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ABSTRAKT

Proteiny vazajici zinek pfedstavuji ptiblizné desetinu proteomu a vyznamnou cast
znich tvofi hydrolasy zavislé na zinku. Tato disertani prace se zaméfuje na
biochemickou a strukturni charakterizaci glutamatkarboxypeptidasy II (GCPII) a
histondeacetylasy 6 (HDAC®6), které jsou ¢leny rodiny metalohydrolas zavislych
na zinku. Zde popisujeme interakci s jejich pfirozenymi substraty a inhibitory.
GCPII je homodimerni membranovéa proteasa, ktera v centrdlni a periferni
nervové soustavé katalyzuje odstépeni glutamatu z neuropienasece N-acetyl-
aspartylglutamatu (NAAG) a v tenkém stieve z folath pfijatych v potravé. Tento
enzym je spojovan s nékolika neurologickymi poruchami, u kterych je mozna
1é¢ba jeho inhibici a ptedstavuje také idealni cil pro diagnostiku a lecbu rakoviny
prostaty. Inhibitory GCPII se obvykle skladaji ze skupiny véazajici zinek,
propojené s €asti vazajici inhibitor v S1° misté enzymu (tvofenou glutamatovym
zbytkem nebo jeho isosterem). Tyto slou€eniny jsou piirozené siln¢ hydrofilni
molekuly, coz brani jejich priniku pies hematoencefalickou bariéru a neumoziiuje
inhibici GCPII v centralni nervové soustavé. U dosud zndmych inhibitori byly
vyzkousSeny riizné pristupy jak zménit tu ¢ast molekuly, kterd se vaze do S1’° mista
a je odpovédna za jejich hydrofilitu. V této disertacni praci ptedstavujeme riizne
strategie zaméfené na zaménu tradi¢niho P1’ glutamatového zbytku nevétvenymi
neproteinogennimi aminokyselinami a bioisostery glutamatu, nebo zavedenim
aminohexanového linkeru. Analyza krystalovych struktur komplexii GCPII
s témito novymi inhibitory odhalila dosud nepopsanou flexibilitu S1° mista, ktera
umoziiuje proteinu GCPII vazat objemné zbytky. Identifikovali jsme nové
inhibitory se zvySenou lipofilicitou, které 1 kdyZ nejsou silnymi inhibitory, mohou
slozit jako prekursory pro nésledni racionalni navrh novych 1é¢iv.

Acetylace lysinu 40 v a-tubulinu chrani mikrotubuly pfed ndsledky mechanického
starnuti a hraje 1 roli v bunééném pohybu, vétveni axonil a rastu a udrzovani
vyb&zkl neuronti. HDACS6 je hlavni deacetylasou tubulinu a jeho vyznam jakozto
mozného cile pro 1é¢bu rakoviny a neurodegenerativnich onemocnéni stale roste.
Tim vzristd 1 potfeba hlubSiho pochopeni jeho interakce s tubulinovym
substratem. V této praci ukazujeme, ze HDAC6 deacetyluje dimery tubulinu 1500
krat vys$i rychlosti nez mikrotubuly. NaSe data naznacuji, Ze s vyhradou
aminokyselin na pozicich P, a P_; pfispivaji aminokyseliny obklopujici Lys40 k
rozpoznavani substratu minimalné, a Ze uCinna deacetylace vyZaduje komplexni
podélné a bo¢ni interakce s tubulinovym dimerem.



UvVoD

Hydrolasy zavislé na zinku

Hydrolasy zavislé na zinku patii do tftidy metaloenzymt, pro které jsou ionty
zinku nutné pfti katalyse hydrolytickych reakei. Tato prace predklada podrobnou
studii dvou hydrolas zavislych na zinku: GCPIl a HDAC6. Zamé¢fili jsme se na
navrh novych inhibitord GCPII, zaloZeny na jeho struktute a objasnili interakce

mezi HDACS6 a jeho pfirozenym substratem tubulinem.

GCPII

Lidska glutamatkarboxypeptidasa Il je na zinku zavisla membranovd C-
termindlni exopeptidasa [1]. V tenkém stfevé tento enzym odstépuje glutamat z
folyl-poly-y-glutamati ptijatych stravou, coz umoziuje jeho vstiebani do
krevniho obéhu [2]. V nervovém systému funguje GCPII jako NAALADasa a
hydrolyticky §tépi neuropeptid N-acetyl-L-aspartyl-L-glutamat (NAAG). GCPII
hydrolyticky inaktivuje NAAG, a to vede k uvoliovani N-acetyl-L-aspartatu
(NAA) a kyseliny glutamové [3]. Vysokd koncentrace glutamatu v synaptickém
prostoru je povazovana za neurotoxickou a souvisi s neurologickymi poruchami,
jako je mrtvice, amyotrofickd laterdlni skler6za a Alzheimerova choroba. Funkce

GCPII ve zdravé prostaté neni jasnd, ale vysoké hladiny exprese byly pozorovany
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Obrazek 1: Schéma rekcei katalyzovanych GCPII
A) GCPII stépi NAAG na NAA a kyselinu glutamovou. B) GCPII hydrolyzuje folaty
z potravy a tim umoziuje jejich absorpci v tenkém stieve



u karcinomu prostaty. Velky rozdil v hladindch exprese mezi zdravou a
rakovinnou prostatickou tkani ¢ini z GCPII vyznamny marker rakoviny prostaty.
Obecné se inhibitory GCPII skladaji z skupiny vazajici zinek (ZBG) a casti
smérujici inhibitor do S1° mista enzymu (obvykle glutamatové skupiny nebo
jejiho isosteru). Inhibitory GCPII pouZivané v soucasnosti lze rozdé¢lit do Ctyt
skupin zaloZenych na povaze skupiny vazajici zinek: 1) inhibitory na bazi fosforu
(na bazi fosfonatu, fosfatu a fosforamidu) 2) slouceniny na bazi mocoviny 3)
thioly a 4) hydroxamaty. Mezi neja€innéjsi inhibitory GCPII patii
2-fosfonomethylpentandiova kyselina (2-PMPA) (K; = 0,3 nM) na bazi fosfonatu
a DCIBzL na bazi mocoviny (K; = 0,01 nM). Role GCPII v nékterych poruchach
centralniho nervového systému (CNS) z néj €ini atraktivni cil pro syntézu vysoce
lipofilnich inhibitorG. Schopnost piekonat hematoencefalickou bariéru je
zékladnim poZadavkem na léky s u€inkem v CNS. Ve vétsing vysoce afinitnich
inhibitori GCPII je v poloze P1" glutamat nebo jeho mimetikum, protoze S1°
farmakoforova kapsa je optimalizovana pro vazbu glutamatu a proto jeho pouziti
v poloze P1" vyrazné zvySuje inhibi¢ni u€innost dané slouCeniny. Nicméné
pritomnost glutamatu/glutaratu v poloze P1" negativné ovliviiuje lipofilni povahu

inhibitortt GCPII [4].

HDAC6

HDACS6 patii do rodiny histon deacetylas, které katalyzuji hydrolytické odstépeni
acetylové skupiny z g-aminoskupiny lysinu. Mezi 18 ¢leny rodiny deacetylas
lidskych histonti je HDAC6 jedinym zastupcem s pln€ duplikovanou deacetylacni
doménou [5].

I kdyZ bylo identifikovano vice nez 20 substrati HDAC6, vynika mezi nimi
globularni proteiny, které tvoii 110 kDa heterodimer. Dimer slouZi jako stavebni
prvek tubulinovych polymert. o/f podjednotky se vazou od hlavy k ocasu a

vytvareji protofilamenty. Tyto nasledné interaguji lateraln€é za vzniku riznych



typt polymert, které jsou stabilizovany bo¢nimi a podélnymi interakcemi mezi
podjednotkami. Podélné vazby jsou mezi dvéma nésledujicimi podjednotkami a
propojuji je do linedrniho protofilamentu. Bo¢ni interakce spojuji protofilamenty
vedle sebe, aby vytvorily list nebo mikrotubul. Béhem depolymerizace
mikrotubulli dochazi k oslabeni bo¢nich interakci mezi protofilamenty, a ty se
za¢nou vytacet smérem ven. Takto zakfivené se bud’ rozpadnou, nebo uzaviou za
vzniku tubulinovych krouzkt. V pfitomnosti dolastatinu-10 se vytvoii tubulinové
krouzky sjednim kruhem, které napodobuji tyto depolymerizacni produkty

(obrazek 2C) [6].
A B C

Obrazek 2: Tubulinové polymery

Pfidani nékterych slou¢nin ma za nasledek polymerizaci tubulinu. Schémata doprovaze;ji
obrazky z mikroskopu. (A) Ptidani GTP vyvolava tvorbu mikrotubult. (B) Ve vysokych
koncentracich zinku polymerizuje tubulin za vzniku zinkovych listl s protofilamenty v
antiparalelni orientaci. (C) Dolastatin-10 nuti tubulinova filamenta aby se zkroutily za
vzniku kruhti z 13 - 15 tubulinvych podjednotek. Cary v (A) a (B) =200 nm, v (C) = 40 nm.
a- a B- tubulin znazornén jako rizové a zelené kulicky, acetylace jako ¢ervena kiivka, ¢erné
Sipky naznacuji orientaci protofilamentl. Autorka LS, obrazky dolastatinovych kruhti z
mikroskopu Moores & Milligan, 2008.

Zinek pfi koncentracich vyssich nez 50 uM a pii pH 5,5-5,8 indukuje tvorbu
zinkovych listh o S$ifce az 2 um. Tyto se podobné jako MT skladaji z

protofilament, i kdyz v antiparalelni orientaci (obr. 2B) [7].



Mikrotubuly jsou tvofeny 11-15 protofilamenty stejné orientace usporadanych
vedle sebe (obrazek 2A).

Bylo prokdzéano, ze acetylace se podili na mechanické stabilizaci mikrotubulii a
chrani je pfed mechanickym starnutim [8]. SniZeni acetylace tubulinu bylo
pozorovano pii Alzheimerové a Huntingtonové nemoci. aTAT1 (a-tubulin N-
acetyltransferaza 1) a HDAC6 se povazuji za hlavni tubulin acetyltransferasu a
deacetylasu v bunkach savci [9,10]. Tubulin acetyltransferasa acetyluje
mikrotubuly 4-6 krat rychleji nez tubulinové dimery a bylo prokdzéano, ze pro
optimalni aktivitu jsou vyzadovany lateralni interakce. Tubulin byl identifikovan
jako substrat pro HDAC6 v roce 2002, ale doposud chybéla kvantifikace
substratové preference isolovaného lidského HDACG6 s uplnou sekvenci. Cilem

nasi zpravy je vyplnéni této mezery.

CILE PRACE
e Navrh novych lipofilnich slouc¢enin na zakladé struktury GCPII
e Purifikace HDAC6 divokého typu, jeho charakterizace jako deacetylasy

tubulinu a kvantifikace jeho substratové specificity

MATERAL A METODIKA

Varianty lidského GCPII byly heterologné exprimovany v Schneiderovych S2
bunikach a purifikovany kombinaci afinitni a gelové permeaéni chromatografie.
Substraty a inhibitory byly syntetizovany v partnerskych laboratotich. GCPII byl
ko-krystalovan se substraty nebo inhibitory a rentgenové struktury komplext byly
vyteSeny molekularni zaménou. Kinetické konstanty novych substratii a inhibi¢ni
konstanty novych inhibitori byly stanoveny pouzitim vysokotlaké kapalinové
chromatografie. /n vivo studie byly provedeny za vyuziti xenograftii karcinomu
prostaty v mys$im modelu. Ctyii tydny po indukci ristu nadoru injekei

CWR22Rv1 PSMA® butiek, byly my$im podany ['®F] 4, ['®F] 5 a ['®F] 6 a bylo



provedeno zobrazovani PET. Za ucelem stanovani biodistribuce a internalizace
byly organy a krev zabitych mys$i zméfeny pomoci y- pocitadla.

Lidsky HDAC6 byl heterologné exprimovan v butkdch HEK-293-T17 a ¢iStén
kombinaci afinitni a gelové permeacni chromatografie. LC-MS / MS byla pouzita
pro stanoveni moznych posttransla¢nich modifikaci HDAC6 a hladiny acetylace
tubulinu izolovaného z prasec¢ich mozkil. Aktivita a citlivost na inhibitory byla
hodnocena pomoci fluorometrickych in vitro deacetylacnich testl s peptidovymi
substraty znacenymi aminometylkumarinem. Rychlost deacetylace volnych
tubulinovych dimerG a tubulinovych polymert byla stanovena kvantifikaci
z Western pienosu. Tubulinové polymery byly pfipraveny inkubaci tubulinu s
GMP / GMPCPP (MT), Zn*>* (zinkové listy) nebo Dolastatinem-10 (dolastatinové
kruhy) a stabilizovany taxolem. Miry deacetylace fluorescenéné znacenych
tubulinovych peptidi odvozenych od sekvence kolem aAcLys40 byla stanovena
kvantifikaci in vitro na zdkladé HPLC. Vizualizace vazby HDAC6 a deacetylace
MT byla provedena TIRF a nepfimou imunofluorescen¢ni mikroskopii za pouziti

fluorescen¢né zna¢eného HDAC6 a MTs.

VYSLEDKY A DISKUSE

Inhibitory se zvySenou lipofilicitou

V préaci Plechanovova a kol., publikujeme vysledky studie substrati, u kterych byl
v NAAG substrdtu zaménén tradicni P1° glutamétovy zbytek nevétvenymi
neproteinogennimi aminokyselinami (alifatické tetézce 0-7 atomi uhliku - viz
obr. 3). Zjistili jsme, Ze katalyticka Ucinnost pfimo umérna rostouci délce
alifatického fetézce, pocinaje alaninem. Neschopnost GCPII rozeznat Ac-Asp-
Gly jako substrat naznacuje nutnou pfitomnost postranniho fetézce v poloze P1'.
Krystalové struktury neaktivniho mutantu GCPII E424 A v komplexu se substraty
Ac-Asp-Met (NAAM), Ac-Asp-Aoc a Ac-Asp-Ano ukdzaly, ze celkova
trojrozmérna struktura enzymu zistava nezménéna (ve srovnani se strukturou

GCPII E424A s NAAG). Zpozorovali jsme vSak ztratu dvou vodikovych vazeb,
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Obrazek 3: Slouceniny studované v Plechanovova a kol., 2011

které piivodné existovaly mezi y-karboxylatem glutamatu a postrannimi fetézci
Asn257 a Lys699. Substraty s nepolarnimi postrannimi fetézci byly stabilizovany
v aktivnim misté nepolarnimi vazbami s postrannimi fetézci Phe209, Asn257,
Leud28, Lys699 a hlavnimi fetézci Gly427 a Gly517. Substraty s velmi dlouhymi
alifatickymi fetézci (se 7 a 8 atomy uhliku) indukovaly dosud nepozorovanou
flexibilitu S1” mista. Aminoskupina postranniho fetézce Lys699 glutaratového
sensoru byla posunouta 0 3,9 A, aby se zabranilo stfetu s C-koncovym postrannim
fetézcem inhibitoru 8S. To vedlo k rozpinani S1' kapsy. Nové inhibitory byly
syntetizovdny na zaklad¢ biochemickych a strukturnich dat substrati s
alifatickymi fetézci. Ac-Asp zbytek byl nahrazeny 4-jodobenzylaminohexanovou
skupinou a peptidovd vazba nehydrolyzovatelnym mocovinovym linkerem. V
poloze P1' byly pouzity alifatické nerozvétvené bocni fetézce a methionin.
Inhibi¢ni konstanty klesaly se zvySujici se délkou fetézce, ale inhibi¢ni konstanty
1 téch nejlepsich inhibitori (81 K; =29 nM a NAAM K = 23 nM) byly o tfi fady
niz8i nez u DCIBzL [11]. AvSak prodlouZeni alifatického fetézce vedlo ke zvySeni
hydrofobicity a inhibitor s nejdelSim fetézcem mél distribucni koeficient ClogD
= -0,23 (ClogD DCIBzL je -5,16). Analyza krystalografickych dat ukazuje, ze
substraty a inhibitory s odpovidajici délkou fetézce se do farmakoforové kapsy
vazi stejnym zptsobem.

K néavrhu inhibitort se zvysSenou lipofilicitou jsme se vratili v publikaci Pavlicek

a kol., 2014. Tento ¢lanek je dopliujici studii k Wang a kol., [12] kde vyuzili



DCIBzL molekulu a na zdklad€¢ zndmé struktury ptipravili sérii novych inhibitord
s dosud netestovanymi funk¢nimi skupinami nahrazujicimi tradi¢ni P1' glutamat.

Nasim cilem bylo porozumét interakci Sesti z té€chto inhibitor s GCPII. Struktury,
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Obrazek 4: Slouceniny studované v Pavli¢ek a kol., 2014

nazvy a fyzikélné-chemické vlastnosti studovanych inhibitori jsou shrnuty na
obr. 4.

Celkova trojrozmérnd struktura proteinu zistala prakticky stejnad. Nicméné byl
zpozorovan rozdil oproti diive popsanym komplexiim GCPII s inhibitory na bazi
mocoviny a to ve zpusobu interakce s S1' kapsou. Nejvétsi rozdily byly v
komplexu GCPII s inhibitorem (6). Vazba propargylové skupiny v S1' kapse
vyvolava jeji zmensSeni v disledku posunu aminokyselinové smycky Leu259-
Gly263 (s Ca Leu261 jako referenénim bodem) o 3,1 A. Aby nedoslo ke kolizi s
Leu261, je Lys699 nucen posunout se o 7,3 A (referenéni bod N{) podobné jak



bylo popsano Wang a kol., 2010 pro vazbu alylového isosteru. Tyto posuny
naznacuji, ze S1' kapsa se vyznacuje dosud nepopsanou flexibilitou.

Dalsim objevem byla rozdilna orientace isosterit P1' tvofenych péti- nebo Sesti-
¢lennymi kruhy. Rovina pyridinového kruhu inhibitoru (4) je pootocena o 70°
vzhledem k oxadiazolidinovému kruhu quisqualatu, ktery lezi prakticky kolmo
vici sténdm S1' kapsy, které jsou tvofené postrannimi fetézci Phe209 a Leu428.
Tato rotace vede k posunu Phe209 a Leud28 o 1 A a rozsiteni kapsy S1'. Kruhy
inhibitort (1) a (2) rotuji v mensi mife a jejich orientace nema vliv na rozméry
S1' kapsy a ty tak zastavaji stejné jako pfi vazb¢ quisqualatu.

Ze Sesti slou¢enin zkoumanych v této publikaci jsou dvé (1 a 5) stejné u¢innymi
inhibitory s nanomolarni inhibi¢ni konstantou. Tyto dvé slou¢eniny jsou o dva

fady slabsimi inhibitory nez plivodni DCIBzL, jsou ale o poznani hydrofobné;si.

Fosforamidatové derivaty jako farmaka pro PET zobrazovani

V publikaci Dannoon a kol., jsme se zaméfili na - malé molekuly vazajici GCPII,
které jsou odvozené od radiofarmaka 4-'®F-fluorobenzamido-fosforamidat (K; =
0,68 nM) [13], a vyuZitelné jako ligandy pro PET (pozitronovou emisni
tomografii). Pfi modifikaci této molekuly byl objeven ireverzibilni inhibitor (5) s
podobnou tcinnosti (K; = 0,4 nM), ale rychlejsi absorpcei (2,35 £0,91 % ID / g za
1 hodinu) a retenci (2,33 + 0,50 % ID/g za 4 hodiny) a vysokym pomérem
specifické aktivity v nadoru v porovnani s krvi (265: 1, 4 hodiny po injekci).

Za ucelem studia vlivu délky tetézce AH na vazbu ke GCPII byla fosforamidova
kostra modifikovana odstranénim (u inhibitoru 4, CTT1056) nebo piidanim
dalsiho (6) aminohexanového linkeru (AH) k diive popsanému inhibitoru (5,
CTT1057). Inhibi¢ni G€innosti novych sloucenin byly tfikrat (4, ICso = 1,3 nM) a
dvakrat (6, ICso = 0,9 nM) nizs§i nez u ptvodni molekuly (5, ICsp = 0,4 nM).
Vsechny tfi molekuly inhibuji GCPII ireversibilng, coz je dulezité pro
zobrazovaci farmaka. Celkovéd trojrozmérnd struktura komplexti GCPII s

fosforamidy 4, 5 a 6 byla nezménéna u vSech tii komplext. OvSem zatimco je
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elektronova hustota F,-F. pro inhibitory (4) a (5) dobte definovana, distalni ¢ast
(6) obsahujici P2 zbytek, lipofilni linker a fluorobenzylovou skupinu neni vidét.
To naznacuje, Ze tyto ¢asti inhibitoru jsou flexibilni a neinteraguji s GCPII. Na
rozdil od (4) a (6), ve kterych P1 karboxylat ptimo vaze Arg534 a Arg536 v oblasti
bohaté na argininy je P1 karboxylat inhibitoru (5) posunut o 1,1 A a interaguje
pouze s Arg536. Rozdilna délka linker® inhibitort [(4,13 A), (5, 20 A) a (6, 28
A)] je hlavni pfi¢inou odlisného zptsobu umisténi jejich distdlni &asti.
Fluorobenzylovy kruh (4) se vaze slabymi n-vazbami do vazebného mista pro

areny a je paralelni ke guanidinové skupiné Argd63. Atomy 20 A linkeru v (5)
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Obrazek 5: Fosforamidatové inhibitory

A) Fosforamidat (ICso0=14 nM) B) 4-Fluorobenzamidofosforamid (ICso=1,4 nM) C)
Sloucenina (4) n=0 (ICso=1,3 nM); Sloucenina (5) n=1 (ICs50=0.4 nM), Sloucenina (6)
n=2 (IC50=0,9 nM)

dosahnou do vazebného mista pro areny a karbonylem hlavniho fetézce interagu;i
s guanidinovou skupinou Arg463 [14]. Rovina fluorobenzylového kruhu je
prakticky paralelni s indolovou skupinou Trp541 a guanidinovou skupinou
Arg511. Podobna orientace vzhledem k Trp541 a Arg511 byla popsdna pro
pteridinovy kruh substratu FolGlu, [15]. Pro distalni ¢ast (6) neni pozorovatelné
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elektronova hustota. VSechna tfi farmaka jsou specifickd a detekovatelnd pouze
v PSMA™ bunkach. Studie, v niz byl AH linker vlozen do jiné zobrazovaci
molekuly pro PET (Affibody proti HER2 s DOTA —Zpgr2-342 derivatu) ukazuje,
ze pridani alifatického linkeru miize vést ke zlepSeni distribuce v organismu [16].
NasSe vysledky jsou v souladu s touto studii, protoZze pomér specifické aktivity
farmaka v nadoru k poméru v krvi a absorpce in vitro byly u ['*F](6) vyznamné
vy$si nez u ['®F](4) a ['®F](5). Nase vysledky rovnéz ukazuji, Ze prodlouzeni AH
linkeru (jak je patrné z vysledka pro ['*F] (6)) vede ke zvySeni lipofilicity a
naslednému snizeni absorpce a renalni eliminace ve srovnani s ['®F] (5). Tato
studie zkoumala rozdil ve zplisobu vazby téchto malych molekul odvozenych od
fosforamidu se zvySujici se lipofilicitou, posoudila jejich vyznam jakoZto PET

farmak a oznacila ['®F](5) a ['®F](6) jako mozné kandidaty pro PET zobrazovani.

Charakterizace HDAC6 jako deacetylasy tubulinu

V publikaci Skultétyova a kol., predkladame podrobnou kinetickou studii
deacetylace tubulinu a interakce HDAC6 s mikrotubuly, protoze stavajici
informace o preferenci enzymu HDACG6 vii¢i riznym tubulinovym formam jsou
neuspokojivé.

Literatura uvadi, Ze aktivita a lokalizace HDAC6 je regulovéana posttranslatnimi
modifikacemi (PTM). Abychom zjistili, zda je protein, ktery jsme purifikovali
modifikovan, podrobili jsme jej LC-MS/MS analyze. Vzhledem k tomu, Ze nami
izolovany HDAC6 nevykazuje Zadné posttranslacni modifikace, povazujeme
naméfenou aktivitu za bazalni. Stanovili jsme enzymatickou aktivitu HDAC6 a
porovnali s aktivitou uvaddénou v literature. K, na difive popsanych substratech
byly 3,7 uM pro substrat Fluor de Lys, 4 uM pro Boc-K(Ac)-AMC, 9,1 uM pro
(Ac)GAK(Ac)-AMC a 11,3 uM pro Fluor de Lys SIR. Srovnani s hodnotami
popsanymi v publikacich Zou a kol., Miyake a kol., a Schultz a kol., byly hodnoty
K podobné, ale hodnoty katalytické aktivity enzymu byly o fad vyssi. Proto
predpokladdme, ze na§ HDAC6 obsahuje vice katalyticky aktivnich molekul
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enzymu na mol, nez tomu bylo u HDAC6 popsaného jinymi skupinami. Inhibi¢ni
konstanty (ICsp) pro tfi znamé inhibitory SAHA (5 nM), trichostatin A (TSA, 1,2
nM) a Nexturastat A (5,2 nM) byly shodné s t€mi, které jsou uvadény v literatuie
[17,18].

Doposud nebylo UpIn¢ jasné, zda HDAC6 prednostné deacetyluje volné
tubulinové dimery nebo mikrotubuly. Vzhledem k tomu, Ze acetylace je
reverzibilni modifikace, bylo by logické, aby substratova preference HDACG6 byla
opacna nez substratova preference hlavni tubulinové acetyltransfersy aTATI.
aTAT1ptednostné acetyluje mikrotubuly, 1 kdyZ malou rychlosti. Zjistili jsme, Ze
nami purifikovany HDAC6 vykazuje pii deacetylaci 1500-nasobnou preferenci
vuci dimeriim v porovndni s mikrotubuly. Rychlost deacetylace byla stanovena
na 0,6 s’ pro tubulinové dimery a 0,0004 s pro stabilizované MT. Abychom
vyloucili moznou interferenci stabilizacniho €inidla, testovali jsme se stejnym
vysledkem mikrotubuly stabilizované jak taxolem, tak 1t GMPCPP. Miyake a kol.,
minuly rok popsali 2,5 nasobnou preferenci dimerti za pouZziti duplikované
katalytické domény HDAC6 z D. rerio. Kdyby tyto vysledky platily i pro lidsky
HDACS6 plné délky, byla by rychlost deacetylace pro mikrotubuly rovna 0,24 s
JelikoZ bylo zjisténo, Ze rychlost acetylace aTAT1 je 0,00044 s™!, znamenalo by
to, ze mikrotubuly existuji pouze v deacetylovaném stavu. Rozdil mezi nasimi
vysledky a vysledky Miyake a kol., ukazuje, Ze pro rozpoznani dimerl a
mikrotubulti jako substratli jsou potfebné aminokyseliny mimo DDI1/DD2
katalytické jadro. Podobnd mikrotubuly vazici doména byla predikovdna u
aTATI1. Vyrazny rozdil v rychlosti deacetylace mezi dimernim tubulinem a
mikrotubuly podporuje hypotézu (vytvorenou Skogem a kol., 2014 a Miyakem a
kol., 2016), Ze acetylace a deacetylace tubulinu jsou vysledkem protichiidnych
substratovych preferenci mezi HDAC6 a aTAT1 [19,20].

Vzhledem k tomu, Ze aAcLys40 lezi v lumen mikrotubulu, je jeho ptistupnost
problematicka. Tubulinové dimery vclenéné do mikrotubulli maji velkou ¢ast

svého povrchu nepfistupnou pro interakci s MAP (proteiny vazicimi
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mikrotubuly). Abychom zjistili, jestli je substrdtova preference vysledkem
omezené dostupnosti aAcLys40 nebo je-li vysledkem suboptimalni vazby na
povrch tubulinu, zkoumali jsme miru deacetylace jinych polymernich
tubulinovych forem. Porovnali jsme rychlost deacetylace mikrotubult, zinkovych
listh a dolastatinovych kruhti s tubulinovymi dimery. Rychlost deacetylace
dolastatinovych kruhti a zinkovych listl je 100- a 750-nasobné pomalej$i nez u
volného tubulinu. NaSe zjisténi ukazuji, Ze pfistupnost neni rychlost omezujicim
faktorem. S nejvétsi pravdépodobnosti jsou pro optimalni deacetylaci substratu
katalyzovanou HDAC6 rozhodujici bo¢ni interakce.

Lys40 lezi v pomérné flexibilni smycce tvofené 20 aminokyselinami pocinajici
GIn31 a konc¢ici Asn50, piiCemz aminokyseliny 37 az 42 jsou vysoce
konzervované. To vyvolava nasledujici otazky: 1) postauje sekvence smycky
obsahujici aLys40 k rozezndni substratu HDAC6, 2) jestli je konzervovano jenom
6 aminokyselin, jak dlouha sekvence je potiebnd pro optimalni deacetylaci
pomoci HDACS6, 3) je rozdil v rychlostech deacetylace mezi smyckou obsahujici
aLys40 ve formé volného peptidu a v o/B-tubulinovém dimeru? Porovnali jsme
rychlost deacetylace o/ tubulinového dimeru (kvantifikace Western pfenosem) a
tri- az nonadekamerického peptidu (kvantifikovdno pomoci HPLC) odvozeného
od sekvence kolem Lys40.

NaSe vysledky ukazuji, Ze s rostouci délkou peptidu se rychlost deacetylace
peptidu snizuje. Zatimco rychlost pro tubulinovy peptid T3 (Abz-D[AcK]T-NH2)
je 2,0 s, rychlost postupné klesi na 0,1 s
(Abz-PDGQMPSD[AcK]TIGGGDDS-NH,) a T19
(Abz-QPDGQMPSD[AcK]TIGGGDDSF-NH;). Ptestoze je tripeptid substratem

pro peptidy T17

s nejvyssi rychlosti deacetylace, je a/B-tubulinovy dimer deacetylovan 12 krat
rychleji. To naznacuje, Ze pro optimalni rozpoznavani substratu a jeho deacetylaci
jsou potiebné interakce mimo aktivni misto. Tuto hypotézy také podporuji
hodnoty K, pro deacetylaci peptidi, které jsou v mikromolarnich hodnotach (88

uM pro T9 a az 328 uM pro T15). Tyto hodnoty ukazuji relativné nizkou afinitu
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HDACS6 k peptidovym sekvencim z okoli aLys40. K,, pro tubulinovy dimer je
0,23 uM, a tak je afinita k volnému tubulinu témét 400x vyssi nez u peptidového
substratu T3. Nase vysledky naznacuji, ze pro maximalni deacetylaci tubulinu je
nezbytnd interakce s bocnimi a podélnymi povrchy tubulinu, jak prokézala
deacetylace tubulinovych polymert, kde jsou tyto povrchy nepfistupné uvniti
polymernich mftizek.

Jednou z hlavnich otazek ohledné deacetylace tubulinu je to, jak deacetylasy a
acetyltransferasa dosdhnou na alLys40, pokud se tento nachazi v lumen
mikrotubulu. Mezi jednotlivé moznosti patii: vstup do lumen od koncti, ptistup k
smycce pres zlomy existujici uvnitt mikrotubulové miiZzky nebo pfiistup zvenci.
Zvysend dostupnost mikrotubulového lumen miize byt zpiisobena ohybanim
mikrotubuli, coZ zplsobuje mechanické namdhani vedouci ke zkrouceni a
naslednym defektim v miiZce mikrotubulti [21]. Taktéz spoje mezi dvéma
sousednimi protofilamenty nejsou tésné, ale je mezi nimi mezera. Smycka alLys40
lezi pod takovou mezerou a miiZze byt de/acetylovana. Vysledky ale naznacuji, Ze
by v mikrotubulech musela prob&hnout masivni reorganizace, aby mohly
modifikujici enzymy proniknout k alLys40. Szyk a kol., ukazali, Ze acetylace
mikrotubulll in vitro je rovnomérné rozloZena bez zvyhodnéni koncli mikrotubultl
[22]. To je pravdépodobné zptisobeno nahodnou, ale rovhomérnou difuzi aTAT1
v lumen mikrotubulu. Pouziti TIRF mikroskopie s imobilizovanymi mikrotubuly
znaCenymi rodaminem nam umozZnilo sledovat, ze HDAC6 se vadze na
mikrotubuly rychle a bez preference vici jejich koncim. Dynamika téchto
interakci poukazuje spiSe na vazbu HDAC6 na povrch mikrotubuli, nezli na vstup

do lumen mikrotubuli od jejich koncti.

ZAVERY
1. Ptipravili jsme nové inhibitory GCPII a pomoci rentgenostrukturni analyzy
jsme prostudovali jejich interakci s GCPIL. Nové inhibitory navrzené pro klinické

aplikace vykazovaly vyssi hydrofobicitu nez ptivodni molekuly.

15



2. Uspésné jsme zavedli expresi HDACG6 v savéich buiikach a purifikovali enzym
v témét 100% Cistoté. Nase vysledky jednoznacéné urcily tubulinové dimery jako
preferovany substrat a tato preference byla kvantifikovana. Pouzitim rtznych
tubulinovych polymert jsme dokazali, ze ptistupnost aAcLys40 neni urcujicim
faktorem pro rychlost deacetylace, a Ze G¢innd deacetylace tubulinu vyZaduje
krom¢& piimych interakci s aminokyselinami v okoli aAcLys40 také dalsi

interakce.
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ABSTRACT

Zinc-binding proteins represent approximately one tenth of the proteome and a
good portion of them are zinc-dependent hydrolases. This thesis focuses on
biochemical and structural characterization of glutamate carboxypeptidase II
(GCPII) and histone deacetylase 6 (HDAC6), two members of the zinc-dependent
metallohydrolase superfamily. We describe here their interactions with natural
substrates and inhibitors.

GCPII is a homodimeric membrane protease catalyzing hydrolytic cleavage of
glutamate from the neurotransmitter N-acetylaspartylglutamate (NAAG) and
dietary folates in the central and peripheral nervous systems and small intestine,
respectively. This enzyme is associated with several neurological disorders and
also presents an ideal target for imaging and treatment of prostate cancer. GCPII
inhibitors typically consist of a zinc-binding group (ZBG) linked to an S1°
docking moiety (a glutamate moiety or its isostere). As such, these compounds
are highly hydrophilic molecules therefore unable to cross the blood-brain barrier
and this hampers targeting GCPII to the central nervous system. Different
approaches are adopted to alter the S1° docking moiety of the existing inhibitors.
As a part of this thesis, we present different strategies relying on replacement of
the canonical P1’ glutamate residue with unbranched non-natural amino acids and
glutamate bioisosteres. We also study the effect of introduction of an
aminohexanoate linker on affinity and biological properties of phosphoramidate-
based inhibitors. Analysis of crystal structures of GCPII in the complex with these
novel inhibitors identified unprecedented plasticity of the S1° site that enables
GCPII to accommodate bulky residues. We have succeeded in identifying
compounds with increased hydrophobicity. These molecules, although not strong
inhibitors, represent promising scaffolds for further rational design of new
inhibitors.

Acetylation of Lys40 of a-tubulin protects the microtubules from mechanical
ageing and plays role in cell motility, axonal branching, and growth and
maintenance of neuronal processes. HDAC6 is the major tubulin deacetylase and
it is emerging as a possible treatment target in cancer and neurodegenerative
diseases. A better understanding of its interaction with the tubulin substrate is
therefore needed. We show here that HDAC6 deacetylates the tubulin dimers at a
rate 1500-fold higher than the microtubules. Our data indicates that amino acids
beyond the P; and P_; within the Lys40 loop contribute minimally to the substrate
recognition and that efficient deacetylation requires complex longitudinal and
lateral interactions with tubulin dimer.
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INTRODUCTION

Zinc dependent hydrolases

Zinc-dependent hydrolases are a class of metalloenzymes, where zinc ions are
critical for the enzyme to catalyze hydrolytic reactions. This thesis presents a
detailed study of two zinc hydrolases: GCPII and HDAC6. We addressed
structure-assisted design of new GCPII inhibitors and elucidated interactions

between HDAC6 and tubulin, its natural substrate.

GCPII

Human glutamate carboxypeptidase Il is a membrane bound zinc-dependent C-
terminal exopeptidase [1]. In the small intestine the enzyme cleaves the y-linked
glutamates from dietary folyl-poly-y-glutamates, allowing their absorption into
the blood stream [2]. In the nervous system, GCPII functions as NAALADase and
hydrolyzes the neuropeptide N-acetyl-L-aspartyl-L-glutamate (NAAG). GCPII
inactivates NAAG by hydrolyzing it, resulting in N-acetyl-L-aspartate (NAA) and
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Figure 1: Scheme of reactions catalyzed by GCPII
A) GCPII cleaves the NAAG substrate into NAA and glutamic acid. B) GCPII
hydrolyzes dietary folates thus enabling their absorption in small intestine (n=5-7)

glutamic acid release [3]. High amounts of glutamate in the synaptic space are
considered neurotoxic and are associated with neurological disorders such as
stroke, amyotrophic lateral sclerosis, and Alzheimer’s disease. The function of

GCPII in a healthy prostate is unclear but high expression levels were observed
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in prostate cancer. The vast difference in the expression levels between healthy
and cancerous prostate tissue makes GCPII a great prostate cancer marker.

In general, the GCPII inhibitors consist of a zinc-binding group (ZBG) and an S1°
binding group (usually a glutamate moiety or glutamate isostere). Currently used
GCPII inhibitors can be divided into four groups based on the nature of the zinc-
binding group: 1) phosphorous based inhibitors (phosphonate-, phosphate-, and
phosphoramide-based), 2) urea-based compounds, 3) thiols, and 4) hydroxamates.
Among the most potent are 2-phosphonomethylpentanedioic acid (2-PMPA) (K;
= 0.3 nM), a potent phosphonate based GCPII inhibitor, and urea-based DCIBzL
(Ki=0.01 nM).

Involvement of GCPII in several CNS disorders necessitates synthesis of highly
lipophilic inhibitors (or inhibitor prodrugs) that have ability to cross the blood
brain barrier. Majority of the most potent inhibitors has either glutamate or its
mimetic at the P1’ position as the S1° pharmacophore pocket is optimized for
glutamate binding [4] and its use at the P1° position markedly increases inhibitory
potency of a given compound. However, it is the presence of glutamate/glutarate

at the P1° that negatively affects lipophilicity of GCPII inhibitors.

HDACG6

HDACG6 belongs to the histone deacetylase family of enzymes catalyzing
hydrolytic removal of the acetyl group from the g-amino group of lysine. Among
the 18 members of the human histone deacetylase family is the only HDAC6 with
fully duplicated deacetylase domain [5].

While more than 20 HDAC6 substrates were identified, tubulin stands out as the
most abundant and the most important. a- and B-tubulins are globular proteins and

they form a 110 kDa heterodimer. The dimer serves as the building block of
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tubulin polymers. The o/B-subunits bind head to tail to form protofilaments. Then
they join side by side to form different polymers that are maintained by lateral and
longitudinal interactions between the subunits. Longitudinal bonds are between
two adjoining subunits, linking them into a linear protofilament. Lateral
interactions unite protofilaments side by side to form a sheet or a microtubule.

During depolymerization of microtubules, the lateral interactions between the

Figure 2: Tubulin polymers

Addition of various substances results in tubulin polymerization. Schemes supplemented
with electron micrographs. (A) Addition of GTP induces formation of microtubules. (B) In
high concentrations of zinc ions, tubulin polymerizes into zinc-sheets with protofilaments
in antiparallel orientation. (C) Dolastatin-10 forces tubulin filaments to curve, resulting in
rings formed of 13 - 15 tubulin dimers. Bars in (A) and (B) = 200 nm in (C) =40 nm. a- and
B- tubulin depicted as pink and green circle, respectively, acetylation as red curved line,
black arrows indicate orientation of protofilaments. Scheme by LS, electron micrograph of
dolastatin-10 ring by Moores & Milligan, 2008.

protofilaments weaken and they start to curve outwardly. These curvatures either
disassemble or close and form tubulin rings. In presence of dolastatin-10 single
walled tubulin rings are formed, mimicking these depolymerization products

(Figure 2C) [6].
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Zinc at concentrations higher than 50 uM and at pH 5.5-5.8 induces formation of
zinc-sheets of up to 2 pum in width. Similarly to M Ts they consist of protofilaments
albeit in antiparallel orientation (Figure 2B) [7].

Microtubules are formed of 11-15 protofilaments of the same orientation,
arranged side by side (Figure 2A).

It has been shown that acetylation is involved in mechanical stabilization of
microtubules and protects them from mechanical ageing [8]. Decrease in tubulin
acetylation was observed in Alzheimer’s and Huntington diseases. aTATI1 (o-
tubulin N-acetyltransferase) and HDAC6 are considered to be the major tubulin
acetylase and deacetylase, respectively in mammalian cells [9,10]. The tubulin
acetyltransferase acetylates microtubules 4-6 times faster than tubulin dimers and
it has been shown that lateral lattice interactions are required for its optimal
activity. Tubulin was identified as HDAC6 substrate in 2002, but the data
quantifying the substrate preference of the purified full length human HDACG6 has

been missing. Our report aims to fill this gap.

AIMS OF THE STUDY
. Structure-assisted design of new lipophilic compounds binding to GCPII

. Purification of full length HDAC®6, characterization of HDAC6 as tubulin

deacetylase, and quantification of its substrate preference

MATERIAL AND METHODS

Variants of human GCPII were heterologously expressed using Schneider’s S2
cells and purified by a combination of affinity and size-exclusion
chromatography. Substrates and inhibitors were synthetized by collaborating

laboratories. GCPII was co-crystallized with substrates or inhibitors and the X-
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ray structures of the complexes were solved by difference Fourier methods.
Kinetic constants on novel substrates and inhibitory constants on novel inhibitors
were determined using the high-pressure liquid chromatography. /n vivo studies
were performed using prostate cancer xenograft models. Four weeks after tumor
growth induction in mice by injection of CWR22Rv1 PSMA (+) cells, ['*F]4,
['®F]5, and ['®F]6 were administered and the PET imaging was performed. For the
biodistribution and internalization studies the organs and blood of euthanized
mice were counted using a y counter.

Human HDAC6 was heterologously expressed in HEK-293-T17 cells and
purified by a combination of affinity and size exclusion chromatography. LC-
MS/MS was used to determine possible PTMs of HDACG6 and acetylation levels
of tubulin isolated from porcine brains. Activity and sensitivity to inhibitors was
assessed using fluorometric in vitro deacetylation assays with AMC labeled
peptide substrates. Deacetylation rates of free tubulin dimers and tubulin polymers
were determined by Western blot quantification. Tubulin polymers were prepared
by incubation of tubulin with GMP/GMPCPP (MT), Zn*" (zinc sheets), or
Dolastatin-10 (dolastatin rings) and stabilized by taxol. Deacetylation rates of
fluorophore tubulin peptides derived from aAcLys40 loop were determined by
HPLC-based quantification of in vitro deacetylation assays. Visualization of
HDAC6 binding and deacetylation of MTs was done by TIRF and indirect

immunofluorescence microscopy using fluorescently labeled HDAC6 and MTs.

RESULTS AND DISCUSSION

Inhibitors with enhanced lipophilicity

In Plechanovova et al., 2011, we present a study of substrates, where the canonical
P1’ glutamate moiety of NAAG was substituted by unbranched non-natural amino
acids (aliphatic chains of 0-7 carbon atoms — see Figure 3). We observed that

catalytic efficiency increased in direct proportion to increasing aliphatic chain
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length, starting from alanine. The observed inability of GCPII to recognize Ac-
Asp-Gly as a substrate indicated the necessity of a side chain at the P1’ position.
Crystal structures of inactive mutant GCPII E424A in complex with substrates
Ac-Asp-Met (NAAM), Ac-Asp-Aoc, and Ac-Asp-Ano revealed that the overall
fold of the enzyme was unchanged (compared to structure of GCPII E424A with
NAAG). We observed, however, a loss of two hydrogen bonds originally existing
between the glutamate y-carboxylate and side chains of Asn257 and Lys699. The
substrates with non-polar side chains were stabilized within the active site by non-
polar contacts with the side chains of Phe209, Asn257, Leu428, Lys699, and main
chains of Gly427 and Gly517. The use of substrates with very long aliphatic
chains (with 7 and 8 carbon atoms) forced the S1’ site to adopt a previously unseen

HO e o o H
N R—NH{ NAAG Sl NAAM
R= i (Ac-Asp-Glu) (Ac-Asp-Met)
=0 o]

5—
HO
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R—NH rs,l R—NH<{(5) R—NHA{s} NH (R.S)
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{Ac-Asp Gly)  (Ac Asp -Ala)  (Ac~ Asp Abu)  (Ac Asp nVal)  (Ac~ Asp nLeu)  (Ac Asp Ahp) (Ac Asp -Aoc)  (Ac-Asp-Ano)

Figure 3: Compounds studied in Plechanovova ez al., 2011

plasticity. The NC of Lys699 within the glutarate sensing hairpin was forced to
shift by 3.9 A in order to avoid clashing with the C-terminal side chain of the 8S
inhibitor. This lead to a stretching of the S1° pocket. New inhibitors were
synthetized based on the biochemical/structural data on the substrates with
aliphatic chains. Here, the Ac-Asp moiety and the peptide bond were replaced by
(4-10do-benzoylamino)hexanoyl group and a non-hydrolysable ureido linker,
respectively. At the P1’ position aliphatic unbranched side chains and methionine
were used. Inhibitory constants decreased with increasing chain length, yet the
inhibitory potency of the best of the inhibitors (81, Ki=29 nM and NAAM, K= 23
nM) was still three orders of magnitude lower than the DCIBzL molecule [11].

However, the elongation of the aliphatic chain also resulted in an increase in
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lipophilicity and the inhibitor with the longest chain had distribution coefficient
ClogD = - 0.23 (ClogD of DCIBzL is -5.16). Analysis of crystallographic data
shows that the substrates and inhibitors of the corresponding chain length bind
into the pharmacophore pocket in the same manner.

We have returned to the design of inhibitors with improved lipophilicity again in
Pavlicek et al., 2014. This article is a follow-up study to Wang et al., [12] who
used the DCIBzL scaffold and, adopting a structure-assisted drug design
approach, prepared a series of new inhibitors with yet untested moieties replacing
the canonical P1’ glutamate. Our goal was to understand the interaction of six of
these inhibitors with GCPII. Structures, names, and physicochemical
characteristics of studied inhibitors are summed in picture 4.

The overall structural arrangement of the protein remained virtually identical.
However, there is a difference from the previously characterized GCPIl/urea
based inhibitor complexes in the interaction pattern within the S1° pocket. The
most profound changes are observed in the GCPII/(6) complex. Binding of the
propargylic moiety within the S1° pocket elicits its compaction due to a 3.1 A
shift of the Leu259-Gly263 amino acid loop (the Ca of Leu261 as the reference
point). Consequently, to not collide with the Leu261, the Lys699 is forced to shift
by 7.3 A (the N{ atom), in a manner similar to the binding mode of the allylic
1sostere described by Wang et al., 2010 [12]. Taken together, these shifts indicate
that the S1° pocket possesses a plasticity never described before.

Another new discovery was the variable orientation of the P1’ isosteres consisting
of five or six membered rings. The plane of the pyridine ring of inhibitor (4) was
rotated 70° in regard to the oxadiazolidine ring of the quisqualate, that lays
practically perpendicular to the sides of the S1' pocket defined by side chains of
Phe209 and Leu428. This rotation results in a widening of the S1' pocket by
shifting the Phe209 and the Leu428 by 1 A. The rings of the other two inhibitors
(1) and (2) are rotated to a lesser degree and their orientations have no effect on

the S1' pocket that remains as compact as with bound quisqualate.
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Of the six compounds studied in this report, two (1 and 5) have identical inhibitory
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Figure 4: Compounds studied in Pavlicek et al., 2014

potency in low nanomolar range. These two inhibitors are weaker than the
parental DCIBzL by two orders of magnitude, however they are significantly
more hydrophobic.

Phosphoramidate derivatives as PET biotracers

In Dannoon et al., we looked at GCPII-targeting small molecules derived from
radiotracer 4-'8F-fluorobenzamido-phosphoramidate (Ki = 0.68 nM) [13] as
possible PET (positron emission tomography) imaging molecules. Modification
of the P1 serine/P1’ glutamate phosphoramidate scaffold with
2-(3-hydroxypropyl)glycine, aminohexanoate, and fluorobenzoyl moieties

yielded an irreversible inhibitor (5) with similar potency (Ki=0.4 nM), but a more
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rapid uptake (2.35 £0.91 % ID/g at 1 h) and retention (2.33 + 0.50 % ID/g at 4 h)
and high tumor-to-blood ratio (265:1 at 4 hours after injection).

To assess the effect of the AH chain length on binding, the phosphoramidate
scaffold was modified by removing (4, CTT1056) or adding (6) an extra
aminohexanoate (AH) linker to the previously identified inhibitor (5, CTT1057)
16 The inhibitory potencies of the new compounds were three (4, ICso = 1.3 nM)
and two fold (6, ICsy = 0.9 nM) lower than that of the parental molecule (5, ICsy
= 0.4 nM). All three molecules inhibit GCPII irreversibly which is favorable for
imaging tracers. The overall fold of crystal structures of GCPII in complex with
the phosphoramidates 4, 5, and 6 was nearly invariant for all three complexes.
However, while the F,-F. density for the whole of (4) and (5) is visible, the distal
part of (6) with the P2 residue, the lipophilic linker and the fluorobenzoyl group
cannot be seen, indicating these portions of inhibitor are flexible and do not

interact with GCPII. Unlike (4) and (6), where the P1 carboxylate interacts
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Figure 5: Phosphoramidate inhibitors

A) Phosphoramidate (ICso=14 nM) B) 4-Fluorobenzamidophosphoramidate (ICso=1.4
nM) C) Compound (4) n=0 (ICs50=1.3 nM); Compound (5) n=1 (IC50=0.4 nM),
Compound (6) n=2 (IC50=0.9 nM)
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directly with the arginine patch Arg534 and Arg536, the P1 carboxylate of (5) is
shifted by 1.1 A and interacts with Arg536 only. The difference in the length of
the linkers (13, 20, and 28 A for (4), (5), and (6) respectively) is the main cause
for the different way of positioning of the distal parts of the inhibitors. The
fluorobenzoyl ring of (4) forms weak m-cation interactions with the arene binding
site and is parallel to the guanidinium group of Arg463. The atoms of the 20 A
linker in (5) reach into the arene binding site with the main-chain carbonyl
accepting the hydrogen bond from the guanidinium group of Arg463. The
fluorobenzoyl ring plane is virtually parallel to both indole and guanidinium
groups of Trp541 and Arg511 of the arene-binding cleft, respectively [14]. A very
similar orientation towards Trp541 and Arg511 had previously been described for
the pteridine ring of FolGlu, [15]. There is no detectable electron density for the
distal part of (6). All three tracers are specific and are detectable in PSMA™ cells
only. A study in which the AH linker was inserted into another PET imaging agent
(a DOTA-containing Affibody against HER2- a derivative of Zygr2-342) indicates
that the aliphatic linker addition might have a potential in improving the
biodistribution pattern [16]. Our results are in good agreement with this study, as
the tumor to blood ratios and in vitro uptake were significantly higher for ['*F](6)
compared to those of ['*F](4) and ['*F](5). However our results also indicate that
elongation of the AH linker (as seen in ['®F](6)) results in an increase in
lipophilicity leading to decrease in renal clearance and tumor uptake compared to
['®F](5). This study has analyzed the difference in binding of this small series of
phosphoramidate derivatives with increasing lipophilicity, evaluated them as PET

imaging agents and identified ['®F](5) and ['®F](6) as promising candidates.

Characterization of HDAC6 as tubulin deacetylase
In Skultetyova et al., we perform a detailed kinetic analysis of tubulin
deacetylation and a study of HDAC6/microtubule interactions, as the existing

information on HDAC6 preference for different tubulin forms is unsatisfactory.
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It has been reported that HDAC6 activity and localization is regulated by PTMs.
To see if the protein we purified is modified we submitted it to analysis by LC-
MS/MS. Since our preparation of HDAC6 displays no posttranslational
modifications the activity observed for the protein we purified was considered to
be the basal level of activity. We determined the enzymatic activity of our HDAC6
preparation to that described in literature. K;, values on previously described
substrates were determined as 3.7, 4, 9.1, and 11.3 uM for Fluor de Lys, Boc-
K(Ac)-AMC, (Ac)GAK(Ac)-AMC, and Fluor de Lys SIR substrates,
respectively. When compared to values reported by Zou et al., Miyake et al., and
Schultz et al., we have concluded that while the K, values are in good accord with
the literature, the turnover numbers of our protein for Fluor de Lys and
(Ac)GAK(Ac) substrates are one order of magnitude higher than previously
described. We surmise that our HDACG6 preparation therefore contains more
catalytically active molecules of enzyme per mol than those characterized
elsewhere. The inhibition constants for three known inhibitors SAHA (5 nM),
trichostatin A (TSA, 1.2 nM) and Nexturastat A (5.2 nM) were in the same range
as previously described [17,18].

A lot of controversy exists concerning whether HDAC6 preferentially
deacetylates free tubulin dimers or microtubules. Given that acetylation is a
reversible modification it would be logical that HDACG6 preferred the substrate
disfavored by the major tubulin acetyltransferase a TAT1. The acetylase had been
reported to preferentially deacetylate microtubules, albeit at a very slow rate. With
the full length wild type HDAC6 from our preparation we see that the enzyme
shows 1,500-fold preference for dimers over microtubules. The deacetylation
rates are 0.6 s and 0.0004 s™! for tubulin dimers and stabilized MTs, respectively.
To exclude possible interference from the stabilization agent we tested both taxol
and GMPCPP stabilized microtubules with the same result. Last year Miyake et
al., when using the catalytic core of zebrafish HDAC6 observed 2.5-fold

preference for dimers over microtubules. If this was true for the full length human
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HDACS6, the deacetylation rate for microtubules would be 0.24 s'. Since the
acetylation rate of aTAT1 has been determined to be 0.00044 s! this would have
meant that microtubules existed in the deacetylated state only. The difference in
our results compared to the results of Miyake ef al., indicates that residues outside
the DD1/DD2 core are required for recognition of dimers and microtubules as a
substrate. A similar microtubule sensing domain has been suggested for aTATI.
The pronounced difference in the turnover rate between dimeric tubulin and
microtubules supports the hypothesis (formed by Skoge et al., 2014 and Miyake
et al., 2016), that acetylation and deacetylation of tubulin are a result of opposing
substrate preferences between HDAC6 and aTATI [19,20].

As the aAcLys40 lies within the microtubule lumen, accessibility is a challenge.
Tubulin dimers integrated into microtubule also have a large portion of their
surface inaccessible for interaction with MAPs. To see if the substrate preference
stems from the limited accessibility of the aAcLys40 loop or if it is a result of
suboptimal binding to tubulin surface we looked at deacetylation rates of other
polymeric tubulin forms. We have compared microtubules, zinc sheets, and
dolastatin-10 rings to tubulin dimers. The deacetylation rates of Dolastatin-10
rings and Zn-sheets are 100- and 750-fold slower than free tubulin. Our findings
indicate that accessibility is not the rate limiting factor. Rather, the longitudinal
and lateral interactions are important for optimal turnover of the substrate by
HDACS6.

The Lys40 residue is located in a rather flexible loop formed by 20 amino acids
from GIn31 to Asn50, with residues 37 — 42 being highly conserved across
tubulins from various species. This raises the following questions: 1) is the
sequence of the aLys40 loop sufficient to be recognized as a substrate by HDAC6
2) If only 6 amino acids are conserved across the species how long a sequence is
required for the optimal deacetylation by HDACG6 3) Is there a difference in the
deacetylation rates between the aLys40 loop in the form of a free peptide and

within the context of of-tubulin dimer? Using HPLC we compared the
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deacetylation rates of o/P tubulin dimer and tri- to nonadecameric peptides
derived of amino acids surrounding the central lysine of the aLys40 loop to the
deacetylation rate of dimers (quantification from Western blots). Our results show
that with the increasing length of the peptide the rate of peptide conversion is
decreasing. While the rate is 2.0 s for the T3 (Abz-D[AcK]T-NH2) tubulin
peptide, it gradually decreases to 0.1 s' for peptides T17 (Abz-
PDGQMPSD[AcK]TIGGGDDS-NH,) and T19
(Abz-QPDGQMPSD[AcK]TIGGGDDSF-NH,). Although  this makes
the tripeptide the substrate with the highest deacetylation rate, the o/p tubulin
substrate is still deacetylated 12-fold faster. The difference in deacetylation rates
indicates that interactions beyond the active site are necessary for optimal
substrate turnover and recognition. This is further supported by K, values for the
peptides which are in the high micromolar range (88 uM to 328 uM for T9 and
T15, respectively), and indicate relatively low affinity of HDAC6 for the isolated
aLys40 sequences. The K, value for tubulin dimer is 0.23 uM and therefore the
affinity towards free tubulin is nearly 400 x higher than for the best tubulin-
derived peptide substrate. In case of tubulin, interaction with lateral and/or
longitudinal interfaces seems to be required for maximum activity as indicated by
these experiments and the deacetylation of tubulin polymers, where these surfaces
are buried within the polymeric lattices.

One of the big questions of tubulin de/acetylation is how the deacetylases and
acetyl transferase access the alLys40 in microtubules, if it is buried in the lumen.
The possibilities considered are: entering the lumen from the tips, accessing the
loop through breaks existing within the microtubule lattice, or accessing it from
the outside. Increased accessibility of the microtubule lumen might be caused by
the bending of microtubules, which causes mechanical stress leading to torsion
and consecutive defects in the microtubule lattice [21]. Also junctions between
two neighboring protofilaments are not tight, but a gap forms between two

adjacent dimers. The aLys40 loop lies beneath this opening and can be modified,
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but data suggests that a massive reorganization would have to take place in the
microtubule for modifying enzymes to be able to access alLys40. Szyk et al., have
shown that in vitro acetylation of microtubules is evenly distributed without bias
for ends and this is probably due to stochastic but uniform diffusion of aTAT1 in
the lumen [22]. Use of TIRF microscopy with immobilized rhodamine labeled
microtubules permitted us to see that HDAC6 binds microtubules fast and without
preference for ends. The dynamics of this interactions points towards HDAC6

binding the microtubule surface rather than entering from tips.

CONCLUSIONS

1. We have prepared new GCPII inhibitors and using X-ray crystallography
studied their interaction with GCPII. The inhibitors, as clinically applicable
agents, exhibited higher hydrophobicity than the parent molecules.

2. We have successfully established expression of HDAC6 in mammalian cells
and purified the enzyme to near 100% homogeneity. We have unequivocally
identified tubulin dimers as its preferred substrate and quantified the preference.
Using different tubulin polymers, we have shown that accessibility of the
aAcLys40 is not the rate determining factor and that efficiency of the tubulin
deacetylation enzyme requires interactions additional to those with amino acids

within the aAcLys40.
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