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Abstrakt

HIV-1 proteasa hraje zasadni roli v pozdni fazi Zivotniho cyklu HIV viru, kdy §tépi virové
polyproteinové prekursory na strukturni a funkéni proteiny. Pokud je G¢inné inhibovana, HIV
partikule zlstavaji nezralé a neinfekcni. Pouziti vysoce ucinné antiretrovirové 1écby (HAART)
zahrnujici proteasové inhibitory miiZe snizit hladinu HIV-1 v plasmé pacientli pod detek¢ni limit,
a tak velmi vyznamné zlepSit prognézu jejich onemocnéni. Pouziti prvnich inhibitord bylo
poznamenano vaznymi vedlej§imi ucinky, nizkou biologickou dostupnosti, nutnymi vysokymi
davkami lé¢iv a predevSim rychlym rozvojem virové rezistence pod selekénim tlakem 1éCiv. Ve
snaze piekonat tyto komplikace byla vyvinuta druha generace inhibitorti. Navzdory nespornému
zlepseni, které prinesly do antiretrovirové 1éCby, je dalsi vyvoj novych velmi uc¢innych HIV-1
proteasovych inhibitorti s optimalnimi farmakokinetickymi vlastnostmi, vysokou metabolickou
stabilitou, minimalizovanymi vedlejS$imi G¢inky a predevSim s piiznivym rezistencnim profilem
vysoce zadouci.

V predkladané disertacni praci je uveden piehled 1€kt k1écbé HIV spolu s vyvojem
substituovanych metallakarborand, nové tfidy ucinnych, neobvyklych, nepeptidickych inhibitori
HIV proteasy s terapeutickym potencialem.

Dale je analyzovan vliv substituci v protease na vyvoj rezistence vi¢i maturacnimu inhibitoru
bevirimatu. Podle naSich poznatkti viry s mutovanou proteasou vykazuji rozmanitéjsi rezistencni
profil k bevirimatu nez viry s divokym typem proteasy. Toto pozorovani mize byt vysvétleno
riznou ucinnosti St€peni Gag substratu riznymi proteasami.

Konec¢n¢, dulezitou roli v mnoha biologickych procesech hraje regulace enzymové aktivity
malymi alkalickymi kationty. Jejich specificky ucinek na aktivitu HIV proteasy byl studovan
kombinaci experimentalnich a vypocetnich metod. Nase simulace molekularni dynamiky
potvrzuji, ze afinita alkalickych kationtti k povrchu HIV proteasy sleduje Hofmeisterovu fadu,
predevs§im diky interakcim s karboxylovymi skupinami aspartatii a glutamatd. V souladu s timto
pozorovanim nase experimentalni vysledky ukazuji, ze pocatecni rychlost hydrolyzy peptidového
substratu v pritomnosti riznych alkalickych kationtti v principu sleduje Hofmeisterovu fadu, s
vyjimkou cesia. Vy$§i katalytickd ucinnost (ke./Ky) v pritomnosti K' iontli ve srovnani s
ostatnimi alkalickymi kationty byla zjisténa v odpovidajich koncentracich soli. Pfekvapivé byla
také pozorovana vyssi rychlost sté€peni specifického substratu ve velmi malych koncentracich

soli.



Abstract

HIV-1 protease plays a crucial role in the late state of the life cycle of HIV virus when it cleaves
the viral polyprotein precursors into the structural and functional proteins. If it is effectively
inhibited, HIV particles remain immature and noninfectious. The application of highly active
antiretroviral therapy (HAART) including protease inhibitors can reduce plasma HIV-1 levels
below the detection limit in adherent patients and thus dramatically change their life expectancy.
The clinical utility of the first inhibitors was limited by severe side effects, low bioavailability,
high pill burdens, and rapid development of viral resistance under the selection pressure of HIV
antiretrovirals. To overcome these difficulties, second-generation inhibitors were developed.
Despite an indisputable improvement they brought to antiretroviral therapy, the development of
new highly active HIV-1 protease inhibitors with optimal pharmacokinetic properties, higher
metabolic stability, little off-target activity, and particularly, more favorable resistance profiles is
still of high importance.

This thesis provides an overview of anti-HIV- drugs including development of substituted
metallacarboranes, a new class of potent, unusual, nonpeptidic HIV protease inhibitors with
therapeutic potential.

Next, the impact of protease background on the development of resistance of maturation
inhibitor bevirimat is analyzed. Our data suggest that the mutations in the protease influence the
level of antiviral resistance towards bevirimat. The viruses with mutated proteases show more
diverse resistance profiles compared to those with wild-type protease. These observations can be
explained by the different efficiencies of the Gag substrate cleavage by the different proteases.

Finally, regulation of enzymatic activity by small alkali cations has an important role in many
biological processes. Their specific effects on the HIV protease activity were studied by a
combination of experimental and computational techniques. Our molecular dynamic simulations
confirm that the affinity of alkali cations to the HIV protease surface follows the Hofmeister
series, mostly due to interactions with carboxylate side chain groups of aspartates and glutamates.
Accordingly, our experimental data also showed that the initial velocity of peptide substrate
hydrolysis in the presence of different alkali cations generally follows the Hofmeister series, with
the exception of caesium. The higher catalytic efficiencies (ke/Ky) in the presence of K' ions in
comparison to other alkali cations were observed at corresponding salt concentrations.
Furthermore, we observed an unexpected increase in the hydrolysis of a specific substrate at very

low salt concentration.



Uvod

Epidemie viru lidské imunitni nedostatecnosti (HIV) se od jejiho rozpoznani v roce 1981
vyvinula v nejvazngjsi pandemii v modernich déjinach s pfiblizn€ 34 miliony lidi zijicich s HIV a
2,5 miliony nové¢ infikovanych lidi v roce 2011 (7). Prestoze prvni pacienti s AIDS (Syndrom
ziskaného selhani imunity) patfili do homosexualni komunity MSM (Muzi majici sex s muzi) ve
Spojenych statech a zapadni Evropé, dnes tvoii témét polovinu nakazenych lidi Zeny a dvé tietiny
novych pfipadi pochazi ze sub-saharské Afriky a kndkaze dochazi vétSinou cestou
heterosexudlniho pienosu.

Diky intensivnim kampanim vénujicim se prevenci, testovani darované krve na ptitomnost HIV
a zavedeni uspésné antiretroviralni 1éCby branici pfenosu infekce z matky na dit€, doslo k
poklesu novych infekci o vice nez pétinu ve srovnani s rokem 1997, kdy epidemie vrcholila.
Prevence sexualniho pfenosu HIV se ukazala byt komplikovanéjsi. Pies optimismus vyplyvajici z
rozsitujici se dostupnosti 1éCby a preventivnim programiim, nékolik zapadnich zemi opét celi
vzrustajicimu poc¢tu nové diagnostikovanych piipadi HIV; pfedev§im v komunit¢ MSM, kde se
toto Cislo v poslednich letech neustale zvysuje (2) a kde se HIV prestala vénovat odpovidajici
pozornost.

Okamzité po identifikaci HIV jako ptivodce onemocnéni AIDS zafalo mnoho vyzkumnych
tymu studovat moznosti 1écby. Soucasné pouzivané 1éky mohou byt rozdéleny do péti riznych
tfid podle faze Zivotniho cyklu viru, kterou blokuji. Jsou to inhibitory vstupu/pfichyceni, reversni
transkriptasy, integrasy, proteasy a zrani (3).

HIV proteasa je retroviralni aspartatova proteasa, ktera hraje nezbytnou roli béhem HIV zrani.
Stépi nové syntetizované virové polyproteinové prekursory Gag a Gag-Pol v deviti riiznych
mistech v definovaném potadi na strukturni proteiny a funk¢ni virové enzymy (4). Pokud je tento
krok ucinné blokovan, HIV viriony ziistavaji nezralé a neinfekéni (5). Deset kompetitivnich
proteasovych inhibitorti (PIs) bylo dosud uvedeno do klinické praxe, jeden byl stazen (3, 6-11).
Vyvoj a klinické uplatnéni Pls je povazovano za jeden z ptiklada uspésného racionalniho navrhu
1é¢iv v d€jinach medicinalni chemie. Zavedeni PIs do terapeutickych moznosti vyznamné zlepsilo
vysledky 1é€by AIDS. Nicméné je stdle potiebny vyvoj novych bezpecnych antivirovych
inhibitortt s minimalnimi vedlejsimi ucinky, postihujicich jak divoky typ HIV tak i rezistentni

varianty a umoziujici mensi lékovou zatéz.



Cile prace

Cilem ptedkladané prace bylo analyzovat dostupnou literaturu na téma HIV proteasa a jeji
inhibitory a charakterizovat vztah jejich strukturnich parametrt a inhibi¢ni aktivity, mechanismus
ucinku a rezisten¢ni profil dvou novych typtt HIV virostatik: inhibitorG nového strukturniho typu
zalozenych na metallakarboranech a inhibitoru zrani blokujiciho $tépeni proteinového prekursoru
v urCitém $tépném miste.

Druhym cilem prace bylo analyzovat vliv malych alkalickych iontti na aktivitu a inhibici HIV
proteasy.

Vysledky jsou shrnuty v péti obornych ¢lancich uvedenych v praci jako ptiloha.

Prvni ¢lanek zahrnuty v praci poskytuje piehled tfidy proteasovych inhibitort od jejich uvedeni
do klinické praxe vroce 1995 ksouCasnym latkdm v klinickém vyvoji. Popisuje jejich
mechanismus Uc¢inku, chemické struktury, farmakokinetické vlastnosti, vedlejsi a nezadouci

ucinky a vyvoj HIV rezistence vici t€émto 1€kim.

Testovani fady organickych a anorganickych latek v nasi laboratofi vedlo k identifikaci
metallakarboranti jako slibnych farmakoforti pro nepeptidické proteasové inhibitory (712-13).
Druha cast prace je zamétfena na studium vztahu strukturnich parametri a aktivity téchto latek

jako inhibitorti HIV proteasy a jejich rezistentnich variant.

Bevirimat (1/4) je jeden z inhibitori nové experimentalni tiidy antiretrovirotik, které postihuji
nezbytny krok v Zivotnim cyklu HIV - zrani virové partikule. Tfetim cilem prace bylo studovat
vliv proteasovych mutaci zplsobujicich rezistenci vii€i proteasovym inhibitorim na vyvoj
rezistence vaci bevirimatu a objasnit komplikovanou interakci mezi virovou proteasou a jejim

polyproteinovym substratem.

Interakce iontl s biomolekulami hraje dulezitou roli v mnoha pfirodnich procesech. Jejich
ucinky jsou tradi¢né popisovany lyotropickou neboli Hofmeisterovou fadou (735). Jejich ptiivod na
molekularni urovni vSak nebyl dosud plné vysvétlen. Malé molekuly véetné iontii by mohly hrat
regulacni roli v dosud neobjasnéném mechanismu aktivace HIV proteasy v retrovirové partikuli.
Specifické ucinky kationtl na enzymovou aktivitu HIV proteasy byly studovany kombinaci

experimentalnich a vypocetnich metod.



Material a metodika

Pfiprava enzymi

Pro enzymové testy byla pouzita HIV proteasa divokého typu a jeji rezistentni varianty. Ty byly
pripraveny bud’ cilenou mutagenezi nebo selektovany pod tlakem klinicky pouzivanych
inhibitorti. Exprese, refoldovani a ¢isténi HIV-1 PR bylo provedeno, jak bylo popsano (76). Ve
strucnosti, pro heterologni bakterialni expresi byl pouzit pET24a plasmidovy vektor a hostitelsky
kmen E. coli BL21 (DE3) (Novagen). HIV-1 PR byla Cisténa z inklusnich télisek solubilizaci
kyselinou octovou, nasledovanou chromatografii na Mono S-Sepharose (Amersham Pharmacia
Biotech). Koncentrace HIV-1 PR byla v zavéru ur€ena titraci aktivnich mist pevné se vazajicim

inhibitorem brecanavirem (77) a zmrazené alikvoty enzymu byly ulozeny do -20 °C.

Inhibi¢ni testy

Analyzy inhibice byly provedeny pomoci spektrofotometrickych testi s pouzitim
chromogenniho peptidového substratu KARVNIe*NphEANIle-NH,, jak bylo popsano (18).
Substrat byl piidan do kone¢né koncentrace blizké K,,, enzymu do 1 ml 0,1 M acetatového pufiu,
pH 4,7 s 0,3 M NaCl obsahujiciho 6-8 pmol PR a rtiznou koncentraci inhibitoru rozpusténého v
DMSO. Kone¢na koncentrace DMSO nepiekrocila 2,5% (v/v). Hydrolyza substratu byla
sledovana jako pokles absorbance pifi 305 nm s pouzitim UNICAM UV500 UV-VIS
spektrofotometru (Thermo, Cambridge, USA). Vysledky byly zpracovany s pouzitim rovnice pro
kompetitivni inhibici podle Williamse a Morrisona. Hodnoty ICsy byly stanoveny pro dany
inhibitor s pomoci GraFit 5 softwaru jako koncentrace nutna ke snizeni ptivodni pocatecni
rychlosti §tépeni HIV-1 proteasou na polovinu. Mechanismus ucinku inhibitoru byl stanoven
pomoci vynosu Lineweavera-Burka. Dvojité reciproké grafy pocatecnich rychlosti v zavislosti na
koncentraci substratu pro tfi rizné koncentrace inhibitoru poskytly charakteristické schéma pro

urcity typ mechanismu inhibice.

Kineticka analyza vlivu alkalickych kationti na aktivitu HIV-1 PR

Vsechny kinetické testy byly provedeny s chromogennim peptidovym substratem
KARVNIe*NphEANIe-NH; v 50 mM pufru MES, HEPES nebo fosfaitovém pufru, pH 6,0.
Analyzy byly provedeny jak bylo popsano (18), s n¢kolika modifikacemi. Typicky bylo piidano

16 nmol substratu do 1 ml odpovidajiciho pufru obsahujiciho 6-7 nmol PR a rtizné koncentrace



soli. Hydrolyza substratu byla sledovana jako pokles absorbance pii 305 nm s pouzitim
UNICAM UV500 UV-VIS spektrofotometru. Méfeni bylo provedeno v duplikatech. Hodnoty Ky
a ke pro peptidovy substrat byla stanoveny pomoci rovnice Michaelis-Mentenové (GraFit 5

software).

Uc&innost §tépeni CA/p2 mista HIV-1 proteasou divokého typu a jeji mutovanou formou

Proteolytickd aktivita téchto enzymii byla testovana se substraty odvozenymi z Gag
polyproteinu divokého typu, GagV362l a GagA364V, reprezentovanymi témito nonapeptidy:
KARVL|AEANIe-NH,, KARIL|AEANIe-NH, a KARVL|VEANIe-NH,, jak bylo popsano.
Substraty (200 uM) byly inkubovany 25 min bud’ s proteasou divokého typu nebo s jeji
mutovanou formou; 75 nM enzym v 50 mM pufru MES (300 mM NaCl, pH 6,0) pii 37°C. Sipka
oznaGuje $tépené misto. Stépeni bylo zastaveno piidanim koncentrované kyseliny mravenéi.
Reak¢ni smés byla v triplikatech délena na reverzni fazi HPLC kolony Zorbax SB-C18 (4,6 x 150
mm, velikost ¢astic 1,8 um, Agilent Technologies, USA).

Vysledky a diskuse

V predkladané disertacni praci je uveden prehled HIV proteasovych inhibitort, které patii mezi
nejucinnéjsi léky proti HIV. Proteasa hraje nezbytnou roli v pozdni fazi zivotniho cyklu HIV. Jeji
inaktivace genetickou mutaci nebo chemickou inhibici vede k tvorbé neinfek¢nich viriond, a tak
se zpomaluje nebo dokonce zastavuje Sifeni HIV. Od r. 1987, kdy byl identifikovan prvni
antagonista HIV proteasy, bylo vyvinuto mnoho riznych ttid proteasovych inhibitorti, z nichz
nekteré vykazuji vynikajici antivirové ucinky. V soucasné dob¢ se v klinické praxi pouziva devét
HIV PIs schvalenych FDA (Food and Drug Administration, nejvyssi organ pro schvalovani 1é¢iv
v USA) jako antivirové l€éky. Obvykle jsou predepisovany v kombinaci s dalSimi léky, aby se
doséhlo maximalniho mozného ucinku pii co nejmensi zatézi pacienta a aby se minimalizovalo
riziko vzniku rezistentnich kmentt HIV. Jednotlivé tfidy Pls, jejich vyvoj, farmakokinetické
vlastnosti, nejéast&jsi vedlejsi a nezadouci uéinky a rezistenéni profily jsou uvedeny v Clanku I.

Pfi testovani schopnosti fady latek s nekonvencnimi strukturnimi motivy inhibovat HIV
proteasu jsme identifikovali ikosahedralni borany a karborany jako ucinné a selektivni inhibitory
tohoto enzymu. Latky byly enzymologicky charakterizovany pomoci spektrofotometrické eseje.
Krystalova struktura zakladniho karboranu série - kobalt bis(dikarbollidu) s HIV PR ukazala

vazbu dvou kobaltokarboranovych kleci do aktivniho mista proteasy. Tento komplex (vyfeseny v



laboratofi Dr. Rezadové) piedstavoval vibec prvni ziskanou krystalovou strukturu
kobaltokarboranové klece v komplexu s proteinem. Abychom zvysili vazebnou afinitu k virové
protease, spojili jsme dv€ mateiské klece hydrofilnim spojovacim c¢lankem umoziujicim
substituci ve stfedni €asti molekuly. Skute¢né, vyslednd fada latek s dvojitym karboranovym
klastrem vykazala hodnoty ICsy v submikromolarni oblasti a pro nejucinnéjsi inhibitory byly
stanoveny nanomolarni inhibi¢ni konstanty. Rtg struktura divokého typu proteasy v komplexu s
inhibitorem obsahujicim dva metallakarboranové klastry byla analyzovana a vyfeSena v rozliSeni
1.7 A. Protoze pro spojovaci ¢lanek chybéla experimentalni elektronova hustota, jeho mozné
posice byly modelovany pomoci vypocetnich technik. Ne&kolik testovanych latek prokézalo

schopnost G¢inn¢€ inhibovat panel multi-rezistentnich variant HIV PR (obr. 1).
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Obr. 1: Graf vitalit (relat. in vitro rezistence) pro sedm klinicky uZzivanych inhibitord a pét
metallakarboranti a sedm mutovanych HIV-1 proteas. Mutace v jednotlivych proteasach jsou

uvedeny vedle grafu.

Zbyva zodpovédet otazku, do jaké miry tyto objevy oteviou cestu novym terapeutickym
moznostem AIDS a farmakologickému vyuziti karboranovych inhibitori v humanni mediciné
obecné. Ackoliv jsou tyto latky specifickymi a u€innymi inhibitory virového enzymu, je tu stale
fada prekazek. Prvni znich je testovani karborani v tkanovych kulturach. Technikou rozptylu
svétla a mikroskopickymi technikami bylo pozorovano shlukovani kobaltokarboranti ve vodnych
roztocich a tvorba nanocéstic s primérem meénicim se s koncentraci, iontovou silou a stafim
roztoku (19). Kvantové mechanické vypocty naznacuji, ze sily, které pritahuji metallakarboranové
anionty v implicitnim solventu k sobé&, jsou relativné slabé, jen o malo silngj$i nez prispévek

elektrostatického odpuzovani (20). Tato agregace ve vodnych roztocich muze byt vysvétlena



amfifilnim charakterem kobaltokarboranti. Protoze jejich celkovy negativni néboj je
delokalizovan, vykazuji tyto latky superaciditu a jejich soli jsou ve vod¢ plné disociovany. Bylo
publikovano, Ze amfifilicita souvisi s povrchovou aktivitou a je vSeobecné pfijiman fakt, Ze
povrchové aktivni latky mohou tvofit multimolekularni agregaty a micely ve vodnych roztocich
(21-24). Tyto zajimavé jevy vSak zpusobuji nereprodukovatelnost a Casové zavislé chovani
COSANI v biologickych testech.

Druhou ptekazkou na cesté “z laboratorniho stolu na 1izko” je farmakokinetika a biodostupnost
testovanych latek. O biodostupnosti metallakarboranti nejsou v literatute téméi zadné informace,
nicméné povzbuzujici jsou vysledky Prof. Hajducha z University Palackého v Olomouci, které
naznacuji oralni dostupnost nékolika testovanych COSANI a jejich pomalou eliminaci z plasmy
testovanych mysi (Hajduch, M., Griiner, B. a dalsi, nepublikované vysledky).

Ttetim a moZznd nejvaznéj$im problémem je ekonomické hledisko. Na farmaceutickém trhu je
v soucasnosti 26 rtiznych 1€kt proti HIV. Dalsi antivirotikum by muselo nejenom spliiovat velmi
prisna kritéria FDA o bezpecnosti a efektivnosti 1éCiv, ale také vykazat vyssi Gi¢innost nez latky,
které jsou jiz dostupné. Navic, finan¢ni krize a probihajici reformy ve zdravotnictvi vytvaii tlak na
snizeni ceny vyvoje 1éCiv, které Splhaji k 1 miliardé dolarti na jednu latku. Vysledkem je snizujici
se pocet novych 1€kt uvedenych ro¢né na trh.

Je obtizné spekulovat, jestli se COSANy stanou novym lékem proti HIV. Co je vSak jisté,
rozsitily “chemicky prostor” a reprezentuji novy typ farmakoforu, ktery by mél byt bran do uvahy
jak pfi kombinatoridlnich pfistupech tak pfi raciondlnim navrhu 1é¢iv pro nové terapeutické cile,
dokonce mimo pole HIV. Nedavné poznatky ukazuji, ze sulfamidové derivaty karboranovych a
metallakarboranovych klastri inhibuji enzymovou aktivitu nékolika lidskych karbonickych
anhydrasovych isoenzymu (Brynda, J., Cigler, P., Griiner, B., nepublikované vysledky), znichz
jeden, transmembranovy isoenzym CAIX, souvisi s rakovinnym bujenim (25).

V dalsi ¢asti prace jsme analyzovali vyvoj virové rezistence k novému typu antivirotika,
bevirimatu. V ramci nové experimentalni tfidy inhibitori zrani viru je tato latka nejpokrocilejsi.
Postihuje posledni nejpomalejsi St€peni Gag polyproteinu tak, Ze blokuje samotné $tépné misto,
které pak neni piistupné hydrolyze proteasou. Dale bylo publikovano, ze bevirimat stabilizuje
strukturu nezralé partikule (26). Vysledky selek¢nich studii nasich kolegl z university v Utrechtu
ukézaly, Ze viry s mutovanou proteasou vykazuji rozmanitej$i rezistencni profil k bevirimatu nez
viry s divokym typem proteasy. Byly identifikovany a analyzovany ¢tyii hlavni typy mutaci: Gag
V3621, A364V, S368N a V370A. Nase vysledky ukazuji, Ze riizné G¢innost §tépeni CA/p2 mista
proteasou divokého typu a mutovanou proteasou miize vysveétlit zavislost virové rezistence

k bevirimatu a replikacni rychlost na typu proteasy.



Klinické testy ukézaly, Ze bevirimat je u¢inny pouze u 50% pacientd, kteti nejsou infikovani
virem se specifickou skupinou mutaci v glutamin-valin-threonin (QVT) motivu nalezeném \4
C-koncové Gag oblasti (27). Novy mechanismus vyvoje rezistence identifikovany nasi studii
predstavuje dalsi piekazku na cest¢ ke klinickému vyuziti této latky. Nicméné tyto poznatky
mohou pomoci pii vyvoji novych inhibitort zrani viru, v idealnim piipad¢ piisobicich synergicky
s proteasovymi inhibitory.

Konec¢né, specifické ucinky alkalickych kationth na HIV-1 proteasu byly studovany pomoci
molekularnich dynamickych simulaci a enzymové kinetiky. Vypocetni analyzy ukazaly vyssi
afinitu sodiku a lithia nez drasliku a cesia k povrchu HIV-1 proteasy, pfedevS§im diky silnym
interakcim s karboxylovymi skupinami aspartati a glutamatii. Experimentalni studie ukazaly, ze
proteolyticka aktivita HIV-1 proteasy v zasad¢ sleduje Hofmeisterovu tadu, s vyjimkou cesia.
iontli ve srovnani se Na" nebo Li" ionty v odpovidajicich koncentracich soli. Déle byl pozorovan
neoCekavany pokles Ky pro urcity substrat a pufr ve velmi nizkych koncentracich soli.
V soucasné dobé nemame pro tento piekvapivy jev vysvétleni. Domnivame se vSak, Ze by mohlo
dochazet ke tvorbé semistabilniho komplexu substratu s aniontem pufru, ktery se vaze do
aktivniho mista proteasy pevné¢ji nez samotny substrat. Tuto hypotézu se budeme snazit ovéfit
pomoci dalSich strukturnich analyz. Nicméné naSe pozorovani ukézala, jak malo dosud rozumime

regulaci proteolysy v komplexnich biologickych systémech a jak mnoho jesté zbyva objasnit.

Zavér

Prvni ¢ast predkladané disertacni prace podava piehled souCasné literatury zabyvajici se
proteasovymi inhibitory. Dale byly identifikovany metallakarborany jako u¢inné a specifické
inhibitory HIV-1 proteasy. Komplexni interakce HIV-1 proteasy s jejim polyproteinovym
substratem Gag a jejich vliv na vyvoj rezistence k inhibitoru zrani viru bevirimatu objasnuje dalsi
cast prace. Tyto poznatky by mohly pomoci ve vyvoji novych generaci proteasovych a
maturacnich inhibitorG. Zavérem jsou studovany specifické u¢inky alkalickych kationtli na

katalytickou aktivitu HIV-1 proteasy.



Introduction

Since its recognition in 1981, the human immunodeficiency virus (HIV) epidemic has evolved
in the most severe pandemic in modern times with estimated 34 million people living with HIV
and 2.5 million newly infected worldwide in 2011 (/). Although the first patients with AIDS
(Acquired Immune Deficiency Syndrome) were in MSM (Men who have sex with men) in the
United States and Western Europe, today almost half of infected people are women and two third
of all new cases come from sub-Saharan Africa, mostly via heterosexual transmission. More than
25 million people died of AIDS-related illnesses since the beginning of the epidemic, over 60
million people have been affected.

Intensive prevention campaigns, HIV screening of donated blood and successful use of
antiretroviral therapy to prevent mother-to-child transmission resulted in the decline of new
infections by more than one fifth compared to 1997, when the pandemic culminated. Prevention
of sexual transmission has turned out to be more difficult. Despite the optimism about expanded
access to treatment and prevention programs, several western countries face rising incidence of
new HIV diagnoses again; particularly in the community of MSM the number has been increasing
steadily in recent years (2) and the HIV has no longer appropriate collective attention there.

Immediately after the identification of HIV as the etiological agent for AIDS, many research
teams both from academia and industry started to study possibilities of anti-HIV therapy.
Currently used drugs can be divided into five different classes according to the phase of the HIV
life-cycle that the drugs block: inhibitors of entry/attachment, reverse transcriptase, integrase,
protease, and maturation (3).

HIV protease is a retroviral aspartic protease which plays an indispensable role in HIV
maturation. It cleaves newly synthesized viral polyprotein precursors Gag and Gag-Pol at nine
distinct sites in a defined order into structural proteins and functional viral enzymes (4). If this
step is effectively blocked, HIV virions remain immature and noninfectious (5). So far, ten
competitive protease inhibitors were introduced into clinical practice, one was withdrawn (3, 6-
11). Development and clinical application of PIs represents the successful example of rational
drug design in the history of medicinal chemistry. The inclusion of PIs to the therapeutic
armamentarium has dramatically improved AIDS therapy. However, there is continuing need for
novel safer and cheaper antiviral inhibitors targeting wild type as well as resistant strains of HIV,

imposing low pill burden and little side-effect to the patient.
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Aims of the study

The aim of this thesis was to analyze the available literature on the protease from HIV and its
inhibitors and characterize the structure-activity relationship, mechanism of action, and resistance
profile of two new types of anti HIV virostatics: novel structural type of HIV PR inhibitors based
on metallacarborane scaffold and maturation inhibitors blocking a particular HIV protease
processing site.

The second aim of the thesis was to analyze the influence of small alkali ions on the activity and
inhibition of HIV PR.

The results are summarized in five full papers that are included in the thesis as enclosures.

The first paper included in the thesis provides an overview of the protease inhibitor class of anti-
HIV- drugs, from their initial introduction in 1995 to the current compounds in clinical
development. It describes their mechanisms of action, structures, patterns of HIV resistance

development, pharmacokinetic properties, side-effects, and off-target activities.

Screening of a variety of organic and inorganic compounds in our lab led to identification of
metallacarboranes as promising frameworks for nonpeptide protease inhibitors (/2-13). The
second part of the thesis aimed to explore structure-activity relationship of these compounds as

inhibitors of HIV protease and its resistant mutants.

Bevirimat (/4) is an inhibitor of a new experimental class of antiretrovirals that impede an
essential step in the life-cycle of HIV, viral particle maturation. The third aim of the thesis was to
study the impact of protease inhibitor resistance mutations on the development of bevirimat
resistance and shed light on the complicated interactions between the viral protease and its

polyprotein substrate.

The interactions of ions with biomolecules play an important role in many natural processes.
These effects are traditionally described by lyotropic or Hofmeister series (/5). However, the
molecular origin of these effects is still not fully understood. Small molecules including ions
might play regulatory role in the unexplored mechanism of the activation of HIV PR within
retroviral particle. The cation-specific effects on the enzymatic activity of the HIV protease were

investigated by a combination of experimental and computational techniques.
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Material and methods

Preparation of enzymes

For enzymatic assays wild-type HIV-1 PR and its resistant variants were used. Resistant
proteases were prepared by site-directed mutagenesis or selected under pressure of clinically used
protease inhibitors. The expression, refolding and purification of HIV-1 PR were performed as
described previously (/6). Briefly, the pET24a plasmid vector and host strain E. coli BL21 (DE3)
(Novagen) were used for heterologous bacterial expression. HIV-1 PR was purified from
inclusion bodies by solubilization in acetic acid, followed by chromatography on Mono S-
Sepharose (Amersham Pharmacia Biotech). The active-site concentration of HIV-1 PR in the final
preparation was determined by titration with specific tight binding inhibitor brecanavir (/7) and

frozen aliquots of the enzyme were stored at -20 °C.

Inhibition assays

The inhibition analyses were performed by spectrophotometric assay using the chromogenic
peptide substrate KARVNIe*NphEANIe-NH, as previously described (/8). Substrate was added
to final concentration near the K, of the enzyme to 1 ml of 0.1 M sodium acetate buffer, pH 4.7,
0.3 M NacCl containing 6-8 pmol of PR and various concentrations of inhibitor dissolved in
DMSO. The final concentrations of DMSO were kept below 2.5% (v/v). Substrate hydrolysis was
followed as a decrease in absorbance at 305 nm using a UNICAM UV500 UV-VIS
spectrophotometer (Thermo, Cambridge, USA). The data were analyzed using the equation for
competitive inhibition according to Williams and Morrison. ICsy values were calculated for a
given inhibitors by determining concentration needed to lower the initial HIV PR activity velocity
to half using GraFit 5 software. The mechanism of inhibition was determined by Lineweaver-
Burk plot. Double reciprocal fits of initial rates versus concentration of substrate carried out at
three fixed inhibitor concentrations were overlaid and yielded a pattern of lines characteristic of a

particular mode of inhibition.
Kinetic analysis of the influence of alkali cations on the activity of HIV-1 PR

All kinetic assays were performed with chromogenic peptide substrate KARVNIe*NphEANIe-
NH; in 50 mM MES, HEPES or phosphate buffer, pH 6.0. Kinetic assays were conducted as
previously described (/&) with some modifications. Typically, 16 nmol of substrate was added to
1 ml of the corresponding buffer containing 6-7 nmol of PR and various concentrations of salt.

The substrate hydrolysis was followed by the decrease in absorbance at 305 nm using a Unicam
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UV 500 spectrophotometer. All PR activity points were determined in duplicate. The Ky and Ay
values for the peptide substrate were calculated using the Michaelis-Menten equation (GraFit 5

software).

CA/p2 processing efficiencies of the wild-type and mutated HIV-1 protease

The proteolytic activities of these enzymes were tested with substrates derived from Gag wt,
GagV362I and GagA364V, represented by the following nonapeptides: KARVL | AEANIle-NH,,
KARIL|AEANIe-NH,, and KARVL|VEANIe-NH, as previously described. Substrates (200 uM)
were incubated for 25 min with either wild-type or mutated protease (75 nM) enzyme in 50 mM
MES buffer (300 mM NacCl, pH 6.0) at 37°C. The arrow indicates the actual cleavage site. The
cleavage reaction was stopped by adding concentrated formic acid. Enzymatic reaction mixtures
were resolved in triplicates on a Zorbax SB-C18 reversed phase HPLC column (4.6 x 150 mm,

particle size 1.8 um, Agilent Technologies, USA).

Results and discussion

In this PhD thesis, HIV protease inhibitors that are among most effective anti-HIV drugs, are
reviewed. The HIV protease plays indispensable role in the late phase of viral cycle. Its
inactivation by genetic mutation or chemical inhibition leads to the formation of noninfectious
virions, thus slowing or even stopping the spread of HIV. Many different classes of HIV-1
protease inhibitors have been developed, some of them showing excellent antiviral profiles, since
the first protease antagonist was identified in 1987. At present, there are nine HIV Pls at clinical
practice approved by the FDA (Food and Drug Administration) as antiviral drugs. They are
usually taken in drug combination regimens to achieve the highest possible benefit, tolerability,
and adherence and to diminish the risk of the development of drug-resistant HIV strains.
Individual classes of Pls, their development, pharmacokinetic properties, most common side-
effects, off-target activities, and resistance profiles are covered in Paper I.

While screening a number of unconventional structural motifs for their ability to inhibit HIV
protease, we identified icosahedral boranes and carboranes as potent and selective inhibitors of
this enzyme. The compounds were characterized enzymologically by spectrophotometric assay.
The crystal structure of parental compound complexed to HIV PR revealed two cobaltacarborane
cages bound into the HIV-1 PR active-site cleft. This complex (solved in the lab of Dr. Reza¢ov4)
was the first crystal structure of a carborane-protein complex ever solved. To increase binding

affinity to the viral protease we connected the two parental cages with a hydrophilic linker
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enabling substitution of the central part of the molecule. Indeed, resulting series of double cluster
compounds showed ICsy values in the submicromolar range and for most potent competitive
inhibitors low nanomolar inhibition constants were determined. The X-ray structure of wild-type
HIV-1 PR in complex with inhibitor containing two metallacarborane clusters was analyzed and
refined to 1.7 A resolution. Because there was no continuous experimental electron density for the
disordered linker, its possible positions were modeled with help of computational procedures.
Several tested compounds proved their ability to effectively inhibit a panel of multi-resistant HIV

PR variants (Fig.1).
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Fig. 1.: Vitality values (relat. in vitro resistance) of seven clinical inhibitors and five
cobaltacarborane compounds analyzed with the panel of HIV-1 PR resistant species. Mutations in

HIV-1 PR variants are shown in the figure inset.

It remains to be seen to what extent these findings open the way to novel treatment options for
AIDS and pharmacologic use of carborane inhibitors in human medicine. Although the
compounds are specific and potent inhibitors of viral enzyme, there are still numerous obstacles.

First one is the activity of tested carborane compounds in tissue cultures. The self-assembly of
cobaltacarboranes in aqueous solutions and formation of the nanoparticles with the radius
changing with concentration, ionic strength, and aging of solution were observed by light
scattering and microscopy techniques (/9). Quantum mechanic calculations suggest that the
attraction of metallacarborane anions in the implicit solvent model is relatively weak, only slightly
stronger than contribution of electrostatic repulsion (20). This aggregation behavior in aqueous

solutions could be explained by amphiphilic character of cobaltacarboranes. Since the overall
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negative charge of cobalt bis(dicarbollides) is delocalized, these compounds exhibit superacidity
and their salts are fully dissociated in water. It has been shown that the amphiphilicity affects the
surface activity and it is well-established fact that some of surface-active compounds can form
multimolecular aggregates and micelles in aqueous solutions (2/-24). These interesting
phenomena in aquaeous solutions, however, cause irreproducible and time-dependent behaviour
of cosanes in biological tests.

Second obstacles on the way “from bench to bed” is pharmacokinetics and bioavailability of
tested compounds. There are almost no data in the literature on the bioavailability of
metallacarboranes, however encouraging unpublished data of Prof. Hajduch from the Palacky
University of Olomouc suggest oral availability of several of tested cosanes and their slow
clearance from the plasma of tested mice (Hajduch, M., Griiner, B. et al., unpublished
observation).

The third and probably the most critical obstacle is economic consideration. There are 26
different anti-HIV agents on the market already. Another antiviral compound would have not only
to meet very stringent FDA criteria of drug safety and efficacy, but also perform better than most
of the compounds already on the market. Furthermore, the financial crisis and ongoing health care
reforms generate pressure to reduce cost of drug development skyrocketing to 1 bilion per
compound. It results in decreasing number of new drugs introduced each year on the market. It is
difficult to speculate whether or not cosanes will become new anti HIV drugs. What is, however,
already clear is that this class of compounds enlarged the “chemical space” and represents new
type of pharmacophore that should be taken into account in rational drug design as well as in
combinatorial approaches for novel therapeutic targets, even outside HIV field. Recently,
sulfamide derivatives of carborane and metallacarborane clusters were shown to inhibit enzymatic
activity of several human carbonic anhydrase isoenzymes (Brynda, J., Cigler, P., Griiner, B.,
unpublished results). One of them, the transmembrane isoenzyme CAIX is associated with cancer
and tumor progression (25).

In further part of the thesis, we analyzed the viral resistance development towards new type of
antiviral drug, bevirimat. It is the most advanced compound of the novel experimental class of
maturation inhibitors. It hampers the ultimate rate-limiting cleavage step during processing of the
Gag polyprotein by targeting the structural protein itself. Furthermore, it was reported that
bevirimat has a stabilizing effect on the immature Gag lattice (26). Resistance selection studies of
our colleagues from University in Utrecht show that the protease background has impact on the
resistance profile for the bevirimat, which becomes more diverse for viruses with a mutated

protease compared to viruses with a wild-type protease. The major mutations were identified and
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analyzed: Gag V3621, A364V, S368N, and V370A. Our results indicate that change of the
processing of CA/p2 cleavage site by mutated HIV proteases as compared to the wild type HIV
PR can explain the protease-dependent bevirimat resistance and replication level. It was
previously reported that bevirimat is effective only in 50 percent of patients not having a specific
group of mutations in the glutamine-valine-threonine (QVT) motif found in the C-terminal Gag
region (27). Novel mechanism of resistance development, suggested by our study, represents
another obstacle on the way to clinical use of this compound. Nevertheless, the knowledge gained
during the work on this inhibitor could provide help in the development of new maturation
inhibitors, ideally exhibiting synergy with protease inhibitors.

Finally, ion specific effects of alkali cations on the HIV-1 protease have been studied by means
of molecular dynamic simulations and enzyme kinetics. Computational analysis showed higher
affinity of sodium and lithium over potassium and caesium to the HIV-1 protease surface, mainly
due to stronger interactions with carboxylate side chain groups of aspartates and glutamates.
Experimental studies demonstrated that the proteolytic activity of the HIV-1 protease in principle
follows the Hofmeister series, with the exception of caesium. More effective substrate binding
(Kwm) and turnover number (k) are observed in the presence of K" compared to Na" or Li" at
corresponding salt concentrations. Furthermore, unexpected decrease in the Ky value was
observed for a specific substrate and buffer at very low salt concentration.

At present we have no specific explanation for this surprising observation. We speculate that in
the low salt concentration, a semi-stable complex between the substrate and MES anion is formed
that binds more effectively to the HIV PR binding site than the substrate alone. The attempt to
analyze this hypothesis on structural level will continue. Nevertheless, this surprising observation
shows how little we still understand about the regulation of proteolysis in complex biological

systems and how much there is still left to analyze and study.

Conclusions

To summarize, in the first part of this PhD thesis, the current literature on HIV protease
inhibitors was reviewed. Next, metallacarboranes were identified as potent and specific HIV-1
protease inhibitors. Further, our results highlighted the complex interaction between the HIV-1
protease and its substrate Gag that affects the development of HIV-1 resistance to the maturation
inhibitor bevirimat. These findings can help to develop the next generation of protease and
maturation inhibitors. Finally, specific effects of alkali cations on the catalytic activity of HIV-1

protease were studied.
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