC = 12,5 — 25 pg/ml)*"°.
Dale byla ptipravena série 6-halogen derivati odvozenych od 3,5-dichlorpyrazin-2-karboxamidi
(2), z nichZ nevyssi aktivitu i vi¢i MDR kmenu Mycobacterium tuberculosis vykazaly derivaty

substituované v poloze 6 jodem'"".

O O O
N N
Oy O
= = =
N N F Cl N Cl
PZA 1 2

X=F,Cl,Br, I

Substituce karboxamidové funkce

Vroce 2012 byla publikovana série 17 anilidd kyseliny pyrazinkarboxylové
monosubstituovanych na fenylovém jadre (3), nicméné pouze 9 sloucenin nemélo diive popsanou
in vitro antimykobakterialni aktivitu'®>. Zadny z téchto derivati nevykazal antimykobakterialni
aktivitu (MIC > 100 pg/ml). V témze roce byla publikovana i série na pyridinovém jadie
substituovanych ~ N-pyridin-2-yl-pyrazin-2-karboxamidtt  (4). Pouze  N-(4-chlorpyridin-
2-yl)pyrazin-2-karboxamid vykazal aktivitu srovnatelnou s PZA (MIC = 6.25 pg/ml)*™.

R‘]
R3 R2
0 O N7 |
1_ Lo
N N R? R2 H, OCH; NO,, CHs N, B R2 H, CH,
| H R*=H, OCH; NO, CH; | H R? =M, Cl, CH; NO,
~ R1 . ’ - R3 .
N R*}=H, Br, NO, N R*=H, OH, CH,
3 4

23 slou¢enin obecné struktury (5) bylo pfipraveno reakci hydrazidu POA se substituovanymi
benzaldehydy a naslednou kondenzaci vzniklého hydrazonu s kyselinou thioglykolovou'™,
Hodnoty MIC vucéi nereplikujicim se kmentim Mycobacterium tuberculosis H37Ra a M. bovis BCG
se pohybovaly v rozmezi od 25 — 30 pg/ml pro M. tuberculosis a 8 — 30 ug/ml, pro M. bovis. Na
zaklade dockingovych studii autofi pfedpokladaji, Ze by moznym cilem téchto derivati mohl byt

podobné jako v ptipadé benzothiazinona'™ enzym dekaprenylfosforyl-B-D-riboza-2'-epimerasa.
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N N R!=H, CH,4

~ N’ 2 }

/[ H R?=H, NH,
e 1 /

) R* = Cl, NO, OH, OCH; NH,
N

Hybridni molekuly

Jednou z moznych modifikaci struktury je pfiprava hybridnich molekul (oznacovanych téz
jako zdvojené molekuly, Vv anglické literatufe pak jako codrugs nebo mutual prodrugs),
které vznikaji spojenim dvou farmakologicky wginnych latek, ¢asto se synergickych efektem®”
U téchto latek se predpoklada zvySeni biodostupnosti a stability, zesileni terapeutického efektu
&i snizeni nezddoucich uginka 117

Modifikaci karboxamidové skupiny 3,5-dichlor-6-jodpyrazin-2-karboxamidu byly
piipraveny derivaty s vynikajici antimykobakterialni aktivitou i vi¢i MDR kmenu Mycobaterium
tuberculosis'™. Nejslibngjsi aktivitu vykéazal derivat (6), ve kterém je na PZA fragment
methylenovym mustkem vazdna molekula strukturné blizka gatifloxacinu. Vyssi aktivita ve
srovnani s PZA muzZe byt tedy vysvétlena §té€penim amidové vazby a uvolnénim dvou aktivnich

molekul.

Mycobacterium tuberculosis:
o e MIC=0,3 pg/ml

Cl Cl N N
MDR kmen:
NS
MIC = 0.1 pg/ml

F

Reakei methylesteru kyseliny pyrazinkarboxylové s diaminy byla pfipravena série derivata
obsahujicich dva pyrazinamidové fragmenty propojené ruzné dlouhym alkylenovym fetézcem (7)
piipadné cyklohexanem (8)'"2. Aktivitu téchto derivatil se nicméné nepodafilo stanovit z diivodu

Spatné rozpustnosti latek v testovacim médiu.

E]\W T(E] Uw

7 n=2,3,4,6,8,10
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POA je in vivo neucinna a to kvili nevyhodnym farmakokinetickym vlastnostem, které byly
alespoii z Gasti odstranény ptipravou lipofilngj$ich esteri s kratkym alkylovym fetézcem®’® 179,
Nicmén¢ hlavnim problémem ester( ziistava nedostatecna stabilita v plazmé. Proto byly ptipraveny
estery odvozené od terciarnich alkohold, u nichz dochazi k sterickému chrani esterové vazby
a zpomaleni hydrolyzy™®. Zvyseni stability v plasmé bylo pozorovano i u esterti s dlouhym

alkylovym fetézcem (napiiklad u dodecylpyrazinoatu)™®.

Pripravou derivati s lepSimi
farmakokinetickymi vlastnostmi se zabyvali i Segretti et al.'®2, nicméné zdvojeni molekuly POA,
kdy jednotlivé fragmenty jsou vzajemné propojeny ethylenovym (9) a propylenovym (10) mastkem
nevedlo k dalsimu zvySeni aktivity oproti jednoduchym esterim POA s kratkym alkylovym
fetézcem. Dle autorll by k dalsimu zvySeni aktivity mohlo dojit prodlouzenim spojovaciho

alkylenového fetézce.

o /Nj o o
oo ot
P - ~
N N N
9 10

Kratky et al.®**® publikovali sérii derivati vzniklych spojenim antimykobakterialng
ucinnych salicylanilidt a POA (11). In vitro aktivita téchto latek vi¢i Mycobacterium tuberculosis
se pohybovala v rozmezi MIC 0,5 — 8 umol/l a 1 — 32 umol/l via¢i M. avium a M. kansasii.
Nejucinnéjsi derivaty navic vykazovaly slibnou aktivitu i viiéi MDR kmentim M. tuberculosis (MIC
0,125 — 2 umol/1). Nartst antimykobakterialni aktivity autofi pfisuzuji aditivnimu ¢i synergickému
efektu POA a salicylanilidu uvolnénych po hydrolyze esterové vazby™®®. U téchto derivati byla
navic pozorovana aktivita vii¢i Gram-pozitivnim bakteriim véetné MRSA v tadu jednotek ¢i desetin

1185

umol/1'® a &4ste¢na inhibice izolované isocitrat lyasy™®?, tj. enzymu nezbytného pro metabolismus

mastnych kyselin a faktorti virulence'®®,

FES
§ X
S N R2 R'=H, Cl

i
R I H R2 =1, Cl, Br, F, CF,
0 \ R H, Cl, B, F, CF,
o%\[ 2
)
o
N
1

Mimo kombinace sloucenin se zndmou antimykobakteridlni aktivitou byly pfipraveny

derivaty (12, 13) kombinujici antivirotikum lamivudin a POA’’. Nicméné u téchto derivati nebyl
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pozorovan vyrazny narust aktivity vic¢i Mycobacterium tuberculosis (MIC = 5 pg/ml) a autofi
publikace se dale nezabyvali stabilitou téchto latek. Na zaklad¢ velikosti finalni molekuly je velice
nepravdépodobné, Ze by dochazelo ke §tépeni amidové vazby ptisobenim mykobakterialni PncA.
Kavita, do které se vaze PZA & substrat, je pomérné mala (velikost 10 A x 7 A). Stépeny substrat
musi byt spravné orientovan do katalytického mista, které se nachazi na dné kavity a je tvofeno
zbytky tfech aminokyselin — lysin 96 (Lys96), kyselina asparagova 8 (Asp8) a cystein 138
(Cys138)*®, Amidova vazba bude navic stabilizovand konjugaci volného elektronového péaru
amidového dusiku s aromatickym jadrem. Z tohoto pohledu se zda byt kombinace lamivudinu
a PZA nevyhodna.

%}QJQH
0o FONTTo 0
N PN N N_ N__O
A | H
=
N N
12

O N @)

Obmeény karboxamidové funkce
1,3,4-Oxadiazoly a 1,2,4-oxadiazoly bavaji s vyhodou vyuzivany jako bioisostery amidové

189

a esterové skupiny™., V roce 2015 publikovali Das et al.'*® derivaty, ve kterych byla amidova

skupina PZA soucasti heterocyklu a to 1,3,4-oxadiazolu (14, 15), 1,3,4-oxadiazolo[2,3-b]-1,3,5-
derivat 14 (MIC = 6,25 pg/ml).

SH HN-NH_ N N.

°N N

v{ o% W{J v{&

N >~ ,N N ~ ,N N =~ ,N N >~ ,N'
[ [ [ [
N N N N

14 15 16 17

Jiné derivaty PZA a POA

V minulych letech byl popsan narast biologické aktivity (napf. antimalarické®
a antibakterialni*®?) u sloudenin p¥ipravenych zavedenim ferrocenu do molekuly 1é¢iva. Nicméné
Vv pfipad¢ derivatli odvozenych od ethambutolu nebylo pozorovano zvySeni antimykobakterialni
aktivity*®, Esterifikaci POA ferrocenylmethanolem byl piipraveny ferrocenylmethylpyrazinoat

(18), jehoz aktivita byla prakticky srovnatelna s PZA™,

46



@]
(o
N " -

a|.195

Verbitskiy et pfipravili s vyuZitim Petasisovy reakce sérii  l-alkyl-

1,6-dihydropyrazinovych  derivata  substituovanych v poloze 5 a 6 aromatickym

nebo heteroaromatickym jadrem (19). Nékteré z téchto derivatd vykazaly slibnou aktivitu vici

Mycobacterium tuberculosis H37Rv, M. avium, M. terrae i MDR a XDR kmenim

(MIC =0,3-3,1 ug/ml, R i S isomery), dalsi latky ze série mély aktivitu srovnatelnou s PZA.

V nasledujici sérii bylo heteroaromatické jadro v poloze 6 nahrazeno styrylovou skupinou, coz

196

vedlo ke snizeni antimykobakterialni aktivity Pii syntéze 5-substituovanych 1-alkyl-

1,6-dihydropyrazin-2,3-dikarbonitrild  byly jako vedlej$i produkt izolovany odpovidajici

Pouze derivat a to 1-ethyl-5-fenyl-
(20) vykazal

mykobakterialnim kmenim (MIC = 0,7 — 1,5 pg/ml, testovano jako racemat) a slibnou in vivo

1,4,5,6-tetrahydropyrazin-2,3-dikarbonitrily. jeden

1,4,5,6-tetrahydropyrazin-2,3-dikarbonitril aktivitu vaéi vSem testovanym

toxicitu (mysi model, LDso = 600 mg/kg)*®®. Otazkou vsak ziistdva vlastni mechanismus uéinku

téchto latek.

NC._N._R' R! R? H
I I fenyl thiofen-2-yl NC. N
NG N7 "Rr2 thiofen-2-yl  thiofen-3-yl I
) thiofen-3-yl  benzo[b]thiofen-2-yl NC™ 'N
benzo[b]thiofen-3-yl )

19 furan-2-yl 20

3.4.4 Ribosomalni protein S1 - krystalograficka struktura a
mozné obmény pyrazinového jadra

V lednu 2015 byla publikovana krystalograficka struktura RpsA a popsano vazebné misto
pro POA™. Na zakladé strukturni analyzy bylo uréeno, ze se POA véaze na C-konec tohoto proteinu
a to tvorbou vodikovych mistkii a pomoci hydrofobnich interakci, které vznikaji predev$im
mezi zbytky aminokyselin — fenylalaninu 307 a 310 (Phe307 a Phe310) a argininu (Arg357)*% 1%,
Tyto aminokyseliny jsou nezbytné pro vazbu tmRNA na ribozom. POA je vazana do C-konce
dvéma moznymi zpisoby. V prvnim piipadé¢ (POAI) vytvaii pyrazinové jadro m-m interakce
s Phe307 a karboxylat tvoii vodikové mustky s guanidinovym zbytkem Arg357. V druhém piipadé
(POAII) vytvaii pyrazinové jadro m-m interakce s Phe310 a karboxylat vodikové mustky opét s
guanidinovym zbytkem Arg357, viz Obrazek 7. V piipadé POAIl navic dochazi k tvorbé
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vodikového mustku mezi N4 a Lys303, a dale k hydrofobnim interakcim mezi C5 a C6
pyrazinového jadra a glutamovou kyselinou 318 (Glu318). Vazbou POA dochazi k vyznamnym
konformacnim zménam RpsA. Na rozdil od POA se PZA nevaze na RpsA, coz se s nejvetsi
pravdépodobnosti dano chybé&jicim vodikovym miistkem mezi Arg357 a PZA (amidicky atom
dusiku nevytvaii vodikovy mistek s guanidinovym zbytkem Arg357)™.

C5 a C6 pyrazinového jadra nehraji zasadni roli na vazbé POA do RpsA a z tohoto diivodu
by se mohly stat mistem dal§ich modifikaci struktury POA. Jako vyhodna se zda byt substituce
alkylovym fetézcem, kterda by v dasledku zvysSeni lipofility usnadnila penetraci POA

mykobakterialni bunénou sténou, coz by bylo obzvlasté vyhodné u kment rezistentnich na PZA

z divodti mutace pncA.

Obrazek 7: Interakce mezi vazebnym mistem RpsA a POAI/POAIL.

yhe307 \\

B4

Vodikové vazby mezi karboxylatem POA a guanidinovym zbytkem Arg357 jsou znizornény

teckované, elektronova hustota je zndzornéna jako modré sit’ obalujici POA. Pfevzato z Yang et
al.™,
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4 METODICKA CAST

4.1 Pristroje, chemikalie a pouzité analytické metody

Vychozi latky byly zakoupeny od spolecnosti Sigma Aldrich (Schnelldorf, Némecko).
Prubéh reakce byl monitorovan pomoci tenkovrstvé chromatografie (TLC) s vyuzitim desek Silica
gel Fzs4, Merck (Darmstadt, Némecko). Jako vyvijeci soustava byla pouzita smés hexanu s ethyl-
acetatem v riznych pomerech. Detekce byla provadéna pod UV lampou s vinovou délkou zafeni
254 nm.

Cast latek byla syntetizovana s vyuzitim mikrovinného reaktoru CEM Discover s
autosamplerem Explorer 24 (CEM Corporation, Matthews, North Carolina, USA). Pro nastaveni
podminek, kontrolu pribéhu reakci a zaznam procesu byl pouzit software CEM’s Synergy™.

Finalni produkty byly separovany gradientovou eluci (hexan — ethyl-acetat) pomoci
preparativniho chromatografu CombiFlash® Ry (Teledyne Isco, Inc. Lincoln, Nebraska, USA)
s pouzitim kolon plnénych silikagelem o velikosti ¢astic 0,040 — 0,063 mm (Merck, Darmstadt,
Némecko). Pii separaci byla pouzivana UV detekce, nastaveny byly dvé vinové délky a to 260 nm
jako detekéni a 280 nm jako monitorovaci vinova délka. V ptipade potieby byly latky precistény
krystalizaci z ethanolu s pridavkem aktivniho uhli. Teplota tani ¢istého produktu byla stanovena v
otevirené kapilafe na piistroji Stuart Scientific, SMP30 (Bibby Sterling Limited, Staffordshire, UK),
vysledné hodnoty jsou nekorigované.

Infradervena spektra pripravenych slou¢enin byla méfena v KBr tableté nebo ziskana
metodou zeslabené totalni reflektance (ATR) na Ge krystalu na pfistroji Nicolet Impact 6700 FT-
IR (Nicolet, Madison, WI, USA) na Katedfe anorganické a organické chemie (pani Iva Vencovsk3).

'H-NMR a 3C-NMR spektra byla zméfena také na Katedfe anorganické a organické chemie
(doc. PharmDr. Jifi Kune§, CSc.) a to pomoci spektrometru Varian Mercury VX-BB 300 a Varian
VNMR S500 (Varian Corp., Palo Alto, California, USA). Spektra byla zméiena v deuterovaném
chloroformu, dimethylsulfoxidu (DMSO) nebo acetonu pti laboratorni teploté a frekvenci 300 MHz
pro *H a 75 MHz pro **C, respektive 500 MHz pro *H a 125 MHz pro **C. Chemické posuny byly
zaznamenany jako hodnoty & v jednotkach ppm a jsou nepiimo vztazeny k tetramethylsilanu.

Elementarni analyzy byly provedeny pomoci analyzitoru CE Instruments EA-1110 CHN
(CE Instruments, Wigan, UK) a Micro Cube Elemental Analyzer (Elementar Analysensysteme
GmbH, Hanau, Némecko) na Katedie farmaceutické chemie a kontroly 1éCiv (pani Vénceslava
Hronova).

Hmotnostni spektra ¢asti findlnich produktt byla zméfena na Katedie farmaceutické chemie
a kontroly 1éCiv (doc. PharmDr. Radim Kucera, Ph.D.) v roztoku obsahujicim methanol, vodu a
mravenci kyselinu v poméru 80:20:0.02 v/v za pouziti LCQ Advantage Max ion-trap hmotnostniho

spektrometru (Thermo Finnigan, San Jose, California, USA) pfi pozitivni ionizaci elektrosprejem.
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Retenéni faktor k byl zméfen pomoci kapalinového chromatografu Agilent Technologies
1200 SL s detektorem diodového pole SL G1315C (Agilent Technologies Inc., Colorado Springs,
Colorado, USA) na Katedie biofyziky a fyzikalni chemie (Ing. Vladimir Kubicek, CSc.) a vyuzit
pro piepocet na log k (parametr lipofility). Separa¢ni proces byl kontrolovan pomoci Agilent
ChemStation, verze B.04.02 rozsifenym o spektralni modul (Agilent Technologies Inc.). Log P a
Clog P slouc¢enin byly vypoéteny pomoci programu CS ChemBioOffice Ultra, verze 12.0 a 14.0
(CambridgeSoft, Cambridge, Massachusetts, USA).

4.2 Pouzité syntetické postupy

Po chemické strance prace navazuje na kvalifikaéni prace diive obhajené na Katedie

200-207

farmaceutické chemie a kontroly 1é¢iv®® % 1% Pp¥i syntéze meziproduktt a finalnich

205208 y1yedenych v této disertaéni praci byly pouzity metody difve popsané v literatuie.

slou¢enin
Konkrétni reakéni podminky stejné jako vytézky reakci jsou uvedeny v jednotlivych piilohach a
zminény v komentatich dosazenych vysledkd.

Syntéza ¢asti slouc¢enin byla urychlena pouzitim mikrovinného reaktoru, blizsi popis véetné

reak¢nich podminek bude uveden v kapitole 5.2.2.

N-oxidace
Pyrazinové jadro mnohem Iépe podléha nukleofilnim substitucim spiSe nez elektrofilnim
substitucim, obzvlasté je-1i aktivovano prevedenim na N-oxidy. Smés N-oxidi POA byla pfipravena

reakci PZA s ledovou kyselinou octovou a 30% peroxidem vodiku ve vodg®®® 20

a naslednou
hydrolyzou karboxamidu. Celkova doba zahiivani (8 hod), teplota (70—80 °C) a molarni
koncentrace peroxidu vodiku ovliviiuji pomér jednotlivych N-oxid ve smési.

Nicméné z divodu nizkych vytézki byl tento postup nahrazen pfimou oxidaci POA
pusobenim peroxidu vodiku s pouzitim wolframanu sodného (katalyzator). Po okyseleni (H2SOs4,
pH = 2) byla reakce zahtivana po dobu 2 hod na 80 °C a poté michana pii laboratorni teploté po

dobu 12 hod. Pii této reakci preferenéné vznikal 4-oxid POA (vytézek reakce 75 %)%
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Schéma 2: Piiprava 1-oxidu, 4-oxidu a 1,4-dioxidu PZA.

N.__CONH, 30% H,0, N._CONH, CONH, N.__CONH,
[ \j’ 99,8% CH,COOH [ j/ [ ]/ [ \j/
N7 70 - 80 °C, 8 hod |$|/ ﬁj/
o] ol
N.__COOH
]
N
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Alkylace a chlorace pyrazinového jadra

Halogenderivaty pyrazinu lze pfipravit pfimou halogenaci (nukleofilni substituci)
odpovidajicich N-oxidd, pfi¢emz vysledna poloha halogenace na jadfe substituovanych 4-oxida
zavisi na charakteru substituentu®’. V piipadé substituentti s -M efektem (-COOH, -CONH, -CN)
probiha piednostné halogenace do polohy 6, kdezto u substituenti s +M (-F, -Cl, -NHz, -OH) do
polohy 32%”. 6-Chlorpyrazin-2-karboxylova kyselina byla ptipravena piimou chloraci 4-oxidu POA

za soucasné deoxidace pisobenim chloridu fosforylu.

Schéma 3: Pravdépodobny mechanismus chlorace 4-oxidu POA.

N -COOH _POCI; COOH N COOH _N._COOH
Gy P R e (Y
+ . + - >
N PO,Cl, NTC
OPOC, (opomz
J-POZCb' “HC
COOH cl__N._ _COOH
C' T HC /|
(<“‘ ) N

Piednostné dochazi k chloraci v poloze 6, pievzato z Paleklgg.

Alkylovou skupinu na pyrazinové jadro lze zavést radikdlovou alkylaci (homolyticka

alkylace) s pouzitim odpovidajici alkanové kyseliny, ze které vznikaji v ptitomnosti dusi¢nanu

stifbrného a peroxodisiranu amonného alkylradikaly (Minisciho reakce)?®.

Vychozi latky, tj. kyselina 5-terc-butyl-6-chlorpyrazin-2-karboxylova a 5-terc-butylpyrazin-
2-karboxylova byly pfipraveny homolytickou alkylaci kyseliny 6-chlorpyrazin-2-karboxylové

205

respektive POA kyselinou pivalovou~™, viz Schéma 4.
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Schéma 4: Alkylace odpovidajici POA kyselinou pivalovou v prostiredi dusi¢nanu stfibrného
a peroxodisiranu amonného.

AgNQO; COOH

COOH
NH,) SO
\E ]/ COOH {NH4)2S,05 ]/
X=-H,-Cl

Priprava funkénich derivata POA — acylchloridy a amidy

Acylchloridy jednotlivych POA byly ptipraveny reakci s chloridem thionylu (SOCI,) #°. Po
odstranéni piebytku SOCI, byl surovy chlorid POA pouzit do dalsi reakce s odpovidajicimi aminy

205

za vzniku pfislusnych  amida (N-fenylparazin-2-karboxamidy a N-benzylpyrazin-

2-karboxadmidy).

Schéma 5: Syntéza chloridu kyseliny pyrazin-2-karboxylové reakcei s chloridem thionylu.

SV S o
N N N .S
(e ey Cﬁcﬁ o Ef*c'

Pievzato a upraveno z Clayden et al.?°.

V piipadé syntézy chloridu kyseliny 5-chlorpyrazin-2-karboxylové byla jako vychozi latka
pouzita  Kkyselina  5-hydroxypyrazin-2-karboxylova.  Reakci s SOCIl,  katalyzované
N,N-dimethylformamidem (DMF) dochazi kromé vzniku chloridu kyseliny také k zdméné
hydroxylu chlorem®* 2 Nejdiive dochazi k reakci DMF sSOCIl, za vzniku reaktivniho
intermediatu, ktery ndsledné reaguje s karboxylovou skupinou. Pii reakci se uvoliuje oxid sifiity

a chlorovodik, DMF regeneruje.

Schéma 6: Obecné schéma syntézy acylchloridu za katalyzy DMF.
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Substituéni reakce chlorderivati pyrazinu — aminodehalogenacni reakce
Aminodehalogenaéni  reakce na  pyrazinovém jadfe (usnadnéna  pritomnosti
elektronegativnich funkénich skupin, napf. -CONH,, -COOH, -CN, -NOg)le; 212 patii mezi
chemické reakce hojné vyuzivané kolektivem prof. Dolezala®® 24, V priibéhu vlastni reakce
dochazi k uvolnéni HCI, ktery je vhodné eliminovat nadbytkem aminu nebo piidavkem baze
naptiklad triethylaminu (TEA) do reakce. V této praci jsou uvedeny derivaty vzniklé nahradou

chloru za aminoskupinu primarnich alifatickych amind, fenylalkylamint a cykloalkylamint.

4.3 Docking

Dockingové studie byly provedeny ve spolupraci s Katedrou farmaceutické chemie,
Farmaceutické fakulty Univerzity Komenského v Bratislavé s pouzitim modelovaciho softwaru
od spole¢nosti Schrodinger (Schrédinger, Inc., Portland, Oregon, USA), respektive AutoDock
Tools 1.5.6. a AutoDock Vina (Molecular Graphics Laboratory, The Scripps Research Institute, La
Jolla, California, USA), a vyslednou vizualizaci v programu Maestro verze 9.3.5 a 9.8
(Schrodinger, Inc., Portland, Oregon, USA). Krystalografické struktury cilovych enzymd PncA
(PDB: 3PL1) a InhA (PDB: 2X23) byly ziskany z databaze PDB (Protein data bank; RCSB PDB,
Rutgers The State University of New Jersey, Piscataway, New Jersey, USA). Vybrané aktivni
slouCeniny byly studovany jako mozny substrat pro PncA (5- a 6-alkylaminopyrazin-
2-karboxamidy a 6-alkylamino-N-fenylpyrazin-2-karboxamidy). V dalsi fazi nasledovala studie
zabyvajici se inhibici InhA, kdy na zakladé strukturni podobnosti se znamymi inhibitory InhA
odvozenymi od triklosanu byla vybrana série alkylamino derivata N-benzylpyrazin-2 karboxamidu.
Ptesny popis postuptl a jednotlivych programil pouzitych pii modelovani je uveden v ptilohdch P4

— P6, vysledky dockingu budou diskutovany v kapitole 5.2.

4.4 Metodiky biologického hodnoceni
4.4.1 Hodnoceni antimykobakterialni aktivity

Testovani antimykobakterialni aktivity bylo provadéno ve spolupraci s Ustavem klinické
mikrobiologie, Fakultni nemocnice v Hradci Kralové, a to mikrodiluéni metodou
na mikrotitraénich desti¢kach s vizudlnim ode¢tem. Kmeny byly zakoupeny z Ceské narodni sbirky
typovych kultur (CNCTC?#®) Stitniho zdravotniho Gistavu. Konkrétné se jednalo o tyto kmeny:
Mycobacterium tuberculosis H37Rv CNCTC My 331/88, M. avium CNCTC My 80/72, M. avium
CNCTC My 152/73 a M. kansasii CNCTC My 235/80. Testované latky byly rozpustény v. DMSO,
nafedény v zasobnich zkumavkach na koncentrace 100 — 50 — 25 — 12,5 — 6,25 — 3,125 —
1,563 pg/ml ptidanim kultivaéni ptidy (Sulova pida, Trios, Praha) a poté napipetovany do jamek
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mikrotitra¢nich destiCek. Finalni koncentrace DMSO (do 1%) neméla vliv na rdst mykobakterii.
Zakladni suspenze mykobakterii (hustota suspenze 0,5 — 1,0 dle McFarlandovy zakalové stupnice)
byla upravena piidanim izotonického roztoku na koncentrace 10 a 10° CFU/m, kterymi byly
nasledné inokulovany jamky mikrotitracnich desti¢ek. Hodnoty minimalnich inhibi¢nich
koncentraci (MIC) pro fedéni 10" a 10 CFU/mI se nesmély lisit o vice neZ jeden fad, v opaéném
pripadé nebyl vysledek testovani platny. Desticky byly inkubovany pfi teploté 37 °C po dobu
obvykle neptesahujici 10 — 14 dnii. pH Sulovy piidy bylo pravidelng kontrolovano a nejéastéji bylo
v rozmezi pH = 5,5 — 6,0. Pii posunu pH k vy$§im hodnotam bylo pozorovano snizeni ucinnosti
PZA vu¢i M. tuberculosis. Pro kontrola viability kmene byl pouzit DMSO (viditelny narust
mykobakterii v kontrolnich jamkach) a jako standardy PZA pro M. tuberculosis a INH pro ostatni
testované kmeny. MIC (ug/ml) byly odeéteny vizualné jako nejnizsi testovana koncentrace, ktera
vede Kk viditelnému potladeni ristu mykobakterii.

Toto testovani bylo nahrazeno tzv. Microplate Alamar Blue Assay (MABA?°), které vyuziva
k vizualizaci zivych mykobakterii barvivo Alamar blue™ neboli resazurin. Jedna se o ve vodé
rozpustné redoxni barvivo stabilni v kultivaénich médiich, které snadno prochazi bunéénymi
membranami®!’. Piivodné bylo pouzivano k stanoveni bakterii v mléce®®, posléze se jeho vyuziti
rozsitilo napiiklad na sledovani dé&jii jako je bunééna proliferace?™ 22, dale je vyuzivano k testovani

cytotoxicity?2%%%

, a ke stanoveni citlivosti bakterii na antimikrobialni latky?**?**, V zivych butikdch
je resazurin redukovan riznymi redoxnimi systémy, jako jsou napiiklad NADPH, NADH
a cytochromy??1:2%5, \/ oxidované formé ma resazurin modrou barvu (bez fluorescence), kdezto jeho
redukovana forma resorufin ma riizovou barvu a vykazuje silnou fluorescenci®’ 226, Zména barvy
a fluorescence indikuje pfitomnost Zivych bunék a jejich viabilitu. Hlavni vyhodou této metody
oproti diive pouzivané je presnéjsi a diivejsi (3 — 5 dni) odecet vysledkt (kvalitativni hodnoceni
zmény barvy, ptipadné kvantitativné — detekce fluorescence ¢i spektrofotometricky).

Ve spolupréci s Centrem klinickych laboratofi pti Zdravotnim ustavu v Ostraveé byly vybrané
latky testovany na MDR kmenech (klinické izolaty, Mycobacterium tuberculosis Praha 1, Praha 4,
Praha 131, 234/2005, 9449/2007, 7357/1998 a 8666/2010) pomoci mikrodilu¢ni metody
na mikrotitracnich destickach s vizualnim odectem. Latky byly rozpustény v DMSO a nafedény
Sulovou ptdou (Trios, Praha) na findIni koncentrace od 1 do 1000 pmol/l. Jako standard byl pouzity

koncentrace, kterd vede k viditelnému potlaceni ristu mykobakterii po 14 a 21 dnech inkubace

(37 °C).

54



4.4.2 Hodnoceni antifungalni aktivity

Ve spolupraci s Katedrou biologickych a 1ékafskych véd Farmaceutické fakulty v Hradci
Kralové byla hodnocena antifungalni aktivita pfipravenych latek s vyuzitim mikrodilu¢ni bujonové
metody??’. Mezi testované kmeny patfily: Candida albicans ATCC 44859 (CA), Candida tropicalis
156 (CT), Candida krusei E28 (CK), Candida glabrata 20/1 (CG), Trichosporon asahii 1188 (dfive
beigelii, TB), Aspergillus fumigatus 231 (AF), Lichtheimia corymbifera 272 (diive Absidia
corymbifera, AC) a Trichophyton mentagrophytes 445 (TM). Testované latky byly rozpustény v
DMSO a natedény v RPMI 1640 médiu s glutaminem. Koncentrace DMSO v testovacim mediu
nepiesahovala 2,5 % (v/v) celkového slozeni roztoku. V téchto koncentracich neovliviiuje DMSO
rust testovanych kment, coz bylo ovéfeno v kontrolnich jamkach. Vlastni inkubace byla provadéna
v humidni atmosféfe za tmy v RPMI 1640 médiu s glutaminem pufrovanym na pH = 7,0 (pomoci
MOPS = 3-morfolinpropan-1-sulfonové kyseliny) a pfi teploté 35 °C. MIC byly odecitany vizualné
po 24 a 48 hodinach od zacatku inkubace, respektive po 72 a 120 hodinach pro kmen Trichophyton
mentagrophytes. Jako standardy byly pouzity flukonazol (FLU) a amfotericin B (AMB).

4.4.3 Hodnoceni antibakterialni aktivity

Antibakteridlni aktivita byla testovana rovnéZz na Katedie biologickych a Iékaiskych véd
Farmaceutické fakulty v Hradci Kralové, a to mikrodiluéni bujonovou metodou®?®,

Bakterialni kmeny pouzité pro testovani, byly vybrany z Ceské sbirky mikroorganismi
(Czech Collection of Microorganisms, CCM) Masarykovy univerzity v Brné. Konkrétné byla
testovana aktivita vac¢i kmentim: Staphylococcus aureus CCM 4516/08 (SA), Escherichia coli
CCM 4517 (EC), Pseudomonas aeruginosa CCM 1961 (PA). Dalsi bakterialni kmeny byly
klinické izolaty ziskané z Oddéleni klinické mikrobiologie Fakultni nemocnice v Hradci Kralové:
Staphylococcus aureus H 5996/08-meticilin resistentni (MRSA), Staphylococcus epidermidis H
6966/08 (SE), Enterococcus sp. J 14365/08 (EF), Klebsiella pneumoniae D11750/08 (KP),
Klebsiella pneumoniae J 14368/08-ESBL pozitivni (KP-E).

Vsechny testované kmeny byly kultivovany v Miiller-Hintonovu bujonu (MHA) pfti teploté
35 °C a néasledné€ udrzovany na stejném mediu pfi teploté 4 °C. Bakterialni suspenze byla ptipravena
prenesenim inokula do sterilniho isotonického roztoku a hustota suspenze byla nasledné upravena
na 0,5 dle McFarlandovy zakalové stupnice. Testované latky byly rozpustény v DMSO, jehoz
vysledna koncentrace v testovacim médiu nepfesahla 1% (v/v) a pomoci kontroly bylo prokazano,
ze v téchto koncentracich DMSO neovliviluje rast bakterii. Kultivace v MHA pti pH = 7,0 a teploté

35 °C. Hodnoty MIC, definované jako 95% inhibice bakterialniho ristu ve srovnani s kontrolnim
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vzorkem, byly odecitany po 24 a 48 hodinach statické inkubace. Jako standardy byly pouzity
penicilin G (Pen), ciprofloxacin (Cip), neomycin-sulfat (Neom) a bacitracin (Bac).

4.4.4 Hodnoceni inhibice syntézy mykolovych kyselin a dalSich
sloZek mykobakterialni bunécné stény

Ve spolupraci s Katedrou biochemie Pfirodovédecké fakulty Univerzity Komenského
Vv Bratislavé byla u vybranych latek hodnocena inhibice syntézy mykolovych kyselin. Studovano
bylo 10 latek, z nichz 5 bylo pfipraveno autorkou disertac¢ni prace. Princip metody je zalozen
na metabolickém znaceni a nasledné detekci mastnych a mykolovych kyselin izolovanych
z mykobakterii (Mycobacterium tuberculosis H37Ra), které byly kultivovany s testovanou latkou

a C-znaGenym octanem sodnym?®°

. Mastné a mykolové kyseliny s inkorporovanou radioaktivni
znaCkou byly po extrakci methylovany pifidavkem methyljodidu na odpovidajici methylestery
mastnych kyselin (FAME) a methylestery mykolovych kyselin (MAME), separovany pomoci TLC
a vizualizovany autoradiograficky. Jako standard byl pouzit inhibitor InhA INH a v pripadé
kontroly byly mykobakterie kultivovany pouze v médiu s radioaktivni znackou. Blize je metodika
popsana v priloze P6.

Kromé¢ MAME a FAME byl sledovan i vliv testovanych latek na syntézu dalSich slozek
mykobakterialni bunééné stény, a to PIMs, TMM a TDM. Kultivace a zna¢eni mykobakterii
probihalo obdobné jako v pfipad¢ stanoveni mykolovych a mastnych kyselin, nicméné izolace

téchto slozek a jejich nasledna separace se liSila a to predev§im v pouzitych rozpoustédlech.

Detailni popis metody je uveden v ptiloze P7 — nepublikovana data.

4.4.5 Jiné in vitro metody

Hodnoceni antivirové aktivity

Hodnoceni antivirové aktivity probihalo ve spolupraci s prof. Lieve Naesens (Laboratof
virologie a chemoterapie, Rega institut, Katolicka univerzita v Lovani) dle standardnich metod
pro stanoveni redukce cytopatického efektu®?%, Mezi testované viry patily: Herpes simpex virus
typ 1 (HSV-1), Herpes simpex virus typ 1 rezistentni na aciclovir (HSV-1 KOS), Herpes simpex
virus typ 2 (HSV-2), Varicella zoster, lidsky adenovirus typ 2, virus vezikularni stomatitidy (VSV),
Coxsackie virus skupina B4, respira¢ni syncytialni virus (RSV), Parainfluenza virus typ 3, Sindbis
virus, Punta Toro virus, viry chiipky A/HIN1 a A/H3N2, HIV typ 1 a typ 2. Antivirova aktivita
byla odecitana mikroskopicky a vyjadiena jako ECso, tj. koncentrace latky, ktera vede k poklesu
cytopatického efektu viru u 50 % bunck ve srovnani s kontrolou. BliZze jsou jednotlivé metodiky

popsany v pfilohach P6.
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Hodnoceni in vitro cytotoxicity

Hepatotoxicita byla méfena ve spolupraci s Katedrou farmakologie a toxikologie
Farmaceutické fakulty v Hradci Kralové. Pokles viability HepG2 bunék stanoven kolorimetricky
(redukce tetrazoliovych soli) s vyuzitim standardniho protokolu®* 2**, Vysledky byly vyjadieny
pomoci ICso, tj. koncentrace potiebné k inhibici ristu u 50 % bunék ve srovnani s kontrolou.

Soucasn¢ s hodnocenim antivirové aktivity probihalo i hodnoceni cytotoxicity
na testovanych bunéénych liniich (CrFK, HEL fibroblasty, HeLa a Vero)?%?*2, Cytotoxicita latek
na dané bunééné linie byla hodnocena mikroskopicky nebo vizualné (hodnoceni viability bunék
s vyuzitim formarzanu)®* ?*? a vyjadiena jako CCsy, tj. koncentrace, ktera ptisobi cytotoxicky na

50 % bunék ve srovnani s kontrolou. BliZe jsou jednotlivé metodiky popsany v ptilohach P5 a P6.

Hodnoceni herbicidni aktivity

Ve spolupraci s Chemickym ustavem a Katedrou environmentalni ekologie Pfirodovédecké
fakulty Univerzity Komenského v Bratislavé byla doplitkové u ¢asti latek hodnocena herbicidni
aktivita a to stanovenim inhibice elektronového transportu a redukce chlorofylu a a aromatickych

aminokyselin v chloroplastech $penatu®® 2%, Blize jsou jednotlivé metodiky popsany v p¥iloze P1.

57



5 KOMENTAR DOSAZENYCH VYSLEDKU A
JEJICH DISKUZE

Vétsina dosazenych vysledki uvedenych v této disertaéni praci byla publikovana
Vv recenzovanych zahrani¢nich Casopisech a prezentovana na odbornych konferencich formou
plakatovych sdéleni i prednasek. Seznam publikovanych praci a dalSich vystupt je uveden
v kapitole 7.

V ramci této kapitoly budou ptipravené derivaty rozdéleny dle struktury do dvou hlavnich
skupin. Komentaf bude primarné zaméfen na hledani vztahti mezi strukturou a antimykobakterialni
aktivitou. Detailni popis syntéz a pouzitych metodik, stejn¢ jako analyticka data jednotlivych
slou¢enin jsou uvedeny v odpovidajicich ¢lancich uvedenych v prilohach P1 — P6. Ptiloha P7

obsahuje vysledky, které nebyly v dobé odevzdani diserta¢ni prace publikovany.

5.1 Priprava a biologicka aktivita substituovanych
N-benzyl a N-fenylpyrazin-2-karboxamidi

Tato kapitola je zaméfena na komentai publikovanych ¢lankl tvoficich ptilohy P1 — P3.
Modifikace amidové skupiny byla cilené navrzena za ucelem zvySeni lipofility pfipravenych
derivatii ve srovnani s PZA, coz muze pozitivnim zpisobem ovlivnit biodostupnost (PZA rychle
metabolizovan jaternimi amidasami na POA?") a také usnadnit pranik molekuly pies lipofilni
mykobakterialni buné¢nou sténou. Mnohé N-fenylpyrazin-2-karboxamidy publikované kolektivem

prof. Dolezala vykazaly slibnou antimykobakterialni aktivitu®®®

a staly se tak ptedlohou pro dalsi
modifikaci. Konkrétné¢ byly pfipraveny téi série sloucenin odvozené od N-fenylpyrazin-
2-karboxamidu a N-benzylpyrazin-2-karboxamidu substituované jak na pyrazinovém tak
i fenylovém jadie. Celkové je v této kapitole zahrnuto 53 latek, pii¢emz autorka disertaéni prace se
podilela na syntéze 47 latek. U téchto latek byla mimo in vitro antimykobakterialni aktivity dale

hodnocena aktivita antifungalni, antibakterialni a u ¢asti latek téz aktivita herbicidni.

5.1.1 Prehled pripravenych latek

obecna struktura série 1 -

n=0,1
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Série 1 (P1) — N-benzylpyrazin-2-karboxamidy

Série 1 (P1)

Pyrazinova cast

Fenylova ¢ast

0 1. H Cl | 1.H
2
RE_N ANy \ 2.Cl H | 2. 3-CFs
li/ J H O g 3.C(CHs) Cl |3.4Cl
RN 4. 4-OCHs

Celkem 12 sloucenin

Série 2 (P2) — N-benzylpyrazin-2-karboxamidy a N-fenylpyrazin-2-karboxamidy

Pyrazinova cast

Fenylova ¢ast

Série 2 (P2) R’
R! R?

n=0 n=1

cl H |1 2-Cl 1. 2-Cl

2. 3-Cl 2. 3-Cl

O 3. 2,4-OCH; | 3. 2,4-OCHs

H NG A s 4. 2-F 4. 2-F
I ) N | /—RS 5. 3-NO, 5. 3-NO;

cI” N 6. 4-Br 6. 4-Br
7. 2-CH;
- 8. 4-CHs
Celkem 16 sloudenin 9. 2,4-Cl
10. 2-CF3

Série 3 (P3) — N-fenylpyrazin-2-karboxamidy

Série 3 (P3)

Pyrazinova cast

Fenylova ¢ast

Rl RZ R3
o /@ . 1.H H |1 2Cl
RZ2 N « TR 2. CHs H | 2. 2-CHs-5-F
\/E j)LEE 3. H Cl | 3.3-Cl-4-CHs
R17NZ 4.C(CHs) H |4.2-CHs5-I
5.C(CHs) Cl |5.2-1-4Cl

Celkem 25 sloucenin
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5.1.2 Syntéza

Vychozi latky, tj. Kkyselina 6-chlorpyrazin-2-karboxylova, 5-terc-butylpyrazin-
2-karboxylova a 5-terc-butyl-6-chlorpyrazin-2-karboxylova, byly pfipraveny podle znamych
Vv literatufe popsanych syntetickych postupt uvedenych v kapitole 4.2. POA, 5-hydroxypyrazin-
2-karboxylova kyselina a 5-methylpyrazin-2-karboxylova kyselina byly zakoupeny od spole¢nosti
Sigma Aldrich (Schnelldorf, Némecko).

Cilové slouceniny byly pfipraveny dvoustupiiovou syntézou pies chlorid substituované
pyrazin-2-karboxylové kyseliny. Potfebné mnozstvi vychozi kyseliny bylo rozpusténo nebo
suspendovano V bezvodém toluenu a po piidavku 1,5 ekvivalentu SOCI, nasledné zahtivano k varu
po dobu 1 —1,5hod. V pfipadé kyseliny 5-hydroxypyrazin-2-karboxylové dochazelo soucasné se
vznikem chloridu kyseliny také k substituci hydroxylové skupiny za chlor, reakce byla
katalyzovana DMF. Piebytek SOCI, byl nasledné odstranén opakovanou azeotropni destilaci
S bezvodym toluenem. Chlorid kyseliny byl ihned rozpustén v bezvodém acetonu a po kapkach
pridan k roztoku pfislusného benzylaminu ¢i anilinu s TEA v bezvodém acetonu. Reakéni smés
byla michana za laboratorni teploty (az 6 hod) a prabéh reakce byl monitorovan pomoci TLC. Po
ukonceni reakce byl surovy produkt adsorbovan na silikagel a precistén pomoci flash
chromatografie (gradientova eluce, mobilni faze hexan — ethyl-acetat). Celkové vytézky

chromatograficky piecisténého produktu se pohybovaly v rozmezi 18 — 98 % (pramérné 65 %).

5.1.3 Biologicka aktivita

Antimykobakterialni aktivita
U vsech pripravenych latek byla testovana antimykobakterialni aktivita va¢i Mycobacterium
tuberculosis H37Rv a atypickym mykobakteriim (M. kansasii a dvéma kmenum M. avium) dle

metodik popsanych v kapitole 4.4.1.

e Sériel

VétSina latek z této série vykdzala mirnou antimykobakteridlni aktivitu srovnatelnou s PZA,
tj. hodnoty MIC v rozmezi od 6,25 — 25 pg/ml vi¢i M. tuberculosis H37Rv. Nicméné pii porovnani
hodnot MIC vztazenych na molekulovou hmotnost sloucenin, tj. vyjadienou v pmol/l, vykazala
Cast latek aktivitu prevySujici PZA. Nejaktivngjsi latky z této série jsou uvedeny v Tabulka 6.
S vyjimkou 5-terc-butyl-6-chlor-N-(4-methoxybenzyl)pyrazin-2-karboxamidu nevykazala zadna
z testovanych latek aktivitu vii¢i atypickym mykobakteriim.

Pii porovnani aktivit vzhledem k substituci pyrazinového jadra (R' a R?), vykazaly nejvyssi

aktivitu derivaty substituované v poloze 5 terc-butylem a souc¢asné chlorem v poloze 6. Pfi srovnani
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5-chlor derivata (MIC =12,5— 25 pg/ml) a 6-chlor derivata (MIC =6,25— 12,5 pg/ml) byla
dvojnasobné vyssi aktivita pozorovana u 6-chlor derivatd. PF¥i porovnani aktivit z hlediska

vvvvvvvv

aktivitu vykazaly derivaty substituované pouze v pyrazinové &asti (R® = -H).

Ve srovnani s obdobné substituovanymi N-fenylpyrazin-2-karboxamidy?®#2

nebyl po

zavedeni methylenového mistku mezi fenylové jadro a amidovy dusik pozorovan narist

antimykobakterialni aktivity.

Tabulka 6: Piehled nejaktivnéjsich sloucenin série 1.

R R? R MIC (ug/ml)
M. tuberculosis® M. kansasii® | M. avium® | M. avium®
H Cl | 4-OCHs 6,25 (22) 100 100 50
C(CHas)s | Cl | 3-CFs 6,25 (16) 25 25 25
C(CHs)s | ClI | 4-OCHs 6,25 (19) 3,13 (9,4) 12,5 6,25
PZA | 6,25 12,5 (51-102) >100 >100 >100
INH 1,56 (11) 12,5 (91) 12,525 12,5

Udaje uvedené v zavorkach vyjadiuji hodnoty MIC vztazené na molekulovou hmotnost slougenin
(umol/l). #H37Rv CNCTC My 331/88; ® CNCTC My 235/80; * CNCTC My 80/72;  CNCTC My
152/73.

e Série 2

V ramci této série byla antimykobakterialni aktivita pfipravenych N-benzyl-5-chlorpyrazin-
2-karboxamidli  porovnavana s analogicky  substituovanymi  5-chlor-N-fenylpyrazin-
2-karboxamidy. Hodnoty MIC byly vyjadfeny v pg/ml, respektive vezmeme-li v Gvahu
molekulovou hmotnost finalnich derivata, v umol/l. V piipadé N-benzyl derivati byla ve srovnani
s N-fenyl derivaty (MIC =0,78-6,25 ug/ml)  pozorovana  vyrazné niz§i  invitro
antimykobakterialni aktivita vii¢i Mycobacterium tuberculosis H37Rv. Nicméné i piesto byla tato
aktivita u ¢asti N-benzyl derivati srovnatelna s PZA, tj. hodnotami MIC = 12,5 — 25 pg/ml a pfi
prepoctu na molarni koncentraci ptevySovala aktivitu PZA. Naptiklad aktivita N-(4-brombenzyl)-
5-chlorpyrazin-2-karboxamidu  (MIC =38 umol/l) a  5-chlor-N-(2,4-dichlorbenzyl)pyrazin-
2-karboxamidu (MIC = 39 umol/l) trojnasobné prevysovala aktivitu PZA
(MIC =102 — 203 umol/1), viz Tabulka 7.

V ptipadé N-benzyl i N-fenyl derivatu se jako nejméné vhodna jevila substituce elektron-
donorovymi skupinami v poloze ortho a para, pricemz 2,4-OCHs substituce vedla k neu¢innym
derivatim (MIC >100 pg/ml), pravdépodobné v disledku sniZeni penetrace pies mykobakterialni
buné&nou sténu. Vramci této mensi série se jako vyhodna ukazala substituce elektron-
akceptorovymi skupinami v poloze ortho a para, konkrétné substituce 4-Br a 2,4-Cl v piipadé

N-benzyl (MIC = 12,5 ng/ml) derivati, respektive v poloze ortho a meta u N-fenyl derivata
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pfiCemz 2-Cl derivat vykazal nejvy$$i aktivitu vaci Mycobacterium tuberculosis H37Rv
(MIC = 0,78 pg/ml).

Aktivita vici Mycobacterium kansasii srovnatelna s INH (MIC = 12,5 pg/ml, respektive
91 pmol/l) nebo prevysujici INH byla pozorovana u tfi N-benzyl a dvou N-fenyl derivati, pricemz
nejvyS$si  aktivita byla pozorovana  u 5-chlor-N-(4-methylbenzyl)pyrazin-2-karboxamidu
(MIC = 3,13 pug/ml, respektive 12 umol/l). Zadny z piipravenych derivatii nevykazal vyznamnou

aktivitu vici testovanym kmentim Mycobacterium avium.

Tabulka 7: Prehled nejaktivnéjsich sloucenin série 2.

MIC (ng/ml)
1 2 3
"R : i M. tuberculosis® M. kansasii® av'i\ﬂ‘mc av'i\ﬂ‘md
Cl| H 4-Br 1 12,5 (38) 50 (153) >100 | >100
Cl| H 4-Br 0 3,13 (10) 6,25 (20) >100 | >100
Cl| H 2-Cl 1 25 (89) 6,25 (22) >100 | >100
Cl| H 2-Cl 0 0,78 (2,9) n.d. >100 | >100
Cl| H 2,4-Cl 1 12,5 (39) >100 >100 >100
Cl| H 4-CHjs 1 25 (96) 3,13 (12) >100 | >100
PZA | 12,5-25(102-203) >100 >100 | >100
INH 1,56 (11) 12,5 (91) 25 6,25

Udaje uvedené v zavorkach vyjadiuji hodnoty MIC vztazené na molekulovou hmotnost slougenin
(umol/1). n.d. = hodnota neni k dispozici.  H37Rv CNCTC My 331/88; ® CNCTC My 235/80; ©
CNCTC My 80/72;  CNCTC My 152/73.

e Série3

V ramci této série byla hodnocena aktivita N-fenylpyrazin-2-karboxamidu substituovanych
lipofilnimi substituenty jako jsou methylova skupina, halogeny ¢i kombinace halogend, jak na
fenylovém jadre tak i pyrazinovém jadre.

Aktivita nejuc¢inngjsich derivatt vici Mycobacterium tuberculosis H37Rv se v ramci této
série pohybovala v rozmezi od 3,13 do 12,5 pg/ml. Porovname-li hodnoty MIC v pumol/l, pak
aktivita nékterych derivatl pfevysSovala aktivitu PZA a to i desetinasobné. Piehled sloucenin je
uveden v Tabulka 8.

Z hlediska substituce pyrazinového jadra nejvyssi aktivitu vykazaly anilidy odvozené od
nesubstituované POA a 6-chlorpyrazin-2-karboxylové kyseliny. Na druhou stranu derivaty
odvozené od 5-terc-butyl-6-chlorpyrazin-2-karboxylové kyseliny nevykazaly zadnou aktivitu vuci
testovanym kmentm (MIC >100 respektive >50 pg/ml), coz je v rozporu s diive popsanymi SAR
v sérii anilid publikovanych prof. Dolezalem?®® 24

Pfi posouzeni substituce na fenylovém jadre se jako nejvyhodnéjsi ukazala byt substituce

3-Cl-4-CHs, coz odpovida i diive popsanym SAR %% 2%y kterych substituce elektron-
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akceptorovou skupinou v poloze meta (-F, -I, -CF3, 3,5-CF3) a elektron-donorovou skupinou
v poloze para napiiklad -CHs a -CH(CHj3)2 vedla k nartstu antimykobakterialni aktivity. Jako
nevyhodné se ukazaly substituce halogenem v ortho poloze (2-Cl, 2-1), jejichz aktivita byla
vétSinou zanedbatelnd ve srovnani s ostatnimi derivaty z této série, coz je pravdépodobné dano
sterickymi efekty 2-halogenu.

Je zajimavé, Ze derivaty substituované na fenylovém jadie skupinou 3-Cl-4-CH3 vykazaly
téz aktivitu i vii¢i Mycobacterium kansasii srovnatelnou s INH. Podobné tomu bylo i v piipadé
N-(4-chlor-2-jodfenyl)pyrazin-2-karboxamidu. Zadny z ptipravenych derivatii nevykazal aktivitu
vuci testovanym kmentm Mycobacterium avium.

Tabulka 8: Prehled nejaktivnéjSich sloucenin série 3.

MIC (ng/ml) Cytotoxicita HepG2
R! R’ R®
tuberlé/llj losis® kanl\sflallsiib 1Cs0 (umol/) S
H H | 3-Cl-4-CHs | 12,5 (50) 3,13 (13) >250° >4,95
CHs H | 3-Cl-4-CH3 3,13 (12) 12,5 (48) | >100°(343,5)¢ | >8,36 (28,7)°
H Cl | 3-Cl-4-CHj; 3,13 (11) 100 >250°(820,7)¢ | >22,54 (74,0)¢
C(CH3)s | H | 2-CH3-5-F 3,13 (11) >100 >50¢(573,3)" | >4,59 (52,6)°
H Cl | 2-CHs-5-1 3,13 (8,4) >100 >50°¢(653,8)! | >5,97 (78,0)°
H H | 2-1-4Cl 6,25 (17) 3,13 (8,7) >100° >5,75
PZA 12,5 (102) >100 n. d. n. d.
0,2-0,78 1,56 — 6,25
INH (15-57) (11 - 46) n. d. n. d.

Udaje uvedené v zavorkach vyjadiuji hodnoty MIC vztazené na molekulovou hmotnost slougenin
(umol/l). n. d. = hodnota neni k dispozici. * H37Rv CNCTC My 331/88; » CNCTC My 235/80. ©
Pii vyssich koncentracich dochazelo k precipitaci slou¢enin v médiu. ¢ Hodnoty ICsy vypogitané
dle inhibi¢ni kiivky. ® Hodnoty SI vypo¢itané z hypotetickych ICso.

Tabulka 9: Antifungalni aktivita vybranych latek ze série 1 — 3.

s | R? - i TM MIC (umol/l)
72 hod 120 hod
Cl | H 3-CF; 1 15,62 15,62
H | CI 3-CF; 1 62,5 125
H | Cl | 5-F2-CH; | 0 31,25 62,5
FLU | 1,95-7,81 3,9-625
AMB 1,95 1,95

Antifungalni a antibakterialni aktivita
Naprostda vétSina pripravenych sloucenin vykazala zanedbatelnou antibakterialni

a antifungalni aktivitu (MIC >250 pmol/l) ve srovnani s pouzitymi standardy S vyjimkou dvou
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latek ze série 1 a jedné latky ze série 3. U téchto latek byla pozorovana selektivni antifungalni
aktivita vii¢i Trichophyton mentagrophytes 445 (TM) blizka aktivité flukonazolu, viz Tabulka 9.
V ptipad¢ ostatnich testovanych kmeni byly hodnoty MIC téchto tfi latek >250 pmol/l respektive
>500 umol/1.

Cytotoxicita

V ramci série 3 byla u nejaktivnéjsich derivati hodnocena cytotoxicita na HepG2, tj. bunécné
linii pfipravené z lidského hepatoblastomu, a to s pouzitim standardniho protokolu®®* #*, Vysledky
byly vyjadieny pomoci ICso, tj. koncentrace pottebné k inhibici ristu u 50 % bunék ve srovnani s
kontrolou. Diky omezené rozpustnosti latek v testovacim mediu byly hodnoty ICsy vétSiny latek
odvozeny z prubéhu inhibi¢ni kiivky. Nicméné ani pii nejvyssich koncentracich dosazenych pii
fedéni latek nebyl pozorovan cytotoxicky efekt na HepG2 bunky.

Hodnoty ICsy odvozené z priibéhu inhibi¢ni kiivky se pohybovaly ve stovkach pmol/l
(viz Tabulka 8), coz pii srovnani s diive publikovanymi anilidy 5-chlorpyrazin-2-karboxylové

kyseliny (ICso Vv iadu jednotek az desitek pmol/1°*?

) svéd¢i o nizké toxicité téchto latek. Index
selektivity (SI) byl vypoéitan jako podil ICso a MIC pro Mycobacterium tuberculosis H37Rv
(v pmol/1). Pokud pii vypoctu SI vychazime z odhadnutych hodnot ICso, ST vétsiny latek byl vyssi

nez 10, coz sv&déi o jejich dostate¢né bezpecnosti.

Herbicidni aktivita

V piipadé série 1 byly latky studovany i z hlediska herbicidni aktivity a to stanovenim
inhibice elektronového transportu (inhibice fotosyntetické aktivity chloroplasti) a redukce
fluorescence chlorofylu a a aromatickych aminokyselin v chloroplastech $penatu. Jednotlivé
metody jsou blize popsanymi v ptfiloze Pl. V pfipad€ inhibice fotosyntetické aktivity byla
studovana rychlost vyvoje kysliku v chloroplastech a vysledky byly vyjadieny pomoci ICso, tj.
koncentrace latky vedouci k 50% poklesu rychlosti vyvoje kysliku v chloroplastech. Z divodu
nizké rozpustnosti v testovacim médiu byla hodnocena pouze ¢ast latek, jejichz hodnoty ICso byly
v rozmezi od 7,4 do 1623,0 umol/l. Inhibice fotosyntetické aktivity obecné zavisi na lipofilité
testovanych latek, neni proto ptekvapenim, ze nejvyssi inhibice fotosyntetické aktivity chloroplastt
a tedy nejniz8i hodnoty ICso byly pozorovany u derivati odvozenych od 5-terc-butyl-
6-chlorpyrazin-2-karboxylové  kyseliny. Konkrétn¢ se jednalo o 5-terc-butyl-6-chlor-
N-benzylpyrazin-2-karboxamid (ICso = 7,4 umol/l) a 5-terc-butyl-6-chlor-N-(4-chlorbenzyl)-
pyrazin-2-karboxamid (ICso = 13,4 umol/l). Aktivita ostatnich latek ve srovnani se standardem tj.
N'-(3,4-dichlorfenyl)-N,N-dimethylmoc¢ovinou (Diuron®, 1Csp = 1,9 umol/l) byla zanedbatelna.
V ptipadé dvou vyse uvedenych aktivnich latek byla potvrzena schopnost redukovat fluorescenci
chlorofylu a a aromatickych aminokyselin, a inhibovat elektronovy transport v chloroplastech

Spenatu vazbou na fotosystém II, tj. prvni proteinovy komplex ve svételné fazi fotosyntézy.
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Obdobny mechanismus herbicidniho G¢inku byl popsan 1 u anilidi odvozenych
od 5-terc-butylpyrazin-2-karboxylové kyseliny a 5-terc-butyl-6-chlorpyrazin-2-karboxylové

243

kyseliny=*~.

5.1.4SAR

R':-H, -Cl, -CH;, -C(CH;);

O
RZ_ _N 247
5 NS R*: -H, -Cl
| H | —R n=0-1
1 = =
R" °N R*: -H, 2-Cl, 2-F, 2-CH; 2-CF; 3-Cl, 3-CF;_3-NO,,

4-Cl, 4-Br, 4-CH; 4-OCH; 2,4-OCH; 2,4-Cl,
2-CHy-5-F, 3-Cl-4-CHj, 2-CH;-5-1, 2-1-4-Cl

Pii srovnani antimykobakterialni aktivity jednotlivych sérii odvozenych od N-benzyl

a N-fenylpyrazin-2-karboxamidu byly identifikovany (s jistymi odchylkami) nasledujici SAR,

které jsou ve shodé s diive popsanymi SAR u anilida POAZ#24:;

e Substituce fenylového jadra vedouci k zvySeni/zachovani antimykobakterialni aktivity vaéi
Mycobacterium tuberculosis H37Rv:

o elektron-akceptorova skupina v poloze meta (3-Cl, 3-CF3, 3-NOy, 5-F, 5-1),
o elektron-donorova skupina v poloze para (4-OCHgs, 4-CHy).

e Substituce fenylového jadra vedouci ke snizeni/ztraté antimykobakterialni aktivity vaéi

Mycobacterium tuberculosis H37Rv:
o elektron-donorova skupina v poloze ortho i para (2,4-OCHz)
o elektron-akceptorova skupina v poloze ortho (2-Cl, 2-1) s vyjimkou série 2 (viz dale).

e Zavedeni methylenového mistku mezi fenylové jadro a dusik amidové skupiny nevedlo
k dalsimu zvySeni aktivity ve srovnani s analogicky substituovanymi anilidy, respektive bylo
pozorovano 1 snizeni aktivity (ne ztrata aktivity) Vv pfipadé¢ derivati odvozenych
od 5-chlorpyrazin-2-karboxylové kyseliny.

e Mycobacterium kansasii — v piipadé substituce elektron-donorovymi skupinami byly vyvozeny
obdobné zavéry jako v piipadé M. tuberculosis, tj. substituce v poloze para (4-OCHs, 4-CHs)
vede Kk naristu aktivity. Pozitivni vliv méla i substituce elektron-akceptorovou skupinou —
halogenem (2-Cl, 2-F, 3-Cl, 2-1-4-Cl, 3-CF;, 4-Br) ¢&i 3-NOx.

e Obecné zavery v pripad¢ substituce pyrazinového jadra nebylo mozné v rdmci prezentovanych
sérii odvodit. Na vyslednou aktivitu méla vliv jak substituce pyrazinového, tak fenylového jadra.

e Ackoliv byl u dfive publikovanych derivatl pozorovan nartist antimykobakterialni aktivity se
zvySujici se lipofilitou latek, v sériich 1 — 3 nebyla pozorovana piima souvislost mezi nartistem

lipofility a zvySenim antimykobakterialni aktivity.
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Jisté odchylky od téchto obecnych SAR byly pozorovany u derivatd série 2 odvozenych
od 5-chlorpyrazin-2-karboxylové kyseliny. V pfipadé N-benzyl derivati méla pozitivni vliv
substituce elektron-akceptorovymi skupinami v poloze ortho a para, kdezto v ptipadé N-fenyl
derivata v poloze ortho a meta. Mimo 5-chlor-N-fenylpyrazin-2-karboxamidy uvedené v ptiloze P2
bylo ptipraveno a publikovano daliich 24 anilidd®”. Na rozdil od N-benzyl-5-chlorpyrazin-
2-karboxamid vétsSina anilidi vykazala velmi slibnou in vitro aktivitu vac¢i Mycobacterium
tuberculosis H37Rv s hodnotami MIC ptevazné v rozmezi 0,39 — 3,13 pg/ml bez vyrazného vlivu
substituentu na vyslednou antimykobakterialni aktivitu. Nicméné tyto anilidy byly pomérné
cytotoxické na HepG2 s hodnotami 1Cso v fadu jednotek a desitek pmol/1**%,

Na rozdil od anilidi 5-chlorpyrazin-2-karboxylové kyseliny** vykazala vétsina testovanych
derivata ze série 3 (P3) hodnoty ICsy odvozené z pritbéhu inhibi¢ni kiivky ve stovkach pmol/l, coz

sveédEi 1 o nizké toxicité téchto derivatu.

5.1.5 Zavér

Na zaklad¢ vysledkti antimykobakterialni aktivity s sériich N-benzyl a N-fenylpyrazin-
2-karboxamidii byly identifikovany substituenty, které zavedenim na fenylové jadro pozitivné
ovliviiuji tuto aktivitu, tak i modifikace, které vedly ke snizeni aktivity vici Mycobacterium
tuberculosis H37Rv (prodlouzeni spojovaciho fetézce zavedenim methylenové skupiny mezi
fenylové jadro a karboxamid). Dosazené zavéry jsou ve shodé s diive popsanymi SAR u anilidd
POA ptipravenych pracovni skupinou prof. Dolezala®®?*, Jelikoz bylo publikovano znaéné
mnozstvi anilidt a N-benzyl derivata pyrazin-2-karboxylové kyseliny, dal$i moznosti substituce
fenylového jadra tak byly pomérné vyCerpany. Nasledujici prace sméfovala k modifikaci

pyrazinového jadra.

66



5.2 Priprava a biologicka aktivita alkylaminoderivati
pyrazinamidu, N-fenyl a  N-benzylpyrazin-
2-karboxamidu

Tato kapitola je zaméfena na komentar publikovanych ¢lankd tvoricich prilohy P4 — P6 a
v dobé odevzdani prace nepublikovanych vysledka tvoticich pfilohu P7.
Prvotni mySlenkou byla pfiprava derivati vychazejicich z 5-CI-PZA, ktery byl vybran

z nasledujicich diivoda: 5-CI-PZA mé4 znamy mechanismus uéinku (inhibice FAS [)*2

a vykazal
slibnou aktivitu in vitro vii¢i Mycobacterium tuberculosis i atypickym mykobakteriim rezistentnim
viiéi PZA%, Nicméné in vivo na mysim modelu nevykéazal Zzadnou aktivitu pravdépodobné z
diivodu rychlé metabolizace &i nedostateéné farmakokinetiky?. V prvni fazi byly pfipraveny
derivaty vzniklé substituci chloru za aminoskupinu, alkylamino- a fenylalkylamino skupinu.
Nasledné byly pfipraveny odpovidajici polohové isomery odvozené od 6-chlorpyrazin-
2-karboxamidu. V dalsi fazi byla zachovana alkylamino substituce na pyrazinovém jadie a
pozménéna amidova ¢ast molekuly (N-fenyl a N-benzyl derivaty). Mimo alifatické alkylamino
derivaty byly ptipraveny i cykloalkylamino derivaty ¢i derivaty s modifikovanym alkylovym
fetézcem (terminalni hydroxy ¢i methoxy skupina).

Celkove je v této kapitole zahrnuto 70 latek, pfi¢emz autorka disertacni prace se podilela na
syntéze 64 latek. Mimo in vitro antimykobakterialni aktivity vac¢i Mycobacterium tuberculosis
H37Rv a atypickym mykobakteriim byla u ¢asti latek hodnocena téz aktivita vii¢i MDR kmentim
Mycobacterium tuberculosis. Dale byla hodnocena aktivita antifungélni, antibakterialni a u ¢asti
latek téz aktivita antivirova. Z jednotlivych sérii byly vybrany latky s nejvyssi antimykobakterialni
aktivitou, které byly nasledné hodnoceny z hlediska vlivu na syntézu mykolovych a mastnych

kyselin a dalsich slozek mykobakterialni bunétné stény — viz kapitola 4.4.4.

5.2.1 Prehled pripravenych latek

Cl
R":-H
0
2 N R

R\ ( \ N - RZ: -H

HN—| H -CH3 - -Cng']
\ — -(CH,),OH

N -(CH,),OCHj;

obecn4 struktura série 4 - 7 f f
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o Série 4 (P4) — alkylamino a fenylalkylamino derivaty PZA

Celkem 22 slou¢enin

Série 4 (P4) Poloha R
5 -H
O 'CH3 - 'C8H17
R (N\j)\NHZ % n=2,3
HN—
L
N 6 -H
'CH3 - 'C8H17

ZL{HH\@ n=23

e Série 5 (P5) — alkylamino a fenylalkylamino derivaty N-fenyl a N-(2-chlorfenyl)pyrazin-

2-karboxamidu

Série 5 (P5)

X

R

!
R’|\N
N/HX

Celkem 19 sloudenin

-CsH7 — -CgH17
-(CH2)sOH
-(CH»).OH
-(CH2)sOH
-(CH.),0CH;
-(CH.);0CH;

-Cl

-CsH7 — -CgHy7

o Série 6 (P6) — alkylamino a fenylalkylamino derivaty N-benzylpyrazin-2-karboxamidu

Série 6 (P6) Poloha R
-C4Hg — -CgHy7
o 6
nﬁNjAH“@ ‘O
R™ KN/ 5 -C4Hg — -CgH17
-C4Ho — -CgH17
Celkem 17 slou¢enin 3

O

o Série 7 (P7) — cykloalkylamino derivaty N-fenyl a N-benzylpyrazin-2-karboxamidu

Celkem 12 sloucenin

Série 7 (P7) Poloha | N R
O 0
5
R kN/ 5
* OO0
1
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5.2.2 Syntéza

Syntéza vychozich latek

Vychozi latky byly pfipraveny pomoci dvoustupnové syntézy vychazejici z odpovidajici
pyrazin-2-karboxylové kyseliny?®*?®, kdy reakci s SOCI, vznikal chlorid pfislusné kyseliny a
naslednou amonolyzou/aminolyzou pfislusny amid POA. 6-Chlorpyrazin-2-karboxamid
(6-CI-PZA) a 5-CI-PZA byly ptipraveny amonolyzou piislusného chloridu kyseliny vodnym
roztokem amoniaku (25%). 6-Chlor-N-fenylpyrazin-2-karboxamid, N-benzyl-6-chlorpyrazin-
2-karboxamid a odpovidajici 5-chlor isomery byly ptipraveny aminolyzou chloridu pfislusné
kyseliny reakei s anilinem ¢i benzylaminem. Z divodu nizkych reakénich vytézka byl v ptipadé
syntézy N-benzyl-6-chlorpyrazin-2-karboxamidu obecny postup nahrazen Schottenovou-
Baumannovou acylaci (popsano v ptiloze P6). A¢koliv doslo ke zvySeni vytéznosti reakce (vytézek
chromatograficky Cistého produktu 63 %), celkovy vytézek reakce byl snizen z divodu tvorby
vedlejsiho produktu — N-benzyl-6-benzylaminopyrazin-2-karboxamidu (viz Schéma 7), ktery

vznikal v poméru 1:5.

Schéma 7: PFiprava vychozi latky tj. N-benzyl-5-chlorpyrazin-2-karboxamidu za souc¢asné
tvorby vedlejsiho produktu.

Cl N.__COCI Cl N N N
i o g
N N N

N-benzyl-6-chlor- N-benzyl-6-benzylamino-
pyrazin-2-karboxamid pyrazin-2-karboxamid

Obdobny vedlejsi produkt vznikal téZ pfi syntéze N-benzyl-3-chlorpyrazin-2-karboxamidu

246; 247

vychazejici z 3-aminopyrazin-2-karboxylové kyseliny , Viz Schéma 8 (detailni popis syntézy

uveden v piiloze P6).

Schéma 8: Priprava vychozi latky tj. N-benzyl-3-chlorpyrazin-2-karboxamidu za souc¢asné
tvorby vedlejsiho produktu.

NaNO, OCl

O
bel1z5]:|mm
EICOOH oL (T e T fL EfL@
P H
N™ "NH

O

N-benzyl-3-chlor- N-benzyl-3-benzylamino-
pyrazin-2-karboxamid pyrazin-2-karboxamid

Aminodehalogenacni reakce

Na rozdil od dfive publikované syntézy alkylamino derivati pyrazin-2,5-dikarbonitrilu®* a

213

5-kyanpyrazin-2-karboxamidu“ pobihala aminodehalogenacni reakce za laboratorni teploty velmi

69



pomalu. Pro urychleni reakce byl pouzit nadbytek alkylaminu (3 — 5 molarnich ekvivalenti) a baze
(TEA), reakéni smés byla nasledné zahfivana k varu (ethanol) po dobu az 8 hod, viz Schéma 9.
Substituce probihala rychleji do polohy 5 (reakéni doba 2 hod). Po evaporaci rozpoustédla byl
piebytek alkylaminu odstranén vytfepanim do vody okyselené 35% HCI (finalni koncentrace —
maximalné 5% HCI). Organicka faze (CH2Cl,) byla nasledné vysu$ena bezvodym siranem sodnym,
adsorbovana na silikagel a pre¢iSténa pomoci flash chromatografie. Finalni produkty byly v ptipadé

potieby rekrystalizovany z ethanolu s ptidavkem aktivniho uhli.

Schéma 9: Obecné schéma aminodehalogenacni reakce.

0 O

1 R2-NH,, TEA 2 1
Ny N,R Et(;z)H RH\N_(N\J)LN,R
Cl P H - o H

N N

A=

R'=H, fenyl, 2-chlorfenyl, benzyl
R? = alkyl, fenylalkyl, cykloalkyl

Diky nizs8i reaktivité a té€kavosti amoniaku byl 5- respektive 6-aminopyrazin-2-karboxamid
pfipraven s vyuzitim mikrovinného reaktoru v uzavienych silnosténnych zkumavkach, reakéni
podminky: 200 W, 95 °C, 30 min. V pfipadé syntézy methylamino a ethylamino derivati byla
reakéni smés probublavana plynnym methylaminem (generovanym z vodného roztoku jeho
hydrochloridu) respektive ethylaminem, detailni popis syntézy uveden v piiloze P4. Syntéza
3-alkylamino-N-benzylpyrazin-2-karboxamidi byla urychlena pouzitim mikrovinného reaktoru dle
nasledujicich reakénich podminek®®: 120 W, 140 °C, 30 min, methanol, pyridin.

Celkové vytézky chromatograficky precisténych produkta se pohybovaly v rozmezi
28 — 91 % (prumérn¢ 56 %).

5.2.3 Docking

Nikotinamidasa/pyrazinamidasa

Pti studiu mozného mechanismu ucinku byla uvazovana moznost, Ze pripravené alkylamino
derivaty GCinkuji jako proléCiva, ktera jsou prostifednictvim nikotinamidasy/pyrazinamidasy
(PncA) enzymaticky hydrolyzovana na ptislusnou pyrazin-2-karboxylovou kyselinu. Nicméné u
nékterych derivati jako je naptiklad 5-CI-PZA bylo prokazano, ze uéinkuje v nehydrolyzované
forme*¥ 12, Kavita, do které se vaze PZA (viz Obrazek 8) ¢i substrat, je pomérné mala (na priifezu
piiblizng 10 A x 7 A). Vlastni katalytické misto se nachdzi na dné této kavity a je tvoreno zbytky
tfech aminokyselin — Lys96, Asp8 a Cys138%8, Karboxamidova skupina §tépeného substratu tedy
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musi byt spravné orientovana do katalytického mista tak, aby Cys138 mohl vytvorit kovalentni

vazbu s karbonylovym uhlikem karboxamidové skupiny.

Obrazek 8: Orientace PZA do katalytického mista PncA.*
g - A

LBJ

G
71

«
*PncA (PDB: 3PL1). Pfevzato a upraveno viz piiloha P4.

Moznost hydrolyzy amidové skupiny prostiednictvim PncA byla studovana u alkylamino
derivatii odvozenych od PZA (série 4) a N-fenylpyrazin-2-karboxamidu (série 5). Detailni popis
orientace molekul do katalytického mista PncA je uveden v ptilohach P4 a P5. V piipadé 5- a
6-alkylaminopyrazin-2-karboxamidi byla amidova skupina orientovana mimo katalytické misto
PncA (viz Obrazek 9). Z tohoto divodu je nepravdépodobné, Zze by zminované latky byly

substratem PncA.

Obrazek 9: Orientace 5- a 6-alkylaminopyrazin-2-karboxamidi do PncA v piitomnosti
molekuly vody HOH 220 (A) ¢i bez vody (B).*

B

oA

_

*PncA (PDB: 3PL1). V obou piipadech je ziejmé, Ze je karboxamidova skupina orientovana mimo
katalytickou triadu (Lys96, Asp8 a Cys138). * Pievzato a upraveno viz piiloha P4.
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Vlastni hydrolyza karboxamidu prostfednictvim PncA probiha tvorbou kovalentniho
komplexu mezi acylem substratu a enzymem (thiolovou skupinou Cys138)'¥. Tento komplex je
stabilizovany interakcemi se zbytky aminokyselin katalytického mista, které jsou klicové pro
hydrolyzu substratu. V ptipadé znamych substrati PncA PZA a nikotinamidu, byly pozorovany

stejné interakce s aminokyselinami v katalytickém misté (viz Obrazek 10).

Obrazek 10: Kovalentni komplex nikotinamid-Cys138 stabilizovany interakcemi se zbytky
aminokyselin (A) a piekryti PZA a nikotinamidu v katalytickém misté PncA (B).

A "\‘ . B

*PncA (PDB: 3PL1). Pfevzato viz piiloha P5.

Z diivodu stericky objemné substituce v poloze 6 a fenylového jadra vazaného na
karboxamid bylo v piipadé 6-propylamino a 6-heptylamino derivatd N-fenylpyrazin-
2-karboxamidu pozorovano vice konformaci slou¢eny do katalytického mista. Z tohoto divodu byl
pii dockovani téchto dvou sloucenin do PncA pouzit protokol piedpovidajici tvorbu kovalentniho
komplexu. Ac¢koliv dochazelo k tvorbé komplexu mezi acylem karboxamidové skupiny a thiolovou
skupinou Cys138, tento komplex nebyl dostate¢né stabilizovan interakcemi popsanymi pro PZA a
nikotinamid, orientace komplexu do katalytického mista viz Obrazek 11. Neni tedy
pravdépodobné, ze by 6-alkylamino derivaty N-fenylpyrazin-2-karboxamidu byly substratem
PncA.

Obrazek 11: Srovnani orientace komplexu N-fenyl-6-heptylaminopyrazin-2-karboxamid-
Cys138 (oranZova barva) s komplexem nikotinamid-Cys138 (zelena barva) v katalytickém
misté PncA.*

*PncA (PDB: 3PL1). Pfevzato viz pfiloha P5.
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Enoyl-ACP reduktasa

Mezi znamé inhibitory InhA patii mimo INH i triklosan (TCL). V nedavné dobé byly
ptipraveny derivaty TCL — difenylethery s alifatickym alkylovym fetézcem vazanym do polohy 5
(A-kruh). Inhibi¢ni aktivita téchto derivatd va¢i InhA narista s prodluzujicim se alkylovym
fetézcem, pricemz 2-fenoxy-5-oktylfenol vykazal in vitro inhibici InhA v koncentracich
ICso = 5 nmol/l, ¢imz vyrazné prevysuje aktivitu TCL (ICso = 1 umol/1)**. Na zaklad& jisté
strukturni podobnosti s 5-alkyl derivaty TCL byla jako cil 5-alkylamino-N-benzylpyrazin-

2-karboxamidu navrzena inhibice InhA.

FoacHNcaciNcn e

triclosan 5-alkyl difenylethery PT70
n=3-7

Pii dokovani 5-alkylamino-N-benzylpyrazin-2-karboxamidii a odpovidajicich 6-isomert
do InhA (PDB: 2X23, metodika uvedena v piiloze P6) byly pozorovany interakce s enzymem
typické pro derivaty TCL (napiiklad PT70), viz Obrazek 12.

Obrazek 12: Orientace 6-alkylamino derivati a odpovidajicich 5-isomeri do aktivniho mista
InhA (A), srovnani orientace alkylamino derivati N-benzylpyrazin-2-karboxamidu s PT70
(B).*

* InhA (PDB: 2X23). Uhliky 6-alkylamino derivatd znazornény oranzovou barvou,
5-alkylaminoderivatl zelenou barvou. PT70 znadzornéno Sedou barvou. Pievzato viz ptiloha P6.

Pyrazinové jadro je orientovano stejné jako fenolové jadro PT70 (A-kruh), vytvaii m-n
interakce s nikotinamidovym jadrem NAD® a n-winterakce sPhel49. Benzylové jadro je
orientovano do hydrofobni kavity stejné¢ jako B-kruh TCL derivatt. Karboxamidova skupina
vytvari vodikové mistky s tyrosinem 158 (Tyr158) a 2'-hydroxylem ribézy NAD". Alkylamino
skupina je orientovana do Stérbiny vedouci k povrchu enzymu (podobné jako alkylovy fetézec

meziproduktd pti syntéze mykolovych kyselin). Na zaklad¢ vysledki této dockingové studie byly
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vybrany  N-benzyl-6-heptylaminopyrazin-2-karboxamid a  N-benzyl-5-oktylaminopyrazin-
2-karboxamid jakozto mozné inhibitory InhA. Tato hypotéza byla studovana in vitro stanovenim
vlivu téchto derivatli na syntézu mastnych a mykolovych kyselin (viz kapitola 5.2.5). Navrzeny

mechanismus G¢inku nicméné nebyl potvrzen.

5.2.4 Biologicka aktivita

Antimykobakterialni aktivita

U vSech pripravenych latek (v¢etné vychozich) byla testovana antimykobakterialni aktivita
vaci Mycobacterium tuberculosis H37Rv a atypickym mykobakteriim - M. kansasii a dvéma
kmentim M. avium dle metodik popsanych v kapitole 4.4.1. Vysledky byly vyjadieny pomoci MIC

v ug/ml, respektive s ohledem na molekulovou hmotnost derivati v umol/I.

e Série 4

Z vychozich latek vykazal slabou aktivitu viici Mycobacterium tuberculosis H37Rv pouze
5-CI-PZA a to MIC = 50 pug/ml (dle literatury MIC = 8-32 png/m1***), 6-CI-PZA byl neaktivni
(MIC = 100 pg/ml). Substituce chloru za amino ¢i alkylamino skupinu s kratkym fetézcem
(C1 -C5) vedla k poklesu ¢&i ztraté antimykobakterialni aktivity (MIC > 100 pg/ml) v piipadé
5-isomert. S rostouci délkou alkylového fetézce byl pozorovan nartst antimykobakterialni aktivity
vaci Mycobacterium tuberculosis H37Rv kulminujici Vv pfipadé obou polohovych isomeru
u derivata s oktylamimo skupinou (MIC = 1,56 — 6,25 pug/ml, tj. 6 — 25 umol/l). Ve srovnani s PZA
(MIC = 12,5 - 25 pg/ml, tj. 102 — 205 umol/1) tak oba oktylamino derivaty vykazaly vyrazné vyssi
aktivitu. Rozdily v aktivit¢ mezi polohovymi isomery byly pozorovany v piipadé substituce
fenylalkylamino skupinou, kdy nahrada ¢asti fetézce za fenylové jadro vedla K uplné ztraté aktivity

U 6-isomer(, kdezto U 5-isomeri byla aktivita zachovana (MIC = 25 — 50 pg/ml).

N, _-CONH; N ~CONH,
/[ = P N /[ /j/
Cl N ” N
5-CI-PZA 5-oktylaminopyrazin-2-karboxamid
M. tbc H37Rv: MIC =50 pg/ml M. tbc H37Rv: MIC = 6,25 pg/ml
M. tbc H37Rv: MIC =317 umol/l M. tbc H37Rv: MIC =25 umol/I
HepG2: ICso = 1,6 x 10° pmol/l HepG2: 1Cs0 > 250 umol/l
SI=5,0 S1>10.0
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Cl<_N__CONH, H
\[ j/ \/\/\/\/N\[N j,CONHz
o
N N

6-CI-PZA 6-oktylaminopyrazin-2-karboxamid
M. thc H37Rv: MIC = 100 pg/ml M. tbc H37Rv: MIC = 1,56 pg/ml
M. thc H37Rv: MIC = 635 pmol/l M. tbc H37Rv: MIC =6 pmol/
HepG2: 1Cso = 3,5 x 10° pmol/l HepG2: I1C50 = 161 pmol/l
SI=55 SI =258

U heptylamino a oktylamino derivatt (obou polohovych isomerti) byla dale pozorovana
aktivita 1 vi¢i atypickym mykobakteriim, které jsou prirozené rezistentni vii¢i PZA. Vyssi aktivitu
vuéi  Mycobacterium kansasii  vykazaly 5-isomery (MIC =6,25- 12,5 ug/ml), nicméné
6-oktylaminopyrazin-2-karboxamid vykazal aktivitu i vGi¢i ob&éma testovanym kmentum

Mycobacterium avium (MIC = 25 pg/ml).

e Série 5

Podobné vztahy mezi strukturou a antimykobakterialni aktivitou jako v ptipadé série 4 byly
pozorovany i u série5, tj. 6-alkylamino-N-fenylpyrazin-2-karboxamidi a 6-alkylamino-
N-(2-chlorfenyl)pyrazin-2-karboxamidt, respektive odpovidajicich 5-isomeru (publikovano Zitko
et al.®®). Z diivodu nizké antimykobakterialni aktivity publikované v diivéjsich pracich®® 214
nebyly pfipraveny derivaty s methylamino a ethylamino substituci.

Co se aktivity vychozich latek tyka, pouze 6-chlor-N-fenylpyrazin-2-karboxamid vykazal
slabou aktivitu vii¢i Mycobacterium tuberculosis H37Rv (MIC = 25 ug/ml). Substituce chloru za
alifatickou alkylamino skupinu vedla k nardstu aktivity u vSech alkylaminoderivati. Hodnoty MIC
u nejac¢innéjsich slou¢enin se pohybovaly vrozmezi 1,56 — 3,13 pg/ml tj. 5— 10 umol/l, coz
odpovida hodnotdm MIC INH (2 — 11 pumol/l), respektive vyrazné pievySuje aktivitu PZA
(MIC = 102 umol/l). Mirné vyssi aktivita byla pozorovana v piipadé anilidi nesubstituovanych na
fenylovém jadte.

Modifikace alkylového fetézce (terminalni methoxy ¢i hydroxy skupina) vedla k vyraznému
snizeni Ci ztraté aktivity. Obdobné tomu byli v pfipad¢ ndhrady Casti fetézce za aromatické jadro.

Z4dna z latek nevykazala aktivitu vii¢i testovanym kmeniim Mycobacterium avium a pouze
2 slou€eniny a to 6-oktylamino-N-fenylpyrazin-2-karboxamid (MIC = 6,25 pg/ml, tj. 19 pmol/l) a
6-hexylamino-N-(2-chlorfenyl)-pyrazin-2-karboxamid (MIC = 6,25 pg/ml, tj. 19 umol/l) vykazaly
aktivitu vic¢i Mycobacterium kansasii - srovnatelnou sINH (MIC =1,56 - 6,25 pg/ml, tj.
11 — 46 pumol/l).

Na rozdil od predchozi série 4 byly pozorovany znacné rozdily v aktivité 5- a 6-isomerti, a
to pfedev§im vici atypickym mykobakteriim. 5-1somery s nesubstituovanym fenylovym jadrem

vykdzaly mirné vys$§i aktivitu (MIC =078 -3,13 pg/ml, tj. 2,512 pmol/)*® vagi
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Mycobacterium tuberculosis H37Rv nez odpovidajici 6-isomery. U téchto derivati byla navic
pozorovana vyrazna aktivita va¢i Mycobacterium kansasii (MIC = 0,78 12,5 pg/ml,
tj. 2,6 —49 umol/l) srovnatelnda ¢i prevySujici aktivitu INH (MIC =156 — 6,25 pg/ml,
tj. 11 - 46 umol/l). Modifikaci alkylového fetézce doslo k poklesu ¢i Gplné ztraté aktivity. Pokles
aktivity odpovidal poklesu lipofility. S vyjimkou 5-heptylamino derivatu (MIC = 12,5 ug/ml) vedla

250

substituce fenylového jadra 2-Cl ke ztraté aktivity vi¢i Mycobacterium tuberculosis H37Rv~", coz

naznacuje moznost interakce se specifickym cilem a rozdilny mechanismus G¢inku 5- a 6-isomerd.

o) ’ o)
\ v H \[N/ Ho o

6-chlor-N-fenylpyrazin-2-karboxamid 6-heptylamino-N-fenylpyrazin-2-karboxamid
M. tbc H37Rv: MIC = 25 pg/ml M. tbc H37Rv: MIC = 1,56 pg/ml
6-chlor-N-(2-chlorfenyl)pyrazin- 6-heptylamino-N-(2-chlorfenyl)pyrazin-
2-karboxamid 2-karboxamid
M. tbc H37Rv: MIC = 100 pg/ml M. tbc H37Rv: MIC = 3,13 pg/ml

Hexylamino — oktylamino derivaty, tj. latky s nejvy$si aktivitou vici Mycobacterium
tuberculosis H37Rv, byly dale testovana z hlediska aktivity vici rezistentnim kmentim (kompletni
vysledky viz pfiloha P5). U vSech téchto latek byla pozorovana pouze mirna aktivita vuci
testovanym kmentim (MIC = 16 — 62,5 umol/l), ktera byla srovnatelna ¢i niz§i nez aktivita INH

(MIC = 16 umol/l).

e Série 6

V ramci této série byla studovana antimykobakterialni aktivity 3-, 5- a 6-alkylamino derivata
N-benzylpyrazin-2-karboxamidu. V piipadé 5- a 6-isomert byly pozorovany obdobné vztahy mezi
strukturou a antimykobakterialni aktivitou, tj. nartst aktivity viu¢i Mycobacterium tuberculosis
H37Rv s prodluzujicim se alkylovym fetézcem. Kulminace aktivity byla pozorovana u derivata
s hexyl aZz oktylamino skupinou. Hodnoty MIC se pohybovaly v rozmezi 1,56 — 3,13 ug/ml,
tj. 4,6 — 20 umol/l, ¢imz vyrazné pievySovaly aktivitu PZA (MIC = 12,5 pg/ml, tj. 102 umol/I)
Substituce v poloze 3 vedla k neaktivnim slou¢eninam (MIC > 100 pg/ml).

Je zajimavé, Ze ve srovnani s analogicky substituovanymi N-fenylpyrazin-2-karboxamidy
doslo v ptipad€ 5-isomerti prodlouzenim spojovaciho fetézce mezi fenylovym jadrem a amidovym
dusikem ke ztraté aktivity vaci Mycobacterium kansasii. Naopak 6-isomery vykazaly slibnou
aktivitu  blizici se v pfipadé nejaktivnéjsiho derivatu  N-benzyl-6-oktylaminopyrazin-
2-karboxamidu (MIC = 6,25 pg/ml, tj. 18 umol/l) aktivité¢ INH (MIC = 1,56 pg/ml, tj. 11 pmol/l).
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Vedlejsi produkty nevykazaly vyrazngj§i aktivitu vici testovanym kmentim. Zadny
z ptipravenych derivat nebyl aktivni vii¢i testovanym kmendm Mycobacterium avium.

VsSechny findlni slouceniny byly déale testovany z hlediska aktivity vici rezistentnim
kmentim Mycobacterium tuberculosis (kompletni vysledky viz pfiloha P6). V pfipadé 5- a
6-isomerti byl pozorovan narust aktivity s prodluzujicim se alkylovym fetézcem kulminujicim
U derivatl s hexyl az oktylamino skupinou. Hodnoty MIC se ve vétSiné piipadi pohybovaly
v rozmezi od 4 do 16 umol/l, tj. hodnotami srovnatelnym ¢i prevySujicimi aktivitu INH (MIC =
16 — 32 umol/l). Pouze N-benzyl-3-butylaminopyrazin-2-karboxamid vykazal zanedbatelnou
aktivitu vici testovanym kmendm (MIC = 125 — 250 umol/1), ostatni 3-alkylamino derivaty byly
neaktivni (MIC > 1000 umol/l).

0] H O
\[ H — \[ ] H
-
N N

N-benzyl-6-chlorpyrazin- N-benzyl-6-oktylaminopyrazin-
2-karboxamid 2-karboxamid
M. tbc H37Rv: MIC = 12,5 pg/ml M. tbc H37Rv: MIC = 3,13 png/ml
M. kansasii: MIC = 100 pg/ml M. kansasii: MIC = 6,25 pg/ml

0 O
N N\ N
~ N ‘ H
“ N° 'N
Cl N H

N-benzyl-5-chlorpyrazin- N-benzyl-5-oktylaminopyrazin-
2-karboxamid 2-karboxamid
M. tbc H37Rv: MIC = 25 pg/ml M. tbc H37Rv: MIC = 1,56 pg/ml
M. kansasii: MIC = 100 pg/ml M. kansasii: MIC = >100 pg/ml

0]

Crrn — (N0

R R: -C4H9 - -C8H17

N-benzyl-3-chlorpyrazin- 3-alkylamino- N-benzylpyrazin-
2-karboxamid 2-karboxamid
M. tbc H37Rv: MIC = 12,5 png/ml M. tbc H37Rv: MIC =>100 pg/ml
M. kansasii: MIC = 100 pg/ml M. kansasii: MIC = >100pg/ml
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e Série7
U dfive publikovanych derivatd vedla nahrada alifatické alkylamino skupiny

za cykloalkylamino skupinu ke ztraté antimykobakteridlni aktivity®* 24

, coz bylo castecné
pozorovano i v piipadé cykloalkylamino derivata N-fenylpyrazin-2-karboxamidu a N-benzyl-

pyrazin-2-karboxamidu, viz Tabulka 10.

Tabulka 10: Piehled aktivit derivati substituovanych v poloze 5- respektive 6-cykloalkyl-
amino skupinou.

MIC (ng/ml)
n R Mycobacterium Mycobacterium
tuberculosis® kansasii®
0 -CeH11 6,25 (21) 6,25 (21)
0 0 -CH1s 1,56 (5) >100
Nj)LN’%-@ 0 -CgHis >100 >100
R, ,[N/ H 1 -CeH11 >100 >100
H 1 -C7Hs3 100 >100
1 -CsHss >100 >100
0 -CeHi 12,5/25 (42/84) 12,5 (42)
o 0 -CrH13 12,5 (40) 12,5 (40)
R,H N j)LN 0 -CsH1s 3,13 (10) 12,5 (39)
\]I ) HH”\© 1 ~CoHus 12,5 (40) 12,5 (40)
N 1 -C7H1s 12,5 (39) 12,5 (39)
1 _CeHis 12,5 (37) >100
PZA 12,5 (102) >100
INH 0,2 (15) 6,25 (46)

2 H37Rv CNCTC My 331/88; * CNCTC My 235/80. Hodnoty v zavorkach udavaji MIC vztazenou
na molekulovou hmotnost piipravenych derivata (umol/l).

Substituce chloru za cykloalkylamino skupinu vedla v ptipadé 6-isomeri k mirnému zvySeni
aktivity vi¢i Mycobacterium tuberculosis H37Rv ve srovnani s vychozi latkou, nicméné v piipadé
5-isomert byl pozorovan spise pokles, ptipadné ztrata aktivity.

V ptipadé 5-cyklohexyl a 5-cykloheptyl substituce zlstala zachovana aktivita vuci
Mycobacterium tuberculosis H37Rv vyrazné pievySujici aktivitu PZA, nicméné zavedenim
methylenové skupiny mezi fenylové jadro a amidovou skupinu vedlo ke ztraté aktivity. V piipade
6-cykloalkylamino derivati ziistala zachovanad aktivita pievySujici aktivitu PZA jak v ptipadé
N-fenyl, tak N-benzylpyrazin-2-karboxamidu. U vétSiny z téchto derivati byla navic pozorovana

aktivita vii¢i Mycobacterium kansasii srovnatelna s INH
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Ze vsech pripravenych derivati vykazal aktivitu vici Mycobacterium avium CNCTC My
152/73 srovnatelnou sINH (MIC =6,25 ug/ml, tj. 46 umol/l) pouze 6-cykloheptylamino-
N-fenylpyrazin-2-karboxamid (MIC = 12,5 pg/ml, tj. 40 pmol/1). Ostatni derivaty byly neaktivni.

Antifungalni a antibakterialni aktivita

Antifungalni a antibakterialni aktivita byla testovana s vyuzitim metodik popsanych
v kapitole 4.4.2 a 4.4.3. Zadny z piipravenych derivatl nevykazal aktivitu vii¢i Gram-negativnim
bakteriim. V ptipadé antifungalni aktivity byla u ¢asti latek pozorovana pouze zanedbatelna aktivita
vuci Trichophyton mentagrophytes 445 (MIC > 125 umol/l).
N-fenylpyrazin-2-karboxamidy, které vykazaly aktivitu vic¢i Gram-pozitivnim bakteriim
(Staphylococcus aureus CCM 4516/08, meticilin rezistentni Staphylococcus aureus H5996/08 a
Staphylococcus epidermidis H6966/08) srovnatelnou s pouzitymi standardy, viz Tabulka 11.
Jediny derivat ze série 4 vykazujici slabou aktivitou vici Staphylococcus epidermidis H 6966/08

byl 6-hexylaminopyrazin-2-karboxamid (MIC = 62,5 umol/I).

Tabulka 11: Prehled derivati s nejvyssi antibakterialni aktivitou.

MIC (pmol/T)

Struktura Xin R SA MRSA SE
24h | 48h | 24h | 48h | 24h | 48h
-H -C4Hq 125 | 125 | 250 | 250 | 250 | 250

@]
Y Q ‘H| -CoHu | 313 | 125 | 31,3 ] 31,3 | 156 | 31,3
h \[: H 1} ‘H | -CeHis | 250 | >500 | 7,81 | 625 | 7,81 | 31,3
N

-H | -C/His | 250 | >500 | 7,81 | 156 | 7,81 | 31,3

n-CeHiz | 31,3 | 500 | 31,3 | 500 | 31,3 | 500
n-CgHiz | 3,9 39 | 31,3 | 500 | 62,5 | >500

1
1
H o]
R’N N N 0 -C/Hy | 7,81 7,81 | 7,81 | 7,81 3,9 3,9
=
\[ P H " 0 -CeHis | 195 | 195 | 781 | 7,81 | 0,98 | 0,98
N
1
1

-C/Hiz | 62,5 | 62,5 | >500 | >500 | 31,25 | 31,25
-CgHis | 15,62 | 15,62 | 500 | 500 | 250 | 250
PenicilinG | 0,49 | 0,98 | 62,5 | 125 | 125 | 250
Ciprofloxacin | 0,24 | 0,49 | 250 | 500 | 250 | 250

Bacitracin | 7,81 | 7,81 | 7,81 | 31,25 | 15,62 | 31,25

Neomycin-sulfat | 1,95 | 39 | 39 | 7,81 | 15,62 | 15,62

Antivirova aktivita
Antivirova aktivita byla hodnocena u latek ze série 5 a 6 pomoci metodik popsanych v P6.

Soucasné s antivirovou aktivitou byla hodnocena i cytotoxicita latek na rizné bunééné linie (viz PS

79



a P6, a kapitola 4.4.5). Z siroké skaly testovanych DNA a RNA virti byla pozorovana mirna aktivita
pouze v sérii 5-alkylamino-N-benzylpyrazin-2-karboxamidi a to vaci viru chiipky A/HIN1
(A/PR/8), priCemz nejvyssi aktivitu vykazal N-benzyl-5-oktylaminopyrazin-2-karboxamid
(ECs0 = 1,1 umol/1). Jako standardy byly pouzity nukleozin (ECso = 0,011 umol/l), zanamivir
(ECso = 4,0 umol/1), amantadin a rimantadin (ECso = 100 umol/1, respektive 20 pmol/1). N-benzyl-
5-oktylaminopyrazin-2-karboxamid navic vykazal aktivitu vi¢éi RSV (ECso = 8,9 pmol/l)
srovnatelnou se standardem (ribavirin, ECso = 5,8 — 10 umol/l).

Tabulka 12: Cytotoxicita vybranych latek na HepG2.

Struktura n R 1Cs0 (umol/l) SI*
O - 5-C7Hss >250 >4,7
Y _(N\])LNHZ - | 5-CeHy >250 >10,0
SN - 6-CsH17 161,0 25,8
0 6-CsH17 30,7 3,2
o 0 5-CoHu | >100(121,2) | >4,7(5,7)
’ (N%N%@ 0 5-C7Has 48,7 9,7
R”N_' P H 0 6-C7H13 19,3 0,5
N 0 6-CsHis 18,5 2,0
1 6-CoHo 102,0 25
PZA | >1x10° >08,1

* Hodnoty SI vypocitané pro Mycobacterium tuberculosis H37Rv (ICso/MIC v umol/l).

Cytotoxicita

Soucasn€é s hodnocenim antivirové aktivity probihalo i hodnoceni cytotoxicity
na nasledujicich bunéénych liniich: CrFK, HEL, HeLa a Vero. Vysledky byly vyjadieny pomoci
koncentraci zpisobujicich minimalni zmény v buné&né morfologii (MCC) ¢i CCso. S vyjimkou
N-benzyl-5-oktylaminopyrazin-2-karboxamidu zadna z testovanych latek nebyla cytotoxicka na
testovanych buné¢nych liniich (MCC nebo CCsp > 100 umol/l).

Pouze cast latek s nejvy$si antimykobakterialni aktivitou byla testovana z hlediska
cytotoxicity na HepG2, viz Tabulka 12. Diky omezené rozpustnosti v testovacim mediu nebylo
mozné u nékterych latek stanovit ptesné hodnoty ICso. Nicméné ani pti nejvyssSich koncentracich
dosazenych pfi fedéni latek nebyl pozorovan cytotoxicky efekt na HepG2 buiiky. Pouze série 4,
tj. 5-/6-alkylaminopyrazin-2-karboxamidy vykazaly nizkou toxicitu na HepG2 burikach. Z dalsich
testovanych derivati vykazal pouze S5-cykloheptyl-N-fenylpyrazin-2-karboxamid hodnotu Sl

blizici se 10.
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5.2.5 Hodnoceni vlivu vybranych sloucenin na syntézu mastnych
a mykolovych kyselin a dalSich slozek mykobakterialni
bunécné stény

Pti navrhu mozného mechanismu ucinku alkylamino derivati byla pozornost primarng
sméfovana na jeden z mechanismi uc¢inku PZA a to inhibici synthasy mastnych kyselin (FAS I).
FAS I je klicovy enzym v syntéze mastnych kyselin®® a je propojen s komplexem FAS II, ktery
spotiebovava Cy/Cys acyl-CoA produkovany FAS 1 za vzniku mykolovych kyselin, viz Obrazek
13. Inhibice FAS | byla pozorovana i v piipadé jednoduchych derivati PZA jako je napiiklad
5-CI-PZA. Na zakladé¢ vysledkt dockingové studie (viz kapitola 5.2.3) byla jako mozny
mechanismus u¢inku 5- a 6-alkylamino derivati N-benzylpyrazin-2-karboxamidu navrzena

inhibice InhA, tj. kli¢ového enzymu komplexu FAS 11%°,

Obrazek 13: Syntéza mastnych a mykolovych kyselin — propojeni FAS I a FAS IL.*

- Bl
-
: -}MAME

) & @ @
C INH CIPZ

* Inhibice FAS I se projevi jako deplece ¢i pokles obsahu FAME, jak bylo pozorovano na snimku
v piipadé CIPZ = 5-CI-PZA. Inhibice FAS Il vede ke kumulaci FAME a depleci MAME, jak bylo
pozorovano na snimku v piipadé INH. C = kontrola.

Vramci mésicni stdze na Katedie biochemie Prirodovédecké fakulty Univerzity
Komenského v Bratislavé autorka této disertaéni prace studovala vliv deseti vybranych derivata
PZA (vc¢etné alkylamino derivatt diskutovanych v této disertacni praci) na syntézu mykolovych a
mastnych kyselin v Mycobacterium tuberculosis H37Ra (metodika popsana v kapitole 4.4.4).
Testovany byly tyto derivaty:

- 6-oktylaminopyrazin-2-karboxamid (1, série 4)

- N-fenyl-6-oktylaminopyrazin-2-karboxamid (2, série 5)

- N-(2-chlorfenyl)-6-heptylaminopyrazin-2-karboxamid (3, série 5)
- N-benzyl-6-heptylaminopyrazin-2-karboxamid (4, série 6)

- N-benzyl-5-oktylaminopyrazin-2-karboxamid (5, série 6)

- 3-(4-methylbenzylamino)pyrazin-2-karboxamid (6)
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- 5-heptylamino-6-methylpyrazin-2,3-dikarbonitril (7)

- 5-chlor-N-(5-chlor-2-hydroxyfenyl)pyrazin-2-karboxamid (8)**

- kyselina 4-(5-chlorpyrazin-2-karboxamido)-2-hydroxybenzoova (9)%*
- N-fenyl-5-hexylaminopyrazin-2-karboxamid (10)?*°

Slouceniny byly vybrany na zakladé antimykobakterialni aktivity vi¢i Mycobacterium
tuberculosis H37Rv. Latky 1 —5 byly syntetizovany autorkou, 6 a 7 Mgr. Jand’ourkem a 8 — 10
doktorem Zitkem?*%2*°, Mastné a mykolové kyseliny byly izolovany z Mycobacterium tuberculosis
H37Ra po kultivaci s testovanou latkou a **C-znaGenym octanem sodnym. Po extrakci byly tyto
nasledné¢ methylovany pfidavkem methyljodidu na odpovidajici methylestery mastnych kyselin
(FAME) a methylestery mykolovych kyselin (MAME), separovany pomoci TLC a vizualizovany
autoradiograficky. Jako standard byl pouzit inhibitor InhA INH a v pripadé kontroly byly
mykobakterie kultivovany pouze v médiu s radioaktivni znackou. Kromé¢ MAME a FAME byl
sledovan i vliv testovanych latek na syntézu dalsich slozek mykobakterialni bunécné stény, a to
fosfatidylinositol mannosidii (PIMSs), trehaléza monomykolati (TMM) a dimykolata (TDM).
Kultivace a znaCeni mykobakterii probihaly stejné jako v pripadé stanoveni MAME a FAME,

nicméné izolace a nasledna separace téchto slozek se lisila pouzitymi rozpoustédly.

¢ Inhibice syntézy mastnych a mykolovych kyselin
Zadny ztestovanych alkylamino derivatd (1—5, 10) neovliviioval syntézu mastnych
a mykolovych kyselin, nicméné v ptipadé sloucenin 7 a 9 byla pozorovana zména V mnozstvi

izolovanych FAME a MAME (viz Obrazek 14 a Graf 1).

Graf 1: Celkovy obsah FAME a MAME izolovanych z Mycobacterium tuberculosis H37Ra
po kultivaci s testovanymi latkami ve srovnani s INH a kontrolou.*

6 7 B8

* Hodnoty na ose y udavaji pocet rozpadu radionuklidu za minutu (dpm), sou¢et FAME a MAME.
I = INH, C = kontrola. V piipadé¢ slouceniny 7 a 9 pozorovan pokles celkového obsahu FAME a
MAME.

w -

1

(=1
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Obrazek 14: Analyza MAME/FAME izolovanych z Mycobacterium tuberculosis H37Ra po
kultivaci s testovanymi latkami 1 — 10.*

12310cinHas lda[7kmnns(o

. A
FAME —> ‘
MAME >
a—> .
methoxy —> .
keto —>

-e o l coee
* Latky a INH testovany pii koncentraci 5 ug/ml. C = kontrola. V pfipadé¢ latky 7 pozorovana

kulumace FAME a pokles obsahu MAME, u latky 9 pozorovan pokles FAME a selektivné pokles
methoxymykolovych kyselin.

Stejné jako v piipadé INH dochazelo pii kultivaci mykobakterii s latkou 7 ke kumulaci
mastnych kyselin (narist FAME) a inhibici syntézy mykolovych kyselin (pokles MAME). Z tohoto
divodu byla jako mozny mechanismus u¢inku navrzena inhibice InhA zavisla na koncentraci latky

7, viz Graf 2 a Obrazek 15.

Graf 2: Pomér FAME/MAME (A), respektive pomér jednotlivych MAME (B) p¥i rtiznych
koncentracich latky 7 a 9.

11000 5000
10000 EmFAME = MAME 4500 ®alfa ®methoxy = keto
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8000 3500
;%g 3000
5000 2500
4000 2000
3000 1500
2000 I 1000 | |
1000 500 I
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7A 7B 7C 9A 9B 9C 9D cCIrz 7JA 7B T7C 9A 9D CIPZ

Hodnoty na ose y udavaji pocet rozpadi radionuklidu za minutu (dpm). C = kontrola, I = INH
v koncentraci 5 pg/ml, CIPZ = 5-CI-PZA v koncentraci 25 ng/ml. Koncentrace: 7A — 5 ug/ml, 7B
—10 pg/ml, 7C — 20 pg/ml; 9A — 1 pg/ml, 9B — 2 pg/ml, 9C — 5 pg/ml a 9D — 7 pg/ml.

U latky ¢islo 9 byl mimo pokles MAME pozorovén i pokles FAME, pomér FAME/MAME
byl obdobny jako v ptipadé 5-CI-PZA (inhibitor FAS 1), viz Graf 2 a Obrazek 15. Proto byla, jako
mozny mechanismus u¢inku, navrZena inhibice FAS I. Mimo pokles FAME a MAME byla

pozorovana i zména poméru jednotlivych mykolovych kyselin (o, methoxy a keto). Konkrétné se
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jednalo o pokles methoxymykolovych kyselin (nejsou esencialni, ale jsou dulezité z hlediska

virulence), coz odpovida inhibici synthasy methoxy mykolovych kyselin 3 (MmaA3¥).

Obrazek 15: Analyza FAME a MAME izolovanych z Mycobacterium tuberculosis H37Ra po
kultivaci s latkami7 a 9 v riznych koncentracich.*

NC.__N
- X
FAME — TN\ Y
M: / NCTUNT N
7
MAME -
alfa >
methoxy —> -: :: ="‘ : 0 COOH
keto —> "= W - e - - N
> "N CH
/[ “ :
ClI” °N
- e o s & @ W - 9
7A 7B 7C C INHCIPZS9A 9B 9C 9D
* C = kontrola, I = INH v koncentraci 5 pg/ml, CIPZ = 5-CI-PZA v koncentraci 25 pg/ml.

Koncentrace: 7A — 5 pg/ml, 7B — 10 pg/ml, 7C — 20 pg/ml; 9A — 1 pg/ml, 9B — 2 pg/ml, 9C —
5ug/mla 9D —7 ug/ml.

o Inhibice syntézy TMM, TDM a PIMs
Jelikoz syntéza mykolovych kyselin je spojena se syntézou TMM, TDM a PIMs®, byl
pozorovan pokles mnozstvi té€chto derivati pouze v ptipadé sloucenin 7 a 9, viz Obrazek 16.
Stejné jako v pfipadé INH dochazelo pii kultivaci mykobakterii s latkou 7 k poklesu
koncentrace TMM a TDM a c¢astecné i PIMs (koncentraéni zavislost). V piipadé latky 9 byl
pozorovan pokles vSech sledovanych slozek podobné€, jako tomu bylo v pfipadé kultivace

s 5-CI-PZA.
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Obrazek 16: Analyza TMM, TDM a PIMs izolovanych z Mycobacterium tuberculosis H37Ra
po kultivaci s latkami 7 a 9.

Y. PN W WY AMMA YWY ’*‘w

TDM —> .. & - = = ——t

- : = - PN - - -

bl BN -
Ac1P|M2_9

Pl & & & e "= - a = -

AC2P|M2—>- e e -y = ==
ol

PIMs —
o el wesn Kacal o Phea ot e R o ad -

7A 7B 7C C INHCIPZ SA SB SC 9D

C = kontrola. CIPZ = 5-CI-PZA v koncentraci 25 ug/ml, INH v koncentraci 5 pg/ml. Koncentrace:
7A — 5 ug/ml, 7B — 10 ug/ml, 7C — 20 ug/ml; 9A — 1 pg/ml, 9B — 2 ug/ml, 9C — 5 pg/ml a 9D —
7 pg/ml

5.2.6 SAR
cl
"Moo Yo
1
"\ i s N R%:-H
HN_I H -CH3 - -CH
L= {(CH,),0H
N «(CH,),OCH;

obecna struktura séric 4 - 7 { { @
q n :

V ramci viech sérii alkylamino derivati (v&etné sérii publikovanych doktorem Zitkem?* a
Mgr. Jandourkem?®) byly pozorovany podobné vztahy mezi strukturou a antimykobakterialni
aktivitou:
o Substituce chloru za alkylamino skupinu s delsim alifatickym fetézcem (-CsH1 — -CgHi7) vede
ke zvySeni aktivity vii¢i Mycobacterium tuberculosis H37Rv.
o Aktivita zavisi na lipofilité a nardsta s prodluzujicim se alkylovym fetézcem.
o Kulminace aktivity u derivata s heptyl az oktylamino skupinou.
o Pozorovéno i v ptipadé rezistentnich kment.
e 6-Alkylamino derivaty obecné méné toleruji modifikace alifatického fetézce.
e 5-Alkylamino derivaty N-fenylpyrazin-2-karboxamidu netoleruji substituce objemnym
substiuentem na fenylovém jadie v poloze 2.

e Zavedeni alkylamino skupiny do polohy 3 vede k neaktivnim derivatim (MIC >100 pg/ml).
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e Modifikace alkylového fetézce:
o Terminalni methoxy ¢i hydroxy skupina vede ke ztraté ¢i poklesu aktivity umérnému
poklesu lipofility.
o Nahrada ¢asti alifatického alkylu za fenyl vede ke ztraté ¢i vyraznému poklesu aktivity.
o Nahrada alifatického alkylu za cykloalkyl vede k mirnému poklesu aktivity, naristu
aktivity vii¢i Gram-pozitivnim bakteriim a nartstu cytotoxicity na HepG2.
e Zavedeni methylenové skupiny mezi fenylové jadro a amidovou skupinu vede k:
o Mirnému poklesu aktivity viici Mycobacterium tuberculosis H37Rv.
o V ptipadé 5-alkylamino derivata ke ztraté aktivity viici Mycobacterium kansasii.
o Vptipadé 6-alkylamino derivatd k nartstu aktivity vici Mycobacterium kansasii

(narustajici s délkou alkylového fetézce).

5.2.7 Zavér

V ptipadé alkylamino derivati byl potvrzen pozitivni vliv prodluzovani alkylového fetézce
na antimykobakterialni aktivitu. Jako nejslibnéjsi se zdaji byt oktylalkylamino derivaty odvozené
od 5-CI-PZA respektive 6-CI-PZA, které kromé selektivity a dobré aktivity vii¢i Mycobacterium
tuberculosis H37Rv vykazaly i nizkou cytotoxicitu na HepG2.

Navrzeny mechanismus ucinku alkylamino derivatd spocivajici v inhibici syntézy mastnych
respektive mykolovych kyselin nebyl potvrzen. Otdzkou tedy zlstava skuteény mechanismus
ucinku téchto latek. Na zaklad¢ krystalografické struktury RpsA, tj. specifického cile POA, bylo
zjisténo, ze C5 a C6 pyrazinového jadra nehraji zasadni roli na vazbé POA do RpsA a piinaseji tak
moznost modifikace POA. Teoreticky pro vazbu pfipravenych derivatt do RpsA a inhibici trans-
translace svedci i fakt, ze 3-alkylamino derivaty nevykazaly antimykobakteridlni aktivitu. Dalsi
prace by tedy mohla byt zaméfena na studium inhibice trans-translace prostfednictvim alkylamino
derivatt a pripravu derivatu s alkylamino substituci v poloze 5- ¢i 6- na pyrazinu a modifikovanou
karboxylovou skupinou ve smyslu reverzibilnich derivati (napfiklad estery pyrazin-2-karboxylové

kyseliny).
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6 ZAVER

Problematika tuberkulozy stale predstavuje zavazny problém obzvlasté v rozvojovych
zemich. Hledani novych antituberkulotik je dulezité predevsim z diivodu zvySujici ho se poctu
pacientil infikovanych kmeny rezistentnimi vii¢i antituberkulotikum prvni a druhé linie, respektive
pacientil soucasné infikovanych HIV.

V ramci teoretické casti této disertaéni prace je popsan soucasny stav tuberkulozy,
epidemiologicka situace ve svété a v Ceské republice, a také faktory zt&zujicim 1é¢bu tohoto
onemocnéni (rezistence, HIV koinfekce). Dale byly popsany jednotlivé terapeutické rezimy a podan
prehled bézn¢ uzivanych antituberkulotik, 1é¢iv nové zavedenych do klinické praxe i potencialnich
1é¢iv nachazejicich se v riznych fazich vyvoje. Jednim z moznych ptistupti pfi hledani novych léciv
je modifikace struktury klinicky pouzivané latky. V ramci této disertacni prace byla pozornost
zaméfena na antituberkulotikum prvni linie pyrazinamid. Diskutovany byly teorie mozného
mechanismu ucinku pyrazinamidu, pyrazinkarboxylové kyseliny a derivatd pfipravenym
jednoduchou obmeénou karboxylové skupiny, ¢i substituci pyrazinového jadra. Poznani
mechanismu G¢inku téchto latek mize vyznamnou mérou piispét k racionalnimu vyvoji novych
antituberkulotik.

Naplni vlastni experimentalni prace byla syntéza derivatt pyrazinkarboxylové kyseliny.
Konkrétné byly ptipraveny tii série N-benzyl a N-fenylpyrazin-2-karboxamidi (53 derivatt)
substituovanych jak na pyrazinovém, tak fenylovém jadie pfevazné lipofilnimi substituenty. Tyto
série navazovaly na dfive pfipravené anilidy pyrazinkarboxylové kyseliny s dobrou
antimykobakterialni aktivitou. Na zakladé studia vztahti mezi strukturou a biologickou aktivitou
byla potvrzena vhodnost substituce elektron-akceptorovou skupinou do polohy meta a elektron-
donorovou skupinou do polohy para na fenylovém jadie. Dosazené zavéry byly ve shod¢ s diive
popsanymi SAR u anilidd pyrazinkarboxylové kyseliny ptipravenych pracovni skupinou prof.
Dolezala. Nejslibngjsim derivatem byl 6-chlor-N-(3-chlor-4-methylfenyl)pyrazin-2-karboxamid
(ptiloha P3, derivat 13), ktery kromé antimykobakterialni aktivity ptevysujici pyrazinamid vykazal

Cl
i @V
Cl N\ N
\ H
o
N

6 chlor-N (3-chlor-4-methylfenyl)pyrazin-2 karboxamid (P3-13)
Mycobacterium tuberculosis H37Rv: MIC = 3,13 pg/ml
HepG2: IC50 > 250 pmol/l
SI>22.54

téz nizkou toxicitu vici HepG2.
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Predlohou pro latky série 4 — 7 se stal 5-chlorpyrazin-2-karboxamid, tj. derivat pyrazinamidu
se znamych mechanismem ucinku. Derivaty byly pfipraveny substituci chloru za alkylamino a
fenylalkylamino skupinu. Posléze byly ptipraveny odpovidajici polohové isomery, slouceniny se
zachovanou alkylamino substituci a modifikovanou karboxamidovou skupinou nasledované
derivaty s modifikovanym alkylovym fetézcem. Celkové bylo pfipraveno 70 alkylamino,
fenylalkylamino a cykloalkylamino derivati pyrazinamidu, N-fenyl ¢&i N-benzylpyrazin-2-
karboxamidu. Ve vSech sériich se vyskytovaly derivaty se slibnou aktivitou vic¢i Mycobacterium
tuberculosis H37Rv srovnatelnou s aktivitou isoniazidu, ¢i vyrazné prevySujici aktivitu
pyrazinamidu. Cast latek téz vykazala aktivitu vi&i atypickym mykobakteriim srovnatelnou
s isoniazidem. Vztahy mezi strukturou a biologickou aktivitou byly diskutovany:

o S prodluzujicim se alkylovym fetézce nartstala i aktivita va¢i Mycobacterium tuberculosis
H37Rv, ktera kulminovala prevazné u derivati s heptyl ¢i oktylamino substituci. Dlouhy
alkylovy ftetézec pravdépodobné usnadiiuje penetraci slouCeniny pies mykobakterialni
bunécnou sténu.

e Modifikace alkylového fetézce méla obecné negativni vliv na antimykobakterialni aktivitu
souvisejici pravdépodobné s poklesem lipofility téchto derivati.

e Substituce do polohy 3 vede k neaktivnim derivatim.

Vétsina testovanych latek byla selektivni vi¢i mykobakteriim. Stran antifungalni a
antibakterialni aktivity byla pozorovana pouze aktivita vi¢i Gram-pozitivnim bakteriim
srovnatelna ¢i pievysujici aktivitu pouzitych standardt a to v pfipadé cykloalkylamino derivatu.
Antivirova ¢i herbicidni aktivita byla zji§téna pouze v ojedinélych pfipadech. Alkylamino derivaty
byly studovany z hlediska inhibice synthasy mastnych kyselin I ¢i enoyl-ACP reduktazy. Aktivita

vici témto enzymim nicméné nebyla potvrzena.

H N._ _CONH,
o~~~ N N__CONH, S
\[ ]/ e NN =
= N N
N H
6-oktylaminopyrazin-2-karboxamid (P4-2i) 5-oktylaminopyrazin-2-karboxamid (P4-1i)
M. tbc H37Rv: MIC = 1,56 pg/ml M. tbc H37Rv: MIC = 6,25 pg/ml
HepG2: ICso = 161 pmol/1 HepG2: ICso > 250 pmol/l
S1=25,8 S1>10.0

Zavérem by bylo vhodné podotknout, Zze urcCeni presné krystalografické struktury
ribosomalniho proteinu S1 (RpsA), tj. specifického cile pyrazinkarboxylové kyseliny, vyraznou
mérou piispiva k studiu moznych modifikaci pyrazinového jadra. Na zakladé¢ orientace
pyrazinkarboxylové kyseliny do RpsA bylo zjiSténo, ze uhliky C5 a C6 nehraji zasadni roli pii
vazbé kyseliny do RpsA a mohou byt déle substituovany. Jako vyhodna se jevi substituce lipofilni
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skupinou (dlouhym alkylem), ktera by usnadnila penetraci pyrazinkarboxylové kyseliny pies
mykobakteriialni bunéénou sténu. Z tohoto divodu alkylamino derivaty pyrazin-2-karboxmidu
predstavuji slibnou skupinu latek z hlediska dalSich modifikaci struktury (napiiklad ptiprava
reverzibilnich derivati pyrazinkarboxylové kyseliny typu esterd se zachovanou alkylamino

substituci v poloze 5, respektive 6).
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Abstract: A series of twelve amides was synthesized via aminolysis of substituted
pyrazinecarboxylic acid chlorides with substituted benzylamines. Compounds were
characterized with analytical data and assayed in vitro for their antimycobacterial,
antifungal, antibacterial and photosynthesis-inhibiting activity. 5-fert-Butyl-6-chloro-N-(4-
methoxybenzyl)pyrazine-2-carboxamide (12) has shown the highest antimycobacterial
activity against Mycobacterium tuberculosis (MIC = 6.25 ug/mL), as well as against other
mycobacterial strains. The highest antifungal activity against Trichophyton mentagrophytes,
the most susceptible fungal strain tested, was found for 5-chloro-N-(3-trifluoromethylbenzyl)-
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pyrazine-2-carboxamide (2, MIC = 15.62 umol/L). None of the studied compounds
exhibited any activity against the tested bacterial strains. Except for 5-fert-butyl-6-chloro-
N-benzylpyrazine-2-carboxamide (9, ICsp = 7.4 pmol/L) and 5-fert-butyl-6-chloro-N-(4-
chlorobenzyl)pyrazine-2-carboxamide (11, ICso = 13.4 umol/L), only moderate or weak
photosynthesis-inhibiting activity in spinach chloroplasts (Spinacia oleracea 1..) was detected.

Keywords: pyrazinamide analogues; lipophilicity determination; in vitro antimycobacterial;

antifungal and photosynthesis inhibitory activity

1. Introduction

Tuberculosis (TB) is considered to be one of the most frequent and widespread nowadays infectious
diseases especially in developing countries. In 2010, there were about 8.8 million new cases of TB and
1.4 million deaths (including deaths from TB among HIV-positive people) [1]. Anti-TB drug
resistance is a major public health problem that threatens progress made in TB care and control
worldwide. Particularly dangerous forms of TB are multidrug-resistant TB (MDR-TB) and extensively
drug-resistant TB (XDR-TB) [1]. Furthermore, TB and HIV synergistically influence each other’s
progress and lead to the increased need of new antituberculars [2].

Pyrazinamide (PZA), a nicotinamide analogue, is one of the most important first-line drugs used in
TB-therapy [3]. Along with rifampicin, PZA has sterilizing activity (the ability to kill the semi-dormant
mycobacteria) which is a crucial factor in shortening the duration of therapy [4]. PZA, as a prodrug
that requires bacterial enzymes to generate the biologically active molecule, enters mycobacterial cell
via passive diffusion and it is activated by pyrazinamidase/nicotinamidase (EC 3.5.1.19) to form
pyrazinoic acid (POA) [5]. Pyrazinamidase/nicotinamidase is encoded by the pncA gene and mutation
of this gene is primarily responsible for resistance to PZA [6]. POA’s intracellular accumulation
lowers pH in mycobacterial cell, thus leading to inhibition of membrane transport and depletion of
energy |7]. Otherwise, the demonstration that PZA and POA inhibit Mycobacterium tuberculosis fatty
acid synthase-I (FAS-I) in whole-cell and cell-free assays suggests that the disruption might be a
consequence of the inhibition of membrane synthesis [8—10]. Reversible binding of both PZA and
POA to M. tuberculosis FAS-I has been definitively confirmed by Saturation Transfer Difference
NMR spectroscopy (STD-NMR), a NMR technique used to characterize ligand—protein interactions [11].
Boshoff ef al. [12] reported that FAS-I is not the target of PZA. However, FAS-I has been proposed
and confirmed as a target of pyrazinamide derivatives, e.g., S-chloropyrazinamide [8,9]. Finally,
another specific target for POA, ribosomal protein S1 (RpsA), has been identified in recent study [13].
RpsA is a vital protein involved in protein translation and the ribosome-sparing process of
trans-translation and its role in M. tuberculosis is multifaceted.

Several pyrazine derivatives were found to possess herbicidal activity summarized in review
paper [14]. Many pyrazinamide derivatives inhibited photosynthetic electron transport (PET) in plant
chloroplasts [14-17] and they were found to act as photosystem (PS) 2 inhibitors. Using EPR
spectroscopy it was found that 5-tert-butyl-N-(3-hydroxy-4-chlorophenyl)-pyrazine-2-carboxamide
and 5-fert-butyl-6—chloro-N-(3-fluorophenyl)-pyrazine-2-carboxamide interacted with the D®
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intermediate, i.e., with the tyrosine radical which is situated at 161th position on D, protein occurring
on the donor side of PS 2 [18]. Due to this interaction, PET from the oxygen evolving complex to
the reaction centre of PS 2 is impaired. However, an experiment with artificial electron donor
1,5-diphenylcarbazide (DPC) with known site of action in Z°/D* intermediate confirmed that also some
members of the PET chain between Z°/D* intermediate and plastoquninone were partially damaged in
the light by these carboxamides. Chlorophyll @ fluorescence quenching due to treatment of chloroplast
suspension with above mentioned pyrazinamides indicated their interaction with pigment-protein
complexes in PS 2 [18].

In this study, we focused on binuclear pyrazinamide analogues containing the -CONH-CH,- bridge,
namely on N-benzylpyrazine-2-carboxamides. Earlier studies have shown some interesting
anti-mycobacterial activity in a serics of substituted N-phenylpyrazine-2-carboxamides [16,19] and
become a pattern for substitution of aromatic ring in benzylamines. The aim of this work was to find the
structure-activity relationships (SAR) in the series of substituted N-benzylpyrazine-2-carboxamides,
i.e., to study the influence of incorporated methylene moiety in the connecting bridge and to continue
in the study of the substituent variability influence on the biological activity.

2. Results and Discussion
2.1. Chemistry

Synthesis of 5-chloropyrazine-2-carboxylic acid chloride [20] from 5-hydroxypyrazine-2-carboxylic
acid, as well as synthesis of final compounds 1-12, is shown in Scheme 1. Condensation of chlorides
of 5-chloropyrazine-2-carboxylic [20], 6-chloropyrazine-2-carboxylic [21] and 5-fert-butyl-6-
chloropyrazine-2-carboxylic [22] acids with unsubstituted or ring-substituted benzylamines yielded a
series of twelve amides. Reactions proceeded under mild conditions, yields of products ranged within
59-91%, and analytical data were fully consistent with the proposed structures. Specific substituents
R', R? and R® of individual compounds 1-12 are listed in Table 1.

Scheme 1. Synthesis and structure of the 5-chloropyrazine-2-carbonyl chloride and final
products 1-12.

0 0
N N R'=H,Cl
m*w—a» o
HO™ N a” N R3=H, 3-CF3, 4-Cl, 4-OCH;
112

Reagents: (a) SOCl,, DMF, toluene; (b) TEA, acetone.
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Table 1. Comparison of the calculated lipophilicity (log P, Clog P) with the determined
log & values of the studied compounds 1-12. ICsy values related to PET inhibition
in spinach chloroplasts in comparison with the standard 3-(3,4-dichlorophenyl)-1,1-

dimethylurea (DCMU).
Compounds R’ R’ R’ log P Clog P log k ICso [nmol/L]

1 H Cl H 1.56 2.3852 0.1862 1623.0
) H Cl 3-CF, 2.48 3.2682 0.4384 345.8
3 H Cl 4-Cl 2.12 3.0982 0.4150 604.0
4 H Cl 4-OCH; 1.43 2.3042 0.1655 ND
5 Cl H H 1.56 23852 0.2002 ND
6 Cl H 3-CF; 2.48 3.2682 0.4507 1207.0
7 Cl H 4-Cl 2.12 3.0982 0.4335 ND
8 Cl H 4-OCH; 1.43 23042 0.1838 ND
9 €1 (CH;3);C H 3.69 42112 1.1215 7.4
10 Cl (CH3);:C 3-CF; 4.61 5.0942 1.3638 36.3
11 Cl (CH;3);C 4-Cl 425 4.9242 1.3511 13.4
12 Cl (CH:);,C  4-OCH; 3.56 4.1302 0.8071 121.6

DCMU - - - - - - 1.9

ND not determined due to their low solubility in the testing medium.
2.2. Lipophilicity

Lipophilicity, one of the most important physicochemical properties of the compound, which seems
to be a key factor related to the cell transmembrane transport and other biological processes, can
either be determined experimentally or predicted by means of commercially available programmes.
In this work Log P/Clog P values of the compounds 1-12 were calculated using the program CS
ChemBioDraw Ultra version 12.0 (CambridgeSoft, Cambridge, MA, USA) and also measured by
means of the RP-HPLC determination of capacity factors £ with subsequent calculation of log . The
results are shown in Table 1 and illustrated in Figure 1.

The lowest lipophilicity was shown by 5-chloro-N-(4-methoxybenzyl)pyrazine-2-carboxamide (4),
while 5-fert-butyl-6-chloro-N-(3-trifluoromethylbenzyl)pyrazine-2-carboxamide (10) was the most
lipophilic compound of this series. Based on log k£ values, lipophilicity incrcased for substituents in
pyrazinge part in the following order: 5-chloropyrazine < 6-chloropyrazine < 5-fert-butyl-6-chloropyrazine.
In the case of substituents in the benzyl part of the molecule lipophilicity increased this way:
4-OCHj3 < H < 4-CI < 4-CF3. The dependence of the calculated Clog P values on the measured log &
parameters showed an approximate linearity and the corresponding correlation can be expressed by the
following regression equation:

Clog P =2.170 (£0.131) log k + 2.086 (:0.096) )
r=0.9650 s=0.197 F =276.1 n=12

The differences between experimentally determined log & and calculated Clog P values were
observed for 5-chloro and 6-chloro group in pyrazine part. This may be caused by the used calculating
program for Clog P, that does not distinguish difference between substituent’s lipophilicity in position
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C(5) and C(6) in pyrazine part of molecule. Consequently, it can be assumed that log & values specify
lipophilicity within this series of compounds more precisely than calculated Clog P values.

Figure 1. Plot of calculated Clog P (CS ChemBioDraw Ultra version 12.0) on
experimentally measured log & parameter. Lincar regression parameters.
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2.3. Biological Activity
2.3.1. In Vitro Antimycobacterial Evaluation

All synthesized compounds were assayed in vitro towards Mycobacterium tuberculosis and several
Mycobacteria Other Than Tuberculosis (MOTTs) (see Table 2). The most active derivatives against
M. tuberculosis were compounds 8, 10 and 12, whose minimal inhibition concentrations (MICs) were
6.25 ug/mL. These activities were fully comparable with PZA. More importantly, 5-tert-butyl-6-
chloro-N-(4-methoxybenzyl)pyrazine-2-carboxamide (12) showed significant activity against tested
MOTTSs, which are unsusceptible to PZA. The vast majority of compounds exhibited only modest
antimycobacterial activity expressed as MIC in pg/ml., or with respect to the molecular weight of final
products in umol/L (see Table 2).

The obtained results provide some insights into the SAR in this miniseries. With respect to the
benzyl part, the most suitable substituents are 4-methoxy and 3-trifluoromethyl groups, especially with
disubstitution in the pyrazine moicty. The most significant substitutions in the pyrazine part are
chlorine in the C(6) and zert-butyl in the C(5) position.

There is no clear dependence between lipophilicity (log &, see Table 1) and antimycobacterial
activities in this series, however the most lipophilic compound 5-fert-butyl-6-chloro-N-(3-
trifluoromethylbenzyl)pyrazine-2-carboxamide (10, log & = 1.3638) displayed one of the highest
activity against M. tuberculosis. On the other hand, 6-chloro-N-(4-methoxybenzyl)pyrazine-2-
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carboxamide (8) with the lowest lipophilicity (log & = 0.1838) showed the same activity against
M. tuberculosis as compound 10 (MIC = 6.25 pg/mL).

Table 2. Antimycobacterial and antifungal activity of presented compounds in comparison
with standards: pyrazinamide (PZA), isoniazid (INH) and fluconazole (FLU).

MIC [pg/mL] &
Compounds M. tuberculosis B " i 1 " MIE
a M. avium M. avium M. kansasii ‘ [pmol/L]
H37Rv
1 25 (100) 100 100 100 125/125
2 25 (79) 25 100 50 15.62/15.62
3 12.5 (44) 100 100 100 125/125
4 25 (90) 100 50 100 250/250
5 12.5 (50) 100 100 50 250/500
6 12.5(39) 25 100 100 62.5/125
7 12.5 (44) 100 12.5 100 125/125
8 6.25 (22) 100 50 100 500/500
9 25 (82) 25 50 100 250/500
10 6.25 (16) 25 25 25 250/250
11 12.5 (36) 50 50 50 250/500
12 6.25 (18) 12.5 6.25 3.125 250/500
6.25-12.5
PZA (50-101) >100 >100 >100 -
INH 1.56 (11) 12.5-25 12.5 12.5 -
FLU — — - — 1.95/3.91

T CNCTC My 331/88; ® CNCTC My 80/72; ° CNCTC My 152/73;  CNCTC My 235/80; ¢ TM Irichophyton
mentagrophytes 445, evaluated after 72 h/120 h.

2.3.2. In Vitro Antifungal Evaluation

The evaluation of in vitro antifungal activity of the studied compounds was performed against
eight fungal strains. Except for 5-chloro- (2) and 6-chloro-N-(3-trifluoromethylbenzyl)pyrazine-2-
carboxamides (6), only weak antifungal activity was found. In comparison with fluconazole (the standard,
MIC = 1.95 umol/L after 72 h) compounds 2 (MIC = 15.62 pmol/L) and 6 (MIC = 62.5 pmol/L) exhibited
moderate in vitro antifungal activity against Trichophyton mentagrophytes (TM), the most susceptible

fungal strain evaluated. For the results see Table 2.
2.3.3. In Vitro Antibacterial Evaluation

All prepared compounds were tested for their in vitro antibacterial activity [23,24] against cight
bacterial strains, namely against: Staphylococcus aureus CCM 4516/08, Staphylococcus aureus
H 5996/08-methicilin resistant, Staphylococcus epidermidis H 6966/08, Pseudomonas aeruginosa
CCM 1961, Escherichia coli CCM 4517. Enterococcus sp. 1 14365/08, Klebsiella pneumoniae
D 11750/08 and Klebsiella pneumoniae J 14368/08-ESBL positive. None of the synthesized
compounds exhibited any activity against the tested strains.
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2.3.4. Inhibition of Photosynthetic Electron Transport (PET)

All studied compounds were evaluated for their photosynthetic electron transport (PET) inhibition
in spinach chloroplasts, which was reflected in the inhibition of oxygen evolution rate. The
photosynthesis-inhibiting activity of the compounds has been expressed as ICs values. Compounds 4,
5, 7 and 8 were not tested due to their low solubility in tested medium. The ICsy values varied in the
range from 7.4 to 1,623.0 umol/L, see Table 1. The activity of the majority of compounds was
moderate or relatively low when compared with the standard 3-(3,4-dichlorophenyl)-1,1-dimethylurea
(DCMU, ICsp = 1.9 pmol/L).

Figure 2. Linear dependence between lipophilicity (expresed as logarithm of retention
factor, log k) and photosynthesis-inhibiting activity log (1/ICsp) [mol/L]. of synthesized
compounds 1-12.
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The most efficient inhibitors of this series were compounds 9 (ICsy = 7.4 pmol/L) and 11
(ICsp = 13.4 umol/L). In general, photosynthesis-inhibiting activity of the studied compounds is
dependent on their lipophilicity (compare compounds 9—12, Table 1). PET inhibition of compounds
1-12 has increased linearly with increasing lipophilicity expressed as log P or log & (see Figure 2) and
the corresponding correlations can be expressed by the following regression equations:

log (1/1Cs0) = 1.626 (£0.534) + 0.717 (£0.164) log P 2)
r=0.8722s=0.472F=19.08 n =8

log (1/ICsp) = 2.475 (+0.266) +1.785 (£0.303) log k (3)
r=0.92358 5= 0.370 F =34.82n=§

The results of statistical analysis were improved if log & instead log P was used. This finding is in

agreement with above mentioned assumption that log & values specity lipophilicity within this series of
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compounds more precisely than calculated log P values. Log & values of the most active inhibitors
were about 1.2.

The effects of the studied compounds on the photosynthetic apparatus of spinach chloroplasts were
investigated by studying chlorophyll « (Chla) fluorescence. Fluorescence emission spectra of Chla in
spinach chloroplasts treated with compound 2 are shown in Figure 3A. The decreased intensity of the
emission band at 686 nm belonging to the pigment-protein complexes in photosystem 2 [25] suggested
PS 2 as the site of action of the studied inhibitors. The extent of perturbation of chlorophyll a-protein
complexes in the thylakoid membrane was reflected as decreased fluorescence of the pigment
(see Figure 3B). Similar decrease of Chla fluorescence in plant chloroplasts was also observed
previously after treatment with substituted benzanilides [26] and salicyanilides [27].

Figure 3. (A) Fluorescence emission spectra of chlorophyll a in untreated spinach
chloroplasts in the presence of compound 2: 0, 0.11, 0.21 and 0.42 mmol/L (curves from
top to bottom; A = 436 nm). (B) Dependence of fluorescence intensity of chlorophyll a on
concentration of compounds 2 (squares), 11 (triangles) and 6 (circles).
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Interaction of the studied compounds with aromatic amino acids, which are present in the proteins
of spinach chloroplasts situated in PS 2, was documented by the quenching of their fluorescence at
334 nm. Figure 4 presents fluorescence emission spectra of aromatic amino acids of untreated spinach
chloroplasts and of chloroplasts treated with increasing concentrations of compound 6 (see Figure 4A)
as well as dependence of fluorescence intensity of chlorophyll a on concentration of compounds 2
(squares), 11 (triangles) and 6 (circles) (see Figure 4B). Binding of these compounds to aromatic
amino acids occurring in photosynthetic proteins contribute to PET inhibition.

By the addition of DPC, an artificial electron donor acting in Z*/D* intermediate on the donor side
of PS 2, to chloroplasts treated with the studied compounds in which PET was inhibited at about
80-90%, PET was restored only to 77-88%. This indicates that the site of PET inhibition is situated not
only on the donor side of PS 2 in the section between the primary electron donor of PS 2 (H,0) and
Z°/D° intermediate but also in the photosynthetic transport chain from P 680 to plastoquinone
Qg occurring on the acceptor side of PS 2. Similar sites of action were determined previously for
5-tert-butyl-N-(3-hydroxy-4-chlorophenyl)-pyrazine-2-carboxamide and 5-fert-butyl-6—chloro-N-(3-
fluorophenyl)-pyrazine-2-carboxamide [18].

122



Molecules 2012, 17 13191

Figure 4. (A) Fluorescence emission spectra of aromatic amino acids in untreated spinach
chloroplasts in presence of compound 6: 0, 0.011, 0.026, 0.037, 0.053 and 0.11 mmol/L.
(curves from top to bottom; A.x = 275 nm). (B) Dependence of fluorescence intensity of
aromatic amino acids on concentration of compounds 2 (squares), 11 (triangles) and 6 (circles).
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3. Experimental
3.1. General

All organic solvents used for the synthesis were of analytical grade. All chemicals were purchased
from Sigma-Aldrich (Schnelldorf, Germany). The reactions were monitored using Merck Silica 60 F,s4
TLC plates (Merck, Darmstadt, Germany). Compounds were purified using an automated
chromatograph CombiFlash Ry (Teledyne Isco, Lincoln, NE, USA) using columns filled with Kieselgel
60, 0.040-0.063 mm (Merck, Darmstadt, Germany); gradient clution (hexanc/cthyl-acetate), detection
wavelength 260 nm, monitor wavelength 280 nm. NMR analysis was performed on Varian Mercury
VX-BB 300 (Varian, Palo Alto, CA, USA) at 300 MHz for 'H and 75 MHz for "*C. Chemical
shifts were recorded as & values in parts per million (ppm) and were indirectly referenced to
tetramethylsilane (TMS). IR spectra were recorded in KBr blocks on Nicolet Impact 400 (Nicolet,
Madison, W1, USA). Elementary analysis was performed on CE Instruments EA-1110 CHN analyser
(CE Instruments, Wigan, UK). Melting points were determined on Stuart SMP30 melting point
apparatus (Bibby Scientific Limited, Staffordshire, UK) and are uncorrected.

3.2. Synthesis of N-Benzylpyrazine-2-carboxamides

To a solution of 6-chloropyrazine-2-carboxylic [21] or 5-tert-butyl-6-chloropyrazine-2-carboxylic [22]
acid (0.5 mmol) in dry toluene (20 mL) was added 1.5 equivalent of thionyl chloride (0.75 mmol). The
reaction mixture was heated to reflux for about 1 h. Then, the excess of thionyl chloride was removed
by repeated evaporation with dry toluene in vacuo. The crude acyl chloride was dissolved in dry
acetone (20 mL) and added dropwise to a stirred solution of the corresponding benzylamine
(0.5 mmol) with triethylamine (0.5 mmol) in dry acetone (10 mL). Then, the reaction mixture was
stirred at room temperature for about 1 h. The reaction was monitored using TLC with hexane/ethyl
acetate 2:1 mixture as eluent. After this time, the solution was evaporated till dryness with silica gel
and purified using a flash column chromatography (40 g column, gradient elution hexane/ethyl-acetate).

123



Molecules 2012, 17 13192

In the case of 5-chloropyrazine-2-carbonyl chloride [20] synthesis, 5-hydroxypyrazine-2-carboxylic
acid (Sigma-Aldrich) was used as starting material. During the reaction with thionyl chloride, the
formation of acyl chloride occurs simultaneously with the nucleophilic substitution of the hydroxyl
group for chlorine. Dimethylformamide (DMF) was added to the reaction mixture as catalyst [28].

3.3. Data of Prepared Target Compounds

N-Benzyl-5-chloropyrazine-2-carboxamide (1). White crystalline compound. Yield: 81%; m.p.
101.9-103.1 °C; 'H-NMR (CDCls) § 9.21 (s, 1H, H3), 8.49 (s, 1H, H6), 7.98 (bs, 1H, NH), 7.40-7.26
(m, 5H, H2', H3', H4, H5', H6'), 4.67 (d, 2H, J = 6.0 Hz, NCH,); “C-NMR (CDCl5) & 162.0, 152.1,
144.0, 142.6, 142.4, 137.5, 128.8, 127.8, 127.7,43.5; IR (cm ') 3384 (N-H), 1660 (C=0); Anal. Calcd.
For C,H¢CIN;O (247.68): 58.19% C, 4.07% H, 16.97% N; Found: 58.38% C, 4.23% H, 16.89% N.

5-Chloro-N-(3-trifluoromethylbenzyl)pyrazine-2-carboxamide (2). White crystalline compound. Yield:
65%; m.p. 91.3-92.7 °C; 'H-NMR (CDCl:) § 9.20 (s, 1H, H3), 8.51 (s, 1H, H6), 8.09 (bs, 1H, NH),
7.65-7.40 (m, 4H, H2', H4", H5', H6"), 4.72 (d, 2H, J = 6.3 Hz, NCH,); *C-NMR (CDCl;) & 162.2,
152.3, 144.0, 142.5, 142.3, 138.6, 131.2, 131.1 (q, J = 32.6 Hz), 129.3, 124.6 (q, /= 3.8 Hz), 124.4 (q,
J =3.8 Hz), 123.6 (q, J = 272.9 Hz), 43.0; IR (cm") 3385 (N-H), 1665 (C=0); Anal. Calcd. For
C13HoCIF3N30 (315.68): 49.46% C, 2.87% H, 13.31% N; Found: 49.51% C, 2.96% H, 13.48% N.

5-Chloro-N-(4-chlorobenzyl)pyrazine-2-carboxamide (3). White crystalline compound. Yield: 79%;
m.p. 89.9-91.3 °C; '"H-NMR (CDCl3) 8 9.20 (s, 111, H3), 8.50 (s, 1H, H6), 7.98 (bs, 1H, NH), 7.35-7.25
(m, 4H, H2', H3', H5', H6'), 4.63 (d, 2H, J = 6.2 Hz, NCH,); "*C-NMR (CDCL;) § 162.1, 152.2, 144.0,
142.5, 142.4, 136.1, 133.6, 129.2, 128.9, 42.9; TR (cm ') 3327 (N-H), 1672 (C=0); Anal. Calcd. For
C12HoCLLN;0 (282.13): 51.09 % C, 3.22% H, 14.89% N; Found: 50.96% C, 3.14% H, 14.97% N.

5-Chloro-N-(4-methoxybenzyl)pyrazine-2-carboxamide (4). White crystalline compound. Yield: 80%;
m.p. 123.2-124.0 °C; 'H-NMR (CDCl3) 8 9.19 (s, 111, H3), 8.48 (s, 111, H6), 7.90 (bs, 111, NH), 7.30-7.25
(m, 2H, H2', H6'), 6.99-6.62 (m, 2H, H3', H5'), 4.59 (d, 2H, J = 5.9 Hz, NCH,), 3.80 (s, 3H, CHj3);
BC-NMR (CDCly) § 161.9, 159.2, 152.0, 144.0, 142.6, 142.4, 129.6, 129.3, 114.2, 55.3, 43.1; IR
(cm ') 3388 (N-H), 1659 (C=0); Anal. Calcd. For Cj3H2CIN;O, (277.71): 56.22% C, 4.36% H,
15.13% N; Found: 56.26% C, 4.34% H, 15.01% N.

N-Benzyl-6-chloropyrazine-2-carboxamide (5). White crystalline compound. Yield: 87%; m.p.
58.3-59.7 °C; '"H-NMR (DMSO-d;) § 9.48 (1, 1H, J = 6.3 Hz, NH), 9.19 (s, 1H, H3), 8.81 (s, 1H, H5),
7.34-7.20 (m, 5H, H2’, H3', H4", H5', H6'), 4.50 (d, 2H, J = 6.3 Hz, NCH>); *C-NMR (DMSO-ds) &
163.1, 148.1, 143.8, 143.6, 143.1, 139.4, 128.4, 127.5, 127.0, 42.5; IR (cm') 3371 (N-H), 1670
(C=0); Anal. Calcd. For C|;H,(CIN;O (247.68): 58.19% C, 4.07% H, 16.97% N; Found: 58.33% C,
4.12% H, 17.08% N.

6-Chloro-N-(3-trifluoromethylbenzyl)pyrazine-2-carboxamide (6). White crystalline compound. Yield:
63%; m.p. 68.1-69.8 °C; 'TH-NMR (CDCls) § 9.33 (s, 1H, H3), 8.77 (s, 1H, HS5), 8.03 (bs, 1H, NH),
7.64-7.42 (m, 4H, H2', H4', H5', H6"), 4.73 (d, 2H, J = 6.3 Hz, NCH,); "C-NMR (CDCl;) & 161.8,
147.6, 147.5, 143.6, 142.1, 138.5, 131.2 (q, J = 32.4 Hz), 130.9, 129.3, 124.6 (q, J = 3.9 Hz), 124.5 (q,
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J = 4.0 Hz), 124.0 (q, J = 272.9 Hz), 43.1; IR (cm’') 3324 (N-H), 1672 (C=0); Anal. Calcd. For
C13HoCIF;N;0 (315.68): 49.46% C, 2.87% H, 13.31% N; Found: 49.57% C, 2.71% H, 13.56% N.

6-Chloro-N-(4-chlorobenzyl)pyrazine-2-carboxamide (7). White crystalline compound. Yield: 91%;
m.p. 93.2-94.5 °C; "H-NMR (CDCls) § 9.32 (s, 1H, H3), 8.76 (s, 1H, H5), 7.97 (bs, 1H, NH), 7.37-7.31
(m, 2H, H2', H6'), 7.28-7.20 (m, 2H, H3', H5"), 4.63 (d, 2H, J = 6.1 Hz, NCH,); C-NMR (CDCls) 3
161.7, 147.5, 147.4, 143.7, 142.0, 135.9, 133.6, 129.2, 128.9, 42.9; IR (cm") 3387 (N-H), 1667
(C=0); Anal. Calcd. For C;2HoCLN3O (282.13): 51.09% C, 3.22% H, 14.89% N; Found: 51.23% C,
3.37% H, 14.76% N.

6-Chloro-N-(4-methoxybenzyl)pyrazine-2-carboxamide (8). White crystalline compound. Yield: 89%;
m.p. 71.4-72.6 °C; "H-NMR (CDCl3) & 9.32 (s, 1H, 113), 8.73 (s, 1H, H5), 7.88 (bs, 1H, NH), 7.31-7.25
(m, 2H, H2', H6"), 6.91-6.85 (m, 2H, H3’, H5"), 4.59 (d, 2H, J = 6.0 Hz, NCH>), 3.80 (s, 3H, CHj3);
BC-NMR (CDCls) & 161.5, 159.2, 147.5, 147.2, 144.0, 142.0, 129.5, 129.3, 114.2, 55.3, 43.1; IR
(em ") 3370 (N-H), 1662 (C=0); Anal. Calcd. For Ci3H,CIN;O, (277.71): 56.22% C, 4.36% H,
15.13% N; Found: 56.34% C, 4.38% H, 15.03% N.

N-Benzyl-5-tert-butyl-6-chloropyrazine-2-carboxamide (9). White crystalline compound. Yield: 61%;
m.p. 69.7-71.3 °C; "H-NMR (DMSO-ds) 8 9.35 (t, 1H, J = 6.4 Hz, NH), 9.04 (s. 1H, H3), 7.33-7.20
(m, 5H, H2', H3', H4', H5', H6'), 4.48 (d, 2H, J = 6.4 Hz, NCH,), 1.48 (s, 9H, CH;); “C-NMR
(DMSO-ds) 5 162.8, 162.0, 145.5, 142.4, 140.1, 139.3, 128.4, 127.6, 127.0, 42.6, 38.6, 28.2; IR (cm ")
3399 (N-H), 1669 (C=0); Anal. Caled. For CisH13CIN3O (303.79): 63.26% C, 5.97% H, 13.83% N;
Found: 63.39% C, 6.13% H, 13.67% N.

S-tert-Butyl-6-chloro-N-(3-trifluoromethylbenzyl)pyrazine-2-carboxamide (10). White crystalline
compound. Yield: 59%; m.p. 74.4-75.3 °C; 'H-NMR (CDCls) 6 9.21 (s, 1H, H3), 7.98 (bs, 1H, NH),
7.60 (s, 1H, H2"), 7.58-7.45 (m, 3H, H4', H5', H6'), 4.72 (d, 2H, J = 6.4 Hz, NCH,), 1.53 (s, 9H, CHj3);
BC-NMR (CDCl3) & 164.5, 162.3, 145.9, 140.8, 140.2, 138.8, 131.2, 131.1 (q, J = 32.3 Hz), 129.3,
124.5 (q, J = 3.9 Hz), 124.4 (q, J = 3.9 Hz), 123.9 (q, J = 272.9 Hz), 42.9, 38.9, 28.3; IR (cm™') 3373
(N-H), 1676 (C=0); Anal. Caled. For C,7H,;CIFsN;O (371.78): 54.92% C, 4.61% H, 11.30% N;
Found: 54.86% C, 4.53% H, 11.35% N.

S-tert-Butyl-6-chloro-N-(4-chlorobenzyl)pyrazine-2-carboxamide (11). White crystalline compound.
Yield: 82%; m.p. 67.5-68.7 °C; '"H-NMR (CDCl;) § 9.19 (s, 1H, H3), 7.91 (bs, 1H, NH), 7.39-7.19
(m, 4H, H2', H3', H5', H6'), 4.62 (d, 2H, J = 6.3 Hz, NCH>), 1.52 (s, 9H, CH3); "C-NMR (CDCl;) &
164.4, 162.1, 140.9, 140.1, 136.2, 133.5, 131.5,129.2, 128.9, 42.7, 38.9, 28.3; IR (cm ') 3376 (N-I),
1659 (C=0); Anal. Calcd. For C;¢H;7CLLN;0 (338.23): 56.82% C, 5.07% H, 12.42% N; Found:
56.76% C, 5.18% H, 12.25% N.

S-tert-Butyl-6-chloro-N-(4-methoxybenzyl)pyrazine-2-carboxamide (12). White crystalline compound.
Yield: 84%; m.p. 71.3-72.7 °C; '"H-NMR (CHCl;) & 9.19 (s, 1H, H3), 7.84 (bs, 1H, NH), 7.31-7.25
(m, 2H, H2', H6'), 6.91-6.85 (m, 2H, H3’, H5"), 4.59 (2H, d, J = 6.0 Hz), 3.80 (3H, s), 1.52 (9H, s); °C
NMR (CDCl;) 6 164.1, 161.9, 159.1, 141.1, 140.2, 140.1, 129.7, 129.3, 114.1, 55.3, 42.9, 38.8, 28.2;
IR (cm ') 3324 (N-H), 1673 (C=0); Anal. Calcd. For Ci7HCIN;O; (333.81): 61.17% C, 6.04% H,
15.13% N; Found: 61.23% C, 6.17% H, 15.01% N.
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3.4. HPLC Lipophilicity Determination (Capacity Factor k/ Calculated Log k)

An Agilent Technologies 1200 SL liquid chromatography system equipped with a Diode-Array
Detector SL G1315C, chromatographic pre-column ZORBAX XDB-C18 5 pum, 4 x 4 mm, Part No.
7995118-504 and column ZORBAX Eclipse XDB-C18 5 pm, 4.6 x 250 mm, Part No. 7995118-585
(Agilent Technologies Inc., Colorado Springs, CO, USA) were used. The separation process was
controlled by Agilent ChemStation, version B.04.02 extended by spectral module (Agilent
Technologies Inc.). A solution of MeOH (HPLC grade, 70%) with H,O (HPLC-Milli-Q Grade, 30%)
was used as mobile phase. The total flow of the column was 1.0 mL/min, injection 20 puL, column
temperature 30 °C. 210 nm as detection wavelength and 270 nm as monitor wavelength were chosen.
The KI methanol solution was used for the dead time (Tp) determination. Retention times (Tr) of
synthesized compounds were measured in minutes. The capacity factors & were calculated using
Microsoft Excel according to formula £ = (Tg — Tp)/Tp, where Ty is the retention time of the solute
and T, denotes the dead time obtained via an unretained analyte. Log ., calculated from the capacity
factor £, is used as the lipophilicity index converted to log P scale.

3.5. Lipophilicity Calculations

Log P (the logarithm of the partition coefficient for n-octanol/water) and Clog P (the logarithm of
n-octanol/water partition coefficient P based on established chemical interactions) were calculated
using the program CS ChemBioDraw Ultra version 12.0 (CambridgeSoft, Cambridge, MA, USA).

3.6. Biological Methods
3.6.1. Evaluation of In Vitro Antimycobacterial Activity

Microdilution panel method. Antimycobacterial evaluation was shielded by Department of Clinical
Microbiology, University Hospital and Faculty of Medicine in Hradec Kralové, Charles University in
Prague, Czech Republic. Four mycobacterial strains were used: M. muberculosis H37Rv CNCTC My
331/88, M. avium CNCTC My 80/72, M. avium CNCTC My 152/73 and M. kansasii CNCTC My
235/80 (Czech National Collection of Type Cultures, National Institute of Public Health, Prague,
Czech Republic). Tested compounds were dissolved in DMSO (to final concentrations 100, 50, 25,
12.5, 6.25, 3.125 and 1.563 pg/mL), diluted with Sula’s semisynthetic medium (Trios, Prague, Czech
Republic) and placed into microdilution panel. Tested species were added in the form of suspension in
isotonic saline solution. The final concentration of DMSO did not exceed 1% (v/v), this concentration
of DMSO did not affect the growth of mycobacteria. The cultures were grown in Sula’s semisynthetic
medium at pH 6.0 and 37 °C. The antimycobacterial activity was determined visually after 14 days
(6 days for M. kansasii) of incubation as minimally inhibition concentration (MIC, pg/mL), i.e., the
lowest concentration of tested substance which inhibited the growth of mycobacteria.

3.6.2. Evaluation of /n Vitro Antifungal Activity

The Department of Medical and Biological Sciences at the Faculty of Pharmacy in Hradec Kralové,
Charles University in Prague, Czech Republic, performed the antifungal susceptibility assays, which
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was carried out using microdilution broth method [29,30]. Compounds were dissolved in DMSO
and diluted in a twofold manner with RPMI 1640 medium with glutamine buffered to pH 7.0
(3-morpholinopropane-1-sulfonic acid). The final concentration of DMSO in the tested medium did
not exceed 2.5% (v/v) of the total solution composition. Drug-free controls were included. Fluconazole
was used as standard. The MICs were determined after 24 and 48 h, respectively after 72 and 120 h for
Trichophyton mentagrophytes (M), of static incubation in dark at 35 °C. Tested species: Candida
albicans ATCC 44859, C. tropicalis 156, C. krusei E28, C. glabrata 20/1, Trichosporon asahii 1188,
Aspergillus fumigates 231, Absidia corymbifera 272 and Trichophyton mentagrophytes 445 (TM).

3.6.3. Study of the Inhibition of Oxygen Evolution rate in Spinach Chloroplasts

Chloroplasts were prepared from spinach (Spinacia oleracea 1..) according to Masarovi¢ova and
Kralova [31]. The inhibition of photosynthetic electron transport (PET) in spinach chloroplasts was
determined spectrophotometrically (Genesys 6, Thermo Scientific, Madison, WI, USA) using an
artificial electron acceptor 2,6-dichlorophenol-indophenol (DCPIP) according to Kralova et al. [33]
and the rate of photosynthetic electron transport (PET) was monitored as a photo-reduction of DCPIP.
The measurements were carried out in a 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 chlorophyll content was 30 mg/L in
these experiments and the samples were irradiated (~100 W/m?) from a 10 cm distance with 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 of the studied compounds was expressed as the
ICso values, i.e., molar concentration of the compounds causing 50% decrease in the oxygen
evolution relative to the untreated control. The comparable ICsy value for a selective herbicide
3-(3,4-dichlorophenyl)-1,1-dimethylurea (Diurone®, DCMU) was about 1.9 umol/L [33].

3.6.4. Study of Fluorescence of Chlorophyll @ and Aromatic Amino Acids in Spinach Chloroplasts

The fluorescence emission spectra of chlorophyll a (Chla) and aromatic amino acids in spinach
chloroplasts were recorded on fluorescence spectrophotometer F-2000 (Hitachi, Tokyo, Japan) using
excitation wavelength Aex = 436 nm for monitoring fluorescence of Chla and Aex = 275 nm for
monitoring fluorescence of aromatic amino acids, excitation slit 20 nm and emission slit 10 nm. The
samples were kept in the dark 2 min before measuring. The phosphate buffer used for dilution of the
chloroplast suspension was the same as described above. Due to low aqueous solubility the compounds
were added to a chloroplast suspension in DMSO solution. The DMSO concentration in all samples was
the same as in the control (10%). The chlorophyll concentration in chloroplast suspension was 10 mg/L.

4. Conclusions

A series of twelve binuclear pyrazinamide analogues containing -CONH-CH,- bridges was
synthesized by the condensation of substituted pyrazine-2-carboxylic acid chlorides with the
corresponding benzylamines. The final products were characterized by analytical data and evaluated
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for their in vitro antimycobacterial, antifungal, antibacterial and photosynthesis-inhibiting activity.
Lipophilicity of the compounds was dctermined using RP-HPLC mcthod and calculated using
predicting program CS ChemBioDraw Ultra version 12.0. The obtained values were compared with
each other and graphically expressed as dependence of calculated Clog P on log k. Compounds 8, 10
and 12 had in vitro antimycobacterial activity against M. tuberculosis comparable with PZA
(MIC = 6.25 ug/mL). More importantly, 5-tert-butyl-6-chloro-N-(4-methoxybenzyl)pyrazine-2-
carboxamide (12) was active against tested MOTTs (M. kansasii and M. avium), which are
unsusceptible to PZA. No clear dependence between lipophilicity and antimycobacterial activity has
been found in this series. The highest antifungal activity (MIC = 15.6 umol/L) against susceptible
strain (Trichophyton mentagrophytes) was observed for 5-chloro-N-(3-trifluoromethylbenzyl)pyrazine-
2-carboxamide (2), other compounds showed only weak or none in vitro antifungal activity. None of
the studied compounds exhibited any significant activity against tested bacterial strains. 5-tert-butyl-6-
chloro-N-benzylpyrazine-2-carboxamide (9, ICso = 7.4 pmol/L). The most active compounds in
inhibition of PET in spinach chloroplasts (Spinacia oleracea 1..) were 5S-tert-butyl-6-chloro-N-
benzylpyrazine-2-carboxamide (9, 1Cso = 7.4 umol/L) and 5-fert-butyl-6-chloro-N-(4-chlorobenzyl)-
pyrazine-2-carboxamide (11, ICsy = 13.4 pmol/L). Based on the obtained results it can be assumed,
that in this series of pyrazinamide derivatives the antimycobacterial and antifungal activities did not
depend directly on compound’s lipophilicity. On the other hand, PET-inhibiting activity increased
linearly with compound’s lipophilicity.
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To develop new potential antimycobacterial drugs, a series of pyrazinamide derivatives was designed,
synthesized and tested for their ability to inhibit the growth of selected mycobacterial strains (Mycobac-
terium tuberculosis H37Rv, Mycobacterium kansasii and two strains of Mycobacterium avium). This Letter is
focused on binuclear pyrazinamide analogues containing the ~-CONH-CH,- bridge, namely on N-benzyl-
5-chloropyrazine-2-carboxamides with various substituents on the phenyl ring and their comparison
with some analogously substituted 5-chloro-N-phenylpyrazine-2-carboxamides. Compounds from
the N-benzyl series exerted lower antimycobacterial activity against M. tuberculosis H37Rv then
corresponding anilides, however comparable with pyrazinamide (12.5-25 pg/mL). Remarkably,
5-chloro-N-(4-methylbenzyl)pyrazine-2-carboxamide (8, MIC=3.13 pg/mL) and 5-chloro-N-(2-chloro-
benzyl)pyrazine-2-carboxamide (1, MIC = 6.25 jig/mL) were active against M. kansasii, which is naturally
unsusceptible to PZA. Basic structure-activity relationships are presented.

© 2013 Published by Elsevier Ltd.

Tuberculosis (TB) is considered to be one of the most frequent
infectious diseases especially in developing countries. [n 2011,
there were about 8.7 million new cases of TB and 1.4 million
deaths.! Multidrug-resistant TB (MDR-TB, characterized as resis-
tance to, at least, isoniazid and rifampicin), extensively drug-resis-
tant TB (XDR-TB), totally drug-resistant TB (TDR-TB) and also
co-infection with HIV? remain a serious public health problem
primarily in underdeveloped countries and underline the need to
develop novel anti-tubercular agents.'

Pyrazinamide (PZA), a nicotinamide analogue, plays an impor-
tant role in TB-therapy.> PZA has multiple mechanisms of action
and as a prodrug, it is metabolized via mycobacterial enzyme
pyrazinamidase (EC 3.5.1.19) to form pyrazinoic acid (POA).* POA
accumulates intracellularly and lowers pH in mycobacterial cell,
which leads to inhibition of membrane transport and depletion
of energy.® Along with rifampicin, PZA has also a sterilizing activ-
ity, which is a crucial factor in shortening the duration of therapy.®

During the last years, the specific targets of PZA and/or POA were
recognized. As previous studies suggested,”'° both PZA and POA
were confirmed as inhibitors of fatty acid synthase I (FAS I), which
participates in the synthesis of cell wall components. The studies
of Sayahi et al. showed that PZA!" and 5-CI-PZA'? are able to compet-
itively displace the NADPH cofactor from FAS 1. Finally, another spe-
cific target for POA (but not for PZA), ribosomal protein S1 (RpsA)

* Corresponding author. Tel.: +420 495067272; fax: +420 495518002.
E-mail address: barbora.servusova@faf.cuni.cz (B. Servusova).

0960-894X/$ - see front matter @ 2013 Published by Elsevier Ltd.
http:{/dx.doi.org/10.1016/j.bmcl.2013.04.021

involved in protein translation, was identified. POA prevents binding
of tmRNA to RpsA and thus blocks trans-translation (the process
involving the release of ribosomes stalled during translation).'?
5-Cl-PZA proved to be active in vitro against both PZA susceptible
Mycobacterium tuberculosis strains (MIC = 16 pg/mL) and PZA resis-
tant mycobacterial strains (Mycobacterium bovis, Mycobacterium
kansasii, Mycobacterium fortuitum and Mycobacterium avium;
MIC = 8-64 pg/mL)."* Therefore it became a pattern for target
compounds mentioned in this paper. The series of substituted
N-benzyl-5-chloropyrazine-2-carboxamides (1-10) and 5-chloro-
N-phenylpyrazine-2-carboxamide (1a-6a) were synthesized and
compared to study the influence of incorporated methylene moiety
in the connecting bridge and also to continue to study of the
substituent variability influence on the biological activity.

Final structures were prepared by convenient two-step
synthesis'® using 5-hydroxypyrazine-2-carboxylic  acid
(5-hydroxy-POA) as a starting material (see Scheme 1). During
the first step 5-hydroxy-POA was treated with thionyl chloride to
form 5-chloropyrazine-2-carbonyl chloride.!® Dimethylformamide
(DMF) was added to the reaction mixture as a catalyst.!” Final
structures were prepared by aminolysis of the corresponding
acyl chloride by various anilines and benzylamines. Reaction
proceeded under mild conditions (at RT in acetone), triethylamine
(TEA) was used to neutralize the originating HCl. All prepared
compounds (white solid or crystalline) were characterized by
analytical data ('"H NMR, '*C NMR, IR spectroscopy, melting
point and elementary analysis). The analytical data were fully

133



3590

B. Servusovd et al. /Bioorg. Med. Chem. Lett. 23 (2013) 3589-3591

o] o}
N, N
JI A OH i )I x Cl
e
Z P
HO N cl N

1-10:n=1
la-6a:n=0

o
N,
= LG
—_— | H 1R
HzNH@ g © N 7
A

Scheme 1. Synthesis of final compounds 1-10 and 1a-6a. Reagents: (a) SOCl,, DMF, toluene; (b) TEA, acetone.

consistent with proposed structures and are enclosed in the
Supplementary data.

Compound’s lipophilicity plays important role in drug’s passage
through the mycobacterial cell wall, which contains a large
amount of lipid components'® and thus our attention was paid
to lipophilicity determination. Parameters logP{ClogP were
calculated by commercially available program (ChemDraw Ultra,
ver. 12.0),"? measured using RP-HPLC determination'® of capacity
factor k expressed as logk and are shown in Table 1. The
dependences of the calculated log P/ClogP values on the measured
logk parameters for N-benzyl series showed an approximate
linearity and are illustrated in Figure 1. The corresponding correla-
tions can be expressed by the following regression equations:

ClogP = 2.936(+0.2359)logk + 1.740(=0.1022) (1)
R=10.9509 s =0.1150 F = 154.8 n =10
LogP — 2.981(<0.3301)logk + 0.791(=0.1430) )

R=09107 s=0.1608 F =81.56 n=10

Similar dependence of lipophilicity parameters was not found
for N-phenyl series, possibly due to the formation of intramolecu-
lar hydrogen bond by m-OCH; and NH group by compound 3a.

Prepared compounds were screened for their antimycobacterial
activity against four mycobacterial strains by microdilution panel
method, described in our previous published papers'® and referred
in Supplementary data. Results were expressed as minimal inhibi-
tion concentration (MIC) in pg/mL, or with respect to the molecu-
lar weight of final products in pmol/L (values in parentheses), for
the results see Table 1.

Table 1

The vast majority of compounds from N-benzyl series exhibited
antimycobacterial activity against M. tuberculosis H37Rv compara-
ble with pyrazinamide (MIC = 12,5-25 pg/mL). Taking into account
the higher molecular weight of the prepared derivatives, com-
pounds 6 (MIC = 38 pmol/L) and 9 (MIC = 39 umol/L) showed al-
most three times better activity than PZA (MIC = 102-203 pmol/L).
On the other hand, in comparison with analogously substituted ani-
lides (1a-6a), whose antimycobacterial activity against Mycobacte-
rium tuberculosis H37Rv is mostly in range MIC = 0.78-6.25 ng/mL,
the activity is lower. We inferred a conclusion that incorporation
of methylene moiety leads to the drop in the activity but not to the
complete loss.

On the other hand, 5-chloro-N-(4-methylbenzyl)pyrazine-
2-carboxamide (8, MIC=3.13 pg/mL) and 5-chloro-N-(2-chloro-
benzyl)pyrazine-2-carboxamide (1, MIC=6.25 ug/mL) showed
significant activity against M. kansasii, which is naturally unsus-
ceptible to PZA (MIC >100 pg/mL). Except for the compound 2a,
none of the prepared compounds exhibited any activity against
the tested strains of M. avium. No significant differences in
antimycobacterial activity between compounds with electron-
withdrawing and electron-donating substitution were observed.
Also no direct correlation between lipophilicity (logk) and antimy-
cobacterial activity (log (1/MIC)) was found.

The N-substituted 5-CI-PZA derivatives presented in this paper
are stable under neutral pH conditions so we do not expect
them to be hydrolysed in the testing media. It is also probable
that the large substituent on the carboxamide nitrogen will
prevent the pyrazinamidase from converting the compounds to
5-chloropyrazine-2-carboxylic acid (5-CI-POA). This leads us to

Physicochemical data of prepared compounds, their antimycobacterial activity expressed as minimal inhibition concentration (MIC) in pg/mL or pmol/L (data in parentheses),

comparison of calculated and determined lipophilicity parameters

Structure Antimycobacterial activity (pg/mL) (pmol/L) Lipophilicity

No. R MW M. tbc H37RV M. kansasii® M. avium® M. avium® logk logP ClogP
1 2-Cl 28213 25 (89) 6.25 >100 >100 0.41683 212 3.09819
1a 2-Cl 268.10 0.78 (3) nad >100 >100 0.81931 2.05 2.08469
2 3-Cl 282.13 25 (89) 50 >100 >100 0.42294 2.12 3.09819
2a 3-Cl 268.10 313 (12) 25 25 25 0.58731 2.05 2.93464
3 2,4-0CH, 307.73 >100 >100 >100 >100 0.22665 1331 239319
3a 2,4-0CH; 293.71 >100 >100 >100 >100 0.57911 1.24 1.51424
4 2-F 265.67 25 (94) 50 >100 >100 0.33949 1.72 2.52819
4a 2-F 251.64 6.25 (25) 12,5 >100 >100 0.49028 1.65 1.76469
5 3-NO, 292.68 >100 12:5 >100 >100 0.11886 1.06 2.12819
5a 3-NO, 278.65 3.13(11) nad >100 >100 0.34426 1.39 2.00071
6 4-Br 326.58 12.5(38) 50 >100 >100 0.49806 2.39 3.24819
6a 4-Br 312.55 3.13(10) 6.25 >100 >100 0.66007 232 3.08469
7 2-CH3 261.71 50 (191) 25 >100 >100 0.39471 2.05 2.83419
8 4-CH; 261.71 25 (96) 3.13 >100 >100 0.41989 2.05 2.88419
9 24-Cl 316.57 12.5(39) >100 >100 >100 0.72699 2.68 3.81119
10 2-CF; 315.68 25(79) 100 >100 >100 0.48509 248 3.26819

PZA - 123.11 12.5-25 (102-203) >100 >100 >100 n.d. -131 -0.676

INH — 137.14 1.56 (11) 12.5 25 6.25 n.d. 0.60 0.668

INH - 137.14 1.56 (11) 12,5 25 6.25 n.d. -0.60 —0.668

2 CNCTC My 235/80.

 CNCTC My 80/72.

¢ CNCTC My 152/73.

9 Data not available due to poor sensitivity of the tested strain,
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Figure 1. Relationships between calculated logP{ClogP parameters and experi-
mentally found logk values of N-benzyl-5-chloropyrazine-2-carboxamides.

the idea that the title compounds act rather as they are and not as
prodrugs of 5-CI-PZA or 5-CI-POA.

All prepared compounds were also screened for their anti-
fungal'>?" and antibacterial?'*? activities, which were negligible
in comparison with used standards. Methods of biological screen-
ing are included in the Supplementary data.

Sixteen new compounds were prepared, characterized by ana-
lytical data, screened for hiological activity and mutually compared
in terms of antimycobacterial activity. Based on the results of bio-
logical evaluation, the incorporation of methylene moiety seems to
be disadvantageous, since anilides of 5-chloropyrazine-2-carbox-
amide showed better activity.
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SUPPLEMENTARY MATERIAL
Experimental

1. General

All organic solvents used for the synthesis were of analytical grade. All chemicals were
purchased from Sigma-Aldrich (Schnelldorf, Germany). The reactions were monitored using
Merck Silica 60 F254 TLC plates (Merck, Darmstadt, Germany). Compounds were purified
using an automated chromatograph CombiFlash Ry (Teledyne Isco, Lincoln, NE, USA) using
columns filled with Kieselgel 60, 0.040-0.063 mm (Merck, Darmstadt, Germany); gradient
elution (hexane/ethyl-acetate), detection wavelength 260 nm, monitor wavelength 280 nm.
NMR analysis was performed on Varian Mercury VX-BB 300 (Varian, Palo Alto, CA, USA)
at 300 MHz for 'H and 75 MHz for "*C or for comp. 5 and 7 on Varian Mercury-Vx BB 500
(Varian, Palo Alto, CA, USA) at 500 MHz for '"H and 125 MHz for °*C. Chemical shifts were
recorded as & values in parts per million (ppm) and were indirectly referenced to
tetramethylsilane (TMS). IR spectra were recorded in KBr blocks on Nicolet Impact 400
(Nicolet, Madison, WI, USA). Elementary analysis was performed on CE Instruments EA-
1110 CHN analyser (CE Instruments, Wigan, UK). Melting points were determined on Stuart
SMP30 melting point apparatus (Bibby Scientific Limited, Staffordshire, UK) and are
uncorrected.

2. Analytical data of prepared compounds

5-chloro-N-(2-chlorobenzyl)pyrazine-2-carboxamide (1). White crystalline comp. Yield:
68 %; m.p. 121.6-122.3 °C; "H NMR (300 MHz, CDCls) § 9.17 (s, 1H, H3), 8.51 (s, 1H, H6),
8.12 (bs, 1H, NH), 7.48- 7.36 (m, 2H, H3", H4"), 7.30 — 7.22 (m, 2H, H5", H6"), 4.75 (d, 2H,
J=6.3 Hz, NCH,); BC NMR (75 MHz, CDCl3) 6 162.05, 152.11, 143.97, 142.51, 142.48,
134.93, 133.75, 130.25, 129.63, 129.21, 127.15, 41.52; IR (KBr, cm'l) 3389 (N-H), 1678
(C=0); Anal. Calcd. for C;;HoCI;N;0: C 51.09, H 3.22, N 14.89; Found: C 51.19, H 3.19, N
14.76.

= Corresponding author. Tel.: + 420 495067272; fax: + 420 495518002; e-mail: barbora.servusova@faf.cuni.cz
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5-chloro-N-(2-chlorophenyl)pyrazine-2-carboxamide (1a). White crystalline comp. Yield:
47 %; m.p. 149.1-150.0 °C; '"H NMR (300 MHz, CDCls) § 10.17 (bs, 1H, NH), 9.26 (s, 1H,
H3), 8.62 (s, 1H, H6), 8.59 (dd, 1H, J=8.2 Hz, J=1.5 Hz, H6"), 7.43 (dd, 1H, J=8.2 Hz, J=1.5
Hz, H3"), 7.38-7.31 (m, 1H, H5"), 7.15-7.08 (m, 1H, H4"); *C NMR (75 MHz, CDCl;) §
159.9, 152.6, 144.2, 142.6, 134.0, 131.5, 129.3, 127.9, 125.3, 123.5, 121.2; IR (KBr, cm™)
3332 (N-H), 1695 (C=0); Anal. Calcd. for C;;H7CI,N;0: C 49.28, H 2.63, N 15.67; Found: C
49.35,H 2.64, N 15.62.

5-chloro-N-(3-chlorobenzyl)pyrazine-2-carboxamide (2). White crystalline comp. Yield:
71 %; m.p. 97.4-98.2 °C; '"H NMR (300 MHz, CDCl3) § 9.20 (s, 1H, H3), 8.51 (s, 1H, H6),
8.02 (bs, 1H, NH), 7.32 (s, 1H, H2"), 7.29 — 7.19 (m, 3H, H4', H5", H6"), 4.64 (d, J=6.2 Hz,
NCH,); *C NMR (75 MHz, CDCls) & 162.11, 152.23, 144.03, 142.51, 142.35, 139.56,
134.61, 130.04, 127.89, 127.81, 125.89, 42.90; IR (KBr, cm™) 3359 (N-H), 1677 (C=0);
Anal. Calcd. for C;,HyCLLN;O: C 51.09, H 3.22, N 14.89; Found: C 51.12, H 3.29, N 14.83.

5-chloro-N-(3-chlorophenyl)pyrazine-2-carboxamide (2a). White crystalline comp. Yield:
98 %; m.p. 124.8-126.6 °C; 'H NMR (300 MHz, CDCl3) & 9.49 (bs 1H, NH), 9.25 (s, 1H,
H3), 8.57 (s, 1H, H6), 7.85 (s, 1H, H2"), 7.58 (m, 1H, H6"), 7.31 (t, 1H, J=8.1 Hz, H5"), 7.15
(m, 1H, H4"); >C NMR (75 MHz, CDCl;) & 159.9, 152.6, 144.2, 142.4, 142.2, 138.1, 134.9,
130.2, 125.1, 119.9, 117.8; IR (KBr, cm™) 3358 (N-H), 1686 (C=0); Anal. Calcd. for
C11H7CIoN3O: C 49.28, H 2.63, N 15.67; Found: C 49.20, H 2.49, N 15.81.

5-chloro-N-(2,4-dimethoxybenzyl)pyrazine-2-carboxamide (3). White crystalline comp.
Yield: 76 %; m.p. 141.8-143.1 °C; '"H NMR (300 MHz, CDCl3) § 9.16 (s, 1H, H3), 8.48 (s,
1H, H6), 8.04 (bs, 1H, NH), 7.26 (d, |H, /=2.4 Hz, H6"), 6.46 (s, 1H, H3"), 6.42 (d, |H, /=2.4
Hz, H5"), 4.58 (d, 2H, J=6.0 Hz, NCH,), 3.86 (s, 3H, OCH3), 3.79 (s, 3H, OCH;); °C NMR
(75 MHz, CDCl3) 6 161.64, 160.70, 158.64, 151.73, 143.93, 142.99, 142.37, 130.57, 118.08,
103.93, 98.66, 55.40, 55.38, 38.97; IR (KBr, cm™) 3348 (N-H), 1668 (C=0); Anal. Calcd. for
C14H4CIN;O5: C 54.64, H 4.59, N 11.52; Found: C 54.48, H4.71, N 11.70.

5-chloro-N-(2,4-dimethoxyphenyl)pyrazine-2-carboxamide (3a). White crystalline comp.
Yield: 59 %; m.p. 183.0-184.2 °C; 'H NMR (300 MHz, DMSO) & 9.87 (bs, 1H, NH), 9.09 (s,
1H, H3), 8.92 (s, 1H, H6), 8.17 (d, 1H, J=8.8 Hz, H6"), 6.70 (d, 1H, J=2.8 Hz, H3"), 6.57 (d,
1H, J=8.8 Hz, H5"), 3.89 (s, 3H, OCH3), 3.76 (s, 3H, OCH3); '*C NMR (75 MHz, DMSO) §
159.3, 157.1, 151.3, 150.4, 143.6, 143.3, 143.2, 120.9, 119.8, 104.6, 99.1, 56.3, 55.6; IR
(KBr, em™) 3363 (N-H), 1681 (C=0); Anal. Calcd. for C;3H,CIN;O3: C 53.16, H 4.12, N
12.07; Found: C 53.23, H4.17, N 11.98.

5-chloro-N-(2-fluorobenzyl)pyrazine-2-carboxamide (4). White crystalline comp. Yield:
72 %; m.p. 109.8-111.4 °C; "H NMR (500 MHz, CDCl5) § 9.18 (s, 1H, H3), 8.50 (s, 1H, H6),
8.03 (bs, 1H, NH), 7.42-7.37 (m, 1H, H6"), 7.31-7.26 (m, 1H, H4"), 7.14-7.10 (m, 1H, H5"),
7.09-7.04 (m, 1H, H3"), 4.71 (d, 2H, J=6.4 Hz, NCH,); °C NMR (125 MHz, CDCl;) & 162.1,
161.1 (d, J=246.5 Hz), 152.1, 144.0, 142.5, 142.4, 130.3 (d, J=3.9 Hz), 129.6 (d, /=7.8 Hz),
124.5 (d, J=22.5 Hz), 124.4 (d, J~=10.8 Hz), 115.5 (d, J=10.8 Hz), 37.6 (d, J=3.9 Hz); IR
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(KBr, cm™) 3386 (N-H), 1677 (C=0); Anal. Calcd. for C;;HyCIFN;O: C 54.25, H 3.41, N
15.82; Found: C 54.18, H 3.40, N 15.99.

5-chloro-N-(2-fluorophenyl)pyrazine-2-carboxamide (4a). White crystalline comp.
Yield: 66 %; m.p. 145.3-146.1 °C; "H NMR (500 MHz, CDCl5) & 9.79 (bs, 1H, NH), 9.26 (s,
1H, H3), 8.60 (s, 1H, H6), 8.51 (m, 1H, H6"), 7.24-7.09 (m, 3H, H3", H4", H5'); *C NMR
(125 MHz, CDCls) & 159.9, 152.8 (d, J=244.5 Hz), 152.6, 144.2, 142.6, 142.4, 125.7 (d,
J=10.8 Hz), 125.1 (d, J=1.1 Hz), 124.8 (d, J/=3.9 Hz), 121.4, 115.1 (d, J/=19.6 Hz); IR (KBr,
cm™) 3353 (N-H), 1698 (C=0); Anal. Calcd. for C;;H;CIFN;O: C 52.50, H 2.80, N 14.09;
Found: C 52.54, H 2.84, N 14.01.

5-chloro-N-(3-nitrobenzyl)pyrazine-2-carboxamide (5). White crystalline comp. Yield:
75 %; m.p. 154.5-155.5 °C; "H NMR (300 MHz, CDCl5) § 9.19 (s, 1H, H3), 8.52 (s, 1H, H6),
8.19 (s, 1H, H2"), 8.14 (d, /=7.9 Hz, 1H, H4"), 8.07 (bs, 1H, NH), 7.73 — 7.68 (m, 1H, H5"),
7.54 (d, 1H, J=7.9 Hz, H6"), 4.77 (d, 2H, J=6.3 Hz, NCH,); *C NMR (75 MHz, CDCl;) &
162.40, 152.43, 148.44, 144.05, 142.61, 142.11, 139.81, 133.83, 129.77, 122.71, 122.43,
42.68; IR (KBr, cm™') 3405 (N-H), 1674 (C=0); Anal. Calcd. for C;»HoCIN,O3: C 49.24, H
3.10, N 19.14; Found: C 49.13, H 3.07, N 18.98.

5-chloro-N-(3-nitrophenyl)pyrazine-2-carboxamide (5a). White crystalline comp. Yield:
51 %; m.p. 224.5-225.6 °C; '"H NMR (300 MHz, DMSO) & 11.25 (bs, 1H, NH), 9.12 (s, 1H,
H3), 8.94 (s, 1H, H6), 8.91 (s, 1H, H2"), 8.30-8.24 (m, 1H, H6"), 8.00-7.94 (m, 1H, H4"), 7.65
(t, 1H, J=8.2 Hz, H5"); C NMR (75 MHz, DMSO) & 161.8, 151.5, 148.1, 144.4, 143.5,
143.2, 139.5, 130.3, 126.9, 119.0, 115.1; IR (KBr, cm™') 3323 (N-H), 1683 (C=0); Anal.
Calcd. for C;H,CIN4O5: C47.21, H 2.53, N 20.11; Found: C 47.34, H 2.57, N 20.18.

5-chloro-N-(4-bromobenzyl)pyrazine-2-carboxamide (6). White crystalline comp. Yield:
89 %; m.p. 122.4-122.9 °C; '"H NMR (300 MHz, CDCls) & 9.19 (s, 1H, H3), 8.49 (s, 1H, H6),
8.00 (bs, 1H, NH), 7.46 (d, 2H, J=8.4 Hz, H2’, H6"), 7.21 (d, 2H, J=8.4 Hz, H3', HS5"), 4.61
(d, 2H, J=6.1 Hz, NCH,); “C NMR (75 MHz, CDCl3) & 162.07, 152.19, 143.99, 142.49,
142.36, 136.56, 131.85, 129.49, 121.63, 42.87; IR (KBr, cm™) 3393 (N-H), 1666 (C=0);
Anal. Calcd. for Ci;HoBrCIN;O: C 44.13, H 4.90, N 12.87; Found: C 44.05, H4.97, N 12.75.

5-chloro-N-(4-bromophenyl)pyrazine-2-carboxamide (6a). White crystalline comp. Yield:
86 %; m.p. 195.9-197.6 °C; "H NMR (300 MHz, CDCl;) § 9.48 (bs, 1H, NH), 9.26 (s, 1H,
H3), 8.58 (s, 1H, H6), 7.68-7.61 (m, 2H, H2", H6"), 7.54-7.48 (m, 2H, H3", H5"); >C NMR
(75 MHz, CDCl;) 6 159.8, 152.6, 144.2, 142.4, 142.3, 136.1, 132.2, 121.4, 117.7; IR (KBr,
cm'l) 3360 (N-H), 1683 (C=0); Anal. Calcd. for C;;H;BrCIN;O: C 42.27, H 2.26, N 13.44;
Found: C 42.15,H 2.17, N 13.56.

5-chloro-N-(2-methylbenzyl)pyrazine-2-carboxamide (7). White crystalline comp. Yield:
58 %; m.p. 105.6-106.9 °C; "H NMR (300 MHz, CDCl5) § 9.20 (s, 1H, H3), 8.48 (s, 1H, H6),
7.82 (bs, 1H, NH), 7.33 — 7.16 (m, 4H, H3’, H4’, H5', H6"), 4.66 (d, 2H, J=5.7 Hz, NCH>),
2.37 (s, 3H, CHs); "C NMR (75 MHz, CDCl;) & 161.80, 152.06, 143.98, 142.53, 142.44,
136.46, 135.10, 130.62, 128.61, 128.01, 126.30, 41.73, 19.05; IR (KBr, cm™) 3375 (N-H),
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1678 (C=0); Anal. Calcd. for Ci3H;2CIN3O: C 59.66, H 4.62, N 16.06; Found: C 59.83, H
4.69, N 15.91.

5-chloro-N-(4-methylbenzyl)pyrazine-2-carboxamide (8). White crystalline comp. Yield:
69 %; m.p. 120.9-121.7 °C; 'H NMR (300 MHz, CDCl3) 8 9.20 (s, 1H, H3), 8.47 (s, 1H, H6),
7.94 (bs, 1H, NH), 7.24 (d, 2H, J=8.2 Hz, H2’, H6"), 7.16 (d,2H, J=8.2 Hz, H3’, H5"), 4.62
(d, 2H, J=6.0 Hz, NCH,), 2.34 (s, 3H, CH3); >C NMR (75 MHz, CDCl5) & 161.90, 152.00,
143.98, 142.63, 142.42, 137.48, 134.43, 129.44, 127.86, 43.33, 21.07; IR (KBr, cm™) 3395
(N-H), 1679 (C=0); Anal. Calcd. for C;3H;>CIN;O: C 59.66, H 4.62, N 16.06; Found: C
59.71, H 4.80, N 15.95.

5-chloro-N-(2,4-dichlorobenzyl)pyrazine-2-carboxamide (9). White crystalline comp.
Yield: 72 %; m.p. 111.9-113.7 °C; 'H NMR (300 MHz, CDCl3) & 9.16 (s, 1H, H3), 8.51 (s,
1H, H6), 8.11 (bs, 1H, NH), 7.40 (s, 1H, H3"), 7.24 (d, 1H, J=2.1 Hz, H5"), 7.21 (d, 1H, J=2.1
Hz, H6%), 4.71 (d, 2H, J=6.3 Hz, NCH,); *C NMR (75 MHz, CDCl;) § 162.16, 152.26,
143.97, 142.56, 142.30, 134.36, 134.34, 133.61, 131.07, 129.46, 127.41, 40.96; IR (KBr, cm”
" 3409 (N-H), 1676 (C=0); Anal. Calcd. for C;;HsC1;N;0: C 45.53, H 5.05, N 13.27; Found:
C 45.39, H5.01, N 13.16.

5-chloro-N-(2-trifluoromethylbenzyl)pyrazine-2-carboxamide (10). White crystalline
comp. Yield: 80 %; m.p. 113.9-114.7 °C; 'H NMR (500 MHz, CDCls) & 9.18 (s, 1H, H3),
8.50 (s, 1H, H6), 8.04 (bs, 1H, NH), 7.68 (d, 1H, J=7.7 Hz, H3"), 7.61 (d, 1H, H5"), 7.53 (4,
IH, J=7.7 Hz, H6"), 7.41 (t, 1H, J=7.7 Hz, H4"), 4.84 (d, 2H, J=6.4 Hz, NCH,); '*C NMR
(125 MHz, CDCl3) 6 162.1, 152.2, 144.1, 142.6, 142.4, 135.9 (q, J=1.1 Hz), 132.4 (q,
J=1.0 Hz), 130.8, 128.3 (q, J/=30.3 Hz), 127.9, 126.1 (q, J/=5.4 Hz), 124.4 (q, J=273.9 Hz),
40.2 (q, /=2.5 Hz); IR (KBr, cm") 3289 (N-H), 1668 (C=0); Anal. Calcd. for C;3HyCIF;N;0:
C49.46,H 2.87,N 13.31; Found: C 49.54, H 3.01, N 13.44,

3. HPLC lipophilicity determination
- capacity factor k and calculated log &

Agilent Technologies 1200 SL liquid chromatography with Diode-array Detector SL
G1315C, chromatographic pre-column ZORBAX XDB-C18 5um, 4x4mm, Part
No. 7995118-504 and column ZORBAX Eclipse XDB-CI8 5 um, 4.6 x 250 mm, Part
No. 7995118-585 (Agilent Technologies Inc., Colorado Springs, CO, USA) were used. The
separation process was controlled by Agilent ChemStation, version B.04.02 extended by
spectral module (Agilent Technologies Inc.). A solution of MeOH (HPLC grade, 70 %) with
H20 (HPLC-Milli-Q Grade, 30 %) was used as mobile phase. The total flow of the column
was 1.0 mL/min, injection 20 pL, column temperature 30 °C. 210 nm as detection wavelength
and 270 nm as monitor wavelength were chosen. The KI methanol solution was used for the
dead time (Tp) determination. Retention times (TR) of synthesized compounds were measured
in minutes. The capacity factors k£ were calculated using Microsoft Excel according to formula
k = (Tr — Tp)/Tp, where Tk is the retention time of the solute and Tp denotes the dead time
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obtained via an unretained analyte. Log £, calculated from the capacity factor £, is used as the
lipophilicity index converted to log P scale.

4. Biological methods

4.1. In vitro antimycobacterial evaluation

Microdilution panel method. Antimycobacterial evaluation was shielded by Department
of Clinical Microbiology, University Hospital and Faculty of Medicine in Hradec Kralové,
Charles University in Prague, Czech Republic. Four mycobacterial strains were used:
M. tuberculosis H37Rv CNCTC My 331/88, M. avium CNCTC My 80/72, M. avium CNCTC
My 152/73 and M. kansasii CNCTC My 235/80 (Czech National Collection of Type Cultures,
National Institute of Public Health, Prague, Czech Republic). Tested compounds were
dissolved in DMSO (to final concentrations 100, 50, 25, 12.5, 6.25, 3.125 and 1.563 pg/mL),
diluted with Sula’s semisynthetic medium (Trios, Prague, Czech Republic) and placed into
microdilution panel. Tested species were added in the form of suspension in isotonic saline
solution. The final concentration of DMSO did not exceed 1 % (v/v), this concentration of
DMSO did not affect the growth of mycobacteria. The cultures were grown in Sula’s
semisynthetic medium at pH 6.0 and 37 °C. The antimycobacterial activity was determined
visually after 14 days (6 days for M. kansasii) of incubation as minimally inhibition
concentration (MIC, pg/mL), i.e. the lowest concentration of tested substance which inhibited
the growth of mycobacteria.

4.2. In vitro antibacterial evaluation

Microdilution broth method. The organisms examined included strains from Czech
Collection of Microorganisms (Brno, Czech Republic): Staphylococcus aureus CCM 4516/08,
Escherichia coli CCM 4517, Pseudomonas aeruginosa CCM 1961. These strains are
recommended as standards for testing of antibacterial activities. Other strains were clinical
isolates (Department of Clinical Microbiology, University Hospital and Faculty of Medicine
in Hradec Kralove¢, Charles University in Prague, Czech Republic): Staphylococcus aureus
H 5996/08-methicilin  resistant (MRSA), Staphylococcus  epidermidis H 6966/08,
Enterococcus sp. J 14365/08, Klebsiella pneumoniae D 11750/08, Klebsiella pneumoniae
J 14368/08-ESBL positive. All strains were subcultured on Mueller-Hinton agar (MHA)
(Difco/Becton Dickinson, Detroit, MI) at 35 °C and maintained on the same medium at 4 °C.
Prior to testing, each strain was passaged onto MHA. Bacterial inocula were prepared by
suspending in sterile 0.85% saline. The cell density of the inoculum was adjusted to yield
suspension of density equivalent 0.5 McFarland scale (1.5-108 viable CFU/mL).
The compounds were dissolved in DMSO, and the antibacterial activity was determined in
Mueller-Hinton liquid broth (Difco/Becton Dickinson, Detroit, MI), buffered to pH 7.0.
Controls consisted of medium and DMSO alone. The final concentration of DMSO in the test
medium did not exceed 1% (v/v) of the total solution composition. The minimum inhibitory
concentration (MIC), defined as 95% inhibition of bacterial growth as compared to control,
was determined after 24 and 48 h of static incubation at 35 °C.
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4.3. In vitro antifungal evaluation

The Department of Medical and Biological Sciences at the Faculty of Pharmacy in Hradec
Kralové, Charles University in Prague, Czech Republic, performed the antifungal
susceptibility assays, which was carried out using microdilution broth method. Compounds
were dissolved in DMSO and diluted in a twofold manner with RPMI 1640 medium with
glutamine buffered to pH 7.0 (3-morpholinopropane-1-sulfonic acid). The final concentration
of DMSO in the tested medium did not exceed 2.5 % (v/v) of the total solution composition.
Drug-free controls were included. Fluconazole was used as standard. The MICs were
determined after 24 and48h, respectively after 72and 120h for Trichophyton
mentagrophytes, of static incubation in dark at 35 °C. Tested species: Candida albicans
ATCC 44859, C. tropicalis 156, C. krusei E28, C. glabrata 20/1, Trichosporon asahii 1188,
Aspergillus fumigates 231, Absidia corymbifera 272 and Trichophyton mentagrophytes 445.
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N-Phenylpyrazine-2-carboxamides (anilides of pyrazinoic acids with simple substituents in vari-
ous positions) were previously shown to possess significant biological activities in vitro, markedly
anti-mycobacterial and photosynthesis-inhibiting activity. Based on structure-activity relation-
ships (SAR) extracted from previously published series, 25 new anilides of non-substituted
pyrazinoic acid (POA), 5-CH3-POA, 6-Cl-POA, 5-tert-butyl-POA and 5-tert-butyl-6-Cl-POA
were designed and synthesised. The phenyl part was substituted with simple hydrophobic sub-
stituents chosen from methyl and halogens. 5-tert-Butyl- N-(5-fluoro-2-methylphenyl)pyrazine-2-
carboxamide (9), N-(3-chloro-4-methylphenyl)-5-methylpyrazine-2-carboxamide (12), 6-chloro-N-
(3-chloro-4-methylphenyl) pyrazine-2-carboxamide (13) and 6-chloro- N-(5-iodo-2-methylphenyl)py-
razine-2-carboxamide (18) possessed whole cell anti-mycobacterial activity in vitro against My-
cobacterium tuberculosis H37TRv with minimum inhibitory concentration (MIC) ol around 10 puM.
Importantly, no cytotoxicity in the HepG2 model was detected in vitro at the concentrations
tested and the estimated ICsp values were in hundreds of uM, indicating promising selectivity.
N-(3-Chloro-4-met hylphenyl)pyrazine-2-carboxamide (11) and N-(4-chloro-2-iodophenyl)pyrazine-
2-carboxamide (21) exerted significant activity against Mycobacterium kansasii with MIC 12.6 pM
and 8.7 uM, respectively. No activity was detected against Mycobacterium avium. SARs were in
accordance with those observed for the derivatives previously published.
© 2015 Institute of Chemistry, Slovak Academy of Sciences

Keywords: anilide, anti-mycobacterial activity, cytotoxicity in vitro, lipophilicity, pyrazinoic acid

Introduction

Tuberculosis (TB) is one of the most lethal
and frequent infectious diseases worldwide. Accord-
ing to the World Health Organisation (2014), there
were 9 million new cases of TB and 1.5 million
deaths associated with TB (including 0.36 million
deaths of HIV-positives) in 2013. The alarming in-
crease in drug-resistant TB strains, namecly multi-
drug-resistant (MDR) and extensively drug-resistant
(XDR), as well as the increasing number of patients
co-infected with HIV (1.1 million, which represents

approximately 13 % of new TB cases in 2013) consti-
tutes a serious problem and emphasises the need for
novel anti-tubercular agents. Accordingly, the scarch
for new anti-tuberculosis drugs is an important re-
search topic (Nemecek et al., 2013; Kratky et al.,
2015).

Pyrazinamide (PZA), a first-line anti-tubercular
agent. is a model compound used as a starting point
for the design of N-phenylpyrazine-2-carboxamides
presented in this paper. Although PZA has been used
in clinical practice since the 1950s, its complex mech-
anism of action is not yet fully understood. The non-
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gpecific mechanism based on the accumulation of the
pyrazinoic acid (POA; active metabolite) in the my-
cobacterial cell and the acidification of the cytoplasm
is generally recognised. However, recent studies have
shown that POA also has a specific intracellular tar-
get. Most importantly, Shi et al. (2011) showed that
POA prevents the binding of tmRNA to the riboso-
mal protein S1 (RpsA), leading to the inhibition of
trans-translation, the vital process of rescuing stalled
ribosomes. Recently, Yang et al. (2015) determined the
structurc of POA-RpsA co-crystallised complex and,
on the basis of the interactions observed, proposed
possible favourable modifications of POA in respect of
anti-mycobacterial activity. This clearly demonstrates
that PZA, POA and their derivatives are still in focus.

For scveral years, N-phenylpyrazine-2-carbox-
amides (i.e. anilides of POA) have been the focus
of the working group led by Dolezal at the Fac-
ulty of Pharmacy in Hradec Krélové (Hradec Krélové,
Czech Republic). More than one hundred anilides were
synthesised and evaluated as potential anti-infective
agents with anti-mycobacterial, antibacterial or an-
tifungal activity (Dolezal ct al., 2002, 2006, 2008,
2009, 2010). Many N-phenylpyrazine-2-carboxamides
also proved to be effective photosynthesis inhibitors
in the spinach chloroplast model, interrupting the
photosynthetic electron transport (PET) in photo-
system II (PS II) (Dolezal ct al., 2002, 2006, 2008,
2010). For further information and SAR on the PET-
inhibiting activity, (Dolezal & Kralova, 2011). Sev-
eral other research groups have focused on potential
anti-tuberculosis agents containing the carboxanilide
pattern. Gonec et al. (2015) prepared and tested
derivatives of naphthalene-2-carboxanilides (Kos et
al., 2015a), and quinoline-2-carboxanilides (Kos et
al., 2015b) as potential anti-tuberculosis agents. The
working group led hy Vinsova [ocused on anti-
tuberculosis salicylanilides (Kratky & Vinsova, 2011).
Recently, these rescarchers developed salicylanilides
esterified with POA (compounds combining two ac-
tive anti-tuberculosis fragments — the salicylanilide
and POA). These compounds exhibited promising mi-
cromolar to sub-micromolar activity in vitro against
multidrug-resistant mycobacterial strains (Kratky ct
al., 2014).

The most comprehensive review (Dolezal et al.,
2012) published on the anti-mycobacterial activity
of the N-phenylpyrazine-2-carboxamides in question
contains the activity data on 103 derivatives of general
formula depicted in Fig. 1. The anilides reported were
derived from non-substituted POA, 6-CI-POA, 5-tert-
butyl-POA and 5-tert-butyl-6-Cl-POA. The phenyl
ring was mono-, di- or tri-substituted with small sub-
stituents R* (Fig. 1) chosen from short alkyl (methyl,
isopropyl), methoxy, halogen, CF3 and hydroxy sub-
stituents. The anti-mycobacterial activity was mea-
sured in a high-throughput screening campaign run by
the Tuberculosis Antimicrobial Acquisition and Co-

0 3
RZ N B
A N
TN
~
R °N

R'; H, tert-butyl
R?; H, CI
R3; H, OH, OCHs, CHj3, isopropyl, CF3, X

Fig. 1. General formula of N-phenylpyrazine-2-carboxamides;
X — halogen.

ordinating Facility (TAACF), established by the Na-
tional Institute of Allergy and Infectious Diseases (NI-
AID; Bethesda, MD, USA). In the primary screening
against Mycobacterium tuberculosis H37Rv (ATCC
27294), the activity was expressed as a percentage of
growth inhibition at 6.25 pg mL~! in the BACTEC
12B medium using the microplate alamar blue assay
(MABA) (Collins & Franzblau, 1997).

These comprehensive data were used to extract
the basic structurc-activity relationships (SAR) in
respect of the calculated lipophilicity of the com-
pounds and their substitution in the anilide part
of the molecule (R3; Fig. 1). Analysis showed that
the most anti-mycobacterial activity-enhancing sub-
stituents R? were 3-CF3, 4-CHj, 4-CH(CHgz)z, 3-F,
and 3,5-CF3 (Dolezal et al., 2012), that is, the
electron-withdrawing substituent in the meta posi-
tion and the clectron-donating substituent in the
para position. In the current study, the two counter-
acting substituents were combined in one molecule
and the R® = 3-Cl-4-CH; pattern was proposed
as the substitution of choice. This was also in-
spired by the fact that a previous publication showed
N-(3-iodo-4-methylphenyl)pyrazine-2-carboxamide to
be one of the most active anilides examined, inhibit-
ing the growth of M. tuberculosis II37Rv by 95 %
at 6.25 pg mL™! (Dolezal et al., 2011). Other sub-
stituent patterns R® of the compounds in this article
(Fig. 2) originated on the basis of the mutual exchange
of various halogen atoms (chlorine for other halogens)
and/or positional isomerism, to further confirm that
the 3,4-disubstitution is superior to other combina-
tions.

From previous experience with different series
of pyrazine derivatives evaluated as potential anti-
tuberculosis agents, it is known that activity usually
grows with increasing lipophilicity to a certain point,
but a further increase in lipophilicity often leads to di-
minished or lost activity of such derivatives. For exam-
ple, this pertained for various series of PZA derivatives
with alkylamino substituents with increasing lengths
of carbon chain, where the activity culminated in
hexyl- or heptyl-amino derivatives (Servusova ct al.,

146



J. Zitko et al./Chemical Papers iii

EWG
EDG
0
R2 N
X N
IO
~
R N
GF

CH
(0] /@/ 3
N
N N
[ ])LH
~
N

M. tuberculosis H37Rv
95 % inhibition at 6.25 pg mL™"

[ X

F Cl
k' ; 'S i k:
cl CHs
1-5 6-10 11-15

16-20 21-25

Fig. 2. Design of title compounds (1-25) based on previously determined SAR.

2014; Servusova-Vanaskova ct al., 2015a, 2015b; Zitko
et al., 2015). Increased lipophilicity of a compound is
beneficial for permeation of the highly lipophilic my-
cobacterial envelope (Brennan, 2003). On the other
hand, excessive lipophilicity is associated with insuf-
ficient water solubility and the ability of a compound
to reach therapeutic concentrations is impaired. These
two counteracting phenomena give rise to the opti-
mal range of lipophilicity. The MycPermCheck model
developed by Merget et al. (2013) is based on com-
pounds with whole cell anti-mycobacterial activity in
vitro found in the literature. The model establishes
the optimal lipophilicity range for good permeation as
QPlogPo/w = 2.779-4.479 where QPlogPo/w is the
octanol/water partition coefficient predicted by the
QikProp module (Schrodinger, USA) (Merget ct al.,
2013). The anilides designed in this study exhibited in-
creased lipophilicity due to their R? substituent, hence
they were used to probe the upper lipophilicity limit
for the anti-mycobacterial activity in vitro.

In summary, 25 new anilides, which had not previ-
ously been described, were designed, synthesised and
tested in vitro for anti-mycobacterial activity against
M. tuberculosis H37Rv and non-tuberculous mycobac-
terial strains of M. kansasii and M. avium.

Experimental

All the organic solvents used for the synthesis were
of analytical grade. Unless otherwise stated, all chem-
icals were purchased from Sigma—-Aldrich (Germany).
The reactions were monitored using Merck Silica 60
Fa54 TLC plates (Merck, Germany). Compounds were
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purified using an automated chromatograph Combi-
Flash Rf (Teledyne Isco, USA) using columns filled
with Kieselgel 60, 0.040-0.063 mm (Merck); gradient;
elution (hexane/ethyl acetate), detection wavelength
of 260 nm, monitor wavelength of 280 nm. NMR anal-
ysis was performed on a Varian Mercury VX-BB 300
(Varian, USA) at 300 MHz for 'H and 75 MHz for
13C or on a Varian Mercury-Vx BB 500 (Varian) at
500 MHz for 'H and 125 MHz for *C. The chemi-
cal shifts were recorded in § and were indirectly ref-
erenced to tetramethylsilane (TMS). The IR spectra
were measured in ATR mode using a Ge crystal-plate
on a Nicolet Impact 400 (Nicolet, USA). Elementary
analysis was performed on a CE Instruments EA-1110
CHN analyser (CE Instruments, UK). Melting points
were determined on a Stuart SMP30 melting point
apparatus (Bibby Scientific Limited, UK) and are un-
corrected. LogP (the logarithm of the partition co-
efficient for n-octanol/water) values were calculated
using the CS ChemBioDraw Ultra program ver. 14.0
(CambridgeSoft, USA).
6-Chloropyrazine-2-carboxylic (Abe et al., 1969)
(6-CI-POA), 5-tert-butylpyrazine-2-carboxylic (Dole-
zal et al., 1999) (5-tert-Bu-POA) and 5-tert-butyl-
6-chloropyrazine-2-carboxylic acid (Dolezal et al.,
1999) (5-tert-Bu-6-Cl-POA) were synthesised follow-
ing the known synthetic procedures described else-
where (Dolezal et al., 1999; Servusova ct al., 2014;
Venturello & D’Aloisio, 1986). The analytical data
of the prepared starting acids were fully in accor-
dance with the data in the literature and ‘H NMR
as well as the melting points are available in the
Supplementary Data. POA and 5-methylpyrazine-2-
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carboxylic acid (5-CH3-POA) were purchased fromn
Sigma—Aldrich and used as received.

Synthesis of N-phenylpyrazine-2-carboxamides
(1-25)

The corresponding pyrazinoic acid (5.0 mmol) was
dispersed in dry toluene (20 mL) and mixed with 1.5
eq. of thionyl chloride (0.55 mL, 7.5 mmol). The reac-
tion mixture was heated to reflux for approximately
1 h. Next, the excess of thionyl chloride was removed
by repeated evaporation with dry toluene under vac-
uum. The crude acyl chloride was dissolved in dry ace-
tone (20 mL) and added drop-wise to a stirred solution
of the corresponding aniline (5.0 mmol) with triethy-
lamine (5.0 mmol) in dry acetone (30 mL). The reac-
tion mixture was stirred at ambient temperature for
up to 6 h. The completion of the reaction was mon-
itored by TLC (eluent: hexane/ethyl acetate; ¢, =
2 : 1). The crude product adsorbed on silica gel by
solvent cvaporation was purified by flash chromatog-
raphy (hexane/ethyl acetate gradient elution).

The analytical data of the prepared compounds
were fully consistent with the proposed structures and
arc available in the Supplementary Data.

Anti-mycobacterial evaluation in vitro

Microdilution panel method (Servusova et al.,
2012). The anti-mycobacterial evaluation was car-
ried out by the Department of Clinical Microbiol-
ogy, University Hospital and Faculty of Medicine in
Hradec Kralové, Charles University (Hradec Kralové,
Czech Republic). Four mycobacterial strains were
used: M. tuberculosis H37TRv CNCTC My 331/88,
M. avium CNCTC My 80/72, M. avium CNCTC
My 152/73 and M. kansasii CNCTC My 235/80
(Czech National Collection of Type Cultures, Na-
tional Institute of PPublic Health, Prague, Czech Re-
public). The tested compounds were dissolved and sc-
rially diluted in dimethylsulphoxide (DMSO), mixed
with Sula’s semi-synthetic medium (Irios, Czech Re-
public) and placed in a microdilution panel. The
tested species were added in the form of a suspen-
sion in an isotonic saline solution. The final concen-
trations of tested compunds were of 100 pg mL™!,
50 pg mL~t, 25 pg ml 1, 12.5 g mlL =1, 6.25 pg ml,~ 1,
3.125 pg L™ and 1.563 pg mL™1), The final con-
centration of DMSO did not exceed 1 vol. %; this
concentration of DMSO did not affect the growth
of mycobacteria. The cultures were grown in Sula’s
scmi-synthetic medium at pH 6.0 and 37°C. The anti-
mycobacterial activity was determined visually after
14 days (6 days for M. kansasii and M. avium) of
incubation as the minimum inhibition concentration
(MIC, in pg mL~1t), iec. the lowest concentration of
the tested substance that inhibited the growth of my-
cobacteria.

Cytotozicity measurement

The human hepatocellular liver carcinoma cell line
HepG2 (passage 40-41) purchased from Health Pro-
tection Agency Culture Collections (ECACC, UK)
was routinely cultured in a minimum essentials eagle
medium (MEM; Sigma—Aldrich) supplemented with
10 vol. % foctal bovine scrum (PAA, Austria), 1 %
L-glutamine solution (Sigma—Aldrich) and 1 vol. %
non-essential amino acid solution (Sigma—Aldrich) in
a humidified atmosphere containing 5 % of COy at
37°C. For sub-culturing, the cells were harvested after
trypsin/EDTA (Sigma—Aldrich) treatment at 37°C.
The cells treated with the tested substances were used
as the experimental groups and untreated HepG2 cells
were used as the control groups. The cells were seeded
in a density of 1 x 107 cclls per well in a 96-well
plate. The next day they were treated with the tested
substances dissolved in DMSO (maximal incubation
concentration of DMSO was 1 vol. %). The tested
compounds were prepared at incubation concentra-
tions of 1-7500 pM. The treatment was carried out
in triplicates in a humidified atmosphere containing
5 % of CO; at 37°C for 24 h. The controls repre-
senting 100 % cell viability, 0 % cell viability (cells
treated with 10 vol. % DMSQ), no-cell controls and
vehiculum controls were incubated in triplicate simul-
taneously. After 24 h exposure, the reagent from the
kit CellTiter 96® Aqueous one solution cell prolifer-
ation assay (Promega, USA) was added according to
the manufacturer’s recommendation. After 2 h incuba-
tion at 37°C in a humidified, 5 % of CO2 atmosphere,
the absorbance was recorded at 490 nm. A standard
toxicological parameter ICs, was calculated by non-
linear regression analysis of the inhibitory curves us-
ing GraphPad Prism software version 6 (GraphPad
Software, Inc., CA, USA).

Results and discussion
Chemistry

Fig. 3 shows that the target derivatives (1-25)
were prepared by a convenient two-step synthesis us-
ing corresponding starting pyrazinoic acid, which was
treated with thionyl chloride to form carbonyl chlo-
ride. Various ring-substituted anilines were then used
for the aminolysis of carbonyl chloride to form final
compounds (1-25) (purified by flash column chro-
matography); see Table 1. The analytical data of all
the prepared compounds were in accordance with the
proposed structurcs and are available in the Sup-
plementary Data. The yields of chromatographically
pure products ranged from 17.8 % to 86.6 %. The
IR spectrum of all the compounds had a carbonyl
(C=0) transmittance peak in the range of 1670-
1698 cm~!. The 'H NMR spectra exhibited amidic
hydrogen (-CONH-) as a broad singlet, (independently
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Fig. 3. Synthesis of [inal compounds (1-25); reagents and conditions: (i) SOCly, toluene, reflux, 1 h; (it) substituled aniline, TEA,

acetone, AT, up to 6 h.

Table 1. Summary of prepared compounds. Anti-mycobacterial activity against M. tuberculosis II37Rv and M. kansasii in vitro

expressed as MIC

Substituent

MIC/(pg mL~1)

No. Molecular logP
mass Rt R? R3 M. tuberculosis M. kansasii

1 233.66 II 11 2-C1 50 50 1.15
2 247.68 CH3 151 2-C1 25 > 30 1.85
3 268.10 H Cl 2-C1 100 > 100 2.05
4 289.76 C(CH;;);; H 2-C1 > 100 > 100 3.28
5 324.21 C(CH3)s cl 2-C1 > 100 > 100 1.18
6 231.23 H H 2-CHz-5-I 25 25 1.23
7 245.26 CHjy H 2-CHg-53-1¢ n.a. n.a. 1.94

8 265.67 H Cl 2-CHg-5-F > 100 > 100 2.13
9 287.34 C(CII3)s 11 2-CllI3-5-F 3.13 > 100 3.36
10 321.87 C(Cls)s Cl 2-CllI3-5-F > 100 > 100 4.26
11 247.68 H H 3-Cl-4-CHg3 12.5 3.13 1.63
12 261.71 CHg H 3-Cl-4-CHg 3.13 12.5 2.34
13 282.12 H Cl 3-Cl-4-CHg 3.13 100 2.53
11 303.79 C(CH3z)s 151 3-Cl-4-CHs > 100 > 100 3.76
15 338.23 C(CHa)s Cl 3-Cl-4-CHg > 100 > 100 4.66
16 339.14 H H 2-CHg=5-1 > 100 > 100 2.43
17 353.16 CHg H 2-CHg-5-1 > 100 > 100 3.14
18 373.68 1T Cl 2-CTlI3-5-1 3.13 > 100 3.33
19 395.24 C(CT3)s T 2-CT3-5-T > 100 > 100 4.56
20 429.69 C(CHa)s (@] 2-CHg-5-T > 100 > 100 5.46
21 359.55 H H 2-1-4-C1 6.25 3.13 2.50
22 373.58 CHg H 2-1-4-C1 > 50¢ b0 3.21
23 393.99 H Cl 2-1-1-C1 = 100 25 311
24 115.66 C(CII3)s 11 2-1-4-Cl > 50¢ > 50¢ 41.63
25 450.10 (’h‘-((jH:j):j Cl 2-1-4-C1 = 50¢ = 50¢ 5.53
INH 137.14 - - - 0.2-0.78 1.56-6.25 —0.64
PZA 123.12 = — — 12.5 > 100 =1.31

a) Mcasurement at 100 pg ml,

1

not performed due to precipitation of tested compound in testing medium; INH — isoniazid, PZA

— pyrazinamide, n.a. — data not available.

of the solvent) in the range of 6 10.96-9.31. The
BC NMR spectra of all the compounds exhibited
carbonyl carbon (-CONH-) in the range of § 168.2—
159.3.

Anti-mycobacterial activity

Final compounds (1-25) were assayed in vitro for
whole cell anti-mycobacterial activity against 3. tu-
berculosis H3TRv, M. kansasii, and M. avium using a
two-fold dilution microplate method. The results (Ta-
ble 1) are expressed as MIC (ug mL™1).

To determine the substituents in the pyrazine (R,"._
R?) and anilide (R?) parts of the molecule with a pos-
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itive effect on anti-mycobacterial activity within the
newly prepared series of compounds (1-25), the in-
dividual compounds were scored with points accord-
ing to the following rule: high activity, MIC = 3.13—
6.25 pg mL™%, 3 points; moderate activity, MIC =
12.5-25 pg mL 1, 2 points; weak activity, MIC = 50—
100 pg mL 1, 1 point; no activity, MIC > 100 pg mL ™!
(MIC > 50 pg mL~! for compounds (22), (24) and
(25)), 0 points. Table 2 presents the scores of the
individual substituents for both M. tuberculosis and
M. kansasii activity; the number in parentheses is the
total number of active compounds (high, moderate or
weak activity) with the respective substitution. Fig. 4
graphically summarises the level of activity against
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Table 2. Activity score of various substitution patterns and their hydrophobic substituent constants =

Anilide part (R?)

2-Cl1  2-CH3-3-F 3-Cl-4-CH3 2-CHgz-5-1
w 0.56 0.64 1.04 1.81
M. tuberculosis 4 (3) 5(2) 8 (3) 3(1)
M. kansasii 1(1) 2 (1) 6 (3) 0(0)

Pyrazine part (R, R?)

2-1-4-C1 H 5-CHs 6-Cl 5-tert=Bu 3-tert=Bu=-6-Cl
1.91 0 0.7 0.9 2.13 3.03
3(1) 8§8(4) 5(2) 7(3) 3(1) 0 (0)
5(2) 9(4) 2(1) 3(2) 0 (0) 0 (0)

7 — Hydrophobic substituent constant; calculated as log P(RX) — logP(RH), where RX is substituted derivative and RH is non-
substituted derivative. See text for rules used for calculation of the score; numbers in parentheses represent the total number of

active compounds with the respective substitution.

e |-|6(3[3]a]| me

g £l (I;’ <_:f M. tbe 5137Rv

R, R2 - ol (g mL™)
H| 1 e ] 16 q 3.13-6.25
5-CHa| 2 17 | 22 12.5-25
6Cl| 3] 8 s B8 50-100
5-tert-Bu] 4 BER 14| 19 |24 >50/>100
5-tert-Bu-6-Cl| 5 | 10| 15| 20 | 25 not tested

Fig. 4. Level of antimycobacterial activity against M. tubercu-
losis H37TRv according to combinations of substituents
in pyrazine and phenyl part.

M. tuberculosis H37TRv according to combinations of
substituents R, R? and R3.

On reviewing the activity against M. tuberculosis
H37Rv as depicted in Table 2 and Fig. 4, it is obvious
that the most beneficial substitution on the phenyl
is R? = 3-Cl-4-CH3, which produced two compounds
with high activity (12, 13) and onc with moderate
activity (11), scoring 8 points. This substitution pat-
tern is fully compliant with the general formula GF
(Fig. 2), bearing the electron-withdrawing meta halo-
gen and electron-donating methyl in the para position.
Interestingly, this substitution patiern also performed
best against M. kansasii. The activity of compounds
with R¥ — 2-CHj3-5-F (6-10) and, in particular, R*
2-CH3-5-1 (16-20) is probably reduced by the ortho
methyl group, the negative ceffect of which on anti-
mycobacterial activity was identified in the previously
published review (Dolezal et al., 2012). In the present
case, the negative effect of ortho methyl often coun-
teracts the positive effect of meta withdrawing halo-
gens. Similarly, ortho-halogen substitution was also
disadvantageous, c.g. R* = 2-Cl in compounds (1-5)
and R? = 2-1-4-CHj; in (22-25). Morcover, these com-
pounds lack the meta-withdrawing substituent, appar-
ently important for the anti-mycobacterial activity.
From the activities published in the review (Dolezal
et al., 2012), it appears that the phenyl part does not
tolerate ortho substituents (e.g. 2,6-Cly, 2-CHg; 2-X-
5-OH, where X is halogen). This may be due to steric
hindrance with the structure of the potential target,

— 5- high activity
I_l ..............
—g y medium
= activity
= low activity
o) o
- 3 :
) 20
OT I | I i Ll ' L] L3 1 x;<2E’|
0

Fig. 5. Plot of anti-mycobacterial activity against M. fubercu-
losis TI37Rv vs. calculated lipophilicity for compounds
(1-25); O — active, X — not active.

although this cannot currently be confirmed.

Considering the pyrazine part of the molecule, the
best scores were achieved by non-substituted pyrazine,
followed by 6-Cl and 5-CHjy (it should be noted that
5-CHj substitution might have been hampered due
to missing activity data for compound (7)). The
anilides derived [rom 5-/eri-butyl-6-chloropyrazine-2-
carboxylic acid were completely inactive. This obser-
vation is in contrast with the SAR extracted from
the review (Dolezal et al., 2012), where the series de-
rived from 5-tert-butyl-6-chloropyrazine-2-carboxylic
acid possessed significant activities. However, these
compounds often bore the hydrophilic substituent
(R* = 2-OH, 3-OH, or 4-OH) counteracting the
lipophilic substitution of the pyrazine part, or the
substituent with a small increase in lipophilicity such
as R* = 3-F (mpn = + 0.16). The combination of
highly lipophilic phenyl substitution patterns used in
this study with a highly lipophilic substitution of the
pyrazine ring (R! = tert-Bu, R? = Cl) is, therefore,
disadvantageous.

Fig. 5 presents the plot of activity (log(1/MIC)
in pM) against M. tuberculosis H37Rv vs. calculated
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Table 3. Cytotoxicity ol tested substances in llepG2 cells

No. 1Cs50/pM

9 > 507 (573.3)"
11 > 250°

12 > 100% (343.5)°
13 > 230% (820.7)°
18 > 50 (653.8)0
21 > 1007

MIC of M. tuberculosis/pM

ST — 1C59 /MIC

10.9 > 4.59 (52.6)
50.5 > 4.95
12.0 > 8.36 (28.7)°
11.1 > 22.54 (74.0)°
8.4 > 5.97 (78.0)°
17.4 > 5.75

a) Measurement at higher concentration not reproducible (precipilation of compound in cell culture medium); b) number in
parcntheses represents hypothetic 1Csg value calculated from the trend of inhibitory curve; ¢) number in parentheses represents S1

calculated based on hypothetic 1C5g value.

lipophilicity logP. Among the active compounds, their
activity increased with lipophilicity. The compounds
with high activity (MIC = 3.13-6.25 pg mL~") pos-
sessed logP in the range from 2.34 to 3.36. This can
be regarded as the optimal lipophilicity in the scrics
under discussion. The compounds with logP > 3.76
were inactive. This limit value can be deduced from
compounds (11-15) with the successful substitution
pattern R® = 3-Cl-4-CHj, where compounds (11-13)
are active and compounds (14) (logP = 3.76) and (15)
(logP = 4.76) are completely inactive. However, it is
obvious that lipophilicity is only a secondary determi-
nant of anti-mycobacterial activity, probably facilitat-
ing the penetration through the lipophilic mycobacte-
rial cell wall. Compounds (4), (16), (17), and (22) lie
within the optimal lipophilicity range but still are in-
active. This can be explained by the negative influence
of substituent R?, for example, substituent (2-CHg, 2-
Cl, or 2-1) in the ortho position as discussed above or
non-compliance with the meta-EWG rule. This nega-
tive steric effect is obvious for 2-Cl and 2-I substitu-
tion; the effect of 2-CHj is unclear, as compound (18)
(R! = H, R? = Cl, R?® = 2-CH3-5-I) is highly active,
but other compounds with the same phenyl substitu-
tion (16), (17), (19) and (20) are inactive.

The most active compounds achieved MIC against
M. luberculosis H3TRv (or M. kansasii) at the level
of 3.13 pg mL~! or 6.25 pg mL™!, which are val-
ucs comparable with the values of previously reported
anilides (of comparable MW) with MIC 2-8 g
mL=t (Dolezal et al., 2009) or MIC = 3.13-6.25
pg mL ! (Dolezal ot al., 2011b). In recently pub-
lished data on anilides of 5-Cl-POA (Zitko et al.,
2013), the phenyl part tolerated a wider range of sub-
stituents than the anilides of non-substituted POA, 5-
CH;3-POA, 6-CI-POA, 5-tert-Bu-POA and 5-tert-Bu-
6-Cl1-POA currently described or in the review pub-
lished previously. In the light of anti-mycobacterial
activity, 3-ClI-POA derivatives appear to be spe-
cial structures, as demonstrated by the ability of 5-
chloropyrazine-2-carboxamide to inhibit the mycobac-
terial fatty acid synthase I (Ngo et al., 2007; Sayahi
et al., 2012)

None of compounds (1-25) exhibited any activity
against any of the two tested strains of M. avium.

Cytotozicity

Drug-induced hepatotoxicity is an unfortunate
common side-effect of many of the first line anti-
tuberculosis agents (PZA, isoniazid, rifampicin) (Tost-
mann et al., 2008a). In view of the multidrug mix-
ture approach used for the treatment of tuberculo-
sis, it is highly probable that a newly developed anti-
tuberculosis compound would be used in combination
with clinically established agents. Due to possible tox-
icity synergism, the potential hepatotoxicity of new
compounds developed as potential anti-tuberculosis
agents should be assessed carefully. The human liver
carcinoma cell line (HepG2) is used as a model for hep-
atotoxicity studies in vitro (Singh et al., 2011; Tost-
mann et al., 2008b).

A hepatotoxicity assay of human HepG2 hepatoma
cells was performed in vitro for selected compounds:
see Table 3. The decrease in viability of the HepG2
cells was measured using a colorimetric assay (Kratky
et al., 2012; Owen, 1993) based on the reduction of
tetrazolium dye and the results were expressed as
ICs¢. The limited solubility in the culture medium of
all the compounds tested did not permit direct de-
termination of the exact 1Cgy value, but no toxic ef-
fect on HepG2 cells was observed up to the highest
conceniration achieved during the measurement. The
1Cs¢ values of compounds (9), (12-13), and (18) (Ta-
ble 3, values in parentheses) were calculated accord-
ing to the trend of the inhibitory curves by Graph-
Pad Prism softwarc (version 6, non-lincar regression
analysis). The inhibitory curves for compounds (11)
and (21) did not make it possible to calculate the
exact 1C50 value. Nevertheless, the 1Csq values of all
the compounds studied were hundreds of pM, which
represents a significantly lower cytotoxicity than the
previously published anilides of 5-chloropyrazine-2-
carboxilic acid (ICsp mostly in units or tens of pM)
(Zitko et al., 2013).

The estimated sclectivity index (SI) defined as
IC50/MIC both in molar concentrations was calcu-
lated for activity against M. tuberculosis H37Rv. SI
values over 10 are regarded as safe for a drug can-
didate, granting sufficient difference between efficient
and cytotoxic concentrations.
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Conclusions

Twenty five new, previously undescribed anilides
of substituted pyrazinoic acids were synthesised by
known methods. The anti-inycobacterial activity of
the final compounds against M. tuberculosis H37Rv
and non-tuberculous mycobacterial strains of M. kan-
sasit and M. avium was evaluated in vitro. The
compounds so prepared supplement the large fam-
ily of anilides prepared by Dolezal and co-workers.
It was shown that similar structure-activity relation-
ships pertain concerning the phenyl substitution pat-
tern. Three new anilides (12, 13, 18) of substituted
pyrazine-2-carboxylic acid exhibited whole cell anti-
mycobacterial activity in vitro against M. tbe H37TRv
with MIC around 10 pM. Importantly, no cytotoxic-
ity in the HepG2 model was detected in vitro for the
tested concentrations and the estimated IC50 values
were in hundreds of pM, indicating promising selec-
tivity. Compounds (11) and (21) exhibited significant
activity against M. kansasii with MIC = 3.13 pg mL~1!
(12.6 pM and 8.7 pM, respectively). No activity was
detected against M. avium.
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Analytical data

6-Chloropyrazine-2-carboxilic acid (111, (Abe et al., 1969)). White solid, m.p. 155.7-156.9°C 'H
NMR (300 MHz, DMSO) & 9.79 (s, 1H, CONH), 9.32 (s, 1H, H3), 8.79 (s, 1H, H5). *C NMR
(75 MHz, DMSO) 6 164.09, 148.59, 144.01, 143.92, 133.64.

5-Tert-butylpyrazine-2-carboxylic acid (1V), (Dolezal et al., 1999)). White solid, m.p.
120.8-122.1°C *H NMR (300 MHz, CDCls) & 9.36 (s, 1H, H3), 8.79 (s, 1H, H6), 8.35 (bs,
1H, COOH), 1.42 (s, 9H, (CH3)3). ®*C NMR (75 MHz, CDCls) & 169.45, 164.58, 144.62,
139.84, 138.49, 37.36, 29.63.

5-Tert-butyl-6-chloropyrazine-2-carboxylic acid (V, (Venturello et al., 1986). White solid,
m.p. 161.9-163.7°C. *H NMR (300 MHz, CDCls) § 9.37 (bs, 1H, COOH), 9.18 (s, 1H, H3),
1.56 (s, 9H, C(CHs)3). 1*C NMR (75 MHz, CDCl) & 166.30, 165.21, 147.08, 141.93,
138.18, 39.26, 28.15.

N-(2-chlorophenyl)pyrazine-2-carboxamide (1). White solid. Yield 40.3%; m.p. 130.9-
132.6°C; IR (cm™): 3331 (NH), 1690 (CONH); *H NMR (500 MHz, DMSO) § 10.42 (s,
1H, CONH), 9.33 (s, 1H, H3), 8.98 (d, J = 2.6 Hz, 1H, H5), 8.84 (d, J = 2.6 Hz, 1H, H6),

*Corresponding author, e-mail: jan.zitko@faf.cuni.cz, barbora.servusova@faf.cuni.cz
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8.22 (d, J = 8.0 Hz, 1H, H3"), 7.58 (d, J = 7.9 Hz, IHM H6'), 7.43 (t, J = 7.7 Hz, 1H, H4)),
7.24 (t, J = 7.6 Hz, 1H, H5Y); 3C NMR (125 MHz, DMSO) & 161.19, 148.59, 144.01,
143.92, 143.64, 134.20, 129.69, 128.16, 126.46, 125.11 123.40. Anal. Calcd. For
C11HsCIN3O (233.65): 56.54% C, 3.45% H, 17.98% N; Found: 56.61% C, 3.39% H,
17.96% N. ClogP = 1.359; LogP = 1.15.

N-(2-chlorophenyl)-5-methylpyrazine-2-carboxamide (2). White solid. Yield 72.7%;
m.p. 149.8-151.7°C; IR (cm™): 3321 (NH), 1687 (CONH); *H NMR (500 MHz, DMSO) &
10.35 (s, 1H, CONH), 9.18 (s, 1H, H3), 8.71 (s, 1H, H6), 8.24 (d, J = 8.3 Hz, 1H, H3),
7.57 (d, J = 8.0 Hz, 1H, H6"), 7.42 (td, J = 7.8, 1.5 Hz, 1H, H4"), 7.23 (td, J = 7.7, 1.6 Hz,
1H, H5Y, 2.63 (s, 3H, CHs); 3C NMR (125 MHz, DMSO) & 161.33, 158.18, 143.22,
142.97, 141.25, 134.27, 129.65, 128.14, 126.27, 124.86, 123.16, 21.71. Anal. Calcd. For
C12H10CIN3O (247.68): 58.19% C, 4.07% H, 16.97% N; Found: 58.20% C, 4.01% H, 17.03
% N. ClogP = 1.858; LogP = 1.85.

6-Chloro-N-(2-chlorophenyl)pyrazine-2-carboxamide (3). White solid. Yield 78.0%;
m.p. 96.5-97.3 °C. IR (cm™) 3322 (NH), 1670 (CONH), 'H NMR (500 MHz, DMSO) &
10.12 (s, 1H, CONH), 9.39 (s, 1H, H3), 8.84 (s, 1H, H5), 8.57 (d, J =8.1 Hz, 1H, H3),
7.50 — 7.47 (m, 1H, H6"), 7.41 — 7.35 (m, 1H, H4"), 7.16 — 7.12 (m, 1H, H5"). 3C NMR
(125 MHz, DMSO) & 159.51, 147.79, 147.65, 143.88, 142.14, 133.85, 129.34, 127.86,
125.51, 123.77, 121.38. Anal. Calcd. for C11H7Cl2N3O (268.10): 49.28% C; 2.63% H,;
15.67% N. Found: 49.30% C; 2.67% H; 15.61% N. ClogP = 2.085; LogP = 2.05.

5-Tert-butyl-N-(2-chlorophenyl)pyrazine-2-carboxamide (4). White solid. Yield 48.3%;
m.p. 99.8-100.5°C; IR (cm™): 3335 (NH), 1685 (CONH); *H NMR (300 MHz, CDCls) &
10.35 (bs, 1H, CONH), 9.39 (s, 1H, H3), 8.69 (s, 1H, H6), 8.63 (dd, J = 8.2, 1.5 Hz, 1H,
H3"), 7.42 (dd, J = 8.0, 1.5 Hz, 1H, H6"), 7.37 — 7.30 (m, 1H, H4"), 7.09 (td, J = 7.7, 1.5 Hz,
1H, H5", 1.45 (s, 9H, C(CHs)s); 3C NMR (75 MHz, CDCl3) § 167.95, 161.23, 142.96,
141.34,139.34, 134.40, 129.19, 127.79, 124.86, 123.36, 121.11, 37.10, 29.70. Anal. Calcd.
For C1sH16CIN3O (289.76): 62.18% C, 5.57% H, 14.50% N; Found: 62.30% C, 5.53% H,
14.48% N. ClogP = 3.185; LogP = 3.28.

5-Tert-butyl-6-chloro-N-(2-chlorophenyl)pyrazine-2-carboxamide (5). White solid. Yield
46.3%; m.p. 107.8-108.9°C; IR (cm™): 3339 (NH), 1679 (CONH); *H NMR (300 MHz,
CDCl3) 6 10.08 (bs, IH, CONH), 9.26 (s, 1H, H3), 8.58 (d, J = 8.0 Hz, 1H, H3"), 7.44 (d, J
= 7.9 Hz, 1H, H6"), 7.39 — 7.29 (m, 1H, H4"), 7.16 — 7.07 (m, 1H, H5'), 1.56 (s, 9H,

155



C(CH3)3); 3C NMR (75 MHz, CDCls) § 164.83, 159.94, 140.95, 140.13, 134.04, 131.46,
129.27, 127.79, 125.21, 123.63, 121.24, 39.02, 28.25. Anal. Calcd. For CisH15ClNsO
(324.21): 55.57% C, 4.66% H, 12.96% N; Found: 55.62% C, 4.59% H, 12.97% N. ClogP
=3.911; LogP = 4.18.

N-(5-fluoro-2-methyl)pyrazine-2-carboxamide (6). White solid. Yield 64.9%; m.p. 107.1-
108.3 °C; IR (cm™): 3349 (NH), 1695 (CONH); *H NMR (500 MHz, DMSO) § 10.26 (s,
1H, CONH), 9.30 (s, 1H, H3), 8.95 (s, 1H, H5), 8.82 (s, 1H, H6), 7.72 — 7.44 (m, 1H, H4"),
7.44—-7.24 (m, 1H, H6"), 7.05 — 6.81 (m, 1H, H3"), 2.27 (s, 3H, CH3); *C NMR (125 MHz,
DMSO) 6 161.50, 161.35, 159.44, 148.28, 144.46, 144.04, 143.58, 136.95, 136.86, 131.71,
131.64, 112.15, 111.98, 110.67, 110.47, 16.97. Anal. Calcd. For C12H10FN3O (231.23):
62.33% C, 4.36% H, 18.17% N; Found: 62.27% C, 4.48% H, 17.99% N. ClogP = 1.488;
LogP = 1.23.

N-(5-fluoro-2-methyl)-5-methylpyrazine-2-carboxamide (7). White solid. Yield 57.0 %;
m.p. 142.2-143.0 °C; IR (cm™): 3351 (NH), 1677 (CONH); *H NMR (300 MHz, DMSO)
§ 10.96 (s, 1H, CONH), 9.11 (s, 1H, H3), 8.59 (s, 1H, H6), 8.18 (m, 1H, H4') 7.65 (m, 1H,
H6"), 7.50 (m, 1H, H3", 2.58 (s, 3H, CHs), 2.38 (s, 3H, Ar-CHs); **C NMR (75 MHz,
DMSO) 6 162.01, 161.61, 158.82, 157.83, 143.12, 143.00, 141.74, 137.07, 136.92, 131.70,
131.58, 126.68, 126.64, 112.01, 111.73, 110.50, 110.17, 21.67, 16.96. Anal. Calcd. For
C12HoCIFN3O (265.67): 54.25% C, 3.41% H, 15.82% N; Found: 54.19% C, 3.51% H,
15.94% N. ClogP = 2.214; LogP = 2.13.

6-Chloro-N-(5-fluoro-2-methyl)pyrazine-2-carboxamide (8). White solid. Yield 75.3%;
m.p. 145.3-147.5 °C; IR (cm™): 3374 (NH), 1693 (CONH); *H NMR (500 MHz, DMSO)
5 10.23 (s, 1H, CONH), 9.23 (s, 1H, H3), 9.09 (s, 1H, H5), 7.49 (m, 1H, H4"), 7.31 (m, 1H,
H6"), 7.01 (m, 1H, H3"), 2.24 (s, 3H, CH3); *C NMR (125 MHz, DMSO) § 161.26, 160.59,
159.34, 147.96, 147.09, 144.56, 142.32, 136.78, 136.70, 131.74, 131.66, 112.69, 112.52,
111.67, 111.48, 17.05. Anal. Calcd. For C12HoCIFN3O (265.67): 54.25% C, 3.41% H,
15.82% N; Found: 54.19% C, 3.51% H, 15.94% N. ClogP = 2.214; LogP = 2.13.

5-Tert-butyl-N-(5-fluoro-2-methylphenyl)pyrazine-2-carboxamide (9). White solid. Yield
76.6%; m.p. 148.9-150.5°C; IR (cm™): 3348 (NH), 1698 (CONH); 'H NMR (500 MHz,
DMSO) & 10.16 (s, 1H, CONH), 9.21 (s, 1H, H3), 8.90 (s, 1H, H6), 7.81 — 7.56 (m, 1H,
H4"), 7.42 — 7.21 (m, 1H, H6"), 7.18 — 6.77 (m, 1H, H3"), 2.27 (s, 3H, CH3), 1.40 (s, 9H,
C(CHs)s); *C NMR (125 MHz, DMSO) & 167.43, 161.54, 159.50, 142.38, 141.80, 140.30,
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137.07, 136.98, 131.71, 131.64, 126.45, 126.42, 111.90, 111.73, 110.20, 110.00, 37.05,
29.57, 16.90.Anal. Calcd. For Ci6H1sFN3O (287.33): 66.88% C, 6.31% H, 14.62% N;
Found: 55.76% C, 6.34% H, 14.50% N. ClogP = 3.314; LogP = 3.36.

5-Tert-butyl-6-chloro-N-(5-fluoro-2-methylphenyl)pyrazine-2-carboxamide (10). White
solid. Yield 43.5%; m.p. 127.4-127.7°C; IR (cm™): 3367 (NH), 1698 (CONH); 'H NMR
(500 MHz, DMSO) & 10.17 (s, 1H, CONH), 9.21 (s, 1H, H3), 7.73 — 7.51 (m, 1H, H4"),
7.40-7.29 (m, 1H, H6'"), 7.19 — 6.75 (m, 1H, H3"), 2.31 (s, 3H, CH3), 1.57 (5, 9H, C(CH3)3);
13C NMR (125 MHz, DMSO) § 163.43, 161.29, 160.56, 159.38, 145.40, 142.09, 140.36,
136.86, 136.78, 131.73, 131.66, 127.62, 112.48, 112.31, 111.26, 111.07, 38.69, 28.16,
16.98. Anal. Calcd. For C16H17CIFN3O (321.78): 59.72% C, 5.33% H, 13.06% N; Found:
59.79% C, 5.26% H, 13.01% N. ClogP = 4.040; LogP = 4.26.

N-(3-chloro-4-methylphenyl)pyrazine-2-carboxamide (11). White solid. Yield 60.5%;
m.p. 133.1-134.7°C; IR (cm™): 3338 (NH), 1684 (CONH); *H NMR (300 MHz, CDCls) §
9.61 (bs, 1H, CONH), 9.50 (s, 1H, H3), 8.81 (d, J = 2.4 Hz, 1H, H5), 8.58 (d, J = 2.4 Hz,
1H, H6), 7.85 (s, 1H, H2"), 7.58 — 7.46 (m, 1H, H5"), 7.31 — 7.14 (m, 1H, H6"), 2.36 (s, 1H,
CHs); C NMR (75 MHz, CDCls) & 160.55, 147.61, 144.64, 144.12, 142.35, 131.16,
120.31, 117.99, 19.52. Anal. Calcd. For C12H10CIN3O (247.68): 58.19% C, 4.07% H,
16.97% N; Found: 58.23% C, 4.10% H, 16.99% N. ClogP = 2.708; LogP = 1.63.

N-(3-chloro-4-methylphenyl)-5-methylpyrazine-2-carboxamide (12). White solid. Yield
49.7%; m.p. 143.9-145.6°C; IR (cm™): 3345 (NH), 1676 (CONH); *H NMR (300 MHz,
CDCls) & 9.57 (bs, 1H, CONH), 9.35 (s, 1H, H3), 8.42 (s, 1H, H6), 7.84 (s, 1H, H2'), 7.55
—7.48 (m, 1H, H5"), 7.29 — 7.13 (m, 1H, H6"), 2.69 (s, 3H, CH3), 2.35 (s, 3H, Ar-CHs); 1*C
NMR (75 MHz, CDCls) 6 160.92, 157.57, 143.57, 142.13, 141.46, 136.13, 134.62, 132.23,
131.13, 120.25, 117.93, 21.89, 19.51. Anal. Calcd. For C13H12CIN3O (261.71): 59.66% C,
4.62% H, 16.06% N; Found: 59.71% C, 4.59% H, 16.01% N. ClogP = 3.207; LogP = 2.34,

6-Chloro-N-(3-chloro-4-methylphenyl)pyrazine-2-carboxamide (13). White solid. Yield
28.4%; m.p. 128.7-129.9°C; IR (cm™): 3340 (NH), 1679 (CONH); 'H NMR (300 MHz,
CDCls) & 9.38 (s, 1H, H3), 9.35 (bs, 1H, CONH), 8.81 (s, 1H, H5), 7.85 (s, 1H, H2'), 7.56
— 7.44 (m, 1H, H5", 7.28 — 7.21 (m, 1H, H6"), 2.37 (s, 3H, CHs); *C NMR (75 MHz,
CDCls) 6 159.29, 147.66, 147.43, 143.71, 142.20, 135.58, 134.71, 132.85, 131.19, 120.49,
118.17, 19.57. Anal. Calcd. For C12H9Cl2N3O (282.13): 51.09% C, 3.22% H, 14.89% N;
Found: 51.03% C, 3.27% H, 14.91% N. ClogP = 3.434; LogP = 2.53.
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5-Tert-butyl-N-(3-chloro-4-methylphenyl)pyrazine-2-carboxamide (14). White solid.
Yield 47.7%; m.p. 115.5-116.3°C; IR (cm™): 3343 (NH), 1680 (CONH); 'H NMR
(300 MHz, CDCls) 6 9.60 (bs, 1H, CONH), 9.38 (s, 1H, H3), 8.61 (s, 1H, H6), 7.86 (s, 1H,
H2"), 7.51 (d, J = 8.3 Hz, 1H, H5), 7.22 (d, J = 8.2 Hz, 1H, H6"), 2.35 (s, 3H, CH3), 1.45
(s, 9H, C(CHs)3); 3C NMR (75 MHz, CDCl) § 167.67, 161.01, 142.94, 141.13, 138.96,
136.20, 134.61, 132.14, 131.10, 120.20, 117.88, 37.06, 29.69, 19.50. Anal. Calcd. For
C16H18CIN3O (303.79): 63.26% C, 5.97% H, 13.83% N; Found: 63.31% C, 5.99% H,
13.78% N. ClogP = 4.534; LogP = 3.76.

6-Chloro-5-tert-butyl-N-(3-chloro-4-methylphenyl)pyrazine-2-carboxamide (15). White
solid. Yield 50.3%; m.p. 117.2-118.6°C; IR (cm™): 3339 (NH), 1680 (CONH); *H NMR
(300 MHz, CDCls)  9.31 (bs, 1H, CONH), 9.26 (s, 1H, H3), 7.86 (s, 1H, H2"), 7.51 (m,
1H, H5'), 7.29 — 7.12 (m, 1H, H6"), 2.36 (s, 3H, CH3), 1.55 (s, 9H, C(CH3)3); 3.C NMR
(75 MHz, CDCl3) 6 164.71, 159.77, 145.78, 140.85, 140.25, 135.82, 134.67, 132.56,
131.14, 120.43, 118.11, 39.01, 28.26, 19.56. Anal. Calcd. For C16H17Cl2N3O (338.23):
56.82% C, 5.07% H, 12.42% N; Found: 56.78% C, 5.11% H, 12.49% N. ClogP = 5.260;
LogP = 4.66.

N-(5-iodo-2-methylphenyl)pyrazine-2-carboxamide (16). White solid. Yield 34.7%;
m.p. 179.8-182.3 °C; IR (cm™): 3346 (NH), 1692 (CONH); *H NMR (500 MHz, DMSO)
6 10.29 (s, 1H, CONH), 9.29 (s, 1H, H6"), 8.95 (s, 1H, H3), 8.82 (s, 1H, H5), 8.04 (s, 1H,
H6), 7.50 (d, J = 8.0 Hz, 1H, H3"), 7.10 (d, J = 8.0 Hz, 1H, H4'), 2.23 (s, 3H, CH3); *C
NMR (125 MHz, DMSO) & 161.65, 148.20, 144.58, 144.07, 143.59, 137.40, 134.35,
132.73, 132.59, 131.78, 90.70, 17.41. Anal. Calcd. For C12H10IN30O (339.13): 42.50% C,
2.97% H, 12.39% N; Found: 42.69% C, 2.91% H, 12.34% N. ClogP = 2.468; LogP = 2.43.

N-(5-iodo-2-methylphenyl)-5-methylpyrazine-2-carboxamide (17). White solid. Yield
42.5%; m.p. 175.3-177.5°C; IR (cm™): 3337 (NH), 1689 (CONH); *H NMR (500 MHz,
DMSO) 6 10.21 (s, 1H, CONH), 9.14 (s, 1H, H6"), 8.69 (s, 1H, H3), 8.04 (s, 1H, H6), 7.49
(d, J=8.0 Hz, 1H, H3"), 7.08 (d, J = 8.0 Hz, 1H, H4"), 2.62 (s, 3H, CHz), 2.22 (s, 3H, CH3);
13C NMR (125 MHz, DMSO) § 161.78, 157.73, 143.13, 143.02, 141.85, 137.48, 134.20,
132.59, 132.56, 131.59, 90.70, 21.65, 17.40. Anal. Calcd. For Ci3Hi2IN3O (353.16):
44.21% C, 3.42% H, 11.90% N; Found: 44.19% C, 3.48% H, 11.97% N. ClogP = 2.967;
LogP = 3.14.
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6-Chloro-N-(5-iodo-2-methylphenyl)pyrazine-2-carboxamide (18). White solid. Yield
58.9%: m.p. 157.6-159.1°C; IR (cm™): 3364 (NH), 1686 (CONH); 'H NMR (300 MHz,
CDClz) 6 9.39 (m, 2H, CONH, H3), 8.83 (s, 1H, H5), 8.55 (s, 1H, H6"), 7.45 (d, J = 8.0 Hz,
1H, H4"), 6.97 (d, J = 8.0 Hz, 1H, H3"), 2.35 (s, 3H, CH3); *C NMR (75 MHz, CDCls) &
159.26, 147.75, 143.82, 142.16, 136.09, 134.39, 132.08, 131.44, 130.21, 128.01, 91.05,
17.31. Anal. Calcd. For C12HoCIIN3O (373.58): 38.58% C, 2.43% H, 11.25% N; Found:
38.51% C, 2.47% H, 11.23% N. ClogP = 3.194; LogP = 3.33.

5-Tert-butyl-N-(5-iodo-2-methylphenyl)pyrazine-2-carboxamide (19). White solid. Yield
63.3%; m.p. 155.8-156.3°C; IR (cm'): 3339 (NH), 1689 (CONH); *H NMR (300 MHz,
CDCls) § 9.67 (bs, 1H, CONH), 9.39 (s, 1H, H3), 8.68 (s, 1H, H6"), 8.65 (s, 1H, H6), 7.41
(d, J = 8.0 Hz, 1H, H4'), 6.94 (d, J = 8.0 Hz, 1H, H3"), 2.34 (s, 3H, CH3), 1.45 (s, 9H,
C(CHa)3); *C NMR (75 MHz, CDCls) § 168.00, 160.92, 142.98, 141.28, 139.16, 136.78,
133.65, 131.93, 131.47, 129.63, 127.18, 91.19, 37.11, 29.72, 17.34.Anal. Calcd. For
C16H18IN30 (395.24): 48.62% C, 4.59% H, 10.63% N; Found: 48.59% C, 4.63% H, 10.60%
N. ClogP = 4.294; LogP = 4.56.

5-Tert-butyl-6-chloro-N-(5-iodo-2-methylphenyl)pyrazine-2-carboxamide (20). White
solid. Yield 50.4%; m.p. 133.8-135.2°C; IR (cm™): 3354 (NH), 1687 (CONH); *H NMR
(300 MHz, CDCls) & 9.38 (bs, 1H, CONH), 9.26 (s, 1H, H3), 8.59 (s, 1H, H6"), 7.43 (d, J
= 8.0 Hz, 1H, H4"), 6.96 (d, J = 8.0 Hz, 1H, H3"), 2.35 (s, 3H, CH3), 1.56 (s, 9H, C(CH3)3);
13C NMR (75 MHz, CDCl3) § 164.84, 159.67, 145.80, 140.91, 140.18, 136.35, 134.10,
132.03, 129.98, 127.76, 91.09, 39.03, 28.25, 17.29. Anal. Calcd. For CisH17ClIN3O
(429.68): 44.72% C, 3.99% H, 9.78% N; Found: 44.74% C, 4.05% H, 9.75% N. ClogP =
5.020; LogP = 5.46.

N-(4-chloro-2-iodophenyl)pyrazine-2-carboxamide (21). White solid. Yield 77.9%;
m.p. 164.5-166.9°C; IR (cm™): 3274 (NH), 1686 (CONH); *H NMR (300 MHz, CDCls) &
10.16 (bs, 1H, CONH), 9.50 (s, 1H, H3), 8.84 (d, J = 2.5 Hz, 1H, H5), 8.66 (d, J = 2.5 Hz,
1H, H6), 8.46 (d, J = 8.8 Hz, 1H, H6"), 7.82 (s, 1H, H3"), 7.39 (d, J = 8.8 Hz, 1H, H5"); 3C
NMR (75 MHz, CDCls) 6 160.99, 147.82, 144.66, 144.07, 142.68, 138.20, 136.74, 130.26,
129.36, 121.74, 89.40. Anal. Calcd. For C11H7CIIN3O (359.55): 36.75% C, 1.96% H, 11.69
% N; Found: 36.68% C, 1.99% H, 11.63% N. ClogP = 2.283; LogP = 2.50.

N-(4-chloro-2-iodophenyl)-5-methylpyrazine-2-carboxamide (22). White solid. Yield
37.5%; m.p. 192.7-193.9°C; IR (cm™): 3272 (NH), 1681 (CONH); 'H NMR (500 MHz,
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CDCls) & 10.12 (bs, 1H, CONH), 9.35 (s, 1H, H3), 8.51 (s, 1H, H6), 8.46 (d, J = 8.9 Hz,
1H H6"), 7.81 (s, 1H, H3", 7.39 (d, J = 8.9 Hz, 1H, H5"), 2.70 (s, 3H, CH3); 3C NMR
(125 MHz, CDCl3) & 161.35, 157.85, 143.60, 142.49, 141.37, 138.15, 136.90, 130.04,
129.32, 121.69, 89.34, 21.94. Anal. Calcd. For C12HeCIIN3O (373.58): 38.58% C, 2.43%
H, 11.25% N; Found: 38.54% C, 2.39% H, 11.30% N. ClogP = 2.782; LogP = 3.21.

6-Chloro-N-(4-chloro-2-iodophenyl)pyrazine-2-carboxamide (23). White solid. Yield
17.8%; m.p. 162.2-162.8°C; IR (cm™): 3274 (NH), 1681 (CONH); 'H NMR (300 MHz,
CDClz) 6 9.95 (bs, 1H, CONH), 9.38 (s, 1H, H3), 8.84 (s, 1H, H5), 8.42 (d, J=8.9 Hz, 1H,
H6'), 7.84 (s, 1H, H3"), 7.40 (d, J = 8.9 Hz, 1H, H5'); 3C NMR (75 MHz, CDCl3) & 159.71,
147.95, 147.65, 143.56, 142.08, 138.29, 136.39, 130.63, 129.42, 121.77, 89.70. Anal.
Calcd. For C11HsCLIN3O (294.00): 33.53% C, 1.53% H, 10.67% N; Found: 33.54% C,
1.49% H, 10.66% N. ClogP = 3.003; LogP = 3.41.

5-Tert-butyl-N-(4-chloro-2-iodophenyl)pyrazine-2-carboxamide (24). White solid. Yield
86.6%; m.p. 167.9-169.4°C; IR (cm™): 3277 (NH), 1685 (CONH); 'H NMR (300 MHz,
CDCls) & 10.16 (bs, 1H, CONH), 9.38 (s, 1H, H3), 8.71 (s, 1H, H6), 8.48 (d, J = 8.9 Hz,
1H, H6"), 7.82 (s, 1H, H3"), 7.38 (d, J = 8.9 Hz, 1H, H5'), 1.46 (s, 9H, C(CHs)3); 1*C NMR
(75 MHz, CDCl3) 6 168.16, 161.44, 142.99, 141.04, 139.40, 138.13, 136.97, 129.96,
129.31, 121.62, 89.26, 37.15, 29.70. Anal. Calcd. For C15H1sCIIN3O (415.66): 43.34% C,
3.64% H, 10.11% N; Found: 43.43% C, 3.59% H, 10.07% N. ClogP = 4.109; LogP = 4.63.

6-Chloro-5-tert-butyl-N-(4-chloro-2-iodophenyl)pyrazine-2-carboxamide  (25). White
solid. Yield 57.8%; m.p. 120.4-121.9°C; IR (cm™): 3270 (NH), 1685 (CONH); *H NMR
(300 MHz, CDCls) 6 9.94 (bs, 1H, CONH), 9.24 (s, 1H, H3), 8.43 (d, J =9.0 Hz, 1H, H6"),
7.82 (s, 1H, H3'), 7.39 (d, J = 9.0 Hz, 1H, H5"), 1.56 (s, 9H, C(CHs3)3); 13C NMR (75 MHz,
CDCls) 6 165.06, 160.14, 145.94, 140.10, 138.21, 136.62, 131.46, 130.28, 129.35, 121.56,
89.54, 39.07, 28.25. Anal. Calcd. For C1sH14CI2IN30O (450.10): 40.03% C, 3.14% H, 9.34%
N; Found: 40.00% C, 3.17% H, 9.36% N. ClogP = 4.829; LogP = 5.53.
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A series of pyrazinamide derivatives with alkylamino substitution was designed, synthesized and tested
for their ability to inhibit the growth of selected mycobacterial, bacterial and fungal strains. The target
structures were prepared from the corresponding 5-chloro (1) or 6-chloropyrazine-2-carboxamide (2)
by nucleophilic substitution of chlorine by various non-aromatic amines (alkylamines). To determine

the influence of alkyl substitution, corresponding amino derivatives (1a, 2a) and compounds with
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phenylalkylamino substitution were prepared. Some of the compounds exerted antimycobacterial activ-
ity against Mycobacterium tuberculosis H37Rv significantly better than standard pyrazinamide and corre-
sponding starting compounds (1 and 2). Basic structure-activity relationships are presented. Only weak
antibacterial and no antifungal activity was detected.

© 2013 Elsevier Ltd. All rights reserved.

According to the WHO Global Tuberculosis Report 2013 esti-
mates, in 2012 there were 8.6 million new cases of tuberculosis
(TB) and 1.3 million deaths associated with TB." Although the abso-
lute number of TB cases per year has been slightly decreasing since
the beginning of millennium (decrease from 144 cases per 100,000
population in 20007 to 125 cases per 100,000 population in 2011,
TB still remains 2nd leading cause of death from an infectious dis-
ease worldwide.! The situation is worsening due to the co-infec-
tion with HIV (1.1 million of all TB cases and 0.32 million of
deaths per HIV-associated TB).'* Another serious problem high-
lighting the need for new antituberculotics is the increasing num-
ber of resistant TB-forms, namely multidrug-resistant (MDR) and
extensively drug-resistant (XDR) TB."*

5-Chloropyrazine-2-carboxamide (5-CI-PZA), derived from
first-line anti-TB drug pyrazinamide (PZA) and originally prepared
by Asai®, proved in vitro antimycobacterial activity against
PZA-sensitive Mycobacterium tuberculosis strains (MIC = 8-32 g/
mL) as well as PZA-resistant mycobacterial strains (Mycobacterium
kansasti, M. smegmatis, M. fortuitum, M. avium; MIC = 8-64 ug/mL).°
However, 5-CI-PZA was not active in vivo in a chronic murine TB
model’ (probably due to metabolic instability or poor pharmacoki-
netics). Its mechanism of action results from the inhibition of
fatty acid synthase type I*'" (FAS 1,'* the crucial enzyme partici-
pating in the synthesis of mycolic acids, vital components of

* Corresponding authors. Tel.: +420 495067272; fax: +420 495518002.
E-mail addresses: barbora.servusova@faf.cuni.cz (B. Servusova), jan.zitko@faf.
cuni.cz (J. Zitko).

0960-894X/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.bmcl.2013.12.054

mycobacterial cell wall). The specific mechanism seems to be the
competitive displacement of the NADPH cofactor from FAS L'?
For this mechanism of action, carboxamido group does not need
to be metabolized to carboxylic group. Our attention was focused
on substitution of chlorine in 5-CI-PZA (1) by alkylamines. The po-
sitive influence of long alkyl chains (C6, C7) on antimycobacterial
activity was observed in previous studies on pyrazine deriva-
tives."*!> Long alkyl chains are not a common part of designed or
therapeutically used drugs. Nevertheless, recently discovered
mycobacterial enoyl-ACP-reductase InhA inhibitors derived from
triclosan contained long alkyl chains in their structure.'®'” As InhA
is located in mitochondria,'® it is obvious that compounds with
long alkyl chains are able to penetrate through mycobacteria outer
shell and cell wall, reaching the intracellular compartments.

To compare relationships between substituent’s position and
activity, the analogous series derived from 6-chloropyrazine-2-
carboxamide'? (2, 6-Cl-PZA) was prepared. To study the influence
of alkyl chain on activity, simple aliphatic chain was replaced by
phenylalkyl chain (compounds 1j, 1k, 2j and 2k). Amino deriva-
tives (1a, 2a) were prepared as well.

This research project presents the series of 22 compounds, their
synthesis, methods and results of biological screening. 5-CI-PZA
was prepared by convenient two-step synthesis using 5-hydroxy-
pyrazine-2-carboxylic acid (Sigma Aldrich), which was treated
with thionyl chloride to form 5-chloropyrazine-2-carbonyl
chloride,”® see Scheme 1. The subsequent aminolysis by 25% aq
ammonia afforded 5-CI-PZA as a precipitate, which was separated
by filtration. The formation of acyl chloride was catalyzed by
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Scheme 1. Synthesis of starting compounds 1 and 2.

N.N-dimethylformamide (DMF).?' Synthesis of 6-CI-PZA was car-
ried out analogously from 6-chloropyrazine-2-carboxylic acid??
obtained from pyrazine-carboxylic acid via N-oxide®” and its sub-
sequent chlorination with phosphoryl chloride.?” Final structures
were prepared from chloro-pyrazinamide (1 or 2) by means of
nucleophilic substitution of chlorine by aliphatic alkylamines or
phenylalkyl amines, see Scheme 2. Different approach was applied
for the synthesis of amino compounds 1a*° and 2a,’° where the
microwave irradiation was used to accelerate the aminodehalo-
genation reaction (described in Supplementary data). Synthesis
and antimycobacterial activity of 6-methylaminopyrazine-2-
carboxamide (2b) was previously published by Foks and
co-workers”” (added to Table 1 for clarity).

All compounds (including standards PZA, INH and starting
compounds 5-CI-PZA=1 and 6-CI-PZA=2) were screened for
antimycobacterial activity against four mycobacterial strains
(Mycobacterium tuberculosis H37Rv, M. kansasii 235/80, M. avium
80/72 and M. avium 152/73) by microplate alamar blue assay
(MABA)** at pH=5.6 (conditions optimized for PZA).”’ Results
were expressed as minimal inhibitory concentration (MIC) in
png/mL, data in parentheses represent the MIC values with respect
to molecular weight in pM (Table 1). The MIC values for 5-CI-PZA
(1, MIC=50pg/mL) were approximately in accordance with
previously published data (MIC = 8-32 pg/mL).°

In the presented series, the substitution of chlorine with long
alkylamine chain (heptyl, octyl) led to a significant increase in anti-
mycobacterial activity and thereby also confirmed the previously
reported positive influence'“'* of long alkyl chains on antimycobac-
terial activity. Besides increased lipophilicity, this effect might also
be mediated by facilitated transport through mycobacterial cell
wall, via interaction of long carbon chains of mycolic acids with alkyl
chains of discussed compounds. Taking into account molecular
weight (MIC values converted to molar concentration pM), 6-octyla-
minopyrazine-2-carboxamide (2i, MIC =6 pM) was significantly
more active (up to 100-fold) against M. tuberculosis H37Rv than
corresponding starting compound 6-Cl-PZA (2, MIC = 635 uM), see
Table 1. This compound 2i also exhibited activity against all
PZA-resistant strains (MIC = 25 pg/mL i.e. 100 pM).

In the series derived from 5-CI-PZA (1), heptylamino (1h,
MIC =53 pM) and octylamino (1i, MIC = 25 uM) derivatives also

0 o)
N N
Cl_li/ j)LNHz RNH,,, EtOH HN_;K j)\NHz
kN/ K kN/
1a-k
2a-k

Scheme 2. Synthesis of final compounds 1a-k and 2a-k. Reagents and conditions:
alkylamines (in the range from methyl to octylamine) or phenyl alkylamines were
refluxed in EtOH for 6 h; 1a, 2a: 25% aq ammonia, MW.

exhibited significant increase in activity against M. tuberculosis
H37Rv compared to starting compound 1 (MIC = 317 uM). Remark-
ably, the activity of 1Th (MIC = 53 pM) and 1i (MIC = 25 uM) against
M. kansassi was slightly better than activity of 5-CI-PZA (1,
MIC = 79 uM). Within all compounds, the activity of octylamino
derivatives (MIC = 6-25 uM) against M. tuberculosis H37Rv was sig-
nificantly higher comparing to the activity of therapeutically used
PZA (MIC = 102-205 puM).

Insertion of aromatic nucleus into the aliphatic chain (1j, 1k, 2j
and 2k) led either to decrease or complete loss of activity. Deriva-
tives with amino substitution or with shorter alkylamino chain
(methyl to pentylamino subst.) were completely inactive against
all tested strains. Lack of activity of compounds 1a-f and 2a—f
could be possibly caused by low lipophilicity and/or poor ability
to penetrate lipophilic mycobacterial cell wall. Except for
compounds with phenylalkylamino substitution (1j, 1k, 2j, 2k),
no significant differences in activity were observed between
5-alkylamino series and their 6-alkylamino isomers.

Lipophilicity is an important (but not the only) determinant of
antimycobacterial activity in presented homologous series. Steric
effects, possible interactions of amino moiety as well as flexibility
of alkyl chain play important role. However, some dependence of
antimycobacterial activity on lipophilicity can be observed.
Graph 1 reveals significant correlation (r=0.8558; P=0.0016;
R?=0.7323; n = 10) of antimycobacterial activity expressed as log
(1/MIC) in molar concentration on lipophilicity (logk) for
compounds with detected MIC.

As seen from Graph 1, most of the compounds with significant
antimycobacterial activity (MIC < 25 pg/mL) had lipophilicity
logk = 0.3. In our system this value corresponds approximately
to ClogP about 3.0. For the sake of completeness, values for
5-CI-PZA (1) and 6-CI-PZA (2) were added to the graph.

In vitro hepatotoxicity assay was performed for compounds with
MIC £12.5 pg/mL(1h, 1i and 2i), PZA and starting compounds 1 and
2. The decrease of viability of human liver HepG2 cells was mea-
sured using standard colorimetric assay based on the reduction of
tetrazolium.”*?" Results were expressed as ICsq. The course of the
toxicity curves of PZA, 1h and 1i did not allow a valid calculation
of ICsp due to the limited solubility in the cell culture medium. Thus,
only an estimate of toxic concentrations could be determined for
these compounds. According to HepG2 cytotoxicity, the studied
compounds can be divided in two groups. The first group includes
compound 2i having intermediate toxicity in HepG2 cells. The
second group is formed by relatively in vitro non-toxic compounds
1, 2 and PZA as well as 1h and 1i, see Table 2. Selectivity index (SI)
defined as IC5o/MIC in molar concentrations was calculated for anti-
mycobacterial activity against M. tuberculosis.

SI values over 10 are considered as safe for a drug candidate,
granting the sufficient difference between efficient and cytotoxic
concentrations. Compounds with octylamino substitution (1i and
2i) possessed SI>10. The difference between cytotoxicity of
5-CI-PZA (1) and 6-CI-PZA (2) could be caused by altered
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Table 1

Summary of prepared compounds. Their antimycobacterial activity (detected at pH = 5.6) expressed as minimal inhibition concentration (MIC) in pg/mL or with respect to
molecular weight of compounds in uM. Comparison of calculated lipophilicity parameter (Clog ) with determined logk values.

Structure Antimycobacterial activity (pg/mL) (M) Lipophilicity
No. R MW M. thc H37Rv? M. kansasii® M. avium © M. avium logk ClogP
1a H 138.13 >100 >100 >100 >100 -0.7852 -0.6797
1b Methyl 152.15 >100 >100 >100 >100 —0.6878 0.1466
1c Ethyl 166.18 >100 >100 >100 >100 —-0.5520 0.6756
1d Propyl 180.21 >100 >100 >100 >100 -0.3878 1.2046
1le Butyl 194.23 >100 >100 >100 >100 -0.1910 1.7336
1f Pentyl 208.26 >100 >100 >100 >100 0.0181 2.2626
1g Hexyl 22229 50 (225) 100 >100 >100 0.2389 2.7916
1h Heptyl 23631 12.5 (53) 12.5 (53) >100 >100 0.4658 3.3206
1i Octyl 25034 6.25 (25) 6.25 (25) >100 >100 0.6930 3.8496
1j 2-Phenylethyl 24228 0 (206) 100 >100 >100 —0.0382 2.2436
1k 3-Phenylpropyl 256.30 25 (98) 100 >100 >100 0.1408 2.6226
2a H 138.13 >100 >100 >100 >100 0.7814 0.6797
2b Methyl 152.15 na. na. na. na. n.d. 0.1466
2c Ethyl 166.18 >100 >100 >100 >100 0.6318 0.6756
2d Propyl 180.21 >100 >100 >100 >100 0.4386 1.2046
2e Butyl 194.23 100 >100 >100 >100 -0.2162 1.7336
2f Pentyl 208.26 100 >100 >100 >100 —0.0095 2.2626
2g Hexyl 22229 100 >100 >100 >100 0.2051 2.7916
2h Heptyl 23631 25 (106) 50 (212) 100 100 0.4273 3.3206
2i Octyl 250.34 1.56 (6) 25 (100) 25 (100) 25 (100) 0.6514 3.8496
2j 2-Phenylethyl 242.28 >100 >100 >100 >100 0.0986 2.2436
2k 3-Phenylpropy! 256.30 >100 >100 >100 >100 0.0741 2.6226
1=5-CI-PZA 157.56 50 (317) 12.5(79) >100 >100 —-0.3891 0.0613
2=6-CI-PZA 157.56 100 (635) >100 >100 >100 —0.4165 0.0613
PZA 123.11 12.5-25 (102-205) >100 >100 >100 —-0.6872 —0.6763
INH 137.14 0.39-1.56 (3-11) 1.56-6.25 (11-46) 12.5 6.25 —-0.7432 —0.6680

Numbers in parentheses represent the MIC values converted to molar concentrations (M) n.a. data not available n.d. not determined.

CNCTC = Czech National Collection of Type Cultures.
2 CNCTC My 331/88.
b CNCTC My 235/80.
¢ CNCTC My 80{72.
4 CNCTC My 152/73.
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Graph 1. Correlation of antimycobacterial activity on experimentally measured log
k values. Inactive compounds, for which no exact value of MIC was detected
(MIC > 100 pg/mL), were omitted. 5-Cl-PZA and 6-Cl-PZA were not included in the
correlation. The striped region represents desired lipophilicity values with respect
to activity. Correlation parameters: r = 0.8558; P=0.0016; R*=0,7323; n=10.

biodegradation. PZA derivatives are metabolized via xanthine oxi-
dase and aldehyde oxidase to form 5-hydroxy derivatives.”* We
might hypothesize that 5-chloro substitution interferes with the
hydroxylation process.

For all tested compounds and strains, only weak antibacterial
activity was found for compound 2g (Staphylococcus epidermidis
H 6966/08; MIC = 62.5 M), for further details see Supplementary
data. The rest of tested compounds were inactive even in highest
concentrations used in the testing, which were 500 pM.

Table 2
Cytotoxicity of selected compounds in HepG2 cells

No. HepG2 M. thc H37Rv
1Cs0 (LM) SI MIC (ug/mL) MIC (uM)

1h >250 >4.7 125 53

1i >250 >10.0 6.25 25

2i 161 258 1.56 6
1=5-Cl-PZA 1.6 x 10° 5.0 50 317
2=6-CI-PZA 35 x10% 5.5 100 635

PZA® >1x 10" >98.1 125 102

" Testing in higher concentration was limited due to the solubility of the tested
compounds, )
2 PZA 1Csy = 79.1 mM, data from literature.”

Concerning the mechanism of action, PZA acts mainly as a
prodrug, which is enzymatically hydrolysed via mycobacterial pyr-
azinamidase (PncA, EC 3.5.1.19) to form pyrazinoic acid (POA).**
On the other hand, some PZA derivatives proved to be active in
non-hydrolysed carboxamide form; for example, 5-CI-PZA as a
FAS I inhibitor.5®1"1> 5_C|-PZA possessed in vitro activity against
mycobacterial strains with low pyrazinamidase activity as well.”
To elucidate, whether the most active alkylamino derivatives of
PZA could underwent hydrolysis by PncA or rather function in
non-hydrolysed form, a docking study was performed.

Crystallographic structure of PncA was recently described in
detail.*® The substrate binding cavity in PncA is a narrow crevice
(approximately 10 x 7 A) containing catalytic triad made of resi-
dues Lys96, Asp8 and Cys138. On the opposite site of the crevice,
three histidine residues (His51, His57 and His71) and Asp49 hold
the Fe ion on. According to the orientation of PZA needed for its
catalytic conversion as described in literature,’® the substituents
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on C5 and C6 of the pyrazine nucleus would protrude towards the
end of the cavity formed by the Trp68. The distance between the
PZA ring and the Trp68 plane is approximately 4-5 A (see Supple-
mentary data), which is little space to accommodate any larger
substituent. Therefore, we expected that the 5-alkylamino and
6-alkylaminopyrazine-2-carboxamides with longer alkyl chains
would have to be displaced from the position needed for the
catalytic transformation. This was confirmed by docking study
described in Supplementary data. To conclude, neither 5-alkyl-
amino nor 6-alkylamino derivatives of PZA will be converted to
corresponding carboxylic acids by the PncA.

New series of 5-alkylamino and 6-alkylaminopyrazine-2-
carboxamides were synthesized, characterized by analytical data
and screened for antimycobacterial activity. 6-Octylamino-pyra-
zine-2-carboxamide (2i) showed the highest activity against M.
tuberculosis H37Rv (MIC=1.56 ug/mL ie. 6uM), broadest
spectrum of activity as well as highest selectivity index for M.
tuberculosis H37Rv (SI = 25.8) within all compounds. Based on the
results, we presume 6-octylaminopyrazine-2-carboxamide (2i,
100-fold more active than 6-CI-PZA) could serve as model struc-
ture for further modifications. Presented study also confirmed
the previously reported positive influence of long alkylamino
chains on antimycobacterial activity.
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SUPPLEMENTARY MATERIAL

Experimental

1. General

All chemicals were purchased from Sigma-Aldrich (Schnelldorf, Germany). All organic
solvents used for the synthesis were of analytical grade. The reaction processes were monitored
using Merck Silica 60 F254 TLC plates (Merck, Darmstadt, Germany). Compounds were
purified using an automated chromatograph CombiFlash Rf (Teledyne Isco, Lincoln, NE, USA)
using columns filled with Kieselgel 60, 0.040-0.063 mm (Merck, Darmstadt, Germanyy};
gradient elution (hexane/ethyl-acetate), detection wavelength 260 nm, monitor wavelength
280 nm. NMR analysis was performed on Varian Mercury VX-BB 300 (Varian, Palo Alto, CA,
USA) at 300 MHz for 'H and 75 MHz for **C or for comp. 2f, 2i and 2k on Varian Mercury-
Vx BB 500 (Varian, Palo Alto, CA, USA) at 500 MHz for 'H and 125 MHz for '*C. Chemical
shifts were recorded as 6 values in parts per million (ppm) and were indirectly referenced to
tetramethylsilane (TMS). IR spectra were measured in ATR mode using a Ge crystal-plate on
Nicolet Impact 400 (Nicolet, Madison, WI, USA). The mass spectra were recorded in the
mixture of MeOH, H>0O, formic acid (80:20:0.02 v/v) using LCQ Advantage Max ion-trap mass
spectrometer (Thermo Finnigan, San Jose, CA, USA). The electrospray ionisation was
performed in the positive mode. Melting points were determined on Stuart SMP30 melting point
apparatus (Bibby Scientific Limited, Staffordshire, UK) and are uncorrected. The synthesis of
comp. 1a and 2a took place in microwave reactor with focused field CEM Discover (CEM
Corporation, Matthews, NC, USA) connected with autosampler Explorer 24 (CEM
Corporation, Matthews, NC, USA) and equipped with CEM’s Synergy™ software for
monitoring the reaction progress.
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2. General synthetic procedures

2.1. Synthesis of final compounds 1b-1k and 2b-2k

150 mg (0.952 mmol) of 5-CI-PZA (1) or 6-CI-PZA (2) was dissolved in ethanol together
with triethylamine (1 eq., 96 mg, 0.952 mmol). Three equivalents of corresponding alkylamine
were added to the reaction mixture and refluxed in ethanol generally for 6 hours. The
completion of the reaction was checked by TLC chromatography (eluent: hexane/ethyl acetate,
1:2). The crude product was absorbed on silica by solvent evaporation and purified by flash
chromatography (hexane/ethyl acetate gradient elution).

22 Microwave assisted synthesis (1a, 2a)

Comp. 1a and 2a were prepared using microwave reactor. Special thick-walled tubes
intended for use in microwave reactor were filled with a mixture of corresponding starting
comp. 1 or 2 (150 mg, 0.952 mmol), 25% aqueous ammonia (2 mL, in excess) and MeOH
(2 mL). Tubes fitted with stirrer and closed with a special cap were inserted into the reactor.
Reaction conditions for microwave-assisted synthesis were: output 200 W, temperature 95 °C,
reaction time 30 min using PowerMAX mode.

3. Analytical data of prepared compounds

5-Chloropyrazine-2-carboxamide (1). 5.0 g of 5-hydroxypyrazine-2-carboxylic acid
(0.036 mol) was suspended in 50 mL of dry toluene and treated with thionyl chloride (3 eq.,
7.9 mL, 0.108 mol). DMF (10 drops) was added to the reaction mixture as a catalyst. The
reaction mixture was heated to reflux for about 1 h. The excess of thionyl chloride was removed
by repeated evaporation with dry toluene in vacuo. The crude acyl chloride was dissolved in
50 mL of dichloromethane and excess of aqueous solution of ammonia (m/m, 25%, 10 mL) was
added. The mixture was stirred at room temperature for 2 h. Undissolved white product was
separated by filtration. Analytical data in accordance to literature. White solid. Yield: 73 %;
m.p. 200.1-201.3 °C; IR (cm™) 3407, 3181, 1692; ; '"H NMR (300 MHz, DMSO) § 8.97 (s, 1H,
H3), 8.83 (s, 1H, H6), 8.26 (bs, 1H, CONHa), 7.89 (bs, 1H, CONH,); '*C NMR (75 MHz,
DMSO) 6 164.3, 150.8, 144.0, 143.7, 143.3; MS (ESI, Pos.): m/z 157.96 (M+H)+.

5-Aminopyrazine-2-carboxamide (1a). Prepared according to microwave assisted synthesis
(see Section 2.2.). Analytical data in accordance to literature. White solid. Yield: 49 %; m.p.
269.3-272.0 °C (decomp.); IR (cm™") 3451, 3411, 3201, 1709; '"H NMR (300 MHz, DMSO) &
8.47 (s, 1H, H3), 7.80 (d, 1H, J=1.8 Hz, H6), 7.65 (bs, 1H, CONH2>), 7.27 (bs, 1H, CONH»),
7.04 (bs, 2H, NH»); '*C NMR (75 MHz, DMSO0) § 166.1, 157.5, 142.7, 133.1, 130.3; MS (ESI,
Pos.): m/z 138.93 (M+H)".

5-Methylaminopyrazine-2-carboxamide (1b). Prepared according to the general procedure
(see Section 2.1.) with following changes applied. 5 mL of 30% (m/m) aqueous solution of
methylamine was placed to a flask slightly heated to approx. 40 °C. Gaseous methylamine was
produced by discontinuous adding of 10% (m/m, aq solution) KOH. The gas was dried by
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waterless KoCOs; and let to bubble through the reaction mixture. White solid. Yield: 85 %; m.p.
227.9-228.4 °C; IR (cm™") 3250, 3149, 1671, 1573; 'H NMR (300 MHz, DMSO) § 8.53 (s, 1H,
H3), 7.84 (s, 1H, H6), 7.69 — 7.57 (m, 2H, NHz, NH), 7.27 (bs, 1H, NH2), 2.84 (d, /= 4.8 Hz,
3H, NCH3); 3C NMR (75 MHz, DMSO) § 166.23, 156.63, 142.48, 132.42, 131.17, 27.49; MS
(ESI, Pos.): m/z 152.92 (M+H)".

5-Ethylaminopyrazine-2-carboxamide (1¢). Prepared according to the general procedure
(see Section 2.1.) with following changes applied. 5 mL of liquid ethylamine (Bp 16.6 °C) was
placed into flask cooled with ice. The flask was let to warm up slowly. The vapours of
ethylamine were dried by waterless KoCOs and let to bubble through the reaction mixture.
White solid. Yield: 47 %; m.p. 214.9-216.5 °C; IR (cm™') 3373, 3175, 1649, 1573; 'H NMR
(300 MHz, DMSO) 6 8.51 (s, 1H, H3), 7.83 (s, 1H, H6), 7.65 (t, J= 5.6 Hz, 1H, NH), 7.59 (bs,
1H, NH>), 7.25 (bs, 1H, NH>), 3.38 — 3.24 (m, 2H, NCH>), 1.14 (t, J= 7.2 Hz, 3H, CH3); '*C
NMR (75 MHz, DMSO) & 166.18, 156.00, 142.46, 132.40, 131.19, 35.27, 14.40; MS (ESI,
Pos.): m/z 166.92 (M+H)".

5-Propylaminopyrazine-2-carboxamide (1d). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 59 %; m.p. 168.8-169.6 °C; IR (cm™") 3255, 3168, 1650,
1572; '"H NMR (300 MHz, DMSO) & 8.51 (s, 1H, H3), 7.85 (s, 1H, H6), 7.67 (t, J = 5.3 Hz,
1H, NH), 7.62 (bs, 1H, NH>), 7.26 (bs, 1H, NH>), 3.31 — 3.21 (m, 2H, NCH>), 1.63 — 1.45 (m,
2H, CHa), 0.90 (t, J = 7.4 Hz, 3H, CH3); '3C NMR (75 MHz, DMSO) § 166.19, 156.20, 142.43,
132.36, 131.22,42.23, 22.02, 11.65; MS (ESI, Pos.): m/z 180.93 (M+H)".

5-Butylaminopyrazine-2-carboxamide (1e). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 61 %; m.p. 138.7-139.4 °C; IR (cm™') 3326, 3219, 1648,
1575; '"H NMR (300 MHz, DMSO) § 8.50 (s, 1H, H3), 7.84 (s, 1H, H6), 7.65 (t, J = 5.6 Hz,
1H), 7.62 (bs, 1H, NH2), 7.25 (bs, 1H, NH>»), 3.34 — 3.25 (m, 2H, NCH>), 1.57 — 1.45 (m, 2H,
CH>), 1.41 — 1.26 (m, 2H, CH>), 0.88 (t, J = 7.3 Hz, 3H, CH;).; *C NMR (75 MHz, DMSO) §
166.18, 156.17, 142.43,132.34, 131.25, 40.10, 30.85, 19.84, 13.88; MS (ESI, Pos.): m/z 194.96
(M+H)".

5-Pentylaminopyrazine-2-carboxamide (1f). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 33 %; m.p. 155.7-156.9 °C; IR (cm™") 3274, 3177, 1658,
1583; '"H NMR (300 MHz, DMSO) & 8.50 (s, 1H, H3), 7.84 (s, 1H, H6), 7.66 (t, J = 5.4 Hz,
1H, NH), 7.61 (bs, 1H, NH>), 7.25 (bs, 1H, NH>), 3.36 — 3.24 (m, 2H, NCH>), 1.60 — 1.45 (m,
2H, CHy), 1.38 - 1.21 (m, 4H, CH>), 0.86 (t,J="7.0 Hz, 3H, CH3).; '*C NMR (75 MHz, DMSO)
5 166.16, 156.15, 142.42, 132.33, 131.26, 40.38, 28.86, 28.42, 22.08, 14.10; MS (ESI, Pos.):
m/z 208.98 (M+H)".

5-Hexylaminopyrazine-2-carboxamide (1g). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 57 %; m.p. 126.5-128.3 °C; IR (cm™") 3319, 3174, 1651,
1577; "H NMR (300 MHz, DMSO) & 8.50 (s, 1H, H3), 7.84 (s, 1H, H6), 7.67 (t, J = 5.6 Hz,
1H, NH), 7.61 (bs, 1H, NH>), 7.25 (bs, 1H, NH>), 3.35 — 3.24 (m, 2H, NCH3), 1.58 — 1.45 (m,
2H, CH>), 1.38 — 1.20 (m, 6H, CH>), 0.85 (t, /= 6.4 Hz, 3H, CH3); '>*C NMR (75 MHz, DMSO)
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8 166.17, 156.16, 142.42, 132.33, 131.23, 40.42, 31.22, 28.71, 26.36, 22.27, 14.10; MS (ESI,
Pos.): m/z 222.99 (M+H)".

5-Heptylaminopyrazine-2-carboxamide (1h). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 82 %; m.p. 139.2-140.1 °C; IR (cm™") 3385, 3178, 1632,
1578; "H NMR (300 MHz, DMSO) & 8.50 (s, 1H, H3), 7.84 (s, 1H, H6), 7.64 (t, J = 5.6 Hz,
1H, NH), 7.60 (bs, 1H, NH2), 7.24 (bs, 1H, NH2), 3.34 —3.23 (m, 2H, NCH>), 1.59 — 1.44 (m,
2H, CHy), 1.38 — 1.17 (m, 8H, CH>), 0.84 (t, J= 6.7 Hz, 3H, CH3); '>*C NMR (75 MHz, DMSO)
8 166.16, 156.15, 142.41, 132.33, 131.16, 40.40, 31.42, 28.73, 28.63, 26.63, 22.22, 14.10; MS
(ESI, Pos.): m/z 237.01 (M+H)".

5-Octylaminopyrazine-2-carboxamide (1i). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 87 %; m.p. 137.3-138.4 °C; IR (cm™) 3322, 3168, 1650,
1575; "H NMR (300 MHz, DMSO) & 8.50 (s, 1H, H3), 7.84 (s, 1H, H6), 7.64 (t, J = 5.8 Hz,
1H, NH), 7.60 (bs, 1H, NH>), 7.24 (bs, 1H, NH>), 3.34 — 3.23 (m, 2H, NCH>), 1.59 — 1.44 (m,
2H, CH>), 1.37=1.15 (m, 10H, CH>), 0.83 (t,J= 6.6 Hz, 3H, CH3); *C NMR (75 MHz, DMSO)
8 166.16, 156.15, 142.41, 132.32, 131.21, 40.39, 31.40, 28.92, 28.83, 28.72, 26.66, 22.25,
14.09; MS (ESI, Pos.): m/z 251.03 (M+H)".

5-(2-Phenylethyl)aminopyrazine-2-carboxamide (1j). Prepared according to the general
procedure (see Section 2.1.). White solid. Yield: 80 %; m.p. 139.3-140.5 °C; IR (cm™) 3433,
3312, 1647, 1575; 'H NMR (300 MHz, DMSO) & 8.53 (d, 1H, J=1.4 Hz, H3), 7.85 (d, 1H,
J=1.4 Hz, H6), 7.76 (t, 1H, J=6.6 Hz, NH), 7.63 (bs, 1H, NH»), 7.32-7.13 (m, 6H, H2", H3’,
H4', H5', H6"), 3.55 (q, 2H, J=6.6 Hz, NCH>), 2.84 (t, 2H, J=6.6 Hz, CH>); '>*C NMR (75 MHz,
DMSO) § 166.2, 154.1, 142.4, 139.6, 132.6, 131.3, 128.9, 128.5, 126.3, 42.0, 34.8; MS(ES]I,
Pos.): m/z 242.94 (M+H)".

5-(3-Phenylpropyl)aminopyrazine-2-carboxamide (1k). Prepared according to the general
procedure (see Section 2.1.). White solid. Yield: 83 %; m.p. 115.8-116.7 °C; IR (cm™') 3348,
2937, 1682, 1573; 'H NMR (300 MHz, DMSO) & 8.50 (d, 1H, J=1.2 Hz, H3), 7.86 (d, 1H,
J=1.2 Hz, H6), 7.73 (t, 1H, J=6.5 Hz, NH), 7.62 (bs, 1H, NH»), 7.31-7.10 (m, 6H, H2", H3’,
H4',H5',H6"),3.37-3.24 (m, 2H, NCH>), 2.64 (t, 3H, J=6.5 Hz, CH>), 1.91-1.76 (m, 2H, CH>);
BC NMR (75 MHz, DMSO) § 166.2, 156.2, 142.4, 141.8, 132.5, 131.8, 131.3, 128.5, 125.9,
40.1, 32.7, 30.5 ; MS (ESI, Pos.): m/z 256.97 (M+H)".

6-Chloropyrazine-2-carboxamide (2). Prepared similar to the synthesis of 5-CI-PZA (1)
with following changes applied: 5.0 g of 6-chloropyrazine-2-carboxylic acid (0.031 mol) was
suspended in 50 mL of dry toluene and treated with thionyl chloride (3 eq., 6.7 mL, 0.093 mol).
Analytical data in accordance to literature. White solid. Yield: 80 %; m.p. 172.6-173.1 °C; IR
(cm™) 3322, 3157, 1708; '"H NMR (300 MHz, DMSO) § 9.15 (s, 1H, H3), 8.99 (s, 1H, H5),
8.15 (bs, 1H, CONHb»), 7.96 (bs, 1H, CONH»); '*C NMR (75 MHz, DMSO) § 163.9, 147.3,
147.1, 145.1, 142.0; MS (ESI, Pos.): m/z 157.97 (M+H)".

170



6-Aminopyrazine-2-carboxamide (2a). Prepared according to microwave assisted synthesis
(see Section 2.2.). Analytical data in accordance to literature. White solid. Yield: 54 %; m.p.
199.5-201.2 °C; IR (cm™") 3457, 3407, 3202, 1708; 'H NMR (300 MHz, DMSO) § 8.22 (s, 1H,
H3), 8.02 (s, 1H, H5), 7.62 (bs, 2H, CONH2), 7.04 (bs, 2H, NH,); *C NMR (75 MHz, DMSO)
8 166.1,154.6, 142.3, 135.7, 130.2; MS (ESI, Pos.): m/z 138.93 (M+H)+.

6-Ethylaminopyrazine-2-carboxamide (2¢). Prepared according to the general procedure
(see Section 2.1.) with following changes applied. 5 mL of liquid ethylamine (Bp 16.6 °C) was
placed into flask cooled with ice. The flask was let to warm up slowly. The vapours of
ethylamine were dried by waterless K2CO3 and let to bubble through the reaction mixture.
White solid. Yield: 63 %, m.p. 201.4-202.7 °C; IR (cm™) 3408, 3195, 1648, 1567; '"H NMR
(300 MHz, DMSO) 6 8.16 (s, 1H, H3), 8.01 (s, 1H, HS), 7.83 (bs, 1H, NH>), 7.59 (bs, 1H, NHz),
7.27 (t, 1H, J=6.2 Hz, NH), 3.41-3.30 (m, 2H, NCH>), 1.13 (t, 3H, J=6.2 Hz, CH3); C NMR
(75 MHz, DMSO) 6 166.2, 153.7, 141.4, 136.5, 129.1, 34.9, 14.5; MS ESI, Pos.): m/z 167.02
(M+H)".

6-Propylaminopyrazine-2-carboxamide (2d). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 48 %; m.p. 159.9-160.7 °C; IR (cm™) 3329, 3181, 1679,
1593; '"H NMR (300 MHz, DMSO) & 8.16 (s, 1H, H3), 8.03 (s, 1H, H5), 7.81 (bs, 1H, NH»),
7.60 (bs, 1H, NHy), 7.27 (t, J = 5.2 Hz, 1H, NH), 3.38 — 3.28 (m, 2H, NCH2), 1.57 — 1.46 (m,
2H, CH»), 0.89 (t, J= 7.2 Hz, 3H, CH3); >*C NMR (75 MHz, DMSO) § 166.19, 153.83, 141.88,
136.47, 129.04, 40.13, 21.18, 13.89; MS (ESI, Pos.): m/z 181.05 (M+H)".

6-Butylaminopyrazine-2-carboxamide (2e). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 91 %; m.p. 137.6-138.9 °C; IR (cm™) 3321, 3178, 1676,
1593; 'H NMR (300 MHz, DMSO) & 8.16 (s, 1H, H3), 8.04 (s, 1H, HS), 7.82 (bs, 1H, NH>),
7.61 (bs, 1H, NH>), 7.27 (t, /= 5.2 Hz, 1H, NH), 3.39 — 3.28 (m, 2H, NCH>»), 1.57 — 1.45 (m,
2H, CH>), 1.42 - 1.28 (m, 2H, CH>), 0.90 (t,J= 7.2 Hz, 3H, CH3); *C NMR (75 MHz, DMSO)
5 166.22, 153.82, 141.88, 136.48, 129.04, 40.25, 31.05, 19.88, 13.96; MS (ESI, Pos.): m/z
195.09 (M+H)".

6-Pentylaminopyrazine-2-carboxamide (2f). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 73 %; m.p. 156.3-157.5 °C; IR (cm™) 3338, 3189, 1686,
1594; "H NMR (500 MHz, DMSO) § 8.16 (s, 1H, H3), 8.03 (s, 1H, H5), 7.81 (bs, 1H, NH»),
7.59 (bs, 1H, NH»), 7.27 (t, J = 5.5 Hz, 1H, NH), 3.35 — 3.29 (m, 2H, NCH>), 1.57 — 1.48 (m,
2H, CH>), 1.37—1.27 (m, 4H, CH>), 0.86 (t,J= 6.9 Hz, 3H, CH3); *C NMR (125 MHz, DMSO)
5 166.21, 153.80, 141.87, 136.47, 129.04, 40.01, 28.93, 28.57, 22.10, 14.12; MS (ESI, Pos.):
m/z 209.09 (M+H)".

6-Hexylaminopyrazine-2-carboxamide (2g). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 33 %; m.p. 122.6-124.1 °C; IR (cm™'") 3337, 3203, 1686,
1593; '"H NMR (300 MHz, DMSO) & 8.16 (s, 1H, H3), 8.03 (s, 1H, H5), 7.81 (bs, 1H, NH>),
7.61 (bs, 1H, NH»), 7.28 (t, J = 5.5 Hz, 1H, NH), 3.37 — 3.28 (m, 2H, NCH3), 1.58 — 1.45 (m,
2H, CH>), 1.39 - 1.16 (m, 6H, CH>), 0.85 (t,J = 6.7 Hz, 3H, CH3); *C NMR (75 MHz, DMSO)
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0 166.22, 153.81, 141.87, 136.49, 129.03, 40.04, 31.26, 28.88, 26.41, 22.31, 14.10; MS (ESI,
Pos.): m/z 223.10 (M+H)".

6-Heptylaminopyrazine-2-carboxamide (2h). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 44 %; m.p. 131.8-133.3 °C; IR (cm™') 3340, 3204, 1686,
1593; '"H NMR (300 MHz, DMSO) § 8.16 (s, 1H, H3), 8.03 (s, IH, H5), 7.81 (bs, 1H, NH>),
7.61 (bs, 1H, NH>), 7.27 (t, J=5.5 Hz, 1H, NH), 3.37 — 3.27 (m, 2H, NCHz), 1.57 — 1.45 (m,
4H, CHz), 1.38 — 1.16 (m, 6H, CH>), 0.84 (t,J= 6.6 Hz, 3H, CH3); '*C NMR (75 MHz, DMSO)
0 166.33, 153.81, 141.87, 136.48, 129.03, 40.26, 31.49, 28.92, 28.70, 26.70, 22.25, 14.14; MS
(ESI, Pos.): m/z 237.18 (M+H)".

6-Octylaminopyrazine-2-carboxamide (2i). Prepared according to the general procedure
(see Section 2.1.). White solid. Yield: 32 %; m.p. 119.1-120.8 °C; IR (cm‘l) 3392, 3248, 1673,
1589; 'H NMR (500 MHz, DMSO) § 8.15 (s, 1H, H3), 8.03 (s, 1H, H5), 7.81 (bs, 1H, NH>),
7.60 (bs, 1H, NH2), 7.27 (t, J = 5.7 Hz, 1H, NH), 3.35 — 3.28 (m, 2H, NCH>»), 1.57 — 1.47 (m,
2H, CHy), 1.37 — 1.19 (m, 10H, CH,), 0.84 (t, J = 6.8 Hz, 3H CH3); '>C NMR (125 MHz,
DMSO) 6 166.19, 153.80, 141.86, 136.46, 129.01, 40.28, 31.41, 28.97, 28.89, 28.88, 26.71,
22.26, 14.12; MS (ESI, Pos.): m/z 251.15 (M+H)".

6-(2-Phenylethyl)aminopyrazine-2-carboxamide (2j). Prepared according to the general
procedure (see Section 2.1.). White solid. Yield: 78 %; m.p. 158.3-159.7 °C; IR (cm™") 3400,
3279, 1671, 1588; '"H NMR (300 MHz, DMSO) § 8.17 (s, 1H, H3), 8.04 (s, 1H, H5), 7.85 (bs,
1H, NH>), 7.62 (bs, 1H, NH>), 7.39 (t, 1H, J=6.4 Hz, NH), 7.31-7.13 (m, SH, H2’, H3", H4’,
HS5’, H6"), 3.59 (q, 2H, J=6.4 Hz, NCH>), 2.84 (t, 3H, J=6.4 Hz, CH»); '*C NMR (75 MHz,
DMSO) 5 166.2, 153.7, 142.0, 139.8, 136.5, 129.3, 129.0, 128.4, 126.2, 41.5, 35.0; MS (ESI,
Pos.): m/z 243.04 (M+H)".

6-(3-Phenylpropyl)aminopyrazine-2-carboxamide (2k). Prepared according to the general
procedure (see Section 2.1.). White solid. Yield: 61 %; m.p. 82.1-83.7 °C; IR (cm™") 3331, 2933,
1686, 1593; '"H 1H NMR (500 MHz, DMSO) & 8.17 (s, 1H, H3), 8.05 (s, 1H, H5), 7.72 (bs, 1H,
NHz), 7.61 (bs, 1H, NH>), 7.38 (t, 1H, J=6.7 Hz, NH), 7.30-7.24 (m, 2H, H3", HS"), 7.24-7.19
(m, 2H, H2’, H6"), 7.10-7.14 (m, 1H, H4"), 3.36 (q, 2H, J=6.7 Hz, NCH2>), 2.66 (t, 3H, J=6.7
Hz, CHy), 1.89-1.78 (m, 2H, CH,); '*C NMR (125 MHz, DMSO) & 166.2, 153.8, 142.0, 141.8,
136.5,129.1, 128.5, 128.5, 125.9, 32.7, 30.7, 30.5; MS (ESI, Pos.): m/z 257.06 (M+H)".

4. HPLC lipophilicity determination
- capacity factor &k and calculated log &

Agilent Technologies 1200 SL liquid chromatography with Diode-array Detector SL
G1315C, chromatographic pre-column ZORBAX XDB-C18 5um, 4x4mm, Part
No. 7995118-504 and column ZORBAX Eclipse XDB-C18 5 pum, 4.6 x 250 mm, Part
No. 7995118-585 (Agilent Technologies Inc., Colorado Springs, CO, USA) were used. The
separation process was controlled by Agilent ChemStation, version B.04.02 extended by
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spectral module (Agilent Technologies Inc.). A solution of MeOH (HPLC grade, 70 %) with
H>O (HPLC-Milli-Q Grade, 30 %) was used as mobile phase. The total flow of the column was
1.0 mL/min, injection 20 pL, column temperature 30 °C. 210 nm as detection wavelength and
270 nm as monitor wavelength were chosen. The KI methanol solution was used for the dead
time (Tp) determination. Retention times (TRr) of synthesized compounds were measured in
minutes. The capacity factors k£ were calculated using Microsoft Excel according to formula &
= (Tr — Tp)/Tp, where Tr is the retention time of the solute and Tp denotes the dead time
obtained via an unretained analyte. Log k, calculated from the capacity factor £, is used as the
lipophilicity index converted to log P scale.

5. Lipophilicity calculation

ClogP (the logarithm of n-octanol/water partition coefficient P based on established
chemical interactions) was calculated using the program CS ChemBioDraw Ultra version 12.0
(CambridgeSoft, Cambridge, MA, USA).

6. Biological methods

6.1. In vitro antimycobacterial evaluation

Microplate alamar blue assay.' Antimycobacterial evaluation was shielded by Department
of Clinical Microbiology, University Hospital and Faculty of Medicine in Hradec Kralové,
Charles University in Prague, Czech Republic. Four mycobacterial strains were used:
Mycobacterium tuberculosis H37Rv CNCTC My 331/88, M. avium CNCTC My 80/72,
M. avium CNCTC My 152/73 and M. kansasii CNCTC My 235/80 (Czech National Collection
of Type Cultures, National Institute of Public Health, Prague, Czech Republic). Tested
compounds were dissolved in DMSO, diluted with Sula’s semisynthetic medium (Trios,
Prague, Czech Republic) to final concentrations 100, 50, 25, 12.5, 6.25, 3.13 and 1.56 ug/mL
and placed into microdilution panel. Tested species were added in the form of suspension in
isotonic saline solution. The final concentration of DMSO was 0.5 % (v/v), this concentration
of DMSO did not affect the growth of mycobacteria. The cultures were grown in Sula’s
semisynthetic medium at pH 5.6 and 37 °C. 30 pL of working solution (1:1 mixture of 0.1%
Resazurin sodium salt (aq. sol.) and 10% Tween 80) was used for visualization of growth. First
of all, working solution was added to one positive growth control well and reincubated for 24 h.
If the control turned pink, the Alamar Blue solution was added to all wells in the microplate. If
none colour change is observed, the Alamar Blue solution would be added to another control
well and the result would be read on following day. The working solution was usually added
after 5 days of incubation for M. avium, after 5-7 days for M. kansasii and 10-14 days for
M. tuberculosis. Results were then determined after 24 h and interpreted as follows: blue colour
as no growth, pink colour as growth. Violet colour was interpreted as growth according to
Framzblau ef al.' The minimal inhibition concentration (MIC, ug/mL) was determined as the
lowest concentration which prevented a colour change from blue to pink.
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6.2. In vitro antibacterial evaluation

Microdilution broth method.? The organisms examined included strains from Czech
Collection of Microorganisms (Brno, Czech Republic): Staphylococcus aureus CCM 4516/08,
Escherichia coli CCM 4517, Pseudomonas aeruginosa CCM 1961. These strains are
recommended as standards for testing of antibacterial activities. Other strains were clinical
isolates (Department of Clinical Microbiology, University Hospital and Faculty of Medicine in
Hradec Kralové, Charles University in Prague, Czech Republic): Staphylococcus aureus H
5996/08-methicilin resistant (MRSA), Staphylococcus epidermidis H 6966/08, Enterococcus
sp. J 14365/08, Klebsiella pneumoniae D 11750/08, Klebsiella pneumoniae J 14368/08-ESBL
positive. All strains were subcultured on Mueller-Hinton agar (MHA) (Difco/Becton
Dickinson, Detroit, MI) at 35 °C and maintained on the same medium at 4 °C. Prior to testing,
each strain was passaged onto MHA. Bacterial inocula were prepared by suspending in sterile
0.85% saline. The cell density of the inoculum was adjusted to yield suspension of density
equivalent 0.5 McFarland scale (1.5 x 10® viable CFU/mL). The compounds were dissolved in
DMSO, and the antibacterial activity was determined in Mueller-Hinton liquid broth
(Difco/Becton Dickinson, Detroit, MI), buffered to pH 7.0. Controls consisted of medium and
DMSO alone. The final concentration of DMSO in the test medium did not exceed 1% (v/v) of
the total solution composition. The minimum inhibitory concentration (MIC), defined as 95%
inhibition of bacterial growth as compared to control, was determined after 24 and 48 h of static
incubation at 35 °C

Table 1. Antibacterial activity of 6-hexylaminopyrazine-2-carboxamide (2g) and standards. Data expressed as minimal
inhibitory concentration (MIC) in umol/L, strain: Staphylococcus epidermidis H 69/08 (SE).

Sirdin MIC (nmol/L)
Neomycin | Bacitracin | Pencillin G | Ciprofloxacine 2¢g
24h 7.81 15.62 125 250 62.5
ok, 48h| 15.62 31.25 250 250 125

6.3.  Invitro antifungal evaluation

The Department of Medical and Biological Sciences at the Faculty of Pharmacy in Hradec
Kralové, Charles University in Prague, Czech Republic, performed the antifungal susceptibility
assays, which was carried out using microdilution broth method. (National Committee for
Clinical Laboratory Standards (NCCLS). Method for Antifungal Disc Diffusion Susceptibility
Testing of Yeasts: Approved Guideline M44-A; NCCLS: Wayne, PA, USA, 2004.) Compounds
were dissolved in DMSO and diluted in a twofold manner with RPMI 1640 medium with
glutamine buffered to pH 7.0 (3-morpholinopropane-1-sulfonic acid). The final concentration
of DMSO in the tested medium did not exceed 2.5 % (v/v) of the total solution composition.
Static incubation was performed in the dark and humid, at 35 °C for 24 and 48 h (respectively
72 and 120 h for Trichophyton mentagrophytes). Drug-free controls were included. Fluconazole
was used as standard. Tested species: Candida albicans ATCC 44859, C. tropicalis 156,
C. krusei E28, C. glabrata 20/1, Trichosporon asahii 1188, Aspergillus fumigates 231, Absidia
corymbifera 272 and Trichophyton mentagrophytes 445.
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6.4.  Cytotoxicity measurement>*

Cell line: The human hepatocellular liver carcinoma cell line Hep G2 (passages 26 - 31)
purchased from Health Protection Agency Culture Collections (ECACC, Salisbury, UK) was
routinely cultured in MEM (Minimum Essentials Eagle Medium) (SIGMA ALDRICH)
supplemented with 10% foetal bovine serum (PAA), 1% L-Glutamine solution (SIGMA
ALDRICH) and non-essential amino acid solution (SIGMA ALDRICH) in a humidified
atmosphere containing 5% CO; at 37 °C. For subculturing, the cells were harvested after
trypsin/EDTA (SIGMA ALDRICH) treatment at 37 °C. The cells treated with the tested
substances were used as experimental groups. Untreated HepG2 cells were used as control
groups. The cells were seeded in density 1 x 10* cells per well in a 96-well plate. Next day, the
cells were treated with each of the tested substances dissolved in DMSO. The most of the tested
substances were prepared at different incubation concentrations in triplicates. 5-CI-PZA was
tested in concentration range 10 — 2000 uM, 6-CI-PZA at 500 — 4000 uM and the rest of the
compounds at 0.1 — 500 uM. The controls: 100 % cell viability, 0 % cell viability (the cells
treated by 10% DMSO). Cell control and vehiculum controls were also prepared in triplicates.
After 24 h incubation in a humidified atmosphere containing 5 % CO> at 37 °C, the reagent
from the kit CellTiter 96 AQueous One Solution Cell Proliferation Assay (CellTiter 96;
PROMEGA) was added. After other 1.5 h incubation at 37 °C, the absorbance was recorded at
490 nm. A standard toxicological parameter ICso was calculated by nonlinear regression using
GraphPad Prism software (version 6).

7. Docking procedure

The 3D coordinates of the studied compounds were obtained by CORINA 3D structure
generator online service and downloaded in PDB format. The structures were transformed into
AutoDock ligands using AutoDock Tools 1.5.6. (Molecular Graphics Laboratory, The Scripps
Research Institute); all rotatable bonds were marked as rotatable for docking. The receptor
(pdb: 3PL1) was prepared using a standard protocol incorporated in Maestro 9.3.5
(Schrodinger, Inc.), so called Protein Preparation Wizard with default settings. All water
molecules were removed, except for HOH220 and HOH221, which are coordinated to Fe' ion
and have significant H-bond interactions to aminoacyl residues of the protein. Moreover,
HOH220 is known to bind to nitrogen atom of pyrazine nucleus of pyrazinamide. The prepared
receptor structure was converted to Autodock format (PDBQT) using Autodock Tools 1.5.6.

The docking calculation was performed by AutoDock Vina 1.1.2° using Lamarckian genetic
algorithm. The grid box for the first run covered the whole binding cavity, repeated precision
runs were performed with the grid box adjusted to the coordinates of the docked ligands. The
precision runs were performed with increased exhaustiveness parameter (exhaustiveness = 12).

The visualizations and interaction diagrams were prepared by Maestro (Schrodinger, Inc.).
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Results and discussion

1. Docking study

The docking results of pyrazinamide (PZA) into the substrate binding cavity or
mycobacterial pyrazinamidase (PncA, pdb: 3PL1) were evaluated with the respect to the
catalytic mechanism proposed by Petrella ef al.® In our docking calculations, the ligand pose
with the highest affinity (-5.3 kcal/mol by AutoDock Vina scoring function) did not correspond
to the expected substrate position. However, the second best pose with only little lower affinity
(-5.1 keal/mol) showed all the important ligand-protein interactions described in the literature.®
As seen in Fig. 1, in this binding mode the carboxamido function establishes H-bonds to Ile133
and Alal34, and the N4 nitrogen atom of the pyrazine nucleus has an A-bond to HOH220. This
water molecule itself is coordinated to the Fe?" ion and has an H-bond to Alal02. Importantly,
carboxamido group is oriented towards the catalytic triad (Cys198, Asp8, Lys96) a within reach
of the Cys138, which was proposed to attack the carboxamido carbon atom to form the acyl-
enzyme complex. Based on the facts described above, this binding pose of PZA (Fig. 1) was
considered the most favourable for the catalytic hydrolysis and the poses of docked
alkylaminopyrazine-2-carboxamides (1h, 1i, 2h and 2i) were compared to this reference pose
of PZA.

As seen from Fig. 1, the substituents on C5 and C6 of the pyrazine nucleus would protrude
towards the end of the cavity formed by the Trp68. The distance between the PZA ring and the
Trp68 plane is approx. 4-5 A, which is little space to accommodate any larger substituent.
Therefore, we expected that the 5-alkylamino and 6-alkylaminopyrazine-2-carboxamides with
longer alkyl chains would have to be displaced from the position needed for the catalytic
transformation.

Indeed, the docking results of compounds 1h, 1i, 2h and 2i (i.e. octylamino and heptylamino
derivatives, the most active compounds from the presented series) confirms our expectation.
Fig. 2 presents the best docking poses of the alkylamino derivatives to the receptor with
preserved water HOH220, Fig. 3 to the receptor without HOH220 (displacement of water).
In both cases, it is obvious that the carboxamido groups of alkylamino derivatives are directed
significantly away from the catalytic triad. The place occupied by pyrazine nucleus of PZA is
occupied with alkyl chains of alkylamino derivatives. Based on the results, we conclude that
neither S-alkylamino nor 6-alkylamino derivatives of PZA will be converted to respective
carboxylic acids by the pyrazinamidase of Mycobacterium tuberculosis.
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Fig. 1. The reference binding pose of PZA in mycobacterial pyrazinamidase (PncA; pdb: 3PL1), affinity = -5.1 keal/mol.
Interaction diagram shows the ligand-protein interactions.
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Fig. 2. Predicted poses of compounds Th, 1i, 2h and 2i (wires) in the cavity ol PncA in comparison with the reference binding
pose of PZA (sticks). The catalytic site is represented by Cys138, Asp8 and Lys96. The docking calculation included water
HOH220.

177



4

_

FE2 188

/ CYS 138

ZA

Fig. 3. Predicted poses of compounds 1h, 1i, 2h and 2i (wires) in the cavity of PncA in comparison with the reference binding
pose of PZA (sticks). The catalytic site is represented by Cys138, Asp8 and Lys96. The docking calculation excluded water
11011220.
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This work presents synthesis and antimicrobial evalua-
tion of nineteen 6-alkylamino-N-phenylpyrazine-2-
carboxamides. Antimycobacterial activity was determined
against Mycobacterium tuberculosis H37Rv, M. kansasii
and two strains of M. avium. Generally, the antimyco-
bacterial activity increased with prolongation of simple
alkyl chain and culminated in compounds with heptyla-
mino substitution (3e, 4e) with MIC = 5-10 um against
M. tuberculosis H37Rv. On the contrary, derivatives with
modified alkyl chain (containing e.g. terminal methoxy or
hydroxy group) as well as phenylalkylamino derivatives
were mainly inactive. The most active compounds (with
hexyl to octylamino substitution) were evaluated for their
in vitro activity against drug-resistant strains of M. tuber-
culosis and possessed activity comparable to that of the
reference drug isoniazid. None of the tested compounds
were active against M. avium. Some derivatives exhib-
ited activity against Gram-positive bacteria including
methicillin-resistant  Staphylococcus aureus (best
MIC = 7.8 um), while Gram-negative strains as well as
tested fungal strains were completely unsusceptible.
Active compounds were tested for in vitro toxicity on var-
ious cell lines and in most cases were non-toxic up to
100 pm.

Key words: antibacterial evaluation, antimycobacterial evalua-
tion, cytotoxicity, multidrug-resistant strains, pyrazinamide
derivatives

Abbreviations: CRFK, Crandell feline kidney cells; FAS |, fatty
acid synthase I; HEL, Human embryonic lung fibroblasts;
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Hela, Human cervix epithelial cells; HepG2, Human hepato-
cellular carcinoma cells; INH, isoniazid; MDR, multidrug-
resistant; MIC, minimal inhibitory concentration; MRSA, methi-
cillin-resistant Staphylococcus aureus; Mtb, Mycobacterium
tuberculosis; Nam, nicotinamide; PncA, pyrazinamidase/nicoti-
namidase; POA, pyrazinoic acid; PZA, pyrazinamide; RpsA,
ribosomal protein S1; SA, Staphylococcus aureus; SE,
Staphylococcus epidermidis; TB, tuberculosis; Vero, African
green monkey kidney cells; XDR, extensively drug-resistant.
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Tuberculosis (TB) is one of the most lethal and frequent
infection diseases worldwide. In 2013, an estimated
9.0 million pecple fell ill with TB (64% were newly diag-
nosed cases) and 1.5 million died from TB (1). Resistant
TB forms, namely multidrug-resistant (MDR) and exten-
sively drug-resistant (XDR) TB, as well as the increasing
number of patients co-infected with HIV (1,2) (1.1 million
of all TB cases in 2013) (1) constitute a serious problem
and emphasize the need for novel antitubercular drugs.
Pyrazinamide (PZA) is one of the most important first-line
drugs used in TB therapy (3). Apart from sterilizing activity
(synergistic effect with rifampicin) (4), PZA has multiple
mechanisms of action. It acts directly as an active com-
pound or is a prodrug. As a prodrug, PZA is metabolized
via pyrazinamidase (EC 3.5.1.19) to pyrazinoic acid (POA)
(6,6). Recently, the specific targets for PZA and/or POA
were recognized (7—12). Both PZA and POA inhibit myco-
bacterial fatty acid synthase | (FAS I) (13), an enzyme that
participates in the synthesis of mycolic acids which are
essential components of the mycobacterial cell wall (7-11).
In 2011, ribosomal protein S1 (RpsA), a vital protein
involved in protein translation and the ribosome-sparing
process of trans-translation, was identified as a specific
target for POA (12). During the last decade, variety
of substituted N-phenylpyrazine-2-carboxamides was
designed, prepared and intensively screened for antimyco-
bacterial activity (14-18). As a complementary test, most
of these compounds were also screened for in vitro anti-
bacterial and antifungal activity. A substantial number of
tested N-phenylpyrazine-2-carboxamides selectively inhib-
ited the growth of Mycobacterium tuberculosis H37Rv.
With some exceptions, no significant antibacterial and
antifungal activity was observed. Based on the results of
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aforementioned studies, two anilides (1 and 2) derived
from 6-chloropyrazine-2-carboxylic acid were prepared
and screened for antimycobacterial, antibacterial and anti-
fungal activity. Unfortunately, no significant activity was
observed. Following recently published studies, in which
the positive influence of long alkyl chain (C6-C8) on anti-
mycobacterial activity was observed (19-21), our attention
was refocused on alkylamino derivatives of PZA. 6-Chloro-
N-phenylpyrazine-2-carboxamide (1) and 6-chloro-N-(2—
chlorophenyl)pyrazine-2-carboxamide (2) served as initial
leads for compounds mentioned in this study. The anilide
part of the compound was preserved, while 6-chlorine was
substituted by alkylamines in the range from propylamine
to octylamine to vield final compounds (3a—f, 4a-f).
Methylamine and ethylamine were omitted due to negligi-
ble activity of methylamino and ethylamino pyrazine deriva-
tives in previously published series (19-21). Based on the
first results of antimycobacterial screening and to study
the influence of a simple alkyl chain on activity, series of
phenylalkylamino, hydroxyalkylamino and methoxyalkylami-
no derivatives were prepared and evaluated (marked as
3g-m). MycPermCheck (22) is an online tool used for the
prediction of permeability of small molecules (MW < 500
Daltons) through Mycobacterium tuberculosis cell wall. The
prediction is based on a logistic regression model of
selected physico-chemical molecular descriptors of com-
pounds which were active in whole-cell in vitro assays (and
are therefore considered to be permeable). MycPermCheck
was used to predict the permeability of studied compounds
and to compare obtained data with whole-cell in vitro anti-
mycobacterial activity. Most of the authors agree that PZA
acts as a prodrug that needs to be converted by the myco-
bacterial enzyme pyrazinamidase/nicotinamidase PncA (EC
3.5.1.19) (6,12). However, PZA and some of its simple deriv-
atives, for example 5-chloropyrazinamide, were shown to
act in non-hydrolysed carboxamide form as competitive
inhibitors of mycobacterial fatty acid synthase | (10,11,23). A
molecular docking study was therefore performed to predict
whether the active compounds of the presented series
could be substrates of PncA to be converted into their hy-
drolysed acidic form.

Methods and Materials

All chemicals were purchased from Sigma-Aldrich (Hohen-
kirchen, Germany). All organic solvents used for the

synthesis were of analytical grade. Detailed synthetic pro-
cedures and analytical data of presented compounds are
available in the Supporting Information. Biological methods
were described in full details in previous publications
(18,21) and can be found in the Supporting Information as
well.

Results and Discussion

Chemistry

As shown in Scheme 1, 6-chloro-N-phenylpyrazine-2-
carboxamide (1) and 6-chloro-N-(2-chlorophenyl)pyrazine-2-
carboxamide (2) were prepared by convenient two-step
synthesis using 6-chloropyrazine-2-carboxylic acid (24),
which was treated with thionyl chloride to form 6-chloropyr-
azine-2-carbonyl chloride. Aniline or 2-chloroaniline was
used for aminolysis of carbonyl chloride to form correspond-
ing compounds 1 or 2 (purified by flash column chromatog-
raphy). Final structures 3a-f and 4a-f were prepared by
means of nucleophilic substitution of chlorine by non-aro-
matic amines (for the structures, please see Table 1). Ana-
Iytical data of all prepared compounds were in accordance
with proposed structures. IR spectrum of all compounds (1,
2, 3a-m and 4a-f) had carbonyl (C=0) transmittance peak
in the range of 1667-1685 cm . "H NMR spectra exhib-
ited amidic hydrogen (-CONH-) as a broad singlet (indepen-
dently of the solvent) in the range of 10.45-9.57 ppm. Shift
of hydrogen of amino group was significantly dependent on
the solvent used for measurement. For compounds mea-
sured in DMSO-ds (3b-m), hydrogen of -NH- group was
observed as triplet in the range of 7.56-7.44 ppm. For the
compounds measured in CDCl; (3a, 4a-f), broad singlet in
the range of 5.13-4.98 ppm was observed. '*C NMR spec-
tra of all compounds exhibited carbonyl carbon (-CONH-) in
the range of 162.82-159.51 ppm and carbons of simple
aliphatic chain (3a-f, 4a-f) in the range of 43.28-
11.48 ppm.

In vitro antimycobacterial activity

All prepared compounds were evaluated for antimycobac-
terial activity against four mycobacterial strains. Results
were expressed as minimal inhibitory concentration (MIC)
in pug/mL or in um with respect to the molecular weight.
Table 1 provides an overview of the antimycobacterial
activity against the strain Mycobacterium tuberculosis
H37Rv (Mtb). Both tested strains of Mycobacterium avium

i i e i £, 0
Cl N Cl N Cl N N. _N
b OH a S Cl S N C Alk” S N
Oy o Y e Y Y Yy
N N N N

1. R=-H
2:R=-Cl

3a-m: R=-H
4a-f: R =-Cl

Scheme 1: Synthesis of starting compounds 1 and 2 and subsequent synthesis of final compounds 3a-m and 4a-f. Reagents and
conditions: (a) SOCIs, toluene, reflux, 1.5 h; (b) aniline/2-chloroaniline, acetone, TEA, RT, 2 h; (c) non-aromatic amines, TEA, EtOH, reflux, 8 h.
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Table 1: Summary of prepared compounds, their properties and whole-cell in vitro antimycobacterial activity against Mycobacterium tbc

H37Rv (Mib)
H o
AIk,N\ENj)L”
Nig R
MIC
No. R Alk log P Mitb (ug/mL) Mib () Perm?
3a H n-CzH; 1.63 12,5 49 0.438
3b H n-C4Hg 2.04 6.25 23 0.541
3c H n-CsHy, 2.46 3.13 14 0.640
3d H n-CgHya 2.88 1.56 5 0.727
3e H n-C/Hys 3.29 1.56 5 0.798
3f H n-CgHi7 3.71 313 10 0.853
3g H -(CH,)-Ph 2.81 >100 >313 0.998
3h H -(CH.)sPh 3.23 100 301 0.999
3i H -(CH2);0H 0.39 100 367 0.074
3 H ~(CH2).OH 0.84 100 349 0.095
3k H -(CH_)sOH 1.26 50 167 0.164
3l H ~(CH2),OCH3 0.65 100 367 0.089
3m H ~(CH2)sOCH3 0.75 50 175 0.123
4a cl n-CsH; 2.18 25 86 0.634
4b Cl n-C4Hg 2.60 25 82 0.692
4¢ cl n-CsHy 3.02 6.25 20 0.773
4d cl n-CeHia 3.44 6.25 19 0.782
4e cl n-C7Hq5 3.85 3.18 9 0.884
4f Cl n-CgHi7 4.27 6.25 17 0.898
1 H 1.49 25 107 0.891
2 cl - 2.05 100 373 0.874
PZA® = [icy] 12.5 102 =
INH® —-0.64 0.2-1.56 2-11 -

“Perm. = probability of permeation through mycobacterial cell wall calculated by MycPermCheck; a value of 1000 equals 100%.

PPZA pyrazinamide.
°INH isoniazid.

were completely resistant to prepared compounds
(MIC >100 pg/mL). Except for compounds 3f and 4d
(MIC = 6.25 ug/mL), no significant activity was observed
against Mycobacterium kansasii (MIC > 100 pg/mL). Start-
ing compounds 6-chloro-N-phenylpyrazine-2-carboxamide
(1, MIC =107 pv) and B6-chloro-N-(2-chlorophenyl)pyr-
azine-2-carboxamide (2, MIC = 3783 umv) exhibited only
poor antimycobacterial activity against Mib and were also
completely inactive against other tested mycobacterial
strains. Substitution of chlorine by simple aliphatic alkyl-
amine led to an appreciable increase in activity for an
extended range of amines (from propylamine to octyl-
amine, MIC = 5-86 um). Compounds with non-substituted
phenyl derived from 1 displayed slightly better activities
than corresponding 2-chlorophenyl derivatives synthesized
from 2. Taking into account the molecular weight (MIC val-
ues converted to molar concentration in um), most active
compounds (3d-f and 4e, MIC = 5-10 um) exhibited simi-
lar activity as the therapeutically used standard isoniazid
(INH, MIC = 2-11 pum), yet markedly higher activity than
the other reference drug pyrazinamide (PZA,
MIC = 102 unv) and both starting anilides 1 and 2 as well.
Attempted structural changes in simple aliphatic chain led

Chem Biol Drug Des 2015

to decrease or complete loss of activity. The insertion of
an aromatic nucleus into the aliphatic chain resulted in
completely inactive compounds (3g, 3h). The activity of
derivatives substituted with aminoalcohols (3i-k) or meth-
oxyalkylamines (3I, 3m) was negligible (MIC = 167—
367 um).

The probability value calculated by MycPermCheck (22)
serves to express the probability of a compound to pene-
trate through the mycobacterial cell wall. Compounds with
a probability value over 0.82 are ranked as permeable,
while compounds with probability value under 0.55 are
predicted to be impermeable (22).

The ability to penetrate the mycobacterial cell wall is an
important criterion for activity, but obviously it is not the
only condition that must be met by a drug candidate. In
this study, starting compounds 1 and 2 as well as 3g
and 3h are hypothetically permeable (probability value
over 0.82) but have no significant activity. Incorporation of
a terminal hydroxyl or methoxy group into the aliphatic
chain drastically reduced the predicted permeability and
led to inactive compounds (3i-m). Prolongation of alkyl

3
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chain increased the probability of permeation, for example
in series 3 going from theoretically impermeable propyla-
mino derivative 3a, through pentylamino (3¢) and heptyla-
mino (3e) derivatives with moderate permeation, to
octylamino derivative 3f with good permeability. Generally,
the MycPermCheck prediction tool supports our previ-
ously formulated hypothesis (21) that a long alkylamino
chain is a structural factor that facilitates permeation of
the mycobacterial cell wall. Among other determinants,
permeability is closely associated with lipophilicity. We
therefore compared the log P of the compounds with
their antimycobacterial activity. A significant dependence
between the length of the alkyl chain (lipophilicity) and an-
timycobacterial activity was observed for compounds with
a simple aliphatic chain (3a-f, 4a—f, likewise in previously
published  series) (19-21). The highest activity
(MIC <10 um) was observed for compounds with a log P
value in the range of 2.5-4.0 (corresponding to com-
pounds with hexyl- to octylamino substitution), while inac-
tive compounds (MIC >100 pm) usually had log P value
lower than 1.5 (see Graph 1).

The negligible activity of hydroxyalkylamino derivatives (3i-
k) and methoxylalkylamino derivatives (3, 3m) demon-
strates that modification of long alkyl chain with polar
groups is not desirable. As seen in Graph 1, the activity of
phenylalkylamino derivatives (39, 3h) was trifling compared
to simple alkylamino derivatives. This decrease of activity
could be caused by steric effect of phenyl core. Selected
active compounds were also evaluated for their activity
against seven drug-resistant strains of Mycobacterium
tuberculosis with different resistance patterns (clinical iso-
lates; Table 2). All tested compounds exhibited moderate
activity, which was in general lower than the activity of
INH. However, compound 3f showed promising activity

against all tested strains with MIC values comparable to
those of INH.

In vitro antibacterial and antifungal activity

To complete the biological study, all prepared compounds
including starting compounds were screened for activity
against eight bacterial and eight fungal strains. Compounds
3b-e and 4d exhibited activity against Gram-positive
strains  Staphylococcus — aureus,  methicillin-resistant
S. aureus and S. epidermidis (Table 3), while Gram-nega-
tive strains were completely resistant to these compounds.
The other prepared compounds (including starting com-
pounds 1 and 2) did not affect the growth of Gram-positive
strains. Compound 3b showed only moderate antibacterial
activity (125-250 um). More importantly, compounds 3c-e
exhibited relatively potent antibacterial activity (MIC = 7.81—
62.5 um) against methicillin-resistant S. aureus. Also activity
against S. epidermidis was in a similar range (MIC = 7.81
31.3 um) for compounds 3c—e and 4d. These activities
were fully comparable or even superior to the activity of
reference compounds. Gram-negative strains as well as all
fungal strains were completely resistant against all pre-
pared compounds (including the starting compounds 1
and 2) even at the highest concentrations used in the
assay (MIC > 500 pm).

Cytotoxicity

in vitro cytotoxicity (25-27) assays were performed for
compounds with heptylamino (3e, 4e) and octylamino
substitution (3f, 4f). The results were expressed as the
compound concentration causing minimal changes in cell
morphology (MCC) or as 50% cytotoxic concentration
(CCso, compound reducing cell viabilty by 50%, as

5.5
‘d
MIC = 10 uyM 3¢ 3{.4

5.0 o b
- 3b ic ®4d @ 4f
E =]
= 454
s
=
= MIC = 100 uM 4a 4.b
e 4.0
= 3m

=] | 3k
o 3i . % 3h
35 i om B3
31
X3g
3.0 T T T T T T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
log P [ChemDraw] s .
i Graph 1: Dependence of antimycobacterial
@ 3a-f, 3i-m ® 4a-f % 3g, 3h activity on lipophilicity log P.
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Table 2: Antimycobacterial activity of selected derivatives against MDR-TB and XDR-TB strains, minimal inhibitory concentrations in um

MIC (m)

Mitb. 234/ Mtb. 9449/ Mitb. 7357/ Mtb. 8666/ Mitb. Praha Mtb. Praha Mtb.

2005 2007 1998 2010 1 4 Praha131
No. R Alk 14d  21d 14d  21d 14d  21d 14d 21d 14d 21d 14d  21d 14d  21d
3d -H -n-CgHiz 32 32 32 32 32 32 32 32 32 32 32 32 32 32
3e -H  -n-GCHis 32 32 16 32 16 32 16 32 32 32 16 32 16 32
3f -H -n-CgH17 16 16 16 32 16 32 16 16 16 16 16 32 16 16
4d -Cl  -n-CgHyz 32 32 32 32 32 32 32 32 32 32 32 32 32 32
4e -Cl -n-C;His 32 32 32 32 32 32 32 32 32 32 32 32 32 32
af -Cl -n-CgHyz 32 625 32 625 32 625 625 625 625 625 32 625 32 62.5
INH 16 16 16 16 16 32 16 32 16 16 16 16 16 16

MDR-TB strains: 234/2005 and 7357/1998 both resistant to INH, RIF, rifabutine, streptomycin, ethambutol and ofloxacin; Praha 1 resis-
tant to INH, RIF, rifabutine, streptomycin, ethambutol and clofazimine; 8666/2010 resistant to INH, RIF, rifabutine; 9449/2006 and Praha 4
both resistant to INH, RIF, rifabutine, ethambutol and streptomycin. XDR-TB strain: Praha 131 resistant to INH, RIF, rifabutin, streptomy-

cin, ethamburtol, ofloxacin, gentamicin and amikacin.

Table 3: Antibacterial activity of the most active derivatives, MIC
values defined as 95% inhibition of bacterial growth read after 24
and 48 h

Table 4: Cytotoxic effect of selected compounds on different cell
lines expressed as CCso®, MCC® or ICsq in um

CRFK® HEL® Hel a® Vero® HepG2'
MIC () No. CCyp um MCC um MCC um MCC um ICs0 M
SA MRSA SE 3e =100 =100 =100 =100 ND
3f >100 >100 >100 >100 30.7
No. 24h  48h 24h 48h 24h 48h  4e 100 =100 =100 ~100 ND
af =100 >100 =100 =100 ND
3b 125 125 250 250 250 250
3c 31.3 125 31.3 31.3 15.6 31.3 ND, not done.
3d 250 =600  7.81 625 781 313 aCytotoxicity is expressed as the minimum cytotoxic concentration
3e 250 =500  7.81 156 781 313 (MCC; compound concentration producing minimal changes in
4d =600 =600 >500 =500 313 313 cell morphology, as estimated by microscopy), or the 50% cyto-
Neomycin 195 3.9 3.9 7.81 156 156 toxic concentration (CCsy; estimated by the MTS cell viability
Bacitracin 781 781 781 313 156 313 assay). Value preceded by the sign >’ means that at the indicated
Penicillin G 0.49 0.98 62.5 125 126 250

SA, Staphylococcus aureus; MRSA, methicillin-resistant S. aureus;
SE, S. epidermidis.

assessed by a colorimetric formazan assay). As shown in
Table 4, all tested compounds were not cytotoxic at a
concentration of 100 um.

In addition, for compound 3f, an in vitro hepatotoxicity
assay was carried out in human HepG2 hepatoma cells.
The decrease in viability of the HepG2 cells was measured
using a colorimetric assay based on the reduction of tetra-
zolium (28,29) and results expressed as ICsq (concentra-
tion causing 50% inhibition of cell proliferation). Based on
these HepG2 model, 6-octylamino-N-phenylpyrazine-2-
carboxamide (3f) appears to have moderate cytotoxicity
(ICSO =30.7 }lM)

Docking
We performed a molecular docking study to estimate
whether the active compounds of the presented series
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concentration, no significant cytotoxicity was observed.
Crandell Rees feline kidney cells.

“Human embryonic lung fibroblasts.

“Human cervix epithelial cells.

®African green monkey kidney cells.

"Human hepatocellular liver carcinoma cell line.

can be substrates of PncA and could be hydrolysed to
their acidic form. Initially, we tried to apply a simple dock-
ing procedure described in our previous publication (21}, in
which the probability of conversion was determined simply
based on the orientation of the carboxamido group of
studied PZA derivatives at the active site of enzyme PncA
(pdb: 3PL1). In that study, the carboxamide moiety of
docked 5-alkylamino and 6-alkylaminopyrazine-2-carboxa-
mides was directed significantly away from the catalytic
site of the enzyme, preventing the catalytic reaction. Using
this described procedure, we docked compounds 3a-f
but found that the results were unclear. Because of steri-
cally demanding substituents at both ends of the molecule
(i.e. alkylamino and phenyl substituent), some conforma-
tions of the docked compounds had their carboxamide
moiety relatively close and quite well oriented towards the

5
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Figure 1: General structure of the proposed substrate enzyme
tetrahedral intermediate.

catalytic triad of the enzyme, which is compatible with the
possibility for hydrolytic cleavage of the compounds. How-
ever, docking of small molecules into the active site of an
enzyme by itself is not sufficient to distinguish between
enzyme inhibitors and substrates (30). Enzymatic hydroly-
sis of a carboxamide by PncA proceeds through the for-
mation of the acyl-enzyme covalent complex, originating
from the nucleophilic attack on the carboxamide carbon
by the reactive thiol group of Cys138 (31). We hypothesize
that this acyl-enzyme complex is preceded by a tetrahe-
dral intermediate (Figure 1), analogous to the catalytic
mechanism described for the related nicotinamidase from
Acinetobacter baumannii (32).

Formation of the tetrahedral intermediate and its stabiliza-
tion by interaction with active site residues are crucial for
substrate conversion. We thus used a covalent docking
protocol embedded in Schrodinger Suite to simulate the
formation of the ligand-enzyme tetrahedral intermediates.
The intermediates were simulated for compounds 3a
(short alkyl chain, moderate activity) and 3e (long alkyl
chain, high activity), and compared with intermediates
constructed from known substrates of PncA, that is nico-
tinamide (Nam) and pyrazinamide (PZA). The covalent
docking protocol produced highly stabilized tetrahedral
ligand-protein intermediates for both known substrates
Nam and PZA. These Nam and PZA intermediates shared
the same interaction pattern. Namely, their carbonyl oxy-
gen (oxoanion) forms H-bonds to the backbone NH
groups of Cys138 and Ala134. The ligand’s -NH, group
forms an H-bond interaction to the side chain carboxyl of
Asp8. The ring nitrogen in meta position to the carboxa-
mide forms an H-bond to water 220, which itself is co-
ordinated to a Fe”* ion. Furthermore, the heteroaromatic
nucleus is stabilized by n—nr stacking interaction (T-shaped)
with the planar ring of Trp68. Figure 2 represents Nam
covalently bound to PncA and the interactions that stabi-
lize its tetrahedral intermediate. The PZA-derived interme-
diate showed the same interactions, and the superposition
of PZA and Nam intermediates is presented in Figure 3.
To sum up, the covalent docking protocol that we used
was able to predict ligand-enzyme tetrahedral intermedi-
ates with all important stabilizing interactions described in
a published Petrella et al. (31). model of acyl-enzyme
complex for PZA and PncA. In this model, water 202 is
positioned under the carbonyl carbon to prepare for final
hydrolysis of the acyl-enzyme complex. Therefore, we first
tried to perform the covalent docking with HOH202

6

186

Figure 2: Stabilization of Nam-PncA tetrahedral intermediate.

Figure 3: Superposition of PZA-PncA (orange carbons) and
Nam-PncA (green carbons) intermediates.

(together with Fe?* co-ordinated HOH220 and HOH221),
but we did not obtain tetrahedral intermediates with the
desired orientation. Omitting the hydrolysing water 202
from the protein before covalent docking led to the inter-
mediates described above, in which the space formerly
occupied by HOH202 is reserved for the -NH, group of
PZA or Nam. This can be interpreted as temporarily dis-
placement of water 202 which retuns to its hydrolysing
position when the tetrahedral intermediate proceeds to the
planar acyl-enzyme complex (i.e. the C-N bond breaks
and the -NH, group is leaving).

Following the same procedure, we produced the tetrahe-
dral intermediates for compounds 3a and 3e. These inter-
mediates were not stabilized by any of the interactions
describe above. Figure 4 shows the superposition of the
intermediate form 3e and Nam. The differences in the spa-
tial arrangement and orientation of individual groups
attached to the tetrahedral carbon explain the inability of
the 3e intermediate to form stabilizing interactions, either
between its oxoanion and Cys138 and Ala134, or its -NH
to the side chain carboxyl of Asp8. Due to the lack of sta-
bilization of their tetrahedral intermediates, we conclude
that compounds 3a and 3e are unlikely to be substrates
for mycobacterial pyrazinamidase PncA.
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Figure 4: Superposition of PZA-PncA (orange carbons) and
Nam-PncA (green carbons) intermediates.

Conclusions

The main aim of this project was to increase the antimyco-
bacterial activity of two newly prepared anilides (1 and 2)
with negligible activity against Mycobacterium tuberculosis
H37Rv. Two series of alkylamino derivatives (3a-f, 4a-f)
were designed, synthesized and screened for biological
activities. All compounds with simple aliphatic chain
exerted higher antimycobacterial activity than the corre-
sponding starting compound 1 or 2. Generally, the antimy-
cobacterial activity increased with lipophilicity (corresponds
to the length of alkyl chain) and culminated in compounds
with heptylamino substitution (3e, 4e). The most active
compounds (with hexyl to octylamino substitution, marked
from d to f) were also screened for activity against seven
drug-resistant strains of Mycobacterium tuberculosis. All
these compounds showed activity comparable to that of
the reference drug isoniazid (INH). Except for compounds
3f and 4d (MIC = 6.25 pug/mL, M. kansasii, comparable
with INH), no activity was observed against tested strains
of Mycobacterium kansasii and M. avium. To study the
influence of a simple aliphatic chain on antimycobacterial
activity, part of the chain was replaced with phenyl ring
(3g, 3h), hydroxyl group (3i-k) or methoxy group (31 and
3m). These substitutions led to significant decrease or
complete loss of activity. The results of cytotoxicity assays
suggest that the tested compounds are non-toxic at the
highest concentration tested (100 un). Compound 3f dis-
played moderate cytotoxicity (ICso = 30.7 um) in human
hepatoma cells. A covalent docking procedure was used
to predict potential hydrolysis of compounds 3a and 3e by
PncA enzyme, to vyield the corresponding carboxylic acid
forms. On the basis of the lack of stabilization of the tetra-
hedral intermediates, we conclude that compounds 3a
and 3e probably do not undergo hydrolysis by PncA and,
thus, appear to act in their non-hydrolysed form.
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Experimental Section

General

All chemicals were purchased from Sigma-Aldrich (H6henkirchen, Germany). All organic solvents used for the
synthesis were of analytical grade. The reactions were monitored using Merck Silica 60 Fzs4 TLC plates (Merck,
Darmstadt, Germany). Compounds were purified using automated chromatograph CombiFlash Rf (Teledyne Isco,
Lincoln, NE, USA) using columns filled with Kieselgel 60, 0.040-0.063 mm (Merck, Darmstadt, Germany); gradient
elution (hexane/ethyl-acetate), detection wavelength 260 nm, monitor wavelength 280 nm. NMR analysis was
performed on Varian Mercury VX-BB 300 (Varian, Palo Alto, CA, USA) at 300 MHz for *H and 75 MHz for *3C or on
Varian Mercury-Vx BB 500 (Varian, Palo Alto, CA, USA) at 500 MHz for *H and 125 MHz for *3C. Chemical shifts
were recorded as & values in parts per million (ppm) and were indirectly referenced to tetramethylsilane (TMS). IR
spectra were measured in ATR mode using a Ge crystal-plate on Nicolet Impact 400 (Nicolet, Madison, WI, USA).
LRMS: Mass spectra were recorded in the mixture of MeOH, H,0O, formic acid (80:20:0.02 v/v) using LCQ Advantage
Max ion-trap mass spectrometer (Thermo Finnigan, San Jose, CA, USA). The electrospray ionisation was performed
in the positive mode. Melting points were determined on Stuart SMP30 melting point apparatus (Bibby Scientific
Limited, Staffordshire, UK) and are uncorrected. Log P was calculated using the program CS ChemBioDraw Ultra
version 14.0 (CambridgeSoft, Cambridge, MA, USA). Yields refer to chromatographically pure products after all
purification operations. Elemental analysis was performed on CE Instruments EA-1110 CHN analyser (CE
Instruments, Wigan, United Kingdom). All values are given as percentages.

General synthetic procedures
Synthesis of starting compounds 1 and 2

For the synthesis of starting compounds 1 and 2, 20 mmol of 6-chloropyrazine-2-carboxylic acid
(MW = 158.54 g/mol) was dissolved in anhydrous toluene, treated with thionyl chloride (3 eq., 60 mmol) and heated
for about 1.5 h under reflux. Then, the excess of thionyl chloride was removed by repeated evaporation with
anhydrous toluene in vacuo. The crude acyl chloride was dissolved in anhydrous acetone.

Second step of the synthesis was carried out under mild conditions: 1.5 eq. of corresponding aniline or 2-chloroaniline
was dissolved in anhydrous acetone with TEA (1 eq.) and added dropwise to the stirred solution of acyl chloride. The
reaction mixture was stirred at room temperature for about 2 h and monitored using TLC with hexane/ethyl acetate
2:1 mixture as eluent. After this time small amount of silica was added and solvents were evaporated under reduced
pressure. Adsorbed mixture was addressed to flash column chromatography. Yields were approximately 80 %.

Synthesis of final compounds 3a-m and 4a-f

To synthesize final compounds, 1 mmol of 6-chloro-N-phenylpyrazine-2-carboxamide (1) or 6-chloro-N-
(2-chlorophenyl)pyrazine-2-carboxamide (2) was dissolved in ethanol with triethylamine (1 eq., 1 mmol). Five
equivalents of corresponding non-aromatic amine were added to the reaction mixture and refluxed in small amount
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of ethanol generally for 8 hours. The completion of the reaction was checked by TLC chromatography (eluent:
hexane/ethyl acetate, 1:1). The crude product was absorbed on silica by solvent evaporation and purified by flash
chromatography (hexane/ethyl acetate gradient elution). To remove residual non-aromatic amine, final compounds
were recrystallized from ethanol.

Analytical data of prepared compounds

6-chloro-N-phenylpyrazine-2-carboxamide (1).

White solid. Yield 83%; mp 102.4-103.1 °C. IR (cm') 3317, 1675, 1598, 1584, 1548, 1520. 'H NMR (300 MHz,
DMSO) 6 10.05 (bs, 1H, NH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.81 — 7.73 (m, 2H, ArH), 7.41 - 7.33 (m, 2H, ArH),
7.18 — 7.08 (m, 1H, ArH). 13C NMR (75 MHz, DMSO) & 162.52, 153.71, 141.57, 138.11, 137.09, 129.27, 128.94,
124.30, 120.47; MS (ESI, Pos.): m/z 234.04 (M+H)*; MW 233.65. Anal. Calcd. for C11HsCIN3O: C, 56.55; H, 3.45; N,
17.98. Found: C, 56.50; H, 3.47; N, 17.99.

N-phenyl-6-propylaminopyrazine-2-carboxamide (3a).

White solid; yield = 61%; mp 131.1-132.7 °C. IR (cm™) 3347, 3270, 1685, 1600, 1549, 1520, 1498. 'H NMR
(300 MHz, CDCI5) & 9.57 (bs, 1H, NH), 8.67 (s, 1H, 3H), 8.08 (s, 1H, 5H), 7.74 — 7.67 (m, 2H, ArH), 7.44 — 7.32 (m,
2H, ArH), 7.19 — 7.10 (m, 1H, ArH), 5.07 (bs, 1H, NH), 3.47 — 3.34 (m, 2H, CH,), 1.81 — 1.63 (m, 2H, CH,), 1.05 (t,
J =7.4 Hz, 3H, CHa). 3C NMR (75 MHz, CDCl3) & 161.61, 152.69, 141.23, 137.40, 135.32, 131.33, 129.06, 124.47,
119.66, 43.28, 22.46, 11.56; MS (ESI, Pos.): m/z 257.16 (M+H)* ; MW = 256.30. Anal. Calcd. for C14H16N4O: C,
65.61; H, 6.29; N, 21.86. Found: C, 65.68; H, 6.24; N, 21.83.

6-butylamino-N-phenylpyrazine-2-carboxamide (3b).

White solid; yield = 34%; mp 90.3-90.9 °C. IR (cm™) 3362, 3311, 1675, 1594, 1557, 1542, 1509. 'H NMR (300 MHz,
DMSO) & 10.05 (bs, 1H, NH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.81 — 7.73 (m, 2H, ArH), 7.44 (t, J = 5.4 Hz, 1H,
NH), 7.41 —7.33 (m, 2H, ArH), 7.18 — 7.08 (m, 1H, ArH), 3.50 — 3.39 (m, 2H, CHy), 1.63 — 1.49 (m, 2H, CH), 1.43 -
1.38 (m, 2H, CHj), 0.93 (t, J = 7.2 Hz, 3H, CHs). **C NMR (75 MHz, DMSO) & 162.55, 153.71, 141.62, 138.12,
137.09, 129.26, 128.94, 124.30, 120.47, 39.85, 30.99, 19.93, 13.99; MS (ESI, Pos.): m/z 271.19 (M+H)*;
MW = 270.33. Anal. Calcd. for C15H1sN4O: C, 66.64; H, 6.71; N, 20.73. Found: C, 66.72; H, 6.69; N, 20.77.

6-pentylamino-N-phenylpyrazine-2-carboxamide (3c).

White solid; yield = 38%; mp 77.8-78.1 °C. IR (cm™) 3312, 3301, 1667, 1597, 1564, 1541, 1519. 'H NMR (500 MHz,
DMSO) & 10.04 (bs, 1H, NH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.80 — 7.73 (m, 2H, ArH), 7.44 (t, J = 5.4 Hz, 1H,
NH), 7.40 — 7.33 (m, 2H, ArH), 7.13 — 7.09 (m, 1H, ArH), 3.47 — 3.39 (m, 2H, CH,), 1.63 — 1.53 (m, 2H, CHy), 1.41 —
1.31 (m, 4H, CH,), 0.88 (t, J = 7.0 Hz, 3H, CHs). 3C NMR (125 MHz, DMSO) & 162.82, 153.98, 141.89, 138.40,
137.37, 129.54, 129.21, 124.57, 120.73, 40.42, 29.26, 28.82, 22.41, 14.43; MS (ESI, Pos.): m/z 285.20 (M+H)";
MW = 284.36. Anal. Calcd. for C16H20N4O: C, 67.58; H, 7.09; N, 19.70. Found: C, 67.51; H, 7.13; N 19.68.

6-hexylamino-N-phenylpyrazine-2-carboxamide (3d).

White solid; yield = 42%; mp 58.6-59.3 °C. IR (cm™) 3327, 3281, 1683, 1596, 1585, 1548, 1522. *H NMR (500 MHz,
DMSO) & 10.04 (bs, 1H, NH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.80 — 7.74 (m, 2H, ArH), 7.44 (t, J = 5.5 Hz, 1H,
NH), 7.40 — 7.33 (m, 2H, ArH), 7.16 — 7.08 (m, 1H, ArH), 3.48 — 3.38 (m, 2H, CH,), 1.61 — 1.52 (m, 2H, CHy), 1.42 —
1.34 (m, 2H, CH,), 1.34 — 1.23 (m, 4H, CHy), 0.85 (t, J = 6.8 Hz, 3H, CHj3). **C NMR (125 MHz, DMSO) & 162.51,
153.68, 141.57, 138.10, 137.08, 129.23, 128.90, 124.27, 120.42, 40.15, 31.26, 28.82, 26.43, 22.30, 14.08; MS (ESI,
Pos.): m/z 299.22 (M+H)*; MW = 298.38. Anal. Calcd. for C17H22N4O: C, 68.43; H, 7.43; N, 18.78. Found: C, 68.46;
H, 7.50; N, 18.70.

6-heptylamino-N-phenylpyrazine-2-carboxamide (3e).

White solid; yield = 56%; mp 61.9-62.8 °C. IR (cm™) 3337, 3271, 1671, 1598, 1545, 1519, 1501. *H NMR (500 MHz,
DMSO) & 10.03 (bs, 1H, NH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.81 — 7.74 (m, 2H, ArH), 7.44 (t, J = 5.3 Hz, 1H,
NH), 7.39 — 7.32 (m, 2H, ArH), 7.16 — 7.09 (m, 1H, ArH), 3.47 — 3.40 (m, 2H, CH>), 1.59 — 1.56 (m, 2H, CH,), 1.41 —
1.29 (m, 4H, CHy), 1.28 — 1.20 (m, 4H, CH,), 0.82 (t, J = 6.8 Hz, 3H, CHj3). 3C NMR (125 MHz, DMSO) & 162.50,
153.67, 141.56, 138.09, 137.07, 129.22, 128.89, 124.26, 120.41, 40.15, 31.47, 28.86, 28.69, 26.72, 22.22, 14.10;
MS (ESI, Pos.): m/z 313.22 (M+H)*; MW = 312.41. Anal. Calcd. for C1gH24N4O: C, 69.20; H, 7.74; N, 17.93. Found:
C, 69.15; H, 7.76; N, 17.97.

6-octylamino-N-phenylpyrazine-2-carboxamide (3f).

White solid; yield = 48%; mp 67.7-68.7 °C. IR (cm™) 3359, 3315, 1675, 1595, 1557, 1544, 1513. 'H NMR (300 MHz,
DMSO) & 10.04 (bs, 1H, NH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.82 — 7.72 (m, 2H, ArH), 7.44 (t, J = 5.5 Hz, 1H,
NH), 7.40 — 7.31 (m, 2H, ArH), 7.17 — 7.06 (m, 1H, ArH), 3.48 — 3.37 (m, 2H, CHy), 1.64 — 1.50 (m, 2H, CH,), 1.44 —
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1.14 (m, 10H, CHy), 0.81 (t, J = 6.7 Hz, 3H, CHs). 13C NMR (75 MHz, DMSO) & 162.49, 153.68, 141.55, 138.10,
137.07, 129.21, 128.89, 124.25, 120.40, 40.11, 31.42, 28.98, 28.91, 28.87, 26.74, 22.26, 14.09; MS (ESI, Pos.): m/z
327.24 (M+H)*; MW = 326.44. Anal. Calcd. for C1oH26N4O: C, 69.91; H, 8.03; N, 17.16. Found: C, 69.87; H, 7.99; N,
17.21.

6-phenethylamino-N-phenylpyrazine-2-carboxamide (3g).

White solid; yield = 31%; mp 143.2-144.1 °C. IR (cm™) 3410, 3325, 1676, 1591, 1563, 1547, 1523. 'H NMR
(500 MHz, DMSO) & 10.05 (bs, 1H, NH), 8.28 (s, 1H, 3H), 8.13 (s, 1H, 5H), 7.78 (d, J = 7.6 Hz, 2H, ArH), 7.56 (t, J
= 5.1 Hz, 1H, NH), 7.41 — 7.35 (m, 2H, ArH), 7.33 — 7.30 (m, 2H, ArH), 7.29 — 7.24 (m, 2H, ArH), 7.21 — 7.11 (m, 2H,
ArH), 3.76 — 3.66 (m, 2H, CHy), 2.89 (t, J = 7.3 Hz, 2H, CH). *C NMR (125 MHz, DMSO) & 162.48, 153.50, 141.58,
139.81, 138.12, 137.12, 129.48, 128.98, 128.92, 128.40, 126.22, 124.27, 120.44, 41.71, 35.03; MS (ESI, Pos.): m/z
319.19 (M+H)*; MW = 318.38. Anal. Calcd. for C1gH1gN4O: C, 71.68; H, 5.70; N, 17.60. Found: C, 71.75; H, 5.67; N,
17.55.

N-phenyl-6-(3-phenylpropylamino)pyrazine-2-carboxamide (3h).

White solid; yield = 28%; mp 82.7-83.8 °C. IR (cm™) 3395, 3340, 1675, 1587, 1565, 1535, 1511. *H NMR (500 MHz,
DMSO) & 10.00 (bs, 1H, NH), 8.28 (s, 1H, 3H), 8.14 (s, 1H, 5H), 7.75 (d, J = 8.0 Hz, 2H, ArH), 7.53 (t, J = 5.1 Hz,
1H, NH), 7.41 — 7.34 (m, 2H, ArH), 7.29 — 7.21 (m, 4H, ArH), 7.18 — 7.12 (m, 2H, ArH), 3.51 — 3.43 (m, 2H, CHy),
2.71 (t, J = 7.7 Hz, 2H, CHy), 1.94 — 1.85 (m, 2H, CH,). **C NMR (125 MHz, DMSO) & 162.47, 153.65, 141.96,
141.56, 138.06, 137.07, 129.35, 128.92, 128.46, 128.45, 125.90, 124.30, 120.45, 40.13, 32.86, 30.68; MS (ESI,
Pos.): m/z 333.25 (M+H)*; MW = 332.41. Anal. Calcd. for C20H20N4+O: C, 72.27; H, 6.06; N, 16.86. Found: C, 72.83;
H, 6.10; N, 16.79.

6-(3-hydroxypropylamino)-N-phenylpyrazine-2-carboxamide (3i).

White solid; yield = 74%; mp 138.8-139.6 °C. IR (cm™) 3401, 3340, 3298, 1678, 1587, 1552, 1537, 1503. *H NMR
(500 MHz, DMSO) & 10.20 (bs, 1H, NH), 8.28 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.82 — 7.75 (m, 2H, ArH), 7.49 (t, J=5.1
Hz, 1H, NH), 7.39 — 7.34 (m, 2H, ArH), 7.12 (t, J = 7.4 Hz, 1H, ArH), 4.66 (bs, 1H, OH), 3.57 — 3.47 (m, 4H, CHy),
2.51 — 2.47 (m, 2H, CHy). *3C NMR (125 MHz, DMSO) & 162.50, 153.74, 141.47, 138.20, 137.00, 129.23, 128.93,
124.22, 120.30, 58.61, 37.10, 32.58; MS (ESI, Pos.): m/z 273.12 (M+H)*; MW = 272.31. Anal. Calcd. for C14H16N4O:
C, 61.75; H, 5.92; N, 20.58. Found: C, 61.68; H, 5.95; N, 20.61.

6-(4-hydroxybutylamino)-N-phenylpyrazine-2-carboxamide (3j).

White solid; yield = 49%; mp 106.1-107.3 °C. IR (cm™®) 3394, 3325, 3299, 1675, 1596, 1561, 1549, 1511. *H NMR
(500 MHz, DMSO) 5 10.04 (bs, 1H, NH), 8.27 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.78 (d, J = 7.3 Hz, 2H, ArH), 7.46 (t, J
=5.1 Hz, 1H, NH), 7.39 — 7.35 (m, 2H, ArH), 7.13 (t, J = 7.4 Hz, 1H, ArH), 4.43 (t, J = 5.1 Hz, 1H, OH), 3.48 — 3.42
(m, 4H, CH,), 1.66 — 1.58 (m, 2H, CHy), 1.58 — 1.50 (m, 2H, CH,). **C NMR (125 MHz, DMSO) & 162.51, 153.69,
141.56, 138.10, 137.09, 129.26, 128.91, 124.27, 120.49, 60.66, 40.11, 30.19, 25.49; MS (ESI, Pos.): m/z 287.16
(M+H)*; MW = 283.33. Anal. Calcd. for C15H1sN4O2: C, 62.92; H, 6.34; N, 19.57. Found: C, 62.98; H, 6.36; N, 19.48.

6-(5-hydroxypentylamino)-N-phenylpyrazine-2-carboxamide (3k).

White solid; yield = 36%; mp 109.4-110.1 °C. IR (cm') 3380, 3379, 3334, 3271, 1676, 1591, 1576, 1555, 1519. 'H
NMR (500 MHz, DMSO) & 10.04 (bs, 1H, NH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.77 (d, J = 7.5 Hz, 2H, ArH), 7.44
(t, 3 = 5.1 Hz, 1H, NH), 7.39 — 7.34 (m, 2H, ArH), 7.13 (t, J = 7.4 Hz, 1H, ArH), 4.36 (bs, 1H, OH), 3.52 — 3.37 (m,
4H, CHy), 1.63 — 1.53 (m, 2H, CHy), 1.52 — 1.45 (m, 2H, CH,), 1.44 — 1.38 (m, 2H, CH,). **C NMR (125 MHz, DMSO)
5 162.52, 153.68, 141.59, 138.10, 129.24, 128.91, 124.27, 120.46, 60.82, 40.23, 32.48, 28.75, 23.36; MS (ESI, Pos.):
m/z 301.07 (M+H)*; MW = 300.36. Anal. Calcd. for C16H20N4O2: C, 63.98; H, 6.71; N, 18.65. Found: C, 63.90; H,
6.74; N, 18.67.

6-(2-methoxyethylamino)-N-phenylpyrazine-2-carboxamide (3I).

White solid; yield = 90%; mp 92.3-92.9 °C. IR (cm™) 3387, 3356, 3280, 1675, 1594, 1571, 1549, 1511. *H NMR
(500 MHz, DMSO) 5 10.09 (bs, 1H, NH), 8.29 (s, 1H, 3H), 8.19 (s, 1H, 5H), 7.78 (d, J = 7.0 Hz, 2H, ArH), 7.52 (t, J
=5.1 Hz, 1H, NH), 7.41 — 7.33 (m, 2H, ArH), 7.15 — 7.11 (m, 1H, ArH), 3.71 — 3.60 (m, 2H, CH,), 3.58 — 3.50 (m, 2H,
CHy), 3.30 (s, 3H, CH3).*C NMR (125 MHz, DMSO) & 162.53, 153.60, 141.53, 138.14, 137.25, 129.57, 128.86,
124.29, 120.65, 70.80, 58.15, 39.92; MS (ESI, Pos.): m/z 273.11 (M+H)*; MW = 272.31. Anal. Calcd. for C14H16N4O:
C, 61.75; H, 5.92; N, 20.58. Found: C, 61.73; H, 5.88; N, 20.60.

6-(3-methoxypropylamino)-N-phenylpyrazine-2-carboxamide (3m).

White solid; yield = 42%; mp 84.5-85.1 °C. IR (cm™) 3405, 3380, 3310, 1676, 1587, 1570, 1561, 1525. *H NMR
(500 MHz, DMSO) & 10.06 (bs, 1H, NH), 8.28 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.77 (d, J = 7.3 Hz, 2H, ArH), 7.49 (t, J
=5.1 Hz, 1H, NH), 7.42 = 7.31 (m, 2H, ArH), 7.13 (t, J = 7.4 Hz, 1H, ArH), 3.51 — 3.46 (m, 2H, CH,), 3.46 — 3.41 (m,
2H, CHy), 3.24 (s, 3H, CH3), 1.85—1.78 (m, 2H, CH). *3C NMR (125 MHz, DMSO) & 162.46, 153.64, 141.52, 138.09,
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137.10, 129.35, 128.95, 124.31, 120.41, 69.86, 58.10, 37.37, 28.97; MS (ESI, Pos.): m/z 287.17 (M+H)";
MW = 286.33. Anal. Calcd. for C1sH18N4O2: C, 62.92; H, 6.34; N, 19.57. Found: C, 62.87; H, 6.42; N, 19.59.

6-chloro-N-(2-chlorophenyl)pyrazine-2-carboxamide (2).

White solid; yield = 78%; mp 96.5-97.3 °C. IR (cm™) 3322, 1670, 1593, 1584, 1540, 1517. *H NMR (500 MHz, DMSO)
0 10.12 (bs, 1H, NH), 9.39 (s, 1H, 3H), 8.84 (s, 1H, 5H), 8.57 (d, J = 8.1 Hz, 1H, ArH), 7.50 — 7.47 (m, 1H, ArH), 7.41
—7.35 (m, 1H, ArH), 7.16 — 7.12 (m, 1H). 3C NMR (125 MHz, DMSO) & 159.51, 147.79, 147.65, 143.88, 142.14,
133.85, 129.34, 127.86, 125.51, 123.77, 121.38. MS (ESI, Pos.): m/z 268.51 (M+H)*; MW = 268.10. Anal. Calcd. for
C11H7CLN3O: C, 49.28; H, 2.63; N, 15.67. Found: C, 49.30; H, 2.67; N, 15.61.

N-(2-chlorophenyl)-6-propylaminopyrazine-2-carboxamide (4a).

White solid; yield = 71%; mp 126.1-126.7 °C. IR (cm™) 3349, 3270, 1679, 1593, 1584, 1551, 1517. 'H NMR
(300 MHz, CDCls) 8 10.45 (bs, 1H), 8.67 — 8.65 (m, 1H, ArH), 8.64 (s, 1H, 3H), 8.10 (s, 1H, 5H), 7.44 — 7.37 (m, 1H,
ArH), 7.37 — 7.28 (m, 1H, ArH), 7.12 — 6.98 (m, 1H, ArH), 5.11 (bs, 1H, NH), 3.50 — 3.38 (m, 2H, CH,), 1.81 — 1.64
(m, 2H, CHy), 1.02 (t, J = 7.4 Hz, 3H, CHj3). 13C NMR (75 MHz, CDCls) & 161.74, 152.71, 141.15, 136.19, 134.52,
130.98, 129.10, 127.87, 124.62, 122.98, 120.74, 43.13, 22.41, 11.48; MS (ESI, Pos.): m/z 291.20 (M+H)™;
MW = 290.75. Anal. Calcd. for C14H15CIN4O: C, 57.83; H, 5.20; N, 19.27. Found: C, 57.77; H, 5.26; N, 19.29.

N-(2-chlorophenyl)-6-butylaminopyrazine-2-carboxamide (4b).

White solid; yield = 82%; mp 117.3-118.2 °C. IR (cm™) 3345, 3299, 1677, 1592, 1585, 1547, 1517. 'H NMR
(300 MHz, CDCl3) 6 10.45 (bs, 1H, NH), 8.69 — 8.62 (m, 1H, ArH), 8.59 (s, 1H, 3H), 8.07 (s, 1H, 5H), 7.46 — 7.38 (m,
1H, ArH), 7.37 — 7.27 (m, 1H, ArH), 7.10 — 7.00 (m, 1H, ArH), 5.00 (bs, 1H, NH), 3.53 — 3.42 (m, 2H, CH,), 1.74 —
1.60 (m, 2H, CH,), 1.45 (dp, J = 14.6, 7.3 Hz, 2H, CH), 0.97 (t, J = 7.3 Hz, 3H, CHs). **C NMR (75 MHz, CDCl3) &
161.84, 152.61, 140.93, 136.44, 134.55, 131.35, 129.08, 127.84, 124.57, 122.97, 120.72, 41.08, 31.26, 20.20, 13.79;
MS (ESI, Pos.): m/z 305.21 (M+H)*; MW = 307.77. Anal. Calcd. for C15sH:7CIN,O: C, 59.11; H, 5.62; N, 18.38. Found:
C, 59.07; H, 5.59; N, 18.43.

N-(2-chlorophenyl)-6-pentylaminopyrazine-2-carboxamide (4c).

White solid; yield = 57%; mp 109.3-110.1 °C. IR (cm™) 3351, 3306, 1681, 1592, 1584, 1544, 1515. *H NMR
(300 MHz, CDClIs) 6 10.44 (bs, 1H, NH), 8.69 — 8.63 (m, 1H, ArH), 8.60 (s, 1H, 3H), 8.11 (s, 1H, 5H), 7.47 — 7.38 (m,
1H, ArH), 7.37 — 7.28 (m, 1H, ArH), 7.14 — 7.01 (m, 1H, ArH), 5.09 (bs, 1H, NH), 3.53 — 3.41 (m, 2H, CH), 1.82 —
1.63 (m, 2H, CHy), 1.49 — 1.29 (m, 4H, CHy), 0.93 (t, J = 7.0 Hz, 3H, CHj3). *C NMR (75 MHz, CDCl;) & 161.68,
152.71, 141.26, 136.03, 134.52, 130.80, 129.09, 127.87, 124.62, 122.98, 120.75, 41.41, 29.20, 28.90, 22.42, 14.01;
MS (ESI, Pos.): m/z 319.25 (M+H)*; MW = 318.80. Anal. Calcd. for C16H19CIN4O: C, 60.28; H, 6.01; N, 17.57. Found:
C, 60.36; H, 5.97; N, 17.51.

N-(2-chlorophenyl)-6-hexylaminopyrazine-2-carboxamide (4d).

White solid; yield = 85%; mp 105.3-105.9 °C. IR (cm'!) 3350, 3318, 1677, 1596, 1584, 1552, 1515. 'H NMR
(300 MHz, CDCl3) d 10.44 (bs, 1H, NH), 8.69-8.66 (m, 1H, ArH), 8.64 (s, 1H, 3H), 8.13 (s, 1H, 5H), 7.45 — 7.38 (m,
1H, ArH), 7.38 — 7.29 (m, 1H, ArH), 7.12 — 7.03 (m, 1H, ArH), 5.13 (bs, 1H, NH), 3.55 — 3.39 (m, 2H, CHy), 1.77 —
1.61 (m, 2H, CHy), 1.50 — 1.09 (m, 6H, CH>), 0.98 — 0.75 (m, 3H, CH3). 3C NMR (75 MHz, CDCl3) 5 161.63, 152.74,
141.36, 135.93, 134.51, 130.61, 129.09, 127.87, 124.63, 122.98, 120.74, 41.44, 31.53, 29.15, 26.74, 22.59, 14.00;
MS (ESI, Pos.): m/z 333.25 (M+H)*; MW = 332.83. Anal. Calcd. for C17H2:CIN4O: C, 61.35; H, 6.36; N, 16.83. Found:
C, 61.30; H, 6.43; N, 16.80.

N-(2-chlorophenyl)-6-heptylaminopyrazine-2-carboxamide (4e).

White solid; yield = 74%; mp 85.7-86.3 °C. IR (cm™) 3356, 3311, 1678, 1594, 1585, 1552, 1516. *H NMR (300 MHz,
CDCl3) 6 10.45 (bs, 1H, NH), 8.68 — 8.62 (m, 2H, ArH, 3H), 8.07 (s, 1H, 5H), 7.44 — 7.38 (m, 1H, ArH), 7.36 — 7.29
(m, 1H, ArH), 7.10 — 7.02 (m, 1H, ArH), 4.98 (t, J = 5.7 Hz, 1H, NH), 3.51 — 3.43 (m, 2H, CH,), 1.76 — 1.63 (m, 2H,
CHy), 1.47 — 1.23 (m, 8H, CHy), 0.90 — 0.86 (m, 3H, CHs). 13C NMR (75 MHz, CDCl3) & 161.84, 152.59, 140.93,
136.42, 134.55, 131.37, 129.08, 127.84, 124.56, 122.98, 120.72, 41.39, 31.76, 29.23, 29.01, 27.03, 22.56, 14.03;
MS (ESI, Pos.): m/z 347.26 (M+H)*; MW = 346.85. Anal. Calcd. for C15H23CIN4O: C, 62.33; H, 6.68; N, 16.15. Found:
C, 62.27; H, 6.71; N, 16.11.

N-(2-chlorophenyl)-6-octylaminopyrazine-2-carboxamide (4f).

White solid; yield = 65%; mp 101.9-102.5 °C. IR (cm™) 3346, 3315, 1683, 1592, 1584, 1549, 1515. 'H NMR
(300 MHz, CDCl3) & 10.45 (bs, 1H, NH), 8.69-8.66 (m, 1H, ArH), 8.64 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.44-7.41 (m,
1H, ArH), 7.37 — 7.29 (m, 1H, ArH), 7.12 — 7.02 (m, 1H, ArH), 5.13 (bs, 1H, Nh), 3.53 — 3.42 (m, 2H, CH,), 1.76 —
1.62 (m, 2H, CHy), 1.48 — 1.16 (m, 10H, CHy), 0.87 (t, J = 6.9 Hz, 3H, CHj3). 3C NMR (75 MHz, CDCl;) & 161.68,
152.72, 141.26, 136.04, 134.51, 130.74, 129.09, 127.85, 124.61, 122.99, 120.73, 41.42, 31.75, 29.30, 29.22, 29.19,
27.07, 22.60, 14.05; MS (ESI, Pos.): m/z 361.23 (M+H)*; MW = 360.88. Anal. Calcd. for C19H25CIN,O: C, 63.24; H,
6.98; N, 15.53. Found: C, 63.28; H, 7.00; N, 15.49.
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Biological methods
In vitro antimycobacterial evaluation

Microplate alamar blue assay.® Antimycobacterial evaluation was performed at the Department of Clinical
Microbiology, University Hospital and Faculty of Medicine in Hradec Kralové, Charles University in Prague, Czech
Republic. Four mycobacterial strains were used: Mycobacterium tuberculosis H37Rv CNCTC My 331/88, M. avium
CNCTC My 80/72, M. avium CNCTC My 152/73 and M. kansasii CNCTC My 235/80 (Czech National Collection of
Type Cultures, National Institute of Public Health, Prague, Czech Republic). Tested compounds were dissolved in
DMSO, diluted with Sula’s semisynthetic medium (Trios, Prague, Czech Republic) to final concentrations of 100, 50,
25, 12.5, 6.25, 3.13 and 1.56 pyg/mL, than placed into a microdilution panel. The bacteria were added in the form of
suspension in isotonic saline solution. The final concentration of DMSO [0.5 % (v/v)] was shown not to affect the
growth of mycobacteria. The cultures were grown in Sula’s semisynthetic medium at pH 5.6 and 37 °C. 30 pL of
working solution (1:1 mixture of 0.1% resazurin sodium salt (ag. sol.) and 10% Tween 80) was used for visualization
of growth. The working solution was usually added after 5 days of incubation for M. avium, 5-7 days for M. kansasii
and 10-14 days for M. tuberculosis. The results were then determined after 24 h and interpreted according to
Framzblau et al.>®* The minimal inhibitory concentration (MIC, ug/mL) was determined as the lowest concentration
which prevented a colour change from blue to pink.

Drug-resistant strains: clinically isolated M. tuberculosis 234/2005, M. tuberculosis 9449/2007, M. tuberculosis
7357/1998, M. tuberculosis 8666/2010, M. tuberculosis Praha 1, M. tuberculosis Praha 4 and M. tuberculosis Praha
131. Microplate dilution method. Tested compounds were dissolved in DMSO, diluted with Sula’s semisynthetic
medium (Trios, Prague, Czech Republic) to final concentrations from 1 to 1000 uM. The reference agent INH was
used in a sterile water solution within concentration range from 0.5 to 250 uyM. Suspensions of the mycobacterial
strains were adjusted to density of 1.0 on McFarland standard. The MIC was determined as the lowest concentration
which inhibited the visual growth after incubation at 37 °C for 14/21 days.

In vitro antibacterial evaluation

Microdilution broth method.? The organisms examined included strains from the Czech Collection of Microorganisms
(Brno, Czech Republic): Staphylococcus aureus CCM 4516/08, Escherichia coli CCM 4517, Pseudomonas
aeruginosa CCM 1961. These strains are recommended as standards for testing of antibacterial activities. Other
strains were clinical isolates (Department of Clinical Microbiology, University Hospital and Faculty of Medicine in
Hradec Kralové, Charles University in Prague, Czech Republic): Staphylococcus aureus H 5996/08-methicilin
resistant (MRSA), Staphylococcus epidermidis H 6966/08, Enterococcus sp. J 14365/08, Klebsiella pneumoniae
D 11750/08, Klebsiella pneumoniae J 14368/08-ESBL positive. All strains were subcultured on Mueller-Hinton agar
(MHA) (Difco/Becton Dickinson, Detroit, Ml) at 35 °C. Bacterial inocula were prepared by suspending in sterile 0.85%
saline. The cell density of the inoculum was adjusted to yield a suspension of density equivalent to 0.5 McFarland
scale (1.5 x 10® viable CFU/mL). The compounds were dissolved in DMSO, and the antibacterial activity was
determined in Mueller-Hinton liquid broth (Difco/Becton Dickinson, Detroit, Ml), buffered to pH 7.0. Controls consisted
of medium and DMSO alone. The final concentration of DMSO in the test medium did not exceed 1% (v/v). The
minimum inhibitory concentration (MIC), defined as 95% inhibition of bacterial growth as compared to control, was
determined after 24 and 48 h of static incubation at 35 °C.

In vitro antifungal evaluation

The Department of Medical and Biological Sciences at the Faculty of Pharmacy in Hradec Kralové, Charles University
in Prague, Czech Republic, performed the antifungal susceptibility assays, which were carried out using the
microdilution broth method. (National Committee for Clinical Laboratory Standards (NCCLS). Method for Antifungal
Disc Diffusion Susceptibility Testing of Yeasts: Approved Guideline M44-A; NCCLS: Wayne, PA, USA, 2004.)
Compounds were dissolved in DMSO and twofold diluted in RPMI 1640 medium with glutamine buffered to pH 7.0
(3-morpholinopropane-1-sulfonic acid). The final concentration of DMSO in the tested medium did not exceed 2.5 %
(v/v). Static incubation was performed in the dark and humid, at 35 °C for 24 and 48 h (respectively 72 and 120 h for
Trichophyton mentagrophytes). Drug-free controls were included. Fluconazole was used as reference agent. Tested
species: Candida albicans ATCC 44859, C. tropicalis 156, C. krusei E28, C. glabrata 20/I, Trichosporon asahii 1188,
Aspergillus fumigates 231, Absidia corymbifera 272 and Trichophyton mentagrophytes 445.

Cytotoxicity assays

Toxicity in hepatoma cells.®* The human hepatocellular liver carcinoma cell line Hep G2 (passages 26-27) purchased
from Health Protection Agency Culture Collections (ECACC, Salisbury, UK) was routinely cultured in MEM (Minimum
Essentials Eagle Medium) (Sigma-Aldrich) supplemented with 10% foetal bovine serum (PAA), 1% L-Glutamine
solution (Sigma-Aldrich) and non-essential amino acid solution (Sigma-Aldrich) in a humidified atmosphere
containing 5% CO, at 37 °C. For subcultivation, the cells were harvested after trypsin/EDTA (Sigma-Aldrich)
treatment at 37°C. To perform the cytotoxicity assays, the cells were seeded at a density of 1 x 10 cells per well in
a 96-well plate. On the next day, the cells were treated with each of the test substances dissolved in DMSO and
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diluted in medium. Each compound concentration or control (i.e. untreated cell control or vehiculum control) was
performed in triplicate. Compound 3f was tested at a concentration range 0 — 100 yM. The controls were: 100 % cell
viability (untreated control) and 0 % cell viability (cells treated with 10% DMSO). After 24 h incubation in a humidified
atmosphere containing 5 % CO, at 37 °C, the formazan reagent from the CellTiter 96 AQueous One Solution Cell
Proliferation Assay kit (Promega) was added. After another 1.5 h incubation at 37°C, the absorbance was recorded
at 490 nm. The ICsq value was calculated by nonlinear regression using GraphPad Prism software (version 6).

Cytotoxicity was further determined on Crandell feline kidney (CrFK) cells, human embryonic lung (HEL) fibroblasts,
human cervix epithelial (HeLa) cells and African green monkey kidney (Vero) cells. These assays were performed
as described previously.>” The cytotoxicity was expressed as the minimum cytotoxic concentration (MCC; compound
concentration producing minimal changes in cell morphology, as estimated by microscopy), or the 50% cytotoxic
concentration (CCso; estimated by the MTS cell viability assay).

Docking procedure

All molecular modelling was done using Schrdodinger Suite (Release 2014-2) and visualizations were prepared in
Maestro 9.8 (Schrddinger, Inc.). Ligands were drawn manually in Maestro, converted to 3D and prepared as ligands
using LigPrep (energy minimization using OPLS_2005 force field, generation of possible states at pH 7.0 + 2.0 using
Epic, without generation of tautomers). The target protein was downloaded from the PDB databank (pdb: 3PL1) and
prepared using Maestro Protein Preparation Wizard with default settings. Water molecules were removed with the
exception of HOH220 and HOH221, which are coordinated to Fe?*ion.

Covalent docking of the ligands was performed using automated built-in workflow, which requires selection of the
ligand, protein, center and size of the grid box; designation of the reactive residue of the protein; and selection of the
chemistry of the reaction to create the ligand-enzyme covalent bond. Cys138 was chosen as the reactive residue.
From the predefined types of reactions, we chose Nucleophilic Addition to a Double Bond. The grid box was centered
on the PZA ligand docked into the active site of PncA. The number of output poses for each ligand was set to five.
All other parameters of covalent docking protocol were as default.

The addition of the cysteine thiol group to the amide C=0 bond produced a tetrahedral complex of general formula
R-C(OH)(NHR)(S-CH>-), i.e. the form with neutral hydroxyl —OH. The best pose of each covalently bound ligand was
manually transformed to the oxoanion form R-C(O")(NHR)(S-CH>-) and the protein residues within radius of 5A were
minimized using OPLS_2005 force field and aqueous solvation model untii RMS gradient was smaller than
0.01 kcal/mol/A. These minimized tetrahedral complexes of individual ligands were used to evaluate the ligand-
protein stabilising interactions.
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Alkylamino derivatives of N-benzylpyrazine-2-
carboxamide: synthesis and antimycobacterial
evaluationt

Barbora Servusova-Vanaskova,*® Ondrej Jandourek,” Pavla Paterova,?
Jana Kordulakova,” Magdalena Plevakova,® Vladimir Kubicek,? Radim Kucera,
Vladimir Garaj, Lieve Naesens,® Jiri Kunes,® Martin Dolezal® and Jan Zitko*?

A series of alkylamino derivatives of N-benzylpyrazine-2-carboxamide was designed, synthesized and
assayed in vitro for their antimycobacterial, antibacterial, antifungal as well as antiviral activities. Final
structures were prepared from 6-chloro (1), 5-chloro (2) or 3-chloro (3) derivatives of N-benzylpyrazine-2-
carboxamide by nucleophilic substitution of chlorine with n-alkylamines in the range from butylamine to
octylamine (labelled a-e). Series 1la-e and 2a-e exerted higher activity against Mycobacterium tuberculosis
H37Rv compared to the corresponding pattern compounds and the reference compound pyrazinamide.
The most active derivatives reached an activity MIC = 4.6-10 uM (M. tbc H37Rv). More importantly, activity
was also observed against other tested mycobacterial strains (including drug-resistant strains). Substitution
of 3-chlorine was disadvantageous and led to completely inactive compounds 3a-e. Some compounds
showed activity against Gram-positive bacterial strains (including MRSA) or influenza virus, but no antifungal
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Introduction

Even in the 21st century, tuberculosis (TB) still remains a seri-
ous and global health threat. The absolute number of TB
cases per year has been slightly decreasing since the begin-
ning of this millennium,"* nevertheless in 2013 about 9
million new cases of TB were reported and associated with
1.5 million deaths.” The alarming increase of drug-resistant
strains underlines the need for new antituberculosis drugs.
One strategy to design potential new drugs is by
structural-modification of known and therapeutically used
drugs. Pyrazinamide (PZA) is a first-line antituberculotic
drug* with multiple mechanisms of action. It acts under its
parent form or as a prodrug metabolized to pyrazinoic acid
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(POA)."® One of the confirmed mechanisms of action for
both PZA and POA is the inhibition of mycobacterial fatty
acid synthase I (FAS I), which leads to depletion of mycolic
acid-essential components of the mycobacterial cell wall.”
Due to its simple structure, the PZA scaffold is, in theory,
amenable to many diverse structural modifications.

Recently we reported that the antimycobacterial activity is
enhanced by r-alkylamino substitution of the pyrazine.'*™'?
As Zitko et al. stated, this type of substitution also led to less
toxic compounds compared to pattern chloropyrazine deriva-
tives."”> To confirm this hypothesis, a series of 6-alkylamino-
N-benzylpyrazine-2-carboxamides (1a-e) and 5-alkylamino-N-
benzylpyrazine-2-carboxamides (2a-e) were designed and syn-
thesized from their respective chloro-N-benzylpyrazine-2-carb-
oxamides (1, 2),** which in our previous study exerted moder-
ate antimycobacterial activity (MIC = 50-100 uM) against
Mycobacterium tuberculosis H37Rv."* To fully understand the
relationship between the position of the alkylamino chain
and antimycobacterial activity, a series of 3-alkylamino-N-
benzylpyrazine-2-carboxamides (3a-e) was prepared as well.

All compounds were evaluated for activity against four
standard mycobacterial strains and seven drug-resistant
strains of Mycobacterium tuberculosis. Additionally, their anti-
bacterial, antifungal and antiviral activities were determined.

Triclosan (TCL) and its derivatives are known inhibitors of
mycobacterial enoyl-ACP-reductase (InhA).***7 InhA belongs
to the complex of fatty acid synthase II (FAS II) and is one of
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the crucial enzymes involved in the biosynthesis of mycolic
acids (modification of fatty acids produced by FAS 1)."**?
With respect to the alkylamino derivatives presented in this
letter, it is very interesting that the 5-alkyl diphenyl ethers
(Fig. 1) with a C, to Cg alkyl chain possessed significantly
lower IC;, values in the InhA in vitro enzyme inhibition
assay. Their inhibitory activity increased with growing alkyl
chain and 5-octyl-2-phenoxyphenol possessed an ICs, of 5
nM, which is a major improvement over TCL (IC;, = 1000
nM).”” The structural similarity between the 5-alkyl diphenyl
ethers (as derivatives of TCL) and the 5-alkylamino-N-
benzylpyrazine-2-carboxamides (2a-e) presented in this arti-
cle raised the question whether our compounds could pos-
sess the same mechanism of action as TCL and its alkyl
derivatives, i.e. based on inhibition of InhA. To test this
hypothesis, we performed molecular docking of selected com-
pounds into mycobacterial InhA.

Results and discussion
Chemistry

The pattern compounds 1 and 2 were described previously,'
nevertheless the synthesis of compound 1 was modified. To
increase the reaction yield, Schotten-Bauman conditions
were applied. Excess of benzylamine was dissolved in water
and added portionwise to 6-chloropyrazine-2-carbonyl chlo-
ride in dichloromethane. The reaction mixture was stirred
for about 4 hours at RT. A portion of originating N-benzyl-6-
chloropyrazine-2-carboxamide (1) reacted further with excess
of benzylamine and yielded N-benzyl-6-benzylaminopyrazine-
2-carboxamide (1', Scheme 1) as an unintended side-product.
Its structure was confirmed by NMR and MS analysis. Forma-
tion of this type of side-product was also observed during the
synthesis of pattern compound 3, for which the synthetic pro-
cedure is thoroughly explained in the ESL¥

The syntheses of compounds 1a-e and 2a-e were performed
via a aminodehalogenation reaction, where corresponding pat-
tern compound 1 or 2 was treated with 5 equivalents of the
respective amine using triethylamine as a base (Scheme 2A).
The reaction mixture was refluxed in a small amount of ethanol
up to 8 hours as indicated by TLC (silica, hexane-EtOAc 2:1).
The synthesis of final compounds 3a-e was accelerated by
microwave irradiation. Microwave conditions were determined
experimentally in previous research,” (Scheme 2B).

The crude products were absorbed on silica gel and purified
by flash-chromatography (gradient elution, hexane-EtOAc). To
remove residual non-aromatic amine, derivatives la-2e were

Boac W cae

triclosan n=57
5-alkyl-diphenyl ethers

Fig. 1 Structures of triclosan (TCL) and its 5-alkyl derivatives with
enoyl-ACP-reductase inhibitory activity.
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Scheme 1 Synthesis of pattern compound 1 and formation of side-
product 1'. Reaction proceeded under mild conditions - RT, 4 h. Side-
product originated in the ratio 1:5 by substitution of chlorine on the
pyrazine core with benzylamine.
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recrystallized from ethanol. Compounds la-e and 2a-e were iso-
lated as white solids, compounds 3a-e as yellow liquids. The
analytical data, which were fully consistent with the proposed
structures, are included in the ESL} The yields (chromatographi-
cally pure product) ranged from 37% to 80%.

Antimycobacterial activity

All the prepared compounds (including compounds 1, 2 and
3) as well as the clinically used standards PZA and isoniazid
(INH) were evaluated using the microplate alamar blue assay
(MABA)*> for activity against Mycobacterium tuberculosis
H37Rv (Mth), M. kansasii and two strains of M. avium. The
results were expressed as minimal inhibitory concentration
(MIC) in pg mL™ or uM (data in parentheses), Table 1. Both
tested strains of Mycobacterium avium were completely resis-
tant to the tested compounds (MIC >100 pg mL™"). Compar-
ing the results in uM, alkylamino derivatives 1la-e and 2a-e
showed higher activity against Mth H37Rv than the corre-
sponding pattern compounds 1 (MIC = 50 uM) and 2 (MIC =
100 puM). For the most active derivatives 1d, 1e and 2c-e (MIC
= 4.6-10 uM), the activity was up to 20-times better compared
to the clinically used drug PZA (MIC = 102 uM).

More importantly, compounds 1a-e derived from
N-benzyl-6-chloropyrazine-2-carboxamide (1) exhibited activity
against Mycobacterium kansasii (naturally resistant to PZA,

A fo) (0]
NS a NS
c|—t P H  — HNE - H
N R N
1: 6-Cl 1a-e: 6-NH-R
2:5-Cl 2a-e: 5-NH-R
B o o
N\ N b N\ N
| H —_— | =l H
& N N-R
N™ Cl N
3 3a-e

Scheme 2 Syntheses of target structures. {A): Pattern compound 1 or
2 refluxed in EtOH with corresponding n-alkylamine up to 8 h,
triethylamine (TEA) was used as a base (conditions a). (B): Microwave
assisted syntheses of final compounds 3a-e. Conditions b: 140 °C, 30
minutes, 120 W, MeOH, pyridine.
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Table 1 Summary of prepared compounds. In vitro antimycobacterial activity against Mycobacterium tuberculosis H37Rv (Mtb) and Mycobacterium
kansasii, MIC in pg mL™ or uM (data in parentheses). Cytotoxicity provided on different types of cells, expressed as CCsg or MCC in uM. Anti-influenza
virus activity and cytotoxicity provided on MDCK cells, values in uM

MIC pg mL ' (uM) Cytotoxicity (uM) Antiviral activity (M)
Antiviral ECs,
MDCK® Influenza A/HIN1
Mth M. CRFK®  HEL'  Heta®  vero?  Siotoxidly )

No. Logk R H37Rv kansasii CCso MCC MCC MCC CCsy MCC Visual CPE score  MTS
1 0.200 — 12.5 (50) 100 (404) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
af 0.483 6-Benzyl 50 (157) =100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
1a 0.549 6-C4Hy 12.5 (44) 50 (176) =100 =100 =100 100 66 100 >100 =100
1b 0.768 6-CsHyq 12.5 (42) 25 (84) >100 =100 >100 >100 33 20 =100 >100
1c 0.986 6-CsH,3 6.25 (20) 12.5 (40) >100 >100 >100 100 9.5 20 >100 >100
1d 1.207 6-C;H;5 3.13 (10) 12.5 (38) =100 =100 >100 >100 2.4 4.0 >100 >100
1e 1.431 6-C4H,y 3.13 (9.2) 6.25 (18) >100 =100 >100 >100 1:3 4.0 >100 >100
2 0.186 — 25 (100) 100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
2a 0.424 5-C4Hy 25 (88) =100 >100 =100 =100 =100 57 100 >100 >100
2b 0.638 5-C;Hyy 6.25 (21) =100 =100 =100 =100 =100 =100 =100 37 3:3
2¢ 0.859 5-CeH3 3.13 (10) >100 >100 >100 >100 =100 =100 =>100 52 62
2d 1.089 5-C;H;s 3.13 (10) =100 >100 =100 >100 =100 >100 >100 21 47
2e 1.312 5-CgH;7 1.56 (4.6) =100 28 100 100 20 62 =20 11 >100
3 n.d. — 12.5 (50) 100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
3 1.040 3-Benzyl >100 >100 >100 >100 >100 >100 >100 20 >100 >100
3a 1.081 3-C,H, =100 =100 >100 =100 =100 =100 >100 >100 >100 =100
3b 1.321 3-C;Hyy >100 >100 >100 =100 >100 >100 >100 =20 >100 >100
3c 1.564 3-CeHy3 >100 >100 =100 100 =100 >100 =100 100 =100 >100
3d 1.809 3-C;H;5 =100 >100 =100 100 =100 =100 >100 100 >100 >100
3e 2.054 3-CgH;7 =100 =100 =100 >100 =100 >100 =100 100 >100 =100
PZA  -0.687 12.5 (102) =100 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
INH -0.743 0.39 (2.8) 1.56 (11) n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.

Logk stated as average of n = 3, SD values were negligible, relatively ranging from 0.01 to 0.19%.” Crandell feline kidney cells. * Human
embryonic lung fibroblasts. ¢ Human cervix epithelial cells. ¢ African green monkey kidney cells. ¢ Madin canine kidney cells. 7 EC5o -
concentration producing 50% inhibition of virus-induced cytopathic effect (CPE), as determined by visual scoring of the CPE or by measuring
the cell viability with colorimetric formazan-based MTS assay. n.d. not done. MCC - compound concentration producing minimal changes in
cell morphology estimated by the MTS cell viability assay.

MIC > 100 pg mL™'), while 5-alkylamino isomers (2a-e) as
well as 3-alkylamino isomers (3a-e) were completely inactive
(MIC > 100 pg mL ). Actually, compounds 3a-e derived from
N-benzyl-3-chloropyrazine-2-carboxamide (3) did not exhibit
activity against any tested mycobacterial strain.

In concordance with previously published studies on
alkylamino derivatives of PZA,'" the activity of
6-alkylamino (la-e) and 5-alkylamino (2a-e) isomers
depended on the length of the alkyl chain and culminated in
compounds with hexyl- to octylamino substitution. Chart 1
shows the correlation between lipophilicity (expressed as log
k) and antimycobacterial activity against Mtb (for compounds
la-e and 2a-e) and M. kansasii (for compounds 1la-e).

All alkylamino derivatives 1a-e, 2a-e and 3a-e were evalu-
ated for activity against resistant strains of Mycobacterium
tuberculosis. As shown in Table 2, the 6- and 3-alkylamino
derivatives exhibited activity, which was again dependent on
the length of the alkyl chain, ie. compounds with a C4-Cy
chain (labelled c-e) exhibited the highest activity. Examples
of correlation between lipophilicity and activity against resis-
tant strains are included in the ESLt The 5-isomers (2a-e)
showed higher activity compared to their respective 6-isomers

This journal is © The Royal Saciety of Chemistry 2015

(1a-e). Poor activity was observed for compound 3a (N-ben-
zyl-3-butylpyrazine-2-carboxamide), while the rest of the
3-alkylamino derivatives were inactive (MIC = 1000 pM).
Simoes et al.> reported a series of amides of pyrazinoic
acid, which exhibited very slow hydrolysis in the plasma, rat

A 2e

A 2 A2 ®1d ® le

® le
4.50 4

Log(1/MIC[M])

4.00 A

3.50 T T T T T
1.00

Log k

® laeMth ® 1la-e M. kansasii A 2aeMth

Chart 1 Correlation between and

lipophilicity expressed as log k.

antimycobacterial  activity
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Table 2 Antimycobacterial activity against drug-resistant strains, minimal inhibitory concentrations in uM

MIC (uM)

Mth Mth Mth

7357/1998 Mth 234/2005 9449/2007 8666/2010 Mth Praha 1 Mtb Praha 4 Mth Praha131
No. R 14d 21d 14d 21d 14d 21d 14d 21d 14d 21d 14d 21d 1ad 21d
1a 6-C4Ho 62.5 62.5 62.5 62.5 62.5 125 62.5 62.5 62.5 62.5 32 62.5 32 62.5
1b 6-CsHy; 32 62.5 62.5 62.5 32 62.5 62.5 62.5 62.5 62.5 32 62.5 32 62.5
1c¢ 6-CeHyy 32 32 16 32 32 32 16 32 16 32 32 32 16 32
1d 6-C,H;; 16 16 16 16 16 16 16 16 16 16 38 16 3 16
1e 6-CyHy; 16 16 16 16 16 16 16 16 16 16 16 16 16 16
2a 5-C4Hy 125 125 125 250 62.5 125 125 250 125 250 62.5 125 62.5 125
2b 5-CsHy, 16 32 16 32 16 32 16 32 16 32 16 32 16 16
2¢ 5-CeHi; 8 8 4 8 8 8 4 8 4 8 8 8 1 4
2d 5-C;H;s 4 8 4 4 4 8 4 4 4 4 4 8 2 4
2e 5-CgHy; 8 38 4 8 8 8 4 8 4 8 38 8 4 4
3a 3-C4H, 125 250 125 250 125 250 125 250 125 125 125 125 125 250
3b 3-C;Hy;  10° >10°  10° >10° 10° >10°  10° >10°  10° >10° 10° >10°  10° >10°
3c 3-CeHy;  10° >10° 10° >10°  10° 10° 10° >10°  10° >10° 10° >10°  10° >10°
3d 3-C;H;s  10° 10° 10° >10° >10° =10 10’ >10°  10° >10°  >10° >10° 10’ >10°
3e 3-CgHy;  >10°  >10°  >10°  >10° =100 >10°  >10° =107 >10° =100 =100 >10° =100 >10°
INH 16 32 16 16 16 16 16 32 16 16 16 16 16 16

MDR-TB strains: 234/2005 and 7357/1998 both resistant to INH, rifampicin (RIF), rifabutin, streptomycin, ethambutol and ofloxacin; Praha 1
resistant to INH, RIF, rifabutin, streptomycin, ethambutol and clofazimine; 8666/2010 resistant to INH, RIF, rifabutin; 9449/2007 and Praha 4
both resistant to INH, RIF, rifabutin, ethambutol and streptomycin. XDR-TB strain: Praha 131 resistant to INH, RIF, rifabutin, streptomycin,

ethambutol, ofloxacin, gentamicin and amikacin.

liver homogenate and were even stable in M. smegmatis
homogenate. These derivatives failed in antimycobacterial
testing and Simoes et al.>* assumed that the lack of activity is
caused by insufficient rate of hydrolysis to POA. Our deriva-
tives are sterically more demanding (large substituent on the
carboxamide moiety) than the simple amides tested by
Simoes et al.,” therefore their stability (resistance to ami-
dases) is expected to be even higher. According to the
results™ and previously published studies,>** we do not
expect that the presented derivatives are hydrolyzed to their
corresponding pyrazinecarboxylic acids.

Antibacterial and antifungal activities

The studied compounds were evaluated against eight bacte-
rial and eight fungal strains (see the ESIf for the complete
list of tested strains). All fungal strains as well as Gram-
negative strains were completely insensitive to the tested
compounds (MIC > 500 puM). Compounds la-e exhibited
moderate or weak activity against Gram-positive strains
including methicillin-resistant Staphylococcus aureus. Nota-
bly, compound 1e (N-benzyl-6-octylpyrazine-2-carboxamide)
displayed activity against S. aureus (MIC = 3.9 uM) compara-
ble to the reference compounds (see the ESIT).

Toxicity assay

In vitro cytotoxicity’®™>” assays on several cell lines were

performed for compounds la-e, 2a-e and 3a-e. The results
(Table 1) were expressed as the concentration causing mini-
mal changes in cell morphology (MCC) or as 50% cytotoxic
concentration (CCs,) — a concentration reducing cell viability

1314 | Med. Chem. Commun., 2015, 6, 1311-1317

by 50% as assessed by a colorimetric formazan assay. Except
for compound 2e, the tested compounds were not cytotoxic
in CRFK, HEL, HeLa and Vero cell lines at the highest con-
centration tested, i.e. 100 uM.

Antiviral activity

In addition, we determined whether any of the studied com-
pounds has potential activity against diverse DNA and RNA
viruses. The virus panel (see the ESIf for the full list)
included pathogens of medical importance such as herpesvi-
ruses, HIV and influenza virus. Most compounds did not pro-
duce any visible antiviral activity. The notable exception was
series 2b-e which was moderately active against the influenza
virus, with 2e being the most potent one (Table 1). The latter
compound also inhibited the replication of respiratory syncy-
tial virus (data not shown) with an antiviral EC;, value of 8.9
puM. The basis for the antiviral effect of 2b-e remains to be
identified.

Docking

To perform the docking studies, we selected the derivatives
with the highest antimycobacterial activity in the whole cell
assay, i.e. hexylamino to octylamino derivatives (1c-e, 2c-e).
We included their corresponding 3-alkylamino isomers
(3¢-3e) to test the influence of the position of the alkylamino
chain on the docking results. Out of the large number of crys-
tal structures of InhA available from the Protein Data Bank,
we chose PDB entry: 2X23. This structure is a closed form of
the enzyme co-crystalized with inhibitor PT70, which is a

This journal is @ The Royal Society of Chemistry 2015
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slow and tight-binding inhibitor with an alkyl diphenyl ether
structure.”®

To verify the docking procedure, the co-crystallized ligand
(PT70) from the PDB structure was removed and redocked
using Glide XP mode docking protocol with flexible sampling
of ligand. The RMSD of the core atoms of the ligand (omit-
ting the atoms of the flexible alkyl chain) was approx. 0.26 A.
According to the results of the molecular docking (Fig. 2A),
the 6-alkylamino-N-benzylpyrazine-2-carboxamides (1c-e) and
5-alkylamino-N-benzylpyrazine-2-carboxamides (2c-e) may
exert interactions typical for TCL-based inhibitors of myco-
bacterial enoyl-ACP-reductase InhA.”>*® The carboxamide
oxygen of the presented compounds plays the same role as
the phenolic oxygen of TCL, i.e. to act as an H-bond acceptor,
forming interactions with the ~-OH group of Tyr158 and the
2-hydroxyl of the ribose of NAD". The pyrazine core of the
title compounds is oriented similarly to the phenol aromatic
ring of the TCL derivatives (the so called A-ring) and shows a
n-n stacking interactions with the nicotinamide core of
NAD', and n-n edge-to-face interactions with Phe149. The
benzyl core of the discussed derivatives occupies the same
hydrophobic cavity as the B-ring of the TCL derivatives. The
planes of the (hetero)aromatic rings of the title compounds
are almost identical to the corresponding planes of PT70
(Fig. 2B). The alkylamino chain is placed in the tunnel lead-
ing to the enzyme's surface, in the same manner as the alkyl
chain of PT70 and similar TCL derivatives. This hydrophobic
entry tunnel hosts the lipophilic chain of the mycolic acid
intermediate, which is the substrate of the InhA enzyme. The
docking scores of the presented compounds (see the ESI})
were close to the score of the co-crystallized ligand PT70 (the
best score was predicted for 1e, XP GScore = -9.705; the XP
GScore of PT70 was —10.543).

On the contrary, the 3-alkylamino derivatives 3c-e were
not able to orient inside the cavity of the active site in a man-
ner similar to PT70, and had low docking scores (XP GScore
from -3.692 for 3¢ to —6.175 for 3e). Apparently, the presence
of two large substituents (benzyl and alkylamino chain) on
neighbouring atoms C2 and C3 of the pyrazine core leads to
a molecular shape that is not compatible with the cavity.

To summarize, compounds 1lc-e and 2c¢c-e showed all
important ligand-enzyme interactions of triclosan and

Fig. 2
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therefore could be potential inhibitors of InhA. This hypothe-
sis was tested via analysis of mycolic acid production in the
strain of M. tuberculosis H37Ra treated with compounds 1d
and 2e as described in the following paragraph. These deriva-
tives were chosen according to their MIC values for M. tuber-
culosis H37Rv and selectivity to the mycobacterial strains.
The XP GScore was not taken as the main criterion for selec-
tion, having in mind that derivatives with longer alkyl chain
will have a higher score caused mainly by non-specific hydro-
phobic interactions with the enzyme. Compound 1e (reaching
the highest XP GScore) was excluded from the screening due
to low selectivity (antibacterial and antiviral activities).

Effect on mycolic acid production

The effect of compounds 1d and 2e on mycolic acid synthesis
was evaluated by metabolic labelling of Mycobacterium tuber-
culosis H37Ra with '*C acetate. Derivatized radiolabeled fatty/
mycolic acids were separated by thin layer chromatography
(TLC) and visualized by autoradiography. Isoniazid (INH)-
inhibiting mycobacterial enoyl-ACP-reductase (InhA)*® was
used as a control drug. As expected, the treatment of Mth
with INH led to the inhibition of the synthesis of all types of
mycolic acids and the production of short chain fatty acids
was not affected. The compounds 1d and 2e did not affect
myecolic acid synthesis (Fig. 3).

Lipophilicity

Lipophilicity parameter ClogP was calculated by CS
ChemBioDraw Ultra version 14.0. (CambridgeSoft, Cam-
bridge, MA, USA). Additionally, the lipophilicity was mea-
sured experimentally by RP-HPLC and expressed as logk
derived from the retention times of individual compounds.
Correlation between the calculated ClogP and the experi-
mentally determined log &k values showed linearity inside the
series of positional isomers. As discussed in the ESI,t the
Clog P algorithm did not correctly reflect the influence of
the position of the alkylamino substituent on a compound’s
lipophilicity. Therefore log k is more useful for interseries com-
parisons and is used as the main lipophilicity parameter in
this manuscript.

Title: PT70_OH

(A) Compounds 1c-e (orange carbons) and 2c-e (green carbons) docked into the active site of mycobacterial enoyl-ACP-reductase (InhA,

PDB: 2X23). (B) Predicted poses of 1le (orange carbons) and 2e (green carbons) in comparison with the co-crystallized inhibitor PT70 (grey balls

and sticks).
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C INH 1d 2e

FAME

Fig. 3 Analysis of the effects of 1d and 2e on mycolic acid synthesis.
The autoradiograph of TLC with separated fatty acid methyl esters
(FAME) and mycolic acid methyl esters (MAME) obtained from [1,2-
Cl-acetate-labelled Mtb H37Ra strain treated with 1d, 2e or INH in
final concentration of 5.0 ug mL . Line C - untreated control.

Conclusions

To conclude, substitution of 6-chlorine or 5-chlorine with
n-alkylamino substituent yielded derivatives with comparable
or increased activity against Mycobacterium tuberculosis
H37Rv compared to the corresponding pattern compounds 1
and 2. No significant differences between 6-alkylamino (1a-e)
and 5-alkylamino (2a-e) isomers were observed. Generally,
activity increased with prolongation of the alkyl chain (corre-
sponding to the increase in lipophilicity) and culminated in
compounds with heptylamino (1d, 2d) and octylamino (1e,
2e) substitution. The series of 6-alkylamino-N-benzylpyrazine-
2-carboxamides (1a-e) also exerted activity against Mycobacte-
rium kansasii, which is naturally resistant to pyrazinamide.

The 6-alkylamino and 5-alkylamino isomers also showed
activity against drug-resistant strains of Mycobacterium tuber-
culosis culminating in heptyl/octylamino derivatives, where
the 5-alkylamino isomers exhibited marginally higher activity
compared to the 6-isomers.

On the contrary to series 1 and 2, substitution of chlorine
with an alkylamino substituent in N-benzyl-3-chloropyrazine-
2-carboxamide (3, MIC = 12.5 ug mL™" for Mth), led to inac-
tive 3-alkylamino derivatives (3a-e).

In vitro activity of PZA is strongly dependent on pH and
decreases with the increase in pH. The MIC value for PZA
was in accordance with the literature.?*3%!

The studied compounds exhibited no antifungal activity and
mostly no significant antibacterial activity. The only exception
was compound 1le (N-benzyl-6-octylpyrazine-2-carboxamide),
showing activity against Staphylococcus aureus (MIC = 3.9 uM).

Side-products 1' and 3’ occurring during the synthesis of
pattern compounds 1 and 3 were evaluated for their biologi-
cal activities and no significant activity was observed.

Based on the results of the in vitro cytotoxicity assays, we
assume that the presented derivatives are non-toxic.

Molecular docking of compounds 1¢-e and 2¢-e suggested
potential inhibition of mycobacterial enoyl-ACP-reductase. In

1316 | Med. Chem. Commun., 2015, 6, 1311-1317
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view of these results, an in vitro study was performed. How-
ever, no effect on mycolic acid synthesis was observed for
selected compounds 1d and 2e.
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General

All chemicals were purchased from Sigma-Aldrich (Hohenkirchen, Germany). All organic solvents used for the synthesis were of
analytical grade. The reactions were monitored using Merck Silica 60 Fasa TLC plates (Merck, Darmstadt, Germany). Compounds
were purified using automated chromatograph CombiFlash Rf (Teledyne Isco, Lincoln, NE, USA) using columns filled with
Kiesclgel 60, 0.040-0.063 mm (Merck, Darmstadt, Germany); gradient clution (hexanc/cthyl-acctate), detection wavelength 260 nm,
monitor wavelength 280 nm. NMR analysis was performed on Varian Mercury VX-BB 300 (Varian, Palo Alto, CA, USA) at
300 MHz for 'H and 75 MHz for '*C. Chemical shifts were recorded as & values in parts per million (ppm) and were indirectly
referenced to tetramethylsilane (TMS). IR spectra were measured in ATR mode using a Ge crystal-plate on Nicolet Impact 400
(Nicolet, Madison, W1, USA). The mass spectra were recorded in the mixture of MeOH, H2O, formic acid (80:20:0.02 v/v) using
LCQ Advanlage Max ion-trap mass spectrometer (lhermo Finnigan, San Jose, CA, USA). The electrospray ionisation was
performed in the positive mode. Melting points were determined on Stuart SMP30 melting point apparatus (Bibby Scientific
Limited, Staffordshire, UK) and arc uncorrected. Yiclds refer to chromatographically pure products after all purification opcrations.
The synthesis of comp. 3a-e took place in microwave reactor with focused field CEM Discover (CEM Corporation, Matthews, NC,
USA) connected with autosampler Explorer 24 (CEM Corporation, Matthews, NC, USA) and cquipped with CEM’s Synergy™
software for monitoring the reaction progress.

General synthetic procedures
Synthesis of starting compound I and 2

Synthesis of parent compounds 1 and 2 was described previously.! Bricfly, for synthesis of compound 1, 20 mmol of
6-chloropyrazine-2-carboxylic acid® was dissolved in anhydrous toluene, treated with thionyl chloride (3 eq., 60 mmol) and heated
for about 1.5 h under reflux. Then, the excess of thionyl chloride was removed by repeated evaporation with anhydrous toluene in
vacuo. Originated acyl chloride was directly used without any purification in the subsequent step. Benzylamine (1.5 eq., 30 mmol)
and TEA (1 eq., 20 mmol) were dissolved in water and added portion-wise to acyl chloride in dichloromethane (Schotten-Baumann
biphasic conditions). Reaction mixture was than stirred at R1 for 4 h and monitored using T'LC with hexane/ethyl acetate 2:1.
Organic layer was separated, dried over anhydrous Na>SO4, adsorbed on silica purified using flash-chromatography. Side-product,
later identified as N-benzyl-6-benzylaminopyrazine-2-carboxamide (1'), occurred during the synthesis of parent compound (1).

For compound 2, 5-hydroxypyrazine-2-carboxylic acid (Sigma-Aldrich) was used as slarling material for synthesis of
5-chloropyrazine-2-carbonyl chloride. During the reaction with thionyl chloride, the formation of acyl chloride occurs
simultaneously with the nucleophilic substitution of the hydroxyl group for chlorine. N,N-Dimethylformamide (DMF) was added to
the reaction mixture as catalyst.! Second step of the synthesis proceeded under mild conditions: 1.5 eq. of benzylamine
(MW = 107.15 g/mol) was dissolved in anhydrous acetone with TEA (1 eq.) and added drop-wise to the stirred solution of acyl
chloride. The reaction mixtiure was stirred at RT for about 4 h and monitored using TLC with hexane/ethyl acetate 2:1 mixture as
eluent. Alter this time small amount of silica gel was added and solvents were evaporated under reduced pressure. Adsorbed mixture
was addressed to flash column chromatography.

Synthesis of final compounds 1a-e and 2a-e

To synthesize final compounds, 1 mmol of N-benzyl-6-chloropyrazine-2-carboxamide (1) or N-benzyl-5-chloropyrazine-2-
carboxamide (2) was dissolved in ethanol with TEA (1 eq., 1 mmol). Five molar equivalents ol corresponding non-aromatic amine
were added to the reaction mixture and refluxed in small amount of ethanol generally for 8 hours. The completion of the reaction
was checked by TLC chromatography (eluent: hexane/ethyl acetate, 1:1). The crude product was absorbed on silica gel by solvent
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evaporation and purified by (lash chromatography (hexane/ethyl acetate gradient elution). To remove residual non-aromatic amine,
final compounds were recrystallized from ethanol.

Synthesis of starting compound 3

N-benzyl-3-chloropyrazine-2-carboxamide (3) was synthesised in three step reaction. The [irst step was based on diazotation
reaction. 3-Aminopyrazine-2-carboxylic acid (50 mmol) was added in small amounts into the cooled concentrated sulphuric acid (30
mL) being stirred. Then the nitrosylsulphuric acid was prepared by cooling the concentrated sulphuric acid (37.5 mL) to 0 °C and
adding sodium nitrite (50 mmol) portion-wise over a period of 15 minutes. The nitrosylation mixture (0-2 °C) was added drop-wise
to the cold solution of 3-aminopyrazine-2-carboxylic acid and stirred again for 15 minutes. Then mixturc was poured portion-wisce
on cracked ice and stirred until the end of nitrogen evolution. Strongly acidic suspension was filtered by suction and the collected
solid was washed with distilled waler to become [ree of acid and then dried.” Crude 3-hydroxypyrazine-2-carboxylic acid was
purified by recrystallization from water. Next step was the preparation of 3-chloropyrazine-2-carbonyl chloride. 3-Hydroxypyrazine-
2-carboxylic acid (7 mmol) was dissolved in phosphoryl chloride (13 mL), few drops of pyridine were added and the mixture was
stirred and heated to reflux for 2 hours.® The excess of POCl; was evaporated under reduced pressure to give 3-chloropyrazine-2-
carboxylic acid chloride. Crude acyl chloride was dissolved in dry TIIF, and benzylamine (5 eq., 35 mmol) together with TEA
(2 eq., 10 mmol) in small amount of dry THT were added portion-wise. The mixture was stirred at room temperature for 3 hours,
then adsorbed on silica gel and purified by preparative flash-chromatography. As described previously for synthesis of compound 1,
side-product (3'), emerging during aminodchalogenation reaction where both chlorines were substituted with benzylamine, was

observed (Scheme 1).
o]
N
i E fku
N COOH N COOH N COocCI N
N A X HZN'\© N N P
[ NaNO, | POCI | | H % N NH
2 H,S0, gy pyridine o THF, TEA G
N N N Cl N Cl
3
3

NH, OH

Scheme 1. Synthesis of parent compound 3 and its side-product 3'.

Synthesis of final compounds 3a-e

N-benzyl-3-chloropyrazine-2-carboxamide (3, 1.2 mmol) was treated with respective aliphatic amine (2 eq., 2.4 mmol) to yield
3-alkylamino-N-benzylpyrazine-2-carboxamides. All reactions were performed in the microwave reactor with focused field.
Conditions (experimentally determined in previous research)’; 140°C, 30 minutes, 120 W, methanol (solvent, 3 mL), pyridine (1 eq.,
1.2 mmol). The progress of reaction was monitored with TLC using the system hexane/ethyl acetate (1:1). The crude product was
purified with flash column chromatography (silica, gradient clution hexane/cthyl acetate).

Analytical data

N-benzyl-6-chlororpyrazine-2-carboxamide (1)

Analytical data in accordance with previously published results! (NMR spectra measured under different conditions). White solid.
Yield: 63 %; m.p. 58.1-58.9 °C. '"H NMR (300 MHz, CDCl3) 8 9.33 (s, 1H, H3), 8.74 (s, 1H, HS), 7.97 (bs, 1H, CONH), 7.43-7.20
(m, 5H, ArH), 4.67 (d, J = 6.1 Hz, 2H, CHaAr); '3C NMR (75 MHz, CDCL) § 161.56, 147.47, 147.25, 143.88, 142.03, 137.36,
128.76, 127.89, 127.74, 43.57. Log k = 0.200; CLogP = 2.385.

N-benzyl-6-benzylaminopyrazine-2-carboxamide (1')

White solid. Tdentified side-product; m.p. 132.8-134.1 °C; TR (cm’'): 3340 (NH), 3309 (NH), 3032, 2935, 1655 (CO); 'H NMR
(300 MHz, DMSO) 89.02 (t, J = 6.4 Hz, 1H, CONH), 8.23 (s, 1H, H3), 8.13 (s, 1H, H5), 7.89 (t, /= 5.8 Hz, 11, NH), 7.42 — 7.17
(m, 1011, Arll, Ar'll), 4.63 (d, J = 5.8 11z, 211, ClLy), 4.49 (d, J = 6.4 11z, 211, CIL»); '*C NMR (75 Mllz, DMSO) 8 163.95, 153.48,
141.49, 139.85, 139.64, 136.80, 129.58, 128.47, 128.01, 127.44, 127.35, 127.05, 126.97, 43.78, 42.33. Anal. Calcd. For CiolLisN4O
(318.38): 71.68% C, 5.70% H, 17.60% N; Found: 71.61% C, 5.68% H, 17.49% N. MS (ESI, Pos.): m/z 319.39 (M+H)'.
Log £=10.483; CLogP =3.914.

N-benzyl-6-butylaminopyrazine-2-carboxamide (1a)

While solid. Yield: 41%; m.p. 94.6-95.9 °C; IR (¢cm™):3320 (NH), 3087, 2960, 2930, 2863, 1655 (CO); 'H NMR (300 MHz, CDCl;)
8 8.60 (s, LH, H3), 8.05 (s, 1H, HS5), 7.99 (bs, 1H, CONH), 7.37 — 7.27 (m, SH, ArH), 4.99 (1, J = 5.7 Hz, 1H, NH), 4.65 (d, J = 6.0
Hz, 2H, CH2Ar), 3.27 — 3.17 (m, 2H, CH>), 1.66 — 1.54 (m, 2H, CHz), 1.41 (m, 2H, CH>), 0.98 — 0.83 (m, 3H, CH3). *C NMR (75
Mllz, CDCl3) & 163.79, 152.90, 141.44, 138.09, 134.78, 130.97, 128.69, 127.63, 127.48, 43.24, 41.12, 31.24, 20.06, 13.74. Anal.
Caled. Tor CisH20N4O (284.36): 67.58% C, 7.09% H, 19.70% N; Tound: 67.61% C, 7.08% H, 19.69% N. MS (I:SI, Pos.): m/7.
285.20 (M+I1)*. Log k = 0.549; CLogP = 4.053.

N-benzyl-6-pentylaminopyrazine-2-carboxamide (1b)

White solid. Yield: 39%; m.p. 72.5-73.4 °C; IR (cm™): 3324 (NI1), 3063, 2964, 2929, 2859, 1655 (CO); 'l NMR (300 M1z, CDCl3)
3 8.62 (s, 1H, H3), 8.02 (s, 1H, HS5), 8.00 (bs, 1H, CONH), 7.39 — 7.24 (m, SH, ArH), 4.85 (1, /= 6.7 Hz, 1H, NH), 4.65 (d, J = 6.1
Hz, 2H, CHzAr), 3.32 (q, J = 6.7 Hz, 2H, CH>), 1.68 — 1.55 (m, 2H, CH>), 1.40 — 1.25 (m, 4H, CH>), 0.89 (1, J = 6.7 Hz, 3H, CH;);
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13C NMR (75 MHz, CDCl3) § 163.93, 152.77, 141.14, 138.11, 135.11, 131.56, 128.67, 127.61, 127.45, 43.21, 41.39, 29.04, 28.89,
22.32, 13.92. Anal. Calcd. For Ci7H22N40 (298.38): 68.43% C, 7.43% H, 18.78% N; Found: 68.25% C, 7.45% H, 18.90% N. MS
(ESL Pos.): m/z 299.22 (M+H)". Log k = 0.768; CLogP = 4.582.

N-benzyl-6-hexylaminopyrazine-2-carboxamide (1¢)

White solid. Yield: 37%; m.p. 75.7-76.2 °C; IR (¢cm™): 3330 (NH), 3054, 2929, 2857, 1656 (CO);'H NMR (300 MHz, CDCl3) & 8.63
(s, LH, H3), 8.01 (s, LH, H5), 8.00 (bs, 1H, CONH), 7.37 — 7.26 (m, 5H, ArH), 4.78 (1, /= 5.7 Hz, 1H, NH), 4.65 (d, /= 6.2 Hz, 2H,
CHbAr), 3.32 (td, J = 7.1, 5.5 Hz, CH>), 1.67 — 1.55 (m, 2H, CH»), 1.43 — 1.22 (m, 6H, CHa), 0.91 — 0.84 (m, 3H, CH3); '*C NMR
(75 MHz, CDCl3) & 163.93, 152.75, 141.16, 138.15, 135.06, 131.69, 128.68, 127.63, 127.46, 43.22, 41.48, 31.45, 29.20, 26.61,
22.51, 13.96. Anal. Caled. For CisH24N4O (312.41): 69.20% C, 7.74% H, 17.93% N; Found: 69.18% C, 7.79% H, 18.01% N. MS
(ESL Pos.): m/z 313.25 (M+H)". Log k= 0.986; CLogP =5.111.

N-benzyl-6-heptylaminopyrazine-2-carboxamide (1d)

White solid. Yield: 40%; m.p. 60.9-61.7 °C; IR (cm™):3399 (NH), 3336 (NH), 3030, 2929, 2858, 1665 (CO); 'H NMR (300 MHz,
CDCls) 8 8.63 (s, 1H, H3), 8.01 (s, 1H, HS5), 8.00 (bs, 1H, CONH), 7.37 — 7.26 (m, 5H, ArH), 4.80 (t, J= 5.6 Hz, 11, NH), 4.65 (d, J
= 6.1 Hz, 2H, CH»Ar), 3.32 (td, /= 7.1, 5.5 Hz, 2H, CH>), 1.67 — 1.55 (m, 2H, CH>), 1.42 — 1.19 (m, 8H, CH>), 0.92 - 0.83 (m, 3H,
Cll3); “C NMR (75 Mllz, CDCls) 8 163.94, 152.76, 141.15, 138.15, 135.08, 131.67, 128.68, 127.63, 127.46, 43.22, 41.47, 31.68,
29.25, 28.96, 26.90, 22.53, 14.03. Anal. Caled. For Ci19H26N4O (326.44): 69.91% C, 8.03% H, 17.16% N; Found: 69.79% C, 7.97%
I, 17.09% N. MS (ESI, Pos.): m/z 327.23 (M+11) . Log k= 1.207; CLogP = 5.640.

N-benzyl-6-octylaminopyrazine-2-carboxamide (1e)

White solid. Yield: 63%; m.p. 62.1-62.7 °C; IR (cm™):3394 (NI1), 3334 (NI1), 2929, 2854, 1666 (CO); '11 NMR (300 Mllz, CDCl3)
8 8.61 (s, 1H, H3), 8.05 (s, 1H, HS), 7.99 (bs, 1H, CONH), 7.39 — 7.27 (m, 5H, ArH), 4.95 (bs, 1H, NH), 4.65 (d, J = 5.9 Hz, 2H,
ClLAr), 3.32 (td, J= 7.1, 5.5 1z, 211, CIL1), 1.68 — 1.54 (m, 211, ClI2), 1.44 — 1.15 (m, 1011, CII2), 0.87 (t,./ = 6.3 11z, 311, CIz); 1*C
NMR (75 Mllz, CDCI;) & 163.83, 152.87, 141.40, 138.11, 134.81, 131.09, 128.69, 127.61, 127.47, 43.22, 41.47, 31.72, 29.25,
29.20, 29.15, 26.94, 22.59, 14.05. Anal. Calcd. For C20I12sN4O (340.46): 70.56% C, 8.29% 11, 16.46% N; Found: 70.51% C, 8.37%
11, 16.39% N. MS (ESI, Pos.): m/z 341.25 (M+11)". Log k= 1.431; CLogP = 6.169.

N-benzyl-5-chlororpyrazine-2-carboxamidce (2)

Analytical data in accordance with previously published results.! White solid. Yield: 68 %; m.p. 102.3-103.0 °C.'H-NMR
(300 MIz, CDCl3) 8 9.26 (s, 11, 113), 8.61 (s, 111, 116), 7.97 (bs, 111, NII), 7.48-7.23(m, 511, Arll), 4.65 (d, 2I1, J = 6.0 Iz, CIAr);
BC-NMR (75 Mllz, CDCl3) § 162.10, 151.93,144.36, 142.71, 142.39, 137.34, 128.70, 128.01, 127.65, 43.55. Log k=10.186;
CLogP =2.385.

N-benzyl-5-butylaminopyrazine-2-carboxamide (2a)

White solid. Yicld: 78%; m.p. 120.1-121.2 °C; IR (cm'): 3399 (NH), 3306 (NH), 3027, 2951, 2922, 2865, 1661 (CO); ' NMR
(300 MHz, CDCls) & 8.83 (s, 1H, H3), 7.80 (1, J = 6.0 Hz, 1H, CONH), 7.69 (d, J = 1.5 Hz, 1H, H6), 7.37 — 7.27 (m, 5H, ArH), 5.21
(t,J=5.5Hz, 1H, NH), 4.63 (d, /= 6.1 Hz, 2H, CH2Ar), 3.40 (td, /= 7.2, 5.7 Hz, 2H, CH2), 1.68 — 1.56 (m, 2H, CH), 1.50 — 1.33
(m, 2H, CH2), 0.95 (1, J = 7.3 Hz, 3H, CHs); '*C NMR (75 MHz, CDCls) 5 164.14, 155.75, 143.07, 138.43, 133.18, 129.12, 128.60,
127.73, 127.32, 43.14, 41.27, 31.33, 20.03, 13.73. Anal. Calcd. TFor C1sH20N4O (284.36): 67.58% C, 7.09% H, 19.70% N; Tound:
67.65% C, 7.00% H, 19.63% N. MS (ESI, Pos.): m/z 285.10 (M+H)". Log & = 0.424; CLogP = 4.053.

N-benzyl-5-pentylaminopyrazine-2-carboxamide (2b)

White solid. Yield: 79%; m.p. 128.7-129.3 °C; IR (cm™'):3406 (NH), 3300 (NH), 3027, 2930, 2860, 1660 (CO); '"H NMR (300 MHz,
CDCls) 6 8.83 (s, 1H, H3), 7.80 (1, /= 6.1 Hz, 1H, CONH), 7.69 (s, 1H, H6), 7.38 — 7.27 (m, 5H, ArH), 5.21 (t, J= 5.8 Hz, 1H, NH),
4.63 (d, J=6.1 Hz, 2H, CH»Ar), 3.45 - 3.27 (m, 2H, CH>»), 1.71 — 1.53 (m, 2H, CH>), 1.35 (dp, J = 7.3, 4.7, 4.1 Hz, 4H, CH>), 0.94 —
0.86 (m, 3H CH3); '*C NMR (75 MHz, CDClL) § 164.14, 155.74, 143.07, 138.43, 133.18, 129.11, 128.60, 127.73, 127.32, 43.14,
41.54, 28.99, 28.94, 22.31, 13.92. Anal. Caled. For Ci17H2:N40 (298.38): 68.43% C, 7.43% H, 18.78% N; Found: 68.40% C, 7.49%
H, 18.71% N. MS (ESI, Pos.): m/z299.11 (M+H)". Log k = 0.638; CLogP = 4.582.

N-benzyl-5-hexylaminopyrazine-2-carboxamide (2¢)

While solid. Yield: 75%; m.p. 117.7-118.3 °C; IR (em™):3400 (NH), 3303 (NH), 3064, 3027, 2955, 2928, 2866, 1660 (CO); 'H
NMR (300 MHz, CDCls) & 8.83 (d, J = 1.2 Hz, 1H, H3), 7.80 (t, J = 6.0 Hz, 1H, CONH), 7.69 (d, J = 1.3 Hz, 1H, H6), 7.39 — 7.26
(m, SH, ArH), 5.21 (1, J = 5.7 Hz, 1H, NH), 4.63 (d, J = 6.0 Hz, 2H, CH»Ar), 3.43 — 3.33 (m, 2H, CH>), 1.69 — 1.54 (m, 2H, CH>),
1.45 — 1.23 (m, 6H, CH>), 0.88 (t, J = 6.7 Hz, 3H, CH;); *C NMR (75 MHz, CDCl3)  164.14, 155.75, 143.08, 138.44, 133.17,
129.12, 128.60, 127.74, 127.32, 43.14, 41.58, 31.42, 29.22, 26.54, 22.51, 13.96. Anal. Caled. For CisH24N4O (312.41): 69.20% C,
7.74% H, 17.93% N; Found: 69.24% C, 7.81% H, 17.85% N. MS (ESIL, Pos.): m/z 313.14 (M+H) . Log k= 0.859; CLogP =5.111.

N-benzyl-5-heptylaminopyrazine-2-carboxamide (2d)

White solid. Yield: 65%; m.p. 95.8-96.1 °C; IR (cm™):3388 (NH), 3329 (NH), 2929, 2858, 1641 (CO);'H NMR (300 MHz, CDCl3)
5 8.83 (s, 111, 113), 7.80 (1, J = 6.1 11z, 111, CONII), 7.69 (s, 111, 116), 7.37 — 7.27 (m, SII, Arll), 5.19 (t, J = 5.8 11z, 111, NII), 4.63
(d, J = 6.1 lz, 21, Cl>Ar), 3.43 — 3.34 (m, 211, Cll2), 1.69 — 1.56 (m, 211, Cl2), 1.44 — 1.19 (m, 811, ClI2), 0.88 (t, J = 6.5 1z, 3H,
CH3);"3C NMR (75 MHz, CDCLy) § 164.13, 155.74, 143.09, 138.44, 133.18, 129.09, 128.60, 127.74, 127.32, 43.14, 41.58, 31.67,
29.27, 28.91, 26.83, 22.52, 14.01. Anal. Calcd. For Ciol126N4O (326.44): 69.91% C, 8.03% 11, 17.16% N; Found: 69.97% C, 8.07%
H, 17.02% N. MS (ESI, Pos.): m/z 327.13 (M+11) . Log k= 1.089; CLogP = 5.640.

N-benzyl-5-octylaminopyrazine-2-carboxamide (2e)

White solid. Yicld: 80 %; m.p. 97.0-97.9 °C; IR (cm'): 3389 (NII), 3317 (NII), 2919, 2855, 1660 (CO); 'IT NMR (300 Mllz,
CDCl3) 6 8.83 (s, 111, 113), 7.80 (t,.J= 6.1 11z, 111, CONII), 7.69 (s, 111, 116), 7.36 — 7.26 (m, 511, Arll), 5.16 (t, J= 5.7 11z, 111, NII),
4.63 (d, J = 6.0 Hz, 2H, CH2Ar), 3.38 (q, J = 6.7 Hz, 2H, CH2), 1.70 — 1.53 (m, 2H, CH2), 1.47 — 1.17 (m, 10H, CH>), 0.87 (t, J =
6.0 11z, 311, CIL); 3C NMR (75 Mllz, CDCL3) & 164.14, 155.75, 143.11, 138.46, 133.22, 129.08, 128.61, 127.76, 127.33, 43.16,
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41.60, 31.73, 29.28, 29.22, 29.15, 26.88, 22.59, 1405. Anal. Caled. Tor C20H2sN4O (340.46): 70.56% C, 8.29% H, 16.46% N; Tound:
70.47% C, 8.41% H, 16.41% N. MS (ESI, Pos.): m/z 341.15 (M+H)". Log k = 1.312; CLogP = 6.169.

N-benzyl-3-chloropyrazine-2-carboxamide (3)

Yellow solid.Yield: 80 %; m.p. 109.3-110.7 °C; IR (cm™) 3292 (NH), 1660 (CO); 'H NMR (300 MHz, DMSO0) § 9.31 (t,J = 6.0 Hz,
IH, CONH), 8.71 (d, J = 2.5 Hz, 1H, HS5), 8.64 (d, J = 2.4 Hz, 1H, H6), 7.35 (d, J = 4.4 Hz, 2H,ArH), 7.32 — 7.21 (m, 3H, ArH),
4.49 (d, J = 6.1 Hz, 2H, CH»Ar); C NMR (75 MHz, DMSO) § 164.09, 148.45, 145.80, 145.49, 142.94, 139.07, 128.82, 127.74,
127.46, 42.75.Anal. Calcd. Tor C12H10CIN3O (247.68): 58.19% C, 4.07% H, 16.97% N; Found: 58.14% C, 4.10% H, 16.89% N. MS
(ESL, pos.): m/z 247.95 (M+H)'. CLogP = 247.68.

N-benzyl-3-benzylaminopyrazine-2-carboxamide (3')

Ycllow solid. Identificd side product of the rcaction; m.p. 69.8-70.6 °C; IR (cm™): 3353 (NI), 3334 (NIT), 3061, 3032, 1647 (CO);
'TI NMR (300 MIIz, DMSO) 89.39 (t, J = 6.4 11z, 111, CONII), 9.09 (t, J = 5.9 11z, 111, NII), 8.26 (d, J = 2.4 11z, 111, 115), 7.81 (d, J
= 2.6 Hz, 1H, H6), 7.38 — 7.16 (m, 10H, ArH, ArH), 4.63 (d, J = 5.9 Hz, 2H, CH>), 444 (d, J = 6.4 Hz, 2H, CHs); *C NMR
(75 MHz, DMSO) 8 166.27, 154.14, 146.58, 139.61, 139.56, 130.22, 128.61, 128.45, 127.54, 127.46, 127.45, 126.97, 126.65, 43.64,
42.36. Anal. Caled. TFor C19H1sN1O (318.38): 71.68% C, 5.70% H, 17.60% N; Found: 71.73% C, 5.65% H, 17.68% N. MS not
measured. Log & = 1.040 ; CLogP = 3.964.

N-benzyl-3-(butylamino)pyrazine-2-carboxamide (3a)

Yellow liquid.Yield: 75 %; TR (cm™'): 3324 (NH), 2957, 2929, 2871, 1653 (CO); "H NMR (300 MHz, DMSO) § 9.35 (t, J = 6.4 Hz,
111, CONH), 8.71 (t, J = 5.6 Hz, 111, NII), 8.25 (d, J = 2.4 Tz, 1H, H5), 7.76 (d, J = 2.6 Tz, 11, [16), 7.30 (d, .J= 4.3 Hz, 211, Arl),
7.25 —17.20 (m, 311, Arll), 4.43 (d, J = 6.4 11z, 2I1,CI2Ar), 3.41 — 3.34 (m, 211, CIL), 1.61 — 1.45 (m, 211, CIL), 1.40 — 1.26 (m, 211,
CHb>), 0.89 (t, J = 7.3 Hz, 3H, CH3); *C NMR (75 MHz, DMSO) & 166.36, 154.42, 146.65, 139.59, 129.58, 128.44, 127.48, 126.94,
126.34,42.31, 40.53, 31.07, 19.91, 13.88. MS (ESI, pos.): m/z 285.20 (M+H) ; CisH20N4O (284.36). Log £ = 1.081; CLogP = 4.103.

N-benzyl-3-(pentylamino)pyrazine-2-carboxamide (3b)

Yellow liquid. Yield: 74 %; IR (cm™): 3322 (NH), 2956, 2929, 2859, 1653 (CO);'H NMR (300 MHz, DMSO) & 9.34 (t, J = 6.4 Hz,
1H, CONH), 8.71 (t, /= 5.6 Hz, 1H, NH), 8.25 (d, J = 2.4 Hz, 1H, H5), 7.76 (d, J = 2.4 Hz, 1H, H6), 7.30 (d, /= 4.3 Hz, 2H, ArH),
7.26 —7.18 (m, 3H, ArH), 443 (d, J = 6.4 Hz, 2H, CH2Ar), 3.42 — 3.34 (m, 2H, CH>), 1.62 — 1.46 (m, 2H, CH>), 1.35 - 1.23 (m, 4H,
CH>), 0.85 (1, J = 7.0 Hz, 3H, CH3); *C NMR (75 MHz, DMSO) & 166.35, 154.40, 146.64, 139.58, 129.57, 128.43, 127.48, 126.94,
126.34, 42.31, 40.53, 28.94, 28.64, 22.08, 14.10.MS (ESI, pos.): m/z 299.21 (M+I1)*; Ci71122N40 (298.39). Log k = 1.321; CLogP =
4.632.

N-benzyl-3-(hexylamino)pyrazine-2-carboxamide (3¢)

Yellow liquid. Yield: 71 %; IR (em'"): 3322 (NH), 2955, 2928, 2857, 1654 (CO); 'H NMR (300 MHz, DMSO) 8 9.34 (t, J = 6.4 Hz,
1H, CONH), 8.71 (t, J = 5.6 Hz, 1H, NH), 8.24 (d, J= 2.3 Hz, 1H, HS), 7.75 (d, J = 2.5 Hz, 1H, H6), 7.30 (d, J = 4.3 Hz, 2H, ArH),
7.25—-17.19 (m, 311, Arll), 4.43 (d, J = 6.4 11z, 211, CI:Ar), 3.38 (q, J= 6.7 11z, 211, CILy), 1.53 (p, J = 7.0 11z, 211, CIL»), 1.39 — 1.19
(m, 6H, CH2), 0.83 (t,J = 6.7 Hz, 3H, CHz); *C NMR (75 MHz, DMSO) § 166.35, 154.41, 146.64, 139.58, 129.56, 128.42, 127.48,
126.93, 126.34, 42.31, 40.53, 31.18, 28.91, 26.40, 22.24, 14.09.MS (ESI, pos.): m/z 313.20 (M+H)"; CisH2aN4O (312.42). Log k =
1.564; CLogP = 5.161.

N-benzyl-3-(heptylamino)pyrazine-2-carboxamide (3d)

Yellow liquid. Yield: 70 %; IR (cm™): 3320 (NH), 2955, 2926, 2855, 1653 (CO); 'H NMR (300 MHz, DMSO) § 9.34 (, J = 6.5 He,
IH, CONH), 8.71 (t, J = 5.6 Hz, 1H, NH), 8.24 (d, J= 2.4 Hz, 1H, HS), 7.75 (d, /= 2.5 Hz, 1H, H6), 7.29 (d, J = 4.3 H7, 2H, ArH),
7.25—17.18 (m, 311, Arll), 443 (d, J= 6.4 11z, 211, CI2Ar), 3.37 (q, J = 6.5 1Iz, 211, CILL), 1.53 (p, J= 6.9 11z, 211, CI2), 1.36 — 1.16
(m, 811, CIIL), 0.83 (t,J = 6.7 11z, 311, CII3); '3*C NMR (75 Mllz, DMSO) 8 166.36, 154.41, 146.65, 139.59, 129.57, 128.43, 127.49,
126.94, 126.35, 42.31, 40.53, 31.41, 28.94, 28.62, 26.69, 22.23, 14.12.MS (ESL, pos.): m/z 327.24 (M+H)"; C19H26N4O (326.44).
Log & =1.809; CLogP = 5.690.

N-benzyl-3-(octylamino)pyrazine-2-carboxamide (3e)

Yellow liquid. Yield: 51 %; IR (cm™): 3309 (NH), 2970, 2926, 2855, 1653 (CO); 'H NMR (300 MHz, DMSO) 5 9.34 (t, J = 6.4 Hz,
IH, CONH), 8.71 (1, J = 5.5 Hz, 1H, NH), 8.24 (d, J = 2.5 Hz, 1H, HS), 7.75 (d, / = 2.4 Hz, 1H, H6), 7.30 (d, / = 4.4 Hz, 2H, ArH),
7.25-7.19 (m, 3H, ArH), 4.43 (d, J = 6.4 Hz, 2H, CHzAr), 3.37 (q, J= 6.6 Hz, 2H, CH>), 1.53 (p, J = 6.8 Hz, 2H, CH2), 1.38 — 1.12
(m, 1011, CII2), 0.91 — 0.77 (t,J = 6.7 11z, 311, CIL3); *C NMR (75 Mllz, DMSO) § 166.35, 154.41, 146.63, 139.58, 129.55, 128.42,
127.48, 126.93, 126.34, 42.31, 40.53, 31.41, 28.90, 28.82, 26.72, 22.26, 14.13.MS (ESI, pos.): m/z 341.23 (M+II)*; CaollsNsO
(340.47). Log k=2.054; CLogP = 6.219.

HPLC lipophilicity determination - capacity factor &£ and calculated log &

Agilent Technologies 1200 SL liquid chromatograph with Diode-array Detector SL G1315C, chromatographic column ZORBAX
XDB-C18 RRHTI1.8 um, 4.6 x 50 mm, Part No. 927975-902 (Agilent Technologies Inc., Colorado Springs, CO, USA) were used.
The separation process was controlled by Agilent ChemStation, version B.04.02 extended by spectral module (Agilent Technologies
Inc.). A solution of MeOH (HPLC grade, 70 %) with H2O (HPLC-Milli-Q Grade, 30 %) was used as mobile phase. The total [low of
mobile phase was 1.0 mI./min, injection 20 ul., column temperature 30 °C. 210 nm as detection wavelength and 270 nm as monitor
wavelength were chosen. The KI methanol solution was used for the dead time (Tp) determination. Retention times (Tr) of
synthesized compounds were measured in minutes. The capacity factors & were calculated using Microsoft FExcel according to
formula & = (Tr — Tp)/Tp, where Tr is the retention time of the solute and Tp denotes the dead time obtained via an unretained
analyte. Log £, calculated from the capacity factor %, is used as the lipophilicity index converted to log P scale. Method was used for
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compounds 1', 1a-e, 2a-e, 3" and 3a-e (measured in triplicates). Results were stated as average of n =3 (SD values were negligible,
relatively ranging from 0.01 to 0.19%).

HPLC chromatograms of compounds 3a-3e

Chromatograms of derivatives 3a-3e are included. Main peak of corresponding compound represents area in the range from 96.8 %
t0 99.2 % of total peak areas. This can be taken as one of the purity criteria. System peaks, /.e. peaks found in the dead time (0.46
min) are not taken into account as the peaks do not represent any substances.

N-benzyl-3-(butylamino)pyrazine-2-carboxamidce (3a)
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N-benzyl-3-(pentylamino)pyrazine-2-carboxamide (3b)
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N-benzyl-3-(hexylamino)pyrazine-2-carboxamide (3c)
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N-benzyl-3-(octylamino)pyrazine-2-carboxamide (3e)
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Lipophilicity calculation and correlation between measured and calculated data.

ClogP (the logarithm of n-octanol/water partition coefficient £ based on established chemical interactions) values were calculated
using the program CS ChemBioDraw Ultra ver. 14.0 (CambridgeSoft, Cambridge, MA, USA).

The dependence of the calculated ClogP values on the measured log & parameters showed a linearity within individual series of
compounds (Fig. 1) and the corresponding correlations can be expressed by the following regression equations:

1a-e: ClogP =2.4012 log k +2.7381; R> = 1.0000; n = 5
2a-e: ClogP =2.3750 log k +3.0580; R>=0.9998; n=35
3a-e: ClogP =2.1733 log k£ + 1.7580; R*=1.0000; n =5

As seen from Fig. 1, the Clog? algorithm did not distinguish between corresponding 6-alkylamino (la-e) and 5-alkylamino (2a-e)
isomers. For cxample, the calculated lipophilicity ClogP = 4.053 was the same for both isomers 1a and 2a. ClogP valucs predicted
for 3-alkylamino isomers (3a-e) were insignificantly compared to corresponding 5-alkylamino and 6-alkylamino derivatives (Clog/
for 3a was 4.103). On contrary, cxperimentally measured log & values indicate different lipophilicity for the positional isomers.
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Fig. 1. Plot of calculated ClogP values on experimentally determined log & parameters.
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Strikingly, 3-alkylamino isomers (3a-e) are much lipophilic then predicted. This is probably due to the possibility of intramolecular
H-bond formation as depicted for compound 3d in Fig. 2. Consequently, it can be assumed that log k values specify lipophilicity of
compounds more precisely than calculated ClogP values.

&2

Fig. 2. Predicted conformation of 3d as generated by CORINA 3D (available online at https:/www.molecular-
networks.com/online_demos/corina_demo).

MS analysis of side-product N-benzyl-6-benzylaminopyrazine-2-carboxamide (1')

The mass spectra were recorded in the mixture of MeOH, H>O, formic acid (80:20:0.02 v/v) using LCQ Advantage Max ion-trap
mass spectrometer (Thermo Finnigan, San Jose, CA, USA). The electrospray ionisation was performed in the positive mode.
According to the fragment analysis, N-benzyl-6-benzylaminopyrazine-2-carboxamide was identified as a side-product, Fig. 3.
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Fig. 3. Mass spectrum of side-product 1' with labelled fragments.

In vitro antimycobacterial evaluation

Microplate alamar blue assay.® Antimycobacterial evaluation was performed at the Department of Clinical Microbiology, University
Hospital and Faculty of Medicine in Hradec Kralové, Charles University in Prague, Czech Republic. Four mycobacterial strains
were used: Mycobacterium tuberculosis 1137Rv CNCTC My 331/88, M. avium CNCTC My 80/72, M. avium CNCTC My 152/73
and M. kansasii CNCTC My 235/80 (Czech National Collection of Type Cultures, National Institute of Public Ilealth, Prague, Czech
Republic). The test compounds were dissolved in DMSO, diluted with Sula’s semisynthetic medium (Trios, Prague, Czech
Republic) to final concentrations 100, 50, 25, 12.5, 6.25, 3.13 and 1.56 pg/mL and placed into microdilution panel. Tested species
were added in the form of suspension in isotonic saline solution. The final concentration of DMSO was 0.5 % (v/v); this
concentration of DMSO did not affect the growth of mycobacteria. The cultures were grown in Sula’s semisynthetic medium at
pH 5.6 and 37 °C. 30 uL of working solution (1:1 mixture of 0.1% resazurin sodium salt (aq. sol.) and 10% Tween 80) was used for
visualization of growth. The working solution was usually added after 5 days of incubation for M. avium, after 5-7 days for
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M. kansasii and 10-14 days for M. tuberculosis. Results were then determined after 24 h and interpreted according to Framzblau et
al.® The minimal inhibition concentration (MIC, pg/mL) was determined as the lowest concentration which prevented a colour
change from blue to pink.

Resistant strains: clinically isolated M. tuberculosis 234/2005, M. tuberculosis 9449/2007, M. tuberculosis 7357/1998,
M. tuberculosis 8666/2010, M. tuberculosis Praha 1, M. tuberculosis Praha 4 and M. tuberculosis Praha 131. Microplate dilution
method. Tested compounds were dissolved in DMSO, diluted with Sula’s semisynthetic medium (Irios, Prague, Czech Republic) to
final concentrations from 1 to 1000 pM. INH was used as a standard in a sterile water solution at a concentration range from 0.5 to
250 uM. Suspensions of the mycobacterial strains were adjusted to density of 1.0 on McFarland standard. MIC was determined as
the lowest concentration which inhibited the visual growth after incubation at 37 °C for 14/21 days.

Examples ol correlation belween antimycobacterial activity (selected strains) and lipophilicity log & are presented in Fig. 4 (for

compounds la-e) and Fig. 5 (for compounds 2a-e). A similar type of correlation was observed of all tested strains — activity
culminates in compounds with hexyl- to octylamino substitution (labelled c-e).
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Fig. 4. Correlation between antimycobacterial activity and lipophilicity (Log k) for compounds 1a-e. A: Multidrug-resistant
strain of Mycobacterium tuberculosis 234/2005; B: Multidrug-resistant strain of Mycobacterium tuberculosis 8666/2010.
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Fig. 5. Correlation between antimycobacterial activity and lipophilicity (Log k) for compounds 2a-e. A: Multidrug-resistant
strain of Mycobacterium tuberculosis 9449/2007; B: Multidrug-resistant strain of Mycobacterium tuberculosis Praha 1.

In vitro antibacterial evaluation

Microdilution broth method.” The organisms examined included strains from Czech Collection of Microorganisms (Brno, Czech
Republic): Staphylococcus aureus CCM 4516/08, Escherichia coli CCM 4517, Pseudomonas aeruginosa CCM 1961. These strains
are recommended as standards for testing of antibacterial activities. Other strains were clinical isolates (Department of Clinical
Microbiology, University Hospital and Faculty of Medicine in Hradec Kralové, Charles University in Prague, Czech Republic):
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Staphylococcus  aureus H 5996/08-methicilin resistant (MRSA), Staphylococcus epidermidis H 6966/08, Enterococcus sp.
114365/08, Klebsiella pneumoniae D 11750/08, Klebsiella pneumoniae J 14368/08-ESBL positive. All strains were subcultured on
Mueller-Hinton agar (MHA) (Difco/Becton Dickinson, Detroit, MI) at 35 °C. Bacterial inocula were prepared by suspending in
sterile 0.85% saline. The cell density of the inoculum was adjusted to yield suspension of density equivalent 0.5 McFarland scale
(1.5 x 10% viable CFU/mL.). The compounds were dissolved in DMSO, and the antibacterial activity was determined in Mueller-
Hinton liquid broth (Difco/Becton Dickinson, Detroit, MI), buffered to pIT 7.0. Controls consisted of medium and DMSO alone. The
final concentration of DMSO in the test medium did not exceed 1% (v/v) of the total solution composition. The minimum inhibitory
concentration (MIC), defined as 95% inhibition of bacterial growth as compared to control, was determined after 24 and 48 h of
static incubation at 35 °C.

Table 1.
Antibacterial activity of the most active derivatives, MIC values defined as
95% inhibition of bacterial growth.

MIC (uM)

No. SA MRSA SE

24h 48h 24h 48h 24h 48h
la 62.5 62.5 =500 =500 250 =500
1b 125 >500 125 >500 125 =500
le 313 500 31.3 500 31.3 500
1d 500 >500 250 >500 500 =500
le 39 39 31.3 500 62.5 =500
Neomycin 1.95 39 39 7.81 15.6 15.6
Bacitracin 7.81 7.81 7.81 31.3 15.6 31.3
Penicillin G 049  0.98 62.5 125 125 250

SA = Staphylococcus aureus
MRSA = methicillin-resistant S. aureus
SE = 8. epidermidis

In vitro antifungal evaluation

The Department of Medical and Biological Scicences at the Faculty of Pharmacy in ITradce Kralové, Charles University in Praguc,
Czech Republic, performed the antifungal susceptibility assays, which was carricd out using microdilution broth method. (National
Committee for Clinical Laboratory Standards (NCCLS). Method for Antifungal Disc Diffusion Susceptibility Testing of Yeasts:
Approved Guideline M44-A; NCCLS: Wayne, PA, USA, 2004.) Compounds were dissolved in DMSO and diluted in a twofold
manner with RPMI 1640 medium with glutamine buffered to pH 7.0 (3-morpholinopropane-1-sulfonic acid). The final concentration
of DMSO in the tested medium did not exceed 2.5 % (v/v) of the total solution composition. Static incubation was performed in the
dark and humid, at 35 °C for 24 and 48 h (respectively 72 and 120 h for Trichophyton mentagrophytes). Drug-[ree controls were
included. Tluconazole was used as standard. Tested species: Candida albicans ATCC 44859, C. tropicalis 156, C. krusei T:28,
C. glabrata 20/1, Trichosporon asahii 1188, Aspergillus fumigates 231, Lichtheimia corymbifera 272 and Trichophyton
mentagrophytes 445.

Cytotoxicity measurement

Cytotoxicity was investigated on Crandell feline kidney (CrFK) cells, human cmbryonic lung (ITEL) fibroblasts, human cervix
cpithclial (ITcLa) and African green monkey kidney (Vero) cells, according to published procedures.'%!? Brictly, the cclls werc
seeded in 96-well plates and allowed to reach subconfluency. After addition of the test compounds at serial dilutions, the cultures
were incubated at 37°C during 4-6 days. Then, the compounds’ cytotoxicity was determined by microscopy and expressed as the
minimal cytotoxic concentration (MCC) or compound concentration producing minimal changes in cell morphology, or by
performing the formazan-based MTS cell viability assay, yielding the 50% cytotoxic concentration (CCso)'''2.

Antiviral evaluation

Antiviral activity in cell culture was assessed by cytopathic effect (CPE) reduction assays with a broad panel of viruses!*!2, The
following viruses were examined on human cmbryonic lung fibroblast cells: herpes simplex virus type 1 (IISV-1); a thymidine
kinasc-deficient (TK") TISV-1 KOS strain resistant to acyclovir; herpes simplex virus type 2 (IISV-2); vaccinia virus; human
adenovirus type 2; and vesicular stomatitis virus (VSV). The viruses examined on human cervix carcinoma HeLa cells were: VSV;
Coxsackic B4 virus; and respiratory syncytial virus (RSV). African Green Monkey Vero cells were used to determine the antiviral
effect on para-influenza-3 virus; reovirus-1; Sindbis virus; Coxsackie B4 virus and Punta Toro virus. Human influenza A/HINI,
A/H3N2 and B viruses were assessed on Madin-Darby canine kidney (MDCK) cells. Tinally, activity against human
immunodeficiency virus (HIV) type 1 and type 2 was studied in human MT-4 lymphoblast cells. To perform the tests, the virus was
added to semiconfluent cell cultures in 96-well plates and, simultaneously, serial dilutions of the test compounds were added. The
plates were incubated until clear CPE was reached (typically 3-6 days). Microscopic scoring was then performed to determine the
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antiviral activity [expressed as 50% effective concentration (T:Cso)]. In the case of HIV-1, HIV-2 and influenza virus, virus-induced
CPT was determined by the colorimetric formazan-based MTS cell viability assay.

Effect on mycolic acid synthesis

The strain of Mycobacterium tuberculosis H37Ra (ODsoo = 0.185) was grown in the presence of compounds 1d and 2e (5 pg/ml.) or
isoniazid (5 pg/mL) at 37°C for 20 h and then [1,2-'%C] acetate (0.5 pCi/ml., specific activity 106 mCi/mmol, Amersham
Radiolabeled Chemicals) was added followed by further 24 h cultivation. The cells were harvested and excessively washed with
physiological saline solution. Mycolic acid methyl esters were prepared as described previously."” Briefly, 1 mL of 15%
tetrabutylammonium hydroxide (Sigma-Aldrich) was added to cell pellets and the samples were saponified at 100 °C overnight.
Fatty/mycolic acids were subsequently methylated by adding 1.5 mL of dichloromethane, 150 pL of iodomethane and 1 mL of dd
H20 for 4 h at room temperature with mixing. After centrifugation, the upper layer was discarded and the lower organic phase was
washed twice with dd H2O, dried under nitrogen and extracted by 2 ml. of diethyl ether. After bath sonication and centrifugation at
1 000 x g diethyl ether extract was transferred to a new glass tube, dried under nitrogen and dissolved in 200 pL of CIICL:/CIOII
(2:1, v/v). '*C labelled FAME/MAME werc analyzed by TLC. For cach sample 10 000 dpm were loaded on Silica Gel 60-precoated
Fasa plates and developed in n-hexane/cthyl acctate (95:5, v/v, 3 x). The FAME/MAME were visualized by cxposurc of TLC platcs
to Kodax Biomax MR films for 5 days at -70°C.

Docking procedure

All molccular modelling was donc using Schrodinger Suitc (Relcasc 2014-2) and visualizations were preparcd in Macstro 9.8
(Schrédinger, Inc.). Ligands were drawn manually in Maestro, converted to 3D and prepared as ligands using LigPrep (energy
minimization using OPLS_ 2005 force ficld, generation of possible states at pII 7.0 + 2.0, without gencration of tautomers). Target
protein was downloaded from PDB databank (pdb: 2X23) and prepared using Maestro Protein Preparation Wizard with default
settings and as follows. lonisation states of protein residues and cofactor NAD' were calculated by PROPKA with default settings
(pH = 7.0 £ 3.0). Water molecules were removed with the exception of HOH2009, HOH2112 and HOH2171, which mediate the
interaction of NAD™ with protein. Grid box for docking box was centered on the co-crystallized inhibitor and had outer size of 22 A
Lo easily accommodate even large octylamino derivatives. The docking was performed using Glide in XP (exlra precision) mode
with {lexible sampling of ligands and without any constraints. Hydroxyl of Phel58 and 2°-OH of the ribose of NAD" were treated as
rotatable.

Table 2.

Best XP GScore values for compounds 1e-e, 2¢-e and 3e-e docked into the active site of mycobacterial enoyl-ACP-reductase (InhA, pdb:
2X23) in comparison with co-crystallized ligand PT70.

Compound PT70 lc 1d le 2¢ 2d 2e 3¢ 3d 3e
XP GScore -10.543 -8.752 -8.566 -9.705 -9.048 -9.208 -8.330 -3.692 -5.545 -6.175
References:
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1969; Chem. Abstr. 1969, 71, 112979y.
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PRILOHA P7

VANASKOVA, B. Syntéza a biologické hodnoceni cykloalkylamino derivati N-fenylpyrazin-
2-karboxamidu a N-benzylpyrazin-2-karboxamidu. Metodika hodnoceni inhibice syntézy TDM,
TMM a PIMs. Nepublikovana data. 2015.
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Syntéza a biologické hodnoceni cykloalkylamino derivati odvozenych
od N-fenylpyrazin-2-karboxamidu a N-benzylpyrazin-2-karboxamidu.
Metodika hodnoceni inhibice syntézy TDM, TMM a PIMs.

Tato piiloha obsahuje podrobnosti tykajici se syntézy cykloalkylamino derivatd N-fenyl a
N-benzylpyrazin-2-karboxamidu, pouzitych metod a pfistrojového vybaveni. Dale jsou zde
uvedena analyticka data pfipravenych sloucenin, vysledky hodnoceni antimykobakterialni,
antifungalni a antibakterialni aktivity a cytotoxicity. V ramci této ptilohy je popsana i metodika

hodnoceni inhibice syntézy nékterych esencialnich slozek mykobakterialni bunééné stény.

Bylo ptipraveno 12 novych v literatufe nepopsanych slou¢enin odvozenych od N-fenyl a

N-benzylpyrazin-2-karboxamidu.

Schéma 10: Priprava finalnich sloucenin 1a — 4c.
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a) cykloalkylamin, TEA, EtOH, reflux, 3 — 6 hod.

VYSLEDKY BIOLOGICKEHO TESTOVANI

Antimykobakterialni aktivita

Piehled antimykobakterialni aktivity pfipravenych latek viz Tabulka 1. Substituce chloru za
cykloalkylamino skupinu vede v piipadé derivati substituovanych do polohy 5 k poklesu ¢i ztraté
aktivity vici Mycobacterium tuberculosis H37Rv ve srovnani s vychozimi latkami VL 1 a VL 3 (s
vyjimkou latky 1b — aktivita zachovana). V ptipadé 6-isomert byla aktivita zachovana (4a — 4c) ¢i
doslo k mirnému zvyseni aktivity (2a — 2€) ve srovnani s vychozimi latkami VL 2 a VL 4, u téchto
derivatt byl navic pozorovan narist aktivity va¢i Mycobacterium kansasii (MIC = 12,5 pg/ml). Ve
srovnani s pouzitymi standardy vykazaly nejuéinnéj$i derivaty aktivitu vaéi Mycobacterium
tuberculosis H37Rv pievysujici aktivitu PZA (MIC = 12,5 ug/ml), respektive aktivitu vaci
Mycobacterium kansasii srovnatelnou s INH (MIC = 6,25 pg/ml).

S vyjimkou latky 2b (aktivita viici Mycobacterium avium 152/73) nebyla pozorovana aktivita

vuéi testovanym kmeniim Mycobacterium avium.
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Tabulka 13: Prehled pripravenych sloucenin a vysledky antimykobakterialni aktivity
vyjadiené pomoci MIC (png/ml).

M. M.

Kéd R tuberculosis? kansasii® | M. avium®
0 /@ la -CeHu11 6.25 6.25 >100
] /[Nj)Lﬁ b | -CiHu 156 >100 >100
NN 1c -CgHis >100 >100 >100
VL1| 156-313 25 >100
o 2a | -CeHu 12.5/25* 12,5 >100
R’H\[Nj)LQQ 2b | -CiHis 12.5 12.5 12.5
N 2c | -CoHis 3.13 12.5 n. d.
VL 2 25 >100 >100
0 3a | -CeHu >100 >100 >100
/[Njﬂﬁ/\(j 3b | -CrHhs 100 >100 >100
R‘ﬁ N 3¢ | -CeHis >100 >100 >100
VL 3 25 100 >100
H o} da -CeH11 12.5 12.5 n. d.
R’N\[Nj)Lﬁ/\Ej 4b -C/Hi3 12.5 12.5 n. d.
N 4c | -CeHis 125 >100 n. d.
VL 4 12,5 100 >100
PZA 12,5 >100 >100
INH 0.2 6.25 6.25

#H37Rv CNCTC My 331/88; ® CNCTC My 235/80; * CNCTC My 152/73. n. d. = neni dostupné.
PZA = pyrazinamid; INH = isoniazid.

Antibakterialni aktivita

Zadny zpfipravenych derivatd nevykazal aktivitu vi¢i Gram-negativnim bakteriim.
V piipadé antifungdlni aktivity byla u casti latek pozorovana pouze zanedbatelnd aktivita vici
Trichophyton mentagrophytes 445 (MIC > 125 umol/l).

6-Cykloheptylamino a 6-cyklooktylamino derivaty vykazaly aktivitu vii¢i Gram-pozitivnim
bakteriim — Staphylococcus aureus CCM 4516/08 (SA), meticilin rezistentni Staphylococcus
aureus H5996/08 (MRSA) a Staphylococcus epidermidis H6966/08 (SE). V pfipadé derivata
odvozenych od N-fenylpyrazin-2-karboxamidu byla aktivita srovnatelnou ¢i pievySujici aktivitu

pouzitych standardu, viz Tabulka 2.
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Tabulka 14: Prehled derivatu s antibakterialni aktivitou.

MIC (umol/l)

Struktura Kéd | n R SA MRSA Se
24h | 48h | 24h | 48h | 24h | 48h
o 2b 0 -C/Hwiz | 781 | 7,81 | 781 | 7,81 | 39 3,9
R,H Nj)LN 2c 0 -CeHis | 195 | 1,95 | 7,81 | 7,81 | 0,98 | 0,98
\[ _ HH© 4b 1 -C7Hi3 | 62,5 | 62,5 | >500 | >500 | 31,25 | 31,25
N 4c 1 -CgHi1s | 15,62 | 15,62 | 500 | 500 250 250
Pen| 0,49 | 0,98 | 62,5 | 125 125 250
Cip| 0,24 | 0,49 | 250 | 500 250 250
Bac| 7,81 | 7,81 | 7,81 | 31,25 | 15,62 | 31,25
Neom | 1,95 3,9 39 | 7,81 | 15,62 | 15,62

Pen = penicilin G, Cip = ciprofloxacin, Bac = bacitracin, Neom = neomycin sulfat.

Cytotoxicita

Vysledky testovani cytotoxicity na HepG2 buikach byly vyjadfeny pomoci inhibi¢nich

koncentraci ICsp, testovany byly pfedev§im derivaty se slibnou antimykobakterialni aktivitou.

V disledku nizké rozpustnosti latky 1a v testovacim médium nebylo mozné urcit ptesnou hodnotu

I1Cs0, nicméné ani pii maximalni koncentraci dosazené pii fedéni latky nebyl pozorovan cytotoxicky

efekt na HepG2 bunky. Na zakladé trendu inhibi¢ni kiivky byla pro latku la vypocitana hodnota

ICs0 (daj uvedeny v zavorce, viz Tabulka 3). Index selektivity byl vypo¢itan s vyuzitim hodnot

MIC vici Mycobacterium tuberculosis H37Rv (v umol/l).

Z testovanych latek vykazala nizkou cytotoxicitu na HepG2 (ICso = 48,7 umol/l, SI=9,7) a

slibnou antimykobakterialni aktivitu pouze slouc¢enina 1b, tj. 6-cykloheptylamino-N-fenylpyrazin-

2-karboxamid. 6-Cykloalkylamino derivaty byly pomérné toxické vii¢i HepG2 bunkam.

Tabulka 15: Prehled cytotoxicity vybranych cykloalkylamino derivatii na HepG2 buiiky.

Struktura Kad n R 1Cso (umol/l) SI*

la | 0 | 5CeHu | >100(121,2) | >4,7(57)
Q b | 0 | 5CiHi 48,7 9,7
; —(Nj)tﬁ%@ 26 | 0 | 6CHi 193 05
R™ K7 2c | 0 | 6-CsHis 18,5 2,0
4a | 1 | 6-CoH 102,0 2,5

* Hodnoty SI vypocitané pro Mycobacterium tuberculosis H37Rv (ICso/MIC v umol/l).
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METODICKA CAST

Syntéza

Vychozi latky 1-4 (VL 1-4) i finadlni produkty la-4c byly pfipraveny dle postupt
uvedenych v ptilohach P1, P2, P5 a P6.

Vlastni syntéza cykloalkylamino derivatd probihala nasledovné: Odpovidajici vychozi latka
(0,5 mmol) byla rozpusténa v EtOH. Do roztoku byl pfidan piislusny cykloalkylamin
(2 ekvivalenty, tj. 1 mmol) a TEA (1 ekvivalent, tj. 0,5 mmol). Poté byla smés zahiivana k varu po
dobu 3 az 6 hod. Po evaporaci rozpoustédla byl prebytek cykloalkylaminu odstranén vytfepanim
do vody okyselené 35% HCI. Organicka faze (CHCl) byla nasledné vysusena bezvodym siranem
sodnym, adsorbovana na silikagel a precisténa pomoci flash chromatografie. Finalni produkty byly

Vv ptipadé potieby rekrystalizovany z ethanolu s ptidavkem aktivniho uhli.

Obecné postupy a piistrojové vybaveni

Experimentalni podminky a ptistrojové vybaveni jsou shodné s uvedenymi v ptiloze P5.

Analyticka data pripravenych slou¢enin

5-Cyklohexylamino-N-fenylpyrazin-2-karboxamid (1a). Bila krystalicka latka. Vytézek:
55,2 %. T = 145,1-146,0 °C. IR (cm™, ATR-Ge) 3291, 2936, 2853, 1660. ‘H NMR (500 MHz,
DMSO) 6 10.05 (s, 1H, CONH), 8.63 (d, J = 1.3 Hz, 1H, 3H), 7.95 (d, J = 1.3 Hz, 1H, 6H), 7.86 —
7.82 (m, 2H, ArH), 7.75 (d, J = 7.6 Hz, 1H, NH), 7.31 (dd, J = 8.5, 7.3 Hz, 2H, ArH), 7.06 (tt, J =
7.4, 1.3 Hz, 1H, ArH), 3.91 - 3.67 (m, 1H, CH), 2.00 — 1.79 (m, 2H, CH,), 1.79 — 1.65 (m, 2H,
CHy), 1.63 - 1.51 (m, 1H, CHy), 1.45 — 1.04 (m, 5H, CH,). *C NMR (125 MHz, DMSO) & 162.54,
155.54, 143.12, 138.93, 131.71, 131.43, 128.72, 123.47, 120.07, 48.95, 32.21, 25.44, 24.58.
Vypoéitano pro C17H20N4O (296.37): C, 68.90; H, 6.80; N, 18.90; a nalezeno: C, 68.79; H, 6.83; N,
19.01. Log P: 2.35, CLogP: 4.318.

5-Cykloheptylamino-N-fenylpyrazin-2-karboxamid (1b). Bila krystalicka latka. Vytézek:
60,2 %. T = 147.9-148.5 °C. IR (cm™, ATR-Ge) 3255, 2928, 2856, 1671. ‘H NMR (500 MHz,
DMSO) 6 10.05 (s, 1H, CONH), 8.63 (d, J = 1.3 Hz, 1H, 3H), 7.94 (d, J = 1.4 Hz, 1H, 6H), 7.86 —
7.82 (m, 2H, ArH), 7.78 (d, J = 7.6 Hz, 1H, NH), 7.31 (dd, J = 8.6, 7.2 Hz, 2H, ArH), 7.06 (t, J =
7.4 Hz, 1H, ArH), 4.05 — 3.94 (m, 1H, CH), 1.96 — 1.86 (m, 2H, CH,), 1.69 — 1.39 (m, 10H, CH,).
13C NMR (125 MHz, DMSO) & 162.57, 155.32, 143.14, 138.94, 131.63, 131.51, 128.72, 123.47,
120.07, 51.01, 34.02, 28.06, 23.74. Vypocitano pro CisH22N4O (310.40): C, 69.65; H, 7.14; N,
18.05; a nalezeno: C, 69.72; H, 7.18; N, 18.00. Log P: 2.77, CLogP: 4.877.
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5-Cyklooktylamino-N-fenylpyrazin-2-karboxamid (1c). Bila krystalicka latka. Vytézek:
61,2 %. Ty = 134.9-136.2 °C. IR (cm™, ATR-Ge) 3291, 2920, 2854, 1661. ‘H NMR (500 MHz,
DMSO) 6 10.05 (s, 1H, CONH), 8.63 (d, J = 1.3 Hz, 1H, 3H), 7.95 (d, J = 1.4 Hz, 1H, 6H), 7.84
(m, 2H, ArH), 7.77 (d, J = 7.6 Hz, 1H, NH), 7.31 (dd, J = 8.5, 7.2 Hz, 2H, ArH), 7.08 — 7.04 (m,
1H, ArH), 4.09 — 4.00 (m, 1H, CH), 1.86 — 1.77 (m, 2H, CH>), 1.75 - 1.43 (m, 12H, CH,). ®C NMR
(125 MHz, DMSO) & 162.56, 155.32, 143.15, 138.94, 131.59, 131.56, 128.71, 123.46, 120.06,
50.01, 30.97, 27.14, 25.17, 23.33. Vypocitano pro C19H24N4O (324.43): C, 70.34; H, 7.46; N, 17.27,
a nalezeno: C, 70.27; H, 7.57; N, 17.26. Log P: 3.18, CLogP: 5.436.

6-Cyclohexylamino-N-fenylpyrazin-2-karboxamid (1a). Bila krystalicka latka. Vytézek:
58,1 %. T; = 138.4-139.7 °C. IR (cm™, ATR-Ge) 3319, 2938, 2853, 1671. *H NMR (500 MHz,
CDCls) 8 9.59 (bs, 1H, CONH), 8.68 (s, 1H, 3H), 8.05 (s, 1H, 5H), 7.76 — 7.67 (m, 2H, ArH), 7.39
(dd, J = 8.5, 7.3 Hz, 2H, ArH), 7.20 — 7.13 (m, 1H, ArH), 4.82 (d, J = 7.8 Hz, 1H, NH), 3.81 - 3.72
(m, 1H, CH), 2.17 — 2.09 (m, 2H, CHy), 1.85 (m, 2H, CH>), 1.73 (m, 1H, CHy), 1.54 - 1.42 (m, 2H,
CHy), 1.38 — 1.25 (m, 3H, CH,). °C NMR (125 MHz, CDCls) § 161.64, 151.79, 141.13, 137.50,
135.55, 131.53, 129.10, 124.41, 119.53, 50.23, 32.86, 25.60, 24.79. Vypocitano pro Ci7H20NsO
(296.37): C, 68.90; H, 6.80; N, 18.90; a nalezeno: C, 68.97; H, 6.67; N, 18.84. Log P: 2.35, CLogP:
4.318.

6-Cykloheptyamino-N-fenylpyrazin-2-karboxamid (2b). Bila krystalicka latka. Vytézek:
53,9 %. T = 106.4-107.3 °C. IR (cm™, ATR-Ge) 3330, 2932, 2851, 1682. ‘H NMR (500 MHz,
DMSO) & 10.01 (s, 1H, CONH), 8.26 (s, 1H, 3H), 8.12 (s, 1H, 5H), 7.86 — 7.69 (m, 2H, ArH), 7.42
(d, J=7.9 Hz, 1H, NH), 7.39 (dd, J = 8.5, 7.3 Hz, 2H, ArH), 7.16 — 7.11 (m, 1H, ArH), 4.20 — 4.12
(m, 1H, CH), 1.95 (m, 2H, CH,), 1.73 - 1.48 (m, 10H, CH,). *C NMR (125 MHz, DMSO0) § 162.42,
152.63, 141.42, 138.08, 137.10, 129.01, 124.26, 120.14, 109.70, 50.61, 33.88, 28.15, 24.02.
Vypoéitano pro Ci1sH22N4O (310.40): C, 69.65; H, 7.14; N, 18.05; a nalezeno: C, 69.72; H, 7.10; N,
18.13. Log P: 2.77, CLogP: 4.877.

6-Cyklooktylamino-N-fenylpyrazin-2-karboxamid (2c). Bila krystalicka latka. Vytézek:
65.8 %. Ty = 101.6-102.9°C. IR (cm™, ATR-Ge) 3284, 2926, 2861, 1655. '"H NMR (500 MHz,
CDCls) § 9.63 (bs, 1H, CONH), 8.66 (s, 1H, 3H), 8.04 (s, 1H, 5H), 7.74 — 7.69 (m, 2H, ArH), 7.41
—7.35(m, 2H, ArH), 7.18 — 7.12 (m, 1H, ArH), 4.97 (d, J = 7.4 Hz, 1H, NH), 4.07 — 3.98 (m, 1H,
CH), 2.02 - 1.92 (m, 4H, CH,), 1.87 — 1.55 (m, 10H, CH,). *C NMR (125 MHz, CDCl3) § 161.71,
151.67, 141.11, 137.54, 136.07, 131.22, 129.10, 124.38, 119.46, 51.03, 32.54, 26.91, 26.01, 24.13.
Anal. Calcd. For C19H24N4O (324.43) C, 70.34; H, 7.46; N, 17.27; O, 4.93; a nalezeno: C, 70.41;
H, 7.49; N, 17.21. Log P: 3.18, CLogP: 5.436.
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N-Benzyl-5-cyklohexylaminopyrazin-2-karboxamid (3a). Bila krystalicka latka. Vytézek:
80,4 %. Ty = 217.3-218.9 °C. IR (cm™, ATR-Ge) 3288, 2923, 2852, 1656. ‘H NMR (500 MHz,
DMSO) 6 8.76 (t, J = 6.4 Hz, 1H, CONH), 8.51 (s, 1H, 3H), 7.86 (s, 1H, 6H), 7.59 (d, J = 7.6 Hz,
1H, NH), 7.29 (m, 4H, ArH), 7.21 (m, 1H, ArH), 4.43 (d, J = 6.4 Hz, 2H, CH-Ar), 3.77 (dt, J =
7.1, 3.4 Hz, 1H, CH), 1.89 (m, 2H, CHy), 1.73 — 1.65 (m, 2H, CH>), 1.64 — 1.47 (m, 1H, CH,), 1.40
— 1.05 (m, 5H, CH,). C NMR (125 MHz, DMSO) & 163.96, 155.47, 142.32, 140.08, 132.01,
131.48, 128.35, 127.45, 126.79, 48.85, 42.18, 32.24, 25.47, 24.60. Vypocitano pro CigH22N4O
(310.40): C, 69.65; H, 7.14; N, 18.05; a nalezeno: C, 69.76; H, 7.23; N, 17.95. Log P: 2.42, CLogP:
4.497.

N-Benzyl-5-cykloheptylaminopyrazin-2-karboxamid (3b). Bila krystalicka latka.
Vytézek: 63,8 %. Ty = 201.9-202.5 °C. IR (cm™, ATR-Ge) 3296, 2926, 2855, 1656. 'H NMR
(500 MHz, DMSO) 6 8.77 (t, J = 6.4 Hz, 1H, CONH), 8.52 (d, J = 1.3 Hz, 1H, 3H), 7.86 (d, J = 1.4
Hz, 1H, 6H), 7.63 (d, J = 7.6 Hz, 1H, NH), 7.34 — 7.25 (m, 4H, ArH), 7.24 — 7.17 (m, 1H, ArH),
4.43 (d, J = 6.4 Hz, 2H, CH,-Ar), 4.01 - 3.91 (m, 1H, CH), 1.94 — 1.83 (m, 2H, CH,), 1.66 — 1.38
(m, 10H, CHy). C NMR (125 MHz, DMSO) & 163.98, 155.24, 142.34, 140.08, 131.92, 131.59,
128.33, 127.45, 126.78, 50.92, 42.19, 34.03, 28.05, 23.72. Vypocitano pro C19H24N4O (324.43): C,
70.34; H, 7.46; N, 17.27; a nalezeno: C, 70.30; H, 7.39; N, 17.41. Log P: 2.84, CLogP: 5.056.

N-Benzyl-5-cyklooktylaminopyrazin-2-karboxamid (3c). Bila krystalicka latka. Vytézek:
82,8 %. T = 103.8-105.3 °C. IR (cm™, ATR-Ge) 3289, 2923, 2852, 1659. ‘H NMR (500 MHz,
DMSO) 6 8.76 (t, J = 6.4 Hz, 1H, CONH), 8.51 (s, 1H, 3H), 7.86 (s, 1H, 6H), 7.62 (d, J = 7.9 Hz,
1H, NH), 7.32 — 7.24 (m, 4H, ArH), 7.24 —7.17 (m, 1H, ArH), 4.43 (d, J = 6.4 Hz, 2H, CH-Ar),
4,07 — 3.94 (m, 1H, CH,), 1.86 — 1.73 (m, 2H, CH,), 1.73 — 1.38 (m, 12H, CH,). *C NMR (125
MHz, DMSO) 6 163.97, 155.24, 142.34, 140.08, 131.88, 131.54, 128.33, 127.44, 126.78, 49.91,
42.18,30.96, 27.15, 25.15, 23.32. Vypocitano pro C20H26N4O (338.46): C, 70.98; H, 7.74; N, 16.55;
a nalezeno: C, 71.10; H, 7.68; N, 16.53. Log P: 3.25, CLogP: 5.615.

N-Benzyl-6-cyklohexylaminopyrazin-2-karboxamid (4a). Bila krystalicka latka. Vytézek:
71,2 %. T, = 108.1-110.0 °C. IR (cm™, ATR-Ge) 3237, 2929, 2850, 1683. ‘H NMR (500 MHz,
DMSO) 6 8.85 (t, J = 6.4 Hz, 1H, CONH), 8.17 (s, 1H, H3), 8.05 (s, 1H, H5), 7.35 — 7.13 (m, 6H,
ArH, NH), 4.51 (d, J = 6.3 Hz, 2H, CH-Ar), 3.98 — 3.88 (m, 1H, CH), 1.94 — 1.84 (m, 2H, CH,),
1.73-1.64 (m, 2H, CHy), 1.61 - 1.51 (m, 1H, CH>), 1.43-1.32 (m, 2H, CHy), 1.27 — 1.14 (m, 3H,
CH,). C NMR (125 MHz, DMSO) & 164.19, 153.02, 141.65, 139.64, 136.80, 128.95, 128.46,
127.16, 126.92, 48.03, 42.32, 32.35, 25.56, 24.46. Vypocitano pro CigH2N4+O (310.40): C, 69.65;
H, 7.14; N, 18.05; a nalezeno: C, 69.68; H, 7.19; N, 17.91. Log P: 2.42, CLogP: 4.497.
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N-Benzyl-6-cykloheptylaminopyrazin-2-karboxamid (4b). Bila krystalicka latka.
Vytézek: 48,2 %. Ti = 114.8-116.2 °C IR (cm™, ATR-Ge) 3316, 2925, 2854, 1683. ‘*H NMR (500
MHz, aceton) 8 8.56 (bs, 1H, CONH), 8.37 (s, 1H, H3), 8.10 (s, 1H, H5), 7.49 — 7.30 (m, 4H, ArH),
7.30 — 7.17 (m, 1H, ArH), 6.54 (d, J = 8.0 Hz, 1H, NH), 4.61 (d, J = 6.2 Hz, 2H, CH,-Ar), 4.14 —
4.05 (m, 1H, CH), 2.03 — 1.95 (m, 2H, CH,), 1.71 — 1.43 (m, 10H, CH,). *C NMR (125 MHz,
acetone) & 164.70, 153.65, 142.34, 140.34, 137.69, 130.54, 129.23, 128.18, 127.78, 51.85, 43.31,
34.98, 29.03, 24.84. Vypocitano pro C19H24N4O (324.43): C, 70.34; H, 7.46; N, 17.27; a nalezeno:
C, 70.21; H, 7.58; N, 17.14. Log P: 2.84, CLogP: 5.056.

N-Benzyl-6-cyklooktylaminopyrazin-2-karboxamid (4c). Bila krystalicka latka. Vytézek:
67,5 %. T = 94.7-96.2 °C. IR (cm™, ATR-Ge) 3319, 2921, 2852, 1656. *H NMR (500 MHz,
acetone) & 8.49 (bs, 1H, CONH), 8.36 (s, 1H, H3), 8.10 (s, 1H, H5), 7.41 —7.32 (m, 4H, ArH), 7.30
—7.24 (m, 1H. ArH), 6.53 (d, J = 7.9 Hz, 1H, NH), 4.60 (d, J = 6.2 Hz, 2H, CH»-Ar), 4.16 — 4.08
(m, 1H, CH), 1.92 — 1.79 (m, 2H, CH>), 1.78 — 1.66 (m, 2H, CH>), 1.65 — 1.46 (m, 10H, CH,). *°C
NMR (125 MHz, acetone) 6 164.63, 153.64, 142.31, 140.20, 137.80, 130.49, 129.28, 128.31,
127.86, 50.82, 43.42, 32.45, 27.90, 26.42, 24.55. Vypocitano pro C2H2sN4O (338.46): C, 70.98; H,
7.74; N, 16.55; a nalezeno: C, 70.93; H, 7.84; N, 16.59. Log P: 3.25, CLogP: 5.615.

Antimykobakterialni aktivita

U v8ech pripravenych latek byla testovana aktivita viéi Mycobacterium tuberculosis H37Rv
a tfem kmentim atypickych mykobakterii — M. kansasii a dvéma kmenim M. avium dle metodik
uvedenych napiiklad v ptiloze P6. Slou¢eniny byly testovany ve finalnich koncentracich 100, 50,

25,125, 6,25, 3,13 a 1,56 pg/ml.

Antibakterialni a antifungalni aktivita
Antibakteridlni a antifungdlni aktivita byla hodnocena dle bé&zné uzivanych metodik

popsanych naptiklad v ptiloze P6.

Cytotoxicita

U sloucenin s nejvyssi antimykobakterialni aktivitou byla hodnocena cytotoxicita na HepG2
buiikach s vyuzitim postupid popsanych v ptiloze P5. K testovani byly pouzity HepG2 buniky, pasaz
35 - 36.
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METODIKA HODNOCENI INHIBICE SYNTEZY TDM, TMM A PIMs.

Kultivace Mycobacterium tuberculosis H37Ra probihala dle podminek popsanych v ptiloze
P6. Mykobakterie byly kultivovany 20 hod s testovanou latkou (koncentrace 5 pg/ml) ¢i INH
(koncentrace 5 pg/ml). Poté byla piidana radioaktivni znatka (*C octan sodny v koncentraci
0,5 uCi/ml) a nasledovala kultivace po dobu 24 hod (37 °C, michano). Poté byly mykobakterie
odstiedény, promyty fyziologickym roztokem a nasledné usmrceny a extrahovany smési CHCls
s CH3OH v poméru 1:2 (1x, 1,5 hod, 56 °C) a nasledné smési v poméru 2:1 (2%, 2 hod, 56 °C).
Organické frakce byly odebrany, spojeny a vysuSeny pomoci Na. Ke zbytku byla pfidana smés
CHCls, CH3OH a H;0 v poméru 4:2:1. Po odstiedéni a rozdéleni vrstev byla odebrana spodni
organicka faze, vysuSena pod N2 a zbytek byl rozpustén ve 200 ul smési CHCl; a CH3;0H (2:1).
YC znagené TMM, TDM a PIMs byly separovany pomoci TLC (desky Silica 60 Fyss, nanaseno
10000 dpm). Mobilni faze se liSily dle separovanych slozek:

- PIMs: CHCl3 : CH30H : NH4OH : H,O (65:25:0,5:4) — 1ze uzit i k analyze TMM/TDM

- TMM/TDM: CHCI; : CH3OH : H20 (40:8:1).

Vizualizace: TLC desky byly zaloZzeny s fotografickym filmem Kodax Biomax MR a

nasledné uchovavany 5 dnu pti -70 °C. Nasledné byly filmy vyvolany a dosuSeny pii laboratorni

teploté.
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