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Abstrakt

vvvvv

fungovani mnoha proteind. Proteiny obsahujici hem tvoii obrovskou skupinu biologicky
vyznamnych molekul, které se ucastni mnoha fyziologickych procest. Diserta¢ni prace se
vénuje dvéma skupindm hemovych senzorovych proteinti, a to prokaryotickym hemovym
senzorim plynnych molekul a eukaryotickym senzorim detekujicich hem. Hemové senzory,
které detekuji plynné molekuly, hraji diillezitou roli v regulaci mnoha bakteridlnich procest a
jsou obvykle tvofeny dvéma doménami, doménou senzorovou a doménou funkéni. Disertacni
prace se zamétuje na studium dvou zéastupcl ze skupiny bakteridlnich senzorti detekujicich
plyny, histidinkinasy AfGcHK a diguanylatcyklasy YddV. Hlavnim cilem prace bylo objasnit
mechanismus mezidoménového pienosu signalu u téchto dvou modelovych hemovych
senzorl. Za pomoci rentgenové krystalografie a metody vodik-deuteriové vymény
v kombinaci s hmotnostni spektrometrii byly odhaleny vyznamné rozdily ve struktuie
proteinu  AfGcHK pii pfechodu z jeho aktivni na neaktivni formu. Pfijem urcitého
signdlu senzorovou doménou AfGcHK ovlivni strukturni vlastnosti proteinu, a tyto
konformaéni zmény maji pak nepiimo vliv na enzymovou aktivitu domény funkéni.
Diserta¢ni prace se dale detailnéji vénuje vlivu uspofaddani dimeriza¢niho rozhrani na pienos
signalu mezi senzorovou a funkéni doménou. V ptipadé, ze je dimerizace senzorové domény
narusena, je ovlivnéna schopnost proteinu signal dal prenést, a protein tak ztraci svou
enzymovou aktivitu. Jak zmény v senzorové doméné proteinu ovliviiuji jeho katalytickou
aktivitu v pfipadé¢ druhého studovaného senzoru, diguanylatcyklasy YddV, ndm pomohla
objasnit detailni kineticka analyza. Tato studie odhalila, Ze katalyticka aktivita vyrazné zavisi
na redoxnim a ligandovém stavu iontu Zeleza hemu. Analyza oligomernich stavli pak ukézala,
ze YddV tvoii v roztoku pfevazné dimery a jeho neaktivni mutantni forma H98A ma tendenci
vytvaret oktamery. Tyto vysledky naznacuji, Ze spravny oligomerni stav je, podobné jako
v piipadé AfGcHK, pro optimalni funkci proteinu klicovy. Soucasti disertacni prace je také
souhrnnd publikace, kterd se zabyva eukaryotickymi hemovymi senzory a ptehledné shrnuje

nove objevenou roli hemu jako signalni molekuly.
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Proteiny obsahujici hem si v poslednich desetiletich ziskdvaji stale vétsi pozornost
veédeckych skupin po celém svéte. Védecky zdjem o hemové proteiny je zcela opodstatnény,
nebot’ tyto proteiny tvofi obrovskou skupinu biologicky vyznamnych molekul a nachdzeji se
ve vSech zndmych zivych organismech [Rodgers 1999, Shimizu 2015]. Kromé prototypickych
a vSeobecné¢ znamych roli hemového komplexu ve fyziologickych funkcich se postupné
objevuji dalsi a dalsi dulezit¢ role hemu. Tyto nové objevené ulohy hemu jsou
zprostiedkovany skupinou hemoproteinii oznacovanych jako hemové senzorové proteiny.
V takovych proteinech mize hem fungovat jako misto detekce plynnych molekul (tj. misto
detekce signalu) nebo muze byt hem sdm o sobé primarnim signalem [Igarashi 2008,
Martinkova 2013, Shimizu 2015]. Hemové senzorové proteiny tak mizeme rozdélit do dvou
skupin, (1) ,,HEMOVE SENZORY PLYNU*“ (hemové proteiny, které detekuji plynné
molekuly) a (2) ,,SENZORY HEMU* (senzorové proteiny detekujici hem).

Prvni skupinu (HEMOVE SENZORY PLYNU) tvoii proteiny, které maji hem
relativné pevné vazan ve své struktufe a je mistem detekce plynnych molekul, napt. Oz, NO,
CO. Pro hemové senzory plynl plati, Ze jejich funkce (nejcastéji fosfodiesterasova,
diguanylatcyklasovd nebo histidinkinasova aktivita) je mimo jiné aktivovana nebo
deaktivovana v zéavislosti na tom, zda je na hem v senzorové doméné proteinu vazana
molekula plynu ¢i nikoli. Hem tak neptimo, prostiednictvim vazby plynu, reguluje mnoho
fyziologickych funkci [Shimizu 2015, Martinkova 2013, Sawai 2018, Kang 2019, Igarashi
2008]. Do této skupiny hemovych senzorii patii dva prokaryotické proteiny, které byly
studovany v ramci disertacni prace, histidinkinasa AfGcHK a diguanylatcyklasa YddV.

V ptipad€ druhé skupiny hemovych senzori (SENZORY HEMU) funguje molekula
hemu jako prvni signal a protein plni svou funkci v zavislosti na dostupnosti volného hemu
v okoli. Tyto senzory hemu reguluji fadu vyznamnych fyziologickych funkei, napf.
transkripci a translaci nékterych proteinti, fosforylaci a degradaci proteinti atd. [ Shimizu 2015,
Martinkova 2013, Igarashi 2008]. Vazba hemu na tyto proteiny (nebo naopak disociace hemu
z molekuly proteinu) zplisobi aktivaci nebo deaktivaci téchto funkci. PoSkozeni popsaného
systétmu signalizace a regulace miize byt spojovdna s vyskytem vaznych onemocnéni
[Igarashi 2008]. Do této skupiny hemovych senzorti fadime také dva eukaryotické proteiny,

kterymi se disertac¢ni prace zabyva. Jsou jimi transkrip¢ni faktor Bachl a kinasa HRI.
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1.1 Kinasa AfGcHK

AfGcHK (z anglického nazvu globin-coupled histidine kinase from Anaeromyxobacter
sp. Fwl09-5) je hemovy senzor detekujici kyslik a sestdva z N-termindlni (globinové,
senzorové) domény, kterd obsahuje hem, a C-terminalni (kinasové, funkéni) domény, ktera
zodpovida za enzymovou (autofosforylacni) aktivitu proteinu. Dvouatomovd molekula
kysliku se vaZe na ion hemového Zeleza (Fe'') v senzorové doméné, coz vede k vyznamnému
zvyseni autofosforylacni aktivity jeho kinasové domény za pomoci intramolekularniho

pienosu signalu [Willett 2017, Zschiedrich 2016, Kitanishi 2011, Martinkova 2013].

1.2 Diguanylatcyklasa YddV

Protein  YddV (neboli EcDosC) je hemovy senzor detekujici kyslik
s diguanylatcyklasovou aktivitou z Dbakterie Escherichia coli [Kitanishi 2010,
Tarnawski 2015]. YddV se sklada z N-terminalni domény vézajici hem, kterd ma globinovou
strukturu a je doménou detekujici signal (plynny kyslik), a C-termindlni funkéni domény,
ktera je zodpovédna za katalyzu pfemény guanosintrifosfatu (GTP) na cyklicky diguanosin-
5'-monofosfat (c-di-GMP). ¢-di-GMP je dulezitou molekulou signaliza¢nich drah bakterii
(tzv. druhy posel) a reguluje fadu klic¢ovych fyziologickych funkci, jako je napft. virulence
bakterii a tvorba biofilmu [Schirmer 2009, Tuckerman 2011]. Vazba kysliku na hem
v senzorové doméné diguanylatcyklasy YddV zplsobi zvySeni jeho enzymové aktivity, a

podporuje tak pteménu GTP na c-di-GMP [Tagliabue 2010].

1.3 Kinasa HRI

Senzorovy hemoprotein HRI (z angl. heme-regulated inhibitor), ozna¢ovany také jako
(eIF2a), jejiz aktivita zavisi na mnozZstvi hemu. Tento enzym je aktivni pouze v nepfitomnosti
hemu. Vazba hemu na HRI zplsobi strukturni zmény, které vedou k inhibici enzymové
aktivity tohoto proteinu [Miksanova 2006, Martinkova 2007]. Protein HRI svou kinasovou
aktivitou reguluje proteosyntézu. Aby eukaryotické bunky byly schopné piezit za stresovych
podminek (nedostatek aminokyselin, virova infekce, akumulace denaturovanych proteind
nebo nedostatek hemu), snizi celkovou rychlost syntézy proteinli, pfi¢emz inhibice
proteosyntézy je zprosttedkovana pravé fosforylaci elF2a pomoci HRI [Wek 2006,
Hinnebusch 2005, Connor 2005].
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1.4 Transkrip¢ni faktor Bachl

Dalsim eukaryotickym senzorovym proteinem, ktery detekuje hem, je transkripcni
faktor Bachl (akronym z angl. BTB Domain And CNC Homolog 1), byva oznacovan také
jako transkripéni faktor se strukturou leucinového zipu nebo alternativné homolog 1 BTB a
CNC domén. V tomto systému hem reguluje transkripéni aktivitu, tj. afinitu vazby k DNA
[Igarashi 2014, Hira 2007]. Bachl je sav¢i transkripcni faktor, ktery funguje jako represor
“enhancer” genl pro hemoxygenasu 1 [Igarashi 2014, Hira 2007]. V piipad¢ nadbytku hemu
transkripci aktivuje, v opatném piipad¢ (pfi nedostatku hemu) transkripci hemoxygenasy
inhibuje. Hemoxygenasa je enzym, ktery se podili na degradaci hemu, je tudiz logické, ze
nadbytek hemu ma za nasledek spusténi transkripce proteinu, ktery tento nadbytek odstrani a
roz§tépi hem na méné toxické produkty (CO a bilirubin). Pfi nizké koncentraci hemu tvoii
Bachl heterodimer s proteiny oznacovanymi jako Maf. Tento heterokomplex se pak vaze na
,enhancery® genu pro hemoxygenasu, ¢imz blokuji jeji expresi [Igarashi 2014, Zhou 2016,

Hira 2007].
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Cile disertaéni prace

Hlavnim cilem disertacni prace bylo odhalit mechanismus mezidoménového pienosu

signalu u dvou zastupct prokaryotickych hemovych senzort kysliku (4fGcHK, YddV) a u

dvou zastupct eukaryotickych senzort detekujicich hem (HRI a Bachl). Pfi stanovovani cili

byl kladen diraz také na studium strukturnich vlastnosti téchto modelovych proteinii.

Za ucelem objasnéni mezidoménového prenosu signalu u prokaryotickych senzori

kysliku AfGcHK a YddV byly stanoveny nasledujici dil¢i cile:

>

urCit a popsat krystalovou strukturu senzorové domény AfGcHK, ktera obsahuje rtizné
redoxni a ligandové formy iontu Zeleza hemu

prostudovat vliv riznych redoxnich a ligandovych forem iontu Zeleza hemu v senzorové
doméné¢ na strukturu a kinasovou aktivitu funkéni domény 4fG¢cHK

objasnit, zda existuje spojitost mezi dimerizaci senzorovych domén a aktivitou
funkénich domén proteinu AfGcHK

urcit kinetické parametry diguanylatcyklasové reakce katalyzované hemovym senzorem
YddV a popsat vliv riznych redoxnich stavii hemového zeleza a riznych ligandii hemu
na tuto reakci

porovnat spole¢né a rozdilné vlastnosti dvou modelovych kyslikovych senzori 4fGcHK

aYddv

V ramci studia strukturné-funkénich vztaht eukaryotickych senzorii hemu HRI a

Bachl byly stanoveny tyto dil¢i cile:

>

charakterizovat oligomerni stav proteinu Bachl a stanovit kolik molekul hemu
s proteinem Bachl interaguje
urcit strukturni vlastnosti transkripéniho faktoru Bachl

posoudit vliv vazby hemu na enzymovou aktivitu kinasy HRI
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Flexibilita plnodélkovych kyslikovych senzorti velmi znesnadiiuje urcovani jejich
struktur, a tim ztéZzuje i pochopeni mechanismu pfenosu signalu. Pfesny mechanismus
pfenosu signalu nezname téméi pro zadny hemovy senzorovy protein. V nasi laboratofi se
vSak podafilo za pomoci nékolika riznych analytickych a biochemickych metod vyznamné se
priblizit k pochopeni mechanismu mezidoménového pienosu signdlu proteinu AfGcHK.
Podafilo se ndm ziskat krystal globinové domény AfGcHK s hemem v komplexu se zelezem

ve stavu Fe!l

-CN" (aktivni forma) a tento krystal byl néasledné ponotfen do redukujiciho
prostfedi dithioni¢itanu sodného, abychom ziskali neaktivni formu proteinu (stav Fe'). Co se
na prvni pohled zdalo jako neuspéch, se posléze ukéazalo byt velkou vyhodou. Neziskali jsme
gisty stav Fe', nybrz smésnou formu, ktera vedle 4fGcHK ve stavu Fe"-CN- obsahoval také
hem v komplexu s Fe'l. Navzdory po¢ateénim rozpakiim pramenicim z nelisp&$né piipravy
gistého krystalu ve stavu Fe!l se nakonec unikatni struktura ,,smésného* krystalu ukézala byt
velmi pfinosnd. Krystalova struktura, ve které asi polovina molekul zaujima stav asociovany
s aktivni formou a polovina stav spojovany s formou neaktivni, totiz napovida o strukturnich
zménéch spojenych s pfechodem mezi aktivni a neaktivni formou proteinu daleko vice nez
dva samostatné krystaly stavli Fe' a Fe''-CN". Ve struktuie ,,smésného** krystalu pozorujeme
diky pfirozenému centrovani struktur pies ion zeleza v hemu skutecnou superpozici obou
stavi, a miZzeme tak snadno sledovat pohyb, ktery molekula proteinu kona pii aktivaci a
deaktivaci jeho kinasové aktivity.

Vysledky rentgenové krystalografie pak velmi pékné dopliuji analyzy poskytnuté
dal§i metodou, vodik-deuteriovou vyménou v kombinaci s hmotnostni spektrometrii (HDX-
MS). Bylo zjisténo, Ze redoxni stav hemového Zeleza a piitomnost riznych axialnich liganda
strukturu proteinu AfGcHK skute¢né vyznamné ovlivituje. VSechny aktivni formy kinasy
AfGcHK (Fe'-CN-, Fe'"-OH", Fe'l-0,) vykazuji velmi podobné strukturni uspotradani, které se
1idi od struktur pro neaktivni formy (Fe'' a bez hemu). Nejvyraznégjsi strukturni zmény jsme
pfitom pozorovali v okoli hemu v globinové doméné a v oblasti kontaktu dvou monomert,
které tvofi funkéni dimer (tzv. dimerizacni rozhrani neboli ,,interface®). Data ziskand pomoci
HDX-MS tak identifikovala oblasti proteinu, které jsou klicové pro prenos signalu, a pomohla
tak odhalit molekularni mechanismus fungovani hemového senzoru AfGcHK. Nase vysledky
ziskané pomoci analyzy HDX-MS pro aktivni a neaktivni formy proteinu AfGcHK naznacuji,

ze struktura proteinu pii prechodu z aktivniho do neaktivniho stavu (a naopak) vykonava
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pohyb piipominajici pohyb nizek. Dynamické preuspofadani molekuly proteinu AfGcHK ve

stavu aktivni/neaktivni schematicky znazoriiuje obr. 14 a 1B.

A) aktivni forma B) neaktivni forma C) neaktivni forma
wt Fe'-02 wt Fe' Y15A Fe""

His| ! His|

183 @

e U LS
Yo LFJ

Obr. 1: Schéma mechanismu pienosu signdalu ze senzorové do funkéni domény AfGcHK.

Prijem signalu ve formé vazby urcitého ligandu na hem (napv. O3) oviivni strukturni viastnosti
proteinu, ktery pritom kona dynamicky pohyb pripominajici pohyb mizek. Tyto konformacni
zmény maji pak neprimo vliv na doménu funkcni (kinasovou), a dochazi tak
k aktivaci/deaktivaci enzymové funkce kinasy AfGcHK (A, B). V pripadé, ze je dimerizace
globinové domény narusena (C), je ovlivnéna schopnost proteinu signal prenést, a protein tak
ztrdaci svou enzymovou aktivitu.

Pomoci rentgenové krystalografie jsme také zjistili, Ze senzorovd doména proteinu
AfGcHK za normalnich podminek tvofi dimery. Aktivni forma proteinu ma pfitom
dimeriza¢ni rozhrani senzorové domény velmi t&€sné, zatimco u struktury neaktivni formy
tohoto senzoru se dimerizacni rozhrani rozvolni a je vice pfistupné molekuldm rozpoustédla.
Lze tudiz ptedpokladat, ze blizkost dvou jednotek dimeru senzorové domény je velmi duilezita
pro jeho funkci. Pokud bychom mohli pozorovat strukturni zmény v senzorové doméné
v ptipadg, Ze by jednotlivé podjednotky tohoto dimeru od sebe disociovaly Gpln€, mohlo by to
pfinést zcela unikani vysledky. Dalsi studie se pravé na tento piistup zaméfila - ziskali jsme
strukturu monomerni jednotky senzorové domény AfGcHK. Toho jsme dosahli krystalizaci

senzorové domény proteinu ve stavu Fe'll

-CN" v prostfedi vysoké koncentrace imidazolu.
Nadbytek imidazolu zplsobil zaménu ligandu CN™ na iontu Zeleza v hemu za molekulu
imidazolu. Dalsi molekula imidazolu interagovala s aminokyselinovym zbytkem Tyrl5.
Samotnd vymeéna ligandi CN- za imidazol by disociaci dimeru velmi pravdépodobné

1T

nezpusobila, komplex Fe"'-imidazol je totiz asociovan s pln¢ enzymové aktivni formou

-8-
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proteinu [Fojtikova 2015]. Nasi pozornost ale pfitdhla druha molekula imidazolu a jeji
interakce s Tyr15. Zaméfili jsme se proto poté na roli Tyr15 v dimerizaci globinovych domén
a nasledné v autofosforylacni aktivit¢ proteinu. Analyzou vlastnosti mutantnich forem
AfGcHK jsme zjistili, Ze pokud je tyrosin v poloze 15 nahrazen jinou aromatickou
aminokyselinou, globinova doména zlstava ve form¢ dimeru. Je-li vSak tyrosin nahrazen
nearomatickou aminokyselinou, napf. glycinem nebo alaninem, globinova doména se rozpada
na monomerni jednotky. Kdyz vezmeme v uvahu fakt, ze oligomerni stav senzorové domény
proteinu AfGcHK ma vliv na enzymovou aktivitu, je pravdépodobné, ze zaménou Tyrl5 za
jinou aminokyselinu dojde ke zméné kinasové aktivity proteinu. A proto nas nepiekvapilo, ze
skute¢né¢ dva z mutanti (Y15A, Y15G) s disociovanou senzorovou doménou a ztratou
dimeriza¢niho rozhrani svou enzymovou aktivitu uplné ztratily. Tedy v ptipadé, ze je
dimerizace globinové domény naruSena, neni mozné dal signal ptenést, a kinasova doména je
tak neaktivni. Shrneme-li tyto vysledky, je jasné, ze Tyr15 je nepochybné kliCovy pro spravné
uspofadani dimerizacniho rozhrani senzorové domény AfGcHK, a tim padem i spravnou
konformaci proteinu, a mé tak nepiimo vliv i na autofosforylac¢ni aktivitu kinasy 4fG¢cHK
(obr. 1C, str. 8).

Druhym prokaryotickym hemovym senzorem, kterym se disertacni prace zabyva, je
protein YddV z bakterie Escherichia coli. Detailni analyza enzymové aktivity proteinu YddV
v riznych forméch tohoto enzymu nam pak pomohla odhalit, jak zmény v senzorové doméné
proteinu, tedy rtzné ligandové a redoxni zmény iontu Zeleza hemu, ovliviiuji jeho
katalytickou aktivitu. Z naSich vysledkt vyplyva, Ze katalytickd aktivita diguanylatcyklasy
YddV vykazuje kinetiku dle Michealise a Mentenové, pH optimum tohoto enzymu je 8,5-9,0
a pro jeho spravnou aktivitu je nutna pfitomnost ionti Mg** nebo Mn**. Nejaktivnéjsi formou
diguanylatcyklasy YddV, co se oxida¢niho a koordina¢niho stavu iontu Zeleza hemu tyce, je
forma Fe"'. Aktivita diguanylatcyklasy pak klesa v fadé Fe''! > Fe''-O, > Fe'"-CN". Dvé& formy
proteinu YddV lze povaZovat za téméf neaktivni, a to Fe'' a Fe-CO. Enzymovou aktivitu
protein ztraci uplné, chybi-li v senzorové domén¢ hem (mutantni forma H98A neni vlivem
mutace schopna hem navazat).

U nékterych kyslikovych senzori s diguanylatcyklasovou aktivitou dochéazi zaroven
pii vazbé kysliku na hem v senzorové doméné a pii vazbé c-di-GMP jako produktu na
inhibi¢ni misto ve funkéni doméné ke zméné oligomerniho stavu proteinu [Burns 2014,
Burns 2016]. Takové zmény v oligomerizaci proteinu YddV jsme vSak nepozorovali. AvSak
enzymov¢ neaktivni mutantni forma H98A, kterd neni schopna vézat hem, tvoii v roztoku

pfevazné oktamery. Mutantni formy, které maji vlivem mutace v okoli hemu sniZenou

-9-



3. Vysledky a diskuze

katalytickou aktivitu (Leu65, Tyr43), maji zase tendenci zaujimat formu tetramerti. Tento fakt
sveédci o tom, ze dimerni forma je ta, kterd zaujimé spravnou konformaci pro funkci cyklasové
domény proteinu YddV, a ze pravdépodobné plati, ze spravny oligomerni stav je pro
optimalni senzorovou funkci hemovych senzorovych proteint klicovy.

Studium vlivu zmén vokoli hemu lokalizovaného v senzorové doméné na
diguanylatcyklasovou aktivitu funkéni domény proteinu YddV bezpochyby obohatilo nase
znalosti v oblasti vztahli mezi pfenosem signalu, konformaci proteinu a katalytickou aktivitou
proteinu YddV. V dasledku chybé&jicich strukturnich dat plnodélkového proteinu vSak neni
studie zcela kompletni, nebot’ se bohuzel zatim nepodafilo pfipravit krystal plnodélkové
formy proteinu YddV ani analyzovat tento protein pomoci metody HDX-MS. Zda dochazi pti
pfenosu signalu ke strukturnim zméndm v senzorové doméné proteinu YddV, které pak
nepiimo ovlivilyji aktivitu domény funkéni, je proto nutné potvrdit dalSimi studiemi. Ukazka
ptedpokladaného obecného mechanismu pienosu signélu, ktery je spolecny pro oba kyslikové

senzory, AfGcHK a YddV, je uveden na obr. 2.

pFijem
signalu

senzorova

P konformaéni
doména -

/ zmény

pfenos

signalu

aktivace enzymové
funkce

funkéni
doména

Obr. 2: Ndvrh obecného mechanismu mezidoménového pienosu signdlu hemovych senzori
AfGcHK a YddV. Senzorova doména hemovych senzorit AfGecHK a YddV obsahuje hem, ktery
je mistem detekce signalu. Po prijeti signalu senzorovou doménou dochazi k takovym
konformacnim zméndm, prostrednictvim nichz se signdl prenasi dal na doménu funkcni.
Funkcni doména ma enzymovou aktivitu, ktera se prijetim signalu aktivuje (autofosforylace
v pripadé AfGcHK nebo syntéza c-di-GMP v pripadé YddV). Vyznamnou roli pritom
pravdépodobné hraje dimerizacni rozhrani senzorové domeny obou proteinii a pravé naruseni
dimerizace senzorové domény vede k poskozeni prenosu signalu.
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3. Vysledky a diskuze

Studium bakteridlnich hemovych senzorti piinasi hodnotné informace naptiklad pro
vyvoj novych antibiotik a napoméha v boji proti bakteridlni rezistenci na jiz existujici
antibiotika. Ackoli informace o téchto proteinech jsou velmi dilezit¢ pro lidské zdravi,
snazime se nasi pozornost zaméfit také na eukaryotické hemoproteiny, které maji na lidské
zdravi a nemoci bezprostfednéjsi vliv. Eukaryotické senzorové proteiny, které detekuji hem,
jsou vedle prokaryotickych hemovych senzorti plynnych molekul druhou velkou skupinou
hemoproteinti, které se disertatni prace vénuje. V ramci disertacni prace vznikl souhrnny
clanek, ktery se pIné sousttedi na problematiku eukaryotickych senzorovych proteint a dosud
rozpoznanych mechanismi pienosu signalu v téchto sensorech. Clanek popisuje nejriiznéjsi
senzory hemu a piehledné¢ shrnuje roli hemu jako aktivatoru ¢i inhibitoru enzymii. Nabizi
vhled také do zakladnich molekularnich mechanismii fungovani hemu jako signalni molekuly,
ktery je zasadni pro pochopeni nové objevené role hemu ve fyziologickych a patologickych
procesech. Nékteré otazky tykajici se senzori detekujicich hem zlstavaji dosud nevyfeSené.
Existuji naptiklad rozpory v diskuzich ohledné pozorovani, ze u n€kterych hemoproteinti je
jejich funkce regulovana redoxnim stavem hemového zeleza [Carrica 2012, Motomura 2017],
zatimco u jinych hemoproteini zména redoxniho stavu Zeleza nestaci a pro spravnou regulaci
jejich funkce je nutnd interakce hemu s CO nebo jinou dvouatomovou plynnou molekulou
[Aono 2003]. V této souvislosti je dulezité pfipomenout, ze ion zeleza hemu je schopen
interakce s CO pouze ve své redukované formé, a neni tedy zcela jasné, zda pozorované
zmény jsou vyvolany skutec¢né interakci s CO, nebo k nim vedla ,,pouze* redukce iontu Zeleza
hemu. Védeckd komunita v tomto sméru neni jednotnd, ve starSich publikacich byvaji asto
opomijeny a nespravné diskutovany rozdily mezi zménami zplisobenymi vazbou CO a
zménami vyvolanymi riznym redoxnim stavem hemu.

V ramci zpracovavani disertacni prace jsme se vénovali zejména dvéma zastupclim
eukaryotickych senzorti detekujicich hem, a to transkripénimu faktoru Bachl a kinase HRI.
Mnoho usili a casu bylo vénovdno optimalizaci exprese a purifikace studovanych
eukaryotickych proteini, které ovSem nebyly vyvéazeny tak kvalitnimi vysledky jako
v pfipad¢ studia prokaryotickych hemovych senzort. Protein Bachl se ale po prvotnich
obtizich pfi ptipravé vhodného plazmidu pro expresi v bakteridlnich buiikach dafilo izolovat v
dostatecném mnozstvi 1 €istoté pro provedeni n€kolika riznych experimentl. Byla naptiklad
provedena analyza oligomernich stavii proteinu Bachl pomoci analytické ultracentrifugace,
ktera ukdzala, ze protein Bachl se vyskytuje v roztoku prevazné ve formé¢ dimeru, piic¢emz
mald ¢ast molekul proteinu zaujimd formu monomeru ¢i tetrameru. Vysledky

spektroskopickych analyz proteinu Bachl ukazaly, Ze se na protein Bachl vazou praveé dvé
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3. Vysledky a diskuze

molekuly hemu. Jako hlavni metoda studia molekuldrniho mechanismu pusobeni a funkce
proteinu Bachl byla zvolena metoda HDX-MS. Prvotni studie sice zatim neodhalila
podminky vhodné pro pozorovani strukturnich zmén proteinu Bachl zplisobené vazbou hemu
na protein, nicméné¢ nami ziskané vysledky jsou ve shod¢ s obecnou strukturou proteinu
Bachl. Jeho dvé funkéni domény (BTB a bZIP doména) jsou spise strukturované, zatimco
vétSinu proteinu Bachl tvofi sekvence bez sekundarnich struktur, tedy nestrukturované a
molekulam rozpoustédla vice ptistupné oblasti.

Proteiny Bachl a HRI jsou bezesporu potenciadlnimi terapeutickymi cili v boji proti
chorobam spojenym s poruchami metabolismu hemu a oxidacnim stresem. HRI se navic
pravdépodobné ucastni rozvoje rakoviny plic, a odhaleni strukturné-funkcénich vztaht
proteinu HRI by tak mohlo napomoci pfi rozvoji protinadorovych 1é¢iv. Nejprve vSak bude
nutné pochopit a objasnit strukturni zmény proteind spojené s vazbou hemu (pfijetim signalu)
a naslednym ptenosem signalu a vysvétlit molekularni mechanismus jejich plsobeni. Nase
znalosti o eukaryotickych senzorech se tak v nasi laboratofi budeme snazit dalSimi analyzami
rozs§itit, a napomoci tak v pochopeni mechanismu pienosu signalu ve formé vazby hemu jako
unikatni signalni molekuly. Vé&fime, Ze stejné jako v piipad¢ bakteridlnich hemovych senzort

pfinese i1 studium eukaryotickych senzorti hemu zasadni vysledky.
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4. Zaver

4,

Zaver

Disertacni prace vénovana studiu strukturné-funk¢nich vztahi modelovych hemovych

senzorovych proteint si vzala na cil prostudovat vlastnosti dvou prokaryotickych hemovych

senzorti detekujicich kyslik (4fGcHK, YddV) a dvou eukaryotickych senzord detekujicich

hem (Bachl a HRI). Hlavnimi cili této prace bylo popsat mezidoménovy pienos signalu u

proteinit AfGcHK a YddV a prostudovat vliv raznych koordinacnich a redoxnich stavi

hemového Zeleza na strukturni a kinetické vlastnosti téchto proteinti. Cile disertacni prace

byly naplnény, nejvyznamnéjsi vysledky ziskané pfi zpracovani této prace jsou piehledné

shrnuty v nasledujicich bodech.

v

Pomoci rentgenové krystalografie byly odhaleny rozdily ve struktufe senzorové domény
kinasy AfGcHK pii redukci hemového Zeleza, tj. pfi prechodu ze struktury senzorové
domény asociované s aktivni formou proteinu na formu neaktivni.

Dalsi strukturni studie pomoci metody HDX-MS ukézaly rozdily v konformaci kinasy
AfGcHK v plnodélkovém stavu za riznych redoxnich a koordinac¢nich stavi hemového
zeleza v senzorové doméné.

Oligomerizac¢ni studie a analyza enzymové aktivity mutantnich forem proteinu AfGcHK
potvrdily vyznamny vliv dimeriza¢niho rozhrani na sprdvnou konformaci senzorové
domény a nasledné na aktivitu funkéni domény proteinu.

Na zaklad¢é ziskanych vysledkli byl navrZzen mechanismus mezidoménového pienosu
signdlu u modelového hemového senzorového proteinu 4fGecHK.

Kinetickd analyza diguanylatcyklasové reakce katalyzované hemovym senzorem YddV
odhalila, ze redoxni stav hemového zZeleza a vazba riznych ligandli na hem v senzorové
doméné mé vyrazny vliv na enzymovou aktivitu jeho funkéni domény.

Vysledky strukturnich a kinetickych analyz modelovych hemovych senzori AfGcHK a
YddV poukazaly na né€které spole¢né a nékteré rozdilné rysy obou hemoproteint a na
zakladé téchto poznatkll byl navrZzen obecny mechanismus pfenosu signdlu hemovych
senzorovych proteint

Byly =zavedeny a optimalizovany metody exprese a purifikace modelovych
eukaryotickych proteind.

Senzory hemu Bach1 a HRI byly ptedbéZné charakterizovany.

Cast disertaéni prace byla vénovana rozsahlé souhrnné publikaci, kterd se zabyva
eukaryotickymi hemovymi senzory a ptfehledné shrnuje noveé objevenou roli hemu jako

signalni molekuly.
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Abstract

Heme is one of the most important and most studied cofactors that are essential for proper
function of many proteins. Heme-containing proteins comprise of a large group of
biologically important molecules that are involved in many physiological processes. The
presented dissertation is focused on two groups of heme sensor proteins, namely prokaryotic
heme-based gas sensors and eukaryotic heme-responsive sensors. Heme-based gas sensors
play an important role in regulation of many bacterial processes and consist usually of two
domains, a sensing domain and a functional domain. The dissertation thesis aims at the study
of two model bacterial heme-based gas sensors, histidine kinase AfGcHK and diguanylate
cyclase YddV, in order to elucidate their mechanism of interdomain signal transduction.
Using X-ray crystallography and hydrogen-deuterium exchange coupled to mass spectrometry
approaches, significant differences in the structure of the 4fGcHK protein between the active
and inactive forms were described. The signal detection by the AfGcHK sensing domain
affects the structural properties of the protein, and these conformational changes then have
indirect impact on the enzyme activity of the functional domain. Further, the dissertation pays
more attention to the effect of a sensing domain dimerization interface arrangement on a
signal transduction. When the dimerization of the sensing domain is disrupted, the ability of
the subsequent signal transduction is affected, and the protein thus loses its enzyme activity. A
detailed kinetic analysis helped us to reveal how changes in the sensing domain of the protein
affect its catalytic activity in the case of the second studied protein, the diguanylate cyclase
YddV. This study showed that the catalytic activity depends significantly on the redox and
ligand state of the heme iron. Analysis of oligomeric states then exposed that YddV forms
dimers in solution and its inactive mutant form H98A tends to form octamers. These results
suggest that the oligomeric state is crucial for optimal protein function, as in the case of
AfGcHK. The dissertation thesis contains also a comprehensive review which focuses on
eukaryotic heme-based sensors and summarizes the newly discovered role of heme as a signal

molecule.



1. Introduction

1. Introduction

In last few decades, heme-containing proteins attract more attention of scientific
groups all over the world. The scientific interest in hemoproteins is absolutely understandable,
because these proteins form a large group of biologically important molecules and are found
in all known living organisms [Rodgers 1999, Shimizu 2015]. In addition to the prototypical
and well-known roles of heme complex in physiological functions, more and more important
roles of heme are now emerging. These newly discovered functions of heme are mediated by
a group of hemoproteins called heme sensor proteins. In such proteins, heme may function
as a sensing site for gaseous molecules (i.e. a signal detection site), or heme may act as the
primary signal itself [Igarashi 2008, Martinkova 2013, Shimizu 2015]. Thus, heme sensor
proteins can be divided into two groups, (1) "HEME-BASED GAS SENSORS"
(hemoproteins that detect gaseous molecules) and (2) "HEME-RESPONSIVE SENSORS"
(sensors that detect heme).

The first group mentioned above (HEM-BASED GAS SENSORS) consists of proteins
in which the heme is bound relatively tightly and is the sensing site of gaseous molecules, e.g.
02, NO, CO. The activity of these proteins (most often phosphodiesterase, diguanylate
cyclase or histidine kinase activity) depends on whether a gas molecule is bound to the heme
or not. Hem thus indirectly, through the gas binding, regulates many physiological functions
[Shimizu 2015, Martinkova 2013, Sawai 2018, Kang 2019, Igarashi 2008]. This group of
heme sensors includes two prokaryotic proteins that were studied in the dissertation, the
histidine kinase 4fGcHK and the diguanylate cyclase YddV.

In the case of the second group of heme sensors (HEM SENSORS), the heme
molecule functions as the first signal and the protein performs its function depending on the
free heme concentration available. These heme sensors regulate a number of important
physiological functions, such as transcription and translation of some proteins,
phosphorylation and degradation of proteins, etc. [Shimizu 2015, Martinkova 2013, Igarashi
2008]. Heme binding (or, conversely, dissociation of heme from the protein molecule) causes
activation or deactivation of proteins function. Damage to the described signaling and
regulation system may be associated with the occurrence of serious diseases [Igarashi 2008].
Two eukaryotic proteins which the dissertation deals with, transcription factor Bachl and the

kinase HRI, belong in this group of heme sensors.



1. Introduction

1.1 AfGcHK histidine kinase

AfGcHK (globin-coupled histidine kinase from Anaeromyxobacter sp. Fw109-5) is a
heme-based oxygen sensor and consists of an N-terminal (globin, sensor) domain that
contains heme and a C-terminal (kinase, functional) domain that is responsible for the enzyme
activity (autophosphorylation) of the protein. The diatomic oxygen molecule binds to heme
iron ion (Fe) in the sensing domain, leading to a significant increase in the
autophosphorylation activity of its kinase domain through intramolecular signal transduction

[Willett 2017, Zschiedrich 2016, Kitanishi 2011, Martinkova 2013].

1.2 YddV diguanylate cyclase

The YddV (or EcDosC) protein is a heme-based oxygen sensor with diguanylate
cyclase activity from Escherichia coli [Kitanishi 2010, Tarnawski 2015]. YddV consists of an
N-terminal heme-binding domain that has a globin structure and is a signal (oxygen) detecting
domain, and a C-terminal functional domain that is responsible for catalyzation of the
conversion of guanosine triphosphate (GTP) to cyclic diguanosine-5-monophosphate (c-di-
GMP). ¢-di-GMP is an important molecule of bacterial signaling pathways (so-called second
messenger) and regulates a number of key physiological functions, such as bacterial virulence
and biofilm formation [Schirmer 2009, Tuckerman 2011]. The binding of oxygen to heme in
the sensing domain of the diguanylate cyclase YddV causes an increase in its enzyme activity,

thus promoting the conversion of GTP to c-di-GMP [Tagliabue 2010].

1.3 HRI Kkinase

The heme-regulated inhibitor (HRI) is a kinase of eukaryotic initiation factor 2a
(eIF2a) and its activity depends on a heme concentration. This enzyme is active only in the
absence of heme. Binding of heme to HRI causes structural changes that lead to inhibition of
the enzyme activity [Miksanova 2006, Martinkova 2007]. The HRI protein regulates
proteosynthesis with its kinase activity. In order to survive under stress conditions (amino
acid deficiency, viral infection, accumulation of denatured proteins or heme deficiency),
eukaryotic cells decrease the rate of protein synthesis and this proteosynthesis inhibition is

mediated by elF2a phosphorylation [Wek 2006, Hinnebusch 2005, Connor 2005].
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1.4 Bachl transcription factor

Another eukaryotic heme-responsive sensor protein is the transcription factor Bachl
(acronym for BTB domain and CNC homolog 1), also referred to as the leucine zipper
transcription factor. In this system, heme regulates transcriptional activity, i.e. the binding
affinity to DNA [Igarashi 2014, Hira 2007]. Bachl is a mammalian transcription factor that
acts as a repressor of "enhancers" of hemoxygenase 1 genes [Igarashi 2014, Hira 2007]. In the
case of heme excess, the transcription is activated, on the other hand (in the case of heme
deficiency) the transcription of hemoxygenase is inhibited. Hemoxygenase is an enzyme
involved in heme degradation, and so it is logical that an excess of heme results in the
transcription of a protein that removes this excess and degrades heme into less toxic products
(CO and bilirubin). At low heme concentrations, Bachl forms a heterodimer with proteins
called Maf. This hetero complex then binds to the "enhancers" of the hemoxygenase gene,

thereby blocking its expression [Igarashi 2014, Zhou 2016, Hira 2007].



2. Aims of the study

2,

Aims of the study

The main target of this thesis was to reveal the mechanism of interdomain signal

transduction in two model prokaryotic heme-based oxygen sensors (4fG¢cHK, YddV) and two

model eukaryotic heme-responsive sensors (HRI and Bachl). Emphasis was also put on the

structural characterization of these model proteins.

In order to elucidate the interdomain signal transduction of the prokaryotic oxygen sensors

AfGcHK and YddV, the following specific goals were set:

» to determine and describe the crystal structure of the AfGcHK sensing domain in

various redox and ligand states of the heme iron

to study the influence of various redox and ligand states of the heme iron in the
sensing domain on the structure and kinase activity of the functional domain of
AfGcHK

to clarify whether there is a connection between sensing domains dimerization and the
functional domains activity of the 4fGcHK protein

to determine the kinetic parameters of the diguanylate cyclase reaction catalyzed by
the heme sensor YddV and describe the influence of different redox and ligand states
of heme iron on this reaction

to compare similar and different properties of the two model oxygen sensors AfGcHK

and YddV

Within the study of structure and function relationships of eukaryotic heme sensors HRI and

Bachl, the following specific goals were set:

>

to characterize the oligomeric state of the Bachl protein and to determine how many
heme molecules interact with the Bachl protein
to determine the structural properties of the transcription factor Bachl

to assess the effect of heme binding on the enzyme activity of HRI kinase
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3. Results and discussion

The flexibility of full-length oxygen sensors makes it very difficult to determine their
structures, and thus difficult to understand their mechanism of signal transduction. The exact
mechanism of signal transduction remains still unknown for almost all heme sensor proteins.
However, in our laboratory, various analytical and biochemical methods helped us to
approach the understanding of the mechanism of interdomain signal transduction of the
AfGcHK protein. We obtained a crystal of the globin domain of AfGcHK with heme in

complex with iron in the Fe'

-CN" state (active form) and this crystal was subsequently
immersed in a reducing medium of sodium dithionite to obtain an inactive form of the protein
(Fe'! state). What seemed like a failure at a glance proved to be a great advantage later. We
did not obtain the pure Fe' state, but a mixed form which contained also heme in complex
with Fe'! in addition to A4fGcHK in the Fe"-CN- state. Despite the initial embarrassment
stemming from the unsuccessful preparation of a pure crystal in the Fe! state, the unique
structure of the "mixed" crystal ultimately proved to be very beneficial. The crystal structure,
in which approximately half of the molecules occupy the state associated with the active form
and half the state associated with the inactive form, suggests structural changes associated
with the transition between the active and inactive forms of the protein far more than two
separate crystals of Fe!l and Fe''-CN- states. In the structure of a "mixed" crystal, we observe
the true superposition of both states due to the natural overlapping of the structures over the
hem iron, and we can easily observe the motion that the protein molecule performs when
activating and deactivating its kinase activity.

The X-ray crystallography results were then appropriately completed by the analyzes
provided by another method, hydrogen-deuterium exchange coupled to mass spectrometry
(HDX-MS). It was found that the heme iron redox state and the presence of various axial
ligands significantly affect the structure of the 4fGcHK protein. All active forms of 4/GcHK
kinase (Fe-CN-, Fe"-OH", Fe'-0O,) showed a very similar structural arrangement which
differs from the structures for inactive forms (Fe' and the structure lacking heme). The most
significant structural changes were observed in the vicinity of heme in the globin domain and
in the dimerization interface. Thus, the HDX-MS data identified the key regions of the protein
for signal transduction, helping to reveal the molecular mechanism of action of the 4fGcHK
heme sensor. Our results obtained by HDX-MS analysis for active and inactive forms of

AfGcHK protein suggest that the structure of the protein performs a scissor-like motion during
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the transition from active to inactive state (and vice versa). The dynamic rearrangement of the

AfGcHK protein in the active/inactive state is schematically shown in Figs /4 and /B.

A) active form B) inactive form C) inactive form
wt Fe'-0, wt Fe' Y15A Fe'"

His| ! His|

183 @

= B TS
Yo ¥ )

Fig. 1: Schematic representation of the mechanism of signal transduction from the sensing
domain to the functional domain of AfGcHK. The signal detection in the form of the binding of

a certain ligand to the heme (e.g. O:) affects the protein structure, which performs a dynamic

rearrangement of scissor-like motion. These conformational changes then indirectly affect the
functional (kinase) domain, thus activating/deactivating the enzyme function of the AfGcHK
kinase (A, B). When the dimerization of the globin domain is disrupted (C), the ability of the
protein to the signal transduction is affected, and the protein loses its enzyme activity.

Using X-ray crystallography, we also found that the sensing domain of the 4fGcHK
protein forms dimers under normal conditions. The active form of the protein has a very tight
dimerization interface of the sensing domain, while in the structure of the inactive the
dimerization interface is more solvent accessible. Thus, it can be assumed that the proximity
of the two dimer units of the sensing domain is very important for its function. It could bring
really interesting and unique results if we could observe structural changes in the sensing
domain under the condition that the individual subunits of the dimer were completely
dissociated from each other. Another study focused just on this approach - we obtained the
monomeric structure of the 4fGcHK sensing domain. We achieved this by crystallization of

T_CN- state under high concentration of imidazole. The excess of

the sensor in the Fe
imidazole caused an exchange of the CN- ligand for the imidazole molecule. Another
imidazole molecule interacted with the amino acid residue Tyrl5. The exchange of CN-

ligand for imidazole alone would cause the dimer dissociation only very unlikely, because the
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Fe''“imidazole complex is associated with a fully active form of the protein [Fojtikova 2015].
However, our attention was drawn to the second molecule of imidazole and its interaction
with Tyr15. We therefore focused on the role of Tyr15 in the dimerization of globin domains
and subsequently in the autophosphorylation activity of the protein. By analyzing the
properties of the mutant forms of 4fGcHK, we found that when the tyrosine at position 15 is
replaced by another aromatic amino acid, the globin domain remains in the form of a dimer.
However, when tyrosine is replaced by a non-aromatic amino acid, such as glycine or alanine,
the globin domain dissociates into monomeric units. Considering the fact that the oligomeric
state of the sensing domain of the 4fGcHK protein affects the enzyme activity, it is likely that
the replacement of Tyr15 with another amino acid will alter the kinase activity of the protein.
Therefore, we were not surprised that indeed two of the mutants (Y15A, Y15G) with a
dissociated sensing domain and a loss of dimerization interface completely lost their enzyme
activity. Thus, if the dimerization of the globin domain is disrupted, the protein is not able to
further transmit the signal, and the kinase domain is thus inactive. Summarizing these results,
Tyr15 plays undoubtedly a key role in the proper arrangement of the dimerization interface of
the AfGcHK sensing domain, and thus the correct conformation of the protein, and thus
indirectly affects the autophosphorylation activity of AfGcHK kinase (Fig. IC, p. 8).

The second prokaryotic heme sensor which the dissertation deals with is the YddV
protein from Escherichia coli. A detailed enzyme activity analysis of the YddV protein in
various forms helped us to discover how changes in a sensing domain, meaning various ligand
and redox states of the heme iron ion, affect its catalytic activity. Our results showed that the
catalytic activity of diguanylate cyclase YddV exhibits Michealis-Menten kinetics, the pH
optimum of this enzyme is 8.5-9.0 and the catalysis requires Mg>" or Mn?" ions. The most
active form of the diguanylate cyclase YddV in terms of an oxidation and coordination state
of the heme iron ion is the Fe'" form. The activity of diguanylate cyclase then declined in the
order Fe''' > Fe!'-0O, > Fe'"-"CN". Two forms of the YddV protein can be considered almost
inactive, Fe' and Fe-CO. The protein loses its enzyme activity completely if a sensory
domain lacks heme (the mutant form of H98A is not able to bind heme due to the mutation).

For some oxygen sensors with diguanylate cyclase activity, the binding of oxygen to
heme in the sensing domain and the binding of c-di-GMP as a product to an inhibitory site in
the functional domain also change the oligomeric state of the protein [Burns 2014,
Burns 2016]. However, we did not observe such changes in the oligomerization of the YddV
protein. But, the enzymatically inactive mutant form H98A which is unable to bind heme

forms predominantly octamers in solution. Mutant forms which have a reduced catalytic

-9-
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activity due to mutations in the vicinity of heme (Leu65, Tyr43) tend to form tetramers. This
fact suggests that the dimeric form is that one that has the correct conformation for the
function of the cyclase domain of the YddV protein, and that the correct oligomeric state is
crucial for the optimal sensing of heme sensor proteins.

The study of the effect of changes in the vicinity of heme in the sensing domain on
diguanylate cyclase activity of the functional domain of the YddV protein has undoubtedly
enriched our knowledge of the relationships between signal transduction, protein
conformation and catalytic activity of the YddV protein. However, due to the lack of
structural data of the full-length protein, the study is not fully complete because unfortunately,
it was not possible to prepare a crystal of the full-length YddV protein or analyze this protein
using HDX-MS so far. Further studies needs to be performed to confirm whether structural
changes in the sensing domain occur during signal transduction which then indirectly affect
the activity of the functional domain. An illustration of a putative general signal transduction

mechanism that both oxygen sensors, AfGcHK and YddV, share is shown in Fig. 2.

signal
detection

sensing

; conformational
domain :

| changes

signal
transduction

functional
domain

enzyme function
activation

Fig. 2: An illustration of a general mechanism of interdomain signal transduction of heme
sensors AfGcHK and YddV. The sensing domain of the AfGcHK and YddV heme sensors
contains heme which is the signal detection site. Conformational changes caused by signal
detection in sensing domain then induce the signal transduction to a functional domain. The
enzyme activity of the functional domain is activated by the signal uptake (autophosphorylation
in the case of AfGcHK or c-di-GMP synthesis in the case of YddV). The dimerization interface
of the sensing domain in both proteins probably plays an important role, and the disruption of

the sensing domain dimerization leads to signal transduction defect.
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The study of bacterial heme sensors provides valuable information, for example, it
helps to develop new antibiotics and to combat bacterial resistance to existing antibiotics.
Although information about these proteins is very important for human health, we also try to
aim our attention on eukaryotic hemoproteins which have more direct effect on human health
and diseases. Eukaryotic heme-responsive sensor proteins are the second large group of
hemoproteins that the dissertation deals with. A comprehensive review which fully focuses on
the issue of eukaryotic sensor proteins and the hitherto recognized signal transduction
mechanisms in these sensors was created as a part of the dissertation. This paper describes
various heme sensors and clearly summarizes the role of heme as an activator or inhibitor of
enzymatic reactions. It also offers an insight into the basic molecular mechanisms of heme
functioning as a signaling molecule which is essential for understanding the newly discovered
role of heme in physiological and pathological processes. Some issues regarding heme-
responsive sensors remain unresolved. For example, there are discrepancies in discussions
regarding the observation that the function of some hemoproteins is regulated by the redox
state of heme iron [Carrica 2012, Motomura 2017], while for other hemoproteins the change
in iron redox state is not sufficient and proper functioning requires an interaction with CO or
another diatomic gas molecule [Aono 2003]. In this context, it is important to mention that the
heme iron ion is only able to interact with CO in its reduced form, and it is therefore not clear
whether the observed changes are associated actually with the interaction with CO or "only"
with the reduction of heme iron. The scientific community is not united in this respect; in
older publications, the differences between changes caused by CO binding and changes
caused by different redox states of heme are often neglected and incorrectly discussed.

We focused on two model eukaryotic heme-responsive sensors, namely the
transcription factor Bachl and kinase HRI. Much effort and time has been devoted to
optimizing the expression and purification of the studied eukaryotic proteins, which,
unfortunately, have not been balanced with such quality results as in the case of prokaryotic
heme sensors. However, after initial difficulties in preparing a suitable plasmid for expression
in bacterial cells, the Bachl protein was isolated in sufficient quantity and purity to perform
several experiments. For example, an analysis of the oligomeric states of the Bachl protein
was performed by analytical ultracentrifugation which showed that the Bachl protein is
present in solution predominantly in the form of a dimer with a small proportion of the protein
molecules taking the form of a monomer or tetramer. The results of spectroscopic analyzes of
the Bachl protein revealed that exactly two heme molecules bind to the Bachl protein. The

HDX-MS method was chosen as the main method of studying the molecular mechanism of
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action and function of the Bachl protein. Although the preliminary data has not yet revealed
conditions suitable for observing the structural changes of the Bachl protein caused by heme
binding, the results obtained are in agreement with the general structure of the Bachl protein.
Its two functional domains (BTB and bZIP domain) are rather structured, while most of the
Bachl protein consists of sequences without secondary structures, i.e. unstructured and more
solvent accessible parts.

The Bachl and HRI proteins are undoubtedly potential therapeutic targets in the fight
against diseases associated with heme metabolism disorders and oxidative stress. In addition,
HRI is likely to be involved in the development of lung cancer, and revealing the structure
and function relationships of the HRI protein could help in the development of anticancer
drugs. First, however, it will be necessary to understand and clarify the structural changes
associated with heme binding (signal uptake) and subsequent signal transduction, and to
explain the molecular mechanism of their action. In our laboratory, we will try to expand our
knowledge of eukaryotic sensors by further analyzes, and thus help in understanding the
mechanism of signal transduction and the role of heme as a unique signal molecule. We
believe that the study of eukaryotic heme sensors will bring valuable results as in the case of

bacterial heme sensors.
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Conclusion

The dissertation dedicated to the study of structure and function relationships of model

heme sensor proteins aimed to study the properties of two prokaryotic heme-based oxygen

sensors (AfGcHK, YddV) and two eukaryotic heme-responsive sensors (Bachl and HRI).

Main targets of this thesis were to describe the interdomain signal transduction of 4fG¢cHK

and YddV proteins and to study the influence of different coordination and redox states of

heme iron on the structural and kinetic properties of these proteins. The aims of the

dissertation were fulfilled and the most important results obtained during the elaboration of

this thesis are summarized in the following points.

v

<

Using a method of X-ray crystallography, differences in the structure of the 4fGcHK
sensing domain during the transition from the structure associated with the active form
to the inactive form were revealed.

Further structural studies using the HDX-MS method showed differences in the
conformation of the full-length 4/GcHK under different redox and coordination states
of heme iron in the sensing domain.

Oligomerization studies and analysis of the enzyme activity of mutant forms of the
AfGcHK protein confirmed the significant influence of the dimerization interface on the
correct conformation of the sensing domain and subsequently on the activity of the
functional domain.

Based on the obtained results, the mechanism of interdomain signal transduction in the
model heme sensor protein AfGcHK was proposed.

Kinetic analysis of the diguanylate cyclase reaction catalyzed by the heme sensor YddV
revealed that a redox state of heme iron and a binding of various ligands to heme in the
sensing domain has a significant effect on the enzyme activity of its functional domain.
The results of structural and kinetic analyzes of model heme sensors AfG¢cHK and
YddV pointed out some similar and some distinct properties of these hemoproteins and
a general mechanism of signal transduction of heme sensor proteins was proposed based
on these results.

Methods of expression and purification of model eukaryotic proteins were optimized.
The heme sensors Bachl and HRI were preliminarily characterized.

Part of the dissertation dedicated to an extensive review, which deals with eukaryotic
heme sensors and clearly summarizes the newly discovered role of heme as a signaling

molecule.
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