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Studium vazebnych partnert a modulace funk¢nich vlastnosti kalmodulinu
a jeho fuznich proteinovych variant

Abstrakt

Disertacni prace se zabyva studiem kalmodulin (CaM) - dependentni modulace
podrodiny iontovych kanald TRPM, zapojenych do patogeneze kardiovaskuldrnich,
neurodegenerativnich ¢i nadorovych chorob. Celkem bylo na iontovych kanalech TRPM4,
TRPMS, TRPM6 a TRPM7 detailn€ charakterizovano pét novych vazebnych epitopti pro CaM.
Vysledky molekulového modelovani a dokovéani prokazaly dobrou pfistupnost vazebnych
epitopt pro interakci s CaM. Formace komplexti s CaM byla podminéna pfitomnosti bazickych
rezidui, typickych pro nekovalentni interakce CaM s iontovymi kanély rodiny TRP. V ptipadé
TRPMS, TRPM6 a TRPM?7 se jednd o prvni studie poukazujici na potencionalni modulaci
kanalti prostfednictvim CaM. CaM byl dale studovdn s ohledem na moZnou optimalizaci
vlastnosti molekuly vramci fuznich proteinovych konstrukti. Spojenim CaM s vnitiné
neuspoiadanou C-koncovou doménou proteinu ameloblastinu (AMBN-Ct) byla ziskana
inovativni fuzni molekula CaM/AMBN-Ct. Spektroskopie cirkularniho dichroismu (CD) a
vazebné studie prokazali zachovani pozadovanych strukturné-funkénich vlastnosti CaM
v CaM/AMBN-Ct. Vysledky sedimentac¢nich analyz i1 spektroskopie CD poukézaly na
komunikaci fuznich partneri. Vzajemné kontakty mezi CaM a AMBN-Ct ve fuzni molekule
vedly k signifikantnimu navyseni teplotni stability CaM. Fuzni konstrukt CaM/AMBN-Ct tak
muze byt zékladem designu stabilngjSich biomedicinsky/biotechnologicky vyuZitelnych

molekul zaloZenych na unikatnich vlastnostech molekuly CaM.

Kli¢ova slova

Ameloblastin, fuzni proteiny, iontové kanaly TRPM, kalmodulin, proteinové inZenyrstvi,

vnitin€ neuspotradané proteiny



Study of binding partners and modulation of calmodulin functional
properties and its fusion protein variants

Abstract

The thesis studies calmodulin (CaM)-dependent modulation of the TRPM ion channel
subfamily involved in the pathogenesis of cardiovascular, neurodegenerative diseases or cancer.
In total, 5 new CaM-binding epitopes were characterized in detail in TRPM4, TRPMS, TRPMS6,
and TRPM7. The results of molecular modeling and docking showed good accessibility of the
binding epitopes for an interaction with CaM. The presence of basic residues, typical for
non-covalent CaM interactions with TRP, was required for the formation of complexes with
CaM. As regards TRPMS, TRPM6, and TRPM?7, this is the first study that indicates their
potential modulation by CaM. Furthermore, CaM was studied in terms of possible optimization
of the properties of the molecule in fusion protein constructs. The innovative fusion molecule
CaM/AMBN-Ct was obtained by fusing CaM and an intrinsically disordered C-terminal domain
of ameloblastin (AMBN-Ct). As shown by circular dichroism (CD) spectroscopy and binding
studies, the required structural and functional properties of CaM are preserved in
CaM/AMBN-Ct. The results of sedimentation analyses and CD spectroscopy indicated
communication between the fusion partners. Mutual contacts between CaM and AMBN-Ct in
the fusion molecule resulted in a significant increase in thermal stability of CaM. The
CaM/AMBN-Ct fusion construct thus may be used for the design of more stable molecules

based on unique CaM properties, for biomedical and biotechnological applications.

Keywords

Ameloblastin, calmodulin, fusion proteins, intrinsically disordered proteins, protein

engineering, TRPM ion channels
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1. OVOD
1.1. Kalmodulin

1.1.1. Obecna charakteristika

Kalmodulin (CaM) je maly (16,7 kDa) intracelularni protein pfitomny ve vSech
eukaryotickych bunkéch. Klicovou funkci molekuly CaM je monitoring zmén koncentrace
volnych vapenatych iont uvnitt buniky a nasledna regulace rozlicnych komponent signalnich
drah zapojenych do fizeni proliferace, diferenciace, apoptdzy ¢i autofagie (Berchtold and
Villalobo, 2014). Modulace esencialnich bunécnych procesti je spjata s enormni evolucni
konzervovanosti CaM v ramci celé linie obratlovct (Halling et al., 2016). Lidsky genom
obsahuje tfi neidentické geny CALM [-3 s odliSnymi 5" a 3" nepiekladanymi regula¢nimi
oblastmi, kdédujici totozny protein CaM (Fischer et al., 1988). CaM je klicovym regulatorem
fady kardiomyocytarnich iontovych kanalii, jako jsou kalciové kanaly typu L, sodikové
a draslikové kandly nebo Ryanodinové receptory (Ben-Johny et al., 2015). Mutace v jediném
ze tfi genlt CALM, ménici aminokyselinou sekvenci nebo regulaci exprese CaM, muze vést
k zdvaznym  kongenitdlnim srdeCnim onemocnénim, souhrnné¢ oznacovanym jako
kalmodulinopatie (Crotti et al., 2019, Friedrich et al., 2009). Mutace postihujici CaM jsou
vzhledem k silnému selekénimu tlaku proti zméndm v proteinové sekvenci velmi vzacné
a potencialni souvislost s jinymi neZ srdecnimi patologiemi je pfedmétem budouciho vyzkumu

(Jensen et al., 2018).

Molekula CaM tvoii a-helikalni protein o celkové délce 148 aminokyselin. Jeho
N- 1 C-koncova globularni doména obsahuje vzdy 2 motivy tzv. EF-ruky, zajistujici interakci
s ionty Ca®" (Obr. 1 A-B) (Barbato et al., 1992, Kuboniwa et al., 1995). Motiv EF-ruky tvofi
dva a-helixy spojené kratkou acidickou smyckou o délce 12 aminokyselin (Biekofsky et al.,
1998). Atomy kysliku potiebné pro vazbu iontéi Ca®* typicky poskytuji postranni fetézce rezidui
1, 3, 5 a 12 spolecné s karbonylovou skupinou peptidového fetézce rezidua 7 (Kretsinger and
Nockolds, 1973). Globularni domény CaM jsou oddéleny vysoce flexibilnim linkerem o délce
26 rezidui (Barbato et al., 1992). V priibéhu vazby Ca>" probiha reorientace a-helixii v motivu
EF-ruky a dochazi k vystaveni hydrofobnich motivil pro interakci s cilovymi proteiny na povrch

molekuly CaM (Obr. 1 A-B).



Obr. 1: Konformacni plasticita molekuly CaM, pievzato z (Andrews et al., 2020). (A) Molekula
CaM (modte) v prostiedi bez Ca®*, PDB: 1cfd. (B) CaM s navazanymi ionty Ca>" (zeleng), PDB:
4bw8. (C) Komplex CaM/Ca®/epitop MARCKS (myristoylated alanine-rich C-kinase
substrat): N-koncovd doména CaM se neucastni interakce, PDB: liwq. (D) Komplex
CaM/Ca?*/epitop CaMKIla: kompaktni molekula CaM s vazebnym moédem 1-5-10, PDB:
leml. (E) Komplex CaM/Ca*'/epitop RyR1: kompaktni molekula CaM s netypickym
vazebnym moédem 1-17, PDB: 2bcx. (F) Komplex CaM/Ca*'/epitop kinazy lehkého fetézce
myozinu, PDB: Icdl. (G) CaM/epitop myosinu V: vazebnd stechiometrie 2:1, PDB: 2ix7. (H)
CaM/epitop IQCG (IQ motif containing G) proteinu: protahlejsi molekula CaM, PDB: 41zx. (I)
CaM/Ca?*/epitopy fetézce B a C dekarboxylazy glutamatu, PDB: Inwd.
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1.1.2. Vazebné vlastnosti

Interakce s CaM byla popsand u vice nez tii set riiznych proteint (Sorensen et al., 2013).
Enormni spektrum jeho vazebnych partnert miize byt dano (1) vysokou flexibilitou molekuly
CaM, umoziujici ustaveni preferovaného vazebného modu, ¢i (2) odlisSnou vazebnou afinitou
jednotlivych motivii EF-ruky k iontdim Ca®*, podmifiujici existenci rtiznych konformaénich
stavii CaM v zavislosti na aktualni koncentraci Ca?* (Liu et al., 2017, Liu et al., 2019b).
Extrémni konformacni plasticitu molekuly CaM dokumentuje Siroky rozptyl vazebnych méda
(Obr. 1 C-I), zahrnujici vysoce kompaktni konformace CaM s globularnimi doménami v tésné
blizkosti 1 natazené¢ konformace, kdy globularni domény atakuji vzdalen¢jsi vazebné oblasti

(Fallon and Quiocho, 2003, Johnson et al., 2018).

Proteinové sekvence vazebnych motivii pro CaM se vyznacuji diverzitou a neexistuje
pro n¢ pouze jedind snadno identifikovatelna konsenzuélni sekvence (Yap et al., 2000). Prvni
popsané komplexy CaM s cilovym proteinem byly formovany v zavislosti na zvySeni
intracelularni koncentrace ionti Ca?*. P¥itomnost vazebnych epitopti pro komplex CaM/Ca*" je
predikovana na zadkladé vyskytu biochemickych a biofyzikalnich charakteristik, jako je
amfipaticky charakter sekvence, obsahujici alesponi dva hydrofobni aminokyselinové zbytky s
vmezefenymi bazickymi rezidui, spole¢né s tendenci k tvorbé a-helikalnich struktur (Bahler and
Rhoads, 2002). Vazebné epitopy pro CaM jsou na zdkladé pozice klicovych hydrofobnich
zbytkid fazeny do dvou hlavnich (1-10, 1-14) a ¢tyf minoritnich (1-3, 1-16,1-17,1-18) skupin
(Rhoads and Friedberg, 1997, Grant et al., 2020). Radu cilovych molekul rozpoznava CaM také
pfi klidovych intracelularnich koncentracich Ca®" prostiednictvim vazby ke konsenzualni
sekvenci 1Q motivu (IQXXXRGXXXR) (Rhoads and Friedberg, 1997). Vznik takovych
komplexti miZze byt podkladem nejen pro regulaci cilovych proteinti v nepiitomnosti Ca**, ale
i pro modulaci vazebné dynamiky CaM a ionti Ca®" (Putkey et al., 2003). Interakce s IQ motivy
cilovych proteini tak mohou posilit citlivost CaM kndhlym a piechodnym zméndm

intracelularni koncentrace Ca®" a vylepsit tak jeho funkci kalciového senzoru.

Vzhledem k vysoké sekvencni diverzité vazebnych epitopi pro CaM mize byt
uspésnost jejich identifikace v laboratornich podminkéch nejista a finanéné ztratova. S ohledem
na nezastupitelnou roli téchto interakci v klicovych bunéénych procesech probiha implementace

modernich metod strojového u€eni do predik¢nich softwarti s cilem rozsitit spektrum popsanych
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vazebnych epitopli pro CaM (Abbasi et al., 2017, Liet al., 2018, Andrews et al., 2020). Regulace
prostiednictvim interakci s CaM byla popsana u fady rGznorodych cytoplazmatickych i
transmembranovych proteini, jako jsou CaM — dependentni fosfatdzy a kinazy, neuronalni
1 srde¢ni napétoveé fizené iontové kandly, aquaporinové kandly, ryanodinové receptory c¢i
zastupci nejpocetnéjsi rodiny iontovych kandli — transient receptor potential (TRP) kanalt (Liu,
2009, Reddy Chichili et al., 2013, Tan et al., 2002, Nemeth-Cahalan and Hall, 2000, Zalk et al.,
2007, Zhu, 2005).

1.2. TRP kanaly

Rodina TRP kandlti zahrnuje polymodélné aktivované kationtové kanaly integrujici
exogenni i endogenni stimuly fyzikalniho nebo chemického charakteru. Kli¢ovou roli hraji
zejména pii nocicepci nebo jako senzory detekujici teplo, chlad, sladkou, hotkou nebo umami
chut’ (Clapham, 2003). Kromé& senzorickych funkei zajistuji TRP kandly také synchronizaci
procesti imunitni odpovédi nebo osmoregulaci (Khalil et al., 2018, Bessac and Fleig, 2007).
Prvnim popsanym zéastupcem rodiny TRP kanald byl fotoreceptor rodu Drosophila (Minke,
1977). Majorita TRP kanali mé funkci neselektivnich kationtovych kanalii propustnych pro
ionty Ca®*. Vzhledem k z4sadni roli TRP kanal@i v fizeni Zivotng dlileZitého procesu vapnikové
homeostazy byly mutace postihujici geny pro TRP kanaly asociovany srozvojem fady
onemocnéni véetné nadorovych, kardiovaskularnich, neurodegenerativnich, imunitnich nebo

metabolickych poruch (Nilius, 2007).

TRP kandly jsou velmi heterogenni rodinou iontovych kanald s celkovou sekvencni
identitou mensi nez 20 % (Palovcak et al., 2015). Lidské TRP kandly jsou na zakladé€ sekvencni
homologie déleny do 6 podrodin: TRPC (canonical), TRPV (vanilloid), TRPM (melastatin),
TRPML (mucolipin), TRPPP (polycystin) a TRPA (ankyrin) (Obr. 2) (Samanta et al., 2018).
Nejpocetné€jsi a zaroven nejriiznorodé€jsi podrodinou, spojenou s fadou patologickych procesil,

je podrodina TRPM.
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Obr. 2: Fylogeneticky strom zastupcl lidské rodiny TRP kanéld ¢lenény do Sesti podrodin,
prevzato z (Stoerger and Flockerzi, 2014). M¢titko ukazuje stupen genetické rozmanitosti

v arbitrarnich jednotkéach. Pseudogen TRPC?2 byl vyloucen z analyzy.

1.2.1. Podrodina TRPM

Podrodinu TRPM tvoii 8 iontovych kanald (TRPMI1 az TRPMS), exprimovanych
v Sirokém spektru tkani véetné srdce, plic, ledvin, stfev, pankreatu nebo v buitkach imunitniho
systému (Fonfria et al., 2006, Perraud et al., 2004). Na zaklad€ sekven¢ni homologie jsou
¢lenové podrodiny TRPM fazeni do 4 podskupin: TRPMI1/TRPM3, TRPM2/TRPMS,
TRPM4/TRPMS5 a TRPM6/TRPM7 (Harteneck, 2005). Majorita TRPM kanali ma
homotetramerni, pfipadné¢ heterotetramerni strukturu, kdy kazdd podjednotka obsahuje
6 transmembranovych segmentt (S1 az S6) a S5 spole¢né s S6 a linkerem S5-S6 tvoii por
iontového kanélu (Obr. 3) (Huang et al., 2020). Typickym rysem TRPM kanald jsou velmi
dlouhé N-koncové cytoplazmatické konce, obsahujici 4 melastatinové homologni oblasti (MHR

1-4). Cytoplazmaticky C-konec je tvofen TRP doménou s klicovou funkci v regulaci aktivity
13



TRP kandlii i tetramerizace jejich podjednotek, nadsledovanou doménou typu coiled-coil,
podilejici se rovnéz na asociaci podjednotek TRPM. (Garcia-Sanz et al., 2007, Rohacs et al.,
2005, Tsuruda et al., 2006). U fady ¢lent podrodiny TRPM se dale vyskytuje vysoce variabilni
C-koncova doména (CTD). V ptipadé TRM2, TRPM6 a TRPM7 ma CTD funkci enzymatickou,
pficemz TRPM2 disponuje doménou homologni k mitochondridlni pyrofosfataze
adenosindifosfat ribdzy a TRPM6 i TRPM7 serin/threonin kindzovou doménou (Perraud et al.,

2001, Ryazanova et al., 2001).

TRPM kanal

extracelularni prostor

membrana

TRP doména ¢ TRP doména

doména
coiled-coil

N-terminalni €ast C-terminainf &4sti N-terminalni ¢ast

Obr. 3: Membranova topologie dimeru TRPM kandlu, ptevzato z (Bousova et al., 2021b);
upraveno. Intracelularni N-koncova ¢éast obsahujici MHR 1-4, transmembranovéa oblast
s integralnimi a-helikdlnimi segmenty (S1-S6) a krat§im helixem v oblasti poru (P) a

intracelularni C-koncova ¢ast s TRP doménou a doménou typu coiled-colid.
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Abnormalni exprese nebo aktivace TRPM kanalt mé vzhledem k Sirokému expresnimu
profilu podrodiny TRPM enormni patofyziologicky dopad (Jimenez et al., 2020). Modulace
jejich aktivity pfedstavuje vyznamny terapeuticky cil a stava se predmétem intenzivniho vyvoje
novych 1é¢iv. Typickou vlastnosti podrodiny TRPM je polymodalni regulace exogennimi
i endogennimi stimuly vcetné tepla (TRPM2, TRPM4, TRPMS), chladu (TRPMS), tlaku
(TRPM4), napéti (TRPMS8, TRPM4), pfitomnosti chemickych latek jako mentol, icilin
(TRPMS), neurosteroid pregnenolon sulfat (TRPM3) nebo zmény pH (Zheng, 2013, Earley et
al., 2004, Wagner et al., 2008). Mezi nejrozsifen¢jsi modulatory aktivity TRPM kanalt patii
oscilace intraceluldrni koncentrace iontli Ca** (Hasan and Zhang, 2018). TRPM kanaly mohou
byt regulovany piimou interakci s Ca?", aviak ve vétsiné piipadt je efekt zmény hladiny Ca®*
zprostfedkovan proteiny navazujicich signalnich drah (Vangeel and Voets, 2019). Timto
zpisobem dochazi zejména k aktivaci fosfolipdzy C a S$tépeni regulacni molekuly
fosfatidylinositol-4,5-bisfosfatu (PIP2) nebo k aktivaci proteinti vazajicich vapnik, pfedevsSim
molekul CaM. Aktualni vyzkumy ukazuji zasadni roli CaM v rdmci regulace aktivity Clent

podrodiny TRPM.

1.2.1.1. CaM-dependentni regulace podrodiny TRPM

Vramci celé rodiny TRP kanali byla popsdna pozitivni i1 negativni modulace
zprostfedkovand molekulou CaM (Hasan and Zhang, 2018). Funkci CaM nemusi byt pouze
aktivace nebo inhibice daného TRP kanald, ale mize dochazet k pfepinani mezi aktivacnim a
inhibicnim moédem molekuly (Hasan et al., 2017). Na strukturni Grovni byla regulace
prostiednictvim CaM popsana v piipadé TRPV6 (Singh et al, 2018a). V komplexu
CaM/TRPV6 interaguje CaM s celkem 6 riznymi vazebnymi oblastmi na TRPV6 a klicovou
roli hraje interakce s stim iontového poru TRPV6, zprostiedkovana lyzinem (K115)
C-terminalni domény CaM a tryptofany (W583) podjednotek TRPV6. U podrodiny TRPM byla
prokdzana piima regulace molekulou CaM v piipadé¢ TRPM4 nebo TRPM2, avSak u vétSiny
¢lent TRPM byly identifikovany vazebné oblasti pro CaM, jejichz funkéni vyznam zbyva
ovérit, ptipadné popis vazebnych epitopii pro CaM dosud chybi (Nilius et al., 2005, Tong et al.,
2006).
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V ramci podskupiny TRPM1/TRPM3 poukazuji vazebné studie na moznost regulace
kanalu TRPM3 prosttednictvim CaM. TRPM3 je teplotné senzitivni nociceptor, podilejici se
také na regulaci sekrece insulinu v B-buiikach pankreatu (Thiel et al., 2017). Mezi nejznaméjsi
aktivatory TRPM3 patii extracelularni neurosteroid pregnenolon sulfit nebo membranovy
fosfolipid PIP2 (Wagner et al., 2008, Toth et al., 2015). Pti aktivaci TRPM3 dochazi ke vstupu
iontti Ca®" s potencidlem poskytovat negativni zpétnou vazbu (Grimm et al., 2003). U TRPM3
bylo identifikovano 5 rtznych vazebnych epitopi pro CaM, které poukazuji na moznost
kooperativni vazby CaM (podobné jako v piipadé CaM/TRPV6) a zapojeni CaM do
zpétnovazebné regulace TRPM3 (Przibilla et al., 2018, Holakovska et al., 2012, Holendova et
al., 2012). Zastoupeni jednotlivych vazebnych mist pro CaM se mezi riiznymi izoformami
TRPM3 1isi a mlze predstavovat mechanismus zajiStujici bunééné/tkanoveé specifickou

odpovéd’ na zménu hladiny Ca?" (Przibilla et al., 2018).

Regulace aktivity prostfednictvim CaM byla potvrzena u obou zastupci podskupiny
TRPM2/TRPMS. TRPM2 je termosenzitivni neselektivni iontovy kandl, aktivovany zejména
prostfednictvim adenosindifosfat ribdzy v odpovéd’ na oxidativni stres (Miller and Cheung,
2016). Nartst intracelularni koncentrace Ca** nasledné aktivuje CaM k pozitivni zp&tnovazebné
modulaci TRPM2 (Tong et al., 2006). Vramci TRPM2 byly identifikovany
dva fyziologicky vyznamné vazebné epitopy pro CaM. Jeden se nachéazi na cytoplazmatickém
N-konci TRPM2, zatimco druhy je soucasti domény podobné nudix hydrolaze 9 (NUDT9H) na
jeho C-konci (Tong et al., 2006, Gattkowski et al., 2019). Vazebné misto v doméné¢ NUDT9H
se stava dostupnym pro interakci s CaM v dusledku strukturnich zmén pii zvySeni teploty nad
35 °C a pravdépodobné se podili na teplotni regulaci TRPM2. Neselektivni iontovy kanal
TRPMS8 naopak umoziiuje vnimani chladovych podnétl véetné mentolu, eukalyptu nebo kafru
(McKemy et al, 2002). Nartst intraceluldrni koncentrace Ca®>" spousti negativni
zpétnovazebnou regulaci TRPMS, kterd zahrnuje piimou vazbu Ca®>" k TRPMS, §tépeni
pozitivniho regulatoru PIP2 aktivovanou fosfolipdzou C i aktivaci CaM (Diver et al., 2019,
Rohacs et al., 2005, Sarria et al., 2011). Mechanismus desenzitizace TRPMS prosttednictvim
CaM/Ca?" nebyl dosud objasnén. CaM/Ca?" mize modulovat TRPMS8 bud’ prosttednictvim
piimé vazby nebo zprostiedkované ptes PIRT (phosphoinositide-interacting regulator of TRP)
(Sisco et al., 2020). PIRT funguje jako negativni reguldtor lidského TRPMS, snizujici
dostupnost PIP2 pro aktivaci TRPMS (Sisco et al., 2019). PIRT interaguje také s CaM a
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v prostiedi s Ca** dochazi ke snizeni vazebné afinity komplexu (Sisco et al., 2020). Aktivace
CaM ionty Ca?* tak miize vést k disociaci komplexu CaM/PIRT a uvolnéni PIRT pro negativni

modulaci TRPMS.

Podskupinu TRPM4/TRPMS5 tvoti neselektivni iontové kandly propustné pouze pro
monovalentni kationty. Aktivace TRPM4 i TRPMS je podminéna nartistem intracelularni
koncentrace Ca®" a v piipadé TRPM4 je Ca*"-dependentni regulace spojena také s molekulou
CaM (Hofmann et al., 2003, Nilius et al., 2005). TRPM4 se nachézi v Sirokém spektru tkani a
predstavuje potencialni terapeuticky cil pii 1é¢bé kardiovaskularnich, neurologickych i
onkologickych onemocnénich (Wang et al., 2018, Schattling et al., 2012, Borgstrom et al.,
2021). Citlivost TRPM4 vii¢i zvysené intracelularni koncentraci Ca" je vyznamné modulovana
prostfednictvim CaM, ktery interaguje s TRPM4 a umoziuje jeho aktivaci pii fyziologickych
hladiniach Ca®" (Nilius et al., 2005). U dvou vazebnych epitopti odvozenych z N-konce a
jednoho z C-konce TRPM4 bylo detailné¢ popsano vazebné rozhrani komplexu s CaM a
potvrzena charakteristickd role bazickych a hydrofobnich aminokyselin pfi jejich interakci
(Bousova et al., 2018, Bousova et al., 2020). Zatimco fyziologicky vyznam vazebnych epitopi
odvozenych z N-konce TRPM4 zbyva ovéfit, vazebné misto na C-konci TRPM4 se piekryva
s diive popsanym fragmentem TRPM4 nezbytnym pro jeho regulaci zavislou na molekule CaM
(Nilius et al., 2005). Tento vazebny epitop méa navic schopnost vazat PIP2, ktery rovnéz
pozitivng moduluje citlivost TRPM4 k Ca?* (Bousova et al., 2020, Nilius et al., 2006). TRPM5
je na rozdil od TRPM4 exprimovan ve zna¢n¢ omezeném souboru bunécénych typl a nachazi se
zejména v chutovych bunkéch typu II, kde se podili na vnimani hotké, sladké ¢i umami chuti
nebo v PB-buiikdch pankreatu (Prawitt et al., 2003, Dutta Banik et al., 2018). Vzhledem
k zapojeni do regulace sekrece inzulinu ptedstavuje TRPMS potencidlni terapeuticky cil pii
1é¢be diabetes mellitus typu II (Vennekens et al., 2018). TRPMS je aktivovan piimou vazbou
iontli Ca®" a jeho citlivost k Ca?" je pozitivné modulovéana prostfednictvim PIP2 (Hofmann et
al., 2003, Liu and Liman, 2003). Pfitomnost vazebného epitopu pro CaM na N-konci TRPMS
poukazuje na mozné zapojeni molekuly CaM do Ca**-dependentni regulace TRPMS5 (Bousova

et al., 2022).

Podskupina TRPM6/TRPM7 zahrnuje kli¢ové regulatory homeostazy iontli Mg**. Jejich

typickym rysem je pfitomnost kindzové domény, kterd mize fosforylovat vlastni iontovy kanal
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i dalsi cilové molekuly (Clark et al., 2008a, Clark et al., 2008b). Zatimco TRPM7 je
vSudypfitomny iontovy kanal, exprese TRPM6 je typickd zejména pro stieva nebo ledviny a
jeho dysfunkce vede k rozvoji primarni hypomagnezemie se sekundarni hypokalcemii (Voets et
al., 2004, Zou et al., 2019) Krom& Mg?" propousti TRPM6/TRPM7 také dalsi bivalentni
kationty v&etné Ca*" (Voets et al., 2004, Monteilh-Zoller et al., 2003). Nartst intracelularni
koncentrace Mg?" i §tépeni PIP2 vede k inaktivaci TRPM6/TRPM?7 (Voets et al., 2004, Nadler
et al., 2001, Xie et al., 2011, Runnels et al., 2002). Lokalizace vazebnych mist pro CaM
na intracelularnim N-konci TRPM6 i TRPM7 poukazuje na potencialni Ca?"-dependentni

regulaci prostfednictvim CaM (Zouharova et al., 2019, Bousova et al., 2021b).

Ackoli v ramci celé rodiny TRP kanal patii CaM mezi Siroce vyuZivané regulacni
molekuly, zlstdvaji poznatky ohledné¢ CaM-dependentni modulace podrodiny TRPM stéle
velmi omezené. Podrodina TRPM je spojena s rozvojem fady zavaznych onemocnéni vcetné
kardiovaskularnich chorob (Inoue et al., 2019, Watanabe et al., 2008), neurodegenerativnich
poruch, (Duitama et al., 2020) ¢i chorob spojenych s endokrinnim systémem (Liu et al., 2022).
Vzhledem k Sirokému patofyziologickému dopadu dysregulace TRPM piedstavuje detailni
objasnéni mechanismi jejich regulace kli¢ovy krok pro vyvoj modernich terapeutik. Unikatni
charakter molekuly (konforma¢ni zmény indukované vazbou Ca®*, enormni konformacni
plasticita nebo existence mnozstvi vazebnych partnerit) ¢ini z CaM navic idealni vychozi
molekulu pro design novych/vylepSenych biotechnologicky i biomedicinsky vyznamnych

proteinovych molekul.

1.3. Proteinové inZenyrstvi

Prvnim krokem k Sirokému biomedicinskému i biotechnologickému vyuziti proteinti byl
vznik technologie rekombinantni DNA, ktery umozZnil rozvoj rutinni a efektivni laboratorni
produkce pozadovanych proteinti. Od roku 1982, kdy dozorovy organ federalni viady USA pro
potraviny a lé€iva Food and Drug Administration (FDA) schvalil Humulin (rekombinantni
lidsky inzulin), se proteinova terapeutika stala zasadni inovaci farmakologického vyzkumu
(Walsh, 2014). Vyuziti proteini je Casto limitovano zejména nedostateCnou stabilitou a
aktivitou v disledku transferu do podminek odlisnych od fyziologického prostfedi. Metody
proteinového inZenyrstvi vSak umoznily modifikaci kli¢ovych vlastnosti proteinli a tim rozvoj

proteinovych technologii v biomedicinskych oblastech (Obr. 4).
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Obr. 4: Graficky ptehled strategii proteinového inZenyrstvi protilatek, prevzato z (Humpe and
Peipp, 2017). S vyuzitim vybranych variabilnich oblasti protilatek a navazujicich technik
proteinového byly ptipraveny nové molekuly s efektorovymi funkcemi optimalizovanymi pro
konkrétni klinickou aplikaci. Metody proteinového inzenyrstvi umoZznily modifikovat
konstantni oblasti protilatek a generovat alternativni isotypy nebo optimalizovat stavajici
fragment Fc. Dale mohou byt protilatky konjugovany s lé¢ivem nebo fuzovany s dal§imi

proteiny ¢i variabilnimi protilatkovymi oblastmi za vniku bispecifickych protilatek.

Proteinové inZenyrstvi je rychle se rozvijejici obor, zabyvajici se navrhem a
modifikacemi proteinti za icelem vytvoieni novych nebo vylepSeni stavajicich funkci. (Lutz,
2010, Lutz and Iamurri, 2018). Oblast definuje nékolik pfistupii proteinového inZenyrstvi:
fizena evoluce, racionalni design a vypocetni metody De novo (Sinha and Shukla, 2019, Singh
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et al., 2018b). Rizena evoluce zahrnuje vytvofeni knihovny proteinovych variant a vybér téch,
které vykazuji pozadovanou funkci (Pongsupasa et al., 2022, Lutz, 2010). Tento pfistup
nevyzaduje hluboké pochopeni struktury a funkce proteinu, ale spoléhd na nahodné mutace a
naslednou selekci proteinti s novymi nebo vylepsenymi funkcemi. Racionalni design naopak na
zaklad¢ propojeni detailni znalosti strukturné-funkénich vlastnosti proteinu a in silico
predikénich modelt identifikuje konkrétni mutace asociované s pozadovanymi vlastnostmi (Liu
et al., 2019a). Vypocetni metody De novo zahrnuji pouziti vypocetnich algoritmti a modela
v kombinaci s aktualnimi pfistupy strojového uceni k navrhovéni a predikci funkce novych
proteind (Yang et al., 2019). Vypocetni metody De novo tak kombinuji prvky jak racionalniho
designu, tak fizené evoluce (Korendovych and DeGrado, 2020). Celkové je proteinové
inzenyrstvi velkym pfislibem pro vyvoj novych terapeutik ¢i biomateriali a pravdépodobné

bude i v nésledujicich letech nezbytnou soucasti vyvoje novych 1éciv.

1.3.1. Syntetické fuzni proteiny

Ptiprava novych molekul prostfednictvim proteinovych fizi nalezi mezi nejlukrativné;si
oblasti biofarmaceutického vyzkumu. Fazi dvou ¢i vice nukleotidovych sekvenci, kodujicich
pivodné samostatné proteiny/proteinové domény, lze ziskat bi/multi-funkéni rekombinantni
proteiny nebo modulovat konkrétni vlastnost fuzniho partnera. Pro tispé$ny design bioaktivnich
faznich proteinti je kritickd volba vhodnych peptidovych linkeri, umoziujicich vznik
pozadovanych mezi-doménovych interakci (flexibilni linkery), redukujicich sterické zabrany
(flexibilni 1 rigidni linkery) nebo zajiStujicich oddéleni domén v misté ureni in vivo
(rozstépitelné linkery). Optimalizaci sekvence linkeru lze vylepSit bioaktivitu, farmakokinetické
vlastnosti i expresi proteinu (Chen et al., 2013). Mezi hlavni faktory GispéSného designu fuznich
proteinl patii také kompatibilita vlastnosti molekul nebo delece jejich neesencialnich ¢asti pro
zlepSeni prostupnosti zejména nadorovych tkani. Naptiklad studium fuznich konstruktd
zaloZzenych na doméné PDZ3 lidské Zonula Occludens a syntetickém miniproteinu Trp-cage
navic ukazuje 1 vliv vzdjemné orientace fuznich partneri na ustaveni mezi-doménoveé

komunikace a vyslednou strukturu/stabilitu fiznich molekul (Bousova et al., 2021a).

1.3.1.1. Fazni proteiny v biomediciné

Prvnim a zéroven komeréné uspéSnym Iékem z kategorie syntetickych fuznich

terapeutik byl inhibitor tumor nekrotizujiciho faktoru a (TNF-a) Enbrel schvaleny FDA v roce
20



1998 (Huang, 2009). Béhem nésledujicich let pomohly fuzni konstrukty odstranit fadu
limitujicich faktori proteinovych terapeutik. Kratky cirkulacni polocas terapeuticky
vyznamnych proteinti (napt. cytokinll) Ize vyznamné navysit prostiednictvim fizi s konstantni
¢asti (fragment Fc) imunoglobulinu G1, lidskym sérovym albuminem, transferinem nebo
nestrukturovanym polypeptidem XTEN (Strohl, 2015). Biologicky polocas je v ramci fiznich
konstruktti ovlivnén diky omezenému pristupu proteolytickych enzymt k terapeutiku,
snizenému vylucovani v ledvinach v disledku navysSeni velikosti molekuly nebo potlaceni
lysozomalni degradace v odpovéd’ na vazbu Fc fragmentu ¢i sérového albuminu k neonatalnimu

Fc receptoru (Chen et al., 2013).

Kli¢ovou vlastnosti modernich fiznich terapeutik je efektivni cileni do mista uréeni
in vivo, zalozené zejména na vysoké afinit€ a specifité vazby protilatka-antigen. Timto lze
Protilatky/fragmenty protilatek jsou ¢asto fizovany s cytokiny a nové molekuly imunocytokint
nachdzi uplatnéni pii 1écbé chronickych zanétlivych nebo nadorovych onemocnénich
(Mansurov et al.,, 2021). Nadorova terapie vyuziva cileni imunostimula¢nich cytokinii do
specifického néadorového mikroprostiedi. Uplatnéni nachazi ptedev§im flze -cytokinil
s protilatkami proti komponentdm extracelularni matrix, jako jsou izoformy fibronektinu
asociované s neovaskularizaci, nebo bunéénym onkoproteinim napft. receptoru 2 pro lidsky
epidermalni ristovy faktor (HER2) (Lee et al., 2020, Han and Lu, 2017). VyuZiti imunocytokint
pro 1é¢bu chronickych zanétlivych/autoimunitnich onemocnénich je ve srovnani s aplikacemi
v nddorové terapii méné pokrocilé. Preklinické studie ukazuji pozitivni efekt cileni
protizanétlivych imunocytokinii do zanétlivych lozisek pti 1é¢b¢ artritidy, aterosklerdzy,
idiopatickych stievnich zanétl, chronickych zanéti klize nebo endometridézy (Bootz and Neri,

2016).

Kromé& imunocytokinli jsou na pfesném cileni terapeutik zaloZzeny také imunotoxiny
nebo fuze protilatka/enzym. Molekulu imunotoxinu tvoii protilatkovy fragment a cytotoxicka
slozka, nejcastéji toxin inhibujici proteosyntézu (bakterialni diptheria toxin, exotoxin A
Pseudomonas aeruginosa, rostlinny ricin, saporin ¢i lidské RNazy) (Akbari et al., 2017).
Imunotoxiny nachdzi uplatnéni zejména v terapii nadorovych onemocnéni, avSak pozitivnich

vysledki mohou dosahovat také pti 1écbé infekénich onemocnéni (Spiess et al., 2016). Klinické
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vyuziti imunotoxini je podminéno mimimalizaci obecné vysoké imunogenicity, dané
predev§im jejich cytotoxickou slozkou. Exogenni molekuly toxind jsou modifikovany
odstranénim imunogennich epitopti nebo nahrazovany endogennimi lidskymi proteiny, jako
jsou RNazy nebo proapoptotické proteiny (granzym B, TRAIL (apoptézu indukujici ligand
ptibuzny TNF), Fas-ligand) (Mathew and Verma, 2009, Mazor and Pastan, 2020). DalSiho
snizeni imunogenicity lze u fuznich proteini zalozenych na protilatkdch dosahnout zménou

aminokyselinové sekvence protilatky ¢i posttranslacni modifikace (Harding et al., 2010).

Terapeutické aplikace proteinovych konstruktii typu protilatka/enzym jsou zalozeny
bud’ na primych fuzich protildtek s enzymaticky aktivnim Ié¢ivem nebo na konstruktech
protilatka/enzym konvertujicich néasledné podané prolécivo na farmakologicky aktivni 1é€ivo.
Do prvni kategorie lze zafadit enzymaticky aktivni zdstupce imunocytokinl (nejcastéji
imunoRNazy) nebo konstrukty pro substitu¢ni enzymatickou terapii, nahrazujici disfunkéni
mutované enzymy (Andrady et al., 2011). Cilenim funk¢nich enzymu lze zajistit degradaci
lysozomalniho i cytosolarniho glykogenu u pacientli s Pompeho chorobou nebo vylepsit
katabolizmus glykosaminoglykani u mukopolysacharidéz (Yi et al., 2017, Fecarotta et al.,
2018). Vyhodou druhé skupiny enzymatickych faznich terapeutik, zalozenych na postupném
podani konstruktu protildtka-enzym a prislusného proléciva, je stale piesnéjsi cileni terapeutik,
spojené s maximalizaci 1é€ebnych G€inkli a minimalizaci toxickych a systémovych efektl

zejména nadorové terapie (Mishra et al., 2018).

Klinicky vyznamnou skupinu fiznich konstrukti tvofi tzv. decoy receptory, zahrnujici
také znadmy inhibitor TNF-a Enbrel. Pfipravek Enbrel obsahuje 1éCivou latku Etanercept,
tvofenou extracelularni vazebnou doménou receptoru p75 pro TNF-a a fragmentem Fc lidského
IgG1 (Goffe and Cather, 2003). Etanercept funguje jako kompetitivni inhibitor prozanétlivého
cytokinu TNF-a, jehoz patologicka produkce je spojena s rozvojem chronickych zanétlivych
onemocnéni jako revmatoidni nebo psoriaticka artritida (Choy and Panayi, 2001, Gottlieb and
Antoni, 2004). Decoy receptory cili také na procesy onkogeneze, nejcastéji prostfednictvim
receptoru pro epidermalni ristovy faktor (EGFR) nebo vaskularni endotelidlni rastovy faktor
(VEGFR). Fuzni bispecifické decoy receptory maji potencial simultdnné€ inhibovat bunécnou
proliferaci i neovaskularizaci (napf. konstrukt VEGFR/IgG1-Fc/EGFR) nebo synergni plisobeni

angiogennich signaliza¢nich kaskéad, zahrnujicich VEGFR a receptor pro fibroblastovy riistovy
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faktor 2 (FGFR) (konstrukt VEGFR1/VEGFR2/FGFR/IgG1-Fc¢) (Guo et al., 2022, Jiang et al.,
2018).

Pokrocily design cilenych proteinovych terapeutik umoziuje transport novych IéCiv také
pfes hematoencefalickou bariéru nebo placentu. Prichod hematoencefalickou bariérou
zprostiedkovavaji inzulinové (IR) nebo transferinové receptory (TfR), na které cili protilatkova
¢ast fuzniho terapeutika (Pardridge and Boado, 2012). Design fady rekombinantnich proteint
byl modernizovan s ohledem na zajisténi prichodnosti hematoencefalickou bariérou. V ramci
faznich konstruktd jde o substitucni enzymatickd terapeutika pro léCbu neurologickych
symptomli mukopolysacharid6z nebo prvni fizni terapeutikum schvalené FDA — inhibitor
TNF-a Enbrel (Boado et al., 2008, Boado et al., 2010). Flazni inhibitory prozanétlivych cytokint
maji potencidl pifi terapii akutnich traumatickych poskozeni mozku 1 chronickych
neurodegenerativnich onemocnéni (Sumbria et al., 2012, Zhou et al., 2011b). U¢inna 1é¢ba by
zejména v piipadé Alzheimerovy nemoci umoznila snizit enormni rist ndkladi na péci
o pacienty s pokrocilou fazi choroby. Slibné vysledky v terapii Alzheimerovy choroby muze
pfinést kombinatorni 1é¢ba, postihujici vice trovni patogeneze onemocnéni (Cummings et al.,
protilatky proti amyloidnim plakiim nebo neurotrofni faktory (Zhou et al., 2011a, Sumbria et

al., 2013, Zhou et al., 2010).

1.3.1.2. Fuzni proteiny zaloZené na molekule CaM

Design fuznich konstrukti odvozenych od CaM vyuziva zejména konformacnich zmén
molekuly CaM pii interakei s ligandy. Fizi CaM s vhodnym reportérovym systémem lze ziskat
rychlé a citlivé biosenzory pro detekci stanovovanych analyth. Typickym piikladem jsou
biosenzory monitorujici koncentraci ionti Ca®", zalozené na fuzi CaM a zeleného
fluorescen¢niho proteinu (GFP) nebo jeho spektralnich variant. Prvni fluorescencni biosenzory
byly zaloZeny na Forsterové rezonancnim pienosu energie (FRET) a obsahovaly dva fluorofory
fuzované s molekulou CaM a vazebnym epitopem pro CaM (doména M13 myosin kindzy
lehkého fetézce) (Miyawaki et al., 1997). Interakce mezi CaM/Ca?" a vazebnym epitopem vedla
k vzajemnému piiblizeni fluoroforti a emisi fluorescence o dané vinové délce. Siroce rozsifené
jsou také biosenzory vyuzivajici jediny fluorofor, ktery na strukturni zmény postihujici
fuzovanou molekulou CaM a vazebny epitop pro CaM reaguje zménou své konformace a
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fluorescencnich vlastnosti (Nakai et al., 2001). Zatimco FRET biosenzory nachazi uplatnéni pfi
kvantifikaci signalu Ca", biosenzory s jednim fluoroforem jsou vhodné&jsi pro studium jeho
dynamiky (Lohr et al., 2021). Design zéastupcli z obou skupin biosenzori byl optimalizovan
s ohledem na vylepSeni jejich citlivosti, poméru signalu k Sumu, stability, spektralnich
charakteristik, cileni do intracelularnich kompartmentii nebo nezadoucich efekti exprese
biosenzori v buiice (zejména abnormalni jaderna akumulace a naruseni fyziologické signalizace
ionty Ca®") (Nakai et al., 2001, Horikawa et al., 2010, Tallini et al., 2006, Palmer et al., 2006,
Yang et al., 2018). Biosenzory zalozen¢ na molekule CaM nachazi vyuziti pti studiu gastrulace,
neuralni okruhti v motorickém a somato-senzorickém kortexu, neurdlnich zmén v hipokampu
pii behavioralnich studiich nebo v retiné oka béhem svételné expozice (Shindo et al., 2010, Tian

et al., 2009, O'Connor et al., 2010, Dombeck et al., 2010, Borghuis et al., 2011).

Konformacni plasticita CaM muze tvofit také zdklad designu biosenzorti pro detekci
novych farmakologicky vyznamnych molekul. Piikladem je fuzni protein odvozeny z CaM a
mutované varianty GFP — EGFP (enhanced GFP) (Dikici et al., 2003). Pti aktivaci biosenzoru
ionty Ca*" dochazi k zpfistupnéni vazebnych kapes pro fenothiazinové derivaty a piibuzna
tricyklicka antidepresiva v molekule CaM. Dusledkem rozsahlych konformacnich zmén pfi
jejich nasledné interakci s molekulou CaM/Ca*" je zhaseni fluorescenéniho signalu fuzovaného
EGFP. Biosenzory zaloZené na molekule CaM lze vyuzit jako rychlou a levnou high-throughput
technologii pro farmakologicky atraktivni ligandy CaM. Psychofarmaka zaloZena
na antagonistech CaM moduluji aktivitu fady klicovych proteinii signalizacnich kaskad,
napiiklad CaM-dependentni protein kindzy II regulujici uvolilovani neurotransmitert a
synaptické transmise (Vertessy et al., 1998, Barbiero et al., 2007). Krom¢ antidepresiv a
antipsychotik mohou inhibitory CaM nachézet vyuziti také pfi 1écbé bolesti, v nadorové terapii
pro potlaceni chemoterapeutické rezistence ¢i angiogeneze, v terapii neurodegenerativnich
onemocnéni jako Alzheimerova nebo Huntingtonova choroba, ptipadné pii eradikaci
mykotickych biofilmt (Olah et al., 2007, Mayur et al., 2006, Jung et al., 2010, O'Day, 2020,
Ceballos Garzon et al., 2020).

Charakteristické vlastnosti molekuly CaM lze kromé designu biosenzora uplatnit také
pii optimalizaci rekombinantni produkce terapeuticky vyznamnych proteint. Prostfednictvim

fuze s CaM bylo v bunkach E. coli dosazeno dostatecné exprese solubilnich antimikrobidlnich

24



peptidi (AMPs), ackoli samostatné peptidové sekvence vykazuji znacnou cytotoxicitu a
citlivost k endogennim proteazam (Ishida et al., 2016). AMPs typicky sdili vysoky stupen
podobnosti s vazebnymi motivy pro CaM. Jednd se o amfipatické sekvence s motivy
hydrofobnich a bazickych aminokyselin, které vramci fuzniho konstruktu interaguji
s molekulou CaM, ¢imz dochazi k maskovani jejich cytotoxicity i ochrané pied proteolytickou
degradaci. Rekombinantni produkce AMPs umoziuje finanéné¢ vyhodnéjsi inkorporaci
nepfirozenych aminokyselin nebo izotopové znaceni sekvenci pro detailni studium jejich
strukturné-funkcénich vlastnosti. Maskovani sekvenci molekulou CaM poskytlo také expresi
solubilnich transmembranovych sekvenci nebo lidského makrofagového zanétlivého proteinu
3a (Ishida et al., 2016, Ramamourthy et al., 2019). Fazni expresni systémy mohou molekulu
CaM vyuzivat rovnéZ jako univerzalni purifikacni kotvu pro hydrofobni interakéni
chromatografii, kdy piidavek chelata¢niho ¢inidla vyvéaze ionty Ca?* z CaM, konformacni
zmeény skryji hydrofobni motivy uvnitt molekuly a fizni konstrukt zalozeny na CaM se uvolni

z matrice kolony.

Fuzni konstrukty vyuzivajici vlastnosti CaM byly studovéany i z hlediska potencidlni
aplikace v nadorové terapii pii tzv. nddorovém pretargetingu. Principem nadorového
pretargetingu je postupné podani dlouho cirkulujiciho protilatkového konjugatu proti tkani
nadoru a malé radioaktivni molekuly s kratkym cirkulaénim casem (Patra et al., 2016).
Po dosaZeni optimalni koncentrace protilatkového konjugatu v nddorové tkani a eliminaci
nadbyte¢nych molekul z té€la nasleduje podani mensi radioaktivni molekuly s vysokou afinitou
k protilatkovému konjugatu akumulovanému v nadoru. Rychla farmakokinetika radioaktivni
molekuly umoziuje minimalizaci vedlejSich G€inkl radioterapie na zdravé tkané. Chimericky
protein scFv(L19)-CaM, navrZeny pro nddorovy pretargeting, obsahuje protildtkovy fragment
scFv(L19) proti izoformé fibronektinu asociované s nadorovou angiogenezi a CaM (Melkko et
al., 2002). Pro rychlé cileni terapeutickych/diagnostickych radionuklidl byly zvoleny peptidové
ligandy molekuly CaM. Ackoli v ramci konstruktu scFv(L19)-CaM ziistavaji vazebné vlastnosti
scFv(L19) i CaM zachovany, cileni do mista nadoru in vivo bylo netuspésné. Pfi¢inou mize byt
velmi nizky isoelektricky bod CaM, zabranujici prostupu scFv(L.19)-CaM do perivaskularniho
prostoru. Potencialni feSeni nabizi tkanové specifické cileni scFv(L19)-CaM do kalveol
endotelidlnich buné¢k, zprostiedkovavajicich transcytozii terapeutik pies endotelialni bariéru

(Marchetti et al., 2019).
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Na unikétnich vlastnostech CaM lze zalozit design Sirokého spektra fuznich konstruktt
s vyuzitim od detekénich systémi az po proteinova terapeutika. Zakladni vlastnosti aplikacné
vyznamnych molekul véetné CaM jsou cCasto modifikovany pro dosazeni optimalnich
charakteristik v ramci odvozenych faznich makromolekul. Univerzaln¢ Zadanou modifikaci je
navyseni stability pro pouziti v suboptimalnich podminkéch. Stabilitu proteinovych molekul 1ze
navysit prostfednictvim mutaci vytipovanych aminokyselin nebo alternativné fizi se
stabiliza¢nim proteinem (Pucci et al., 2022, Morimoto et al., 2022). Vysoky modula¢ni potencial
nabizi fize s vnitiné neuspoifadanymi proteinovymi sekvencemi, kdy na podkladé jejich
enormni flexibility a konformac¢ni dynamiky dochazi k vzajemné komunikaci mezi fuznimi

partnery (Zouharova et al., 2021).

1.4. Strukturni neusporadanost proteinovych molekul

Piiblizné 44 % lidskych kodujicich gent tvoti geny pro vnitin€ neuspofadané proteiny
(IDPs) nebo proteiny s rozsahlymi vnitiné neuspoifadanymi oblastmi (IDPRs) (Pentony and
Jones, 2010). Mezi IDPs/IDPRs tfadime vysoce flexibilni proteinové sekvence, které ve svém
nativnim stavu spontanné nezaujimaji stabilni 3D strukturu. Typicky je pro né obsahly soubor
vzajemn¢ prechazejicich konformacnich stavli, zahrnujicich natazené i1 kompaktni formy
(Uversky and Dunker, 2010). U nékterych vnitin€¢ neuspotfaddanych proteinovych sekvenci
indukuje interakce s vazebnym partnerem sbalovani do 3D struktur, jiné zlstavaji a plni funkci
v nestrukturovaném stavu (van der Lee et al., 2014). V obou piipadech vSak interakce ovlivituje

konformac¢ni dynamiku a vyslednou funkci molekul.

Enormni soubor moznych konformacnich stavii umoznuje Siroké zapojeni IDPs/IDPRs
do regulace 1 integrace kli¢ovych signaliza¢nich kaskad tidicich transkripci, translaci i pribeh
bunééného cyklu (Wright and Dyson, 2015). Dosud popsané IDPs/IDPRs piekvapiveé nenachazi
uplatnéni b&hem fizeni signaliza¢nich kaskadach zavislych na iontech Ca*". Vniting
neuspoiadané vazebné sekvence pro ionty Ca®" se vyskytuji spise u skladovacich proteini
endoplazmatického retikula (kalretikulin) a predevSim u proteini zapojenych do procesu
biomineralizace jako je starmaker, amelogenin nebo ameloblastin (AMBN) (Shivarov et al.,

2014, Wojtas et al., 2015, Yamakoshi et al., 2001, Vetyskova et al., 2020).
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1.4.1. Ameloblastin

AMBN byl pivodné popsan jako druhy nejpocetnéjsi protein extracelularni matrix
nejtvrdsi tkané lidského téla — zubni skloviny. Béhem odontogeneze ovliviiuje proliferaci,
polaritu a diferenciaci ameloblast (Fukumoto et al., 2004). Spole¢n¢ s amelogeninem vytvari
supramolekularni organickou matrici pro orientovany riist hydroxyapatitovych krystala (Wald
et al., 2017). Mutace genu pro AMBN souvisi rozvojem dédicné hypopléazie zubni skloviny
Amelogenesis imperfekta (Poulter et al., 2014). Krom¢ mineralizace zubni skloviny se AMBN
podili na regulaci osteogeneze i osteoklastogeneze a zajist'uje rychlou reparaci kostnich fraktur
(lizuka et al., 2011, Lu et al., 2013, Lu et al., 2016). ZvySena exprese AMBN navozuje tumor
supresivni fenotyp a chemosenzitivitu osteosarkomu a miize ptedstavovat novy prognosticky

marker ¢i terapeuticky cil (Ando et al., 2017).

AMBN patii do nepocetné skupiny IDPs interagujicich s ionty Ca**. Molekulu AMBN
tvoii dvé domény — bazickd N-koncovd doména (AMBN-Nt) a acidicka C-koncovd doména
(AMBN-Ct) (Wald et al., 2011). Sestavovani supramolekularnich struktur AMBN fidi evolu¢né
konzervovany oligomerizaéni motiv v AMBN-Nt (Obr. 5) (Wald et al., 2013). Fosforylace
nebo delece této oblasti potlacuje nejen oligomerizaci AMBN, ale i schopnost interakce s ionty
Ca?" (Stakkestad et al., 2017, Vetyskova et al., 2020). Vazba molekul Ca*" probihd ziejmé
v acidické AMBN-Ct, které vSak sama o sobé nema oligomeriza¢ni potencial a interakci s ionty
Ca®" poskytuje pouze ve spojeni s oligomerizaéni funkci AMBN-Nt (Vetyskova et al., 2020).
Monomerni charakter samostatné AMBN-Ct spole¢né s jeji kompletni vnitini neusporadanosti
z ni ¢ini vhodného kandidata pro modulaci proteinovych molekul v ramci fiznich konstruktd,
naptiklad terapeuticky a biotechnologicky zajimavé cilové molekuly CaM. V této disertacni
praci se proto mimo jiné zabyvame fazni molekulou tvofenou

CaM a AMBN-Ct s cilem zjistit, zda dojde k ovlivnéni vlastnosti molekuly CaM.
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AMBN - Cterm AMBN - N term

Obr. 5: Schematické znazornéni predpokladaného oligomeriza¢niho mechanismu molekul
AMBN, pievzato z (Vetyskova et al., 2020); upraveno. N-koncova doména AMBN (Sed¢)
obsahuje motiv kodovany exonem 5 indukujici oligomerizaci (modie) monomeri AMBN.
Oligomerizace molekul AMBN umozZiuje interakci C-koncové domény AMBN (fialov¢)

s ionty Ca’" (zlutg).
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2. CILE DISERTACNI PRACE

Disertacni prace se zabyva studiem Siroce rozsifen¢ho kalciového senzoru CaM,
regulujiciho aktivitu stovek cilovych proteini zapojenych do klicovych fyziologickych procest.
Vlastnosti CaM jsou navic uplatiovany pii designu biomedicinsky/biotechnologicky
vyznamnych proteinti, vyuzivanych zejména pro detekci zmén hladiny iontéi Ca®*. Cilem prvni
¢asti disertacni prace bylo studium CaM s ohledem na mozné zapojeni do regulace medicinsky
vyznamnych ¢lent podrodiny iontovych kanalit TRPM. Druha ¢ast disertacni prace se zabyva
modulaci vlastnosti CaM v ramci faznich proteinovych konstruktti, které by mohly nachazet

uplatnéni pti designu novych proteinovych konstruktl pro oblast biomediciny ¢i biotechnologii.

Cast 1: Identifikace a charakterizace vazebnych mist pro CaM u podrodiny

iontovych kanali TRPM

Soucasné poznatky ohledné¢ CaM-dependentni modulace TRP kanald indikuji znacnou
komplexitu interakci CaM/TRP kandl. Jednotlivé TRP kanaly mohou obsahovat vice vazebnych
epitoptt pro CaM, které se spolupodileji na vazbé regulacni molekuly CaM. Identifikace
jednotlivych vazebnych epitopit pro CaM tak muze vést k pochopeni komplexniho pribéhu
interakce CaM/TRP. Jelikoz CaM piedstavuje rozsitenou modula¢ni molekulu v ramci rodiny
TRP kanalt, predpokladame existenci podobnych vazebnych mist pro CaM také u podrodiny
TRPM, kde ziistdvaly poznatky ohledné¢ CaM-dependentni regulace limitované.

Cilem prace je:
= Lokalizace a charakterizace novych vazebnych epitopti pro CaM na intracelularnich
koncich vybranych ¢lenti podrodiny TRPM (TRPM4, TRPMS5, TRPM6 a TRPM?7)
= Ov¢feni charakteristické role bazickych aminokyselinovych zbytkl v zajisténi vazby
molekuly CaM
» Konstrukce modelu CaM v interakci s nové identifikovanymi vazebnymi epitopy

podrodiny TRPM
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Cist 2: Modulace vlastnosti CaM prostiednictvim proteinovych fazi

Vlastnosti aplikacné vyznamnych molekul mohou byt optimalizovany prostfednictvim

metod proteinového inzenyrstvi. Mezi G€inné piistupy patii napt. design fiznich proteinovych

konstruktii za ucelem vylepSeni stavajicich nebo zisku novych vlastnosti fizovanych molekul.

Univerzalnimi modulatory flaznich partnerti jsou zejména flexibilni vnitin€é neuspofadané

proteinové domény, schopné dynamicky reagovat na zmény ve svém okoli. Fiznim partnerem

CaM byla zvolena proteinova doména tvorici C-konec ameloblastinu (AMBN-Ct). Vzhledem

ke kompletn¢ wvnitiné neuspofddanému charakteru AMBN-Ct piedpokldddme vznik

mezi-doménové komunikace mezi fuzovanymi molekulami CaM a AMBN-Ct, ktera muze

pozitivné ovlivnit napf. teplotni stabilitu struktury CaM.

Cilem prace je:

Design a pfiprava fizni molekuly zalozen¢ na CaM a kompletné vniting
neusporadané doméné AMBN-Ct

Potvrzeni nativni struktury CaM v molekule CaM/AMBN-Ct

Ovéteni zachovanych vazebnych funkci CaM v CaM/AMBN-Ct prostiednictvim
interakce s dfive popsanym vazebnym epitopem pro CaM odvozenym z iontového
kandlu podrodiny TRPM

Studium vlivu mezi-doménové komunikace na teplotni stabilitu CaM

v CaM/AMBN-Ct
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3. MATERIAL A METODY

3.1. Exprese a purifikace proteini

3.1.1. CaM

CaM byl exprimovan z vektoru pET3a v bunkach E. coli Bl-21. Exprese byla
indukovéna pfi teploté¢ 25 °C ptidavkem 0,5 mM IPTG. Bunky byly kultivovany pii
25 °C/150 rpm a po 18 hod. resuspendovany v lyza¢nim pufru (50 mM Tris-HCI pH7,5, 2 mM
EDTA, 2 mM 2-Merkapto-EtOH, 0,2 mM PMSF), a dezintegrovany sonikaci. CaM byl
purifikovan ze solubilni frakce pomoci hydrofobni chromatografie na Phenyl Sepharose CL-4B
(GE Healthcare, Chicago, IL, USA) podle standardniho purifikacniho protokolu (Bousova et
al., 2018) a pteveden do findlniho pufru 50 mM Tris-HCI pH 7,5, 250 mM NacCl, 2 mM CaClx
(studium komplexi CaM s vazebnymi epitopy odvozenymi od TRPM) nebo 10 mM Tris-HCl
pH 7,5, 100 mM NaCl, = 10 mM CaCl; (studium fazniho konstruktu CaM/AMBN-Ct).

3.1.2. CaM/AMBN-Ct

Exprese CaM/AMBN-Ct probihala z vektoru pET28b v buiikach E. coli Bl-21. Bunécna
suspenze byla v logaritmické fazi riistu zchlazena na 15 °C a pfidavkem IPTG do koncentrace
0,5 mM indukovéana exprese proteinu. Po kultivaci pti 15 °C/150 rpm/18 hod. byly bunky
resuspendovany v lyzaénim pufru (50 mM Tris-HCI pH 8,0, 50 mM NaCl, 2 mM
2-Merkapto-EtOH, 2 mM EDTA). Po sonikaci bun¢k byl CaM/AMBN-Ct purifikovan pomoci
hydrofobni chromatografie dle totozného protokolu jako molekula CaM. Nasledné byl
CaM/AMBN-Ct dialyzovan do 50 mM Tris-HCI pH 7,5, 500 mM NaCl a protedzou TEV pii
4 °C/24 hod odstépena sekvence 6xHis. Po pfidavku EDTA do koncentrace 10 mM byl
CaM/AMBN-Ct pieveden do findlniho pufru (10 mM Tris-HCl pH 7,5, 100 mM NaCl,
+ 10 mM CaCl;) na kolon€ Superdex 200 Increase 10/300 GL (GE Healthcare, Chicago, IL,
USA).

3.1.3. AMBN-Ct

Podminky pro expresi AMBN-Ct byly totoZzné jako u CaM/AMBN-Ct. Po resuspendaci
bun¢k v lyza¢nim pufru (50 mM Na;HPO4 pH 8,0, 50 mM NaCl, 2 mM 2-Merkapto-EtOH) a
sonikaci bun¢k byla k solubilni frakci pfiddna mocovina do koncentrace 8M. CaM/AMBN-Ct
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byl purifikovan s vyuzitim Chelating Sepharose Fast Flow s navizanymi ionty Ni** (GE
Healthcare, Chicago, IL, USA). AMBN-Ct byl z elu¢niho pufru (50 mM Tris-HCI pH 7,5,
600 mM NaCl, 8 M mocovina, 600 mM imidazol) dialyzovan do 50 mM Tris-HCI pH 7,5,
500 mM NaCl a §tépen proteazou TEV pii 4 °C/24 hod. Stépna smés byla nanesena na Chelating
Sepharose Fast Flow s navazanymi ionty Ni*" (GE Healthcare, Chicago, IL, USA) a slabg
navazany AMBN-Ct byl eluovan do 10 mM Tris-HCI1 pH 7,5, 100 mM NacCl, 100 mM imidazol.
Po pridavku EDTA do koncentrace 10 mM byl AMBN-Ct pieveden na kolon¢ Superdex 200
Increase 10/300 GL (GE Healthcare, Chicago, IL, USA) do findlniho pufru (10 mM Tris-HCI
pH 7,5, 100 mM NacCl, £ 10 mM CaCly).

3.2. Fluorescenéni spektroskopie

Casové rozlisend anizotropie fluorescence byla méfena na spektrofluorimetru K2 (ISS
Inc., Champaign, IL, USA) pfti teploté 25 °C. Vazebné epitopy pro CaM oznacené fluoresceinem
byly titrovany ptidavky CaM, CaM/AMBN-Ct nebo AMBN-Ct. Fluorescence byla excitovana
pii 490 nm a hodnoty ¢asové rozliSené anizotropie fluorescence (r) zaznamenany pii 530 nm.

Podil vazebnych epitopil v interakci (fraction bound, Fg) byl stanoven dle rovnice (1):
FB = (r - I’min)/[(rmax - r) Q + (I' - rmin)],

kde je r hodnota anizotropie pii jednotlivych koncentracich ligandu, rmin anizotropie samotného
vazebného epitopu, rmax anizotropie pii saturacni koncentraci ligandu a Q je korekéni faktor
(pomér kvantového vytézku vazané a volné formy studovaného epitopu). Hodnota rovnovazné
disocia¢ni konstanty (Kp) komplexu byla stanovena z proloZeni zéavislosti Fg na koncentraci

ligandu rovnici (2):

__ Kp+[P1]+[P2]-/(Kp+[P1]+[P2])2—4[P1][P2]
- 2[P1] ’

Fg

kde [P1] je koncentrace vazebného epitopu a [P2] koncentrace ligandu. K vyhodnoceni dat byl
pouzit software Sigmaplot 11.0 (Systat software, San Jose, CA, USA).
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3.3. Analyticka ultracentrifugace

Sedimentacni rychlost molekul byla méfena s vyuzitim analytické ultracentrifugy
ProteomeLab XL-I (Beckman Coulter, Indianapolis, IN, USA). Experimenty byly provedeny
pii 48 000 rpm/20 °C svyuzitim rotoru An50-Ti. Pro méfeni byly pouzity proteiny
o koncentracich: 2,8 mg.ml!' (CaM), 1,1 mg.ml"' (AMBN-Ct) a 1,3 mg.ml"! (CaM/AMBN-Ct)
v pufru 10 mM Tris-HCI pH 7,5, 100 mM NaCl. Absorbance vzorka byla detekovana pii
280 nm v intervalu 3-6 minut. Pfi vyhodnoceni dat byly pouzity softwary Sednterp a Sedfit
(Philo, 2023, Schuck, 2000).

3.4. Spektroskopie cirkularniho dichroismu

Spektra cirkularniho dichroismu (CD) byla studovana s vyuziti spektropolarimetru
Jasco-1500 a Peltierova termostatu PTC-517 (JASCO, Easton, MD, USA). Spektra CD byla
meéfena v teplotnim gradientu 10-90 °C ve vzdalené (195-280 nm) i blizké (240-350 nm) UV
oblasti. Méfeni v blizké UV oblasti probihalo v 1 mm kiemenné kyveté s teplotnim pfirtistkem
10 °C. K experimentim byly pouZzity proteiny o koncentracich: 160 uM (CaM), 65 uM
(CaM/AMBN-Ct) a 47 uM (AMBN-Ct) v pufru 10 mM Tris-HCI pH 7,5, 100 mM NaCl.
Pro méfeni ve vzdalené UV oblasti byla pouzita 0,5 mm kiemenna kyveta, teplotni pfirtistek
5 °C a koncentrace proteint 10x niz8i nez v pfipad¢ experimentl v blizké UV oblasti. Finalni
data byla vyhodnocena v software Sigmaplot 12.5 (Systat software, San Jose, CA, USA) a

vyjadiena v jednotkdch moléarni elipticity (0).

3.5. Molekulové modelovani a molekulova dynamika

Struktura CaM bez Ca" byla pievzata z NMR modelu (PDBID: 1CFD) (Kuboniwa et
al., 1995). Trojrozmérna struktura CaM s Ca®" byla modelovéna podle kompaktni struktury
ziskané rentgenovou krystalografii (PDBID: 1PRW) (Fallon and Quiocho, 2003).
N-koncova 1 C-koncova doména CaM byly stabilizovany potencidlem omezujicim vzdalenost
extrahovanym z experimentalnich model. Vzdalenosti vSech vazeb v rozmezi 1-2 nm byly
limitovdny harmonickym potenciadlem se silovou konstantou 240 kJ-mol ''nm2. N-koncova
doména (A5-T79) a C-koncova doména (S81-K148) CaM byly kalkulovany nezavisle, proto
jejich vzajemnd orientace ziistala neomezena. K molekule CaM s i bez vazanych iontii Ca** byly

pfipojeny extendované konformace flexibilniho linkeru (GGGGSS) a C-koncové domény
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AMBN (L223-P447, cislované podle sekvence AMBN). Minimalizace energii ziskanych
struktur byla provedena v softwaru GROMACS (Abraham et al., 2015).

Simulace dynamického chovani molekul byly provedeny v GROMACS (v. 5.1.1)
(Abraham et al., 2015) s pouzitim stochastického dynamického integratoru s casovym krokem
20 fs a inverzni konstantou tfeni 20 ps pii 300 K. Molekularni dynamika byla propagovana na
100 milionii krokti. Kazdy systém byl kalkulovan v 5 nezavislych simulacich za u¢elem odhadu

konvergence vzorkovani a intervall spolehlivosti.
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4. VYSLEDKY

4.1. Identifikace a charakterizace vazebnych mist pro CaM u podrodiny iontovych
kanali TRPM

4.1.1. Identifikace vazebnych epitopii pro CaM

Vazebné motivy pro CaM byly predikovany in silico s vyuzitim softwaru ,,Calmodulin
target database (Yap et al., 2000). Pro dalsi studium byly vybrany potencialni nové vazebné
epitopy pro CaM odvozené z lidskych iontovych kanalit TRPM4, TRPMS, TRPM6 a TRPM7
(Tab. 1). Sekvence obsahujici typické motivy hydrofobnich a bazickych aminokyselin byly
syntetizovany jako kratké peptidy a vyuzity ve vazebnych studiich s molekulou CaM. Detailni
data z charakterizace vazebnych epitopii budou ukazana na ptikladu iontového kanalu TRPM6

(Obr. 6 A).

Tab. 1: Piehled novych vazebnych epitopi pro CaM u podrodiny TRPM. Bazické
aminokyseliny s potencialni roli pfi formovani komplexu s CaM jsou zvyraznény oranzov¢.
Zkratkou Kp jsou oznaceny rovnovazné disociacni konstanty komplexii s CaM, SD definuje

smérodatnou odchylku.

Vazebny Lokalizace vazebného Syntetizovana sekvence vazebného Kp * SD
epitop epitopu na TRPM kanalu epitopu pro CaM
TRPM4np Intracelularni N-konec 627FGECYRSSEVRAARLLLRRCPLé4s 1,3+1,8
TRPM4cp Intracelularni C-konec 1078PFIVISHLRLLLRQLCRRPRS1098 26+0,5
TRPM5np Intracelularni N-konec 83WLRDVLRKGLVKoa 1,0+£0,1
TRPM6np Intracelularni N-konec 520LIGRAYRSNYTRKHFRs35 14,87 £ 0,7
TRPM7np Intracelularni N-konec 523 YRCTYT FRLs3s5 6,1+0,4

Vazebna afinita CaM k novym vazebnym epitopim podrodiny TRPM byla urcena
pomoci méfeni anizotropie pfi ustalené fluorescenci. Fluorescenéné znaéené peptidy odvozené
z TRPM kanali byly titrovany pfidavky CaM. Z naristu fluorescenéni anizotropie v disledku
vazby CaM k znaCenym epitoplim byl stanoven podil vazebnych epitopt v interakci s CaM
(fraction bound, Fg). Rovnovazné disociacni konstanty byly uréeny z prolozeni zavislosti Fg

na koncentraci CaM rovnici 2 (3. Material a metody, 3.2. Fluorescen¢ni spektroskopie) (Obr. 6
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B, Tab. 1). M¢feni anizotropie pii ustdlené fluorescenci potvrdilo interakci mezi CaM

a studovanymi vazebnymi epitopy podrodiny TRPM.

TRPM6 kanél Extraceluldrni prostor
TRPM6np pore
; 56
20 -IGRAYRSNYTRKHFRs; forming
— region
._( Intraceluldrni prostor
MHR1 MHR2 MHR3 MHR4 Pre-s1 $2-83 $4-55 TRP CC SIT KIN
TR linker linker
N-termindini &ast C-terminalni &4st
B C
1.0 1.0
0.8 0.8 -
06 - 8 0.6 -
u e
0.4 - 04 -
0.2 0.2 + ’ B TRPM6np
& K532A
a4 A K532A/R531A
0.0 i 0.0 & v K532A/R531A/R535A
F T T T T T T T T A . . . . @ K532A/R531AR35AIR526A
0 10 20 30 40 50 60 70 8 90 0 10 20 30 40 50 60 70 80 90
Koncentrace (uM) Koncentrace (uM)

Obr. 6: Charakterizace vazebného epitopu TRPM6np. (A) Lokalizace TRPM6np na iontovém
kanalu TRPM6. Intracelularni N-konec TRPM6 obsahuje 4 domény MHR a pre-S1 doménu.
Transmembranovou ¢ast tvoii 6 a-helikalnich segmentt (S1-S6), pti¢emz por iontového kanalu
je formovan mezi S5 a S6. Soucasti C-konce TRPM6 je TRP doména,
doména typu coiled-coil, doména bohatd na serin/threonin a a-kindzovd doména. Lokalizace
TRPMé6np je vyznacena kruznici v N-terminalni ¢asti proteinu. (B) Podil molekul vazebného

epitopu TRPM6np v interakci s CaM. (C) Podil mutovanych forem TRPM6np vézajicich CaM.
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4.1.2. Role bazickych aminokyselin pri formovani komplexii CaM/TRPM

Formace komplexti CaM/TRP probihd na zékladé vzajemnych hydrofobnich interakei a
vzniku solnych mustkti mezi bazickymi zbytky vazebnych epitopii pro CaM a negativné
nabitymi aminokyselinami CaM. Vazebn¢ epitopy odvozené od TRPM4, TRPMS a TRPM6
byly syntetizovany v mutované formé¢ se zaménou potencialnich klicovych bazickych rezidui
za alanin (Tab. 2). Méfeni anizotropie pifi ustdlené fluorescenci potvrdilo vyrazny pokles
vazebné afinity mezi CaM a mutovanymi epitopy odvozenymi z TRPM4, TRPMS i TRPM6.
Prib¢h zavislosti Fg jednotlivych mutovanych vazebnych epitopii na koncentraci CaM je
zobrazen na piikladu TRPM6np (Obr. 6 C). Vazebné studie s mutovanymi formami vazebnych

epitopt potvrdily specifitu interakce mezi CaM a nové¢ identifikovanymi vazebnymi epitopy.

Tab. 2: Role bazickych aminokyselinovych zbytkii vazebnych epitopti pfi tvorbé komplexu
s CaM. Vybrané bazické aminokyseliny (oranZov€) byly nahrazeny alaninem (Cerven¢).

Nasledné byly stanoveny hodnoty Kp komplexti mutovanych vazebnych epitopli s CaM.

Zkratkou SD je oznacena smérodatna odchylka.

Vazebny epitop Sekvence Kp £ SD
TRPM6np LIGRAYRSNYTRKHF 14,87 £ 0,70
K532A LIGRAYRSNYTRAHF 22,44 + 1,22
K532A/R531A LIGRAYRSNYTAAHF 74,74 + 2,36
K532A/R531A/R535A LIGRAYRSNYTRKHFR 81,40 £ 2,17
K532A/R531A/R535A/R526A LIGRAYASNYTAAHFA 179,04 £ 9,44
TRPM4np FGECYRSSEVRAARLLLRRCPL 1,3+1,8
R632A FGECYASSEVRAARLLLRRCPL 27,2+5,0
R640A FGECYASSEVRAAALLLRRCPL 17,0+ 2,0
R640A/R644A/R645A FGECYASSEVRAAALLLAACPL 80,0 + 20,0
TRPM4cp PFIVISHLRLLLRQLCRRPRS 26+0,5
R1086A/R1090A PFIVISHLALLLAQLCRRPRS bez interakce
R1094A/R1095A PFIVISHLRLLLRQLCAAPRS bez interakce
TRPM5np WLRDVLRKGLV 1,0+ 0,1
R85A/R89A/K90A/K94A WLADVLAAGLVA 13,6 £0,5
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4.1.3. Homologni modelovani TRPM kanalii a molekulové dokovani

Konstrukce homologniho modelu iontového kanalu podrodiny TRPM a dokovani
ziskané struktury studovaného vazebného epitopu do molekuly CaM do je zobrazeno na
ptikladu iontového kanalu TRPM6. Homologni model TRPM6 byl pfipraven v softwaru
SWISS-MODEL podle znamé struktury piibuzného mysiho iontového kanalu TRPM7 (PDB:
57X5) (Duan et al., 2018a). Vazebny epitop TRPM6np byl lokalizovan na cytoplazmatické ¢asti
iontového kandlu TRPM6, kde je dobie ptistupny pro interakci s CaM (Obr. 7).

o S - S — ——————

Cytoplasmaticka
membrana

Intracelularni prostor

Obr. 7: Homologni model iontového kanidlu TRPM6. TRPM6 s vyznacenou lokalizaci
vazebného epitopu TRPMé6np (rizove€). (A) Bocni pohled na TRPM6 zanofeny
v cytoplazmatické membrané. (B) Pohled na TRPM6 z intracelularni strany membrany.

Molekulovy model byl pfipraven v programu ChimeraX-1.3 (Pettersen et al., 2021).

Cast ziskané struktury TRPM6 odpovidajici oblasti vazebného epitopu TRPM6np byla
dokovana do molekuly CaM v softwaru ClusPro2.0 (Obr. 8) (Kozakov et al., 2017). In silico
analyza komplexu CaM/TRPM6np potvrdila vhodnou orientaci studovanych bazickych
aminokyselin TRPM6np pro interakci s CaM a koreluje s vysledky ptfedchozich vazebnych
studii. Analogickym zptisobem bylo studovani vazebné rozhrani komplexu CaM s TRPM4np,
TRPM4cp, TRPMSnp i TRPM7np a podpotena role vytipovanych bazickych aminokyselin

pfi interakci s CaM.
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Obr. 8: Vazebny epitop TRPM6np v komplexu s CaM/Ca*". Molekulové dokovani TRPMénp
(modfe) s vyznacenymi bazickymi rezidui R526, R531, K532 a R535 (oranzové€) do struktury
CaM (zluté) v komplexu s ionty Ca?* (Gerveng), PDB: 1PRW (Fallon and Quiocho, 2003).
Molekulovy model byl pfipraven v programu ChimeraX-1.3 (Pettersen et al., 2021).

4.2. Modulace vlastnosti CaM prostirednictvim proteinovych fuzi

Molekula CaM byla kromé regulace medicinsky vyznamnych cilovych proteint
podrodiny TRPM studovéna také s ohledem na mozné vylepseni vlastnosti CaM v ramci fuznich
proteinovych konstrukti. Pro fuzi s CaM byly zvoleny vnitiné neuspofddané proteinové
sekvence, jejichz vysoce dynamicky charakter je pfedpokladem pro komunikaci mezi fiznimi

partnery a vzajemnou modulaci vlastnosti molekul.

4.2.1. Design a zakladni charakteristiky fuzni molekuly

CaM byl prostiednictvim flexibilntho linkeru GGGGSS fazovan s vniting
neuspofadanou proteinovou doménou AMBN-Ct a vysledny proteinovy konstrukt oznacen jako
CaM/AMBN-Ct. Flexibilni linker byl zvolen z divodu podpory volnosti pohybu CaM a
AMBN-Ct v ramci molekuly CaM/AMBN-Ct. Analyticka gelova chromatografie (ASEC)

smési CaM a AMBN-Ct prokazala nezavislé chovani jednotlivych fuznich partneri mimo
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konstrukt CaM/AMBN-Ct (Obr. 9 A). Pfi ASEC fazniho konstruktu CaM/AMBN-Ct byl
patrny jediny pik, odpovidajici vy$sim molekulovym hmotnostem (Mw) (Obr. 9 A). Vnitiné
neusporddany charakter (tzv. IDP charakter) AMBN-Ct je pfi¢inou vysokého
hydrodynamického poloméru AMBN-Ct i CaM/AMBN-Ct a vyrazné zkresleného odectu Mw
oproti globularnim standardiim pro ASEC. Lehce nadhodnoceny odhad Mw samotného CaM je

dan navysenim hydrodynamického poloméru v disledku protahlého tvaru molekuly.

A B
158 kDa 44 kDa 17 kDa
1 1 1 1 1
” —  AMBN-Ct
S 0.8 » AMBN-Ct —  AMBN-Ct+ Ca2*
S 25.4 kDa .08 - CaM
(%]
g o] CaM + Ca2*
o —  CaM/AMBN-Ct
0.6 )
E 16.8 kDa § 0.6 - —  CaM/AMBN-Ct + Ca2*
© =
©
g 0.4 g 0.4 -
=z . CaM/AMBN-Ct 9
0.2 "41.2 kDa 0o \
O ! 0 'J T T T

10 15 20 1 15 2 25 3 3?5 4
Eluéni objem (ml) Srow (S)
Obr. 9: Analytickd gelovd chromatografie a analytickd ultracentrifugace vybranych
proteinovych konstruktt CaM/AMBN-Ct, CaM a AMBN-Ct. (A) Chromatograficky profil
CaM/AMBN-Ct a smési CaM a AMBN-Ct ziskany detekci absorbance pti vlnové délce 280 nm
na kolon€ Superdex 200 Increase 10/300 (GE Healthcare, Chicago, IL, USA). (B) Analyza
sedimenta¢ni rychlosti studovanych proteinii zaa bez piitomnosti Ca®’, kde c(s) znadi

kontinualni distribuci sedimentaénich koeficientu.

Me¢éieni sedimentacnich rychlosti studovanych proteini potvrdilo monodisperzni
populace studovanych molekul (Obr. 9 B). Hodnoty sedimenta¢nich koeficientl pfepocitanych
na standardni podminky (20 °C, ¢ista voda) (s20,w) ve vSech ptipadech odpovidaly monomernim
molekuldm. V piipadé CaM a CaM/AMBN-Ct indukovala p¥itomnost iontti Ca** konformaéni
zmeény molekul, vedouci k navySeni hodnoty s»ow, reflektujici zkompaktnéni molekul.
Pozorovany efekt je pfitom nejvyrazngjsi u konstruktu CaM/AMBN-Ct a zahrnuje i zmény

ve fuzované doméné AMBN-Ct, kterd sama o sobé na pfitomnost Ca** nereaguje (Obr. 9 B).
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Vysledky sedimentacnich experimentii indikuji vzajemnou komunikaci fiznich partnert CaM

a AMBN-Ct

4.2.2. Analyza sekundarni a tercialni struktury CaM/AMBN-Ct

Me¢tenim spektra cirkularniho dichroismu (CD) ve vzdalené UV oblasti (190-260 nm)
byl studovan obsah sekundéarnich struktur molekul. V piipadé¢ AMBN-Ct odpovidal pribéh
spektra s minimem pii 199 nm IDP charakteru proteinové domény (Obr. 10 A). U molekuly
CaM byly pozorovany dva podobné¢ intenzivni negativni piky pii 208 a 222 nm, typické
pro a-helikalni proteiny. Spektrum CD molekuly CaM/AMBN-Ct vykazovalo minimum pii 208
a 222 nm, avsak spektralni intenzita pti 208 nm byla vyrazné vyssi. Prib¢h spektra je dan
kombinaci a-helikalnich i IDP oblasti v molekule CaM/AMBN-Ct. P¥itomnost iontti Ca**
nevedla u molekuly AMBN-Ct k strukturnim zméndm detekovatelnym spektroskopii CD.
V ptipadé CaM doslo v diisledku vazby Ca?* k navyseni intenzity obou negativnich pikii. Lehky
nartst spektralni intenzity pii 208 i 222 nm indikoval u konstruktu CaM/AMBN-Ct strukturni
zmény typické pro vazbu Ca** k podjednotce CaM.

Ze ziskanych experimentélnich spekter CaM a AMBN-Ct byla vypocitana modelova
spektra pro nezavislé chovani CaM a AMBN-Ct v konstruktu CaM/AMBN-Ct (Obr. 10 B).
Modelova spektra CaM/AMBN-Ct obsahovala dv€ minima pii 203 a 222 nm. Modelova spektra
CaM/AMBN-Ct vykazovala oproti experimentalnim (1) posun maxima prvniho negativniho
pikuz 208 na 203 a (2) odliSny pomér intenzit obou minim. Tyto zmény indikuji mirné navyseni
helicity konstruktu CaM/AMBN-Ct oproti modelovému spektru pro nezavislé chovani fuznich
partner a vzajemné interakce mezi CaM a AMBN-Ct, které vSak zasadné neméni zakladni

strukturni vlastnosti jednotlivych molekul.

Pomoci spektroskopie CD v blizké UV oblasti byla studovana tercialni struktura
molekul CaM a CaM/AMBN-Ct. Ve spektru CD molekuly CaM se objevily negativni pasy pii
255, 262 a 268 nm odpovidajici signalu z fenylalanint a v oblasti nad 275 nm je patrny signal
tyrozintt (Obr. 10 A). Podobny priibéh mélo i spektrum CD konstruktu CaM/AMBN-Ct.
V ptipadé CaM i CaM/AMBN-Ct indukovaly ionty Ca®" nar@ist spektralni intenzity past.
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Obr. 10: Analyza spekter cirkularniho dichroismu vybranych proteinovych konstruktt
CaM/AMBN-Ct, CaM a AMBN-Ct za a bez pfitomnosti Ca?*. (A) Spektra CD studovanych
molekul ve vzdalené¢ (vlevo) a blizké (vpravo) spektralni oblasti. (B) Porovnani
experimentalnich spekter molekuly CaM/AMBN-Ct s modely pro nezéavislé fungovani fuznich
podjednotek CaM a AMBN-Ct.

4.2.3. Vazebné funkce konstruktu CaM/AMBN-Ct

Zachovani vazebné funkce CaM v konstruktu CaM/AMBN-Ct bylo ovétfeno

prostfednictvim interakce s dfive popsanym vazebnym epitopem TRPM4np odvozenym

z iontového kandlu TRPM4 (Bousova et al., 2018). Interakce molekul CaM/AMBN-Ct, CaM
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(pozitivni kontrola) a AMBN-Ct (negativni kontrola) s TRPM4np byla studovana
prostfednictvim meéfeni anizotropie pii ustdlené fluorescenci. Ze zmén fluorescencni
anizotropie béhem titrace fluorescencné¢ znalenych epitopli studovanymi proteiny byla
stanovena hodnota Fg. Zavislost Fg na koncentraci ligandu byla prolozena rovnici 2 (3. Material
a metody, 3.2. Fluorescencni spektroskopie) a uréeny hodnoty Kp jednotlivych komplexti
(Obr. 11 A, B). Kp komplexu TRPM4np s CaM dosahovala hodnoty 0,25 + 0,05 uM, v ptipadé
komplexu TRPM4np s CaM/AMBN-Ct ¢inila 1,10 = 0,10 uM.

A B
Proteinovy konstrukt Ko (SD)
(HM)
F CaM/Ca*+TRPM4np 0,25
B
(0,05)
0.4
¥ CaM/AMBN-Ct+Ca?* 5
¥ CaM+Ca? CaM/AMBN-Ct/Ca®*+TRPM4np 1,10
0.2 4 ¥ AMBN-Ct+Ca? (0,10)
W AMBN-Ct/Ca*+TRPM4np -
0.0
0 10 20 30 40 50

Koncentrace (uM)

Obr. 11: Fluorescencni spektroskopicka analyza TRPM4np v komplexu s vybranymi
proteinovymi konstrukty CaM/AMBN-Ct, CaM a AMBN-Ct za pfitomnosti Ca>". (A) Podil
vazebnych epitopi TRPM4np interagujicich s CaM/AMBN-Ct (oranzov¢), CaM (modie) a
AMBN-Ct (zelen&) v prostiedi s ionty Ca**. (B) Hodnoty Kp komplexti CaM/AMBN-Ct +
TRPM4np, CaM + TRPM4np a AMBN-Ct + TRPM4np v piitomnosti Ca>*. Zkratkou SD je

oznacena smérodatna odchylka.
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4.2.4. Studium teplotni stability CaM/AMBN-Ct

Potencialni vliv fuzované domény AMBN-Ct na teplotni stabilitu CaM byl studovan
prostiednictvim spektroskopie CD. Rozpad struktury samotného CaM a CaM fuzovaného
s AMBN-Ct byl monitorovan prostfednictvim teplotn¢ zavislého snizeni spektralni intenzity
pii 222 nm (Obr. 12). Pro vyhodnoceni experimentalni dat byl pouzit model dvoustavového
pfechodu. Ziskana hodnota teploty tani proteinu (Tm) byla 52,0 + 0,4 °C v ptipadé¢ CaM a
56,7 £ 0,5 °C u konstruktu CaM/AMBN-Ct. Teplotni stabilita CaM i CaM/AMBN-Ct byla

vyrazné navysena v prostiedi s ionty Ca*>" a hodnotu Tm zde nebylo moZné stanovit.
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Obr. 12: Analyza teplotni stability CaM/AMBN-Ct a CaM prostiednictvim spektroskopie CD.
Jednotlivé body jsou primérem ze 3 nezdvislych méteni, chybové usecky zobrazuji standardni

odchylku méfent.

4.2.5. Analyza fuzni molekuly pomoci molekulového modelovani naznacila kontakt CaM
a AMBN-Ct za p¥itomnosti Ca?*

Prostfednictvim  metod molekulové dynamiky bylo simulovdno chovani
CaM/AMBN-Ct v prostiedi bez ionti Ca** a v pfitomnosti Ca®*". Vysledky molekularni
dynamiky koreluji s vystupy sedimentacnich analyz i s vysledky CD spektroskopie studovanych
molekul a potvrzuji zachovani vysoce flexibilnich IDP charakteristik domény AMBN-Ct
vramci CaM/AMBN-Ct (Obr. 13 A, B). Experimentdlné¢ pozorované zkompaktnéni
CaM/AMBN-Ct indukované vazbou Ca?" viak nebylo zachyceno tak vyznamné jako v pripadé

experimentalnich metod a ziskané modely je tfeba posuzovat spiSe kvalitativné. Frekvence

44



kontaktti mezi CaM a fizovanou doménou AMBN-Ct se nicméné v prostiedi bez a s ionty Ca>*
lisila a doména AMBN-Ct vykazovala v piitomnosti iontli Ca?" vy$i afinitu k CaM (Obr. 13
C). Kontakt obou domén za piitomnosti Ca?* byl dan vystavenim hydrofobnich rezidui na

povrch CaM a umoznénim transientnich interakci s hydrofobnimi zbytky domény AMBN-Ct.
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z 0.175 1 CaM/AMBN-Ct(Ca?*)
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Obr. 13: Molekulova dynamika fizniho proteinu CaM/AMBN-Ct. Molekulovy model (A)
CaM/AMBN-Ct a (B) CaM/AMBN-Ct s Ca*' (oranzové). Zobrazeno je vzdy 5 molekul
superponovanych na N-koncovou doménu CaM. (C) Frekvence kontakti mezi CaM a
fazovanou doménou AMBN-Ct ve fuznim proteinu CaM/AMBN-Ct.
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5. DISKUZE

Molekula CaM funguje jako univerzalni senzor intracelularni hladiny Ca?’, ktery
v zavislosti na pfitomnosti iontl Ca?" reguluje nespodet esencialnich bun&nych procesti. Mezi
cilové proteiny CaM patii vSeobecn¢ exprimované iontové kanaly podrodiny TRPM. Ackoli je
pro podrodinu TRPM typicka regulace rozsahlym spektrem extracelularnich i intraceluldrnich
stimulti, CaM pravdépodobné piedstavuje univerzalni regulacni molekulu zastupct této

podrodiny (Hasan and Zhang, 2018).

Vramci rodiny TRP kanali byla regulace molekulou CaM detailn¢ popsana na
strukturni arovni v ptipadé TRPV6 (Singh et al., 2018a). Inhibice TRPV6 prosttednictvim CaM
je komplexni proces, kdy se na vazb¢ jedné molekuly CaM podili celkem Sest riznych oblasti
TRPV6. Pii vazbé CaM tak miize dochazet k postupnym koordinovanym konformacnim
zméndm napiic¢ celym TRP kandlem. V rdmci podrodiny TRPM poukazuje pfitomnost vice
vazebnych epitopi pro CaM u TRPM2, TRPM3 a TRPM4 na podobnou komplexitu interakce
jako u CaM/TRPV6 (Gattkowski et al., 2019, Tong et al., 2006, Bousova et al., 2018, Bousova
et al., 2020, Holakovska et al., 2012, Holendova et al., 2012, Przibilla et al., 2018). Informace
ohledné moznosti pfimé regulace prostfednictvim CaM v piipad¢ studovanych iontovych
kanald TRPMS5, TRPM6 a TRPM7 dosud chybély. Ackoli bylo u podrodiny TRPM
identifikovano nekolik vazebnych epitopli pro CaM, jejich funk¢ni vyznam ve vétSiné pripadi
neni zndm. Pro detailni porozuméni komplexité interakci mezi zastupci podrodiny TRPM a
CaM je tfeba lokalizovat jednotlivé vazebné epitopy pro CaM a nasledné ovéfit jejich funkcei
pomoci elektrofyziologickych experimentl. Pfedkladana prace souhrnné popisuje lokalizaci a
biofyzikalni charakterizaci novych vazebnych epitopti pro CaM u iontovych kanali podskupiny

TRPM6/TRPM7 a TRPM4/TRPMS.

V ramci podskupiny TRPM6/TRPM7 byl detailné charakterizovan novy vazebny epitop
pro CaM odvozeny z cytoplazmatického N-konce iontového kandlu TRPM6. Vazebny epitop
TRPM6np disponuje motivem hydrofobnich aminokyselin s vmezetenymi rezidui bazickych
aminokyselin. Pro tyto motivy je typickd vazba CaM v zavislosti na piitomnosti iontli Ca®"
(Rhoads and Friedberg, 1997). Z tohoto diivodu byly vazebné studie provedeny v pfitomnosti

2 mM CaCl,. Formovani komplext CaM/TRP je podminéno dvéma odlisnymi procesy. Dochézi
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ke kontaktu hydrofobnich zbytkd vazebnych epitopii a hydrofobnich zbytkii CaM, které jsou
exponovany na povrch molekuly v prib&hu vazby ionti Ca>" (Bousova et al., 2018). Dale
nastava formace solnych mustki mezi bazickymi aminokyselinami vazebného motivu pro CaM
a negativné¢ nabitymi aminokyselinovymi zbytky molekuly CaM. Typické hodnoty Kp se
v pripadé¢ komplexit CaM/TRP pohybuji v fadu jednotek mikromold (Grycova et al., 2015,
Bousova et al., 2018, Holakovska et al., 2012). Meéfeni anizotropie pii ustalené fluorescenci
poskytlo hodnotu Kp odpovidajici slabsi vazebné afinit¢ mezi TRPM6np a CaM v porovnani
s popsanymi komplexy CaM/vazebny epitop TRP. Obecné vysoka vazebna afinita mezi CaM a
vazebnymi epitopy TRP kandlli je ddna synergickym efektem jednotlivych interagujicich

aminokyselin.

Kli¢ovéa role klastru bazickych aminokyselin TRPMé6np pii formovani komplexu
CaM/TRPM6np byla potvrzena vazebnymi studiemi mezi CaM a mutovanymi formami
TRPM6np. Zatimco substituce K532A u TRPM6np vedla k mirnému poklesu vazebné afinity,
vneseni dal§i mutace R531A zpulsobilo vyrazny pokles hodnoty Kp a potvrdilo funkéni vyznam
tandemu bazickych zbytkli. Pouze nepatrny pokles vazebné afinity byl vysledkem nésledné
mutace R535A. K dal§imu vyraznému poklesu vazebné afinity vedla substituce R526A. Vysoka
sekvencni homologie mezi TRPM6 a TRPM7 umoznila konstrukci homologniho modelu
TRPM6 podle publikované struktury TRPM7 (Duan et al., 2018a). Vazebny epitop TRPM6np
se nachazi v blizkosti cytoplazmatické membrany a je dobfe dostupny pro interakci s CaM.
Molekularni dokovani vizualizovalo vazebné rozhrani komplexu CaM/TRPMé6np a podpofilo

zapojeni bazickych zbytkii TRPM6np pii formovani komplexu s CaM.

V ramci podskupiny TRPM6/TRPM7 byl déle identifikovan novy vazebny epitop
TRPM7np odvozeny z cytoplazmatického N-konce TRPM7. Hodnota Kp komplexu
CaM/TRPM7np se pohybovala v typickém fadu jednotek uM (Grycova et al., 2015, Holakovska
et al., 2012, Bousova et al., 2018). Z porovnani sekvenci TRPM6np a TRPM7np je patrna
vysoka sekvenéni homologie a zachovéani vzajemné pozice klicovych aminokyselin vazebnych
motivll pro CaM. V ramci iontového kandlu TRPM7 je TRPM7np lokalizovan v totozné oblasti
jako TRPM6np u TRPM6. Z uvedenych charakteristik 1ze pfedpovédét existenci podobného
vazebného rozhrani jako v pfipadé CaM/TRPM6np. Niz§i hodnota Kp komplexu
CaM/TRPM7np nez v ptipadé CaM/TRPM6np mize byt ddna piitomnosti dal$i bazické
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aminokyseliny R532, ktera se u vazebného epitopu TRPM6np nevyskytuje. TRPM6np a
TRPM7np ptedstavuji prvni identifikované vazebné epitopy pro CaM v ramci podskupiny
TRPM6/TRPM7 a pokladaji zdklady pro studium potencialni CaM-dependentni regulace
TRPM6 a TRPM7.

Analogicky probihala charakterizace vazebnych epitopit pro CaM u podskupiny
TRPM4/TRPMS. Celkem byly popsany tfi nové vazebné epitopy pro CaM: TRPM4np,
TRPM4cp a TRPMS5np. Hodnota Kp vSech komplexti se pohybovala v typickém rozmezi
pro interakci CaM/TRP a role bazickych aminokyselin pii formovani komplext byla potvrzena
experimentalné. U iontového kanidlu TRPM4 byla prokazana pozitivni regulace molekulou
CaM, podminéna pravdépodobné interakci mezi CaM a cytoplazmatickym C-koncem TRPM4
(Nilius et al., 2005). TRPM4ct je soucasti tzv. re-entrant helixu TRP domény, ktery
v publikovanych strukturaich TRPM4 vstupuje do cytoplazmatické membrany, kde je
nepiistupny pro interakci s CaM (Duan et al., 2018b, Autzen et al., 2018, Winkler et al., 2017).
Struktury TRPV2 kandlu ukédzaly moZnost piestupu re-entrant helixu z cytoplazmatické
membrany do cytoplazmy (Huynh et al., 2016, Zubcevic et al., 2018). Tento mechanismus by
umoznil zapojeni TRPM4ct do regulace aktivity TRPM4 prostfednictvim CaM, ale i
membranovych fosfolipidii jako je napt. PIP2. Druhy vazebny epitop TRPM4np je lokalizovan
v cytoplazmatické Casti TRPM4, kde se mize spolupodilet na vazbé molekuly CaM. Ackoli
jsou TRPM4 i TRPMS aktivovéany pii nardistu cytoplazmatické koncentrace Ca®" a jedna se o
blizké homology v ramci podrodiny TRPM, nebylo u TRPMS dosud prokazano zapojeni CaM
do regulace iontového kanalu. TRPMS5np ptedstavuje prvni identifikovany vazebny epitop pro

CaM u iontového kanalu TRPMS.

U molekuly CaM byla nasledn¢ studovana moznost modulace vlastnosti prostfednictvim
fuze s IDP doménou AMBN-Ct. IDP domény obecné disponuji znaénym regula¢nim
potencidlem, danym jejich enormni flexibilitou a konformacni dynamikou. V zavislosti
na pritomnosti dalSich molekul mize dochazet ke sbalovani IDP domén do uspotadanych
struktur nebo ke zméné€ preferovanych konformaci bez vzniku specifickych 3D struktur
(Grzybowska, 2018). Schopnost IDP domén zaujimat nespoCet raznych konformaci a
dynamicky reagovat na zmény v prostiedi z nich ¢ini vhodné kandidaty pro modulatory svych

faznich partnert. Béhem piipravy fiznich proteinti mize dojit ke zméndm plivodni 3D struktury
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fazovanych molekul, které mohou mit negativni dopad na funk¢nost molekul. U novych faznich
molekul je tfeba ovéfit zachovani pozadovanych strukturnich charakteristik i funkénich

vlastnosti.

Spektroskopie CD ve vzdalené UV oblasti potvrdila u molekuly CaM/AMBN-Ct
ptitomnost a-helikélnich i IDP oblasti. Porovnani experimentalnich a modelovych spekter pro
nezavislé chovani faznich partnerti odhalilo u molekuly CaM/AMBN-Ct narust helicity, ktery
pravdépodobné¢ odpovida zméndm v doméné¢ AMBN-Ct v dasledku mezi-doménové
komunikace s molekulou CaM vramci fuzniho konstruktu CaM/AMBN-Ct. Jelikoz
u CaM/AMBN-Ct nedoslo ke ztraté¢ a-helikalniho charakteru ani nariistu B-struktur oproti
spektrim CD jednotlivych molekul, 1ze predpokladat zachovani sekundéarni struktury CaM
vramci CaM/AMBN-Ct. Charakteristiky spektra CD vblizké UV oblasti konstruktu
CaM/AMBN-Ct odpovidaly spektru CaM. Terciélni struktura CaM v ramci CaM/AMBN-Ct je
pravdépodobné zachovana a udava negativni pasy spektra. Vyloucdit v§ak nelze vznik tercialnich
struktur podjednotky AMBN-Ct, kterd sama o sobé¢ tercidlni struktury netvofi. Reorientace
o-helixi CaM pii vazbé ionti Ca?* vede k nar@istu spektralni intenzity negativnich pasti ve
vzdalené i blizké UV oblasti (Martin and Bayley, 1986). Stejny trend byl pozorovan i v ptipadé¢
CaM/AMBN-Ct a indikuje vznik charakteristickych strukturnich zmén v disledku interakci
mezi CaM a ionty Ca**. CaM v konstruktu CaM/AMBN-Ct m4 tedy zachovanou nativni

strukturu a pravdépodobné i schopnost interakce s ionty Ca*".

Typickou vlastnosti CaM je schopnost interakce s enormnim mnozstvim cilovych
proteinli. Zachovani vazebnych vlastnosti CaM v molekule CaM/AMBN bylo studovano
prostfednictvim interakce konstruktu CaM/AMBN-Ct s vazebnym epitopem odvozenym
z iontového kandlu TRPM4 (Bousova et al., 2018). Studovany vazebny epitop mél schopnost
vazby CaM 1 CaM/AMBN-Ct a neinteragoval se samotnou doménou AMBN-Ct. V obou
pripadech byla interakce podminéna aktivaci CaM ionty Ca**. Kp komplexu s CaM/AMBN-Ct
byla asi Ctyfikrat vySs$i v porovnani s komplexem samotné molekuly CaM. Ackoli ma CaM
v konstruktu CaM/AMBN-Ct lehce snizenou vazebnou afinitu k vybranému vazebnému
epitopu, stale se hodnota Kp tohoto komplexu pohybuje v fddu jednotek puM. CaM po fazi
s AMBN-Ct si tedy zachoval schopnost vysokoafinitni interakce s vazebnym epitopem
odvozenym z TRP kanall. Vys$§i hodnota Kp komplexu s CaM/AMBN-Ct je déana
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mezi-doménovou komunikaci mezi CaM a AMBN-Ct, kterou indikoval prabéh spektra CD ve
vzdalené UV oblasti i simulace molekulové dynamiky. Podjednotka AMBN-Ct mize ovlivnit
formovani komplexu prostiednictvim alosterické modulace oblasti vazebného mista pro
studovany epitop nebo jeho pfimou okluzi. Efekt mezi-doménové komunikace v konstruktu
CaM/AMBN-Ct byl patrnytaké z vysledkii sedimentacnich analyz. V pfipadé CaM i
CaM/AMBN-Ct dochézelo v prostfedi sionty Ca** ke konforma¢nim zménam a zvyseni
kompaktnosti molekul. Tento efekt byl nejvyraznéjsi u molekuly CaM/AMBN-Ct a zahrnoval
také zmény v podjednotce AMBN-Ct, kterd sama o sobé na pfitomnost iontti Ca>* nereagovala.

2+

Konformac¢ni zmény dané vazbou Ca“" kpodjednotce CaM tedy vedou ke zménam

v mezi-doménové komunikaci, které se projevi kompaktnéjsi molekulou CaM/AMBN-Ct.

Podjednotky CaM a AMBN-Ct v ramci CaM/AMBN-Ct nefunguji zcela nezévisle.
I pres efekt mezi-doménové komunikace vSak zlstavaji zachovany zakladni strukturni a
vazebné charakteristiky molekuly CaM. Vzhledem k vzajemné komunikaci podjednotek mohlo
dojit ke zménéné teplotni stability CaM v ramci CaM/AMBN-Ct. Rozvolnéni struktury CaM
bylo sledovano prostiednictvim spektroskopie CD a pii vyhodnoceni experimentalnich dat byl
aplikovan jednoduchy model dvoustavového prechodu. Ziskand hodnota Tm pro
CaM/AMBN-Ct byla asi o 5 °C vyss§i v porovnani se samotnou molekulou CaM. Konkrétni
hodnota Tm je vyraznym zjednodusenim celkového priibéhu teplotni denaturace CaM, jelikoz
se jedna o komplexni proces, spojeny se vznikem piechodovych mezi-stavii (Protasevich et al.,
1997). Z porovnani kiivek tani CaM a CaM/AMBN-Ct je patrné, Ze fuze s AMBN-Ct vedla
ke snizeni sklonu kiivky v oblasti niz§ich teplot, a tedy k potlaceni vzniku ranych pfechodovych
mezi-stavii CaM. Vazba iontl Ca®" vedla u CaM i CaM/AMBN-Ct k enormni teplotni
stabilizaci a znemoZnéni odectu konkrétnich hodnot Tm. Vyraznd teplotni stabilizace
v ditsledku vazby iontu Ca?" piedstavuje charakteristicky rys molekuly CaM (Minnes et al.,
2017). Dle pribéhu kiivek tani je patrné vyssi teplotni stabilita opét v ptipadé CaM/AMBN-Ct.
Fazi CaM s IDP doménou AMBN-Ct jsme ziskali novou molekulu CaM/AMBN-Ct se

zachovanymi nativnimi vlastnostmi a vylepSenou teplotni stabilitou podjednotky CaM.
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6. ZAVER

Néplni diserta¢ni prace bylo studium molekuly CaM s ohledem na potencidlni zapojeni
do regulace vybranych zéastupci medicinsky atraktivni podrodiny iontovych kanali TRPM.
Vazebné epitopy pro CaM byly u iontovych kandlu TRPM4, TRPMS, TRPM6 a TRPM7
vytipovany in silico. Navazujici vazebné studie mezi odvozenymi vazebnymi epitopy a
molekulou CaM potvrdily vazebnou afinitu pohybujici se v hodnotach typickych pro komplexy
CaM/TRP. Formace komplexit CaM/TRP zahrnuje vzdjemnou interakci mezi bazickymi
aminokyselinami TRP kanala a kyselymi rezidui CaM. Nové vazebné epitopy pro CaM byly
syntetizovany v mutovanych formach obsahujicich postupnou zaménu klicovych bazickych
rezidui. Vazebné studie mezi pozménénymi vazebnymi epitopy a molekulou CaM prokazaly
vyznamny pokles vazebné afinity az uplné naruseni tvorby komplext. Vysledky téchto studii
poukazuji na specifitu interakci mezi identifikovanymi vazebnymi epitopy a molekulou CaM.
Modely iontovych kandli TRPM4, TRPMS, TRPM6 i TRPM7 ukéazaly dobrou pfistupnost
studovanych vazebnych epitopi pro molekulu CaM. Nasledné molekulové dokovani struktury
studovanych vazebnych epitopti do molekuly CaM dale potvrzuje vazebné rozhrani typické

pro interakce CaM/TRP.

Cilem druhé ¢asti disertacni prace byla optimalizace funkénich vlastnosti studované
molekuly CaM prostfednictvim metod proteinového inzenyrstvi. Fazi CaM a vysoce flexibilni
IDP domény AMBN-Ct byla pfipravena novd molekula CaM/AMBN-Ct. Vysledky
CD spektroskopie prokazaly zachovani sekundarnich i tercidlnich strukturnich charakteristik
CaM v ramci konstruktu CaM/AMBN-Ct. Navyseni helicity 1 teplotni stability CaM/AMBN-Ct
v prostiedi s ionty Ca?" indikuje strukturni zmény typické pro interakce CaM s ionty Ca’’.
Meéieni ¢asové rozlisené anizotropie fluorescence ukazalo Ca**-dependentni vazebnou interakci
mezi CaM/AMBN-Ct a vazebnym epitopem pro CaM odvozenym z iontového kanalu TRPM4.
Vysledky vazebnych studii prokazuji zachovéani kli€ovych vazebnych vlastnosti CaM
(Ca®*-dependentni aktivace a interakce s cilovym vazebnym epitopem) v molekule
CaM/AMBN-Ct. CD spektroskopie 1 sedimentacni analyzy studovanych molekul indikuji
mezi-doménovou komunikaci mezi CaM a AMBN-Ct v konstruktu CaM/AMBN-Ct. Studium
teplotni denaturace ukazalo potlaceni tvorby ranych piechodovych mezi-stavii CaM v ramci

CaM/AMBN-Ct a navySeni celkové hodnoty Tm proteinu. Prostfednictvim fuze dvou ptivodné
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nezavislych proteinovych sekvenci CaM a AMBN-Ct jsme ziskali novou fuzni molekulu
CaM/AMBN-Ct. Ackoli zékladni strukturné-funkéni charakteristiky jednotlivych fuaznich
partnert zustaly zachovany, dochazi k ustaveni vzajemné komunikace mezi CaM a AMBN-Ct.

Efekt mezi-doménové komunikace pak pfinasi navySeni teplotni stability molekuly CaM v

ramci CaM/AMBN-Ct.

Vystup feSeni disertacni prace piedstavuji jednak nové vazebné epitopy pro CaM
odvozené z iontovych kanali podrodiny TRPM a dale design inovativni chimérni molekuly
CaM/AMBN-Ct. Nov¢ identifikované vazebné epitopy mohou byt zapojené do
CaM-dependentni regulace iontovych kanalit TRPM4, TRPMS, TRPM6 a TRPM7. Porozuméni
komplexnim mechanismim regulace téchto kanali ptfedstavuje nezbytnou prerekvizitu pro
vyvoj terapeutik Sirokého spektra civilizacnich onemocnéni. Unikétni vlastnosti molekuly CaM
navic tvoii zéklad fady biotechnologicky/biomedicinsky vyznamnych faznich molekul.
Optimalizace teplotni stability CaM usnadiiuje vyuziti téchto molekul v suboptimalnich
podminkach. Poznatky ziskané pii studiu CaM/AMBN-Ct mohou nachdzet uplatnéni pfi
designu teplotné¢ stabilnéjSich proteinovych molekul. Samotny konstrukt CaM/AMBN-Ct ma

navic potencial tvotit zéklad dalSich inovativnich molekul.
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7. SOUHRN

CaM monitoruje piitomnost iontti Ca** v cytoplazmé a v zavislosti na hlading Ca®*
reguluje stovky cilovych proteinii vcetné zastupcti podrodiny iontovych kandli TRPM.
Dysregulace TRPM je spojena s rozvojem zavaznych kardiovaskularnich, metabolickych 1
nadorovych onemocnéni a porozuméni komplexnim mechanismim modulace jejich aktivity
predstavuje kli¢ovou prerekvizitu vyvoje novych 1é¢iv. Informace ohledné regulace aktivity

jednotlivych zastupcii TRPM prostrednictvim CaM piesto ziistavaji stale velmi limitované.

Cilem disertacni prace bylo rozsifeni spektra vazebnych epitopti pro CaM u zastupcu
podrodiny TRPM. Celkem bylo popséano pét novych vazebnych epitopli pro CaM, pfi€emz dva
byly odvozené z iontového kanalu TRPM4 a zbyvajici tii z TRPMS, TRPM6 a TRPM7. Detailni
studium vazebného rozhrani komplext odhalilo charakteristiky typické pro interakce CaM
s TRP kandly, a tim potvrdilo specifitu studovanych interakci. V ptipad¢ iontového kanélu
spektrum popsanych vazebnych mist pro CaM, které se mohou spolupodilet na tvorbé komplexu
CaM/TRPM4. U TRPMS, TRPM6 a TRPM7 se jedna o prvni popsané vazebné epitopy pro

CaM, které mohou byt zdkladem dal$iho studia regulace prostfednictvim molekuly CaM.

Unikatni vlastnosti CaM, zejména jeho konformacni plasticita a typické strukturni
zmény indukované vazbou iontti Ca**, jsou vyuzivany pii designu novych proteinovych molekul
pro oblast biotechnologii 1 biomediciny. Vzhledem k Sirokému aplika¢nimu potencidlu CaM je
zadouci pfiprava souboru modifikovanych variant CaM s optimalizovanymi vlastnostmi.
Univerzalni vyuziti mohou nachézet stabiln¢j$i molekuly CaM s prodlouzenou Zzivotnosti
v suboptimalnich podminkach. Prostfednictvim flize CaM s vnitin¢ neuspofadanou doménou
AMBN-Ct byl pfipraven novy proteinovy konstrukt CaM/AMBN-Ct. CaM ma v ramci
konstruktu CaM/AMBN-Ct zachovanou sekundarni i tercidlni strukturu a zdkladni vazebné
vlastnosti, tj. schopnost interakce sionty Ca?* nebo vazebnym epitopem odvozenym
z iontového kandlu rodiny TRP. Vysledkem vzajemného piisobeni mezi CaM a AMBN-Ct je
navyseni teplotni stability CaM. Fuzni konstrukt CaM/AMBN-Ct tedy muze slouzit jako zaklad
novych, teplotné stabilnéjSich molekul, vyuZzivajicich typickych strukturné-funkénich vlastnosti

molekuly CaM.
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8. SUMMARY

CaM monitors the presence of Ca?" ions in the cytoplasm, and depending on Ca*" levels,
it regulates hundreds of target proteins including those of the TRPM ion channel subfamily.
TRPM dysregulation is associated with the development of serious cardiovascular, metabolic,
and cancerous diseases, and the understanding of the complex mechanisms that modulate the
activity of these proteins is crucial for the development of new drugs. However, information on
how the activity of individual TRPM members is regulated through CaM still remains very

limited.

The aim of the thesis was to expand the spectrum of binding epitopes for CaM in TRPM
members. In total, 5 new CaM-binding epitopes were described: 2 are derived from the TRPM4
and the other 3 are derived from TRPMS, TRPM6, and TRPM?7. Detailed study of the binding
interface of the complexes revealed characteristics typical for CaM interactions with TRP,
thereby confirming the specificity of the studied interactions. Activation by CaM was previously
confirmed for TRPM4, and the new binding epitopes expand the spectrum of described CaM
binding sites that may be involved in the formation of the CaM/TRPM4 complex. As for
TRPMS, TRPM6, and TRPM7, the CaM-binding epitopes are the first ones described and can
be used as the basis for further study of TRPMS, TRPM6, and TRPM?7 regulation by CaM.

The unique properties of CaM, particularly its conformational plasticity and typical
structural changes induced by Ca*" binding, are used in the design of novel protein molecules
in the field of biotechnologies and in biomedicine. Considering the wide application potential
of CaM, it is desirable to prepare a set of modified CaM variants with optimized properties.
Universal applications may be offered by more stable CaM molecules with an extended lifetime
in suboptimal conditions. CaM/AMBN-Ct, a novel protein construct, was prepared by fusing
CaM with the intrinsically disordered domain AMBN-Ct. The secondary as well as tertiary
structure of CaM is preserved in CaM/AMBN-Ct, and its essential binding properties, i.e. its
ability to interact with Ca®" ions, and the binding epitope derived from the TRP member are
preserved, as well. Increased thermal stability of CaM is a result of mutual contacts between
CaM and AMBN-Ct. Thus the fusion construct CaM/AMBN-Ct can be used for novel molecules
with higher thermal stability that employ the typical structural and functional properties of CaM.
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Abstract: Transient receptor potential {TRPs) channels are crucial downstream targets of calcium
signalling cascades. They can be modulated either by calcium itself and/or by calcium-binding proteins
(CBPs). Intracellular messengers usually interact with binding domains present at the most variable
TRP regions—N- and C-cytoplasmic termini. Calmodulin (CaM) is a calcium-dependent cytosolic
protein serving as a modulator of most transmembrane receptors. Although CaM-binding domains are
widespread within intracellular parts of TRPs, no such binding domain has been characterised at the
TRP melastatin member—the transient receptor potential melastatin 6 (TRPM6) channel. Another CBP,
the 5100 calcium-binding protein A1 (S100A1), is also known for its modulatory activities towards
receptors. S100A1 commonly shares a CaM—hinding domain. Ilere, we present the first identified
CaM and 5100A1 binding sites at the N-terminal of TRPM6, We have confirmed the L520-R535
N-terminal TRPM6 domain as a shared binding site for CaM and S100A1 using biophysical and
molecular medelling methods. A specific domain of basic amino acid residues (R526/R531/K532/R535)
present at this TRPM6 domain has been identified as crucial to maintain non-covalent interactions
with the ligands. Our data unambiguously confirm that CaM and S100A1 share the same binding
domain at the TRPM6 N-terminus although the ligand-binding mechanism is different.

Keywords: TRPMS6; calmodulin binding motif; binding domain; CaM and S100A1; fluorescence
anisotropy; molecular modelling

1. Introduction

Transient receptor potential melastatin (TRPM) channels are an eight-member subfamily of
the cation-permeable transient receptor potential (TRP) superfamily, which exhibits heterogencous
functions and expression patterns [1]. The TRPM6 channel acts as a voltage-independent divalent cation
channel with a 5-fold higher permeability for Mg?* than for Ca®" [2]. This channel is a tissue-specific
receptor predominantly expressed in the intestinal and renal epithelium, where it provides absorption
and reabsorption of MgZJr [2-4]. TRPMS is also rarely expressed in smooth tissue muscles [5] where
the calcium-binding proteins (CBPs) studied in this research are also expressed here, although in
lower expression levels [6-8]. The mutations of TRPM6 have been associated with hypomagnesemia
and secondary hypocalcemia leading to developmental delays and to affected adults may be having
seizures and tetany [9-11].

The whole TRP family forms large, mostly homotetramer functional complexes [12]. Itis predicted
that TRPM6 forms homotetramers [13,14], though it has been found that TRPM6, with its closest
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homologue TRPM7, co-assembles into heterotetramers [2,15]. A TRP monomer subunit contains
six «-helical transmembrane segments (S1-56) with selective pores between 55 and 56 along with
intracellular N- and C-termini [16-20]. TRP cytoplasmic tails substantially differ between members and
contain multiple binding motifs and domains [21,22] affecting channel function [23]. The structural
information on TRIPM7 has recently been obtained by Cryogenic Electron Microscopy (Cryo-EM)
methods [22] which has indirectly provided more information on TRPMé function of which the
structural information is not yet available. TRP modulation is affected by many intracellular and
extracellular binding agents; they commonly stimulate the activity of the channel or inhibit it [24].
Most of the TRP members (primarily canonical, vaniloid, and melastatin) can be regulated by Ca*
in Ca®* or CaM—dependent environment [25-27]. CBPs like CaM and Calcium-binding protein 1
(CaBP-1) are known as calcium-dependent TRP modulators with specific binding motifs within the
TRP intracellular tails [28]. Although the binding sites of CBPs have been reported in various TRPM
channels, such in vitro and in vivo, data are completely lacking for TRPM6 [29-32]. The modulation of
TRPM6 has been studied by electrophysiology approaches and has revealed the control of TRPM6
activation and Mg?* influx by phosphatidylinositol 4, 5-bisphosphate (PTP2) [33]. The hydrolysis of
PIP2 by phospholipase C in the presence of other agonists can lead to TRPM6 gating. Otherwise,
TRPMS6 activity is suppressed by free intracellular Mg2+ [14,34,35]; channel regulation by Ca?* has not
been proved [34-36].

Transient receptor potential (TRPs) channels are well-known integrators of Ca’* signalling
cascades exhibiting different modes of Ca?*-dependent modulation. The widespread Ca?*-dependent
mechanism of TRP-channel modulation is based on the interaction with CBPs [37]. One of the most
important eukaryotic CBPs is CaM. [t is a monomeric protein composed of N- and C-terminus domains
linked by a flexible linker [38-40]. Each of the domains contains two helix-loop-helix conformations
known as “EF-hand” motifs. Upon Ca?* binding, the helices creating EF-hands reorient, which leads to
the more hydrophobic extended conformation of CaM [41]. As a result, the CaM hydrophobic patch is
exposed to the CaM surface and becomes accessible for interaction with the target receptor (examples of
many identified receptor hydrophobic motifs: 1-5-10, 1-8-14, or isoleucine-glutamine “IQ” motif) [42]
Since CaM EF-hand domains differ in Caztb'mding affinities, CaM can act as an activator or inhibitor
depending on the Ca2* occupancy of each EF-hand [43,44]. The other CBP modulator of membrane
receptors is SI00A1 [45]. This homodimer protein forms a canonical EF-hand domain at the C-terminus
and a pseudo-EF-arm at the N-terminus [46]. Upon S100A1/Ca?* complex formation, canonically
oriented EF-hand spirals are transferred, which results in exposure of the hydrophobic patch on the
S100A1 surface. This SI00A1 patch causes similar changes in the target receptor-binding domain
to CaM. The first described structure of the whole TRP channel in the interaction with CaM was
solved by Cryo-EM on the transient receptor potential vanilloid 6 channel (TRPV6) [42]. In this case,
the TRIPV6 is inactivated by binding to CaM. The structure revealed six separate TRI’Vé6 surface areas,
ensuring the binding of only one CaM molecule. Despite the abundant characterized shared CaM-
and S100A1-binding domains at membrane receptors [30,31,47], the only structural analysis of the
S100A1-binding mechanism was solved at ryanodine receptor 1 (RyR1) [45]. The modulating function
of the S100A1 protein has not yet been demonstrated at any TRP receptor.

This paper provides the characterisation of new binding domains for CaM and S100A1 present
at the TRPM6 N-terminus. In order to investigate the role of specific basic amino acids at the
TRPM6 domain potentially involved in CaM and S100A1 complex formations, we have designed
alanine-scanning mutations of the TRPM6 domain in the specific amino acid positions. We have found
that, although the CaM- and S100A-binding domains overlap, the TRPM6/CaM and TRPM6/S100A1
complex interfaces differ.
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2. Results

2.1. The Identification of TRPM6np Binding Domains for CaM and S100A1

It is known that the CaM-binding domains on TRPs exhibit two important characteristics:
the hydrophobic motifs (1-4/5, 1-10, 1-14, 1-5-10, 1-7-10, 1-8-14, and IQ motif) and a cluster of at least
2 positively charged amino acids [45,47,48]. The TRPs binding domains hydrophobic motifs participate
in formations of first contacts with the hydrophobic patch of the CaM/ Ca?* complex (the detail
mechanism of CaM and S100A1 interactions is described in the Introduction). The hydrophobic
contacts between the TRP binding domain and CaM or 5100A1 can often induce structural changes of
the TRP binding domain which help to prepare it for specific (predominantly non-covalent) interactions
with the ligands [30,31].

The search for potential CaM-binding motifs at TRPM6 was performed using the Calmodulin
Target Database [49]. We have identified a potential CaM-binding motif at the proximal TRPM6
N-terminus (specified as TRPMénp; see the Methods section, first caption). TRPMénp contains several
hydrophobic motifs with high propensity to form interactions with CaM (Y525-F534 (1-10 motifs),
L520-A524-Y529 (1-5-10 motifs), and 1521-F534 (1-14 motifs}—Figure 1A). TRPMénp also involves
a cluster of five basic residues: R523, R526, R531, K532, and R535. We have predicted R526, R531,
K532, and R535 as essential for specific interactions with CaM. Due to a known overlap of CaM and
S100A1 binding sites [30,31,45], we anticipated similar binding principles in the formation of the
TRPMénp/S100A1 complex. The TRPMénpWT peptide and its mutants were prepared as described in
the Methods section, Section 4.1 (Figure 1B), and they were used for in vitro and in silico experiments
to confirm and characterize the predicted CaM- and S100A1-binding domains.

2.2. CaM- and S100A1-Binding Domains of the TRPM6 N-Termini Overlap

The binding affinity of TRPMénp to CaM and S100A1 was quantified by steady-state fluorescence
anisotropy experiments. Fluorescein-5-isothiocyanate (FITC)-labelled TRPM6npWT was titrated with
increasing aliquots of CaM or S100A1, and the fluorescence anisotropy value was recorded for each CaM
or 5100A1 addition. Due to the Ca?* dependence of TRPs/CBPs interactions, all measurements were
carried outin the presence of 2 mM CaCl; [30]. Upon both TRPMénpWT/CaM and TRPM6énpWT/S100A1
complex formation, an increase in fluorescence anisotropy resulting from decreased rotational
diffusion of TRPMénpWT was observed. Fluorescence lifetimes of the free TRPM6&npWT and
TRPMénpWT/CaM or TRPM6EnpWT/S100A1 complexes were measured and utilised to determine the
quantum yield ratio (Q) of the bound to the free TRPMénpWT peptide. Subsequently, the fraction
of bound TRPMénpWT peptide was plotted as a function of ligand concentration to define the
equilibrium dissociation constants of TRPMénpWT/ligand complexes (Figure 1C—E). The dissociation
constant (Kp) values were determined to be 14.87 uM for TRPMénpWT/CaM and 17.80 uM for
TRPM6npWT/S100A1. Our data indicate that TRPMénpWT/CaM-binding affinity is in the similar
range as for the TRPMénpWT/S100A1 complex.

2.3. Characterisation of the TRPM6np/CaMl Conplex

The role of specific TRPMénp amino acid residues in the interactions with CaM was determined by
alanine-scanning mutagenesis using a steady-state fluorescence anisotropy binding assay (Figure 2A,B).
The alanine-scanning mutagenesis was performed at chosen basic residues of TRPMénp because
only these amino acid residues were predicted to ensure a specific TRPMénp interaction with the
ligands. We have designed the alanine-replacement mutants of single (K532A), double (K532A/R531A),
triple (KB32A/R531A/R5354), and tetra (K532A/R531A/R535A/R526A) basic amino acids in the
TRPM6npWT peptide.
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Figure 1. TRI’'Ménp binding domains for CaM and S100A1: (A) Schematic representation of the TRPM6
channel. TRPM6 is composed of six transmembrane domains (51-56}, a pore region between 55 and 56
with a pore helix, and intracellular N- and C-termini. The individual domains are labelled by different
colours. The TRPM6 scheme (according to TRPM7 structure) presents the N-terminal tail with four
melastatin homology regions (MHR 1-4) and pre-51 domain. The TRPM#& C-terminus is composed of
TREF, coiled-coil (CC), Ser/Thr (S/T), and kinase (KIN) domains. Predicted CaM and 5100A1 binding
domain in the grey box shows the TRPMénp sequence (1.520-R535) containing several CaM recognition
hydrophobic motifs (Y525-F534 (1-10 motifs) highlighted in blue, L520-A524-Y529 (1-5-10 motifs)
highlighted in yellow, and 1521-F534 (1-14 motifs) highlighted in green). TRPM6np basic amino acids
(highlighted in red) represent a cluster of amino acids potentially involved in the interactions with CaM
and S100A1. (B) TRPM6np amino acid sequences of wild type (WT} and mutated analogues used for
the investigation of CaM and 100A1 binding site (substitutions of R/K for Figure 1A highlighted in red).
The TRPMénp binding affinity to CaM and S100A1 was investigated by the steady-state fluorescence
anisotropy method. This technique is based on measurement of the changing orientation of a molecule
in space with respect to the time between the absorption and emission events. (C) The table represents
a summary of the fluorescence lifetimes of fluorescein-5-isothiocyanate (FTTC)-labelled TRPMénpWT
(free and bound), the corresponding correction factors, and the resultant equilibrium dissociation
constants of the TRPMénpWT/CaM and TRPMénpWT/S100A1 complexes obtained by steady-state
fluorescence anisotropy measurements. The bound fractions of FITC-labelled TRPMé6np as a function
of CaM (D} and 5100A1 (E) concentrations were obtained by steady-state fluorescence anisotropy
measurement. The fraction bound (Fg) of TRPM6é6npWT calculated according to Equation (1) was
plotted against particular CaM or S100A1 concentrations, and the best fit obtained using Equation (2)
gave the binding isotherms (solid lines; see the Methods section). The error bars represent the standard
deviation obtained from at least five measurements.
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Figure 2. The TRPMénp/CaM complex characterisation: (A) The bound fractions of FITC-labelled
TRPMénp as a function of CaM concentration obtained by steady-state fluorescence anisotropy
measurement. The Fg of FITC-labelled TRPMénp (W'T and K532A, K532A/R531A, K532A/R531A/R535A,
and K532A/R531A/R535A/R526A mutants) calculated according to Equation (1) was plotted against
particular CaM concentrations, and the best fit obtained using Equation (2) gave the binding isotherms
(WT and mutants appropriate solid lines; see the Methods section). The error bars represent the standard
deviation obtained from at least five measurements. (B) A summary of fluorescence lifetimes of FITC-abelled
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TRPMé6np-derived mutants K532A, K532A/R531A, K532A/R531A/R5354A, and K532A/R531A/R535A/R526A
(free and bound); corresponding correction factors; and resultant equilibrium dissociation constants
of the TRPMénp/CaM complex obtained by steady-state fluorescence anisotropy measurements.
(C) The TRPM6np and its homology TRPM7 binding motif amino acid sequences alignment: The TRPM7
motif corresponds to a part of the CryoEM assigned structure (PDB: 52X5). (D) Schematic side and
top views of TRPMS6 in the membrane modelled according to homologous TRPM? structural data
(52X5): Each TRPM6 homomeric subunit is coloured differently. TRPM6np (red ball representation)
displays the CaM and 5100A1 binding domain locations in the whole TRPM6. (E) Detail of the
TRPMénp binding domain location based on the TRPM? channel homology model: The binding
domain does not contain a secondary structure element. (F) Top and side view of TRPMénp/CaM
complex representation: TRPMénp (backbone in grey) and CaM (backbone in light green) composing
the binding interface. The basic residues (R526, R531, K532, and R535) of TRPMénp involved in
the interactions are shown in blue. Calcium ions are shown in pink as scaled ball representations.
(G)Fulland detailed TRPM6np/CaM complex binding interface with surface representation of positively
(R526, R531, K532, and R535 from TRPMé6np, coloured in blue) and negatively (E119, E120, D122, E127,
and M144 from CaM, coloured in red) charged residues involved in the non-covalent interactions.
The colour convention has been used as in the Figure ZF representation.

The fluorescence anisotropy data revealed only a small decrease in CaM-binding affinity of a single
mutant (K532A, Kp = 24.44 uM) in comparison to TRPM6npWT (14.87 uM). Additional mutation of the
neighbouring arginine residue generated a double-mutated peptide (K532A/R531A) with significantly
lower binding to CaM (Kp, = 74.74 uM). These results indicate the importance of tandem basic residues
(K532A/R531A) for strong TRPM6énpWT/CaM binding. In contrast to R531 A substitution, the additional
mutation of arginine residue (triple-mutated peptide (K532A/R531A/R535A)) did not cause a significant
decrease of CaM binding (Kp = 81.40 uM) compared to double mutant K532A/R531A. The affinity of
TRPMénp to CaM was reduced in tetra-mutated peptide (K532A/R531A/R535A/R526A), where the
additional substitution of R526 A caused an increase of Kp to 179.04 uM. QOur results have confirmed
the specificity of TRPM6np/CaM complex formation due to non-covalent interactions.

2.4. Characterisation of the TRPM61p/S100A1 Coniplex

To assess the impact of TRPMénp basic residues on the interaction with S100A1, we have
performed steady-state fluorescence anisotropy measurements using a set of previously designed
(the same mutants as used for binding assay with CaM.; see the section above) alanine-replacement
mutants in the TRPMé6np region (Figure 3A,B). The single- (K532A), double- (K532A/R531A), triple-
(K532A/R531A/R535A), and tetra- (K532A/R531A/R535A/R526A) mutated peptides were used for
the measurements.

The Kp value for the complex of single-mutated peptide (K532A) with S100A1 remained similar
(Kp = 24.79 uM) to that for TRPMénpWT/S100A1 (Kp = 17.80 uM). A decrease of TRPM6énpWT
binding affinity to S100A1 was achieved by additional substitution of R531 to alanine (K532A/R531A,
Kp =50.17 uM). Our data indicate the significance of this residue in TRPMénpWT/S100A1 complex
formation, but its contribution to binding is not as significant as in the case of the TRPMénpWT/CaM
complex, where K532A/R531A mutations led to a more than 2-fold decrease of binding affinity.
The placement of three simultaneous mutations (K532A/R531A/R535A) in the TRPMénp region caused
further reduction of binding affinity to S1I00A1 (Kp = 81.79 uM), and finally, in tetra-mutated peptide
(K532A/R531A/RB35A/R526A), the Kp value increased to 130.16 uM. These data confirmed the pivotal
role of predicted basic amino acid residues in both complexes. It can be concluded that the basic
TRPMénp residues involved in the CaM interactions are also involved in SI00AT interactions.
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Figure 3, The TRPM6np/S100A1 complex characterisation: (A) The bound fractions of FITC-labelled
TRPMénp as a function of $100A1 concentration obtained by steady-state fluorescence anisotropy
measurement. The Ii of FITC-labelled TRPMénp (WT and K532A, K532A/R531A, K532A/R531A/RF35A,
and K532A/R531A/R535A/R526A mutants) calculated according to liquation (1) was plotted against
particular S100A1 concentrations, and the best fit obtained using Equation (2) gave the binding
isotherms (WT and mutants appropriate solid lines; see the Methods section). The error bars represent
the standard deviation obtained from at least five measurements. (B} A summary of fluorescence
lifetimes of FITC-labelled TRPMénp-derived mutants K532A, K532A/R531A, K532A/R531A/R535A,
and K532A/R531A/R535A/R526A (free and bound); corresponding correction factors; and resultant
equilibrium dissociation constants of the TRPM6np/S100A1 complex obtained by steady-state
fluorescence anisotropy measurements. (C) Top and side view of TRPM6np/S100A1 complex
representation: TRPM6np (backbone in grey) and S100A1 (backbone in light blue) composing the
binding interface. The basic residues (R526, R531, K532, and R535) of TRPMénp invalved in the
interactions are shown in blue. Calcium ions are shown in pink as scaled balls representations.
(D) Full and detailed TRPM6np/ S100A1 complex binding interface with surface representation of
positively (R526, R531, K532, and R535 from TRFPMénp, coloured in blue) and negatively (D46, D50,
D52, N86, and N92 from S100A1, coloured in red) charged residues involved in the non-covalent
interactions: The colour convention has been used as in the Iigure 3C representation.
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2.5. TRPMoénp Molecular Modelling and CaM and S100A1 Docking

Homelogy modelling methods were used to build a molecular model of TRPMS, taking into
account that the structure of the TRPM6 channel is still unknown. The structure of the mouse TRPM7
channel (PDB: 5ZX5) [22] with a 61.74% sequence identity to TRPM6 (Figure 51) was used as a template
to build the TRPM6 model by SWISS-MODEL [50]. Specifically, according to the sequence of TRPMénp,
the homology region of TRPM7 was selected (UniProt: Q96QT4.1; sequence: LMGGTYRCTYTRKRFRL)
(Figure 2C) [51]. The high sequence-homology degree of the TRPM6 and TRPM7 regions made it
possible to select the TRPM6 model built by the SWISS-MODEL. The TRPMénp structure from this
homology model was separated and optimised by energy minimisation using Molecular Operating
Environment software [52].

TRPMénp was consequently docked into CaM and S100A1 by the ClusPro2.0 method and
server [53] (see the Methods section, Section 4.6). The TRPMénp/CaM complex (Figure 2EG)
was adjusted according to its similarity with the CaM binding domain of TRPV1 containing
1-10 hydrophobic motifs. The TRPVI1p/CaM complex was solved by X-ray crystallography
(PDB:35UI) [48]. The TRPM6np/S100A1 complex (Figure 3C,D) was adjusted based on its similarity with
the crystal structure of the complex RyR1P12 peptide with S100A1 (PDB: 2K2F) [45]. The TRPMénp/CaM
and TRPMénp/S100A1 complexes were compared with structural information derived from the
analysis of TRPV1/CaM and RyR1P12/S100A1 complexes [45,48]. The hydrophobic motifs present
in three different positions of TRPMénp (Y525-F534 (1-10 motifs), L520-A524-Y529 (1-5-10 motifs),
and 1521-F534 (1-14 motifs) indicate strong hydrophobic interactions with CaM and SI00A1. Ligand
docking has confirmed that R526, R531, K532, and R535 of TRPMénp are crucial for the interactions with
negatively charged residues of CaM and S100A1 (E119, E120, D122, E127, and Met144 in CaM and D46,
D50, D52, N86, and N92 in 5100A1; Figures 2G and 3D). The molecular modelling of TRPMénp/CaM
and TRPMénp/S100A1 binding interfaces thus supports data from the binding assay.

3. Discussion

We decided to investigate the binding of two known CBPs, CaM and S100A1, to the TRPMS6
N-terminus. CaM is a very well-known modulator of the activity of many receptors as well as for
TRPs [37,41,54]. Actually, the detailed structural analysis of CaM in the complex with the TRPV6
receptor leading to channel inhibition has been described recently [42]. The modulation of receptors by
S100A1 is also well described, e.g., for RyR1 [55], the authors described that RyR1 shared the CaM and
S100A1 binding sites and the activating effect of these bindings on the channel function. Therefore,
we decided to investigate if CaM and S100A1 can also share the binding site at TRPMénp. The TRPMénp
capability of separately binding CaM and S100A1 by has been confirmed by steady-state fluorescence
anisotropy. The binding affinity is almost the same for both of the ligands, and the obtained Kp
values are in a range of micromolar concentrations and is around 5-10 times lower than for the Kp
values of other in vitro investigated complexes of TRP channels (TRPM1, TRIPM3, TRFM4, TRIPCé,
and TRPV1) with CaM and/or S100A1 [29-31,47,56]. The strong binding affinity of the complex is
dependent on complementarity of interacting amino acids in the binding site. Molecular modelling
predicted potential binding interfaces with typical CaM and S100A1 binding characteristics [45,48].
The formation of these complexes is a sequential process where CaM or S100A1 nonspecifically interacts
with hydrophobic residues of the TRP binding domain. Based on this TRP adaptation, basic amino
acids become more accessible for the interaction with negative amino acids of CaM or S100A1 [30,31].
Clusters of mutated basic amino acids K532A/R531 A/R535A/R526A in specific peptide analogues
have been showed a substantial decrease of CaM or S100A1-binding affinities and has determined
participation of these residues on the interactions. The different binding affinities of the mutants have
indicated that the structural parameters of ligand binding are different, which has been supported by
results of molecular modelling. The fifth R523 N-terminal residue of TRPMénp certainly contributes to
the positive character of the basic amino acid cluster, which is important for binding to TRPMénp.

The molecular models of TRPMénp/CaM and TRPM6énp/S100A1 which were developed confirmed
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that R526A, RE31A, K532A, and R535A form salt bridges directly with negatively charged amino acids
CaM or S100A. The R523 is not involved in such strong interactions as apparent at the molecular
models; therefore, we primarily targeted electrostatic compatibility at the binding site that includes four
residues RB26A, R531A, K532A, and R535A. Mutual competitions of CaM and S100A1 for overlapping
binding sites of TRPs on N- and C-termini and RyR1 have already been characterised many times
previously [30,45,55-57]; therefore, we anticipate mutual competition of CaM and S100A1 for TRPMénp
as well. We have not investigated the specific role of the hydrophobic residues in the TRPMénp binding
domain because the hydrophobic patch of the receptor mostly forms nonspecific interactions with the
ligands. The main specificity of the complex is always led through basic residues of the receptor and
acidic residues of CaM or S100A1 [29,31,42,47,56]. The in vitro CaZ* dependency interactions of the
TRP channel protein/peptide segments (specifically: TRPM3, TRPC6, and TRPV1) with CaM and/or
5100A1 has been validated in vitro by spectroscopy methods in our previous experiments [30,47,56],
which allowed us now the use of experimental buffers with the same Ca®* concentrations (2 mM).
Therefore, it was supposed that the CaM/TRPMénp and S100A1/TRPMénp complexes were formed
by ligands with bound Ca?*. Since the modulation activity of CaM and S100A1 at TRPME is still not
known, this should be investigated by electrophysiology measurements.

The molecular modelling of the TRPM6np/CaM and TRPMénp/S100A1 complexes was performed
to visualise the specific character of the binding interfaces for both complexes. High sequence similarity
of TRPM6 with TRPM7 made it possible to use homology modelling for this purpose [22]. We have
identified the TRPM7 region in the Cryo-EM structure that corresponds to the TRPMénp sequence
and that exhibits a structural form with no secondary structure element. Given the character of this
region, we can assume that TRPM6np can behave in a rather adaptive way, depending on its binding
partner. The binding interface of TRPMénp/CaM corresponds to previously published structures
of receptor-fragment/CaM complexes [44,48,54,58]. As we published earlier, the amino acids of TRP
in the CaM-binding domain cooperate as a cluster via ligand interaction [30,31,47]. The binding
role of CaM amino acids at the position around 130 has been confirmed in the TRPV6/CaM and
TRPV5/CaM structures, and the amino acids have been identified as critical positions for the interactions.
In the presented molecular model, we have confirmed the same CaM amino acids involved in
interactions with TRPMénp (specifically: E120 and M144) [36]. The interpretation of the TRPMénp/CaM
and TRPM6np/S100A1 models is strongly supported by data from fluorescence anisotropy experiments,
indicating the synergy of the basic residues in individual clusters. The TRPV6/CaM and TRPV5/CaM
structures confirmed the presence of mutual binding sites for one CaM molecule by different TRP tails
or subunits [36,42]. This can drive a coordinated conformational changes ongoing across the whole
channel, leading to its functional modulation [36,59]. This complex process can be used to multiply the
ligand signal into a channel structure to transfer structural changes more rapidly to the target location
of the channel via its allostery. The ligand multi-binding character of TRPs has been discussed in
previous publications [29,60].

The TRPMé6 N-terminus is a universal binding domain for CaM and S100A1 in the presence of
Ca®*. The binding affinities of the TRPMénp/CaM-Ca’* and TRPM6np/S100A1-Ca’* complexes have
been investigated in vitro by the fluorescence spectroscopy method, which has revealed the micromolar
range of the interactions. Homology modelling using the TRPM7 Cryo-EM structure as a template has
provided TRPMé6np structurally adaptive character through the binding process. Intracellular parts
of all TRPs have a common feature—their mostly disordered character, which allows their binding
domains to be implicated in a wide range of modulatory molecules. Although TRPM6 has been
studied quite well, information about its N-terminal function is not yet well understood. This study
provides a new in vitro insight at the role of CBP as potential TRPM6 modulators and reveals new
information on the channel signalling pathways. While no functional TRPM6 data (i.e., physiological
consequences) is presented, the interactions with CaM and S100A1 are likely to provide stimulatory
follow-up studies in this field. Therefore, the discovered new TRPM&6 binding domains and interaction
plasticity information could serve to develop new drugs.
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4, Methods

4.1. TRPM6-Binding Domain Design and Synthesis

The DNA sequence of human TRPM6 has been searched for a potential CaM and
5100A1-binding motifs using the Calmodulin Target Database [49]. To verify a new CaM- and
5100A1-binding domain at TRPMS6, we have selected a potential binding domain from the N-terminus
TRPMS6. The selected binding domain is referred to here as TRPMénp (UniProt: Q9BX84-2;
sequence: 520-LIGRAYRSNYTRKHFR-535). TRPMénp wild type (TRPMénpWT) and its alanine
scan analogues have been synthesised into the variants: K532A, RE31A/K532A, R526 A/R531A/K5324A,
and R526A/R531A/K532A/R535A as peptides (GenicBio Limited, Shanghai, China). All of these peptides
were N-terminally labelled with fluorescein-5-isothiocyanate (FITC). The peptide probes were dissolved
in a 50 mM Tris-HCl buffer (pH 7.5) containing 500 mM NaCl and 1 mM CaCls.

4.2. Expression and Purification of CaM and S100A1

CaM and 5100A1 were expressed from pET3a and pET28b expression vectors in E. coli BL21
cells, respectively. The cultures were incubated at 37 °C in Lysogeny Broth medium with ampicillin
or kanamycin until the ODgyy reached 0.9. The cell suspension was cooled at 25 °C, and protein
expression was induced by 0.5 mM IPTG for 12 h. The cells were resuspended in 50 mM Tris-HCl buffer
(pH 7.5) containing 2 mM ethylenediaminetetraacetic (EDTA), 2 mM (3-mercaptoethancl, and 0.2 mM
phenylmethylsulphonyl fluoride (PMSF) and disrupted by sonication, and 5 mM CaCl; was added
to the supernatant. CBPs were purified using affinity chromatography on Phenyl Sepharose CL-4B
(GE Healthcare, Brondby, Denmark), where 50 mM Tris-HCl buffer (pH 7.5) containing 100 mM NaCl
and 1.5 mM EDTA was used for elution. Size-exclusion chromatography on a Superdex 75 10/300 GL
column (GE Healthcare, Brondby, Denmark) was used as the final purification step. The proteins were
eluted by 50 mM Tris-HCl buffer (pH 7.5) containing 500 mM NaCl and 1 mM CaCly, and their purity
was verified by SDS-PAGE. The identity of proteins was confirmed by mass spectrometry.

4.3. Steady-State Fluorescence Anisotropy Measurements

Steady-state fluorescence anisotropy experiments were performed at room temperature on
a photon counting spectrometer PC1 (ISS Inc., Champaign, Illinois, USA). TRPM6énpWT and its
mutants were dissolved in a buffer containing 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, and 2 mM CaCl
for a final concentration of 1 uM. The samples were titrated in a 2-mm path cuvette with increasing
aliquots of 100 uM CaM or S100A1. Fluorescence was excited at 495 nm; the intensity of emission
in parallel (If) and perpendicular (I | ) orientations to the direction of the polarised excitation was
obtained at 520 nm by switching the emission polariser. The steady-state fluorescence anisotropy value
(r) was calculated from the equation r = (Iy — 1) / (If + 2I | ). Further analysis was based on the mean
anisotropy value acquired from five independent measurements at each CaM or S100A1 addition. The
fractions of bound CaM or 5100A1 were given by fraction bound (Fp)

Fg = (Tobs — Trmin)/[(Tmax — Tebs) Q + (Tobs — Tmin) ] n

where 1y is the anisotropy of a saturated binding complex, ryyy, stands for the anisotropy of a peptide
probe without a ligand, and rgps is the anisotropy at a particular CaM or S100A1 concentration.
Q represents the quantum yield ratio of the bound to the free peptide, calculated from fluorescence
lifetimes (t) according to equation Q = Thound/Ttree-

To determine the equilibrium dissociation constant (Kp), Fg was plotted as a function of CaM or
S100A1 concentration and fitted by as follows [24]:

Ko + [P1] + [P2] - (Ko + [P1) + [P2))> — 4[P1][P2]
Fp = 2[P1] ’
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where (P1) is the TRPM4np concentration and (P2) is the CaM or S100A1 concentration. Nonlinear
data fitting was performed using SigmaPlot 11.0 (Systat software Inc., San Jose, CA, USA).

4.4. Lifetime Experiments

Lifetimes were evaluated at room temperature in a drop placed on a coverslip and inserted into
an inverted confocal microscope IX83 (Olympus, Tokyo, Japan) equipped with time-correlated single
photon counting electronics and cooled GaAsP hybrid detectors (all PicoQuant, Berlin, Germany).
TRPM4np fluorescence was excited at 485 nm by an LDH-485 picosecond laser (PicoQuant, Berlin,
Germany). Emission decays were collected in the epi-fluorescence mode using a combination of
a 488-nm dichroic long-pass filter (Olympus, Tokyo, Japan) and a 520/35 bandpass filter (Semrock,
Rochester, NY, USA) in the detection path. The intensity-weighted mean fluorescence lifetimes used in
the calculation of the Q) correction factor were evaluated as follows:

Tmean — Z ai'[?/ Z &y, @)
i i

where 71; stands for fluorescence lifetimes and «; are the corresponding amplitudes.

4.5. Model Building

The TRPMénp (Uniprot: Q9BX84-2) molecular model was generated via homology modelling
methods using SWISS-MODEL [49]. The structure of the mouse TRPM7 channel (PDB: 5ZX5) [22]
with the highest sequence similarity to TRPMS6 has been used as a template to build the TRPMénp
molecular model. The TRPMénp models were built, and one representative model was carefully chosen
based on the positions of the basic and hydrophobic residues to be exposed to the solvent. Additional
criteria were applied on the geometric parameters of the potential CaM- and S100A1-binding sites.
The TRPMénp molecular model was then optimised by energy minimisation using MOE software [51]
and checked for errors in the three-dimensional protein structure. The quality of the resulting structure
was further assessed using STING Millenium [61] and ProSA-web [62].

4.6. Ligand Docking

The docking of CaM and S100A1 into the TRPMénp homology model was performed using the
ClusPro program [53,63,64]. CaM and S100A1 templates were selected from the structures of complexes
TRPV1 with CaM/CaZ* (PDB: 38UT) and RyR1 with S100A1/Ca?* (PDB: 2K2F). The molecular models
of both TRPMénp/CaM and TRPM6np/S100A1 were optimised by energy minimisation using MOE
software [53] and checked to identify errors in the three-dimensional protein structure. The schematic
representations of the TRPMénpWT/CaM and TRPMé&npWT/S100A1 complexes were generated using
Discovery Studio Visualizer [65]

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/18/
4430/s1.
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Abbreviations

ATP adenosine trisphosphate
CaM calmodulin

CBPs calcium-binding proteins

Cryo-EM Cryogenic Electron Microscopy

IDPs intrinsically disordered proteins

PIP2 phosphatidylinositol 4, 5- bisphosphate

RyR rhyanodine receptor

S100A1 5100 calcium-binding protein Al

TRP transient receptor potential channel

TRPM transient receptor potential channel melastatin

TRPMé6np  transient receptor potential channel melastatin 6 N-terminal peptide

TRPs

transient receptor potential channels

TRPV transient receptor potential channels
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Constantly increasing attention to bioengineered proteins has led to the rapid development of new functional
targets. Here we present the biophysical and [unctional characteristics of the newly designed CaM/AMBN-Ct [u-
sion prolein. The (wo-domain artificial largel consisls ol calmodulin {CaM) and ameloblastin C-lerminus (AMBN-
Ct). CaM as a well-characterized calcium ions (Ca®*) binding protein offers plenty of options in terms of Ca* de-
tection in biomedicine and biotechnologies. Highly negatively charged AMBN-CL belongs to intrinsically disor-
dered proteins (IDPs). CaM/AMBN-CL was designed (o open new ways ol cormmmunicalion synergies between
the domains with potential functional improvement, The character and function of CaM/AMBN-Ct were explored
by biophysical and molecular modelling methods. Experimental studies have revealed increased stability and
preserved CaM/AMBN-Ct function. The results of melecular dynamic simulations (MDs) outlined different inter-
face patterns between the domains with potential allosteric communication within the fusion.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Most prokaryotic and eukaryotic proteins are multidomain proteins
that have evolved by duplication and recombination of a limited pool of
protein domains | 1]. A domain is a functional protein unit considered to
be abuilding block in the modular evolution of proteins | 2. Widespread
approaches in protein engineering mimic the natural phenomena of do-
main rearrangements and generate proteins for biomedicine or biotech-
nology purposes. However, the synthetic fusion of protein domains may
also lead to new intramolecular allosteric patterns [3]. Recent studies

Abbreviations: AMBN, ameloblastin; AMBN-Ct, C-terminal domain of AMBN; AMEL,
amelogenin; AUC, analytical ultracentrifugation; CaM, calmodulin; CaM/AMBN-Ct, fusion
protein composed of CaM and AMBN-Ct; Ca®~, calcium fons; CEPs, calcium hinding pro-
teins; €D, circular dichroism; DLS, dynamic light scatiering; IDP, intrinsically disordered
protein; MDs, molecular dynamics simulations: MST, microscale thermophoresis; PDI,
polydispersity index; Rh, hydrodynamic radius; SEC, size-exclusion chromatography;
Ty melting temperature; TRP, transient receptor potential {channel); TRPM4, TRP
melastatin 4.

* Carresponding author at: Institute of Organic Chemistry and Biochemistry, CAS,
Flemingovo namesti 2, Prague 16000, Czech Republic.
E-mail address: kristyna bousova@uochb.cas.cz {K. Bousova).

hitps://doiorg/10.1016/j.ijhiomac.2020.11.216
0141-8130/& 2020 Flsevier BV. All rights reserved.

have revealed intramolecular allosteric modulations as a fine-tuning
tool to generate conformation plasticity of e.g. PSD-95/Dig/Z0-1 (PDZ)
domains resulting in diversified ligand recognition patterns [4,5].
Engineering of allostery has been widely used in biosensors where
ligand-induced conformation changes in one domain were propagated
to the other domain with positive modulation of its own activity [6,7].
Some of the biosensors based on the fusion of domains can propagate
conformational changes triggered upon calcium ions (Ca®*) binding
[8-10]. It is well known that Ca*" regulates countless cellular processes,
from fertilization to cell death. Various extra- and intra-cellular stimuli
trigger the elevation of cytoplasmic Ca®* from 100 to 1000 nM,
resulting in its interactions with various Ca** signaling sensors or
buffers, e.g. Ca**-binding proteins (CBPs) [11].

The prototypical ubiquitously expressed Ca®* sensor calmodulin
(CaM) mediates a regulation of receptors, transporters, enzymatic activ-
ities (CaM kinases, adenyl cyclases) or gene transcription [ 12-15], Cam
senses Ca’ ' concentration through four canonical EF-hand motifs com-
posed of two at-helices bridged by a loop coordinating bond of Ca®* ion
[16,17]. The EF-hand motifs mostly occur in pairs (as the EF-domain)
and cooperate to bind Ca?" with a high affinity [ 18], The CaM molecule
consists of N- and C-terminal globular EF-hand domains connected by a
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flexible linker [ 19-21]. Antiparallel EF-hand helices reorient to be nearly
perpendicular upon Ca®>* binding, so the CaM molecule adopts a more
helical conformation and expose its hydrophobic patches immediately
[22]. The CaM interactions with target proteins further change CaM con-
formation to various degrees which canlead to an additional increase of
its affinity for Ca>* [23]. The differences in Ca>* binding affinities and
conformational promiscuity make CaM a very dynamic and versatile
protein sensor regulating the target proteins in a wide range of Ca®>*
levels. The plasticity of CaM conformations reflected by changes of
Ca’* concentration has been employed in biosensors revealing Ca®* os-
cillations in the context of single cells and even in the whole organism
[24,25].

A small subset of CBPs belong to intrinsically disordered proteins
(IDPs) interacting with Ca®* through disordered muotifs [26]. The bind-
ing of ligand/ion or posttranslational modifications can induce IDPs
folding and it consequently serves as a regulatory switch mechanism
[27,28]. Some IDPs remain unfolded even after ligand/ion binding
which indicates the necessity of an intrinsic disorder for biological
functions [29]. Despite being widespread in human proteome (44% of
proteins), only a minority of IDPs binds Ca®>* and these include
Ca®t storage proteins in sarco- and endo-plasmatic reticulum
{calsequesterin, calreticulin} and especially proteins necessary in bio-
mineralization processes e.g. ameloblastin (AMBN) or amelogenin
(AMEL) [30,32-34].

AMBN is involved in the formation of the hardest mineralized tissue
in humans - tooth enamel. Together with AMEL, it assembles into supra-
molecularstructures and regulates the growth of hydroxyapatite prisms
[35]. Furthermore, AMBN was associated with bone development and
even with the prevention and healing of bone fractures [36]. AMBN is
oligomeric Ca®* binding IDP, although a detailed biochemical and func-
tional characterization of AMBN is still lacking [37]. Originally, AMBN
was characterized by bioinformatic analysis as a two-domain protein
with highly IDP character [38]. The N-terminal domain contains a spe-
cific segment encoded by exon 5 that provides an AMBN oligomeric
character [39]. The C-terminal domain (AMBN-Ct) is highly acidic and
was suggested to mediate the interaction with Ca®" [38]. Interestingly,
the phosphorylation of AMBN was shown to suppress supramolecular
assembly and Ca®* binding, and can serve as a regulator of AMBN func-
tions [37].

In the present study, we proposed and designed a synthetic fusiona
two-domain CaM/AMBN-Ct protein composed of CaM and AMBN-Ct.
Flexible IDPs like AMBN-Ct tend to occupy various conformational
states which make them perfect candidates for direct or allosteric mod-
ulations of their fusion partners. The CaM/AMBN-Ct was constructed to
study potential modulations of CaM by disordered AMBN-Ct. With re-
spect to the high negative charge of the CaM, we hypothesized on
non-specificinterplay between CaM and the AMBN-Ct within the fusion
construct. The fusion protein was characterized with respect to molecu-
lar size and shape, thermal stability and its binding of peptide derived
from the CaM native binding partner transient receptor potential
melastatin-4 (TRPM4) channel.

2. Materials and methods
2.1. Design of CaM/AMBN-Ct fusion construct

The cDNA sequence coding the CaM/AMBN-Ct was designed in silico
using SnapGene (GSL Biotech, San Diego, California, USA). The CaM
{UniProtKB PODP29-1) located at N-terminus of the fusion was linked
by aflexible linker (GGGGSS) with AMBN-Ct {UniProtKB Q9NP70-1, po-
sitions 1223-P447) placed on its C-terminus and TEV cleavage site was
added to N-terminus of the construct. The cDNA sequence coding for
CaM/AMBN-Ct was cloned in silico into pET28b vector by extensions
containing recognition sites for Ndel and Xhol restriction endonucleases
and checked for in-frame translation with upstream 6xHis expressed
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from pET28b. Designed cDNA sequence was synthetized and cloned
by GenScript (Piscataway, New Jersey, USA) as described.

2.2. Expression and purification of CaM, AMBN-Ct and CaM/AMBN-Ct

CaM was expressed by pET3a vector in E. coli BL21 by induction with
0.5 mM IPTG at 25 "C for 12 h. The cells were harvested in 50 mM Tris-
HCl (pH 7.5), 2 mM EDTA, 2 mM 2-mercaptoethanol, 0.2 mM
phenylmethylsulphonyl fluoride, sonicated and 5 mM CaCl, was
added to the soluble fraction. CaM was purified using hydrophobic in-
teraction chromatography on Phenyl Sepharose CL-4B (GE Healthcare,
Chicago, IL, USA) and eluted by 50 mM Tris-HCl (pH 7.5), 100 mM
Nacl, 1.5 mM EDTA. CaM was finally purified on Superdex 200 Increase
10/300 GL (GE Healthcare, Chicago, IL, USA) equilibrated with 10 mM
Tris {pH 7.5}, 100 mM NaCl.

AMBN-Ct [40] and CaM/AMBN-Ct were expressed in E. coli Bl-21 by
0.5 mM IPTG induction at 15 °C. The cells were harvested after 18 h and
resuspended in 50 mM Na;HPO, (pH 8.0), 50 mM NaCl, 0.1% 2-
mercaptoethanol (AMBN-Ct) or 50 mM Tris-HCl (pH 8.0}, 50 mM
NaCl, 2 mM 2-mercaptoethanol, 2 mM EDTA (CaM/AMBN-Ct}. Cells
with expressed AMBN-Ct were disrupted by sonication, a soluble frac-
tion was supplemented with 8 M urea and loaded on Chelating Sepha-
rose Fast Flow (GE Healthcare, Chicago, IL, USA) charged with Ni**
ions. AMBN-Ct was eluted with 50 mM Tris-HCl (pH 7.5), 600 mM
NaCl, 8 M urea, 600 mM imidazole, renatured in 50 mM Tris-HCl
(pH7.5), 500 mM NacCl and processed by TEV protease. The protein mix-
ture was loaded on Chelating Sepharose Fast Flow (GE Healthcare, Chi-
cago, IL, USA} charged with Ni* ions and weakly-bounded AMBN-Ct
was eluted with 10 mM Tris-HCl (pH 7.5}, 100 mM Nacl, 100 mM imid-
azole. Ca®* contamination was chelated by the addition of 10 mM EGTA
for 20 min. Finally, AMBN-Ct was subjected to size-exclusion chroma-
tography on Superdex 200 Increase 10/300 GL (GE Healthcare, Chicago,
IL, USA) equilibrated with 10 mM Tris (pH 7.5}, 100 mM NaCl

CaM/AMBN-Ct was purified on Phenyl Sepharose CL-4B (GE
Healthcare, Chicago, IL, USA} as described for standardly purified iso-
lated CaM [41]. The eluted protein was dialyzed into 50 mM Tris-HCl
(pH 7.5), 500 mM Nacl and processed by TEV protease. The Ca®* con-
tamination was removed by incubation with 10 mM EGTA for 20 min.
Cleaved 6xHis and TEV protease were separated from CaM/AMBN-Ct
using size-exclusion chromatography on Superdex 200 Increase 10/
300 GL (GE Healthcare, Chicago, IL, USA) equilibrated with 10 mM Tris
pH (7.5}, 100 mM NaCl.

2.3. Peptide synthesis

The TRPM4np peptide (UniProtKB Q8TD43, positions V129-0Q147)
derived from CaM-binding domain in TRPM4 was synthesized by a
solid-phase peptide synthesis using a standardized N*-Fmoc protocol
[42].The purity and identity of the TRPM4np was determined by an
Agilent 1260 HPLC (Agilent Technologies, Santa Clara, CA, USA} coupled
to an ESI-TOF Agilent 6530 (Agilent Technologies, Santa Clara, CA, USA)
with Agilent Jet Stream technology.

2.4. Dynamic light scattering

Dynamic light scattering experiments were performed at 18 *Con
the RiNA Laser Spectroscatter 201 (RiNA, Berlin, Germany). Protein
samples (1.0 mg-ml~') were centrifuged and supematant was equili-
brated at 18 °C for 10 min. The scattered light was detected at a scatter-
ing angle of 90° with an acquisition time of 15 s. For each sample, at least
50 measurements were recorded. The measured raw G'>) autocorrela-
tion functions were recorded and thoroughly examined for artifacts.
Samples with a residual baseline or an anomalous photocurrent count
rate were discarded. Individual autocorrelograms were fitted by
second-order cumulant analysis providing the z-averaged size and
polydispersity index (PDI). Hydrodynamic radii (R,} were estimated
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using Stokes-Einstein relation. The reported values of R, and PDI were
calculated as an arithmetic average over 50-75 analyzed autocorrela-
tion curves. Their uncertainty was estimated as the standard errors of
the mean (SEM). The obtained Ry, values were compared with predicted
Ry, values for a folded globular, disordered and denatured protein of the
same length [43].

2.5, Analytical ultracentrifugation

Sedimentation velocity measurements were performed four times
for each sample using an analytical ultracentrifuge Proteomelab XL-I
(Beckman Coulter, Indianapolis, IN, USA}. The protein samples were an-
alyzed ina 10 mM Tris-HCl (pH 7.5}, 100 mM NaCl buffer with or with-
out 10 mM CaCl, added prior to the analysis. Sedimentation velocity
experiments were conducted at 48000 rpm and 20 °C using double sec-
tor cells and An50-Ti rotor at 2.8 (CaM), 1.1 (AMBN-Ct}, and 1.3 (CaM/
AMBN-Ct) mg-ml~" protein concentration. In total, 200 absorbance
scans were recorded at 280 nm at 3-6 min intervals. Buffer density, pro-
tein partial specific volume, sedimentation coefficient values corrected
to standard conditions, and particle dimensions were calculated in
Sednterp [44]. Data were analyzed in Sedfit [45] using a continuous sed-
imentation coefficient distribution (s} model. The figure was prepared
in GUSSI [46].

2.6. Circular dichroism spectroscopy

The circular dichroism (CD} measurements were performed on a
Jasco-1500 spectropolarimeter equipped with a Peltier thermostated
holder PTC-517 (JASCO, Easton, MD, USA}. The spectra were recorded
in a temperature range from 10 °C to 90 °C in far-UV (195 nm -
280 nm) and near-UV spectral region (240 nm - 350 nm} using the fol-
lowing experimental setup: far-UY region: 0.5 mm rectangular quartz
cell, standard instrument sensitivity, 1 nm bandwidth, a scanning
speed of 10 nm/min, a response time of 8 s, one accumulation, with a
temperature increment of 5 °C; near-UV region: 1 mm rectangular
quartz cell, standard instrument sensitivity, 1 nm bandwidth, a scan-
ning speed of 5 nm/min, a response time of 16 s, one accumulation,
with a temperature increment of 10 °C. The temperature reversibility
was checked by measurement of the cooled sample back to the starting
temperature. After baseline subtraction, the final data was expressed as
molar ellipticities © (deg- con®-dmol ™) per residue.

All samples were in a buffer containing a 10 M Tris (pH 7.5},
100 mM NaCl and with or without 10 mM CaCl,. The concentration
used for CD measurements was 160 uM (CaM}), 65 uM (CaM/AMBN-
Ct) and 47 uM (AMBN-Ct) for the near-UV spectral region and 10x di-
luted for measurements in the far-UV spectral region. The numerical
analysis of secondary structures was performed using the CDPro soft-
ware package [47-49]. Melting temperatures were calculated using
temperature dependence of the molar ellipticities at 222 nm using the
program Sigmaplot 12.5 (Systat software, San Jose, CA, USA) when sig-
moid fitting was applied.

2.7. Fluorescence measurernents

Steady-state fluorescence anisotropy measurements were per-
formed on a photon counting spectrometer K2 (ISS Inc., Champaign,
IL, USA). Fluorescein-labelled peptide TRPM4np was diluted in a buffer
containing 50 mM Tris-HC1 (pH 7.5) and 100 mM Nadl to a final concen-
tration of 1 uM. For Ca®*-dependent experiments, the buffer was sup-
plemented by 2 mM CaCl,. Small aliquots from a 150 UM stock
solution of CaM, CaM/AMBN-Ct or AMBN-Ct (with or without 2 mM
CaCly) were added into a 2-mm pathlength cuvette with 1 uM
TRPM4np. Fluorescence was excited at 490 nm and the steady-state
fluorescence anisotropy value (r) was recorded at 530 nm. The scattered
light was suppressed by a dielectric 520 nm long-pass filter placed in
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front of the input slit of the emission monochromator. Emission anisot-
ropy was calculated as [S0]:

r = (Iy—GL)/{; + 2Gl,) (1

where I;;and 1, is the emission intensity polarized parallel and perpen-
dicular to the direction of the polarized excitation, respectively, and G is
a factor normalizing sensitivity of the detection channel for the different
polarizations [50]. Five measurements were performed at each titration
point and the mean r value was used for the calculation of the bound
fraction (Fg) of CaM, CaM/AMBN-Ct or AMBN-Ct according to [51].

Fg = (Fobs — Cmin) / [{Tmax —Tobs) Q@ + (Fobs — imin)] (2)

Quantity rops represents the measured anisotropy at a particular li-
gand concentration, ry,;, is the anisotropy of free TRPM4np and 1.,
stands for the anisotropy at saturation. Since the ligand binding is gen-
erally accompanied by a change in fluorescence intensity, proper
weighting of the free and bound state in the measured signal is intro-
duced by a correction factor  that represents the quantum yield ratio
of the bound to the free form. Because the quantum yield is proportional
to the emission lifetime T [50], the correction Q can be calculated as Q =
Thound/ Tires WHETe Trea and Thoung 1S a fluorescence lifetime of the free
and bound peptide, respectively. The equilibrium dissociation constants
(Kp) of studied complexes were obtained by plotting F; against ligand
concentration and fitting the data by a simple single-binding-site
model [52].

— 27
g, _ Ko 1)+ P2 \/(K;[;[]pﬂﬂpz]) 4[P1][P2) .

where [P1] stands for the concentration of TRPM4np and [P2] repre-
sents ligand concentration. Nonlinear data fitting was performed using
SIGMAPLOT 11.0 (Systat software, Inc.,, San Jose, CA, USA). Fluorescence
lifetimes were meastred as described elsewhere [42]. Briefly, a drop of
sample was placed on a coverslip and inserted into an inverted confocal
microscope IX83 (Olympus, Tokyo, Japan) equipped with TimeHarp 260
PICO time-correlated single photon counting electronics (PicoQuant,
Berlin, Germany). Fluorescence was excited at 485 nm by LDH-485 ps
laser (PicoQuant, Berlin, Germany). Emission decays were collected
using a 520/35 bandpass filter in the detection path and the lifetimes
were evaluated by a SymPhoTime 64 software (PicoQuant, Berlin,
Germany).

2.8. Microscale thermophoresis

The Ca®* affinity to AMBN and AMBN-Ct was measured using
Monolith NT.LabelFree instrument (NanoTemper Technologies GmbH,
Munich, Germany} and LabelFree Premium capillaries (NanoTemper
Technologies GmbH, Munich, Germany). A constant concentration of
AMBN (1.3 uM) and AMBN-Ct (3.2 uM) was titrated by a serial dilution
of CaCl, (500-0.015 mM} at 25 °C. All the experiments were carried out
in 10mM Tris-HCL (pH 7.5}, 100 mM NaCl and 0.05% Tween 20 with LED
power of 30% and MST power of 40%.

The intrinsic fluorescence signal from CaM/AMBN-Ct is affected by
Ca®*-binding to CaM subunit. Therefore, Ca®*-binding to CaM/AMBN-
Ct was studied using fluorescently labelled CaM/AMBN-Ct generating
a constant initial fluorescence intensity throughout the Ca®™ titration
series. CaM/AMBN-Ct was dialyzed into 50 mM HEPES pH 7.5,
150 mM NaCl and labelled using Monolith™ NT.115 Protein Labeling
Kit RED-NHS (NanoTemper Technologies GmbH, Munich, Germany).
The microscale thermophoresis (MST) experiments were performed
on Monolith NT.115 (NanoTemper Technologies GmbH, Munich,
Germany) in NT.115 Standard Treated Capillaries (NanoTemper Tech-
nologies GmbH, Munich, Germany} at 25 °C. The CaM/AMBN-Ct at a
constant concentration of 50 nM was titrated by a 2-fold serial dilution
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of CaCl, (500-0.03 pM ). All the experiments were carried out in 50 mM
HEPES (pH 7.5),150 mM Na(l and 0.05% tween with LED power of 20%
and MST power of 80%. Data from two independent measurements
were used to determine the equilibrium dissociation constant (Kp)
using equation

BL]  ([Lo] + [Bo]+ KD)*\/([LO] +[Bo] + Kp)* —4 x [Lg]  [Bo]
[Bo] ~ 2 x [Bo] ’

where [Bo] stands for the concentration of binding sites, [Lo] for the con-
centration of ligand and [BL] for the concentration of complex between
ligand and binding sites.

2.9, Coarse grain model for molecular dynamic simulations (MDs)

The coarse grain model utilized in this study was based on a modi-
fied bead-necklace model for intrinsically disordered proteins [53,54],
which we adapted for molecular dynamics simulations. Each amino-
acid residue was represented by a single bead with a uniform mass of
50 amu (amu). Beads corresponding to the neighboring residues were
linked via harmonic bonded potential with an equilibrium length of
0.41 nm and a force constant of 240 kJ-mol ~'.nm~2. Beads interacted
with Lennard-Jones potential Ury

2 e
Uy(ry) == ——¢>
e 1t

where r;; stands for the distance between beads, the attractive C*® coef-
ficient has the value of 610> k}-mol-nm® and repulsive C"*>! coefficient
2.8:107° kJ-mol-nm'. In order to capture hydrophobic interactions
between beads, the Lennard-Jones potential was strengthened selec-
tively between particular hydrophaobic residues (leucine, isoleucine, va-
line, phenylalanine, tyrosine and tryptophan). Both C'® and C(*?)
coefficients of these interactions were increased to 10-times higher
values (6:1072 Imol-nm® and 2.8-10™% kJ-mol-nm'?). This particular
value was decided as a compromise between performance of the un-
modified model and strength of newly introduced effects (Figs. 51, 52).

Additionally, interactions between charged residues were modeled
by Debye-Hiickel potential that accounts for the electrostatic screening
in solutions of electrolytes:

_ZiZie exp(—r(ri—(Ri+Rj)}) 1
deger  (1+KR)(1+KR)) 14

Ug(ry)

Charge Z of the bead particle was assigned to 1 for positively (R,
K} and — 1 for negatively charged residues (D, E). The elemental charge
is represented by e, ¢, stands for vacuum permittivity, e, for the dielec-
tric constant of the medium, k for the inverse Debye screening length of
the particular buffer (1.040 nm~" for 0.1 M NaCl) and R for the hard
sphere radius of the beads (0.2 nm). The ions in the buffer were
modeled implicitly by means of their screening effecton electrostaticin-
teractions. The effects of additional CaCl, on the Debye screening length
were neglected and the same value of k (1.040 nm~!) were used in all
simulations.

2.10. Maodel building

The structure of Ca?*-free CaM was adopted from a NMR model
(PDBID: 1CFD) [55]. The three-dimensional structure of Ca?*-bound
€CaM was modeled according to the closed compact X-ray model
(PDBID: 1PRW ) [56]. The Cx atoms of individual residues were trans-
lated into centers of the beads. Bound Ca®* in the EF hand motif were
modeled explicitly by beads with a charge of 2+. The fold of the CaM
N-terminal and C-terminal domains were stabilized by distance-
restraining potential extracted from experimental models. The respec-
tive distances of all beads within a 1.2 nm range were restrained by a
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harmonic potential with a force constant of 240 kl-mol~'.nm~2 The
N-terminal domain (A5-T79} and C-terminal domain (581-K148)
were treated independently, therefore their mutual orientation
remained unrestrained. In order to model a fusion construct, the flexible
linker (GGGGSS) and the C-terminal domain of AMBN (1223-P447,
numbered according to the AMBN sequence} were appended in an ex-
tended conformation to both Ca®*-free and Ca®*-bound conformation.
The charged N- and C- termini were represented by extra beads with £
1 charge, respectively. The generated structures were relaxed by energy
minimization by means of a steep descent algorithm performed in
GROMACS [57].

2.11. Simulation details

Simulations were conducted in GROMACS molecular dynamics
package (v. 5.1.1} [57] using stochastic dynamics integrator with a
time step of 20 fs and an inverse friction constant of 20 ps at 300 K.
All nonbonded interactions were truncated at 1.9 nm by a
potential-shift modifier. Debye-Hiickel potential was implemented
as tabulated potential. Molecular dynamics were propagated for
100 million steps. Each system was simulated in 5 independent rep-
licas in order to estimate the convergence of the sampling and confi-
dence intervals.

2.12. Analysis of the MDs

Analysis of the hydrodynamic properties (hydrodynamic radius Ry
and sedimentation coefficient sy} were conducted by the
HYDROPRO (v.10) program [58]. The calculation was performed in
mode 2, using the recommended radius of primary elements 4.80 A,
temperature 20 °C, viscosity 0.01 P, solvent density 1.0 g-cm ™~ and the
partial specific volume 0.72 g.cm 3. The molecular weight of AMBN-Ct
was estimated as 23.95 kDa and the fusion construct CaM/AMBN-Ct as
41.23 kDa. Due to performance reasons, HYDROPRO calculations were
conducted on subsampled trajectories that consisted of 2000 frames
each. Analysis of contacts was performed by the gmx mindist tool from
GROMACS suite. Contacts were considered productive if the distance
between beads was closer than 0.8 nm.

3. Results and discussion
3.1. The design and characterization of CaM/AMBN-Ct

The CaM/AMBN-Ct construct was designed to study the macromo-
lecular properties of the fusion protein and the effect of the disordered
AMBN C-terminal domain (assigned as AMBN-Ct) on the function of
CaM [40]. The order of components in the designed fusion was CaM
on the N-terminus, AMBN-Ct on the C-terminus and a GGGGSS flexible
linker joining the CaM and AMBN-Ct domains (Fig. 1A}. The flexible
linker was chosen to allow CaM and AMBN-Ct maximum flexibility.
From the amino acid sequence, the molecular weight of the CaM/
AMBN-Ct is expected to be 41.2 kDa. While CaM is a negatively charged
(—23) a-helical protein with Mw of 16.8 My, kDa (when saturated by
Ca" the CaM charge decrease to —15), the AMBN-Ct has Mw of
254 kDa with an overall charge of —19 [59]. The purified proteins
were obtained by size-exclusion chromatography (SEC) in the last puri-
fication step (Fig. 1B). The overestimated Mw of AMBN-Ct and CaM cal-
culated from SEC chromatogram using globular markers is caused by
the effect of the elongated shape of CaM [60] and the IDP character of
AMBN-Ct [38,39] (Fig. 1B). The SEC of a mixture of isolated AMBN-Ct
and CaM domains showed two independent proteins and excluded
the possible formation of a complex between separated AMBN-Ct and
CaM. The CaM/AMBN-Ct showed higher apparent Mw in comparison
with the isolated AMBN-Ct domain, clearly indicating the conservation
of the IDP character of the AMBN-Ct subunit. To reveal the changes in
CaM induced by fusion with AMBN-Ct, we characterized CaM/AMBN-
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Fig. 1. [A) Schematic view of the CaM/AMBN-Ct protein chimera. CaM (blue) was fused with AMBN-Ct (green) by flexible linker {(GGGGSS). The models of CaM and AMBN-Ct are
represented as a fusion CaM/AMBN-CL with Ca* ™ {pink balls representation), models in tibbon representation. {B) Chromatogram profile of CaM/AMBN Ctand CaM together with
AMBN-Ct eluted from Superdex 200 column. SEC excluded complex formatien between individual domains of the fusion protein. (C) DLS averaged G**/{t) autocorrelation functions for
CaM, AMBN-Ct and CaM/AMBN-Ct in the presence and absence of Ca®*. {D) Sedimentation velocity analyses of AMBN-Ct, CaM and CaM/AMBN-Ct in the presence or absence of Ca™*
ions shown as contintous size distribution ¢(s) of the sedimenting species. (E) Comparison of DLS estimated hydrodynamic radi {Ry) and polydispersity indexes (PDI) of CaM, AMBN-
Ct and CaM/AMBN-Ct together with the predicted Ry, values of Ca* ' -free constructs. Light color shades represent proteins saturated with Ca” . The error barts represent the standard
deviation. (F) Summary of sedimentation coefficients (sxp,,) and frictional ratios {f/fy) derived from sedimentation velocity profiles of CaM, AMBN-Ct and CaM/AMBN-Ct. Light color

shades represent Ca®~-bound proteins. Results are mean values of four experiments, crror bars represent standard deviation,

Ct and its isolated protein / domain in detail, We described the molecu-
lar size, shape, secondary/tertiary structure content and thermostability
of CaM, AMBN-Ct and CaM/AMBN-Ct separately. Because CaM is an im-
portant calcium-signaling target in cells, we used the calcium-binding

function to investigate how the ability of CaM calcium binding could
change the €aM folding caused by AMBN-Ct influence in the fusion
[61]. Therefore, all methods and measurements were also performed
in the presence of Ca®*.
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3.2. The CaM/AMBN-Ct suggested monoemeric extended character

Dynamic light scattering (DLS} experiments provided data to esti-
mate the hydrodynamic radius (Rh} and potential polydispersity of
the studied proteins (Fig. 1C, E). The polydispersity index (PDI) indi-
cated monodisperse solutions of all proteins with the highest value of
0.17, which is usual for monomeric protein samples. This justifies the
application of cumulant analysis, which was performed for the interpre-
tation of measured autocorrelation functions (Fig. 1C). Importantly, the
estimated Rh of CaM (2.23 nm) is close to the predicted [43] value for a
folded globular protein of the same length (2.0 nm) (Fig. 1E). The Rh of
AMBN-Ct (4.37 nm) lies between values for IDP of the same length
(3.9 nm) and the denatured protein chain (4.6 nm}, suggesting the
highly IDP character of the AMBN-Ct. The CaM/AMBN-Ct manifests Rh
(4.59 nm} between a folded (2.7 nm) and IDP (5.1 nm} state, closer to
the latter. Such behavior signalizes conserved IDP properties of the
unstructured part with a compact or folded region. DLS measurements
of Ca®* saturated constructs confirmed the preservation of the
monodispersed population at a monomeric state (Fig. 1C). However,
no extensive changes in particle diameter were observed upon incuba-
tion with 10 mM CaCl,. To gain a more accurate estimate of Ca®*-
induced changes of molecular shape, we performed sedimentation
analysis in an analytical ultracentrifuge (AUC).

AUC measurements confirmed monodisperse populations of all
studied proteins with corrected sedimentation coefficients (Syq.,) cor-
responding to monomeric states (Fig. 1D, F). The s5q., value reflects
the molecular weight and shape of the molecule. The molecular shape
is estimated from the ratio of frictional coefficients of the observed par-
ticle (f) that is fitted in data analysis, and of a sphere of the same weight
(fo). The CaM sedimented at 1.87 5 with an f/f; ratio of 1.4 which corre-
sponds to the particle dimensions of 2-3 < 6-8 nm for a prolate ellipsoid
or cylindrical particle, thus indicating a globular, well-folded protein
with a moderately elongated shape, perfectly in line with the dimen-
sions of the CaM published crystal structure (2—4 x 6-7 nm} [20]. In
contrast, AMBN-Ct sedimented at 1.7 S with an f/f, ratio of 2.0, suggest-
ing a highly asymmetric molecule, a result typical for IDPs [40]. The
CaM/AMBN-Ct fusion protein exhibited the s, value of 2.19 S and f/
fp ratio of 2.3, as expected for a combination of an elongated CaM and
IDP AMBN-Ct protein molecules. Upon the addition of Ca* ions, no sig-
nificant change of AMBN-Ct s, and f/f; ratio values was observed. This
is consistent with our model for Ca®* binding to AMBN, where AMBN-
Ct provides interactions with Ca®* ions only in supramolecular assem-
blies of AMBN, whose formation is driven by a specific sequence motif
present in the N-terminal domain of AMBN [37-39,62]. However, in
the presence of Ca® " a significant increase of the S0, and simultaneous
decrease of the f/f, values was observed for both CaM and CaM/AMBN-
Ct proteins in the presence of Ca®*, suggesting their compaction
(Fig. 1D}. Interestingly, the increase of the sa0,w value observed in the
case of CaM/AMBN-Ct fusion protein is considerably larger than for
the isolated CaM subunit, reaching the value of 2.38 S with a concomi-
tant decrease of the f/f; ratio to 2.0. This means that while both CaM
and CaM/AMBN-Ct undergo Ca®*-induced conformational changes
and become more compact, these changes also very probably affect
the AMBN-Ct part of the CaM/AMBN-Ct fusion protein. We propose
that Ca®>*-binding to CaM/AMBN-Ct causes conformational changes
which enable closer contact between CaM and AMBN-Ct parts, most
probably through interactions of exposed hydrophobic CaM residues
with its AMBN-Ct counterparts or decreased electrostatic repulsion.

3.3. Secondary/tertiary structural analysis and thermal stability of CaM/
AMBN-Ct

The CD spectrum in the far-UV spectral region (190 nm - 260 nm) of
AMBN-Ct at 5 *Crevealed a negative spectral band at~199 nm (Fig. 2A).
With increased temperature, a decrease in this signal intensity was ob-
served, accompanied by its spectral shift (to 204 nm}. Simultaneously,
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the broad negative spectral band at ~220 nm gained intensity with an
isosbestic point at ~209 nm (Fig. $3}. These spectral characteristics are
caused by heat-induced folding changes typical for IDPs and can be
interpreted as i} the formation of at-helical structures, ii} as an unfolding
of extended PPII structures, iii} as a combination of both structural
changes [40,63]. The structural changes caused the protein to become
more compact [64]. Thus, CD spectroscopy confirmed the IDP character
of AMBN-Ct [40,63]. Measurements revealed no difference in curve
shape or spectral intensity after incubation of AMBN-Ct with 10 mM
CaCl, (Figs. 24, 53). Therefore, we conclude that the presence of Ca®*
does not induce structural changes of AMBN-Ct detectable by CD.

The CD spectra of CaM in far-UV have typical properties of e-helical
proteins with two negative peaks at 208 and 222 nm with comparable
intensities (Fig. 2A) [65]. The Ca®* interaction increased the intensity
of both negative spectral bands as a result of the reorientation/distor-
tion of the existing a-helices (Fig. 2A, Table 54} [66]. The near-UV CD
spectrum obtained from the isolated CaM subunit revealed negative
spectral bands at 255, 262 and 268 nm which can be attributed to phe-
nylalanine residues and a negative signal with a lower intensity above
275 nm, corresponding to two tyrosine residues (Fig. 2A). The increase
in spectral intensity observed for the Ca?*/CaM complex reflects the
conformational changes induced by the Ca®* binding, which affect the
environment of both residues with aromatic side chains [65]. In case
of CaM thermal stability studies, the decreasing intensity at 222 nm
was characteristic for CaM unfolding (Fig. S5}. The melting temperature
(Tom) of CaM without Ca?* was determined to be 52.0 °C (Fig. 2B), which
is consistent with published data (Ty, of 55 °C) [65]. The Ty, of CaM/Ca®*
saturated complex was not achieved due to the extreme structural sta-
bility of the complex. The only a two-state model was used to calculate
the thermal unfolding, assuming that this rough simplification would be
sufficient to distinguish the thermal stability of CaM and CaM/AMBN-Ct.

The far-UV spectrum of CaM/AMBN-Ct was characterized by nega-
tive peaks at 208 and 222 nm (Fig. 2A)}. The higher intensity spectral
band at 208 nm indicated a portion of the IDP character, and the
lower overall spectral intensity compared to CaM revealed presence of
B-structures. Numerical analysis discovered a significant fraction of o~
helical structures (~39%), which was complemented with a portion of
p-structures (p-sheets ~6% and p-turns ~23%) and IDP character
(~32%) (Table $4). The CaM/AMBN-Ct complex with Ca®" revealed a
slight increase in intensity for negative peaks at 208 and 222 nm, similar
to the spectral changes observed for CaM (Fig. 2A). In the near-UV spec-
tral region, the CD spectrum revealed negative maxima at 262 nm,
268 nm and above 275 nm. We hypothesize that CaM, as part of the
CaM/AMBN-Ct fusion protein, preserves its original tertiary structure
and determines the CaM/AMBN-Ct near-UV €D spectra. However, the
formation of the tertiary structure of the AMBN-Ct subunit as a part of
the CaM/AMBN-Ct fusion protein cannot be excluded, although no ter-
tiary structure was observed for AMBN-Ct alone (data not shown). Fur-
thermore, an increase in the spectral intensity and thermostability of
CaM/AMBN-Ct and CaM in Ca?* environment was observed (Figs. 24,
56).

The percentage of overall secondary structure of all studied proteins
is represented as the number of amino acids forming a specific second-
ary structure in the absence and presence of Ca>* (Table 54). The num-
ber of amino acids that have the «-helical structural motif of CaM/
AMBN-Ct was estimated to be 150 in the absence of Ca?™ and 158 in
the presence of Ca>*, which means higher content of amino acids in
the a-helical conformation for CaM/AMBN-Ct compared to CaM. To
get a closer insight into structural changes resulting from the fusion of
CaM and AMBN-Ct, we calculated the model spectra of CaM/AMBN-Ct
with and without Ca®*. Model spectra of CaM/AMBN-Ct in the presence
and absence of Ca®* (Fig. 2C) were obtained asa simple sum of CD spec-
tra of CaM and AMBN-Ct at the same concentrations, finally expressed
as molar ellipticities 8 (deg-cm?-dmol ~!) per residue. The model spec-
tra of CaM/AMBN-Ct with and without Ca?* were characterized by neg-
ative minima at 203 nm and 222 nm. The above-mentioned model
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spectra revealed a shift of the low wavelength negative maximum
(from 208 for experimental one to 203 nm) together with the different
intensity ratio between negative maxima of the model and experimen-
tal CD spectra indicates higher a-helical portion in CaM/AMBN-Ct than
expected. The increase of a-helical content is compensated by the de-
crease in the P-sheet structure content (Fig. 2C, Table 54). Upon the
spectral changes observed for CaM/AMBN-Ct and CaM we can assume
that the CaM structure is preserved in the fusion protein. The AMBN-
Ct structure probably form segments with higher helicity content, sug-
gesting a communication between the fusion subunits.

Thermal unfolding of CaM/AMBN-Ct indicated changes of the CD sig-
nal at 222 nm (Figs. 2B, 55). Using a fit for two-state unfolding process,
the T, for CaM/AMBN-Ct was calculated as 56.7 °C. The T should be
talen only as a rough estimate of the overall thermal properties of stud-
ied proteins, because the folding of CaM goes through two transition
states [66]. Moreover, the folding process of the CaM/AMBN-Ct is ex-
pected to be even more complex. Despite this simplification, a compar-
ison of the thermal unfolding of CaM and CaM/AMBN-Ct revealed a
different overall shape the unfolding curves. The decrease in the slope
of the CaM/AMBN-Ct unfolding curve observed at lower temperatures
could indicate stabilization of early developing CaM unfolding interme-
diates as an effect of macromolecular crowding [67]. Significant struc-
tural stabilization for CaM/AMBN-Ct with Ca®* was observed.
However, due to the high temperature stability of CaM/AMBN-Ct (sim-
ilar to CaM) caused by Ca>* binding, the Ty, of the fusion protein was
not determined. We can speculate that IDP domain of AMBN-Ct can po-
tentially increase the stability of the fusion protein by a similar mecha-
nism as described in [67], because of more stable trend of the CaM/
AMBN-Ct curve in the complex with Ca>* (Fig. 2B).

3.4. The functional modulations of CaM in CaM/AMBN-Ct induced by [DP
domain AMBN-Ct

CaM is a known regulator of many receptors in the cell, and one of
the mostimportant of these is TRP channel [68-73]. Numerous peptides
mimicking CaM-binding epitopes at different TRPs subfamilies have
been identified [41,42,74,75]. To study the nature of the AMBN-Ct effect
on CaM function, we performed a binding assay in which CaM
interacted with the TRPM4np peptide derived from intracellular N-
terminus of TRPM4 [42]. The identification of TRPM4np binding affinity,
in complex with studied proteins, was carried out using steady-state
fluorescence-anisotropy assay. The carboxyfluorescein-labelled
TRPM4np was titrated with CaM/AMBN-Ct, CaM (positive control}
and AMBN-Ct (negative control). The fluorescence anisotropy value of
the peptide was recorded at each titration point. To asses Ca®*- depen-
dency of CaM/TRP-derived peptide interaction [75,76], we performed
all measurements in a buffer supplemented with 10 mM CaCl, and
without CaCl, (10 mM EDTA added). The fluorescence lifetime of the
carboxyfluorescein-labelled TRPM4np (~4 ns} was found to be nearly
independent of the peptide binding. The fractions of bound (Fg)
TRPM4np were calculated for each measurement and plotted against
the TRPM4np concentration to determine the equilibrium dissociation
constants (Kp) of all studied complexes.

The complex formation of CaM with TRPM4np was shown to be
Ca?*-dependent (Figs. 3A, 57). The Kp values were calculated to be
0.25 uM for CaM and 1.1 pM for CaM/AMBN-Ct fusion construct. No
complex formation was observed for AMBN-Ct as a negative control.
Our results revealed an approximately four-fold decrease of CaM bind-
ing to TRPM4np in comparison to CaM/AMBN-Ct. The possible engage-
ment of the isolated AMBN-Ct subunit in complex between TRPM4np
and CaM was excluded by SEC in the presence of 2 mM CaCl» revealing
two independent peaks (Fig. 3B}. The first peak represents the intact
AMBN-Ct subunit, and the latter stands for CaM in a complex with
TRPM4np. None of CaM, CaM/AMBN-Ct and AMBN-Ct interacted with
TRPM4np in the absence of Ca®* (Fig. 57). The fluorescence anisotropy
experiments proved the modulation of CaM by AMBN-Ct in CaM/
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AMBN-Ct fusion as indicated by CD spectroscopy and AUC, and revealed
communication between CaM and AMBN-Ct domains. The AMBN-Ct
can interfere with the CaM/TRPM4np complex formation through
(1) direct occlusion of the binding site for TRPM4np in the CaM subunit
or (2} allosteric modulation of the CaM binding cavity for TRPM4np,
resulting in changes of its structural-functional properties. To explain
a potential mechanism of how AMBN-Ct modulates a CaM peptide-
binding site in CaM/AMBN-Ct, we built a fusion molecular model and
studied a mutual domains influence by MDs.

3.5, Investigation of CaM/AMBN-Ct Ca®* binding properties

To verify that CaM is the only Ca>* binding domain within the fusion
protein, we examined the Ca®* binding affinity of CaM/AMBN-Ct using
MST (Fig. 3D). Kp was determined as 7.4 (SD 0.8} uM. The CaM/AMBN-
Ct complex with Ca>* had a Kp in the same range as for discrete CaM
(3 uM} previously measured by MST [77]. These results suggest that
Ca®* in the CaM/AMBN-Ct is still bound to CaM only. Therefore, we de-
cided to directly verify the binding affinity of Ca>* to the AMBN-Ct do-
main also using MST. We confirmed no Ca®>* binding affinity of intact
AMBN-Ct and excluded the potential Ca®* binding in the isolated do-
main (Fig. S8). The MST data showed that the AMBN-Ct domain does
not impair CaM sensitivity to Ca>*. MST data for CaM/AMBN-Ct and
AMBN-Ct domain cannot be directly compared because of different
way of proteins labeling (see 2.8 Microscale Thermophoresis).

3.6, CaM/AMBN-Ct in presence of Ca®* indicated communication between
the domains

MDs of AMBN-Ct, CaM/AMBN-Ct and CaM/AMBN-Ct saturated with
Ca®* confirmed an expanded character of the AMBN-Ct domain in all
constructs (Fig. 4A, B). The MDs predicted values of sy, and Rh
match reasonably well with the experimentally determined values s,
w and Rh for AMBN-Ct and CaM/AMBN-Ct (Fig. 4C) and justify general
application of the model. However, experimentally observed compac-
tion of CaM/AMBN-Ct induced by Ca?*-binding was not captured by
the utilized coarse grain model as significantly as by the experimental
methods. The changes in the apparent size of AMBN-Ct and CaM/
AMBN-Ct chains detected by AUC and DLS did not imply any substantial
changes in the interpretation of the IDP character of the AMBN-Ct do-
main. Therefore, the predictions of the model should be considered
rather qualitatively. Some deficiencies of the coarse grain model can
be likely attributed to its low resolution and its simplicity in the treat-
ment of local and long-range interactions, as well as Ca?* in the buffer.

The effects of Ca>"-binding were modeled implicitly by different
conformations of the CaM domain, which are switched allosterically
by interactions with Ca>™. Fusion constructs with both conformation
of the CaM domain provided very similar average estimates of hydrody-
namic parameters (Fig. 4C}, as well as their distribution (Fig. 4D}. Both
S20.w and Rh manifested broad distributions that reflect the flexible
and heterogeneous character of all constructs (Fig. 4C). The width of
these distributions is similar to the distributions observed by AUC ex-
periments (Fig. 1D}, indicating that simulations correctly captured the
degree of IDP character. The size analysis of individual domains revealed
that size and shape of the AMBN-Ct domains in fusion was only slightly
affected in comparison with AMBN-Ct domain simulated as individual
molecule as demonstrated by distribution of principal radii of gyration
(Fig. 59} and distribution of end-to-end distances (Fig. 510). Both anal-
yses indicate slightly more expanded character of AMBN-Ct chain in fu-
sion if compared to behavior of the separated domain. We speculate
that this effect can be caused by excluded volume of the fusion partner
(€aM domain). No significant differences were found between fusion
constructs with Ca®"-bound and -free CaM domain. On the other
hand, internal degrees of freedom of the AMBN-Ct chain did not mani-
fest any significant deviation in a response on the fusion partner and
its variant (Figs. $11-513}. The analogous analyses were also performed
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for Ca%*-bound and free CaM domain. Both variants sample distinct dis-
tribution of principal radii of gyration as well as total radius of gyration,
but no changes were detected upon fusion with AMBN-Ct domain
(Figs.S14, 515). These observations indicate that no artifacts were intro-
duced in the model by fusion of an IDP and a folded domain, and the
model provides consistent description of both parts.

Although simulations predicted no significant difference in hydrody-
namic parameters in the presence of Ca>*, structural details of the sim-
ulated ensembles of CaM/AMBN-Ct and CaM/AMBN-Ct with Ca®*
differed in some characteristics. The AMBN-Ct domain, in the presence
of Ca**-bound CaM, showed a higher affinity to the latter domain,
mostly to the C-terminal lobe. This is illustrated by the contact analysis
(Fig. 4E). Indeed, this difference was caused by exposed hydrophobic
residues in the CaM domain upon Ca® "-binding, which were enabled
to transiently interact with stretches of hydrophobic residues in the se-
quence of AMBN-Ct. These transient inter-domain interactions might
interfere with the proper ligand-binding function of CaM and reduce
its binding affinity due to the steric occlusion of the binding pocket.

Cn the other hand, other mechanisms of the allosteric modulation of
the CaM domain are possible. For example, the adjacent IDP domain
might modify the population of binding-competent states of the CaM
domain or change the conformational dynamics of the binding pocket,
These mechanisms could not have been addressed by the utilized coarse
grain model. To explore these hypotheses, a more detailed, full atomistic
model is necessary. However, such simulations of the same conclusive

sampling extent as the coarse grain model would be prohibitively com-
putationally demanding and beyond the current state of the art in the
field.

Similarly, the effects on thermal stability could not have been inves-
tigated directly by the current coarse grain model. Nevertheless, we
speculate that the predicted transient interactions might contribute to
the higher thermal stability of CaM/AMBN-Ct fusion by various mecha-
nisms such as stabilization of binding the interface, partial induction of
the structure in the IDP AMBN/Ct domain, protection against aggrega-
tion or an increase of the solubility. The actual mechanism of stabiliza-
tion could arise from a combination of different effects and their
importance remains to be elucidated.

4. Conclusions

We designed, prepared, and characterized a unique artificial fusion
molecule to study how the IDP domain can affect the size, stability,
and function of other protein region domain - represented here by a
well-folded CaM. It is well known that the highly dynamic flexibility
of IDPs enable them to occupy an ensemble of multiple conformations
in solution. The highly dynamic character makes IDPs attractive candi-
dates for effective direct or allosteric modulation of the attached do-
main. In the present work, we report the characterization of the CaM/
AMBN-Ct fusion protein formed by IDP AMBN-Ct fused to highly «-
helical CaM.
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The biophysical methods provided results confirming that there
could be an increased stability of CaM in the CaM/AMBN-Ct. This stabil-
ity significantly increases in the presence of Ca*' as we can conclude
from the trend of the temperature dependence for CaM/AMBN-Ct/
Ca®* complex in Fig. 2B, We verified that CaM in CaM/AMBN-Ct is
able to preserve its function even with a 4-fold drop of the TRPM4np
binding affinity in the fusion compared to the CaM alone.

The in silico approach demonstrated by coarse-grain MDs provided
results suggesting a different pattern of interdomain interactions in
the CaM/AMBN-Ct construct between CaM and AMBN-Ct depending
on the presence of Ca*'. AMBN-Ct can modulate CaM binding proper-
ties via two different mechanisms of their synergy: i) Transient hydro-
phobic inter-domain interactions of AMBN-Ct might interfere with the
proper ligand-binding function of CaM and they can reduce its binding
affinity due to the steric occlusion of the binding pocket. ii ) The adjacent

IDP domain might modify the population of binding-competent states
of the CaM domain or it can alter the conformational dynamics {by allo-
steric modulations) of the CaM binding pocket.
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ABSTRACT: Melastatin transient receptor potential (TRPM)
channels belong to one of the most significant subgroups of the
transient receptor potential (TRP) channel family. Here, we
studied the TRPMS member, the receptor exposed to calcium-
mediated activation, resulting in taste transduction. It is known
that most TRP channels are highly modulated through interactions
with extracellular and intracellular agents. The binding sites for
these ligands are usually located at the intracellular N- and C-
termini of the TRP channels, and they can demonstrate the
character of an intrinsically disordered protein (IDP), which allows
such a region to bind various types of molecules. We explored the
N-termini of TRPMS and found the intracellular regions for
calcium-binding proteins (CBPs) the calmodulin (CaM) and
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oy T

TRPM binding domain sequence

SWLRDVLRKGLYKe:

S

T

Canceniration (M)

calcium-binding protein S1 (S100A1) by in vitro binding assays. Furthermore, molecular docking and molecular dynamics
simulations (MDs) of the discovered complexes confirmed their known common binding interface patterns and the uniqueness of
the basic residues present in the TRPM binding regions for CaM/S100A1.

B INTRODUCTION

Transient receptor potential {(TRP) channels are ubiquitous
integrators of caleium (Ca’) signaling with a common
tetrameric architecture.' All four TRP channel subunits
comprise six membrane-spanning regions and cytoplasmic N-
and C-termini mediating interactions with intracellular signal-
ing molecules. ™ TRP channels are categorized into seven
subfamilies according to amine acid sequence homology. The
melastatin transient receptor potential (TRPM) subfamily is
composed of a diverse selectivity to cations and specific
activation and inhibition mechanisms.” The TRPM plays a
critical role in reaction to all major classes of physicochemical
stimuli, including light, sound, chemical agents, temperature,
touch, and so forth. TRPMS is mostly confined to taste buds,
with additional expression in the intestinal tract, pancreas, and
brain stem.'” TRPMS and its closest homolog TRPM4
transport only monovalent cations in contrast to other
members of the TRPM subfamily that are highly permeable
for divalent cations.'' TRPMS activates in response to an
increase in cytoplasmic Ca®™, which acts directly on TRPMS
and desensitizes upon prolonged Ca** exposure.'” TRPMS
desensitization was shown to be partially reversed by
phosphatidylinositol 4,5-bisphosphat (PIP2),"*"* The modu-
lation by calcium-binding proteins (CBPs) has been described
in many TRP channels, including members of TRPM;"* still

& XXXX American Chemical Society
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there are no available studies focused on a possible role of
CBPs in the Ca®*-dependent regulation of TRPMS.

Ca® ions represent the second messenger involved in a
myriad of crucial physiological processes from proliferation and
apoptosis to bone formation and fertilization.'™'® A specific
family of CBPs with a high potential to bind Ca®' are
important multifunctional messengers dependent on Ca®* with
expression in a wide range of eukaryotic cells.'” Fer example,
calmodulin (CaM) as a monomeric protein forms two
significant N- and C-terminal regions linked by a flexible
linker, with each of the regions containing two Caz'-bindinﬁ
helix—loop—helix structural domain (EF)-hand motifs)."
Another CBP protein that acts as a symmetric, antiparallel
homodimer is $100 CBPA1 (S100A1)."" S100A1 is distin-
guished from other EF-hand proteins in & unique manner in
which they bind Ca™" in their N-terminal noncanonical and C-
terminal canonical orders of each monomer.””

The Ca** binding motifs or binding sites of Ca®™ signal
intermediators have been identified at a large number of ion

September 30, 2021
February 17, 2022

Received:
Revised:

https:/fdoiorg/101 021 facs biochem. 1c00647
Biochemistry XXXX, XK, XXX-XXX



Biochemistry pubs.acs.org/biochemistry

A TRPM5 B TRPMS pos: somw
extracellular m( s : extracellular

membrane

Pore loop
TRPbox TRPbox

TRPMSnp

C-termini

TRPM binding domain sequence

TRPMSnp s WLRDVLRKGLVK,

Figure 1. TRPMS binding region for CaM and S100A1. {A) Common membrane topology of TRPMs, together with the depicted location of the
TRPM3np (nmnge circle) binding epitope. TRPMs commonly consist of six transmembrane helices (pink and orange parts anchored in the
membrane) with a transport loop buried in the Sth and 6th helices. The TRPM N-terminal cytoplasmic tail commonly contains melastatin
homology regions (MHR, pink, orange, purple, and blue) and a pre-$1 region (green)." Cytosolic N- and C-termini-specific regulatory ligand-
binding regions. The orange circle frame localizes the TRPMSnp binding site. Created with BioRender.com. (B) TRPMS side view of the whole
structare upon Ca?* binding {PDB: 6DMW).** The orange circle locates the TRPMSnp potential ligand-binding site. (C) Sequence of the
TRPMSnp (W83-K94) potential binding region with labeled basic residues (red) used to investigate novel CaM and $100A1 binding regions.

A TRPMS channel PDB: 6DMW B [ of

extracellular

intracellula|

Figure 2. TRPMSnp position in the TRPMS channel. {A) TRPMS bottom view of the whole structure (PDB: 6DMW)* displays the TRPMSnp
potential binding region {ball representation, magenta), (B) TRPMS side view displays TRPMSnp (ball representation, magenta), (C) Details of
TRPMSnp showing the amino acids approachable for cytosolic ligand binding; potentially significant basic amino acids for the ligand interaction
labeled in ball representation, dark blue; hydrophobic amino acids labeled in magenta.

channels.” ™% The rapid influx of Ca** into the cell commonly CaM-dependent Ca**-induced modulation of TRP vaniloid
initiates a negative signaling mechanism inactivating Ca® - (TRPV) § and 6 members provided one of the first deep
permeable ion channels to prevent the cell from Ca®' overload. insights into the modulatory mechanisms of CaM in CaM/

TRP channel complexes,”*"” which we implemented in our

TRP investigative approach. In this study, we present an
identification method for new CaM/S100A1 binding epitopes
at the TRPMS N-terminus. We specifically characterized the
TRPMS binding motifs that play a significant role in the

In many cases, the Ca*'-induced inactivation is directly
performed through binding of intracellular CaM or S100A1

on transmembrane transporters like TRP channels, ryanodine

24

receptors (RyR).”>** Dysregulation of Ca® homeostasis

through mutations affects the function of membrane receptors, interactions with the ligands by in vitro binding assay

which can result in a variety of serious diseases, including fluorescence spectroscopy and microscale thermophoresis.
2 . . P

cancer or heart attacks.”™ The experiments were accompanied by an atomistic explan-

B https://doi.org/10.1021 acs.biachem. 1600647
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Fignre 3. Interactions of TRPMSnp with CaM and S100A1. (A) TRPMSnp,/CaM and TRPMSnp/S100A1 complexes presented in the graph by Fy
as a function of CaM/S100A1 concentrations; data obtained by FA. Five independent measurements represented by error bars were performed.
(B} TRPMS and CaM/S100A1 equilibrium K;; with corresponding SD calculated from FA data. (C) MST dose—response curve of CaM binding
to TRPM3Snp. The difference in normalized fluorescence was plotted against increasing concentrations of CaM; the blue, green and black marks
represent three independent measurements. (1)) TRPMS and CaM/S100A1 equilibrium Ky, with corresponding SD calculated from MST data.

ation of the complex binding interface addressed by molecular
modeling and molecular dynamic (MDs) simulations. To
confirm the importance of the CaM/S100A1 ligand-binding
amino acids, in silico mutations of the identified residues in
TRPMS N-terminal binding motifs into alanine were
performed, and the evaluation of the changes in the binding
energy was quantified based on empirical force field models.
Here, we present the common character of the amino acid
sequence of TRPM termini binding epitopes for CaM/
S100A1, accompanied by a detailed description of the binding
interfaces of the TRPM-CaM/S100A1 complexes. These
descriptions lead to an understanding of the general
mechanism of the formation of these complexes.

B RESULTS

Identification of the TRPM5 N-Terminal Binding
Epitope. The human TRPMS sequence was analyzed for
the presence of a CaM-binding region using the Calmodulin
Target Database.”® The TRPMS putative CaM-binding sitc
was identified in the distal part of the TRPMS N-terminus,
position W83 to K94, hereinafter referred to as TRPM3np
(Figure 1). The structure of the TRPMS channel (PDB:
6DMW) with labeled TRPMSnp (UniProtKB/SwissProt:
QYNZQ$, positions W83-K94) binding site confirmed the
accessibility to bind both suggested ligands (Figure 2). The
TRPMS5np binding region contains hydrophobic amino acids
that form two possible CaM-binding motifs W83-V87-L92 [1-
5-10 motit] and L84-L88-V93 [1-5-10 motif] with four
embedded basic amino acids (R85, R89, K90, and K94)
(Figure 1C). The TRPMSnpR85A/R89A/K90A/K94A mu-
tant was designed to investigate the role of the basic amino
acid residue cluster in the CaM interaction. Given the known
shared CaM /S100Al binding epitopes on membrane
receptors, such as TRP channels (RyR),”**** 7' we also
examined the SI100A1 binding region on TRPMSnp.
TRPMSnp wild type (wt) and TRPMSnpRS5SA/RS9A/
K90A/K94A were synthesized as peptides, and their

propensity to bind CaM/$100A1 was examined by in silico
and in vitro setups.

TRPM5np Binds CaM. The interaction of TRPMSnp and
CaM was measured by in vitro binding assay steady-state
fluorescence anisotropy (FA) (Figare 3A). The FA of the
FITC-labeled TRPMSnp wt peptide was recorded during
titration with CaM. The incubation of TRPMSnp with CaM (1
min) served the stabilization of rotation diffusion that resulted
in a cleatly apparent increase in FA. The quantum yield ratio
(Q) of the bound CaM to the TRPM3np was calculated from
the corresponding fluorescence lifetimes. The CaM-bound
fractions (Fg) of TRPM3np at each titration peint of the ligand
were determined by Q. Fy values plotted against CaM
concentrations led to the determination of the equilibrium
dissociation constant (K,) of the TRPMSnp/CaM complex.
The binding affinity of the complex fell in the micromolar
range: Ky, = 1.0 (8D 0.1) #M (Figure 3B). The addition of 10
mM EDTA to the complex did not cause any complex
formation (Figure S1A). The binding affinity trend of the
TRPMSnp/CaM complex was verified by another in vitro
binding assay: the microscale thermophoresis (MST). The
method was used to trace the CaM/TRPMSnp thermophoresis
(Figure 3C) and provided the signal decrease without any
signs of aggregation, Similar to FA data, the complex showed
the micromolar range of the binding affinity: K, = 7.3 (SD
0.37) uM (Figure 3D). We have also studied the potential
competition of S100A1 with the TRPMSnp/CaM complex by
the titration of the complex with 2 competitor (S100A1) that
showed the significant sign of fluorescence signal decrease by
MST, suggesting the ligand competition (Figure $2A).

TRPM5np Binds S100A1. S100A1 recognizes similar
binding motifs on TRP channels as CaM. In the past, we
identified many overlapping S$100A1 and CaM-binding
regions, so we decided to explore TRPMSnp as well. (Figure
3A). The interaction of S100Al1 with TRPM3np was
characterized by FA and MST binding assays in the same
manuer, as described for the CaM interaction above. The K|, of

the TRPMSnp/S100A1 complex assessed by FA was 6.3 (8D

https:/fdol.org/10.1021/acs biochem. 100647
Biochemistry XXXX, XXX, XXX—XXX



Biochemistry

pubs.acs.org/biochemistry

0.3) uM (Figure 3B). The addition of 10 mM EDTA to the
complex did not cause any complex formation (Figure S1B).
The binding of TRPMSnp to S100A1 suggested a moderately
higher Kj, than that for CaM. The MST measurements
confirmed a weaker interaction between S100A1 and
TRPMSnp (Kp = 21.5, SD 153 uM) (Figure 3C, D)
compared to the CaM/TRPMSnp complex, which corresponds
to FA data. The difference in the Ky, values of TRPMSnp and
CaM/S100A1 indicated distinct binding modes of the
complexes. We have also studied the potential competition
of CaM with the TRPMSnp/S100A1 complex by the titration
of the complex with the competitor {(CaM) that showed the
significant sign of fluorescence signal decrease by MST,
suggesting the ligand competition {Figure S2B).

TRPM5np Binding Specificity Prediction. The inter-
actions of TRP channels with CaM or S100A1 are profoundly
maintained by TRP channels positively charged amino acid
residues that form noncovalent interactions with CaM/$100A1
negatively charged amino acid residues. The clusters of
positively charged residues at TRP channel bindin% esgitopes
commonly bear specific patterns in their position&zs’ 03334 g
predict the basic residues of TRPMSnp involved in the CaM/
S100Alcomplex interface, we analyzed the other TRPM
binding region sequences for CaM (S100A1}, which we had
exgerimenta]ly confirmed in our previous in vitro stud-
ies?>2?3035 (Rigure 4A, C). The selection of TRPMSnp
positively charged residues was performed by the sequence
alignment of TRPM N-termini binding regions {Figure 4B).
This multiple sequence alignment performed by CLUSTAL
1.2.4% revealed consensus basic residues sequences {RoucooR/
K, where x represents any amino acid) in all analyzed TRPM
binding epitopes.

The identical hydrophobic binding motif was found for
TRPMSnp and TRPM4npl (TRPM4 channel, UniProtKB/
SwissProt: Q8TD43, V129-Q147). The 1-5-10 hydrophobic
motif is localized in positions L84-L88-V93 (TRPMSnp) and
1134-L138-V143 (TRPM4npl). The alignment confirmed a
strong consensus of TRPMSnp R89 and K94 in all TRPM
basic residues. The TRPMSnp K90 shows the character of
basic residue identity with TRPM4npl and TRPMInp. The
TRPMSnp R85 does not fit into consensus with any TRPM
binding epitopes. We expected that the TRPMSnp R89, K90,
and K94 clusters participated in the interactions with CaM/
S100AL. Figure 4C represents the TRPM/CaM and TRPM/
S100A1 complexes with the previously investigated Kp values
ranging at a micromolar level >33

TRPM5np Basic Amine Acids Involved in the
Formation of Complexes with CaM and S100A1. The
role of basic amino acids of TRPMSnp in the interaction with
CaM/S100A1 was investigated by scanning alanine analogue
TRPMSnp_R85A/R89A/K90A/K94A mutant. FA and MST
data (Figures SA, B and 6A, B) revealed a decrease in Ky, with
a similar difference between the wild type and mutant for CaM
(FA: Ky = 136, SD 0.5 yM; MST: Kpy = 91.3, SD 1.32 yM)
complexes (Figure 5C). An even more pronounced decrease in
binding affinities was observed for TRPMS5np_R85A/R89A/
K90A/K94A with S100A using both FA and MST methods
(FA: Kp = 134, SD 4 uM; MST: Kp = N.D.) (Figure 6C).
These results confirmed the participation of TRPMSnp basic
residues in the interaction with both CaM and $100A1 and
highlighted the different binding modes of these ligands.

TRPM5np/CaM and TRPM5np/S100A1 Models. The
TRPMSnp peptide derived from a TRPMS homology model

A
binding epitope sequence
TRPM1np 176VKLRRQLEKHI 5
TRPM4np1 120VLATWLQDLLRRGLVRAAQ, ;
TRPM5np ssWLRDVLRKGLVK,,
TRPM4np2 e27FGECYRSSEVRAARLLLRRCP,,,
TRPMGNp 520LIGRAYRSNYTRKHFRs 55
B 1rem peptide sequence AA
TRPM1np == VKLRRQLEKHI ———————- 11
TRPM4np1 VLQTWLQDLLRRGLVRAAQ-——~—-— 19
TRPM5np ~——-WLRDVLRKGLVK~~~=-—-——— 12
TRPM4np2 ~——-=FGECYRSSEVRAARLLLRRCP 21
TRPMBnp ———-L IGRAYRSNYTRKHFR -~~~ 16
C — - "
TRPM binding CaM interaction S100A1
epitope Ko (SD} pM interaction
Ko (SD} pM
TRPM1np > 250 0.91 (0.2)
TRPM4np1 11 (0.2) 25 {03)
TRPM5np 1.0 {0.4) 63 (0.3)
TRPM4np2 13 (1.8) 2.7 {08)
TRPM6np 149 (0.7) 17.8 (1.1)

Figure 4. Selected TRPM N-termini binding epitopes sequence
alignment. (A) The amino acid sequences of determined CaM/
S100A1 binding epitopes placed at cytoplasmic TRPMs N-termini.
Numbers denote the location of the binding epitope in the context of
the whole specific channel. (B) Multiple alignments of TRPM
sequences of CaM/S100AL binding epitopes. The perfect match
(marked with asterisk) of arginine residue and the most accurate
match (marked with dots) with TRPM basic residues at the latest
TRPMSnp position suggested potential the significant role of these
residues within the complex formations. Hydrophobic amino acids are
represented in red, basic in pink, acidic in blue, and all other amino
acids in green. The numbers display TRPM amino acid lengths. (C)
TRPM/CaM and TRPM/S100Al complexes with the previously
investigated Kp, values ranging in the micromolar level.

was docked by CaM/S100A1 ligands with ClusPro2.0 tool.¥
The TRPMSnp/CaM—CaZ" complex was built using ClusPro
based on its similarity with the TRPV1p/CaM complex {PDB:
3SUI),% as well as based on our Iprevious docking TRPM/
CaM strategy (Figure 5D, EY.*****! The TRPMS$np/S100A1-
Ca?* complex was built using ClusPro based on the closest
known S100A1/receptor-peptide structure of the RyR1P12/
S100A1 (PDB: 2K2F) (Figure 6D, E).** The resulted
complexes were compared with the TRPV1p/CaM and
RyR1P12/S100A1 structures.”® Consequently, we optimized
the selected binding modes, as described by Bousova et al.®
The final TRPMSnp/CaM and TRPMSnp/S100A1 complexes
confirmed the interactions of TRPMSnp R85, R89, K90, and
K94 with negatively charged residues of the ligands. TRPM3np
interacted with these specific CaM negatively charged residues
Ell, E119, E123, and E127. These amino acid residues
unambiguously correspond to CaM residues that participated
in the interactions with TRPV6.”” The $100A1 negatively
charged residues D50, D32, and N92 involved in the
TRPMSnp complex formation correspond to the S100A1
cluster of negatively charged residues involved in the

TRPM6np/S100A1  complex formation.”” The CaM and

https://dei.org/10.1021/acs.bicchem.1c00647
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Figare 5. TRPMSnp basic amino acids participate in the interactions with CaM. {A) TRPM3np/CaM and TRPMSnp_R85A/R89A/KIOA/KI4A/
CaM complexes presented in the graph by I, as a function of CaM concentrations, data obtained by FA. Five independent measurements were
performed; represented by error bars. (B) MST trace from a serial dilution of CaM titrated against FITC-labeled TRPMSnpRBSA/R89A/KI0A/
K94A. The difference in normalized fluorescence was plotted against the increasing concentration of CaM, the blue marks represent the
measurement for CaM/TRPMSnpR85A/R89A/KI0A/K94A (CaM/TRPMSnp MST data are shown in Figure 3C). (C) Equilibrium Ky of
TRPMSnp/CaM and TRPMSnpRBSA/RE9A/KI0A/K94A/CaM with the corresponding SD caleulated from FA and MST data. (D) Top view of
the TRPMSnp/CaM molecular model. TRPMSnp (backbone in crange) and CaM (backbene in green) composed of the binding interface. The
TRPMS5np basic residues involved in the interactions with CaM are displayed in blue. The negatively charged residues of CaM involved in the
interactions with TRPSMnp are displayed in red. Ca?* are shown by red-scaled balls. (E) Full and detailed 'TRPMSnp/CaM complex binding
interface with the surface representation of positively charged residues R85, R89, K90, and K94 from TRPMSnp (colored in blue} and negatively

charged residues E11, E119, E123, and E127 of CaM {colored in red) invelved in the noncovalent bonding.

S100A1 docking confirmed the high participation of basic
TRPMSnp residues in the formation of the complexes, as
predicted by the TRPM sequence alignment.

MD Simulations of TRPM5np and CaM/S100A1
Complexes. As an alternative to homology modeling of the
ligand and its docking into the structures of CaM/S100A1, we
decided to build another model. In this round, we used
homology modeling for the complex from the very beginning.
Approximately 80 templates were found for the CaM
complexes and two for SI00Al protein to properly set up
geometries for MD runs. PDB templates suitable for model
building were identified by the condition that sequence
matches needed to be present in the binding region. The
PDB entries chosen as templates for homology modeling were
2LGF for TRPMSnp/CaM and 2K2F for TRPMSnp/S100A1.
The selected models built by the MODELLER suite were
refined by 200 ns of MDs. For each complex, at least one
model preserved the RMSD of backbone atoms between the
initial and final states between 1—3 A. These models were
selected for other analyses and simulations. Following long-
scale MD simulations, we further tested the stability of the
complexes. No dissociation events were observed, and the
ligands kept their binding poses. However, the RMSD from the
refined structures indicated some gradual and cumulative
conformation changes (Figure 7A). The most notable
deviations were observed for the TRPMSnp-CaM complex,
which underwent a slight reorientation of two calmodulin
lobes and shift of a peptide ligand in the course of the 1000 ns

simulation (Figure 7B). This figure also compares the initial
and final states of other complexes that manifested less
dynamic behavior. The simulation of the mutated ligands
started from the conformation of bound complexes with all
basic amino acids in peptides replaced with alanine. Similarly,
as in the case of wild-type sequences, no dissociation events
and dramatic changes of binding poses were observed at the
time scale of 1000 ns.

In order to quantify the strength of the interaction between
the CaM, the $100A1 protein, and the bound peptide and to
prove the role of basic amino acids, interaction matrices were
evaluated through the trajectories. The total interaction energy
between molecules was calculated as the sum of all amino acid
contributions. Figure 7C shows the calculated distributions of
interaction energies and their comparison for the wild type and
the mutated sequences of the peptide, where all the basic
residues were replaced with alanine (TRPMSnp: ;;WLADV-
LAAGLVA,,). In the mutated peptide, no significant changes
in the peptide conformations were observed. The mutated
sequences provided distributions that shifted toward more
positive values, indicating weaker interactions. Nevertheless,
the interaction energies cannot be used here as straightforward
proxies for the free energy of binding because they are missing
important entropic contributions to the binding and
interaction with the solvent. A broad range of calculated
values also indicates significant compensation of interaction
energies by unconsidered terms, which should together result
in realistic estimates of the free energy of binding (~235
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Figure 6. TRPMSnp basic amino acids participate in the interactions with SI00A1. (A) TRPM3Snp/S100A1 and TRPMSnp_R85A/R89A/KI0A/
K94A/S100A1 complexes presented in the graph by Fy as a function of SI00A1 concentrations; data obtained by FA. Five independent
measurements were performed represented by error bars, (B) MST trace from the serial dilution of S100A1 titrated against FITC labeled
TRPMSnp_and TRPMSnpR8SA/RBIA/KO0A/K94A. The difference in fluorescence was plotted against the increasing concentration of S1I00A1,
and the black marks represent the measurement for CaM/TRPMSnpR85A/R89A/KI0A/K94A; blue and green marks represent the CaM/
TRPMSnp complex. (C) Equilibrium Kj, of TRPMSnp/S$100A1 and TRPMSnpR8SA/R89A/KI0A/KI4A/SI00A1 with corresponding SD
calculated from FA and MST data. (D} Side view of the TRPMSnp/5100A1 molecular model (1:1). TRPMSnp (backbone in orange) and S100A1
(backbone in gray) composed of the binding interface. The color convention is the same as that in the previous representation. (E) Full and
detailed TRPMS$np/S100A1 complex binding interface with the surface representation of positively charged residues R85, R89, K90, and K94 from
TRPMSnp (colored in blue) and negatively charged residues 1250, 1352, and N92 of §L00A1 (colored in red) involved in the noncovalent bonding,

The color conventien is the same as that in the previous representation.

kJ.mol™!). Indeed, the difference in interaction energies
between wild-type and mutated sequences is definitely caused
by missing basic amino acids.

B DISCUSSION

The presented results provide a deeper understanding of the
potential mechanism of TRPM interactions with intracellular
regulatory molecules. The various intracellular signaling agents
(e‘g., CBPs, phosphoinositide, inorganic ions, and so forth)
were found to be recognized by exceptionally extensive
intracellular TRPM termini and to modulate the function of
these channels.**™** By a combination of in vitro and in silico
approaches, we identified the most probable CaM-binding
region of TRPMS cytoplasmic N-terminus, and we determined
the role of the identified residues in the binding event.
Moreover, the newly identified CaM-binding motif overlaps
with the interaction site for another CBP—S100A1. Exper-
imentally determined dissociation constants for the TRPMS/
S100A1-Ca™ complex are slightly higher than those for the
complex with CaM-Ca®". Still, the range of the complexes is
within micromolar [evels, which is typical for these types of
TRP channels strictly Ca**-dependent interactions.”***" Bath
complexes are formed in the presence of Ca;™*** on the
other hand, with the presence of 10 mM EDTA, the complexes
are not formed (Figure S1). The atomistic details of the
intermolecular interactions between CaM, S100Al, and the
peptides differ at CaM/S100A1 binding interfaces, which also
correspond, to some extent, to the differences in the

dissociation constants. Based on the available literature, we
suppose that shared CaM/S100A1 binding epitopes are a
common ghenomenon observed among the TRP channel
members.”>** The negative binding control of TRPMSnp
with bovine serum albumin (BSA) confirmed the specific
selectivity of CaM and S100A1 to the TRPMSnp binding site
(Figure $3).

The multiple sequence alignment of the TRPMSnp binding
epitope for CaM/S100A1 with other TRPM binding region
sequences for CaM ($100A1) revealed the significant sequence
consensus of the basic amino acid residues (Rxoxx[K/R])
present within the TRPM binding sites (Figure 4B). The
analysis of the longer amino acid sequences (100 aa) of the
respective TRPM members binding CaM/S100A1 also
confirmed the conservation of the TRPM binding sites
throughout the members (Figure $4). These basic residues
are generally responsible for the interaction with the negative
residues of CaM and $100A1.>” TRPMS and TRPM4 are the
closest homologs in the TRPM subfamily, both being activated
through interactions of the conserved Ca® -binding motif with
Ca' ions.** Furthermore, CaM binding was found to
potentiate currents in TRPM4."* The TRPM4npl and
TRPMSnp binding epitopes (Figure 4A, B) share the same
conserved hydrophobic binding motif positions 1-5-10, which
is very often necessary for the CaM/S100Al initiation for
complex formation.”® Because of the high homogeneous
sequence similarity of the TRPM4 and TRPMS channels, we
expect that the effect of CaM on TRPMS regulation will be
similar to that of TRPM4, so the positive modulation is
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Figure 7. MDs of TRPMS and CaM/S100A1 complexes. (A) RMSD of backbone atoms from the refined TRPMS/CaM and TRPMS/S100A1
models as a function of simulation time. {B) Comparison of the TRPMS5/CaM and TRPMS/S100A1 refined models (red) and final states after
1000 ns MD simulations (in blue). Bound peptides of TRPMS are colored for clarity in distinct shades of red and blue. (C) Distribution of
interaction energies between TRPMSnp wild type and its alanine mutant (TRPMSnp: \WLADVLAAGLVA,,) with CaM/S100A1 ligands.
Histograms for S100A1 complexes merge distributions for both binding sites in protein dimers.

expected, resulting in increased TRPMS permeability for the
cell. However, this assumption must be confirmed by the
electrophysiological measurements of receptor activities
directly on the cell membrane.

The outcome of the TRPM N-termini sequence alignment
identifying key residues for interactions was confirmed by
molecular modeling, which allowed a deeper understanding of
the role of the individual basic residues participating in the
interactions. Indeed, results obtained by applying two different
molecular modeling approaches captured the atomistic details
of the binding and the role of the basic residues in the event.
Our models not only confirmed their stabilizing contribution
mapping established salt bridges but, using long MDs, also
explored and confirmed the dynamical character of the
noncovalent interactions within the complexes. Finally, yet
importantly, in silico mutations of arginines and lysines into
alanines in the identified TRPMSnp epitope and the
consequent evaluation of their interaction energy profiles
unambiguously support the major stabilizing effect of basic
residues in the binding (Figure 7C).

To conclude, a new TRPMS binding site for CaM/S100A1
at the N-terminus has been experimentally and theoretically
characterized. The binding affinities of all these complexes fit
into the typical micromolar range for TRP channels/CaM and
TRP channels/S100A1 complexes.”™”*""* The alignment of
TRPMs N-termini epitopes revealed conserved TRPM3np
basic residues potentially participated in the formation of the
complexes (CaM, S100A1). Moreover, the specific hydro-
phobic amino acid clusters that potentially serve as anchors to
the hydrophobic pockets of the CaM/S100A1 surfaces were
also identified. Our data provide new information about

TRPMS termini as a multiple binding target for both Ca*-

binding proteins—CaM/S100A1. These ligands are potentially
expected to be involved in the modulation of TRPMS, which is
mainly expressed in tissues mediating taste transduction."**
An insight based on atomistic resolution, which provided
molecular docking, could better elucidate the potential triggers
of channel disorders that could lead to the worst-case scenarios
of seripus discases. Therefore, we anticipate that the
information provided in the current study and in our previous
TREM projects™* 7' could lead to a better understanding
of the function of TRPM channels in general and might further
help address TRPM-related disease issues in the future.

B MATERIALS AND METHODS

Design of the TRPM5 N-Terminal Region. The cDNA
of human TRPMS was scanned to search for a CaM/ 100A1
binding motif by the Calmodulin Target Database®* To
confirm the presence of CaM and S100A1 binding parts at the
N-terminus of TRPMS, we chose the following binding region
as UniProtKB/SwissProt: Q9NZQS8, positions W83-K94,
hereinafter referred to as TRPMSnp. To confirm the basic
amino acid residues of TRPMSnp involved in the CaM/
S100A1 interactions, we designed the alanine mutant of
TRPMS3np, hereinafter referred to as TRPMSnpR8SA/R8SA/
K90A/K94A. The designed sequences were synthesized as
peptides, and the interactions to CaM/S100Al were
characterized by in vitro and in silico setup.

TRPMS5np Peptide Synthesis. TRPMSnp and its alanine
scan analogue (TRPMSnp_ R8SA/R89A/K90A/K94A) were
synthesized as peptides (IOCB CAS, Prague, Czech Republic).
The peptides were C-termini-probed with fluorescein-5-
isothiocyanate (FITC, PubChem CID: 18730). The purity of
all peptides was >25% and checked by high-performance liquid

https:/idoi.org/10.1021/acs.biochem.1c00647
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chromatography (HPLC) (IOCB CAS, Prague, Czech
Republic). The peptides were dissolved in a 50 mM Tris—
HCI buffer {pH 7.5) with 150 mM NaCl and 1 mM CaCl,.

CaM and S100A1 Protein Production. The cDNAs of
CaM and S100A1 in the pET28b expression vector were used
to express the proteins. The CaM and $100A1 were purified
according to our standard purification protocol.”®

Steady-State Fluorescence Anisotropy Measure-
ments. Steady-state FA experiments were performed on a
K2 spectrometer {ISS Inc., Champaign, Illinois, USA) at RT
according to our previously described in-house FA prcrtoc:ol35

Lifetime Measurements. Fluorescence lifetimes were
evaluated at RT using a confocal microscope IX83 (Olympus,
Tokyo, Japan) according to our ;Jreviously described in-house
lifetime measurement protocoLS

Microscale Thermophoresis. The CaM/S100A1 binding
affinity to TRPMSnp and TRPMSnp_R85A/R89A/K90A/
K94A was characterized by MST using Monolith NT.115
(NanoTemper Technologies GmbH, Munich, Germany).
FITC-labeled TRPMSnp and TRPMSnp RB85A/R89A/
K90A/K94A at a constant concentration of 50 nM were
titrated by a twofold serial dilution of CaM (284 X 103-8.667
nM) and S100A1 {289 X 103—8.8196 nM). The MST
experiments were performed in Monolith NT.115 Capillaries
(NanoTemper Technologies GmbH, Munich, Germany) in 50
mM Tris—HCl (pH 7.5), 150 mM NaCl, 0.05% Tween 20,
with an LED power of 50% and an MST power of 40%. The
MST data were analyzed using NT Analysis software version
1.5.4 (NanoTemper Technologies GmbH, Munich, Germany).

TRPM5 Channel and the TRPM5np Structural Model.
The structure of the TRPM3 channel {PDB: 6DMW)
provided recently with full structural analysis by Cryo-EM32
was built using PyMOL46 software by the selection of an
appropriate TRPMSnp region with sequence position W83-
K94. The representative TRPMSnp structural model was
processed, as described previously®>*”" in the MOE software.
The final structure quality was evaluated using STING
Millennium™ and ProSA-web.*

TRPM5np Docking into CaM/S100A1. The TRPMSnp
structural model was run by ligand docking analysis with CaM/
S100AL structural models using the ClusPro tool > The
CaM and S100A1 templates were selected from the TRPVI1-
CaM/Ca™ (PDB: 3SUI) and RyR1-S100A1/Ca™ (PDB:
2K2F) structures. The TRPMSnp/CaM and TRPMSnp/
S100A1 molecular model complexes were selected based on
the predicted binding interfaces and processed, as described
previously.” The model representations of the complexes were
prepared using Discovery Studio Visualizer.””

Homology Models of TRPM5np Complexes with
CaM/ST00A1. An alternative approach for modeling the
interaction of CaM/S100A1 with the TRPMSnp peptide was
also explored. Structures of CaM/S100A1 proteins in complex
with the peptide ligand were obtained in one homology
modeling step, completely replacing the docking procedure.
Templates for homology modeling were carefully selected from
the PDB database, based on the sequence of the bounded
peptide ligand. First, a list of peptide sequences bound to the
CaM/S100A1 protein was compiled, together with the
corresponding PDB IDs, The suitable templates were
identified by the sequence alignment of peptide sequences
performed using a ClustalW*3 algorithm with default
parameters. The complexes with the best matches in the
sequence of the ligands were checked manually to verify if the

aligned sequences corresponded to the binding regions. The
deposited PDB models fulfilling these criteria were then
chosen as templates for homology modeling. The automodel
procedure of the MODELLER** program (version 9.19) was
used for the construction of homology models employing the
elaborated sequence alignments. The S100 protein was always
modeled as a dimer with two ligands. For each complex, 100
models were generated, and the three with the lowest value of
the MODELLER objective function were selected for the
refinement by MD simulations. The refinement involved the
preparation of a fully solvated model, and its geometry
optimization and equilibration were followed by 200 ns of MD.
Afterward, the final framework of the simulation, which was
the least different from the initial structure in terms of the
deviation of the square root of the atomic positions, was
marked as a refined model. The in silico mutation of positively
charged residues in peptide ligands (K, L} was performed
manually by deleting extra side-chain atoms and then renaming
the corresponding residues. Afterward, the same short
geometry optimization and equilibration of the models were
conducted.

Details of MD Simulations. Models of CaM/$100A1
protein with bound peptide ligands were placed in adequately
sized dodecahedron simulation boxes {430 and 560 nm3,
respectively) and solvated by TIP3P explicit water molecules.”
The net charge of the protein molecules was compensated by
sodium and chloride ions in amounts providing 100 mM ionic
strength of the buffer. The Ca®* ions in EF hands of the CaM/
S100A1 protein were modeled explicitly. Interactions of
simulated particles were described by AMBER parml14SB
force field.>®

All MD simulations and analysis were performed with the
GROMACS2019 simulation toolkit.>”** First, short energy
minimization {1000 steps of the steepest descent integrator)
was conducted for the elimination of close interatomic
contacts. Subsequently, 1 ns long equilibration in the NpT
thermodynamic ensemble was performed with temperature
maintained by v-rescale al; orithm® and pressure-controlled
using a Berendsen barostat. Y MD simulations were performed
with a time step of 2 fs, which required constraining of
hydrogen-associated chemical bonds with the LINCS algo-
rithm.*" Lennard-Jones interactions were truncated at 12 A
distance, and the electrostatic interactions were treated using
the particle mesh Ewald method.?? The final MD simulations
were run for 1000 ns.

Analysis of Trajectories. The produced trajectories were
analyzed by means of a dedicated GROMACS tool {e.g, gmx
rms). Salt bridges were reported by VMD.® Calculations of
interaction energies were performed by the backend of the
amino acid interaction (INTAA) web server.’* The reported
interaction energies include all noncovalent terms between
protein chains, including screened pairwise electrostatic
interaction. The screening was calculated using a generalized
born solvation model in OBC II parametrization.”® Self-
polarization {desolvation) and solvent-accessible-surface-area-
dependent terms were not considered.
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CBP calcium-binding protein

EM electron microscopy

FA steady-state fluorescence anisotropy
IDP intrinsically disordered protein

MDs molecular dynamics simulations
MHR  melastatin homology regions

MST microscale electrophoresis

PIP2 phosphatidylinositol 4, 5-bisphosphate
RT room temperature

RyR ryanodine receptor

S100A1 S100 calcium-binding protein Al
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GRAPHICAL ABSTRACT

ARTICLE INFO ABSTRACT

Keywords: Transient receptor potential melastatin 7 (TRPM7) represents melastatin TRP channel with two significant
TRPM?7 functions, cation permeability and Kinase activity. TRPM?7 is widely expressed among tissues and is therefore
Binding region involved in a variety of cellular functions representing mainly Mg®* homeostasis, cellular Ca** flickering, and the
S%M regulation of DNA transcription by a cleaved kinase domain translocated to the nucleus. TRPM7 participates in
Caloium several important biclogical processes in the nervous and cardiovascular systems. Together with the necessary

function of the TRPM? in these tissues and its recently analyzed overall structure, this channel requires further
studies leading to the development of potential therapeutic targets. Here we present the first study investigating
the N-termini of TRPM7 with binding regions for important intracellular modulators calmodulin {CaM) and

Fluorescence anisotropy

calcium-binding protein §1 (S100A1) using in vitro and in silico approaches. Molecular simulations of the
discovered complexes reveal their potential binding interfaces with common interaction patterns and the
important role of basic residues present in the N-terminal binding region of TRPM.

1. Introduction Ca?t, Mg?*, Zn®t transport. TRPMY is involved in a number of cellular
functions and is critically associated with cell proliferation, growth,
The transient receptor potential melastatin subfamily member 7 apoptosis, Mg”" homeostasis, Ca®" signalling, including receptor tyro-

(TRPM?) is ubiquitously expressed chanzyme mediating divalent cations sine kinase mediated pathways [1, 2]. TRPM7 kinase requires Mn>* or
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Mg?" for its activity and mainly uses Mg-ATP for phosphorylation [3].
Abundant aute-phosphorylation of TRPM?7 increases kinase activity and
substrates recognition [4, 5]. Tissue specific deletion of TRPMY in thy-
mocytes or macrophages, as well as inactivation of kinase activity,
emphasized the importance of this channel in immune system function
[6]. TRPM?7 a-kinase can also be cleaved and translocated to the nucleus
to modulate gene expression [7, 8]. Despite the many similarities shared
by TRPM6 and TRPM7, they still modulate cell functions differently and
their responses cannot be compensated by each other [9].

The cryo-EM structure of TRPM7 (lacking the o-kinase domain)
revealed a similar overall architecture as the other TRPM members [10].
However, the conformation of the N-terminal cytosolic melastatin ho-
mology regions (MHR) differ between TRPM7 and another structurally
characterized melastatin TRP member, TRPM4 channel. In both TRPM7
and TRPM4, the C-terminal stretcher helix penetrates through the MHR
regions to the TRP box domain which could lead to signal transfer from
the N-terminal MHR domains to the S6 pore gating helix. Such structural
information suggests more complex modulation mechanisms in TRPM
channels. It has been discovered by electrophysiology methods that
TRPM?7 activity is inhibited by increasing cytosolic Mg®*/Mg-ATP and
PIP2 hydrolysis [11, 12]. Negative modulation of TRPM7 by Ca®* is at
least partially mediated by Ca®*/CaM-dependent kinase 1 [13, 14].
Possible direct or indirect and more complex regulation of TRFM7 by
CaM/Ca>" siill needs to be explored. The closest member to TRPM7, the
TRPM6 member has already revealed overlapping binding epitopes for
CaM and $100A1 at the N-termini [15].

Caleium as a universal second messenger involved in fundamental
physiological processes including fertilization, proliferation, neuro-
transmission, muscle contraction, bone formation, apoptosis, etc. [16,
17] can also act through protein mediators. Calcium-binding proteins
(CBPs) represent family that is part of important multifunctional Ca>*
dependent messengers expressed in most of eukaryotic cells [18]. Rep-
resentatives of the CBPs family are the well-described monomeric
calmodulin (CaM) [19] and the dimeric protein $100 calcium-binding A1
(8100A1) [20, 21]. In many regulatory pathways of ion channels,
Ca®*.induced modulation is controlled by the interaction of these
intracellular CBPs to the channel binding regions exposed to the intra-
cellular environment [22, 23]. These types of interactions are often
created by multicomplex machineries and can lead to many variations of
activation, inhibition or non-trivial interplay activities in the channel
regulation.

We identified novel CaM and S100A1 binding regions present at the
N-terminus of TRPM7. The binding regions of TRPM7 involved in the
interactions with the ligands was investigated using fluorescent spec-
troscopy method accompanied by an atomistic explanation of the
binding interfaces addressed by molecular modelling. To support the
evidence for significant amino acids of the TRPM7 binding regions
participating on TRPM7/CaM and TRPM7/8100A1 complex forma-
tions, we characterized these amino acids using multiple sequence
analysis of TRPM binding regions. This analysis was supported by mo-
lecular models of the identified complexes built on the TRPM7 structure
[10]. The common mechanisms of interaction of CaM and S100A1 with
the TRP binding region have been validated and may help to design
potential therapeutic targets.

2. Materials and methods
2.1. Design of TRPM7 N-termini binding regfons

The human TRPM7 cDNA sequence was analyzed to detect a potential
CaM/8100A1 binding motif using the Calmodulin Target Database [24].
To demonstrate the presence of CaM and S100A1 binding region at the
N-terminal of TRPM7, we selected the TRPM7np UniProtKB/SwissProt:
QY6QT4, position T523-L535. TRPM7np was synthesized as a peptide
and interactions to CaM and S100A1 were investigated by in vitre fluo-
rescence anisotropy and in silico molecular modelling approaches.
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2.2. TRPM7np peptide synthesis

Wild-type TRPM7np sequence was synthesized as a peptide by Gen-
icBio Limited (Shanghai, China) and supplied in lyophilized powder. The
peptide was C-terminally labelled with fluorescein-5-isothiocyanate
(FITC, PubChem CID: 18730). The purity of the peptide was >909%,
checked by HPLC {GenicBio Limited, Shanghai, China). Peptide probes
were dissolved in 50 mM Tris-HCl buffer (pH 7.5) containing 500 mM
NaCl and 1 mM Cacls.

2.3. CaM and $100A1 expression and purification

CaM and S100A1 ¢DNAs were subcloned into the expression vector
pET28b and were expressed and purified according to our standard pu-
rification protocol [25].

2.4. Steady-state fluorescence anisotropy meastrements

Steady-state fluorescence anisotropy measurements were performed
using PC1 photon counting spectrometer (ISS Inc., Champaign, Illinois,
USA) at RT. The samples were titrated in a 2-mm cuvette with increasing
aliquots of 100 pM protein. Fluorescence was excited at 495 nm; the
emission in parallel (IH) and perpendicular (I.) orientations to the di-
rection of the polarised excitation was gained at 520 nm by switching the
emission polariser. The steady-state fluorescence anisotropy value (r)
was calculated from the equation r = (I”- L_)/(IH+2L)A Further analysis
was based on the mean anisotropy value calculated from five indepen-
dent measurements for each protein addition. The fractions of bound
(FB) CaM/S100A1 were expressed as [26]:

FB = (tobs = Tmin) / [(tmax = Tobs) Q + (obs = min)], 1)

whetre 1. is the anisotropy of a saturated binding complex, 1y, stands
for the anisotropy of a peptide probe without a ligand and rgps is the
anisotropy at a particular protein concentration. Q represents the quan-
tum yield ratio of the bound to the free peptide, calculated from fluo-
rescence lifetimes (t) according to equation

Q = Quound/Qtree = Thound/Ttree- 2)

To determine the equilibrium dissociation constant (KD), FB was
plotted as a function of protein concentration and fitted by a single-
binding-site model [27]:

KD +[P1]+ [PZ]—\/ (KD + [P1] + [P2))* — 4[P1][P2]
FB= 2[P1] ’

)]

where [P1] is the peptide concentration and [P2] is the protein con-
centration. Nonlinear data fitting was performed using SigmaPlot 11.0
(Systat Software Inc., San Jose, USA).

2.5, TRPM7np molecular model built from TRPM7 structure

The TRPM7np molecular model was built from the original Cryo-EM
structure (3.28 A) of mouse TRPM7 (PDB: 5ZX5) [28]. The initial
structure of TRPM7np (UniProtKB/SwissPror: Q96QT4, positions:
T523-L535) was completely defined by positions T523-L535 extracted in
PDB coordinates from TRPMY structure (PDB: 5ZX5) [10]. The additional
criteria for TRPM7np structure were applied according to geometry re-
quirements of the potential CaM- and S100Al-binding regions for
TRPM7np based on known experimental structures of CaM and S100A1
with receptor derived peptide complexes (PDB: 3SUL, 2K2F). The specific
attention was paid to the positions of the basic and hydrophobic residues
in TRPM7np which should be exposed to the solvent. Consequently the
TRPM7np model was optimised keeping coordinates of backbone atoms
constrained by MOE optimization algorithm [29]. The final structure was
assessed by STING Millennium [30] and ProSA-web [31].



K. Bousova er al.
2.6. TRPM binding regions analysis

To predict the basic amino acid residues of TRPM7np involved in the
interactions with CaM/S100A1, we performed multiple sequence align-
ment of already in vitro characterized TRPM binding regions for CaM and
S$100A1 using CLUSTAL 1.2.4. software [32].

2.7. Models of TRPM7np complexes with CaM and S100A1

Docking of CaM and S100A1 into the TRPM7np structural model was
performed using the ClusPro platform [33, 34, 35]. The CaM and S100A1
templates were selected from the structures of the TRPV1 complexes with
CaM/Ca>* (PDB: 3SUT) and RyR1 with §100A1/Ca®* (PDB: 2K2F). Mo-
lecular models of the TRPM7np/CaM and TRPM7np/S100A1 complexes
were built with respect to predicted binding interfaces [29]. Schematic
representations of all four complexes were generated using Discovery
Studio Visualizer [36].

3. Results
3.1. Characterization of the N-terminal binding region of TRPM7

The human TRPM7 sequence was analyzed in silico for potential
CaM-binding region using the Calmodulin Target Database [24]. The
TRPMY? binding region was identified in the proximal N-terminus of the
channel between position T523 and L535 (Figure 1A-B). TRPM7np (see
Material and Methods) contains aromatic and hydrophobic amino acids
(Y524-Y528-F533) arranged in 1-5-10 CaM-binding motif, and five
interspaced basic amino acids (R525, R530, K531, R532 and R534). Due
to the known shared binding epitopes of CaM and S100Al at e.g., rya-
nodine (RyR) or TRP receptors [22, 25, 37, 37, 38], we also decided to
investigate binding site of S100A1 at TRPM7np. The position of
TRPM7np in the TRPM7 structure (PDB: 5ZXZ) proves the accessibility of

TRPM7 channel

TRPbox Pore loop

esmha,
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the binding region to intracellular environment and the basic amino acid
residues of TRPM7np are exposed out of the TRPM? structure backbone
which suggest suitable condition for complex formation with the ligands
(Figure 2A-C).

3.2. TRPM7np forms a complex with CaM

Evaluation of CaM binding to TRPM7np was performed by measuring
steady state fluorescence anisotropy with FITC-labelled TRPM7np
(Figure 3A). Fluorescence anisotropy of the TRPM7np peptide was
measured during CaM titration. TRPM7np about ¢ = 1uM concentration
was incubated (1 min) with a gradually increasing volume of CaM about
stock solution ¢ = 118 pM led to a reduction in its rotational diffusion,
which led to an apparent increase in fluorescence anisotropy. The ratioc of
the quantum yield (Q) of CaM bound to the free peptide was calculated
from the corresponding fluorescence lifetimes. The Q value was used to
determine the CaM-bounded fraction (FB) of TRPM7np at each CaM
titration point. Finally, FB was plotted against a specific concentration of
CaM and the equilibrium dissociation constant (KD) for the TRPM7np/
CaM complex was determined. The CaM-binding affinity of TRPM7np is
within the micromolar range and the KD was calculated to be 6.1 (SD 0.4)
WM (Figure 3B).

3.3. TRPM7np forms a complex with S100A1

S100A1 recognizes transient receptor potential (TRP) channels
binding motifs in a manner similar to CaM. The $100A1 and CaM binding
regions often overlap, and S100A1/CaM can compete for the same
binding site on the target protein [22, 39]. Based on our previous expe-
rience of shared CaM binding regions with S100A1 [25, 37, 37, 38, 39]
we also investigated the possible binding of $100A1 to the identified
CaM-binding epitope to TRPM7np (Figure 3A). The interaction of
S100A1 with TRPM7np was confirmed by steady state fluorescence

Figure 1. Shared CaM and S100A1 binding
region on TRPM7. (A) Common membrane
topology of the TRPM7 (homodimer in
scheme) with the location of the TRPM7np
binding epitope (purple dashed -circle)
shown in both monomeric units; the biolog-
ical formation of TRPM7 channel appears
commonly in homo-tetramer formation. TRP
channels consist of six transmembrane heli-
ces (§1-56) with a pore loop and a pore helix
between S5 and S6. The long cytoplasmic N-
terminus contains melastatin homology re-
. gions (MHR 1-4), the C-terminus contains
E TRPM7np TRP box, Ser/Thr and alpha-kinase regions.
o The cytosolic regions often contain specific
binding regions for modulatory molecules.
(B) Amino acid sequence of the TRPM7np
(UniProtKB/SwissProt: Q96QT4, position
T523-1535) binding epitope with red high-
lighted basic residues investigated as novel

CaM/S100A1 binding sites.

extracellular

membrane

intracellular

LN
o

N-terminus

C-terminus C-terminus
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TRPM binding domain sequence
TRPM7np 523 YRCTYTRKRFRLg;35
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detail view

Figure 2. TRPM7np localization in the TRPM7 channel (PDB: 5ZX5). (A) Bottom view of the whole TRPM7 structure with the purple TRPM7np localization on the
right. (B) Side view of the whole TRPM?7 structure. The frame localizes TRPM7np binding site. (C) The corresponding region of TRPM7 known to bind CBDs in TRPM6.
Detail of the TRPM7np potential binding site for GaM and S100A1 displaying the accessible amino acid side chains of TRPM7np potentially significant for the in-
teractions. Grey sticks indicate the hydrophobic amino acids and blue sticks indicate the basic amino acids R525, R530, K531, R532, R534 predicted to be responsible

for the interactions with ligands.

anisotropy similar to that described above for CaM binding experiments.
TRPM7np about ¢ = 1puM concentration was incubated (1 min) with a
gradually increasing volume of $100A1 about stock solutionc =112 uM
led to a reduction in its rotational diffusion, which led to an apparent
increase in fluorescence anisotropy. FB TRPM7np as a function of
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S100A1 / Ca?* 38 (2)

Figure 3. TRPM7np interacts with CaM and S100A1. The bound fractions (Fz)
of (A) TRPM7np as 2 function of CaM and $100A1 concentration were obtained
from steady-state fluorescence anisotropy experiments. Binding isotherms (solid
lines) were generated from the best fit using Eq. (2) {(Materials and Methods).
Five independent measurements were performed for each gradually increasing
CaM/S100A1 concentrations (stock solutions ¢ (CaM] 118 pM, ¢ (S100A)
112 pM) and the caleulated SD is represented by error bars. (B) The equilibrium
dissociation conmstants (KD) of CaM/S100A1 interactions with TRPM7np
together with corresponding standard deviations (SD).

S$100A1 concentration according to equation (Equation 2) provided the
expected binding isotherm. The KD value evaluated by steady state
fluorescence anisotropy experiments was 38.0 (SD 2.0) uM for the
TRPM7np/S100A1 complex (Figure 3B). The binding of TRPM7np to
$100A1 indicated a slightly weaker affinity than for CaM. Differences in
binding affinities berween CaM and S100A1 could suggest the mecha-
nism of ligands with different binding modes of interaction.

3.4. Analysis of TRPM7np binding specificity by multiple sequence
alignment

TRP interactions with CaM or $100A1 are maintained by hydropho-
bic and basic amino acid residues. Alanine scanning mutagenesis of basic
residues in the TRP binding region prevented the complex formation in
many studied complexes [25, 37, 40, 41]. Therefore, it has been
concluded that non-covalent interactions play the most significant role in
these complex formations. TRP binding regions carry typical clusters of
positively charged residues [25, 37]. The multiple sequence alignment
analysis of TRPM binding regions revealed consensus sequences of basic
amino acid residues (RxocoR /K, where x is any amino acid) in analysed
regions (Figure 4) suggested the importance of R525, R530, K531, R532
and R534 in TRPM7np. This analysis of multiple TRPM sequences was

TRPM peptide sequence AA
TRPMInp ===c--- VKLRRQLEKHI-======-= 14
TRPM4npl VLQTWLQDLLRRGLVRAAQ- - -~~~ 19
TRPMSnp - == -HWLRDVLRKGLVK=-=-=-=--=---~ 12
TRPM4np2 ~  ----- FGECYRSSEVRAARLLLRRCP 21
TRPMénp - - - -LIGRAYRSNYTRKHFR- - - - - - 16
TRPM7np ~ -------- TYRCTYTRKRFRL----- 13
* .

Figure 4. Multiple alignment of selected CaM binding regions in TRPM chan-
nels. CLUSTAL 1.2.4 multiple sequence alignment of CaM/8100A1 binding re-
gions of TRPMs N-termini [15, 25, 37, 38, 40, 41]. The sequence alignment
shows a first perfect match (indicated by an asterisk) of arginine residues and
second almost accurate match {indicated by dots) of basic residues across the
TRPM sequences. Red colour stands for hydrophobie, pink for basic, blue for
acidic amino acids; all others amino acids stand for green. The number on the
right side of the sequence marks its amino acid length.
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Figure 5. In silico analysis of the TRPM7np/CaM complex interface. (A) Top view of the TRPM7np/CaM-Ca®* complex representation 1:1. TRPM7np (backbone in
violet) and CaM (backbone in green, red balls represent caleium ions) composing the binding interface, the blue side chains represent basic amino acids of TRPM7np
interacting with CaM. (B) Side view of TRPM7np/CaM complex ribbon representation with the same binding interface. (C) Detailed representation of TRPM7np
positively charged residues R525, R530, K531, R532 and R534 (blue sticks) with negatively charged residues of CaM E6, E11, E14, E114 and E120 (red sticks)
predicted to be involved in the non-covalent bonding. The colour convention was used same as in the A representation. The violet arrow symbolizes the direction of
the helix (pseudo-helix) for a clear visualization of the orientation of the TRPM7np in the complex.

performed from in vitro experimentally characterized TRPM binding re-
gions for CaM and S100A1 [25, 37, 38, 40, 41].

The highest sequence similarity was identified for TRPM7np and
TRPM6np. The binding regions share an identical 1-5-10 hydrophobic
binding motif at positions Y524-Y528-F533 (TRPM7np) and
Y525-Y529-F534 (TRPM6np). TRPM7np and TRPM6np contain four
basic residues R525-R530-K531-R534 in TRPM7 and R526-R531-K532-
R535 in TRPMS6 in the same position with respect to the hydrophobic
motif. Alignment revealed a strong agreement for TRPM7np R525 and
R530 with all TRPM binding epitopes. In addition, TRPM7np K531 and
R534 are consistent with the basic residues of TRPM6np, as expected,
due to their closest TRP member. Only TRPM7np R532 did not corre-
spond to consensus with other TRPM-binding epitopes. Therefore, we
assume that the TRPM7np cluster R525, R530, K531 and R534 has the
highest tendency to engage in the interactions with CaM/S100A1.

3.5. TRPM7np/CaM and TRPM7np/S100A1 complexes in silico analysis

The general strategy was to use ClusPro2.0 as the ligand docking
procedure for CaM and S100A1 [34]. The final TRPM7np/(:am.fl-CaZJr
complex (Figure 5A, B) was chosen from results of ClusPro docking using
the highest compliance with the previously published structure of the
TRPV1p/CaM complex (PDB: 3SUI) [25, 37, 38, 42]. The
TRPM7np/S100A1- Ca®* complex (Figure 6A, B) was built by same
approach using crystal structure of the RyR1P12/5100A1 complex (PDB:
2K2F) [43]. Finally, we optimised the identified binding modes by con-
jugate gradient energy minimisation implemented by MOE software
constraining all backbone atoms of CaM/S100A1 with full relaxation of
the peptide and side chains of CaM/S100A1 [29].

Further, the ligand docking analysis of TRPM7np/CaM and
TRPM7np/S100A1 complexes predicted that R525, R530, K531, R532
and R534 of TRPM7np are involved in the interactions with negatively
charged residues of CaM and S100Al. Specifically, the negatively
charged residues of CaM involved in TRPM7np interactions were iden-
tified as: E6, E11, E14, E114 and E120 which correspond to CaM negative
residues involved in the interactions in TRPV6/CaM complex [44]. The
S100A1 residues D46, D52, N86 involved in TRPM7np interactions
correspond to the mnegative cluster of S100A1 involved at
TRPM6np/S100A1 complex formation [15]. The ligand docking sup-
ported the proposal of high participation of TREM7np R525, R530, K531,
R532 and R534 basic residues in the complex formations with CaM and
S100A1 as predicted by multiple sequence alignment of TRPM binding
regions.

4. Discussion

TRP channels are commonly known to be modulated by many
intracellular and extracellular modulators [45, 46, 47, 48, 49]. CaM
belongs to a significant game player in overall cellular metabolism and
signalling with a dominant function in regulations in calcium homeo-
stasis [17]. While countless CaM binding regions in TRP channels have
been characterized [42, 50, 51], the regulatory or signalling functions of
CaM in such ion transports remains still under necessary investigation.
We are currently beginning to understand how protein machines, such as
transmembrane receptors, are regulated, and it is necessary to discover
every piece of the puzzle to understand the complexity involved in these
processes. In recent years, number of publications mentioning more
binding sites and more complex processes of interactions in
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Figure 6. In silico analysis of the TRPM7np,/S100A1 complex interface. (A) Top view of the TRPM7np/S1 00A1-Ca®* complex 1:1. TRPM7np (backbone in violet) and
S100A1 (backbone in grey, red balls represent calcium ions) composing the binding interface, the blue side chains represent basic amino acids of the TRPM7np
interacting with S100A1. (B) Side view of TRPM7np,/CaM complex ribbon representation with the same binding interface. (C) Detailed representation of TRPM7np
positively charged residues R525, R530, K531, R532 and R534 (blue sticks) with negatively charged residues of $100A1 D46, D52 and N86 (red sticks) predicted to be
involved in the non-covalent bonding. The colour convention was used as in the A representation. The violet arrow symbolizes the direction of the helix (pseudo-helix)

for a clear visualization of the orientation of the TRPM7np in the complex.

ligands/receptors complexes have begun to rise [50]. The whole mech-
anism of modulation of membrane receptors has been expected to be
much more complex than protein functions and interactions explained in
the past.

In this work, we contribute by identification and characterization
new CaM and $100A1 binding sites at the N-terminal intracellular tail of
the TRPM7 channel. The provided insight into the understanding of the
mechanisms of TRPM?7 interactions with intracellular potential modu-
latory CBPs [51, 52, 53] was investigated based on our theoretical and
experimental experience with the identification and characterization of
similar interactions of TRPM members with CaM and S100A1 [25, 37,
38, 41]. Based on current knowledge, we hypothesize that shared
CaM/8100A1 binding epitopes are a common phenomenon across all
members of TRPs [22, 25, 37]. We identified a new TRPM7np T523-1L535
binding region revealing the ability to bind CaM and S100A1. Our bio-
physical and computational characterization of TRPM7np complexes
with modulatory ligands CaM and S100A1 may help to elucidate the
mechanism of TRPMY7 channel function [54]. The structural resclution
from CryoEM analysis revealed an accessible TRPM7np binding region
located throughout the TRPM7 channel. The dissociation constants of
both identified complexes TRPM7np/CaM and TRPM7np/S100A1 range
in typical micromolar levels for these TRP interactions. Both complexes
are formed upon Ca>* presence [25, 37]. Multiple sequence alignment of
TRPM binding regions indicated the importance of basic residues in
TRPM7np. The interface formation of the TRPM7np/CaM and
TRPM7np/S100A1 complexes based on non-covalent interactions was
also supported by in silico ligand docking analysis. Insight into the
interface of the complexes provided by molecular docking with atomistic
resolution can also help us understand the potential initiation of channel
dysfunctions associated with severe disorders [1, 2, 14]. Therefore, we
expect the information provided in the current study and in our previous

TRPM projects [25, 37, 37, 38, 41] may help to clarify a deeper under-
standing of TRPM channel function in general and may further assist in
the design of new therapeutics for ion channel modulation.
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Abstract: Molecular determinants of the binding of various endogenous modulators to transient
receptor potential (I'RF) channels are crucial for the understanding of necessary cellular pathways, as
well as new paths for rational drug designs. The aim of this study was to characterise interactions
between the TRP cation channel subfamily melastatin member 4 (IRPM4) and endogenous intracellular
modulators—calcium-binding proteins (calmodulin (CaM) and S100A1) and phosphatidylinositol 4,
5-bisphosphate (PIP;). We have found binding epitopes at the N- and C-termini of TRPPM4 shared by
CaM, S100A1 and PIP;. The binding affinities of short peptides representing the binding epitopes
of N- and C-termini were measured by means of fluorescence anisotropy (FA). The importance
of representative basic amino acids and their combinations from both peptides for the binding of
endogenous TRIPM4 modulators was proved using point alanine-scanning mutagenesis. In silico
protein—-protein docking of both peptides to CaM and S100A1 and extensive molecular dynamics (MD)
simulations enabled the description of key stabilising interactions at the atomic level. Recently solved
cryo-Llectron Microscopy (EM) structures made it possible to put our findings into the context of
the entire TRPM4 channel and to deduce how the binding of these endogenous modulators could
allosterically affect the gating of TRPM4. Moreover, both identified binding epitopes seem to be
ideally positioned to mediate the involvement of TRPM4 in higher-order hetero-multimeric complexes
with important physiological functions.

Keywords: TRPM4 channel; binding epitope; PIP;; CaM; S100A1; fluorescence anisotropy; docking;
molecular dynamics simulations

1. Introduction

Transient receptor potential cation channel subfamily melastatin member 4 (TRPM4) is a
nonselective monovalent cation channel that is activated and subsequently blocked by intracellular
calcium (Ca®*) [1] at negative plasma membrane potentials [2-4]. TRPM4 contains many regulatory
motifs that modulate its CaZ* responsiveness and voltage dependence [1,5-7]. Specific mutations in
the TRPM4 gene lead to the inhibition of the channel function that directly causes familial cases of
heart block disease [5]. Eight structures of the TRPM4 channel have been solved using single-particle

Int. | Mol. 5¢i. 2020, 21, 4323; doi:10.3390/ijms21124323 www.mdpi.comfjournal/ijms



Int. J. Mol. Sci. 2020, 21,4323 20f 20

cryo-Electron Microscopy (EM) at an overall resolution ranging from 2.9 to 3.8 A [8-11]. The TRPM4
structural topology represents a crown-like tetrameric transmembrane core with a domain-swapped
architecture [9]. The cytoplasmic N- and C-termini are separated by six transmembrane helices (51-56)
with a loop between S5 and S6, which works as a selectivity filter [9]. A cluster of hydrophobic amino
acids from all four 56 helices forms a lower gate. The channel-gating can be allosterically influenced
by endogenous modulators that bind to the intracellular tails of TRPM4. Similarly, the ultimate
Ca?* sensitivity is strongly regulated by several intracellular factors, including calmodulin (CaM),
phosphatidylinositol 4, 5-bisphosphate (PIPs), protein kinase C, ATT, ete, [1,12-14].

The cytosolic calcium-binding proteins CaM and S100A1 essentially participate in Ca%*
homeostasis in the cell. They are involved in many important cellular pathways due to their
interactions with target messengers/receptors. The interactions of CaM or S100A1 with target-binding
epitopes have been deeply analysed in the past [15-17]. Initially, these interactions are mediated
through nonspecific long-range electrostatic interactions of negatively charged residues of CaM or
S100A1 and positively charged residues from the binding epitopes of target receptors. Specific contacts
are then formed between the so-called hydrophobic anchors from binding epitopes and dedicated
hydrophobic cavities of CaM or S100A1. The specific positions of hydrophobic amino acids (either
1-5-10 and/or 1-8-14 [13,17-19]) are used for the bioinformatic identification of potential CaM-binding
sites [17]. Indeed, several such binding sites have been proposed in the proximal C-terminal region
of TRPM4 [12,20,21]. These binding sites seem to be interconnected to each other in a continuous
sequence, because a deletion of any region has severely reduced the Ca* sensitivity of the TRPM4
channel [1].

The PIP; is one of the most abundant intracellular phospholipids [12]; it is also known as
an extensive modulator of transient receptor potential channels (TRPs) [22]. Under physiological
conditions, PIP; is negatively charged and interacts with positively charged binding epitopes in
target proteins. They are often ordered into the so-called Fleckstrin homology (FPH) domains with
characteristic positions of basic residues [23]. Electrophysiology measurements have proved that the
Ca?* sensitivity of desensitised TRPM4 can be recovered by physiological concentrations of PIP; [24].
The proximal TRPM4 N-terminal binding sites for PIP» and PIP3 with a modulatory function have
recently been confirmed [24,25]. Moreover, the cytosolic C-terminal region proximal to the S1-54 sensor
domain involves a polybasic region that could constitute the PIP»>-binding site conserved among the
TRPC, TRPV and TRPM channels [26]. Based on the cryo-EM structure of TRPM4, it has been proposed
that the C-terminal re-entrant segment (protruding into the S1-54 sensor) of TRPM4 harbours three
positively charged arginine residues (R1072, R1086 and R1090) that provide an ideal binding site for
membrane-bound PIP; [10]. The binding of PIP; around the 51-54 sensor domains of different TRPs
has been observed in recent cryo-EM structures [27-29]. Overall, the region near the 51-54 sensor
domain of TRPM4 appears to be a potential hotspot targeted by competing endogenous modulators
(including CaM and PIP,) that can affect TRPM4 gating.

Moreover, these endogenous compounds may function as a glue that mediates the
incorporation of TRPM4 into hetero-multimeric complexes with unexpected physiological functions.
The TRPM4-SUR1-AQP4 complex, involved in brain swelling, has recently been identified [30].
The CaM and PIP; are able to interact with all individual components of the TRPM4-SUR1-AQP4
complex [1,12,31-33].  Moreover, the potential binding sites for PIP; and CaM seem to be
indiscriminately localised near the cytoplasmic membrane-water interface [34]. Thus, the bi-lobal CaM
can potentially bridge and keep together all members of the TRPM4-SUR1-AQP4 complex [35]. In fact,
the affinity of TRPM4 to CaM and its sensitivity to intracellular calcium are doubled after TRPM4
co-assembly with SURI [31]. Apparently, the TRPM4 antagonists or molecules that somehow disturb
the TRPM4-SUR1-AQP4 complex can be used to modulate AQP4 indirectly [30]. Therefore, it is highly
needed to decipher the TRPM4-SUR1-AQP4-CaM/PIP; structure at the atomic level.

Here, we have used in vitro and in silico approaches to identify potential CaM-binding epitopes
at the intracellular N- and C-termini of TRPM4, which are both proximal to the functionally important
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51-54 sensor domain. Short peptides representing these TRPM4-binding epitopes have been
characterised by a fluorescence anisotropy (FA)-binding assay for their ability to anchor various
endogenous ligands (CaM, 5100A1 and PIP»). The importance of representative basic amino acids
and their combinations from hoth TRPM4 peptides for the recognition of the above-mentioned
endogenous ligands has been determined by means of site-directed mutagenesis. Computer models
of all complexes have been studied using extensive molecular dynamics (MD) simulations. Overall,
six shared binding sites for CaM, S100A1 and PIP; at the N- and C-termini of TRPM4 have been
identified and characterised. This indicates considerable promiscuity of the potential binding epitopes
within the intracellular tails of TRFM4.

2. Results

2.1. The Design of Peptides Representing Potential TRPM4-Binding Epitopes for CaM, S100A1 and PIP,

Two potential binding epitopes at the intracellular N- and C- termini of TRPM4 (Figure 1A) were
proposed using the Calmodulin Target Database [34]. The N-terminal-binding epitope (positions
F627-1648) was represented by the FGECYRSSEVRAARLLLRRCPL peptide (hereinafter termed
“Mdnt_WT”). The TRPM4 C-terminal-binding epitope (positions P1078-51098) was represented by the
PFIVISHLRLLLRQLCRRPRS peptide (hereinafter termed “M4ct_ WT”). The M4nt WT and Mdct WT
peptides (and their mutants) were used to study their ability to bind CaM, 5100A1 and PIP;. In vitro
FA experiments and in silico molecular modelling (protein—protein docking and MD simulations) were
used for this purpose, as described in subsequent paragraphs.

2.2. CaM and S100AT Form Complexes with Mdnt_ WT and Mdct_WT

First, we studied whether Mdnt WT and Mdct WT are able to bind CaM and S100A1 at all.
The carboxyfluorescein-labelled M4nt_WT and M4ct_WT peptides were titrated with increasing
amounts of CaM or S100A1, and FA was measured for each point of titration. The FA increased due
to a slower rotational diffusion of the formed complexes, and the fraction bound (F,) of M4nt_WT
and M4ct_WT could be calculated (Figures 2A—5A). Since the specific interactions of M4nt_ WT and
M4dct WT with CaM/S5100A1 were calcium-dependent [36-40], all samples were measured in the
presence of 200-uM CaCly. The fluorescence lifetimes T; of all peptides and their complexes (and all the
following characterised peptides/complexes) were constant during all the experiments, with the values
close to 3 ns. All complexes were characterised using their dissociation constants (Kp): M4nt_ WT/CaM
with Kp = 1.3 (SD 1.8) uM, Mdnt_ WT/S100A1 with Kp = 2.7 (SD 0.5) uM, Méct WT/CaM with Kp =2.6
(5D 0.5) uM and M4ct_WT/S100A1 with Kp = 12 (SD 3.0) uM (Figures 2B-5B). Overall, the FA results
indicated the high affinity of M4nt WT and M4ct_WT peptides to CaM and S100A1. Both M4nt WT
and M4ct_WT peptides thus seemed to represent potential binding epitopes on TRPM4.
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A
TRPMA4 channel
\
MHR1 MHR2 MHR3 MHRS Pre-51 $2-53 54-55 TRP Rib Pole NUDTSH
I linker hnker I
N-terminus C-terminus
627FGECYRSSEVRAARLLLRRCPLgqg ] I 1078PFIVISHLRLLLRQLCRRPRS 1 098 I
Mdant Mdact
B C
entracellular
peptide sequence ¥
H
Mant_WT s27FGECYRSSEVRAARLLLRRCPLgag 3
]
Mant_RE32A 27FGECYASSEVRAARLLLRRCPLgsg E M4ct
Mant_R640A c7FGECYRSSEVRAAALLLRRCPLgs

Mant_R640A/R644A/REA5A ,,FGECYRSSEVRAAALLLAACPLgs

peptide sequence

Mdct_WT 107aPFIVISHLRLLLRQLCRRPRS, 055
Mdct_R1086A/R1090A . PFIVISHLALLLAQLCRRPRS 1055
M4ct_R1094A/R1095A 1078PFIVISHLRLLLRQLCAAPRS 1 ggg

intracellular

Figure 1. Localisation of transient receptor potential cation channel subfamily melastatin member 4
(TRPM4)-binding epitopes. (A) A scheme of the transmembrane topology and domain organisation of
the TRPM4. The receptor is composed of six transmembrane helices (51-56, violet and pink), with a pore
region between the 5th and 6th servers for the transport of monovalentions (K* and Na*). The MHR1-4
and pres-S1 (blue and green) show N-terminal modulatory domains. The Trp, Rib, Pole and NUDT9H
(orange, yellow and pink) display the C-terminal modulatory domains. The predicted modulatory
binding epitopes—N-terminal (M4nt and F627-1.648, deep-pink frame) and C-terminal (M4ct and
P1078-51098, green frame)—display putative calmodulin (CaM), S100A1 and phosphatidylinositol
4, 5-bisphosphate (PIP;)-binding epitopes. (B) The peptide M4nt and M4ct wild types and their
mutant forms synthesised from the designed TRPM4-binding epitopes. The gold alanine residues
in the peptide sequences show the mutated positions of the original blue arginine residues. (C) The
TRPM4 structure side view (6BQV) with M4nt (deep-pink ball representation) and Mdct {(green ball
representation)-binding epitopes; the blue highlighted (ball representation) arginines display the
potential critical basic residues involved in ligand (CaM, S100A1 and PIP2) interactions. The opposite
TRPM4 homomeric subunits are shown in the cartoon representation by grey and army colours.
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Figuie 2, The Mdnt/CalM comnplest. (A) The Fg of fluctescartly labelled Mdrt WT (wild type) (citcles),
IMdnt_Ré324 (squatres), Mdnt_Re40A (up-triangles) and Mdnt_Ré40A/R6ddA[Red5 (down-triangles) as
a function of Calvl (beige) concentrations, Mdnt p eptides were titrated by Calvl, and Py was calculated
accor ding to Equation (1}; the solid lines represent the best fit to the binding isotherm from Equation (2)
(Methods). (B) The equilibtium Kp, of the Mdnt-binding epitope in complaxes with Calvl obtained by
steady-state fluorescence anisotr opy (FA ) (C) Mdnt/Calvl in the contest of the wwhole Callinthe presence
of Ca’ as a result of molecular dynamics (MDs). The side chains of Mdnt (ribbon representation,
desp-pink colour) amine acids rrolved in salt bridges with their binding counterparts from Calv
(tibbon representation, beige colour) inatomic detail displayed as sticks: R632-E11, RA40-D50, Rbdd-E54
and Ré45-E87. (D) The Mdnt/Call complex from the upper view; Mdnt and CalM are shown in the
sarme mpresantation as in Figure 2C, with displayed R632, Fa40, Redd and RA45 basic residues (stick
representation, deep-pink colour) invelved in the irteractions with Calvl. (E) The MdnyCall comnplex
from the upper view, Mdnt is shown in CPK representation (partial charge colouring), Cald displayed
with E11, D50, E54 and E87 negatively charged residues (stick representation, beige colett ) invelved in
the interactions with Mdnt. Ca®* displayed in a ball representation, orangecolour. (F) Time-dependent
zeometry characteristics of the studied salt bridges Ré32-E11, Ré40-D50, Rédd-E54 and Ré645-E57 from
MD sirrudations. A stable salt bridgeis expected to have a distance of about BA between the ter mird of
oppositely charged aminoe acids, Fp: equilibriven dissociation constant.
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Figure 3. The M4nt/S100A1 complex. (A} The Fp of fluorescently labelled Md4nt_WT (circles),
MAnt 6324 (squares], M4nt_Ré40A (up-triangles) and M4nt_F6404/R6444/R645 (down-triangles)
as a function of S100A1 (grey) concentrations. M4nt peptides were titrated by 510041, and Fg was
calculated according to Equation 1; the solid lines represent the best fit to the binding isotherm from
Equation 2 (Methods). (B) The equilibrium Kp of the Mdnt-binding epitope in complexes with S10041
obtained by steady-state FA. (C) M4nt/5100A1 in the context of the whole S100A1 in the presence of Caft
as a result of MDs. The side chains of M4nt (ribbon representation, deep-pink colour), with displayed
F632, R640, Redd and R64E basic residues involved in the interaction with S10041 {ribbon representation,
grey colour). (D) The M4nt/310041 complex in detailed view; the binding partners are shown in the
same representation as in Pigure 2C, with salt bridges in atomic detail displayed as sticks: R632-Es0,
Fe40-E63, R644-E63, N72 and R645-E607 and E637 of the 2nd monomer. (E) The M4nt/S100A1 com plex
in detailed view,; M4nt iz shown in CPE (partial charge colouring) representation, 310041 displayed
with Eé0, E&3 and N72 of the 1st monomer and E607 and E63° of the 2nd $10041 monomer with
negatively charged residues (stick representation, grey colour) involved in the interactions with M4nt.
Catt displayed in a ball representation, grey colour. (F) Time-dependent geometry characteristics of the
studied salt bridges R632-E60, R640-E63, R644-E63 and Ré45-E637 from the MD simulations. A stable
salt bridge is expected to have a distance of about & A between the termini of oppositely charged amino
acids. ND: not determined.
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Figure 4. The Mict/CaM complex. (A) The By of fluorescently labelled Mdct WT (circles),
Mdet_R1086A/RI0S0A (squares) and Mdct_R10944/R1095A (up-triangles) as a function of CaM (beige)
concentrations. Mict peptides were titrated by CaM, and Pg was calculated according to Equation
(1); the solid lines represent the best fit to the binding isotherm from Equation (2) (Methods). (B) The
equilibrium Kp of the Mdct-binding epitope in complexes with CaM obtained by steady-state BA.
(C) Mict/CaM in the context of the whole CaM in the presence of Ca®* as a result of MDs. The side
chains of the Mdct (ribbon representation, green colour) amino acids involved in salt bridges with their
binding counterparts from CaM (ribbon representation, beige colour) in atomic detail displayed as
sticks: R1086-E114, R1090-E84, R1094-E80, B84 and R1005-DE0 and EB4. (D) The Mdet/CaM complex
from the upper view,; Mdct and CaM are shown in the same representation as Figure 4, with displayed
R1086, R1090, R1094 and R1095 basic residues (stick representation, green colot) involved in the
interactions with CaM. (E) The M4ct/CaM complex from a detailed upper view; Mdct is shown in CFE
representation (partial charge colouring), CaM displayed with D50, E54, ES0, E84 and E114 negatively
charged residues (stick representation, beige colour) inveolved in the interactions with Mdet. Cafit
displayed in a ball representation, orange colour. (F) Time-dependent geometry characteristics of the
studied salt bridges R1086-E114, R1080-D84, R1094-E80 and E$4 and R1095-D50 and E54 from MD
simulations. A stable salt bridge is expected to have a distance of about 5A between the termini of
oppositely charged amino acids.
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Figure 5 The Mdct/SI00AL complex. (A) The Fg of fluorescently labelled Mdct_WT (circles),
Mdct_R1086A/R10904 (squares) and M4ct_R1094A/R1095A (up-triangles) as a function of S100AT (grey)
concentrations, Méct peptides were titrated by 510041, and Fg was caleulated according to Equation
{1); the solid lines represent the best fit to the binding isotherm from Equation (2) (Methods). (B) The
equilibrium Kp of the Mdct-binding epitope in complexes with 310041 cbtained by steady-state Ea.
(C) Mdct/ 310041 in the context of the whole 510047 in the presence of Ca?* as a result of MDe. The side
chaing of Mdet (ribbon representation, green colour) with displayed R1086, R1090, R1094 and R1088
basic residues involved in the interaction with 3100471 (ribbon representation, grey colour). (D) The
M4ct/S100A1 complex in detailed view; the binding partnets ate shown in the same representation as
inFigute 5C, with salt bridges in atomic detail displayed as sticks: R1086-E91, R1090-E63, R1094-E63
and R1095-Eé0 and R1090- and R1094E63" of the 2nd monomet. (E) The M4et/S100A1 complex in
detailed view; Mdet is shown in CPK (partial charge colouting) tepresentation, 510041 displayed with
E60, E63 and NY2 of the 1st monomer and E63° of the 2nd S100AT monomet, with negatively charged
tesidues (sticks representation, grey colour) involved in the interactions with Méct. Ca?t dizplayed
ina ball representation, grey colour. (F) Time-dependent geometry characteristics of the studied salt
bridges R1086-E91, R1090-E63, R1094-E63 and R1095-E60 trom MD simulations. A stable salt bridge is
expected to have a distance of about 54 between the termini of oppositely charged amino acids.
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2.3. The Basic Amino Acids of Mdnt_WT and Mdct_WT are Crucial for Binding to CaM and S100A1

Further, we examined the involvement of selected basic residues in interactions (presumably
salt bridges) stabilising complexes of both peptides with CaM and S100A1. We were interested
in the positional dependence of these interactions and their potential cooperativity. Therefore,
several representative analogues of both peptides by alanine scanning mutagenesis were prepared
(see Figure 1B: M4nt_R632A, M4nt_R640A, M4nt_R640A/R644A/R645A, M4ct_R1086A/R1090A and
M4ct_R1094A/R1095A). For M4nt_R632, an approx. 20-fold decrease of binding affinity to CaM with
Kp =272 (SD 5) uM (Figure 2B) was observed. For M4nt_R640A, there was an approx. 13-fold decrease
of binding affinity to CaM with Kp =17 (SD 2) uM. The triple-mutant M4nt_R640A/R644A/R645A
confirmed that basic amino acids work cooperatively, because about 62-fold higher Kp = 80 (SD 20)
uM than in the case of M4nt WT was determined. Moreover, the M4nt_R632A, M4dnt_R640A
and M4nt_R640A/R644A/R645A mutant peptides were not able to bind S100A1 at all (Figure 3B).
Further, a total loss of M4ct_R1086A/R1090A and M4ct_R1094A/R1095A-binding to CaM and S100A1
were observed with Kp > 250 uM—i.e,, in the “not determined” (ND) range (Figures 4B and 5B).
The maximum concentrations of the proteins and peptides were, in some cases, limited by precipitation
and their solubility; therefore, it was not possible to achieve the saturation (plateau), basically. To
summarise, the FA measurements confirmed that all the studied basic amino acids of both peptides
substantially stabilised their complexes with CaM and S100A1 (Figures 2A,B-5A,B).

2.4. The Binding Interfaces of M4nt_WT/CaM and M4ct_WT/CaM Complexes

The binding interfaces of M4nt_WT/CaM and M4ct_WT/CaM were studied in detail by in silico
molecular modelling (i.e., by protein—protein docking and MD simulations). Initially, both peptides
(preorganised into o-helices) were docked into various CaM structures that had originally been
complexed with peptides carrying hydrophobic anchors in the canonical positions 1-10 (3SUL) [41],
1-14 (1CDL) [42] and 1-17 (2BCX) [43]. The amino acid sequences of M4nt_WT and M4ct_WT peptides
contain many bulky hydrophobic amino acids that can serve as hydrophobic anchors orienting
peptides properly with respect to CaM. Nevertheless, the phenylalanines at the N-termini of both
peptides (i.e., F627 in M4nt_WT and F1079 in M4ct_WT) are best suited for this purpose. Therefore,
antiparallel complexes where these N-terminal phenylalanines were buried into the hydrophobic
cavity in the C-domain of CaM were selected as the most appropriate for the positioning. Subsequently,
the M4nt_ WT/CaM and M4ct WT/CaM complexes were relaxed by means of extensive MD simulations.

More specifically, the protein—protein docking of M4nt_WT into the 1-17 (2BCX) structure of CaM
provided two complexes that corresponded to the canonical hydrophobic binding motifs 1-14/1-17
and 1-10. The R632, R644 and R645 of M4nt_WT were involved in the salt bridges formed with E11,
D50, E54 and E87 of CaM (according to conventional numbering). During the MD simulations, all the
studied basic amino acids of Mdnt WT (i.e., R632, R640, R644 and R645) were significantly involved in
the salt bridges with the acidic residues E11, D50, E54 and E87 of CaM (Figure 2C-E Figure 51).

The protein—protein docking of M4ct WT into the 1-14 (1CDL) structure of CaM resulted in
a complex with the hydrophobic-binding motif 1-7/1-10. A similar complex was obtained by the
docking of M4ct WT into the 1-17 (2BCX) structure of CaM. However, only R1090 and R1094 of
M4ct_WT formed salt bridges with their acidic counterparts of CaM. Nevertheless, within subsequent
MD simulations, all the studied basic amino acids (i.e,, R1086, R1090, R1094 and R1095) successfully
found their acidic counterparts D50, E54, E80, E&4 and E114 in CaM (Figure 4C—F Figure 52).

To summarise, M4nt_WT/CaM and M4ct_ WT/CaM complexes have been obtained. All the studied
basic amino acids formed salt bridges with CaM (regardless of their initial conformation) during MD
simulations. This indicates their importance, explored by alanine mutants, which lost their affinity,
demonstrated by apparent increases in the Kp values.
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2.5. The Binding Inferfaces of M4nt_WT/S100A1 and M4ct_WT/S100A1 Complexes

In addition, both M4nt WT and M4ct WT peptides were docked into the S100A1 structures
(2KBM and 2K2F) [44], which had originally been complexed with peptides representing the TRTK12
and RyRP12-binding epitopes.

The most reasonable complex identified by the ClusPro protein—protein docking process revealed
that the M4nt_WT peptide was bound to the main binding site of SI00A1 [40,43]. During subsequent
MD simulations, M4nt_ WT retained the canonical alpha-helical conformation, and numerous stabilising
salt bridges were established (Figure 3C—F). The M4nt_ WT Ré32 formed a salt bridge with E60 from the
first monomer of S100A1. The same applied for the R640 and Ré44 of M4nt_WT, forming salt bridges
with E63 from the first monomer of S100A1. Moreover, the R644 interaction with N72 from the first
monomer of S100A1 was observed. There were two additional salt bridges between R645 and E60” and
E63” of the second monomer of S100A1. This means that M4nt_WT was able to bridge both S100A1
subunits. Furthermore, the K56 of SI00A1 from the first monomer was bound to the acidic E635 of
Mi4nt_WT.

The M4ct_WT/S100A1 complex identified by the ClusPro web server was completely consistent
with known crystal structures in the sense that the hydrophobic L1087 of Mdct. WT was directed to the
binding site defined by the V57, L77 and L8] side chains of SI00A1. It was similar to RyRI’12 peptide
binding in the 2K2F structure [44]. However, the number of stabilising salt bridges substantially
increased within a subsequent MD run (Figure 5C-F). In fact, all the studied basic amino acids were
found to be bound by salt bridges to the first monomer of SI00A1: R1086-E91, R1090-E63, R1094-E63
and R1095-E60. Moreover, R1090 and R1094 also formed salt bridges with E63’ of the second monomer
of S100A1.

Analogously to the previous binding of M4nt and M4ct to CaM, M4nt WT/S100A1 and
M4ct WT/S100A1 complexes were obtained that led to the establishment of numerous salt bridges
being stable during the simulation. In both cases studied, the importance of basic amino acids in the
binding epitope was proved.

2.6. Mdnt_ WT and M4ct WT Bind PIP,

To identify the Mdnt WT/PIP; and M4ct WT/PIP; complexes, we again used steady-state FA
measurements with PIP2, labelled as TopFluor® PI (4, 5) P2 (Avanti polar lipids, Alabaster, Alabama
35007-9105, USA). The PIP; was titrated with increasing amounts of nonlabelled Mdnt WT or M4ct WT,
and FA was measured for each point of titration. The fraction bound (Fy) was calculated for Mdnt_WT
and M4ct_WT (Figure 6A). The complexes were characterised by the determination of Kp. The Kp of
the M4nt_WT/PIP; complex was 18.0 (SD 4.0), whereas the Kp of the M4ct_WT/ PIP; complex was 0.9
(5D 0.2) uM (Figure 6B).

2.7. The Binding Interface of the PIP;/M4ct WT Complex

To determine the positioning of the PIP2 in the Mdct WT/PIP; complex, ten independent MD runs
were performed, each lasting 100 ns. The total length of the MD trajectories reached 1 us. There was
no interaction between the M4ct peptide and the PIP2 detected at the beginning of the MD simulations.
M4ct_WT and PIP2 were separated by bulk water molecules. The first contacts between PIP; and
M4ct WT were established relatively quickly, usually after about 10 ns, and electrostatic interactions
wete substantially involved in this process. PIP; had three phosphate groups with a total charge of —5.
Mict_WT carried the exact opposite charge, +5. Additional stabilisation can originate from contacts
of hydrophobic lipid tails of PIP, with hydrophobic amino acids of M4ct_WT. A typical result of the
MD simulations is depicted in Figure 6C,D. In this particular case, salt bridges were formed between
phosphate groups of PIPy and arginine side chains of M4ct WT (R1090, R1094 and R1095—involved in
CaM/S100A1 complexes).
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Figure 6. The M4nt/PIP, and M4ct/PIP2 complexes. (A) The Fg of M4ct_WT (circles) and M4nt_WT
(squares) as a function of PIP; (yellow) concentrations. The labelled PIP, was titrated by M4nt or M4ct
peptides, and Fg was calculated according to Equation (1); the solid lines represent the best fit to the
binding isotherm from Equation (2) (Methods). (B) The equilibrium Kp of PIP, in complexes with
Mdnt and M4ct peptides obtained by steady-state FA. (C,D)) Spontaneous association of PIP; (ball and
stick representation, yellow colour) and M4ct (sticks in green colour or CPK with a partial-charge
representation) was observed within a 100-ns MD run. The salt bridges were formed between the
phosphate groups of PIP; and R1090, R1094 and R1095 of M4ct (green colour, stick representation).

3. Discussion

The modulation of receptors by CaM and S100A1 is well-described in the scientific
literature [20,39,43]. For the RyR1 receptor, two overlapping binding epitopes have been characterised
for CaM and S100A1 [45]. The competition between CaM and S100A1 for the overlapping binding
epitopes of TRPs and other receptors (e.g., RyR1) has already been investigated [39,44-47]. In vitro
experiments have previously confirmed the competition of CaM and S100A1 at the very same
concentration levels [46].

In the presented study, we have decided to investigate whether CaM, S100A1 and PIP; can
also share binding epitopes in TRPM4. The Ca?*-dependent formation of protein/peptide complexes
has been described many times [39,47]. The in vitro Ca?* concentrations used to stimulate the
M4/CaM/ST100A1 interactions were hence maintained at the same concentration level of 200 uM.
Two potential binding epitopes for the endogenous modulators of TRPM4 have been identified in
the N- and C-termini of TRPM4-representing peptides. The binding affinities of the Mdnt WT and
M4ct_WT peptides to endogenous modulators were examined in vitro, which revealed a typical
micromolar range of Kp values [36,40,46-48]. The N-terminal binding site (M4nt_WT) is apparently
able to bind CaM and S100A1; moreover, the C-terminal binding site (M4ct_WT) binds PIP; as well.
The relative occupancy of endogenous modulators will depend on their actual concentration in the
intracellular environment. Regarding the lower physiological concentrations of S100A1 as compared
to the abundant CaM [49], we suppose that, in vivo, both potential binding epitopes in TRPM4 will be
occupied predominantly by CaM.

Generally, the binding of CaM and S100A1 to epitopes involves two distinct driving forces.
The first is mostly of long-range electrostatic and rather nonspecific character, resulting in salt bridges
with the involvement of long and flexible arginine side chains acting in synergy. The second driving
force is apparently of Van der Waals origin, in which the most important role is played by dispersion.
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Ultimately, the so-called hydrophobic anchors of peptides are properly placed into the binding cavities
of CaM and 5100A1. Here, we have only addressed the importance of electrostatic forces by means
of FA measurements and arginine-to-alanine mutagenesis. A set of representative basic amino acids
and their combinations was used. Nevertheless, computer modelling was based on the profound
bioinformatics analysis of both peptides to identify all potential hydrophobic anchors situated in
well-known canonical positions. Based on that, we usually chose as reliable only those results of
protein-protein docking where bulky hydrophobic anchors of Mdnt WT/M4ct_ WT peptides were
buried into the binding cavities of CaM/S100A1. Overall, our docking results showed that both
M4ct WT and M4nt_WT peptides bind to CaM in an antiparallel manner. Finally, we allowed all
complexes to relax by means of extensive MD simulations. Thanks to this, we have obtained final
models where all mutated basic amino acids of both peptides have found their acidic binding partners
in CaM/5100A1/PIP2 endogenous modulators of TRPM4.

The currently known structures of TRPM4 obtained at the resolution of ~2.88-3.8 A [8,9,11] have
suggested that the so-called TRP domain (i.e.,, W1058-R1098, which includes M4ctWT-F1078-1098)
bridges the gating helix S6 and cytoplasmic C-terminal Rib helix. This domain is considered as a
key determinant for signal transduction and channel gating [10]. The TRP domain is divided into
two characteristic segments, the first of which is the helical stretch running parallel to the cytosolic
surface of the membrane as an extension of S6, labelled as the TRP helix. The second TRP domain
segment is a re-entrant loop and helix. The re-entrant loop (P1073-P1077) is embedded between helices
S1 and S2 of the transmembrane S1-54 sensor domain, whereas the re-entrant helix (P1078-R1098,
i.e.,, M4ct) is located at the cytoplasmic side. The M4ct segment is thus perfectly positioned to
interact with such membrane-embedded molecules as PIP,. It has been also described that the TRPC3
C-terminal loop (connecting the re-entrant and Rib helix) affects channel gating by altering the allosteric
coupling between the cytoplasmic and transmembrane domains [50]. Electrophysiological analyses
have disclosed that the shortening of the length of the C-terminal loop increases TRPC3 activity
and that the elongation of the length of the loop has the opposite effect. The C-terminal moiety of
TRPM4 was proposed to be a target of CaM already in several previous studies [1,20,21]. However,
all cryo-EM structures of TRPM4 show the re-entrant helix embedded in the membrane—i.e., not readily
available for CaM. Nevertheless, the moiety is a common feature of TRPM, TRPC and TRPV channels.
In several TRPC structures, this segment has not been resolved, which indicates conformational
disorder [51]. More interestingly, a comparison of available TRPV2 structures (see the amino acids
675684 in 5I19 [51] and 6BWM [52]) shows that, under suitable conditions, the re-entrant moiety can
be re-localised into the cytoplasm, and it is available for modulatory bindings. This probably allows
interactions with endogenous modulators other than the membrane-anchored PIP; (including CaM
and S100A1). The M4nt WT is in proximal contact with the so-called Rib helix, which forms another
binding site for CaM, confirmed by experiments in TRPM4 [1], as well as in structurally homologous
TRPC channels [53]. An examination of the currently available TRPM4 structures has led us to the
conclusion that the M4nt_WT and M4ct_WT segments are close enough to simultaneously bind one
CaM molecule. This means that Mdnt_WT might serve as a base for conformational changes stimulated
by the CaM of the re-entrant moiety, which includes M4ct_ WT.

The C-terminal segment of TRPM4 was previously designed as a target for PIP; [10]. Our results
provide a detailed description of the binding interface. The structure of TRPV5-PIP, (FPDB:
6DMU) discloses the binding site between the N-linker, 54-S5linker and S6-helix of TRPV5 [28].
These interactions with PIP; induce conformational rearrangements in the lower gate, resulting in
channel activation. Furthermore, based on the TRPM4-SUR1-AQP4 complex, we assume that PIP»
could potentially keep M4ct_WT and the TMDO of SUR1 domains together, as seen in the Kir6.2-SUR1
complex [54]. Interestingly, the M4ct. WT-PIP, interactions could be physiologically relevant in a
specialised cardiac conduction system and Purkinje fibres [55]. Mutations in the TRPM4 gene (including
mutations in the C-terminal part of TRPM4) have been reported to cause familial cases of progressive
cardiac conduction disease and heart block [5]. In particular, 110825 and R1086G mutants were
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identified when a total of 330 cases of sudden, unexpected deaths were tested for cardiac channelopathy
and cardiomyopathy genes [55].

4, Conclusions

Since TRPM4 has been designated as a functional agent of various diseases, including cancer
and heart attack [3,5], it is necessary to describe in detail its function and modulation mechanisims.
In this work, we describe two new binding sites at the N- and C-termini of the channel. In particular,
the Mdnt WT and M4ct_WT intracellular segments of TRPM4 have been confirmed as shared binding
epitopes for commonly known [26,46] endogenous modulators such as CaM, S100A1 and PIP;.
The shared, so-called promiscuous characters of some ligand-binding sites is a known feature of many
proteins [56-59]. The receptor-binding segment exploits its disorder character to be more flexible
and adaptable to bind different types of ligands. Each ligand with a diverse binding affinity to the
receptor domain induces distinct structural changes in the channel, resulting in a different functional
response and channel modulation. The novel TRPM4 N- and C-terminal promiscuous binding sites
for CaM, S100A1 and PIP2 are promising candidates for the diverse modulation of the channel. Such
ligands are commonly utilised by cells as activators and/or inhibitors of the functions of many receptors.
The effect and strength of the regulation depends on the character of an acceptor (receptor) binding
interface and the structural changes induced within. CaM, S100A1 and PIP2 have been proven as
effective modulatory molecules of many receptors [20,26,39]. Moreover, the effect of the modulation
can be multiplied across shared ligand-binding sites via more channel subunits [15], indicating a very
complex regulatory process that occurs during receptor communication with the external environment.
We suppose that these new M4nt/CaM-, M4nt/S100A1-, M4nt/PIP2-, M4ct/CaM-, M4ct/S100A1- and
M4ct/PIP2-binding interfaces described in atomic detail will help to clarify multicomplex TRPM4
modulatory functions and will stimulate further functional studies of the whole TRPM4 by in vivo
assays with the listed promising ligands.

5. Materials and Methods

5.1. Design of TRPM4 N- and C- Terminal Binding Epitopes

For the identification of novel CaM-binding motifs commonly defined by the hydrophobic
positions 1-5-10 and 1-10-14 or by the IQ motif at the intracellular N- and C- termini of human TRPM4
(UniProtKB/Swiss-Prot: Q8TD43), we used the Calmodulin Target Database [34]. This tool was also
utilised to identify a S100A1-binding epitope because it is known that this ligand recognises the binding
motif at the receptor, very often overlapping with a CaM-binding site with the same or very similar
hydrophobic positions [40,45]. Furthermore, we have also identified the potential PIP2-binding sites
using PH-domain characteristics [60,61].

5.2. Md4nt and Mdct Peptide Synthesis and Site-Directed Mutagenesis

M4nt and M4ct peptides and their alanine-scanning analogues were synthesised by solid-phase
peptide synthesis according to the N-Fmoc protocol in our previous publication [40].

5.3. CaM, S100A1 Purification and PIP2 Preparation

CaM and S100A1 cDNAs were subcloned into the pHET28b expression vector, and
they were expressed and purified according to our standard purification protocol [40].
The fluorescently labelled PIP2, 1-oleoyl-2- {6- [4- (dipyrrometheneboron difluoride) butanoyl] amino}x
hexanoyl-sn-glycero-3-phosphoinositol-4,5-bisphosphate, shortly TopFluor® PI(4,5)P2, was purchased
from Avanti Polar Lipids, Inc. (Alabaster, AL, USA).
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5.4. Steady-State Fluorescence Anisotropy

The experiments were performed on a K2 spectrofluorometer (ISS, Inc., Champaign, IL, USA)
at 25 °C in a cuvette with a 2-mm path length. The FA-binding assays were performed in a 25-mM
Tris-HCI (pH 7.5) buffer containing 250-mM NaCl and 200-uM CaCls. M4nt and M4ct peptides were
labelled by carboxyfluorescein and titrated by small aliquots of the ligands (CaM and S100A1). In the
opposite way, labelled PIP; was titrated with nonlabelled M4 peptides. Fluorescence was excited at
490 nm, and polarised emission components Iy and I, required for the construction of the emission
anisotropy, were acquired and averaged quasi-simultaneously at 525 nm by repetitive switching of
the emission polariser. Any residual scattered light was suppressed by a long-pass dielectric filter
(520 nm) placed in front of the input slit of the emission monochromator. The anisotropy values r
were calculated from the fluorescence intensities in the parallel (I11) and perpendicular (I, ) directions
according to the relationship r = (Iry — GI, )/(Ir + 2GI, ) [62], where G is a factor correcting for different
transmittance of the detection channel for the two measured polarisations (Iy and I.). The G factor
was determined in a separate experiment. The measurements were repeated six times for each ligand
concentration; the mean anisotropy value was calculated and used for further analysis. The fractions
of bound ligands Fg were evaluated as [63]:

Fp = (robs — rmin) / [(rmax — robs)Q + (robs — rmin)], 4]

where Q is the quantum-yield ratio of the bound to the free form of the labelled peptide; rmax is the
anisotropy of the complex at saturation; rmin is the minimum anisotropy for free M4nt, M4ct or PIP,
and gpg is the measured anisotropy at any intermediate ligand concentration. The Q was evaluated for
every binding experiment from the ratio of the fluorescence lifetimes of the bound to the free M4nt,
Mict or PIP2: Q = Thound/Tiree- For the determination of the equilibrium dissociation constant (Kp),
Fp was plotted as a function of the ligand concentration and fitted by [64]:

Ko =PI+ [P2) = (Kp +[PL+ (P2)2 - 4[P1][P2]

Fg = 2TPT] , (2)

where [P1] represents the M4nt, M4ct or PIP; concentration, and [P2] is the ligand concentration. Nonlinear
data fitting was performed using SigmalPlot 11.0 (Systat software, Inc., San Jose, CA 95110, USA).

5.5. Time-Resolved Fluorescence Measurements

Fluorescence lifetimes were evaluated at room temperature in a drop placed on a coverslip and
inserted in an inverted confocal microscope IX83 (Olympus, Hamburg, Germany) equipped with
TimeHarp 260 PICO time-correlated single-photon counting electronics and cooled GaAsI® hybrid
detectors (all PicoQuant, Berlin, Germany). The M4 peptides or PIP; flucrescence were excited at
485 nm by an LDH-485 picosecond laser head (PicoQuant, Berlin, Germany). Emission decays were
collected in the epifluorescence mode using a combination of a 488-nm dichroic reflector (Olympus,
Hamburg, Germany) and a Semrock 520/35 bandpass filter in the detection path. Fluorescence was
assumed to decay multiexponentially according to the formula:

I(t) = Z a; % exp(%) ()

where 7; are fluorescence lifetimes and a; the corresponding amplitudes. The intensity-weighted mean
fluorescence lifetime was calculated as:

Tomean = Z & XT?/ Z o] 4)
i i
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The least-squares deconvolution fitting was performed by the SymPho Time 64 software
(PicoQuant).

5.6. Protein-Protein Docking

The ClusPro web server was used for the docking of «-helical Mdnt WT/M4ct WT peptides
(created using the Molefacture module in VMD studio) [65] into the CaM and S100A1 structures.
The ClusPro 2.0: protein-protein docking server was chosen based on the results of the community-wide
contest called CAPRI (Critical Assessment of Predicted Interactions), in which ClusPro is traditionally
doing well [66]. The quality of the very fast, fully automated and repreducible docking produced
by ClusPro is very close to that of the best human predictor groups, which can use any type of
information [67].

The ClusPro server performs rigid-body docking by sampling billions of conformations by means
of the PIPER docking program [68], which is based on the Fourier transform (FFT) correlation approach.
RMSD-based clustering of the 1000 lowest-energy structures generated makes it possible to find the
centres of the largest clusters that represent the most likely models of the complex. Selected structures
are refined using energy minimisation.

5.7. Molecular Dynamics Simulations

The protein—peptide complexes obtained by protein—protein docking were simulated by means
of extensive MD sampling at different temperatures. The MD simulations of the selected complexes
utilised the AMBER_ILDN (The Amber Project, San Francisko CA 94158-2517, USA) force field [69],
and water molecules were modelled using the Transferable Intermolecular Potential 3-Point (TIP3P)
water model [70]. Prior to the production of MD simulations, all systems were energy-equilibrated
using the pmemd module of AMBER 14 [71]. MD runs (lasting for 50-1800 ns) were performed with the
pmemd.cuda. MPI module of AMBER 14, which runs exclusively on GPUs at the equivalent speed of
tens of standard processor cores [72]. The SPFP precision model was used, and periodic boundary
conditions (PBC) were applied. The particle-mesh Ewald (PME) method was used for the calculation
of electrostatic interactions [73]. A cut-off distance of 8 A was applied for Lennard-Jones interactions.
The temperature was maintained at 300K via Langevin dynamics with a friction factor of 5. The Monte
Carlo barostat (a new addition to AMBER 14), which samples rigorously from the isobaric-isothermal
ensemble, was used for the production phase. The covalent bonds involving hydrogen atoms were
constrained using the SHAKE algorithm. For water molecules, a special “three-point” RATTLE
algorithm was used [74]. The hydrogen mass repartitioning scheme allowed a timestep set to 4 fs [75].
Data were recorded every 100 ps.

The PIPy-M4ct_WT complex was explored by long MD runs. The simulated complex was solvated
using a (TIP3P) water model [70] to ensure at least 10 A of solvent in the periodic box and neutralised in
0.5-M Na(l. This gave a periodic box with a size of ~ 60 x 60 % 60 A for a simulated system consisting
of ~19,000 atoms. All-atom structure and topology files were generated using VMD [63]. Forces were
computed using a CHARMMS36 forcefield for proteins, lipids and ions [76]. MD simulations were
produced by means of the software package NAMD2.13 [77], running on workstations equipped
with NVIDIA graphics processing units. Simulated systems were energy-minimised and heated to
300 K. Langevin dynamics were used for temperature control, with the target temperature set to
300 K, and the Langevin piston method was applied to reach an efficient pressure control with a target
pressure of 1 atm [77]. The production of the MD runs was 100 ns. The integration timestep was set
to 2 fs. The SETTLE algorithm (tolerance, 1 x 1078) was applied to constrain the bonds in the water
molecules [78]. The nonbonded cut-off was set to 11 A. Data were recorded every 20 ps. All MD
trajectories were visualised with the aid of the VMD 1.9 software package [65] and analysed by means
of the CPPTRAJ module from the AMBER Tools suite [79]. The figures were produced using the Biovia
Discovery Studio [80].
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Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/12/
4323/s1. Time evolution of salt bridges in M4nt and M4nt interactions with CaM indicating formation of salt
bridges between termini of oppositely charged amino acids both binding partners (Figures 51 and §2).
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Abbreviations

ATP Adenosine triphosphate

CaM Calmodulin

EM Electron microscopy

FA Fluorescence anisctropy

FFT Fourier transform

MD Molecular dynamics

PBC Periodic boundary conditions

PH Pleckstrin homology

PIP, phosphatidylinositol 4, 5-bisphosphate
PME particle mesh Ewald

$100A1 5100 calcium-binding protein Al
TRPs transient receptor potential (channels)
TRPC TRP cancnical

TRPV TRP vaniloid

TRPM4 TRP melastatin 4
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