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Einleitung

1. Einleitung

1.1 Die Zellmembran eine biologische Grenze

Politische Grenzen sind geographische Markierungen zwischen Staatsgebieten, die Sicherheit
und Kontrolle eines Landes ermoglichen. Der FluB von Waren, das Verhindern des
Eindringens von gefahrlichen Gutern, die Erhaltung der Stabilitat und Rechtsordnung des
Staates, all das ermdglicht eine intakte Grenze. Vergleichbare Aufgaben erflllt die Membran
einer biologischen Zelle. Die Zell- oder Plasmamembran eukaryotischer Zellen besteht aus
einer Lipiddoppelschicht, welche fir wasserldsliche Molekile eine uniberwindbare Grenze
darstellt, wahrend lipophile Stoffe einfach durch die Membran diffundieren kénnen. Die
physikalische strukturgebende Grenze stellt die Lipiddoppelschicht dar, welche aus
verschiedenen Spezies amphiphiler Lipide gebildet wird und eine Dicke von etwa 6-10 nm
aufweist. Der hydrophobe Kern der Membran ist etwa 3 nm dick, der jeweilige
Kopfgruppenbereich etwa 1,5nm [1, 2] (Abb. 1.1). Neben der Plasmamembran sind in
eukaryotischen Zellen zahlreiche interne Membransysteme zu finden, welche die Zelle in
Organellen unterteilen, wie z.B. das Endoplasmatische Retikulum, das Golgi-
Membransystem, die Mitochondrien, die Lysosomen und Peroxisomen sowie Chloroplasten
in pflanzlichen Zellen. Diese vielzahligen Membranen sind je nach Organismus, Gewebe oder
Kompartiment aus verschiedenen Lipidspezies aufgebaut [3, 4]. Die groBRte Gruppe dieser
Lipide stellen die Phospholipide oder auch Phosphoglyceride dar, welche aus zwei
hydrophoben Acylketten verestert mit einem Glycerinmolekul aufgebaut sind. Weiterhin ist
die freie Hydroxygruppe Uber ein Phosphat mit einem weiteren Molekil, wie z. B. Cholin,
Inositol, Serin, Ethanolamin, verestert (nicht im Falle von Phosphatidylglycerol), was die
hydrophile Kopfgruppe des Lipids darstellt (Abb. 1.1). Des Weiteren kommen in
eukaryotischen Zellen Sphingolipide in groBeren Mengen vor. Das Grundgerist der
Sphingolipide stellt das Sphingosin dar, ein einfach ungesattigter Aminoalkohol aus
insgesamt 18 Kohlenstoffatomen. Sphingosin ist tGber eine Amidbindung an eine beliebige
Fettsdure gebunden, was ein Ceramidmolekil ergibt. Ceramide konnen Uber die freie
Hydroxygruppe mittels eines Phosphoesters mit Cholin, Serin oder Ethanolamin verknlpft
sein, was die Gruppe der Sphingomyeline darstellt (Abb. 1.1). Ist ein Ceramid glykosidisch

mit einem Oligosaccharid verbunden, zéhlen es zu den Glycosphingolipiden (Abb. 1.1). Ein
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weiteres wichtiges Lipid in vielen eukaryotischen Membranen (vor allem tierischen) ist das
Cholesterin (Abb.1.1), welches nicht die typische Struktur der Phospholipide aufweist, aber in
hohen Mengen (bis zu 50%) in der Membran vorkommen kann [5-10]. Cholesterin kann
aufgrund seiner starren Struktur die Membran stabilisieren, sie aber vorm Kiristallisieren

schitzen, indem es die Acylketten der Phospholipide voneinander separiert und eine gewisse

Fluiditat erlaubt [11, 12].
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Abb 1.1 Die Lipiddoppelschicht und ihre Lipidklassen
Die Zellmembran besteht aus einer Lipiddoppelschicht mit einer Dicke von etwa 6-10 nm. Der hydophobe

Bereich besitzt eine Dicke von etwa 3 nm, wobei die beiden hydrophilen Kopfgruppenbereiche jeweils etwa
1,5nm dick sind. In einer eukaryotischen Zellmembran befinden sich hauptséchlich Phosphoglyceride,
Sphingolipide und Cholesterin in verschiedenen Anteilen. Die Kopfgruppen der Lipide kdnnen variieren und
kénnen aus Cholin, Serin, Inositol, Ethanolamin oder nur Phosphoglycerol bestehen. Sphingolipide kénnen
zudem mit Oligosacchariden glycolysiert sein und gehdren dann zu Gruppe der Glycosphingolipide.

Lipiddoppelschichten koénnen je nach Temperatur und Lipidzusammensetzung in
unterschiedlichen Phasen vorliegen, die sich in der Packungsdichte und der daraus

resultierenden lateralen Beweglichkeit der Lipide unterscheiden. In der Gelphase unterhalb
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der Ubergangstemperatur (Schmelztemperatur) liegen die Acylketten der Lipide dicht gepackt
vor. Oberhalb der Uberganstemperatur, in der fluiden Phase, erhoht sich die laterale
Bewegungsfreiheit der Lipide &hnlich einer Flussigkeit [13]. Die verschiedenen Lipidklassen
entscheiden Uber die physico-chemischen Eigenschaften der daraus resultierenden Membran.
Fluiditat, Dicke, Packungsdichte und der daraus resultierende Lateraldruck,
Oberflachenladung sowie die laterale Verteilung der Lipide Uber die Membran stellen
Parameter dar, die eine spezifische Membran genau definieren und die darin eingelagerten
Membranproteine stark beeinflussen konnen (siehe 1.4.1) [14, 15].

Des Weiteren gibt es Lipide, die sich vornehmlich in der &uReren oder der inneren Schicht der
Lipiddoppelschicht, wie z.B. Sphingomyelin und Phosphatidylcholin (auBen) und
Phosphatidylinositol, Phosphatidylserin und Phosphatidylethanolamin (innen), befinden [16-
18]. Diese Asymmetrie wird von speziellen Flippasen, Floppasen und Scramblasen
aufrechterhalten und beeinflusst eine Vielzahl biologischer Prozesse [19]. Dazu zahlen z. B.
die Apoptose, die Ausschuttung von Neurotransmittern, die Thrombozytenaggregation oder
der Reifungsprozess von Spermien [20]. Eine Stérung der Asymmetrie oder der lateralen
Lipidverteilung der Membran kann zu schweren Krankheiten fuhren, indem die eingebetteten

Membranproteine in ihrer Struktur und Funktion gestort werden [21, 22].

1.2 Membranproteine

Membranproteine, die in die Membran eingelagert sind, erfullen eine Vielzahl von
Funktionen. Sie koénnen unter anderem als Verbindung zwischen verschiedenen Zellen,
Kompartimenten oder dem Cytosol und dem extrazellularen Milieu dienen. Membranproteine
reprasentieren etwa 20-30% des Proteoms der meisten Organismen [23] und stellen etwa 60%
der gesamten Ansatzpunkte flir Medikamente dar [24]. Etwa die Halfte der Membranproteine
durchspannen die Membran mit nur einer Helix [25, 26]. Einen Teil der Membranproteine
stellen transmembrane Rezeptoren dar, die Signale in das Zellinnere (bertragen. Zu diesen
Rezeptoren gehort z. B. die Klasse der G-Protein-gekoppelten Rezeptoren [27], die eine
wichtige  Rolle bei  Signaltransduktionsprozessen in  Zellen  spielen,  oder
Rezeptortyrosinkinasen, die mit nur einer transmembranen Helix die Membran durchspannen
[28]. Andere Membranproteine, wie z. B. Pumpen, Kanéle oder Transporter, sind wichtig flr
den Transport von hydrophilen Stoffen liber die Membran und den Erhalt des physiologischen
Membranpotentials. Bei Prozessen, wie z. B. der Atmungskette, der Photosynthese, dem

Sehvorgang in der Retina sowie dem Einstellen des Membranpotentials bei Nervenzellen
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spielen Membranproteine eine entscheidende Rolle. Trotz der Bedeutung von
Membranproteinen ist, im Vergleich zu l6slichen Proteinen, wenig Uber sie bekannt. Im
Gegensatz zu l6slichen Proteinen sind nur wenige 3D-Strukturen von Membranproteinen
aufgeklart [29, 30]. 2320 der 105268 Eintrage (Stand 17.10.2014) in der Protein Data Bank
sind integrale Membranproteine, was nur etwa 2% entspricht. Ein Grund dafr ist, dass die
Untersuchung von Membranproteinen eine grol3e experimentelle Herausforderung darstellt.
Angefangen bei der Expression, ist vor allem die Solubilisierung der Membranproteine, die
sich natdrlicherweise in einer hauptsachlich hydrophoben Umgebung befinden, schwierig
[31]. Zudem wurden viele Methoden fir lésliche Proteine entwickelt, die aber nicht auf
Membranproteine Ubertragbar sind. Somit erfordert die Erforschung der Membranproteine oft
die Etablierung neuer Methoden [32]. Um isolierte Membranproteine in wéssrigen Ldsungen
zu untersuchen, werden amphiphile Stoffe benétigt, die Membranproteine solubilisieren und
stabilisieren konnen. Dabei sollten chemische und physikalische Eigenschaften der
amphiphilen Molekdle die Proteinstruktur und Aktivitat des Membranproteins nicht stéren
[33].

1.2.1 Struktur und Funktion von Membranproteinen

Membranproteine lassen sich in integrale und periphere Membranproteine einteilen. Periphere
(monotopische) Membranproteine sind nur an die Membran assoziiert oder mit einem
Lipidanker in der Membran verankert [34] (Abb. 1.2).

Integrale Membranproteine durchspannen die Membran komplett und werden deshalb auch
Transmembranproteine genannt. Diese Transmembranproteine kdénnen wiederum in zwei
Klassen eingeteilt werden. Die p-barrel Proteine, die eine fassartige Struktur aus
B-Faltblattern besitzen, stellen eine Klasse von Proteinen dar, die nur in der &ufReren
Hullmembran von Bakterien, Chloroplasten und Mitochondrien zu finden sind [35]. Die
zweite und weitaus haufiger vorkommende Klasse von Transmembranproteinen durchspannt
die  Membran mit einer (bitopisch) oder mehreren (polytopisch) a-helikalen
Transmembranhelices, die meist aus 15-30 hydrophoben Aminoséuren (AS) bestehen. Dabei
muss die Helix eine Distanz von etwa 30 A, was etwa der Dicke der hydrophoben Acylketten
der Lipiddoppelschicht entspricht, Uberbriicken [36]. Um solche Transmembranhelices zu
identifizieren, genugt oft schon die Kenntnis der Aminosduresequenz des Proteins. Mittels
eines Hydrophathiediagramms ist in vielen Féllen eine VVorhersage einer Transmembranhelix

maoglich, da die Haufigkeit hydrophober Aminosduren einen Hohepunkt in der Mitte der
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Membran hat [34, 37]. Die niedrige Konzentration von Wassermolekdlen in der Membran

ermoglicht die Ausbildung einer stabilen a-Helix, die Uber Wasserstoffbriicken des

(C ©
m K‘F
Abb. 1.2 Klassen von Membranproteinen

(A) Monotopische periphere Membranproteine sind an die Membran assoziiert. (B) Bitopische integrale
Membranproteine durchspannen die Membran mit einer einzigen o-Helix. (C) Polytopische integrale
Membranproteine durchspannen die Membran mit mehreren o-Helices. (D) Polytopische integrale B-Fass-
Membranproteine durchspannen die Membran mit mehreren p-Faltbléttern und bilden eine Pore aus.

Peptidruckgrates stabilisiert ist [38].

A ©

1.2.2 Oligomerisierung von Transmembranhelices

Transmembranhelices bilden in Lipiddoppelschichten oft eine héher geordnete Struktur aus.
Die Ausbildung ihrer korrekten Tertidr- und Quartérstruktur hat eine starke Auswirkung auf
die Aktivitat und Funktion der Membranproteine. Der Assemblierung eines bitopischen oder
polytopischen Membranproteins liegen einfache Helix-Helix-Interaktionen zu Grunde [39].
Die Wichtigkeit der Interaktion einzelner Transmembransegmente  bitopischer
Membranproteine zeigen folgende Beispiele. Die Transmembranhelix von Integrinen, fordert
die Ausbildung eines ap-Dimers, wodurch wichtige Informationen in beiden Richtungen tber
die Membran gelangen konnen [40, 41]. Signale aus dem Inneren der Zelle initiieren die
Interaktion von Integrinen mit Makromolekilen, die Zell-Zell- und Zell-Matrixkontakte
herstellen konnen. Signale von auen werden (ber Integrine weitergeleitet und beeinflussen
die Zytoskelett-Organisation, die Zellmigration, die Zellproliferation, die Zelldifferenzierung
sowie den Vorgang der Apoptose [42]. Ein weiteres wichtiges Beispiel fiir die Relevanz der
Oligomerisierung bitopischer Membranproteine sind Rezeptortyrosinkinasen, die Uber ihre

Transmembranhelix dimerisieren oder hohere Oligomere ausbilden. Dabei ermdglicht die
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Dimerisierung die Autphosphorylierung des Rezeptors, wodurch Signale ins Innere der Zelle
weitergeleitet werden [43]. Die MHC Klasse-11 Molekile stellen einen Schlusselinitiator in
der Immunantwort einer Zelle dar. Mittels eines speziellen Aminosduremotivs dimerisieren
MHC Kilasse-Il1 Molekile und ermdglichen die Ausbildung des MHC Komplexes [44]. Das
Vorlauferprotein der Amyloid B-Peptide, welches in Zusammenhang mit der Alzheimer
Erkrankung gebracht wird, APP, besitzt ebenfalls eine dimerisierende Transmembranhelix,

wobei der oligomere Zustand des Proteins einen Einfluss auf die Prozessierung durch

Proteasen hat [45, 46].
% Stufe 2

Stufe 1
Abb. 1.3 Das 2-Stufen Modell (Popot und Engelmann) zur Faltung von Membranproteinen
In einer ersten Stufe bilden die Membranproteine unabhéngig voneinander stabile a-Helices in der Membran aus.

In einer zweiten Stufe konnen diese miteinander interagieren. Bei der Oligomerisierung der
Transmembranhelices handelt es sich um einen Gleichgewichtsprozess.

Das mit am besten untersuchte Membranprotein ist Bakteriorhodopsin aus dem Archaeon
Halobacterium salinarium, welches aus sieben Transmembranhelices besteht, die tber kleine
Schleifen miteinander verbunden sind [47, 48]. Es konnte gezeigt werden, dass das Protein
aus einzelnen Fragmenten rekonstituiert werden kann und dabei seine Funktion nicht verliert.
Die durch Proteasen getrennten Schleifen tragen somit nicht entscheidend zur Interaktion der
Transmembranhelices bei [49]. Basierend auf diesem und weiteren Versuchen wurde das 2-
Stufen-Modell zur Faltung bzw. Assemblierung a-helikaler Transmembranproteine
vorgeschlagen [50] (Abb. 1.3). Die erste Stufe beschreibt die unabh&ngige Ausbildung
stabiler Transmembranhelices in einer Membran. In einer zweiten Stufe konnen diese

miteinander interagieren, wobei hoher geordnete Strukturen ausgebildet werden. Effekte der
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I6slichen Doménen oder moglicher gebundener Co-Faktoren werden dabei allerdings nicht
berucksichtigt. Diese werden aber teilweise in einem erweiterten 3-Stufen-Modell mit
eingebunden [51]. Die Interaktion einzelner a-Helices lasst sich allerdings ausreichend durch
das 2-Stufen-Modell beschreiben.

Aus der Energiebilanz der Interaktion zwischen Lipiddoppelschicht und Transmembranhelix
ergibt sich, dass die Oligomerisierung von Transmembranhelices thermodynamisch meist
bevorzugt ist. Die Helix-Helix-Interaktion, beziehungsweise deren Assoziation in Membranen
oder membranmimetischen Umgebungen, wird von zwei Energiebeitragen beeinflusst. Zum
einen durch den Enthalpiebeitrag der Helix-Helix-, Lipid-Lipid- und Helix-Lipid-
Interaktionen. Hierbei ist die Ausbildung von Van-der-Waals-Kraften zwischen hydrophoben
Aminosauren der dicht gepackten Helices gegeniiber der Helix-Lipid-Interaktion energetisch
begunstigt. Zum anderen tragt die Entropie des Systems zur Interaktion der Helices bei, indem
bei der Helix-Helix-Interaktion Lipide frei werden, die vorher eine Helix-Lipid-Interaktion
eingegangen sind und somit nicht frei beweglich waren, was eine erhdhte Entropie des
Systems zur Folge hat.

Die Assoziation der Transmembranhelices findet jedoch nicht zufallig statt. Anhand von
Mutationsanalysen wurde gezeigt, dass eine spezifische Interaktion von Transmembranhelices
durch eine definierte Aminosdauresequenz zustande kommen kann. Fir die Interaktion von
Transmembrandomédnen konnte ein hochspezifisches, fir eine starke Interaktion
verantwortliches Motiv, das GxxxG-Motiv, identifiziert werden (siehe 1.3) [52-57]. Homo-
Interaktionen anderer Transmembrandoménen kénnen aber auch von Serin/Threonin Motiven,
QxxS-Motiven, aromatischen Aminosauren oder Carboxamid-Aminosauren vermittelt werden
[58]. Die Wechselwirkungen zwischen den Helices kénnen somit von Van-der-Waals-
Wechselwirkungen,  Wasserstoffbriicken,  ionischen ~ Wechselwirkungen  sowie 7-
Stapelwechselwirkungen aromatischer Ringe erméglicht werden. Allerdings hangt die Starke
dieser Wechselwirkungen sehr vom Abstand der Bindungspartner ab. Deshalb ist eine dichte
Packung der Helices wichtig. Diese wird durch ein reilverschlussartiges Ineinandergreifen
der Aminosdureseitenketten und kleinen Aminosauren (Gylcin, Alanin) an der direkten
Kontaktflache ermdglicht.

Viele Zellprozesse basieren auf der Dimerisierung von Transmembranhelices, wobei der
Effekt duRerer Einflisse, wie z. B. der Lipidmembran, wenig verstanden ist. In dieser Arbeit
wurde die humane Glykophorin A (GpA) Transmembranhelix als Modellprotein verwendet,
um den Effekt der direkten Membran- oder membranmimetischen Umgebung auf die

Dimerisierung von GpA zu untersuchen.
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1.3 Glykophorin A als Modellprotein fir Dimerisierungsstudien

Glykophorine sind Sialoglykoproteine, die in der Membran von roten Blutzellen vorkommen
[59, 60]. Alle Mitglieder der Glykophorin-Proteinfamilie ~ sind  bitopische
Transmembranproteine, die am N-Terminus durch eine hohe Zahl von glykosylierten
Aminosauren gekennzeichnet sind. Dabei handelt es sich um den negativ geladenen Zucker
Sialinsaure, welcher der Zelloberflache eine starke negative Ladung verleiht. Ein
menschlicher Erythrozyt kann dabei bis zu 20 Millionen Sialinsduremolekiile pro Zelle
tragen. Zu den menschlichen Glykophorinen gehéren Glykophorin A, B, C, D und E, wobei
GpD eine Variante von GpC ist. GpA, GpB und GpE sind Bestandteile des MNS-
Blutgruppensystems [61]. Die genaue biologische Funktion von GpA ist derzeit jedoch noch
nicht bekannt. Mdéglicherweise verhindert die negative Ladung an der Oberflache der Zelle
eine Adhéasion an andere Zellen, um somit die Zirkulation der Erythrozyten in den
BlutgeféaRen zu erleichtern. Zudem ist bekannt, dass GpA eine wichtige Rolle als Rezeptor fir
Viren, wie z.B. das Influenza Virus, spielt [62]. Weiterhin scheint GpA dem Malaria Parasiten
(Plasmodium sp.) das Eindringen in die Zelle zu ermdglichen, da Erythrozyten, die kein GpA

exprimieren, immun gegen den Parasiten sind [63-67].
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Abb. 1.4 Primérstruktur von GpA
Hydrophobe AS (gelb), negativ geladene AS (rot), positiv geladene AS (blau), O-glykosylierte AS (griin), N-
glykosylierte AS (lila) [68].

GpA besteht aus einer einzelnen Polypeptidkette, wobei der N-Terminus aullerhalb der Zelle
und der C-Terminus im Cytosol liegt. Im Transmembranbereich des Proteins befinden sich 19

unpolare Aminosduren, welche die Transmembranhelix ausbilden (Abb. 1.4). Die NMR-
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Struktur von GpA wurde in Dodecylphosphocholin-Mizellen aufgekléart (PDB: 2 KPE) [69].
Es handelt sich um eine rechtshédndig gedrehte a-Helix, welche in einem Kontaktwinkel von
etwa 40° dimerisiert (Abb. 1.5). Die Interaktionsflache ist leicht zum N-terminalen Ende der
Transmembranhelix gerichtet und liegt daher nicht exakt in der Mitte der Lipiddoppelschicht
[69]. Die Dimerisierung der GpA-Transmembrandoméne wurde in den letzten Jahren mit
vielen biochemischen und biophysikalischen Methoden untersucht, um den molekularen
Vorgang bei der Dimerisierung von Transmembranhelices besser zu verstehen. Zu Beginn der
Untersuchungen an der GpA-Transmembranhelix wurden die bereits erwahnten
Mutationsanalysen  durchgefiihrt,  wobei ein Dimerisierungsmotiv. in  der
Transmembrandomane von GpA identifiziert werden konnte [52-54]. Da die Dimerisierung
auf Proteinebene aufgeklart wurde, stellte sich die Frage, ob die Art der hydrophoben
Umgebung der GpA Transmembrandoméne die Dimerisierung beeinflussen kann. Es wurde
gezeigt, dass die Transmembranhelices von GpA z.B. in einer SDS-PAGE [52], in
kiinstlichen sowie biologischen Membranen dimerisieren konnen [70-74].Zahlreiche Studien
konnten bereits vor 20 Jahren die Homodimerisierung der Transmembrandoméne des
Erythrocyten-Proteins GpA nachweisen [52-54]. In diesen Studien konnte folgendes
hochspezifische und eine starke Interaktion ermdglichende Aminosauremotiv in der GpA-

Transmembranhelix identifiziert werden [52-54].
L-1-X-X-G-V-X-X-G-V-Xx-x-T'%®

Dieses Aminosauremotiv  besteht hauptsdchlich aus hydrophoben B-verzweigten
Aminosauren, wobei die Aminoséuresequenz GxxxG, in der Mitte des Dimerisierungsmotivs,
notwendig fur die Dimerisierung von GpA ist. Das GxxxG-Motiv ermdglicht aufgrund der
Lage der beiden Glycine auf der gleichen Seite der Helix (Abb. 1.5), und der kleinen
Glycinseitenkette, eine planare Kontaktflache zwischen den beiden Helices. Diese kénnen
eine sehr dichte Packung eingehen, die Wasserstoffbriickenbindungen und vor allem eine
Vielzahl von Van-der-Waals-Interaktionen zwischen den weiteren Aminosduren der Helices
ermoglicht. Die Vielzahl von Interaktionen ist somit, neben dem Entropiegewinn der Lipide,
die treibende Kraft der Helix-Helix-Assoziation. Zudem kommt es bei der Helix-Helix-
Interaktion zu einer Abnahme der Entropie der Aminosaureseitenketten, da diese in ihrer
Rotation eingeschrankt werden. Dies ist fir die beiden wichtigen Glycine, aufgrund der
kleinen Seitenkette, nicht der Fall, was erklart, dass diese oft an der Dimerisierung von a-
Helices beteiligt sind und die bereits erwdhnte dichte Packung ohne Entropieverlust
ermoglichen [75].
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Das GxxxG-Motiv konnte bereits in einer Vielzahl von Membranproteinen nachgewiesen
werden und dessen Wichtigkeit fur die Oligomerisierung der Proteine konnte oft bestatigt
werden [76-78]. Allerdings bestimmen weitere Aminosauren tber die Spezifitat und Starke
der Interaktion, damit sich unter hunderten Transmembranhelices in derselben Membran die

richtigen Interaktionspartner finden.

Abb. 1.5 NMR-3D-Struktur des GpA Dimers
Die pdb Struktur 2KPE [69] zeigt das GpA-Dimer gemessen in Dodecylphoscholin Mizellen. Glycine des
GxxxG-Motives sind in der rechten Abbildung in blau markiert (Blick von oben auf das Dimer).

Zur Quantifizierung der sequenzspezifischen Dimerisierung von Transmembranhelices
wurden sowohl in vivo als auch in vitro Methoden unter Verwendung der GpA-
Transmembranhelix entwickelt. In vivo kdnnen mit Hilfe der genetischen Systeme GALLEX
[79], TOXCAT [80], ToxR [81], POSSYCCAT [82] und BACTH [83] Homo- sowie
Heterodimerisierung zweier Helices bestimmt werden [84, 85]. In vitro lassen sich Forster-
Resonanzenergietransfer (FRET) Studien durchfiihren, die eine genaue Bestimmung des
Verhaltnisses von Monomer zu Dimer zulassen [86, 87]. Es konnte gezeigt werden, dass das
GpA-Dimer in zwitterionischen Detergenzien (z. B. DPC und DDMAB) doppelt so stabil ist
wie in SDS-Mizellen und hohere SDS-Konzentrationen die Dimerisierung der
Transmembranhelices vermindert [73, 74]. Dies bedeutet, dass milde und der Natur dhnelnde
amphiphile Stoffe besser geeignet sind, um die Dimerisierung von Transmembranproteinen zu
stabilisieren. Des Weiteren konnte gezeigt werden, dass in den bisher verwendeten
Detergenzien und Lipiden die Dimerisierung unabhangig von der Ausbildung der a-Helix ist,
da sich die Sekundarstruktur der GpA-Peptide unter den getesteten Bedingungen nicht

veréndert. Diese Beobachtungen korrelieren mit dem 2-Stufen-Modell von Popot und
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Engelman. In kiinstlichen Membranen, wie z. B. Liposomen, konnte gezeigt werden, dass die
Dicke sowie die Fluiditdt der Lipiddoppelschicht, die abhé&ngig von der L&nge der
hydrophoben Ketten der Lipide ist, einen entscheidenden Einfluss auf die Dimerisierung der
GpA-Transmembrandoméne hat [72]. Neueste Untersuchungen zeigten jedoch auch, dass eine
kiinstliche Lipidmembran, die der Plasmamembran in ihrer Zusammensetzung
nachempfunden ist, sogar eine starke Destabilisierung des GpA Dimers hervorrufen kann
[88]. Die GpA-Transmembranhelix besitzt eine Lange von etwa 32 A und integriert optimal
in die Membran, wenn deren hydrophober Kern eine Dicke von etwa 32 A aufweist. Andert
sich die Dicke der Membran, kann sich die GpA-Transmembranhelix gegebenenfalls mit
einem anderen Neigungswinkel in die Membran einlagern, was die Effizienz der
Dimerisierung beeinflussen kann. Dieser Effekt wird als hydrophobic mismatch bezeichnet
[89, 90]. Des Weiteren wirkt sich der Ordnungsgrad einer Membran auf das Dimer-Monomer-
Gleichgewicht von GpA aus [72]. Nimmt die Ordnung der Membran und somit die
Packungsdichte der Lipide, z. B. durch die Zugabe eines Ané&sthetikums oder durch das
Verkurzen der Lipid Acylkette, ab, reduziert sich der Anteil an GpA-Dimeren deutlich [72].
Dieser Effekt beruht auf veranderten Lipid-Lipid- und Lipid-Protein-Wechselwirkungen, die
die Energiebilanz der Helix-Helix-Assoziation beeinflussen. Zudem scheint die Ladung der
Lipidkopfgruppen einen Effekt auf das GpA-Dimer zu haben. Interaktionen von cytosolisch
lokalisierten positiv geladenen Aminosauren des GpA mit negativ geladenen
Lipidkopfgruppen scheinen die Dimerisierung erheblich zu stéren [88].

Da GpA bisher sehr gut charakterisiert wurde, dient die GpA-Transmembranhelix als
geeignetes Modell, um vielféaltige neue amphiphile Systeme und deren Einfluss auf die

Dimerisierung membranstandiger a-Helices studieren zu kénnen.

1.4 Amphiphile Stoffe zur Untersuchung von Membranproteinen

Die Charakterisierung von Membranproteinen ist im Vergleich zu l6slichen Proteinen ein
schwieriges Unterfangen. Membranproteine I6sen sich nicht in Wasser, sondern aggregieren,
indem sich ihre hydrophoben Bereiche zusammenlagern und dabei Wassermolekiile
verdrangen. Um isolierte Membranproteine in vitro biochemisch und biophysikalisch
untersuchen zu kdénnen, muss die natirliche Umgebung der Proteine, die Zellmembran, ersetzt
werden. In der Regel dienen dazu Detergenzien, Lipide und neuerdings synthetische
amphiphile Copolymere (Abb. 1.6). Zur Charakterisierung isolierter Membranproteine,
werden diese meist heterolog in E. coli Bakterien, Hefen oder eukaryotischen Zelllinien
11
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exprimiert und darauffolgend extrahiert. Um die Membranproteine aus der nativen Membran
zu isolieren, werden Detergenzien zugegeben. In einem ersten Schritt destabilisieren die
Detergenzmolekiile die Zellmembran und verdrangen anschlieBend die Lipidmolekiile von
den hydrophoben Transmembranbereichen des Membranproteins, wodurch sie selbst mittels
der hydrophoben Kette mit dem Protein interagieren. Dabei kann es aber zu Problemen
kommen. Das Protein 10st sich nicht, aggregiert und ist meist unwiderruflich verloren. Des
Weiteren besteht die Mdoglichkeit, dass sich das Protein zwar l6st, aber nicht in seinem
nativen, funktionalen Zustand verbleibt, wodurch es nicht fir weitere Experimente
verwendbar ist. Daher ist es von grofRer Bedeutung, das richtige Detergenz zur Solubilisierung
von Membranproteinen zu wéhlen. Jedes Membranprotein erfordert unterschiedliche
Bedingungen zur Ausbildung seiner funktionalen Konformation in wassriger Ldsung [91, 92].
Nach diesem Schritt kann das Membranprotein z.B. in Lipidliposomen oder Copolymere

eingebaut und rekonstituiert werden, um es weiter zu untersuchen.
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Abb. 1.6 Amphiphile Molekile zur Solubilisierung von Membranproteinen

Chemische Struktur eines Detergenz (A) Lauryl-Lysophosphocholin, und eines doppelschichtbildenden Lipides
(B) Dilaurylphosphocholin. (C) stellt ein amphiphiles HPMA (x)-LMA (y) Copolymer dar wobei die beiden
Monomere x und vy statistisch Uber die Polymerkette verteilt sind. (D) Amphipol A8-35 ist ein kommerziell
erhéltliches Terpolymer mit Monomeranteilen in der Gesamtpolymerkette von x = 0,35; y = 0,25; z = 0,40.

Eine neue Klasse von Polymeren, die sogenannten SMA (Polystyrol-malein-anhydride)

Polymere, sind in der Lage, Membranproteine direkt aus ihrer nativen Membran in Form von
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kleinen Nano-Lipiddiscs herauszulésen, und z.B. eine affinitdtschromatographische
Reinigung des Proteins kann im Anschluss folgen [93, 94]. Die daraus erhaltenen Nano-
Lipiddiscs halten das Membranprotein in seiner naturlichen Umgebung. Diese lassen sich fur
alle bekannten spektroskopischen Methoden sehr gut verwenden [95, 96]. Somit kann in
diesem Fall der Einsatz von Detergenzien vermieden werden, was neue Mdglichkeiten in der
Membranprotein Forschung ermdglicht. Jedoch sind zum jetzigen Zeitpunkt Detergenzien
noch nicht wegzudenken und durch ihre Vielfalt stellen sie ein wichtiges Werkzeug fir die

Erforschung isolierter Membranproteine dar.

1.4.1 Synthetische Phospholipide zum Nachbau natlrlicher Membranen

Um lipidspezifische Effekte auf die Faltung von Membranproteinen zu untersuchen, kdénnen
Membranen mit synthetisch hergestellten Lipiden in Form von Liposomen imitiert werden.

Im Vergleich zu Detergenzien und Polymeren, die Mizellen (Abb. 1.7A) oder mizellenartige
Strukturen (Abb. 1.7C) bilden, formen Phospholipide eine Lipiddoppelschicht (Abb. 1.7B),
ahnlich der Zellmembran. Die Phospholipide kdnnen in Kettenldnge, Sattigungsgrad sowie
der Kopfgruppe variieren. Alle drei Parameter konnen Uber die Fluiditdt der Membran
entscheiden. Soll die Dicke der Membran gezielt variiert werden, kann dies durch Anderung
der Acylkettenlange realisiert werden. Fluiditat sowie die Dicke der Membran spielen z. B.
eine wichtige Rolle bei der Dimerisierung der GpA-Transmembranhelix [72]. Lagert sich eine
Transmembranhelix in eine Membran einer bestimmten Dicke ein, so kann es, wenn die
Lange der Helix nicht mit der Dicke der Membran (bereinstimmt, zu dem bereits erwéhnten
hydrophobic mismatch kommen. Dieser mismatch kann Helix-Helix-Interaktionen
beeintrachtigen was weitreichende Folgen auf Proteinaktivitat, Stabilitat, Orientierung,
Oligomerisierung, Lokalisierung und Konformation haben kann [90].

Neben den hydrophoben Acylketten kann auch die Chemie der Lipidkopfgruppen variieren.
Die Kopfgruppen von Phospholipiden sind meist Cholin, Inositol, Ethanolamin,
Phosphoglycerol oder Serin (siehe 1.1) und unterscheiden sich durch ihre verschiedene
Ladung und ihre hydrodynamischen Radius. Die Ladungen der Kopfgruppen geben der
Lipidoberflache eine charakteristische Nettoladung, die in natirlichen Membranen meist
negativ ist [97, 98]. Diese negativen Ladungen konnen lonen, die in der Zelle in
verschiedenen Konzentrationen vorkommen, anziehen. Ein wichtiger sekundérer Botenstoff
sind z. B. Calciumionen, die bei Signaltransduktionenprozessen eine wichtige Rolle spielen.

Es ist naheliegend, dass Calciumionen durch Wechselwirkungen mit Lipidkopfgruppen die
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Membran, méglicherweise auch Membranproteine, beeinflussen kénnen. Bereits bekannt ist,
dass Calcium an negativ geladene Lipide bindet, die laterale Verteilung verschiedener

Lipidspezies verandert und die Fusion von Membranen auslésen kann [99, 100].
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Abb. 1.7 Aggregate amphiphiler Stoffe in Wasser

(A) Detergenzmizelle (hydrophile Kopfgruppe-beige, hydrophobe Acylkette-blau). (B) Lipiddoppelschicht
(hydrophile Kopfgruppe-beige, hydrophobe Acylkette-blau). (C) mizellenartiges Polymeraggregat, hydrophiles
Polymerriickgrat (beige) umschlief3t die hydrophoben Polmyerseitenketten (blau).

Andert sich jedoch die KopfgruppengroRe, so hat dies einen Einfluss auf die Architektur des
Lipids und dessen Raumanspruch in der Membran [101]. Befinden sich z.B.
Phosphatidlyethanolamin-Lipide in der Membran, erhéht dies den lateralen Druck in der
Membran, da bei Phosphatidlyethanolamin-Lipide im Gegensatz zu den meisten anderen
Phospholipiden die Acylketten mehr Platz beanspruchen als die Kopfgruppe und diese Lipide
alleine keine Lipiddoppelschicht ausbilden wiirden [102, 103]. Ahnlich wie beim hydrophobic
mismatch konnen Membranproteine dadurch stark beeinflusst werden [104, 105].
Lipiddoppelschichten kénnen somit die Membranproteinfaltung abhangig von Dicke, Ladung,
Fluiditdt und Lateraldruck beeinflussen (Abb. 1.8). In Form von Liposomen lassen sich
gezielt unzdhlige Membranzustdnde simulieren, um die Faltung von Membranproteinen,

abhangig von der Lipidumgebung, zu untersuchen.
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Abb. 1.8 Eigenschaften von Lipiddoppelschichten beeinflussen die Membranproteinfaltung

Die Zusammensetzung der Membran aus verschiedenen Phospholipiden entscheidet (iber deren Eigenschaften.
Lateraldruck (inklusive Membranfluiditdt) Membrandicke und Ladung kdnnen die Faltung und Aktivitat von
Membranproteinen stark beeinflussen.

1.4.2 Detergenzien als Membranersatz

Detergenzien bestehen in der Regel aus einem hydrophilen Teil, gebunden an einen
hydrophoben Bereich, was ihnen einen amphiphilen Charakter gibt. Drei Parameter
entscheiden im Allgemeinen (ber die Eigenschaften eines Detergenz: die La&nge der
hydrophoben Acylkette, die GroRe der hydrophilen Kopfgruppe sowie die Ladung der
Kopfgruppe. Diese Parameter sind wiederum ausschlaggebend fir die Eigenschaften der
Detergenzmizellen, die sich in wéssriger Losung ausbilden. Durch den Hydrophoben Effekt,
der die Zusammenlagerung unpolarer Stoffe in wassriger Losung beschreibt, bilden
Detergenzmolekiile Mizellen aus. Mizellen sind globulére Aggregate, deren Kern hydrophob
und, deren duBere Hille hydrophil ist (Abb. 1.7A). Detergenzmolekile lagern sich ab einer
bestimmten Konzentration, critical micellar concentration (CMC), zu Aggregaten zusammen,
indem die hydrophoben Acylketten Van-der-Waals-Wechselwirkungen ausbilden und
Wassermolekile aus dem hydrophoben Aggregat ausschlieRen. Die Erhdéhung der Entropie
der freigewordenen Wassermolekiile ist die treibende Kraft der Mizellenbildung. Der
ausgebildete hydrophobe Kern dhnelt dem hydrophoben Bereich einer Lipiddoppelschicht,
wodurch sich die hydrophoben Transmembranbereiche der Membranproteine in die Mizelle
einlagern kdnnen. Die Natur des Detergenz sowie die Pufferbedingungen (pH, lonenstarke,
etc.) bestimmen Uber die Eigenschaften der Mizellen. Zum einen kann die CMC, die
Detergenzkonzentration ab der sich Mizellen bilden, variieren. Des Weiteren kann die

Aggregationszahl, die Anzahl der Detergenzmolekile in einer Mizelle, sowie die &uRere
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Erscheinungsform (globulér, réhrenférmig, invers), sich je nach Art des Detergenz
unterscheiden [106]. Diese Parameter kdnnen weiterhin einen starken Einfluss auf die
Sekundar-, Tertidr- und Quartérstruktur eines Membranproteins austiben, da die Mizelle das
direkte Losungsmittel des Membranproteins verkdrpert. Aus diesem Grund ist es notwendig,
neben der Oligomerisierung des Membranproteins auch die Eigenschaften der Mizellen zu
charakterisieren, um genauere Einblicke in den Effekt der amphiphilen Stoffe auf die Faltung
des Membranproteins zu bekommen. Diese Erkenntnisse kdnnen z. B. sehr wichtig fur die
Kristallisation von Membranproteinen sein, um nativ gefaltete Membranproteine zu erhalten,

aber auch fr weitere Untersuchungsmethoden in Detergenz gilt.

1.4.3 Amphiphile Copolymere als Alternative zu Detergenzien

Im Jahre 1996 beschrieb die Forschungsgruppe von Jean-Luc Popot erstmals ein amphiphiles
Copolymer namens Amphipol A8-35 (Abb. 1.6D), welches als Ersatz fur Detergenzien zur
Solubilisierung von Membranproteinen verwendet werden konnte [107]. Dabei handelte es
sich um ein Terpolymer bestehend aus einer Polyacrylatkette, die an verschiedenen Stellen
mit Isopropylamin und Ocytylamin vernetz ist. Daraus ergeben sich drei verschiedene
Monomer Einheiten. Das Acrylat verleiht der Polymerkette eine negativ geladene hydrophile
Oberflache. Die Isopropyleinheiten dienen zur Verminderung der Ladungsdichte der
Polymerkette, um AbstoRungseffekte durch die Acrylatgruppen zu vermeiden. Um dem
Polymer einen amphiphilen Charakter zu geben, sind Octylketten (ber die Polymerkette
verteilt. A8-35 besitzt eine hohe Wasserloslichkeit von tber 200 g/L und bildet in wassriger
Losung mizellenartige monodisperse Aggregate aus. Diese Aggregate (Abb. 1.7C) setzen sich
aus wenigen Polymerketten (~4) zusammen und bilden sich bereits ab
Polymerkonzentrationen im nanomolaren Bereich, was einen deutlichen Vorteil gegeniiber
Detergenzien darstellt [108-110]. Detergenzien haben CMC-Werte im mikromolaren bis
millimolaren Bereich, was zur Folge hat, dass viele Detergenzmolekiile als Monomere
vorliegen und nicht in Mizellen zu finden sind. Frei vorliegende Detergenzmolekiile oder
nicht proteinbeinhaltende Mizellen stellen ein Problem dar, da sie Proteindesaktivierung
durch Dissoziation von Proteinkomplex-Untereinheiten, sowie Phasenseparation in
Kristallisationsexperimenten oder eine erhohte Viskositdt der Losung bei NMR-
Experimenten, hervorrufen kénnen [107]. Durch die Mdglichkeit A8-35 in sehr niedrigen
Konzentrationen einsetzen zu koénnen, lasst es sich leicht gegen Detergenz, gebunden an

Membranproteine, austauschen, um im Folgenden weitere Untersuchungen durchzufihren.
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Des Weiteren sind aufgrund der niedrigen Einsatzkonzentration von A8-35 wenige, nicht an
Protein-Polymer-Aggregaten beteiligte, Polymermolekile in Lésung vorhanden, womit
Amphipole wenig denaturierend auf Membranproteine wirken [107]. Neben Amphipol A8-35
gibt es eine Vielzahl von Derivaten, die sich in der statistischen Zusammensetzung, Lange der
hydrophoben Kette und Ladung der Polymerkette unterscheiden [110, 111].

Zudem wurden bereits fluoreszenmarkierte Amphipole synthetisiert, um z. B. direkte
Amphipol-Membranprotein-Interaktionen untersuchen zu konnen. Aufgrund der relativ
einfachen Synthese sind Funktionalisierungen der Amphipole keine Grenzen gesetzt. Mehr als
30 Membranproteine konnten bisher in Amphipolen solubilisiert werden, wobei deren native
Struktur sowie ihre Aktivitdt erhalten werden konnten [110]. Allerdings stellt eine
Polymerkette ein rigides Gerlst dar, welches weit weniger dynamisch als eine
Detergenzmizelle ist. Dies wiederrum kann die stabilisierenden Eigenschaften des Amphipols
auf Membranproteine erklaren. Sind im Protein jedoch groRe strukturelle Veranderungen fir
die Aktivitat erforderlich, kann der rigide "Gurtel" des Amphipols hinderlich sein. Dies
konnte bei der sarkoplasmatischen Calcium-ATPase, deren Aktivitat durch eine Amphipol-
Umgebung inhibiert wurde, beobachtet werden [112, 113]. Da die Faltung von
Membranproteinen letztendlich durch Helix-Helix-Interaktionen bestimmt wird, ist es von
Bedeutung, den Effekt von Amphipolen auf die Interaktion einzelner Transmembranhelices
zu untersuchen.

Eine weitere Klasse amphiphiler Copolymere, ahnlich zu den Amphipolen, sind p(HPMA)-
co-p(LMA)-Copolymere (Abb. 1.6C). In der Arbeitsgruppe von Prof. Dr. Rudolf Zentel an
der Universitat in Mainz wird die Synthese dieser Polymere standig verfeinert und eine
Vielzahl von Varianten der Polymere kann reproduzierbar synthetisiert werden.

Die Polymere bestehen aus Hydroxypropylmethacrylamid (HPMA) und Laurylmethacrylamid
(LMA) Monomeren, die statistisch tber die Polymerkette verteilt sind. Die letztendliche
Zusammensetzung hangt vom stochiometrischen Einsatz der Monomervorstufen ab.
p(HMPA) ist ein wasserldsliches, ungiftiges und nicht immunaktives Polymer, was einen
Einsatz als Therapeutikum ermdglicht [114]. Vor Kurzem wurde es mdglich, dieses Polymer
monodispers in Losung zu bringen und mit dem hydrophoben LMA zu koppeln [115]. Daraus
ergibt sich ein amphiphiles Polymer, das wie Amphipole eine micellenartige Struktur in
Wasser ausbildet und hydrophobe Stoffe zum Transport aufnehmen kann [116]. Es konnte fiir
diese Polymere gezeigt werden, dass sich kleine Aggregate aus wenigen Polymerketten bilden
und das bereits ab Konzentrationen im nanomolaren Bereich [115, 117, 118]. Im Gegensatz
zu Amphipolen besteht das Copolymer nur aus zwei Monomereinheiten. Die amphiphilen
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Eigenschaften des Copolymers lassen sich dadurch bei der Synthese (ber das
stochiometrische Verhéltnis des hydrophilen und des hydrophoben Monomers veréndern.
Diese Art von Polymere konnte bereits erfolgreich eingesetzt werden, um hydrophobe Stoffe,
wie z. B. Domperidon oder Rhodamin, tber die Blut-Hirn Schranke zu transportieren, was
den Einsatz als drug carrier moglich macht [116, 119, 120]. Des Weiteren zeigen Versuche,
dass statistische Copolymere dieser Art verstarkt in Walker-256 Karzinomen aufgenommen
werden, was sie zu moglichen drug carriern in der Krebstherapie macht [120]. Die
amphiphilen Eigenschaften sowie die Mdglichkeit die p(HPMA)-co-p(LMA)-Copolymere
individuell zu gestalten machen diese amphiphilen Polymere interessant fir den Einsatz in

Membranproteinforschung.

1.5 Ziele der Arbeit

Bei der Untersuchung von Membranproteinen bedarf es der Entwicklung von neuen
Methoden, da Standardmethoden, entwickelt fur I6sliche Proteine, nicht auf Membranproteine
angewendet werden konnen. Das grolite Problem besteht in der schlechten Wasserléslichkeit
der Membranproteine, da diese sich in vivo in einer hydrophoben Umgebung, der Membran,
befinden. Um dennoch isolierte Membranproteine und ihre Faltung in vitro charakterisieren
zu koénnen, sind membranmimetische Systeme notwendig um die Membranproteine in Losung
zu bringen. In dieser Arbeit sollte der Effekt verschiedener membranmimetischer
Umgebungen auf die Dimerisierung der GpA-Transmembranhelix untersucht werden. GpA
eigentlich sich dazu als Modellprotein, da die Dimerisierung der Transmembranhelix bereits
auf Proteinstrukturebene geklart werden konnten und gut verstanden ist. Aufgrund eines
spezifischen Aminoséuremotives ist GpA beféhigt stabile Dimere auszubilden.

In vier unabhéngigen Projekten sollten Einfluss von Konzentration und Acylkette von
Lysophosphocholin Detergenzmizellen, das kommerziell erhéltliche Amphipol A8-35, die
stéchiometrische Zusammensetzung von amphiphilen p(HPMA)-co-p(LMA)-Copolymeren
sowie der Effekt von Calciumionen auf eine binére, negativ geladene Lipidmembran, naher
untersucht werden. Zu Beginn sollten diese verschiedenen Systeme auf ihr Verhalten in
wassriger Losung getestet werden, um Parameter der Mizellen, Polymeraggregate und
Lipidmembranen bei verschiedenen experimentellen Bedingungen, zu erhalten. Mit diesem
Erkenntnisgewinn sollten die unterschiedlichen Eigenschaften gezielt genutzt werden, um den
Effekt der amphiphilen Stoffe auf die Dimerisierung der GpA-Transmembranhelix, die mittels

FRET-Messungen verfolgt und quantifiziert werden kann, zu erklaren. Helixdimere kénnen
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als kleinste strukturgebende Einheit in groReren Membranproteinen oder Oligomerkomplexen
angesehen werden. Die Erkenntnisse, die mit Hilfe der GpA-Transmembranhelix Gber die
Helix-Helix-Assoziation und vor allem den Einfluss &uRerer Faktoren gewonnen werden,

dienen als Grundlage fir die Erforschung der Faltung weiterer bitopischer und polytopischer

Membranproteine.
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2. Ergebnisse und Diskussion

2.1 Detergenzeigenschaften beeinflussen die Stabilitdt des Glykophorin A

Transmembranhelix-Dimers in Lysophosphocholin Mizellen

Michael Stangl, Anbazhagan Veerappan, Anja Kroger, Peter Vogel und Dirk Schneider

Biophysical Journal, Dezember 2012, Volume 103, Issue 12

Detergenzien werden typischerweise zur Extraktion, Reinigung und Strukturanalysen von
Membranproteinen, sowie zur Bestimmung thermodynamischer Parameter der
Membranproteinfaltung und Stabilitat, verwendet. Sie dienen nicht nur als hydrophobe
Umgebung zur Solubilisierung des hydrophoben Transmembranbereiches, sondern stellen das
direkte Losungsmittel eines isolierten Membranproteins bei in vitro Experimenten dar. Eine
Detergenzumgebung kann bei in vitro Studien die native Membran ersetzen und Sekundar-
und Tertidrstruktur von isolierten Membranproteinen stabilisieren [121]. Sogar
Quartarkontakte in Membranproteinkomplexen kénnen in Detergenz natiirlich ausgebildet
oder erhalten bleiben [122, 123]. Allerdings besteht die Mdglichkeit, dass Detergenzien
intramolekulare Interaktionen in Membranproteinen verandern, was z. B. am Beispiel von
Bakteriorhodopsin gezeigt wurde. Bakteriorhodopsin konnte in Detergenz nur als Monomer
kristallisiert werden, obwohl es in der natiirlichen Membran als Trimer vorliegt [124, 125].
Dies und weitere Beispiele zeigen, dass die Wahl des Detergenz von hoher Bedeutung ist, um
die  Struktur und Funktion eines Membranproteins zu bewahren. Welche
Detergenzeigenschaften die Faltung von Membranproteinen beeinflussen, wurde hier am
Modellsystem einer Helix-Helix-Interaktion (GpA) untersucht.

In dieser Studie wurden der Einfluss der Detergenzkonzentration und der Acylkettenldnge von
Lysophosphocholin (Lyso-PC) Detergenzien (Abb. 1.6A) auf die Dimerisierung der GpA-
Transmembranhelix untersucht. Lyso-PC ist ein strukturell zu doppelschichtbildenden
Phospholipiden &hnliches Detergenz. Es besitzt eine zwitterionische Phosphocholin
Kopfgruppe und, im Gegensatz zu Phospholipiden, nur eine Acylkette. Lyso-PCs kommen
natirlich in  menschlichen Zellen vor. Sie entstehen bei der Hydrolyse von

Phosphatidylcholinen und sind in Zellprozessen, wie die Proliferation von T-Lymphozyten
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und der Proteinkinase C Aktivierung involviert [126, 127]. Zudem zeigen Tumorzellen eine
erhohte Konzentration von Lyso-PC Molekiilen [128, 129].

FRET
A

Abb. 2.1 GpA Dimerisierung induziert FRET

Liegen die GpA-Peptide als Monomere vor wird keine Energie (bertragen und nur der Donor fluoresziert.
Dimerisieren zwei Transmembranhelices, so wird Energie vom Donor auf den Akzeptor (bertragen und die
Donorfluoreszenz wird gequencht, wobei die Akzeptorfluoreszenz zunimmt. Die Stirke des Donorquenchings
kann zur Quantifizierung der Dimerisierung genutzt werden.

Es wurden Lyso-PCs mit der Kettenlange von 10 bis 16 C-Atomen auf ihre CMC und
Aggregationszahl untersucht und weiterhin die Dimerisierung der GpA-Transmembranhelix,
solubilisiert in diesen Detergenzien, mittels FRET quantifiziert. Die FRET-Methode setzt
voraus, dass im Dimer alle Energie vom donormarkierten GpA-Peptid auf das
akzeptormarkierte GpA-Peptid Ubertragen wird. Diese Annahme ist gerechtfertigt, da die N-
Termini (hier wurde der Fluoreszenzfarbstoff gekoppelt) in der GpA NMR-Struktur von
MacKenzie et al. [69] nur 10 A auseinander liegen und der Férsterradius der beiden
Farbstoffe bei 55 A liegt. D.h., dass nur Energie (ibertragen wird, sobald die Peptide
dimerisieren (Abb. 2.1). Durch die Starke des Donorquenchings lasst sich folglich der Anteil
an GpA-Dimeren in der Probe bestimmen.

Zu Beginn wurde die Integritat der o-helikalen Struktur der Transmembranhelix in den
verschiedenen Lyso-PC-Mizellen mittels CD-Spektroskopie Uberpruft. Alle synthetisierten
GpA-Peptide zeigen eine eindeutige a-helikale Struktur (Abb. 2.2) mit einem berechneten a-
Helix-Anteil von 78-81%. Nur die Peptide geldst in Lyso-PC C16, dem Detergenz mit der
langsten Acylkette, zeigen eine verminderte o-helikale Struktur mit einem berechneten a-
Helix Anteil von 66%. Da bis auf Lyso PC C16 alle Peptide eine vornehmlich a-helikale
Sekundarstruktur aufweisen, ist die 1. Stufe des 2-Stufen-Modells, dass die Helices eine
stabile a-helikale Struktur in der membranmimetischen Umgebung ausbilden, erfullt. Somit
kann eine sequenzspezifische Helix-Helix-Interaktion stattfinden und eine unspezifische

Proteinaggregation ist wenig wahrscheinlich.
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Eine Interaktion der Transmembranhelices lasst sich allerdings nicht Gber CD-Spektroskopie

ermitteln, weshalb im Folgenden FRET-Analysen durchgefuhrt wurden.

Molare Elliptizitat
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Abb. 2.2 CD-Spektren der GpA-Transmembranpeptide in verschiedenen Lyso-PCs

CD-Spektren von nichtmarkiertem GpA-Transmembranpeptid in 20 mM Lyso-PC der Kettenldéngen 10-16.
Dabei unterscheidet sich nur das GpA-Transmembranpeptid in Lyso-PC der Kettenlange 16 von den anderen
Spektren. Charakteristische Minima und Maxima fiir eine a-Helix sind bei 190 nm, 209 nm und 222 nm zu
sehen.

Die FRET-Messungen zeigten eine kontinuierliche Abnahme der Dimere mit steigender
Acylkettenldange des Detergenz (20 mM) [148]. Weitere Messungen, beginnend knapp Uber
der CMC des jeweiligen Lyso-PCs, zeigten eine Abhédngigkeit der Dimerisierung mit
veranderter Detergenzkonzentration (Abb. 2.3). Bei konstanter Peptidkonzentration (in allen
Messungen konstant) und steigenden Detergenzkonzentrationen nimmt die Dimerisierung
drastisch ab. Je langer die Kettenlange des Detergenz, desto ausgepragter ist dieser Effekt.
Dabei ist zu beachten, dass es sich bei der Dimerisierung von Helices immer um ein
dynamisches Gleichgewicht zwischen Monomer und Dimer handelt. Monomere Einheiten
assoziieren und dissoziieren also standig. In einem vergleichbaren dynamischen
Gleichgewicht stehen auch Mizellen, die sich immer wieder neu formieren, fusionieren oder
sich auflésen. Zur weiteren Interpretation der Ergebnisse wurden daher die Detergenzien
néher analysiert. Mittels des Fluorophors ANS (1-Anilinonaphtalen-8-sulfonat), das nur in
hydrophober Umgebung stark fluoresziert, wurde die jeweilige CMC des Lyso-PCs bestimmt.
Die Messungen ergaben, dass die CMC mit steigender Kettenldnge exponentiell abnimmt und
sich im Bereich von 6 mM (Lyso-PC C10) und 3 uM (Lyso-PC C16) befindet [148].
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Abb. 2.3 Dimeranteile der GpA-Peptide bei verschiedenen Lyso-PC-Konzentrationen und -Kettenldngen

Die Dimerisierung der GpA-Transmembranhelix (0,5 puM), ermittelt durch FRET-Messungen, nimmt mit
steigenden Lyso-PC-Konzentrationen rapide ab. Diese Abnahme ist umso drastischer je langer die Kettenlédnge
des Detergenz ist.

Aus der folgenden Gleichung, die den Zusammenhang der verschiedenen Mizellenparameter
beschreibt (Nagg=([Det]-CMC)/[M]), und den CMC-Messungen lasst sich folgern, dass sich
bei einer konstanten Detergenzkonzentration ([Det]) aller Lyso-PC-Kettenldangen
unterschiedlich viele Mizellen ([M]) in Lésung befinden, vorausgesetzt die Aggregationszahl
(Nagg) ist flr alle gleich. Die unterschiedliche Mizellenkonzentration kann einen deutlichen
Effekt auf die GpA Dimerisierung haben, da die Mizellen das direkte Losungsmittel darstellen
und je mehr Mizellen vorhanden sind, desto mehr effektives VVolumen bietet sich den Helices,
die dann eher dissoziieren konnen.

Um die vorherrschenden mizellaren Bedingungen noch naher zu bestimmen, wurde die
Aggregationszahl und hydrodynamischer Radius der Detergenzmizellen bestimmt. Dazu
wurde eine fluoreszenzspektroskopische Methode, sowie statische Lichtstreuung (SLS und
DLS durchgefiihrt von XXX et al.) angewandt. Diese Messungen ergaben, dass die
Aggregationszahl sowie der hydrodynamischer Radius der Mizellen mit steigender
Kettenldnge ansteigt (Abb. 2.4). Nicht veroffentlichte Daten lassen sogar die Vermutung zu,
dass die Aggregationszahl der Mizellen mit steigender Detergenzkonzentration zunimmt
(Abb. 2.4C).
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Abb. 2.4 Aggregationszahlen und hydrodynamische Radien der Lyso-PC Mizellen

(A) Aggregationszahl als Funktion der Lyso-PC Acylkettenldnge bei 20 mM Detergenz. Aggregationszahlen
wurden mittels Fluoreszenzquenching (e) sowie statischer Lichtstreuung (o) ermittelt. (B) Hydrodynamische
Radien der Lyso-PC Mizellen bestimmt mit dynamischer Lichtstreuung (SLS und DLS durchgefihrt von XXX
etal.). (C) Aggregationszahl als Funktion der Lyso-PC Konzentration ermittelt Gber Fluoreszenzquenching.

In dieser Studie sollte der Einfluss der Lyso-PC Kettenldge und der Konzentration auf das
GpA-Dimer bei gleichbleibender Detergenzkopfgruppe untersucht werden. Thermodynamisch
gesehen kann die freie Energie der Helix-Helix-Assoziation (4Gn,) wie folgt formuliert
werden:
AGha = AGhp + N A4Gqy.q4 - 2N AGh g

wobei AGh.n, 4Gy.q, 4Gh-q die freien Energien von Helix-Helix-, Detergenz-Detergenz- und
Helix-Detergenz-Interaktionen sind. Dimerisieren zwei Helices, so werden 2n Helix-
Detergenz-Interaktionen aufgehoben und n Detergenz-Detergenz-Interaktionen
hinzugewonnen. Dies erhoht die freie Energiednderung der Helix-Helix-Interaktion und
begunstigt diese somit thermodynamisch. Erhéht sich nun die Kettenldnge des Detergenz und
somit dessen Hydrophobizitdt, so ist zu erwarten, dass dieses starker mit der
Transmembranhelix interagiert als ein Detergenz mit einer kiirzeren Acylkette. Die erhdhte
Interaktion mit dem Detergenz kénnte mit der Helix-Dimerisierung in Konkurrenz stehen,
was im Fall der langerkettigen Detergenzien starker zum Tragen kommt und die freie Energie
der Helix-Helix-Assoziation vermindert.

Ein weiterer Grund fiir die gezeigten Resultate konnte mit der Detergenzkonzentration erklart

werden. Unabhangig von der Kettenldange konnte eine starke Reduzierung der Dimerisierung
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der GpA-Transmembranhelix mit steigender Detergenzkonzentration beobachtet werden.
Diese Art von Destabilisierung wurde bereits von Fisher et al. [74] als einfacher
Verdunnungseffekt, basierend auf einer entropisch bedingten Dissoziation, beschrieben. Im
Idealfall hangt die freie Energie der Helixassoziation linear vom Logarithmus der Lyso-PC-
Konzentration, mit einer Steigung von R*T ab. Die Ergebnisse hier zeigen aber eine
Abweichung von diesem Idealfall [148]. Nur im Falle von Lyso-PC-C16 ist eine nahezu
ideale Verdinnung erkennbar. Die generelle Abweichung vom Idealfall l&sst die Vermutung
zu, dass die Vorgénge deutlich komplexer sind als beschrieben durch eine einfache
Verdlnnung und nicht genauer beschrieben werden kénnen.

In der Vergangenheit wurde bei der Integration und Interaktion von Transmembranhelices in
Lipiddoppelschichten der hydrophobic mismatch diskutiert [89, 90, 130]. Dieser kommt zum
Tragen, sobald die Lange der Transmembranhelix nicht mit der Dicke der Membran
Ubereinstimmt, was zu einer starken Destabilisierung der Membranproteinstruktur fiihren
kann. Im Vergleich zu Lipiddoppelschichten sind Mizellen aber deutlich flexibler und
dynamischer und sollten sich besser an die Oberflaiche des Membranproteins anpassen
kénnen. Die Lange des hydrophoben Bereichs des GpA-Dimers betragt etwa 31 A. Wére nun
der Radius der Mizellen ausschlaggebend fir die Dimerisierung der GpA Helix, sollte,
anhand der DLS Ergebnisse (Abb. 2.4B), ein Maximum in Mizellen aus Lyso-PC-C13 oder
C14, deren hydrodynamischer Radius 31-33A ist, zu sehen sein. Dies entspricht aber nicht
den dieser Arbeit zu Grunde liegenden Ergebnissen, da GpA in Mizellen aus Lyso-PC-C10
am stabilsten zu sein scheint und deren hydrodynamischer Radius aber nur 24A betrégt.
Demzufolge kann hydrophobic mismatch nicht ausschlieBlich zur Erklarung der verminderten
GpA Dimerisierung, mit steigender Lyso-PC-Acylkette, genutzt werden.

Ein genauere Auswertung der Charakterisierung der Mizellen zeigt die Zunahme der
Aggregationszahl mit steigender Kettenldange des Detergenz (Abb. 2.4A). Ein Vergleich der
Dimeranteile bei jeweils 20 mM Lyso-PC mit der jeweiligen Aggregationszahl zeigt einen
linearer Zusammenhang (Abb. 2.5). Der Anteil von Peptiden zu Detergenzmolekiilen
innerhalb einer einzelnen Mizelle ist somit bei jedem Fall unterschiedlich. Dies l&sst die
Vermutung zu, dass neben den bisher erlduterten Interaktionen, moglicherweise die
Aggregationszahl der Mizellen auch ein wichtiger Faktor fur die Assoziation von

Transmembranhelices ist.
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Abb. 2.5 Korrelation zwischen Dimerstabilitat und Aggregationszahl
GpA-Dimeranteile bei 20 mM Lyso-PC als Funktion der Aggregationszahl (bestimmt Uber SLS). Die
Aggregationszahl korreliert linear mit den GpA-Dimeranteilen mit R*=0,9.

Die Ergebnisse dieser Studie zeigen, dass die Acylkettenldnge sowie die Konzentration eines
Detergenz den oligomeren Zustand eines Membranproteins stark beeinflussen kénnen.
Einerseits spielen Helix-Detergenz-Interaktionen eine entscheidende Rolle, andererseits 16st
die Konzentrationszunahme an Mizellen eine Dissoziation der Helices aus. Zudem konnte in
dieser Studie gezeigt werden, dass der Effekt des hydrophobic mismatch in
Detergenzumgebung, im Gegensatz zu Lipidmembranen, eher eine untergeordnete Rolle zu
spielen scheint. Beim Einsatz von Detergenzien zur Membranproteinanalyse wird in der
Regel die Aggregationszahl des Detergenz nicht berlcksichtigt. In dieser Studie konnte
erstmals gezeigt werden, dass die Aggregationszahl einer Mizelle vermutlich eine
entscheidende Rolle bei der Stabilisierung nativer Membranproteinstrukturen in Mizellen

spielen kann.
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2.2 Sequenz-spezifische Dimerisierung einer Transmembranhelix in Amphipol A8-35

Michael Stangl, Sebastian Unger, Sandro Keller und Dirk Schneider
Plos One, Oktober 2014, VVolume 9, Issue 10

Seit einigen Jahren koénnen Detergenzien teilweise durch synthetische amphiphile
Copolymere, genannt Amphipole, ersetzt werden. Amphipole wurden erstmals 1996 von der
Gruppe von Jean-Luc Popot beschrieben [107]. Aufgrund ihrer guten Wasserloslichkeit und
der niedrigen Einsatzkonzentration kdnnen Amphipole Detergenzien nach der Extraktion der
Proteine aus der Membran ersetzen. Amphipole bilden ab Konzentrationen im nanomolaren
Bereich Aggregate aus wenigen Polymerketten, in deren Innerem sich die hydrophoben
Bereiche eines Membranproteins einlagern kénnen, wie es bei Detergenzmizellen bekannt ist.
Die niedrige Anzahl von Polymermolekilen pro Aggregat bietet im Gegensatz zu Mizellen,
die aus vielen Detergenzmolekillen zusammengesetzt sind, die Maoglichkeit,
Membranproteine sehr gut zu stabilisieren. Daher wirken Amphipole weniger denaturierend
auf Membranproteine. Fur die Extraktion von Membranproteinen aus Membranen sind
allerdings zun&chst noch Detergenzien notwendig, um an die Membranproteine zu gelangen,
da Amphipole eine Membran nicht auflésen kénnen.

Bisher wurde bereits der Einfluss von Amphipolen auf die Stabilitdt von ausgewahlten
Membranproteinen untersucht. In diesen Studien wurden polytopische Membranproteine
untersucht, die von vielzahligen Interaktionen, kurzer und langer Reichweite, stabilisiert sind.
In dieser Studie sollte die Stabilitat der GpA-Transmembranhelix in Amphipol A8-35, dem
ersten und beststudierten Amphipol, untersucht werden.

Zu Beginn wurde die Sekundarstruktur der GpA-Helixpeptide, geldst in A8-35, mittels CD-
Spektroskopie bestimmt (Abb. 2.6). Zum Vergleich wurden die GpA-Peptide in TFE, DDM
und SDS gelost, da diese Substanzen Membranproteine sehr gut in Losungen bringen kdnnen
und die Ausbildung von a-Helices fordern. Amphipol A8-35 vermag die GpA-Peptide &hnlich
gut zu l6sen wie die Kontrollsubstanzen. Die Ausbildung der Transmembranhelix von GpA
wird durch A8-35 stabilisiert. Ein Unterschied ist allerdings die eingesetzte Konzentration.
Bereits bei einer 1:1 Mischung von Peptid zu Polymer ist das Peptid vollstandig gelést und
vorwiegend a-helikal (Abb. 2.6). Dies zeigen die vergleichbaren berechneten a-helikalen
Anteile von 67% in A8-35, 62% in TFE, 76% in SDS und 79% in DDM.
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Abb. 2.6 CD-Spektren der GpA-Transmembrandomane in Amphipol
Unmarkierte GpA-Peptide (5 uM) geldst in 5 uM A8-35, Trifluorethanol (TFE), 5 mM Dodecylmaltosid (DDM)
und 5 mM Natriumdodecylsulfat (SDS).

In einem weiteren Schritt wurde die Stabilitat des GpA-Dimers in Amphipol A8-35 mittels
FRET-Messungen ermittelt. Hierzu wurde die Peptidkonzentration der markierten Peptide
konstant gehalten und die Polymerkonzentration von 5-75 pM erhoht. Diese Messungen
zeigen eine hohe Dimerisierung bei niedrigen A8-35 Konzentrationen (Abb 2.7). Eine
Erhoéhung der Polymerkonzentration fiihrt zu einer Abnahme der Dimerisierung bis zu einem

Dimeranteil von etwa 0,65 bei 20 uM Amphipol.
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Abb. 2.7 Assoziation der GpA-Transmembranhelix in Amphipol A8-35
FRET-Messungen wurden bei einer konstanten Peptidkonzentration von 0,5 pM durchgefuhrt. Dimeranteile
wurden durch Energietransfereffizienzen von Donor- auf Akzeptorpeptid berechnet.

Eine weitere Erhéhung der Polymerkonzentration beeinflusst die Dimerisierung nur minimal.
Im Vergleich dazu konnen Detergenzien, auch bereits knapp Uber der CMC, stark

dissoziierend auf die GpA-Transmembranhelix wirken. Bei den getesteten Bedingungen in
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Amphipol A8-35 sind die Dissoziationskonstanten von GpA unter 0,3 uM und steigen bei
Erh6hung der Amphipolkonzentration nicht stark an. Bei manchen Detergenzien (SDS,
DDMAB, DPC, Lyso-PC) sind die Dissoziationskonstanten, bei sehr niedrigen
Konzentrationen tber der CMC, im ahnlichen Bereich von < 0,5 uM. Allerdings kdnnen diese
sehr stark ansteigen, sobald die Detergenzkonzentration erhéht wird. Amphipol hingegen
scheint auch bei hoherer Konzentration, relativ zur kritischen Aggregationskonzentration
(nanomolar), das GpA-Dimer sehr gut zu stabilisieren. Dies liegt mdglicherweise an
folgenden Faktoren: (i) Die fehlende Eigenschaft von Amphipolen mit Protein-Protein-
Wechselwirkungen zu konkurrieren. (ii) Die verminderte GroéRe des Faltungstrichters fir
Membranproteine im Vergleich zu einer Detergenzumgebung, die deutlich denaturierender
wirken kann (iii) Der Dampfungseffekt von moglichen Konformationsanderungen im Protein
durch die Viskositat des Polymerriickgrates.

Weitere Versuche zur Stabilitat des GpA-Dimers zeigten, dass die Peptide nicht permanent an
das Polymer assoziiert sind, sondern ein dynamisches reversibles System vorhanden ist. Dazu
wurden Donor- und Akzeptorpeptid getrennt in 20 uM A8-35 solubilisiert und im Verhéltnis
50:50, wie es bei den Gleichgewichts-FRET-Messungen der Fall war, gemischt und das
FRET-Signal verfolgt. Der Austausch der Peptide in der Polymerlésung findet zwar langsam
uber mehrere  Stunden statt, aber die Energietransfereffizienz aus den
Gleichgewichtsmessungen wird schliellich erreicht. Im Gegensatz dazu geschieht der
Austausch in DDM-Mizellen in wenigen Minuten. Somit ist die Transmembranhelix nicht im
Polymeraggregat "gefangen” und es findet ein kontinuierlicher Austausch von Polymerketten
an den hydrophoben Bereichen des Proteins statt, was eine spezifische Interaktion der
Transmembranhelices ermoglicht. Die ist eine Voraussetzung fur weitere Versuche, da die
Untersuchung eines Gleichgewichtes (Monomer-Dimer) eine Flexibilitdit des Systems
voraussetzt. Zudem verdeutlicht der langsame Austausch die Stabilitdt des GpA-Dimers in
A8-35 und konnte ein Grund fiir dessen stabilisierenden Effekt, durch eine, im Vergleich zu
einer Detergenzumgebung, erniedrigte Entropie, sein.

Um die Stabilitdt und Faltung von Proteinen zu messen, kénnen Denaturierungsstudien
durchgefiihrt werden. Eine thermische Denaturierung hat bei den meisten Membranproteinen
eine Aggregation zur Folge, und chemische Denaturierungsagenzien wie Harnstoff oder
Guanidiniumchlorid dringen nicht bis zu den Transmembranbereichen durch und sind somit
ungeeignet. Deshalb wird bei Membranproteinen hdufig eine Entfaltung durch gemischte
Mizellen verwendet. Typischerweise werden steigende Mengen des anionische Detergenz
SDS zum Protein, gel6st in einem milden Detergenz, wie z. B. DDM, gegeben. SDS eignet
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sich dazu gut, da es bis in die Transmembranbereiche vordringt und dabei nicht die
Sekundarstruktur des Proteins verandert. Es werden lediglich Tertiar- oder Quartarkontakte
durch die AbstoRBungskréfte der geladenen SDS-Kopfgruppen untereinander destabilisiert.
Daher l&sst sich die Entfaltung, die in diesem Fall nur die Dissoziation der
Transmembranhelices beschreibt, mit gemischten Mizellen verfolgen. Zudem stellen
gemischte Mizellen ein wichtiges Intermediat bei der Rekonstitution von Membranproteinen
in Amphipolen dar. Detergenzien sind notwendig zur Extraktion von Membranproteinen aus
der Membran. Mittels Dialyse werden die Detergenzmolekiile entfernt und das Protein
integriert schrittweise in Amphipolaggregate. Als Zwischenstufen kommen gemischte
Amphipol/Detergenzmizellen vor, die, falls sie denaturierend auf das Protein wirken, die
Faltung stark beeinflussen kdnnen und rufen womaglich ein inaktives, fehlgefaltetes Protein

hervor.
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Abb. 2.8 Entfaltung des GpA-Dimers in A8-35 durch Zugabe von SDS
FRET-Messungen wurden bei 20 uM A8-35 und 0.5 uM Peptid und steigenden SDS-Konzentrationen
durchgefihrt.

Der Einfluss von gemischten A8-35/SDS-Mizellen auf die Dimerisierung der GpA-
Transmembranhelix wurde Uber FRET-Messungen mithilfe der markierten GpA-Peptide
untersucht. Steigende SDS-Konzentrationen (unterhalb der CMC) bis etwa 1,5 mM (= CMC
bestimmt mittels ANS [131]) rufen eine starke Destabilisierung des Dimers hervor. Der GpA-
Dimeranteil ohne SDS-Zugabe reduziert sich um mehr als die Halfte von ~0,7 auf ~0,3 (Abb.
2.8), wobei die Dissoziationskonstanten um etwa eine 10er Potenz ansteigen. Gemischte
Amphipol/SDS-Mizellen destabilisieren das GpA-Dimer dhnlich zu gemischten DDM/SDS-
Mizellen. DDM/SDS-Mizellen dissoziieren das GpA-Dimer allerdings vollstandig, was bei
den hier verwendeten Bedingungen fir A8-35/SDS-Mizellen nicht der Fall ist, obwohl SDS
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bei 3,5 mM in deutlichem Uberschuss (175:1) zu A8-35 (20 puM) vorliegt. Ein direkter
Vergleich der gemischten Mizellen ist aufgrund der unterschiedlichen chemischen
Beschaffenheit von DDM und Polymer allerdings nicht méglich. Zudem erschwert das nicht-
ideale Mischungsverhalten von A8-35 mit SDS [149], das stark von den experimentellen
Bedingungen abhéngt, eine Interpretation der Daten. Allerdings deuten die Ergebnisse erneut
auf eine erhohte Stabilitat des GpA-Dimers in Amphipol, im Vergleich zu einem milden
Detergenz wie DDM, hin. Darlber hinaus lasst sich durch Verringern der SDS-Konzentration,
die Entfaltung des Dimers vollstandig riickgangig machen.

Zusammenfassend konnte in dieser Studie konnte gezeigt werden, dass die Integration eines
bitopischen Membranproteins in Amphipol A8-35 die Ausbildung von sequenzspezifischen
Helix-Helix-Kontakten nicht ausschlie3t. Die Ausbildung der Sekundarstruktur und die
Oligomerisierung der GpA-Transmembranhelix sind in A8-35 mdglich. Eine Entfaltung des
Dimers mit SDS ist zwar mdglich, jedoch nicht in vollem Male, was belegt, dass Amphipol
A8-35 wenig dissoziierend ist. Gemischte Mizellen aus Amphipol und SDS konnten ein
nitzliches Werkzeug in der Strukturanalyse sein, da der oligomere Zustand eines Proteins
durch eine Veranderung der SDS Konzentration leicht beeinflusst werden kann. Amphipole
stabilisieren zwar Membranproteine sehr gut, jedoch wurde bei Proteinen, die eine gewisse
Flexibilitat fur ihre Aktivitdt brauchen, eine durch die rigide Amphipolstruktur
hervorgerufene Inhibierung beobachtet [112, 113]. Diese kénnte mit der Zugabe von geringen
Mengen SDS oder anderen Detergenzien gelockert werden, um Konformationsanderungen,

die zur Aktivitét des Proteins notig sind, zuzulassen.
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2.3 Eine minimale Hydrophobizitéat ist erforderlich, um amphiphile p(HPMA)-co-

p(LMA) statistische Copolymere erfolgreich in der Membranforschung einzusetzen

Michael Stangl, Mirjam Hemmelmann, Mareli Allmeroth, Rudolf Zentel und Dirk Schneider

Biochemistry, Februar 2014, Volume 53, Issue 9

Die Charakterisierung von Membranproteinen in vitro erfordert den Einsatz eines
amphiphilen Stoffes, der die Membran imitiert und hydrophobe Bereiche der
Membranproteine in Losung bringen kann. Normalerweise werden dazu Detergenzien oder
Lipide verwendet. In letzter Zeit ist das Interesse an amphiphilen Polymeren gewachsen und
sie werden bereits in Form von diversen Amphipolen in der Membranproteinforschung
genutzt. Das Copolymer p(HPMA)-co-p(LMA) (Abb. 1.6C), synthetisiert in der Gruppe von
Prof. Zentel, stellt eine &hnliche Klasse von amphiphilen Polymeren zu klassischen
Amphipolen dar. Dabei sind die beiden Monomereinheiten HPMA und LMA statistisch tber
die Polymerkette verteilt. p(HPMA)-co-p(LMA) Copolymere kénnen in wassriger Ldsung
spontan mizellenartige Aggregate bilden, was den Einbau hydrophober Substanzen in den
hydrophoben Polymerkern erlaubt. Vergleichbar zu Amphipolen sind
Polymerkonzentrationen im nanomolaren Bereich ausreichend, um solche Aggregate
auszubilden. Die Polymere lassen sich leicht modifizieren, indem die Anteile von hydrophilen
und hydrophoben Monomeren bei der Synthese variiert werden, wodurch sich das
Aggregationsverhalten in wassriger Losung dndert. Bisher konnte gezeigt werden, dass
Copolymere mit 5% hydrophobem LMA Anteil nur wenige kleine Aggregate bilden und sich
diese durch Einbringen einer hydrophoben Substanz stabilisieren lassen. Polymere mit 10%
LMA bilden bereits einen stabileren hydrophoben Kern aus. Die genaue Struktur der
Polymeraggregate ist nicht bekannt, jedoch sind sie in der Lage, eine hydrophobe Umgebung
in wassriger Losung zu erzeugen. Aufgrund dieser Eigenschaften eignet sich diese Art von
Polymeren moglicherweise zur Membranproteinsolubilisierung und Charakterisierung oder
zum Transport von pharmazeutisch relevanten hydrophoben Peptiden zu speziellen Zielen
eines Organismus. In dieser Studie wurden p(HPMA)-co-p(LMA) statistische Copolymere
mit hydrophoben LMA Anteilen von 5% (C5), 15% (C15) und 25% (C25) fiir einen
maoglichen Einsatz in der Membranforschung getestet.

Es wird diskutiert, dass p(HPMA)-co-p(LMA)-Copolymere mit geringen LMA Anteilen von
5-15% mit Blutkomponenten, wie z. B. VLDL, und Zellmembranen interagieren kénnen. Dies

konnte aber auch durch membranassoziierte oder integrale Membranproteine vermittelt
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worden sein. Ob die Polymere direkt mit Lipidmembranen interagieren, sollte zunéchst
geklart werden. Dazu wurden Phosphatidylcholin-Membranen hergestellt und das
fluoreszierende Lipid Laurdan in die Membran integriert. Die Laurdanfluoreszenzemission
héngt vom Eindringen von Wassermolekiilen und der dadurch verénderten Anisotropie ab
[132]. Diese sagt wiederum etwas uber die Fluiditét der Lipidmembran aus. Somit lassen sich
Fluiditatsdnderungen der untersuchten Membran mittels der Laurdan-Fluoreszenz betrachten.
Interagieren die Polymere mit den Membranen, so sollte sich die Fluiditdt der Membranen
veréndern. Die Messungen ergaben, dass durch Zugabe von steigenden Mengen Polymer C5
und C15 die Membran starrer wird, was eine Interaktion der Polymere mit der Membran
bedeutet. Vermutlich interagieren die hydrophoben Ketten des Polymers mit der Membran
und das starre Polymerriickgrat erhoht die Dichte der Lipidpackung. Bei Zugabe von Polymer
C25 und Amphipol A8-35 (Negativkontrolle) &ndert sich die Packungsdichte der Membran
allerdings nicht, was vermuten lasst das diese Polymere nicht mit Membranen interagieren.
Die Messungen ergaben zudem, dass die Interaktion nicht von der Art der Lipide abhangt
[133].
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Abb. 2.9 Polymerinduzierter Austritt von Liposomeninhalt

DOPC-Liposomen wurden mit ANTS (Fluorophor) und DPX (Quencher) beladen und die Polymere in zwei
verschiedenen Konzentrationen (5 UM und 20 uM) zugegeben. Die ANTS-Fluoreszenz wurde ber 30 min bei
530 nm verfolgt und der Anteil an ausgetretenem Inhalt zu jedem Zeitpunkt berechnet (1 2 100%).

Des Weiteren wurde getestet, ob die Zugabe der Copolymere die Stabilitdt der Membranen
beeinflusst oder diese sogar lysieren kann. Dazu wurden Liposomen mit einem
Fluoreszenzfarbstoff und einem Quencher beladen. Stéren die Polymere die Dichtigkeit der
Liposomen, so werden Farbstoff und Quencher in den Umgebungspuffer entlassen und die
Fluoreszenz des Farbstoffes steigt an. Die Messungen ergaben, dass bei Zugabe von C25 der

Inhalt der Liposomen nicht austritt und daher die Stabilitdt der Membran nicht beeinflusst
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wird. Im Gegensatz dazu induzieren die Polymere C5 und C15 einen Austritt des
Liposomeninhalts, wobei der Effekt bei C15 schwécher war als bei C5 (Abb. 2.9).

Zusammen mit den Ergebnissen der Laurdan Messungen l&sst sich folgern, dass C5 und C15,
aber nicht C25, mit Membranvesikeln interagieren und diese sogar destabilisieren kénnen.
Maoglicherweise ermdglicht der hohere LMA Anteil bei C25 das Ausbilden eines stabileren
hydrophoben Kerns der Polymeraggregate, weshalb diese nicht mit Membranen interagieren.
Um dies zu Uberpriifen, wurde der hydrophobe Farbstoff ANS in die Polymeraggregate
eingebaut und die thermische Stabilitdt verfolgt. ANS zeigt in waéssriger Lésung kaum
Fluoreszenz. Diese steigt in hydrophober Umgebung stark an, weshalb ANS z. B. zur
Bestimmung von CMCs genutzt wird. In einer C5-Polymer-Lésung zeigt ANS nur eine
schwache Fluoreszenz, die sich mit steigender Temperatur nicht andert. Dies deutet darauf
hin, dass Polymer C5 keine oder nur wenige instabile hydrophobe Kerne ausbildet. C15
hingegen zeigt eine leicht hdhere Stabilitat der hydrophoben Kerne, ist aber bei weitem nicht
so stabil wie der des Polymers C25. Dies zeigt die starke Fluoreszenz von ANS in Polymer
C25, die bei steigender Temperatur nur leicht abfallt [133].

Zusammenfassend zeigen die Ergebnisse, dass C25 einen signifikant stabileren hydrophoben
Kern ausbilden kann als die beiden weiteren Polymere. Bei C25 Aggregaten sind scheinbar
keine oder nur wenige hydrophobe Seitenketten exponiert, wodurch das Polymer nicht mit
Membranen wechselwirkt und somit nicht zur Extraktion von Lipiden oder
Membranproteinen geeignet ist. Allerdings kdnnte der stabile hydrophobe Kern vorteilhaft for

die Solubilisierung von Membranproteinen sein.
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Abb. 2.10 Fluoreszenz der Donor-markierten GpA-Peptide in Polymerlésung

Fluoreszenzintensitit der fluoreszein-markierten GpA-Peptide (0,25 pM), geldst in C5, C15 und C25 bei
steigenden Polymerkonzentrationen. Der Pfeil markiert die Fluoreszenzintensitat der gleichen Menge GpA-
Peptid geltst in 5 mM DDM.
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Im nachsten Schritt wurde daher versucht die sehr hydrophobe Transmembranhelix von GpA
in den p(HPMA)-co-p(LMA)-Polymeren zu solubilisieren. Das Fluoreszein markierte GpA-
Peptid (0.25 pM) wurde bei verschiedenen Polymerkonzentrationen gelést und die
Fluoreszenzintensitét verfolgt. In allen drei Polymerldsungen ist ein nichtlinearer Anstieg der
Fluoreszenz bis etwa 20 uM Polymer zu sehen (Abb. 2.10). Hohere Polymerkonzentrationen
veranderten das Signal nicht mehr. Die Maximale Fluoreszenz der markierten GpA-Peptide
geldst in C15 ist etwa doppelt so hoch wie in Polymer C5. Das Signal in C25 ist etwa 7fach
starker als in der C15 Polymerlésung und vergleichbar mit der Fluoreszenzintensitéit in 5 mM
DDM Detergenz (Abb. 2.10). Folglich solubilisiert das Polymer C25 eine Transmembranhelix
am effizientesten und vergleichbar gut wie das oft genutzte Detergenz DDM. Zudem ist im
Vergleich zu einer Detergenzldsung eine nur sehr niedrige Polymerkonzentration erforderlich,
um die GpA-Peptide in Lésung zu bringen.

Da dies nichts tber die Struktur des Peptides aussagt, wurden CD-Spektroskopie-Messungen
mit den unmarkierten GpA-Peptiden und den Copolymeren durchgefiihrt. Die Messungen
zeigen, dass die GpA-Transmembranhelix in allen drei Polymeren korrekt ausgebildet ist und
es wurden a-helikale Anteile von im Mittel 90% mathematisch bestimmt. Allerdings zeigen
die GpA-Peptide geldst in niedrigen Konzentrationen C5 und C15 ein schwécheres CD-Signal
als in C25- oder DDM-Lo6sung. Im Falle dieser beiden Polymere wurde eine hohere
Konzentration Polymer benétigt, um die Ausbildung der GpA-Transmembranhelix zu
unterstiitzen. Bereits 10 uM C25 reichen aus, um 5 uM GpA-Peptid zu solubilisieren und
diea-helikale Struktur zu stabilisieren.

Ist die a-Helix voll ausgebildet, so kdnnen die GpA-Peptide Uber das GxxxG-Motiv Dimere
bilden. Da Helix-Helix-Kontakte in grof3eren polytopischen Membranproteinen und
oligomeren Komplexen eine bedeutende Rolle bei der Ausbildung der nativen 3D-Struktur
spielen, wurde Uberpriift, ob eine p(HPMA)-co-p(LMA)-Polymerumgebung eine
Dimerisierung der GpA-Transmembranhelix ermdglicht.

Da die Ausbildung der a-Helices in den Polymeren C5 und C15 ineffizient ist, konnte keine
Unterstitzung der GpA-Dimerbildung erwartet werden. Die Emissionsspektren der
gemischten Donor- und Akzeptorpeptide der GpA-Transmembranhelix bestétigen dies (Abb.
2.11). In Polymer C5 und C15 ist nur eine geringe Fluoreszenz detektierbar. Die
Akzeptoremission, die durch die Dimerisierung der GpA-Peptide hervorgerufen wird, ist
ebenfalls sehr schwach ausgepragt (Abb. 2.11). Das Verhéltnis von Akzeptorpeak zu
Donorpeak entspricht im Fall von C5 etwa dem der reinen Donorprobe, was dafir spricht,

dass keine Dimere gebildet werden. Im Vergleich ist das Verhdltnis in der C15-Polymer-
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Umgebung nur marginal héher. Eine Erhéhung der C5/C15-Polymerkonzentration konnte die
Dimerisierung nicht wesentlich verbessern.

Wie in Abbildung 2.11 zu sehen, ist die Akzeptoremission in Polymer C25 deutlich hoher im
Vergleich zu C5 und C15. Eine Erhéhung der Polymerkonzentration von 2,5 uM auf 10 uM,
fihrt zu einem Anstieg des Dimeranteils in der Probe. Ab 10 uM é&ndert sich dieser nicht
mehr signifikant und ist mit dem Wert in 5 mM DDM-Mizellen oder Amphipol A8-35 zu
vergleichen. Kontrollmessungen zeigen, dass die erhohte Akzeptoremission durch eine
spezifische Dimerisierung und nicht durch unspezifische Aggregation der Peptide
hervorgerufen wird. Polymer C25 ist somit sehr gut geeignet, um Helix-Helix-Interaktionen

zu stabilisieren.
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Abb. 2.11 Dimerisierung der GpA-Transmembranhelix in C-5, C15- und C25-Polymerldsungen

GpA Donor- und Akzeptorpeptide wurden 1:1 gemischt und bei verschiedenen Polymerkonzentrationen in
Losung gebracht. Nach Anregung bei 439 nm wurden die Emissionsspektren aufgenommen und bei 520 nm
normiert. Eine hohe Akzeptoremission bei ~575 nm ist auf eine Dimerisierung der Peptide zurtickzufiihren.

In dieser Studie konnte gezeigt werden, dass die p(HPMA)-co-p(LMA)-Polymere C5 und
C15 direkt mit Lipidmembranen wechselwirken kénnen, dabei aber nur wenige und instabile
hydrophobe Aggregate ausbilden, wobei C15-Aggregate einen vergleichsweise stabileren
hydrophoben Kern ausbilden. Vermutlich sind Teile der hydrophoben Bereiche der Polymere
nach aulRen exponiert, wodurch sie hydrophobe Wechselwirkungen mit Lipiden eingehen
konnen, selbst aber keinen oder nur einen instabilen hydrophoben Kern ausbilden.

Das p(HPMA)-co-p(LMA)-Polymer mit 25% Anteil an hydrophobem LMA interagiert
allerdings nicht mit Membranen, da es durch den héheren Anteil an hydrophoben Seitenketten
eine mizellenartige Struktur mit einem hydrophoben Kern ausbilden kann. Der hydrophobe
Kern, der selbst bei hohen Temperaturen von 80°C noch stabil zu sein scheint, ermdglicht den

Einsatz des Polymers als "Losungsmittel” fir Membranproteine. Sehr geringe Mengen von
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C25 reichen aus, um die hydrophobe Transmembranhelix von GpA zu solubilisieren und
zudem die Dimerisierung dieser zu ermdglichen. Die Polymere C5 und C15 sind dazu nicht in
der Lage. Die geringen Anteile von LMA reichen nicht aus, um die Struktur eines
Membranproteins zu stabilisieren. Die Fahigkeit der Polymere mit der Membran zu
interagieren ist antiproportional zu der Fahigkeit, Membranproteine zu solubilisieren und zu
stabilisieren. Der Anteil des hydrophoben LMA ist daher ausschlaggebend fir den Einsatz der
Polymere. Es sind mehr als 15% LMA ndétig, um eine Transmembranhelix nativ gefaltet zu
inkorporieren. Da diese Polymere (>15% LMA) nicht mit Membranen wechselwirken,
kénnen sie z.B. dazu genutzt werden, die Interaktion l6slicher Bereiche von
Membranproteinen mit Bestandteilen von lebenden Zellen in vivo zu untersuchen, ohne
biologische Membranen strukturell zu beeinflussen. Somit besteht die Moglichkeit p(HPMA)-
co-p(LMA)-Polymere als Ersatzstoffe fir Detergenzien in der Membran- und

Membranproteinforschung einzusetzen.
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2.4 Calciumbindung an Phosphatidylglycerol Membranen steuert die Ausbildung
transmembraner Helix-Helix-Interaktionen

Viele Studien beschéaftigen sich mit dem Einfluss der Lipidumgebung auf die Faltung,
Stabilitat und Aktivitat von Membranproteinen. Die Eigenschaften einer Membran sind durch
ihre spezielle Zusammensetzung aus verschiedenen Lipiden und sich darin befindlicher
Proteine gegeben. Verschiedene Parameter, wie Ordnungsgrad, Dicke, Oberflachenladung,
Lateraldruck oder die laterale Verteilung von Lipiden, sind charakteristische Eigenschaften
einer Membran. Die meisten naturlichen Membranen weisen eine Ladung, erzeugt durch
Lipidkopfgruppen, auf. Am héaufigsten kommen zwitterionische und negativ geladene
Kopfgruppen vor. Typischerweise sind etwa 25% negativ geladene Lipide in einer Membran,
die der Membran eine negative Oberflachenladung verleihen [134]. Diese ist in
eukaryotischen Zelle vornehmlich in der inneren Hélfte der Lipiddoppelschicht zu finden
[135]. Bei diesem komplexen Ladungsmuster der Membranoberflache stellt sich die Frage,
wie die Membran durch die sich in Lésung befindenden lonen beeinflusst werden kénnte. Des
Weiteren besteht die Mdoglichkeit, dass geladene Lipidkopfgruppen (ber elektrostatische
Wechselwirkungen direkt mit Proteinen wechselwirken kénnen, wie es z. B. fir die Lipide
Phosphatidylinositol-4,5-bisphosphat (PIP;) und Phosphatidylinositol-3,4,5-triphosphat PIP5)
und dem SNARE-Protein Syntaxin 1A gezeigt wurde [136, 137]. Syntaxin 1A induziert die
Akkumulation von PIP2 in der Zellmembran und veréndert dadurch die laterale Verteilung
und effektive lokale Konzentration der Lipide [137]. Diese spezifischen Interaktionen von
Lipidkopfgruppe und Protein konnte in Konkurrenz mit elektrostatischen Interaktionen von
lonen und Lipidkopfgruppe stehen. Somit ist eine Vielzahl von Interaktionen mdglich, die die
Faltung und Aktivitat von Membranproteinen steuern kénnten.

Eines der wichtigsten lonen in zahlreichen biochemischen Prozessen ist Calcium. Bekannt als
sekundarer Botenstoff in Signaltransduktionsprozessen steht Calcium mdglicherweise mit
negativen Lipiden der Zellmembran in Kontakt [138]. Bivalente Calcium lonen adsorbieren
tatsdchlich in vitro an negative geladene, und zu einem geringeren Ausmal, an
zwitterionische Lipide [139-144]. Monovalente lonen wie Natrium oder Kalium adsorbieren
hingegen kaum an solche Lipide. Vermutlich bindet ein Calcium lon an zwei
Lipidkopfgruppen und erhéht dadurch die Packung der Lipide. Elektrostatische AbstoRung
zwischen den geladenen Kopfgruppen kann dadurch minimiert werden. Weiterhin kdnnen
Calciumionen Lipidaggregation, Lipidphasentrennung und Vesikelfusion auslésen [99, 143,
145-147].
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In diesem Projekt sollte der Effekt von Calciumionen auf die Dimerisierung der GpA-
Transmembranhelix naher untersucht werden. Es sollte tberpriift werden, ob Ca®* einen
direkten Effekt auf die Dimerbildung hat oder ob nur die Membran, bestehend aus
zwitterionischen und negativ geladenen Lipiden, durch Calciumbindung veréndert wird.
Vermutet wurde ein sequentieller Effekt, der die GpA-Dimerisierung Uber verénderte
Membraneigenschaften, aufgrund der Calciumbindung, steuert. Zu Beginn sollte tberpriift
werden, ob die Stabilitat des GpA-Dimers direkt von Calcium beeinflusst wird. Dazu wurden
die fluoreszenzmarkierten GpA-Peptide in 5 mM DDM-Puffer mit steigender Calciumchlorid
Konzentration solubilisiert. Mittels, der bereits beschriebenen FRET-Messungen wurde die
Dimerisierung quantifiziert [148, 149]. Die Messungen ergaben eindeutig, dass in Mizellen
die Zugabe von Calcium keinen Effekt auf die Dimerisierung der GpA-Transmembranhelix
hat und somit ein direkter Einfluss ausgeschlossen werden kann (Abb. 2.12). Daher kénnen
Anderungen der GpA-Dimerisierung in folgenden Experimenten auf Veranderungen von
Membraneigenschaften zurlickgefiihrt werden. Zur Herstellung von teilweise negativ
geladenen  Membranen wurde ein  Lipidsystem aus Phosphatidylcholin  und

Phosphatidylglycerol mit verschiedenen Anteilen des negativen Lipids gewahlt.
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Abb. 2.12 Effekt von Calcium-lonen auf die GpA-Dimerisierung in DDM-Mizellen

(A) Emissionsspektren der FRET-Paare (GpA-Fluoreszein + GpA-Tetramethylrhodamin 1:1) ohne und mit
5mM Calcium in 5 mM DDM. (B) FRET-Effizienzen berechnet aus den Emissionsspektren. Zugabe von 0-5
mM Calcium hat keinen Einfluss auf die GpA-Dimerisierung.

Die Lipide wurden in organischem LgJsungsmittel zusammen mit dem fluoreszierenden
Lipidfarbstoff Laurdan, der die Membranfluiditat detektiert, gemischt und mittels des Freeze-
Thaw Verfahrens groRe unilamellare Lipsomen (LUVSs) hergestellt [150]. Um den Einfluss
von Calcium auf das Phasenverhalten der Lipide zu testen, wurden DMPC und DMPG, sowie
eine 1:1 Mischung dieser, eingesetzt, da diese Lipide eine Phasenlibergangstemperatur von

Gelphase zu fluider Phase bei Raumtemperatur haben. Calcium wurde dquimolar zu den
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Lipiden hinzugegeben und die Emissionspektren von 10-60°C aufgenommen. Der Wert der
generalized polarization (GP) ist der Quotient der Fluoreszenzintensitat bei 435 nm minus der
bei 490 nm und der Gesamtfluoreszenz beider Wellenldngen [133]. Er spiegelt die Fluiditét
der Membranen iber Anderungen der Fluoreszenzintensitat bei 435 nm und 490 nm von
Laurdan wider. Eine Zunahme des Intensitdtspeaks bei 435 nm im Vergleich zu 490 nm, ist
die Folge einer starreren Membran. Im umgekehrten Fall ist die Fluiditdt der Membran erhoht.
Die Schmelzkurven der Lipide (DMPC, DMPG, DMPC/DMPG 1:1) zeigen ohne
Calciumzugabe die zu erwartende Phaseniibergangstemperatur von ~25°C (Abb.2.13). Die
Zugabe von Calcium zu DMPC-Membranen zeigt keinen Effekt, was der Erwartung, dass

Ca’* nicht oder nur schwach mit zwitterionischen Lipiden wechselwirkt, entspricht.
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Abb. 2.13 Schmelzkurven von DMPC/DMPG Lipiden unter Zugabe von Calcium

LUVs bestehend aus 0,5 mM DMPC, DMPG und DMPC/DMPG 1:1, beinhalten 1 pM Laurdan. Zu den
Lipidproben wurden 0,5 mM Calcium hinzugefugt. Die generalized polarization wird aus den
Fluoreszenzintensitaten bei 435 nm und 490 nm der Laurdan-Emissionsspektren berechnet [133].

Bei Zugabe von Ca®* zu Membranen mit 50% negativ geladenen Kopfgruppen (DMPG) ist
ein Anstieg des Phasenubergangs um ~5°C auf ~30°C zu sehen (Abb. 2.13). Bestehen die
Membranen ausschlie3lich aus DMPG, so steigt die Phasenlbergangstemperatur sogar um
~15°C auf ~40°C an (Abb. 2.13). Vermutlich erhéhen die Calciumionen durch Bindung an
die Kopfgruppe die Lipidordnung, wodurch sich die Phasenubergangstemperatur dramatisch
erhoht. Dieser verstérkte Packungseffekt wurde auch flr negative Phosphatidylglycerol-(PG)-
und Phosphatidylserin-(PS)-Lipide beobachtet, wobei monovalente Natriumionen keinen
Effekt zeigten [151]. Weiterhin wurde mit Lipiden mit den gleichen Kopfgruppen aber
langeren, einfach ungesattigten Olsaureacylketten (18:1) (DOPC/DOPG) gearbeitet, da
DMPC (14:0) und DMPG (14:0) nicht die Dicke einer natlirlichen Membran widerspiegeln
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und zudem die GpA-Dimerisierung, durch die zu geringe Membrandicke (hydrophobic
mismatch), nicht unterstutzen [72].

Die Fluiditdt der DOPC/DOPG Membranen wurde im Folgenden bei Raumtemperatur nach
Zugabe von Calcium mittels Laurdanfluoreszenz bestimmt. Steigende Anteile, des negativen
Lipids DOPG, bei konstanter Gesamtlipidkonzentration, erzeugen eine leicht starrere
Membran im Vergleich zu reinem DOPC (Abb. 2.14). Die Zugabe von Calcium zu DOPC
(Abb. 2.14 100% DOPC 2 0) andert die Membranfluiditat nur marginal. Sobald sich aber
bereits 10% negative Lipide in der Membran befinden, nimmt nach Zugabe von Calcium, die
Fluiditat dieser, ab (& steigendem GP-Wert). Durch weitere Erhohung des DOPG Anteils der
Membranen nimmt die Fluiditat immer starker ab, wobei die Zugabe von Calcium diesen
Effekt verstarkt (Abb. 2.14).
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Abb. 2.14 Fluiditdt von DOPC/DOPG Membranen nach Zugabe von Calcium

LUVs bestehend aus je 0,5 mM DMPC, DMPG und verschiedenen DMPC/DMPG-Mischungen, beinhalten
1 uM Laurdan. Zu den Lipidproben wurden 0,5 mM Calcium hinzugefiigt. Die generalized polarization wird aus
den Fluoreszenzintensitaten bei 435 nm und 490 nm der Laurdan-Emissionsspektren berechnet [133].

So werden vermutlich Membranen, die in der fluiden Phase sind und DOPG enthalten, durch
die Zugabe von Ca*" stabilisiert und deren Packungsdichte erhoht. Dieser Effekt scheint
spezifisch fiir die negative geladene Lipidkopfgruppe, und nicht an die Beschaffenheit der
Acylkette des Lipides gekoppelt, zu sein. Die Beobachtungen der Laurdanmessungen
stimmen mit Ergebnissen von Claessens et al. tberein [152]. Die Erkenntnis, dass DOPG-
Lipide Gegenionen anziehen und diese eine Erhéhung der Lipidpackung hervorrufen, ist fiir
das hier zugrunde liegende Testsystem zu vermuten [152].

Um die Sekundarstruktur und die Loslichkeit der GpA-Peptide in den Lipiden zu testen,
wurden CD-Messungen durchgefiihrt. Die CD-spektroskopischen Messungen zeigen, dass

Calcium keinen Effekt auf die Sekundarstruktur der Peptide hat. Jedoch unterscheidet sich die
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Sekundarstruktur abhédngig von Lipidkopfgruppe. Der a-helikale Anteil der GpA-
Transmembranhelix in DOPG entspricht dem Wert, der in mizellarer Umgebung (z. B. SDS,
DDM) gefunden wurde. Befinden sich 50% DOPC-Lipide in der Membran, ist der a-helikale
Anteil leicht reduziert. Dieser verringert sich noch weiter in Membranen bestehend aus 100%
DOPC, was an Form und Intensitat der Spektren erkennbar ist (Abb. 2.15).
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Abb. 2.15 CD-Spektren der GpA-Peptide in DOPC/DOPG Membranen

Peptid/Lipid-Film aus 5 uM GpA und 0,5 mM Lipid, wurde mit 10 mM Phosphatpuffer (pH 7,4) + 0,5 mM
Calcium hydratisiert. Durchgezogene Linien zeigen Spektren ohne Calcium. Gepunktete Linien zeigen Spektren
mit 0,5 mM Calcium. Die aus den Spektren berechneten a-helikalen Anteile der Proben ohne Calcium sind: 54%
DOPC, 75% DOPC/DOPG, 82% DOPG.

Die weniger ausgeprégten Minima und Maxima der Spektren in DOPC kodnnten aber auch auf
eine verminderte Loslichkeit der Peptide in DOPC hindeuten. Dies sollte allerdings kein
Problem bei den FRET-Messungen darstellen, da dort eine zehnfach niedrigere
Peptidkonzentration eingesetzt wurde. Fr eine vergleichbare Loslichkeit der GpA-Peptide in
DOPC und DOPG spricht auch, dass sich die Fluoreszenintensitaten der markierten GpA-
Peptide in DOPC und DOPG, bei den FRET-Messung nicht wesentlich unterscheiden. Trotz
des geringeren o-helikalen Anteils ist die GpA Transmembranhelix in der Lage, in DOPC-
Dimere zu bilden, was in den folgenden Experimenten zu sehen ist (Abb. 2.16, 2.17).
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Zur Bestimmung der GpA-Dimerisierung in DOPC/DOPG Membranen wurden FRET-
Messungen in Abhdngigkeit von Calcium durchgefihrt. Hierzu wurden wiederum 0,5 pM
Peptid (0,25 pM GpA-FL und 0,25 pM GpA TAMRA) in 0,5 mM Lipid solubilisiert und
Emissionsspektren der Donor-, Donor- mit Akzeptor- und Akzeptor-Proben, ohne und mit 0,5
mM Ca®*, aufgenommen. Kontrollen zu den FRET-Messungen zeigten, dass bei allen
getesteten Bedingungen ausschliel3lich eine Dimerisierung der GpA Transmembranhelix zum
FRET-Signal beigetragen hat. Der lineare Zusammenhang der FRET-Effizienz ist auf eine
ausschlieBliche Dimerisierung zuriickzufuhren, sodass keine hoheren Oligomere die
Messungen beeinflusst haben kdnnten (Abb. 2.16) [70, 73, 86].
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Abb. 2.16 Stochiometrie der GpA-Oligomerisierung

Der Lineare Verlauf der FRET-Effizienz, mit steigendem Anteil an Akzeptorpeptiden bei konstanter Peptid- und
Lipidkonzentration, zeigt, dass ausschlieRlich Dimere das FRET-Signal erzeugen. (e) mit 0,5 mM Calcium. (o)
ohne Calcium

Bei niedrigen Lipid-zu-Peptid-Verhdltnissen kann eine unspezifische Colokalisation der
Peptide ein FRET-Signal erzeugen [72]. Aus diesem Grund wurden fir die FRET-Messungen
verschiedene Lipid-zu-Peptid-(L/P)-Verhéltnisse Uberpruft und ein L/P-Verhaltnis von 1000:1
gewahlt. Dabei sind die Peptide stark in der Membran verdlnnt, damit eine zuféllige Co-

lokalisation nahezu ausgeschlossen werden kann. Es kann somit angenommen werden, dass
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die gemessene FRET-Effizienz ausschlieRlich einer spezifischen Dimerisierung der GpA-
Transmembranhelix zuzuordnen ist. Eine FRET-Effizienz von 50% bedeutet, dass alle
Peptide als Dimere vorliegen, da Donor und Akzeptor in der FRET-Paar-Probe im Verhaltnis
1:1 vorliegen [71, 87].
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Abb. 2.17 Effekt von Calcium auf die GpA-Dimerisierung in DOPC/DOPG-Membranen

FRET-Messungen wurden bei einer Peptid-Konzentration von 0,5 uM und 0,5 mM Lipid durchgefiihrt. Es
wurde je 0,5 mM Calcium dem Puffer zugefugt. Anteil von 0 DOPG entspricht reinen DOPC Membranen. 50%
FRET-Effizienz bedeutet, dass alle Peptide als Dimere vorliegen.

Die FRET-Messungen zeigen eine deutliche Reduktion der Dimerisierung bei Zunahme der
negativ geladenen PG-Lipide. Bereits 10% PG reichen aus, um die FRET-Effizienz um ca.
15% zu reduzieren (Abb. 2.17). Eine weitere Steigerung des DOPG-Anteils in der Membran
beeinflusst die FRET-Effizienz bis zu 90% DOPG nur marginal (Abb. 2.17). Damit lasst sich
direkt folgern, dass die negativen Kopfgruppen der PG-Lipide das GpA-Dimer
destabilisieren. Der destabilisierende Effekt von negativ geladenen Lipidkopfgruppen wurde
auch von Hong et al. beobachtet [88]. Es wird vermutet, dass die negativen Ladungen mit den
basischen Aminoséuren, Arg96, Arg97, Lys100 und Lys101 am C-terminalen Ende der GpA-
Transmembranhelix wechselwirken und dadurch die Helix-Helix-Interaktion stéren. Die
Mutation dieser Aminosauren gegen neutrale polare Aminosauren ermdoglicht GpA wieder
eine starke Interaktion, auch in Gegenwart negativ geladener Lipide [88].

Bei Zugabe von &quimolaren Mengen Calcium (im Vgl. zur Lipidkonzentration) ist ein nicht-
linearer Verlauf der FRET-Effizienz zu erkennen (Abb. 2.17). In reinen DOPC- oder DOPG-
Membranen ist ein leichter Anstieg der Dimere zu sehen, welcher aber innerhalb der
Standardabweichung der Messungen liegt und somit nicht signifikant ist. Bei Mischungen der
Lipide ist zu erkennen, dass Calcium eine Reduktion der Dimerisierung hervorruft und sich
die FRET-Effizienzen bei niedrigen DOPG-Anteilen mit Calcium dem Wert in reinen DOPG-
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Membranen annahern. Der gréfiite signifikante Unterschied zwischen Proben mit 0,5 mM und
ohne Calcium ist im Bereich von 0,4-0,6 Anteilen DOPG zu sehen, wo dieser etwa 10%
Energietransfer, also etwa 20% Dimeranteil, ausmacht. Es scheint, dass die Zugabe von
Calcium den destabilisierenden Effekt von DOPG auf die GpA-Dimerisierung verstarkt (Abb
2.17). Da, wie bereits gezeigt, Calcium keinen direkten Effekt auf die Dimerisierung hat, stellt
sich die Frage, auf welche Art Calcium die Membranen beeinflusst und dadurch die
Dimerisierung der GpA-Transmembranhelix verandert.

Wie zuvor gesehen, verandert Calcium die Fluiditdt der Membranen (Abb. 2.14). Diese
nimmt mit steigendem DOPG-Anteil sowie nach Zugabe von Calcium ab. Es wurde
beschrieben, dass in starreren Membranen die GpA-Dimerisierung erhoht ist, da die laterale
Diffusion der Transmembranhelices verringert ist [72, 153]. Der Trend der FRET-Messungen
ist allerdings gegenlaufig, was bedeutet, dass die Membranfluiditdt hier wohl eine
untergeordnete Rolle spielt. Allerdings detektiert die Laurdan-Methode nur die Gesamtheit
der Fluiditatsanderung in der Membran [154]. Liegt eine heterogene Membran vor, so kénnen
sich Membraneigenschaften lokal stark unterscheiden, wobei diese Heterogenitat durch die
Laurdanmessung, die nur einen Durchschnittswert liefert, nicht erfasst werden kann. Bilden
sich z. B. durch Zugabe von Calcium geordnete, komprimierte Lipidnanodomanen, so bietet
dies den daran nicht beteiligten Lipiden mehr Platz in der Membran und deren Fluiditét erhoht
sich. Aus diesem Grund besteht die Moglichkeit, dass sich die Membranfluiditat anhand der
Laurdanmessungen zwar andert, sich die direkte Umgebung der GpA-Transmembranhelix
aber komplett entgegengesetzt verhalt.

Mdoglicherweise  bilden DOPC/DOPG-Membranen nach Calciumzugabe geordnete
Nanodoménen, die die Dimerisierung der GpA-Transmembranhelix beeinflussen.
Calciuminduzierte Lipidnanodoménen wurden bereits in Membranen beobachtet und werden
mit Mechanismus der proteingetriebenen Membranunterteilung in Verbindung gebracht, da
z. B. Calcium-, PIP2- und Aktinkonzentration zusammen in Mastzellen oszillieren [155, 156].
In Mischungen von etwa 50% DOPC und 50% DOPG ist eine deutliche Verringerung der
Dimerisierung nach Zugabe von Calcium zu sehen (Abb. 2.17). Mdglicherweise induziert
Calcium geordnete DOPG-Nanodomanen, in denen die effektive DOPG Konzentration hoher
ist als tats&chlich angenommen. Da die FRET-Effizienz bei 50% DOPG + Calcium bereits
fast so gering wie in reinen DOPG-Membranen ist (Abb. 2.17), befinden sich die GpA-
Peptide vielleicht mehrheitlich in den DOPG-Nanodoménen wodurch sie mehr
destabilisierende Wechselwirkungen durch die Lipide erfahren. Andererseits befinden sich die
Peptide vielleicht in der DOPC-Phase, die durch die komprimierten DOPG-Nanodoménen
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mehr Platz einnimmt und somit eine hoéhere Fluiditdt aufweisen kénnte. Somit wiirde die
erhohte Fluiditat der DOPC-Phase eine Dissoziation der GpA-Dimere hervorrufen [4, 5].

Ein elektrostatischer Effekt, der besagen wirde, dass Calcium-Lipid- und Protein-Lipid-
Wechselwirkungen in Konkurrenz stehen konnten, scheint auf Grund der hier erhaltenen
Ergebnisse eher unwahrscheinlich. Wére dieser der Fall, konnte erwarten werden, dass die
GpA-Dimerisierung in DOPG mit Calcium auf das Niveau von DOPC ansteigt, da die
destabilisierenden negativen Ladungen der Lipide durch Calcium abgeschirmt werden
konnten. Ein Anstieg ist aber nicht zu beobachten (Abb. 2.17).

Der komplexe Effekt von Calcium auf die Ausbildung von Helix-Helix-Interaktionen kann
anhand der Daten nicht vollkommen geklart werden. Calcium zeigt einen starken Einfluss auf
partiell geladene Membranen, deren Fluiditdt sich vermindert. Calcium induziert
maoglicherweise die Bildung geordneter Lipidnanodomanen in der Membran und steuert
dadurch Helix-Helix-Interaktionen.

Es konnte aber eindeutig gezeigt werden, dass geringe Mengen negativ geladener PG-Lipide
ausschlaggebend fir die Dissoziation der GpA-Helices sind, was durch Wechselwirkungen
zwischen Lipidkopfgruppen und basischen Aminosduren im Protein vermittelt wird. Das
GpA-Dimer dimerisiert mit einem Kontaktwinkel von etwa 40° [69]. Die Wechselwirkungen
zwischen Lipidkopfgruppe und Transmembranhelix verhindern moglicherweise die richtige
Ausrichtung der Helices, wodurch keine Interaktion zustande kommen kann.

Die Ergebnisse zeigen, dass neben dem Einfluss von verschiedenen Lipiden, die Interaktion
von Transmembranhelices durch weitere externe Faktoren, wie z. B. lonen, beeinflusst
werden kann und diese Faktoren Steuerelemente fiir die Faltung von Membranproteinen

darstellen kdnnen.
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2.5 Zusammenfassung

Bei der Untersuchung von Membranproteinen bedarf es der Entwicklung von neuen
Methoden, da Standardmethoden, entwickelt fur Idsliche Proteine, meist nicht auf
Membranproteine angewendet werden kdnnen. Das grofite Problem besteht in der schlechten
Wasserloslichkeit der Membranproteine, da diese sich in vivo in einer hydrophoben
Umgebung, der Membran, befinden. Um dennoch isolierte Membranproteine und ihre Faltung
in vitro charakterisieren zu konnen, sind membranmimetische Systeme notwendig um
Membranproteine in Losung zu bringen. Dazu werden h&ufig Detergenzien verwendet, deren
amphiphiler Charakter die Ausbildung von Detergenzmizellen ermdglicht. Eine solche
Mizelle besteht aus einem hydrophoben Kern, sowie einem &ulReren hydrophilen Bereich, der
dem wassrigen Milieu zugewendet ist. Diese Merkmale ermdéglichen die Solubilisierung von
Membranproteinen durch Detergenzien, wodurch die Membranproteine n&her studiert werden
kénnen. Allerdings kann die Faltung von Membranproteinen, das Ausbilden der nativen
raumlichen Struktur des Proteins, durch Detergenzien verschiedener Art gestort werden, was
die Aktivitat der Proteine stark beeinflussen kann. Deshalb ist es notwendig, die richtigen
Bedingungen, sowie die richtige membranmimetische Umgebung auszuwéhlen, um
Membranproteine erfolgreich zu rekonstituieren um detailliertere  Untersuchungen
durchfihren zu kdnnen. In letzter Zeit wurden zudem Alternativen zu Detergenzien
entwickelt, sogenannte amphiphile Copolymere, die ahnlich wie Detergenzien hydrophile und
hydrophobe Bereiche besitzen und je nach Zusammensetzung, die individuell angepasst
werden kann, mizellenartige Aggregate in wassriger Losung bilden. Daher kdnnen diese
Polymere auch zur Solubilisierung von Membranproteinen verwendet werden. In dieser
Arbeit wurden Lysophosphocholin Detergenzien, die Copolymere Amphipol A8-35,
p(HMPA)-co-p(LMA) sowie synthetische Membranen aus Phospholipiden auf Ihre
Eigenschaften in waéssriger Losung untersucht, und deren Auswirkungen auf die
Solubilisierung und Dimerisierung der GpA-Transmembranhelix mittels Forster-Resonanz-
Elektronentransfer verfolgt. Es konnte erstmals gezeigt werden, dass sowohl die
Acylkettenldnge als auch die Einsatzkonzentration der Detergenzien einen starken Einfluss
auf die Dimerisierung der GpA-Transmembranhelix hat, und dies auf verénderte
Mizelleneigenschaften, wie der Aggregationszahl, zurtickzufiihren ist. Amphipol A8-35 ist in
der Lage die Transmembranhelix sehr effizient zu solubilisieren und unterstiitzt dabei die
Dimerisierung von GpA. Eine Zugabe des Detergenz SDS, was normalerweise zur

Dissoziation von Transmembranhelices fuhrt und daher zu Entfaltungsstudien verwendet
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wird, konnte in A8-35 geldstes GpA allerdings nicht komplett dissoziieren, was auf die
erhohte Stabilitat der Dimere in Amphipol zurlickzufihren ist. Die Copolymere p(HMPA)-co-
p(LMA), synthetisiert im AK Zentel, wurden auf den mdglichen Einsatz in der
Membranproteinforschung hin getestet. In dieser Arbeit wurde gezeigt, dass steigende Anteile
des hydrophoben Monomers LMA die Ausbildung eines hydrophoben Kerns begunstigen,
wobei eine Interaktion der Polymere mit Membranen abnimmt. Ein Anteil von > 15% LMA
ist Voraussetzung fur die effiziente Solubilisierung der GpA-Transmembranhelix. Zudem
wird auch die Ausbildung des GpA-Dimers von p(HMPA)-co-p(LMA) Polymeren mit mehr
als 15% LMA begunstigt. In einem weiteren Projekt wurde der Einfluss von Calcium-lonen
auf teilweise negativ geladene Membranen und der sich darin befindlichen GpA-
Transmembranhelix untersucht. Es wurde gezeigt, dass negative Lipide die Dimerisierung der
Helices behindern. Die Zugabe von Calcium verstarkt diesen Effekt in Membranen mit
mittlerem Anteil an negativ geladenen Lipiden. Calcium bindet an negative geladene Lipide
und verringert dadurch die Fluiditdt der Membranen. Mdglicherweise ruft Calcium zudem
eine veranderte laterale Verteilung der Lipide in der Membran hervor, was die Dimerisierung

der GpA-Transmembranhelix beeinflussen kdnnte.
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Detergent Properties Influence the Stability of the Glycophorin A
Transmembrane Helix Dimer in Lysophosphatidylcholine Micelles

Michael Stangl," Anbazhagan Veerappan, Anja Kroeger,® Peter Vogel,' and Dirk Schneider'™

TInstitut fir Pharmazie und Biochemie, Johannes Gutenberg-Universitat Mainz, Mainz, Germany; *School of Chemical and Biotechnology,
SASTRA University, Thanjavur, Tamil Nadu, India; and SMax Planck Institute for Polymer Research, Mainz, Germany

ABSTRACT Detergents might affect membrane protein structures by promoting intramolecular interactions that are different
from those found in native membrane bilayers, and fine-tuning detergent properties can be crucial for obtaining structural infor-
mation of intact and functional transmembrane proteins. To systematically investigate the influence of the detergent concentra-
tion and acyl-chain length on the stability of a transmembrane protein structure, the stability of the human glycophorin A
transmembrane helix dimer has been analyzed in lyso-phosphatidylcholine micelles of different acyl-chain length. While our
results indicate that the transmembrane protein is destabilized in detergents with increasing chain-length, the diameter of the
hydrophobic micelle core was found to be less crucial. Thus, hydrophobic mismatch appears to be less important in detergent
micelles than in lipid bilayers and individual detergent molecules appear to be able to stretch within a micelle to match the hydro-
phobic thickness of the peptide. However, the stability of the GpA TM helix dimer linearly depends on the aggregation number of
the lyso-PC detergents, indicating that not only is the chemistry of the detergent headgroup and acyl-chain region central for

classifying a detergent as harsh or mild, but the detergent aggregation number might also be important.

INTRODUCTION

Because they mimic many aspects of cellular membranes,
detergents are typically used for membrane protein extrac-
tion, purification and structural analyses, and for studies
aiming to analyze the energetics of transmembrane (TM)
protein folding and stability. Detergents not only provide
a hydrophobic environment (thereby stabilizing a protein
structure), they also serve as an intimate solvent and impose
numerous restrictions on TM protein folding, assembly, and
stability. When detergent molecules bind only to the
formally lipid-exposed TM protein surface area, but not at
sites of protein-protein contacts, the detergent molecules
might simply replace bilayer lipids and the structural integ-
rity of a TM protein will be preserved. Indeed, several
experiments have shown that secondary and tertiary struc-
ture elements may be similar in a micellar environment
and in lipid bilayers (1), and even a native protein quater-
nary structure may be maintained in detergents (2,3).
Thus, the overall fold and structure of a TM protein can
be preserved in a detergent environment.

However, detergents can also affect TM protein structures
by promoting intramolecular interactions different from
those found in native membrane bilayers (4,5). For example,
bacteriorhodopsin crystallized as a monomer in a bicellar
environment, whereas in the lipid cubic phase it crystallized
as a trimer (6-8). While it was previously assumed that the
Escherichia coli diacylglycerol kinase requires lipid cofac-
tors, recent studies have indicated that the protein can
sustain its native structure, stability, and activity in a defined
lipid-free detergent (9). Thus, selecting proper detergent
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conditions can be crucial to preserve a correct protein struc-
ture and function. However, the ability of some (if not all)
detergents to preserve the native structure and function of
a TM protein appears to differ on a case-by-case basis.
Therefore, determination of the detergent and buffer condi-
tions necessary to maintain the structure and function of
a TM protein upon solubilization is still an empirical and
frequently time-consuming process.

Interactions of detergents with TM proteins depend on the
protein itself, such as the TM amino-acid sequence and the
secondary structure propensity, as well as on the actual
detergent concentration and on detergent properties, such
as the headgroup chemistry, the length of acyl chain, or
the micelle structures. Identifying a proper detergent used
for TM protein solubilization and analyses may be guided
by categorizing detergents into mild or harsh detergents,
based on their propensity to preserve or disrupt a TM protein
structure (10-12). The characteristics of longer tail length,
larger detergent headgroup size, and neutral headgroup
charge have been identified, in the main, as preservative
of TM protein structures, and would therefore be used to
classify a detergent as mild. However, the responses of
membrane protein structures to detergent solubilization still
cannot be safely predicted. Luckily, the range of detergents
available for membrane protein research has increased
significantly in recent years, now allowing us to find a proper
detergent for gaining deeper insight into structure-function
relationship of membrane proteins or in the principle
guiding membrane protein folding (11).

Although our understanding of the principles guiding
membrane protein folding has significantly improved in
recent years, the forces governing protein folding inside
lipid bilayers are still poorly understood (13,14). Two
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decades ago, the folding of «-helical membrane proteins
was simplified as a two-stage process: Stage 1, in which
individual helices insert independently into the membrane;
and Stage 2, in which these helices subsequently interact
to form higher-ordered oligomeric structures (15). While
this two-stage model significantly simplifies the problem
of a-helical membrane protein folding, it allows an uncom-
plicated but meaningful analysis of membrane protein
folding, because formation of stable a-helices and integra-
tion of helices into a membrane are uncoupled from the
formation of a three-dimensional membrane protein struc-
ture. The human glycophorin A (GpA) TM helix dimer
became a paradigm for studying the second stage of this
two-stage process, as the TM region of GpA forms a stable,
noncovalent helix dimer. The NMR structure of the GpA
TM in DPC micelles (16), along with a wealth of informa-
tion on the sequence-specific dimerization (17-22), have
made this system ideal for analyzing the energetics of TM
helix-helix interactions in more detail.

The stability of the GpA TM dimer studied in model
membrane systems has indicated that interactions between
helices are modulated by lipid acyl-chain order, by hydro-
phobic matching between the peptide and lipid bilayer as
well as by the lipid headgroup chemistry (23,24). Thus,
the membrane environment significantly influences GpA
TM helix dimerization. Furthermore, a micellar environ-
ment also significantly influences association and the
stability of the GpA helix dimer (25-28). It has been sug-
gested that GpA peptide association is mainly driven by
enthalpic forces in micelles, whereas at high detergent
concentrations, peptide association is opposed by entropic
forces (26).

Increasing detergent concentrations increase the number
of available micelles, and thus of the effective solvent of
the TM protein, which might result in dilution of the GpA
dimer. While the thermodynamics underlying destabiliza-
tion of the TM helix dimer have been well described for
the influence of the headgroup chemistry, the impact of
the acyl chain on the thermodynamics of a TM helix struc-
ture have been far less elucidated yet (26). The actual
concentration of detergent monomers per micelle, the
aggregation number, might also affect the stability of a
TM helix-helix interaction—an aspect not yet considered.
Furthermore, it is still a matter of debate whether the radius
of the hydrophobic micelle core affects the stability of a TM
structure (i.e., whether hydrophobic match/mismatch deter-
mines the stability of a TM structure in a detergent micelle
(12,29)).

In this study, we analyzed the stability of the GpA TM
helix dimer in detergent micelles. We used lyso-phosphati-
dylcholine (lyso-PC) micelles of different acyl-chain length
to systematically investigate the influence of the detergent
concentration and acyl-chain length on the stability of a
TM structure, excluding any effects caused by the detergent
headgroup chemistry or by introducing mutations into the

Biophysical Journal 103(12) 2455-2464

Stangl et al.

peptide. Furthermore, we analyzed the influence of the
detergent aggregation number as well as that of the micelle’s
hydrodynamic radius on the stability of a TM structure.
Based on our results, dissociation of the GpA TM helix
dimer cannot be explained by simple dilution, because, in
addition to the detergent concentration, direct protein-
detergent interactions or detergent properties (such as the
acyl-chain hydrophobicity and the detergent aggregation
number) might influence the stability of the a-helical TM
protein. Importantly, the GpA TM helix dimer was found
to not be most stable when the measured hydrodynamic
radius of the micelle matches the hydrophobic region of
the TM helix dimer. Consequently, the concept of hydro-
phobic match/mismatch cannot be easily transferred from
membrane systems to detergent environments—at least,
not for lyso-PC detergents.

MATERIALS AND METHODS
Materials

Peptides corresponding to residues 69—101 of the human GpA TM domain
(SEPEITLIFGVMAGVIGTILLISYGIRRLIKK) were custom-synthe-
sized and labeled at the N-terminus with the donor and acceptor dyes fluo-
rescein (Fl) and 5-6-carboxyrhodamine (TAMRA), respectively (Peptide
Specialty Laboratories, Heidelberg, Germany). The purity of the pep-
tides was confirmed by HPLC and mass spectrometry. Peptides were dis-
solved in 2,2,2-trifluoroethanol purchased from Sigma-Aldrich (Munich,
Germany). Lyso-PC detergents C10—C16 were purchased from Avanti Polar
Lipids (Alabaster, AL) and dissolved in chloroform/methanol (2:1).

FRET measurements

For FRET measurements, equal concentrations (1:1 mol ratio) of Fl- and
TAMRA-labeled GpA TM domains were used. The concentrations of the
peptide stock solutions were determined from absorbance measurements
in a Lambda 35 UV/Vis spectrophotometer (PerkinElmer, Boston, MA).
In all experiments, we used 0.25 uM for each labeled GpA peptide.
Peptides, dissolved in trifluoroethanol and detergent, dissolved in chloro-
form/methanol (2:1), were mixed and organic solvents were removed in
a gentle stream of nitrogen gas. Final traces of the solvents were removed
by vacuum desiccation overnight. The dried peptide-detergent film was
hydrated in 10 mM HEPES buffer (pH 7.4) containing 150 mM NaCl.

After five freeze-thaw cycles, steady-state fluorescence measurements
were performed at 25°C in a Spectronic Bowman series-2 luminescent
spectrometer (Thermo Scientific, Waltham, MA) having both the excitation
and the emission bandpass filter set at 4 nm. The excitation wavelength was
439 nm and emission spectra were recorded from 480 to 650 nm.

To follow the effect of the detergent environment and increasing deter-
gent concentrations on a defined TM helix-helix interaction, we studied
the dissociation of the GpA TM helix dimer following the EmEx-FRET
method (30,31), which allows determining the concentration of GpA TM
helix dimers in micelles.

Energy transfer E was calculated using the donor fluorescence intensities
at 525 nm in the presence and absence of acceptor according to

_ Fpa
E—1-— (F—D) (1)

Fp is the fluorescence intensity of the donor sample and Fp, is the fluores-
cence intensity of the sample containing donor and acceptor GpA TM
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domain at equal concentrations. The energy transfer of sequence-specific
TM helix dimerization, Ep, can be expressed as

Ep = fpPpEg, (@)

where fp, is the fraction of dimeric TM helices, Pp, is the probability for
donor quenching when the peptides form a dimer, and Ey is the energy
transfer in the dimer.

The probability Py, for donor quenching depends on the molar ratio of the
acceptor peptides x, = [a]/([a]+[d]), where [a] and [d] are the concentra-
tions of the acceptor and donor peptides, respectively. The distance of the
fluorophores in the GpA helix dimer is much smaller than the Forster
radius, and thus Eg can be set as 1.

The fraction dimer, fp, can be written as f, = 2[D])/[T], where [D] is the
concentration of dimeric peptides and [T] the total peptide concentration.
Therefore, the dimer concentration [D] can be calculated by

D] = E;iﬂ. 3

The dissociation constant, Kp, and the corresponding standard Gibbs free-
energy change of dissociation, AG®, are given by

_ M
Ko = o )

AGY = —RT InKp, 3)

where the monomer concentration is [M] = [T] — 2[D].

Circular dichroism

Circular dichroism (CD) spectra were recorded on a J-815 spectropolarim-
eter (JASCO, Easton, MD) at 25°C with a scan speed of 100 nm/min using
0.1-cm-pathlength quartz cells from Hellma (Miihlheim, Germany). The
concentration of unlabeled GpA peptide was 18 uM. Data points were
collected with a resolution of 1 nm, an integration time of 1 s, and a slit
width of 1 nm. Each spectrum shown is the result of at least three averaged
consecutive scans, from which buffer scans were subtracted. The measured
ellipticity 6 (deg) was converted to molar ellipticity by

0
Mol Hipticity = 100 — 6
olar ellipticity <LC>’ (6)

where L is the path length and C is the peptide concentration.

The GpA TM domain has been mixed in organic solvent with 20 mM
lyso-PCs having acyl-chain lengths ranging from C10 to C16. After
removal of the organic solvents by nitrogen and desiccation, samples
were hydrated with 50 mM phosphate buffer pH 7.4. Before measuring,
samples were treated identically as for the FRET measurements. The
secondary structure contents were predicted using the software package
DICHROWEB (http://dichroweb.cryst.bbk.ac.uk/html/home.shtml), which
contains both soluble and TM proteins as a reference data set (32,33).

Critical micellar concentration and aggregation
number N,,4 determination by fluorescence
spectroscopy

The critical micellar concentration (cmc) of each lyso-PC was determined
by following 1-anilinonaphtalene-8-sulfonate fluorescence (34). A deter-
gent stock solution (concentration 20- to 40-fold above the expected
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cmce) was titrated in 10 mM HEPES buffer containing 150 NaCl, 5 uM
1-anilinonaphtalene-8-sulfonate, pH 7.4. After each addition, a fluorescence
spectrum was monitored from 450 to 600 nm after excitation at 374 nm.
The fluorescence intensity at 490 nm was then plotted as a function of
the detergent concentration, and the cmc was evaluated by linear least-
squares fitting. Data points before and after the change of the slope were
fitted to two straight lines. The cmc values were determined by the intersec-
tion of the two straight lines using at least two independent measurements.
The R coefficient of determination was always above 0.95 for the fitted
straight lines, hence potential errors caused by fitting were neglectable.

The number of molecules forming micelles (aggregation number N,4,)
was determined by a fluorescence quenching method as described in detail
in the literature (35,36). Briefly, 2 uM of pyrene dissolved in 20 mM lyso-
PC was quenched with n,n-dibutyl aniline (concentration range varied from
0 to 100 uM) and the fluorescence intensity at 373 nm was measured (exci-
tation at 337 nm). The aggregation number N,,, was calculated by

([D.] — emc)

Nose = =01

) )

where D, cmc, and M, represent the total detergent concentration, the crit-
ical micellar concentration, and the actual concentration of micelles,
respectively. The unknown parameter, M., was determined by

1n(’1_°> _ % ®)

where I and / are the fluorescence intensity of pyrene before and after addi-
tion of n,n-dibutyl aniline, respectively, and [Q] is the quencher concentra-
tion. A plot of In(/y/I) versus [Q] was fitted with a straight line with a slope
of 1/M.. Aggregation numbers N,,, can be then calculated using Eq. 7.

Light scattering

Static-light-scattering (SLS) and dynamic-light-scattering (DLS) experi-
ments were performed on an instrument consisting of a goniometer and
an ALV-5004 multiple-tau full-digital correlator (320 channels; ALV, Lan-
gen/Hessen, Germany), which allows measurements over a time range 10~/
< t < 10% s and an angular range from 30° to 150° corresponding to a scat-
tering vector ¢ = 6.9 x 107> = 2.6 x 1072 nm~'. An He-Ne laser (with a
single mode intensity of 25 mW operating at a laser wavelength of Ay =
632.8 nm; JDS Uniphase, Milpitas, CA) was used as a light source. Dust-
free samples for SLS and DLS experiments were obtained by filtration
through PTFE membrane filters with a pore-size of 5 um (LCR syringe
filters; Millipore, Billerica, MA) directly into cylindrical silica-glass
cuvettes (inner diameter @ = 20 mm; Hellma) that had been cleaned
with acetone in a Thurmont-apparatus. The cuvettes containing the sample
solutions were placed into a thermostated refractive index-matching toluene
bath held at a constant temperature of 7 = 25°C.

In the SLS experiments, the reduced absolute intensity ratio R(q)/(Kc) at
a concentration ¢ was computed from the Rayleigh ratio R(g),

_ @D 10 = 1@ o (M50 ’

and the optical constant K = 27+n dnlde)*I(Ag* *Na); Tiomms Tsor and 1, are
the light-scattering intensities of the solution, solvent, and the pure toluene,
respectively. Toluene was used as a standard with refractive index n, and
Rayleigh ratio R, = 2.2-107° cm™~'. N, is the Avogadro number.

The refractive index increment dn/de = 0.1359 mL g~ ' was determined
at A = 633 nm using a scanning Michelson interferometer. Further theoret-
ical details of the DLS experiments and specifics of the data evaluation by
using the constraint-regularized CONTIN method are given elsewhere (37).
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RESULTS
GpA TM helix secondary structure in lyso-PCs

The impact of detergent properties on the stability of the
GpA TM helix dimer was systematically analyzed in lyso-
PC micelles, having acyl-chain lengths ranging from C10
to C16. To ensure that the secondary structure of the GpA
TM helix was preserved in the respective lyso-PC micelles,
far-UV CD spectra of the GpA TM peptide were recorded in
the various lyso-PCs (Fig. 1). In all tested detergents, the
TM domain showed characteristics typical for an «a-helical
structure with a maximum at ~193 nm and double-minima
at 208 nm and 222 nm. Calculation of the secondary struc-
ture using the software package DICHROWEB suggested
an a-helix content between 78 and 81% for most tested
lyso-PCs at a detergent concentration of 20 mM (Table 1).
Of note, the a-helix content of the peptides did not depend
on the actual lyso-PC concentrations. While the CD data
clearly demonstrates that the secondary structure of the
GpA TM domain is well preserved in the tested lyso-PCs,
it is impossible to determine the fractions of monomeric
or dimeric GpA solely by CD, as the peptides have essen-
tially identical CD spectra. Such identical CD spectra of
both monomeric and dimeric GpA in detergents have
been previously reported (25,27). Therefore, to analyze
the stability of the TM helix dimer in lyso-PC micelles,
we performed FRET measurements.

The stability of the GpA TM domain dimer
depends on the lyso-PC acyl-chain length

To quantitatively analyze the influence of defined lyso-PC
properties on a TM helix dimer stability, we monitored
GpA TM helix dimerization in lyso-PCs with different
acyl-chain lengths by fluorescence spectroscopy. In Fig. S1

—C10
—C11

Cc12
—C13

C14
—C15
——C16

Molar Ellipticity

1é0 2(;0 2‘;0 ' 22TD ' 2;0 24;0 250 260
Wavelength (nm)

FIGURE 1 Far UV-CD spectra of the GpA TM domain in 20 mM lyso-
PCs. C10-lysoPC (black), C11-lysoPC (red), C12-lysoPC (green), C13-
lysoPC (blue), C14-lysoPC (cyan), C15-lysoPC (magenta), and C16-lysoPC
(yellow). The measured ellipticities were converted to molar ellipticity as
described in Materials and Methods.
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TABLE 1 Helical content of the GpA TM domain in 20 mM
lyso-PCs with increasing acyl-chain lengths as determined by
the program DICHROWEB

Lyso-PC a-helical content [%]
10 81
11 81
12 79
13 78
14 78
15 78
16 66

in the Supporting Material, we show fluorescence excita-
tion and emission spectra of Fl- and TAMRA-labeled GpA
peptides. The Fl emission spectrum overlaps significantly
with the TAMRA excitation spectrum. The distance between
the amino termini of the GpA TM helices in the dimer, as
calculated from the NMR structure, is ~10 /OX, which is
far below the Forster radius (Rg) of the FI/'TAMRA FRET
pair (49-54 10\) (38). Thus, the energy transfer measured as
donor emission quenching and/or sensitized acceptor emis-
sion (see Fig. S1 C) is a direct measure of GpA TM helix
dimerization.

FRET measurements were performed in presence of
20 mM lyso-PCs having increasing acyl-chain length, and
the normalized emission spectra of the FRET pair are shown
in Fig. 2 A. The sensitized emission at 575 nm decreased
with increasing acyl-chain length, indicating a decreasing
stability of the GpA TM helix dimer. The individual GpA
dimer fractions in the various lyso-PCs, as calculated from
the donor and FRET pair emission spectra (Fig. 2 B),
strongly suggest a correlation between the acyl-chain length
and the stability of the dimer, with the highest dimer fraction
of ~60 % observed in C10 lyso-PC. The stability of the
dimer decreases with increasing lyso-PC acyl-chain lengths
(Fig. 2), most likely because hydrophobic interactions of the
lyso-PCs with the GpA TM helix increase with increasing
lyso-PC acyl-chain lengths.

Together, our results suggest that the GpA TM domain
forms a stable dimer in all analyzed lyso-PCs and that the
lyso-PC acyl-chain length affects the dimerization propen-
sity in micelles.

The stability of the GpA TM domain dimer
depends on the lyso-PC concentration

To analyze the influence of the various lyso-PC detergents on
the energetics of the TM helix-helix interaction in more
detail, we then measured the thermodynamic stability of
the GpATM helix dimer at different lyso-PC concentrations.

Concentration-dependent dimerization of the GpA TM
domain in lyso-PC micelles was studied by monitoring
resonance energy transfer with fluorescently labeled GpA
TM peptides. All experiments were performed at a con-
stant peptide concentration by varying only the lyso-PC
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FIGURE 2 Self-association of GpA peptides in 20 mM lyso-PCs. Fluo-
rescence emission was measured in micelles with Fl-labeled peptide alone
as well as with the Fl- and TAMRA-labeled peptide pair (1:1 ratio). Energy
transfer was calculated from the Fl-fluorescence decrease at 525 nm. (A)
FRET spectra recorded for FI- and TAMRA-labeled peptides dissolved in
20 mM C, lyso-PC detergents. (Upper spectrum) This data originates
from peptides dissolved in C10-lyso PC micelles and the others were
measured in lyso-PCs having increasing acyl-chain lengths (C10-C16), re-
sulting in decreasing energy transfer. (B) Fraction dimer plotted against the
acyl-chain length of the various lyso-PCs.

concentrations. The inset in Fig. 3 A shows representative
emission spectra of the FRET pair (1:1 ratio) at increasing
lyso-PC concentrations. The relative decrease in the sensi-
tized emission at 575 nm with increasing lyso-PC concen-
tration clearly indicates destabilization of the GpA TM
helix dimer. The dimer fractions at increasing detergent
concentrations, as calculated from the measurements shown
in the inset, are summarized in Fig. 3 A for C10 and C16
lyso-PCs. Irrespective of the acyl-chain length, the fraction
of dimeric GpA, and thus the stability of the GpA TM helix-
helix interaction, decreases nonlinearly with increasing
detergent concentrations. Thus, with increasing detergent
concentrations, the GpA TM monomer-dimer equilibrium
significantly shifts toward the monomer in all analyzed
lyso-PCs. Based on measurements as shown in Fig. 3 A,
the apparent GpA dissociation constants were calculated
in the various lyso-PC detergents at increasing concentra-
tions (see Table S1 in the Supporting Material). Fig. 3 B
shows the apparent Kp values calculated based on the
FRET measurements performed in C10 and C16 lyso-PC.
All calculated K, values are summarized in Table S1.
While the stability of the GpA TM helix dimer appears
to depend on the lyso-PC acyl-chain length, the observed
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FIGURE 3 Concentration-dependent dimerization of the GpA TM
domain. (A) GpA TM helix dimer fractions calculated from FRET spectra
obtained at various C10 (@) and C16 (H) lyso-PC concentrations. The
lyso-PC concentrations are given on the x axis. (Insef) FRET spectra re-
corded for Fl- and TAMRA-labeled peptides (1:1 mol ratio) in C10 lyso-
PC micelles. All spectra were normalized at 525 nm. (Arrow) Spectral shifts
at increasing C10 lyso-PC concentrations. (B) Apparent GpA TM dissocia-
tion constant determined in C10 (@) and C16 () lyso-PC micelles at
increasing detergent concentrations. (C) Apparent dissociation free energy
values (AG®) calculated from the apparent K, values shown in panel A and
summarized in Table S1.
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dimerization propensities at a given detergent concentration
might not be compared directly, because detergent proper-
ties, such as the critical micellar concentration (cmc) or
aggregation number of the respective lyso-PCs, vary with
increasing acyl-chain length. Thus, we next determined
the cmc as well as aggregation numbers of lyso-PC micelles
(Table 2). In Fig. S2, the cmc values of the analyzed
lyso-PCs are summarized, and the cmc values decrease
exponentially with increasing acyl-chain length. The mean
aggregation number, N,o,, was determined at 20 mM
lyso-PC by a pyrene fluorescence-quenching method as
described in Materials and Methods (Fig. 4 A). To rule out
any potential interference from pyrene eximer formation
during the fluorescence N,,, determination, we additionally
measured the pyrene fluorescence from 360 to 500 nm at
varying lyso-PC concentrations (see Fig. S3). Because no
peak at 480 nm was observed, pyrene eximer formation
could be excluded, confirming that the observed fluores-
cence quenching was only caused by addition of the
quencher (n,n-dibutyl aniline).

The aggregation numbers N, of lyso PC samples
having acyl-chain lengths of C10-C16 were additionally
confirmed by light-scattering measurements (Fig. 4 A).
The apparent weight-average molar masses Myy,,, of the
resulting supramolecular assemblies (micelles) were ob-
tained from Ornstein-Zernicke plots (Kc/Ryy (q) versus
¢°), as shown in Fig. 5. The intercept of an extrapola-
tion ¢ — O in the linear regime for each sample yields
values of My, = (1.63 = 0.2) x 10* g mol~' for C10
to My, = (1.03 = 0.1) 10° g mol™' for C16, which
results in N,., between 40 and 209, respectively (Table
2). Fig. 4 A shows the lyso-PC aggregation numbers as
a function of the acyl-chain length determined by fluores-
cence quenching (solid circles), which is supported by
the data obtained from light-scattering experiments (open
circles). While at higher acyl-chain lengths the aggregation
numbers determined by the fluorescence method differ
from the values obtained by light scattering, the aggrega-
tion numbers nearly increase linearly with increasing
acyl-chain length of the lyso-PCs (Fig. 4 A), as demon-
strated by both applied methods.

The N,g, values determined by the two techniques vary
from 35/47 for C10 lyso-PC to 112 for C16 lyso-PC when
determined by the fluorescence technique, or to 209 for
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C16 lyso-PC when determined by light scattering. As of
this writing, there are only a few lyso-PC aggregation
numbers available from the literature. For C10 and C12
lyso-PCs, we determined aggregation numbers of 35/40
and 78/82 at a detergent concentration of 20 mM (Table
2), which are in good agreement with values determined
by NMR spectroscopy (34 for C10 and 55 for C12 lyso-
PC) (39).

Beyond the aggregation numbers of the micelles, the
corresponding micelle sizes were determined by DLS exper-
iments and summarized in Table 2 as z-average hydro-
dynamic radii R,. The R, values are in the range of
24-37 A, and increase linearly with increasing lyso-PC
acyl-chain length (Fig. 4 B and Table 2).

Sequence specificity of GpA TM helix
dimerization in lyso PC micelles

To rule out that the results presented in Figs. 2 and 3
and Table S1 are influenced by unspecific aggregation
of the TM peptides or by formation of higher-ordered
oligomeric structures, formation of a sequence-specific
GpA TM helix dimer was analyzed by monitoring energy
transfer at constant peptide and detergent concentrations
as a function of the donor/acceptor ratio, as reported in
the literature (23,40). Fig. 6 shows FRET efficiencies as
a function of the acceptor mole ratio in C14 lyso-PC
micelles at 1 mM total detergent concentration. As dis-
cussed in detail in the literature (25,40), linear dependence
of the FRET efficiency on the acceptor mole ratio indi-
cates, exclusively, dimer formation. This control has also
been performed in lyso-PCs with increased acyl-chain
length at different concentrations (data not shown) and
a linear dependence of the FRET efficiency has always
been observed.

Thus, we conclude that the observed FRET efficiencies
directly measure formation of a dimeric GpA TM helix
structure. Nevertheless, the measured FRET signal can
have different origins. While on the one hand it originates
from so-called real dimer formation, it might also be influ-
enced by simple proximity effects. Because we used very
low peptide/detergent molar ratios, ranging from 1:200
to 1:120,000 (see Table S1), proximity effects are very un-
likely. However, to exclude proximity effects, we performed

TABLE 2 Characteristics of lyso-PC micelles and the stability of the GpA TM helix dimer in different acyl-chain length lyso-PCs

Lyso-PC Cmc (mM) Mypp (10* gmol ™) Ry, (A)  Nage SLS  Nyge Fluor.  AG®, (20 mM) (kImol™')  dAG® Jdin(lyso-PC) (kJmol ")
Cl10 6.06 (6.0-8.0) 1.63 24 40 35 38.12 + 0.48 —475 = 0.37
Cl1 1.81 (—) 3.55 26 67 58 34.61 + 0.26 —3.65 + 0.25
Cl2 0.57 (0.4-0.9) 3.62 28 82 78 33.28 = 0.52 —3.45 + 0.26
Cl3 0.15 (—) 4.45 30 98 91 32.34 + 0.14 —3.31 + 0.11
Cl4 0.04 (0.04-0.09) 5.87 33 126 90 31.51 = 0.11 —2.92 + 0.15
Cl15 0.010 (—) 8.80 34 183 100 28.38 + 1.30 —3.01 + 0.11
Cl6 0.004 (0.004-0.008) 10.34 37 209 112 28.15 = 1.44 —2.96 = 0.23

Values in parentheses were obtained from a commercial website (Avanti Polar Lipids, Alabaster, AL).
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FRET measurements upon addition of increasing concen-
trations of unlabeled GpA peptides, and observed a reduc-
tion in the FRET signal (Fig. 7). Upon addition of the
unlabeled GpA TM peptides, the FRET signal decreases
only if dimerization of the labeled peptides is sequence-
specific (25,41).

Thus, the determined FRET efficiencies can be attributed
to formation of a sequence-specific GpA TM helix dimer in
lyso-PC micelles.
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FIGURE 5 Static light-scattering analysis. Absolute light scattering
intensity for the various lyso-PC at ¢ = 20 mM in an Ornstein-Zernicke
presentation for the determination of the molar masses using the intercept
of an extrapolation (¢ — 0) in the linear regime.
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FIGURE 6 Stoichiometry of GpA association. FRET efficiencies as
a function of acceptor mole fraction are shown for 1 mM C14 lyso-PC.
The total peptide and detergent concentrations were kept constant, whereas
the ratio of acceptor and donor peptide varied from 0.2 to 0.85. The linear
dependence of the FRET efficiency on the acceptor mole ratio demonstrates
exclusive dimer formation.

DISCUSSION

Lysophosphatidylcholines (lyso-PCs) are naturally present
in human cells and are released by spontaneous or enzy-
matic hydrolysis of PC lipids. Lyso-PCs are known to be
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FIGURE 7 FRET competition assay. (A) FRET pair emission spectra in
5 mM CI12 lyso-PC. Addition of 0.4-2 uM unlabeled GpA TM peptide
(compare panel A with panel B) results in reduced sensitized acceptor emis-
sion. Spectra were normalized at 525 nm. (Upper spectrum) This data orig-
inates from peptides in the absence of unlabeled peptide. Stepwise addition
of increasing amounts of unlabeled peptide results in decreased energy
transfer, i.e., in decreased fluorescence emission at 575 nm. (B) FRET effi-
ciencies calculated from the spectra shown in panel A.
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involved in T-lymphocyte proliferation and protein kinase
C activation (42,43), and the increased plasma lyso-PC
concentration found in some cancer patients might be
used as a marker for tumor progression (44,45). In vivo,
most of the lyso-PC molecules are bound to albumins,
which serve as a reservoir to rapidly provide lyso-PCs,
if necessary, and eventually preserve membrane lysis
(45,46). Because of their detergent properties, lyso-PCs
form micellar structures and are membrane-lytic at high
concentrations.

In our study, the impact of lyso-PC properties on a
sequence-specific TM helix structure has been analyzed.
By varying the acyl-chain length only and leaving the deter-
gent headgroup chemistry identical, the influences of just
the detergent acyl-chain on the stability of a TM structure
have been systematically evaluated.

Thermodynamically, the free energy of helix-helix asso-
ciation in detergent micelles can be written as

AGa = AGh,h + I’ZAGd,d - ZHAGh,d, (10)

where AGy.,, AG, 4 and AG,_, are the free energies of
helix-helix, detergent-detergent, and helix-detergent inter-
actions, respectively. It is assumed that formation of a
helix-helix pair displaces 2n helix-detergent and results in
n gained detergent-detergent interactions. Dimerization of
TM helices will be driven by a favorable value of AG,_;,
arising, for example, from van der Waals’ forces, salt-
bridge, or hydrogen-bonding interactions between helices.
Furthermore, rather weak interactions of the genetive
headgroups with TM helices and poor packing of the acyl
chains to the rough surface of TM helices might disfavor
helix-detergent interactions and drive helix dimerization.
However, interactions between the detergent acyl chains
and the hydrophobic TM helix most likely increase with
increasing acyl-chain length, which is coupled with in-
creasing acyl-chain hydrophobicity, and consequently the
free energies of dimerization decrease in lyso-PC micelles
with increasing acyl-chain length (Fig. 3 C and Table 2).
Notably, this observation contrasts with earlier findings in
which it has been concluded that detergents with longer
acyl-chain length generally tend to stabilize the structure
of TM proteins (11).

However, irrespective of the genitive acyl-chain length,
increasing detergent concentrations generally destabilize
the GpA helix dimer (Fig. 3), as demonstrated by the
increasing dissociation constants (Fig. 3 B, and see Table
S1). This destabilization has been observed before and
might be explained by a simple dilution effect based on
entropically driven dissociation (26). In the ideal case,
dissociation of helices caused by simple peptide dilution
due to increasing detergent concentrations results in a slope
of —2.48 kI mol ' (8.314 Jmol ' K" x 298 K). However,
while the calculated free energies of dissociation linearly
depend on the lyso-PC concentration in all tested lyso-PCs
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(Fig. 3 C), the slopes vary from —4.75 to —2.96 kJmol '
(Table 2). Only dimerization in C16 lyso-PC is close
to ideality and might be explained by simple dilution.
Inconsistency from ideality, as usually observed, suggests
a general mechanism driving helix-helix dissociation that
is far more complex than simple dilution; and helix-deter-
gent or detergent-detergent interactions, and the correspond-
ing free energies, also eventually influence monomerization.
Furthermore, because the properties of detergent micelles
(such as the aggregation number or the hydrodynamic
micelle radius) change with increasing acyl-chain length,
the properties of the most intimate environment of a TM
protein (the micelle it resides in) could also influence the
stability of the TM helix oligomer. Thus, based on the
results presented here, destabilization of a TM helix olig-
omer by increasing detergent concentration cannot be ex-
plained by simple dilution alone; a far more complex
model is required.

In the past, several studies have shown that the structure
of integral membrane proteins can highly depend on
hydrophobic matching conditions, i.e., the thickness of the
hydrophobic hydrocarbon core of the lipid bilayer must
approximately match the hydrophobic region of the TM
protein. Hydrophobic mismatch can result in severe destabi-
lization of TM protein structures (47,48). Preservation of
a TM protein structure in a lipid bilayer with changing
bilayer thickness will alter lipid packing in the intimate
surrounding bilayer, and the bilayer deformation energy is
associated with local thickening or thinning of the lipid
bilayer to match the hydrophobic region of the TM protein
(49). Thus, it appears to be possible that a TM protein struc-
ture is most stable whenever the hydrophobic region of a
micelle just about matches the hydrophobic region of a
TM protein (29). On the other hand, detergent micelles
are far more dynamic than lipid bilayers, and a micellar
structure might adjust more easily to various TM pro-
tein structures (12). GpA dimerized in all tested lyso-PC
micelles, and dimerization was most efficient in C10 lyso-
PC but decreased with increasing lyso-PC acyl-chain length
(Fig. 2 B, and see Table S1).

The observed high GpA TM helix dimerization propen-
sity in C10 lyso-PC cannot be explained by simply consid-
ering the thickness of the hydrophobic micelle core, as
the hydrophobic region of the GpA TM «-helix dimer is
~31.3 = 2.2 A, whereas the diameter of the C10 lyso-PC
micelles is only ~24 A (Table 2). If the thickness of the
hydrophobic micelle core were most important for stabiliza-
tion of the GpA helix dimer (hydrophobic matching), the
dimer should have been most stable in C13 or C14 lyso-PCs,
having diameters of ~30 and 33 A, respectively (Table 2).
As this has not been observed, it appears to be rather likely
that individual detergent molecules stretch within a micelle
to match the hydrophobic thickness of the peptide. How-
ever, the structural dynamics of the micelle might be
impaired when micelles are formed from detergents with
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longer acyl chains, due to increased detergent-peptide
and detergent-detergent interactions. Thus, with increasing
acyl-chain length the elastic properties of the acyl chains
decrease and eventually become insufficient to compensate
a (potential) hydrophobic mismatch, resulting in destabili-
zation of a TM protein structure. Notably, the «-helical
structure of the GpA TM domain, as determined by NMR
in micelles (16) (PDB ID:1AFO and PDB ID:2KPE) and
bicelles (50) (PDB ID:2KPF), was preserved in all analyzed
lyso-PCs (Fig. 1).

Closer examination of the lyso-PC micelle properties
over the range of the experimentally tested acyl-chain
lengths also revealed that the lyso-PC aggregation numbers,
N, vary considerably for the various lyso-PCs (Fig. 4 A).
The fraction dimeric GpA measured in 20 mM lyso-PCs
with increasing acyl-chain length (Fig. 2) linearly correlates
with the aggregation number of the respective detergent
(Fig. 8). Because the concentration of detergent monomers
per micelle, i.e., the peptide-to-detergent ratio per micelle,
eventually influences the stability of a TM protein structure,
this might indicate that the aggregation number can also
affect the stability of the GpA TM helix dimer in a detergent
micelle. With increasing N,g,, the number of detergent
molecules per micelle (i.e., the concentration of the intimate
solvent) is increased and the dimer fraction decreases, based
on dilution and the law of mass action.

CONCLUSION

Fine-tuning of detergent properties is crucial for obtaining
structural information of intact and functional TM pro-
teins. However, identifying a proper detergent suitable to
maintain the structure, integrity, and function of a TM
protein upon solubilization is still an empirical and time-
consuming process.

Based on several previous studies of detergent properties
and their impact on the stability of TM structures, some
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FIGURE 8 GpA stability and lyso-PC aggregation numbers. The fractions
of dimeric GpA are plotted as a function of the lyso-PC aggregation number
(different acyl-chain length) as determined by light scattering at 20-mM
detergent concentration (compare to Fig. 5). The N, value linearly corre-
lates with the decrease of GpA TM domain dimer fraction with an R* of 0.9.
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generalizing rules have emerged, classifying detergents as
harsh or mild. However, the presented results indicate that
the TM helix oligomer is destabilized in lyso-PCs with
increasing chain length, which contrasts with the assump-
tion that longer tails render detergents milder. Thus, the
impact of the acyl-chain region on the stability of a TM
structure appears to vary and one should be careful about
generalizing the impact of an acyl-chain length on the struc-
ture and stability of a TM protein. Furthermore, individual
detergent molecules appear to be able to stretch within
a micelle to match the hydrophobic thickness of the peptide,
and the diameter of the hydrophobic micelle core appears to
be less important for selecting a proper detergent for struc-
tural and/or functional analyses, at least in case of lyso-PCs.
Thus, hydrophobic mismatch might be less relevant in deter-
gent micelles than in lipid bilayers.
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Abstract

As traditional detergents might destabilize or even denature membrane proteins, amphiphilic polymers have moved into
the focus of membrane-protein research in recent years. Thus far, Amphipols are the best studied amphiphilic copolymers,
having a hydrophilic backbone with short hydrophobic chains. However, since stabilizing as well as destabilizing effects of
the Amphipol belt on the structure of membrane proteins have been described, we systematically analyze the impact of the
most commonly used Amphipol A8-35 on the structure and stability of a well-defined transmembrane protein model, the
glycophorin A transmembrane helix dimer. Amphipols are not able to directly extract proteins from their native membranes,
and detergents are typically replaced by Amphipols only after protein extraction from membranes. As Amphipols form
mixed micelles with detergents, a better understanding of Amphipol-detergent interactions is required. Therefore, we
analyze the interaction of A8-35 with the anionic detergent sodium dodecyl sulfate and describe the impact of the mixed-
micelle-like system on the stability of a transmembrane helix dimer. As A8-35 may highly stabilize and thereby rigidify a
transmembrane protein structure, modest destabilization by controlled addition of detergents and formation of mixed
micellar systems might be helpful to preserve the function of a membrane protein in Amphipol environments.
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Introduction

Traditionally, detergents are used to solubilize membrane
proteins (MPs) for subsequent purification and in vitro analyses.
However, as detergents might destabilize or even denature MPs
[1], amphiphilic polymers have been introduced as a new class of
surfactants suitable for keeping membrane proteins soluble in
aqueous solution [2-11]. Amphipols (APols) are such amphiphilic
copolymers (terpolymers), possessing a hydrophilic backbone and
short hydrophobic chains. The thus far most common and best
studied APol A8-35 shows high solubility in water at pH>7.0 and
assembles into tetrameric nanoparticles, which together carry 75—
80 octyl chains [2,3,5,12]. Similar to detergents, APols do not
aggregate until a particular concentration is reached. However, in
contrast to most detergents, the critical aggregation concentration
(CAC) is in the nanomolar range, allowing APols to form
aggregates and stabilize MPs at very low concentrations. However,
APols are not able to extract MPs from their native membranes,
and thus, MPs are typically still extracted by classical detergents.
Only in a subsequent step is the detergent substituted by an APol.
Therefore, when working with APols, detergents are still vital.
When detergents are added to APols at concentrations below their
critical micellar concentration (CMC), APols and detergents form
mixed micelles/aggregates [13]. In mixtures of non-ionic deter-
gents with APols, the fraction of detergent molecules in the mixed
micelles increases according to a near-ideal mixing behavior as the
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concentration of free detergent molecules in solution increases
[13,14].

Due to their low CAC values and their ability to render MPs
soluble in aqueous solutions at very low bulk concentrations, APols
are highly attractive for applications in MP research. A low APol-
to-protein ratio implies that only few APol molecules are needed to
provide a hydrophobic environment for MPs, which reduces the
size of the hydrophobic sink when compared to classical detergents
[10]. This might explain the less denaturing properties of APols on
MPs [3]. Consequently, APols represent a class of membrane-
mimetic surfactants that potentially preserve the structure as well
as the function of MPs better than many detergents. In fact, more
than 30 MPs have already been shown to form water-soluble
complexes with APols [6,15]. Bringing the MPs with APols in
solution, is one fundamental step but the MPs also have to fold
into their native and active conformation. Most MPs seem to still
function after being trapped in APol particles [3]. As an example,
bacteriorhodopsin correctly folds in A8-35 and accomplishes its
entire photocycle, though with slower kinetics compared to
detergents [10]. On the other hand, the sarcoplasmic Ca**-
ATPase can be solubilized in A8-35, but it shows very slow
hydrolytic activity and Ca®' dissociation [16]. The transmem-
brane (TM) region of the sarcoplasmic Ca**-ATPase undergoes
large conformational changes during its active process, which
seems to be constrained by the tight, multiple A8-35 attachment
[17].
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As the formation of higher-ordered oligomeric MP structures
depends on multiple specific TM helix-helix contacts, analyzing
the stability of a sequence-specific TM helix dimer can be helpful
in properly elucidating the impact of APols on MP structure and
stability.

In recent years, association of TM a-helices has been studied to
a great extent using the TM region of the human glycophorin A
(GpA) protein, which forms a stable TM helix dimer. Sequence-
specific GpA dimerization is mediated by the LIxxGVxxGVxT
amino acid motif [18-20]. Especially the GxxxG motif promotes
tight packing of two adjacent TM o-helices, resulting in Van der
Waals packing interactions and formation of C, hydrogen bonds
[21,22]. In fact, in the last two decades the GpA TM helix dimer
became a paradigm for studying sequence-specificity in TM helix
dimerization. GpA dimerization has been analyzed in various
detergents and lipids [23-28], and the results have indicated that
GpA TM helix association is driven by enthalpic and entropic
forces [27]. Furthermore, detergent properties, such as head group
chemistry, chain length, aggregation number, as well as the
concentration of a particular detergent or phospholipid affect the
stability of the GpA TM helix dimer [23-28]. Thus, the GpA TM
helix can serve as a valuable probe to quantitatively determine the
effect of an APol environment on the structure and stability of a
sequence-specific TM helix-helix interaction.

Materials and Methods

Materials

Peptides corresponding to residues 69101 of the human GpA
TM domain (SEPEITLIIFGVMAGVIGTILLISYGIRRLIKK)
were custom-synthesized and labeled at the N-terminus with
either the donor or the acceptor dyes fluorescein (FL) and 5-6-
carboxyrhodamine (TAMRA), respectively (Peptide Specialty
Laboratories, Heidelberg, Germany). The purity of the labelled
peptides was confirmed by high-performance liquid chromatog-
raphy (HPLC) and mass spectrometry [24]. Based on this, the
labeled peptides used in this study were>95% pure. Peptides were
dissolved in 2,2,2-trifluoroethanol purchased from Sigma-Aldrich
(Munich, Germany). APol A8-35 was purchased from Affymetrix
(Santa Clara, USA) and sodium dodecyl sulfate (SDS) from Roth
(Karlsruhe, Germany). N-dodecyl-B-D-maltopyranoside (DDM)
was obtained from Sigma-Aldrich (Munich, Germany).

FRET measurements

For Forster resonance energy transfer (FRET) measurements,
equal concentrations of FL- and TAMRA-labeled GpA TM
domains were used. Concentrations of the peptide stock solutions
were determined from absorbance measurements on a Perkin
Elmer Lambda 35 UV/VIS spectrophotometer. In all experi-
ments, we used 0.25 pM for each of the two labeled GpA peptides.
Peptides dissolved in TFE and A8-35 dissolved in ethanol were
mixed, and organic solvents were removed under a gentle stream
of nitrogen gas. Residual solvent traces were removed by vacuum
desiccation overnight. The dried peptide/polymer film was then
hydrated in 10 mM HEPES buffer (pH 7.4) containing 150 mM
NaCL

After at least 2 h of incubation at 37°C and 10 min of
centrifugation at 16,000 g, steady-state fluorescence measure-
ments were performed with the supernatant at 25°C on a Horiba
Fluoromax 4 system with both excitation and emission slits at
3 nm. The excitation wavelength was set at 439 nm, and emission
spectra were recorded from 480 to 650 nm. For FRET
measurements with SDS; several concentrations of SDS, both
below and above the CMC determined for the given buffer
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conditions, were used, and hydrated samples were incubated
overnight.

Energy transfer F was calculated using the donor fluorescence
intensities at 525 nm in presence and absence of acceptor
according to

E=1—(Fp4/Fp) (1)

Fp is the fluorescence intensity of the donor sample, and Fp is
the fluorescence intensity of the sample containing donor and
acceptor GpA TM domains at equal concentrations. The energy
transfer of sequence-specific TM helix dimerization, Ep, can be
expressed as:

Ep=fpPpEr (2)

where fp is the fraction of dimeric TM helices, Pp is the
probability of donor quenching when the peptides form a dimer,
and Eg is the energy transfer in the dimer.

The probability P, of donor quenching depends on the molar
ratio of the acceptor peptides ya=la]/([a]+[d]), where [a] and
[d] are the concentrations of acceptor and donor peptides,
respectively. If the distance of the fluorophores in the dimer is
much smaller than the Forster radius, as is the case here, Er can
be taken as unity.

The fraction of dimers can be written as fp =2[D]/[T], where
[D] is the concentration of dimeric peptides and [T7] the total
peptide concentration. Hence, the dimer concentration [D] can be
calculated as [24,25,29]:

[D]=Ep[T]/2ya A3)
The dissociation constant, Kp, is given by

Kp=[M7 /D] )
where the monomer concentration is [M]=[T]—2[D].

Circular dichroism spectroscopy

CD spectra were recorded on a Jasco J-815 spectropolarimeter
at 25°C in a step-scan mode using 0.1-cm path length quartz cells
from Hellma (Miilheim, Germany). The concentration of unla-
beled GpA peptide was 5 uM. Data points were collected at a
resolution of 1 nm, an integration time of 1 s, and a bandwidth of
I nm. Each shown spectrum results from at least three averaged
scans from which buffer scans were subtracted. The measured
ellipticity 8 was converted to molar ellipticity [0] by:

(6] =(1000M /LC) (5)

where M is the molar mass, L the path length, and C the peptide
concentration.

The GpA TM domain was reconstituted in 10 mM phosphate
buffer (pH 7.4) containing A8-35 as well as in several solvents
containing SDS, DDM, or pure TFE, which are known to stabilize
a-helical structures. Prior to CD measurements, samples were
treated in the same way as described above for FRET
measurements. Secondary structure contents were estimated with
the DICHROWESB software [30,31] using both soluble and TM
proteins as reference datasets (CDSSTR method, reference set 7).

October 2014 | Volume 9 | Issue 10 | €110970



Isothermal titration calorimetry (ITC)

ITC experiments were performed on a VP-ITC (GE Health-
care) at 25°C in 10 mM phosphate buffer (150 mM NaCl,
pH 7.4). For demicellization experiments, 5-uL aliquots contain-
ing both, SDS at a concentration well above its CMC (10-13 mM)
as well as A8-35 at concentrations of 5-140 pM, were injected into
the sample cell containing the same amphipol concentration but
no SDS. Time spans between injections were chosen long enough
to allow for complete re-equilibration. Baseline subtraction and
peak integration were accomplished using NITPIC [32], and the
resulting isotherms were analyzed by nonlinear least-squares fitting
in a spreadsheet program [33].

Results and Discussion

GpA TM helix dimerization in A8-35

First, we determined the secondary structure of GpA TM
peptides solubilized in A8-35 by far-UV CD spectroscopy to
ensure that the GpA TM peptides were fully solubilized and
adopted the expected o-helical structure in the APol environment
(Figure 1). As a control, the secondary structure of the GpA TM
domain was additionally analyzed in trifluoroethanol (TFE),
5 mM SDS, or 5 mM DDM, since it has been shown that o-
helical structures are stabilized in these solvents [24,26,34]. The
CD spectra demonstrate that a maximum at 190 nm and double
minima at 209 nm and 222 nm are retained in 5 uM A8-35,
which are characteristic of o-helical structures. Higher APol
concentrations did not significantly affect the peptide’s secondary
structure. Estimation of the secondary structure contents suggested
an o-helix content of 67% i 5 uM A8-35, compared to 62% in
TFE, 76% in SDS or 79% in DDM. Thus, the structural
hallmarks of the GpA TM helix are largely preserved in A8-35
particles, and therefore the effects of increasing A8-35 concentra-
tions on the stability of the GpA TM helix dimer were studied in
subsequent experiments.

To determine the thermodynamic stability of the GpA TM
helix dimer, FRET measurements were performed in APol A8-35.
To do so, the GpA TM peptides were chemically labeled at the N-
terminus with either fluorescein (FL) or carboxytetratmethyl-
rhodamine (TAMRA). Figure SI shows the emission and
excitation spectra of the labelled peptides solubilized in A8-35.
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Figure 1. Far-UV CD spectra of the GpA TM domain. GpA TM
domain (5 uM) solubilized in 5 uM APol. As controls, GpA TM domain
was solubilized in TFE, SDS, or DDM, which are known to support the
formation of a-helical structures.
doi:10.1371/journal.pone.0110970.g001
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The emission spectrum of the fluorescein-labelled peptide
substantially overlaps with the excitation spectrum of the
TAMRA-labelled peptide. Therefore, energy transfer is a direct
measure of the fraction of dimeric peptide species in the sample
[24,25,28,29]. In the first series of experiments, the total peptide
concentration of the FRET pair was kept constant at 0.5 uM,
while the A8-35 concentration was increased from 5 to 75 uM,
which corresponds to APol-to-peptide ratios of 10:1 to 150:1. As
can be seen in Figure 2A, the fraction dimeric GpA decreased
with increasing A8-35 concentrations. Almost all peptides were
dimeric at low A8-35 concentrations, whereas the dimer fraction
dropped to a value of about 0.65 at 25 pM A8-35 and thereafter
decreased only faintly with increasing polymer concentrations.
This indicates that the GpA TM helix dimer is rather stable even
at higher A8-35 concentrations and only very high polymer
concentrations will dissociate the dimer completely. For compar-
ison, detergent micelles destabilize the GpA dimer to a larger
extent, even if the detergent concentration exceeds the CMC only
slightly [24,26-28]. However, the extent of GpA dimerization in
detergents depends severely on the head group, the chain length
and the concentration of the particular detergent. In general, APol
A8-35 appears to stabilize the GpA TM domain dimer rather well,
as the dissociation constants are below 0.3 uM in the tested A8-35
concentration range (Figure 2B), and even relatively higher A8-35
concentrations do not seem to fully dissociate the GpA dimer, in
contrast to detergents. While at low detergent concentrations the
dissociation constants of the GpA TM dimer in several tested
detergents (SDS, DDMAB, DPC, lyso-PC) are in the same range
as in APol (=0.5 uM), they increase significantly, compared to A8-
35, upon further addition of detergent until the dimer is
completely dissociated [26-28].

Detergents affect helix association in a rather complex way: In
the first place, simple dilution of the peptide in the micellar phase
entropically promotes dissociation with increasing detergent
concentrations [27]. Additionally, however, opposing enthalpic
and entropic effects, which depend on the nature of the detergent
and are generally poorly understood, may counteract dilution by
enhancing helix association with increasing detergent concentra-
tions. The high stability of the GpA TM helix dimer in A8-35
might be explained by (i) a poor ability of APols to compete with
protein/protein interactions, (i) the reduced size of the hydro-
phobic sink compared to detergents [35], or (iii) a dampening
effect of potential conformational fluctuations due to the viscosity
of the polymer backbone [3,36].

To investigate the effect of A8-35 on the GpA dimer stability in
greater detail, we next performed kinetic measurements and
determined the exchange rates of GpA TM helices between
various polymer particles after reconstitution. Upon addition of an
excess of a competing surfactant, such as free APols, detergents or
phospholipids, MPs can be released from preformed complexes
with APols, although at very slow dissociation rates, and e.g.
integrate into detergent micelles [3,37-39]. To test this, donor- and
acceptor-labeled GpA peptides were individually solubilized in
20 uM A8-35 and incubated at 37°C for at least 2 h. Next, A8-35-
solubilized donor and acceptor peptides were mixed in a 1:1 ratio,
and fluorescence emission spectra were recorded every 10 min for
about 17 h (Figure 3A). As a control necessary for calculation of
energy transfer, this measurement was also performed with solely
the donor sample, for which no changes in fluorescence intensity
were observed. Figure 3B shows that 17 h after mixing the two
differently labelled GpA TM helices, the energy transfer increased
up to ~35%, which corresponds to a dimer fraction of ~0.7, as
already observed before in the steady-state measurements
(Figure 2A). To compare the exchange rates measured in APols
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Figure 2. Association of the GpA TM domain in APol. FRET
measurements (n=3) were performed at increasing APol concentra-
tions ranging from 5 to 75 uM, corresponding to APol/peptide ratios of
10:1 to 150:1. (A) Dimer fractions of the GpA TM domain determined by
FRET efficiencies of the fluorescence emissions’ spectra plotted against
APol concentration (see eg. 3). (B) Logarithm of the apparent GpA TM
dissociation constants at increasing APol concentration (see eq. 4).
doi:10.1371/journal.pone.0110970.g002

with rates determined in micellar environments, the same
experiment was performed in 5 mM DDM micelles (Figure 3C).
While the exchange of donor- and acceptor-labeled GpA TM
peptides suspended in A8-35 proceeded for several hours, the
exchange of labeled peptides between micelles was already
complete after several minutes. Proper fits of the measured
kinetics were obtained with a double-exponential equation
yiclding rate constants of 2.2 h' (amplitude 8.7) and 0.17 h™!
(amplitude 12.4) for A8-35, and 41.5 h™' (amplitude 13.3) and
5.8 h™! (amplitude 15.6) for DDM micelles.

Besides formation of GpA dimers, the recorded energy transfer
might, in principle, also originate from formation of higher-
ordered oligomeric structures, such as trimers or tetramers, or
even from unspecific peptide aggregation. Such a possibility can be
excluded by measuring energy transfer at different acceptor mole
ratios (y,) while keeping the total peptide concentration constant.
If the energy transfer linearly depends on y,, only the formation of
dimers will contribute to the energy transfer measured [23]. As
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Figure 3. Kinetics of the exchange of GpA TM peptides
between APol aggregates. Donor- and acceptor-labelled GpA T™M
(each 0.25 uM) domains were separately solubilized in 20 uM APol at a
final polymer/peptide ratio of 40:1. (A) After incubation at 37°C, donor
and acceptor were mixed, and emission spectra (normalized at 525 nm)
were recorded every 10 min over a time period of 17 h at 25°C. (B) The
energy transfer increased over hours to the level determined by steady-
state FRET measurements due to mixing of donor- and acceptor-
labelled peptides. (C) Energy transfer change due to peptide exchange
in 5 mM DDM micelles was completed after some dozen minutes.
doi:10.1371/journal.pone.0110970.g003
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shown in Figure 4, at 5 uM and 50 pM A8-35, the energy transfer
linearly depends on y,, indicating exclusive formation of GpA
dimers in APol A8-35.

GpA TM domain dimerization in mixed APol/SDS micelles

Thermal denaturation of MPs often leads to irreversible
aggregation of the MP, and guanidine hydrochloride and urea,
which are frequently used in unfolding studies involving soluble
proteins, do typically not denature the TM regions of MPs. This is
why the thermodynamic stability of integral MPs within mem-
brane-mimetic systems is often assessed by titrating increasing
concentrations of the anionic detergent SDS to MPs dissolved in a
mild detergent, such as DDM [24,40-44]. SDS is able to form
mixed micelles with other detergents typically used for MP
solubilization. In SDS-containing mixed micelles, a membrane
mimetic environment is maintained and the secondary structure of
the MPs TM regions is barely affected by SDS-induced protein
unfolding [40]. However, it is worth mentioning that the term
“unfolding” in this system in fact describes dissociation of TM
helices rather than unfolding of individual TM a-helices [24].
Since mixed DDM/SDS micelles dissociate the GpA TM helix
dimer almost completely [24], a similar approach based on the
denaturing effect of SDS might be useful for investigating the
thermodynamic stability of the GpA TM helix dimer in APol
solutions. Furthermore, when amphipols are used in wvitro,
detergents are still needed to extract MPs from their natural
membrane, and, therefore intermediate states of MPs in mixed
APol/detergent micelles are present during the experimental
procedure. Preserving the MPs’ structure and activity during this
process is fundamental for subsequent experiments. To shed more
light on the interactions between A8-35 and the anionic detergent
SDS, we performed a series of ITC experiments (Figure 5), in
which SDS solutions at concentrations above the CMC (10-
13 mM) were diluted into buffer in the presence of increasing A8-
35 concentrations. At low APol concentrations, the isotherms thus
obtained resembled those measured in SDS demicellization
experiments in the absence of APol [45]. However, with increasing
A8-35 concentrations, the isotherms became shallower and even
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Figure 4. Stoichiometry of GpA TM domain association. Energy
transfer efficiency as a function of acceptor mole fraction in 5 uM (@)
and 50 uM (O) APol (n=2). Linear dependence of the energy transfer
on the acceptor mole ratio demonstrates exclusive dimer formation of
the GpA TM domain in APol.

doi:10.1371/journal.pone.0110970.g004

PLOS ONE | www.plosone.org

GpA in Amphipol A8-35

changed sign, similarly to what has previously been observed for
the interactions of the non-ionic detergent octylglucoside with A8-
35 and other amphipols [13]. However, while the latter have been
found to follow nearly ideal mixing behavior [13], the interactions
of SDS with A8-35 follows a more complex pattern (Figure 5).
Although the reaction heats could be fitted on the basis of the
regular mixing model at intermediate SDS contents in the mixed
aggregates [13], such fits yielded very high nonideality parameters
of 34 RT, which is incompatible with the near-ideal mixing
assumption inherent in this model. At both lower and higher SDS
concentrations, the isotherms could not at all be analyzed in terms
of simple mixing models, which is most likely due to a charge
repulsion between free SDS monomers and mixed APol/SDS
aggregates or due to the changes in pH at the surface of the mixed
aggregate [46,47]. Thus, care should be taken in interpreting SDS
titration data involving anionic APols at a quantitative level, which
is why we restrict ourselves to qualitative considerations in the
following.

To address the question of how SDS/APol aggregates/micelles
affect TM helix-helix association and hence the stability of o-
helical MPs, FRET efficiencies were determined at increasing SDS
concentrations, while the concentrations of the GpA TM domain
(0.5 uM) and APol A8-35 (20 uM) were kept constant. Under
these conditions, the fraction of dimeric GpA decreases from 0.7 in
the absence of SDS to about 0.3 at SDS concentrations exceeding
1.5 mM (Figure 6A), corresponding to an increase in the
dissociation constant by about one order of magnitude (Figure 6B).
This indicates a strong destabilization of the GpA dimer after
addition of SDS, resulting in dissociation of GpA TM dimers in
mixed A8-35/SDS aggregates. As previously observed in mixed
detergent micelles [24], addition of SDS to A8-35-solubilized GpA
destabilizes the GpA dimer. However, in contrast to DDM/SDS
mixed micelles, in which the GpA dimer is completely unfolded
[24], this was not observed in case of APol/SDS mixed micelles, at
least not in the analyzed concentration range (Figure 6). Thus,
SDS appears to be less denaturing when a MP is solubilized in A8-
35 compared to classical detergents. However, a direct comparison
of the SDS denaturation data in DDM vs. A8-35 is complicated, as
the chemical nature of DDM and A8-35 are very different and
usually SDS mole fractions are used for plotting the denaturation
process. Using mole fractions is not very helpful in case of APol/
SDS, as the high molecular mass polymer carries multiple
hydrophobic tails and much lower APol concentrations are
needed to solubilize the TM helix compared to DDM. A8-35
aggregates can also not be directly compared with detergent
molecules and micellar structures. Furthermore, the mixing
behavior of SDS and A8-35 is quite complex, as the I'TC data
indicate (Figure 5). In addition, the degree of non-ideality in
DDM/SDS mixing is also very complex and varies over
experimental conditions. Therefore, heterogeneities in the mixed
micelles/aggregates cannot be excluded [48], and the spatial
structure of APol/SDS assemblies is likely to be very different from
a typical micelle due to the long polymer backbone.

To assess the reversibility of the observed changes in dimer
stability, FRET was measured at 2 mM SDS and 20 uM APol,
both prior to and following dilution of the sample with another
sample, containing no SDS but the same concentrations of peptide
and APol (Figure 7). Thereby, the SDS concentration was diluted
below its CMC (to 0.4 mM), while the concentrations of peptide
and APol were kept constant. The fraction of dimeric GpA
observed after dilution agrees with the value determined at
0.4 mM SDS (Figure 7) and the titration experiments (Figure 6A),
indicating that dissociation and association of the GpA TM helix
in APol A8-35, caused by SDS addition and removal, respectively,
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Figure 5. Interactions of SDS with A8-35 monitored by
isothermal titration calorimetry. Demicellization of SDS in the
presence of various A8-35 concentrations: (A) Differential heating
power, Ap, versus time, monitored during the titration of 10 mM SDS
and 20 uM A8-35 into 20 uM A8-35. (B) Normalized heats of reaction,
Qs, versus SDS concentration in the cell, [SDS], resulting from the
dilution of micellar SDS solutions (10-13 mM) in the presence of A8-35
at A8-35 concentrations of 5 uM (A), 10 uM (0O), 20 uM (<), 40 uM (),
60 uM (>), 80 uM (n), 100 uM (%), 120 uM (), and 140 uM (+).
doi:10.1371/journal.pone.0110970.9005

are fully reversible. Thus, addition of SDS to APol-reconstituted
GpA TM peptides below the CMC of SDS appears to
dramatically destabilize the GpA dimer, which might be caused
by the altered structure of the APol aggregate, and thus the altered
local environment of the GpA TM helix dimer. Furthermore,
addition of extra negative charges might result in increased
electrostatic interactions of a stretch of positive charges in the GpA
juxtamembrane region, which could destabilize the helix dimer
[49], or in an more acidic local pH at the surface of the mixed
aggregate [46]. Nevertheless, since mixing of APol and SDS is
strongly non-ideal, further analyses are needed for a more detailed,
quantitative treatment.
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Figure 6. Dissociation of the GpA TM domain in APol upon
addition of SDS. Steady-state FRET measurements (n=3) were
performed at a fixed polymer (20 uM) to peptide (0.5 uM) ratio (40:1).
SDS was added to preformed APol/GpA complexes, and emission
spectra were recorded at 25°C after incubation at 37°C. (A) Dimer
fractions of the GpA TM domain determined by FRET efficiencies of the
fluorescence emissions spectra plotted against SDS concentration (see
eq. 3). (B) Logarithm of the apparent GpA TM dissociation constants at
increasing SDS concentration (see eq. 4).
doi:10.1371/journal.pone.0110970.9g006

Conclusions

In recent studies, the impact of A8-35 on the stability and
activity of selected TM proteins has already been addressed.
However, in the preceding studies, polytopic TM proteins have
been analyzed, where multiple short- and long-range interactions
might stabilize the TM protein structure. Here we showed that
trapping a MP in APol A8-35 aggregates does not prevent the
sequence-specific interaction of a single TM helix. Refolding and
oligomerization of the GpA TM helix dimer in APol A8-35 are
possible, avoiding the use of large amounts of detergent. Addition
of SDS to APol-trapped GpA weakens the dimerization of the
GpA TM helix, as observed in DDM/SDS mixed micelles before,
although the effect appears to be less denaturating and low SDS
concentrations are tolerated with respect to the formation of
tertiary contacts between the helices. The use of APols therefore
facilitates the use of very low surfactant concentrations to analyze
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Figure 7. Reversibility of GpA dimer dissociation by SDS
addition to APol/GpA complexes. Dimer fractions shown without
SDS and with 0.4 mM and 2 mM SDS added. The 2 mM SDS sample was
then diluted to 0.4 mM SDS to demonstrate the reversibility of SDS-
mediated dimer dissociation. The fraction dimer at 0.4 mM SDS after
dilution from higher SDS concentrations is comparable to that observed
at 0.4 mM SDS (n=3).

doi:10.1371/journal.pone.0110970.9g007

the folding of a MP under milder conditions. APol/SDS mixed
micelles might be useful as a tool for structure-function analyses,
since the oligomeric state and the activity of a MP can be tuned
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judiciously. This can turn out to be important when structural
dynamics is needed for protein activity, as the stabilizing
environment of APols might inhibit MP function. Thus, addition
of detergents could loosen up the surrounding polymer belt,
allowing structural dynamics and functionality of an APol-
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ABSTRACT: Because a polymer environment might be milder than a detergent
micelle, amphiphilic polymers have attracted attention as alternatives to detergents in
membrane biochemistry. The polymer poly[N-(2-hydroxypropyl)-methacrylamid]
[p(HPMA)] has recently been modified with hydrophobic lauryl methacrylate
(LMA) moieties, resulting in the synthesis of amphiphilic p(HPMA)-co-p(LMA)
polymers. p(HPMA)-co-p(LMA) polymers with a LMA content of S or 15% have
unstable hydrophobic cores. This, on one hand, promotes interactions of the
hydrophobic LMA moieties with membranes, resulting in membrane rupture, but at the
same time prevents formation of a hydrophobic, membrane mimetic environment that
is sufficiently stable for the incorporation of transmembrane proteins. On the other
hand, the p(HPMA)-co-p(LMA) polymer with a LMA content of 25% forms a stable
hydrophobic core structure, which prevents hydrophobic interactions with membrane
lipids but allows stable incorporation of membrane proteins. On the basis of our data, it

becomes obvious that amphiphilic polymers have to have threshold hydrophobicities should an application in membrane protein

research be anticipated.

T o analyze the structure and function of highly hydro-

phobic membrane proteins in vitro, detergents or lipids
are traditionally used in membrane biochemistry. However,
amphiphilic polymers have attracted attention as an alternative
to detergents and lipids, and amphiphilic polymers, the best
characterized class of Amphipols, have already been used
successfully as stabilizing and nondenaturing solvents in
membrane protein research.'™'' The polymer poly[N-(2-
hydroxypropyl)-methacrylamid] [p(HPMA)] is a water-solu-
ble, nontoxic, and nonimmunogenic polymer,12 dating back to
the invention of pharmacological active polymers by H.
Ringsdorf in the 1970s.'>7'® Recently, p(HPMA) polymers
with a narrow size distribution became available'® and have
been modified with hydrophobic lauryl methacrylate (LMA)
moieties, resulting in the synthesis of amphiphilic copolymers.'”
p(HPMA)-co-p(LMA) copolymers (Figure 1) self-assemble
spontaneously in aqueous solutions into micelle-like aggregates,
which allow encapsulation of hydrophobic compounds.'®~*"
The formation of p(HPMA)-co-p(LMA) aggregates, as well as
its properties, e.g., the size of the aggregates or the composition
of the hydrophobic core, might be controlled by the content of
the hydrophobic LMA block within the polymer, which is
statistically spread across the hydrophilic backbone. Initial
studies have indicated that p(HPMA)-co-p(LMA) polymers
form aggregates with a micellar substructure, when the polymer
contains at least 5 mol % of the hydrophobic LMA side
chains.*® Thus, p(HPMA)-co-p(LMA) polymers might make

up a new class of surfactants used for membrane protein

-4 ACS Publications  © 2014 American Chemical Society
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solubilization and characterization or the transport of
pharmaceutically active, hydrophobic peptides to specific
cellular targets. While in the case of a polymer with 5%
LMA, the amount of aggregates is very small and the aggregates
are rather unstable, incorporation of hydrophobic compounds
eventually results in formation of a more stable hydrophobic
core.”® In contrast, polymers containing 10% LMA form stable
hydrophobic core structures by themselves.”® Although the
exact structures of these aggregates are still enigmatic, the
polymers comply with the conditions that are essential for
membrane protein research, as they form a hydrophobic
environment in aqueous solutions and thereby mimic a
membrane environment, similar to classical detergent micelles.
However, detergents typically have high aggregation numbers
and critical micelle concentrations (CMCs), and thus, high
detergent-to-protein ratios are typically needed to solubilize
membrane proteins. This results in an environment of strong
entropic forces, which may destabilize or even denature
membrane proteins.22 In contrast, a copolymer environment
might be milder than a detergent micelle and thus may
destabilize membrane proteins to a lesser extent.

In this study, we have analyzed the properties of p(HPMA)-
co-p(LMA) polymers with LMA contents of approximately S,
15, and 25% (CS, C15, and C25, respectively) for applications
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Figure 1. Chemical structure of the p(HPMA)-co-p(LMA) polymer and its aggregate in aqueous solution. (A) Chemical structure of the p(HPMA)-
co-p(LMA) random copolymer with its hydrophobic LMA and its hydrophilic HPMA monomers. n represents the mole percent of HPMA and m
the mole percent of LMA (5, 15, and 25% in this study). (B) Scheme of a p(HPMA)-co-p(LMA) aggregate composed of three individual copolymer

chains in aqueous solution.

in membrane protein research. The C$ polymer interacted with
a phosphatidylcholine (PC) model membrane, and the
interaction resulted in membrane rupture. While the CI1$
polymer had a similar effect on membranes, in the case of the
C2S polymer no influence on the structure of the analyzed
model membrane system has been determined. Furthermore,
while in CS§ and C15 polymers formation of a transmembrane
(TM) helix dimer structure was not well-supported, the
secondary as well as the quaternary structure of this protein
was well-preserved in C25 polymer solutions. Together, our
data show that the two p(HPMA)-co-p(LMA) polymers with
LMA contents of 5 and 15% have unstable hydrophobic cores,
which on one hand promotes interactions of the hydrophobic
LMA moieties with membranes but at the same time prevents
formation of a membrane mimetic environment that is
sufficiently stable for the incorporation of TM proteins. On
the other hand, the C25 p(HPMA)-co-p(LMA) polymer forms
a stable hydrophobic core, which prevents hydrophobic
interactions with membrane lipids but allows the stable
incorporation of membrane proteins. Thus, the C25 polymer
is introduced as a new potential tool in membrane protein
research. Furthermore, on the basis of our data for copolymers
with increasing LMA contents, it becomes obvious that newly
designed polymers must exceed threshold hydrophobicities
should an application in membrane protein research be
anticipated.

B MATERIALS AND METHODS

Materials for Fluorescence and Circular Dichroism
Measurements. Peptides corresponding to residues 69—101
of the human glycophorin A (GpA) TM domain (SEPEITL-
IIFGVMAGVIGTILLISYGIRRLIKK) were custom-synthesized
and labeled at the N-terminus with either the donor and
acceptor dyes fluorescein (FL) and S$-6-carboxyrhodamine
(TAMRA), respectively (Peptide Specialty Laboratories,
Heidelberg, Germany).” Peptides were dissolved in 2,2,2-
trifluoroethanol (TFE) purchased from Sigma-Aldrich (Mu-
nich, Germany). 1,2-Dieicosenoyl-sn-glycero-3-phosphocholine
(20:1 PC), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),
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and 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-(liss-
amine rhodamine B sulfonyl) (ammonium salt) (Liss Rhod
PE) were purchased from Avanti Polar Lipids (Alabaster, AL).
Laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine), n-do-
decyl ff-p-maltopyranoside (DDM), and 8-anilino-1-naphthale-
nesulfonic acid ammonium salt (ANS) were purchased from
Sigma-Aldrich. Amphipol A8-35 was purchased from Affymetrix
(Santa Clara, CA). PD10 columns were purchased from GE
Healthcare (Buckinghamshire, Great Britain). 8-Aminonaph-
thalene-1,3,6-trisulfonic acid, disodium salt (ANTS), and p-
xylene-bis-pyridinium bromide (DPX) were purchased from
Invitrogen Life Technologies (Carlsbad, CA).

Polymer Synthesis. Polymers CS, C15, and C25 were
synthesized followin§ previously published procedures'”** with
some alterations.””

4-Cyano-4-[ (thiobenzoyl)sulfanyl]pentanoic acid, synthe-
sized according to published procedures,” was used as a
CTA (chain transfer agent).

Pentafluorophenyl methacrylate (PFPMA) was prepared
following described procedures.®*’

In a typical reaction, 3 g (12 mmol) of PFPMA, 41 mg (0.16
mmol) of CTP with AIBN as an initiator (1:8 AIBN:CTP
molar ratio), and the respective amounts of lauryl methacrylate
(LMA) (5 mol % for C5, 15 mol % for C1S, and 25 mol % for
C25) were dissolved in S mL of dry dioxane in a Schlenk tube.
After three freeze—vacuum—thaw cycles, the reaction mixture
was stirred at 65 °C overnight. The p(PFPMA)-co-p(LMA)
polymer was precipitated three times in hexane, isolated by
centrifugation, and dried for 12 h at 40 °C under vacuum. A
pink powder was obtained with 60% yield: '"H NMR (300
MHz, CDCL,) § 0.86 (br t), 1.20—1.75 (br), 2.00—2.75 (br s);
F NMR (400 MHz, CDCL,) § —162 (br), —157 (br), —152 to
—150 (br).

Postpolymerization Modification to p(HPMA)-co-p-
(LMA) Random Copolymers. CS is used as an example to
describe the reaction procedure: 280 mg of the precursor
polymer (M, = 23000 g/mol) was dissolved in absolute
dioxane, and 48 mg (0.9 mmol) of 2-hydroxypropanamine and
183 mg (1.8 mmol) of triethylamine were added to the reaction

dx.doi.org/10.1021/bi401611f | Biochemistry 2014, 53, 1410—-1419
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mixture. The reaction continued overnight at 60 °C. To ensure
complete removal of reactive ester groups, an excess of 48 mg
of 2-hydroxypropanamine and 183 mg of triethylamine were
added again to the reaction mixture. Completion of the reaction
was assessed using '"F NMR. The final polymer was
precipitated three times in diethyl ether, dissolved in 1 mL of
DMSO, and dialyzed against deionized water. A colorless flufty
powder was obtained in 76% yield after lyophilization: 'H
NMR (400 MHz, DMSO-d) 5 0.85 (br t), 0.90—1.40 (br),
1.6—2.20 (br), 2.75—3.10 (br), 3.50—3.80 (br), 4.60—4.80 (br).
The polymers contain ~5, ~15, or ~25 mol % hydrophobic
LMA as verified by NMR. Polymer characteristics are
summarized in Table 1. Their molecular weights were
determined by gel permeation chromatography in THF.

Table 1. Overview of the CS, C15, and C25 Random
Copolymers“

polymer HPMA:LMA ratio M, (g/mol) PDI ref
Cs 9S:S 13500 1.20 20, 21
C1s 85:15 14000 1.17 21
C25 75:25 17000 123 48

“Molecular weights (M,) and the polydispersity index (PDI) were
determined by gel permeation chromatography. For the sake of
comparison, please note that CS and C1S are identical to CS and C15,
respectively, in refs 20 and 21 and C25 is comparable to P2* in ref 48,
which has, however, a higher molecular weight.

Pyrene Fluorescence Spectroscopy. Critical aggregate
concentrations of the polymers, ie., the equivalent of CMC
values characterizing detergent micelle formation, were
determined as described in detail recently.”® Briefly, a stock
solution of the C1S5 and C25 copolymers was prepared at a
concentration of 0.1 g/L by dissolving the polymers in DMSO.
The polymer stock solution was subsequently diluted to 10
different concentrations down to 1 X 107° g/L using an
aqueous NaCl solution. We then prepared each sample by
dropping carefully 40 uL of a pyrene solution (2.5 X 10~ mol/
L in acetone) into an empty vial, evaporating the acetone by
gently heating at 50—60 °C, adding 2 mL of one of the polymer
solutions, and stirring the closed and light-protected vials for
48—72 h at 50—60 °C. The final concentration of pyrene in
water thus reached 5.0 X 1077 mol/L, which is slightly below
the pyrene saturation concentration in water at 22 °C. Steady-
state fluorescence spectra of the air-equilibrated samples were
recorded using an LS 50 B Perkin-Elmer luminescence
spectrometer (right angle geometry, 1 cm X 1 cm quartz
cell) using the following conditions: excitation at 333 nm and
slit widths of 10 nm for excitation and 2.5 nm for emission. The
intensities of the fluorescence emission at 372 and 383 nm were
then evaluated. The decrease for 372 and 383 nm versus the
logarithmically plotted polymer concentration was used to
determine the critical aggregation concentration.

Circular Dichroism (CD) Spectroscopy. CD spectra were
recorded on a Jasco J-815 spectropolarimeter at 25 °C in a step-
scan mode using 0.1 cm path length quartz cells from Hellma
(Miillheim, Germany). The concentration of the unlabeled
GpA peptide was 5 uM. Data points were collected at a
resolution of 1 nm, an integration time of 1 s, and a bandpass of
1 nm. Each spectrum shown resulted from at least three
averaged scans from which buffer scans were subtracted. To
measure how well the respective polymers dissolve the GpA
TM helix, the peptides were mixed together with the polymers
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in organic solvent and dried in a gentle stream of nitrogen with
subsequent desiccation overnight. The GpA TM domain was
reconstituted in 10 mM phosphate buffer (pH 7.4). As a
positive control, the peptides were reconstituted in a S mM
DDM detergent solution, which is known to stabilize a-helical
structures and to solubilize the GpA TM domain very well.
Prior to CD measurements, samples were incubated for 2 h at
37 °C followed by sonication for 10 min and centrifugation at
16100g for 10 min. Secondary structure contents were
predicted with DICHROWEB using both soluble and TM
proteins as a reference data set (CDSSTR method, reference
set 7).2%%°

Fluorescence and Forster Resonance Energy Transfer
Measurements. Steady-state fluorescence measurements were
performed using the FL-labeled GpA TM helix (025 uM)
mixed with the respective polymer (5—50 pM). For Forster
resonance energy transfer (FRET) measurements, equal
concentrations of FL- and TAMRA-labeled GpA TM domains
were used. Concentrations of the peptide stock solutions were
determined from absorbance measurements in a Perkin-Elmer
Lambda 35 UV—vis spectrophotometer. In all experiments, we
used a concentration of 0.25 uM for each of the two labeled
GpA peptides. Peptides dissolved in TFE and the p(HPMA)-
co-p(LMA) polymer dissolved in ethanol were mixed, and
organic solvents were removed in a gentle stream of nitrogen
gas. Residual solvent traces were removed by vacuum
desiccation overnight. The dried peptide—polymer film was
then hydrated in 10 mM HEPES buffer (pH 7.4) containing
150 mM NaCl. After incubation at 37 °C for at least 2 h,
sonication for 10 min, and centrifugation at 16100g for 10 min,
steady-state fluorescence measurements were performed at 25
°C on a Horiba Fluoromax 4 system with both excitation and
emission slits set to 2 nm. The excitation wavelength was 439
nm, and emission spectra were recorded from 480 to 650 nm.

The sensitized donor emission was calculated using the
FRET pair fluorescence intensities at 520 and 575 nm
according to

E

sens

(1)

Increasing E,, ratios indicate an increase in the extent of GpA
dimerization. The FL spectrum yields an E,, ratio of only
~0.3, defining the lowest possible ratio at which no dimer is
present.

Generalized Polarization. Large unilamellar vesicles
(LUVs, 1 mM) of 1,2-dieicosenoyl-sn-glycero-3-phosphocho-
line (20:1 PC) containing the fluorescent lipid probe Laurdan
(2 M) were prepared by hydration of the dried lipid film in 10
mM HEPES buffer (pH 7.4) containing 150 mM NaCl,
followed by eight freeze—thaw cycles. The polymers were
prepared as described above, yielding a polymer concentration
of 100 uM, and titrated into the LUV-containing solutions.
Steady-state fluorescence measurements were performed after
polymer addition, mixing, and incubation at 25 °C. The
excitation wavelength was set to 350 nm, and Laurdan emission
spectra were recorded from 400 to 550 nm at a slit width of 1
nm for both excitation and emission slits. GP values were
calculated using the following equation:

GP = (EBSnm - E¥9Onm)/(EtSS nm + E}90nm)

= F575 nm/FSZO nm

)

Low GP values indicate a low level of membrane lipid order,
whereas increasing GP values imply the membrane is becoming
more rigid because of the attachment of copolymers.
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Liposome Content Release. DOPC and Liss Rhod PE
(1:1000) were mizxed in organic solvent, dried under a nitrogen
stream, and desiccated overnight. The lipid film was then
hydrated with 10 mM HEPES buffer (pH 7.4) containing 150
mM NaCl, the fluorescent dye ANTS (12.5 mM), and the
quencher DPX (45 mM). Unilamellar vesicles, having a
concentration of 0.5 mM, were prepared by performing eight
freeze—thaw cycles. Nonencapsulated dye and quencher
molecules were removed from the LUVs on a PD10 gel
filtration column (filled with Sephadex G-25 M, GE Health-
care). Elution fractions were collected on 96-well plates, and
ANTS and Liss Rhod fluorescence were detected in a Fluostar
Omega microplate reader (BMG Labtech) to identify the
fractions containing the loaded lipid vesicles. Immediately
before the measurement, the vesicles loaded with ANTS and
DPX were diluted with buffer [10 mM HEPES buffer (pH 7.4)
and 150 mM NaCl] and mixed with a polymer solution (100
UM stock, prepared as described above) to a final lipid
concentration of 0.1 mM and polymer concentrations of 5 and
20 #M. Because of the mixing of the compounds prior to the
measurement, the dead time of the measurement was
approximately 10 s, which is neglected in the final data
analysis. Fluorescence measurements were performed at 25 °C
on a Horiba Fluoromax 4 spectrofluorimeter. The excitation
wavelength was set to 360 nm, and fluorescence emission was
recorded at 530 nm, with both slits set to S nm. For each
measurement, positive (addition of 1% Triton X-100) and
negative (liposomes without polymer) controls were per-
formed. Assuming that the amount of leakage L is 0 in negative
control N and 1 (100%) in positive control P, the time-
dependent leakage, induced by the addition of polymer, can be
calculated using fluorescence intensity I at 530 nm of each
sample S and the following eq 3 according to ref 31

L(t) = [Ii(t) — I(t)]/[1p(t) = Iy(t)] 3)

ANS Fluorescence Measurement. ANS is a widely used
fluorescent dye, the fluorescence emission of which dramatically
increases after binding to hydrophobic regions of molecules and
assemblies. It is used as an extrinsic tool in studies regarding
protein folding and formation of hydrophobic assemblies, such
as micelles.>> >* Changes in the spectral shape and fluorescence
intensity of ANS can be attributed to the formation or collapse
of hydrophobic regions in the analyzed molecules, which are
the copolymer assemblies in this case. Polymers CS, C15, and
C25 were dissolved as described above in 10 mM HEPES (pH
7.4), 150 mM NaCl buffer, which additionally contained 5 uM
ANS probe. During the measurements, the temperature was
increased from 25 to 80 °C in S °C steps. For each
temperature, ANS emission spectra were recorded from 450
to 600 nm after excitation at 374 nm (both slits set to 4 nm).

B RESULTS AND DISCUSSION

Interaction of the p(HPMA)-co-p(LMA) Polymer with
Model Membranes. Almost 20 years ago, amphiphilic
polymers were introduced for the first time in membrane
protein research, and the class of so-called Amphipols is
currently the best studied and most widely used. However, as
there still is a need to develop new detergents and/or
surfactants for membrane protein research, new amphiphilic
polymers might enter the field. Recently, it has been concluded
that CS and C10 p(HPMA)-co-p(LMA) polymers interact with
membranes,” and moreover, C10 interacts with blood serum
components, such as VLDL particles.19 However, a potential
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application of p(HPMA)-co-p(LMA) polymers in membrane
biochemistry has never been elucidated. The three p(HPMA)-
co-p(LMA) polymers used in this study differ in the contents of
their hydrophobic LMA moieties, which affects the stability of
the polymer aggregates in aqueous solution. While the polymer
with 5% LMA appears to form aggregates, the amount of
aggregates is very small and the aggregates are rather unstable,”’
whereas polymers containing >10% LMA form a stable
hydrophobic core.”® As described in Materials and Methods,
by monitoring changes in pyrene fluorescence emission, we
determined the critical aggregation concentrations of the C15
and C25 polymers to be 59 and 10 nM, respectively. These
concentrations are far below the polymer concentrations used
in our measurements, and hence, these polymers form stable
aggregates under our experimental conditions. p(HPMA)-co-
p(LMA) polymers with 10 and 15% LMA are believed to
interact with membranes of living cells.” However, the exact
mode of interaction remains elusive, and it is currently unclear
whether the polymers interact directly with membrane lipids or
whether membrane association and/or integration is mediated
by membrane-associated proteins. To elucidate a direct
interaction of the polymers with membrane lipids, we measured
interactions of selected p(HPMA)-co-p(LMA) polymers with
LUVs by monitoring the fluorescence emission of the dye
Laurdan, a fluorescent membrane probe, which detects changes
in lipid packing and membrane fluidity. As shown in Figure 2,
upon addition of both polymers CS and C15 to LUVs, the
Laurdan GP value increased strongly, and thus, both polymers
interact significantly with the membrane lipids. It is noteworthy
that after addition of the polymers to the LUV-containing
solution, the GP values changed immediately, and no additional
changes were observed when the fluorescence was followed for
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Figure 2. Interactions of the polymer with model membranes
monitored by Laurdan generalized polarization. Generalized polar-
ization (GP) was determined using the Laurdan fluorescent probe (2
uM) embedded in 1 mM 20:1 PC LUVs upon addition of the
p(HPMA)-co-p(LMA) polymers at 25 °C. Polymers were titrated into
the LUV solution, and the Laurdan probe was excited at 350 nm.
Fluorescence emission was recorded from 400 to 550 nm. An increase
in the GP value reflects a decrease in membrane fluidity and thus an
increased level of bilayer lipid order. The large increase in GP in the
case of polymers C5 and C15 indicates a significant interaction of the
polymers with the membranes. For the sake of comparison, GP values
monitored in the presence of Amphipol A8-35, which is known to
stabilize membrane proteins very well and is able to form a stable
hydrophilic core, are shown. Both, Amphipol A8-35 and the C2§
polymer hardly influence the GP value and thus only marginally
influence the membrane structure.
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an additional 60 min (data not shown). In contrast to the C5
and C15 polymers, C25 and Amphipol A8-35, which was used
as a control, appear to hardly interact with the model
membrane, as the determined GP values increased only slightly
upon addition of increasing amounts of the C2S polymer to the
liposomes (Figure 2). It is notable that also in LUVs composed
of a PC lipid with a shorter acyl chain length (DOPC), as well
as LUVs composed of the negatively charged lipid DOPG,
significant interaction of C$ and C15, but not of C25 or
Amphipol A8-35, with the membrane was observed (Figure S1
of the Supporting Information), indicating that membrane
interaction does not strictly depend on the lipid species. To
elucidate whether membrane interaction of the polymers
interferes with membrane stability, e.g., resulting in leakage of
encapsulated vesicle content, we next monitored the release of
soluble liposome content upon polymer addition (Figure 3).
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Figure 3. Release of soluble content encapsulated in LUVs after the
addition of CS, C15, and C2S copolymers. DOPC (0.1 mM lipid)
liposomes loaded with the fluorescent dye ANTS (12.5 mM) and the
quencher DPX (45 mM) were treated with 5 or 20 M copolymers
(Cs, C15, or C25). The fluorescence of the ANTS dye increased upon
leakage of the DOPC liposomes. As a positive control representing
100% leakage, 1% Triton X-100 was added to the liposomes. As a
negative control, the fluorescence of the pure liposomes was
monitored over the same period of time. Liposome leakage was
calculated using the fluorescence intensities at 530 nm and eq 3.
Polymer C2S5 induces no leakage at either tested polymer
concentration, whereas C15 and even more significantly C$ induce
leakage in a concentration-dependent manner, indicating interactions
of the CS and C15 polymers with the membranes.

Addition of C25 to LUVs loaded with a fluorophore and
quencher did not show any increase in fluorescence emission,
further supporting the idea that C25 does not significantly
interact with membranes and demonstrating that C25 does not
affect liposome stability. In contrast, when the CS polymer was
added, a large increase in fluorescence emission was observed
because of the destabilization of the LUV structure and the
release of liposome content. Also, addition of C15 resulted in
the release of liposome content, and thus, this polymer also
affects liposome stability and membrane integrity, although to a
lesser extent than the CS polymer. We can therefore conclude
that CS and C185, but not C25, interact with membranes and
destabilize the vesicular membrane structure.

Potentially, because of the increased hydrophobicity of the
C25 polymer, this polymer forms aggregates with a more stable
hydrophobic core. To test this assumption, we incorporated the
hydrophobic fluorescent probe ANS into the polymer
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aggregates and measured ANS fluorescence emission at
increasing temperatures. Melting of the hydrophobic aggregate
core structure, into which ANS is incorporated, will result in a
decrease in fluorescence emission, due to ANS release. As
shown in Figure 4, increasing the temperature of a C2§
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Figure 4. Temperature-dependent fluorescence changes of the
hydrophobicity-sensitive dye ANS in copolymer solutions. Copoly-
mers CS, C15, and C25 (20 uM) were dissolved in 10 mM HEPES
(pH 74), 150 mM NaCl buffer containing S uM ANS. The
fluorescence emission of the ANS dye is sensitive to changes in the
hydrophobicity of its environment. The stability of the polymers’
hydrophobic core was tested by thermally unfolding the polymer
assemblies. ANS was excited at 374 nm, and the fluorescence
intensities measured at 490 nm are plotted vs temperature. Polymer
C25 shows the highest fluorescence at room temperature, indicating
the formation of a hydrophobic core, which is more stable than in the
case of the C1S and CS polymer solutions, where only little
fluorescence emission was observed. Higher temperatures lead to a
decreased fluorescence emission due to destabilization of the
hydrophobic polymer assembly cores. C25 preserves a hydrophobic
environment much better than the other polymers, even at 80 °C.

polymer solution resulted in a decreased ANS fluorescence.
While melting of C15 polymer aggregates was similar to that of
C25, in the case of CS the ANS fluorescence essentially does
not change. However, while the initial ANS fluorescence was
high in the case of C25, indicating stable incorporation of the
probe into a hydrophobic core structure, the ANS fluorescence
was significantly lower in the case of the C1$ polymer, and no
increased ANS fluorescence was observed in the CS polymer
solution. Thus, this polymer does not form a hydrophobic core
structure that is sufficiently stable to incorporate the hydro-
phobic ANS probe, which is in line with recent observations.”

Together, these data show that the C25 polymer forms the
most stable hydrophobic core structure, which is significantly
more stable than that observed in the case of the two remaining
polymers. While the C15 polymer also appears to form a
(marginally stable) hydrophobic core, in the case of the C$§
polymer, the results indicate that the polymer aggregates are
not stable. The C25 polymer aggregates do not expose
hydrophobic structures and remain stable even in the presence
of lipids. Consequently, while these data indicate that C2§
cannot be used to efficiently extract lipids or proteins from
biological membranes, the stability of the C25 hydrophobic
core might be beneficial for incorporating and stabilizing
membrane proteins.

Solubilization of the GpA TM Peptide and Secondary
Structure Formation. As at least the C15 and C2$ polymers
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appear to form hydrophobic cores, we next studied how the
individual polymers solubilize a TM protein. Therefore, we first
monitored solubilization of the 33-amino acid hydrophobic
human erythrocyte GpA TM peptide by following the
fluorescence signal of a fluorescein (FL)-labeled GpA TM
helix in solution after addition of increasing polymer
concentrations. The labeled peptide (0.25 uM) was dissolved
in different concentrations of CS, C15, and C25 p(HPMA)-co-
p(LMA), reaching a final polymer concentration of 50 yM. In
all three polymer solutions, the intensity of the fluorescence
signal increased nonlinearly with an increasing polymer
concentration, and a maximal fluorescence yield was reached
at polymer concentrations exceeding 20—25 uM (Figure S).
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Figure S. Fluorescence emission of the donor-labeled GpA TM
peptide solubilized in a C5, C1S5, or C25 polymer solution.
Fluorescein-labeled GpA peptides (0.25 M) were solubilized in the
Cs, C1S, or C25 p(HPMA)-co-p(LMA) polymer, as described in
Materials and Methods. The peptide fluorescence intensities at 520
nm increase with increasing polymer concentrations to a value
monitored after dissolving the fluorescein-labeled GpA peptides in S
mM DDM (marked by the arrow). The maximal fluorescence
emission is ~7-fold higher in the C2$ polymer solution than in the
CS and C1S$ solutions, indicating that the CS and C1S polymers
solubilize the GpA TM peptide less well than C285.

While the intensity of the fluorescence signal measured in the
C1S5 solution was ~2 times higher than determined in CS, the
measured fluorescence intensities of the FL-GpA peptide in the
presence of both CS and C1S5 were at least 7-fold lower than
for the C25 solution. Here, at a C25 polymer concentration of
~25 uM, the signal intensity reached a value comparable to the
value obtained in DDM solutions. This analysis clearly indicates
that the C25 polymer is most efficient in solubilizing a simple
TM protein. However, the results do not allow us to draw any
conclusions about the structure and stability of TM proteins
solubilized in the individual polymers. Thus, the question of
how stable a given TM protein structure will be in the
individual polymer solutions arose. Therefore, we next
monitored by CD spectroscopy whether the p(HPMA)-co-
p(LMA) polymers promote formation of the GpA TM helix
secondary structure, compared to the mild and widely used
detergent DDM. As shown in Figure 6A, in all three tested
p(HPMA)-co-p(LMA) polymers, S yuM GpA TM domain
might be solubilized and the expected a-helical structure forms
in all tested polymer solutions. The a-helix contents, calculated
from the CD spectra, were comparable to the value obtained
after solubilizing the GpA TM helix in S mM DDM. However,
different polymer concentrations were needed to achieve
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Figure 6. Far-UV CD spectra of the GpA TM domain solubilized in
CS, C15, and C25 p(HPMA)-co-p(LMA) polymer solutions. (A) The
GpA TM domain (S pM) was solubilized in CS, C15, and C25
p(HPMA)-co-p(LMA) polymers at different concentrations. Spectra
were recorded at 25 °C in phosphate buffer (pH 7.4). As a positive
control, the GpA TM domain has been solubilized in 5 mM DDM
detergent, which is known to support the formation of a-helices. (B)
CD signal intensity at 209 nm, a characteristic minimum for a-helical
protein structures, plotted vs polymer concentration. The correspond-
ing value of the GpA TM helix solubilized in DDM is ~7 mdeg. The
CD spectrum of GpA in 50 uM C25 could not be measured, because
of the high background absorption at low UV wavelengths. The CD
spectra demonstrate the good solubility of the GpA TM helix in C25,
even at low polymer concentrations. In the case of C5 and C18, higher
concentrations are needed to solubilize the GpA TM domain at the
same level as the DDM detergent. The helical content of the GpA TM
domain (5 uM) was 87% in 20 uM CS and 50 uM C15 and 92% in 10
uM C25 and 5§ mM DDM, as determined using the DICHROWEB
algorithm (CDSSTR).

proper CD spectra and thus to properly stabilize the a-helical
structure of the peptides. In polymer CS, the best CD signal has
been monitored at a polymer concentration of 20 uM,
whereupon the CD signal did not improve further. However,
at no concentration did the signal intensity at 209 nm reach the
value obtained after solubilization of the GpA TM peptides in
DDM. In the case of S0 uM C1S, the CD spectrum was
comparable to that monitored in a DDM solution or in 10 uM
C235, indicating the proper formation of the peptides’ secondary
structure. However, at C5 and C15 polymer concentrations of
<20 uM, essentially no CD signal was detected (Figure 6B),
once again demonstrating the inability of these polymers to
dissolve the peptides at such low concentrations (compare
above). In contrast, the C25 polymer efficiently solubilized the
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GpA TM domain at a concentration as low as ~10 ¢M, and the
GpA TM domain was fully solubilized and correctly folded, as
indicated by the predicted a-helix content of 92%. Higher
concentrations of the C25 polymer did not improve the CD
signal further.

Together, these results indicate that the C25 polymer
aggregates have a stable hydrophobic core, which allows
solubilization of TM proteins already at low polymer
concentrations, whereby the protein’s secondary structure
remains fully preserved.

Stability of the GpA Quaternary Structure in Polymer
Solutions. These results allow the classification of the
propensity of the three analyzed p(HPMA)-co-p(LMA)
polymers to solubilize a TM protein, as well as their abilities
to support and/or preserve the secondary structure of TM
helices. However, defined interactions of various individual TM
helices are typically involved in the formation of a final TM
protein structure. As formation of larger TM helix bundles is
mostly mediated by defined TM helix—helix interactions, the
GpA TM helix dimer can serve as an excellent probe for
studying the impact of a lipid, detergent, or polymer
environment on the formation of sequence-specific TM helix
oligomers. To study GpA TM helix dimerization, the donor-
labeled FL-GpA and the acceptor-labeled TAMRA-GpA were
used in FRET measurements. The distance of the N-termini in
the GpA TM helix dimer is approximately 10 A, which is far
below the Forster radius of the FRET pair dyes (49—54 A).*°
Therefore, upon formation of the GpA TM helix dimer, the
acceptor fluorescence emission at 575 nm is sensitized because
of the resonance energy transfer from the donor to the
acceptor. This FRET-based assay has already been used in
several detergents and artificial membranes to study the impact
of different environmental factors on the stability of an
oligomeric TM protein.22’23’36_40 In Figure 7, we compare
the energy transfer (sensitized emission) at increasing polymer
concentrations, which reflects the dimerization propensity of
the GpA TM helix in the different polymer environments. The
ratio of the FRET pair fluorescence intensities at 575 and 520
nm has a theoretical minimum, which is defined by the ratio of
these wavelengths in the pure FL-GpA spectrum, because the
FL fluorescence emission at 575 nm is not zero in absence of
the acceptor dye. This minimal ratio is on the order of ~0.3,
whereas higher ratios indicate formation of GpA dimers or
higher-order oligomers. Figure 7A shows normalized FRET
pair emission spectra in the three polymers, at polymer
concentrations of 2.5-50 M. With increasing polymer
concentrations, the sensitized acceptor emission increases in
the C15 and C25 polymers to a particular concentration (~15
UM C15 and ~10 uM C25). A further increase of the polymer
concentration did not further change the sensitized acceptor
emission significantly. In the CS polymer, formation of GpA
oligomers was essentially not observed, and with increasing
polymer concentrations, the FRET pair ratio increased only
modestly (from 0.3 to 0.45). In the C15 polymer,
oligomerization of the GpA TM domain was slightly enhanced
compared to that with the CS polymer, resulting in an
ultimately reached FRET pair ratio of 0.5 (Figure 7B).
However, in both CS and C1S5 polymer solutions, the maximal
FRET pair ratios were rather low, compared to values obtained
in DDM micelles (~1.3) or in C25 polymer solutions. Thus,
the GpA TM helix dimer is dramatically more stable in C25
than in the polymers with lower LMA contents. Up to a C25
polymer concentration of ~10 uM, the FRET pair ratio
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Figure 7. Dimerization of the GpA TM helix in CS, C1S, and C25
p(HPMA)-co-p(LMA) polymer solutions. (A) Donor- and acceptor-
labeled peptides (0.25 uM each) were mixed at a 1:1 ratio and
solubilized in the CS, C15, and C25 polymers. At increasing polymer
concentrations (2.5—50 pM), FRET pair emission spectra were
recorded at 25 °C after excitation at 439 nm, and spectra were
normalized at 520 nm. The increasing acceptor emission at 575 nm
indicates an increased level of dimerization of the GpA TM domain.
(B) Ratio of the fluorescence emission measured at 575 and 520 nm as
a function of polymer concentration. While the C5 and C15 polymers
essentially do not promote dimerization, the C25 polymer facilitates
dimerization well, even at very low concentrations. The dimerization
propensity of the GpA TM helix in polymer C2§ is equal to the
dimerization propensity in S mM DDM.

increased significantly from 0.5 to 1.4 and did not increase
further afterward. However, at C25 polymer concentrations
exceeding 25 uM, the FRET pair ratio marginally decreased,
which might indicate destabilization of the GpA TM helix
dimer at higher polymer concentrations. This has been
observed before at increasing concentrations of various
detergents.”>*>*”*® To exclude the possibility that the energy
transfer arose because of unspecific aggregation of the labeled
peptides, we measured energy transfer in polymer aggregates at
changing acceptor mole ratios. As shown in Figure S2 of the
Supporting Information, the FRET pair ratio, ie., the energy
transfer efficiency, linearly depends on the acceptor mole
fraction, and this is only the case when the formed oligomer is a
dimer, as derived in detail in, e.g,, refs. 37 and 41.

Consequently, the C25 polymer with a hydrophobic LMA
content of 25% appears to be well suited to solubilize the GpA
TM helix as well as to stabilize tertiary and quaternary contacts
of TM proteins.

p(HPMA)-co-p(LMA) C25 Keeps TM Proteins in
Solution and Preserves Quaternary Contacts. The CS
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polymer has the smallest amount of hydrophobic LMA side
chains, and the hydrophobic nature of the three analyzed
compounds increases with an increasing LMA content. As
determined in this study, only the C$ and CI1S polymers
interact with lipid bilayers and disturb the membrane structure.
In contrast, addition of the C25 polymer to model membranes
did not alter the spectroscopic properties of the membrane
probe or disrupt the membrane, and thus, the polymer does not
appear to interact with the membranes. Most likely, the C$ and
C1S5 polymers interact with the bilayer via their hydrophobic
moieties, ie, via their LMA side chains. The stronger the
hydrophobic core of the polymer, and thus the more the
hydrophobic side chains are shielded from the surrounding
medium, the less they interact with the model membranes. As
seen in the ANS measurements, the CS and C1S polymer
aggregates do not form highly stable hydrophobic core
structures, which shield the hydrophobic portions of the
molecules from the surrounding medium, but certain hydro-
phobic regions appear to be free to interact with membrane
lipids. In contrast, the hydrophobic moieties of the C2§
polymer do not interact with the membrane, as the increased
LMA content results in the formation of a rather stable
hydrophobic core, which shields the hydrophobic structures
and disables hydrophobic membrane contacts. However, the
propensity of the individual polymers to interact with
membranes is inversely proportional to their propensity to
solubilize and stabilize TM proteins. Polymer CS$ solubilizes the
GpA membrane protein less effectively than the remaining
polymers, and the C15 polymer was only slightly effective. Only
the C25 polymer rendered the GpA TM helix soluble and
preserved the structure of the TM helix dimer. It is noteworthy
that the C25 polymer was approximately as eflicient as
Amphipol A8-35, which is known to solubilize and stabilize
membrane protein oligomers well >*>%~1142~47

Together, these results indicate that C25 forms a stable
hydrophobic core, and formation of such stable core structures
appears to be a fundamental prerequisite for successfully
solubilizing and stabilizing membrane proteins in aqueous
solutions.

Bl CONCLUSION AND PERSPECTIVE

In this analysis, we have tested three amphiphilic copolymers,
having increasing hydrophobicities. These results indicate that
only at a LMA concentration of 25% is the p(HPMA)
copolymer able to form a stable hydrophobic core, into which
hydrophobic TM proteins might be incorporated. Thus, there
appears to be a threshold in the molecular hydrophobicity of
polymers for their application in membrane protein research. At
lower hydrophobicities, the polymers were not able to properly
solubilize the TM protein and the structure of the TM proteins
was not well preserved. Thus, an LMA content of >15% is
needed to properly incorporate a TM protein. However, while
these polymers allow the analysis of TM proteins in solution,
such polymers do not significantly interact with membrane
lipids (compare Figures 2 and 3) and thus do not alter the
structure of biological membranes or extract lipids and proteins
from membranes. Thus, using C25 polymers together with
living cells eventually will allow researchers to monitor
interactions of soluble domains of TM proteins (solubilized
in C25) with proteins at a eukaryotic plasma membrane,
without interacting with and influencing the structure or
stability of the cell membrane. When a TM protein is
solubilized in conventional detergents, (i) the detergents will
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be diluted below their CMC and thus the micellar structures
will collapse and/or (ii) the detergent molecules will affect the
molecular structure of the biological membrane system. As the
amphiphilic C25 polymer prevents such devastating effects, this
detergent substitute might allow future in vitro studies with
membrane proteins, which were not feasible before.
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Laurdan, 6-dodecanoyl-N,N-dimethyl-2-naphthylamine; 20:1
PC, 1,2-dieicosenoyl-sn-glycero-3-phosphocholine; DOPC,
1,2-dioleoyl-sn-glycero-3-phosphocholine; Liss Rhod PE, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine-N-(lissamine rhod-
amine B sulfonyl) (ammonium salt); ANTS, 8-aminonaph-
thalene-1,3,6-trisulfonic acid, disodium salt; DPX, p-xylene-bis-
pyridinium bromide; DDM, n-dodecyl B-p-maltopyranoside;
CTA, chain transfer agent; PFPMA, pentafluorophenyl
methacrylate; CTP, chain transfer polymer; AIBN, 2,2'-
azobis(2-methylpropionitrile); DMSO, dimethyl sulfoxide;
PDI, polydispersity index; CD, circular dichroism; FRET,
Forster resonance energy transfer; HEPES, 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid; GP, generalized polarization;
LUV, large unilamellar vesicle; ANS, 8-anilino-1-naphthalene-
sulfonic acid ammonium salt; NMR, nuclear magnetic
resonance.
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membrane region as well as in the hydrophobic membrane core. While some interactions counteract transmem-
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1. Dimerization of TM helices regulates cellular functions

Abbreviations: TM, transmembrane; MP, membrane protein; GpA, glycophorin A; PIP,

phosphatidylinositol phosphate; PI, phosphatidylinositide; RTK, receptor tyrosine kinase; Folding of large, polytopic transmembrane (TM) proteins in-
MHC, major histocompatibility complex; PG, phosphatidyl glycerol; PS, phosphatidyl ser- volves interactions of multiple TM helices, and thus individual TM
ine; PLC, phospholipase C; PH, pleckstrin homology; NMR, nuclear magnetic resonance; helix-helix interactions can affect or even dictate the assembly of

COP, coat protein complex; APP, amyloid precursor protein; ErbB, epidermal growth factor
receptor; CRAC, cholesterol recognition amino acid consensus; CARC, inversed cholesterol
recognition amino acid consensus; Kir, inwardly rectifying potassium channel; ER, endo-

large protein complexes [1-4]. In fact, altered interaction propensi-
ties of individual TM helices might be linked to various diseases,

plasmic reticulum; GOLD, Golgi dynamic; HIV, human immunodeficiency virus; SBD, due to destabilization or misfolding of polytopic TM proteins [4-6].
sphingolipid-binding domain; SM, sphingomyelin; GPCR, G-protein coupled receptor; However, almost half of the whole human TM proteome consists of
SNA]RE,soluble N—etl?%/lmaleimidesensitivefactorattachment protein receptor; CCM, choles- single-span TM proteins [7,8]. Single-spanning membrane proteins
terol consensus moti . . . .
* This article is part of a Special Issue entitled: Lipid-protein interactions. (MPs ) me(,hate a wide rang? of cellular prchsses, quIud.lng Ce“_ce,“
* Corresponding author. Tel.: +49 6131 39 25833; fax: +49 6131 39 25348. adhesion (integrins) [9,10], immune recognition (major histocompati-
E-mail address: Dirk.Schneider@uni-mainz.de (D. Schneider). bility complex, MHC) [11] and signal transduction (e.g., receptor
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tyrosine kinases, RTKs) [12], and contacts between individual bitopic
MPs are common [13,14]. Importantly, the TM helices that anchor
MPs in the membrane are often critically involved in oligomerization
of the full-length MPs. While strongly associating single-span TM heli-
ces are thought to form stable membrane-inserted protein-protein
complexes, modestly strong interacting TM helices exist in a dynamic
equilibrium of the free monomers and the associated oligomers. Revers-
ible oligomerization of individual TM helices can trigger and regulate
signaling processes at and across cellular membranes. E.g., while dimer-
ization of the various integrin - and -subunits is not completely
understood, the respective TM domains are most likely crucially in-
volved in integrin dimerization, and it has been shown that integrin
TM domain interactions trigger integrin functions [ 15-19]. The immune
active MHC class Il complex is formed by an o/B-heterodimer and in-
variant chain proteins. Recent results also indicate that here TM helix-
helix contacts are crucial for formation of the MHC II complex [20].
RTKs form dimers or even higher-ordered multimeric complexes, and
a plethora of data has demonstrated in recent years that dimerization
and activation of RTK-family members are mediated by the single TM
helix [21-26]. In line with this, the isolated single-span TM domains
of all human RTKs have been shown to have an intrinsic propensity to
interact, and thus oligomerization of RTK TM helices appears to be com-
mon [27]. In the case of ErbB (HER) proteins, probably the best charac-
terized RTK family members, defined adjustments of the TM helix
dimer structure appear to be involved in signaling [21,28]. A recent
analysis of the human single-span TM proteome has revealed that the
isolated TM helices of many single-span TM proteins have an intrinsic
propensity to form higher ordered oligomeric structures [14], and
thus oligomerization of single-span TM proteins appears to be the rule
rather than the exception.

Molecular forces driving interactions of single- and multi-span TM
proteins within the membrane include Van der Waals interactions,
resulting from close packing of interacting helices, hydrogen bonding,
as well as ionic and aromatic interactions [5,29-31]. That formation of
tightly packed, homo-oligomeric helix bundles driven by sequence-
specific interaction of TM helices was demonstrated more than
25 years ago for the TM domain of the human glycophorin A (GpA) pro-
tein [32], a membrane integral protein located in the red blood cell plas-
ma membrane. Later, seven amino acids of the LIxxGVxXGVxxT-motif
were identified in a mutational study to be involved in dimerization
[33-35]. The GxxxG-core of the GpA interaction motif turned out to be
highly overrepresented in TM proteins and still represents the most sig-
nificant motif in interacting TM helices identified thus far [36,37]. Be-
sides this, several motifs mediating oligomerization of TM domains
have been identified, including Ser and/or Thr-containing motifs [38,
39], motifs containing aromatic residues [40,41] or residues with
carboxamide side chains [42-47], as well as the QxxS-motif [48,49].
More than one dozen high-resolution structures of simple TM helix olig-
omers have been published in recent years, revealing defined helix-
helix contact interfaces. However, often no defined interaction motifs
have been identified, and two TM helices interact by forming comple-
mentary surfaces, which allow close helix packing, as summarized re-
cently in Cymer et al. [30]. However, since reversible interactions of
TM helices might be involved in inhibition or activation of the full-
length proteins, TM helix oligomerization has to be regulated to avoid
constitutive activation or inhibition of the proteins. Formation and sta-
bility of TM helix bundles are not only defined by the specific amino
acid context, but also by the composition of the intimate lipid environ-
ment, as well as by the overall physico-chemical properties of the mem-
brane. MPs communicate with the lipid environment and thereby the
association and activity of MPs might be manipulated and/or triggered.

2. Lipids interact with membrane proteins

Eukaryotic membranes are composed of diverse phospholipids with
different head groups and acyl chain lengths as well as cholesterol [50].

It is not finally resolved yet why membrane lipids have different acyl
chain lengths. Possibly, it is important for grouping proteins and lipids
with similar hydrophobic thicknesses, as hydrophobic regions of TM do-
mains also differ in their length in membrane proteins. In fact, based on
the OMP database [51], the hydrophobic thickness of dimeric single-
span human TM proteins found in the human plasma membrane varies
between 30 and 36 A, which strongly indicates that the thickness of the
lipid bilayer locally adjusts to completely mask the hydrophobic region.
Hydrophobic mismatch conditions can result in protein aggregation
within lipid bilayer environments [52-56].

Besides the hydrophobic thickness of the membrane, the lateral
pressure profile within the acyl chain region as well as the distribution
of lipid head group charges at a protein-lipid interface control interac-
tions of MPs with lipids [30,57-59]. In general, lipid binding to a MP
can be stabilized by electrostatic and hydrophobic interactions between
the lipid head groups and amino acid residues and additionally by a
large number of hydrophobic interactions between the hydrophobic
lipid tails and TM moieties of the protein (Fig. 1).

Based on the residence time of a particular lipid at the lipid-MP
interface, three types of interactions of lipids with MPs might be dis-
tinguished (Fig. 2) [60]. Lipids, which diffuse rapidly within the bi-
layer plane and show a low residence time at the protein-lipid
interface, so-called bulk lipids, do not directly affect the structure
and/or function of MPs. The bulk lipid phase represents the total
lipid volume of the membrane and determines its global characteris-
tics, such as the membrane fluidity, the lateral pressure, the bilayer
thickness or the membrane surface charge. When the polar lipid
head group interacts with a MP or when hydrophobic matching be-
tween the lipids and the TM domain of the MP is crucial, the resi-
dence time of the lipids might significantly increase and a shell of
annular lipids is formed around the MP. The composition of this
annular lipid shell is determined by the local architecture of the pro-
tein. In the annular lipid shell, which is composed of around 50-100
lipids and which is not necessarily homogeneous [61], the specific
characteristics of the lipids can strongly affect the structure and
function of a MP [62,63].

If the interaction of lipids and MPs is even stronger, the so-called
non-annular surface lipids will bind specifically and tightly to MPs, typ-
ically in cavities and clefts of hydrophobic binding pockets [64]. Non-
annular lipids often remain bound to MPs, even if the MPs were purified
and crystallized in detergent [65,66]. Especially in larger protein com-
plexes, non-annular lipids fill the crevices between adjacent monomers
or subunits and thereby mediate protein complex formation. These
lipids seem to play an important role in the structural stability of MPs,
and tightly bound lipids can be essential for the activity of MPs [67].

......(\;‘» 4-‘?’/
/&)

Fig. 1. How the lipid environment can affect transmembrane protein structures. Non-an-
nular lipids (orange) bind specifically at the surface of TM proteins via salt bridges be-
tween charged lipid head groups and charged residues at the membrane water interface
(black arrows). Hydrophobic, Van der Waals and weak dipolar interactions might addi-
tionally be involved in lipid binding. Van der Waals interactions between the acyl chain
and hydrophobic amino acids further contribute to tight lipid binding (purple arrows). An-
nular lipids define the global membrane environment of TM proteins and affect mem-
brane protein folding via membrane properties, such as the hydrophobic thickness
(green arrow) and the lateral membrane pressure profile (blue arrow). The geometry of
the lipids (bilayer-forming vs. non-bilayer-forming) as well as electrostatic interactions
between the lipid head groups (black arrows) and packing of the lipid acyl chains deter-
mine the global membrane properties.
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Fig. 2. Intramembrane protein-lipid interactions — a top view on the membrane. A mem-
brane protein dimer stabilized by tightly bound non-annular lipids. Non-annular lipids fit
into cavities at the protein surface, and these lipids are often found to be still bound in iso-
lated proteins. A belt of annular lipids define the intimate environment of a membrane
protein. While the structure and size of this lipid belt varies, it was suggested that a protein
is typically surrounded by 50-100 annular lipids [61]. Annular lipids have higher exchange
rates at the membrane protein than non-annular lipids, but the diffusion rate of the annu-
lar lipids is significantly reduced compared to the bulk lipid phase. Lipids with low degree
of interaction with the TM protein are considered to be “bulk” lipids, which have high lat-
eral displacement and diffusion rates.

This is e.g., observed in the case of the KscA potassium channel,
which is only active when negatively charged lipids are bound
[68-70], and ADP/ATP carriers require binding of cardiolipins (com-
pare Fig. 3) for activity [71,72]. More examples and detailed informa-
tion on how non-annular lipids affect MPs' activities can be found in
Lee et al. [62].

Cholesterol binding to MPs has been studied to a great extent in re-
cent years. A cholesterol-binding motif was initially identified in the
peripheral-type benzodiazepine receptor [73] (Table 1). The CRAC
(Cholesterol Recognition Amino acid Consensus) motif (L/V-(x);_s-Y-
(x)1-5-R/K), where x represents an arbitrary amino acid, consists of
hydrophobic, aromatic and positively charged amino acids. Later, the
reversed motif (CARC-motif, K/R-(X)1_5-Y-(X)1_5-(L/V)) (Table 1) was
postulated to be important for cholesterol binding [ 74]. In general, bind-
ing of cholesterol appears to require the presence of a polar amino acid
that is able to hydrogen bond to the 33-OH group of cholesterol (com-
pare Fig. 3), as well as small hydrophobic as well as aromatic amino
acids that are involved in hydrophobic and m-m stacking interactions
at the lipid-protein interface [75]. However, the interaction of CRAC
and CARC motifs with cholesterol remains unclear, and the currently
available MP X-ray structures do not indicate that any distinct amino
acid motif mediates cholesterol binding to MPs [67]. Furthermore, the
CRAC motif has been identified more than 5000 times in the proteome
(2100 proteins) of a cholesterol-free bacterium [76], and thus the pre-
diction value of cholesterol-binding sites, using these motifs, appears
to be very low. Furthermore, cholesterol, one of the best studied lipids
in biochemical and medical research, has a dramatically different struc-
ture than typical bilayer-forming di-acyl phospholipids (Fig. 3). Thus,
cholesterol binding might be rather specific.

2.1. Binding to negatively charged lipid head groups can control TM peptide
oligomerization and clustering

The impact of global bilayer properties on the oligomerization of
TM helices has already been analyzed to some extent, and single-
span TM helices frequently serve as manageable models to reveal
the impact of the lipid bilayer on a MP structure. While binding of
specific non-annular lipids to polytopic TM proteins has been identi-
fied and analyzed to some degree in the past, recent work has also
identified lipid-recognition by single-span TM helices, and lipid
binding appears to severely affect protein folding as well as the cel-
lular functions of the proteins (as further discussed below).

The GpA TM helix dimer has for a long time served as a paradigm in
studies, aiming at identifying sequence determinants in a TM helix-
helix interaction. Several recent in vitro studies have shown that the
detergent environment can severely affect TM helix dimerization pro-
pensities of GpA and other dimerizing TM helices [77-85]. Global lipid
bilayer properties, such as the order of the lipid acyl chains or the
membrane thickness, also affect the structure of the GpA TM helix in
membranes [86-88]. Furthermore, in model membrane systems, the
anionic lipids phosphatidylglycerol (PG) and phosphatidylserine (PS)
(compare Fig. 3) severely destabilize the GpA TM helix dimer [89]. The
negatively charged lipid head groups appear to specifically bind at the
juxtamembrane region to a stretch of basic amino acids, which follow
the C-terminus of the GpA TM helix [89]. Binding of the negatively
charged lipids destabilized the GpA helix dimer, although it is currently
unclear how the TM helix dimer structure is weakened. How is the
signal “bound lipid” transferred from the juxtamembrane region to
the TM helix-helix interface, resulting in TM helix dimer destabiliza-
tion? Is this deleterious effect merely based on the negative net
charges of the lipids but not on the acyl chains? And if solely the neg-
ative charge matters, how do even more negatively charged lipids,
such as phosphatidylinositol phosphates, affect the structure of olig-
omeric single-span MPs after binding?

Phosphatidylinositol 4,5-bisphosphate (PIP,) is the most abundant
PI in mammalian plasma membranes, with about 1% of the total
lipid located in the inner leaflet of the membrane [90,91]. PIPs are
lipids with an inositol head group conjugated with three phosphate
groups (Fig. 3). The phosphate at the first carbon atom is esterified
with glycerol that carries two fatty acid residues. PIP, with its two
phosphate groups at carbon atoms four and five is e.g., a substrate
of phospholipase C (PLC), controlling downstream signaling cas-
cades [92,93]. Furthermore, PIP,, as well as its phosphorylated form
PIP3, can also directly act as a docking lipid for enzymes, thereby
recruiting proteins to the plasma membrane [91,94]. PIP, electrostati-
cally interacts via its negatively charged phosphate groups with non-
contiguous basic residue-rich clusters at proteins [91,95]. PIP phos-
phates at positions four and five form several hydrogen bonds with
residues in the PLC pleckstrin homology (PH) domain, and especially
electrostatic interactions with two lysine residues fasten the protein at
the membrane surface [96,97]. However, >250 other identified PH do-
mains only weakly interact with inositides, rendering lipid binding ex-
clusively to the PLC PH domain unlikely. Besides the PH domain, other
PIP, binding domains exist in soluble proteins, as discussed in greater
detail in recent reviews [91,95,98]. However, are PIP, binding domains
also present in integral MPs? In fact, the K* channel Kir2.1 requires
binding of multiple PIP,-molecules for channel activity. Here, PIP, elec-
trostatically interacts with three independent sites at the channels' C-
terminus, thereby stabilizing an active channel conformation [99].
While the TM domain appears to bind any diacylglycerol with a 1’ phos-
phate, the juxtamembrane region specifically interacts only with the
PIP, head group and thereby defines the lipid-binding specificity. Im-
portantly, while PIP,-binding does not change the tetrameric assembly
of the related Kir2.2 channel, lipid binding induces a conformational
change in a flexible linker region, which results in reorganization of
the entire channel structure and finally in channel activation [100].
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Fig. 3. Chemical structures of lipids. Depicted are the lipid species discussed in this article. PG: phosphatidylglycerol, PS: phosphatidylserine, SM: sphingomyelin, PIP,: phos-
phatidylinositol-4,5-bisphosphate, PIP3: phosphatidylinositol-3,4,5-trisphosphate, Chol: cholesterol, CL: cardiolipin. Typical n-values of the discussed phospholipids vary between 12
and 18. In the case of the SM C18:0 sphingomyelin species discussed in the text, the fatty acid chain carries 18 carbon atoms. Not shown is ceramide, which is SM without the

phosphocholine head group (boxed).

PIP, might form clusters in eukaryotic plasma membranes, and
several studies showed a co-localization of syntaxin 1A with such
PIP, clusters, indicating that PIP, is required for syntaxin clustering
[101-103]. The membrane target SNARE (tSNARE) syntaxin 1A is com-
posed of an N-terminal three-helix bundle H,p., an amphipathic helix
Hs that interacts with other SNARE proteins to form a fusion complex
(or the Hape domain), and a C-terminal TM domain [104-107]. Interac-
tion of PIP, with the single TM helix of syntaxin 1A leads to sequestra-
tion of the protein and the lipid [102]. Even though it is much less
abundant than PIP, in cellular membranes, PIPs is also important for
syntaxin 1A clustering and the function of the SNAP-SNARE complex
[94]. The interaction of syntaxin 1A with PIP lipids is mediated by a
stretch of basic amino acids. The critical residues are directly adjacent
to the TM helix and are in contact with the lipid head groups [108,
109]. The positive residues of the 2°KARRKK?%> amino acid motif in-
teract with PIP, (Fig. 4), and a strong reduction of the lipid-protein
interaction was observed when Lys2%* and/or Lys2®> were mutated
to Ala [102]. Mutation of the wt syntaxin 1A sequence also led to re-
duced vesicle fusion in cells, which additionally demonstrates the

in vivo importance of the basic amino acids and of PIP binding [110].
PIP; binds even more efficiently to syntaxin 1A and can replace PIP, at
the interaction site, also mediated by electrostatic interactions with
the above-mentioned stretch of positively charged amino acids [94]. Re-
cently, PIP3 has been identified as an inducer of syntaxin 1A clustering
in cellular membranes [94], and the concomitant mutation of Lys2®*
and Lys?5° abolished PIP;-syntaxin 1A clustering. These data indicate
that mainly electrostatic interactions stabilize the binding of PIPs to
syntaxin 1A, due to the strong negative net charge of the lipid head
groups. As also observed in the case of the Kir2 K* channels, no further
structural prerequisites for PIP binding to syntaxin 1A are described
yet. Additionally, as PS, with its one net negative charge, does not in-
duce syntaxin 1A clustering, even in the presence of 20% PS [94], not
only the negative head group charge but also the chemistry of the
lipid head group might matter. Furthermore, the entropy cost for
binding two or three lipids via electrostatic interactions is much
higher than binding a single lipid with multiple charges, so that
binding of PIPs, with its four negative charges, might be preferred
over PIP, or PS. PIPs mediate syntaxin 1A clustering, and additionally

Table 1

Lipid binding motifs identified in membrane integrated proteins.
Motif Bound lipid aa sequence First identified Ref.
CRAC Cholesterol L/V-x1_5-Y-X1_5-K/R P-type benzodiazepine receptor [73,185]
CARC Cholesterol K/R-X1_5-Y/F-x1_5-L/V Nicotinic acetylcholine receptor [74,185]
CCM Cholesterol Formed by helices 1-4* 3,-adrenergic receptor [185,186]

[4.39-4.43 (RK)]-[4.50 (W,Y)]-[4.46 (LV,L)]-[2.41 (FY)]
Tilted peptides Cholesterol EXXXXNXGXXXGXXXGG €99 [146,185,187]
SBD Glycosphingolipid Loop: aromatic AAs + basic AA in proximity HIV gp120, APP [128,188]
Sphingomyelin C18:0 VXXTLXXIY p24 [123,130]

PIP binding motif Phosphatidylinositol-phosphates KARRKK Syntaxin 1A [94,102,189]

For further information and examples see reviews [64,190].
2 Numbering based on the Ballesteros—Weinstein. x = apolar aa-residue.

Please cite this article as: M. Stangl, D. Schneider, Functional competition within a membrane: Lipid recognition vs. transmembrane helix
oligomerization, Biochim. Biophys. Acta (2015), http://dx.doi.org/10.1016/j.bbamem.2015.03.011

289
290
291
292
293
294
295
296
297
298
299
300


http://dx.doi.org/10.1016/j.bbamem.2015.03.011

302
303
304
305
306
307
308
309
310

312
313

314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330

332
333
334
335
336
337

M. Stangl, D. Schneider / Biochimica et Biophysica Acta xxx (2015) XXX-xXx 5

A 260 IMIICCVILGIHIASTIGGIFG288
B Cc
\ 4 S~ 4‘ }w
- LYS260 Al

MET267

CcYs271

)

ILE279 »

Fig. 4. The syntaxin 1A transmembrane helix. (A) Amino acid sequence of the syntaxin 1A
transmembrane region. The TM domain is underlined. (B) Surface structure of the
syntaxin 1A transmembrane helix. (C) Rotated syntaxin structure (~180°). (B, C): PDB
ID: 2M8R. Residues involved in lipid (PIP) binding are highlighted in orange, whereas res-
idues triggering dimerization of the TM helices are depicted in blue.

the syntaxin TM domain homodimerizes [111,112]. Critical residues
mediating homodimerization of syntaxin and heterodimerization
with its natural interaction partner synaptobrevin II are Met?%7,
Cys?”! and 11e?7° [112] (Fig. 4). Looking at the NMR structure of
syntaxin 1A, the B-branched Ile residues 266, 270, 277 (possibly
also Val?’3) form a smooth and very hydrophobic surface at one
side of the syntaxin 1A TM helix (Fig. 4). These residues are most
likely not involved in dimerization of syntaxin 1A, and thus they
might additionally stabilize PIP, binding via hydrophobic interac-
tions between the lipid acyl chains and the hydrophobic TM surface.
However, such an assumption has to be tested in future experiments.

2.2. Sphingomyelin binding to the transmembrane helix triggers
oligomerization of the COP I machinery protein p24

Formation of COP I and COP Il complexes is a crucial step in the trans-
port of proteins between the endoplasmic reticulum (ER) and the Golgi
apparatus in eukaryotic cells. COP I is involved in the anterograde vesi-
cle transport from the ER to the Golgi, whereas COP II vesicles are in-
volved in the retrograde transport from the Golgi to the ER [113,114].
For traveling between these compartments, both pathways depend on
immobilization of coat complexes at the vesicular surface. Coat complex
formation at the vesicle surface is mastered by a type-I TM protein with
a mass of ~24 kDa, hence the name p24. Potential roles for p24 proteins
in cargo reception and coat recruitment are discussed in Strating et al.
[115]. The p24 protein family can be subdivided into four subfamilies
(o, B, 7y, 8) [116]. However, the bewildering variety of names of several
members of the p24 family makes it difficult to identify the protein of
interest [115]. The p24 protein we discuss here is the protein p243,
or TMED?2, or p24 or p24a and will further just be called p24.

All p24 proteins share a similar structural arrangement. A large glob-
ular N-terminal GOLD (Golgi dynamic) domain [117] is located at the
luminal side of the membrane. The exact function of this domain is enig-
matic but it co-occurs with lipid-, sterol- or fatty acid-binding domains,
such as PH, Sec14p, FYVE and RUN [117]. The GOLD domain is followed
by an undefined coiled-coil region, a TM a-helix and a short C-terminal
cytoplasmic tail, which is involved in COP I and COP II coat complex
binding [115,118]. p24 proteins are known to form homo- and hetero-
dimers, depending on their localization [119]. An involvement of the

coiled-coil [120] and the cytoplasmic region in p24 dimerization is
discussed [121,122], albeit recent results suggest that TM helix-helix in-
teractions mediate dimerization of p24, triggered by binding of a
sphingolipid [123].

Sphingolipid-binding motifs were initially identified in HIV-1
virus and amyloid proteins (Table 1) [124-127]. The identified
motif is part of a hairpin structure of the gp120 protein at the surface
of HIV-1 and Alzheimer-B-amyloid peptides. The aromatic residues Tyr,
Trp and Phe are part of the sphingolipid-binding domain (SBD) and the
glycosphingolipids are mainly bound via m-stacking and electrostatic in-
teractions with the sugar head groups. These interactions are accompa-
nied by structural rearrangements of both binding partners [128]. The
interaction motif, which has also been identified in the serotonin recep-
tor family and can be predicted in several other MPs [128,129], binds
glycosylated sphingolipid species restrictively.

p24 selectively binds a single sphingomyelin (SM) species, SM C18:0,
but not ceramide (lacking choline head group) or phosphocholine ana-
logs (Fig. 3) [123]. Further analyses revealed a remarkable preference
of p24 to bind C18:0 SM, and shorter and longer chain length SMs appear
to not interact with the p24 TM domain [123]. Thus, p24 preferentially
binds sphingomyelins and both the head group, as well as the hydropho-
bic acyl chain regions of the lipids are important. As the head group of
phosphatidylcholine and SM is identical, the hydrophobic acyl chain re-
gion is supposed to determine the specific binding of SM derivatives to
the p24 TM helix. To identify amino acids involved in lipid binding,
each residue of the p24 TM domain was mutated to Ala and SM binding
was analyzed. Based on this analysis, a VXXTLxxIY amino acid motif in the
TM helix determines SM binding to p24 (Table 1). Molecular modeling
has indicated that SM C18:0 fits perfectly into a cavity formed by the res-
idues Val'3, Thr'® and Leu!” (Fig. 5) [123]. Mutation of a single residue in
this cavity to an amino acid with a bulky side chain in fact completely
abolished SM binding [123]. However, it was suggested that the lipid
head group too is important for binding since the structurally similar cer-
amide did not interact with p24. Unfortunately, the described binding
motif only covers the TM helix. It is very likely that electrostatic interac-
tions between the protein and the sphingolipid head group also play a
role in lipid binding, as e.g, described above concerning syntaxin 1A. In
the case of p24, only a few amino acids are available for interactions, as
the C-terminus, attached to the sphingolipid-binding site, is very short

A "VVLWSFFEALVLVAM | GQ!'YLKRFFEVRRVV20!

VAL181

THR184
LEU185

ILE188

TYR189

Fig. 5. The p24 transmembrane helix. (A) Amino acid sequence of the p24 transmembrane
region. The TM domain is underlined. (B) Structure of the p24 transmembrane helix. The
structure was modeled using the PEP-FOLD Peptide Structure Prediction Server [191-193].
Residues involved in lipid (SM18:0) binding are highlighted in orange.
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and also involved in COP vesicle contacts. It is worth mentioning that
sphingolipids also bind to G-protein-coupled receptors (GPCRs), mediat-
ed by an amino acid motif, similar to the p24 sphingolipid-binding motif,
and sphingolipid binding to a single TM helix of the receptor might sta-
bilize different GPCR conformations [130].

As mentioned, p24 is able to form homo- or hetero-dimers with
other proteins of the p24 family, which is a crucial step in COP vesicle
formation. However, dimerization of p24 appears to be linked to
sphingolipid binding. In SM C18:0 containing liposomes, p24 homo-
dimerization is significantly increased, whereas a SM-binding deficient
mutant has a decreased dimerization propensity, even in the presence
of SM C18:0. Unfortunately, the dimerization interface in the p24 TM
helix is not described yet, although a molecular dynamics simulation
study suggests a rather polar dimerization interface, which does not
overlap with the sphingomyelin binding site [123].

It is suggested that the dimeric p24 family proteins immobilize
the COP complex at the membrane surface. However, the SM concen-
trations, which could severely modulate dimerization of p24, signif-
icantly differ from the ER to the Golgi and the plasma membrane.
Thus, the sphingolipid concentration within a given organelle mem-
brane might directly influence the secretory pathway by triggering
the oligomeric state of p24. However, the heterogeneous distribu-
tion of SM within a single membrane further complicates such an in-
terpretation, as sphingolipids and cholesterol can form specific lipid
microdomains in cellular membranes [131-137].

2.3. (99, the B-secretase cleavage product of the amyloid precursor protein
APP specifically binds cholesterol

The TM protein C99, also known as p-CTF, is a key protein in the
amyloidogenic pathway. It is associated with the release of amyloid
p-peptides and therefore represents a key protein in the develop-
ment of Alzheimer's disease [138-141]. C99 is produced by the
amyloidogenic cleavage of the full-length amyloid precursor protein
APP, catalyzed by the B-secretase [141]. This cleavage generates the
99-amino-acid-long single-spanning TM protein C99, which is then
cleaved inside the membrane by the y-secretase to release amyloid-p
peptides [142,143]. The structure of the monomeric as well as of the di-
meric C99 has been determined by NMR in micellar solutions [ 144-146]
(Fig. 6). An extracellular N-terminus is followed by a surface-attached
helix (N-helix) (residues 688-694) and a flexible loop (N-loop) (resi-
dues 695-699). The highly curved TM helix (residues 700-723) is
kinked close to the center of the micelle, near Gly’®® and Gly”®. This
might be related to the processive cleavage by the y-secretase, as flexi-
bility allows the helix to adopt to the sluice-like active site of the prote-
ase [146-149]. Importantly, the proteolytic efficiency is enhanced 2-4
fold in the presence of cholesterol [150].

In recent studies a cholesterol-binding site and a homodimerization
interface at C99 were defined [146,151-153]. Homodimerization and
cholesterol binding were found to compete, as both involve the glycine
zipper motif G7%%xxxG"%*xxxG’%8G”%° [151] (Fig. 6A). Especially the
GxxxG-motifs were expected to promote tight packing of two adjacent
C99 TM a-helices, resulting in Van der Waals packing interactions and
potentially in formation of C, hydrogen bonds, as demonstrated for
other TM proteins [3,103,154,155]. Indeed, both APP as well as the
C99 fragment were found to dimerize, and dimerization is mediated
by the GxxxG-motif [110,144,145,156-159]. The isolated C99 TM helix
was found to oligomerize strongly in a bacterial membrane when mea-
sured with the ToxR-system, and oligomerization was impaired when
critical Gly residues of a GxxxG-motif were replaced [110]. Based on
the current available data, the B-secretase cleavage product of APP,
(99, forms a stable dimer, stabilized by the glycine zipper motif located
in the TM domain.

However, the physiological relevance of C99 dimerization is still a
matter of debate [151]. In fact, the equilibrium dissociation constant
for the dimer was determined to be in the range of 0.5 mol%, indicating
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Fig. 6. The transmembrane protein C99. (A) Amino acid sequence of the C99 protein. The TM
domain is underlined. (B) C99 structure determined in lyso-myristoylphosphatidylglycerol
detergent micelles by nuclear magnetic resonance (NMR) spectroscopy at pH 6.5 (PDB ID:
2LP1). (C). C99 structure determined in dodecylphosphocholine detergent micelles by
NMR spectroscopy at pH 4.3-5.3 (PDB ID: 2LLM). In both structures the N-helix and N-
loop are labeled, which can rotate freely as their relative position to the TM helix is random
in different calculated conformers. The TM helix appears to be more kinked in the 2LP1 struc-
ture (B). Residues involved in lipid (cholesterol) binding are highlighted in orange. Amino
acids involved in both lipid binding and TM helix dimerization are depicted in green.

that the protein appears to be mainly monomeric at a C99/lipid ratio of
1:200. While the exact C99 concentration has not been quantified in eu-
karyotic cells, the concentration of the amyloid precursor protein APP in
neuronal membranes is in the range of 10~>-~10~% mol% [159]. There-
fore, C99 might be mostly monomeric under physiological conditions,
while it cannot be ruled out that C99 exceeds the concentration of
0.5 mol% in heterogenic membranes and defined lipid domains, where
it possibly forms dimers. Recently, the protein and lipid composition
of a synaptic vesicle has been determined [160], and here on average
about 600 TM domains together with ~7000 phospholipids and ~5000
cholesterol molecules form the vesicle membrane. About one quarter
of the membrane volume is represented by the TM domains, and as an-
nular lipids bind more tightly to the TM domains, only a minor fraction
of the lipids is expected to be free. At a TM helix-to-lipid ratio of ~1:20,
as determined in this study, a significant fraction of the C99 TM domain
might be dimeric.

Cholesterol, which is crucial for the formation of lipid domains [161],
is suspected to be involved in the development of Alzheimer's disease,
as neuronal cholesterol levels increase the production of amyloid-p
peptides. Both APP as well as solely the C99 fragment can specifically
bind cholesterol, and consequently the C99 TM region is responsible
for cholesterol attraction, while the N-terminal C99 extramembrane do-
main contributes to formation of the lipid-binding site [146,151,156].
The determined equilibrium dissociation constant for cholesterol bind-
ing (~3 mol%) is on the low end of the physiological cholesterol concen-
tration in mammalian cells [50,151]. The level of cholesterol in
membranes of animal cells can make up to 50 mol% of the membrane
lipid content but varies between membrane systems and tissues. The
ER and nuclear membrane usually contain 1 to 10 mol% cholesterol,
which increases to about 10 to 25 mol% in Golgi stacks and 30-40% in
the plasma membrane [50,162-169]. Thus, cholesterol is most likely
tightly bound to C99 under physiological conditions. But where and
how does cholesterol bind to the short C99 peptide? Previous studies
suggested a possible lipid-binding site around the N-helix/N-loop/TM
domain element [145,170]. Due to the trans ring junctions, cholesterol
is a flat molecule (Fig. 3), and binding of the rigid cholesterol to the
TM helix is generally expected to be entropically favored over an associ-
ation of the helix with more flexible diacyl phospholipids. One face of
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cholesterol, the a-face, is smooth. The opposed B-face carries two meth-
yl groups (C18, C19), resulting in a rough side. Interestingly, residues
Gly’%°, Gly”%4 and Gly’°® of the TM domain, which have been shown
to play a crucial role in C99 homooligomerization, appear to be involved
in formation of the cholesterol-binding site (Table 1 and Fig. 6), suggest-
ing a competition of homodimerization and cholesterol binding at the
glycine zipper motif [151]. The tandem GxxxG motif (+ GxxXxA) on
the C99 TM helix provides a large flat surface spanning over about
three helix turns near the extracellular space, which is well-suited to in-
teract with the cholesterol molecule, allowing Van der Waals interac-
tions between the lipid ring system and the TM helix. Cholesterol
binds with its relatively rough -face to the TM domain, whereas the
smooth a-face is oriented towards the surrounding lipids. The two
methyl groups of the B-face might intrude in protein cavities, resulting
in tighter binding [162]. Binding of cholesterol might be further en-
hanced by hydrogen bond formation between Glu®®* and Asn®%® of
the N-loop and the N-helix, respectively, with the 33 OH-group of cho-
lesterol. To optimize the interaction of cholesterol with the soluble re-
gions of C99, a certain flexibility of the N-Loop is given, which allows
the N-helix to rotate and to adapt a suitable position to interact with
the cholesterol molecule in an induced-fit clamp-like manner [146].
Noteworthy, residues involved in cholesterol binding to C99 are differ-
ent from postulated cholesterol-binding motifs found in other proteins
(CRAC, CARC, CCM) [75,162]. Together, these results indicate that cho-
lesterol binding of C99 depends on (i) the tandem GxxxG motif near
the membrane surface, providing a flat attachment surface, (ii) a flexible
loop at the membrane water interface and (iii) hydrogen bond forma-
tion between amino acids in the soluble region of the MP and the 33
OH-group of cholesterol. In the presence of cholesterol, C99 preferen-
tially interacts with cholesterol rather than with a second monomer to
form a homodimer [151]. As the dimerization propensity of C99 is sup-
posed to be low under physiological conditions, and as the interfaces for
cholesterol binding and homodimerization highly overlap, cholesterol
binding directly competes with TM helix dimerization [151].

However, does cholesterol binding to C99 have an effect on the pro-
teolytic cleavage by the y-secretase? Numerous reports associate 3- and
y-secretase with cholesterol-rich lipid phases in membranes, where the
amyloidogenic pathway is active [171-178]. The a-secretase, which is
responsible for the non-amyloidogenic pathway, resides in the bulk
membrane phase, indicating a specific cholesterol dependence of the
amyloidogenic pathway [68,179]. Proteolytic cleavage of C99 by the y-
secretase is dramatically enhanced in cholesterol-containing mem-
branes [150]. Whether cholesterol is bound to C99 during the cleavage
process remains an open question. This may be the case, since C99 is
cleaved directly below the residues involved in cholesterol binding.
Therefore, cholesterol binding might preserve the C99 structure neces-
sary for cleavage by the y-secretase or acts as a molecular “glue” be-
tween C99 and y-secretase. The y-secretase appears to cleave both
dimeric and monomeric C99 substrates, while the cleavage of mono-
meric proteins alters the distribution of different amyloid 3 peptides
that are generated [110,158,180,181]. While dimerization of C99 does
not conflict with the observations made and also does not affect -
secretase cleavage [180,181], cholesterol binding to C99 might directly
activate <y-secretase cleavage [150] and at the same time directly in-
hibits ci-secretase cleavage [182].

3. Summary: how could lipids control oligomerization of TM
helices?

Tight binding of specific lipids to large, polytopic MPs is well de-
scribed and it is clear that such lipids are intrinsic and essential parts
of the MP structure, crucial for the stability and activity of the MP. Effects
of global lipid properties, such as the hydrophobic thickness, the lipid
head group chemistry, lipid asymmetry or the lateral pressure profile
on the interaction of simple, single-span TM proteins have also been an-
alyzed to some extent in the past decade. In contrast, binding of defined

lipid species to individual TM helices has moved into the research focus
only recently, and regulation of TM helix monomer-oligomer equilibria
by binding of defined lipids is a concept, which has emerged only lately.

Lipids bind to single-span MPs, both in the juxta-membrane region
as well as in the hydrophobic membrane core. The lipid head groups
typically bind via electrostatic interactions and hydrogen bond forma-
tion at the membrane surface to the protein. Especially, negatively
charged lipid head groups appear to be recognized and bound by the
extra-membrane regions following individual TM helices. However, in
several cases - potentially in all cases - also the acyl chains of a given
lipid bind to cavities at the surface of a TM helix via Van der Waals inter-
actions. On the surface of the p24 and the C99 protein, regions have
been identified, which allow defined packing of the hydrophobic lipid
moieties. Nevertheless, an acyl chain region can hardly determine spec-
ificity in binding of a diacyl membrane lipid. Only the acyl chain length
and/or the degree of saturation are possible determinants for specificity.
Thus, it appears to be likely that many different lipids with identical acyl
chains can transiently bind to a given TM helix but only lipids with both
the correct acyl chain and head group bind more tightly and reside at a
TM helix surface for a longer time span. In the case of cholesterol, bind-
ing of the hydrophobic region might already be highly specific and de-
fined interactions in the hydrophilic region potentially stabilize the
bound lipid.

As summarized here, lipid binding to single-span TM helices can af-
fect the equilibrium between TM helix monomers and higher ordered
oligomers. Some interactions counteract oligomerization and in other
cases, lipid binding appears to enhance oligomerization. As reversible
oligomerization is involved in activation of many MPs, binding of de-
fined lipids to single-span TM proteins might be a mechanism to regu-
late and/or fine-tune the protein activity. But how could lipid binding
trigger the activity of a protein? How can binding of a single lipid mol-
ecule to a TM helix affect the structure of a TM helix oligomer, and con-
sequently its signaling state?

The thus far analyzed and here discussed examples of lipid-binding
single-span TM proteins highlight some common grounds to be consid-
ered in further studies as well as in the design of novel lipid-binding TM
sequences (Fig. 7).

1. Itstill is completely unclear, at which stage TM helix oligomerization
and lipid binding eventually compete. Lipids could either bind to a
preformed oligomer and thereby stabilize or weaken a TM helix-
helix interaction. Alternatively, lipids bind to monomeric proteins
and thereby either stabilize the monomeric state or generate an
oligomerization-competent monomer. Cholesterol more likely
binds to the monomeric C99 protein and thereby hinders formation
of TM helix-helix contacts.

2. Binding of negatively charged lipid head groups to stretches of basic
amino acids could simply shield clusters of positive charges, decreas-
ing repulsion of positively charged protein regions. Thereby, the pos-
itive free energy term caused by the repulsion is diminished,
resulting in increased stability of a TM helix oligomer.

3. If binding of a lipid head group is mediated by amino acids located
on two different proteins, i.e., if the lipid-binding domain is
formed by two different proteins, binding of a lipid would result
in formation of a dimeric structure. E.g., in the case of the bacterial
light-harvesting proteins, where two individual TM helices interact
with pigments, individual pigments intercalate between the two indi-
vidual TM helices and thereby stabilize the dimeric structure [183,
184]. Similarly, a bound lipid could act as molecular “glue”. This
might occur in the soluble domains, but promoting and stabilizing
TM helix-helix interactions in the hydrophobic TM region are also
possible. Intercalation of individual lipids between different proteins
is well described in case of large, polytopic TM protein complexes [67].

4. As shown in the case of the Kir2 K* channels, binding of a lipid head
group to an extra-membrane domain of a protein can induce a confor-
mational change in the extra-membranous regions, which results in
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Fig. 7. Lipid binding influences transmembrane helix oligomerization. The monomer-
oligomer equilibrium of TM helices might be affected by lipid binding in different ways.
(1) Lipids could bind to the monomeric or the oligomeric MPs, and lipid binding could pro-
mote or prevent oligomerization. (2) Lipid binding to positively charged amino acids could
shield clusters of positive charges and could be involved in the proper positioning of a TM
helix within the membrane plane. (3) A lipid-binding cavity might be formed in between
two separate proteins, and thus the lipid could act as a molecular “glue”. (4) Interaction of
protein domains with a lipid can induce structural re-arrangements, preventing or pro-
moting TM helix-helix interactions. (5) When a lipid-binding site overlaps with a dimer-
ization motif, helix-helix interactions directly compete with helix-lipid interactions.
(6) Lipid binding to a TM helix can influence the structural dynamics of a TM helix,
which impacts TM helix-helix interactions. For further details see the text. The numbers
refer to the respective categorization discussed in Section 3.

reorganization of soluble domain interactions, altered steric con-
straints and finally in altered TM helix-helix interactions. This
can then lead to the formation of a TM helix oligomer with an al-
tered structure, favor formation of a TM helix oligomer or drive
monomerization of an oligomer.

5. If a lipid binds in a TM region, which is also involved in TM helix
oligomerization, as e.g., observed in the case of the C99 TM helix
dimer, lipid binding directly competes with TM helix oligomeriza-
tion and thus, the local concentration of a lipid triggers the oligo-
meric state.

6. Lipid binding to a surface of a TM helix, which is not involved in
formation of TM helix-helix contacts, might induce structural
alterations in the TM helix, resulting in increased or diminished
interaction propensities. Lipid binding could alter the helix flexi-
bility, which might be required for stable TM helix-helix contacts.
Alternatively, lipid binding could affect bending of a helix, which
eventually also affects interaction propensities.
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