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Roviditések jegyzéeke

A roviditések feloldasa altalaban az elsd eléfordulasuk mellett taldlhatd, mig a fontosabb

roviditések feloldasat itt is feltiintetettem.

ABC: ATP Binding Cassette, ATP-kot6 kazetta

ADME-Tox: absorption, distribution, metabolism, excretion, and toxicity
ATP: Adenozin-trifoszfat

BCRP: breast cancer resistance protein, ABCG2

CFTR: cystic fibrosis transmembrane conductance regulator, cisztas fibrozis transzmembran
konduktancia szabalyozd

CH: coupling helix, kapcsold spiral, kapcsold hélix

COG: center of geometry, geometriai kdzéppont

FRET: Fluorescence Resonance Energy Transfer

ICD: intracellularis domén

NBD: nucleotide binding domain, nukleotidk6té domén

NMR: nuclear magnetic resonance, magneses magrezonancia

TH: transzmembran hélix

PKA: protein kindz A

TM: transzmembran vagy transzmembran hélix

TMD: transzmembran domén

Pgp: P-glikoprotein, ABCB1

RMSD: root-mean-square deviation, atlagos négyzetes eltérés négyzetgyoke

zf: zebrafish, zebrahal
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1. Bevezetés

1.1. Transzmembran ABC fehérjék

Az ABC (ATP Binding Cassette; ATP-kot0 kazetta) membranfehérjék minden él6lényben
fontos szerepet jatszanak kiilonféle vegyiiletek bioldgiai membranokon keresztiil torténd
4tjuttatasiaban'?. Baktériumokban vannak olyan ABC importer fehérjék, amelyek tapanyagok
kiils® térbdl a belsé térbe torténd szallitasaért felelések®. Az eukaridta ABC transzporterek foleg
exporterként mitkddnek, a sejtekbdl a sejten kiviili térbe torténd transzportfolyamatokban

t*°. Valtozatos anyagokat, tobbek kozott pigmenteket, hormonokat, és

jatszanak szerepe
lipideket szallithatnak. Szamos ABC fehérje a sejt szintli kemoimmunitési rendszer részeként
multidrog transzporterként miikddik, f6 feladatuk a kdrnyezetbdl érkez0 mérgezd anyagok
sejtbdl torténd kipumpalasa®.

Az emberi ABC fehérjék hibas miikodése vagy termelddése kiilonbozé betegségek
kialakulaséhoz vezethet, mint példaul a cisztas fibrdzis, a Pseudoxanthoma elasticum, a Dubin-
Johnson-szindroma, a II. tipusti cukorbetegség és az adrenoleukodisztrofia’!!. A multidrog
ABC transzporterek részt vesznek rakos sejtek kemoterapids kezeléssel szemben mutatott
ellenalloképességének kialakitasaban is*!'?"1°. Ezek az ABC fehérjék (pl. ABCB1/MDR1/Pgp,
ABCCI1/MRP1, ¢és ABCG2/BCRP) alacsony szubsztratspecifitdssal képesek a sejtbdl

kiilonboz6 kémiai tulajdonsagokkal rendelkezd vegyiileteket eltavolitani, ezéltal a

daganatsejten beliili gyogyszerkoncentraciot a hatasos szint alatt tartani.

1.2. ABC fehérjék szerkezete és mikddése

Az ABC fehérjék funkciondlis egysége két transzmembran domént (TMD) és két nukleotid-
kotd domént (NBD) tartalmaz, amelyek lehetnek egy (Un. teljes transzporterek), két (un. fél
transzporterek), vagy tobb polipeptid lancon kodolva®'®. A két NBD jelenléte azért
nélkiilozhetetlen, mert a transzporter két ATP-kotd helyét egyiitt alakitjak ki: az egyik NBD-
ben talalhatd Walker motivum ¢és a masik NBD-ben talalhaté ABC signature (ujjlenyomat)

I7.18 A transzport folyamatokat altalaban e helyek ATP-kotése

szekvenciaval 1ill. forditva
és/vagy hidrolizise latja el energiaval'”!®. Ez al61 kivétel példdul a human ABCC7/CFTR klorid
csatorna®® és a szulfonilurea receptorok (ABCC8/SUR1 és ABCCY9/SUR2)Y. Ezekben a
fehérjékben az ATP/ADP kotddés ioncsatorna nyitast és zarast szabalyoz.

Az ATP hianyadban megoldott ,apo” rontgenszerkezetek "alul-nyitott" konformaciot

mutatnak, amelyben az NBD-k és a TM hélixek intracellularis vége tavol van egymastol, igy a
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kozponti kotdézseb a sejt belsejébol
kint
. hozzaférhet6, ami lehet6vé teszi a

szubsztrat bekotddését (1. abra)'®2.

ATP-kotés hatasara a két NBD kozott

szoros kolcsOnhatas alakul ki,

"dimerizdlédnak". Ekkor a TM

hélixek intracellularis vége kozel

) o e L keriil egymashoz, mig az
1. abra: A szubsztrat (sziirke) a lipidbdl vagy a citoszolbol

be tud 1épni az alul-nyitott szerkezetbe, s olyan konformacios extracellularis  végek tavolodnak
valtozasokat gerjeszt, amelyek eredményeként az NBD-k
(narancssarga) szorosan kapcsolédnak. Ennek hatisara a | egymastol. Ez  az  atfordulds
TMD-k (kék) intracelluldris vége zardodik, s extracellulars ; . i "
végiik nyitodik, ami lehetdvé teszi a szubsztrat tavozasat. eredményezi az ugynevezett "alul-

zart ¢és feliil-nyitott" konformacio
kialakulasat, mik6zben a szubsztrat az extracellularis térbe tud tavozni. Azaz a katalitikus ciklus
soran a fehérje kozponti kotézsebe valtakozé modon érhetd el vagy az intracellularis, vagy az
extracellularis oldal feldl. Bar ez az alternativ access mechanizmus a legelfogadottabb (1. dbra),
szamos mas mitkddési lehetdséget is vazoltak, mint amilyen a porszivo (vacuum cleaner model)
és kreditkartya (credit card swipe model) mechanizmus®' . Az eltéré mechanizmusok abbél
fakadhatnak, hogy mig az NBD-k konzervaltsaga nagyon magas, addig a TMD-k szekvencidja
nem, igy szerkezetiik és a miikodési mechanizmusuk is nagyon eltér6 lehet. Példaul, mig a Pgp-
szerl szerkezetek alul-nyitott €s alul-zart konformaci6i vizudlisan is hatarozottan kiilonboznek,

addig az ABCG2-szerti szerkezetek e két konformécidja nem tér el annyira egymastol*,

2. Célkitlizések

A CFTR fehérje mutdcioi miatt alakul ki a kaukézusi populacioban a leggyakoribb és igen
salyos 6rokl6do betegség, a cisztas fibrozis®®. Célunk, hogy megértsiik a mutacioknak a CFTR
fehérje szerkezetére és dinamikdjara kifejtett hatdsat, hatdasmechanizmusat, hogy ezekre
alapozva a hatdsok korrigalasara gyogyszereket lehessen fejleszteni. Mivel a fehérjék

szervezetiinkben 37°C-on nem egyetlen szerkezetet alakitanak ki, hanem funkcidjuk ellatasa

soran dinamikusan konformacidk sokasdgat veszik fel, ezért igen fontos mozgéasuk
megismerése is. A kisérletesen meghatarozott statikus CFTR szerkezetek egyike sem tartamaz
klorid vezetésre alkalmas nyitott csatornat (Cikk-3). Ezért a gyogyszer-jelolt vegyliletek
hatdsmechanizmusdnak, a csatorna nyitdsanak és zarasanak, illetve a klorid transzport

folyamatanak megértéséhez in silico dokkolast és molekuladinamikai szimuldcidkat végeztiink
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(Cikk-1, Cikk-2, Cikk-3). Vizsgalataink egylittmiikodd partneriink kisérleti eredményeinek
atomi szintli értelmezését is segitették (Cikk-1, Cikk-2), tanulmanyaink hatékonyabb terapias
fejlesztésekhez jarultak és jarulhatnak hozza.

Az ABCG2 (BCRP: Breast Cancer Resistance Protein) fehérje igen fontos multidrog
transzporter. Gatlasdval ugyan nem tudjuk felfiiggeszteni a rdkos sejtek multidrog-
rezisztenciajat, mivel csak egy a kemoimmunitési rendszert alkoté szamos fehérje koziil®, ennek
ellenére szubsztratfelismerésének megismerése nagyon fontos. Tobb mint 100 gyogyszer
szervezeten beliili eloszlasat (ADME-Tox tulajdonsagait) befolyasolja

(https://go.drugbank.com/bio_entities/BE0001067),  hatdsossagukat  csokkenti,  vagy

toxicitasukat noveli®>

. Az ABCG2 egyes mutacioi befolydsolhatjak a fehérje feltekeredését és
membran lokalizaciojat illetve magat a transzportot, igy koros folyamatokat (pl. koszvényt)
okozhatnak'®?°, A szubsztratfelismerés, a transzport folyamatok, s a mutaciok hatasanak
megértéséhez molekuladinamikai szimuldcidkat végeztink (Cikk-4, Cikk-5). Ehhez
kiindulasként nélkiilozhetetlen volt a fehérje szerkezeti modelljének felépitése is, mert
kisérletes ABCG2 szerkezet csak késobb valt elérhetové (Cikk-4).

A CFTR ¢s az ABCG2 fehérjékkel végzett munka sordn szamos, altalanosan ABC
fehérjékkel vagy transzmembran fehérjékkel kapcsolatos kérdés is felmeriilt. Annak érdekében,
hogy az ezekre adott megoldasaink ne csak sajat projektjeinkben tudjanak hasznosulni, ezért

ezeket is kozoltiik, illetve publikus webapplikacidkon keresztiil elérhetové tettiik (Cikk-6 —
Cikk-10).

3. Mddszerek

Az alkalmazott modszerek Iényegét itt foglalom Ossze, mig az adott kutatdsban alkalmazott
szoftverek, algoritmusok és paraméterek fontosabb részleteit az eredmények részekbe
illesztettem, teljes részletességgel kozleményeinkben talalhatok meg.

Fehérje szerkezetek modellezése. Vizsgalatainkban els@sorban kisérletes szerkezeteket

alkalmazunk. A dinamikus, nem feloldott, hidnyz6 részeket a Modeller*® hurok-modellez6
algoritmuséaval épitjik fel. Ha nem elérhetd kisérletesen meghatarozott szerkezet, akkor a
fehérje koordinatait homolégia modellezéssel, a Modeller’® segitségével hozzuk Iétre.
Altaldban 100 darab modellt készitiink, s ezekb6l a DOPA pontszam alapjan valasztjuk a
legmegfeleldbbet. Az AlphaFold Fehérje Szerkezeti Adatbazisbol’ is toltiink le szerkezeteket
illetve lokalisan is futtatjuk az AlphaFold*® programot a paraméterek finomhangolasa

érdekében.



dc_2020 22

In silico dokkolds. Ha tehetjiik, akkor az Autodock programot hasznaljuk kismolekuldk

fehérjén taldlhatd kotShelyének meghatdrozasahoz?®. Ez azonban csak olyan esetben
hasznalhato, amikor a kot6hely kortilbeliili helye mar ismert. Ellenkezd esetben a pontatlanabb
pontozéfiiggvénnyel rendelkezd, am nagyobb teljesitményli Autodock Vina programot
alkalmazzuk®®. A  dokkoldsokat lehetdségeink  fiiggvényében  molekuladinamikai
szimulaciokkal ellendrizziik.

Molekula dinamika. Szimulacidinkban CHARMM36 vagy CHARMM36m eréteret

hasznalunk®'-*2. Ezért a kismolekuldk paraméterezését a CgenFF programon alapulva végezziik,
a CHARMM-GUI web alkalmazassal’>>*. Altalaban szimulacios rendszereinket is (fehérje,
lipidkettdsréteg, stb.) a CHARMM-GUI segitségével épitjiik fel. Az energiaminimalizalast és
az egyensulyba hozast lokalisan futtatjuk, mig az eréforrasigényes tényleges szimulacio
(production run) nagyteljesitményli GPU szervereken, HPC k&rnyezetben (KIFU, Wigner
Tudoményos Szamitasi Laboratorium, Max Planck Intézet) fut. Szimlaciéra a GROMACS
szoftvert hasznaljuk™®.

Adatelemzés. Az adatok feldolgozéasdhoz elsésorban sajat Python szkripteket hasznalunk.
Ehhez a leggyakrabban alkalmazott konyvtarak: NumPy, matplotlib, és az MDAnalysis*®~%,
Szerkezetek vizualizaciojahoz és elemzéséhez PyMOL-t (Schrédinger, LLC), mig MD
trajektoridk analiziséhez VMD programot hasznalunk®.

Web alkalmazéasok. Python alapu keretrendszereket alkalmazunk (TurboGears, Django, és

FastAPI), amelyek lehetové teszik az adat-, a logikai-, és a vizualizacios-réteg szétvalasztasat.
Az esetek tobbségében az adatok relacios adatbazisban (MySQL vagy PostgreSQL) keriilnek
tarolasra, mig az adat ¢és logika kozti kapcsolatot objektum-relacidos megfeleltetéssel
(ORMapper, pl. SQLAIchemy*’) hozzuk Iétre.

Hardver. Adatelemz6 szerveriink 32 fizikai CPU maggal és 256 GB memoriaval
rendelkezik. Ezen kiviil 3 db GPU szerveren (egyenként 2-4 GPU kartya: A6000, P6000, RTX
2080T1, és GXT 1080T1) tudunk lokalisan szamoldsokat futtatni, amelyek koziil kettében 96
GB RAM és 4 TB SSD van, lehetdvé téve az AlphaFold futtatdsokat. Osszesen 32 TB

redundéns tarolokapacités all rendelkezésiinkre.
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4. Eredmények

4.1. A CFTR fehérje szerkezetének, dinamikdjanak és CF-gyogyszer jeldltek vizsgalata

A cisztas fibrozist (CF) a cisztas fibrozis transzmembran konduktancia szabalyoz6 (CFTR)
fehérje mutacioi okozzak, amelyek e kloridcsatorna funkciondlis expresszidjanak hidnyat

eredményezi hamsejtek apikalis membranjaban®®!.

Az elmult évtizedekben jelentds
eréforrasokat forditottak a leggyakoribb mutansok, mint amilyen a AF508 és a G551D,
funkcionalis expresszidjanak helyreallitasara****. A betegek jelentds részében (>80%) a AF508
mutacio homo- vagy heterozigdta formaban megtalalhatd. A mutéci6 hatasara a CFTR fehérje
jelentds része a szintézis utin azonnal lebomlik. Emellett, ahogy korabban bemutattam®*!, még
ha ki is juttatjuk a CFTR AF508 fehérjét a sejt membranjaba, fizioldgias hdmérsékleten az nem
mikddoképes. Azaz nem csak a fehérje feltekeredését kell kijavitani korrektor molekulakkal,
hanem a miikodését is serkenteni kell potenciator vegyiiletekkel”. Ezzel szemben a G551D
mutacié csak a fehérje mitkddését befolyasolja, a feltekerdését és a sejtmembranba torténd
kijutasat nem*. Fontos hangsulyozni, hogy a CFTR fehérje nem aktiv transzporter, az ATP
kotédésébol és hasitdsabol eredd konformécios valtozdsok a klorid-csatorna nyitdsat és

k*4748  Erdekes médon a szabdlyozasnak tobb rétege van, s

zarddasat szabalyozza
altalanossagban elmondhato, hogy fizioldgids koriilmények kozott a rendezetlen domén PKA-

altali foszforilacidja nélkiil a csatorna vagy nem, vagy csak kismértékben nyit*>!,

4.1.1. Mechanizmus-alapu korrektor kombinacié a AF508-CFTR kijavitasara
(Cikk-1: Mechanism-based corrector combination restores AF508-CFTR folding and function)
A AF508-CFTR hatékony megmentéséhez az irodalomban leirt masodlagos menté mutaciok

hatasa alapjan stabilizalni

. wWT AF508-CFTR
kell mind az NBDI-et, a Dpwmso C3  CI8 VX-809 b
0 3 03 03 03 03 Chase(h

mind az NBD és TM N U EN B

R1070W

AF508-CFTR

domének kozotti o G O Uiaoe
0 3 03 0 3 0 3 Chasech)
52-54
kapcsolatot™ ", B omewe e
o . AF508-CFTRY™S
Laboratorluml DMSO C3 C18 VX-809
y 7 0 3 03 0 3 O 3Chase(h)
kisérletekben a CFTR e - AF508-CFTR (open
- W e (open)
;. r 7 BHK
fehérje feltekeredését

o L, 2. abra: (a) Vegyiiletek hatdsa a AF508-CFTR érési hatékonysagara,
segito legigéretesebb | metabolikus pulse-chase kisérletekkel mérve. B: éretlen core-glikozilalt
forma, C: érett komplex-glikozilalt forma. (b) VX-809 molekulaval végzett
in silcio dokkolas azt mutatja, hogy legjobb kotohelye az NBDI1 és a vele
809 a AF508-CFTR | Kkolesonhato TMD csatolo hélixek (CL1 és CL4) kozott van.

korrektor vegytilet, a VX-
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sejtfelszini mennyiségét a vad tipus szintjének kevesebb, mint 15%-ara noveli®. Klinikai
vizsgalatokban a vegyliletet onmagédban alkalmazva azonban a betegek allapota nem javult
jelentésen és a vegyiilet hatdsmechanizmusa sem volt ismert>-%, Ezért megvizsgaltuk, hogy
milyen hatassal van a fehérjére a VX-809 (2015-ben Lumakaftor néven kertilt forgalomba) és
egyéb gyodgyszerjelolt molekuldk. A szdmos kisérletbdl egy metabolikus pulse-chase kisérlet
eredményeit emeltem ki (2. dbra, a), melynek soran a sejteket 20 percig radioaktivan jelolt
metionin aminosavat tartalmazé oldatban novesztettiik (G. Lukacs). Az ez id6 alatt termel6dott
fehérjék radioaktivan jelolodtek, s sorsukat gél elektroforézist kdvetden autoradiografiaval
tanulmanyoztuk. A AF508-CFTR fehérjébdl még korrektor vegytiletek (C3, C18, és VX-809)
hatasara sem keletkezett jelentésebb mennyiségii érett forma (Band C). Az NBD1 és a TMD2
kozotti kapesolatot helyreallté szupresszor mutacié (R1070W>*) jelenlétében sem volt nagy
hatasa a korrektor molekulaknak a mutans érésére. Ezzel szemben, ha a korrektorokat az NBD1
stabilitdsat noveld R1S szupresszor mutaciok mellett alkalmaztuk, akkor az érett forma (Band
C) jelentds novekedését tudtuk megfigyelni. Eredményeink arra utalnak, hogy ezek a korrektor
molekulak nem az NBDIl-en, hanem az NBDI1-TMD1/2 interfészen hatnak. Ezt in silico
dokkoldsaink is alatamasztottak (2. 4bra, b). Osszefoglalva, in vitro, in vivo és in silico
vizsgalatok segitségével a rendelkezésre all6 korrektorokat hatdsuk helye alapjan harom
csoportba soroltuk. Az I. osztély, beleértve a VX-809 molekulat, az NBD1-TMD1/2 interfészt
célozza, a I1. osztadly az NBD2-t vagy annak az NBD1-vel val6 kapcsolofeliiletét, a I11. osztaly
pedig a AF508-NBDl-et stabilizdlja nem specifikusan. Vizsgélataink idején még csak
aspecifikusan haté NBD1 stabilizalo vegytiletek (pl. glicerin) voltak ismeretek. Ezért gyakorlati
szempontbol az egyik legfontosabb {lizenetiink az volt, hogy olyan AF508-CFTR konstrukcioval
kell gyogyszerjeloltek keresését végrehajtani, amelyben az NBD1-TMD1/2 interfész stabilizalt
(pl. R1070W), ezaltal ki tudjuk véalogatni azokat a vegylileteket, amelyek csak az NBD1

stabilitasat novelik.

4.1.2. CFTR potenciatorok csokkentik a AF508-CFTR funkcionalis expresszidjat

(Cikk-2: Some gating potentiators, including VX-770, diminish AF508-CFTR functional
expression)

A CFTR ioncsatorna nyitodasat befolydsolé G551D mutéciot hordoz6 CF-betegek kezelése a
VX-770 potenciatorral (Ivakaftor) nagymértékben helyreéllitja a csatorna aktivitasat, terapids
hatasa jelentés*. A AF508-CFTR betegek kezelése a VX-809 (Lumakaftor) korrektorral
onmagaban nem eredményezte diagnosztikus paraméterek szignifikdns javulasat>®. Mivel
ismert, hogy ennek a mutdnsnak is sériilt a kapuzasa, felmeriilt, hogy a VX-809 korrektor és a
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VX-770 potenciator egyiittes alkalmazdsa jobban javithatja a betegek allapotat’’. Ezért
egylittmiikodo partnereim kiilonbdzd kisérleti rendszerekben vizsgaltak a VX-770 6nmagaban
¢s korrektorokkal egyiitt torténd alkalmazasanak hatasat a AFS08-CFTR fehérje stabilitasara.
Eredményeink arra utaltak, hogy a VX-770 potencidtor destabilizalja a CFTR fehérjét, s mig ez
a destabilizaci6 eredményezheti a csatorna nyitdsanak helyreéllasat, a VX-809 korrektor hatasat
gatolja. Ezzel szemben a P5 potenciator hatékonyan novelte a foszforilalt CFTR miikodését
viszont nem valtoztatta meg a fehérje stabilitdsat. Ez arra utalt, hogy a P5 hatdsmechanizmusa
kiilonbozik a VX-770 hatdsmechanizmusatol, ezért hasznos vegyiilet lehet a AF508-CFTR
kapuzési  hibdjanak kijavitdsara. A  hatdasmechanizmus megértésének érdekében
molekuladinamikai szimuldcidkat és in silico dokkolast kombinaltunk (3. &bra). Magasabb
hémérsékleten (321 K) végzett MD szimulaciokkal részlegesen széttekeredett konformaciokat
nyertiink. A konformaciokat RMSD alapjan klasztereztiink €s a centroidokhoz kiilon-kiilon
dokkoltuk a VX-770 és a P5 molekuldkat. Szamitasaink azt mutattdk, hogy a P5 kotédik a CL2
régidhoz és egy, az NBDI1 B-alegységében, a Walker A hélix kozvetlen szomszédsagaban
talalhat6 hurokhoz, mig a VX-770 nem Iép kdlcsonhatasba ezekkel a régiokkal. A 6 kiilonbség
a B-alegységhez torténd kotddésben van, s ez a megfigyelés felhasznalhat6 0j potenciatorok
fejlesztéséhez. Tanulmanyunk f6 {izenete, hogy a VX-770 a funkciot a fehérje destabilizalasan
keresztiil javitja, ami viszont ellentétes hatasti a feltekeredésében és stabilitdsdban sériilt

AF508-CFTR fehérje korrektorokkal torténd megmentésével. Ezért sziikséges a meglevo

(=)

a VX770 P5

Al

167-172

gyakorisag
Gyakorisdg AF-hez  (AF508-WT)
ggbe. 88,8 §

kotSdési
difference

141-197  240-303 391-649 935-995 10321097 1209-1430

aminosav pozidd
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szerkezetén. A VX-770 és P5 kotohelyeket piros szin jeloli. Tiirkiz és lila: elso €s masodik intracelluléris hurok
(CL1 és CL2), sotét tiirkiz: NBD1, sarga és narancs: harmadik és negyedik intracelulléris hurok (CL3 és CL4),
barna: NBD2. (b) Fels6 sor: A VX-770 AF508 és WT fehérjékhez torténd kotédésének Osszehasonlitdsa
kvantitativ médon. Adott aminosavval mutatott kélcsonhatasi gyakorisaigban megmutatkozé hasonlésagot és
a kiilonbséget a kovetkezoképpen szamoltuk: ((farsost+fwr)-abs(farsos-fwr))/2 €s farsos-fwr. A két fehérje
kotohelyei atfednek. Also sor: A VX-770 és PS5 AF508-hoz torténd kotddését is igy hasonlitottuk dssze. Bar a
P5 kotohelyei jelentdsen hasonlitanak a VX-770 kotohelyeihez (magas csucsok a hasonldsagi grafikonon),
azonban jelent6s kiilonbségek is megfigyelhetd, mint pl. 621-623 régiod a kiilonbség grafikonon.
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potencidtorok optimalizalasa vagy uj potencidtorok fejlesztése kombinalt terapiak hatékony

alkalmazasahoz.

4.1.3. ACFTR klorid-csatorndjanak azonositdsa

(Cikk-3: Discovering the chloride pathway in the CFTR channel)

A CFTR szerkezetének meghatarozasa aktiv allapotban, foszforildlt R doménnel és ATP
jelenlétében elvileg lehetdvé tette a kloridvezetés szerkezeti hatterének vizsgalatat®. Azonban
a foszforilalt és ATP-kotott zebrahal zfCFTR szerkezetének krio-EM szerkezete (PDBID:
5w81) nem mutat klorid-vezetésre alkalmas ttvonalat®®. Annak érdekében, hogy a klorid-
vezetéshez sziikséges geometridval, azaz 3,6 A 4atmérénél nagyobb csatorndval rendelkezd
CFTR-konformacidokat tudjunk azonositani, a zfCFTR szerkezettel egyensulyi
molekuladinamikai (MD) szimulaciokat végeztiink. A szimulaciokban azonositottuk azokat a
konforméciokat, amelyek nyitott transzmembran régioval rendelkeztek. A 22 egyensulyi
szimulacio koziil csak egyetlen mutatott nyitott csatorndkat tartalmazé konformaciokat is
(54/10000 konforméacié). Az azonositott utvonalak a TM-régioban nagymértékben
hasonlitottak, csak az intracellularis részekben tértek el egymastol (4. abra, a). Az intracellularis
oldalon két nyilast azonositottunk, amelyeket pozitiv toltésii aminosavak vesznek koriil és a
vezetésben betdltott szerepiiket kisérletek is alatdmasztjak®®. A szimuldciéinkban azonositott
csatornabéleld aminosavak tobbségérdl szintén kisérletes adatok mutatjak, hogy részt vesznek
a csatorna képzésében®® !,

A vezetésben fontos szerepet jatszo aminosavak azonositdsa. Az 1onok az MD

szimulaciokban sokkal mozgékonyabbak, mint a nagyméretli fehérjék. Ezért a szimulaciokban
a kloridionok aminosavakkal valo érintkezései értékes informaciot szolgaltatnak a kloridionok
kolcsonhatasi helyeir6l. Ezért eldszor azonositottuk az kloridionok és a fehérje kontaktusait a
leghosszabb (100 ns hosszl) egyenstlyi szimuldcidinkban (n=6). Az egyes aminosavak
kloridionokkal valé érintkezését (d < 4 A) a szerkezetre vetitettiik, és a kontaktus gyakorisiga
szerint szineztiik az oldallancokat (4. 4bra, b). Intenziv kdlcsonhatasok voltak megfigyelhetdk
a TM10 és TM12 éaltal meghatarozott belépési helyen és a TM4 és TM6 kozotti nyilasnal,
amelyek megfeleltek a szimulacidkban azonositott intracellularis porusoknak (4. abra, a).

Az egyensulyba hozas soran a kloridionok és a vizmolekulak kitoltotték a fehérje belsd
iiregét. A nyitott konformaciokat tartalmazo trajektdridban a csatorna belsejében két kloridion
volt megfigyelhetd, amelyek a membran normal mentén Iéptek be a fehérje belsd terébe. A
varakozasoknak megfelelden a kloridionok taszitottdk egymast, és nem maradtak egymas
kozelében (4. abra, c). Tovabba, ezek az ionok nem haladtak at egy sziik keresztmetszeti région,
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amely z = 95 A koriil kezdddik. Feltehetden a nyitott konformacidk alacsony valésziniisége
miatt egyik kloridion sem volt megfeleld helyzetben a nyitas pillanataban, ezért nem tudtunk
ionatmenetet megfigyelni. Ezen kloridionok és a poérusképzd aminosavak kolcsonhatasi
gyakorisagat is kiszamoltuk (4. 4bra, c). Megfigyeltiik, hogy a kloridionok t6bb id6t toltottek a
pozitiv toltésii oldallancok, nevezetesen a K95, R134, K190, R248 (K a zfCFTR-ben), R303,
R352 ¢és R1097 kozelében, amelyek a nagy belsd iireget illetve az intracellularis nyilast
bélelik>*-o!,

Amikor 6sszehasonlitottuk a nyitott és zart konformaciok kontaktus térképeit (cikk, S7.
abra), megfigyelhetd volt, hogy a csatorna extracellularis nyilasanal (a TM 1, 6 és 12 kozott)
elhelyezkedd 1344 (M a zfCFTR-ben) és az N1138 (L a zfCFTR-ben) aminosavak elzartak a
klorid utvonalat. Mutagenezises kisérletek alapjan ezt az extracellularis pérusnyilast koriilvevo

aminosavak, nevezetesen az F337, S341 és L102 is befolyasoljak a csatorna kapuzisat®®®,
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4. abra: (a) Az MD szimulacioban megfigyelt nyitott csatornak egy szerkezetre vetitve (piros golyok). Zold
és tiirkiz: TMD1/2, sarga és narancs: NBD1/2, fekete: lipid. (b) Egyensulyi szimulaciokban megfigyelhetd
kloridion és aminosav kolcsonhatasi helyek. Piros kor: belépési hely; fekete kor: fontosabb kolesonhatod
aminosavak. (¢) A fehérje belsejébe bejutd két kloridion nem jut 4t a kb. 100 A-nal talalhato sziikiileten. Kék
vonalak: kloridionok pozicidja, lila fliggéleges vonalak: csatornanyités, fekete vonalak: membran kettdsréteg
sz€lei. Jobb oldalt: az egyik kloridion eloszlasa és a vele kdlesonhatd aminosavak a szimuldcié soran. (d)
Metadinamikai szimulacié segitségével szamoltuk ki a kloridion atjutasat jellemz6 szabadenergia-feliiletet.
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Osszehasonlitasunk olyan régiokat mutatott ki, amelyek nyitott és zart allapotban eltérd
kontaktusokkal rendelkeznek és igy alloszterikus kommunikacios helyként a konformdacios
valtozasok tovabbitasaban lehet szerepiik. Ennek vizsgalatara az alloszterikus utvonalakat
grafelméleti modszerek alkalmazasaval jellemeztiik® (Cikk-3, 6. abra). Erdekes médon az
extracellularis régi6 aminosavainak az F508-cal kdlcsonhatdo CL4 régioval volt legerdsebb az
allosztérikus kapcsolata.

Metadinamikai szimulaciok. Mivel a hagyomanyos MD szimuldcidink soran a kloridionok

athaladésat a csatornan nem tudtuk megfigyelni, metadinamikai szamitasokat végeztiink a sziik
keresztmetszetli teriileten atvezeté Utvonal feltardsdra és az atjutds potencidlfeliiletének
szamitasara®. A metadinamika megkonnyiti a lokalis minimumokbél vald kilépést azaltal,
hogy az egyes reakciokoordinatdkon (kollektiv valtozok, CV) elézményfiiggd Gauss-
potencidlokat halmoz fel, ami eltériti a szimulaciot az energiavolgyb61®. A trajektériabol
kivalasztottuk azt a konformaciot, amelyben az egyik klorid a legkdzelebb volt a sziik
keresztmetszeti régidhoz. Ezt a konformaciot alkalmaztuk egy hosszu, jol-temperalt
metadinamikai szimulacidoban, ahol az eltérités a kloridion és négy szomszédos Co atom
tomegkozéppontja kozotti tdvolsagan alapult. A 2D szabadenergia feliileteket x/z mentén
szamoltuk ki a tavolsag-CV x, y és z komponenseinek felhasznélasaval (4. abra, d). Ebbdl az
x/z oldalnézeti vetiiletb6l az deriilt ki, hogy az ttvonal a sziik keresztmetszeti régié utan
kettévalt, s ezeken az Gtvonalakon nem volt jelentds energetikai akadaly az ion tadvozasahoz.

londtjutds kiegyenesitett TM8 esetén. A TM8 hélixben taldlhatd torés a legtobb CFTR

szerkezetben jelen van (PDB ID: Suak, 602p, 6msm, 601v, Suar, Sw81)°%66-% 5 a kutatok azt
gondoljék, hogy ez okozza a CFTR csatorna egyediségét az ABC csalad aktiv transzportereihez
képest. A csirke CFTR szerkezetben azonban nincs ilyen hélix-térés (PDB ID: 6d3s és 6d3r)%
¢és hasonld konformaciot mas ABC szerkezetekben sem észleltek. Annak érdekében, hogy
megvizsgaljuk ennek a torésnek a jelentdségét, az Sw81 szerkezetben a TM7 és TMS hélixeket
az MRP1 szerkezete (PDB ID: 5uj97) alapjan homologiamodellezéssel megvaltoztattuk, azaz
a TMS8 hélixet kiegyenesitettiik (Cikk-9, 5. abra). Ezzel a korrigalt szerkezettel és a korabban
hasznalt paraméterekkel futtattunk egyensulyi szimulacidkat. A hat szimulaciobol otben
tudtunk megfigyelni nyitott konformaciot, az 5wS81 szerkezettel végzett egyensulyi
szimulacioban megfigyelt 0,004% gyakorisaghoz képest joval magasabb, 3,74%-o0s
valoszinliséggel. Ezek a szamitdsaink arra utalnak, hogy a CFTR fehérje TMS8 hélixének torése
a fluorinalt Fos-Choline-8 vegyiilet alkalmazasabol fakado szerkezetmeghatarozasi miitermék

lehet®, amelynek kialakulasahoz jelentdsen hozzajarulhat a TMS8 nagy mozgékonysaga is’'.
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4.1.4. Osszefoglalas

Eredményeink hozzdjarultak egy olyan mddszer fejlesztéséhez, amely hatékonyabb CFTR
korrektor molekuldk sziirését teszi lehetévé, s olyan atomi szintli adatokat szolgéltattak,
amelyek CF elleni gydgyszermolekuldk hatidsmechanizmusanak megismeréséhez jarulnak
hozza. Tovabba atomi szinten azonositottuk és jellemeztiik a kloridionok legvaldszintibb

atjutasi utvonalat.

4.2. Az ABCG2 fehérje szerkezete, dinamikaja, és mikodése

A human ABCG2 fehérje egyik legfontosabb feladata szervezetiinkben a mérgez6 anyagokkal
szembeni védelem. Xenobiotikumokat pumpal ki a sejtekbdl a majban, a tejmirigyekben és a
placentaban vissza az anya szervezetébe, a vér-agy gatban vissza a véraramba, valamint

Ossejtek védelmét is ellatja fejlédésiik bizonyos szakaszaban®'>73,

Mivel a hugysav
kivalasztisaban is részt vesz, ezért mutacioi hajlamosithatnak kdszvényre™. Mindezek miatt
miikddésének és szubsztrat-specifitdsanak megismerése igen fontos, amihez nélkiilozhetetlen
atomi szintli szerkezetének ismerete is. A Pgp-szeri ABC transzporterek szerkezetének
megismerésétol (2006.) tiz évet kellett varni a human feltranszportek ABCG2-szerli

szerkezetének meghatarozasaig’™’®.

4.2.1. Az ABCG2 fold lizenete homoldgia modellezés alapjan

(Cikk-4: Jump into a new fold - A homology based model for the ABCG2/BCRP multidrug
transporter)

Az ABCG fehérjék szekvenciajuk alapjan kiilon alcsaladot alkotnak az ABC fehérjék csaladjan
beliil. Ebben az alcsaladban a transzmembran régiot alkotd aminosavak szama jelentdsen
kevesebb a tobbi alcsalad TM aminosavainak szamahoz képest. Ez alapjan 2010-ben mar
javasoltunk egy olyan ABCG2 szerkezeti modellt (ABC meeting 2010, Innsbruck, Ausztria),
amelyben az TM domének intracellularis régidi rovidek, s ezaltal az NBD-k a membran
kettosréteghez kozel helyezkednek el. Ez a szerkezet hasonlit szdmos bakterialis ABC importer
szerkezetére”’®. Bér a fehérje szekvencidlis tulajdonsagai kizartak minden mas lehetéséget,
pusztan ennek figyelembevételével a szerkezetet nem lehetett megbizhatéan modellezni. Ezért
hasznaltak a korai ABCG2 homologia modellek templatjaként egy Pgp-szerli szerkezettel
rendelkez6 bakteridlis exportert (Sav1866)™°. 2016 tavaszan valt elérhetévé az elsé ABCG
alcsaladba tartozé transzporter, az ABCG5/ABCGS heterodimer kristalyszerkezete’®, melynek

szekvenciaja mar kelléen konzervativ az alcsalad tobbi tagjanak a modellezéséhez.
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A gondos, ClustalW-vel®! végzett és modositott szekvenciaillesztés utdn szaz ABCG2
homolégia modellt hoztunk létre a Modeller? segitségével. Ezekb8l a DOPA pontszam alapjan
kivalasztottuk a legmegfelelobb szerkezetet, amit lipid kettOsrétegbe illesztettiink,
energiaminimalizaltunk, és MD szimuldcidkkal egyenstlyba hoztunk (Cikk-4, Mddszerek). Ezt
az optimalizalt szerkezetet hasznaltuk, amig az ABCG2 kisérletes szerkezete nem valt
elérhetévé. A homologia modellezés soran felmeriilt a kérdés, hogy mennyire szolgalhat egy
heterodimer j6 templatként egy homodimer fehérjéhez. Egyrészt az ABCG2 szekvencia
hasonlosdga magas mind az ABCGS mind az ABCGS szekvencidjaval (teljes egyezés: 27% ¢€s
26%, hasonlosag: 48% ¢és 44%, amely értékek ABC transzmembran fehérjék esetén
megfelelének szamitanak homologia modell épitéséhez), és a heterodimerben az ABCGS és az
ABCGS szerkezete igen hasonld egymashoz. Masrészt fiziologias koriilmények kozott egy
homodimerben taldlhat6 protomer szerkezetek sem egyeznek meg tokéletesen az idé minden
pillanataban. Az MD szimulacioval és dokkolassal kapott eredményeink magasfoka
értelmezhetdsége is arra utalt, hogy homologia modelliink jo pontossagu. Ez az els6 kisérletes
szerkezet megjelenése utan be is bizonyosodott, ugyanis a szerzOk kiszamitottdk a modelliink
és az altaluk meghatdrozott szerkezet kozotti kiilonbséget, és megallapitottak, hogy az eltérés
minimalis (RMSD = 2A)32. A két szerkezet kozotti 1ényegesebb kiilonbség az egyik TM hélix
egy aminosavval torténd elcstiszasa, illetve az alacsony szekvencialis hasonlosag miatt nehezen
modellezhetd extracellularis hurkok eltéré konformécioja volt.

A homologia és késobb a kisérletes szerkezeti modell alapjan, esetenként MD
szimulaciokkal, szamos mutacié hatdsat probaltuk értelmezni® ™, mint példaul a V12M,
K360del, K86M, E211Q ¢és a QIl41K wvariacio. A QIl41K varidns, amely bizonyos
népcsoportokban akar 15-30 %-os gyakorisaggal is eléfordul, gatolja a fehérje feltekeredését
és csokkenti plazmamembran lokalizaci6jat®®*’. Az ABCG2 szekvencidban szomszédos F142
aminosav analdog helyen taldlhato6 a CFTR F508 aminosavaval. Modelliinkben az F142
oldallanca a transzmembran domén felé néz, ezért a CFTR F508 oldallanc fehérjében betoltott
szerepe €s a pozicid konzervaltsaga alapjan azt gondoltuk, hogy ez is az NBD és a TMD kozotti
kapcsolatot stabilizalja.  Feltételezésiink szerint a Q141K csere viszont intradomén
kolesonhatasokat tesz tonkre, specifikusan a Q141 és N158 kozotti kdlcsonhatast (5. bra).

Szerkezeti modelliink felvetette a lehetdségét annak is, hogy a Q141K is hozzajarulhat az
NBD/TMD kapcsolat gyengitéséhez. Ennek az az alapja, hogy ez a szerkezeti interfész eltér a
CFTR hasonlo6 régidjanak a szerkezetétél. A CFTR esetén az F508 hidrofob kdlcsonhatasokat
alakit ki, mig az ABCG2 esetén az F142 aminosavat a transzmembran régié 6sszekapcsolo-

hélixében talalhatdé két pozitiv toltésii aminosav (K382, K383) fogja kozre. Ennek tovabbi
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5. abra: Az ABCG2 NBD ¢és TMD interfész szerkezete. Az F142-t két pozitivan toltott aminosav fogja kozre
(K382, K383). A Q142 kolcsonhatasban van az N158-val. A Q142K mutécié elsdsorban a 142. és 382.
pozicidban okoz valtozast. A két pozicioban talalhaté aminosav C, atomjanak a tdvolsaga a Q141K mutansban
sokkal jobban ingadozik, mint a vad tipusban (WT), amit hat-hat fliggetlen MD szimuléci6 trajektoriabol
szamolt adatok mutatnak.

vizsgalatara molekuladinamikai szimulacidkat végeztiink, amelyekben a teljes hosszisagu vad
tipust €és a Q141K mutans fehérjék szerkezetének mozgasat vizsgaltuk. A szimulaciok sordn
egyik modellben sem valtozott a 141. €s 158. pozicié kdzotti intradomén tavolsag (5. dbra és
Cikk-4, S5. abra). Ezzel szemben a K141 és K382 aminosavak tavolsaga erds ingadozast
mutatott (5. dbra), ami arra utal, hogy a szerkezetben bekdvetkezd mozgasok miatt a két lizin
egymashoz kozel keriilhet annyira, hogy taszitd pozitiv-pozitiv kolcsdonhatasok

érvényesiiljenek, amelyek gyengitik az NBD/TMD kapcsolatot.

4.2.2. Az ABCG2 fehérje szabalyozasa és transzport m(ikodésének jellemzése

(Cikk-5: The transport pathway in the ABCG2 protein and its regulation revealed by molecular
dynamics simulations)

A rendkiviil fontos kisérletes ABCG2 szerkezetek adjak a szerkezeti vizsgalatok

t20-82.8889 © azonban természetiiknél fogva nem tartalmaznak informaciot a fehérje

alapja
dinamikdjar6l, azaz a transzport leirdsara csak limitaltan alkalmazhaték. A transzport
folyamatot mind biokémiai, mind szdmitdsos modszerekkel mar sokat vizsgaltak™ >+, azonban
az Osszes kisérleti és a legtobb in silico vizsgalat csak a transzlokacids utvonal egy kisebb
részére Osszpontositott, illetve az ABCG2-vel végzett molekuladinamikai szimuldciok nem
tartalmaztak szubsztratmolekulat. Ezért mi olyan MD-szimulaciokat végeztiink a lipid
kettésrétegbe agyazott ABCG2 fehérjével, amelynek soran egy fizioldgias szubsztrat, a
hugysav is jelen volt. Célunk a teljes transzlokacios utvonal jellemzése volt, kiemelve a

kozponti szubsztratkotd zseb dinamikus valtozasat és az ehhez a kotdhelyhez vezetd

hozzaférési utvonalak fontos szerepét.
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A koleszterinmolekuldk hatasa a feherje dinamikajara. Korabban kisérletesen bemutattak,

hogy az ABCG2 miikodését a koleszterin jelentdsen befolyasolja®™?°. Ezt egyiittmiikodés
keretében mi is vizsgaltuk, s a hatds atomi szintli értelmezéséhez kiilonbozd lipidosszetétii
membranba agyazott ABCG2 transzporterrel végeztink MD szimuldcidkat. A biolégiai
membranok in vivo koleszterin tartalma nagymértékben fligg a sejttipustol és az organellumtol,
kb. 20% és 50% kozott valtozik®’. Annak érdekében, hogy az ABCG2 koleszterink6td helyeit
szimuldcidinkban telitsiik, s elkeriiljik az all-atom szimuldcidkban a diffizio altal okozott
korlatokat, a CHARMM-GUI segitségével olyan szimulacios rendszereket épitettiink, amelyek
50%-50% POPC-koleszterin, 50%-50% POPC-szitoszterin vagy 100% POPC molekulat
tartalmaztak>>*°’. A POPC-szitoszterint tartalmé rendszert kontrollként hasznaltunk, mivel ez
a szterin mas hatassal van az ABCG2 miikodésére mint a koleszterin®>°. A kett8srétegben a
szterinmolekulak kiinduldsi helyzete véletlenszeri volt, s a lipidek egyenletesen oszlottak el.
Fontos megjegyezni, hogy mindkét szterol hasonld hatdssal volt a kettdsréteg fizikai

tulajdonsagaira, példaul a vastagsagra és a lipid-strtiségre (Cikk-5, S3. abra). Ezekben a

szimulacidkban a befelé nézo

(inward-facing) ABCG2 &l 5, | CHOLPOPC v
szerkezetet (PDB ID: 6hco) " "
hasznéltuk™®. - * 7 25

<

Vérhaté volt, hogy a
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szimulaciok trajektorijaibol és
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hisztogramon 4abrazoltunk. Ezt

elvégeztik  kiilon-kiillon  az
. L., . 6. abra: (a) A TM2 és TM2’ intracellularis végei (a.a. 450) kozotti
intracellularis ¢s extracellularis tavolsdg véltozasa 4-4 szimulacio soran. (b) Egy hugysav
(szubsztrat) molekula mozgdsa ravetitve a  kiindulasi
fehérjeszerkezetre (oldal- és feliilnézeti kép). Kék-zold-sarga-piros
szinek az id6 haladéasat jelzik, mikozben a szubsztrat az 2.
kotozsebbol (R482%) atkeriil a kozponti kotdzsebbe (sotétlila
a hélixek also része a kozponti aminosavak) majd a taloldali 2. zsebbe (R482).

végek  eloszlasara.  Erdekes

modon, koleszterin jelenlétében

tengely felé mozdult el ¢és
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mozgasuk csokkent mértéket mutatott. A szitoszterin is csokkentette a hélix-mozgasokat az
egyik szimuldcioban, azonban a hélixek nem mozdultak a kozpont felé. A koleszterin
legjellemzObb hatdsa a TM2 és a TM2' zardsa volt, amelyet e hélixek intracellularis végei
kozotti tavolsag csokkenése jellemzett (mindkét protomer V450 Ca atomjai kdzott szamolva,
6. abra, a). Tiszta POPC kettdsrétegbe helyezve az ABCG2-t a TM2 és a TM2' vagy egyaltalan
nem mutatott zarodast, vagy a végek csak kisebb mértékben kozeledtek egyméshoz, mint a
koleszterin jelenlétében végzett szimulidciokban. A szubsztrat-hozzaférést és a kotdzseb
térfogatat a hélixek dinamikus fluktuacioi befolyasoljak, amit az MDpocket szoftverrel
vizsgaltunk®. A 0,75 vagy annal nagyobb gyakorisaggal jelen 1évé iiregeket elemeztiik, és a
kiindulasi szerkezet zsebeihez hasonlitottuk (Cikk-5: 3. 4bra, a-c). Két szimulacioban egy nagy
iireget figyeltiink meg, amely a 2. zsebet, a 2." zsebet €s a 3. centralis iireget foglalta magaba.
Ez a komplex lireg a membran kettdsrétege felé (Cikk-5: 3. abra, b) és a citoszol felé (Cikk-5:
3. abra, c) egyarant nyitott volt. A TM2 citoszol feldli zarodasa azonban megakadalyozta az
oldals6 nyitast (Cikk-5: 3. dbra, d), és a kozponti iireg (Site 3) citoszol feldli hozzaférését is
korlatozta (Cikk-5: 3. dbra, e).

A transzlokadcios utvonal vizsgalata egyensulyi szimulaciokkal. A szubsztrat-transzlokacio

részleteinek azonositasara egyensulyi szimuldciokat végeztiink, a befelé¢ nyitott ABCG2
szerkezetet (PDBID: 6hco)’® POPC/koleszterin kettésrétegbe dgyaztuk hugysav jelenlétében,
ami az ABCG?2 fiziologias szubsztratja’!'%°, Mivel szimulacios idéskalank viszonylag rovid
volt (0,5-1 ps), a szubsztratkotés €s transzlokacio valdszinliségét tigy noveltiik, hogy 30 db
hugysavmolekulat helyeztiink a szimulacidés dobozba. A 0,5 ps hosszusagu szimulaciok egyike
soran a TM-hélixek citoplazmatikus végei kozotti tavolsdg olyan mértékben csokkent, hogy
eltlint a szubsztrat belépési pontja. Egy masik 0,5 ps hosszi szimulacié soran a 30-bol egy
hugysavmolekula bejutott a 2." helyre (a B lanc TM1, TM2 és TM3 kozotti zsebébe). A belépés
a részben szeparalt NBD-k kozotti térbol tortént, s a belépési pontot az N391', Q393', E446' és
S535 aminosavak hataroltak (6. abra, b). A 2. ' zsebben a szubsztrat a Q398', S440', S443', R482'
¢és L539 aminosavakkal Iépett kdlcsonhatasba a legnagyobb gyakorisaggal, majd tovabb haladt
az extracellularis tér felé a TM2, TM2', TMS5 és TMS5' hélix kozotti 3. zsebbe. Itt a leggyakoribb
szubsztratinterakcios partnerek kozé az F439, T542 és a V546 aminosav tartozott a dimer
mindkét felébdl, valamint kisebb gyakorisaggal az N436 is. A hugysavmolekula az
extracellularis tér felé is tovabb haladt, de a Leu-szelepet (Leu 554 és Leu 555 aminosavakat)
nem érte el. Végiil a hligysav a mozgési irdnyat az intracellularis tér felé valtoztatta, és a

belépési ponttal ellentétes oldalon érte el a 2. kdtézsebet. A leggyakoribb kdlcsonhatasok
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(Q398, S440, S443, R482 ¢s L.539") ugyanazoknak az aminosavaknak feleltek meg, amelyeket
a szemkozti 2.' zsebben is megfigyeltiink.

A Leu-szelepen torténd dtjutas jellemzése metadinamikdval. Varhato volt, hogy a hugysav

nem jut a kiils6 térbe, mivel a befelé-nyitott konformacio a zarodast mutatdé mozgasok utdn még
mindig nyitottabb az ismert ATP-kotott, zart konforméaciokhoz képest. Ezért az ATP-kotott,
befelé-zart ABCG2 szerkezettel is inditottunk egyensulyi szimulacidkat ugy, hogy a hugysav
molekula a Leu-szelep kozelében helyezkedett el (Cikk-5: S7. abra). Atjutast igy sem tudtunk
megfigyelni, ezért a szubsztrat extracellularis térbe torténd 1épését gyorsitott szimulaciokkal,
metadinamikaval vizsgaltuk, amellyel az atjutds energetikdjanak leirdsara is lehetdség
nyilik 01102,

A metadinamikai MD szimuldciok soran, ha a szubsztrat hosszabb ideig tartozkodott egy
helyen, akkor a potencidlisenergia-feliiletet tigy valtoztattuk meg, hogy az extracellularis
iranyba torténd mozgas esetén csokkenjen a rendszer energidja. Mivel a hosszabb
metadinamikai szimulaciokban nem sikeriilt konvergencidt elérniink, mert a hiigysav nem
talalta meg a visszavezetd utat a kozponti zsebbe, az atjutas energetikdjat nem tudtuk pontosan
leirni. Ezért tobb rovid szimulacidt végeztiink el addig a pontig, amikor a hugysav athaladt a
Leu-szelepen. A szubsztrat kolcsonhatasba lépett az egyik protomer N601' és P602' és a masik
protomer N604 és Y605 aminosavaival (Cikk-5: 5. dbra). A kijarat koriili aminosavak koézé
tartozott az 556-559, 616-618, valamint az ellentétes TM2 extracellularis vége (T421 és N425).
Annak érdekében, hogy betekintést nyerjiink a szubsztrat dthaladasanak energetikajaba, minden
egyes szimulacioban kiszdmoltuk a rendszerbe pumpalt energiat addig az id6pontig, amikor a
hagysavmolekula athaladt a Leu-szelepen (Cikk-5: 5. dbra). A hat szimulaciobol haromban ez
a szabadenergiabevitel 7-13 kcal/mol kozott volt, ami Osszevetheté az ATP-molekula
hidrolizisébdl felszabadulo energiaval. Fontos megjegyezniink, hogy MD szimulacidkban nem
hasithatunk ATP-t, ezért hasznaltunk metadinamikat energiabevitelre. Tovabba ez nem azt
jelenti, hogy egy szubsztrat atjutdsdhoz egy ATP molekula hasitdsara van sziikség, hanem azt
mutatja, hogy mivel az energia mértéke 6sszemérhetd volt az ATP-hasitdsanak energidjaval, a
zart konformacio, amit egyébként sokan a transzport 1épés utani konformacionak gondolnak,

alkalmas volt a transzport vizsgalatahoz.

4.2.3. Osszefoglalds

A homoldgia modellel végzett vizsgalataink és kisérleteink arra utaltak, hogy az ABCG2
NBD/TMD interfész szerkezete mas mint a CFTR megfeleld régiojanak szerkezete. Azaz a
Q141K, koszvényt is okozd varians megmentésére a CFTR megmentésére alkalmazott

20



dc_2020 22

modszerektdl eltérd megkozelitést érdemes alkalmazni. A homolégia modellhez torténd
dokkolasokkal azonositottuk egy fiziologids szubsztrat feltételezett atjutasi utvonalat. Mivel a
dokkolas ilyen esetekben kevésbé megbizhatd, az itvonal megerdsitésére immar kisérletes
szerkezetekkel MD szimulaciokat végeztiink, amelyek attorést jelenthetnek a szubsztrat-
transzport folyamatanak és koleszterin altali szabalyozasanak megértésében. Bioinformatikai
elemzésiink a kdzponti kotdhelyen kiviili drogkotd zsebeket tart fel (2. zseb), tovabba egy
dinamikus transzportutvonalat, amely alkalmas eltérd szerkezetii szubsztratok szallitasara.
Val6szinlisithetd tovabba, hogy a membran koleszterintartalma a fehérje citoplazmatikus

régidinak zardsat segiti eld, igy gyorsitva a transzportot.

4.3. Membran (ABC) fehérjékhez kapcsolddd (web) alkalmazdasaink

4.3.1. Adatbdzis ABC fehérjék mutacidinak 6sszehasonlitd elemzéséhez
(Cikk-6: ABCMdb: a database for the comparative analysis of protein mutations in ABC

transporters, and a potential framework for a general application; http://abcm2.hegelab.org)

Az ABC fehérjék mutaciéi szamos betegség kialakuldsaban jatszanak szerepet®®®’.

Betegségekkel 0sszefliggd mutaciok tanulmanyozéasa mellett szadmos in vifro mutagenezises
vizsgalat taldlhat6 az irodalomban, amelyben egyes aminosavak szubsztratfelismerésben,
domének kozotti kommunikacidban, ATP-kotésben és hidrolizisben betdltott szerepét
vizsgaltak. Egyes aminosavak cseréje megkonnyitheti teljes ABC-transzporterek vagy azok
egyes doménjeinek fehérjeexpressziojat és szerkezetének meghatarozasat is. Mutagenezises
vizsgalatok tervezésekor fontos elére tudni, hogy hoztak-e mar 1étre hasonld konstrukciokat,
vagy leirtak-e mar olyan mutansokat, amelyek ugyanazokat a vizsgalni kivant régiokat vagy
kolcsonhatasokat befolydsoljadk. Ha egy ABC-fehérjében egy aminosav szerepét mar
részletesen jellemezték, akkor a homologia €s az aminosav-konzervaltsag figyelembevételével,
a bioinformatika egyik paradigmaja alapjan, kdvetkeztetni lehet mas ABC-transzporterekben a
homoldg helyen levé aminosav szerepére is'%*1%,

Az irodalomban leirt mutaciok elérésének megkonnyitésére létrehoztuk az ABC-fehérje
mutaciés adatbazist (ABCMdb, ABCM2), amelyhez a mutdcidkat publikaciok teljes
szovegébdl (pdf) nyertiink ki automatikus szovegbanyaszattal. Minden egyes adott emberi ABC
fehérje altalanosan hasznalt neveivel a PubMed adatbazisban keresést végeztiink, a cikkek
teljes szoveget tartalmazo pdf fajlokat a pdfetch programmal
(https://code.google.com/archive/p/pdfetch) automatikus modon letdltottik. A mutécidk

azonositasara létrehoztunk egy MutationFinder-alapi'® munkafolyamatot, amelynek a
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bemenete egy pdf file, a kimenete pedig tartalmazza a mutéiciot és azokat a mondatokat,
amelyekben a mutacio emlitésre keriilt. Az ABCC6 és a CFTR fehérje automatikusan
azonositott mutéacidit 6sszehasonlitottuk ezen fehérjék publikus, betegek szekvenaldsi adatait
tartalmazd mutacios adatbazisaiban taldlhatd bejegyzésekkel. Az ABCC6 fehérje mutacioi
okozzik a pseudoxanthoma elasticum (PXE) betegséget’, amelynek soran kalcium halmozédik
fel elasztikus rostokban, s ez koros elvaltozast idéz eld elsOsorban a borben, a szemben és a
keringési rendszerben. Tanulméanyunk irasakor a PXE adatbdzis 183 missense €és nonsense
ABCC6 mutéciot tartalmazott, melyeknek 87%-4t megtalaltuk, tovabba 48 olyan egyedi
mutaciot is kinyertiink, amely a PXE adatbazisdban nem szerepelt. A CFTR1 adatbazis

(http://www.genet.sickkids.on.ca) 900 missense és nonsense mutaciéjabol 562 darabot

nyertiink vissza cikkekbdl, a fennmarado 338 eset vizsgalatabol pedig arra kovetkeztettiink,
hogy ezek tobbsége nem publikalt klinikai vizsgalatbol szarmazik. Az altalunk hasznalt
MutFinder-alapi médszer 791 olyan mutéciot is talalt, amelyek nem voltak jelen ezekben az
adatbazisokban, s a mutans fehérjéket in vivo vagy in vitro modon vizsgéald publikaciokbol
szarmaztak.

Web alkalmazasunkban nem csak az adott human ABC fehérje mutacioi kereshetk, hanem
szekvencia-illesztések hasznalataval, lehetové tettiik a kiilonbozd fehérjék szekvencidlisan
homolég pozicidiban 1éve varidnsainak Gsszehasonlitdsat is. Szintén lehetdség van egyszeri
klikkeléssel a mutaciok megjelenitésére a fehérjék 3D szerkezetén. Bar kéziratunk idézettségén
nem latszik, a Google Analytics web szolgaltatas és személyes visszajelzések alapjan sokan
hasznaljak alkalmazasunkat, ezért 2017-ben jelentds fejlesztéseket hajtottunk végre rajta (pl.
DNS-szintli adatok hozzaadasa, mutaciok hatasanak beillesztése SNAP2 és PROVEAN
prediktorok alapjan'®®197). Adatbazisunk fejlesztéséhez és ujabb funkciokkal valé bévitéséhez
a web technologiak jelentds 4talakuldsa miatt az egész keretrendszert Gjra kell irnunk. Tartalmi
bovitéséhez az eddig megvalosult legfontosabb rész kisérletes ABC fehérje szerkezetek
Osszegyljtése ¢és a human ABC fehérjék szerkezetének generdlasa AF2-vel (Cikk-9 és
http://abc3d.hegelab.org?*).

4.3.2. Pgp-szerl ABC fehérjeszerkezetek kvantitativ 6sszehasonlitasa konftorokkal
(Cikk-7: Quantitative comparison of ABC membrane protein type I exporter structures in a

standardized way; http://conftors.hegelab.org)

Egyre tobb ABC membranfehérje szerkezetét hatarozzak meg krio-elektronmikroszkopidval. A
kapcsolodd tanulmanyokban az 0 szerkezeteket dsszehasonlitjak korabbi szerkezetekkel, de
ezek az Osszehasonlitasok altalaban szemikvantitativ jelleglieck és nem teljesek. Mig a
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kisérletesen meghatarozott szerkezetek

validalasahoz kiszdmitanak alapvetd fontos

mértékeket (pl. ¢/y szogek, a modell illeszkedése

kisérleti adatokhoz)'®®!1%° addig a szerkezetek S
geometriai ¢és fizikai-kémiai tulajdonsagainak =
jellemzésére nem  hatdroztak még meg
standardizalt — mérészamokat.  Kordabban a W<
O

rendelkezésre 4ll6 nagy felbontasu szerkezetek
alacsony szdma miatt viszonylag egyszeri volt

eldonteni, hogy mely ismert konformaciokat kell

Osszehasonlitani egy Uj szerkezet
konforméciojaval. A megoldott szerkezetek

szamanak novekedésével azonban
7. abra: Példak Pgp-szerii szerkezetek
konformacidit leir6 dedikalt vektorokra.
THX: atkeresztez6d6 TM hélixek altal
definidlt konftorok (kék); ICX: ezen TM
tanulméanyainkhoz is sziikségiink volt ilyen | hélixek intracellularis ~ részeinek
megfeleltethetd konftorok (piros); NBDX:
mérészamokra. Egyrészt fontos, hogy ne pusztan | csatol6 hélix tomegkdzéppontja és az NBD S9
hélix els6 aminosava kozotti konftor (tiirkiz).
a legjobb felbonté.sl,l SZerkeZetet VélaSSlek kl, Ezen vektorok altal bezart Szégek a befelé

nyitottsagot jellemzik.

szabvanyositott, = automatikusan  generalhatd

mérdszamokra lenne sziikség. Sajat

hanem olyat, amely a megfeleld konformacioval

rendelkezik. Masrészt szdmos ABC szerkezet meglepd tulajdonsagokat mutatott (pl. nagy
membran-béli d61és szog), amelyek alapjan kisérletet befolyasold dontést is kellett hoznunk.

Ezért megvizsgaltuk a Pgp-szerli szerkezetek kiilonféle kvantitativ jellemzdit. Eldszor a
fehérjének a lipid kettdsréteg normaljadhoz képest mutatott dolését €s a hidrofob kettdsréteg
fehérje koriili helyzetét tanulméanyoztuk. Ezeket az adatokat tobb adathalmazbol és sajat
szimulacioinkbol szamoltuk. A legtobb esetben a do1ésszog-béli kiilonbségek elhanyagolhatok
voltak (<6°). A fehérje korili kettdsréteg elhelyezkedését a transzmembran hélixek
tomegkdzéppontja és a kettdsréteg kozéppontja kozotti z tengely mentén mért tavolsaggal
jellemeztiik. Ezek €s mas (pl. hélixek torése, elforduldsa, membranszolvatacio) mérdszamok
azonban még mindig nem rendelkeztek megfeleld felbontassal kiilonbozd szerkezetek pontos
Osszehasonlitasahoz. Ezért az ABC teriileten szerzett tapasztalatunkra tdmaszkodva olyan,
aminosav parok kozotti vektorokat definidltunk, melyek nagysdga vagy egy masik vektorral
bezart szoge jellemzd az adott konformaciora.

Ezeket a vektorokat konformacios vektoroknak, konftoroknak neveztiik el. Példaul az

extracellularis tér felé vald nyitds mértékének Osszehasonlitisara a THX1-2 az egyik
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legalkalmasabb vektor-par (7. dbra), amelyek altal bezart szogek atlaga a "alul-nyitott/befelé-
nézo”, "alul-zart/befelé-nézo", "alul-zart/feliil-zart", és "alul-zart/feliil-nyitott"
konformaciokkal rendelkez6 ABC szerkezetekben 46°, 26°, 39° és 35°.

Osszefoglalva, a javasolt metrikdk hozzajarulnak az ABC membranfehérjék szerkezeti
jellemzdéinek mélyebb megértéséhez, a szerkezetek validalasdhoz és molekuladinamikai
trajektoriakban megfigyelt mozgasok elemzéséhez. Hasonld metrikdk mas fehérjecsaladokra is

kidolgozhatdk és alkalmazhatdk.

4.3.3. MemBIlob szerver TM-régidk krio-EM denzitasbdél vald meghatarozdsara
(Cikk-8: MemBIlob database and server for identifying transmembrane regions using cryo-EM

maps; http://memblob.hegelab.org)

Membranfehérjék szerkezetének és miikodésének megértéséhez fontos a transzmembran,
illetve egyéb, lipidekkel kolcsonhatd régidik azonositdsa. Rontgen krisztallografidval
meghatarozott szerkezetekben a lipidek ritkdn azonosithatok és nem feltétlen a fizioldgias
kotohelyekhez kapesolddnak. A lipidekkel kdlesonhato helyeket ritkdn vizsgaljak kozvetlentiil,
azok a kisérletek, amelyekben a feltételezett TM-hélixek koré kiilonb6zé poziciokba tag-et
(cimkéket) illesztve azok hozzaférhetdségét vizsgaljak, altalaban alacsony felbontast adatokat
szolgaltatnak''"'!. Ezért szamos in silico predikciés modszert is fejlesztettek a TM-régiok
meghatérozasara, amelyek koziil a legnépszeriibbek a TMDET, a PPM és a MEMPROTMD'!%
14

Az utobbi évek technikai fejlesztéseinek kdszonhetden a membranfehérjék szerkezetét
egyre inkabb krio-elektronmikroszkopiaval oldjak meg. Eszrevettik, hogy a krio-
elektronmikroszképiat (krio-EM) alkalmazé membranfehérje szerkezetmeghatidrozas soran
jelen 1évo lipidkdrnyezet (pl. micella, bicella és nanodisc) elektronsiirisége is lathato a
meghatarozott krio-EM denzitdsban. Ezért kifejlesztettiink egy olyan munkafolyamatot
(MemBIlob), ami membranfehérjék kisérletes krio-EM denzitasat felhasznalva meghatdrozza a
fehérje lipidkornyezettel koriilvett TM részét. Roviden 0sszefoglalva, ha a membranfehérje
denzitasat kivonjuk a teljes denzitasbol, akkor megkapjuk a membrankdrnyezet denzitdsat,
amely széleinek a 3D koordinatdi meghatarozhatok. A denzitds széleit korbe 10 fokonként
hataroztuk meg, s minden egyes koordinatahoz megkerestiik a legkozelebbi fehérje atomot, ami

igy meghatarozta a keresett, lipidbe stillyedd fehérje régiot (8. abra).
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A web alkalmazas

egyrészt adatbazisként
mikodik, minden 2018.

juliusig krio-EM-mel
meghatarozott
membranfehérje
szerkezetre (92 TM fehérje
4 A vagy annidl jobb

felbontéssal) kiszamolt

adatot tartalmaz. Lehetové

teszi ugyanakkor @ | 8. abra: A MemBlob munkafolyamata a CFTR szerkezetén
bemutatva. A fehérje atomi szerkezetébdl (RCSB, PDB ID: Suak)
denzitast szamolunk, amit kivonunk a teljes denzitasbol (EMD). A
egy tetszoleges szerkezetet megmaradt .mem’brén.-paca széleinek l’<0'0’r'dinét.ai definialjadk a membran
interfész (lila) és hidrofob (zo6ld) régioit. Piros: alacsony felbontast
feltoltson, s lefuttassa az | szerkezeti rész, aminosav oldallanc hozzarendelés nélkiil. Bekarikazott: a
rendezetlen R doménbdl szarmazo denzitasok.

felhasznaldé szamdara, hogy

algoritmust. Az adatbazis

Osszedllitdsa soran kideriilt, hogy az elektrondenzitas térképek koriilbeliill 30%-a nem
tartalmazott jol definialt, a membrankdrnyezetnek megfeleld részt. Ezeket a szerkezeteket vagy
megfeleld lipidkornyezet hianyaban oldottak meg, vagy az elektronstirliség-térképeik alacsony
jel/zaj ardnya akadalyozta a membranpaca hatarainak meghatarozasat.

Tanulmanyunk bemutatta, hogy a krio-EM stirtiségtérképek a fehérjeszerkezeten kiviil mas
értékes informaciot is tartalmaznak, mint példaul a lipidkornyezet helyzete €s esetlegesen a
rendezetlen régidokhoz tartozo stirliségek, s ezek a kisérletes adatok bioinformatikai eszkdzokkel
hozzéaférhetové tehetok. A web alkalmazast a megjelenése utdni els6 évben mar sokat
hasznaltak, s az egyik elsdszerz6 (G. Csizmadia) eldadés forméjaban egy Gordon konferencian
bemutathatta. Tusnady Géborral (ELKH TTK) egylittmiikodve az 4ltala TM fehérjékre

kidolgozott, széles korben hasznalt web alkalmazasok kozé tervezziik integralni.

4.3.4. Transzmembran fehérjék AlphaFold2 predikcidja

(Cikk-9: Ins and outs of AlphaFold2 transmembrane protein structure predictions;

http://alphafold.hegelab.org)

Bar hatalmas eréforrasokat forditottak a fehérjék szerkezetének szekvencidjuk alapjan torténd

joslasara, ez hosszli évekig kihivast jelenté feladat maradt!'!®

. A teriileten komoly 4ttorés a
CASP13 és CASP14 (Critical Assessment of Protein Structure Prediction) versenyen tortént!!'®,
amikor egy neuralis halézaton alapuld megkozelités, az AlphaFold (AlphaFold2, AF2)
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kiemelkedett a tobbi modszer koziil’®. Az AF2 predikcid bemenete egy fehérjelanc
szekvenciaja, amelyet az algoritmus kiegészit tobbszords szekvencia-illesztésbdl és rokon
fehérjék szerkezetébdl szarmazo informaciokkal. Az eredményiil kapott szerkezeti modellek
mindségét a pLDDT (predicted Local Distance Difference Test) pontszam atlaga jellemzi
(amely 0 és 100 kozotti értékeket vehet fel; a magasabb érték jobb) és a kimeneti szerkezeti
modelleket ez alapjan rangsoroljak®®. Azt, hogy az AF2 CASPl4-ben megfigyelt nagy

pontossaga és megbizhatdsaga barmely fehérjeszerkezet joslasakor is érvényes®!!”

, még nem
validaltdk. Nem ismert, hogy a legmagasabb pLDDT pontszdmmal rendelkezdé szerkezeti
modell mindig megfelel-e a nativ szerkezetnek. A transzmembran fehérjék tanulmanyozasaval
foglalkozo kutatok kiilonosen szkeptikusak az AF2 altalanos megbizhatdsagaval kapcsolatban,
mert ezeknek a fehérjéknek a vizsgalata akar kisérleti, akar szamitasi modszerekkel kiilondsen
nehéz, és az AlphaFold2-t nem hangoltak specifikusan TM fehérjékre.

A josolt transzmembran (ABC) fehérjeszerkezetek racionalitasanak vizsgdlata. Annak

érdekében, hogy az AF2 Aaltal épitett TM fehérje szerkezetek josdgat megvizsgaljuk,
Osszehasonlitottuk a TM ¢és a szolubilis fehérjék prediktalt szerkezeteinek pLDDT pontszamat.
Erdekes modon az oldhaté fehérjék pontszdmai szélesebb eloszldst mutattak, és tobb
alacsonyabb pLDDT értékii szerkezet volt megfigyelhetd a TM fehérjékhez képest (9. abra, a).
Ez vératlan volt, mivel az AlphaFold2 tanuldsi készlete eleve tobb szolubilis szerkezetet
tartalmazott és az algoritmust nem érzékenyitették TM fehérjékre. Ugyanakkor ismert az is,
hogy az alacsony pLDDT-értékek szerkezeti rendezetlenséggel is korreldlnak?®, azaz a
membrénfehérjékre kapott magasabb értékek Osszhangban vannak azzal, hogy benniik
kevesebb rendezetlen régio talalhatd a szolubilis fehérjékhez képest. A kovetkezd 1épésben
Osszehasonlitottuk a TM hélixek AF2 szerkezetekben megfigyelhetd térbeli helyzetét a lipid
kettosrétegben megfigyelhetd és elvart fiziologids hélix orientaciokkal (Cikk-9, 1. dbra). Azt
talaltuk, hogy az AF2 szerkezetek tobbségében a TM régioknak megfeleld hélixek végei
kijelolnek két sikot, amelyek tdvolsaga megfeleltethetd lipid kettdsrétegek vastagsaganak.
Ezeknél specifikusabban, fehérje-fold szinten is teszteltiik az AF2 teljesitményét. Ehhez az
ABC fehérje szupercsalad kivald valasztds, mivel a jelenleg rendelkezésre 4ll6 PDB
szerkezeteik TM doménjei igen valtozatosak, kilenc kiilonbozd fold-csaladba sorolhatok (Cikk-
9, S3 abran még nyolc szerkezeti csalad szerepel, azdta mar azonositottunk egy ujat — Isd.

http://abc3d.hegelab.org)?*!1811°  Célunk az volt, hogy az AF2 altal létrehozott ABC

szerkezeteket ~ Osszehasonlitsuk  kisérletesen =~ meghatarozott  szerkezetekkel. Az
Osszehasonlitishoz TM-pontszdm (TM-score) értékeket hasznaltunk, amelyet a TMalign'*

algoritmussal szdmoltunk minden egyes AF2 ABC szerkezet és minden egyes ABC fold-csalad
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9. abra: (a) Transzmembran (TMEM) és szolubilis (SOLU) AF2-prediktalt szerkezetek josaga pLDDT pont
alapjan. (b) AF2-josolt ABC fehérje szerkezetek hasonlosaga kisérletes szerkezetekhez (megegyez6 fold, ha
TM-score > 0,5). (¢) Az MIaE fehérje josolt szerkezete (kék-piros az N-végtdl a C-végig) gyakorlatilag
megegyezik a kisérletes szerkezettel (sziirke, PDB ID: 7chO0).

referencia szerkezete kozott. Amennyiben a TM-pontszadm nagyobb 0,5-nél, a két fehérje foldja
megegyezOnek tekinthet6'?!. Eredményeink azt mutattak, hogy az AF2 4ltal josolt ABC TM
domének 99,5%-a megfelel egy kisérletes ABC-foldnak, mert 0,5 feletti értéket mutattak a
megfeleld referencia-szerkezettel szemben (9. abra, b).

Kihivast jelentd és uj transzmembran szerkezetek elorejelzése. Fontos megemliteni, hogy

az EBI adatbazisaban elhelyezett?’, AF2-vel josolt transzmembran fehérje szerkezetek jelentds
részéhez van megfeleltethetd kisérletes szerkezet, amely ugyanannak vagy homolog fehérjének
a vizsgalatabol szarmazik. Ezek nagy része, a 2018-04-30 el6tti szerkezetek, benne volt az AF2
tanulasi halmazaban, a 2020 kozepéig publikalt szerkezeteket pedig sablonként hasznaltdk a
predikcioés futtatisok soran®. Ezért az AF2 szerkezetjoslasok megbizhatosagat kétféleképpen
teszteltiik. E16sz6r a CASP14 verseny kihivast jelentd TM célpontjat (T1024, LmrP, PDBID:
6t1z, megjelent 2019-10-07'%?) valasztottuk ki, amelynek voltak ismert homoldg szerkezetei,
majd olyan 0j TM szerkezeteket, amelyek szintén 2018-04-30 utan keriiltek a PDB adatbazisba
igy nem voltak benne a tanul6halmazban. Az utébbi tesztelés soran kiterjedt irodalmi, SCOP'%?
és PEAM'** kereséseket végeztiink olyan transzmembran fehérje szerkezetek vagy homolog
szerkezeteik azonositasara, amelyek nem keriiltek bele az AF2 tanuldhalmaziba. gy
azonositottuk az ABC transzmembran MlaE-szerli szerkezetet'”, az ER membranfehérje
komplex 6-o0s alegységének szerkezetét, valamint az MprF szerkezetet'?®. Ezeket tudtuk a
tanitohalmaztol teljesen fliggetlen, AF2 TM fehérje joslasok tesztelésére haszndlni. A sablonok
nélkiili AF2 futtatasok az MIaE (PDBID: 7ch0, RMSD: 1,28A, TM-score: 0,95; 9c. abra) és az
EMC6 (PDBID: 6ww7, RMSD: 0,96A, TM-score: 0,93; Cikk-9, 3c. abra) esetén a kisérleti

szerkezetekhez nagyon hasonlé modelleket eredményeztek. Ezzel szemben az MprF
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transzmembran domén legjobb pLDDT pontszamu prediktalt szerkezete nem egyezett a
kisérleti szerkezettel (Cikk-9, 4a. dbra). Ezért ezt a predikciot tobbszor (n=6) elvégeztiik a
randomszdm generdtor kiillonbdzdé kiinduldsai allapotaival, majd a TM-score segitségével
Osszehasonlitottuk a kimenetet a 7duw transzmembran doménjével. A pLDDT-pontszamok ¢és
a TM-pontszamok abrazolasa (Cikk-9, 4b. dbra) azt mutatta, hogy a 6x5 prediktalt szerkezet
koziil a legjobb pLDDT-pontszammal rendelkezd szerkezet mutatta a legmagasabb TM-
pontszamot, azaz ez hasonlitott legjobban a célszerkezethez (Cikk-9, 4c. abra). Fontos
megjegyezni, hogy az MprF konforméciok kozotti kiilonbség két szubdomén (flippaz és

szintaz) elkiiloniilését mutatja'?’

, azaz az AF2 az LmrP j6slashoz hasonléan egy, a kisérletes
szerkezettdl eltérd, de funkciondlisan relevans allapotot ragadhatott meg.

Az AF2 utmutatast adhat ABC szerkezetekhez kapcsolodo kérdések vizsgalatahoz. Az AF2

is hasznalt sablonokat a szerkezeti modellezéshez, azaz az altala épitett szerkezetek egy része
magas mindségli homologia modellnek is tekinthetd. Az altalunk részletesebben vizsgalt human
ABC-fehérjék AF2-modellezését kikapcsolt sablonhasznélattal is elvégeztiik. Eredményeink
azt mutattdk, hogy az egylanct fehérjékre betanitott AlphaFold2 algoritmus jol mitkddik
féltranszporterekre is, mind homodimer, mind heterodimer esetben (Cikk-9, 5. dbra c-e és S5.
abra).

Azt is megvizsgaltuk, hogy az AF2 szerkezeti modellek hogyan egészithetik ki vagy
helyettesithetik a homoldgia modelleket MD szimulaciokban. A CFTR fehérje esetén, a templat
nélkiili AF2-predikcio egyenes TMS8 hélixet eredményezett, ez a szerkezet pedig MD
szimuldcidkban raciondlisabb nyitddast mutatott a kisérleteshez képest (Cikk-9, 5. abra, f-h).

Hozzdjarulasunk az AlphaFold?2 kodhoz. Két jelentds hibat is felfedeztiink a publikus AF2

kodban (http://alphafold.hegelab.org). Mindketté memoriafelhasznélassal kapcsolatban 1épett
fel abban az esetben, ha a bemenetként kapott tObbszords szekvenciaillesztés nagyon
nagyméretll. Az els hiba esetén a GPU memoria hasznalat novekedett meg annyira jelentésen
még rovid fehérjék esetén is (~250 a.a. NBD), hogy egy 24 GB RAM-val rendelkez6 GPU sem
terheli meg. Javitasainkat a DeepMind mar beépitette az AF2 koddba.

Osszefoglalds. Bemutattuk, hogy az AF2 membranfehérjékre is hasonlé minéségii
szerkezeteket tud josolni mint szolubilis fehérjékre. Viszont eldzetes eredményeink azt
mutatjdk, hogy a 2021 novemberében megjelent AlphaFold-Multimer'?®, amelyet
fehérjekomplexek joslasara fejlesztettek, membranfehérje komplexeket nem josol annyira jo
hatasfokkal. AF2 felhasznalasaval megépitettiik olyan dimer humén ABC fehérjék szerkezetét,
amelyek sem a kisérletes PDB, sem az AF2 EBI adatbazisban nem taldlhatok meg. Ezeket a
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3D-beacon protokol felhasznasaval kotottiik be nagyobb adatbazisokba (pl. PDB-
KnowledgeBase),

(https://3dbeacon.hegelab.org)®*.

hogy masok szadmara is konnyen hozzaférheték legyenek

4.3.5. MemMOoRF, lipidekkel kolcsonhaté rendezetlen fehérjerégiok adatbazisa
(Cikk-10: The MemMoRF database for recognizing disordered protein regions interacting with

cellular membranes; http://memmorf.hegelab.org)

A fehérje-membran kolcsonhatasok alapvetd szerepet jatszanak szdmos celluldris folyamatban
(pL. jelatvitel, vezikularis transzport, virusinvazid). Az ilyen kolcsonhatasok kialakitdsdban
gyakran vesznek részt rendezetlen régiok (Intrinsically Disordered Region, IDR), amelyek
nemcsak mas fehérjékkel, hanem lipidekkel is képesek specifikus, reverzibilis kdlcsonhatasokat
kialakitani'?*'*!. Mig a fehérjepartnerekkel vald kolcsonhatds sordn rendezetlen-rendezett

ﬂ§132J33

atmenetet mutaté IDR-eket MoRF-nak (Molecular Recognition Feature) nevez ,addig a
lipidek altal indukalt rendezetlen-rendezett dtmentet megvalositd szegmenseket MemMoRF-
oknak neveztiik el (10. dbra). Mivel a MemMOoRF-ok kisérletes tanulmanyozésa és szamitasos
jellemzése is kihivast jelent, s az irodalomban ezekr6l a régiokrol adatok egyeldre csak szortan
talalhatok, vizsgalatuk megkonnyitése érdekében létrehoztuk a kisérletileg validalt

MemMoRF-ok atfogd adatbéazisat (https:/memmorf.hegelab.org). A MemMoRF azonositast

irodalmi és NMR adatokra alapoztuk. A potencialis MemMoRF-ok dinamikajanak jellemzésére

t134

a kémiai eltolodasokbol szamitott masodlagos szerkezeti hajlamot'** és random coil index'*

értékeket épitettiik be adatbazisunkba. Osszesen 538 fehérjét vizsgaltunk meg (PDB adatbézis,

Protein Ensemble Database, és irodalom alapjan), s
ezek koziil 107 fehérjében taldltunk membrannal
kolcsonhatd régidkat (n=149). 131 régi6 mutatott
rendezetlen-rendezett atmenetet lipid-kolcsonhatés
soran, 19 flexibilis maradt kotédés utan is, 18 pedig
rendelkezett oldatban is.

rendezett szerkezettel

Ezekhez a fehérjékhez ¢s MemMoRF-okhoz tartozo

szimulaciokban a phospholemman (PDB
ID: 2jol) MemMOoRF régiodja (a.a. 58-72)
membrankornyezetben megorzi
helicitasat, mig lipid-kolcsonhatdsok
nélkiil elveszti azt.

r i }‘L ~ adatokat cikkekbdl szarmazé mondatokkal, szerkezeti

f .

v adatokkal (pl. PFAM-domének'?*, rovid linearis
10.  abra  Molekula  dinamika | motivumok'*®)  és  betegségekkel  kapcsolatos

informéciokkal (pl. dbSNP'37 és MIM!®®) egészitettiik
ki. Adatbéazisunk (1) szabadon hozzaférhetd, konnyen
hasznalhato, szervezett erdforras; (2) gold standard
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készletet tartalmaz a rendezetlen régiok lipidkdlcsonhatasdnak szekvencia-fliggdségének
meghatarozasahoz; (3) kivalé mindségli készletet jelent a MemMoRF-azonositasra szolgalo 1j
in silico algoritmusok kifejlesztéséhez; és (4) eldsegiti a MemMoRF-okat tartalmazé fehérjék
tovabbi kisérleti vizsgalatat. A MemMOoRF adatbazis egy felhasznalobarat feliileten keresztiil
érhetd el, igy jo eséllyel valhat a széles tudomanyos kdzosség szamara a transzmembran és

membranhoz kapcsolddo fehérjék rendezetlen régidinak kdzponti forrasava.

5. Kitekintés

A bemutatott cikkekhez kapcsoldodo projekteken jelenleg is dolgozunk, a felmertilt érdekesebb
problémak koziil vazolok az alabbiakban néhanyat. (1) Az ABC fehérjék Osszeszerelodését
alloszterikus modon erdsen befolyasoljak a doménjeik kozotti kolesonhatasok (késziild kézirat
Lukacs Gergellyel egyiittmiikddésben, McGill University, Kanada). Ez alapjan azt is
feltételezziik, hogy alloszterikus események a vartnal sokkal jobban meghatarozzék a transzport
folyamatokat €s a szubsztrat-felismerést, amelynek tanulmanyozésat elkezdtiik egy novényi
ABCG fehérjén (Markus Geisler kisérletes partnerrel, University of Fribourg, Svijc). (2)
Kérdéses, hogy az AlphaFold-Multimer mennyire jol tudja prediktdlni membranfehérjék
komplexeit. Ezt vizsgaljuk az emberi SERCA kalcium ATPéaz és a SARS Cov-2 Envelope
fehérjére fokuszaltan, kisérletes és elméleti modszerek kombinaciojaval (NKFIH K137610
palyazat). (3) Az Elixir 3D-bioinfo kdzdsségen keresztiil bekapcsoldédtunk szerkezeti adatokkal
kapcsolatos technologiai fejlesztésekbe (Christine Orengo UCL, Sameer Velankar és Varadi
Mihaly, EBI, Anglia). Ennek keretében az in silico médon épitett szerkezeteinket és MD

szimulacioinkbol szarmazé konformacios sokasdgainkat a 3D-beacon rendszeren keresztiil

tervezziik megosztani a tudoméanyos kozosséggel (https://3dbeacon.hegelab.org)**. Tovabba
standardokat, munkafolyamatokat és szoftvereket hozunk létre fehérjecsaladok szerkezetinek

osszehasonlité elemzésére (http://abc3d.hegelab.org)?*.

Az elmult években tudomanyteriiletiink eredményei kapcsdn ¢és egyiittmiikodo
partnereinkkel vald interakcid sordn szamos izgalmas kérdés meriilt fel kutatasi teriiletiink
jovojével kapcsolatban. Molekuladinamikai szimulacidink felhasznalhatosagat nagyban
befolyasolja a lefedhetd iddskala rovidsége — wvajon Aatiitést hozhat-e a teriileten a
kvantumszamitégépek megjelenése? Pillanatnyilag a kvantumkémiai szadmitdsok tlinnek
legkdnnyebben kvantumszamitégépre alkalmazhatonak, ugyanakkor a specidlisan ezekre
kifejlesztett numerikus algoritmusok attdrést hozhatnak a klasszikus MD szimulaciokban is. Az
els6 praktikusan is hasznalhatd kvantumszamitogépeket valosziniileg ipari résztvevok fogjak

létrehozni, ami lassithatja bizonyos tudomanyteriileteken valé hasznalatukat. Azonban az
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elmuilt években az ipar és az akadémia kapcsolata is jelentdsen atalakult, amelynek egyik kittind
példaja az AlphaFold. A DeepMind vallalat kitlizte egy kiilondsen nehéz probléma megoldasat,
s er6forrasokat nem kimélve, a célra fokuszalva, rovid idon beliil elérte azt. Rdadéasul, meglepd
modon nem pusztan a prediktalt fehérjeszerkezeteket tették kozkincesé, hanem a forraskodot is
nyilvanossagra hoztdk a tudomdnyos ko6zdsség szamara felhasznilhaté mdédon. A masik
kiilonlegesség az ilyen tipust kutatdsban, hogy tobbé az ipari kdrnyezet nem riasztd a
tudomanyos munka irant érdekl6dok szamara, hiszen egy ilyen projekt hossza 0sszemérhetd
egy palyazat futamidejével, a tudomanyos feladaton kiviil nincsen mas elvart teljesitmény (pl.
publikdcidos nyomads), s még az anyagi megbecsiilés is kimagasl6. A mindségi akadémiai
kutatdsok megmaradésa valdszintileg erésen fiigg attol, hogy ezeket a paramétereket akadémiai
kornyezetben mennyire sikeriil kozeliteni az ipari paraméterekhez. Az AlphaFold
megjelenésével, a nagy megbizhatdsagl szekvencia-alapu fehérjeszerkezet épitéssel felvetette
azt a kérdést is, hogy vajon lezarult-e a fehérjékkel kapcsolatos bioinformatika kora. Erre a
valasz egy egyértelmii nem, ugyanis az AlphaFold nem oldott meg minden fehérje-szerkezettel
kapcsolatos kérdést. Komplexek szerkezetének AF2-predikcidja kimagaslonak tiinik, de nem
elégségesnek, kiilondsen membrafehérjék komplexei esetén. Rendezetlen régiok jelenlétét jol
tudja jelezni, de mas eszkdzok erre alkalmasabbak lehetnek. Ugyanakkor ezen algoritmusok
egyike sem képes a dinamikat és a konformacios sokasagot jellemezni. Tovabbd az AF2 a
fehérje-feltekeredés folyamatarol semmiféle kdzvetlen informaciot nem szolgéltat, amelynek
megértése legalabb olyan fontos, mint a szekvencia-alapu szerkezet-joslas, figyelembe véve,
hogy szamos betegséget fehérje-feltekeredési probléma okoz. Osszefoglalva, a fehérje
szerkezetek megléte egy alapadathalmaz (mint a genom szekvencia), de az értelmét meg kell
talalni. Ennek egyik megkdzelités modja adatbanydszat lehet ebben a nagy mennyiségii
szerkezeti adathalmazban, ami pont a szerkezeti bioinformatika big data koranak kezdetét jelzi.
Egy masik fontos megkdzelitése a fehérjeszerkezetek Iényegi megértésének a fehérjedinamika
vizsgalata. Bar 1éteznek és elengedhetetleniil fontosak ehhez kisérletes modszerek (pl. NMR,
FRET), az atomi szintli torténések (pl. miikodés, mutaciok hatasa, gyogyszer-kotodés)
megértés¢hez az in silico vizsgalatok nélkiilozhetetlenek. Ezek koziil a jelenleg
legmegbizhatobb mddszer a molekularis dinamika, amit méltdn nevezett a Nobel-dijas Karplus

szamitasos mikroszkopnak.
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6. Uj tudomanyos eredmények

1.

10.

1.

Bemutattuk, hogy a CFTR korrektorok tobbsége az NBD1/CL4 interfészt stabilizalja,
am a terapia hatasossaganak novelésére sziikkség van mas helyen hato vegyiiletekre is,
amit interfész stabilizalt mutans fehérjével érdemes keresni.

Kimutattuk, hogy a VX-770 potenciator a CFTR fehérje funkcidjat annak
destabilizalasan keresztiil javitja, ami viszont a korrektorok hatdsat gyengiti, ezért Uj
potencidtorok fejlesztése sziikséges.

Molekula dinamika szimuldcidkkal a klorid-vezetéshez sziikséges geometridval

rendelkezé CFTR-konformaciokat tudtunk azonositani és a klorid-atjutést jellemezni.

Els6ként modelleztiik az ABCG2 fehérje szerkezetét és molekula dinamika szimulaciok
alkalmazasaval meghataroztuk a kdszvénnyel asszocidlt Q141K ¢és a szubszratspecifitas

valtozéasat okoz6 R482G mutéaciok lehetséges szerkezeti hatésait is.

Az ABCQG2 legjelentdsebb fiziologias szubsztratja, a huigysav jelenlétében végzett MD-
szimulaciokkal jellemeztiik a transzlokacios Utvonalat in silico dokkolas alkalmazésa
mellett.

Az ABCG2 fehérjével végzett MD-szimulacioink alapjan megallapithattuk, hogy a
koleszterin a transzportfolyamatot a transzmembran hélixek intracellularis oldalon
torténd zarasdnak megkdnnyitésével segiti eld.

Az ABCM2 web alkalmazasunkban lehetévé tettiikk kiillonb6z6 ABC fehérjék
szekvencialisan homolég pozicidiban 1€v0 varidnsainak dsszehasonlitasat.

ABC fehérjeszerkezetek Osszehasonlitdsara ¢és osztalyozasara szabvanyositott,
automatikusan generalhaté mérészamokat, konftorokat hoztunk létre.

Kifejlesztettiik a MemBlob munkafolyamatot (MemBlob), amely kisérletes adatokbol
meghatdrozza a fehérje lipiddel koriilvett TM részét.

Bemutattuk, hogy az AF2 membranfehérjékre is hasonlé mindségli szerkezeteket tud
j6solni, mint szolubilis fehérjékre.

Adatbazisban tettiik elérhetéve az olyan rendezetlen régidkat, amelyek kisérletes adatok
alapjan lipidekkel is képesek specifikus, reverzibilis kolcsonhatasokat kialakitani

(MemMoRF).
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Mechanism-based corrector combination restores
AF508-CFTR folding and function

Tsukasa Okiyoneda', Guido Veit', Johanna F Dekkers?*, Miklos Bagdany’, Naoto Soya’,
Haijin Xu', Ariel Roldan', Alan S Verkman>¢, Mark Kurth?, Agnes Simoné, Tamas Hegedus®'°,
Jeffrey M Beekman?* & Gergely L Lukacs'"2*

The most common cystic fibrosis mutation, AF508 in nucleotide binding domain 1 (NBD1), impairs cystic fibrosis transmem-
brane conductance regulator (CFTR)-coupled domain folding, plasma membrane expression, function and stability. VX-809, a
promising investigational corrector of AF508-CFTR misprocessing, has limited clinical benefit and an incompletely understood
mechanism, hampering drug development. Given the effect of second-site suppressor mutations, robust AF508-CFTR correc-
tion most likely requires stabilization of NBD1 energetics and the interface between membrane-spanning domains (MSDs)
and NBD1, which are both established primary conformational defects. Here we elucidate the molecular targets of available
correctors: class | stabilizes the NBD1-MSD1and NBD1-MSD2 interfaces, and class Il targets NBD2. Only chemical chaperones,
surrogates of class lll correctors, stabilize human AF508-NBD1. Although VX-809 can correct missense mutations primarily
destabilizing the NBD1-MSD1/2 interface, functional plasma membrane expression of AF508-CFTR also requires compounds
that counteract the NBD1 and NBD2 stability defects in cystic fibrosis bronchial epithelial cells and intestinal organoids. Thus,

© 2013 Nature America, Inc. All rights reserved.
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the combination of structure-guided correctors represents an effective approach for cystic fibrosis therapy.

cyclic AMP-dependent Cl- channel at the apical plasma mem-

brane of epithelial cells'. CFTR comprises two membrane-
spanning domains (MSD1 and MSD2) with four cytosolic loops
(CL1-4) and three cytosolic domains: a regulatory domain and two
nucleotide-binding domains (NBD1 and NBD2). The coupling heli-
ces of CL2 (MSD1) and ICL4 (MSD?2) reach across and interact with
the NBD of the opposite subunit, providing noncovalent interactions
between the MSDs and the NBDs. These domain-domain interfaces
seem to be critical in the structural and functional integrity of the
channel** (Fig. 1a). Newly synthesized CFTR is N-glycosylated and
undergoes cotranslational domain folding and post-translational,
coupled-domain assembly in the endoplasmic reticulum?*~, aided
by a network of molecular chaperones!®!! (Supplementary Fig. 1a).
Upon bypassing the endoplasmic reticulum quality control check-
points and traversing the Golgi complex, the native CFTR under-
goes complex glycosylation®!!.

Cystic fibrosis, one of the most common inherited diseases in the
Caucasian population, is caused by loss-of-function mutations in
CFTR that lead to the imbalance of airway surface fluid homeosta-
sis, mucus dehydration, hyperinflammation, bacterial colonization
and, consequently, recurrent lung infection, the primary cause of
morbidity and mortality in cystic fibrosis patients'!*, Deletion of
Phe508 (AF508) in the NBD1, the most prevalent CFTR mutation
present in ~90% of cystic fibrosis patients, causes global misfolding
and endoplasmic reticulum-associated degradation via the ubig-
uitin proteasome system, resulting in marginal plasma membrane

C FTRis an ATP-binding cassette transporter and functions as a

expression of the partially functional AF508-CFTR"*!!4, The resid-
ual plasma membrane channel activity could be enhanced by mod-
ulating AF508-CFTR’s biosynthetic processing, peripheral stability
and channel gating through low temperature, chemical chaperones
or small molecules!*-*°.

Although symptomatic therapies have increased the life expec-
tancy of cystic fibrosis patients, considerable efforts have been
devoted to identifying compounds that can increase either the
mutant’s biosynthetic processing efficiency and cell-surface density
(‘correctors’) or the activity of resident mutant CFTR in the plasma
membrane (‘potentiators’)". VX-770 (Ivacaftor), the only approved
potentiator drug, substantially enhances the channel function of
several mutants®, unlike available correctors that are modestly
effective and have incompletely understood mechanisms!#72. In
principle, correctors may facilitate AF508-CFTR folding via direct
binding as pharmacological chaperones? or indirectly as chemical
chaperones (such as glycerol, trimethylamine N-oxide (TMAO)
and myo-inositol)!®?. Correctors may also enhance the mutant’s
functional expression as proteostasis regulators"! by modulating the
cellular machineries responsible for folding, degradation and vesic-
ular trafficking of AF508-CFTR (for example, 4-phenylbutyrate,
HDAC inhibitor, HSF1 inducers and kinase inhibitors; reviewed
in refs. 11,19). VX-809, the most promising investigational correc-
tor, restores mutant plasma membrane expression and function to
<15% that of wild-type CFTR in immortalized and primary human
bronchial epithelia®. Although circumstantial evidence suggests
that VX-809, like some of the previously identified correctors
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(for example, C3 (VRT-325) and C4 (corr-4a)) and potentiators (for
example, P1 (VRT-532) and VX-770), directly targets AF508-CFTR
during endoplasmic reticulum biogenesis, the molecular basis of
correction remains elusive'?. Although VX-809-induced AF508-
CFTR activity at the plasma membrane is potentiated two-fold with
VX-770 in preclinical settings', additional improvement seems
to be required in corrector efficacy to achieve substantial clinical
benefit in cystic fibrosis?..

Recent studies revealed that AF508-NBD1 is thermodynamically
and kinetically destabilized at physiological temperature and sug-
gested that NBD1 stabilization would effectively counteract AF508-
CFTR misprocessing??. Substantial stabilization of AF508-NBD1
by suppressor mutations, however, resulted in a limited increase
in folding and plasma membrane expression of AF508-CFTR?%,
Remarkably, robust rescue (65-80%) of AF508-CFTR folding could
be achieved by suppressor mutations that simultaneously stabilized
AF508-NBD1 and the NBD1 interface with the CL4 coupling helix
in the MSD2 (refs. 27,28). These observations suggest that efficient
correction of both primary structural defects is necessary and suffi-
cient to restore AF508-CFTR function to the wild-type level in most
cystic fibrosis patients. As a corollary, it is conceivable that correc-
tion of one of the primary (NBD1 or the NBD1-MSD2 interface)
or secondary (for example, NBD2 misfolding®) structural defects
accounts for the limited AF508-CFTR rescue efficiency of cor-
rectors identified to date!™#171921222 Furthermore, combinations
of correctors that counteract distinct conformational defects may
potentiate each other’s effect on AF508-CFTR folding and function,
in analogy to suppressor mutations of the primary folding defects?*
(Supplementary Fig. 1b).

On the basis of in vitro studies of isolated AF508-NBD1 in combi-
nation with in vivo CFTR processing, functional assays and in silico
docking analysis as well as published data??, we propose that cor-
rectors can be mechanistically classified into three groups. We also
show that the efficacy of VX-809, which targets the NBD1-MSD1/2
interface, can be potentiated with two other classes of chemicals, as
determined by AF508-CFTR folding, plasma membrane expression,
stability and function in cell culture models and intestinal organoids
from cystic fibrosis patients. Thus, targeting multiple conforma-
tional defects enables us to counteract AF508-CFTR misfolding,
demonstrating that the structure-guided combination of correctors
may provide an effective therapeutic strategy in cystic fibrosis.

RESULTS

Class | corrector plus NBD1 stabilization restores folding
We postulated that small-molecule combinations targeting both
primary folding defects would achieve wild type-like folding of
AF508-CFTR, as documented in the case of second-site suppressor
mutations confined to the NBD1 and the NBD1-MSD2 interface?”%.
To categorize the available corrector molecules (Supplementary
Results, Supplementary Table 1) according to their preferential
targets, we determined the rescue efficiency of AF508-CFTR con-
taining either genetically stabilized NBD1 (stabilized through the
quadruple mutation G550E R553Q R555K F494N (referred to col-
lectively as the R1S mutation; second-site mutations are defined
in Supplementary Table 2) or the stabilized NBD1-MSD2 inter-
face (stabilized by the R1070W mutation in the CL4; Fig. 1a). We
confirmed that the R1070W and R1S suppressor mutations mod-
estly increased the plasma membrane density of AF508-CFTR
from <2% to 7% and 16% that of the wild type, respectively, as
determined by cell-surface ELISA in baby hamster kidney (BHK)
cells” (Supplementary Fig. 2a). VX-809, C18 (a VX-809 analog)
and C3, the most effective correctors in our screen, increased the
plasma membrane density of AF508-CFTR®S (Res®'®) and AF508-
CFTRRI7OW (ResR1070W) to 93-100% and 30-34% that of the wild
type, respectively (Fig. 1b). This observation suggests that VX-809,
C18 and C3 preferentially target the NBD1-MSD2 interface over
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the NBD1 energetic defect and that they are designated as class I
correctors (Fig. 1b and Supplementary Fig. 2a). The preferential
rescue of the NBD1-MSD2 interface and NBD1 stability defects was
estimated by the augmented plasma membrane density of Res'S
and Res™M070W, respectively, a measure that indicates the capacity
of correctors to synergize with the respective suppressor mutation
(Supplementary Fig. 2a). The ratio of Res®® over ResMW sug-
gested that VX-809, C18 and C3 have a stabilizing effect on the
NBD1-MSD2 interface that is ~3.5-fold stronger than their effect
on NBD1 (Fig. 1¢). This inference was confirmed by using AF508-
CFTR variants containing the functionally analogous suppres-
sor mutations F494N Q637R F429S (referred to as 3S’ mutation),
G550E R553Q R555K (‘R mutation) or V510D; the 3S and R muta-
tions stabilize the NBD1, and V510D stabilizes the NBD1-MSD2
interface”?”3%31. VX-809, C18 or C3 increased the plasma mem-
brane density of AF508-CFTR* and AF508-CFTRR from 7-25% to
60-120% of the wild type, respectively, and enhanced their complex
glycosylation but was less effective in the case of AF508-CFTRV>1P,
which responded similarly to Res?*" (Supplementary Fig. 2b,c).
A similar rescue efficiency was obtained in the presence of VX-809,
C18 or C3 by analyzing the magnitude of fold correction of the cell-
surface density relative to that induced by the respective second-site
mutation (or mutations) alone. The reduced rescue efficiency of
AF508-CFTR* relative to Res®'S by class I correctors may be attrib-
uted to the more efficient stabilization of the NBD1-NBD2 interface
by the R1S suppressor mutation.

Metabolic pulse-chase experiments confirmed that only the
combination of VX-809, C18 or C3 with NBDI stabilization
(R1S) enhanced AF508-CFTR folding efficiency near to that of
the wild type (22-32%), indicating a four- to eight-fold potentia-
tion between class I correctors and the effect of the R1S mutation
(Fig. 1d and Supplementary Fig. 2d), but AF508-CFTR folding
was modestly enhanced by this combination of correctors in the
presence of mutations conferring interface stabilization (R1070W
or V510D). Dual-acting compounds such as C15 (corr-2b*?) and
CoPo-22 (CoPo*), which combine both corrector and potentiator
effects, only slightly enhanced the plasma membrane density of
AF508-CFTR variants (Supplementary Fig. 2a).

The wild type-like AF508-CFTR complex glycosylation, func-
tion and plasma membrane density were reproduced by genetic
stabilization of NBD1 and the NBD1-MSD2 interface as well as by
the combination of class I correctors and NBD1 suppressor muta-
tions in polarized human immortalized cystic fibrosis bronchial
respiratory epithelial (CFBE4lo-) cells (Supplementary Fig. 3).
Class I correctors increased the plasma membrane density, complex
glycosylation and apical Cl- current (ICl(apical)) of AF508-CFTR
to ~100-130% and ~30% that of the wild type in the presence of
the R1S and R1070W mutations, respectively, in CFBE41o- cells
expressing the mutant channel under the control of a tetracycline-
responsive promoter (Fig. 1e,f and Supplementary Fig. 3e-g), con-
sistent with preferential stabilization of the NBD1-MSD2 interface
by class I correctors in CFBE41o- cells.

To evaluate the efficiency of class I correctors as a function of
the AF508-NBD1 conformational stability, we established the rela-
tionship between NBD1 stability (reflected by the T, values of the
0S, 1S (F494N), 3S or R4S suppressor mutants of AF508-NBD1
or wild-type NBDI, as described in Supplementary Table 2)
and the plasma membrane density of the respective CFTR vari-
ants. The plasma membrane expression of CFTR in the wild type
was dependent on NBD1 stability with an eight-fold steeper slope
(12.9 £3.1% per °C) compared to that of AF508-CFTR (1.7 £ 0.2%
per °C), confirming the critical role of the Phe508 side chain in
CFTR-coupled domain folding"® (Fig. 1g). With effects similar
to those of the R1070W mutation?” (9.2 £ 2.3% per °C), VX-809
(9.8 % 0.7% per °C), C18 (9.6 + 1.3% per °C) and C3 (10.8 + 2.1%
per °C) restored wild type-like coupling between NBD1 stability
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Figure 1| Combination of corrector and suppressor mutations restores AF508-CFTR folding, plasma membrane expression and function. (a) NBDs-
MSD1/2 interfaces in the CFTR open structural model*®. Some critical interface residues are indicated. (b) Relative plasma membrane (PM) density

of Res®® (y axis) or Rest979W (x axis) upon corrector treatment was measured by ELISA in BHK cells (n = 6-12). Correctors indicated by black symbols
are listed in Supplementary Figure 2a. WT, wild type. (¢) Structural preference of correctors to NBD1-MSD2 interface over NBD1 stability defect was

visualized by plotting sum of correction (Res®'™s + Rest97W, y axis) as a function of the log, ratio of the augmented plasma membrane density of Res®™ and
ResR070W (ResR's/Reski070W, x axis). (d) The maturation efficiency of AF508-CFTR was measured by metabolic pulse-chase experiments. B, immature core-
glycosylated form; C, mature complex-glycosylated form. (e,f) Plasma membrane density (e; n = 8-20) and function (f;, n = 3-4) of AF508-CFTR with or

without suppressor mutations was measured by ELISA and (ICl(apical), respectively, in CFBE41o- cells. Na*/K*-ATPase (ATPase) was used as a loading
control. (g) Correlation between the T of NBD1 variants of 0S, 1S, 3S, R1S and R4S (listed in Supplementary Table 2) and plasma membrane density of
the respective CFTR variants in BHK cells (n = 8-12) in the presence or absence of correctors. The data were fitted by linear regression analysis. Correctors
(C3 at 10 uM; C18 and VX-809 at 3 uM) were applied for 24 h at 37 °C. Data represent mean + s.e.m.

(T,) and AF508-CFTR plasma membrane expression, supporting
the possibility that class I correctors stabilize the NBD1-MSD2
interface (Fig. 1g). Notably, the improvement of wild-type CFTR
plasma membrane expression by NBDI stabilization reinforces
the notion that the inherent conformational fluctuation of NBD1
partly accounts for the limited processing efficiency of the wild-
type channel? (Fig. 1g).

Mechanisms of action of CFTR correction

To assess whether VX-809 or C18 can directly bind AF508-CFTR
as a pharmacological chaperone, we determined the functional
stability of the temperature-rescued mutant channel in an artificial
planar phospholipid bilayer?*. These experiments used AF508-
CFTR with the R29K and R555K mutations (AF508-CFTR?RX) to
improve the channel reconstitution success by modestly enhanc-
ing plasma membrane expression after the 26 °C rescue while
preserving the AF508-CFTR channel gating and functional sta-
bility defects, as reported before** (Supplementary Fig. 4a—c).
The open probability (P,) of the phosphorylated AF508-CFTR?'¢
channel was progressively decreased from 0.21 to 0.09 upon rais-
ing the temperature from 24 °C to 36 °C** (Fig. 2a,b). In con-
trast, the P, of the wild type was increased from 0.35 to 0.47
(Fig. 2a,b). VX-809 and C18 prevented the thermal inactiva-
tion of the mutant and maintained P, values of 0.21 and 0.26,
respectively, at 36 °C during the course of the measurement
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(Fig. 2a,b and Supplementary Fig. 4d), providing evidence that
these compounds can directly interact with the channel.

To delineate potential VX-809 target sites, we performed in silico
docking on the NBD1 crystal structure (Protein Data Bank (PDB)
code 2BBT) and two CFTR homology models** following the
deletion of Phe508 using AutoDock. VX-809 was docked to the
NBD1-CL1(MSD1), NBD1-CL4(MSD2) and NBD1-NBD2 inter-
faces (Fig. 2¢, Supplementary Fig. 5 and Supplementary Table 3).
Some of these sites have been reported as putative corrector bind-
ing sites’”*. To test the in silico predictions, we disrupted the
NBD1-CL4 and NBD1-CL1 interfaces with the R1070W or F508G
mutations>*?”* and the cystic fibrosis-causing R170G muta-
tion (http://www.genet.sickkids.on.ca/), respectively, in wild-type
CFTR. The R170G substitution probably disrupts the electrostatic
interaction between Argl70 (CL1) and Glu402, Glu403 and/or
Glu476 (NBD1) (Fig. 1a). The F508G mutation interferes with
hydrophobic patch formation at the NBD1-CL4 interface but only
marginally compromises NBD1 energetics®¥. These events lead to
the destabilization of the joint CL1-CL4 interface with NBD1 and
the subsequent misfolding of multiple CFTR domains®. Remarkably,
the severe processing and plasma membrane expression defects
of both CL1 and CL4 interface mutants were largely corrected
by VX-809, C18 and C3 (Fig. 3a—c). Conversely, stabilization of
the NBD1-CL4 interface through the V510D or R1070W muta-
tions in the absence of Phe508 attenuated the relative efficiency of
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http://www.nature.com/doifinder/10.1038/nchembio.1253
http://www.rcsb.org/pdb/explore/explore.do?structureId=2BBT
http://www.genet.sickkids.on.ca/

© 2013 Nature America, Inc. All rights reserved.

&

NATURE CHEMICAL BIOLOGY Dbor: 10.1038/NCHEMBIO.1253

ARTICLE

a p— O T AF508-CFTR™ + vX-809
P =035 P_=0.21(1 channel) c P =021 .
1o APPSR 19| Wl | T —
229°C T >50°C 24.2°C b 011’3“'” 245°C 243°C 1min 252°C
b =041 | o P =023
™= ATV 296°C “ 309°C 200eC 100
|29.8 °C b= 052 31.0°C | P, =0.08 | P,=0.23
35.6 °C 36.4°C 35.8°C 359°C 34.8°C 35.8°C
TpA | " " i
1s
b 05 *P <0.05, P <0.01
) W 24°C m30°C m 36°C
2504 4
z
S 034
3
o
a
c 02
3
o
0.1
AF508-CFTR (open) AF508-CFTR-ANBD2 (open)
04

WT .

+C18
2RK

+VX-809
AF508 CFTR

Figure 2 | VX-809 functions as a pharmacological chaperone of CFTR. (a,b) The effect of VX-809 and C18 correctors on thermal inactivation of AF508-

CFTR* reconstituted into an artificial phospholipid bilayer. In a, representati
30 °C or 36 °C during the temperature ramp in the absence or presence of 3

ve channel activity is shown for the wild type or AF508-CFTR?® at 24 °C,
UM VX-809. The processing defect of the AF508-CFTR variants was rescued

at 26 °C before microsome isolation. Channel activity is also shown at higher time resolution for each condition at 36 °C. The closed (C) state of the
channels is indicated. The control gating of AF508-CFTR?% was derived from separate experiments at 24 °C and 27 °C plus 36 °C. Incorporation of two
channels was observed at 27-36 °C. The AF508-CFTR% activity was recorded in separate experiment at 24 °C plus 30 °C and 36 °C in presence of

VX-809. (b) The P, of protein kinase A-activated CFTRs was analyzed at the
channel experiments for the wild type and AF508-CFTR? was at least 15 mi

indicated temperature as described in a. The cumulative duration of single-
n. The number of independent experiments is indicated in the bars (n = 8-25).

Data represent mean * s.e.m. Significance was tested by paired Student'’s t-test. *P < 0.05, **P < 0.01. (¢) VX-809 in silico docking to open AF508-CFTR

(top) or AF508-CFTR-ANBD2 model (bottom) obtained by AutoDock. The fi

rst four VX-809 clusters are ranked on the basis of their lowest-binding-energy

pose in ascending order and are illustrated on the model using PyMOL. For clarity, NBD2 and the R domain are hidden from the full-length model. Red, blue,

magenta and cyan represent clusters of VX-809 with increasing binding free

class I correctors but not that of C4 on AF508-CFTR* (Fig. 3d
and Supplementary Fig. 6a). Moreover, the V510D mutation,
which improves wild-type expression conceivably by stabilizing
the NBD1-CL4 and NBD1-CL1 interfaces and marginally stabiliz-
ing the NBD1 itself?, also attenuated the effect of class I correc-
tors on wild-type CFTR (Supplementary Fig. 6b). To our surprise,
the V510D but not the RIS mutation substantially corrected the
R170G defect (Supplementary Fig. 6¢), suggesting that the NBD1-
CL1 interface defect is coupled to that of NBD1-CL4. The rescue of
CFTR™M76 expression by class I correctors, however, was partially
diminished by the V510D mutation (Supplementary Fig. 6d).
In addition to being consistent with in silico docking prediction
(Supplementary Fig. 5a,c.e), the stronger effect of VX-809 on the
CL1 mutants compared to transmembrane helix 1 mutants such as
G85E and GI1R (Supplementary Fig. 7a) was also consistent with
the model that VX-809 targets the interdomain interface composed
of NBD1 and the CLI plus CL4, which contains the respective
coupling helices!.

To further dissect the VX-809 target, we assessed its effect on the
steady-state expression of wild-type CFTR domain combinations
representing stalled biosynthetic folding intermediates®®. This
approach is favored by the observation that the conformation of
early folding intermediates is similar between the wild type and
AF508-CFTR*. VX-809 increased the amount of wild-type and
AF508-MSD1-NBD1 domain combination (also known as M1N1)
equally as well as it increased the amount of wild-type MSD1 and
MSDI-NBDI1-R domain combination, but there was no increase
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energy.

for the domain combinations that lacked MSD1 (Supplementary
Fig. 7a-e), suggesting that VX-809 targeting of MSDI is a prereq-
uisite for stabilizing the domain interface composed of CL1, CL4
and NBD1.

To determine the possible role of VX-809 at the NBD1-NBD2
interface, we used NBD2 deletion variants (CFTR-ANBD2) because
they have folding characteristics similar to those of wild-type CFTR
(refs. 6-8). Class I correctors and the R1S mutation rescued AF508-
CFTR-ANBD?2 plasma membrane expression to 50-75% that of its
wild-type counterpart, as in the case of the full-length molecule
(Fig. 3e,f), ruling out any substantial role of NBD1-NBD?2 or the
NBD2-MSD1 and NBD2-MSD2 interfaces in CFTR correction
(Supplementary Fig. 5¢—f). This result was in agreement with the
prediction of preserved VX-809 binding sites in the CFTR-ANBD2
model (Fig. 2¢). In contrast, NBD2 deletion virtually eliminated
the ability of C4 (a C13 analog)’” or core-corr-II*? to correct
AF508-CFTR®S (Fig. 3e-f). Therefore, we designated C4 and
core-corr-11 as members of class II (Fig. 1b,c and Supplementary
Fig. 2a). That the class II corrector effect was prevented by the
NBD2 deletion is consistent with in silico docking predictions,
supporting that the putative target of C4 and core-corr-II is the
NBDI1-NBD2 and/or NBD2-MSD1/2 interface (Supplementary
Figs. 8 and 9), and with the weaker rescue efficiency of class II cor-
rectors on the NBD1-MSD1/2 interface mutants (R1070W, F508G
or R170G) compared to that of class I correctors (Fig. 3a-c).
These results are also in line with the observation that the C4
rescue effect is exerted only after MSD2 translation is completed®.
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Although in silico docking predicted the regulatory insertion,
a 32-residue segment between the first two B-strands in the NBD1
(ref. 43), as a possible binding site of class II correctors in NBD1
(Supplementary Figs. 8 and 9), this scenario was ruled out because
C4 remained effective for the AF508-CFTR-ARI containing ener-
getically stabilized NBD1 (refs. 25,26) (Supplementary Fig. 9f).

Chemical chaperones stabilize human AF508-NBD1

Although none of the correctors tested seems to preferentially stabi-
lize the NBD1, according to the structural complementation analy-
sis (Fig. 1b,c), it remains possible that correctors can exert a limited
conformational stabilization effect on human AF508-NBD1, simi-
larly to RDR1, a compound that directly binds and stabilizes mouse
AF508-NBD1 (ref. 22). To assess this possibility, we first monitored
the thermal unfolding propensity of the domain by differential
scanning fluorimetry (DSF)¥. Initial studies were carried out on
human AF508-NBD1 containing the single solubilizing mutation
F494N (AF508-NBD1'), followed by validation on native AF508-
NBD1 with protein yield reduced by several factors and increased
thermal sensitivity. Most of the available correctors, including
RDRI (ref. 22), failed to counteract the conformational instability
of human AF508-NBD1'S and AF508-NBD1, as reflected by their 8-
to 9-°C-lower T, relative to their wild-type counterparts (Fig. 4a—c
and Supplementary Fig. 10a). C6, C11 (dynasore) or C12 weakly
increased the T, of AF508-NBD1', but this effect was minimal on
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AF508-NBD1 (Fig. 4b,c and Supplementary Fig. 10a). Accordingly,
C11 neither attenuated the in vitro ubiquitination of unfolded
NBD1 by the chaperone-dependent E3 ubiquitin ligase CHIP?
(Supplementary Fig. 10b) nor enhanced the plasma membrane
expression of the chimera formed by AF508-NBD1'$ anchored to
truncated CD4 (CD4T-AF508-NBD1'; described below). In con-
trast, ATP and chemical chaperones (glycerol, TMAO, myo-inositol
and p-sorbitol) substantially enhanced the T,, of AF508-NBD1'S and
AF508-NBD1 (Fig. 4a-c and Supplementary Fig. 10a). The DSF
results were substantiated by monitoring the in vivo folding of NBD1
in the context of the CD4T-AF508-NBD1'S chimera. The measure-
ment of the chimera plasma membrane density, as a validated
surrogate readout of the biosynthetic processing efficiency®?,
showed that only chemical chaperones (for example, glycerol and
myo-inositol) and solubilizing mutations (R4S) but none of the
correctors stabilized cytosolic AF508-NBD1' anchored to the
truncated CD4 reporter molecule (Fig. 4d).

Considering the enhanced conformational dynamics of resi-
dues 507-511 in isolated AF508-NBD1%, as shown by hydrogen
deuterium exchange and MS (HDX-MS)*, we tested whether
VX-809 could limit the conformational dynamics of this region.
We confirmed the accelerated deuteration of the peptide spanning
residues 505-509 in AF508-NBD1'S relative to its wild-type
counterpart* but not that of the remaining >60 peptides, which
represent 98% sequence coverage of NBDI' (Fig. 4e-h and
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Supplementary Fig. 10c). VX-809, however, was unable to suppress
the HDX kinetics of the 505-509 segment and of the other peptides,
suggesting that VX-809 is unable to elicit localized conformational
stabilization on AF508-NBD1'S (Fig. 4e-h).

Corrector combinations robustly rescue AF508 in BHK cells
On the basis of this study and other published data?**4, we pro-
pose the categorization of the AF508 correctors into three classes
(Fig. 5a). Class I (C3, C18 and VX-809) primarily stabilizes the
NBDI1-CL1 and NBD1-CL4 interfaces, class II (core-corr-II and
corr-4 analogs (C4, C13)) targets NBD2 and/or its interface, and
class ITI stabilizes AF508-NBD1. Because RDRI stabilizes mouse but
not human NBD1 (ref. 22) (Fig. 4), we used chemical chaperones
such as glycerol as surrogate class III correctors in our proof-
of-principle studies.

The combination of chemicals with complementary structural
targets is predicted to potentiate the individual correctors via AF508-
CFTR-coupled domain folding and phenocopy the combination of
suppressor mutations*?* (Supplementary Fig. 1b). Though combin-
ing a class I corrector (VX-809, C18 or C3) with a class II corrector
(C4 or core-corr-1I) only modestly rescued the amount of AF508-
CFTR in the plasma membrane (<10% of wild-type CFTR), the
combination of class I corrector and glycerol enhanced AF508-CFTR
plasma membrane expression to 30-50% that of the wild type,
supporting that correction of both primary defects is required for
robust AF508-CFTR rescue (Fig. 5b). The class I corrector and glyc-
erol each achieved <8% rescue, and this effect was further improved
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by class IT correctors and enhanced AF508-CFTR plasma membrane
expression to ~60-110% that of the wild type (Fig. 5b). Similar
phenotypes were confirmed by monitoring the accumulation of
complex-glycosylated AF508-CFTR with immunoblotting (Fig. 5¢).
Metabolic pulse-chase experiments (Fig. 5d,e) and ELISA (Fig. 5f)
revealed that the combined treatment increased the AF508-CFTR
folding efficiency to ~70% that of the wild type and largely rescued
the plasma membrane stability defect of the mutant. Thus, both
enhanced endoplasmic reticulum folding efficiency and the plasma
membrane stability of AF508-CFTR in the presence of two classes
of correctors with glycerol account for the wild type-like plasma
membrane expression.

AF508-CFTR rescue in bronchial epithelia

The rationally selected chemical combination also consider-
ably potentiated the VX-809 rescue of the AF508-CFTR in polar-
ized respiratory epithelial cells. The plasma membrane density of
AF508-CFTR in CFBE4lo- cells treated with a class I corrector
was enhanced by approximately three-fold in the presence of 5%
glycerol and was further augmented by treatment with class II cor-
rector (C4 or core-corr-II), representing an approximately five-fold
increase of the VX-809 effect (Fig. 6a). The combined treatment of
two classes of correctors with glycerol enhanced the plasma mem-
brane density of AF508-CFTR to ~10% that of wild-type CFTR,
a comparable effect to that achieved by low temperature (Fig. 6a).
The VX-809 effect was further potentiated by combination with
C4 and glycerol and partially restored AF508-CFTR complex
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glycosylation (Fig. 6b), plasma membrane stability (Fig. 6¢) and
function at the apical plasma membrane in CFBE41lo- epithelial
cells (Fig. 6d,e). Similar enhancement was observed in other polar-
ized epithelial cell models. The combined treatment enhanced the
plasma membrane density of AF508-CFTR to ~40% and ~15% that
of the wild type in Madin-Darby Canine Kidney cells and human
lung papillary adenocarcinoma epithelial cells (NCI-H441), respec-
tively (Supplementary Fig. 11).

Functional correction of AF508-CFTR rectal organoids

Finally, the efficacy of the mechanism-based corrector combi-
nation was evaluated in human rectal organoids derived from
cystic fibrosis patients homozygous for the AF508 mutation®.
CFTR channel activity was measured by monitoring forskolin-
induced swelling (FIS) of organoids as the cross-sectional area
of organoids was proportional with CFTR-mediated chloride and
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coupled water transport®. Although class I correctors (C18 or
VX-809) modestly improved the FIS of CFTRAF/AF508 grganoids,
combining it with myo-inositol*’, a chemical chaperone selected
on the basis of its minimal toxicity, enhanced the AF508-
CFTR-dependent FIS to 30-60% of that observed in organoids
from healthy individuals (wild type) (Fig. 6f-h). The rescue
of AF508-CFTR-mediated FIS was completely prevented with
CFTR blockers (inhibitor 172 (Inh,,,) and GlyH101) (Fig. 6f-h).
Likewise, organoids expressing nonfunctional, truncated CFTR
variants harboring a premature truncation (E60X) and the
frame shift mutation 4015ATTTdel in the N-terminal tail
and NBD2, respectively, also failed to show any FIS (Fig. 6h).
Remarkably, VX-809, C4 and myo-inositol jointly restored
AF508-CFTR-dependent FIS to >80% that of the wild type.
A comparison of the individual, dual and triple combination effect
of correctors on FIS of CFTRAF/AF08 groanoids indicates a 2- to
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Figure 6 | Corrector combination restores AF508-CFTR functional expression in polarized epithelial cell lines and rectal organoids from AF508 cystic
fibrosis patients. (a-e) AF508-CFTR plasma membrane (PM) density (a, n = 7-22), cellular expression (b), plasma membrane stability (¢, n = 16) and
function (d, n = 3-4) in CFBE47o- cells. Correctors (10 uM C3 or C4, 3 uM C18 or VX-809, 2.5 ug ml™' core-corr-Il, 5% glycerol (Gly)) were applied for
24 h at 37 °C. For comparison, AF508-CFTR was rescued by low temperature at 26 °C or 30 °C for 36-48 h. WT, wild type; AF, AF508-CFTR; anti-HA,
hemagglutinin-specific antibody; B, immature core-glycosylated form; C, mature complex-glycosylated form. In d are representative records of forskolin-
and genistein (Gen, 100 uM)-activated AF508-CFTR ICl(apical) following corrector treatment are shown. In e is a summary of the peak, Inh,,,-sensitive
ICl(apical) of AF508-CFTR in CFBE410- cells after corrector treatment (n = 3-4). (f) Fluorescence laser confocal images of Calcein green-loaded cystic
fibrosis rectal organoids before and after FIS for 60 min in the presence of correctors (2 uM, VX-809, C4 and/or 125 mM myo-inositol (Myo)), and
inhibitor (Inh; 50 uM CFTR Inh,,, and GlyH-101). (g) Time course of FIS of cystic fibrosis organoids from a representative experiment. Organoids were
treated as described in the Online Methods. FIS is expressed as a percentage of initial cell cross-sectional area before forskolin stimulation. CF (AF/AF),
CFTRAFS08/47508 organoids. (h) FIS is expressed as percentage of the area of VX-809 (2 uM)-treated cells after 60 min of FIS. In addition to the measured
FIS (red bar), the predicted sum of the individual corrector effect (2 uM C3, C4, C18; 0.1 uM or 2 uM VX-809; 125 mM myo-inositol) is indicated,
assuming additive effect (blue bar). The mean FIS from three healthy controls (WT) is included. No FIS was observed after treatment with myo-inositol,
C4 and VX-809 in organoids carrying the E60X and 4015ATTTdel mutations. Data represent mean + s.e.m. from six independent experiments performed
on three patients homozygous for AF508.
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2.5-fold potentiation (Fig. 6h). Together, these results demon=
strate that mechanism-based corrector combinations are capable
of robustly rescuing AF508-CFTR folding and function in cell
culture models and primary human cystic fibrosis organoids.

Notably, class I correctors, class II correctors and glycerol also
augmented the plasma membrane expression of wild-type CFTR
with an intrinsic low folding efficiency (~30%)' (Supplementary
Fig. 12a). The wild-type CFTR rescue efficiency by VX-809 or C18
but not C4 was suppressed in the presence of the V510D mutation
and, to a lesser extent, by the 3S or R4S mutation (Supplementary
Fig. 12b), consistent with the limited conformational instability
of the NBD1-MSD1, of NBD1-MSD?2 interfaces and of NBD1 in
wild-type CFTRY. These observations, along with the overlapping
VX-809 in silico docking data on AF508-CFTR and wild-type CFTR
(Supplementary Fig. 12c) and on in vitro data showing MSD1
stabilization are consistent with the possibility that VX-809, simi-
larly to the V510D mutation, targets the conformationally unstable
wild-type NBD1-MSD1/2 interface.

DISCUSSION

Here we show that the combination of correctors targeting comple-
mentary conformational defects can overcome their individually
modest effects and restore AF508-CFTR processing and plasma
membrane channel function. Using in vivo, in vitro and in silico
analyses, we identified subsets of correctors that preferentially target
the primary conformational defect at the NBD1-MSD1(CL1) and
NBD1-MSD2(CL4) interfaces (class I) or the resulting NBD2 mis-
assembly (class II). None of the tested correctors belong to class III,
which targets the human AF508-NBD1 energetic defect. Only chemi-
cal chaperones, such as glycerol and myo-inositol, can substitute for a
class III corrector by stabilizing human AF508-NBD1 both in vitro
and in vivo. Although we cannot rule out that glycerol has multiple
targets in AF508-CFTR, NBD2 deletion diminished glycerol’s
effect on plasma membrane expression and complex glycosylation
of AF508-CFTR®S but left AF508-CFTR!MW expression largely
unaffected (Fig. 3e,f and Supplementary Fig. 7f,g). In addition,
glycerol rescued the amount of AF508-CFTR}MV in the plasma
membrane, similar to the effect of the NBD1 stabilizing mutations?*
(Supplementary Fig. 7f,g). These observations suggest that glyc-
erol may primarily stabilize the NBD1. The proposed classification
of correctors also provides a plausible explanation for the additive
effect of C3 (class I) and C4 (class II)**® or of VX-809 (class I) and
C4 (class II), the attenuated efficiency of C3 and VX-809 (ref. 14)
and the potentiation of class I correctors by chemical chaperones
(as class ITI surrogates) (Figs. 5 and 6). The limited synergy between
class T and class IT correctors in the absence of a chemical chaperone
may imply that suppression of AF508-CFTR primary defects is a
prerequisite for correction of the secondary NBD2 defect.

Because of its ability to selectively increase the endoplasmic
reticulum folding efficiency and plasma membrane stability in mul-
tiple cellular models, VX-809 was predicted to overcome a kinetic
folding trap and/or stabilize the native-like conformer by directly
interacting with AF508-CFTR!. The inhibition of AF508-CFTR*
thermal inactivation by VX-809 or C18 suggests that these correc-
tors can directly interact with the mutant at the single-molecule
level. Although VX-809 prevented functional inactivation upon
raising the temperature from 24 °C to 36 °C, extended exposure to
36 °C attenuated the VX-809 rescue effect, probably because only
the NBD1-MSD1/2 interface defect was stabilized. This interpreta-
tion is consistent with the modest effect of genetic stabilization of
the NBD1-MSD1/2 interface*” compared to the effect on the NBD1
(ref. 35) and may explain the negligible effect of VX-809 on AF508-
CFTRP*T thermal inactivation, which was reported recently?.
Notably, the direct interaction of C3 and potentiators P1 and
VX-770 with purified CFTR was also inferred on the basis of their
modulation of the channel ATPase and transport activity?*3°5L,
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Definitive identification of the VX-809 binding site (or sites) in
the absence of a functionally inert, cross-linkable adduct remains a
challenge and is further complicated by the coupled folding and mis-
folding mechanism of CFTR domains®®, which may allow allosteric
corrections of folding defects from different binding sites. However,
our analysis by in silico predictions, in concert with in vitro assays
(DSF and HDX-MS) using isolated human NBD1s and in vivo stud-
ies using full-length CFTRs with deletion and point mutations, sug-
gest that the NBD1-CL1/4 represents a primary target of VX-809, a
conclusion that partly overlaps with a recent proposition.

Importantly, mutations confined to transmembrane helix 1
(G91R) and CL2 (M266R and W277R) of MSD1 could also be par-
tially rescued, presumably via targeting the coupled interface defect
at NBD1-CL1/4. These results, together with those obtained using
CFTR fragments and CL1 mutations, provide a plausible model of
VX-809 action in which it binds MSD1 and stabilizes the CL1-CL4
coupling helix, a critical step to form the proper interactions of NBD1,
first with MSD1 then with MSD2, and ultimately facilitates coopera-
tive domain assembly upon completion of NBD2 translation?”2%3,
Counteracting the processing defect of the cystic fibrosis—causing
R170G and other missense mutations localized to transmembrane
helix 1 and CL1/4 described here and previously*® by class I correc-
tors also suggests that VX-809 may be successfully used alone or in
combination in a variety of rare cystic fibrosis mutations.

Although the additive effect of corrector pairing has been pre-
viously observed!*##, the rationale for corrector combination
remained elusive. Our most important finding is that the mechanism-
based classification of correctors permitted a rationally designed
corrector combination approach that achieved a considerable
improvement in AF508-CFTR rescue efficiency. Chemical correc-
tion of NBD1, the NBD1-MSD1/2 interface and NBD2 instability
almost completely restored AF508-CFTR folding, plasma membrane
expression, stability and function in BHK cells. AF508-CFTR rescue
was weaker in kidney and respiratory epithelial cells (10-30% that
of the wild type) than in BHK cells. This result could be attributed to
modest NBD1 stabilization by reduced glycerol concentration (5%),
which was required to maintain epithelial polarity.

Although the robust combination correction of AF508-CFTR
transport function in human CFTRAF/AR organoids may be an
overestimate, owing to the rate-limiting ion transport capacity of
the basolateral plasma membrane in wild-type intestinal organoids,
VX-809-induced AF508-CFTR chloride transport was augmented
almost four-fold by treatment with class II compound and chemi-
cal chaperone, as shown by the FIS measurements. Considering
that VX-809 improves AF508-CFTR plasma membrane function
to ~15% that of the wild type in primary human bronchial epithe-
lia'* with marginally translatable clinical benefit?, it is reasonable to
assume that structural defect-targeted corrector combination will
eventually confer sufficient CFTR transport capacity in respiratory
epithelial cells to achieve substantial clinical improvements in most
CFTRAFS/AR08 patients.

None of the available correctors but chemical chaperones
can counteract the human AF508-NBD1 conformational defect,
according to studies on in vitro and in vivo folding. This represents
a bottleneck of cystic fibrosis pharmacological therapy, as systemic
administration of chemical chaperones is not feasible. To achieve
improved pharmacological correction in combination with class I
correctors (for example, VX-809), an NBD1 stabilizer must be
identified. The initial isolation of pharmacological chaperones sta-
bilizing the NBD1 could be envisioned by high-throughput screen-
ing of diverse compounds or fragment libraries in vitro, in vivo or
in silico using AF508-NBD1 or AF508-CFTR cell-based functional
or biochemical assays'7?2. Exploiting NBD1-MSD1/2 interface
stabilization by second-site suppressor mutations or class I correc-
tors (for example,VX-809) may bias high-throughput screening
efforts toward the isolation of NBD1-stabilizing small molecules.
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We believe that the successful identification of NBD1 stabilizers 25. Protasevich, I et al. Thermal unfolding studies show the disease causing

would make mechanism-based corrector combination therapy

feasible for most cystic fibrosis patients.
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ONLINE METHODS - —

Cell lines. Full-length and truncated human CFTR variants with the 3HA
tag in the fourth extracellular loop®* were constructed by PCR mutagenesis
(Supplementary Table 2). Detailed information on PCR mutagenesis is avail-
able from the authors on request. BHK cells stably expressing CFTR variants
were generated and grown as previously described”. MDCK type II cells
stably expressing CFTR-3HA variants were generated by lentivirus infection
under puromycin selection (1-5 pg/ml) and grown in Dulbeccos modified
Eagle’s medium (DMEM) (Invitrogen, Carlsbad, CA) supplemented with 10%
FBS (FBS). CFBE4lo- Tet-on and NCI-H441 Tet-on cells stably expressing
CFTR-3HA variants under a tetracycline-responsive promoter were gener-
ated by lentivirus transduction using the Lenti-X TetON Advanced Inducible
Expression System (Clontech, Mountain View, CA) under puromycin (3 pg/ml)
and G418 selection (0.2 mg/ml) and were grown in minimal essential medium
(MEM, Invitrogen) supplemented with 10% FBS, 2 mM L-glutamine and
10 mM HEPES and in RPMI-1640 Medium (ATCC) supplemented with 10%
FBS, respectively. For propagation, the CFBE410- cells were cultured in plastic
flasks coated with an extracellular matrix (ECM mix) consisting of 10 ug/ml
human fibronectin (EMD), 30 pg/ml PureCol collagen preparation (Advanced
Biomatrix) and 100 pg/ml bovine serum albumin (Sigma-Aldrich) diluted in
LHC basal medium (Invitrogen). The CFTR-3HA expression was induced by
0.5 or 1 pg/ml doxycycline treatment for 4 d.

Antibodies and reagents. Antibodies (Abs) were obtained from the following
sources: Monoclonal anti-CFTR L12B4 (no. MAB3484; dilution 1:1,000; recog-
nizing NBD1) and M3A7 (no. MAB3480; dilution 1:1,000; recognizing NBD2)
were purchased from Millipore Bioscience Research Reagents (Temecula,
CA). Mouse monoclonal anti-HA (no. MMS-101R; dilution 1:1,000) was from
Covance Innovative Antibodies (Berkeley, CA). Chemicals were obtained
from Sigma-Aldrich (St. Louis, MO) at the highest grade available. Most of the
CFTR correctors were obtained from Cystic Fibrosis Foundation Therapeutics
(CFFT) Inc., VX-809 was from Selleck (Houston, TX) and class IT compounds
were synthesized as described®. All of the correctors used in this study are
listed in Supplementary Table 1.

NBD1 protein purification. Recombinant human NBD1 proteins were puri-
fied from E. coli as previously described?”. The NBD1 protein was concentrated
to 3-5 mg/ml in buffer containing 150 mM NaCl, 1 mM ATP, 2 mM MgCl,
1 mM TCEP, 10% glycerol and 10 mM HEPES, pH 7.8.

Microsome preparation. Microsomes were isolated by differential cen-
trifugation from BHK cells stably expressing 3HA-tagged WT CFTR or
AF508-CFTR* as described?. To enrich for the complex-glycosylated AF508-
CFTR®, cells were incubated at 26 °C for ~36 h followed by treatment with
150 pg/ml cycloheximide (CHX, 26 °C for 12 h) before microsome isolation®.
WT CFTR-expressing cells were treated with 150 pg/ml CHX for 3 h to elimi-
nate the endoplasmic reticulum-localized core-glycosylated form.

Planar lipid bilayer studies. WT or AF508-CFTR reconstitution and channel
activity were essentially measured as described previously”. A planar
phospholipid bilayer was made of a 2:1 (w/w) mixture of 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-
sn-glycero-3-phospho-L-serine (POPS, Avanti Polar Lipids, Alabaster, AL) in an
n-decane solution at a final lipid concentration of 25 mg/ml and was formed
over a 200- or 250-um-diameter hole in a polystyrene chamber by monitoring
the increase in its capacitance to 150-200 pF. The bilayer was bathed in sym-
metrical 300 mM Tris-HCl, 10 mM HEPES (pH 7.2), 5 mM MgCl, and 1 mM
EGTA. Microsomes (10- to 20-ug proteins) isolated from CFTR-expressing
BHK cells were prephosphorylated in the presence of 100 U/ml protein
kinase A (PKA) catalytic subunit (Promega) and 2 mM MgATP at room tem-
perature for 10 min, added to the cis compartment and fused to the planar lipid
bilayer. CFTR channel activity was recorded in the presence of 100 U/ml PKA
catalytic subunit and 2 mM MgATP. Currents were measured with a BC-535
amplifier (Warner Instrument, Hamden, CT). Voltage was clamped at V,, = —60
mV. In temperature ramp experiments, the chamber was heated from room
temperature to 36 °C at a rate of ~1-2 °C/min. Single-channel activities were
acquired using pClamp 8.1 (Axon Instruments) with 10 kHz, filtered at 200 Hz
with low-pass 8-pole Bessel filter and stored digitally. Records were filtered at 50
Hz and analyzed using Clampfit 10.3 (Axon Instruments). We applied a 50% cut-
off between open and closed levels, and events shorter than 10 ms were excluded
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from the analysis. Single-channel open probability (P,) was determined as NP,
divided by the number of channels, where NP, was obtained from event detec-
tion features of Clampfit 10.3 and N represents the number of channels.

HDX-MS. Localized conformational dynamics of isolated NBDIs was
measured by HDX-MS essentially as described*. HDX was initiated by
mixing 1-2 pL of NBD1 stock solution to 15 volumes of D,O-based buffer
(pD 7.5, based on pD = pH,.,, + 0.40)** containing 150 mM NaCl, 1 mM ATP,
2 mM MgCl,, 1 mM TCEP and glycerol, resulting in a final D,O concentration
of more than 90% (v/v). The final concentration of glycerol was adjusted to
1%. The mixtures were incubated for 15 s, 1 min, 5 min, 15 min, 1 hand 2 h at
room temperature and then quenched by adding a 2- to 2.5-uL aliquot of the
mixture to 300 mM phosphate buffer containing 8 M urea, pH 2.5 (quenching
buffer). Quenched solutions were flash frozen in MeOH containing dry ice,
and samples were stored at -80 °C.

Prior to high performance liquid chromatography (HPLC)-MS analysis, the
labeled protein solutions were thawed and immediately loaded onto the injec-
tion valve. Deuterated NBD1 was digested in an on-line immobilized pepsin
column prepared in house. On-line pepsin digestion was carried out at a flow
rate of 50 uL/min for ~1.5 min, and resulting peptides were trapped on a C18
trapping column (Optimized Technologies, Oregon City, OR). Following desalt-
ing for 1.5 min (at a 150 pl/min flow rate), peptides were loaded onto a C18
column (I mm i.d. x 50 mm, Thermo Fisher Scientific, Waltham, MA) through
a six-port valve. Peptides were separated using a 13-90% linear gradient of ace-
tonitrile containing 0.1% formic acid for 6 min at 50 pl/min. Chromatographic
separation was performed using an Agilent 1100 HPLC system. To minimize
back-exchange, the column, solvent delivery lines, injector and other accessories
were immersed in an ice bath. The C18 column was directly connected to the
electrospray ionization source of LTQ Orbitrap XL (Thermo Fisher Scientific).
Mass spectra of peptides were acquired in positive-ion mode for m/z 200-2,000.
Identification of peptides was carried out in separate experiments by tandem
MS (MS/MS) analysis in data-dependent acquisition mode, using collision-
induced dissociation. All MS/MS spectra were analyzed using SEQUEST pro-
gram (Thermo Fisher Scientific). Searching results from SEQUEST were further
manually inspected, and only those verifiable were considered in HDX analysis.
Triplicate measurements were carried out for each time point. HDExaminer
(Sierra Analytics, Modesto, CA) was used to determine the deuteration level as
a function of labeling time. The deuterium levels of peptides were not corrected
for back-exchange, and therefore presented values reflect the relative exchange
levels across the protein samples™.

Differential scanning fluorimetry (DSF). The melting temperature of recom-
binanthuman NBD1 was measured as previously described?”. DSF scans of NBD1
(7-12 uM) were obtained in 150 mM NaCl, 20 mM MgCl, and 10 mM HEPES,
pH 7.5, and were performed using a Stratagene Mx3005p (Agilent Technologies,
LaJolla, CA) qPCR instrument in the presence of 2x Sypro Orange. The medium
ATP concentration was kept at 2.5 mM unless otherwise indicated.

Measurement of CFTR cell-surface density and stability. Cell-surface CFTR-
3HA density and stability was measured by ELISA using anti-HA as previously
described®. The plasma membrane density of CD4-NBD1 chimeras was mea-
sured by cell-surface ELISA using anti-CD4 (no. 555344; dilution 1:1,000; BD
Biosciences; OKT4) in transiently transfected COS-7 cells as described®. The
cell-surface density of CFTR and CD4-NBD1 chimeras was normalized with pro-
tein concentrations based on BCA assay. Data are presented as mean +s.e.m. from
at least two independent experiments consisting of multiple (3-8) measurements.

Western blotting and pulse-chase experiments. Western blotting and pulse-
chase experiments were performed as previously described®. Cells were treated
with correctors for 24 h at 37 °C and during the pulse-labeling and chase period.

ICl(apical) measurement. ICl(apical) measurements were essentially performed
as described'®. CFBE41o0- cells were plated on ECM mix—coated 12-mm Snapwell
filters (Corning, Corning, NY) at a density of 1 x 10° cells/cm?2. Polarized epi-
thelia (=5 d after confluence) were mounted in Ussing chambers, bathed in
Krebs-bicarbonate Ringer and continuously bubbled with 95% O, and 5% CO,.
To impose a chloride gradient, Cl- was replaced by gluconate in the apical com-
partment. To functionally isolate the apical plasma membrane, the basolateral
plasma membrane was permeabilized with 100 uM amphotericin B, and the
epithelial sodium channel was inhibited with 100 uM amiloride. CFTR activity
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was stimulated by apical forskolin (0.03-10 uM) and genisteTm (100 uM) fol= leupeptine, 5 ug/ml pepstatin A) in the presence of 2 uM Hsc70. After the heat

lowed by the addition of CFTR inhibitor 172 (Inh,,,, 20 uUM) to determine CFTR-
specific apical Cl- current (ICl(apical)). Measurements were performed at 37 °C.
The transepithelial resistance (TER) of CFBE was predominantly between
200-1,700 €/cm?. Although the combination of three chemicals, including
glycerol, reduced the TER of permeabilized CFBE cells to <200 Q/cm?, the
CFTR-mediated ICl(apical) was measured by monitoring only the CFTR-Inh,,,—
sensitive component of the forskolin- and genistein-stimulated ICl(apical).

In silico docking. In silico docking of VX-809, C4 and core-corr-II was
performed using AutoDock 4.2.

Preparation of the proteins. Proteins were prepared initially in PDB format. The
structure of the AF508-NBD1 was obtained from the PDB database (PDB code
2BBT)*. The F504N and Q646R solubilizing mutations were reverted back to
Phe504 and GIn646 followed by energy minimization in SYBYL (Tripos Inc.)
using the AMBER force field® with AMBERF99 charges*. Two full-length
models, one representing the closed state (http://dokhlab.unc.edu/research/
CFTR/home.html)® and the other representing the open state*, were selected
for docking. For comparability, both models were trimmed to contain amino
acids 81-365, 391-648, 855-1154 and 1208-1429. Phe508 was deleted followed
by the adjustment of the neighboring residues using the Modloop server®
and by energy minimization using the AMBER force-field with AMBERF99
charges*. All of the amino acid numbers mentioned in the paper correspond
to the amino acid numbering in the WT CFTR.

Preparation of ligands. Ligands were prepared in mol2 format. VX-809 was
downloaded from the PubChem Compound Database in three-dimensional
sdf format and converted to mol2 format by SYBYL. Molecules C4 and
core-corr-II were drawn in two dimensions using ChemBioDraw Ultra 12.0
(CambridgeSoft) and saved in mol2 format. Their coordinates were copied to
the PRODRG server® to obtain an initial three-dimensional structure. The
resulting mol2 files of C4 and core-corr-II were corrected to contain appro-
priate atom types and were subjected to energy minimization in SYBYL. The
Tripos force field with Gasteiger-Hiickel charges were used until the RMS gra-
dient of the energy derivative reached 0.01 kcal/mol/A.

Running the docking simulations. The docking was performed using AutoDock®.
Input files were prepared using AutoDock 4.2 with AutoDockTools (MGLTools
1.5.4). Ligands were loaded with Gasteiger charges and were saved in pdbqt for-
mat. Polar hydrogen atoms and Kollmann charges were added to the proteins.
The grid box was centered on coordinates 95 A, 70 A, 170 A, and its size was
setto 70 A x 70 A x 70 A with 0.5-A spacing to include the two NBDs and the
coupling helices (Supplementary Fig. 5b). To achieve this box size, AutoDock
was compiled with a value of MAX_GRID_POINTS higher than the default
126, which allowed us to set 140 grid points in each direction. Lamarckian
Genetic Algorithm was used for docking with default settings, except for the
parameters ga_pop_size (300) and ga_num_evals (30,000,000) to perform
exhaustive sampling. Three docking simulations with different random seeds
for each drug and structure were run on the Hungarian HPC infrastructure
(NIIF Institute, Hungary). From each run, 250 hits were collected.

Analysis of the docking simulations. All the 750 poses for each docking were used
for analysis. These conformations were analyzed using SciPy (http://www.scipy.
org/) and in-house written Python scripts. A Python package for SciPy called
hcluster was used to perform hierarchic clustering based on r.m.s. deviation
using the centroid distance measure. The threshold for forming flat clusters was
set to include conformations with r.m.s. deviation values smaller than 3 A into
each cluster. Binding poses were clustered by r.m.s. deviation and ordered by the
binding pose with the lowest binding free energy in each cluster. The four clus-
ters, in which the pose with the lowest binding free energy exhibits one of the
lowest binding free energies, are shown in figures, which were prepared in the
PyMOL Molecular Graphics System (Schrodinger, LLC). The CFTR amino acid
binding sites of correctors were determined using PyMOL by selecting residues
with less than a 4 A distance from every molecule in each cluster.

In vitro ubiquitination of NBD1. In vitro ubiquitination of purified AF508-1S-
NBDI1 was performed as previously?”. NBD1-1S (1 uM) was incubated for 5 min
at 34 °C with 0.1% DMSO (as control) or C11 in reaction buffer (20 mM HEPES,
pH 7.5, 50 mM NaCl, 5 mM MgClL, 2 mM DTT, 20 uM MG-132, 5 ug/ml
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denaturation, the CHIP-mediated NBD1 ubiquitination was initiated by incuba-
tion at 26 °C for 2 h with 0.1 uM E1, 4 uM UbcH5c, 3 uM CHIP and 10 uM ubiq-
uitin (Sigma). NBD1was analyzed by immunoblotting with anti-NBD1 (L12B4).

Crypt isolation and organoid culture from human rectal biopsies. Crypt
isolation and culture of human intestinal organoids have been described pre-
viously®. Rectal suction biopsies were obtained for intestinal current mea-
surements (ICM) during standard cystic fibrosis care by a procedure described
previously* that has been approved by the Ethics Committee of the University
Medical Centre Utrecht and the Erasmus Medical Centre of Rotterdam. In
short, rectal biopsies were washed with cold complete chelation solution and
incubated with 10 mM EDTA for 60-120 min at 4 °C. Supernatant was har-
vested, and EDTA was washed away. Crypts were isolated by centrifugation
and embedded in matrigel (growth factor reduced, phenol-free, BD bioscience)
and seeded (50-100 crypts per 50 pl matrigel per well) in 24-well plates.
The matrigel was polymerized for 10 min at 37 °C and immersed in com-
plete culture medium: advanced DMEM/F12 supplemented with penicillin-
streptomycin, 10 mM HEPES, Glutamax, N2, B27 (all from Invitrogen), 1 mM
N-acetylcysteine (Sigma) and the following growth factors: 50 ng/ml mEGE,
50% Wnt3a-conditioned medium and 10% Noggin-conditioned medium, 20%
Rspol-conditioned medium, 10 pM nicotinamide (Sigma), 10 nM gastrin
(Sigma), 500 nM A83-01 (Tocris) and 10 uM SB202190 (Sigma). The medium
was refreshed every 2-3 d, and organoids were passaged 1:4 every 7-10 days.
Organoids from passages 1-10 were used for confocal live cell imaging.

CFTR transport activity of human rectal organoids. Organoids were seeded
from a 7-d-old culture in a 4-pl matrigel placed into a flat-bottom 96-well cul-
ture plate (Nunc) and commonly contained 40-80 organoids and 100 pl culture
medium. To visualize volume changes, 1 d after seeding, organoids were loaded
with 10 pM Calcein green for 60 min (Invitrogen). After Calcein green treat-
ment (with or without CFTR inhibition), 5 uM forskolin was added, and the
organoids’ morphology was monitored by time-lapse fluorescence laser con-
focal microscopy (LSM710, Zeiss, 5x objective). To inhibit CFTR, organoids
were preincubated with 50 uM CFTR-Inh,,, and 50 uM GlyH-101 (Cystic
Fibrosis Foundation Therapeutics, Inc.) for 3 h. Images were collected every
10 min for 90 min in a top-stage incubator (5% CO, at 37 °C). Each condition
was monitored in triplicate wells. For AF508-CFTR correction, organoids were
preincubated for 20-24 h with 2 uM C4, 2 uM C18, 100 nM or 2 uM VX-809
or 125 mM myo-inositol (Sigma-Aldrich) as single treatment or in combina-
tions. DMSO concentration was identical under all conditions and did not
exceed 0.2% (w/v). The organoid surface area was quantified using Volocity
(Improvision) imaging software. The normalized total organoid surface area
was calculated and averaged from three individual wells per condition. The
area under the curve was calculated using Prism (GraphPad Software).

Statistical analysis. Results are presented as mean * s.e.m. for the number (1)
of experiments. Statistical analysis was performed by two-tailed Student’s ¢-test
with the means of at least three independent experiments, and a 95% confi-
dence level was considered significant.
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CYSTIC FIBROSIS

Some gating potentiators, including VX-770, diminish
AF508-CFTR functional expression

Guido Veit," Radu G. Avramescu,’ Doranda Perdomo,’ Puay-Wah Phuan,? Miklos Bagdany,’
Pirjo M. Apaja,’ Florence Borot,' Daniel Szollosi,>* Yu-Sheng Wu," Walter E. Finkbeiner,®
Tamas Hegedus,>* Alan S. Verkman,? Gergely L. Lukacs'%7*

Cystic fibrosis (CF) is caused by mutations in the CF transmembrane regulator (CFTR) that result in reduced
anion conductance at the apical membrane of secretory epithelia. Treatment of CF patients carrying the
G551D gating mutation with the potentiator VX-770 (ivacaftor) largely restores channel activity and has shown
substantial clinical benefit. However, most CF patients carry the AF508 mutation, which impairs CFTR folding,
processing, function, and stability. Studies in homozygous AF508 CF patients indicated little clinical benefit of
monotherapy with the investigational corrector VX-809 (lumacaftor) or VX-770, whereas combination clinical
trials show limited but significant improvements in lung function. We show that VX-770, as well as most other
potentiators, reduces the correction efficacy of VX-809 and another investigational corrector, VX-661. To mimic
the administration of VX-770 alone or in combination with VX-809, we examined its long-term effect in immor-
talized and primary human respiratory epithelia. VX-770 diminished the folding efficiency and the metabolic
stability of AF508-CFTR at the endoplasmic reticulum (ER) and post-ER compartments, respectively, causing
reduced cell surface AF508-CFTR density and function. VX-770-induced destabilization of AF508-CFTR was in-
fluenced by second-site suppressor mutations of the folding defect and was prevented by stabilization of the
nucleotide-binding domain 1 (NBD1)-NBD2 interface. The reduced correction efficiency of AF508-CFTR, as well
as of two other processing mutations in the presence of VX-770, suggests the need for further optimization of

potentiators to maximize the clinical benefit of corrector-potentiator combination therapy in CF.

INTRODUCTION

Cystic fibrosis (CF), one of the most common inherited diseases in the
Caucasian population, is caused by mutations in the CF transmem-
brane regulator (CFTR) gene that lead to loss of CFTR channel func-
tion and impaired epithelial anion transport in the lung, intestine,
pancreas, and other organs (1, 2). The nearly 2000 different mutations
identified in the CFTR gene (http://www.genet.sickkids.on.ca) have
been categorized into six different classes according to the resulting
molecular aberration (3, 4). The most prevalent class II mutation, de-
letion of phenylalanine 508 (AF508), results in misfolded CFTR channels
that are predominantly recognized and degraded by the endoplasmic re-
ticulum (ER) quality control machinery (2, 5). AF508-CFTR molecules
that escape from the ER are functionally impaired (class III mutation)
and conformationally unstable, with rapid removal from the plasma
membrane (PM) by the peripheral quality control and targeting for
endolysosomal degradation (6). G551D, the third most common CF-
causing mutation that affects ~4% of CF patients, belongs to class III
and displays normal processing and cell surface expression but severe
functional impairment (7).

The CFTR protein is an ATP (adenosine 5'-triphosphate)-binding
cassette transporter family member that comprises two membrane-
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spanning domains (MSD1 and MSD2) and three cytosolic domains,
two nucleotide-binding domains (NBD1 and NBD2) and a regulatory
domain (8). The AF508 mutation in the NBD1 produces multiple
structural defects in CFTR. At least two of those, NBD1 misfolding
and NBD1-MSD1/2 interfacial instability, have to be reversed geneti-
cally and/or pharmacologically to achieve near wild type-like PM ex-
pression (9-13).

Mechanistically, the available investigational small-molecule CFTR
modulators fall into three classes: (i) suppressor molecules that pre-
vent premature termination of protein synthesis; (ii) correctors that
partially revert the folding and processing defects; and (iii) potentia-
tors that increase channel gating and conductance (14-16). The poten-
tiator ivacaftor (VX-770, Kalydeco) has been approved for therapy of
CF patients with one copy of G551D (17) or some other rare gating
mutations (18, 19). VX-770 treatment of patients with G551D and
other class IIT mutations demonstrated marked clinical benefit, includ-
ing ~10 to 14% increase in the forced expiratory volume in 1 s (FEV,),
decrease in pulmonary exacerbations, and weight gain relative to pla-
cebo treatment (20-22).

Nasal potential difference and short-circuit current (I;.) measure-
ments in rectal biopsies of CF patients as well as in primary human
bronchial epithelial (HBE) cells indicate that a subset of homozygous
AF508 patients have residual AF508-CFTR PM function (23-25). The
PM expression and activity of AF508-CFTR inversely correlate with
CF disease severity (23, 25, 26). Acute addition of VX-770 in HBE cell
cultures from some patients homozygous for the AF508 mutation
increased the residual forskolin-stimulated channel activity from
~4 to 16% of that in HBE cultures from non-CF individuals, whereas
other cultures were not responsive (24). A phase 2 trial in AF508
homozygous patients, however, showed no improvement in FEV;,
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although a small reduction in sweat chloride concentration upon VX-
770 treatment occurred (27).

Likewise, treatment with VX-809 (lumacaftor) alone, a promising
investigational corrector drug that restores the AF508-CFTR PM ex-
pression and function to ~15% of wild-type CFIR activity in non-CF
HBE cells (28), failed to show robust improvement in lung function of
AF508/AF508 patients (29). In cell cultures, a combination of chronic
VX-809 and acute VX-770, together with a cAMP (cyclic adenosine
3’,5’-monophosphate) agonist, increased AF508-CFTR conductance
to ~25% of that in non-CF HBE (28). These preclinical results mo-
tivated the ongoing phase 2-3 clinical trials of combination treatment
with VX-770 and VX-809, or VX-661, another investigational corrector
(14) (http://www.clinicaltrials.gov NCT01225211 and NCT01531673).
The results of a phase 2 trial in homozygous AF508 patients receiving
VX-809 and VX-770 combination treatment suggested an improve-
ment in FEV of 8.6% compared to placebo (P < 0.001) and a marginal
decrease in sweat chloride concentration (30), although sustained clin-
ical benefit awaits verification. The recent news release of the first phase
3 trials reported a mean absolute improvement in FEV; compared to
placebo in the range of 2.6 to 4.0% (P < 0.0004) (31). The limited clin-
ical efficacy of combination therapy based on these data may be ac-
counted for by insufficient tissue concentration of the drugs, decreased
susceptibility to correction in the inflamed lung, and/or conformational
destabilization of the mutant upon chronic exposure to VX-770. To
evaluate the latter possibility, we determined the effect of prolonged
exposure to VX-770, and to other investigational potentiators, on the
biochemical and functional expression of AF508-CFTR. The results
indicate that VX-770 and some, but not all, other potentiators cause
AF508-CFTR destabilization at multiple cellular sites in model sys-
tems and primary CF HBE, with consequent reduced functional ex-
pression of AF508-CFTR at the cell surface.

RESULTS

Prolonged exposure to VX-770 reduces the PM and cellular
expression of AF508-CFTR

To investigate the effect of prolonged exposure to VX-770 on AF508-
CFTR PM expression, we first used the human CF bronchial epithelial
cell line CFBE41lo— (referred to as CFBE), a widely validated model
system with CFTRAP%AF%8 genetic background but no detectable
CFTR protein expression (32). CFBE cells were engineered for inducible
expression of CFTR variants as described (10, 33). To facilitate the PM
detection of AF508-CFTR, horseradish peroxidase isoenzyme C (HRP-C)
was genetically engineered into its fourth extracellular loop. The func-
tional and biochemical properties of AF508-CFTR-HRP are similar to
those of the 3HA-tagged variant (13, 34) (fig. S1, A to D).

Acute addition of VX-770 to low temperature-rescued AF508-CFTR
(rAF508) in CFBE cells increased the cAMP-dependent protein kinase
(PKA)-activated current by up to sixfold with ECsy of 12.8 + 1.0 nM
(fig. S2, A and B), similar to that reported in AF508/AF508 HBE cells
(22 + 10 nM) (24). Prolonged exposure (24 hours) to VX-770, however,
caused a concentration-dependent decrease in the PM density of AF508-
CFTR, regardless of whether the preincubation with VX-770 was done at
physiological temperature or at 26 to 30°C, which facilitated AF508 CFTR
biosynthetic processing (Fig. 1, A and B). The maximal reduction in
AF508-CFTR PM density was attained at ~30 nM VX-770, well below
the plasma concentration of ~3.5 uM in VX-770-treated CF patients

(35). Although increasing the concentration of human serum (0 to
100%) raised the ECsy of VX-770 from 2.5 + 0.2 nM to 23.1 + 4.6 nM
in the presence of VX-809, it did not affect the reduced PM density
achieved by long-term treatment with >100 nM VX-770 (fig. S2, G
and H). In contrast, the PM density of wild-type CFIR or G551D-CFTR
was not reduced by prolonged VX-770 exposure (Fig. 1, A and C).

VX-809 partially restored AF508-CFTR biogenesis, function, and
PM expression by about three- to fourfold in CFBE and primary
HBE monolayers (fig. S2C) (10, 13, 28). VX-809 alone or in combi-
nation with low-temperature rescue, however, failed to prevent the
VX-770-dependent reduction in AF508-CFTR PM density (Fig. 1,
A and B, and fig. S2C). Similar results were obtained for AF508-CFTR
rescued with the corrector VX-661 (fig. S2D). The VX-770-induced
reduction in AF508-CFTR PM density was independent of channel
gating because neither activation of adenyl cyclase by forskolin nor
blocking the channel with BPO-27 (36) influenced the VX-770 effect
(Fig. 1B and fig. S2C). Extended exposure to VX-770 did not affect cell
viability (fig. S2E). PM down-regulation of 3HA-tagged AF508-CFTR
by VX-770 in low temperature-rescued CFBE, NCI-H441 (a lung adeno-
carcinoma cell line exhibiting some Clara cell features), and MDCK II
(Madin-Darby canine kidney) epithelial cells suggested that the VX-770
effect is not CFBE-specific or related to the HRP-tag insertion (Fig. 1D
and fig. S2F).

To evaluate whether VX-770 causes the redistribution of PM resi-
dent AF508-CFTR to intracellular pools or exerts a global down-
regulation of mature AF508-CFTR in post-ER compartments, we
determined the cellular expression of AF508-CFIR by immunoblot
analysis. VX-770 treatment for 24 hours decreased the amount of
the complex-glycosylated AF508-CFIR (C-band) in CFBE lysates in
a dose-dependent manner (Fig. 1E). The VX-770 effect was attenuated
in VX-809- or VX-661-treated cells, probably due to partial stabiliza-
tion of the mature AF508-CFTR pool by VX-809, as reported previ-
ously (Fig. 1, F and G) (10, 28, 37). In contrast, the complex-glycosylated
form of wild-type CFTR and G551D-CFTR was not affected by pro-
longed VX-770 exposure (Fig. 1H). The modest, albeit significant (P =
0.02), decrease in the steady-state level of core-glycosylated AF508-
CFTR (B-band) may be due to reduced biogenesis and/or accelerated ER
degradation upon exposure to 100 nM VX-770 (Fig. 1, E to G). These
observations suggest that the VX-770 effect cannot be explained merely
by accelerated internalization or impeded recycling of rAF508-CFTR.

AF508-CFTR chloride conductance decreases after
long-term VX-770 exposure in CFBE and primary
respiratory epithelia
To assess the functional consequence of prolonged VX-770 exposure
of CFBE and primary HBE cells, we performed short-circuit current
(I.) measurements after 24 hours of incubation with 100 nM VX-770.
Forskolin-stimulated I;. was measured after inhibition of ENaC (epi-
thelial sodium channel) by amiloride and maximal acute potentiation
of cell surface AF508-CFTR function with 10 pM VX-770 (Fig. 2A).
Forskolin-stimulated I, (1.7 + 0.3 uA/cm?) was reduced to 1.1 +
0.2 pA/cm after incubation of AF508-CFTR-expressing CFBE cells
with VX-770 for 24 hours. A comparable reduction in I was ob-
served in VX-809- and VX-661-corrected cells (Fig. 2, A and B).
To confirm the relevance of these results to human tissues, we assessed
the VX-770 effect in primary HBE cell cultures, isolated from the lungs
of six CFTRMAF% patients and four CFTR™""" donors. The HBE
cells were differentiated on Snapwell filter inserts under air-liquid
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Fig. 1. Prolonged VX-770 exposure reduces
the PM expression of AF508-CFTR but not
wild-type (WT) or G551D-CFTR in human
CFBE. (A and C) PM density of AF508-CFTR-
HRP (AF508) (A), G551D-CFTR-3HA (G551D)
(A), and WT-CFTR-3HA (C). Cells were treated
with VX-770 for 24 hours in the presence or
absence of 3 uM VX-809 at 37°C, and the
values are expressed as percentage of
non-VX-770-treated controls (n = 3). (B
and D) PM density of low temperature (48
hours, 26°C)-rescued AF508-CFTR-HRP
(rAF508-HRP) (B) or AF508-CFTR-3HA
(rAF508-3HA) (D). Cells were treated with
VX-770 in the presence or absence of VX-809
(3 uM), BPO-27 (25 uM), or forskolin (1 wM) for
24 hours at 26°C followed by a 1-hour chase
at 37°C (n = 3). (E to G) Effect of VX-770 on
the expression pattern of low temperature—
rescued AF508-CFTR-3HA determined by im-
munoblot. Cells were treated with VX-770 alone
(E) or in combination with VX-809 (3 uM) (F) or
VX-661 (3 uM) (G) for 24 hours at 26°C. CFTR
was visualized with anti-HA antibody, and
anti-Na*/K*-ATPase antibody served as load-
ing control. Densitometric analysis of the core-
glycosylated (B-band, filled arrowhead) or
complex-glycosylated (C-band, empty arrow-
head) AF508-CFTR is expressed as percentage
of control (lower panels, n = 3 to 4). (H) Effect
of VX-770 on WT- and G551D-CFTR expression
measured by immunoblot (left panel) and
quantification of the C-band density (right
panel, n = 3). Error bars indicate SEM of three
or four independent experiments.

interface (ALI) conditions for at least
4 weeks either in Ultroser G medium (i),
which increases the ENaC- and CFTR-
mediated currents (38), or in ALI medium
(i) (39) (Fig. 2, C and D). The residual
CFTR-mediated I in the AF508-CFTR
HBE was augmented by treatment with
the correctors VX-809 or VX-661 (3 uM,
24 hours) (13). To further increase CFTR-
mediated I, and isolate the apical anion
conductance, some cells were differentiated
in Ultroser G medium and analyzed after
basolateral permeabilization and in the
presence of a basolateral-to-apical Cl™ gra-
dient. Independent of the differentiation
method and presence of a chloride gradi-
ent, exposure to VX-770 for 24 hours de-

creased the VX-809- or VX-661-corrected AF508-CFIR current by 33 +
6% and 47 + 8% (mean + SEM, n = 6), respectively (Fig. 2, C and D, and
Table 1). In contrast, VX-770 pretreatment did not affect the PKA-acti-
vated wild-type CFIR current in HBE (Fig. 2E and table S1), in line with
the absence of changes in PM and C-band density in wild-type CFTR

(Fig. 1H).
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Potentiator P5 does not impair the PM density and function

To determine whether down-regulation of rAF508-CFTR is a univer-
sal phenomenon of long-term potentiator exposure, we tested a panel
of CFTR potentiators with distinct chemical structures. These investi-

gational small molecules, abbreviated as P1 to P10, were made available
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Fig. 2. Prolonged incubation with VX-770 reduces the maximal CFTR-mediated anion current in
CFBE and primary cultures of AF508-CFTR but not WT-CFTR HBE. (A and B) Representative /s
recordings (A) and quantification of the changes in /;c (n = 3) (B) in CFBE monolayer expressing
AF508-CFTR with or without 24-hour VX-770 (100 nM), VX-809 (3 uM), or VX-661 (3 uM) pretreatment.
CFTR-mediated currents were induced by sequential acute addition of VX-770 (770, 10 uM) and forskolin
(frk, 20 uM) followed by CFTR inhibition with Inh;, (172, 20 uM) in the presence of a basolateral-to-
apical chloride gradient after basolateral permeabilization with amphotericin B. (C to E) Representa-
tive ;. traces (upper panels) and quantification of the Inh,;, inhibited current (Als. Inh;5,, lower
panels) in HBE isolated from six different homozygous AF508 CF patients (C and D) or four WT-CFTR
donors (E) with or without VX-770 treatment (24 hours, 100 nM) alone (E) or in combination with VX-809
(3 uM) (C) and VX-661 (3 uM) (D). The HBE cells were either polarized in Ultroser G medium (i) followed
by measurement in the presence of a basolateral-to-apical chloride gradient and basolateral permea-
bilization with amphotericin B, or polarized in ALl medium (ii) and measured as an intact monolayer
with equimolar chloride concentrations in both chambers. Error bars indicate SEM of three
independent experiments (B) or SD of triplicate measurements (C to E). *P < 0.05, ***P < 0.001 (exact
P values are listed in table S3).

partially rescued with low temperature alone
or in combination with VX-809 (Fig. 3, A
to H). This was especially prominent for
genistein (P6), with ~60 and ~75% de-
crease in rAF508-CFTR PM density and
conductance, respectively (Fig. 3, F, I, and
]). P5 did not reduce the AF508-CFTR
PM density and potentiated the rAF508-
CFTR activity by up to about sevenfold
in CFBE cells (Fig. 3E). This result was
confirmed by immunoblot analysis of
low-temperature and VX-809 rAF508-
CFTR. Increasing concentrations of P5
did not alter the relative abundance of
core- and complex-glycosylated AF508-
CFTR, suggesting that P5 does not affect
AF508-CFTR ER processing and stability
(Fig. 4A).

I measurements in CFBE expressing
AF508-CFTR and primary HBE cells iso-
lated from four CFTR*™"/A5% patients
also confirmed the lack of effect of prolonged
P5 exposure on the maximal activation of
AF508-CFTR current at physiological tem-
perature (Fig. 4, B and C, and Table 1). P5
may thus be a useful investigational com-
pound to potentiate AF508-CFIR function
without impairing its PM expression.

VX-770 impairs biogenesis,
stability, and endocytic trafficking
of the AF508-CFTR

Because VX-770 may impair both the bio-
genesis and the metabolic stability of
mature AF508-CFTR, according to the
immunoblot analysis, we measured con-
formational maturation of newly formed
AF508 CFIR by the metabolic pulse-chase
technique (11). Phosphorimage analysis
was used to quantify the conversion effi-
ciency of core-glycosylated AF508-CFTR
(B-band), labeled with [**S]methionine
and [*S]cysteine, into complex-glycosylated
AF508-CFTR (C-band) upon traversing
the cis/medial Golgi in CFBE cells. The fold-
ing efficiency of AF508-CFIR in the pres-

by the Cystic Fibrosis Foundation Therapeutics Inc. (CFFT) for the re-
search community (fig. S3A). The potency and efficacy of P1 to P10 on
the activity of low-temperature rAF508-CFTR were demonstrated in
CFBE cells using the halide-sensitive yellow fluorescent protein (YFP)
quenching assay. Acute addition of P1 to P8 confirmed the potentiation
of the rAF508-CFTR activity, whereas P9 and P10 had only small effects
(Fig. 3, A to H, and fig. S3, B to D). The dose-response curve of genistein
(P6), a flavone widely used for acute potentiation of CFIR activity, did
not reach saturation activity at 100 uM, suggesting that rAF508-CFTR
has lower affinity for genistein than wild-type CFTR (40, 41) (Fig. 3F).
Prolonged treatment (24 hours) with most potentiators produced a
concentration-dependent decrease in AF508-CFTR PM density in CFBE

ence of VX-809 decreased from 1.8 + 0.2% to 1.3 + 0.1% after VX-770
treatment for 24 hours, representing a ~25% (P = 0.026) reduction
(Fig. 5A, left panel). Similarly, the folding efficiency of VX-770-treated
AF508-CFTR-3S, carrying NBD1-stabilizing second-site mutations,
decreased from 4.0 + 0.2% to 2.6 £ 0.6% (P = 0.049) (Fig. 5A, right
panel). The reduced ER maturation efficiency cannot be attributed to
decreased transcription or profoundly increased degradation of the core-
glycosylated AF508-CFTR because neither the mRNA level nor the
B-band stability was affected by VX-770 (fig. S4, A to C). The decreased
incorporation of radioactivity during the 30-min pulse is consistent with
increased cotranslational degradation and/or partial translational inhibi-
tion (fig. $4D).
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Table 1. Effect of 24 hours of potentiator treatment on I,. measurements of primary CFTRAF508/AF508 HBE n d. not determined.

VX-809 VX-661
Patient Differentiation  pmso VX-770 P5 DMSO VX-770
Mean £ SD Mean + SD Change % Mean + SD Change % Mean + SD Mean + SD Change %

(nA/cm?) (nA/cm?) (nA/cm?) (nA/cm?) (nA/cm?)
09-04 ALl (39) 461 +1.13 363 £1.17 =21 3.30 £ 044 -28 367 £1.27 3.17 £ 0.55 -14
13-35 ALl 4.77 + 0.88 3.18 £ 0.17 -33 5.17 £ 0.23 8 433 =+ 1.63 1.53 = 0.74 -65
12-23 ALl 2.72 £ 0.94 1.78 = 0.94 -35 257 £0.55 -6 2.85 £ 0.35 1.38 + 0.79 =52
11-17 ALl 247 +£0.40 247 £ 040 -49 3.03 £ 049 23 247 £0.15 1.13 £ 0.23 -54
Mean ALl 3.64 246 -34 3.52 -1 333 1.80 -46
CFFTOO06F Ultroser G (38) 2152 + 138 18.89 = 0.59 -12 n.d. n.d. 1234 £1.27 690 £ 1.48 —44
CFFTO10H Ultroser G 9.95 + 1.62 5.26 + 0.80 -47 n.d. n.d. 11.21 £ 236 544 £1.37 =51
Mean Ultroser G 15.74 12.07 -30 11.78 6.17 —48
Combined -33+6 -1+1 —47 +8
(mean = SEM)

The peripheral stability of rAF508-CFTR was determined both at
the PM and in post-ER compartments in CFBE cells. After the accu-
mulation of low temperature-rescued AF508-CFTR at the PM, it was
rapidly removed with a Ty, ~2.5 hours at 37°C (Fig. 5B), probably as
a result of accelerated internalization, lysosomal targeting, and attenu-
ated recycling, as reported in HeLa cells (6). The T}/, of rAF508-CFTR
at the PM was decreased by VX-770 to ~1.75 hours, regardless of
whether VX-770 was present for 24 or 3 hours (Fig. 5B). VX-770 also
accelerated the PM turnover of rAF508-CFTR that was modestly sta-
bilized by VX-809 (28), as reflected by the reduction of Tj,, from ~3 to
~2.25 hours (Fig. 5C). In addition, VX-770 destabilized the complex-
glycosylated rAF508-CFIR pool both in the presence and in the ab-
sence of VX-809, as determined by cycloheximide (CHX) chase and
immunoblot (Fig. 5, D and E). Similar results were obtained by metabolic
pulse-chase for rAF508-CFTR containing the 3S NBD1 stabilizing mu-
tation (fig. S4E). Together, these observations suggest that VX-770 inter-
feres with both the biogenesis and the peripheral stability of mature
AF508-CFTR in the presence or absence of VX-809, which likely accounts
for reduced AF508-CFIR PM function. As found for VX-770, prolonged
treatment with potentiators P1, P2, P4, P6, and P7 led to a destabiliza-
tion of PM-localized rAF508-CFTR (Fig. 5F). Notably, destabilization
was not seen in CFBE treated with P3 or P5 (Fig. 5F).

The conformational destabilization of rAF508-CFTR by VX-770
may be recognized by the peripheral quality control machinery that
targets non-native PM proteins for lysosomal degradation (42). This
possibility was assessed by determining the post-endocytic fate of
rAF508-CFTR by measuring the pH of CFTR-containing endocytic
vesicles with fluorescence ratio image analysis (FRIA) (43). rAF508-CFTR
was accumulated in polarized, filter-grown CFBE at reduced tempera-
ture and exposed for 24 hours to DMSO, VX-809, VX-770, or VX-809 +
VX-770. The rAF508-CFTR-3HA was unfolded at 37°C for 1.5 hours
and then labeled with pH-sensitive FITC (fluorescein isothiocyanate) at
0°C, using the antibody capture technique as described in Materials and
Methods. Internalization of labeled PM AF508-CFTR was initiated by
shifting the temperature to 37°C.

Endocytosed rAF508-CFTR was delivered after 30 min into multi-
vesicular bodies (MVB)/lysosomes (pH 5.25 + 0.01), whereas wild-

type CFTR largely remained in early endosomes (Fig. 5, G and H,
and fig. S4F). MVB/lysosomal delivery was inhibited by VX-809, as
seen by preferential confinement to early endosomes (pH 6.31 + 0.1)
during a 2-hour chase (Fig. 5, G and H). VX-770 partially reversed the
VX-809 trafficking effect by facilitating rAF508-CFTR transfer to late
endosomes, as indicated by the pH (5.84 + 0.1) of the rAF508-CFTR-
containing vesicular compartment after a 2-hour chase (Fig. 5, G and H),
suggesting that VX-770 increases AF508-CFTR susceptibility to recog-
nition by the peripheral quality control machinery.

The effect of VX-770 at the single-molecule level was measured by
determining the channel function of rAF508-CFTR with or without
second-site suppressor mutations in reconstituted planar phospholipid
bilayer (Fig. 6, A to E). R29K and R555K mutations were introduced
(AF508-CFTR-2RK) to increase channel reconstitution efficiency (44).
The open probability (P,) of phosphorylated AF508-CFTR-2RK
channel decreased from 0.19 to 0.09 upon increasing the temperature
from 24 to 36°C (Fig. 6B). VX-770 enhanced AF508-CFTR-2RK
function at low temperature (P, = 0.43 at 24°C), but accelerated its in-
activation rate, as indicated by the ~3.5-fold faster loss of channel activ-
ity between 32 and 36°C (-18.1 + 1.4%/°C in the presence of VX-770
versus —4.9 + 2.8%/°C inactivation rate in the control) (Fig. 6, A to C).
These results suggest a direct interaction of VX-770 with AF508-CFTR-
2RK, resulting in its destabilization.

Second-site mutations modulate AF508-CFTR susceptibility

to VX-770-mediated down-regulation

Second-site suppressor mutations in AF508-CFTR have been used to
investigate mechanisms of small-molecule CFTR modulators (10) (fig.
S5A). An increasing number of solubilizing mutations (18, 2S, and 3S)
progressively stabilize the isolated AF508-NBD1 domain energetically
(see table S2 for list of all mutants) (11, 45-47). Similarly, NBD1-MSD2
interface-stabilizing mutants (for example, R1070W or V510D) (8, 48)
enhance the PM expression of AF508-CFTR PM to ~5 to 10% of wild-
type CFTR. Combining the two classes of mutations increased expres-
sion to ~50% of wild-type CFIR by aiding coupled domain folding
(10, 11). Unexpectedly, neither solubilizing nor interface-stabilizing
mutations alone or in combination prevented the reduction in AF508-
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Fig. 3. Prolonged treatment with most potentiators reduces the PM density of rescued AF508-
CFTR. (A to H) Effect of potentiators P1 (A), P2 (B), P3 (C), P4 (D), P5 (E), P6 (F), P7 (G), and P8 (H) on
rAF508-CFTR PM density in the presence or absence of 3 uM VX-809 (24-hour exposure, 26°C + 1-hour
chase at 37°C, left axis, blue and red circles, n = 3) and function (acute addition, 32°C, right axis, gray
circles, n = 3) in CFBE cells. (I and J) Representative /. recordings (I) and quantification of the changes
in Isc (n = 3) (J) in CFBE monolayer expressing rAF508 with or without 24-hour P6 (genistein, 10 to 100 puM)
pretreatment. CFTR was activated by sequential acute addition of forskolin (20 uM) and genistein (10 to
100 uM) followed by CFTR inhibition with Inh;5, (20 uM) in the presence of a basolateral-to-apical chloride
gradient after basolateral permeabilization with amphotericin B. Error bars indicate SEM of three
independent experiments.

CFTR expression after prolonged VX-770
exposure, regardless of the presence of
VX-809 (Fig. 7, A and B, and fig. S5, B
to F). Solubilizing mutations augmented
the loss of AF508-CFTR PM expression
by VX-770 from ~45 to ~80% and de-
creased the ICs, of VX-770 from ~10 nM
to 1 to 2 nM (P = 0.0020 to 0.0153) (Fig. 7,
A to C, and fig. S5, B and C). In contrast,
the C-terminal 70-amino acid truncation
(A70 CFTR), which reduced the PM stabil-
ity and expression by ~90% relative to wild-
type CFIR (49), was resistant to prolonged
VX-770 treatment (Fig. 7A and fig. S5G).
The lack of apparent correlation between
global down-regulation of AF508-CFTR
PM density and the extent of VX-770-
induced destabilization is further supported
by the phenotype of revertant mutations
[3R; G550E, R553Q, and R555K (50)] alone
or in combination with 1S (R1S). These
mutations energetically stabilize the AF508-
NBD1 to an extent comparable to 3S, in-
crease the PM density to ~40 to 50% of
wild-type CFTR (11), and either directly
or indirectly delay NBD1-NBD2 dimer
dissociation (11, 51) and channel closing,
manifesting in about twofold increased
P, (Fig. 6D and fig. S6A). 3R or R1S muta-
tions prevented the VX-770-induced down-
regulation of AF508-CFIR from the PM
(Fig. 7, A and D, and fig. S5H), and the
R1S mutation eliminated the thermal in-
activation in the bilayer and attenuated the
potentiating effect of VX-770 (Fig. 6D
and fig. S6A). Similarly, the AF508-E1371S
(E1371S) mutation, which increases NBD1-
NBD2 dimer stability by preventing the
hydrolysis of bound ATP to the Walker
A and B motifs in NBD2 and thereby the
dissociation of the NBD1-NBD2 dimer
(52, 53), protected AF508-CFTR from ther-
mal inactivation in reconstituted planar
phospholipid bilayer experiments regard-
less of the presence of VX-770 (Fig. 6E
and fig. S6B).

To offer a possible explanation for the
VX-770 interaction with AF508-CFTR,
we propose the formation of multiple
binding pockets in the partially unfolded
AF508-NBD1/2, based on molecular dy-
namics simulations and docking studies
(fig. S7A). The putative binding sites of
VX-770 are labeled in red in the AF508-
CFTR structure (fig. S7B). High-affinity/
low binding energy (less than —6.5 keal/mol)
interactions of VX-770 with amino acids in
the NBD1/2 interface and the coupling
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Fig. 4. Prolonged exposure to potentiator P5 does not impair the
expression and function of AF508-CFTR. (A) Effect of P5 on the ex-
pression pattern of rAF508, determined by immunoblot. Cells were treated
with P5 in combination with VX-809, and CFTR was visualized using anti-
HA antibody. Anti-Na*/K*-ATPase antibody served as loading control. Den-
sitometric analysis of the core-glycosylated (B-band, filled arrowhead) or
complex-glycosylated (C-band, empty arrowhead) rAF508 is expressed as
percentage of non-P5-treated controls (right panel, n = 3). (B) Representa-
tive I recordings (left panel) and quantification of the changes in /s (n =3,
right panel) in CFBE monolayer expressing AF508-CFTR with or without
24-hour P5 (3 uM) pretreatment. Measurements were performed in the
presence of a basolateral-to-apical chloride gradient after basolateral
permeabilization. (C) Representative /s traces (left panel) and quantifi-
cation of the Inh,;, inhibited current (Als. Inh;,,, right panel) in HBE
isolated from four different homozygous AF508 CF patients with or with-
out P5 treatment (3 uM, 24 hours, 37°C) in combination with VX-809 (3 uM).
The HBE cells were polarized in ALI medium and measured without per-
meabilization with symmetrical chloride-containing solutions. Error bars in-
dicate SEM of three independent experiments (A and B) or SD of triplicate
measurements (C).

helix of CL1 in AF508-CFIR only partially overlap with those in wild-type
CFTR (fig. S7C), consistent with the absence of the destabilizing effect of
VX-770 in wild-type CFTR. The lack of VX-770 destabilizing effect on the
revertant and NBD2 ATPase (adenosine triphosphatase) mutants is in line
with the notion that prolonged NBD1-NBD2 dimerization (51, 54) either
directly or allosterically hinders the VX-770 association with destabilizing
sites. Although the dockings studies suggest partially overlapping putative
binding sites for P5 and VX-770, P5 also has unique interactions in NBD1
(amino acids 621 to 623) that are not observed for VX-770 (fig. S7D).

Rare CF mutations sensitize CFTR to

VX-770-induced down-regulation

Gating potentiation of class IIT mutations by acute VX-770 exposure
in preclinical settings rationalized the approval of ivacaftor in patients
with eight rare CF mutations (19). To evaluate whether prolonged
VX-770 exposure may interfere with the expression of other class
I1I and class IT mutations, we determined the PM density and function
of R347H-, R170G-, and P67L-CFTR (fig. S8A) in CFBE. Whereas
R347H-CFTR, a class III mutation (55), was resistant to VX-770, PM
expression was reduced by 30 to 43% and forskolin-stimulated I, was
reduced by 32 to 38% in VX-809-rescued R170G-CFIR and P67L-CFTR
by VX-770 (Fig. 7, E to H, and fig. S8, B and C), raising the possibility
that multiple class II mutations are susceptible to VX-770-mediated
destabilization.

DISCUSSION

Here, we provide evidence that basal and VX-809- or VX-661-rescued
PM densities of AF508-CFTR are reduced in parallel with the loss of
chloride conductance upon prolonged exposure to VX-770. The reduc-
tion in channel density was not prevented by partial correction of the
AF508-CFTR biogenesis defect by low temperature. In contrast, the PM
expression of wild-type CFTR and G551D-CFTR was not reduced by
prolonged VX-770 treatment.

Although the cellular basis of the destabilizing action of VX-770 on
AF508-CFTR is well documented both in this work and in an accom-
panying publication (56), its molecular details remain to be elucidated.
Although indirect effect cannot be ruled out, we postulate that direct
association of VX-770 with AF508-CFTR increases its unfolding pro-
pensity, an inference supported by the accelerated rate of functional
inactivation of temperature-rescued AF508-CFTR-2RK in reconsti-
tuted planar lipid bilayers. The conformational destabilization of
AF508-CFTR by VX-770 is also in line with its reduced ER folding ef-
ficiency, accelerated PM, and post-ER pool turnover, as well as lysosomal
targeting from early endosomes, phenomena that have been described as
hallmarks of the peripheral quality control of non-native membrane pro-
teins (6, 42).

Conformational stabilization of NBD1 or the NBD1-MSD2 inter-
face with second-site mutations (1S, 2S, or 3S and R1070W or V510D,
respectively) sensitized AF508-CFTR to VX-770, as reflected by the
increased fractional down-regulation and decreased ICsy (from ~10
to ~2 nM) despite partial rescue of misprocessing of these mutant var-
iants (11). Despite conferring similar energetic stabilization as NBD1-
3S, the revertant mutations that are clustered at residues 550 to 555
(11) bestowed complete resistance to PM down-regulation and ther-
mal functional inactivation in the bilayer by VX-770. Because the re-
vertant mutations probably stabilize the NBD1-NBD2 dimer (51), this
observation suggests that an unstable NBD1-NBD2 interface is a pre-
requisite for the VX-770 destabilizing action, an inference that is sup-
ported by the resistance of AF508-CFTR-E1371S to VX-770. The E1371S
substitution retards channel closing by preventing the hydrolysis of
bound ATP to the Walker A and B motifs in NBD2 and thereby the
dissociation of the NBD1-NBD2 dimer (52, 53).

Monotherapy with VX-809, which increased AF508-CFTR-mediated
I to ~14% of that in wild-type CFIR in primary HBE (28), did not
confer substantial clinical benefit (29). The maximally stimulated I
in VX-809-rescued AF508/AF508-HBE in combination with acute
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VX-770 potentiation reached ~23% of that in non-CF HBE in our
studies (Table 1 and table S1). These results are consistent with published
data suggesting an I, equivalent to ~25% of that in non-CF HBE (twofold
increase over VX-809 alone) (28). Prolonged VX-770 exposure reduced
the AF508 I, by 33 + 6% (mean *+ SEM, n = 6) in VX-809-corrected
HBE, albeit with a considerable range of values in cells from different
CF patients (12 to 49%, Table 1), which is likely due to the influence of
the genetic or epigenetic variability between individuals on the proteo-

stasis network activity (57, 58). In VX-661-rescued AF508/AF508-HBE,
the VX-770-induced functional attenuation ranged between 14 and 65%
with a mean of 47 + 8% (+ SEM, n = 6) (Table 1). If these results trans-
late to the clinical setting, combination of corrector therapy with VX-770
could be beneficial for a subpopulation of AF508 CF patients, but may
reduce the overall rescue efficiency below the threshold required for
clinical benefit in poor VX-809 responders and/or individuals suscep-
tible to VX-770-mediated channel destabilization. The negative
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Fig. 6. VX-770 directly interacts with and destabilizes the AF508-CFTR-2RK channel. (A) Repre-
sentative records show AF508-R29K-R555K-CFTR (AF-2RK) channel function in the presence of 1 uM
VX-770 from two separate experiments at ~25°C (two channels incorporated), ~30°C, and ~35°C (one
channel incorporated). The closed (c) and open (o) states of the channels are indicated. (B) Single-
channel open probabilities (P,) of protein kinase A-activated AF508-CFTR-2RK in the presence or ab-
sence of VX-770 (1 uM) (n = 7 to 46). The cumulative duration of single-channel measurements for any
given temperature exceeded 8.5 min. (C) Temperature-dependent inactivation of AF508-2RK in the
presence or absence of VX-770 (1 uM) derived by normalization with 24°C values of the results de-
picted in (B). (D and E) Single-channel open probabilities (P,) of protein kinase A-activated AF508-
CFTR-R1S (AF508-R1S, n = 4 to 13) (D) or AF508-CFTR-E1371S (AF-E1371S, n = 4 to 6) (E) determined by
artificial phospholipid bilayer measurements in the presence or absence of VX-770 [1 uM in (D), 0.1 uM
n (E)]. The cumulative measurement time for any given temperature was >4.5 min for AF508-R1S and
>3 min for AF508-E1371S. Error bars indicate SEM of 4 to 46 independent experiments. *P < 0.05, **P <
0.01 (exact P values are listed in table S3).

action of VX-770 would be more pronounced in patients having a
single copy of AF508-CFTR.
A limitation of our study is that the concentration of free VX-770

in lung cells of CF patients treated with VX-770 is not known, and hence,  therapy in CF.

the VX-770-induced down-regulation
of AF508-CFTR can only be extrapo-
lated. VX-770 treatment with the recom-
mended dose of 150 mg every 12 hours
produced a peak plasma concentration
of 3.5 uM after 5 days (35). Because
~97% of VX-770 is bound to plasma
protein (35, 59), the free drug concentra-
tion is estimated to be ~100 nM in vivo,
which is in line with its clinical benefit in
patients carrying at least one G551D allele
(21, 22) despite its relatively high ECsg
for activation of G551D-CFTR (236 nM
VX-770) in primary HBE (24). In our stu-
dies, maximal reduction of AF508-CFTR
PM density and function was seen at
~30 nM VX-770 in CFBE. The effective
in vivo intracellular concentration of VX-
770, however, could be even higher than
predicted due to the accumulation of VX-
770 in primary HBE cells (56) and its
eightfold enrichment in the epithelial
lining fluid of the rat lung relative to plas-
ma (59).

Because CFTR-mediated transepithe-
lial transport is closely correlated with
CF disease severity (23, 25, 60), evalua-
tion of sustained exposure to modulators
should be valuable in identifying individ-
uals who would benefit from corrector-
potentiator combination therapy with,
for example, patient-derived primary or
conditionally reprogrammed respiratory
cells (61), or intestinal organoids (62). As
a complementary strategy, new poten-
tiators might be identified that lack the
AF508-CFTR destabilizing action, as ex-
emplified by the P5 (63). P5 efficiently sti-
mulated the activity of phosphorylated
rAF508-CFTR, but not G551D (63). The
latter suggests that the mechanism of action
of P5 is distinct from that of VX-770 and
therefore could be valuable to correct the
gating defect of AF508-CFIR while preserv-
ing its PM density.

In summary, our results suggest that
VX-770, as well as most of the available
investigational potentiators, impairs the
biochemical stability of AF508-CFIR and
other class II processing mutations (such
as P67L and R170G). These findings in cell
cultures may translate to reduced efficacy
of corrector-potentiator combination ther-
apy in the clinical setting. Further structure-

activity studies of existing potentiators, as well as identification of
potentiators that do not destabilize mutant CFTRs, are warranted to
enhance the therapeutic benefit of corrector-potentiator combination
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Fig. 7. Suppressor mutations of AF508-CFTR and other CF-causing CFTR mutations modulate the
susceptibility to VX-770-mediated PM down-regulation. (A) PM density of AF508-CFTR with or
without second-site suppressor mutations and of non-AF508-CFTR variants was measured after VX-
770 (100 nM, 24 hours) incubation (n = 3). (B and D) PM density of AF508-3S (B) (n = 3) and AF508-
R1S (D) (n = 3) after 24 hours of treatment with increasing concentrations of VX-770 in the presence or
absence of VX-809 (3 uM). (€) 50% inhibitory concentration (ICso) of VX-770 on CFTR variants’ PM ex-
pression, calculated on the basis of the measurements shown in (B), (D), and fig. S5 (B to F). (E and F)
PM density of R347H-CFTR (E) and R170G-CFTR (F) after 24 hours of treatment with increasing concen-
trations of VX-770 in the presence of DMSO or VX-809 (3 uM). (G) CFTR PM density after VX-770 (100 nM,
24 hours) incubation, measured for CF-causing mutants G551D-, R347H-, R170G-, and P67L-CFTR (n = 3).
The values for AF508- and WT-CFTR are shown for comparison. (H) Quantification of the changes in /s (n = 3)
(B) in CFBE monolayers expressing R347H-, R170G-, or P67L-CFTR with or without 24-hour VX-770 (100 nM)
and VX-809 (3 uM) pretreatment (n = 3 to 4). Error bars indicate SEM of three to four independent
experiments. *P < 0.05, **P < 0.01, **P < 0.001 (exact P values are listed in table S3).
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MATERIALS AND METHODS

Study design

The goal of the study was to measure
the effect of long-term administration
of VX-770 and other investigational po-
tentiators, either alone or in combina-
tion with small-molecule correctors, on
the biochemical and functional expres-
sion of AF508-CFTR in immortalized
and primary human respiratory epithe-
lia. CFBE heterologously expressing wild-
type, G551D-, or AF508-CFTR and
primary HBE with a CFTR""™" (from
four donors) or a CFTRAP¥ARS08 (fom
six patients) genotype were subjected to
chronic treatment with VX-770 (24 hours)
in the presence or absence of the cor-
rectors VX-809 or VX-661, and CFTR
function was determined by short-circuit
current measurement or halide-sensitive
YFP fluorescence quenching. The PM
density, PM stability, cellular expression,
conformational maturation, metabolic
stability, and lysosomal targeting of AF508-
CFTR were determined in CFBE to exam-
ine the cellular phenotype of the VX-770
destabilizing action. To elucidate the mo-
lecular mechanism of the VX-770 effect,
we examined the functional destabilization
of the mutant in a planar lipid bilayer and
investigated the PM density and function
of AF508-CFTR containing second-site
mutations. Putative binding sites of poten-
tiators were identified by molecular dy-
namic simulation and in silico docking.
Finally, to assess the VX-770 effect spec-
ificity, the PM density and function of
other class III and class II mutations
(R347H-, R170G-, and P67L-CFTR) were
determined in CFBE.

Antibodies and reagents

Mouse monoclonal anti-hemagglutinin
(HA) anitbody was purchased from Co-
vance Innovative Antibodies. VX-770,
VX-809, and VX-661 were acquired from
Selleckchem. The CFTR potentiators P1
to P10 were made available by R. J. Bridges
(Rosalind Franklin University of Medicine
and Science) and CFFT. All other chem-
icals were purchased from Sigma-Aldrich
at the highest grade available.

Cell lines

Full-length human CFTR variants with
the 3HA-tag in the fourth extracellular
loop have been described before (10).
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The HRP-C was introduced into the fourth extracellular loop repla-
cing the 3HA-tag by using the Eco RV/Avr II restriction sites with a 5’
linker (ctcgaatcaggaggtagtggtggcggaagt). The CFTR variants used in
this study are listed in table S2. Maintenance of the human CF bron-
chial epithelial cell line CFBE41lo— (32), with a CFTRAPS08/AF08 geno-
type [a gift from D. Gruenert, University of California, San Francisco
(UCSF)], and stable cell line generation of CFTR-3HA variants under
the control of a tetracycline-responsive transactivator were described
before (33). NCI-H441 and MDCK II cells expressing inducible
AF508-CFTR have been described (10).

Primary HBE and short-circuit current measurements
Primary cultures of HBE cells from four CFTR*"%A%% CF patients
and four CFTR"""" donors were isolated and grown at ALI in ALI
differentiation medium, as described (39, 64). Primary cultures differ-
entiated in Ultorser G medium (38) from two CFTRA¥AF08 CR pa-
tients were purchased from ChanTest. I,. measurements of primary
HBE and CFBE epithelia were performed as described (33, 65).

PM density measurement

The PM density of 3HA-tagged CFTR variants was determined by cell
surface enzyme-linked immunosorbent assay (ELISA) (6). HRP-tagged
CFTR PM density was measured in a VICTOR Light Plate Reader
(PerkinElmer) after addition of HRP-substrate (50 pl per well; SuperSignal
West Pico, Thermo Fisher Scientific). PM density measurements were nor-
malized with cell viability determined by alamarBlue Assay (Invitrogen).

Halide-sensitive YFP quenching assay

Assay of AF508-CFTR function by halide-sensitive YFP fluorescence
quenching was performed as described (33). CFBE cells expressing
inducible AF508-CFTR were transduced with lentiviral particles en-
coding the halide sensor YFP-F46L/H148Q/I152L (66) followed by iso-
lation of double-expressing clones. YFP-expressing cells or controls
were seeded onto 96-well microplates at a density of 2 x 10* cells per
well, induced for AF508-CFTR expression for 2 days at 37°C, and low
temperature-rescued for an additional 48 hours at 26°C. During the as-
say, cells were incubated in phosphate-buffered saline (PBS)-chloride
(50 pl per well) (140 mM Nadl, 2.7 mM KCl, 8.1 mM Na,HPO,, 1.5 mM
KH,PO,, 1.1 mM MgCl,, 0.7 mM CaCl,, and 5 mM glucose, pH 7.4)
containing the indicated potentiator concentrations, followed by well-wise
injection of activator solution (50 pl per well) [20 uM forskolin, 0.5 mM
3-isobutyl-1-methyl-xanthine (IBMX), 0.5 mM 8-(4-chlorophenylthio)-
adenosine-3',5'-cyclic monophosphate (cpt-cAMP)] and 100 ul of PBS-
iodide, in which NaCl was replaced with Nal. The fluorescence was
monitored for 36 s with a 5-Hz acquisition rate at 485-nm excitation
and 520-nm emission wavelengths using a POLARstar OPTIMA (BMG
LABTECH) fluorescence plate reader. After background subtraction and
normalization to YFP signals before Nal injection, the I" influx rate was
calculated by linear fitting to the initial slope.

Pulse-chase labeling

Experiments were performed as described (11). Briefly, CFBE cells ex-
pressing AF508-CFTR were pretreated with 3 M VX-809 for 24 hours
followed by 1-hour exposure to 1 or 0.1 uM VX-770. CFBE cells ex-
pressing AF508-CFTR-3S were exposed to 1 uM VX-770 for 1 hour.
CFTR variants were pulse-labeled with [**S]methionine and [358]Cysteine
(0.2 mCi/ml) (EasyTag EXPRESS Protein Labeling Mix, PerkinElmer)
in cysteine- and methionine-free medium for 30 min and chased in

full medium for 2.5 or 4.5 hours at 37°C in the presence of the indicated
compounds. Radioactivity incorporated into the core- and complex-
glycosylated CFTR was visualized by fluorography and quantified
by phosphorimage analysis with a Typhoon imaging platform (GE
Healthcare).

Fluorescence ratiometric image analysis

The methodology for FRIA of endocytic vesicles containing CFTR as
a cargo has been described in detail (43). Briefly, filter-grown CFBEi-
AF508-3HA was allowed to polarize for 5 days and temperature-
rescued for 48 hours at 30°C. VX-809 or VX-809 (3 uM) with 0.1 uM
VX-770 was added for the last 24 hours and kept during the experiment.
Before labeling, the cells were shifted to 37°C for 1.5 hours. Subsequently,
rAF508-CFTR-3HA was labeled with anti-HA antibody and FITC-
conjugated goat anti-mouse secondary Fab (Jackson ImmunoResearch)
on ice. Synchronized internalization was performed at the indicated
times at 37°C. FRIA was performed on a Zeiss AxioObserver Z1 inverted
fluorescence microscope (Carl Zeiss Microlmaging) equipped with an
X-Cite 120Q fluorescence illumination system (Lumen Dynamics Group
Inc.) and Evolve 512 EMCCD (electron-multiplying charge-coupled de-
vice) camera (Photometrics Technology). The acquisition was carried out
at 495 + 5-nm and 440 + 10-nm excitation wavelengths with a 535 +
25-nm emission filter and analyzed with MetaFluor software (Molecular
Devices).

Planar lipid bilayer studies

Isolated CFTR-containing microsomes (containing 20 to 40 ug of total
protein) were fused to planar lipid bilayers, and currents were analyzed
as described previously (10, 11). Briefly, voltage was clamped at —60 mV,
and currents were measured with a BC-535 amplifier (Warner Instru-
ment) and pCLAMP 9 or 10 software (Axon Instruments), filtered at
200 Hz, and sampled at 10 kHz with an eight-pole Bessel filter and Digi-
data 1320 or 1440 digitizer (Axon Instruments). The chamber was grad-
ually warmed from 23 to 37°C, reaching the maximum temperature
within 8 to 9 min. Open probability (P,) values were calculated for 2°C
temperature intervals between 23 and 37°C, and the midpoints are de-
picted on the x axis.

Statistical analysis

Results are presented as means + SEM, with the number of experi-
ments indicated. Statistical analysis was performed by two-tailed Student’s
t test with the means of at least three independent experiments. The 95%
confidence level was considered significant. For I;. measurements, we
performed paired ¢ test analysis of patient/donor cells measured under
different conditions. We used the Hill equation to calculate ICs, val-
ues in the GraphPad Prism software package. Original data and exact
P values are provided in table S3.

SUPPLEMENTARY MATERIALS

www.sciencetranslationalmedicine.org/cgi/content/full/6/246/246ra97/DC1

Materials and Methods

Fig. S1. Comparison between 3HA- and HRP-tagged AF508-CFTR.

Fig. S2. Acute VX-770 potentiation in CFBE and the effect of extended VX-770 exposure on the
PM density of rAF508-CFTR in other epithelial cell models.

Fig. S3. Structure and effect of CFFT potentiator panel on the rAF508-CFTR function and PM
density.

Fig. S4. The effect of prolonged exposure to VX-770 on the biogenesis and stability of CFTR
variants.
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Fig. S5. The effect of VX-770 on the PM density of CFTR variants.

Fig. S6. Representative records of AF508-R1S and AF508-E1371S activities in artificial phospholipid
bilayer.

Fig. S7. In silico modeling of VX-770 and P5 binding to wild-type and AF508-CFTR cytosolic
regions.

Fig. S8. The effect of prolonged VX-770 exposure on the CF-causing mutants R347H-, R170G-,
and P67L-CFTR.

Table S1. Effect of 24 hours of potentiator treatment on /. measurements in primary CFTR"”"" HBE.
Table S2. CFTR mutants used in this study.

Table S3. Data and derived P values used in composite graphs (provided as an Excel file).
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Potentiating Trouble

Cystic fibrosis is a genetic disease caused by mutations of the CFTR ion channel, resulting in pulmonary
and other complications. lvacaftor is the only targeted drug approved for cystic fibrosis, but it is not effective
enough to treat the severest and most common form of this disease. Ivacaftor is a "potentiator," which means that
it improves the activity of mutant CFTR, but cannot work if there is no CFTR on the cell surface. Other drugs,
called "correctors," help bring mutant CFTR to the cell surface, but two manuscripts by Cholon and Veit and
co-authors now show that combining the two types of drugs does not work effectively because potentiators make
CFTR less stable, accelerating the removal of this channel from the cell membrane.
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Abstract

Cystic fibrosis (CF), a lethal monogenic disease, is caused by pathogenic variants of the CFTR chloride channel. The major-
ity of CF mutations affect protein folding and stability leading overall to diminished apical anion conductance of epithelial
cells. The recently published cryo-EM structures of full-length human and zebrafish CFTR provide a good model to gain
insight into structure—function relationships of CFTR variants. Although, some of the structures were determined in the
phosphorylated and ATP-bound active state, none of the static structures showed an open pathway for chloride permeation.
Therefore, we performed molecular dynamics simulations to generate a conformational ensemble of the protein and used
channel detecting algorithms to identify conformations with an opened channel. Our simulations indicate a main intracel-
lular entry at TM4/6, a secondary pore at TM10/12, and a bottleneck region involving numerous amino acids from TM1,
TM6, and TM12 in accordance with experiments. Since chloride ions entered the pathway in our equilibrium simulations,
but did not traverse the bottleneck region, we performed metadynamics simulations, which revealed two possible exits. One
of the chloride ions exits includes hydrophobic lipid tails that may explain the lipid-dependency of CFTR function. In sum-
mary, our in silico study provides a detailed description of a potential chloride channel pathway based on a recent cryo-EM
structure and may help to understand the gating of the CFTR chloride channel, thus contributing to novel strategies to rescue
dysfunctional mutants.

Keywords Cystic fibrosis - ABCC7 - Chloride channel - Structure - Molecular dynamics

Introduction

Cystic fibrosis is a monogenic disease associated with high
mortality and is caused by mutations affecting the CFTR
(cystic fibrosis transmembrane conductance regulator also
known as ABCC7) protein, a chloride channel in the plasma
membrane of epithelial cells. In the presence of mutations a
lack of functional CFTR expression in the apical membrane
is observed resulting in imbalanced salt and water homeo-
stasis [1]. The most frequent mutation in patients with cystic
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fibrosis (CF) is the deletion of F508 (F508del) impairing
both protein folding and function [2]. Recent clinical trials
are promising, and combinations of several drugs have been
reported to act on the affected steps of CFTR biogenesis,
trafficking and function [3]. For understanding the effects of
mutations and drugs on CFTR, the knowledge of high-reso-
lution structure and dynamics of the channel in the context
of gating is essential. This information is also crucial for the
development of more potent treatment modalities correcting
the effect of F508del and other mutations.
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CFTR (ABCC?7) is the member of the ATP binding cas-
sette (ABC) superfamily. It consists of two transmembrane
domains (TMD1 and TMD?2), each consisting of 6 TM heli-
ces, two nucleotide binding domains (NBD1 and NBD?2),
and a disordered segment, called regulatory (R) domain [4,
5]. The R domain phosphorylation is a prerequisite for chan-
nel gating. The N-terminus, also called Lasso/LO0 region,
plays a role in the functional expression of CFTR through
its intramolecular and intermolecular protein interactions
[6, 7]. The ATP binding sites are formed by Walker A and
B motifs in one of the NBDs and the ABC signature motif
in the other NBD. The site with the Walker motifs from
NBD1 is non-hydrolytic. An additional intriguing property
of NBDI is the presence of a roughly 40 amino acid long
regulatory insertion between the p1 and p2 strands [8]. This
insertion destabilizes NBD1 and is highly flexible, thus it
is not visible in structures [9]. The conformation changes
in the NBDs are transmitted to the TMDs via the so-called
intracellular loops that are not loops in a structural sense,
since they are formed by the intracellular continuation of
two neighboring TM helices (TM2/3, TM4/5, TM8/9, and
TM10/11) connected by a small helix (Fig. S1). These four
short helices are called coupling helixes (CH1-4), as they
interact with the NBDs and couple the ATP dependent con-
formational changes to the transmembrane domains [10].
Importantly, two TM helices from the two TM domains
cross over to the opposite NBD in a domain swapping-like
conformation [10]. For many years, only the structure of
NBD1 had been known at atomic resolution [11]. After pub-
lishing the first full length ABC protein structure, several
CFTR homology models have been built and some of their
properties have also been experimentally confirmed [10,
12—15]. Major aspects of the homology models have been
reinforced by recent cryo-EM structures, which also exhibit
features unpredictable by homology modeling, for example
the kink in TMS8 [16-19]. In addition, the cryo-EM struc-
tures by Chen et al. and Fay et al. provide interesting, albeit
low resolution information on R domain localization and on
extracellular loop 4 (EL4) conformation [16, 20]. EL4 is the
longest among the extracellular loops, is glycosylated, and is
not visible at high resolution in any of the structural models.
The CFTR structure has been determined in the absence of
ATP and also in its active state, when ATP molecules were
bound to the phosphorylated protein.

Although cryo-EM structures were determined in vari-
ous conformations, understanding of channel function is
still lacking. To overcome the limitations of static structures,
several molecular dynamics studies have been performed.
Tordai et al. performed simulations with the apo zebrafish
CFTR structure, which was determined in the absence of
ATP and exhibited separated NBDs [21]. In this study, it
was suggested that this conformation is not highly populated
under physiological condition, since closure of the NBDs
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could be observed even in short simulations. Corradi et al.
have also detected this closure and membrane defects in the
bilayer around TMS8 [22]. They found that the position of
the kinked TMS is stable in long simulations using either
the apo or the ATP-bound conformation. In a recent paper,
Hoffmann et al. combined their ATP-bound CFTR homol-
ogy model with metadynamics simulation to describe con-
formational changes associated to gating, since even the
cryo-EM structure determined in the active form did not
exhibit an open pathway for chloride ions [6]. Chin et al.
also performed long molecular dynamics (MD) simulations
with an ATP-bound human CFTR homology model, based
on the ATP-bound zebrafish structure and focused on the
lipid interactions of the CFTR protein [23]. This and other
studies showed that lipid interactions are essential for high
CFTR ATPase activity, which hydrolytic activity had been
demonstrated and thought to be very low compared to other
ABC transporters [1, 16, 23, 24].

Since none of the CFTR structures determined in active
state demonstrate an open chloride channel and none of the
in silico studies characterized in detail the chloride passage
through the protein, in the present study we performed MD
simulations to generate open conformations with the inten-
tion of identifying chloride pathways, and characterizing the
interaction of CFTR protein with chloride ions.

Methods
Structure preparation

We used the cryo-EM structure (PDBID: SW81) of phospho-
rylated, ATP-bound zebrafish CFTR (zCFTR) [17]. Residue
indices in the figures are renumbered according to the human
CFTR indexing. TM helix numbering is presented in Fig.
S1.

Molecular dynamics (MD)

The starting structure was oriented along the membrane
normal with the help of the OPM database and server [25].
MD simulations were performed using the GROMACS
2018 program package in which the CHARMM?36m force
field and the TIP3P water model were selected [26, 27]. The
CHARMM-GUI web interface was employed to build a lipid
bilayer environment around the protein model, as well as to
generate input files for energy minimization, equilibration
steps (NVT, NPT), and production run [28-30]. Input MDP
files can be downloaded from http://cftr.hegelab.org. During
system preparation, the following options were applied: a
homogenous lipid bilayer was built from POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine) molecules and
150 mM KCl was set for physiological liquid environment;
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grid information for PME (Particle-Mesh Ewald) electro-
statics was generated automatically, and NPT ensemble
was selected with constant number of particles (), pres-
sure (P) of 1 bar, and temperature of 310 K. Parameters for
ATP were provided by Komuro et al. [31]. All the structures
were energy minimized in the first step using the steepest
descent integrator (converged when force < 1000 kJ/mol/
nm). The fast smooth PME algorithm was used to calculate
electrostatic interactions and LINCS to constrain bonds. The
equilibration procedure was performed 22 times to generate
inputs for independent simulations with different starting
velocities and this was followed by 35 ns long production
simulations. A simulation with open conformations and five
other randomly selected ones were extended to 100 ns long
simulations to increase the possibility of observing open
conformations. RMSD (root mean square deviation from the
initial structure) and R, (radius of gyration) plots indicated
that the simulations with the near-atomic resolution zZCFTR
structural model (3.37 A) were stable (Fig. S2). A brief
summary of simulations can be found in Table S1. During
the analysis (e.g. for RMSD and contact map calculations),
GROMACS tools, the MDAnalysis package [32] and in-
house Python scripts were applied.

Metadynamics

A snapshot from the equilibrium trajectory with open con-
formations was selected as a starting structure for further
studies. According to the MD simulation, two chloride
ions (chloride #1 and #2) entered the interior region, and
our starting structure selection was based on the position
of chloride #2, which approached the bottleneck region
closer than chloride #1. This starting geometry was equili-
brated for 25 ns with a position restraint on chloride #2
and the final state was used as input for a well-tempered
metadynamics simulation. A distance based collective
variable (CV) was biased in the metadynamical running,
namely the distance between chloride #2 and the center of
mass (COM) of four Ca atoms (residues 96, 348, 932, and
1149; human indexing: 95, 347, 924 and 1141). Focusing
on the interior region, an extra constraint was introduced
for the CV variable to restrict its value between z=5 A
and z=20 A. This approach prevented the escape of the
chloride ion towards the intracellular or the more distant
extracellular regions. Finally, an angle restraint provided
further control of the ion movement to keep it in the region
of interest. Namely, we considered three points including
the COM of the POPC P atoms in the extracellular leaflet,
the COM of the POPC P atoms in the intracellular leaf-
let, and the actual position of the chloride ion. Connect-
ing these three points in this order, an angle was defined
and it was kept smaller than 80° during the simulation
(Fig. S3). The well-tempered metadynamics simulation

was running for 600 ns using the GROMACS augmented
with the PLUMED 2.3 package [33]. The free energy sur-
face (FES) for chloride #2 was projected onto the x/y and
x/z planes using PLUMED tools. Convergence of the meta-
dynamics simulation is demonstrated in Fig. S4 and input
files can be accessed at http://cftr.hegelab.org.

Channel detection

As the first step, the Hole2 program [34] was used to iden-
tify conformations with pathways sufficient for chloride
passage in the transmembrane region. All frames from
every simulation were screened. A conformation was
considered as open in the TM region if the radius of the
detected pore was larger than 1.8 A (radius of the chloride
ion) in the membrane region, defined by the COM of two
groups of Ca atoms located approximately at the level of
the intracellular lipid head groups (a.a. 190, 250, 992, and
1047; human indexing: 189, 223, 1018, 1023) and at the
level of the extracellular head groups (a.a. 218, 223, 1018,
and 1023 human indexing: 217, 222, 1010, and 1015). In
the second step, the conformations open in the TM region
were subjected to the Caver program [35], which allows a
more sophisticated tunnel search at the expense of speed.
The starting point of this search was defined by the COM
of two Ca atoms (190 and 990; human indexing: 189 and
982). The residues of the transmembrane domains (a.a.
1-384 and 844—1181; human indexing: 1-383, 846-1173)
were exclusively used in the calculation. The cutoff radius
was set to 1.8 A. The parameters of shell radius and shell
depth were set to 6 Aand 3 A, respectively. The cluster-
ing threshold was set to 4.5 A. The “one tunnel” setting
in the snapshot option was turned off. The tunnel residues
were calculated using the default contact distance of Caver
(3.0 A). All other parameters were set to default values.
Several tunnels were detected from the starting point end-
ing at either the intracellular or extracellular sites. Con-
formations containing at least two tunnels connecting the
intracellular and extracellular spaces were selected for fur-
ther analysis. The pair of tunnels with the lowest scores
(tunnel cost parameter) were set as the most probable open
pathway. Hole2 and Caver input parameters can be down-
loaded from http://cftr.hegelab.org and their output was
analyzed using in-house Python scripts. The interaction
of amino acids with Caver spheres and chloride ions were
calculated using MDAnalysis. Clustering the channels in
the open conformations was performed based on atom
positions of the channel-lining residues (criterion: Ward’s
method). The frames were aligned to the initial structure
for analysis and the z=0 corresponds to the bottom of the
simulation box.
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Network analysis

The NetworkView plugin of VMD was applied to build,
analyze, and display the network based on the pairwise cor-
related motions of amino acids [36-38]. MDTraj [39] was
used to convert a part of the trajectory (from 80 to 100 ns) in
a suitable format for Carma [40], which calculated the cor-
relation in Ca motions. The subopt code from the authors of
NetworkView plugin was run to calculate optimal and sub-
optimal paths between specific residues. The configuration
files and parameters can be found at http://cftr.hegelab.org.

Visualization

Structures are visualized using PyMOL (The PyMOL
Molecular Graphics System, Version 1.8.4 Schrodinger,
LLC) or VMD [36]. Figures were generated by Matplotlib
[41].

Results

Identification of open channels suited for chloride
conductance

The determination of CFTR structure in its active state with
the phosphorylated R domain and the ATP-bound nucleotide
binding domains (NBD) enabled us to examine the structural
background of chloride conductance. However, the cryo-EM
structure of the phosphorylated and ATP-bound zebrafish
CFTR structure (PDBID: 5W81) discloses no pathway suit-
able for chloride passage [17]. To find CFTR conformations
with open channels, we performed equilibrium molecular
dynamics (MD) simulations (n=22) with different initial
velocities using this zCFTR structure (Table S1). We used
the “open conformation” expression for structures with a
radius larger than 1.8 A along the entire pathway, which
geometry can ensure chloride conduction. Firstly, we iden-
tified conformations with an open transmembrane region
using the Hole2 program [34]. Subsequently, the resulting
structures were filtered for continuous channels between
the intra- and extracellular spaces by the Caver code [35].
Among the 22 equilibrium simulations, only a single trajec-
tory (see detailed below) exhibited conformations with open
channels.

Concerning the full trajectory, a small portion of the total
frames (54/10,000) contained channels having simultane-
ously open geometry at both sides. Importantly, opening
events were not grouped around a given time point, but dis-
tributed evenly over the 100 ns simulation time (see below).
In order to compare the open conformations, we performed
clustering on the channel-lining residues. An amino acid
was selected as a pore facing residue if the distance between
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any of its atoms and the Caver channel spheres was smaller
than 3 A (Cavers’s default value). The tunnel clustering was
performed using the pairwise RMSD of the channel-lining
residues as a distance measure. Tunnels in all the resulted
clusters were highly similar in the TM region and diverged
only in the intracellular parts (Fig. S5). While differences in
the intracellular ends could be observed, these tunnels were
all open between TM3, TM4 and TM6 around amino acids
at position K190, R248 (K in zCFTR), G366 (R in zCFTR),
K370 (human CFTR residue indexing is used throughout the
paper) (Fig. 1). A second, symmetrical opening with lower
Caver scores was also apparent in some of the simulations,
between TM9, TM10 and TM12 around amino acids G971
(R in zCFTR), R975, Q1035 (R in zCFTR), K1041, R1048,
R1158, R1162 and K1165 (Fig. S5). The physiological rel-
evance of these two intracellular gates, which are surrounded
by positively charged residues, is supported by experiments
[42].

Interestingly, some of the conformations exhibited a large
opening to the hydrophobic part of the membrane bilayer
in the TM8 region (Fig. 1) indicating that lipid molecules
can interact with the pore residues. In MD simulations, we
observed POPC molecules that could even enter the chan-
nel. As a consequence, the channel became closed by the
hydrophobic lipid tail that can prevent the chloride passage.

In order to validate our simulations, we related the identi-
fied channel-lining residues to locations, which have been
experimentally identified as potential residues facing the
pathway or playing a role in the chloride conductance [43,
44]. We counted the residues in the 54 open conformations,
which were closer than 3 A to any points of the detected
pathways (Caver spheres). The normalized values are plotted
in Fig. 2 and experimentally determined channel positions
are labeled with a letter “€¢”. There are numerous residues,
which are equally indicated to face the tunnel by both experi-
ments and our simulation. Some of the experimentally iden-
tified residues, such as those in TM9, do not participate in
the channel formation in our in silico studies. These residues
most likely act through allosteric mechanisms, since TM9
is located laterally distant from the putative tunnels. There
are also amino acids in TM2, TM5 or TMS8, which face
the channel in our simulations, but we were unable to find
experimental evidences if they are similarly located in vivo.

To assess the structural characteristics of the pathway and
the possible presence of bottleneck regions, we plotted the
average radius of the channel along the z-coordinate of the
simulation box (the z axis is closely perpendicular to the
membrane bilayer and the protein) (Fig. 3). The intracellular
entry (z=50-75 A) displayed several critical low values,
while in the next region (z=75-95 A), considered as a large
vestibule based on experiments [43—47], the profile showed
large radius values. The region between 95 and 110 A pro-
vided bottleneck characteristics with low values close to
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Fig.1 Channels with extracellular and intracellular ends. Tunnels
suitable for chloride conductance were identified in one case out of
22 equilibrium simulations with the ATP-bound CFTR structure
(PDBID: 5W81) using Caver. The channels with top scores (spheres
with red colors) were clustered based on the atom positions of the
channel-lining residues. Intracellular residues with positive charges at

the radius of chloride ion. Residues at positions Q98, P99,
and L102 in TM1, 1344 (M in zCFTR) and V345 in TM6,
and N1138 (Q in zCFTR) in TM12 had previously been
experimentally identified as channel forming residues. In our
simulations, these residues were located in the inner vesti-
bule [43, 45—49] and were found in pore-facing positions. In
addition, 1336, F337, T338, T339, 1340 (L in zCFTR) and
S341, which were positioned in the bottleneck region we
identified in silico, have been implicated as the selectivity
filter by several experimental studies [15, 43, 48].

Interaction of chloride ions with the channel
during simulation

Tons show extensive movements in MD simulations com-
pared to large molecules, such as proteins. Therefore, the
contacts of chloride ions with amino acids were expected to
provide valuable information on chloride interaction sites.
It is important to note that the chloride concentration was
150 mM on both sides of the membrane because of the peri-
odic boundary condition in MD simulations.

First, we calculated and subsequently normalized the con-
tact map of chloride ions with the protein in all our 100 ns
long simulations (n=6). The contact of each amino acid
with chloride ions (d <4 A) was mapped to the structure and

the TM4/6 entry site are labeled with blue sticks. Lasso/LO region,
TMDI1, TMD2, NBD1, and NBD2 domains are marked with dark
green, pale green, green, yellow, and orange, respectively. Lipid mol-
ecules lining the pore in the region of TM8 are shown by black sticks.
a, b Side views from the bilayer hydrophobic core. ¢ A top view from
the extracellular space

colored according to contact frequency (Fig. 4). Intensive
interactions could be observed at the entry site defined by
TM10 and TM12 close to the N-terminal LO/Lasso region.
The frequency of interactions was more pronounced here
than at the other entry site defined by TM4 and TM6 near to
K370. These interaction sites corresponded to the intracellu-
lar pores identified by Caver in our simulations (Figs. 1, S5).

During the equilibration process, we observed that chlo-
ride ions and water molecules filled up the cavity. In the tra-
jectory with open frames, we monitored the position of two
chloride ions (labeled as #1 and #2), which entered the inner
space of the protein along the membrane normal (Fig. 5).
As expected, chloride ions repulsed, and did not remain
close to each other. However, these ions did not pass the
above described bottleneck region, starting around z=95 A.
Figure 5 also shows that the infrequent open conformations
(54 out of 10,000 frames) were distributed over the 100 ns
trajectory and were not grouped around a single time point.
This observation suggests that we could notice independent
opening events in spite of their perceptibility in a single
simulation. Because of the low probability of open confor-
mations, most likely none of the chloride ions was in an
appropriate position at the moment of an opening, thus we
were not able to observe an ion passage. We also calculated
the contact frequency of these chloride ions with the pore
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Fig.2 Comparing channel-lining residues identified in simulations to
experimental data. Residues interacting with the Caver spheres were
counted from all open frames (n=>54) and normalized. Only residues
lining the channel based on in silico or in vitro data, are indicated in

forming residues (Fig. 5). We observed that chloride ions
spent more time close to positively charged amino acids,
namely K95, R134, K190, R248 (K in zCFTR), R303, R352
and R1097, facing the large inner vestibule and lining the
intracellular opening. Some of these residues had been indi-
cated to be functionally important by experiments, as they
affected the chloride conductance in studies using mutant
CFTR forms [42, 43, 47, 50-52]. The chloride interaction
was less frequent with non-positively charged residues. The
two chlorides entering the TM region could reach the bot-
tleneck region but stopped around residues Q98, M1137
and N1138 (L in zCFTR) without passing through the TM
region. We also analyzed the interaction and movement of
positively charged potassium ions as a negative control. No
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the plot. A letter “e” in red was placed at the residue number (human
numbering) to indicate that the residue had been shown by laboratory
experiments to influence the CFTR chloride conductance. Bold num-
bers indicate amino acids located in the TM region

entry of any potassium into the protein could be detected
(Fig. S6).

When we compared the contact maps of open and closed
conformations (Fig. S7), residues 1344 (M in zCFTR) and
N1138 (L in zCFTR) were detected at the extracellular open-
ing of the channel (between TM 1, 6 and 12), participating in
closing the chloride pathway. Other residues, namely F337,
S341, and L102, surrounding this extracellular pore opening
have been suggested to affect channel gating by mutagenesis
experiments [15, 43, 45, 48]. Some of these amino acids
were located around the observed small opening-up of the
ATP-bound human CFTR structure (PDBID: 6MSM), which
conformation was suggested to be closer to an open state
[20].
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The comparison of the contact maps of open and closed
conformations (Fig. S7) revealed regions which have dif-
ferent contacts in open and closed states. These regions are
located between the intracellular and extracellular ends of
the TM domains including amino acids mainly from TM6
and TM12 and could represent allosteric communication
sites for transmitting conformational changes from the
nucleotide binding domains to the bottleneck region. In
order to characterize the allosteric communication between
NBDs and the extracellular ends of the TM helices, we per-
formed a network analysis based on correlations in pairwise
residue motion using the VMD NetworkView pipeline [37,
38]. A network was built from amino acids as nodes and
their connections were weighted by the level of correlation
in their motion. We determined the optimal and subopti-
mal paths between various “source” and “sink” residues
(Fig. 6). The central amino acids (V171, V272, T963, and
L1065) of the four coupling helices (CH), which are the
main interaction sites between the nucleotide binding and
transmembrane domains, were set as “source” nodes. Two
amino acids (R334 in TM6 and Y914 in TMS8) from the bot-
tleneck residues were selected as “sinks”. We determined
the optimal and suboptimal paths in all eight combinations
of sources and sinks, since the number of paths correlates
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an open pathway. b The locations of CI”™ #2 from every frame are
shown with blue dots in the context of the initial structure. The con-
tact frequency of this chloride ion with the protein was projected onto
the structure and color coded from green (low) to red (high). Resi-
dues with the highest interaction frequencies are K95 and R134 (red)

with the strength of dynamic coupling. The highest num-
ber of suboptimal paths, thus the strongest coupling was
observed between the CH4 and sink residues (Table S3).
For visual comparison, we plotted L1065/R334 and V272/
R334 pathways in Fig. 6. In the first case, several helices
(TM1, TM2, TM3, TM6, TM11, and TM12) are included
in the paths between the two nodes, while in the latter case
only one helix, TM4 and a small region of TM5 and TM6
are involved in the allosteric communication between the
intra- and extracellular parts of the CFTR.

Identification of the barrier of chloride passage
using metadynamics simulations

Since the direct passage of chloride ions was not observed
during our conventional MD simulations, we performed
metadynamics computations to reveal the pathway through
the bottleneck region and describe the potential surface of
the transition. Metadynamics facilitates the escape from
local minima by accumulating history-dependent Gaussian
potential on specific reaction coordinates (collective vari-
ables, CV) [53]. The frame, in which chloride #2 was most
proximally located to the bottleneck region, was selected
from the trajectory. This frame was applied in a long,



Fig.6 Coupling helix 4 dynamics is strongly coupled to the bottle-
neck region. Optimal and suboptimal paths in the network of amino
acids (spheres), connected by edges (lines) corresponding to cor-
relation in motions, were determined. Number of suboptimal paths

well-tempered metadynamics simulation, where the bias was
based on the distance between chloride #2 and the center of
mass of four Ca atoms (residues 96, 348, 932, and 1149;
human indexing: 95, 347, 924, and 1141). Constraints were
applied to prevent the escape of the chloride from the protein
towards either the intracellular or the far extracellular direc-
tions as described in the Methods section and demonstrated
in Fig. S3.

The well-tempered metadynamics simulation was run-
ning for 600 ns allowing convergence (Fig. S4). 2D free
energy surfaces were calculated along x/y and x/z (Fig. 7a, b)
using the x, y, and z components of the distance CV. The x/y
projection, corresponding to a top view from the extracel-
lular space, indicated two deep minima, which were revealed
as two extracellular exit sites by the x/z projection (a side
view). This x/z projection showed that the path split after
the bottleneck region and no significant barrier was present
along these routes. Amino acids located towards the extra-
cellular side of the bottleneck region and interacting with the
chloride ion, include 1106, A107, Y109, D110 from TM1,
1331, 1332 (N in zCFTR), L333 R334 from TM6 and Y914
from TM8 (Fig. 7c, d).

Discussion

Our computational studies revealed several novel aspects
of CFTR chloride channel function, which may prove
important for future studies, since to date no open chloride

between coupling helix 4 (CH4, L1065) and R334 (a) is significantly
higher than paths from any other coupling helix, such as from cou-
pling helix 2 (CH2, V272) to R334 (b). Red: optimal paths; blue:
suboptimal paths; orange: source residue; yellow: sink residue

pathway has been identified at the atomic level in spite of
recently published cryo-EM structures. Although Das et al.
have generated structural models combining experimental
data with extensive molecular modeling, their structures
were highly different from any known ABC protein struc-
tures [54]. Hoffman et al. performed metadynamics simula-
tions biasing the extracellular region of the central helices,
applying their homology model that exhibited differences
from recent experimental CFTR conformations [6]. In spite
of the differences, their results rationally suggest several
implications regarding the mechanism of CFTR gating (see
below).

Although the cryo-EM structure (PDBID: 5SW81) was
determined under activating conditions, it did not exhibit
an open pathway and it was regarded as a transiently closed
conformation. We performed equilibrium simulations to
observe the channel opening process with the intention of
providing conformations sufficient for chloride conductance.
Both, the number of trajectories with open conformations
and the probability of channel opening along a trajectory
were found to be low, namely 1 out of 22 trajectories and
54 out of 10,000 frames, respectively. This low number of
events can be explained by recent electrophysiological data,
since Zhang et al. demonstrated that zCFTR exhibited more
than tenfold lower open probability when compared to the
human CFTR [55]. Importantly, the sampling of the pore
forming residues in our simulations corresponded prop-
erly to experimental data (see details in “Results”). Most
of the observed discrepancies between our simulations and
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experimental results may originate from allosteric effects. A
trivial example of allosteric effects is TM9, which is located
laterally distant from the central pore. Therefore, the resi-
dues in this helix cannot participate in the chloride pathway,
although some of the residues have been indicated by experi-
ments to influence conductance. Similarly, allosteric sites
in ABCG?2 have been identified by interpreting functional
experiments combined with structural data [56]. Such exam-
ples strongly suggest that careful analysis and discussion of
contradictory biochemical and structural data are important
and can become a rich source for identifying allosteric inter-
actions at a high resolution, promoting drug target selection.
The other type of discrepancies, where in silico modeling
revealed new components of the ion pathway (e.g. TM2,
TMS5 or TM8), could prompt further mutation experiments.
The intriguing concordant data of experiments with hCFTR
and in silico simulations with zCFTR suggest that the main
conformational changes of these two related proteins asso-
ciated with channel function may be similar in spite of the
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evident differences in channel opening probability and con-
ductance [55]. This similarity is also supported by the 54%
amino acid identity level with an additional 29% similar-
ity of the zebrafish and human sequences. In addition, the
structure of ZCFTR determined under activating conditions
(PDBID: 5W8I1 [17]) is highly similar to the more recently
published structure of hCFTR (PDBID: 6MSM [20]) solved
under similar conditions (RMSD = 1.8 A). The difference
in sequences may result in a stronger interaction of residues
in the closed conformation of zCFTR leading to decreased
probability of open conformation when compared to hCFTR.

Despite the similarities between experimental and in sil-
ico data, several questions remain open concerning channel
gating. While several intracellular portals have been indi-
cated by both experimental and computational studies [6,
42], in the light of the structure only one entry site around
K370 was favored [17] and the other one at TM10/TM12,
in the vicinity of the LO/Lasso motif was neglected. This
shift in attention most likely occurred since a cysteine at



Discovering the chloride pathway in the CFTR chann{ei ~ 2°02°N0 9 2

A>3 e \J . J

the position of one of the many positively charged amino
acids around this TM10/TM12 pore did not react with meth-
anethiosulfonate (MTS) reagents [42]. Importantly, K1041
and R1048 at this lateral pore are indicated by the same
study to play an important role in the electrostatic attraction
of chloride ions [42]. We determined low radius values for
the channel profile at the intracellular pore region suggest-
ing that the entry point may be selective not only for charge
(Fig. S6), but also for size. We were unable to detect chloride
entry into the CFTR channel from the extracellular side that
could have been attributed to the extracellularly located bot-
tleneck region. The low interaction frequency of chloride
ions with amino acids at the extracellular portal and the lack
of a well-defined positively charged patch of residues in this
extracellular region suggest an important role for EL4. This
loop, which was not present in the simulations as it was
non-visible in the cryo-EM structures, involves K892 and
R899 residues. These positively charged amino acids may
attract chloride ions in the area of the extracellular mouth
of the protein in case of flow from the extracellular to the
intracellular direction.

The intracellular pores are indicated as the first selec-
tive part of the channel, since they are narrow and likely
provide selectivity for negatively charged ions because of
the surrounding positively charged amino acids (Fig. S6).
The second level of selectivity and potentially the limiting
factor of chloride conductance were present at the bottleneck
region in the extracellular membrane leaflet (Fig. 3). The
diameter of the pore at this region in the open conforma-
tions during our simulations only slightly exceeded the size
of the chloride and the diameter in the closed conformations
(Fig. S7). This small diameter difference may not be suffi-
cient to allow the passage of the chloride ion surrounded by
a hydrate shell. Under physiological conditions, this shell
can be weakened by the negative membrane potential, which
cannot be modeled in our MD simulations [57]. Although
the protein structure was not constrained in an open confor-
mation during our metadynamics simulation, the chloride
ion visited both sides of the bottleneck region. Biasing the
location of the chloride ion led to a gentle pushing of amino
acid side chains and helices by the biased ion. These events
were difficult to track because of the subtle conformational
differences that were sufficient to provide an open tunnel
(Fig. S7). The open state of one of the routes seems to be
controlled by the distance between TM1 and TM6, which
helices have been shown crucial for gating [15, 43, 45-49].

An intriguing question in the gating mechanism of any
channel is, how the conformational changes in the regula-
tory regions drive the opening of the TM helices. Despite
the low number of open conformations, our contact map
analysis revealed two hot spots, which were located asym-
metrically in the two TM domains, between the NBDs and
the bottleneck region along a putative allosteric pathway

[~

(Fig. S7). This asymmetry is not unexpected, as the CFTR
structure itself is not symmetric and the TM helices are
arranged differently compared to helices of other ABC
transporters [17, 54]. However, the highly uneven role
of coupling helices and pairs of TM helices in dynamic
coupling between the NBDs and the extracellular pore
region is astonishing (Fig. 6). Coupling helix 4, which is
in contact with F508, exhibits an order of magnitude larger
number of suboptimal paths towards the bottleneck region
compared to all other three coupling helices. This high
level of coupling is especially striking, as coupling helix 4
and F508 are in the vicinity of the degenerate, non-hydro-
lytic ATP site with a tightly bound ATP molecule [58-60].
We propose that the importance of this degenerate site
with the stably bound ATP lies in the stabilization of the
above mentioned crucial allosteric pathway. The ATP mol-
ecule bound to this degenerate site may be structurally
indispensable for gating, thus should not be hydrolyzed at
a high rate, in order to maintain a stable conformation of
the interface between NBD1 and coupling helix 4.

Interestingly, lipid molecules participated in forming the
wall of the chloride channel pathway close to the bottle-
neck region which feature was clearly caused by the helix
break in TMS8. Although this seems peculiar, the influence of
various lipid molecules on CFTR function has been experi-
mentally demonstrated and it is under active investigations.
The observed ATPase activity of CFTR has been very low
compared to ABC transporters [61, 62]. This phenomenon
was anticipated since the regulation of a channel function
is not expected to consume comparable amounts of ATP
to those required by active transport processes. However,
a recent study described that phosphatidylserine promoted
the ATPase activity of CFTR to a level comparable to other
ABC transporters [24]. Chin et al. detected both, increased
CFTR activity and potentiation in the presence of various
lipids [23]. Some of these studies also employed in silico
methods to reveal binding sites and to characterize the mode
of lipid action. Microsecond MD simulations revealed lipid
binding sites in functionally important regions, which may
also play a role in conformational transitions. These authors
[23] observed preferential binding of phosphatidylserine at
helices (e.g. TM4, TM6, and TM10), which participate in
forming the intracellular pores. According to our results,
at least one of the pathways at the bottleneck region can
likely be the target of lipid molecule interactions (Figs. 1,
7). POPC interactions in this region, around the TM8 kink
were also detected by Chin et al. [23] and lipid perturbation
in the same area was observed in simulations by Corradi
et al. [22]. These suggest a hot spot around the TMS kink,
whose conformational transition towards an open state may
be influenced or mediated by lipids.

In summary, we described here the chloride pathway of
CFTR in atomic resolution for the first time. Our results
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suggest that several intra- and extracellular entry sites may 10. Serohijos AWR, Hegedus T, Aleksandrov AA et al (2008) Phe-

exist, no large conformational changes of the closed struc-
tures are required for opening and lipids may influence the
channel path directly not only in an allosteric manner. Our
study and methodology may help to understand the gating
mechanism of wild type and mutant CFTR proteins.
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Abstract

ABCG2/BCRP is a membrane protein, involved in xenobiotic and endobiotic transport in
key pharmacological barriers and drug metabolizing organs, in the protection of stem cells,
and in multidrug resistance of cancer. Pharmacogenetic studies implicated the role of
ABCG2 in response to widely used medicines and anticancer agents, as well as in gout. Its
Q141K variant exhibits decreased functional expression thus increased drug accumulation
and decreased urate secretion. Still, there has been no reliable molecular model available
for this protein, as the published structures of other ABC transporters could not be properly
fitted to the ABCG2 topology and experimental data. The recently published high resolution
structure of a close homologue, the ABCG5-ABCGS8 heterodimer, revealed a new ABC
transporter fold, unique for ABCG proteins. Here we present a structural model of the
ABCG2 homodimer based on this fold and detail the experimental results supporting this
model. In order to describe the effect of mutations on structure and dynamics, and charac-
terize substrate recognition and cholesterol regulation we performed molecular dynamics
simulations using full length ABCG2 protein embedded in a membrane bilayer and in silico
docking simulations. Our results show that in the Q141K variant the introduced positive
charge diminishes the interaction between the nucleotide binding and transmembrane
domains and the R482G variation alters the orientation of transmembrane helices. More-
over, the R482 position, which plays a role the substrate specificity of the transporter, is
located in one of the substrate binding pockets identified by the in silico docking calcula-
tions. In summary, the ABCG2 model and in silico simulations presented here may have
significant impact on understanding drug distribution and toxicity, as well as drug develop-
ment against cancer chemotherapy resistance or gout.
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Introduction

ATP Binding Cassette (ABC) transporters form one of the largest families of membrane pro-
teins and are involved in numerous physiological and pharmacological functions [1]. These
proteins are present from bacteria to human, and while in bacteria they may work both as
importers and exporters, in eukaryotes only the exporter function has been preserved. The
human ABC protein family includes 48 members, from which the members of the ABCB,
ABCC and ABCG proteins are key cellular exporters for xenobiotics and endobiotics [1, 2].
These promiscuous transporters provide the basis of protecting cells and tissue barriers against
hydrophobic toxic materials, regulate the ADME-Tox (Absorption, Distribution, Metabolism,
Excretion, and Toxicity) properties of numerous clinically applied drugs, and are involved in
cancer chemotherapy resistance.

In spite of the huge amount of data about the mechanism of action, cellular localization,
and pharmacogenetically important polymorphisms and mutations of the human ABC drug
transporters, the structural features of these large membrane proteins are hardly known [3-5].
There are several crystallization-based experimental data for bacterial importers and exporters,
while practically only one single set of such data are available for the mammalian (mouse)
ABCBI drug transporter [6]. Still, numerous homology models have been built for other
human ABC drug transporters, either based on this ABCB1, or the bacterial ABC transporter
structures [7-9].

The ABCG2 protein is a multifunctional human membrane transporter—it is expressed at a
high level in the gut, in the blood-brain and the feto-maternal barriers, and its function is espe-
cially relevant in stem cell protection [10-12]. Overexpression of ABCG2 has been shown to
cause cancer multidrug resistance [13-15], while a reduced expression or function is an estab-
lished cause of hyperuricemia and gout [16-18]. Still, it has been especially challenging to
model the atomic level structure of ABCG2, as the nucleotide binding domain (NBD) and the
transmembrane domain (TMD) arrangements are in an inverse order than in the ABCB or
ABCC families, and membrane topology studies indicated a completely different transmem-
brane helix arrangement for this protein.

Very recently the crystal structure of the ABCG5-ABCG8 heterodimer membrane protein,
the key human transporter for cholesterol, has been published [19]. These proteins, as mem-
bers of the human ABCG subfamily, show close homology to the homodimeric ABCG2 trans-
porter. Since ABCG2 has major medical importance, here we provide a homology model for
this protein, based on the ABCG5-ABCG8 structure. We also provide explanations for the
polymorphism and mutations with experimental or clinical relevance [20-23]. Moreover, by
utilizing molecular dynamics simulations and in silico docking calculations, we describe the
potential drug binding and transport regions, as well as the residues responsible for the special
cholesterol sensitivity of this promiscuous drug transporter. Clearly, these structural data may
provide important clues to decipher the effects of the ABCG2 variants, design drugs to rescue
their expression, or drugs to modulate their function in stem cell development, protection of
the fetus or cancer drug resistance.

Methods
Homology modeling

Sequence alignment of ABCG2_HUMAN, ABCG5_HUMAN, and ABCG8_HUMAN (Uni-
Prot) was generated using ClustalW [24]. Modeller 9.12 was employed to generate the homol-
ogy models [25]. Cysteines 592 and 608 were constrained to form intramolecular disulfide
bonds, while cysteines at position 603 were forced to participate in an intermolecular S-S
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bridge. One hundred models were prepared and the best model was selected by Modeller’s
DOPE score. Since the extracellular loops contained knots, the loops between C592 and C608
were refined also by Modeller, employing the same approach: 100 loop models were created
and evaluated by DOPE score.

Mutant constructs could be generated simply by PYMOL (The PyMOL Molecular Graphics
System, Version 1.7 Schrédinger, LLC.), since either the side chain of the new residue was
small or it was on the protein surface. PYMOL was used to generate all the molecular graphics.
Sequence alignments, structural models, and additional information on molecular dynamics
and in silico docking (see below) can be downloaded from http://abcg.hegelab.org to facilitate
further studies.

Molecular Dynamics (MD) simulations

The structural models were oriented along the membrane normal based on the ABC-
G5-ABCGS orientation in the OPM (Orientations of Proteins in Membranes) database [26].
MD simulations were performed using GROMACS 5.1 with CHARMM36 force field [27, 28].
The input files for energy minimization, several equilibration steps (NVT, NPT), and produc-
tion run were generated via the CHARMM-GUI web interface [29, 30]. The following options
were selected: terminal residues were patched by ACE (acetylated N-terminus) and CT3 (N-
methylamide C-terminus), the extracellular cysteines were set to form disulfide bridges;
homogenous POPC (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine) lipid bilayer were
selected with default parameters and 150 mM NaCl was inserted; grid information for PME
(Particle-Mesh Ewald) electrostatics was generated automatically, NPyT ensemble was selected
with constant number of particles (N), pressure (P) of bar, surface tension zero (y), and tem-
perature of 310 K. All the wild type and mutant structures were energy minimized in the first
step using the steepest descent integrator (maximum number to integrate: 5,000 or converged
when force is <1,000 kJ/mol/nm). From each energy minimized structure we forked six paral-
lel simulations containing consecutive sets of equilibration steps, when decreasing force con-
stants (from 4,000 to 50 kJ/mol/nm?) in these steps were applied for protein and lipids.
Production runs were performed without restraints. Berendsen thermostat and barostat were
used in the equilibration steps, while Nose-Hoover thermostat and Parrinello-Rahman barostat
with semiisotropic coupling were employed in the production run. Time constants were 1 ps
and 5 ps for the thermostats and barostats, respectively. Electrostatic interactions were calcu-
lated using the fast smooth PME algorithm and LINCS algorithm was used to constrain bonds.
Simulations were carried out in constant particle number, pressure, and temperature ensem-
bles with a time step of 2 fs. In summary, all the parameters provided by the CHARMM-GUI
interface were unchanged and used except the simulation time in the production step, that was
set to 50 ns. Thus six parallel runs resulted in 300 ns total simulation time for each constructs
including WT, Q141K, R486G, and Y413S. Simulations were executed on a GPU cluster of the
NIIF National Information Infrastructure Development Institute (http://www.niif.hu/en). Sim-
ulations were analyzed by the MDAnalysis Python package [31] and in-house Python scripts
on our local small HPC cluster.

In silico docking

Molecules are listed in the Supplementary material (S6 Fig). The OpenBabel package and
MGLTools scripts were used to convert between molecule file formats and to prepare the mole-
cules for docking using AutoDock Vina [32, 33], respectively. The six conformations of
ABCG2 wild type were taken from the last frame of the equilibrium simulations and prepared
for docking using MGLTools (Gasteiger charges were added). The docking space was defined
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by a box around the whole transmembrane domain including also some parts of the NBD and
the extracellular loops (S5 Fig). Because of the large volume of the box, exhaustiveness was set
to 128 instead of the default value 8 and the number of required poses in the output (num_-
modes) was set to 20. Analysis was performed by PYMOL and in-house Python scripts.

Results and Discussion

Homology modeling based on the new ABC transporter fold provides a
plausible and stable ABCG2 model

In contrast to previous ABC transporter structures, the recent ABCG5-ABCG8 high resolution
structure provides an excellent template for modeling ABCG2 [19]. ABCG2 exhibits 27% and
26% identities and 48% and 44% similarities when compared to ABCG5 and ABCGS, respec-
tively. Although these values seem to be low for general homology modeling, for longer
sequences (> 100 a.a.) and especially for membrane ABC proteins they are sufficient (see Mod-
eller’s tutorial and [34]). Even in a worse scenario, when the N- and C-terminal halves of
CFTR/ABCCY7 (Cystic Fibrosis Transmembrane Conductance Regulator) exhibit only 18% and
21% identities compared to the Staphylococcus aureus Sav1866 protein, using this distantly
related protein as a template resulted in a high quality CFTR homology model that could be
confirmed by experiments [9]. Bacterial homolog based MDRI1 (P-gp) models also have been
generated and widely used to guide experimental and computational studies [35-37]. Although
the ABCG5-ABCG8template is a heterodimer, the structural differences between the two
halves are subtle (S1 Fig). Based on these considerations, we generated a homology model of
ABCG2 based on the ABCG5-ABCG8 structure (Fig 1) employing the sequence alignment
shown in S2 Fig. Although the alignment generation was relatively straightforward, some parts
of the ABCG2 protein were not modeled, either because they are mobile and thus invisible in
the template structure, or their sequence and length differ from the corresponding regions in
the template (e.g. the loop between the B1 and B2 strands of NBD and the linker region between
the NBD and TMD; see details below and S2 Fig).

Large deviations from the starting structure are expected even in short (<20 ns) MD simula-
tions when the initial structure is wrong or inaccurate [6, 38-40]. Therefore we performed
molecular dynamics simulations employing the ABCG2 homodimer embedded in a membrane
bilayer to confirm the stability of the homology model. RMSD values of frames compared to
the initial structure indicated the stability of our model (S3 Fig). Although it would be interest-
ing to perform experiments testing specific aspects of the ABCG2 structural model employing
devised mutations, as in the case of the CFTR homology model [9], the ABCG2 transporter is
highly sensitive to mutations and its cysteine-less form cannot be functionally expressed [41].
However, there are several experimental observations, which we discuss in the next section,
supporting our model.

The nucleotide binding domains (NBDs) are the most conserved regions in all ABC proteins
from bacteria to human, and consist of a RecA-like core domain present in all P-loop ATPases,
and an a-subdomain characteristic exclusively for ABC proteins [4, 5, 42]. The Walker A and
B motives responsible for ATP binding are located in the core domain, while the ABC signature
sequence (LSGGQ), which provides the catalytic base toward the y-phosphate, is situated in
the a-subdomain (S2 Fig). Since ATP binds to the Walker A sequence in one NBD, and the sig-
nature sequence is provided from the other NBD, for ATP hydrolysis an intimate interaction
of the two NBDs is required [4, 5, 42]. It is also important to mention that the ABCG5-ABCG8
heterodimer exhibits a functional asymmetry in the NBDs, as ABCG5 possesses a degenerate
signature sequence thus unable to cleave ATP. In the ABCG2 dimer both ATP sites are active.
The ABCG5-ABCG8 structure does not contain bound ATP, thus the NBDs were separated

PLOS ONE | DOI:10.1371/journal.pone.0164426 October 14,2016 4/22



@. PLOS ‘ ONE dc_2020_ 22 Structural Model of ABCG2

Fig 1. The general structural properties of the ABCG2 homology model. The two monomers are colored by different light green
colors. The most important parts, providing the interface between the TMD and NBD are the coupling helix (light blue) and the connecting
helix (dark green). The functionally important R482 is colored ruby. The site of the most frequent polymorphism, Q141 is deep purple. The
location of important mutations affecting biogenesis and function are labeled by dark green (R383) and orange (K86), respectively.
Residues, which are probably significant in cholesterol modulation, are blue (Y413) and magenta (a.a. 555-558). Gray dots represent the
boundaries of the hydrophobic region of the bilayer, defined by the OPM webserver. Insert: ABCG2 (green) and mouse ABCB1/Pgp
(blue, PDBID: 4M1M) are overlaid. The mouse ABCB1 NBD is much further from the membrane bilayer and the distance between the
NBDs of ABCB1 and ABCG2 (the Ca atoms of the Walker A Lys residues; K433 and K86, respectively) is 26 A.

doi:10.1371/journal.pone.0164426.g001
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[19], and so are they now in the ABCG2 structure presented. However, in contrast to that in
the mouse MDRI structure [6], the NBDs are not fully separated, and a connection is provided
by helices located at the C-terminus of NBDs. Till now this conformation could have been
observed only in lower eukaryotes [43, 44].

In the ABCG type proteins the loop between the first and second B-strands of the core
domain are longer than in most ABC transporters (approx. 20 a.a. in ABCG2, and 20 and 40 in
ABCGS5 and ABCGS, respectively; S2 Fig). This loop is invisible in both the ABCG5 and
ABCGS crystal structures, thus most likely highly mobile. The only loop, which has been
described at the same location, is the so called “regulatory insertion” in the CFTR protein [45].
However, this region of the NBD does not play any role in phosphorylation or nucleotide
dependent regulation of CFTR function. When this “regulatory insertion” was deleted in
CFTR, the thermostability of this channel was increased significantly, but no physiological
function for this segment could be identified [46]. Until now the existence of this long loop in
ABCG proteins has not been known because of the lower sequence conservation of the
B1-strand and its function is unknown. Since it includes the short A-loop motif [47], one of its
functions supposed to be ATP stabilization. However, its length suggests additional roles, and
we propose that it may serve as a filter at the entry to the substrate binding cavity (see below),
and contribute to the first step of allosteric communication of signaling drug biding to the ATP
binding site.

The transmembrane domain in the ABCG proteins exhibits a completely new ABC trans-
porter fold. The intracellular loops are shorter compared to known ABC exporter structures,
that results in a small distance of the NBDs from the inner layer of the membrane (Fig 1 insert).
In this respect the structures of the ABCG proteins resemble the bacterial importers, but their
transmembrane fold is completely different. In addition, no intracellular loops do cross over
from one TMD to the opposite NBD, as observed in previous ABC exporter structures [9, 48].
Moreover, the arrangement of the short, so called coupling helices, which are located at the
NBD/TMD interface and couple the motions resulting from ATP binding and hydrolysis in
the NBDs to conformational changes in the TMD, are completely different from those found
in the ABCB or ABCC type proteins. One of the intracellular loops between TH4 and TH5
(ICL2), in contrast to other ABC exporter folds, is so short that it does not leave the bilayer,
thus does not reach the NBD and cannot function as a coupling helix, providing a molecular
coupling. The only potential coupling helix in ICL1 (a.a. 452-461), located between TH2 and
TH3, binds to the NBDs similarly to that observed in other ABC structures [9, 42] (Fig 1), but
in a slightly different conformation. Interestingly, while there are bacterial importers that pos-
sess only one coupling helix in one half of the transporter, ABCGs still possess more interac-
tions between the TMDs and NBDs. An amphipathic helix (a.a. 373-390; Figs 1 and 2 and S2
and S3 Figs) similar to a coupling helix provides additional interactions and is located in the
linker region directly before TH1. The coupling helix like conformation of this region, which is
named “connecting helix” [19] and forms an alpha helix perpendicular to the TM helices, is
established by its amphipathic nature. However, this connecting helix does not penetrate as
deeply into the NBDs as the coupling helices in Type I ABC exporters. In addition, this con-
necting helix exhibits similar structural and functional roles as those coupling helices which
cross over from one TMD to the opposite NBD in the other half of the molecule, in type I ABC
exporter structures.

An interesting and ABCG specific region of the new fold is an extracellular loop between
TH5 and TH6 (ECL3; a.a. 552-621) with a special conformation. The residues located
between 562 and 586 form two consecutive helices, exhibiting a V-shape, immersed partially
into the bilayer (52 and S4 Figs). This re-entering into the membrane resembles the P-loop of
ion channels, and thus we propose to name it a G-loop. The extracellular loop following the
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Fig 2. The Q141K variant interferes with the coupling between the NBD and the connecting helix. The side chain of F142, which is at
a homologous position as the CFTR F508 (S2 Fig), is clamped by the positively charged K382 and R383. The positive charge of 141K
destabilizes this interaction by repulsion with K382, as shown by molecular dynamics simulations (S5 Fig).

doi:10.1371/journal.pone.0164426.9002

G-loop in the ABCG proteins is not highly conserved and is slightly different in its length.
ABCG8 does not possess any cysteines in this region, while the two cysteines in ABCG5 G-
loop are at similar positions as C592 and C608 in the ABCG2. It has been experimentally
documented that these cysteines form an intramolecular disulfide bond in the ABCG2 pro-
tein [49], while this covalent bond is not observable in the ABCG5-ABCGS structure, because
purification and crystallization were done under reducing conditions. In addition, in ABCG2
it has been shown that the two C603 residues in the two halves of ABCG2 form an intermo-
lecular disulfide bond [49, 50]. The experimentally verified N-glycosylation site in ABCG2 at
position N596 [51] in our ABCG2 model is found in the flexible extracellular loop 3 and
accessible for glycosylation.

As described above, the ABCG family members have entirely different conformational
arrangements in the transmembrane helices and connecting regions than the other known
ABC exporters. Therefore it is not surprising that until now the structure of ABCG-like pro-
teins could not have been properly predicted—all attempts were based on the presumption
that the NBDs are located far from the bilayer and are connected to the TMD with long intra-
cellular loops [8, 52-54]. In addition, experimental findings that supported the long ABC
fold in ABCG type proteins may raise serious concerns (see Fig 1 insert). Moreover, studies
which attempted to determine the ABCG2 transmembrane topology by HA-insertion experi-
ments, seriously failed [54, 55]. This was most likely caused by a misinterpretation of the
expression and function of the mutant variants, biased by the misconception of presuming
long intracellular loops in TMDs. In contrast, the in silico prediction of the ABCG2 mem-
brane topology performed much better, and resulted in TM helix boundaries similar to those
deducted from the ABCG5-ABCG8 crystal structure and the present ABCG2 model (S1
Table) [56, 57].
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The new model contributes to the understanding of the effects of
ABCG2 variations

Structural models, even homology models with their limitations, are important tools to assess
the effects of both natural variations, and mutations generated for structure/function studies. A
prominent example in the field is the CFTR homology model based on the Sav1866 structure
[9]. While these proteins share very low homology in the TMDs, major structural features
could have been confirmed by experiments and the model still serves as a fundamental basis
from basic studies to drug development. Below we detail the experimentally examined specific
residues and regions in the ABCG2 protein, in order to assess the suitability of the new model
to understand their effects on ABCG2 structure and function.

The K86M mutation, within the Walker A ATP binding motif has been used in numerous
studies to generate a non-functional ABCG2 transporter, lacking both ATPase and transport
activities [58]. Similarly to other ABC transporters, the NBD/NBD domain interface is highly
sensitive for mutations, irrespectively whether the actual residue plays a role in the catalysis.
The E211Q mutation, causing loss of function, is localized in this region [59].

Two major polymorphic variants of ABCG2 are V12M and Q141K [22]. V12M, present in
5-10% frequency in human populations, has been shown not to have a measurable effect on
the processing or function of the protein. The lack of effect can be explained by the position of
this variation located in the short and flexible N-terminal region of the protein (a.a. 1-30). Tag-
ging experiments are also in line with the spatial arrangement of the N-terminus: either a 6-10
histidine tag, or even a large GFP tag, attached to this end, is well tolerated in ABCG2 process-
ing and function [60].

Q141K, present in about 15-30 percent of people in various ethnic groups, causes a signifi-
cant reduction in intracellular trafficking and plasma membrane localization of ABCG2 [20,
21]. Due to the reduced expression at the site of action, this variant contributes to the develop-
ment of gout and enhances the side effects and toxicity of various drugs [16-18, 61-63]. Inter-
estingly, Q141 within the NBD is located next to F142, homologous to the CFTR F508 (Fig 2)
[64], in a helix interacting with the amphipathic “connecting helix”. This site is analogous to
the crossed-over coupling helix of cytoplasmic loop 3 in CFTR, and may similarly have a role
in stabilizing the NBD/TMD interface [9, 65].

The side chain of Q141 is directed towards N158, thus the substitution of glutamine by the
larger lysine with a positive charge, may displace the o-helix of N158. This helix is on the exter-
nal side of the NBD, thus expected to cause only a minor effect on the transporter function.
Molecular dynamics simulations indicate that these helices do not move differently in the
Q141K mutant as compared to the wild type protein. On the other hand, the distances between
the connecting helix and the helix of Q141 and F142 exhibit differences in dynamics (S5 Fig).
The interaction at this NBD/TMD interface is stabilized by a special arrangement of three
amino acids (Fig 2). The side chains of K382 and R383 in the connecting helix form a V-shape,
and clamp the residue F142 located in the NBD. In the Q141K variant the positive charge inter-
feres with K382, the interaction of the two helices is destabilized, and exhibits an increased
probability of divergence for the two interfacing helices. In the light of this observation, the cru-
cial role of R383 in stabilizing the NBD/TMD interface is highlighted and the deleterious
impact of R383 mutations on ABCG2 biogenesis is interpretable [66].

Experimental studies have shown that while the Q141K variant causes only a partial
impairment in ABCG2 processing, the AF142 mutant has a more severe effect than the AF508
mutation in the CFTR protein [64]. Misprocessing of AF142 ABCG2 cannot be rescued either
by temperature or correctors, most likely because in the case of ABCG2 every single mutation
behaves as a double mutation in the homodimer transporter. The molecular modeling and
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experimental studies may significantly contribute to explore the already available CFTR correc-
tors to rescue the ABCG2 Q141K variant, e.g. in the therapy of gout [65]. Still, the local molec-
ular environment is dissimilar to that observed in CFTR, namely the connecting helix is less
embedded into the NBD, and the interacting residues are not hydrophobic in ABCG2, thus
any CFTR corrector compounds tested for rescuing ABCG2 Q141K [65] should be tuned for
the structure of ABCG2. In addition, CFTR F508 resides in a loop following a helix, while
ABCG2 F142 is located in an o-helix.

In ABCG2 a historically and functionally important residue is the arginine in position 482
[58, 67]. In the first ABCG2 cloning experiments drug resistant cell lines expressed the R482G
variant, which has a different substrate and inhibitor specificity and apparently a higher drug
transport turnover that the wild-type protein. Still, this variant has not been found in vivo,
probably because it cannot transport negatively charged substrates, including uric acid or con-
jugated hydrophobic drugs [23]. In the new ABCG2 model R482 resides in TH3, very close
(2 a.a.) to a kink generated by P480. This proline, and most likely also the kink, are conserved
in ABCGs (S2 Fig). As discussed below, the role of R482 in the substrate handling of ABCG2 is
strongly supported by the current model.

The short cytoplasmic C terminus of the ABCG2 protein has been shown to be very sensi-
tive to any experimental modification or tagging. This is well explained by the localization of
these amino acids, facing the inner “cavity” of the dimer in very close proximity to the coupling
helix and most probably interacting with it.

Docking calculations reveal drug binding sites along a potential
transport pathway

In silico docking studies on multidrug transporters have not been a great success. Since it is
challenging to handle the plasticity of a binding site capable of interacting with chemically dif-
ferent compounds and in silico docking to a homology model raises the concern regarding side
chain orientations, we performed docking to several conformations generated by the equilibra-
tion steps of the molecular dynamics simulations. This process also provided a more physiolog-
ical orientation of the side chains in the lipid regions, as the protein in the simulations was
embedded in a lipid bilayer. These conformations possess similar backbones, since the protein
is position-restrained during the main part of the equilibration process. To these conforma-
tions we docked various ABCG2 substrates including sulfasalazine, methotrexate, rhodamine
123, flavopiridol, and also molecules that do not interact with ABCG2 such as verapamil and
calcein (S6-S8 Figs) [2, 12, 15], employing AutoDock Vina [33].

Interestingly, the conformations exhibited various characteristic locations for substrates
(Fig 3): some of the conformations indicated potential binding sites around the entry pore
from the cytosol (Sites 1 and 2), others delineated the entry to the interface of the two trans-
membrane domains (Site 3), and some exhibited a partially extracellular location (Site 4). Site 1
is situated below the connector and coupling helix, and above the loop connecting the core and
o-helical subdomains of NBD. Site 2 is a more defined binding pocket, intercalated between
TH1 and TH4, which also includes the R482 and the P480 kink. Site 3 is located between the
two monomeric subunits, surrounded by TH2 and TH5, provided by both monomers. Amino
acids of Site 4 are part of the tip of the TH helices and extracellular loops. Binding to this site
was a rare event, indicating that the conformations of this region captured in the MD simula-
tions do not form a real binding pocket, as expected for an off-site.

Interestingly, while both substrates and non-substrates can bind to Site 1, the entry into Site
2 of non-substrates is limited (e.g. for verapamil or calcein; S7 and S8 Figs and S2 Table). Thus
substrate selection, e.g. differentiation of toxic molecules from natural metabolites, may happen

PLOS ONE | DOI:10.1371/journal.pone.0164426 October 14,2016 9/22



@. PLOS | ONE dc_2020_ 22 Structural Model of ABCG2

Fig 3. In silico docking shows binding sites along a potential substrate pathway. Substrates and non-substrates were docked to six ABCG2
conformations. Both types of molecules could dock at Site 1 (blue), while only the binding of substrates could be observed at Site 2 (red). The central Site 3
(yellow) resides between the two monomers. A potential off-site at the extracellular part is also revealed (Site 4, magenta). Here, docking poses of
sulfasalazine are shown in the case of two ABCG2 conformations (two out of the last frames of the six equilibrations are shown).

doi:10.1371/journal.pone.0164426.g003

at this site. This proposal is also strengthened by the fact that R482, which exhibits a strong
effect on substrate selectivity, is part of Site 2. It is also important to note that mutations of
T402 and P485 in this pocket (S8 Fig) have been reported to reduce the transport of many sub-
strates [8, 68], further supporting the existence of Site 2. It seems that all the molecules exam-
ined can bind into the central pocket (Site 3), which might be the entry point into the pathway
between the two TMDs. In addition, for substrates, binding regions overlapping between Sites
2 and 3 also can be observed, delineating a potential transition spot from Site 2 to Site 3. Site 1
and Site 2 are present at both monomers, although their presence is not so pronounced in one
of the monomers in our conformations because of the inherent asymmetry of the ABC-
G5-ABCG8 template. Site 3 is located between the two monomers, as a part of the main trans-
location path, and substrates can enter this pocket from Site 2 of either monomer in an
alternating fashion (Fig 3). The central large cavity in the apo structures of ABCG5-ABCG8
and ABCG2 dimers exposes both hydrophobic and hydrophilic residues, and their pattern also
may play a role in discriminating substrates and non-substrates. In addition, the loop between
the B1 and B2 strands of NBDs may also limit the access to the entry sites and participate in

substrate selection.
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In silico modeling facilitates to uncover the atomic details of cholesterol
dependence of ABCG2 function

Membrane cholesterol is a major modulator of ABCG2 function, as documented by several
experimental studies [69-71]. In fact, purified ABCG2 is practically non-functional without
the addition of cholesterol to the reconstituting lipids [60]. Experimental studies indicated that
the R482G mutation also influences the cholesterol sensitivity of ABCG2, that is less choles-
terol is required for full transport function [69]. Since this amino acid is in the hydrophobic
region, it is questionable how could cholesterol interact with this residue. Most probably R482
alters the conformation and dynamics of TM helices, resulting in altered cholesterol sensitivity
and substrate specificity (see above).

In order to test this hypothesis we executed MD simulations using the R482G mutant
embedded in a lipid bilayer, and compared the conformation of the TM helices close to this res-
idue, located in TH3. Even in the case of a limited accessible time scale, large conformational
changes could be observed (Fig 4 and S9 Fig). In the absence of the large R482 side chain, TH3
moved closer to TH4 and at the same time drifting away from TH1. These conformational
changes caused by R482 substitution indeed have a significant effect on regions, which have
been proposed as cholesterol binding sites (e.g. TH1), and also on drug binding site 2, thus

WT 2 R482G

\ -

Fig 4. Structural effects of the R482 variations. The R482G mutation is able to alter the positioning of TM
helices and the conformation of the P480 kink. Two structures were taken from the end of two simulations, which
exhibited the largest changes, to decipher and demonstrate the effect of R482. The distances between Ca of R482
(TH3) and that of Q398 (TH1), S441 (TH2), and A517 (TH4) were measured throughout the simulation trajectory,
and in the last frame exhibited the following values: distances of A, B,and Cin WT are 8.4 A, 7.2 A, and 7.4 A,
while in the R482G variant are 15.1 A, 8.1 A, and 4.9 A, respectively. The right panels contain both the WT and
R482 structures in cylindrical representation. Arrows are placed at spots, which exhibit the most pronounced
differences between the two constructs, and point from the wild type to the mutant conformation. TH1-6 are
colored by red, green, blue, orange, magenta, and yellow, respectively.

doi:10.1371/journal.pone.0164426.9004
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provide suitable explanations for both altered cholesterol sensitivity and substrate specificity of
this variant.

Two recent publications explored the putative cholesterol binding sites in ABCG2 by muta-
genesis. Gal et al. [72] investigated the effects of mutations of the key tyrosine residues in the
putative cholesterol recognition amino acid consensus (CRAC) motives, located in ABCG2 at
positions Y413, Y459, Y469, Y570 and Y645 (54 Fig). The Y459S mutation prevented protein
expression, the Y469S and Y645S mutants lost their transport and ATPase activities, while the
only significant effect on cholesterol modulation of ABCG2 function was caused by the Y413S
mutation. In the second related study [73] a leucine based potential cholesterol binding motif
(a.a. 555-558) was found to play a significant role in the cholesterol dependence of ABCG2.

The structural model of ABCG2 presented here revealed that Y459 is located in the coupling
helix and its mutation understandably caused a major detrimental effect. The Y413S CRAC
motif mutation, that significantly altered the cholesterol sensitivity of ABCG2 without major
functional effects, is located in the extracellular tip of TH1, in the area of the external lipid head
groups, as supported by molecular dynamics simulations, performed with the transporter
embedded in a POPC lipid bilayer (Fig 5). Most interestingly, the leucine based motif (a.a. 555—
558), affecting the cholesterol sensitivity of ABCG2 is located just before the G-loop, in the outer,
charged leaflet of the bilayer, close and in a potentially interacting position with the Y413 in the
CRAC motif in the opposite monomer. These observations strongly suggest that the cholesterol
binding site is located in this region. It may be supposed that an intermolecular interaction
between Y413, L555, and V556 provide a specific, potentially dynamic conformation for the TM

Fig 5. The structural background of cholesterol regulation. The last frame of a 50 ns long MD simulation with ABCG2
embedded in a POPC bilayer shows that the CRAC motif, containing Y413, is located in the charged area of POPC head
groups (orange), as a rational location for cholesterol biding. Also, the leucine based cholesterol binding motif (magenta)
is situated in this layer. Right panel: zoomed area reveals a close contact between the CRAC and the leucine based
motives (e.g. Y413 and V556 are closer than 5 A) and may provide a cholesterol binding site (black circle). Gray: POPC
hydrophobic tails; orange: charged head groups of lipids.

doi:10.1371/journal.pone.0164426.9005
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helices in cholesterol binding. The special localization of these two motives also suggests that cho-
lesterol may contribute to the stabilization of the dimer in a specific conformation.

Since the Y413S mutation may affect cholesterol sensitivity of ABCG2 allosterically, and
experimental studies to identify the direct binding of such a hydrophobic molecule are
extremely difficult, we performed MD simulations with the Y413S mutant construct. We could
not observe any significant changes in the dynamics in TH1 (S10 Fig), that also suggests that
the altered cholesterol sensitivity observed in this mutant is caused directly by this functional
CRAC motif.

Concluding remarks

The ABCG5-ABCG8based homology model of ABCG2 presented here is capable to shed light
on the effects of mutations, substrate handling, and also on the regulation of this transporter.
The altered dynamics of the R482G variant provides explanation for both altered substrate
specificity via affecting the drug binding pocket (Site 2), and to the altered cholesterol regula-
tion through allosteric communication via TH1 to CRAC motif (Y413). As this ABC-
G5-ABCG8 based homology model behaved unexpectedly well in the simple computational
approaches we applied, without any sophisticated additional methods, most likely the ABC-
G5-ABCG8 structure is a physiologically relevant conformation. Importantly, this conforma-
tion exhibits only slightly separated NBDs without bound ATP and exposes drug binding sites
without widely separated TM helices at the cytoplasmic membrane leaflet.

The existence of the observed binding sites in the six conformations used in in silico docking
calculations leads to important implications. Namely, subtle conformational changes (the max-
imum RMSD between the six equilibrated structures is 1.3 A) are sufficient to provide binding
sites at different regions of the protein, without the need of large movements or largely sepa-
rated NBDs. Most likely the alternating access mechanism, which has been proposed to involve
a drug binding conformation with widely separated intracellular parts and a release conforma-
tion widely opened to the extracellular space, is realized differently in the case of ABCG export-
ers. Based on the ABCG5-ABCGS8 structure and our results with the ABCG2 model we
hypothesize that the conformational changes needed for transport involve subtle repositioning
and rotation of the transmembrane helices and these play a more pronounced role in the trans-
port than have thought before. Supported by our results we are convinced that the ABCG2
model presented here may pave the road for drug design and understanding multidrug recog-
nition and transport.

Supporting Information

S1 Fig. Structural alignment of ABCG5 and ABCGS. Chain A (ABCGS5, green) and chain B
(ABCGS, blue) from the heterodimer structure (PDBID: 5DQ7) are highly similar (RMSD 2.1
A) except in the linker region.

(TIF)

S2 Fig. Sequence alignments of ABCG subfamily members and CFTR NBD1. (A) Sequences
of the ABCG proteins downloaded from the UniProt database (ABCG1_HUMAN, ABC-
G2_HUMAN, ABCG4_HUMAN, ABCG5_HUMAN, and ABCG8_HUMAN) were aligned
employing ClustalW. ABCG2 N-terminus including NBD (a.a. 1-300) and CFTR NBD1
(CFTR_HUMAN, a.a. 381-645) were aligned separately, since CFTR NBD1 sequence has
unique features, which result in suboptimal alignments even for demonstration purposes when
aligned together with all ABCG proteins. The CFTR NBD1 was merged manually from this
pairwise alignment into the multiple alignment. Since the CFTR transmembrane domain is a
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Type I exporter fold and not similar in either length or sequence to ABCG proteins, this TMD
is not included in the alignment. Important regions and amino acids positions are labeled
above the alignment and their numbering refers to ABCG2 positions. Since ABCG2 exhibit
somewhat higher similarity to ABCG1 and ABCG4, the alignment of ABCG2 to ABCG5 and
ABCG8 is not optimal at a few minor positions (labeled with red arrowheads). (B) We also
generated pairwise alignments of the ABCG2 to the templates that was used for homology
modeling and contains concatenated dimers of ABCG2 (labeled as ABCG22) and ABC-
G5-ABCGS (labeled as ABCG58). The loop between the NBD 1 and B2 strands are highly dif-
ferent in length resulting in highly misaligned sequences of this region, thus the 1 sequence of
ABCG8 was manually aligned to the B1 sequence of ABCG2. The linker region was not mod-
eled because of low sequence similarities and its flexible missing parts in ABCG5-ABCGS. The
ABCG2 sequence exhibits sufficiently high similarity to the templates (identity ~25% and simi-
larity over 40%) that allows generating high quality homology models in the case of these ABC
transmembrane proteins (Modeller tutorial and [34]). The alignment was drawn using Jalview,
colored according to the ClustalX color scheme, and can be downloaded from http://abcg.
hegelab.org. The monomer’s boundaries are indicated by red arrowheads, while locations of
breaks in the structure are indicated by black arrowheads.

(TIF)

$3 Fig. MD simulations show the stability of the homology model and the mutant con-
structs. We performed six parallel 50 ns long MD simulations with every constructs embedded
in a lipid bilayer. All of them exhibited a stable structure, with sufficiently stabilized RMSD and
energy values that can be considered acceptable for such a large and stable system. Major dis-
tortions, which were published for MD simulations with crystal structures of other ABC trans-
porters, could not be observed in the case of our structural model [38,39].

(TIFF)

S$4 Fig. Important regions and amino acid locations are highlighted on the ABCG2 model.
Cysteines (red) were constrained to form intramolecular (C592-C608) or intermolecular
(C603-C603) disulfide bonds. The glycosylation site N596 (black) resides in a mobile loop indi-
cated by molecular dynamics simulations. Amino acids between 562 and 586 form two conse-
cutive helices, which are immersed partially into the bilayer and resembles to the P-loop of ion
channels, thus we propose to name it as a G-loop (yellow). CRAC motives are labeled blue and
the coupling helix light blue. The tyrosines in the potential CRAC motifs (Y413, Y459, Y469,
Y570 and Y645, see text) are colored blue. R482 and P480, which proline creates a kink in the
helix, are colored ruby and pale green, respectively.

(TIFF)

S5 Fig. The Q141K mutation may cause repulsion with K382 and weaken the NBD/TMD
interface. Although the Q141 side chain points towards N158 (Fig 2), the Q141K mutations
does not exhibit a pronounced effect of the distances of the helices, in which these amino acids
are located (not shown). However, the positively charged 141K interferes with the side chain of
K382, which restrains F142 with R383 (see Fig 2). This is revealed by MD simulations showing
increased distances and higher variability of distances between the Co atoms of restudies 141
and 382 in the Q141K variant, as compared to the wild type protein. All the 5,000 frames were
analyzed and every consecutive ten distance values were averaged to smooth the plots of all dis-
tance measurements in this study.

(TIFF)

S6 Fig. Compounds selected for in silico docking. 3D and 2D structures were downloaded
from PubChem and ChemSpider. ABCG2 substrates: Acetaminophen-sulfate (CID: 83939),
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Acyclovir (CID: 2022), Afatinib (CID: 10184653), Albendazole-sulphoxide (CID: 83969),
Arry-334543 (CID: 42642648), Benzo(a)pyrene (CID: 2336), Benzoylphenylurea (CID: 74566),
Ciprofloxacin (CID: 2764), D-Luciferin (CID: 5484207), Danusertib (CID: 11442891), Eltrom-
bopag (CID: 9846180), Flavopiridol (CID: 5287969), Icotinib (CID: 22024915), Masitinib
(CID: 10074640), Methotrexate (CID: 126941), N-Acetyl-amonafide (CID: 10064887), Pheo-
phorbide A (CID: 5323510), Protoporphyrin IX (CID: 4971), Purpurin18 (CID: 5489047),
Rhodaminel23 (CID: 65218), Rosuvastatin (CID: 446157), Sulfasalazine (CID: 5359476), Tan-
dutinib (CID: 3038522), Telatinib (CID: 9808844), and Uric-Acid (CID: 1175). Non-substrates:
Calcein (CID: 65079), Calcein AM (ChemSpiderID: 346571), Colchicine (CID: 6167), Digoxin
(ChemSpiderID: 206532), Doxycycline (CID: 54671203), Fluo-3 (ChemSpiderID: 94730),
LTC4 (ChemSpiderID: 4444133), NEM-GS (CID: 443150), Ketoconazole (CID: 456201),
Loperamide (CID: 3955), Quinidine (CID: 441074), Reserpine (CID: 5770), Verapamil (CID:
2520), and Vinblastine (ChemSpiderID: 12773).

(TIF)

S7 Fig. Non-substrates are limited in accessing binding Site 2. We performed i silico dock-
ing calculations for flavopiridol and methotrexate, two established ABCG2 substrates (green
labels) as well as verapamil and calcein, which are not transported substrates of ABCG2 (red
labels), to the six equilibrated conformation of the transporter. Although we could observe
binding to Site 1 (blue) for all compounds, access of verapamil to Site 2 (red), which is the bind-
ing pocket including R482, was decreased compared to that of substrates. Calcein also exhibited
a limited access to this site, without deep penetration into it. These observations suggest that
these ABCG2 conformations can be employed in future studies for developing in silico meth-
ods to distinguish substrates and non-substrates. Moreover, Site 2 may be the gate that differ-
entiates between toxic molecules and tolerated metabolites. The black box indicates the search
space defined in all of our docking calculations. Docking to one of the six equilibrated confor-
mations is shown.

(TIFF)

S8 Fig. Quantitative analysis of sites of a potential translocation pathway. After visual
inspection of all the binding poses (20 poses x 6 protein conformations) of falvopiridol and
methotrexate, we assigned amino acids semi-manually to binding Site 1 (Q126, D127, D128,
D128,V129, V129, V130, V130, M131, M131, G132, G132, T133, T133, 134, V178, V178,
G179, G179, T180, T180, Q181, F182, F182,1183,1183, R191, R191, N387, N387, L388, G390,
N391, N391, P392, Q393, Q393, A394, A394, A397, Q398, S443, A444, E446, 1447, 1447, F448,
V449, V449, V450, V450, E451, K452, K453, K453, 1454, 1456, K473, D477), Site 2 (L3838,
A394, A397,Q398,1399, V401, T402, L405, Q437, C438, S440, S441, V442, 5443, A444, V445,
E446, 1447, F448, V450, K473, D477, 1478, M481, R482, P485, S486, A517, A520, S521,
A524), Site 3 (A397, V401, F439, F439, S440, V442, V442, S443, 5443, V445, V445, E446,
E446,1.447,V449, V533, V534, V534, S535, §535, V536, A537, T538, T538, L539, L540, M541,
M541, T542,1543, F545) and Site 4 (Y413, 1423, Q424, Q424, N425, A427, A427, G428, G553,
G553, L554, 1554, L555, L555, V556, N557, N557, F578, F586, P602, C603, N604, Y605, A606,
T607,L614, Q617, G618, 1619, L621). (A) Colors red, blue, yellow, magenta, deep purple,
orange, and green label Sites 1, 2, 3, and 4, overlap of Sites 1-2, 2-3, and 1-3. Although there is
an overlap in the amino acids of sites, a docked pose can be assigned to a binding site based on
the numbers of interacting amino acids of two sites with the small molecule. The overlap of
binding sites indicates a pathway and a mechanism of transport by binding of a molecule
somewhere to the pathway followed by its moving forward to a next site closer to the extracel-
lular space. For example binding to Site 1, which seems to be the most accessible site, can be
followed by the movement to Site 2. Site 2 includes R482, which position has an effect on
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substrate specificity, and may participate in substrate selection. Non-substrates may not pene-
trate deeply into this site to induce conformational changes necessary for moving forward on
the pathway. Although the initial set of molecules (4 substrates and 2 non-substrates) provided
a hint for binding site identification, their low number may not be sufficient for representative
results. Therefore we investigated the docking of additional 21 substrates and 12 non-sub-
strates. All poses ((25+14 molecules) x 20 poses x 6 protein conformations) were automatically
assigned to binding sites. (B) Although a density plot of binding affinities indicates lower bind-
ing energies for substrates compared to non-substrates, there are also poses of non-substrates
with low binding energies, thus in silico values cannot be used to characterize the binding of
molecules. Therefore we determined the frequency of substrates and non-substrates in each
binding site. (C) The number of substrates and non-substrates bound to each binding site was
counted and normalized to the number of molecules in the two categories (substrate or not)
and to the number of poses. The values are shown in the table. Binding Site 1 was highly popu-
lated and more non-substrate poses can be found in this site as compared to substrate poses.
Although many poses of non-substrate molecules can be found in Site 2, still this is the site
showing increased binding of substrates as compared to non-substrates. These results strongly
indicate a distinguished role of Site 2 in substrate selection. When generating sophisticated in
silico methods for predicting substrates of ABCG2, this Site 2 should be considered with higher
weights in model building. Site 3, which is located in the hydrophobic transmembrane region
between the two ABCG2 monomers, accommodates both substrates and non-substrates
equally well. However, it is important to note that the access to this site might be limited in
vivo (e.g. by the loop between the 1 and B2 strands of NBD), while in silico methods can place
any fitting molecule into this volume.

(TIFF)

S9 Fig. The R482G mutation has a pronounced effect on TM helix orientation and dynam-
ics. In spite of the relatively short time periods we can cover in MD simulations, two interesting
changes can be observed in this mutant, as compared to the wild type protein. In one of the
simulations in chain B the distance between R482 (TH3) and Q398 (TH1) was largely
increased in the mutant (top right panel). Moreover, in the other chain and in all of the simula-
tions, the distance between R482 and Q398 increased faster, as compared to the wild type (top
left panel). These observations strongly suggest that while these relative movements of TH1
and TH3 are observable in both the wild type and the mutant proteins, the interaction between
TH1 and TH3 is more dynamic in the R482G variant as compared to the wild type. In addition,
the distance between R482 and A517 significantly shortened in R482G (bottom panels), thus
TH3 and TH4 can get into a more intimate contact, because of the lack of a long side chain in
TH3. We could not observe significant differences in distances between TH3 and TH2 (middle
panels) caused by this mutation.

(TIFF)

$10 Fig. The CRAC mutant Y413S does not affect the dynamics of TH1. In order to charac-
terize the relative orientation and movement of TH1, in which the mutated residue is located,
the interaction of amino acids located at the two ends of TH1 were measured throughout the
six trajectories for both the wild type and the Y413S mutant ABCG2. C,, distances of 1399 (tur-
quoise) and P485 (red) were calculated in addition to that of Y413 (blue) and V556 (magenta).
We could observe a larger change only in one Y413S simulations, when the distance between
these two residues were altered. However, similar changes could also be observed for a WT
simulation. This most likely happens because the Leu-based motif resides in a loop region that
may exhibit propensity for higher dynamics.

(TIFF)
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S1 Table. The in silico method (HMMTOP) [56,57] predicted better location of TM helices
compared to experimentally concluded boundaries based on HA-insertion [54,55].
(TIF)

$2 Table. Vina docking scores are better (lower values) for ABCG2 transported substrates,
as compared to the values for non-substrates in most of the cases. For clarity only values for
the initial set of 4 substrates and 2 non-substrates are listed.

(TIF)
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Abstract

Atomic-level structural insight on the human ABCG2 membrane protein, a pharmacologically important transporter, has been
recently revealed by several key papers. In spite of the wealth of structural data, the pathway of transmembrane movement for
the large variety of structurally different ABCG?2 substrates and the physiological lipid regulation of the transporter has not
been elucidated. The complex molecular dynamics simulations presented here may provide a breakthrough in understanding
the steps of the substrate transport process and its regulation by cholesterol. Our analysis revealed drug binding cavities other
than the central binding site and delineated a putative dynamic transport pathway for substrates with variable structures.
We found that membrane cholesterol accelerated drug transport by promoting the closure of cytoplasmic protein regions.
Since ABCG?2 is present in all major biological barriers and drug-metabolizing organs, influences the pharmacokinetics of
numerous clinically applied drugs, and plays a key role in uric acid extrusion, this information may significantly promote a
reliable prediction of clinically important substrate characteristics and drug-drug interactions.

Keywords ABCG?2 - Multidrug transport - Molecular dynamics - Cholesterol regulation

Introduction

ABCG2 mediated membrane transport is an important mech-
anism for the elimination of several toxic substrates from
the cell. Localization of this important ABC transporter in
all-important tissue barriers (apical surface of hepatocytes,
renal cells, blood-brain barrier etc.) and stem cells renders
ABCG?2 a key factor in drug resistance and uric acid elimi-
nation. ABCG?2 is also crucial in the pharmacokinetics of
several compounds [1-3] which is highlighted by the fact
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that the US Food and Drug Administration and the European
Medicines Agency list ABCG2 among the transporters to be
investigated for pharmacokinetics and drug-drug interactions
[4, 5]. Experimental data showed that ABCG2 can handle
substrates with a wide variety in size and polarity [2, 6, 7].
Uric acid is a small and amphiphilic physiological substrate
[8, 9], Hoechts 33342 [10] is a large hydrophobic molecule,
and methotrexate [11] or various sulfated and glucuronide
conjugates [12] are more polar substrates. Several large
molecules, such as Ko143 or elacridar can inhibit substrate
transport by a putative competitive inhibition mechanism
[13, 14]. A conformation sensitive antibody (5D3), which
binds to the extracellular surface of the ABCG2 dimer, also
influences the transport cycle and inhibits ATPase activity.
Interestingly, this antibody exhibits an increased binding to
an inhibitor-bound state of ABCG2 [14-16]. ABCG2 medi-
ated transport is significantly modulated by the lipid compo-
sition of the membrane environment [17-19]. ABCG2 trans-
port activity requires cholesterol, but it is not known whether
this lipid exerts its effects through affecting the membrane
bilayer structure, by binding specifically to the ABCG2 pro-
tein as an allosteric modulator, or by both mechanisms [20].
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The ABCG?2 protein includes an N-terminal intracellular
nucleotide-binding domain and a C-terminal transmembrane
domain built from six TM helices. The functional form of
this half transporter is a homodimer [21, 22]. Cryo-electron
microscopy (cryo-EM) studies revealed that the TM heli-
ces in ABCG?2 are short, bringing the nucleotide-binding
domains (NBDs) in close proximity to the intracellular leaf-
let of the membrane bilayer (Fig. S1). Therefore, the struc-
ture of ABCG?2 has been classified as a type II exporter fold
[18, 23, 24]. The NBD and TMD are connected by a so-
called linker region, which involves a V-shaped a-helical
region surrounded by highly dynamic segments not resolved
in any of the cryo-EM structures [25, 26]. The amphipathic
elbow helix, called connecting helix or TH1a in ABCG pro-
teins and the short intracellular loops called coupling heli-
ces, play an important role in coupling the conformational
changes between the NBDs and TMDs. The large extracel-
lular loop (EL3), which contain intra- and intermolecular
disulfide bridges, has been demonstrated to interact with all
other extracellular loops and the reentrant, creek-forming
G-loop (Fig. S1) [27]. The potential role of the unresolved,
highly dynamic segments is currently unknown.

The EL3 loops create a lid-like structure contributing to
an exit site to the extracellular space. This lid covers the
extracellular ends of THS helices involving a so-called Leu-
valve (residues 554 and 555) site, which is the boundary
of the main drug-binding pocket in the dimer between the
TH2, TH2', THS, and THS'. In a cryo-EM study, the estron-
3-sulfate substrate was localized in this central, hydrophobic,
and cytoplasm-facing cavity [23]. This study demonstrated
that N436 and F439 were important residues for substrate
recognition and transport. Another cryo-EM study revealed
the localization and interaction of MZ29, a Ko143 derivative
inhibitor with ABCG?2 [18]. The inhibitory molecule was
found to fill the central cavity with high affinity and thereby
trapping the conformation with separated NBDs. Interest-
ingly, the TMDs were closed in a newly published cryo-
EM ABCG?2 structure in the absence of ATP, and substrates
were shown to open the translocation pathway [28]. Based
on an ABCG2 homology model, recently we identified the
exit site (Site 4 or cavity 2) and the central binding pocket
(Site 3 or cavity 1) using in silico docking of substrates and
non-substrates [29]. Moreover, we were able to detect two
additional pockets towards the intracellular space. We pro-
posed that Site 2, which involves the position R482, influ-
encing substrate specificity, maybe the site responsible for
substrate selection. Site 1 equally interacted with all docked
molecules and it was expected to form the entry site of the
translocation pathway.

While the highly valuable experimental structures are
the fundamentals of structural studies, they inherently lack
information on dynamics. Therefore, molecular dynam-
ics simulations have increasingly been used to dissect the
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effects of mutations on protein structure, expression, and
function, as well as to characterize transport mechanism [25,
27, 30]. However, all experimental and the majority of in
silico studies focused on a smaller part of the translocation
pathway and molecular dynamics simulations with ABCG2
have not involved a substrate molecule. Therefore, in the
present study, we performed MD simulations with ABCG2
embedded in a lipid bilayer with the additional presence of
a physiological substrate, uric acid. We aimed to character-
ize the full translocation pathway, highlighting the dynamic
alteration of the central drug-binding pocket and the impor-
tant role of access routes to this binding site.

Methods
Structural models

Human ABCG?2 structures were used in our simulations in
the absence of ATP (PDB IDs: 6HIJ and 6HCO) [18, 24] and
in an ATP-bound conformation (PDB ID: 6HZM) [23]. The
latter structure was determined in the presence of E211Q
mutation to facilitate structure determination by lowering
the rate of ATP hydrolysis. We reverted this mutation back
to wild type using VMD [31]. Non-protein molecules (e.g.
inhibitors and water) were removed. All the structures were
trimmed similarly to remove the resolved parts of the linker
region and are available for download (https://www.hegel
ab.org/resources.html).

Molecular dynamics simulations

Classical molecular dynamics (MD) simulations were
used to investigate the effect of cholesterol on ABCG2
dynamics and to characterize the intracellular parts of the
substrate translocation pathway. GROMACS 2018 with
the CHARMM36m force field was used to run molecular
dynamics simulations [32, 33]. Simulations are summarized
in Table S1.

Most of the simulation systems were prepared using
CHARMM-GUI [34, 35]. First, the structural models were
oriented according to the OPM (Orientations of Proteins
in Membranes) database [36]. Then all N- and C-termini
were patched with ACE (acetyl) and CT3 (N-Methylamide)
groups, respectively, and disulfide bridges were set between
C592-C608 in chain A, C592’-C608’ in chain B, and
C603-C603’ between chains A and B. The 6HIJ structure
with associated cholesterol and DOPE (1,2-dioleoyl-sn-glyc-
ero-3-phosphoethanolamine) molecules were inserted into
a POPC bilayer (1-palmitoyl-2-oleoyl-sn- glycero-3-phos-
phocholine, n=232). The 6HCO structure was inserted
into a pure POPC bilayer (n=228), 1:1 POPC:cholesterol
(n=144, m=144), and 1:1 POPC:sitosterol (n= 144,
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m=144). KCl at a concentration of 150 mM was used. Grid
information for PME (Particle-Mesh Ewald) electrostat-
ics was generated automatically, and NPT ensemble was
selected with a constant number of particles (N), pressure
(P) of 1 bar, and temperature of 310 K. Uric acid molecules
were inserted into the system by replacing water molecules,
using GROMACS tools (e.g. gmx insert-molecules). Param-
eters for uric acid were generated by the CHARMM gen-
eral force field (CGenFF) at CHARMM-GUI. In the case
of simulations with the ATP-bound 6HZM structure, the
protein was inserted into a 1:1 POPC:cholesterol bilayer
(n=163, m=163), similarly to simulations with inward-
facing ABCG2 structures.

Each system was energy minimized using the steep-
est descent integrator, which stopped when the largest
force in the system becomes less than 500 kJ/mol/nm. To
increase sampling, several simulations were forked using
the energy minimized system, with different velocities. Six
equilibration steps with decreasing position restraints were
performed. The corresponding parameter (mdp) files are
also available for download. Nose—Hoover thermostat and
Parrinello-Rahman barostat with semi-isotropic coupling
was employed in the production run. Time constants for the
thermostat and the barostat were set to 1 picosecond and
5 picosecond, respectively. Electrostatic interactions were
calculated using the fast smooth PME algorithm and LINCS
algorithm was used to constrain bonds.

Targeted molecular dynamics

We used the MOVINGRESTRAINT procedure implemented
in PLUMED for transforming the inward-facing apo con-
formation to an inward-closed, ATP- and substrate-bound
conformation. Uric acid was docked to the central binding
pocket of the apo structure (PDB ID: 6HCO) using Autodock
Vina [37, 38]. Two ATP molecules were placed onto the
nucleotide-binding domains in the same conformation as in
the ATP-bound structure (PDB ID: 6HZM). To achieve this,
isolated Mg-ATP-NBD complexes from the 6HZM struc-
ture were aligned to the full-length 6HCO structure and the
two Mg-ATP molecules and the apo ABCG2 structure were
merged. The Ca and Mg-ATP coordinates were extracted
from the ATP-bound 6HZM structure and were used for
targeting. The reaction coordinate (collective variable, CV)
was the root mean square deviation (RMSD) between the
6HCO and the target 6HZM structures, calculated after an
optimal alignment (TYPE =OPTIMAL) of the evolving
6HCO and the static target structures. In the first 5 ns of the
simulation, the force constant (k) was increased from zero to
40,000 kJ/mol/nm, by which the closure of such a large sys-
tem was achievable as determined by testing several values.
In the second 5 ns of the simulations, the force constant was
decreased to zero. After this simulation, performed in POPC
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bilayer, the protein with ATP and uric acid was inserted
into a POPC:cholesterol membrane, equilibrated, and used
in equilibrium and metadynamics simulations.

Metadynamics

The translocation through the Leu-valve was accelerated by
performing well-tempered metadynamics simulations [39],
using GROMACS 2018 in combination with PLUMED [40].
A distance-based collective variable (CV) was biased during
metadynamics simulations, namely the distance between the
center of masses (COM) of uric acid and four protein Ca
atoms (residues 439 and 542) in TH2, TH2', TH5, and TH5'.
To inhibit the backward movement of the substrate towards
the intracellular space, a lower wall was defined between the
protein COM and the initial position of uric acid (5 A around
protein COM). An upper wall at 38 A around protein COM
was also defined to prevent the distancing of uric acid from
the protein. A grid between 0 A and 40 A was created and
used to speed up calculations. Force at the walls was set to
2,000 kJ/mol/nm. For the biased CV the Gaussian height and
sigma were set to 0.6 kJ/mol and 0.06 nm, respectively. The
most appropriate width value was calculated from equilibra-
tion simulations as the half of the standard deviation of the
distance CV. Gaussians were deposited every picosecond. A
bias factor of 10 and a temperature of 310 K were set. The
same GROMACS options were used as in equilibrium simu-
lations. The time point when uric acid passed the Leu-valve
was determined by visual inspection of the six trajectories.
PLUMED tools were used for integrating energy (summing
the hills).

Characterization of bilayer properties

100 frames were extracted from each trajectory for analysis.
GridMAT-MD [41] was used to calculate bilayer thickness
and area per lipid values. The grid was set to 200 and other
parameters were the defaults. The following atoms located
in the membrane interface at similar z coordinates were set
as atomnames;: N of POPC, O3 of cholesterol, and O3 of
sitosterol. An example parameter file is included for down-
load (https://www.hegelab.org/resources.html).

Pocket detection

Every 10th frame of simulations with the apo conformation
(PDB ID: 6HCO) in POPC:cholesterol bilayer was submit-
ted for mdpocket software [42]. The pockets, which were
present at least in 75% of the frames, were extracted from
the mdpout_freq_grid.dx grid file, using the extractISOPdb.
py script included in mdpocket package.
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Analysis and molecular visualization

Simulations were analyzed by the MDAnalysis Python
package [43] and in-house Python scripts (e.g. extraction
of cholesterol positions and TH ends). Plots were made by
matplotlib Python package [44]. Visualization of structures
was performed by PyMOL (The PyMOL Molecular Graph-
ics System, Version 2.0 Schrodinger, LLC.). Specifically,
the mobility of cholesterol molecules was characterized by
the x and y coordinates of the O3 atom, extracted from the
trajectories. Cholesterol molecules located in the extracel-
lular and intracellular membrane leaflets were distinguished
by clustering into two groups using the z coordinate of the
03 atom of cholesterol.

Fig.1 The movement of
ABCG?2 bound cholesterol
molecules is spatially confined.
a The structure of ABCG2 and
associated molecules (PDB

ID: 6HIJ). Gray: TM domains,
green: nucleotide-binding
domains, blue: cholesterol,
red: 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine, black:
inhibitor MZ29, orange spheres:
Ca atoms of V450 and V450'.
b The movement of cholesterol
molecules in the 6HIJ struc-
ture, located in the intracel-
lular membrane leaflet was
projected onto the x/y plane.
The location of representative
cholesterol molecules with
more (c¢) and less (d) confined
motion in a mixed bilayer (1:1
CHOL:POPC) is shown. Black
cross (+) signs: position of TM
helices in the starting structure
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ABCG2 bound cholesterol molecules promote
the closure of TM2 and TM2’

Several recent ABCG?2 structures exist in the RCSB database
representing different conformations. Associated lipids (cho-
lesterol and DOPE, 1,2-Dioleoyl-sn-glycero-3-phosphoe-
thanolamine) were also resolved in the case of one cryo-
EM map (EMD-4256, PDBID: 6HIJ, Fig. 1) [18]. There is
no obvious explanation, why this particular map exhibits
immobile lipids molecules since other ABCG?2 structures
(PDB IDs: 6HCO, 6ETI, 6FEQ, and 6FFC) have also been
determined in the same or similar lipid environments, in the
absence of nucleotides and the presence of various inhibi-
tors [18, 23]. To gain insight into the interaction between
the tightly bound lipid molecules and the ABCG2 protein,
we performed equilibrium molecular dynamics simulations
using the 6HIJ protein structure. ABCG2 and the associ-
ated lipid molecules were inserted into a POPC (1-palmi-
toyl-2-oleoyl-sn-glycero-3-phosphocholine) bilayer. The

b 6HI)
1209 612 cHoL in POPC

100
80

>

< 60 “i.r

20 A

_20 T T T T T
0 25 50 75 100

x, A

6HCO, 1:1 CHOL:POPC

120 q

20 -
0_
_20 T T T T T
0 25 50 75 100 o 25 50 75 100
x, A x, A

@ Springer



The transport pathway in the ABCG2 protein and |tsrqq‘latlo;)r?\‘e;5eﬁy m@eﬁllar dynamics...

Lvl—\l

movement of the 6 and 4 cholesterol molecules located in
the intracellular and extracellular membrane leaflets, respec-
tively, was monitored throughout the 0.5 ps long trajecto-
ries (n=3). Projection of their location onto the x/y plane
(Fig. 1, Fig. S2) revealed a tight but dynamic interaction.
A fraction of the cholesterol molecules remained protein-
bound throughout the simulation, while other cholesterol
molecules exhibited increased mobility.

Next, we investigated the effect of cholesterol on ABCG2
dynamics. In vivo cholesterol levels of membranes are highly
dependent on cell type and organelle and vary between ~ 20
and 50% [45]. To saturate ABCG?2 cholesterol sites in our
simulations and to avoid limitations set by diffusion in all-
atom simulations, we inserted the inward-facing ABCG2
structure (PDBID: 6HCO) into 50-50% POPC-cholesterol,
50-50% POPC-sitosterol, or 100% POPC bilayers using
CHARMM-GUI [34, 46, 47]. Sitosterol was used as a con-
trol, since this sterol has a different effect on ABCG2 func-
tion compared to cholesterol [19, 20]. The initial position
of sterol molecules was random, the lipids were evenly dis-
tributed, and some of the cholesterol molecules interacting

with ABCG?2 exhibited restricted motions as in the case of
simulations with the 6HIJ system (Fig. 1, Fig. S2). Impor-
tantly, both sterols had similar effects on bilayer properties,
such as thickness and lipid density (Fig. S3).

We characterized the mobility of TM helices, which were
expected to exhibit altered movements in the presence of
cholesterol, in bilayers of different lipid compositions. The
position of Co atoms of amino acids at the boundaries of TM
helices (Table S2) was extracted and 2D histograms were
calculated and plotted from the x, y components, separately
for the distribution of intracellular and extracellular ends.
Interestingly, a decreased size of the area visited by the intra-
cellular ends of the inward-facing structure was observed in
some of the simulations with cholesterol or sitosterol com-
pared to simulations with a bilayer containing only POPC
(Fig. 2, Fig. S4). While in some mixed-lipid simulations the
movements of these ends were not so restricted, the bottom
part of the helices moved towards the central axis in the
presence of cholesterol. Sitosterol also exhibited a restricting
effect in one of the simulations, but the ABCG2 TM helices
did not move towards the center in a manner observed for

Fig.2 Cholesterol promotes a c
the closure of the intracel- 80 -
lular ends of transmembrane 0.07 30 — #1 — #3
helices. Simulations were CHOL:POPC CHOL:POPC 45 44
performed with the inward- 704 0.06
facing 6HCO structure in 1:1 +
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cholesterol. The most specific effect of cholesterol was the
closure of TM2 and TM2', characterized by the decreased
distance between the intracellular ends of these helices (Ca
atoms of V450 from both protomers, Fig. 2). The TM2
movement showed alterations when ABCG2 was placed in
pure POPC bilayer. TM2 and TM2' exhibited either no clo-
sure at all or their ends approached each other to a smaller
extent than in simulations in the presence of cholesterol.
This distance of the intracellular TM helix ends also resulted
in fewer interactions between the two NBDs (Fig. S5). It
is important to note that POPC tended to infiltrate the TM
helices and to interfere with helix closure. The open NBDs
of ABCG?2 exhibited rigid body motions in these simula-
tions with the apo ABCG?2 structure (Fig. S6), and this phe-
nomenon was also observed in simulations with MDR 1-like
structures in the absence of ATP [48-50].

The above-described cholesterol effects can be observed
for the intracellular but not for the extracellular helix ends
(Fig. S4), where transmembrane helices are tightly packed.
The differences vanish in the case of the inward-closed struc-
ture with transmembrane helices tightly packed at both sides
(Fig. S4 and Fig. S6).

Drug access and binding pocket volumes are
affected by dynamic fluctuations

To test the effect of conformational fluctuations on the
internal cavities sufficient for drug binding, pockets were
identified through trajectories using the MDpocket soft-
ware [42]. Identified cavities present with a frequency of
0.75 or more were analyzed and are shown in the context of
the initial structure (Fig. 3a—c). In two simulations a large
cavity involving Site 2, Site 2', and Site 3 was observed.
This complex cavity was exposed both to the membrane
bilayer (Fig. 3b) and towards the cytosol (Fig. 3¢). How-
ever, the cytosolic TM2 closure prevented the lateral open-
ing (Fig. 3d) and also limited the access to the central cavity
(Site 3) from the cytosol (Fig. 3e). In some of the paral-
lel simulations exhibiting a similar degree of closure, the
slightly different conformation of TM helices resulted in
smaller drug binding cavities (Fig. 3f).

Equilibrium simulations reveal substrate
engagement along the translocation pathway

To discover the details of substrate translocation, we per-
formed equilibrium simulations with the inward-facing
ABCG?2 structure (PDBID: 6HCO) embedded in a POPC/
cholesterol bilayer in the presence of a substrate. We used
uric acid, which is a physiological substance transported by
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Fig.3 ABCG?2 drug binding cavities in MD simulations correspond
to pockets identified by in silico docking. a—c¢ Binding pockets deter-
mined in an MD trajectory are shown in the context of the starting
structure. d, e The closure of the NBD and TM helices limits access
to the translocation pathway. f In some of the simulations, spaces
forming a translocation pathway are less frequent and less continu-
ous. Gray and white: transmembrane domains, green and light green:
nucleotide-binding domains, blue: pockets

ABCG?2 [8, 9]. Since our simulation time scale was rela-
tively short (0.5-1 ps), we increased the possibility of sub-
strate binding and translocation by incorporating 30 uric
acid molecules in the simulations (Fig. 4).

During one of the 0.5 ps long simulations, the distance
between the cytoplasmic sides of the TM helices decreased
to an extent that abolished the substrate entry point. Dur-
ing another 0.5 ps long simulation, a single uric acid mol-
ecule out of 30 entered Site 2’ (a pocket between TM1,
TM2, and TM3 in chain B) from the large space between
the partially separated NBDs via an entry point surrounded
by amino acids N391’, Q393’, E446', and S535 (Fig. 4).
The substrate interacted with amino acids Q398’', S440’,
S443', R482', and L539 with the highest frequency in Site
2" and moved forward, towards the extracellular space to
Site 3 between TM2, TM2', TMS5, and TMS5'. The most
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Fig.4 The movements of the substrate, uric acid along the translo-
cation pathway. In an equilibrium simulation with the inward-facing
ABCG?2 structure (PDBID: 6HCO) in the presence of uric acid mol-
ecules, a single uric acid molecule entered Site 2" (a pocket between
TM1, TM2, and TM3 in chain B, magenta and violet sticks) from the
cytosolic region (black sticks). Uric acid moved forward from Site 2’

frequent substrate interaction partners included amino
acids F439, T542, and V546 from both protomers and also
N436 with a lower frequency. The uric acid molecule also
moved further towards the extracellular space interacting
with F432, T435, and M549 from both transporter halves,
but did not reach the Leu-valve (residues 554 and 555).
In the final phase, uric acid changed its moving direction
towards the intracellular space and reached Site 2 in chain
A at the opposite side of its entry point. The most frequent
interactions (Q398, S440, S443, R482, and L539’) cor-
responded to the same residues observed at the opposite
Site 2°.

The critical translocation step through the Leu-valve
is characterized by metadynamics

While the backward movement of uric acid towards the
intracellular space was partly inhibited by the closure of
the intracellular TM helix ends, the substrate did not move
into the extracellular space. This was expected since the
inward-facing conformation after closing motions is still
more open compared to known ATP-bound conforma-
tions. Therefore, we placed two Mg-ATP molecules to
the nucleotide-binding domains and docked a single uric
acid molecule into Site 3, and used a targeted MD proto-
col for “morphing” this inward-facing conformation with

(R482’) to Site 3 between TM2, TM2', TMS5, and TMS', finally to Site
2 at the opposite side in chain A. Line colors of blue-green-yellow—
red correspond to uric acid and encode increasing simulation time
points; deep purple: N436, F439, T542, and V546; light green: F432,
T435, T538, and M549; green: Leu-valve, gray: transmembrane heli-
ces; a side view; b top view from the extracellular space

ligands into the inward-closed, 6HZM-like conformation
(Fig. S7). The protocol was driven by minimizing the dif-
ference (RMSD) between the simulated 6HCO complex
and the static, inward-closed conformation. This ATP- and
substrate-bound model was used in 1 ps long simulations
to test the exit of uric acid. During one of the simulations,
the substrate moved towards the intracellular space and
escaped in the direction of the central axis between TM3,
TM3’, TMS5, and TMS5' (not shown). During two addi-
tional simulations, the substrate moved further towards the
extracellular space and on a single occasion, it also moved
down to Site 2, as in the bottom open conformation dis-
cussed above (Fig. 4). Since we were unable to observe the
final step of substrate transport to the extracellular space,
we set up accelerated simulations using metadynamics.
Since convergence was not achieved in longer metady-
namics simulations due to the inability of the substrate to
find the path back to the central pocket, we were unable
to calculate the free energy surface of the substrate export.
Therefore, we aimed to perform several short simulations to
the point when uric acid passed the Leu-valve and to calcu-
late the energy barrier associated with each trajectory. We
ran six metadynamics simulations with a reaction coordinate
(collection variable, CV) defined by the distance between
the center of mass of Ca of F439, F439', T542, and T542’
and the center of mass of the uric acid molecule (Fig. 5 and
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Fig.5 The transit through the Leu-valve as characterized by meta-
dynamics. a, b A 6HZM-like structure generated by a targeted MD
simulation with two ATP molecules and a uric acid in Site 3 was
subjected to metadynamics simulations. The resultant conformation
was used in six metadynamics simulations with a reaction coordinate
defined by the distance between the center of mass of Ca atoms of
four amino acids (F439, T542 from both protomers, black sticks) and

Fig. S8). During metadynamics simulations, the CV was
calculated at regular intervals (here, every picosecond) and
a positive Gaussian potential is added to the energy at the
current position in the energy landscape of the system. This
increasing potential in time and along the CV discourage
uric acid to stay at the same location, thus the small-mole-
cule substrate was expected to move to other positions. We
set a lower wall of 5 A for this distance CV to inhibit exit
towards the intracellular space. We also set an upper wall of
38 A to restrict the substrate in a volume close to the protein
that permits the sampling of the CV space between 5 A and
38 A. During all of the simulations, the uric acid molecule
passed the Leu-valve and then left the intra-protein space
(Site 4) after some lateral movements, since the space above
the Leu-valve was limited by the lid formed by the extracel-
lular loops. The substrate interacted with residues N601’,
P602' from one protomer and residues N604, Y605 from the
other. The amino acids around the exit included 556-559,
616-618, and the extracellular end of the opposite TM?2
(residues T421 and N425). To gain insights into the ener-
getics of the substrate passage, we summed the hills of the
bias up to the time point when the uric acid molecule passed
the Leu-valve (Fig. 5c). In three out of six simulations the
free energy input for passing the leucine amino acids was
between 7—13 kcal/mole, which is comparable to the energy
liberated in association to the hydrolysis of an ATP mol-
ecule. It is important to note that we could not consider an
important degree of freedom, the conformation freedom of
the protein, for biasing in metadynamics that results in large
differences in the height of the energy barriers.
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the center of mass of the uric acid molecule. Blue-green-yellow—red
lines represent uric acid and correspond to increasing simulation time
points. Uric acid passed through the Leu-valve (green sticks) in all
simulations. Amino acids in the extracellular gate are labeled with
violet. ¢ Biasing energy accumulated until the time point, when the
uric acid molecule passed the Leu-valve

Discussion

Earlier, we described the effect of mutations (e.g. Q141K
and R482G) on ABCG2 dynamics and identified poten-
tial hot spots along a drug translocation pathway using a
homology model [29]. Since there were only small dif-
ferences between our homology model and the first pub-
lished experimental ABCG?2 structure [24], most of our
results and conclusions are still valid. However, several
important questions remained unanswered and motivated
our current work. The most challenging issue was how to
reconcile experimental data on cholesterol binding motifs
and a static structural model, as we did not perform simu-
lations in the presence of cholesterol in our previous work.
Here, we performed simulations in the presence of sitos-
terol and cholesterol, which sterols promoted an increased
ABCG?2 transport function in wet experiments to different
levels. We observed an increasing probability and extent
of closure of the cytoplasmic ends of TM helices as a
consequence of lipid environment changes. In pure POPC,
the distance between TH2 and TH2' decreased to a value
close to 20 A in two out of four simulations (Fig. 2). In the
presence of sitosterol, the closure could be observed to a
similar level as in pure POPC bilayers (Fig. S4). However,
in the absence of cholesterol, lipids tended to infiltrate
the helices compared to simulations in the presence of
cholesterol. During some of the simulations, both sterols
decreased the lateral movement of TM helices as expected
as a consequence of altered bilayer properties, such as the
increased order of lipid chains (Fig. S3) [51-53]. Our
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results strongly suggest that cholesterol limits the confor-
mational space of ABCG?2 and facilitate the closure of the
TM helices. In addition, the effect of cholesterol is likely
not to be exclusively attributed to the physical changes of
the bilayer, since both sitosterol and cholesterol had simi-
lar general effects on membrane properties in our simula-
tions (Fig. S3). Ordered cholesterol molecules at specific
sites were observed in a cryo-EM density (PDB ID: 6HIJ),
and these lipids remained bound also for a longer period
at those sites during MD simulations. Thus further studies
are required to elucidate the effects of lipids on ABCG2,
similar to the in silico investigations performed by Sansom
et al. [54-56] for other membrane proteins.

Regarding the substrate translocation pathway within
the ABCG?2 protein, the present MD simulations reinforce
the presence of a pathway from Site 1 to Site 4, described
in our former in silico docking study. The existence of the
central Site 3 in this pathway has been confirmed by several
cryo-EM structures with the bound substrate and inhibitor
molecules. In addition to structural studies, amino acids
indispensable for substrate binding and transport have been
identified in this site, using various biochemical methods
[23, 57]. Surprisingly, Gose et al. highlighted F439 as a
single residue necessary for engaging transport [57]. The
transport of small molecules used in their study was affected
by mutations at position F439 but not at position N436. In
another study by Manolaridis et al. [23], mutating the latter
position was reported to abolish the export of a different
molecule, estron-3-sulphate. Importantly, the small uric acid
molecule used in our study contacted F439 with the highest
frequency, and several other residues, including N436 with
moderate frequency.

Another thorough experimental work supplemented with
molecular dynamics simulations addressed the interactions
of the longest extracellular loop (EL3) and the role of leu-
cine amino acids at the constriction between Site 3 and
Site 4 [27]. It was demonstrated that EL3 constrained by
disulfide bonds interacts with the reentrant G-loop and all
extracellular loops forming a lid to cover the upper cavity,
thus creating Site 4 (off-site). Based on molecular dynamics
simulations in the absence of any substrate molecule, they
proposed that transport between the two sites is driven by
the squeezing motion of leucine 555 residues, indicating a
peristaltic transport mechanism [58, 59].

By metadynamics simulations (Fig. 5), here we demon-
strate that the passage of a small substrate molecule, uric
acid through the Leu-valve requires energy not greater than
the hydrolysis of an ATP molecule. Importantly, this does
not mean that moving a single substrate molecule requires
one ATP, only indicates that a relatively small amount of
energy is able to drive the substrate through the valve in
some of our simulations. Interestingly, the inward-closed
conformation is regarded as a structure developed after
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transport, since the substrate, which was included during
the structure determination process (PDB ID:6HZM) [23],
was not present in the constricted binding pocket of this
structure. Therefore, the low energy required for substrate
passage without biasing the protein conformation in our
simulations strongly suggests the absence of large energy
differences between the pre- and post-transport steps, fur-
ther supporting a transport mechanism involving peristaltic
motions with rather small conformational changes.

The entry of substrates from the intracellular direction
to the central binding pocket has not been studied yet. The
general view is that the inward-facing conformation provides
unlimited access to the central binding pocket from the bot-
tom. Even if this was the case, a molecule would not neces-
sarily diffuse into the binding pocket without interactions
with other residues along its path. To observe the entry of
a substrate into the pocket we performed equilibrium simu-
lations (no extra force applied) when uric acid molecules
were also present. Surprisingly, a uric acid molecule did
not immediately enter the central binding pocket, but first
visited Site 2’ involving R482. Even after uric acid reached
the central pocket and remained close to the crucial F439
residue, the substrate turned backward but this time became
located to Site 2 at the opposite half transporter polypeptide
chain. These additional interactions further support that the
R482-site is likely to be an important location along the
translocation pathway. Although we characterized the first
steps of substrate transport, the initial step of substrate entry
and possibly the substrate recognition process are likely to
be more complex. First of all, the small uric acid molecule
did not enter directly the central binding site, since it is pos-
sible that the gate was not sufficiently open at the critical
time point when the uric acid started its penetration into
the protein. In addition, the unresolved flexible intracellular
loop regions not present during our simulations are likely to
have an effect on substrate entry. The tip of the loop between
the first and second NBD f-strands is not resolved in cryo-
EM structures and may act as a gating helix analogous to
structurally similar regions in bacterial transporters [60—62].
This role is supported by mutations, which are located in this
loop and affect substrate specificity (Fig. S9). Importantly,
the recent apo-closed ABCG?2 structure strongly suggests
that the substrates have a profound role in opening up the
translocation pathway [28].

In summary, our results presented here emphasize that
substrate specificity is unlikely to be defined by a single cen-
tral binding pocket but several additional sites are involved
along the translocation pathways. In our opinion, multiple
pathways may exist, which should be imagined not as several
channels through the protein, but as one or more potential
channels with many translocation patterns, similar to a route
with several alternative handles on a climbing wall. Along
a single route, climbers with different heights or different
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finger strengths may use different handles. Similarly, in the References
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ABSTRACT: To overcome the pathological phenomena
caused by altered function of ABC (ATP Binding Cas-
sette) proteins, their mechanisms of action are exten-
sively investigated, often involving the design of mu-
tant constructs for experiments. Designing mutagenetic
constructs, interpreting the result of mutagenetic experi-
ments, and finding individual genetic variants require an
extensive knowledge of previously published mutations.
To aid the recapitulation of mutations described in the
literature, we set up a database of ABC protein mutations
(ABCMdb) extracted from full-text papers using an au-
tomatic mining approach. We have also developed a Web
application interface to compare mutations in different
ABC proteins using sequence alignments and to interac-
tively map the mutations to 3D structural models. Cur-
rently our database contains protein mutations published
for ABCB1, ABCB11, ABCC1, ABCC6, ABCC7, and
the proteins of the ABCG subfamily. The database will be
extended to include other members and subfamilies, and to
provide information on whether or not a mutation is dis-
ease causing, represents a high-incidence polymorphism,
or was generated only in vitro. The ABCMdb database
should already help to compare the effects of mutations at
homologous positions in different ABC proteins, and its
interactive tools aim to advance the design of experiments
for a wider range of proteins.

Hum Mutat 33:1547-1556, 2012. © 2012 Wiley Periodicals, Inc.

KEY WORDS: protein mutations; ABC proteins; database;
text mining

Introduction

ABC proteins form one of the largest protein families, represented
in living organisms from bacteria to plants and humans. The hu-

*Correspondence to: Tamas Heged(is E-mail: tamas@hegelab.org
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man genome project identified 48 human ABC proteins, most of
which serve as membrane-bound transporters of various substrates
[Dean and Annilo, 2005]. ABC proteins are categorized into seven
subfamilies (A-G) based on their sequence similarity [Dean and An-
nilo, 2005]. A common mechanism of their action is the binding and
hydrolysis of ATP, which in ABC transporters facilitates the reloca-
tion of substrate molecules across the membrane. ABC transporters
take part in critical cellular processes, and thus their physiologi-
cal role and pathological phenomena arising from their hampered
expression or malfunction are extensively studied [Gottesman and
Ambudkar, 2001].

One of the phenomena mediated by ABC transporters is the
extrusion of toxic molecules and xenobiotics from cells, which im-
pacts the bioavailability of a wide range of pharmaceutical com-
pounds interfering with their effect [Szakacs et al., 2008]. This phe-
nomenon was first described as the multidrug resistance of tumor
cells against chemotherapeutic treatment [Bell et al., 1985; Deben-
ham et al., 1982], which was linked to the high expression levels of P-
glycoprotein (MDR1, multidrug resistance protein 1, ABCB1). Later
other members, such as MRP1 (multidrug resistance-associated
protein 1, ABCC1) and ABCG2 have been cloned, which also play
important roles in the clinically observed multidrug resistance of
cancers [Cole et al., 1992; Doyle et al., 1998]. Apart from their role
in cancer cell drug resistance, multidrug transporters have been pro-
posed to form part of an innate chemoimmunity system [Sarkadi
et al., 2006], protecting cells from the penetration of drugs and
xenobiotics. The action of MDR transporters reduces the oral avail-
ability of drugs by decreasing their uptake from the digestion system
[Szakacs et al., 2008]. The circumvention of this mechanism by the
inhibition of MDR transporters is a major pharmacological issue,
which requires a thorough understanding of multidrug recognition
and transport. In addition, natural variants of multidrug trans-
porters may cause altered substrate specificity or transport [Honjo
et al., 2001; Morisaki et al., 2005], which can lead to altered phar-
macokinetics or even sensitivity to certain drugs. The collection
and description of MDR transporter mutations and their effects on
substrate specificity can thus be a step toward personalized medical
therapy.

Several pathological conditions have also been described and
linked to mutations of certain ABC transporters. One of the most
frequently studied inherited monogenic diseases is cystic fibrosis,
which has been associated with the malfunction of the cystic fibro-
sis transmembrane conductance regulator (CFTR, ABCC7) pro-
tein [Riordan et al., 1989], acting as a chloride channel in the cell
membrane. Although the most frequent and severe mutation is the

© 2012 WILEY PERIODICALS, INC.
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deletion of F508, over 1,600 disease-causing mutations of ABCC7
have been deposited in the Canadian Cystic Fibrosis Mutation
Database (http://www.genet.sickkids.on.ca). A large number of mu-
tagenetic studies have been devoted not simply to understand the
mechanism of ABCC7 chloride transport, but also to seek for so-
called rescue mutations that can overcome the impaired expression
and function of the p.Phe508del (AF508) mutant.

Another member of the ABCC subfamily, MRP6 (ABCC6), was
originally discovered as a transporter homologous to multidrug-
resistance-associated proteins [Belinsky and Kruh, 1999], function-
ing as an organic anion transporter [Belinsky et al., 2002]. Later, it
was discovered that mutations in the ABCC6 protein are responsible
for the development of pseudoxanthoma elasticum (PXE) [Le Saux
etal., 2000], and a large number of disease-causing mutations have
been identified since then [Varadi et al., 2011].

The ABCG2 transporter, apart from contributing to multidrug
resistance, also plays a role in physiological urate transport [Wood-
ward et al., 2009], and certain dysfunctional mutants have been
shown to induce the risk of developing gout [Dehghan et al.,
2008; Matsuo et al., 2009]. Other members of the ABCG subfamily
(ABCG1, ABCG4, ABCG5, and ABCG8) are involved in the trans-
port of cholesterols and other sterols [Dean and Annilo, 2005].
The ABCG5 and ABCG8 transporters function as heterodimers that
export sterols into the bile, preventing the accumulation of plant
sterols and cholesterol [Woodward et al., 2011]. It has also been de-
scribed that mutations affecting the abcg5 and abcg8 genes can cause
dramatically increased plasma plant sterol concentrations that lead
to sitosterolemia [Berge, 2003; Berge et al., 2000]. In contrast, the
precise physiological role of ABCG1 and ABCG4 still needs to be
elucidated, and no mutations of these proteins have yet been linked
to any human diseases.

In addition to studying disease-associated mutations, a signifi-
cant number of in vitro mutagenetic studies have been performed.
Mutagenesis is a widely used method to probe the biochemical
role of individual amino acids in substrate recognition and trans-
port, interdomain communication or ATP binding, and hydrolysis.
Mutating amino acids can also facilitate the expression, solubiliza-
tion and subsequent crystallization, and structure determination of
whole ABC transporters or their individual domains. When design-
ing experimental constructs, it is important to know beforehand
whether similar constructs have already been created, or mutants
affecting the same regions or interactions have been described. In
addition, if the functional role of a residue in a certain ABC protein
has been well characterized, the role of equivalent amino acids in
other ABC transporters can be inferred based on homology and
amino acid conservation. Similar formulation can be used to inter-
pret the mechanism of action of pathogenic natural variants, or to
design mutant constructs of ABC domains that increase solubility
based on homologous constructs for crystallization studies.

Several databases targeted at the collection of mutant variants
of certain ABC proteins are available. The Cystic Fibrosis Muta-
tion Database (CFTRI, http://www.genet.sickkids.on.ca) is devoted
to the collection of individual mutations in the human cftr gene,
originating mostly from clinical studies. Similarly, the PXE Muta-
tion Database (PXE, http://www.pxe.org/mutation-database) aims
to serve as a catalogue of all published mutations of the ABCC6
protein causing PXE. Other, more general databases also contain in-
formation on mutant variants, for example, the Swiss-Prot database
[Bairoch and Apweiler, 1996; Boutet et al., 2007], or the Human
Genetic Mutations Database [Cooper and Krawczak, 1996]. These
databases employ manual extraction and curation of mutations
from literature and clinical studies, providing high-quality data.
However, due to their focus on disease-causing mutations and poly-
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morphic variants, mutant constructs from in vitro studies are often
overlooked and not collected. In addition, manual processing of lit-
erature tends to be slow and may not keep up with the exponentially
growing number of available biomedical publications. Databases
relying solely on human information processing thus might miss
recently published or not often cited mutations.

To alleviate the burden of reading thousands of papers, auto-
matic methods have been devised and applied to extract informa-
tion from literature. Biomedical text mining is a large field with a
wide range of applications such as the automatized extraction of
protein—protein interactions [Krallinger et al., 2011], protein mu-
tations [Caporaso et al., 2007; Doughty et al., 2011; Lee et al., 2007;
Rebholz-Schuhmann et al., 2004], pharmacokinetic relationships
between genes, drugs, and diseases [Frijters etal., 2010; Garten et al.,
2010; Rubin et al., 2005] or protein and gene annotation [Camon
et al., 2005]. Several methods have been implemented and applied
successfully to mine human kinase mutations [Krallinger et al.,
2009], mutations of G-protein coupled receptors (GPCRs), nuclear
hormone receptors (NRs) [Horn et al., 2004], vitamin K-dependent
coagulation serine proteases [Saunders and Perkins, 2008], and a-
galactosidase A mutations related to Fabry disease [Kuipers et al.,
2010]. A database that aims to gather protein level enzyme muta-
tions having an effect on protein stability or function from PubMed
abstracts is also available [Yeniterzi and Sezerman, 2009].

Our aim was to generate a database of ABC protein mutations
using automated tools while still maintaining high-quality data. We
employed the MutMiner automatic mutation extraction pipeline
that we developed in our laboratory, which offers 95% precision
and 84% recall in finding protein mutations mentioned in full-text
papers. It should be noted that the MutMiner pipeline only searches
for explicit mentions of protein point mutations, while any under-
lying genetic variations are disregarded. This also means that inser-
tions, deletions, as well as any genetic variations that have no effect
at the protein level (e.g., intronic or synonymous mutations) are not
considered in the current study. Mutation mentions are harvested
from literature and supplemented with a Web framework that aims
to integrate extracted mutational data, sequence alignments, and
available 3D structures of ABC transporters. This integrated frame-
work (http://abcmutations.hegelab.org) will help in designing new
mutations and interpreting the effects of existing mutations in the
context of homologous proteins, sequence conservation, and spatial
structure.

Methods

Data Mining from Full-Text Papers

A list of the PMIDs of papers corresponding to each pro-
tein under investigation was retrieved from PubMed using a
keyword search. The full-text version of the papers was down-
loaded using a modified version of the pdfetch automated tool
(http://code.google.com/p/pdfetch). The mentions of mutations
were identified and extracted from the full-text papers using our
framework, MutMiner (http://mutminer.hegelab.org). MutMiner is
built on MutationFinder [Caporaso et al., 2007], a tool that uses
regular expression patterns to recognize and extract protein point
mutation mentions from English text. The pipeline supplements
MutationFinder with text preprocessing tools, and algorithms to
bind mutations in the text to protein names. For each target ABC
protein, MutMiner was provided with the whole retrieved litera-
ture corresponding to the protein, and the UniProtKB/Swiss-Prot
record downloaded in FASTA format. The UniProtKB accession
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Table 1. Retrieving Full-Text Articles Corresponding to Each of
the 10 ABC Transporters Investigated

Protein PubMed keywords Resulting papers ~ Retrieved papers
ABCB1 ABCBI1 or MDR1 or P-GP or PGP 19,437 10,494
ABCB11  ABCBI1 or BSEP 539 355
ABCC1 ABCC1 or MRP1 1,775 1,336
ABCC6  ABCC6 or MRP6 290 248
ABCC7 ABCC?7 or CFTR 6,735 3,476
ABCG1 ABCG1 426 294
ABCG2 ABCG2 or BCRP or MXR 1,928 1,692
ABCG4 ABCG4 40 31
ABCG5 ABCG5 347 240
ABCGS8 ABCG8 311 218

The keywords used to query for articles from the PubMed database are shown, with
the number of papers resulting from the query, and the number of papers effectively
retrieved by the full-text PDF download tool. The number of articles varies across
three orders of magnitude, and in some cases, little more than half of the papers could
be retrieved.

numbers used were P08183 (ABCB1), 095342 (ABCBI11), P33527
(ABCC1), 095255 (ABCC6), P13569 (ABCC7), P45844 (ABCG1),
QIUNQO (ABCG2), QIH172 (ABCG4), Q9H222 (ABCG5), and
Q9H221 (ABCGS).

Software and Tools

The database uses the MySQL relational database back-
end (http://www.mysql.com) for data storage. For data ac-
cess, the SQLAlchemy (http://www.sqlalchemy.org) and Elixir
(http://elixir.ematia.de) object-relational mapper libraries were
used. The Web interface was created based on the TurboGears Web
framework (http://turbogears.org) and the Genshi templating li-
brary (http://genshi.edgewall.org).

Sequence Alignments

Alignments were created using ClustalW 2.0.10 [Larkin et al.,
2007] with default options. Several multiple sequence alignments
were created: (1) One alignment of full proteins for each subfam-
ily where all subfamily members have a similar topology (ABCA,
ABCC, and ABCG); (2) all half-transporter units of the ABCB sub-
family, full transporters were considered as comprising two indi-
vidual half-transporter units; (3) NBDs of transporters in each sub-
family; (4) NBDs of all transporters; (5) NBDs of transporters of
the ABCC and ABCG subfamilies; and (6) NBDs of transporters of
the ABCB, ABCC, and ABCG subfamilies.

Table 2. Results of Automatic Mutation Extraction

Structural Models

Homology models of the outward facing conformation for
ABCBI1, ABCC1, and ABCC6 were kindly provided by M. Wiese
[Globisch et al., 2008], S.P. Cole [DeGorter et al., 2008], and A.
Varadi [Fulop et al., 2009], respectively. For ABCC7, the extended
homology model of Serohijos et al. was used [Serohijos et al., 2008].
Experimentally determined structures from the Protein Data Bank
[Bernstein et al., 1977] with PDB IDs 2BBO (ABCC7 NBD1), 2BBS,
2BBT (ABCC7 NBD1 with F508 deletion), 2CBZ (ABCC1 NBD1),
2PZE (ABCC7 NBD dimer), 2PZF (ABCC7 NBD dimer with F508
deletion), 2PZG (ABCC7 NBD1) were included in the database. To
visually map the mutations on the structure, the Jmol open source
Java viewer for chemical structures (http://www.jmol.org) was em-
ployed.

ABC Protein Regions

The nucleotide binding domains were identified using the
PS50893 ProSite profile, representing ABC transporter-type do-
mains, and the ps_scan utility, downloadable from the ProSite Web-
site (http://prosite.expasy.org). Highly conserved regions were as-
signed according to their consensus sequences, for the Walker A and
the ABC signature motifs the ProSite patterns PS00017 and PS00211
were used, respectively, and for the Walker B motif the consensus
sequence “hhhhD” was used, where “h” denotes hydrophobic amino
acids. The membrane topology, the boundaries of the transmem-
brane helices were determined using TMDET [Tusnady et al., 2005]
for the available 3D structures of human ABCB1 [Globisch et al.,
2008], ABCC7 [Serohijos et al., 2008], and the dimeric biological
unit of the ABCB10 X-ray structure [PDB:2YL4]. The transmem-
brane helix boundaries for other ABC proteins were predicted using
HMMTOP [Tusnady and Simon, 2001], and corrected or supple-
mented with information from TMDET predictions of available 3D
structures of other, homologous ABC proteins.

Reference Databases

The following databases were used as references the PXE Mu-
tation Database (PXE, http://www.pxe.org/mutation-database, as
of 12 January, 2012), the Cystic Fibrosis Mutation Database
(CFTR1, http://www.genet.sickkids.on.ca/app, as of 13 January,
2012), the Swiss-Prot database at UniProt (UniProtKB/Swiss-Prot,
http://www.uniprot.org, release 2012_01 [Bairoch and Apweiler,
1996; Boutet et al., 2007]), the public version of the Human Gene

Number of mutation mentions (hits)

Protein Number of papers Number of unique mutations Total True False
ABCBI1 10,494 641 1,527 n/d n/d
ABCBI11 355 156 485 n/d n/d
ABCCl1 1,336 403 882 n/d n/d
ABCC6 248 207 778 740 (95%) 38 (5%)
ABCC7 3,476 1,353 8,874 n/d n/d
ABCG1 294 5 7 3 (43%) 4 (57%)
ABCG2 1,692 186 1,391 1,317 (95%) 74 (5%)
ABCG4 31 0 0 0 0
ABCG5 240 25 77 77 (100%) 0 (0%)
ABCGS8 218 43 147 144 (98%) 3 (2%)

The number of unique mutations extracted from the set of downloaded full-text papers is shown. Hits are considered to be pairs consisting of a mutation and a paper that were
found by the pipeline. In the case of the ABCC6 and ABCG proteins, the hits were manually verified whether or not they represent actual mutant variants of the corresponding
protein, and categorized as being true or false positives, respectively. Based on manual verification, the precision of the automatic mining method can be estimated to be above

95%. Mutations of the ABCG1 protein constitute an exception, but the relatively high ratio of false positives in that case is likely due to the small sample size.
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Figure 1. Distribution of mutation mentions along the protein sequence in ABCC proteins. The number of sentences mentioning mutant variants
of a given amino acid position in the sequence is shown. The most frequently cited positions are indicated, with natural variants underlined. Most
of the mutations investigated for ABCC6 and ABCC7 correspond to natural variations of the protein, whereas in the case of ABCC1, mostly induced
mutations are studied. This is in accordance with the fact that ABCC1 has not been reported as a disease-causing gene, whereas the most often
studied natural variants of ABCC6 and ABCC7 cause severe illnesses. Extracted mutations followed a similar distribution in the case of other

analyzed proteins (data not shown).

Mutation Database (HGMD, http://www.hgmd.org, as of 27 Jan-
uary, 2012 [Cooper and Krawczak, 1996]).

Results

Establishment of the ABC Mutation Database

We selected 10 ABC transporter proteins as a basis for the
database. Relevant papers were retrieved from the PubMed database
by keyword queries for each protein (Table 1). To retrieve the full-
text version of these papers, a modified version of the pdfetch utility
was used. The number of papers for each protein varied on a wide
range, and in many cases, the full-text PDF could not be downloaded
(e.g., because of a lack of subscription). Statistics about the retrieved
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papers for each protein are summarized in Table 1. After running
the PDF files through the MutMiner pipeline, extracted mutations
for each protein were collected and uploaded into our mutation
database.

The number of unique mutations extracted for each protein
(shown in Table 2) also showed large variations, with 1,353 dif-
ferent mutations extracted for the ABCC7 protein, to ABCG4, for
which no mutations could be extracted from the available 31 papers.
For ABCBI, even though more than 10,000 papers were retrieved,
only 641 mutations could be identified. For ABCC7 and ABCG2, the
number of mutation mentions is 6-8 times the number of unique
mutations, indicating that mutant variants of these proteins are
much more intensively studied or more frequently found in the
population than others in our dataset. A plot of the number of
citing sentences found for mutant variants in each ABC protein
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Table 3. Assessing the Overlap of Automatically Extracted Mutations with Mutations Described in Existing Databases

Database Number of mutations retrieved Number of mutations not retrieved Number of new mutations

PXE (ABCC6) 159 (87%) 24 (13%) 48

CFTR1 (ABCC7) 562 (62%) 338 (38%) 791

Swiss-Prot ABCB1 24 (96%) 1 (4%) 617
ABCBI11 33 (94%) 2 (6%) 123
ABCCL 35 (97%) 1 (3%) 368
ABCC6 37 (93%) 3 (7%) 170
ABCC7 172 (96%) 7 (4%) 1,181
ABCG1 0 (0%) 1 (100%) 5
ABCG2 21 (95%) 1 (5%) 165
ABCG4 0 (0%) 1 (100%) 0
ABCG5 11 (92%) 1 (8%) 14
ABCGS8 16 (80%) 4 (20%) 27
Total 349 (94%) 22 (6%) 2,688

HGMD ABCB1 5 (71%) 2 (29%) 636
ABCBI11 62 (85%) 11 (15%) 94
ABCC1 3 (100%) 0 (0%) 400
ABCC6 144 (92%) 12 (8%) 63
ABCC7 582 (71%) 238 (29%) 771
ABCG1 0 0 5
ABCG2 13 (100%) 0 (0%) 173
ABCG4 0 0 0
ABCG5 10 (83%) 2 (17%) 15
ABCGS8 22 (88%) 3 (12%) 21
Total 841 (76%) 268 (24%) 2,178

Mutations stored in the PXE Mutation Database (PXE, ABCC6 mutations), the Cystic Fibrosis Mutation Database (CFTR1, ABCC7 mutations), the Swiss-Prot database, and the
Human Gene Mutation Database (HGMD) were considered. The results show that for databases relying mostly on published data (PXE, Swiss-Prot, HGMD), a large percent of
the mutations could be recovered using our automated method. In the case of databases containing a high amount of mutant variants from unpublished clinical studies (CFTRI,
HGMD/ABCC?7), the recovery ratio was lower (62—71%). However, in all cases, automatic extraction yielded a large number of unique mutations that were not present in either

of the databases considered.

indicates certain positions whose variations are highly cited, most
of which are disease-causing natural variants (shown for the ABCC
subfamily in Fig. 1).

Overlap and Novelty of the ABC Database Compared to
Other Databases

To assess the recovery of mutations stored in manually curated
databases, the extracted mutations were compared to those found in
the PXE Mutation Database (ABCC6 mutations), CFTR1 database
(ABCC7 mutations), and mutations corresponding to other ABC
proteins found in the Swiss-Prot database [Bairoch and Apweiler,
1996; Boutet et al., 2007] and Human Genome Mutation Database
(HGMD, [Cooper and Krawczak, 1996]). The comparison was per-
formed on the sets of unique mutations derived from our results and
from each of the reference databases. The results are summarized in
Table 3.

The PXE Mutation Database

Altogether the PXE database contains 183 missense and nonsense
mutations of the ABCC6 transporter, out of which 159 (87%) was
found by the MutMiner pipeline. In the case of the 24 mutations that
the automatic method failed to extract, the papers cited as reference
for these mutations in the PXE database were examined by hand to
discover the reason the mutations were missed. The most frequent
cause of miss (in the case of 7 mutations) was due to errors in the
PDF to text conversion of a single paper. In five cases, no reference
was provided for the mutations, and in one case only HapMap was
mentioned as reference. Two mutations were not detected because
MutationFinder did not recognize them in the text. In one case, the
mutation was not found because the corresponding paper could not
be downloaded automatically. Remarkably, the inspection of missed
mutations also highlighted certain errors in the database. In four

cases, the mutations were in fact synonymous, and incorrectly clas-
sified as missense. In three cases, the database contained a mistyped
version of the mutation mentioned in the papers, and in one case,
the database mutation was not found in the reference paper at all.
The automatic method, however, found 48 unique mutations that
were not present in the PXE database.

The Cystic Fibrosis Mutation Database

The CFTRI1 database contains a collection of mutations that were
found in the human ABCC7 protein. From over 1,600 mutations
contained in the database, all 900 missense and nonsense mutations
were examined, out of which 562 were recovered by data mining. An
inspection of some of the remaining 338 cases revealed that most
of these mutations are likely to originate from unpublished clinical
studies, and therefore no reference paper could be obtained. The
MutMiner-based method also found 791 mutations that were not
present in the database.

Swiss-Prot

A comparison of extracted mutations with the Swiss-Prot
database for all 10 ABC transporters shows that most of the mu-
tations stored in Swiss-Prot could be retrieved from the literature
using our automated method. In cases where the retrieval failed,
the database mutations were manually examined by checking the
reference publication if one was available. The examination revealed
that in 9 of the 22 failed cases the mutation could not be discov-
ered in the reference paper even by hand. In 4 cases, no reference
publication was specified in either Swiss-Prot or in the dbSNP entry
corresponding to the mutation. In four cases, the PDF downloader
failed to fetch the reference publication, but the MutMiner pipeline
was able to find the mutations after the paper was manually down-
loaded. In the other cases, the mutations were missing because they
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Figure 2. Detailed listing of publications and their sentences mentioning a mutation. The ABCG2 p.GIn141Lys mutation is shown. Bibliographic
information and the abstract of the publications citing the mutation are displayed with a link to the PubMed record corresponding to the article.
Reading the sentences mentioning the mutation makes it easy to get a brief overview of the functional effects of the mutation.

were either located in the supplementary material or we had no
access to the reference publication. There were two cases where the
reverse of the mutation was mentioned in the reference paper, such
as “A632V” instead of “V632A” (p.Val632Ala), which might indicate
a sequence ambiguity. In addition, literature mining yielded over
2,600 mutations that were not recorded in the Swiss-Prot protein
annotations.

The Human Gene Mutation Database

The comparison to HGMD yielded similar results to Swiss-Prot,
with a slightly higher rate of database mutations that were not
retrieved automatically. One remarkable case is the ABCC7 pro-
tein, where the database contained 238 mutations that our method
could not retrieve from the literature, out of which 173 were un-
published results, mostly pointing to the CFTR1 database for refer-
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ence. For those mutations where a journal reference was cited, the
PDF retrieval failed in most cases during the automatic download
step.

Even though the complete recovery of mutations stored in
databases was not possible, our mutation extraction pipeline was
still able to find 94% of all mutant variants listed in Swiss-Prot and
76% of those listed in HGMD. In addition to recovering most of the
database mutations, a considerable number of unlisted mutations
were found compared to each database. It should be noted, however,
that in this study we are only focusing on missense and nonsense
protein mutations. Other variants, for example, insertions and dele-
tions, are often stored in databases but are not recognized by our
automatic extraction method. Also, it should be noted that only
open and freely accessible databases were chosen as reference in this
study, which might not be as up-to-date or complete as commercial
alternatives (e.g., HGMD Professional).
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Figure 3. Mutations in and near homologous positions in multiple proteins. Specifying an amino acid position or an existing mutation can be
used to search for mutations in homologous positions in other proteins. Exact homologues and mutations within five amino acids of the exact
homologous position are listed. The multiple sequence alignment used for the search is also displayed showing the region around the selected
position. In the alignment, positions for which mutational information is available are displayed in red online, and the list of corresponding mutations

can be accessed by clicking on the amino acid letter.

The Web Interface for Comparative Studies

Browsing mutations and containing sentences

The Web interface provides a browsable listing of extracted mu-
tations for specific ABC proteins, as well as functions to find ho-
mologous mutations in other ABC proteins, and to view mutations
mapped onto a 3D structure of a certain ABC protein. For each mu-
tation, a detailed listing of the publications where the mutation was
found and all sentences mentioning the mutation are also displayed
(Fig. 2). A concise list of all sentences mentioning the mutation
is also available, allowing a quick overview of the context of each
mutation mention. In many cases, the list of sentences can help to
determine at a glance the functional or structural effect of the mu-
tation or its disease-causing nature (Fig. 2). In addition to browsing
mutations, several other views for the comparative analysis of ho-

mologous and nearby mutations and for 3D visualization are also
available.

Finding homologous mutations using sequence alignments

For the comparative analysis of homologous proteins, a biolog-
ically correct sequence alignment is crucial. The database contains
various multiple sequence alignments of full and half ABC trans-
porters, and their nucleotide binding domains. In addition to these
alignments, any custom alignment of ABC proteins present in the
database can be uploaded after user registration on the Web site. The
uploaded alignments can then be used in the same way as those pro-
vided with the system. Homologous mutations can be searched for
either by position or by homology to an existing mutation appearing
in the database. The first method is provided by the Search menu,
where mutations homologous to a specified position in an ABC
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Figure 4. Displaying amino acid residues in the context of the 3D protein structure. An interactive 3D view can be displayed for proteins with an
available structure. A multiple sequence alignment is also shown. Amino acids can be highlighted in the structure by clicking on the corresponding
amino acid letter in the top row of the alignment. The ABCG2 catalytic p.Lys86 residue with its salt bridge partner p.Asp210 is shown in the figure.

transporter protein can be listed. The second method can be ac-
cessed by the “homologous mutations” link appearing next to each
mutation in the list of mutations of a specific ABC protein. Both
methods present a list of known mutations of other ABC proteins
in exactly homologous and in nearby positions, along with the se-
quence alignment of residues in the neighborhood of the selected
position (Fig. 3). Amino acids for which known mutations are avail-
able are highlighted in the alignment.

Visualizing mutations in context of the 3D structure

The Web interface provides an option to map mutations onto
available structures of ABC proteins. Similarly to sequence align-
ments, custom structures in PDB format can be uploaded for ABC
proteins in the database, and used besides those provided with the
system. The mutation mapping feature can be accessed via the “map
mutations” link appearing next to each protein when browsing the
list of proteins. After selecting an alignment and a structure to be
used for visualization, a page with an interactive 3D view of the
selected protein structure is presented, and the selected alignment
of ABC proteins (Fig. 4). A specific residue can be highlighted on
the 3D structure by clicking on the corresponding amino acid in the
top row of the alignment. Similarly to homologous mutation search,
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residues with an associated mutation in the database are highlighted
in the sequence alignment.

Discussion

In summary, a comprehensive assessment of all described mu-
tations of 10 ABC proteins was created using the MutMiner au-
tomated literature mining pipeline. Mentions of mutations were
extracted from full-text papers and were placed in a database system
for easy retrieval. A Web application was also created to provide a
user-friendly interface to the database, along with tools to aid the
comparative analysis and visualization of mutations in homologous
positions.

Comparing the set of automatically extracted mutations with ex-
isting databases shows that most of the literature-cited mutations
in databases can be recovered using our automated protocol. For
some databases (e.g., Swiss-Prot), almost all mutations can be au-
tomatically extracted from the literature, whereas for others only
62% of the mutations can be recovered. The relatively low overlap
of our extracted data with locus specific databases reflects the differ-
ence in approach taken during data collection. A significant number
of mutant variants from genotyping studies are deposited in vari-
ous locus-specific databases without being published. On the other
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hand, these databases are often missing artificial mutant constructs
of proteins that were generated for various biochemical studies.
Our aim was to provide a repository of mutant variants where con-
structs originating from biochemical studies are also represented
to facilitate the design of further biochemical experiments. In fact,
our extraction pipeline yielded a significant number of mutations
that are not present in the examined databases. It is thus clear that
the role of ABCMdb is complementary to existing locus-specific
databases that store mostly natural genetic variants. This comple-
mentary role can be exploited for the benefit of both approaches, for
example, the automated method was also able to pinpoint possible
errors and inconsistencies in existing manually curated databases.
Similarly, manual curation of automatically extracted data can be
used to eliminate false positives, which helps to improve the quality
of extracted data. In this regard, the ABCMdb builds on the com-
munity effort of expert scientists of particular ABC transporters,
providing functionality that enables registered users to comment
and annotate database records.

One of the major issues hampering the recovery of database mu-
tations is the incomplete retrieval of PDF files. While this could be
overcome by improving the automatic text retrieval system, access to
full-text articles will always be limited by the lack of institutional sub-
scription to some journals. Similar studies have shown that valuable
data can also be extracted from freely available abstracts, although
they cannot replace mining full-text articles [Krallinger et al., 2009].
To overcome the limitation of accessing full-text papers, registered
users can upload articles that will be processed and the extracted
mutations will be added to the database.

Our results show that automatic data mining methods are use-
ful tools to extract data from the literature. Because the sentences
containing hits are available for each extracted mutation, automatic
methods could be developed to supplement current data with vari-
ous predicted properties of the mutations. Of particular importance
would be the discrimination of DNA and protein mutations, as this
would markedly reduce false positives generated by the extraction
pipeline. Other valuable information that could be mined from the
context of mutations include the host organism, the physiological,
functional or structural effect of the mutation (e.g., disease causing,
loss of function, change in substrate affinity, and incorrect folding),
or whether it is a natural variant, a polymorphism, or an induced
mutation. We plan to implement most of these features in future
versions of our database.

Besides automatic data mining, our framework allows registered
users to leave comments on specific mutations, papers or individual
mentions of mutations, and to mark mutations as true or false
hits, specifying the reason of the error in case the mutation was
falsely predicted. We believe this system will help to improve the
quality of data in the database. It is also notable that the extraction
pipeline and Web interface is not specific to ABC proteins. A similar
framework and database with minor changes could be set up for
literature mining and display of mutations of other proteins and
protein families. Based on the manual verification of the extracted
ABCG family and ABCC6 mutations, the ABCMdb mutations are
likely to contain over 95% of true positive hits, which we believe can
make the database a reliable tool for the design of experiments and
the comparative analysis of mutations.
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An increasing number of ABC membrane protein structures are determined by cryo-electron microscopy and
X-ray crystallography, consequently identifying differences between their conformations has become an arising
issue. Therefore, we propose to define standardized measures for ABC Type [ exporter structure characterization.
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ergetics of membrane insertion illuminating functionally crucial regions. In summary, the proposed metrics con-
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be applied not only to ABC membrane protein structures (http://conftors.hegelab.org).
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Biotechnology. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

ABC membrane proteins play important roles in many physiological
processes from bacteria to man. They translocate substrates through the
membrane bilayer or regulate channel function involving ATP binding
and hydrolysis [1-3]. The functional expression of ABC membrane pro-
teins can be altered either by mutations or regulatory processes [2],
leading to various pathological states. The most known disorder caused
by an ABC membrane protein is cystic fibrosis. Several mutations in the
CFTR (cystic fibrosis transmembrane conductance regulator; ABCC7)
chloride channel cause cystic fibrosis, a monogenic disease with high
morbidity and mortality [4-6]. Most of the mutations affect protein
folding and stability [7]. A decrease in the functional expression of the
CFTR channel leads to a reduced chloride conductance in the epithelia
resulting in imbalanced salt and water homeostasis. Although high
throughput screening efforts resulted in molecules rescuing some
CFTR variants (e.g. the G551D mutant), none of the identified drugs suf-
ficiently restores the functional expression of AF508, the most frequent
CFTR mutant [8-10]. The lack of high-resolution structural information
has hindered drug development [11,12]. Because of cystic fibrosis and

Abbreviations: ABC, ATP binding cassette; CFTR, cystic fibrosis transmembrane
conductance regulator; CG, coarse grained; CH, coupling helix; COG, center of geometry;
ICD, intracellular domain; NBD, nucleotide binding domain; TH, transmembrane helix;
TM, transmembrane; TMD, transmembrane domain.
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E-mail address: hegedus@hegelab.org (T. Hegedyis).

https://doi.org/10.1016/j.csbj.2018.10.008

other ABC protein related disorders, understanding the relations be-
tween the conformations and function of ABC membrane proteins is
of great importance. An increasing number of ABC exporter structures
have been solved recently, which can be divided into two groups
[13,14]. There are a higher number of Type I (P-glycoprotein-like) struc-
tures determined, which exhibit two large transmembrane domains,
usually each built from six helices and two cytosolic nucleotide binding
domains (Fig. S1). Their specific feature compared to ABCG-like trans-
porters is the so called intracellular loops or domains, which are the
continuation of TM helices in the cytosol. These “loops” contain coupling
helices interacting with the nucleotide binding domains [15]. Structures
in the absence of ATP exhibit highly separated NBDs or NBDs with con-
tacts only at the opposite site of coupling helix interactions. In this apo
conformation the TM domains expose a cavity towards the cytoplasm
[14]. Therefore, these conformations are called “bottom-open, inward-
facing” and “bottom-closed, inward-facing”, respectively. Upon binding
of two ATP molecules, NBDs form a tight interaction and rearrange the
transmembrane helices to close the cavity at the cytosolic side and
open it to the extracellular space. Structures without opening at the
extracellular region are also observed and suggested to form an inter-
mediate of the transport cycle [16,17]. These conformations are
named “bottom-closed, outward-facing” and “occluded” (bottom- and
top-closed), accordingly.

Although all of the ABC membrane protein structures contain valu-
able information, there are several debates in the field. The “bottom-
open, inward-facing” conformations are questioned based on the
constant-contact model of the mechanism of function [18]. In addition,

2001-0370/© 2018 The Authors. Published by Elsevier B.V. on behalf of Research Network of Computational and Structural Biotechnology. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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the wide separation of NBDs was not stable in molecular dynamics sim-
ulations and the large distance may be contributed to crystal contacts
[14,19]. Similarly, the largely top-opened “bottom-closed, outward-
facing” structures have also been criticized and suggested to be formed
by the lack of the lateral pressure originating from the membrane bi-
layer during crystallization [20]. It is also challenging to interpret the
unusual break of a transmembrane helix in the ABCC7/CFIR chloride
channel structures determined by Chen et al. [21-23], since it is not
present in other CFTR structures (R. Ford et al. unpublished and [24])
or other transporters of the same subfamily.

Despite the large efforts of transmembrane structure determination
in the last decades, ABC membrane proteins, as well as membrane pro-
teins in general are significantly underrepresented in the PDB database
compared to globular proteins (http://pdbtm.enzim.hu, http://blanco.
biomol.uci.edu/mpstruc). Even the revolution in cryo-electron micros-
copy (EM) methods [25,26] did not significantly decrease this difference
in the last years. Moreover, diffracting crystals and cryo-EM images of
membrane proteins exhibit low resolution confining their structure de-
termination [27]. Therefore structure validation and assessing the qual-
ity of membrane protein structures are crucial not only in the field of
ABC proteins but for all types of membrane proteins. For structure
curation and validation the wwPDB has launched a tool, OneDep,
based on recommendations of experts in crystallography, NMR, and
cryo-EM [28]. These metrics (e.g. clashes between atoms, Wilson
B-value [29,30], and the fit between R and Rgee [31]) are extremely im-
portant and are the basis for a high quality database of curated 3D struc-
tures. However, they cannot provide higher-level information on the
validity or possible distortion of domain-domain orientation caused by
experimental conditions. Higher level comparison of protein structures
have been initiated and organized in the CoDNaS database, but this tool
exposes the limitation of being able to compare the structures of the
same protein [32]. A comparative molecular dynamics (MD) study has
been recently performed to assess various conformations of ABCB1/
MDR1 [33], but the application of MD for a higher number of structures
are highly resource intensive.

In order to address issues associated with the increasing number of
ABC membrane protein structures and conformations, we aim to define
metrics that can characterize structural properties at a higher level. We
demonstrate that various vectors defined based on specific structural fea-
tures of a protein family can highlight specific differences in conforma-
tions and alterations in structures. In addition, membrane solvation
energy calculations can draw attention to functionally important regions.

2. Methods
2.1. ABC Membrane Protein Structures

Coordinates of ABC Type I exporters and information on membrane
orientations were downloaded from the OPM database or from the PDB
followed by the calculation of membrane region using the PPM server
(Table S1) [34,35]. The structure determination method was collected
from the PDB files, while the conformational state was determined by
visual inspection. Transmembrane helix boundaries were extracted
from OPM and PPM. Other regions, such as coupling helices, were iden-
tified semi-manually. PyMOL was used for structure and surface electro-
statics visualization (The PyMOL Molecular Graphics System, Version
1.8.4 Schrédinger, LLC). The orientation of the structures was standard-
ized by the rotation and translation of structures to a selected reference
structure. As a reference we selected a structure of TM287/288 (PDBID:
3QF4), which exhibits intermediate 3D properties, such as inward-
facing TMDs and bottom-closed NBDs [36].

2.2. Comparison of Transmembrane Region Localizations

Selected resources include OPM [34,35], PDBTM [37,38], and
MEMPROTMD [39] databases. The positioning of the structures in the

membrane bilayer was characterized by the tilting angle and the local-
ization along the Z axis. We compared the values from each set to the
values from the OPM as a reference. The protein tilting was calculated
by the angle between the membrane normal and the principal axis of
the protein, which axis is set by the bisector between the THX1 and
THX2 conftors (CONFormational vecTORs; TH4-5 and TH10-11). In
the case of the CG structures the membrane normal was calculated by
subtracting the center of geometry of PO4 and NC3 beads in the upper
leaflet from that in the lower leaflet. The vector normal of the plane de-
fined by three DUMMY atoms were used for OPM entries. The difference
in the membrane centers was determined after structural alignment.
Regarding the CG structures, the back-bone beads were aligned to the
Ca atoms of the all-atom structures. The reference membrane center
was calculated as the center of geometry (COG) of the DUMMY mem-
brane atoms from OPM. The membrane center of systems from CG sim-
ulations was determined by the COG of the PO4 and NC3 beads.

2.3. Calculation of Helix Properties and Vectors

The bending, rotation, and twist of helices were calculated using
MDAnalysis and HELANAL [40,41]. Conftors were calculated using Py-
thon scripts combining the numpy and MDAnalysis packages
(Table S2). To provide a simplified and visual comparison of structures,
conftors were plotted using Python Matplotlib.

24. Molecular Dynamics Simulations

Coarse-grained simulations were performed with structures of PDB
entries 2HYD, 3Qf4, 4KSB, 5UAK, 5TSI, 5UJ9, and 4PLO using GROMACS
with the MARTINI force field (elnedyn22) [42,43]. Trajectories of
all-atom simulations have been obtained using GROMACS as described
earlier [44]. More details on simulation parameters are in the supple-
mentary material.

2.5. Electrostatics Calculations

PDB2PQR [45] was run with PARSE force field [46], pH 7.0 and the
option to create input template. Structural preparation needed for low
resolution structures was made by VMD's Automatic PSF Builder. The
input template for APBS [47] was modified to add 150 mM Na™ and
Cl™ ions with charge 1 and —1, and radius 0.95 and 1.81 A, respectively.
For membrane solvation calculations APBSmem [48] was run with the
following parameters (Table S4): Grid dimensions and fine grid size
for x and y coordinates was collected from the input file of APBS. The z
coordinate of the fine grid size was —2*Zuin + 40 A, where zi, is the
smallest z coordinate from the PQR file. This way the whole protein
was included in the fine grid, even when membrane was moved with
+20 A. Medium grid size was 2 times and coarse grid size was 5 times
of the fine grid size. Grid dimension was 161 for each axis. The mem-
brane thicknesses from OPM were used and the flooding algorithm of
APBSmem was used as the membrane filling method.

3. Results
3.1. Positioning of ABC Type I Exporters in Membrane Bilayers

The tilting of the protein relative to the bilayer normal and the loca-
tion of the hydrophobic bilayer core are important features of protein
conformation. The experimental information on tilting and insertion
at the atomic resolution is highly limited, thus we assessed the
membrane orientation of ABC membrane proteins using various com-
putational methods. We compared data on membrane bilayer bound-
aries from OPM [34,35], PDBTM [37,38], and MEMPROTMD [39]
databases. OPM calculates and minimizes the transfer free energy of
transmembrane proteins at different values of distance from the bilayer
center, bilayer thickness, and tilting. PDBTM's TMDET algorithm is a
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geometrical approach utilizing an objective function dependent on
amino acid hydrophobicity. In the MEMPROTMD database membrane
protein structures in a bilayer are generated using coarse grain simula-
tions. Since we found ABC membrane proteins with large conforma-
tional changes in MEMPROTMD (e.g. transition from the bottom-open
to the bottom-closed conformation), which changes may influence the
interactions with lipid molecules, we performed CG simulations using
MARTINI [43,49] on a selected set of ABC membrane protein structures
as well.

We extracted the tilt angle and the location of the bilayer around
each ABC membrane protein structure (Fig. 1, Fig. S2, and Table S1).
The tilting was calculated as the angle between the membrane normal
and the principal axis of the protein. This axis is set by the bisector be-
tween the vectors defined by two pairs of TM helices (TH4-5 and
TH10-11), which cross-over to the opposite NBD, discussed below as
THX1 and THX2 conftors (CONFormational vecTORS).

In most of the cases the difference in tilting obtained from different
databases is negligible (below 6°). The largest differences were
10-12°, which seem significant by visual inspection, but correspond to
a difference in immersion by only a few amino acids (1-2 helical
turns) for the helices most distant from the central z-axis.

The bilayer location around the protein was characterized by the dis-
tance along the z-axis between the COG of transmembrane helices
based on OPM annotation and the bilayer center. Most of the differences
were negligible in z-location, except for a few structures, including
2HYD, 3QF4, 4KSB, and 5UAK. Therefore, we assessed the membrane
embedment of these structures by membrane solvation calculation
using APBS (Fig. 2).

Membrane solvation energy of 3QF4 has a minimum at the 0 dis-
tance, which means an agreement with OPM. Membrane insertion
predictions of 4KSB by APBS agree with that of MEMPROTMD. However,
the membrane insertion for 2HYD derived from APBS calculations is
similar to that from PDBTM.

We conclude that the OPM, PDBTM, MEMPROTMD, and our CG
simulations exhibit only slight differences in the investigated mea-
sures and it cannot be ascertained which method provides a predic-
tion correlating the best with in vivo conditions. In this study we
used the OPM database, since it exhibited the less deviation from
the other methods.
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Fig. 2. Orientation in membranes assessed by APBS calculations. Membrane solvation
energy was calculated using APBSmem and shown for selected ABC membrane proteins.
Calculations were performed for each protein at different positions of the bilayer (1 A
steps). Zero point is the location of the bilayer defined by OPM.

3.2. Helix Bending and End-Locations Facilitate Structure Comparison and
Highlight Critical Differences Between Conformations

In order to understand distinctive features of various ABC Type I ex-
porter conformations and select critical 3D properties for the description
of structures, we characterized various geometric properties of TM heli-
ces. We calculated the bending, the rotation, and the twist of helices [40]
(TH2-5 and TH8-11), which have longer intracellular parts interacting
with NBDs for each conformation class. In the “occluded” class there
are positions with higher values of bending angles (Fig. S3). The inspec-
tion of these conformations revealed that there was a particular struc-
ture (T1SS, Type-1 secretion system, PDBID: 5L22) with high bending
angle values originating from breaks in several TM helices.

In order to visualize the relative orientation of TM helices, their in-
tracellular and extracellular end positions were projected into 2D
(Fig. S4). The application of these projections is demonstrated on the

B CG-OPM

N 2.84
1182 |  STSI(CFTR)
9.65 bottom-open,
0 5 10 15 inward-facing
Angle difference (deg) AZ (A)

Fig. 1. Comparison of bilayer location around ABC membrane proteins by in silico methods. Differences in the tilting angle of proteins in the membrane and the z-positioning of the
membrane bilayer around proteins are depicted for selected ABC Type I exporter structures. Values extracted from PDBTM, MEMPROTMD, and our CG simulations are compared to values

from OPM. OWF: outward-facing, IWF: inward-facing. See also Fig. S2.
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Fig. 3. The distance between the ends of TM helices highlight differences in conformations. The intracellular (left) and extracellular (right) ends of TM helices in apo (PDBID: 5UAK,
black; Fay et al., red) and ATP-bound (PDBID: 5W81, blue) CFTR structures were projected into 2D. The unusual localization of TH7 is highlighted by red circles. Arrows indicate the altered

extracellular position of TH8 and TH12 in the ATP-bound structure. See also Fig. S4.

CFTR (ABCC7) cryo-EM structures [21-24], which have been received
an intense attention. The projections in Fig. 3 reveal that TH7 in the
structure of Fay et al. [24] is located at a completely different position
compared to other structures [21-23] (and also to an unpublished elec-
tron density map by Ford et al., University of Manchester, UK). The
relocated TH7 and THS are claimed to be a result of the ~200 a.a. disor-
dered regulatory domain connected to the N-terminus of TH7. Fig. 3 also
reveals that there are only small differences in the relative localization
of the intracellular ends of TM helices between the apo and ATP-
bound conformations, while extracellular ends of TH8 and TH12 are
repositioned in the ATP-bound structure (Fig. 3, arrows). The compari-
son of these two structures reveals the closure of the NBDs and the as-
sociated dislocation of some intracellular helices, while the TM helices
are practically unchanged, except the above mentioned two extracellu-
lar ends.

3.3. Defining Conftors Sensitive to Overall and relative Domain
Conformations

We clustered ABC membrane protein structures on pairwise RMSD
values. However, because of the composite nature of RMSD, some mem-
bers of a cluster also exhibit crucial structural variations compared to
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= =
>
X
o S)
X >
@) o
m m
z z

other members (Fig. S5). Therefore, we aimed to characterize conforma-
tions using vectors defined in a manner to pin differences in intra- and
inter-domain arrangements (Fig. 4).

We propose that simplified representation of protein conformations
using conftors (CONFormational vecTORS), carefully selected
standardized vectors based on high resolution structures help to inter-
pret differences between protein structures. As a proof of principle, we
demonstrate the definition and application of conftors in the case of
ABC transmembrane proteins.

Since the function of ABC membrane proteins is coupled to confor-
mational changes in the TM domains, we selected vectors that are
capable to describe differences in the orientation of transmembrane he-
lices. For example, to compare the level of opening towards the
extracellular space (e.g. the conformation of the outward-open 2HYD
and the outward-closed, occluded conformation of 4PLO, Fig. S6) we de-
fined the THV1-2, THX1-2 and THC3-9 conftors (Table S2). As the ori-
entation and bending of an individual a-helix may be deviated in a
specific structure, defining the ends of TMD conftors as the COG of Cat
at the ends of two a-helices may be justified in some cases (THX,
Fig. 4a). These THX conftors characterize the conformation of the
transmembrane helices, which cross over from one TMD to the opposite
NBD. While the angle between THV1 and THV2 conftors can separate

C

Fig. 4. ABC conftors: dedicated vectors to describe ABCType I exporter conformation. (a, b) Vectors are defined by either a single Cat or the center of mass of more Ca. Conftors in the
membrane region point from the intracellular to the extracellular ends of helices (blue; a: THX1 and THX2, b: THV1 and THV2). Conftors for the intracellular domains (a: ICX1 and ICX2, b:
ICV1 and ICV2) and nucleotide binding domains (a: NBDX1 and NBDX2, b: NBDV1 and NBDV2) are red and teal, respectively. (c) Conftors are also defined between the Walker A helices

(black) and strand S6 (yellow with black line) of the opposite NBDs.
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only the bottom-closed, top-closed conformations with an average
value of 23° compared to all other conformations with values between
36 and 40°, angle enclosed by the THX conftors is able to make distinc-
tion between “bottom-open, inward-facing” (46°), “bottom-closed, top-
closed” (26°), and the two other conformations (39° and 35°)
(Table S3).

Since the so-called intracellular loops or domains (ICDs), which are
the continuation of TM helices, can enclose an angle with the
membrane-embedded parts of the TM helices, we set separate conftors,
ICV1-2 and ICX1-2 and for the transmembrane and intracellular parts
of the TM helices (Fig. 4, Table S2). The angle between ICV1 and ICV2
differentiate the inward-facing (43° and 38°), the outward-facing
(60°), and occluded (53°) conformations (Table S3).

The closed and open conformation of NBDs is usually determined
easily by visual inspection. However, the extent of their separation
and especially their orientation and rotation relative to each other and
to the TMDs remain hidden. Therefore, we defined conftors NBDV1-2
and NBDX1-2 pointing from the COG of coupling helices to the first res-
idue of S9, the last strand in NBD with small deviation among structures
(Fig. 4a-b). NBDX conftors have slightly lower values for the inward-
facing conformations compared to outward-facing or top-closed
structures. The NBDX1/NBDX2.4 conftor's length (the distance of the
NBD/TMD interface regions) reveals differences not only between
inward-facing and outward-facing conformations, but also between
“bottom-open, inward-facing” and “bottom-closed, inward-facing” con-
formations (Table S3). The S6 conftor defined by the opposite strands S6
and the WAH conftor based on the opposite a-helices incorporating the
Walker A motif are anticipated to depict the orientation of NBDs relative
to each other and also to the TMDs (Fig. 4c).

3.4. Application of Conftors

Conftors can also be used for visualization purposes. For example,
the degree of opening is shown by the THC conftors (Fig. S6). A more ex-
quisite example includes structural models of CFTR. The inward-facing
apo cryo-EM structure exhibits properties similar to other inward-
facing structures (PDBID: 5U71, Fig. 5). Since it does not exhibit an
open pathway for chloride, a complex modeling complemented with

inward-facing CFTR structures
—5U71 -TM287/288 model —Das model

THX, XZ XY, WAH
—
e
THV,YZ XY, S6
=
il
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experiments has been performed by Das et al. to generate a conforma-
tion with open channel [50]. This study is important, since even a phos-
phorylated and ATP bound CFTR structure (PDBID: 5W81) is not opened
[23].

However, the conftors of these structures reveals that the models
exhibit large deviations from known structures, which differences are
hidden or attenuated in the 3D structure (Fig. 5). Their models show
differences in the transmembrane regions, which can be anticipated be-
cause channel opening may require different conformational changes in
the TM domains compared to active ABC transporters. In contrast, the
differences in the intracellular domain orientations indicate
inaccuracies.

Conftors can also be effectively used for analysis of trajectories from
molecular dynamics simulations. We have recently investigated the dy-
namics of the inward-facing CFTR cryo-EM structure and noticed the
closure of the nucleotide binding domains (Fig. 3a in [44]). As the mea-
sures we have calculated were not sufficient to fully understand the
movements of the protein in detail, we analyzed the trajectories
employing conftors. Several angles between various conftors were cal-
culated over the trajectories and plotted in Fig. 6. The conformation of
the membrane embedded parts of the TM helices did not change largely,
albeit a small decrease in angles of THX1 and THX2 can be observed
(Fig. 6a, black), that may arise from the lateral pressure of the lipid bi-
layer [20]. The increase in the NBDX1/2 angle indicates that the bottom
of the NBDs (the opposite site of the TMD/NBD interface) gets closer to
each other. This event is clearly shown by the length of the NBDX1/2;,,
“distance” conftor (Fig. 6b, cyan), as NBDX1/2;,, highly fluctuates till
~18 ns, when it became stable around 50 A. The conftors describing
the distance between Walker A and Signature motifs (WAH1-SIG2
and WAH2-SIG1) indicate the higher separation of WAH1 and SIG2 in
the nonfunctional degenerate ATP-binding site-1, when compared to
that of the canonical site-2 (Fig. 6¢). This observation indicates an asym-
metry in the association of the two NBDs.

3.5. Electrostatics Calculations Highlight Structural Hot Spots

Measures representing physicochemical properties are also crucial
for structure characterization. Protein surface electrostatics can be

outward-facing/occluded CFTR structures
-5W81 ~MCJD model ~Das model

THX, XZ XY, WAH
<
THV, YZ XY, S6
—_—
/_

Fig. 5. Conftors highlight important similarities and differences among CFTR structural models. The open Das model exhibits large deviations in NBD rotations indicated by WAH and
S9 conftors. The closed Das model shows differences in both TM helix and NBD conformations when compared to other structural models, and the orientation of an NBD relative to the
TMDs is not observed in any other ABC Type I exporter structure. CFTR cryo-EM structures are PDBIDs 5U71 and 5W81. TM287/288 and McjD based homology models have been generated
by Corradi et al. CFTR models by Das et al. are from http://troll. med.unc.edu/cftr/. See also Fig. S6.
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Fig. 6. Application of conftors for MD analysis. Angles between conftors (a) and lengths
of conftors (b, ¢) were calculated over the trajectory of an MD simulation with the CFTR
bottom-open, inward-facing structure (PDBID: 5UAK). NBD1 and NBD2 got into contact
at around 18 ns of the simulation.

used to characterize the overall conformation of transmembrane do-
mains. The positive-inside rule should manifest in most of the trans-
membrane proteins [51,52], thus in structural context the amino acids
in the region of the inner membrane boundary are expected to build
up a positively charged ring around the protein. This positive ring
(“blue collar”) is present in many experimental structures, such as
calcium ATPases [53]. A quantitative description of this ring is quite
challenging, but calculating and analyzing surface electrostatics in indi-
vidual cases can be informative to localize protein-protein interactions.

At interaction sites the positive ring is expected to be ceased. Indeed, at
the intramolecular interaction site of the LO/Lasso motive preceding the
first transmembrane domain in ABCC proteins, such as ABCC1/MRP1
(Fig.S7) and ABCC7/CFTR [44] the positive ring breaks with a hydropho-
bic spot. The functionally important amphipathic a-helix of the L0/
Lasso motif binds to this patch as observed in several cryo-EM
structures.

APBS can also be applied for membrane solvation calculations. We
computed the membrane solvation energy for each ABC Type I ex-
porters and for each transmembrane helix from per amino acid contri-
bution to the solvation, using APBSmem (Fig. 7). The total solvation
energy spans from low negative to high positive values and we could
not detect any correlation between the energy and some other property,
such as determination method or resolution. Interestingly, the struc-
tures with the lowest and highest solvation energies were solved by
X-ray. The two structures with the highest energy (SAV1866, PDBID:
2HYD and MsbA, PDBID: 3B60) are the two outward-open conforma-
tions suggesting that these widely open conformations may be caused
by the lack of a bilayer under crystallization conditions. In contrast,
the solvation energy of the outward-open MRP1 (PDBID: 6BHU) [54]
and MDR1 (PDBID: 6C0V) [55] conformations, which are less open to-
wards the extracellular space, is small.

4. Discussion

An increasing number of membrane protein structures are being
determined. In the accompanying papers the new structures are com-
pared to previously known ones and this comparison is usually
semi-quantitative and not complete. In addition, while basic important
metrics, which are general for all types of proteins (e.g. phi/psi angles, fit
of the model to experimental data) are required to be calculated for val-
idation, no quantitative and standardized measures have been defined
to characterize geometric and physicochemical properties of structures.
Importantly, earlier it was relatively straightforward which known con-
formations should be used for comparison to the new conformation be-
cause of the low number of available high-resolution structures. With
the increasing number of solved structures, a set of standardized mea-
sures help to avoid a bias in reference structure selection and also in
selecting structural regions for demonstrating novel and intriguing
properties of the newly determined conformation. At this moment the
low number of structures in certain membrane protein families limits
the definition of conftors. For example, only one conformation has
been determined for the ABCG2 and ABCG5/ABCGS8 Type II exporters
[13,56,57], therefore we could not test the usefulness of any conftor
for the ABCG subfamily. Since in the case of ABC Type I exporters there
are a larger number of “bottom-open” and “bottom-closed” conforma-
tions, numerous conftors could be defined and validated. Importantly,
the existence of various conformations enabled us to evaluate vectors
as conftors and discard which do not deliver information (e.g. THV
conftors are not discriminative for the outward-facing and the
inward-facing conformations, while THX conftors can differentiate
these conformations well; Table S3).

Using various quantitative measures, we show how to demonstrate
crucial differences between CFTR conformations for researchers other
than structural biologists, since these differences, even in an
ambiguously-defined form, have generated uncertainty in the field re-
garding the validity of the experimental structures. Actually, the slight
differences between the apo and ATP-bound conformations, the mem-
brane solvation of TH8 [44], and the dislocated TH7 and THS in the
CFTR structure of Fay et al. [24] (Fig. 3) suggest that most likely the
lipid environment (micelle) can have a profound effect on CFTR struc-
ture [58]. In the case of structures determined in a micelle, it is hard to
imagine other factor than the lipid/detergent environment, playing a
role in maintaining the conformation of the TM helices in the ATP-
bound conformation highly similar to the apo conformation, while the
intracellular parts of these helices (ICDs) and the NBDs exhibit a
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Fig. 7. Membrane solvation energy values are high for conformations with a large outward-facing cavity. (a) APBSmem was used to calculate membrane solvation energy.
Conformations with smaller (MRP1, PDBID: 6BHU and MDR1, PDBID: 6C0V) and larger (SAV1866, PDBID: 2HYD and MRP1, PDBID: 3B60) outward-facing cavities exhibit negative and
positive solvation energies, respectively. Differences in the level of the opening are shown for Sav1866 (b) and MDR1/ABCB1(c). The wide opening of Sav1866 has been questioned
and an alternative ATP-bound conformation has been proposed (Protein Model Database: PM0075213) (d).

significant closure. On the other hand, the highly deviated TH7 and TH8
conformations of CFTR from different laboratories (Fig. 3) underscore
the mobile nature of this region, which phenomenon has already been
indicated by experiments. Most importantly, the above mentioned met-
rics can be useful not only for structure validation and comparison, but
understanding the conformational changes associated to function
(Fig. 3 and Fig. S4) and dynamics (Fig. 6). We emphasize that outliers
of angles or membrane insertion energies may not indicate problems
with a structure but may sign structurally or functionally important re-
gions, as outlying phi/psi angles in the case of annexin [59].

The utilization of standardized metrics for structure validation and
structure comparison aid the rigorous description of structural features
and advance our knowledge on function-related conformations, thus
help to understand the effect of mutations on protein structure and pro-
mote structure-based drug design. The proposed and similar metrics
can be applied not only to the ABC membrane proteins. However, for
other classes of proteins several vectors should be tested by an expert
on the given protein family as long as no automatic algorithms are avail-
able. To overcome the difficulties of manual definitions of conftors, we
are developing a web application and algorithms for generalized appli-
cation of conftors (http://conftors.hegelab.org).
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Abstract

Summary: The identification of transmembrane helices in transmembrane proteins is crucial, not
only to understand their mechanism of action but also to develop new therapies. While experimen-
tal data on the boundaries of membrane-embedded regions are sparse, this information is present
in cryo-electron microscopy (cryo-EM) density maps and it has not been utilized yet for determining
membrane regions. We developed a computational pipeline, where the inputs of a cryo-EM map,
the corresponding atomistic structure, and the potential bilayer orientation determined by TMDET
algorithm of a given protein result in an output defining the residues assigned to the bulk water
phase, lipid interface and the lipid hydrophobic core. Based on this method, we built a database
involving published cryo-EM protein structures and a server to be able to compute this data for

newly obtained structures.

Availability and implementation: http:/memblob.hegelab.org.

Contact: tamas.hegedus@hegelab.org

Supplementary information: Supplementary data are available at Bioinformatics online.

1 Introduction

Membrane proteins play an important role in many cellular processes
and are highly significant drug targets (Santos et al., 2017; Yin and
Flynn, 2016). To understand their folding, maturation and function,
and to develop new therapies targeting membrane proteins, determin-
ation of both high-resolution structures and their transmembrane
(TM) region is crucial. NMR has been applied mostly for small
regions of TM proteins, e.g. one TM helix with short flanking regions
either in the absence or presence of a membrane mimetics (Berman
et al., 2000). Nevertheless, membrane interaction sites were usually
not directly tested. In the case of crystallography, lipids in a crystal
can be identified infrequently, and in most cases may have attached to
non-physiological sites. Experiments, where tags were inserted at

©The Author(s) 2019. Published by Oxford University Press.

various positions around putative TM helices and their accessibility
was tested, usually have provided low resolution data (Chang et al.,
1994; Zagotta et al., 2016).

Due to the difficulties associated with experimental approaches,
various i silico methods have been developed to determine the TM
region. The most popular methods are the TMDET (Tusnady et al.,
2004) and the PPM (Lomize et al., 2011) algorithms that were uti-
lized to generate PDBTM (Kozma et al., 2012) and OPM (Lomize
et al., 2012) databases, respectively. These methods deliver the
membrane definition as a slab with two parallel planes. Another fre-
quently used database, MEMPROTMD (Stansfeld et al., 2015) pro-
vides predictions by building a membrane bilayer around the protein
using molecular dynamics simulations.
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The revolution in cryo-electron microscopy (cryo-EM) not only
led to an increasing number of solved TM protein structures but
also allowed the investigation of protein structures in the presence
of a lipid environment (e.g. micelle, bicelle and nanodisc).
Furthermore, the resulting electron microscopy density maps con-
tain information about the membrane embedment of the protein.
We developed a pipeline that extracts the edges of the blob that cor-
responds to the membrane boundary of the targeted TM protein.
We built a database for this hidden information of cryo-EM maps
with a resolution better than 4 A and also a web application to allow
the analysis of unpublished densities.

2 Materials and methods

Structures determined by cryo-EM at a resolution higher than 4 A
and their corresponding electron microscopy density maps were
downloaded from RCSB and EMDB, respectively (July, 2018).
TMDET translation matrices were collected either from PDBTM
(Kozma et al., 2012) or by submitting the PDB file to TMDET
(Tusnady et al., 2005). As it will be seen below, the center of the
TMDET predicted bilayer plays an important role in searching the
edge of the density corresponding to the lipid environment (mem-
brane blob).

The pipeline was built on and managed by Python scripts
(Fig. 1). In the first step, a non-protein density map was created by
subtracting the modeled protein density map of the all-atom struc-
ture from the EMD density. The theoretical density map was gener-
ated using the VMD MDFF package (Trabuco ef al., 2009) at a
resolution of 6 A. We have simulated protein density at resolutions
4,5, 6, and 8 A with the 6 A value providing a slightly cleaner mem-
brane blob compared to the 4 and § A values. This was most likely
because the density maps contained regions with lower and higher
resolution than 4 A. Before subtraction, the theoretical map was
scaled to the EMD map using the ratio of the largest density values
in the two maps. After subtraction, the values below the 10% of the
maximal density value were set to zero and the resulted MRC map
was converted to 3 D points and corresponding density values.

We found that the start of the search for the blob boundaries
was simpler from the inside of the membrane than from the opposite
direction. To set the origin in the membrane region, we translated
the coordinates by the TMDET matrix, which set the (0, 0, 0) into
the middle of a predicted bilayer. Then x-y sections of this trans-
lated, experimental, non-protein density map were generated at a
frequency of Az=2A and these sections were slivered from 0 to
350° in angle slices of 10°. The density values in each slice were
summed resulting in an array of density values for every z/angle
pairs. This array was smoothed by a Savitzky—Golay filter in both
dimensions with a window size of five and a polynomial order of
three. The first minimum values were identified in both positive and
negative z directions from z=0 (set by TMDET) and proposed as
the boundaries of the membrane blob. The established boundaries in
each slice were projected to the all-atom structure to pair atoms
with their localization. Surface atoms that were more distant from
the bilayer center than the z-coordinate of the boundary of a given
slice were considered as water accessible. By defaults, atoms in an
interval of 8 A from the boundaries toward z =0 were defined to be
located within the interface region. 8 A was used at is it widely
applied (Callenberg et al., 2012; Marcoline et al., 2015; Pabst et al.,
2000), but this value can be set by the user. Atoms closer to the cen-
ter were considered to belong to the hydrophobic core. To classify
atoms as buried or surface-exposed, DSSP (Kabsch and Sander,
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Fig. 1. Main steps of membrane region determination. The density of the pro-
tein calculated from the atomistic structure is subtracted from the whole
density [CFTR, PDBID: 5UAK (Liu et al, 2017)]. The remaining density is
smoothed and projected to 2D. The boundaries of slices are determined from
this matrix and mapped back to the all-atom structure

1983) was run using the all-atom structure as an input. The output
of DSSP, the boundaries in each slice and the atomic coordinates
were combined to set the localization of a residue in the B-factor
field of the corresponding PDB file. The values of -10, 0, 5, 10 and
15 sign any undefined localization (unknown residues or non-
protein molecules), buried residues, surface residues in the hydro-
phobic core region, surface residues in the water phase and surface
residues in the lipid interface, respectively. We also provided a text
file for the easy assessment of the TM regions. PDB files were
manipulated using the MDAnalysis Python package (Michaud-
Agrawal et al., 2011), while structural images were created using
PyMol (The PyMOL Molecular Graphics System, Version 1.8.4
Schrédinger, LLC) and Chimera (Pettersen et al., 2004). The plots
with cross-sections and summed densities were generated by Python
Matplotlib (Hunter, 2007).

A database and a web application were created to make the pipe-
line and the results of our runs available. MariaDB (http://mariadb.
org) is used as a database backend to store the parameters of submit-
ted jobs and the calculated data of proteins with a resolution better
than 4A. SQLAlchemy (http:/www.sglalchemy.org) is employed
for the object/relational mapping and TurboGears web framework
(http://www.turbogears.org) to tie the data, logic and presentation
layers into a web application. The main calculation runs independ-
ently from the web application in a linear queue system and com-
pleted in 1-2 min, which is reasonable, considering the publication
frequency of new experimental membrane protein structures.
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3Dmol.js is used to visualize the 3D structure in the web page (Rego
and Koes, 2015).

3 Results

The web application provides a graphical interface for submitting
files and browsing the results, requiring the electron density file in
MRC formant and the corresponding all-atom structure in PDB for-
mat as inputs. To translate the system and set the (0, 0, 0) coordin-
ate inside the hydrophobic membrane region, the TMDET XML file
generated based on the all-atom PDB file is also required. However,
if this XML file is not provided by the user, the first four characters
of the PDB file name will be treated as a PDBID and used to retrieve
the XML file from PDBTM (Kozma et al., 2012). If this process is
unsuccessful, the PDB file is submitted to TMDET to obtain the
required XML file (Tusnady et al., 2005). On the submit page, the
recalculation of the results from our dataset can be initiated by typ-
ing a PDB or EMD ID in the appropriate box.

The result page can be accessed upon submitting a new calcula-
tion, initiating the recalculation of existing results, and from the
browse page of our web application. The result page includes images
of y-z cross-sections at 0, 90, 180 and 270°, while the images of
cross-sections at every 10° are packed for download. The plot of the
summed and smoothed densities (Fig. 1) is placed into this page as
well. The determined boundaries are indicated by blue and black
circles. Boundary values outside of the *+1.5 interquartile distance
calculated from all end0 or end1 boundary values are labeled by tri-
angles. We also put an interactive structural model for visualization
on this page to help to decide whether the automatically determined
boundaries need manual adjustment. To aid the manual correction
of edge detection, we implemented a set of simple commands com-
bined with selection expressions. The three main commands are: (i)
slice_def end; around z dz, where slice_def is an integer correspond-
ing to a given slice from 0 to 350°, end; is end0 or end1, z is the z-co-
ordinate to search around in the range of (z-dz, z+dz). Slice
definition can include comma separated and hyphen separated list of
slices (e.g. 10, 40, 100-160) and also an asterisk for all slices. (ii) s/i-
ce_def end; average slice_A slice_B, which sets the edge of selected
slices to the average value of slice A and slice B. (iii) slice_def end;
equal slice_A, which set the boundary of the selected slices to the
value of slice A’s boundary. All the commands are listed in
Supplementary Table S1.

We ran the MemBlob pipeline on 92 TM protein structures
determined by cryo-EM with a resolution of 4 A or better. The cal-
culations revealed that approximately 30% of the maps did not ex-
hibit well-defined densities corresponding to the membrane
environment (Supplementary Fig. S1). These structures have either
been solved in the absence of a well-formed lipid environment or
their electron microscopy density maps exhibited a very low signal
to noise ratio preventing the detection of the membrane blob boun-
daries. A good signal to noise ratio of an experimental map is crucial
to detect the membrane environment, since densities arising from
lipids are significantly lower than those from proteins. In the case of
a cation channel [PDBID: SH3O, (Li et al., 2017)] our pipeline
detected rational TM regions in spite of the lack of a membrane
blob. A closer look at the density map suggests that the amphipol
environment in this case does not contribute to the cryo-EM density,
but densities can be observed between the TM helices of the protein.
These inter-helical densities indicate the presence of intercalated
lipid molecules. We did not find any correlation between the visibil-
ity or other properties of the lipid environment and the type of the
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membrane mimetics (e.g. micelle, nanodisc and amphipol). For ex-
ample, while the amphipol blob did not contribute to the cryo-EM
density in the case of PDBID: SH3O (Li et al., 2017), it was visible
in other instances, such as PDBID: 3]5P (Liao et al., 2013). A sum-
mary of the runs is collected in Supplementary Table S2.

We compared the TM region definitions of our pipeline to
TMDET predictions, since this in silico method has been indicated
to provide more feasible boundaries compared to OPM (Koehler
Leman et al., 2017). We used it to guide the boundary search in our
pipeline. In addition, we have not detected large differences in pre-
dictors when previously used for ABC proteins (Csizmadia et al.,
2018). For the comparison, first, to get the thickness of the hydro-
phobic core, we calculated the distance between the boundaries
decreased by the thickness of the two interface regions (2 x 8 A).
Then, we averaged the z-coordinates of the boundaries for each of
the sides resulting in a slab, similar to the output of i silico predic-
tors (Supplementary Fig. S2). The membrane center of the MemBlob
slab differs from the TMDET center by more than 5 A only in four
cases. In contrast, the MemBlob pipeline determines a thicker mem-
brane environment compared to TMDET. This is often caused by
the deep embedment of the protein into the lipids. As a consequence,
the location of short regions, which have been considered extra- or
intracellular by in silico predictors, is indicated intramembranous by
our pipeline (Supplementary Fig. S3). This type of membrane-
embedment, when the extracellular parts are located in a pit of the
membrane, cannot be predicted by iz silico methods. The physio-
logical role of this embedment may be to provide better protection
of the protein from extracellular effects, such as proteases.

4 Conclusions

Most of the cryo-EM studies focus on the determination and charac-
terization of protein structures. However, density maps may contain
valuable information other than the well-defined protein density,
which has not been fully utilized yet. For example, electron densities
derived from disordered protein segments are difficult to extract and
interpret. Recently, a machine learning algorithm has been devel-
oped for automatic identification of density blobs of ligands from
experimental electron microscopy density maps (Kowiel et al.,
2019). However, our pipeline is the first that allows the assessment
of membrane localization of TM proteins from experimental data at
a large scale, using cryo-EM densities. While learning algorithms
may supersede the semi-automatic refinement of the boundaries in
our pipeline, as of now, we cannot exploit an automatic detection
method at this moment due to the low number of cryo-EM maps
with sufficient membrane environment densities. Our pipeline pos-
sesses two major differences when compared to other existing meth-
ods providing TM region prediction. First, MemBlob is fully based
on experimental data. While CCTOP supplements its prediction
with a large amount of information from experiments (Dobson
et al., 2015), this data is coarse-grained (e.g. accessibility experi-
ments), which helps the identification of extramembranous regions
rather than the exact location of the bilayer boundaries. Second,
MemBlob presents the membrane region as a volume with bounda-
ries that follows the shape of the lipid environment, and not as a
slab with parallel edges. MEMPROTMD provides a more realistic
configuration of the membrane around the protein using molecular
dynamics simulations compared to slab models, but it does not in-
corporate experimental data other than protein structures (Stansfeld
et al., 2015). Therefore, the MemBlob pipeline will be useful for
researchers working on structure determination of membrane
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proteins using cryo-EM and also for developers of membrane region
predictors, who can apply MemBlob results as a true positive experi-
mental set. Since the number of membrane protein structures are
expected to rise, the output of our methods will most likely be the
starting point to develop automatic methods for the identification of
the membrane environment in density maps.

Acknowledgements

Thanks for the suggestions and critical notes to H. Tordai (Department of
Biophysics and Radiation Biology, Semmelweis University). We acknowledge
NIIF National Information Infrastructure Development Institute (http:/
www.niif.hu/en) and MTA Wigner GPU Laboratory (http://gpu.wigner.mta.
hu) for awarding us access to resources based in Hungary, and the support of
their staff is gratefully acknowledged.

Funding

This work was supported by the National Research, Development and
Innovation Office [K111678, K119287, K125607, K127961], the Cystic
Fibrosis Foundation [CFF HEGEDU18I0] and the Semmelweis Science and
Innovation Fund.

Conflict of Interest: none declared.

References

Berman,H.M. et al. (2000) The protein data bank. Nucleic Acids Res., 28,
235-242.

Callenberg,K.M. et al. (2012) Membrane bending is critical for the stability of
voltage sensor segments in the membrane. J. Gen. Physiol., 140, 55-68.

Chang,X.B. et al. (1994) Mapping of cystic fibrosis transmembrane conduct-
ance regulator membrane topology by glycosylation site insertion. J. Biol.
Chem., 269, 18572-18575.

Csizmadia,G. et al. (2018) Quantitative comparison of ABC membrane pro-
tein type I exporter structures in a standardized way. Comput. Struct.
Biotechnol. ]., 16, 396-403.

Dobson,L. et al. (2015) CCTOP: a consensus constrained TOPology predic-
tion web server. Nucleic Acids Res., 43, W408-W412.

Hunter,].D. (2007) Matplotlib: a 2D graphics environment. Comput. Sci.
Eng.,9,90-95.

Kabsch,W. and Sander,C. (1983) Dictionary of protein secondary structure:
Pattern recognition of hydrogen-bonded and geometrical features. Biopolymers,
22,2577-637.

dc 2020 22

Koehler Leman,]. et al. (2017) Computing structure-based lipid accessibility
of membrane proteins with mp_lipid_acc in RosettaMP. BMC Bioinformatics,
18, 115.

KowielLM. et al. (2019) Automatic recognition of ligands in electron density
by machine learning. Bioinformatics, 35,452-461.

Kozma,D. et al. (2012) PDBTM: protein data bank of transmembrane proteins
after 8 years. Nucleic Acids Res., 41,D524-D529.

Li,M. et al. (2017) Structure of a eukaryotic cyclic-nucleotide-gated channel.
Nature, 542, 60-65.

Liao,M. et al. (2013) Structure of the TRPV1 ion channel determined by elec-
tron cryo-microscopy. Nature, 504, 107-112.

Liu,F. et al. (2017) Molecular structure of the human CFTR ion channel. Cell,
169, 85-95.

Lomize,A.L. et al. (2011) Anisotropic solvent model of the lipid bilayer. 2.
Energetics of insertion of small molecules, peptides, and proteins in mem-
branes. J. Chem. Inf. Model., 51, 930-946.

Lomize,M.A. et al. (2012) OPM database and PPM web server: resources
for positioning of proteins in membranes. Nucleic Acids Res., 40,
D370-D376.

Marcoline,F.V. et al. (2015) Membrane protein properties revealed through
data-rich electrostatics calculations. Structure, 23, 1526-1537.

Michaud-Agrawal,N. et al. (2011) MDAnalysis: a toolkit for the analysis of
molecular dynamics simulations. J. Comput. Chem., 32,2319-2327.

Pabst,G. et al. (2000) Structural information from multilamellar liposomes at
full hydration: full g-range fitting with high quality x-ray data. Phys. Rev. E,
62,4000-4009.

Pettersen,E.F. et al. (2004) UCSF chimera? A visualization system for explora-
tory research and analysis. J. Comput. Chem., 25,1605-1612.

Rego,N. and Koes,D. (2015) 3Dmol.js: molecular visualization with WebGL.
Bioinformatics, 31, 1322-1324.

Santos,R. et al. (2017) A comprehensive map of molecular drug targets. Nat.
Rev. Drug Discov., 16, 19-34.

Stansfeld,P.]. et al. (2015) MemProtMD: automated insertion of membrane pro-
tein structures into explicit lipid membranes. Structure, 23, 1350-1361.

Trabuco,L.G. et al. (2009) Molecular dynamics flexible fitting: a practical
guide to combine cryo-electron microscopy and X-ray crystallography.
Methods, 49, 174-180.

Tusnady,G.E. et al. (2005) TMDET: web server for detecting transmembrane
regions of proteins by using their 3D coordinates. Bioinformatics, 21,
1276-1277.

Tusnady,G.E. et al. (2004) Transmembrane proteins in the protein data bank:
identification and classification. Bioinformatics, 20,2964-2972.

Yin,H. and Flynn,A.D. (2016) Drugging membrane protein interactions.
Annu. Rev. Biomed. Eng., 18, 51-76.

Zagotta,W.N. et al. (2016) Measuring distances between TRPV1 and the
plasma membrane using a noncanonical amino acid and transition metal
ion FRET. J. Gen. Physiol., 147,201-216.

020z AelNl 80 UO 1senb Aq 96G0£5SG/S652/8/9E/A0BNSAB-0[OIE/SOIRULIONIOIG/WOo"dNo-oIWSpED./:Sd)y WOl pepeojumoq


http://www.niif.hu/en
http://www.niif.hu/en
http://gpu.wigner.mta.hu
http://gpu.wigner.mta.hu

Cellular and Molecular Life Sciences

(2022) 797
https://doi.org/10.1007/s00018-021-04112-1 d C _2 O 2 0_2 2

ORIGINAL ARTICLE q

Check for
updates

Cellular and Molecular Life Sciences

Ins and outs of AlphaFold2 transmembrane protein structure
predictions

Tamas Heged(is'2® - Markus Geisler*© . Gergely Laszl6 Lukacs*® - Bianka Farkas'®

Received: 13 September 2021 / Revised: 25 November 2021/ Accepted: 20 December 2021
© The Author(s) 2022

Abstract

Transmembrane (TM) proteins are major drug targets, but their structure determination, a prerequisite for rational drug
design, remains challenging. Recently, the DeepMind’s AlphaFold2 machine learning method greatly expanded the structural
coverage of sequences with high accuracy. Since the employed algorithm did not take specific properties of TM proteins
into account, the reliability of the generated TM structures should be assessed. Therefore, we quantitatively investigated
the quality of structures at genome scales, at the level of ABC protein superfamily folds and for specific membrane proteins
(e.g. dimer modeling and stability in molecular dynamics simulations). We tested template-free structure prediction with a
challenging TM CASP14 target and several TM protein structures published after AlphaFold2 training. Our results suggest
that AlphaFold2 performs well in the case of TM proteins and its neural network is not overfitted. We conclude that cautious

applications of AlphaFold2 structural models will advance TM protein-associated studies at an unexpected level.

Keywords Structure prediction - Transmembrane proteins - AlphaFold2 - Bioinformatics

Introduction

Although enormous resources were devoted to predict pro-
tein structures for many decades, building a protein structure
from its sequence remained a challenging task [1]. There
was a change at the 13th Critical Assessment of Protein
Structure Prediction (CASP13) competition [2] when the
neural network-based approach, AlphaFold excelled. The
improved version, AlphaFold2 (AF2) achieved an accuracy
level much higher than other predictors at CASP14 [3, 4].
Importantly, DeepMind released their code with deep learn-
ing models and deposited AF2-predicted structures for the
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human [5] and 20 other proteomes in collaboration with EBI
(https://alphafold.ebi.ac.uk). Moreover, to ease the running
of predictions for researchers, DeepMind [6] and community
Google Collaboration notebooks [7] have been generated,
albeit applying some simplifications.

AlphaFold2 was trained using multiple sequence align-
ments (MSA) and experimental protein structures deposited
before 2018-04-30. Five different models were trained (e.g.
with different random seeds, with or without structural tem-
plates) to promote an increased diversity in structure predic-
tions [6]. The input for prediction is the sequence of a single
protein chain, used for MSA generation and structural tem-
plate search. The quality of the resulted structural models is
characterized by the mean of per residue pLDDT (predicted
Local Distance Difference Test) score (which takes values
between 0 and 100, the higher value is better) and the struc-
tures are ranked accordingly [3]. The pLDDT confidence
measure predicts the accuracy of the Ca Local Distance Dif-
ference Test (IDDT-Ca) for the corresponding prediction.
Although this means that the high accuracy and reliability
of AF2 observed in CASP14 can be transferred to predicting
the structure of any protein sequences (or whole proteomes)
[3, 5], this has not been validated yet and scientists do not
have a clear indication how well AF2-predicted structures
can be trusted. Moreover, AlphaFold2 structural prediction
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of transmembrane proteins is treated with skepticism, as it
remain challenging by both experimental and computational
methods, especially because AlphaFold2 was not tuned for
TM proteins. It is also not known, whether the structural
model with the highest pLDDT score always corresponds to
the native structure. To tackle these issues, we investigated
if AF2-predicted human a-helical TM protein structures
exhibit correctly located TM regions. To demonstrate at a
higher resolution that the predicted TM folds are native, we
compared predicted structures of the ATP Binding Cassette
(ABC) superfamily from the AF2-predicted 21 proteomes
to existing experimental ABC folds.

ABC proteins play a role in important cellular processes
in all types of organisms and most of them transport sub-
strates through the cell membrane in an ATP-dependent
manner [8—10]. ABCC7/CFTR is a special member, which
is an ATP-gated chloride channel and includes a long
intrinsically disordered regulatory R domain [11, 12]. The
functional form of ABC proteins is built from two highly
conservative nucleotide-binding domains (NBDs) and two
transmembrane domains (TMDs) which can be encoded in
one or separate peptide chains. The low conservation of their
TMDs are related to diverse functions and their currently
known TM folds are also structurally divergent and can be
classified into eight groups (Pgp-, ABCG2-, MalFG-, BtuC-,
EcfT-, LptFG-, MacB-, and MlaE-like folds) [13, 14]. Our
results suggest that AlphaFold2 provides protein structures
for transmembrane proteins as reliable as for soluble proteins
and can help to solve many issues associated with transmem-
brane protein structures.

Results

Transmembrane topology assignments
in AlphaFold2 structures

First, pLDDT score distribution for soluble and transmem-
brane proteins were compared. We split the human AF2
structures to these two groups using the HTP (Human
Transmembrane Proteome) database [15], calculated the
mean pLDDT score for each protein, and plotted their dis-
tribution (Fig. 1a and Fig. S1). Mean pLDDT values were
also calculated separately for the TM and non-TM regions
of transmembrane proteins. Intriguingly, soluble proteins
exhibited a broader distribution and a significant area at
lower pLDDT values compared to TM proteins. This was
unexpected, since the majority of the AlphaFold2 learning
set inherently included more soluble protein templates and
the algorithm was not tuned for transmembrane proteins.
However, correlation between low pLDDT values and dis-
ordered segments was observed [5], thus our observation
suggested that more soluble proteins possess disordered
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regions than TM proteins. Interestingly, a very large por-
tion of TM regions (53%) were predicted with high pLDDT
scores (>90) (Fig. 1a) indicating that AF2 captured the rules
governing protein structures within the hydrophobic region.

Next, we compared the spatial localization of TM heli-
ces in AF2 structures if helix orientation corresponds with
rational and physiological orientation in a lipid bilayer
slab using the Constrained Consensus Topology prediction
(CCTOP) software [16], which includes information from
both experimental and computational sources. We separated
the start and end positions of predicted TM helices to two
residue sets according to their localization relative to the
opposite sides of the bilayer. The distance between the center
of geometry of the two sets were calculated and its distribu-
tion is plotted (Fig. 1b). The majority of the membrane thick-
ness values were in the range between 20 and 35 A, which is
in the range of the hydrophobic region thickness. To support
this finding with experimental data, the hydrophobic thick-
ness of experimentally determined human transmembrane
protein structures was retrieved from the PDBTM database
[17]. The AF2 and experimental distribution largely over-
lapped (Fig. 1b). These observations suggested that hydro-
phobic thickness values below 15 A or above 35 A may
indicate an erroneous AF2 structure (725 out of 5,952, 12%,
Table S1). An inaccurate TM topology prediction of CCTOP
may provide an outlier hydrophobic thickness in the case of
a correct AF2-predicted structure. The CCTOP reliability
versus thickness plot (Fig. 1¢) indicated that the topology
of most proteins, whose AF2-predicted structure exhibited
hydrophobic thickness within the 15-35 A regime, was pre-
dicted with high reliability. Structures with lower hydro-
phobic thickness values and high CCTOP reliability were
likely inaccurately predicted by AlphaFold2, while structure
predictions with lower thickness and lower CCTOP scores
were located in the twilight zone. Intriguingly, we observed
that some of these entries may have low topology reliability
because of their existence in protein—protein complexes, but
AF2 predicted the monomeric form correctly (Fig. S2). This
suggests that AF2 may also be used to identify and aid the
correction of improper membrane topology predictions.

We also investigated the distribution of pLDDT scores
versus hydrophobic thickness (Fig. 1d). This plot indicated
that AF2 structures with non-physiological thickness values
can process very high pLDDT scores, consequently, these
scores alone may be insufficient to select correct TM struc-
tures in blind predictions.

Helix packing in AF2-predicted ABC models overlaps
with experimental folds

To assess AF2 TM protein predictions at a higher reso-
lution, we aimed to compare AF2-built ABC TM folds
with experimentally determined folds. Structures of ABC
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Fig. 1 Quantitative analysis of human AF TM structures. (a) Mean
pLDDT scores were calculated for human transmembrane (TMEM),
soluble (SOLU), TM regions of TM proteins, and non-TM regions
of the same proteins. The fraction of structures in reliability ranges,
used in the human proteome AlphaFold2 paper [5], are shown. (b)
The hydrophobic thickness was calculated for human TM proteins as
the distance between the center of geometry of Ca atoms of sidel and
side2 of transmembrane helices. TM helices of AF2-structures were

superfamily members are a reasonable choice to investi-
gate AlphaFold2 performance on TM proteins, since the
currently available PDB entries, which include 675 chains
with ABC transmembrane domains, are diverse and can
be classified into 8 different structural folds (Fig. S3) [13,
14]. We characterized the similarity of each ABC trans-
membrane domain to every ABC reference fold using the
Template Modeling score (TM-score) [18, 19] (Fig. 2a). If
comparison of two structures results in a TM-score below
0.3 then they are structurally unrelated, while a TM-score
above 0.5 indicates identical folds [19]. The range between
0.3 and 0.5 is the twilight zone. Each target transmem-
brane domain was classified according to the best match to
an ABC reference fold and the TM-scores were above 0.5
in all cases. The observed variation of scores among these

0 10 20 30 40 50 60 70
hydrophobic thickness, A

selected based on CCTOP predictions. The hydrophobic thickness of
experimental structures was collected from PDBTM. The inset dem-
onstrates how the distance calculation can be effected by a topology
in the case of incorrectly built AF2 structures (purple; correct struc-
ture: green; sl and s2: sidel and side2). (¢) The hydrophobic thick-
ness of each protein and the corresponding CCTOP reliability scores
are shown. (d) The hydrophobic thickness of each protein and the
corresponding pLDDT scores were plotted

experimental ABC structures originated from differences
in conformations (e.g. apo and ATP-bound structures).
In the next step, we selected ABC structures from the
21 proteomes with AF2 predictions by a stringent PFAM
search, which was performed with 28 PFAM Hidden Markov
Models (Table S2) that resulted in 1137 hits. For assessing
the similarity of structures to the eight selected reference
folds, we calculated TM-scores between the AF2-predicted
transmembrane ABC structures and the reference structures.
The best out of eight scores were saved for each structure.
We found that all TM-score values were above 0.5 (Fig. 2b).
One outlier protein (Q2G2E2), which matched the YitT_
transmembrane PFAM entry, was somewhat similar to the
aquaporin/GlpF fold (e.g. PDBID: 1fx8) suggesting that the
YitT_transporter PFAM entry is wrongly classified. Indeed,
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Fig.2 All AF2-predicted ABC structures exhibit valid ABC TM
folds. (a) The best TM-score for every experimental ABC TM struc-
ture and ABC reference fold comparisons are shown in the box-
plot, grouped into ABC fold families, sorted by the total number of
included transmembrane chains. Numbers indicate the sum of chains
in experimental structures matching an ABC reference fold. Only
MlaE fold family does not contain experimental structures released
before 2018-04-30. (b) The same plot was generated for ABC protein
structures from the 21 proteomes predicted by AF2. The number of
matched structures within a fold family is indicated in parenthesis. A
TM-score above 0.5 indicates that the compared structure and the ref-
erence fold exhibits the same architecture

@ Springer

this protein belongs to the non-ABC, Novobiocin Exporter
(NbcE) Family based on the Transport Classification Data-
base [20].

Some of the predicted ABC structures included additional
N-terminal TM-like helices, which were somewhat distant
from the core TM domain and likely are membrane-asso-
ciated regions, such as the L0/Lasso motif of ABCC pro-
teins [21-23]. In many cases, membrane-associated regions,
loops, and mobile segments not resolved in experimental
structures have been rationally modeled by AF2, based on
visual inspection (see below and Fig. S2), thus the AF2
machine learning method may have grasped some knowl-
edge on a lipid bilayer around TM proteins. However, in
other cases, long loops with low pLDDT scores, which are
likely disordered regions, were unrealistically crossing the
bilayer region. Those in our eyes are not negatively affect-
ing AF2 predictions and were thus not considered as an
issue, since the localization of disordered regions also can-
not be trusted in the case of AF2-predicted soluble protein
structures.

Prediction of challenging and novel transmembrane
folds

Importantly, the above and any retrospective analysis of AF2
predictions are limited by the fact that a significant portion
of the AF2-predicted (transmembrane) protein structures
deposited at EBI have corresponding experimental structures
with either the same sequence or a homologous sequence,
either included in the AF2 training set (up to 2018-04-30)
or used as templates during prediction runs (up to mid of
2020). Therefore, we selected the challenging TM target of
CASP14 (T1024, LmrP, PDBID: 6t1z released on 2019-10-
07), which possessed homologous structures, and novel TM
folds that were also released after 2018-04-30 for character-
izing AF2 performance.

The prediction of the T1024 target, ranked #43 with
GDT_TS score and RMSD of 60.29 and 5.61 A, respec-
tively (#1 by Arne Elofsson: 63.3 and 3.74 A). However,
LmrP has a hinge region that effects predictions and AF2
likely produced a functional conformation different from
that observed in the 6tlz structure, supported by distance
restraints from double electron—electron resonance spectros-
copy [24]. Since the AF2 LmrP model submitted to CASP14
was created with an earlier version of AlphaFold [25], we
rerun the LmrP prediction with disabled template usage.
The top model exhibited 82.82, 1.74 A, and 0.92 GDT_TS,
RMSD and TM-score, respectively, when compared to 6t1z
(Fig. 3a). These observations suggest that AF2 prediction
of flexible targets should be interpreted carefully and AF2
may be utilized to discover novel conformations related to
different functional states.



Page50f12 73

e \J . J

Ins and outs of AlphaFold2 transmembrane protein styucture (o™
g 6‘?‘““5’?&_2 2

Fig.3 Blind transmembrane fold predictions. The AF2-predicted
structures (blue to red: N- to C-termini) of the challenging CASP14
TM target, LmrP (a), the MlaE (b), and the EMC6 (c) exhibit perfect
alignments with their experimental structures (gray) 6tlz, 7ch0, and

In the next step, we performed extensive literature,
SCOP, and PFAM searches to identify transmembrane
protein structures or their homologous structures, which
were not inserted into the AF2 training set. We found the
ABC transmembrane MlaE-like fold (7cge, 7ch0O, and
7cgn were released on 2020-09-09; 7ch7 was released
on 2021-05-19) [26], the ER membrane protein complex
subunit sixfold (EMC6, PDBIDs: 6wb9, 6ww7, 6z3w,
7ado, 7adp, 7kra, and 7ktx, with the earliest release date
of 2020-05-27) [27], and the MprF structure (PDBIDs:
6lvf and 7duw, released on 2021-02-03 and 2021-04-21,
respectively) [28] as valid targets for blind AF2 TM pro-
tein predictions. AF2 runs without templates resulted in
top models highly similar to the experimental structures
of MlaE (PDBID: 7chO, RMSD: 1.28 A, TM-score: 0.95,
Fig. 3b) or EMC6 (PDBID: 6ww7, RMSD: 0.96 A, TM-
score: 0.93, Fig. 3¢). In contrast, the top prediction of the
multiple peptide resistance factor (MprF) transmembrane
domain sequence did not match the experimental structure
(Fig. 4a). Therefore, we performed this prediction several
times (n=6) with different random seeds and compared
the output to the transmembrane domain of 7duw using
TM-score. Plotting the pLDDT scores versus TM-scores
(Fig. 4b) indicated that among the 30 predicted structures
the one with the best pLDDT score exhibited the highest
TM-score, thus was the most similar to the target structure
(Fig. 4c). Importantly, the difference in MprF conforma-
tions involves the separation of two subdomains (flippase
and synthase) [29] and AF2 may have captured a function-
ally relevant state as in the case of LmrP.

6ww7, respectively. None of these experimental structures were pub-
lished before 2018-04-30. Only structures with a sequence homolo-
gous to LmrP were in the AF2 training set

AF2 can provide hints for investigating ABC
structure-associated questions

To demonstrate possible contributions of AF2-predicted
structural models to studies targeting membrane proteins,
we assessed AF2 ABC models in various test cases. At first
place, we tested half transporter ABCG proteins, which
consist of an NBD and a TMD in a polypeptide chain and
function in homodimeric or heterodimeric complexes [14].
The first experimentally determined ABCG2-like fold was
the X-ray structure of the ABCG5/ABCG8 heterodimer
(PDBID: 5do7) published in 2016 [30]. Our first observation
with the AF2-generated ABCGS8 structure was regarding
its soluble NBD. After the publication of the first ABCG2
structure [31], structural alignment and sequence analysis
indicated a registry shift in the first p-strand of ABCG8
NBD (Fig. 5a) that happened because of the low resolution
of this region. Although the 5do7 structure was in the AF2
training set and was present in the pdb70 template database,
the AF2-predicted ABCGS structure deposited at EBI did
not have this error (Fig. 5a). An ABCG5/ABCGS structure
with a correct registry was also released on 2021-04-07
(PDBID: 7jr7 [32]), but AF2 template search for building
models deposited at EBI used pdb70 downloaded on 2021-
02-10 [5].

To assess ABCG5/ABCGS8 transmembrane domain
(TMD) predictions, we ran AF2 without application of
templates. First, the ABCGS5 TMD predictions were of
exceptionally good quality regarding the RMSD (root mean
square deviation) and TM-score values of 0.61 A and 0.94,
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Fig.4 AF2 predicts two conformations of a new transmembrane
fold. (a) The top AF2-prediction of the novel MprF TM fold (blue
to red: N- to C-termini) aligned to the experimental structure 7duw
(gray). (b) pLDDT and TM-score values, calculated for every struc-
tural model from six runs, were plotted. Numbers (1-5) indicate the

respectively, when compared to the ABCGS chain in the 7jr7
structure. Second, we investigated ABCG5/ABCGS heter-
odimer predictions. Since only single chains can be submit-
ted to AlphaFold2, we concatenated the two sequences with
a part of the CFTR R domain sequence (a.a. 675-800). This
disordered sequence was sufficiently long not to constrain
the conformational space of the dimer and did not exhibit
strong intramolecular interactions even in its native, AF2-
predicted structural environment (Fig. S4). The predicted
TMD dimer exhibited 2.18 A RMSD and its individual
chains showed 0.98 and 0.96 TM-score values when com-
pared with the 7jr7 structure (Fig. 5b).

To investigate if AlphaFold2 can distinguish between
intra- and intermolecular interactions in the case of homo-
meric complexes, we performed a prediction with ABCG2,
which forms homodimers [33]. The complex of the two iden-
tical TMDs was also predicted exceptionally well (2.42 A
RMSD and 0.9 TM-score when compared to PDBID: 6vxf).
Interestingly, cysteine residues forming intra- and intermo-
lecular disulfide bonds were close to each other (Fig. S5).

We also examined how AF2 structural models can sup-
plement or replace homology models in molecular dynamics
(MD) simulations. The TM regions of distant ABC proteins
exhibit low sequence conservation with good accordance
of their dissimilar functions and substrates. However, their
folds in a family are highly conserved, thus homology mod-
eling can provide high-quality models [34-37]. We chose
AtABCG36/PEN3/PDR8 [38] from the model plant Arabi-
dopsis thaliana, which is a well-investigated full transporter

@ Springer

corresponding AF2 models. Red points were the top ranked hits from
a given run. (c¢) Structural alignment of the prediction with the best
pLDDT score (blue to red) and experimental structure (gray). 7duw
and any other structure homologous to MprF were not included in the
AF2 training set

of the ABCG subclass for that no structures yet exist. When
the homology model exhibiting two ABCG2-like TMDs
(Fig. 5c) was inserted into a membrane bilayer and sub-
jected to a 50 ns long MD simulation, one portion of an
a-helix, which is part of the central drug binding pocket,
exhibited fast unfolding (~ 10 ns) in an equilibrium MD
simulation. Then, the AF2-predicted AtABCG36 structure
under the same conditions remained stable in a 500 ns long
MD simulation (Fig. S6). However, one should be careful
with simulations using Al-based structural models, since
their conformation may be kinetically trapped into a specific
state, inhibiting the study of conformational changes [39].
The CFTR/ABCCT7 chloride channel is also a member of
the ABC superfamily with a Pgp-like fold. The functional
mechanism of this protein is of interest, since some muta-
tions effect channel gating and cause cystic fibrosis [40].
One of its structures was determined using cryo-EM under
activating condition, in the presence of ATP and phospho-
rylation, but the extracellular pore of the channel remained
in a closed state, most likely due to a kink in TMS, cor-
responding to an unwound segment in the transmembrane
region [41] (Fig. 5f). This kink is present in most CFTR
structures (PDBIDs: Suak, Suar, 502p, Sw81, 6msm, and
601v) [41-44]. However, the kink is absent from the chicken
CFTR structure (PDBIDs: 6d3s and 6d3r) [45] and such
a conformation has not been detected in other ABC struc-
tures. We performed equilibrium simulations with the Sw81
structure [12] to detect channel opening, but appearance of
tunnels with sufficient diameter to pass chloride ions were
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rare events and was observed only once out of 22 simula-
tions (6 x 100 ns+ 16 X35 ns, 427/116,000 frames, 0.36%).
Intriguingly, many of the conformations provided a tunnel
opened towards lipid molecules of the extracellular mem-
brane leaflet (Fig. 5g). After correcting the kink by homol-
ogy modelling based on the MRP1 structure (PDBID:
5uj9) (Fig. 5f), opening of the extracellular pore could be
observed in five out of six simulations at a higher probabil-
ity (6 X 100 ns, 2245/60,000 frames, 3.74%). Remarkably,
modeling CFTR TMDs using AlphaFold2 without CFTR
or any templates resulted in a conformation similar to that
of MRP1 with a straight TM8 helix (Fig. 5f, h). Since TM8
has been suggested to be flexible regarding to its membrane
embedment [46], it is likely sensitive to its environment and
based on the functional assays and the structure determina-
tion protocol [42], the detergent added in the last step (3 mM
fluorinated Fos-Choline-8) likely biased the experimental
structure.

Discussion and conclusions

We demonstrated that at least ~90% of the AF2-predicted
TM structures of the human proteome represented mem-
brane-protein like structures, using the most available and
reliable measure, the location of TM helices from consensus
predictions and experimental structures, for assessing TM
protein structure quality at a large scale. Since the pLDDT
score distribution did not shift much to lower values com-
pared to soluble proteins (Fig. S1), it is likely valid to state
that AF2 predicts TM proteins as well as soluble proteins.
However, predicted TM structures with low hydrophobic
thickness and high pLDDT score (Fig. 1d) suggest that
evaluation depending solely on pLDDT score may not be
sufficient to select the best AF2-predicted model, at least in
the case of TM proteins. A similar conclusion was drawn
comparing the AF2-predicted and cryo-EM structures of
the pump-like channelrhodopsin with structural features
never seen before [47]. In specific cases, resource intensive
molecular dynamics simulations may be used to asses AF2
models, since MD simulations were demonstrated to reveal
erroneous structural models built using either homology
modelling (Fig. S6) or experimental methods [48].

A very important issue is associated with retrospective
studies, including ours, which assess AlphaFold2 perfor-
mance based on AF2 structures deposited at EBI. Most likely
a significant portion of the predicted models can be related
to experimental structures with homologous sequences,
included in the AF2 training set or used as templates during
model building or both. In these cases, AF2 may be consid-
ered as a highly advanced homology modelling tool, which
performs an automatic but high-quality sequence alignment
and provides high-quality results even in the case of target

sequences with low sequence similarity to any known struc-
tures. This is a very important property of AF2 and will
advance structural biology studies of TM proteins, since the
hydrophobic regions are usually not highly conserved (e.g.
sequence identity between ABC transmembrane domains
is usually below 20-30%; ABCG?2 exhibits 27% and 26%
identities when compared to the closely related ABCGS and
ABCGS, respectively). For the correct interpretation of ret-
rospective studies and evaluation of AF2 performance, it is
important to implement a versioning system for AF2 models.
This objective seems to be more complicated than for experi-
mental structures, since the structure prediction depends on
the version of the deep learning models, various sequence
databases, and the pdb70 structure database.

Taken together, investigating AF2 performance in blind
predictions requires an experimental structure, which or
structures with homologous sequences were not included
in the training set. In addition, the AF2 prediction of such
targets should be performed without using templates. In
this way, predictions for a high number of homologous
sequences and their systematic comparison to correspond-
ing structures generated with templates could be informative
regarding to blind predictions and to the effect of template
usage. However, this type of large-scale studies using Alpha-
Fold2 requires high resources, likely unavailable for most
academic institutes. Here, we identified three transmem-
brane structures qualified for fully blind AF2 predictions
(Fig. 3 and Fig. 4). The outputs suggested that AlphaFold2
can be reliably used for building TM structures in a blind
setup. Intriguingly, both LmrP and MrpF predictions indi-
cated that running AF2 with different random seeds may
be a valid approach to predict structures corresponding to
different conformational states.

Furthermore, our results demonstrate that AlphaFold2 is
a highly valuable tool in many areas of TM protein research.
The correction of the register shift by AF2 in ABCG8 NBD
(Fig. 5a), supports the application of AlphaFold2 in molec-
ular replacement protocols aiding experimental structure
determination [49]. In addition, screening experimental
structures with their corresponding AF2 structures may
detect structural errors and contribute to improving PDB
database quality. Similarly, the absence of the kink in CFTR
TMS in an AF2 model predicted with disabled template
usage (Fig. 5f) raises novel questions that will lead us to
a deeper understanding of CFTR channel function. Impor-
tantly, our runs resulting in the corrected registry shift in
ABCGS are indications against an overfitting in the neural
network behind AlphaFold2 and for overcoming memory
footprints originating from training. We also demonstrated
that AF2 was capable of predicting transmembrane dimer
structures independently of their homo- or heteromeric
nature (Fig. 5b and Fig. S5), while AF2 was not trained for
multimer predictions. Though, this success may be at least
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«Fig.5 AF2 predictions and ABC structure-associated issues. (a)
ABCG2 and ABCG8 NBD p1 strand sequence alignments gener-
ated by structural alignment of 6hco (ABCG2) and 5do7 (ABCGS/
ABCGS), by ClustalW with manual adjustment of ABCG2 and
ABCGS sequences based on ABCG2 structures, and by structural
alignment of ABCG2 and AF2-predicted ABCG8 NBDs. Structure:
AF2 ABCGS8 NBD, blue: Bl strand, red: the segment corresponding
to the B1 strand in the registry shifted 5do7 NBD, cyan: gating loop
or regulatory insertion. (b) Structural alignment of 7jr7 (gray) and
AF2-predicted (blue) ABCG5/ABCG8 TM domains (top view). Non-
conserved loops with low-quality predictions are red. (¢) Aligned
homology (orange: TMDI, red: TMD2) and AF2 (blue: TMDI, cyan:
TMD?2) models of AtABCG36. Blue and orange spheres label F589
and F592 in TM2 facing the substrate binding pocket. (d) The magni-
fied view of AtABCG36 TM1 and TM2 indicates that the alignments
are not shifted but that spatial localization and side chain packing
differ. (e) TM2 in the homology model unwinds in MD simulations.
(f) zfCFTR TMS is kinked in PDBID:5w81 (red) along with other
structures and it is straight in both MRP1-based model (orange) and
AF2-predicted structure (blue). The helices are extracted from a full
TM domain alignment for visualization. (g) Surface representation
of zfCFTR (PDBID:5w81). Red: TM8, green: TMDI, cyan: TMD2,
pale green: NBD1, pale cyan: NBD2, black spheres: CAVER spheres
indicating channel opening towards the extracellular space and the
extracellular boundary of the lipid bilayer. (h) Surface representation
of zfCFTR with MRP1-modelled, straight TM8. No lateral opening to
the extracellular membrane leaflet can be observed

partially caused by the footprint of these proteins themselves
in the AF2 neural network, successful protein-peptide dock-
ing [50], when peptides were not involved in alignments, is
an argument against this reasoning. Interestingly, the novel
deep learning model, AlphaFold2-Multimer [51], trained
for predicting protein complexes is reported to excel Alpha-
Fold2 in heteromeric but not in homomeric predictions.

In summary, our study underscores that AlphaFold2 can
provide reliable protein structures also for transmembrane
proteins and perform well in many areas associated with
structural analysis of TM proteins. While the artificial intel-
ligence inside AlphaFold2 can predict valuable structural
information and correct structure-related flaws (e.g. registry
shift, alignments, TM topology prediction, etc.), the limited
predictive power of structural models from blind predictions
involving flexible regions retain experimental validation
desirable.

Methods
Databases and associated software

AlphaFold2 structures predicted for 21 proteomes were
downloaded from https://alphafold.ebi.ac.uk in July, 2021.
Proteins and their structures are identified in the manuscript
with their UniProt accession number. Human Transmem-
brane Protein database [15] (2021-06-02) was received as an
XML file from http://htp.enzim.hu. The data also contained
CCTOQP [16] (http://cctop.enzim.ttk.mta.hu) predictions

22

and their reliability values. The hydrophobic thickness of
experimentally determined human TM protein structures
was retrieved from the PDBTM database (http://pdbtm.
enzim.hu, 2021-07-23) [17]. Python was used to parse their
XML files.

ABC PFAM entries were identified at https://pfam.xfam.
org (n=28) and extracted from the Pfam-A.hmm file. The
selected entries and their accession numbers are listed in
Table S2. The sequence of every AF2 structure was searched
using HMMER hmmsearch (http://hmmer.org) [52]. The
E parameter was set to 0.001 and the match length was
restricted to a minimum of 90% of the HMM profile length.
The hmmsearch output was parsed using BioPython [53].

Novel structural folds for multi-pass a-helical transmem-
brane proteins were collected by extensive literature search
(match: MprF) and by manual screening of the membrane
protein selection of the SCOP database [54] (80 fold fami-
lies and their subfamilies; http://scop.mrc-Imb.cam.ac.uk/
term/2) and corresponding entries in the PFAM database
[55] (matches: MlaE and EMC6).

Data analysis and visualization

MDAnalysis [56] and NumPy [57] Python packages were
used for calculation of mean pLDDT values and hydropho-
bic membrane thickness. The pLDDT value of each residue
were extracted from the B-factor column of AF2 structure
files. For TM thickness calculation end positions of TM heli-
ces were retrieved from HTP/CCTOP and divided into two
groups representing the two sides of the membrane. Plotting
was done with Matplotlib (https://matplotlib.org) [58].

TM-score was calculated with TMalign [59]. Reference
ABC structures are listed and shown in Fig. S3. Their TM
domains were selected manually.

Molecular visualization and RMSD calculation were
performed using PyMOL (The PyMOL Molecular Graph-
ics System, Version 2.4.0 Schrodinger, LLC). RMSD of MD
trajectories was calculated with the GROMACS rms tool.

Running AlphaFold2

AlphaFold2 was downloaded from github and installed as
described (https://github.com/deepmind/alphafold) on a
Debian 10 box with an AMD Ryzen Threadripper 2950X
16-Core Processor. 96 GB RAM was installed and ~75 GB
peak usage was observed during jackhmmer run. The cal-
culation was accelerated by an NVidia Quadro P6000 GPU
with 24 GB RAM, which was almost fully utilized when the
predicted sequence length was 1571. The required databases
were located on two 2 TB HDD in a RAIDO setup. Typical
run timings were: “features”: 25-60 min, “predict_and_com-
pile_model_*”: 3-50 min, “relax_model_*": 1 min—6 h
based on input sequences between 290 and 1571 a.a. length.
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To exclude CFTR structures as templates from predic-
tions, we modified run_alphafold.py, docker/run_docker.
py, and alphafold/data/templates.py scripts to implement
a -skip function. The modified scripts can be downloaded
from http://alphafold.hegelab.org. Template usage was disa-
bled by setting —max_template_date option to 1900-01-01.
Dimer predictions were run by concatenating sequences with
a part of the intrinsically disordered CFTR R domain, a.a.
675-800. pLDDT scores and ranking of predicted structures
were extracted from the ranking_debug.json file.

Homology modelling

AtABCG36 (UniProt ACC: Q9XIE2) was homology mod-
eled based on an ABCG2 homodimer structure (PDBID:
6hzm) using Modeller [60]. Sequence alignment was gener-
ated using ClustalW [61] and adjusted manually. One hun-
dred structures were generated and the one with the best
DOPE score was selected for MD simulations.

zfCFTR TM7 and TM8 was homology modeled similarly.
The two helices were set for modelling based on the corre-
sponding regions of MRP1 (PDBID: 5uj9 [23]) and the rest
was kept static and based on the 5w81 zfCFTR structure.

Molecular dynamics simulations

MD simulations with AtABCG36 were performed using
GROMACS 2019 with the CHARMM36m force field [62,
63]. Simulation systems were prepared using CHARMM-
GUI [64, 65]. Structural models were oriented according
to the OPM (Orientations of Proteins in Membranes) data-
base [66] and all N- and C-termini were patched with ACE
(acetyl) and CT3 (N-Methylamide) groups, respectively. The
proteins were inserted in a bilayer with 1:1 POPC:PLPC
(1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine: 1-pal-
mitoyl-2-linoleoyl-sn-glycero-3-phosphocholine) in the
extracellular leaflet and 45:40:10:5 POPC:PLPC:POPS:PIP2
(POPS: 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-
serine, PIP2: phosphatidylinositol 4,5-bisphosphate) in
the intracellular leaflet. Both systems with the homology
model or the AF2 structure were energy minimized using
the steepest descent integrator (values for max. steps 50,000
and max. force 500 kJ/mol/nm were set). Six equilibration
steps, according to the standard CHARMM-GUI protocol,
were applied with decreasing position restraints. In the 50 ns
(homology model) and 500 ns (AF2 model) long produc-
tion runs, Nosé-Hoover thermostat and Parrinello-Rahman
barostat with semiisotropic coupling were employed. Time
constants for the thermostat and the barostat were set to 1
picosecond and 5 picosecond, respectively. The fast smooth
PME algorithm [67] and LINCS algorithm [68] were used
to calculate electrostatic interactions and to constrain bonds,
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respectively. GROMACS rmsf tools were used to calculate
RMSF (root mean square fluctuation).

Simulations with the zZfCFTR structure containing the
kinked TM8 have been published and the protocol and
parameters were described there [12]. The structure with
the straightened, MRP1-based TM8 was subjected to MD
simulations using the same protocol, including the same
version of GROMACS, force field, and lipid composition.
Channel pathways were determined using CAVER [69] as
described in [12].

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00018-021-04112-1.
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ABSTRACT

Protein and lipid membrane interactions play fun-
damental roles in a large nhumber of cellular pro-
cesses (e.g. signalling, vesicle trafficking, or viral
invasion). A growing number of examples indicate
that such interactions can also rely on intrinsically
disordered protein regions (IDRs), which can form
specific reversible interactions not only with pro-
teins but also with lipids. We named IDRs involved
in such membrane lipid-induced disorder-to-order
transition as MemMoRFs, in an analogy to IDRs
exhibiting disorder-to-order transition upon interac-
tion with protein partners termed Molecular Recog-
nition Features (MoRFs). Currently, both the exper-
imental detection and computational characteriza-
tion of MemMoRFs are challenging, and information
about these regions are scattered in the literature.
To facilitate the related investigations we generated
a comprehensive database of experimentally vali-
dated MemMoRFs based on manual curation of lit-
erature and structural data. To characterize the dy-
namics of MemMoRFs, secondary structure propen-
sity and flexibility calculated from nuclear mag-
netic resonance chemical shifts were incorporated
into the database. These data were supplemented
by inclusion of sentences from papers, functional
data and disease-related information. The MemMoRF
database can be accessed via a user-friendly in-
terface at https://memmorf.hegelab.org, potentially
providing a central resource for the characteriza-
tion of disordered regions in transmembrane and
membrane-associated proteins.

INTRODUCTION

Many proteins contain intrinsically disordered regions
(IDRs) that do not fold into well-defined structures in iso-
lation and are best represented by conformational ensem-
bles (1,2). The flexibility enables IDRs to participate in
highly specific and reversible interactions, which form a
common molecular basis for a wide range of physiologi-
cal processes, including signalling, gene regulation, cell cy-
cle regulation, scaffolding, or chaperoning and pathologi-
cal conditions (3-5). Such segments, which show disorder-
to-order transition upon forming protein—protein interac-
tions, are called molecular recognition features (MoRFs)
(6-8). Recent evidence suggests that IDRs are also impor-
tant components of membrane-associated proteins (MAPs)
and transmembrane proteins (TMPs). In these proteins dis-
ordered regions of variable sizes can be located in loops be-
tween transmembrane segments or in N- and C-terminal re-
gions (9). Many of these disordered regions possess a com-
mon feature, namely, they exhibit lipid induced alteration
of ordered/disordered status. Here we suggest to term the
segments involved in protein-lipid interactions as Mem-
MoRFs, since they represent a distinct category of context-
dependent behaviour when compared to MoRFs.

The fundamental role of MemMOoRFs in various cellu-
lar functions is demonstrated by their ubiquitous presence
in proteins associated with a wide range of cellular pro-
cesses. A set of proteins with MemMoRFs participates in
the regulation of cell cycle, apoptosis and phagocytosis (e.g.
NOTCHI1 (10) and interferon alpha-inducible protein 27-
like protein 1 (11)). Other MemMOoRF containing proteins
play important roles in cellular trafficking and shaping the
cell membrane (e.g. Myc box-dependent-interacting protein
1 (12), a-synuclein (13) and pro-neuregulin-1 (14)). Mem-
MoRFs are expected to be abundant in signalling proteins
and were detected in both transmembrane receptors (e.g.
integrin B3 (15), PTEN tumor suppressor (16) and recep-
tor tyrosine kinases, such as EGFR (17) and erbB-2 (18))
or membrane-associated proteins (e.g. tyrosine-protein ki-
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nase Src (19)). MemMoRFs also play important roles in
pathological processes. An important MemMoRF group
is associated with neurodegenerative diseases and includes
a-synuclein, amyloid-B precursor protein, and prion pro-
tein (20). In addition, MemMoRFs have been identified in
several viral proteins, such as capsid proteins of HIV1 and
HCYV (21,22), and TMPs, including a potassium channel of
the Influenza A virus (23). Most likely, these viral proteins
and various toxins, such as melittin (24) and the GPCR im-
pairing toxin of Gila monster (25), require MemMoRF for
engaging with or penetrating through membrane bilayers.

The specific conformational properties of these IDRs are
shaped by the chemical composition and physical properties
of the membrane, and the relevant IDRs can also shape the
properties of the membrane (26-28). An important mode to
regulate these protein-lipid interactions is phosphorylation.
For example, the intracellular domain of the T-cell recep-
tor  forms transient helices in the intracellular membrane
leaflet (Supplementary Figure S1) (29). One of the transient
helices (LID region) possesses an ITAM (immunoreceptor
tyrosine-based activation motif), which includes a tyrosine
immersed in the membrane bilayer and is a target for phos-
phorylation (29). When phosphorylated, the ITAM Mem-
MoRF undocks from the membrane and loses its «a-helical
character. A similar feature can be observed in transporter
regulation, involving single pass TMPs possessing Mem-
MoRFs, such as phospholamban (PLN) and FXYD pro-
teins (e.g. phospholemman, FXYD domain-containing ion
transport regulator 4 and Na* /K* ATPase subunity) (Sup-
plementary Figure S1) (30-32). The small size of these pro-
teins makes them attractive for drug targeting (e.g. PLN in
cardiac diseases) (33).

Although disorder-to-order transition was detected in
numerous studies targeting protein-lipid interactions, this
phenomenon has not been examined in a generalized man-
ner. As a consequence, information about these protein seg-
ments are scattered in the literature, and the detailed struc-
tural properties of MemMoRFs are difficult to interpret in
the context of additional structural and functional mod-
ules. Here, we report a novel, comprehensive database of
experimentally validated MemMoRFs, currently contain-
ing 131 examples in 96 proteins as a gold standard set. The
MemMoRF database complements existing databases of
disordered proteins in general (34,35) and also databases
of interactions of disordered proteins with ordered or other
disordered proteins (36-38). A separate database was built
for MoRFs of protein-protein interactions of MAPs and
TMPs (38). In contrast, we collected those flexible protein
regions into our MemMoRF database, which participate
in reversible membrane binding, associated with conforma-
tional changes.

IDENTIFICATION AND SYSTEMATIC COLLECTION
OF MemMoRFs

The main aim of this database is to facilitate the investiga-
tions and targeting of proteins involving MemMoRFs. As a
first step, we collected nuclear magnetic resonance (NMR)
structures of TMPs and MAPs, since IDRs of these proteins
can be located in the close vicinity of biological membranes.
We strongly relied on NMR data, since this spectroscopy

method is the most widely used approach to determine lipid
interaction of proteins at residue level. NMR structures of
TMPs were gathered using the Membrane Protein Browser
of Protein Data Bank (PDB) (39). MAPs were looked up in
the UniProt database (40) using the ‘peripheral membrane
protein’ subcellular location keyword (UniProt 2019.01.14).
To characterize the transient secondary structures of IDRs,
we did not rely solely on the deposited NMR structures, but
also incorporated secondary structure propensity (SSPop;
using 82D) (41) and flexibility (1-S%; using Random Coil
Index, RCI) (42). We considered a region intrinsically dis-
ordered if the residues within the region exhibited ‘coil’
secondary structure population (>0.5) and high flexibility
(>0.15). A region was also considered disordered in the case
of corresponding disorder annotation in DisProt, DIBS,
MFIB or PFAM databases (34,36-37,43). As a next stage,
we also explored invisible regions of X-ray and cryo-EM
structures, which belong to TMPs or MAPs possessing an-
notated disordered regions. We subjected the whole pro-
tein set to extensive literature analysis to identify IDRs and
MemMoRFs or further validate MemMoRFs detected us-
ing NMR or other structural data. Thus, proofs of disorder
could be derived from calculations, databases, structural in-
formation and literature evidence.

A total number of 538 proteins including 206 TMPs and
332 MAPs were screened for segments located in an IDR
and exhibiting altered dynamics in a membrane mimetic. A
total of 149 membrane interacting regions were identified in
107 proteins. Only 11 regions were derived exclusively from
unresolved residues in X-ray or cryo-EM structures. 131 out
of the membrane interacting regions are disordered in aque-
ous solution and become ordered (n = 107) or retain flexi-
bility (n = 19) upon binding to membrane mimetics. Eigh-
teen regions with stable secondary structure both in solu-
tion and in membrane bound state were found. Eighty-four
out of 149 membrane interacting regions are in TMPs and
the remaining 65 are in MAPs. Intracellular, extracellular
and periplasmic localizations were observed in 121, 23 and
2 cases, respectively (Figure 1). SSPop and flexibility values
were calculated from published chemical shift data with suf-
ficient quality, available for 41% of our protein dataset. Us-
ing data from NMR experiments, X-ray and cyro-EM struc-
tures and literature, we found 92 regions among identified
IDRs, which were not annotated in the DisProt database
(Supplementary Tables S1 and S2).

We categorized the entries depending how their dynami-
cal properties changed upon interaction with the lipid bi-
layer. In many cases, the corresponding NMR data indi-
cates that the observed transitions resulted in increased -
helical propensity values. In addition, some disordered seg-
ments retained their conformational freedom when inter-
acted with membrane mimetics or specific membrane lipids.
Although these segments still likely sample a reduced con-
formational space in the presence of a membrane environ-
ment, we labeled their transition as ‘disorder-to-disorder’
to emphasize the dynamics of their membrane bound state.
In the case of some of the MemMoRFs derived from X-ray
or cryo-EM structures, there is no information on the lipid-
bound structure, thus we labeled these entries as ‘disorder-
to-unkown’. We also included cases, where the binding he-
lices were stable both in aqueous solution and interact-
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Figure 1. Distribution of MemMOoRF types in the database. A total of 149
membrane interacting regions were identified in 107 proteins. One hun-
dred and thirty-one out of these regions are disordered in aqueous solution
and become ordered (n = 107) or retain flexibility (» = 19) upon binding
to membrane mimetics. Eighteen regions with stable secondary structure
both in solution and in membrane bound state were found. d2o: disorder-
to-order, d2d: disorder-to-disorder, 020: order-to-order, d2u: disorder-to-
unknown, TMP: transmembrane protein, MAP: membrane associated
protein, int: intracellular side, ext: extracellular side, peri: periplasmic side,
unk: unknown location.

ing with the membrane (e.g. helices from kinase suppres-
sor of Ras 1 and BH3-interacting domain death agonist).
We labeled these entries as ‘bistable helix’. While they are
not classical MemMOoRFs, these segments still exhibit a dy-
namic equilibrium between lipid and water phases and par-
ticipate in regulatory interactions.

To demonstrate the analysis of various data for IDR and
MemMoRF validation and phosphorylation-dependent
regulatory disorder-to-order transition, we selected inte-
grin B3, which plays a role in angiogenesis and tumor
growth (44,45). Targeting integrin 33 associated signalling
was shown to induce apoptosis of endothelial tumor cells
(44) and cell permeable peptides derived from integrin 3
cytoplasmic tails (CT) were developed for angiogenesis in-
hibition (46). Since these peptides overlap with a Mem-
MoRF, a detailed description of phosphorylation depen-
dent protein and membrane interactions of this region will
help to improve the potential therapeutic use of integrin
B CT peptides. The complexity of various conformations
of the C-terminal integrin 3 MemMoRF under different
conditions is shown in Figure 2 and accessible at https://
memmorf.hegelab.org/entry/P05106. The C-terminal Mem-
MOoRF region (a.a. 770-784) exhibits low helix propensity
(<0.5) and high flexibility values (>0.15) in the absence
of a membrane mimetic (PDB ID: 2KNC and BMRB ID:
16496) that indicates a disordered state for these residues
(47). Although the helical propensity for a.a. 771-776 is
lower than the commonly used SSPop threshold (0.5), a

small stable helix is present in all of the 20 structures de-
posited in the 2KNC PDB structure. However, this part of
the protein is marked disordered in the DisProt and PFAM
databases. Importantly, in the presence of a lipid environ-
ment (PDB ID: 2KV9 and BMRB ID: 16771) (48) the de-
creased flexibility, which approaches the disorder threshold
(0.15), confirms the presence of a MemMoRF. At the same
time, the helical propensity increases and indicates a sta-
ble helix in a smaller part of the sequence (a.a. 776-781).
This is in contrast with the long a-helix present in the struc-
tural ensemble deposited in the PDB. Moreover, in the pa-
per accompanying these NMR structures (48) the authors
noted the presence of transient helical contents and increas-
ing disorder towards the C-terminus based on hydrogen-
deuterium exchange experiments. Interestingly, phospho-
rylation of this MemMoRF promotes disorder (helical
propensity <0.5 and flexibility >0.15) in the presence of a
membrane mimetic as well (PDB ID: 2LLJD and BMRB ID:
17930), thus serves as a conformational switch (49). Again,
this NMR ensemble also exhibits a stable small helix be-
tween residues 775-780. The potential over-representation
of helical content urged us to supplement the entries in the
MemMOoRF database with supporting statements from pa-
pers, and it also cautions database curators that making
a decision about disorder should not rely solely on atom-
istic NMR structures. Phosphorylation-dependent regula-
tion via MemMOoRFs is further demonstrated by the T
cell receptor { and phospholamban (Supplementary Figure
S1).

WEB SERVER AND INTERFACE IMPLEMENTATION

In order to make MemMoRF data accessible and to fa-
cilitate research on proteins possessing MemMoRF re-
gions, we developed a web application available at https:
/lmemmorf.hegelab.org.

Browsing and searching data

The database provides both browsing and searching func-
tionalities in the ‘Browse’ page, where all entries are listed
in a table format. Table columns contain the protein and
the gene name, the source organism, the UniProt accession
number type, the corresponding PDB and BMRB identi-
fiers and MIM entry, if available, for each protein in our
database. The table is sortable and can be filtered by simple
queries or using dropdown lists. Searches independent from
columns can be performed by typing a query in a text box
located at the top of the page.

Entry pages

Each entry starts with the most important, basic informa-
tion about the protein from UniProt (protein name, ac-
cession code, gene name, organism and keywords). Then,
MemMoRFs are listed along with their boundaries, type of
transition upon membrane binding (e.g. disorder-to-order),
localization (e.g. intracellular) and statements supporting
disordered and membrane interacting nature of the region.

The SSPop and flexibility calculations, if available, are
shown in a graph, which can be saved using the con-
trols next to it. Visibility of corresponding lines can
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Figure 2. Experimental NMR data provide information on disorder level thus input for MemMoRF identification. Secondary structure population (e.g.
helix and coil) and flexibility (1-S2) values were utilized to characterize the per residue disorder-order propensity in NMR ensembles, as exemplified by
a MemMOoRF from integrin 3. Blue: in organic solvent; red: in DPC; cyan: phosphorylated in DPC; magenta: phosphorylation site; ah pop: a-helix
population calculated by 82D; flex: 1-S? calculated by RCI, ath pop threshold: 0.5, flex threshold: 0.15.

be toggled by clicking on their legend entry. NMR ex-
periments associated with the entry can be selected in
a box, right from the graph. This box lists the mem-
brane mimetic used in the NMR experiment, the PDB
ID of the calculated NMR ensemble, the BMRB ID and
the ‘_Assigned_chem_ shift_list.ID’ of chemical shift data
used for the calculation. The ‘_Assigned_chem _shift _list.ID’
identifies a specific set of chemical shift values from the
BMRB NMR-STAR files, which may contain multiple sets
acquired under different experimental conditions.
Sequence specific data, including MemMoRF regions,
transmembrane (TM) helices, PFAM domains (43), short
linear motifs from ELM (50), post-translational modifi-
cations from PhosphoSitePlus (51), IDRs from DisProt,
DIBS and MFIB (34,36-37), and segments covered in the
PDB are also shown. To further characterize the sequences,
Wimley-White hydrophobicity plots and IUPred short pre-
dictions were also included into the main graph (52,53).
Structures strongly associated with the MemMoRF can be
selected for display and manipulation using LiteMol (54).
MemMoRFs and TM helices are labelled by default on the
structure. In the bottom region of the entry page, additional
information is listed to assess the role of MemMoRFs in
pathophysiological states. These data include disease phe-
notypes from MIM (55), disease causing and polymorphic
variations from dbSNP (56), and DrugBank records (57).
Protein-protein interactions with a link to the IntAct (58)
and STRING (59) entries of the protein are followed by an
interactive, embedded STRING network graph.

Help and feedback pages

Although the web application is simple and self-
explanatory, we provide a comprehensive help page
with sections about the following items: i) MemMoRF
definition, ii) information resources linked to the mem-
MoRF database, iii) details of our data collection pipeline,
iv) search possibilities of the browse page, v) the content of
the entry page and vi) links to the statistics and download
pages. Users are encouraged to submit comments or ques-

tions via a contact form or email located in the feedback
page.

Server implementation and database structure

The web application is served via a DJANGO (version
2.1.1) based web interface, fuelled by an SQL database pro-
viding fast access to data even in the case of parallel queries.
The SQL database contains all the information collected
from the literature and various databases (e.g. UniProt, db-
SNP, MIM and Drug Bank), organized into multiple ta-
bles. Each record in the UniProt table represents a single
protein and has the UniProt accession number as a unique
key. Other data, including records in the MemMoRF table,
are linked to this table by UniProt accession number. In or-
der to provide the best possible user experience on various
devices and browsing options for users, the front-end com-
patibility of MemMOoRF is supported by a combination of
bootstrap (version 4.3.1) and JQuery (version 2.1.4).

In addition to data access through the web applica-
tion interface, data can also be downloaded in JSON,
XML or TSV formats, or by a RESTful API serving stan-
dard JSON format (e.g. https://memmorf.hegelab.org/rest/
QI9NR61.json).

CONCLUSION

MemMOoRF database delivers data on membrane inter-
acting disordered regions of TMPs and MAPs. These re-
gions exhibit dynamic structural alterations during transi-
tion from solvent to a membrane bound state. The collected
information has a high potential to contribute to under-
standing crucial cellular functions and pathological states
associated with membrane proteins. Our database provides
significant benefits for the broad scientific community be-
cause of the following: 1) it is a freely accessible, easy-to-use,
and organized resource; ii) it includes a gold standard set
for determining the sequence requirements for lipid inter-
action of disordered regions; iii) it represents a high-quality
set for developing novel in silico pipelines for MemMoRF
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identification; and iv) it promotes further experimental in-
vestigation and development of drug targeting approaches
for MemMOoRF containing proteins.

We also provide a new set of disordered protein regions,
which are not currently present in other manually main-
tained databases, based on careful literature curation and
NMR-based calculation of secondary structure propensi-
ties and flexibility. Our aim is to establish and maintain the
MemMOoRF database in the long term as a central resource
for membrane proteins with lipid bilayer interacting disor-
dered segments.

DATA AVAILABILITY

MemMOoRF database and web application are available at
http://memmorf.hegelab.org. Since the server is located in
the EU, it fully adheres to the General Data Protection Reg-
ulation (GDPR).
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Supplementary Data are available at NAR Online.
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