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Summary

G-protein-coupled-receptors (GPCRs) are highly dynamic and undergo conformational rearrangements induced
by the binding of extracellular stimuli, leading to different conformations during activation which in turn interact with
intracellular signal transducers and initiate downstream signaling pathways. The functional and structural studies of
GPCRs in vitro require the extraction from cellular membrane using membrane-mimiking systems. One of the most
widely applied membrane mimetics for the solubilization and purification of GPCRs is detergent that has been
extensively used for the structural characterization of GPCRs. However, detergents are also known to destabilize
GPCRs. Therefore, alternative methods have been developed including lipid bilayer nanodiscs formed by membrane
scaffold proteins (MSPs) which provide a more stable environment for the functional and structural studies of GPCRs.
Still MSP nanodiscs require the extraction of GPCRs via detergents, and the process of optimizing the reconstitution of
GPCRs into MSP nanodiscs is time-consuming and labor-intensive. The functional activities of GPCRs, such as ligand
binding and G protein coupling, are regulated by different properties of surrounding phospholipid bilayer, such as
hydrophobic mismatch, bilayer thickness, lateral pressure, membrane fluidity, curvature and composition, which are
missing or difficult to mimic using detergent micelles or synthetic phospholipids. Of note, the amphiphilic copolymers
have attracted great interest and offer several advantages, including the detergent-free extraction and purification of
membrane proteins within their surrounding native phospholipids from cellular membrane, leading to the formation of
native lipid-bilayer nanodiscs. Among them, the electronetural polymer Sulfo-DIBMA stands out for its interference-
free characterization of protein-protein and protein-lipid interactions. While the relatively low extraction efficiency of

Sulfo-DIBMA may restrict its application in NMR measurements, which usually require a large amount of proteins.

The melanocortin-4 receptor (MC4R) plays a critical role in the regulation of energy homeostasis and feeding
behavior. It is known that the physiological ions strongly affect the function of MC4R, but little is known about the
regulation of these metal ions on MC4R in different environments. Herein, in order to evaluate the influence of
environment on the functional integrity of MC4R, we performed the solubilization and purification of MC4R expressed
in SfY cells using different membrane mimicking systems, including detergent micelles, MSP nanodiscs and Sulfo-
DIBMA native membrane nanodiscs. The ligand binding affinity for MC4R was examined in various membrane
mimetics in the absence and presence of divalent cations. Our data demonstrated that the functional integrity of MC4R
is well-preserved in lipid bilayer, especially in the Sulfo-DIBMA native membrane nanodiscs. Moreover, the

environment plays an importment role in the allosteric modulation of MC4R.

Given the advantages of native membrane nanodiscs for in vitro functional and structural studies of GPCRs
without requiring detergents or artificial lipids, and the preservation of lipid-bilayer architecture and packing (e.g.,
Sulfo-DIBMA), we further introduced and tested a series of new DIBMA variants. We found that the new mPEGs-
DIBMA variant exhibits high solubilization efficiency, and does not interfere with ligand-lipid interactions, providing

us more choices for the studies of GPCRs in native lipid-bilayer environment using different technologies.



Zusammenfassung

G-Protein-gekoppelte Rezeptoren (GPCRs) sind hochdynamisch und unterliegen konformationellen
Umordnungen, die durch die Bindung extrazelluldrer Reize hervorgerufen werden. Dadurch entstehen verschiedene
Konformationen wéhrend der Aktivierung, die wiederum mit intrazelluldren Signaltransduktoren interagieren und
nachgeschaltete Signalwege initiieren. Die funktionellen und strukturellen Studien von GPCRs in vitro erfordern die
Extraktion aus der zelluldren Membran unter Verwendung von membranmimetischen Systemen. Eines der am weitesten
verbreiteten Membranmimetika fiir GPCRs sind Detergenzien, welche ausgiebig fiir die strukturelle Charakterisierung
von GPCRs verwendet wurde. Dabei kann das Detergens jedoch in den Transmembranhelix-Biindel eindringen und die
GPCRs destabilisieren. Daher wurden alternative Methoden entwickelt. Die durch Membran-Scaffolding-Proteine
(MSPs) gebildeten Lipiddoppelschicht-Nanodiscs wurden ebenfalls weit verbreitet eingesetzt und bieten eine stabilere
Umgebung fiir funktionelle und strukturelle Studien von GPCRs. Die Extraktion von GPCRs erfordert jedoch weiterhin
den Einsatz von Detergens, und der Prozess der Optimierung der Rekonstitution von GPCRs in MSP-Nanodiscs ist
zeitaufwendig und arbeitsintensiv. Die funktionellen Aktivititen von GPCRs, wie die Ligandenbindung und die G-
Protein-Kopplung, werden durch verschiedene Eigenschaften der umgebenden Phospholipiddoppelschicht reguliert,
wie z. B. hydrophober Missmatch, Dicke der Doppelschicht, lateraler Druck, Membranfluiditdt, Krimmung und
Zusammensetzung, die in Detergensmizellen oder synthetischen Phospholipiden fehlen oder schwer zu imitieren sind.
Amphiphile Copolymere haben grof3es Interesse geweckt und bieten mehrere Vorteile, einschlielich der detergensfreien
Extraktion und Reinigung von Membranproteinen zusammen mit ihren umgebenden nativen Phospholipiden aus der
zelluldren Membran, was zur Bildung von nativen Lipiddoppelschicht-Nanodiscs fiihrt. Unter ihnen zeichnet sich das
amphiphile Polymer Sulfo-DIBMA durch seine storungsfreie Charakterisierung von Protein-Protein- und Protein-Lipid-
Interaktionen aus. Wihrend die relativ geringe Extraktionseffizienz von Sulfo-DIBMA ihre Anwendung in NMR-

Messungen einschrinken kann, die in der Regel eine grole Menge an Proteinen erfordern.

Der Melanocortin-4-Rezeptor (MC4R) spielt eine entscheidende Rolle bei der Regulation der
Energichomdostase und des Essverhalten. Es ist bekannt, dass physiologische Ionen die Funktion von MC4R stark
beeinflussen, aber wenig ist dariiber bekannt, wie die Regulation dieser Metallionen auf MC4R in verschiedenen
Umgebungen erfolgt. Hierbei haben wir, um den Einfluss der Umgebung auf die funktionale Integritit von MC4R zu
bewerten, MC4R, welcher in  Sf9-Zellen exprimiert wurden, unter Verwendung verschiedener
Membranmimetiksysteme, darunter Detergensmizellen, MSP-Nanodiscs und Sulfo-DIBMA-Nativmembran-
Nanodiscs, untersucht. Die Affinitdt von Ligandenbindung fiir MC4R wurde in verschiedenen Membranmimetika in
Abwesenheit und Gegenwart von zweiwertigen Kationen untersucht. Unsere Daten zeigten, dass die funktionale
Integritdt von MC4R in der Lipiddoppelschicht gut erhalten ist, insbesondere in den Sulfo-DIBMA-Nativmembran-

Nanodiscs. Dariiber hinaus spielt die Umgebung eine wichtige Rolle bei der allosterischen Modulation von MC4R.

Angesichts der Vorteile von nativen Membran-Nanodiscs fiir in vitro funktionelle und strukturelle Studien von
GPCRs ohne den Einsatz von Detergenzien oder kiinstlichen Lipiden sowie der Erhaltung der
Lipiddoppelschichtarchitektur und -anordnung (z. B. Sulfo-DIBMA) haben wir eine Reihe neuer DIBMA-Varianten
eingefiihrt und getestet. Wir stellten fest, dass mPEG4-DIBMA eine hohe Effizienz aufweist und nicht mit Ligand-
Lipid-Interaktionen interferiert, was uns mehr Moglichkeiten fiir die Untersuchung von GPCRs in einer nativen

Lipiddoppelschichtumgebung unter Verwendung unterschiedlicher Technologien bietet.



Abbreviations

Only the terms that are highly relevant to this work were included below. More details can be found in the text.

AgRP Agouti-related protein
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o-MSH a-melanocyte stimulating hormone
Ago-PAMs Agonist-positive allosteric modulators
ASD Allosteric Database

CMC Critical micelle concentration

CPP Critical packing parameter

CMT Critical micelle temperature
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cAMP Cyclic adenosine monophosphate
DLS Dynamic light scattering

DSC Differential scanning calorimetry
DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholine
DDM n-Dodecyl-B-D-maltopyranoside
DIBMA Diisobutylene/maleic acid

ECD Extracellular domain

ECRs Extracellular regions

ECL2 Extracellular loop 2

ECL3 Extracellular loop 3

GPCRs G-protein-coupled-receptors

HFRW His-Phe-Arg-Trp

MPs Membrane proteins

MCRs Melanocortin receptors

MCIR Melanocortin-1 receptor

MC4R Melanocortin-2 receptor

MC3R Melanocortin-3 receptor

MC4R Melanocortin-4 receptor

MCS5R Melanocortin-5 receptor

MRAPI Melanocortin-2-receptor accessory protein 1
MRAP2 Melanocortin-2-receptor accessory protein 2
MST Microscale thermophoresis

MDS Microfluidic diffusional sizing

MSPs Membrane scaffold proteins

NAMs Negative allosteric modulators

NDs Nanodiscs

NanoDSF Nano differential scanning fluorimetry
NMR Nuclear Magnetic Resonance

PAMs Positive allosteric modulators

SMA Styrene/maleic acid

TEM Negative-stain transmission electron microscopy
T Phase transition temperature

THIQ Tetrahydroisoquinoline
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1. Introduction

1.1 G-protein-coupled-receptors (GPCRs)

1.1.1 General introduction of GPCRs

G-protein-coupled-receptors (GPCRs) are the largest superfamily of cell surface membrane proteins in
mammalian cells. All GPCRs share the conserved architecture of seven transmembrane (7TM) helical domains.
Approximately 800 membranes are encoded by 2% of the human genome and targeted by approximately 475
small-molecule medicines (more than 30% of all approved drugs by the Food and Drug Administration (FDA)
binding to 108 GPCRs) on the market, making them the largest intensively studied targets for drug development
and highlighting their vital roles in human health and disease [1,2]. According to the amino acid sequence
similarities and physiological features, GPCRs identified in vertebrates and invertebrates have been categorized
into six classes, of which only four classes are found in human GPCR family, i.e., class A (rhodopsin-like
receptors), class B (B1/secretin and B2/adhesion receptors), class C (glutamate receptors) and class F (frizzled or
smoothened receptors). In the GRAFS classification system, human GPCRs have been divided into five families
based on the phylogenetic tree, including glutamate (G), rhodopsin (R), secretin (S), frizzled/taste2 (F) and
adhesion (A). GPCRs have been implicated in a plethora of diseases, such as cancer, obesity and Alzheimer’s
disease [3—5]. Besides, GPCRs are highly dynamic and perform conformational changes during activation, making
them the most promiscuous druggable receptors [6]. GPCRs are highly dynamic and recognize a variety of
extracellular stimuli, such as photons, hormones, peptides, proteins, lipids, neurotransmitters, purines, amines,
chemokines and ions, leading to conformational rearrangements during activation which in turn interact with
intracellular signal transducers, such as heterotrimeric G proteins (Goi, Gag, Gos and Gai213), G protein-coupled
receptor kinases (GRKs) and B-arrestins, thus initiate downstream signaling pathways through the cellular second
messengers such as cyclic adenosine monophosphate (cAMP) and mediate a wide variety of physiological

processes [7].

The Class A rhodopsin-like family containing 719 members, is the largest group of GPCRs in humans and
mainly divided into two subgroups, i.e., sensory receptors activated by smell or light, and non-sensory receptors
activated by ligands, such as peptides, hormones and neurotransmitters. The class A family is characterized by its
short disordered N-terminal domain (< 50 amino acids) such as the human p,-adrenergic receptor (.AR) [8—10],
but with exceptions such as the glycoprotein hormone receptors (GPHRs) which have a large and well-ordered N-
terminal extracellular leucine-rich repeats (LRRs) hormone binding domain where the hormone can be gripped in
a “hand-clasp” manner by the extracellular domain (ECD) [11-13]. Activation of class A subfamily receptors
involves the rearrangement of the conserved structural motifs, such as the D/ERY motif in intracellular end of
TM3, the CWXP in the middle of TM6, the NPxxY in intracellular end of TM7 and the Na* pocket. In addition,
several highly conserved residues, such as Arg>>°, Trp®*® and Trp’33 (superscript numbers correspond to the

Ballesteros-Weinstein nomenclature [ 14]), seem to act as micro-switches regulating GPCR signaling [15,16]. Due



to their abundance and extensive physiological and pathological functions, more than 150 class A GPCRs are

targets by therapeutic agents [17,18].

The Class B receptors are divided into secretin and adhesion subfamilies. The secretin receptors are further
classified into five subfamilies, including (i) five glucagon receptors (GCGRs), (ii) two vasoactive intestinal
peptide receptors (VIPRs) and the pituitary adenylate cyclase-activating peptide receptor (PAC1), (iii) two
parathyroid hormone receptors (PTHRs), (iv) two corticotropin-releasing factor receptors (CRFRs), (v) three
amylin receptors (AMYRs), CT gene-related peptide (CGRP) receptor and two adrenomedullin receptors (AM1
and AM2) [19]. They are characterized by some common structural features, including the large ECD (~120-160
amino acids) involved in the recognizing and binding of the C-terminal half (a-helix) of peptide hormone, the
TMD (~310-420 amino acids) which provides a binding pocket for the N-terminal portion of peptide hormone
and intracellular C-terminal domain [19]. One of the most important and well-characterized glucagon receptor
subfamily members is glucagon-like peptide 1 receptor (GLP-1R), which plays a critical role in the glucose
homeostasis regulated by the secretion of insulin and treatment of type 2 diabetes [20]. The crystal structure of
the full-length human GLP-1R bound by a modified agonist peptide and the cryo-EM structure of GLP-1 peptide
bound rabbit GLP-1R-Gs complex reveal a relatively conserved binding mode of peptide, providing deeper
insights into the receptor-Gs interface [21,22]. Comparison between activated GLP-1R and activated B,AR reveals
that GLP-1R is activated by agonist by means of a distinct “two-domain” binding mechanism which is the
hallmark of class B receptor activation model, whereas both class A and B receptors adopt the similar way to
accommodate the a5-helix of Ras-like domain of Gs protein, i.e., the notable outward movement of TM6. The
crystal structure of inactive full-length human GLP-1R reveals that the dynamic ECD might favor a distinct closed
conformation. The binding of C-terminal peptide hormone to ECD induces the “separation” of ECD from
extracellular side of TMD, allowing the binding of the N-terminus of peptide to the binding pocket of TMD,
trigger the activation of receptor and subsequent intracellular signaling cascades [23]. The secretin subfamily

receptors possess significant therapeutic potential, being targete rugs .
p P ignifi herapeutic p ial, being targeted by 34 drugs [17]

Adhesion G protein-coupled receptors (ADGRs) are divided into nine subfamilies based on their
phylogenetic analysis of TMD and extracellular domain [24]. ADGRs and secretin GPCRs were incorporated into
class B family considering their similar structures, especially both containing ECDs. The unique features of
ADGRs have been extensively characterized. For instance, according to the cleavage-based compartmentation of
receptor architecture. ADGRs consist of two fragments, i.e., N-terminal fragment (NTF)/extracellular regions
(ECRs) and C-terminal fragment (CTF). Of note, the ECRs of ADGRs frequently involved in a number of
biological processes, such as cellular adhesion, migration and cell-cell fusion, contain a vast array of subdomains,
such as hormone-binding domain, leucine-rich repeat (LRR), EGF-like domain, cadherin repeat and olfactomedin-
like domain which vary widely in the length of residues [25]. The crystal structures of a-Latrotoxin receptor
CIRL/latrophilin 1 (CL1, ADGRL1) and Brain angiogenesis inhibitor 3 (BAI3, ADGRB3) reveal two domains,
i.e., the Hormone receptor domain (HormR, ~70 amino acids) at N-terminus and the highly conserved GPCR
autoproteolysis inducing domain (GAIN, ~320 amino acids) which is located proximal to the N-terminus of TMD
(TM1) and mediates the constitutive self-cleavage of receptors [26]. The GAIN domain consists of the N-terminal
A subdomain composing of 6 a-helices and C-terminal B subdomain composing 13 B-strands and 2 a-helices.

Both subdomains are jointly responsible for the autoproteolysis. Strikingly, as the molecular hallmark of ADGRs,



the GPCR proteolysis site (GPS, ~40 amino acids) motif comprising the last five B-strands of B subdomain is not
an autonomously folded unit but forms a single folded domain with the N-terminus sequence of TM1 termed stalk
region (~20 amino acids) which is a part of GAIN domain. It was suggested that the auto-cleavage occurs at the
internal consensus site His Leu/Thr (HL/T) through a nucleophilic attack mechanism between the last 2 B-strands
(B-strand 12 and B-strand 13), resulting in the formation of NTF and CTF [24,26]. Interestingly, there are some
noncleavable ADGRs, such as ADGRC1, ADGRF2 and ADGRF4, due to the incomplete GAIN domain.
ADGRA1 (GPR123), an exception in mammalian ADGRs, does not have a GAIN domain and therefore does not
have a GPS motif [27]. It was proposed that the ECD, as an inhibitor, hampers the activation of receptors. The
highly conserved f-strand 13 of GPS and stalk region might function together as a tethered agonist inducing the
activation of receptor signaling upon the dissociation or displacement of ECD mediated by the ligand binding
[28]. The precise activation mechanism of ADGRs remains elusive. According to the signal activation-based
spatial configuration, four mechanisms have been proposed [29,30]. As the second largest subfamily of GPCRs
in humans, the ADGRs subfamily plays a critical role in physiological functions and has been linked to human
health and a variety of diseases, possessing great potential for drug discovery. To date, no drugs have been
approved to specifically target any members of this subfamily. Nevertheless, different strategies have been
developed to regulate receptor function via recognizing various druggable sites, such as N-terminal extracellular
domains targeted by antibody, GAIN domain targeted by protease modulators, tethered peptide site targeted by
peptide molecules, 7TM domain and C-terminal PDZ (PSD95/Dlgl/Zo-1) binding motif targeted by small

molecule modulators [30].

The Class C receptors are divided into five subfamilies, including one calcium-sensing receptor (CaSR)
[31,32], three taste type 1 receptors (T1R.3) [33,34], two gamma-aminobutyric acid type B receptors (GABAg R
and GABAg:R) [35,36], eight metabotropic glutamate receptors (mGluR.s) [37], one GPCR/class C/group
6/subtype A (GPRC6A) [38] and a few orphan receptors. Based on the sequence homology, the metabotropic
glutamate receptors (mGluRs) have been further subclassified into three groups: group I (mGlu; and mGlus) are
mainly localized in postsynaptic location and couples to G4 protein, group II (mGlu; and mGlus) and group III
(mGluy, mGlus, mGlus and mGlug) are mostly localized in presynaptic area and couples to Gij, protein [37]. The
class C receptors differ from other GPCRs by the large ECD and constitutive dimerization. Of note, the ECD of
most of class C receptors consists of a conserved Venus fly trap (VFT) domain characterized by the bi-lobed
structure which forms a cleft, providing the orthosteric binding site for endogenous ligands [39], and a cysteine-
rich domain (CRD) connecting the VFT and TMD, except for GABAg receptors [40]. The critical role of
mandatory homo-/heterodimerization of class C GPCRs in receptor activation has been extensively documented
and widely accepted, making it a distinct and complexity subfamily for physiological and functional studies. The
intersubunit disulfide bridge formed by conserved cysteine residues located in VFT domain has been found
responsible for the receptor covalent dimerization [41-44], while the cysteine mutation experiment has revealed
that truncated mGluR; still remains a stable non-covalent dimer via a core hydrophobic interface contributed by
the upper and lower lobes of VFT domain, particularly by the upper part [45], which has been conformed in the
solved structures, such as isolated mGlu; VFT [39] and full-length mGlus [46]. Furthermore, mutation of Cysteine-
129 in VFT domain of mGlus interferes with the covalent dimerization of receptor but does not affect the receptor

function [47]. Interestingly, mutation of Cysteine-121 in VFT domain of mGlu, disturbs the covalent linkage



between two monomers and reduces the apparent affinity of glutamate. It is further proposed that this intersubunit
disulfide bond formed by Cysteine-121 stabilizes the active state of receptors. In contrast, receptor dimerization
has been significantly impaired by the mutations located in the hydrophobic interface of the upper lobe of VFT
domain [48]. Even though the role of oligomerization of class A and B GPCRs still has some controversy and
remains to be clarified in detail, the homo-/heterdimerization or higher-order oligomers/complexes of class C
receptors has been extensively studied [49]. The mGlu receptors have been thought to form strict homodimeric
complex. However, they can also form heterodimers, rendering the complexity of the receptor oligomerization
[48,50]. In contract to mGlu receptors, GABAg receptors consist of three principal subunits, including GABABgi,,
GABAB» and GABARg», forming two heterodimers, i.e. GABARg(1a2) and GABAg(ip,2). Of note, GAB AR, contains
two unique sushi domains (SD) at the N-terminal extracellular region involved in the GABAgia,2) trafficking to
axonal and interaction with extracellular binding proteins [51]. The heterodimerization of GABAg receptors has
been extensively characterized [52]. However, the cryo-EM structure of the full-length GABAg1, homodimer has
expanded our understanding of the functional relevance of oligomerization and signal transduction [53]. The
activation mechanism of class C receptors has been proposed such as the open-close model and extensively
reviewed [54-57]. The advances made from biochemical, biophysical and structural biology approaches have
greatly expanded our understanding of the function of class C receptors in human diseases and provided
opportunities for drug development and therapy. The class C receptors have been targeted by 16 drugs approved
by FDA [18].

The Class F receptors consist of one smoothened (SMO) and ten frizzled (FZD).10) isoforms, differ from
class A, B and C GPCRs by their unique functional and structural features. The structure of FZDs is characterized
by a highly conserved N-extracellular cysteine rich domain (CRD) and a hydrophilic linker with varied length
connecting the CRD and TMD. It is worth noting that class F receptors lack the DRY motif at the C-terminal
region of TM3 and the NPxxxY motif at the end of 7TM which are common motifs in class A receptors and known
to be essential for G protein binding and selectivity. In addition, the short a-helix 8 playing an fundamental role
in G protein coupling couldn’t be formed in FZD1, FZD2 and FZD7 due to the lack of cysteine residues at the C-
terminus [58]. FZDs play crucial roles in cellular processes, such as cell polarity, proliferation, migration,
differentiation, and embryonic development. FZDs have been found to be associated with human diseases, such
as cancers, neurological and metabolic disorders [59,60]. As cell surface receptors, FZDs recognize Wingless/Int1
(WNT) proteins, a large family of secreted glycoproteins containing 19 members in mammals and transduce the
extracellular signals into cells by interacting with the intracellular proteins such as Dishevelled (DVL). Three
signaling pathways of FZDs have been described and characterized, including WNT/planar cell polarity (non-
calsscial/canonical WNT/PCP) pathway related to the receptor mutation, canonical WNT/B-catenin pathway and
WNT/Ca?" pathway based on the G protein coupling [58,61]. Of note, accessory proteins, such as low density
lipoprotein receptor related protein 5/6 (LRP5/6), tyrosine kinases ROR1/2 (ROR) and receptor-like tyrosine
kinase (RYK), play a vital role in the ligand binding process through forming heterodimeric complex with FZDs
[60]. In addition, several non-FZD receptors, such as parathyroid hormone receptors (PTHRs), leucine-rich repeat-
containing GPCRs (LGR4/5/6), adhesion GPCRs (GPR124/125) and cadherin EGF LAG seven-pass G-type
receptors (CELSR1/2/3), have been found involved in the regulation of WNT/-catenin signaling [62].
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1.1.2 Allosteric modulation of GPCRs

Most ligands or drugs currently on the market are designed using traditional discovery strategies to target
and bind directly to the primary active sites (also known as orthosteric binding sites) of proteins, such as enzymes,
transporters, ion channels, and GPCRs. This binding often results in the activation or inhibition of the target's
function [63,64]. Molecules that bind to the orthosteric binding sites of GPCRs are termed canonical orthosteric
ligands, including endogenous and synthetic agonists, antagonists and inverse agonists, and the binding location
of orthosteric ligands varies by receptor classes [65] (Fig.1). For class A GPCRs, the binding pocket for ligands,
such as neutransmitters and hormones, is found within the seven-transmembrane (7TM) domain (for example 3,-
adrenergic receptor/B2AR, PDB code: 7BZ2) [66]. In the case of class B GPCRs, the large orthosteric ligands,
such as glucagon, secretin and calcitonin, are recognized by both extracellular domain (ECD) and 7TM domain
(for example the glucagon-like peptide-1 receptor/GLP-1R, PDB code: 5VAI) [22]. In the case of class C
receptors, the binding pocket for small molecules, such as y-aminobutyric acid (GABA), calcium, glutamate and
aromatic amino acids, is located in the large bilobate extracellular region/Venus flytrap (VFT) domain; for
example metabotropic glutamate receptor 5/mGluS, PDB code: 6N51) [67]. The class F receptors contain a highly
conserved N-extracellular cysteine rich domain (CRD) and a hydrophilic linker connecting the CRD and 7TM
region, which provide the binding site for ligands (for example the human smoothened receptor/SMO, PDB code:
5V57) [68]. Despite the high affinity of orthosteric ligands for the active sites in in vitro experiments, adverse side
effects are often reported in the clinical trials and even caused by the administration of approved drugs, which are
mostly due to the comparable orthosteric binding pockets encoded by the highly conserved amino acids in
structurally homologous receptor subtypes and even in distinct proteins that could recognize chemically similar
ligands [64]. For example, the five acetylcholine muscarinic receptors (mAChRs) play critical roles in the
regulation of many physiological process [69]. However, side effects have been observed due to the presence of
highly similar binding sites shared among the mAChRs for ligands or drugs that are specifically designed for a
particular receptor subtype [70].
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Fig. 1 Comparison of the extracellular regions and the orthosteric ligand binding sites of different GPCRs shown as cartoon
model and colored separately, i.e., f2AR (cyan, class A), GLP-1R (yellow, class B), mGlu5 (green, class C) and SMO (pink,

class F). Ligands are shown as spheres and colored orange.

Of note, the orthosteric molecules function in a coarse adjustment manner, leading to direct non-
progressive activation (agonist) or inhibition (antagonists) of receptors. In addition, extensive endeavors have
been undertaken to design highly selective and effective ligands for a wide array of GPCRs. Over the past decades,
an appealing approach for rational drug design has gained significant attention as a promising strategy for the
screening and development of novel therapies [71]. This approach is based on the binding of molecules to the
allosteric binding sites on receptors, which are topologically distinct from the orthosteric binding pockets.
Allosteric binding sites exhibit lower evolutionary conservation compared to orthosteric binding pockets, yet they
are conformationally linked [71]. Molecules that bind to allosteric sites are termed allosteric modulators, including
allosteric enhancers (potentiators) and allosteric antagonists (inhibitors), which fine turn the physiological
functions of receptor by stabilizing receptor conformation and shifting system equilibrium thereby influencing the
behavior of orthosteric ligands, including their affinity, efficacy and GPCR subtype selectivity. As a result, this
allosteric modulation leads to the enhancement or inhibition of recptor signaling responses [72—75]. Such
molecules are subdivided into different types based on their activities [76], including the positive allosteric
modulators (PAMs) which potentiate the effects (affinity and/or efficacy) of orthosteric agonists by binding at
allosteric site on receptor leading to the enhanced receptor activation in the presence of orthosteric agonissts, the
negative allosteric modulators (NAMs, also referred to noncompetitive antagonists) which noncompetitively
decrease the effects (affinity and/or efficacy) of orthosteric agonists, and the neutral allosteric modulators which
occupy the allosteric site and function as competitive antagonists of both PAMs and NAMs, preventing their

binding at the same allosteric site, yet have no effects on the activity of orthosteric ligands, as well as the agonist-
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positive allosteric modulators (Ago-PAMs) which function both as PAMs of the endogenous agonists and agonists
on their own inducing the activation of receptors in the absence of orthosteric agonists [76—79]. In addition,
allosteric modulators are also able to regulate the downstream signaling pathways (for example the coupling of
receptor to G protein) through the allosteric interaction between the orthosteric ligand binding site and effector

binding site [80].

Allosteric modulators can be either exogenous molecules such as natural and/or synthetic compouds, or

endogenous molecules such as peptides, proteins, metal ions, Ipids, autoantibodies and amino acids [74].

Exogenous allosteric modulators. As an innovative pharmacological approach, allosteric modulators
exhibit few side effects, good selectivity in GPCR subtypes, and have been explored for the treatment of a range
of neurological and psychiatric disorders, such as anxiety, schizophrenia, depression, Parkinson’s and Alzheimer’s
diseases [74,76,81,82]. Much effort has been made to design allosteric modulators targeting different types of
protein over the past decades, resulting in a growing number of potentially upcoming drugs in different phases of
clinical trials. There have more more than 82,000 allosteric molecules reported and included in the Allosteric
Database (ASD), which pairs with approximately 2,000 targets involved in 187 disease conditions [83]. It is also
worth mentioning that several allosteric drugs, such as Cinacalcet, Etelcalcetide, Evocalcet and Maraviroc, have
been approved for marketing (Fig. 2). These drugs target different GPCR subfamilies and binding sites, exhibiting
improved specificity and fewer side effects compared to orthosteric drugs, making this field of GPCR allosteric

modulation even more promising [84].

The Calcium-sensing receptor (CaSR) belongs to class C GPCRs, which is characterised by a large N-
terminal extracellular domian (ECD) comprised of a venus flytrap (VFT) domain linked to the 7TM domian
through the cysteine-rich domain (CRD) [40]. CaSR plays a crucial role in the regulation of extracellular calcium
homeostasis primarily through the secretion of parathyroid hormone (PTH) and calcitonin, thereby influencing a
spectrum of importent physiologial preocesses [85]. Many diseases are associated with the dysfunction of CaSR
[32,86]. In addition to the physiological ligand Ca?", CaSR can also be activated by numerous other molecules
known as calcimimetics, including type I calcimimetics such as the inorganic and organic polycations that bind
to the ECD and functin as orthosteric agonists of CaSR, and type II calcimimetics that bind to the allosteric binding
site of CaSR and function as PAMs potentiating the action of Ca?" (Fig. 2) [87,88]. Cinacalcet (also known as
Mimpara in Europe or Sensipar in North America and Australia) was the first approved allosteric modulator in
2004 (a PAM of CaSR) for the treatment of secondary hyperparathyroidism (2HPT) in adult patients with chronic
kidney disease (CKD) on hemodialysis or peritoneal dialysis and hypercalcemia in patients with parathyroid
carcinoma. Cinacalcet can directly lower the PTH levels by increasing the sensitivity of CaSR to extracellular
Ca’" [89-92]. Etelcalcetide (trade name Parsabiv), a eight-amino acid calcimimetic PAM of CaSR, was approved
in 2016 and 2017 by EU and FDA, respectively, for the treatment of 2HP in adult patients with CKD on
hemodialysis, which increases the activation of CaSR through extracellular Ca?*, resulting in the inhibition of
PTH secretion [93]. The new effective oral positive allosteric CaSR agonist Evocalcet (trade name Orkedia) was
launched in 2018 in Japan for the treatment of 2HPT in patients on dalysis, which suppresses parathyroid cell
function and exhibits fewer gastrointestinal adverse effects than Cinacalcet [94-96]. In the active state of CaSR,

two PAM Cinacalcet (or Evocalcet) molecules bind to the 7TM domains of CaSR homodimer, but adopt distinctly
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different extended and bent conformations in two protomers [97]. In contrast to Cinacalcet and Evocalcet, two
identical copies of Etelcalcetide bind to the bilobed (LB2) interface located in the ECD, which are stabilized by
the interactions formed with enriched negatively charged residues. The cryo-EM structurs of calcilytic molecules
(NAMs) and calcimimetic molecules (PAMs) bound receptor reveal the symmetric inhibition and asymmetric
activation of CaSR homodimer [97]. The chemokine (C-C motif) receptor 5 (CCRS) is a member of family A
GPCR, which recognizes the chemokines and plays a vital role in immunity and inflammation [98]. The negative
allosteric molecule Maraviroc (also referred to Selzentry in the USA or Celsentri in Europe) was entered the
market in 2007 for the treatment of human immunodeficiency virus type 1 (HIV-1) infection (Fig. 2). As a specific,
reversible and noncompetitive antagonist of CCRS5, Maraviroc selectively binds to CC5R and prevents the virus
from entering the host cells by blocking the interaction between CCRS5-tropic HIV-1 glycoprotein (gp) 120 and
CCRS5 [99-101]. The recently reported cryo-EM structures of G protein coupled CCRS5 and the previous solved
inative crystal structure of Maraviroc bound CCRS5 provide insights into the mechanism of ligand recognition and

receptor activation, as well as the negative allosteric regulation of Maraviroc [102,103].

Evocalcet

)w
CLJI‘_;K";-‘

oS T
inacalcet

Fig. 2 Allosteric binding pockets of the approved exogenous allosteric drugs. (A) Cryo-EM structures depict the active-state
CaSR bound by positive allosteric modulators, i.e., Cinacalcet (shown as stick representation and colored lightmagenta; PDB
code: 7M3F), Evocalcet (shown as stick representation and colored pink; PDB code: 7M3G) and Etelcalcetide (shown as
sphere representation and colored red; PDB code: 7M3G). Cinacalcet and Evocalcet bound within 7TM adopt distinct extended
(left) and bent (right) conformations, leading to different interactions with two protomers of CaSR. This asymmetric activation
of CaSR promotes the binding of G protein with the protomer (shown as cartoon representation and colored cyan) bound by
extended positive allosteric modulator [97]. (B) X-ray crystal structure of the inactive state CCR5 (shown as cartoon
representation and colored green) bound by negative allosteric modulator Maraviroc (shown as stick representation and colored
purple; PDB code: 4MBS). The Maraviviroc binds within the cavity of CCRS transmembrane domains and inhibits the
activation of CCRS5 probably through the intreactions with Tyr37'3? (colored blue) and Trp248%® (colored wheat), which are
involved in the binding of chemokine [102].

Endogenous allosteric modulators. In addition to exogenous allosteric regulators, many endogenous
modulators have also been investigated and shown to participate in GPCR allosterism acting as PAMs or NAMs,
including receptor activity-modifying proteins (RAMPs) [104,105], lipids (such as cholesterol [106,107]), amino
acids (such as Phe, Trp and Tyr), peptides (such as vy-glutamyl peptide/y-Glu-Cys-Gly [108,109],
melanostatin/Leu-Pro-Gly [110], 5-hydroxytryptamine-moduline/Leu-Ser-Ala-Leu [111], pepcan-12/Arg-Val-
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Asp-Pro-Val-Asn-Phe-Lys-Leu-Leu-Ser-His [112,111] and pepducins [113]), GPCR-targeted antoantibodies
[114] and ions [115]. In addition, the binding of G protein to the intracellular face of GPCR can also promote the
conformational changes of the extracellular face in an allosteric manner, which in turn influences the orthosteric
ligand binding site, leading to the increased or decreased affinity of agonists or antagonists [116]. Thus, it is
reasonable to speculate that some orphan GPCRs in question possessing allosteric sites with unknown exogenous

regulators may be regulated by hitherto unappreciated endogenous modulators.

Of these modulators, the physiological cations play a significant role in GPCR-mediated intracellular
signaling transduction [117]. Sperically, the high-resolution crystal structure of A»s adenosine receptor (A2aAR)
reveals a sodium-binidng pocket (Na*/water cluster) coordinated by several highly conserved residues, including
Asp52%%0, Ser9133°, Trp246%*® and Asn28474°, as well as water moleculers, in the middle of 7TM domain
[118,119]. As a negative allosteric modulator, Na* stabilizes the inactive state of receptor, whereas the binding of
agonist induces the structural rearrangements of receptor including the Na* binding pocket, leading to the collapse
of Na'/water cluster and acitivation of GPCR [120]. The crystallographic studies of Bi-adrenoceptor (Bi1AR),
protease-activated receptor 1 (PAR1) and 3-opioid receptor (6-OR) also show that Na* stabilizes the receptor in
an inactive conformational state, suggesting that the Na* binding pocket appears to be a common feature of most
non-olfactory class A GPCRs [120—-123]. The divalent cations also contribute to the regulation of GPCR signaling.
Ca’" is known to function as an endogenous orthosteric agonist of calcium-sensing receptor (CaSR), which
regulates the secretion of parathyroid hormone (PTH) and maintains the Ca?" homeostasis [124]. A study regarding
the parathyroid hormone receptor (PTHR) reveals the positive allosteric actons of Ca?*. The acidic amino acids
within the ECL1 of PTHR play a key role in the allosteric regulation of Ca?* [125]. In the case of class A GPCRs,
the allosteric effects of Ca?" and Mg?* have been observed from earlier studies, such as A;4AR and muscarinic
M2 receptor [126,127]. A resent NMR study with respect to the effects of cations on A2aAR also reveals that Ca>*
and Mg?* are able to function as positive allosteric modulators, enhancing the agonist binding affinity and shifting
the equilibrium towards the active-state conformation, whereas Na' acts as the negative allosteric modulator
stabilizing the inactive state of receptor [128]. Moreover, as a second most abundant biologically relevant
transition metal ion, Zn?* is able to make strong interactions with Cys, His, Glu and Asp residues, and has been
proposed to play a vital role in many biochemical reactions in the human body and confirmed as allosteric
modulator of a number of GPCRs [129-131]. A study regarding the bovine rhodopsin receptor reveals several
binding sites for Zn?*, including one with high affinity located in 7TM domian and coordinated by the highly
conserved residues Glu122337 and His211°46. Moreover, the physiological and supraphysiological concentrations
of Zn*" exert completely distinct effects on the receptor [132—-134]. At the human B,-AR, Zn?" is able to increase
the agonist binding and enhance the cAMP accumulation acting as a positive allostric modulator. The mutanenesis
experiments localize the binding site on B-AR for Zn?*" consisting of Glu255°%, Cys265%27 and His269%3!
[135,136]. A study concerning human CXCR4 chemokine receptor unveils the increased binding of antagonist
AMD3100 to Asp262%8 in the extracellular end of TM6 by Zn?* [137]. While, at the dopamine receptors, Zn>*
inhibits orthosteric ligand (antagonist) binding acting as a negative allosteric modulator in a dose-dependent and
reversible manner (for rat and D2R) or in the presence of other distinct allosteric sites bound by Na* and
methylisobutylamiloride (for rat D4R) [138,139]. Two histidine residues (His394%5 and His399%%) towards the
extracellular end of TM6 of rat D2 receptor facilitate the formation of Zn?" binding site [140]. In addition, a
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biphasic effect of Zn?* has also been observed in human metabotropic serotonin receptors (5-HT), wherein Zn?*
exhibits allosteric potentiation and inhibition of orthosteric ligand binding to 5-HT1A at sub-micromolar and
submillimolar concentrations, respectively [141]. Moreover, a recent structural and functional study has
demonstrated the negative allosteric mudulation of Zn?** on huamn galanin 1 receptor (GALR1) likely by
restricting the conformational change of TM6, and the Zn?" effect can be abolished through the mutation of
His267%% located in TM6 below the agonist binding site. In contrast, GALR?2 receptor was not affected by Zn?*
[142].

1.2 Human melanocortin-4 receptor (MC4R)

1.2.1 MC4R ligands

The human melanocortin-4 receptor (MC4R) is one of the members of human melanocortin receptor family
(MCRs) which consists of five subtypes (MCIR to MC5R) and belongs to rhodopsin-like class A GPCR
superfamily [143]. In particular, MC4R is found in peripheral tissues, intestinal L cells and predominantly
expressed in the central nervous melanocortin system therefore together with MC3R referred to as the neural
MCRs [144,145]. In the melanocortin pathway, food intake and energy homeostasis are primarily coordinated by
the interaction of MC4R with different neuropeptides also termed melanocortins (Table 1) [146,147]. In contrast
to other MCRs, MC2R is specifically activated by adrenocorticotropic hormone (ACTH) and interacts with the
obligatory accessory protein (melanocortin receptor accessory protein 1, MRAP1) for its functional expression,
trafficking and signaling. In addition, the melanocortin-2-receptor accessory protein 2 (MRAP2) plays a critical
role in the regulation of MC4R signaling [148—150]. Naturally occurring MC4R loss-of-function (LOF) mutations
are the most frequent cause of monogenic obesity and binge eating disorder [151,152], while some gain-of-
function (GOF) variants have been found to be associated with low body mass index (BMI) and obesity related
cardiometabolic diseases [153]. In addition to its central roles in the control of energy homeostasis and feeding
behavior, the deficiency of MC4R is also involved in the regulation of blood pressure, cardiovascular function
and type 2 diabetes mellitus, making it an attractive therapeutic target for the treatment of obesity and related

diseases [154-159].

The activation of MC4R is induced by different agonists, leading to the increased energy expenditure and
loss of appetite. The endogenous linear peptide agonists, including ACTH, a-melanocyte stimulating hormone (o-
MSH), B-MSH and y-MSH, are all derived from the post-translational processing/proteolytic cleavage of the
precursor polypeptide proopiomelanocortin (POMC) by prohormone convertases (PCs) [160,161]. Among them,
a-MSH is one of the most extensively studied peptides which activates all MCRs with the exception of MC2R.
Much effort has been devoted to designing and synthesizing more potent, selective peptides and small molecules
targeting MC4R. Extensive structure-activity studies based on the fragment of a-MSH have led to the discovery
of many synthetic analogs. Some of them are currently being developed, optimized, and tested in clinical trials.
Specially, the synthetic 13-amino-acid linear peptide 4-Norleucine (Nle*), 7-D-phenylalanine (D-Phe’)-o-
melanocyte stimulating hormone (also termed afamelanotide, Scenesse, [Nle*, D-Phe’]-0-MSH, NDP-0-MSH,

melanotan I and MT I, superscript numbers correspond to the peptide position number based on a-MSH, see table
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1) possesses a prolonged biological activity and high affinity in nanomolar range at all MCRs except the MC2R
and has been approved by European Union in 2014 and FDA in 2019 to stimulate the melanin production in
dermal cells by binding to MCIR and prevent phototoxicity in adults with erythropoietic protoporphyria (EPP)
showing acceptable side effects [162,163]. In addition, the activation of MCRs by MSH analogues shows different
binding affinity towards specific receptor subtypes. In particular, with respect to MC4R, the binding affinity has
been studied and evaluated as follows: NDP-a-MSH > a-MSH = ACTH > B-MSH > y-MSH [164,165]. All of
these endogenous and synthetic agonists share a conserved central core tetrapeptide His-L/DPhe-Arg-Trp (HFRW)
pharmacophore, where the terms L and D refer to the configurational stereochemistry of the Phenylalanine side
chain. Site-directed mutagenesis experiments reveal that extensive interactions, such as salt bridge, CH--O
hydrogen bonds, n-r stacking, hydrophobic and aromatic-aromatic, formed between the receptor transmembrane
helix residues and HFRW motif play a crucial role in the regulation of receptor activation [166—169]. It should be
emphasized that the reverse B-turn secondary structure on HFRW motif functions as a scaffold in the receptor
binding site for orienting the angle of amino acid side chains in the suitable orientation and thus is found to
contribute to the agonist recognition and binding, making it an important cornerstone to design more potent and
selective ligands or small molecules for specific MCR subtypes and pharmacological treatment of related diseases

[170,171].

Due to the high sequence homology between MCRs, most of the linear peptide agonists have low
selectivity towards specific MCR subtype and cause undesirable side effects. Numerous efforts have been
dedicated to the study of novel therapeutics. Notably, considerable progress has been achieved in the development
of macrocyclic peptide ligands modified from the natural products over the years, which compose of natural amino
acids (and analogues) and possess several favorable pharmacological properties, such as the high metabolic
stability, binding affinity, target selectivity and biocompatibility, thus have attracted special attention as drug
candidates for promising therapeutic modality [172,173]. A variety of macrocyclization strategies, such as head-
to-tail, head-to-side chain, side chain-to-tail and side chain-to-side chain, have been used to cyclize linear peptides
based on different reactions such as amide bond, disulfide bridge, thioacetal, thioether, ether, carbon-carbon and
triazole-ring fromation [174]. Several peptide and non-peptide ligands have been evaluated in clinical trials (for
more information see review [175]). Among them, Melanotan I (MT II) is a small synthetic cyclic heptapeptide
analogue of endogenous ligand of a-MSH, which contains a lactam bridge formed between Aspartic Acid (Asp®)
and Lysine (Lys'?) for peptide cyclisation. MT II exhibits prolonged and potent inhibition of food intake and thus
induces weight loss, nevertheless, side effects have also been found because Melanotan II is a non-selective
agonist of MCRs, including MC4R [176—179]. The substitution of C-terminal amino group of MT Il by a hydroxyl
group has led to the discovery of Bremelanotide (also known as Vyleesi), which exhibits non-selective agonist
activities at different MCRs but with high affinity for MC4R and has been approved in 2019 for the treatment of
premenopausal women with Hypoactive Sexual Desire Disorder (HSDD) [180,181]. Setmelanotide, also known
as Imcivree, RM-493, BIM-22493 and IRC-022493, is an eight-amino-acid cyclic peptide analogue of a-MSH
containing D-Alanine (D-Ala’) and D-phenylalanine (D-Phe’) in the core melanocortin sequence, which
preferentially binds to and activates MC4R with inhibition constant (K;) of 2.1 nM and 50% effective
concentration (ECso) of 0.27 nM in respect of cAMP accumulation by stimulating Gs signalling pathway, being

higher affinity and more potent than a-MSH with 20- and 15-fold, respectively. In addition, Setmelanotide shows
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20- and 5000-fold less potent in activating MC1R, MC3R and MC5R (ECso of 5.8 nM, 5.3 nM and more than
1600 nM, respectively), and does not active MC2R [182,183]. Setmelanotide reduces hunger and leads to
substantial weight loss in severely obese individuals caused by the loss-of-function mutation-related biallelic
deficiency including POMC or proprotein convertase subtilisin/kexin type 1 (PCSK1) and leptin receptor (LEPR)
deficiency which are rare genetic disorders of obesity leading to the disruption of MC4R pathway and resulting
in extreme hyperphagia and severe early-onset obesity [184,185]. The clinical trials show that Setmelanotide is
well tolerated with some common adverse events, such as injection site reactions, nausea and hyperpigmentation,
however it does not cause severe side effects, such as increased heart rate and blood pressure [186—189].
Setmelanotide has been approved by FDA in 2020 for chronic weight management in adult and pediatric patients
with obesity caused by the ultrarare genetic POMC, PCSK 1 and LEPR deficiency. In addition, Setmelanotide has
also been extended and granted by FDA in 2022 for the treatment of obese patients with Bardet—Biedl syndrome
(BBS) which is a rare genetic disorder with a wide range of symptoms [190-192].

Table 1. Ligands targeting melanocortin receptors.

Peptide Sequence of ligands (by a-MSH numbering)

a-MSH Ac-Ser!-Tyr?-Ser’-Met*-Glu’-His®-Phe’-Arg®-Trp’-Gly'%-Lys!!-Pro'2-Val'3-NH>
ACTH (1-39) | Ser-Tyr-Ser-Met*-Glu®>-His’-Phe’-Arg®-Trp’-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-
Arg-Pro-Val-Lys- Val-Tyr-Pro-Asn-Gly-Ala-Glu-Asp-Glu-Ser-Ala-Glu-Ala-Phe-
Pro-Leu-Glu-Phe-OH

B-MSH Asp-Glu-Gly-Pro-Tyr-Arg-Met*-Glu3-His®-Phe’-Arg®-Trp®-Gly-Ser-Pro-Pro-Lys-
Asp-OH
y-MSH Tyr-Val-Met*-Gly>-His®-Phe’-Arg®-Trp’-Asp-Arg-Phe-OH

NDP-0-MSH | Ac-Ser-Tyr-Ser-Nle*-Glu’-His’-D-Phe’-Arg®-Trp’-Gly-Lys-Pro-Val-NH:
Melanotan II | Ac-Nle* cyclo[Asp’-His®-D-Phe’-Arg®-Trp’-Lys!'%]-NHa

Bremelanotide | Ac-Nle* cyclo[Asp’-His®-D-Phe’-Arg®-Trp’-Lys!?]-OH

Setmelanotide | Ac-Arg? cyclo[Cys*-D-Ala’-His®-D-Phe’-Arg®-Trp’-Cys]-NH:
SHU9119 Ac-Nle* cyclo[Asp®-His®-D-2-Nal’-Arg®-Trp’-Lys!?]-NHa

Note:

The central pharmacophore His-Phe-Arg-Trp (HFRW) colored red.

Nile: lipophilic Norleucine; D-Phe: stereoisomer D-phenylalanine; D-2-Nal: D-2-
naphthylalanine.

Position 4: Methionine (Met) is often replaced with lipophilic residue Norleucine
(Nle), acidic residue Aspartic Acid (Asp) or non-polar residue Cysteine (Cys)
which is normally used for peptide cyclization based on the disulfide bond
formation.

Position 5: The preferred residue at this position is neutral or acidic, such as D-
Alanine (D-Ala), Glutamic acid (Glu) and Aspartic acid (Asp).

Position 6: No preference has been found for a specific residue at this position.

Position 7: The chirality change of Phenylalanine (D-Phe) has been found given
more ligand potency.

Besides the linear and cyclic peptide ligands, intense efforts have been made to develop highly active and
selective small non-peptide ligands either based on the natural melanocortin peptides for example the B-turn
conformation of HFRW consensus sequence which plays a key role in peptide recognition or the high-throughput
screening of organic compounds. Haskell-Luevano et al. performed the screening of a small molecule library

based on B-turn structure and first reported the discovery of the non-peptide small heterocyclic compounds which
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are able to strongly stimulate Mouse MCIR (mMCIR) with the exception of mMC3R and mMC4R [193].
Notably, the first non-peptide small molecule agonist tetrahydroisoquinoline (THIQ) aimed at MC4R was
designed and synthesized by Patchett et al. THIQ exhibits remarkable potency and selectivity, leading to
substantial reduction in food intake [194]. Subsequently, the optimization based on THIQ structure has led to the
discovery of many derivatives for example MB243 which can also reduce the food intake and augment erectile
activity [175,195]. Due to their metabolic stability and versatile modifiability, non-peptide small molecules
provide a promising scaffold for the development of novel drugs targeting MC4R with exceptional potency,
selectivity, and safety. Furthermore, in addition to the small peptidic and non-peptide agonists, a study has reported
that a large bone-derived hormone/protein, lipocalin-2, can cross the blood-brain barrier and binds to MC4R in
the paraventricular and ventromedial neurons of the hypothalamus acting as an agonist [ 196]. To date, no structural
information has been disclosed for the lipocalin-2/MC4R complex. However, it is foreseeable that this huge

hormone protein may interact with MC4R in a novel manner completely different to the agonists discussed above.

The regulation of energy homeostasis involves not only agonists but also antagonists or inverse agonists
that possess opposing effects at MC4R (Fig. 3). The POMC neurons within the hypothalamic arcuate nucleus
(ARC) are activated by leptin and release a-MSH which activates MC4R in paraventricular nucleus (PVN) and
negatively influences feeding behavior, resulting in suppression of food intake and increase of energy expenditure.
In contrast, the inhibition of MC4R activity can be positively regulated by endogenous antagonists/inverse
agonists, specifically by agouti-related protein (AgRP) that coexists with neuropeptide Y (NPY) released by
NPY/AgRP (y-aminobutyric acid, GABA) neurons which are also located in ARC and release the inhibitory
neurotransmitter GABA, leading to increased food intake [197]. As a potent orexigenic peptide, NPY is able to
stimulate food intake and the corresponding appetite stimulating responses are mediated through NPY receptors,
such as Y1 and Y5 [198,199]. Many diseases of negative energy balance, such as cachexia, anorexia nervosa, self-
starvation and failure to thrive in Prader-Willi Syndrome (PWS) infants, can be prevented and alleviated via the
administration of AgRP, indicating its important role in the regulation and treatment of metabolic dysfunctions

[200-204].

AgRP is encoded by AGRP gene in humans and identified in 1997. AgRP is 25% identical to human agouti
signaling protein that antagonizes MC1R which is involved in the regulation of pigmentation. As a potent
endogenous antagonist of MC3R and MC4R, the orexigenic neuropeptide AgRP is primarily produced in the
arcuate nucleus of hypothalamus and plays essential roles in the regulation of feeding behavior and energy
homeostasis [205-207]. In particular, AgRP also functions as an inverse agonist at MC4R and suppresses the
constitutive activity of MC4R through a mechanism independent of MC4R agonist ligands. While, the action of
AgRP on MCA4R can be blocked by SHU9119 which is a potent antagonist of MC3R and MC4R, as well as partial
agonist of MC5R [208,209]. The mature human AgRP consists of two domains containing 112 residues after
cleavage of the N-terminal signal peptide sequence. In particular, the cysteine-rich C-terminal domain of AgRP,
corresponding to AgRP(87-132), possesses the receptor binding affinity and selective antagonistic activity. The
NMR structure analysis indicates that AgRP(87-132) active domain contains N-terminal, central and C-terminal
loops, which is stabilized by five disulfide bonds and forms an inhibitor cysteine knot (ICK) fold motif.
Interestingly, the flexible and highly dynamic N-terminal domain of AgRP lacks the well-defined structure and
negatively suppresses the antagonist activity of AgRP(87-132) but does not significantly affect its structural

19



characteristics. In addition, the RFF (Arg-Phe-Phe) triplet located on the B-hairpin of AgRP(87-132) central loop
has been proven to be the active sequence of AgRP, playing a key role in MCRs binding. It is also proposed that
the binding selectivity of AgRP for MC3R and MC4R is conferred by the N-terminal loop of AgRP(87-132) [210—
212]. Moreover, the AgRP(87-120) lacking the C-terminal loop and small cyclic decapeptide Yc[CRFFNAFC]Y
synthesized based on the CRFFNAFC residues in the B-hairpin of central loop function as inverse agonists at
human MCA4R revealing the functional determinants of inverse agonism [213]. Additionally, the more potent and
selective antagonists have been designed and synthesized based on the structure-activity relationship (SAR)

studies, which will accelerate progress toward the treatment of metabolic diseases [214].
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Fig. 3 Schematic representation of the melanocortin system in the arcuate nucleus of the hypothalamus (ARC). The orexigenic
NPY/AgRP (GABA) and anorexigenic POMC neurons form a coordinated first-order sensory regulatory network and both
project to the second-order target PVN neurons to positively and negatively regulate the food intake and energy expenditure,
respectively, as well as other physiological functions. The binding of leptin and ghrelin to their respective receptors in
NPY/AgRP (GABA) and POMC neurons results in distinct activation (+) and inhibition (-) effects. The POMC neuron is
activated by the binding of leptin, leading to the release of a-MSH which binds to MC4R resulting in satiety. While the
NPY/AgRP (GABA) neuron is inhibited by leptin but primarily stimulated by ghrelin which is an orexigenic endogenous
peptide for GHSR and secreted from stomach [215]. In addition, the NPY/AgRP (GABA) neurons can also project to POMC
cell bodies and inhibit the POMC neurons [216]. Furthermore, the gene expression of hypothalamic AgRP and POMC can be
downregulated and upregulated by leptin, respectively, leading to the decreased production of AgRP and increased release of
a-MSH, and eventually result in decreased energy intake [217,218]. GSHR, growth hormone secretagogue receptor (ghrelin
receptor); NPY, neuropeptide Y; AgRP, agouti-related protein; GABA, y-aminobutyric acid; PVN, paraventricular nucleus;
GABAAR, y-aminobutyric acid receptor; MC4R, Melanocortin 4 Receptor; a-MSH, a-melanocyte stimulating hormone;
POMC, proopiomelanocortin. Figure from [219].
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1.2.2 MC4R allosteric regulation

Biological and pharmacological studies have implicated that a number of endogenous regulators have been
investigated and shown to participate in GPCR allosterism acting as PAMs or NAMs, including G proteins, -
arrestins, receptor activity-modifying proteins (RAMPs), lipids, amino acids, peptides, GPCR-targeted
antoantibodies and ions [220]. Of these modulators, metal ions are required for the lignad binding to a number of
GPCRs and GPCR-mediated signaling transduction [117,221,222]. A study has demonstrated that the specific
binding of radioligand '**I-NDP-a-MSH to MC4R requires the presence of calcium [223]. Further evidence for
the putative cations binding has been provided by the investigation of the thermal stability measurements of MC4R
in complex with different ligands, such as the agonists a-MSH and NDP-a-MSH, antagonist SHU9119 and inverse
agonist AgRP(83-132), in response to Mg?*, Zn>" and Ca**, whereas only Ca?" increases the thermalstability of
MC4R in complex with SHU9119 and NDP-0-MSH [224]. Ca?" can also increase '2I-NDP-a-MSH binding to
MC4R with a ECsp of 3.7 uM acting as a positive allosteric modulator. In contrast, Ca?" has no impact on the
AgRP(82-132) binding. Of note, the precise Ca?" binding site was first described in the MC4R-SHU9119 crystal
structure and the calcum ion was coordinated by three negatively charged amino acids Glu100%>%°, Asp12232> and
Asp1263?° in MC4R and two backbone-carbonyl oxygen atoms in SHU9119 (Asp> and D-2-naphthylalanine/D-
2-Nal’ residues) (Fig. 4) [224]. Moreover, recent studies with respect to the functional and structural
characterizations of MC4R also demonstrate the important roles of Ca?" in the agonist binding, the regulation of
MC4R activation and signaling. Particularly, both peptides (a-MSH, NDP-o-MSH, Bremelanotide and
Setmelanotide) and small non-peptide moleculer (THIQ) agonist ligands bound active state MC4R cryo-EM
structures unambiguously confirm the presence of Ca?" ion between TM2, TM3 and agonist, and share the same
Ca?" coordination (i.e., coordinated by Glul00%%, Asp12232> and Asp126*? in MC4R as observed in MC4R-
SHU9119 complex crystal structure and different backbone-carbonyl oxygen atoms in ligands) (Fig. 4) [225,226].
In addition, as a neuromodulator, Zn>" also plays a critical role in the functional regulation of melanocortin
receptors. Although the exact binding site of Zn*" on MC4R remains unclear. However, previous studies have
demonstrated that Zn?>* can act both as a partial agonist and a positive allosteric mudulator for the action of peptide
agonists (NDP-a-MSH and a-MSH) on MC1R and MC4R, suggesting the presence of Zn*" binding site on the
receptor [227-229]. Furthermore, a recent publication reveals that Zn?* functions as a positive allosteric modulator
for ligand binding and exhibits agonistic properties in relation to the constitutive activity of MC4R at
physiologically relevant low micromolar concentrations, whereas Cu?* acts as an inverse agonist and inhibits the

constitutive activity of MC4R [230].
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Fig. 4 Conformational comparison of the Ca>* binding sites among MCRs. Ca?* is shown as sphere colored yellow. All MCRs

share same Ca”* coordination (Glu?>°, Asp*?* and Asp*?° ) when bound ligands containing HFRW motif (see table 1).

1.2.3 MC4R structural properties

MCA4R is among the few GPCRs displaying distinct structural features compared with most other class A
GPCRs. Usually, the extracellular loop 2 (ECL2) containing over 15 amino acids is the largest ECL in class A
GPCRs and contains different secondary structural elements (Fig. 5), such as the f-hairpin formed by two -sheets
found in rhodopsin and CXCR4, the short a-helix stabilized by an intra-helical disulfide found in f2AR and the
short loop found in dopamine receptor 3 (D3R), thus adopting varying conformations [231]. ECL2 plays a vital
role in the extracellular region of receptor and contributes to the ligand binding cavity, thereby influencing the
ligand selectivity, ligand binding affinity, allosteric modulation, receptor activation and downstream intracellular
signaling. For example, ECL2 can form a structured extracellular cap covering the binding pocket of the
covalently bound or lipid ligands, or keep away from the binding cavity to facilitate the entrance of diffusible
ligands such as the large peptide to the transmembrane domain bundle [231-233]. However, MCRs including
MCA4R have a very short ECL2 containing just three to four amino acids without defined secondary structural
elements compared with other class A GPCRs [229], resulting in the formation of a relatively open and
extracellular solvent-accessible ligand binding pocket for large peptides (Fig. 5), which has been recently
confirmed by the inactive and active MC4R structures [224-226]. Particularly, two hydrogen bonds have been
observed from the inactive state MC4R structure between Ser188F¢H2, and Arg® and Trp® in antagonist SHU9119
[224]. The agonist bound active state MC4R structures reveal the involvement of Ser188F¢L2 in the formation of
hydrogen bonds with Arg® in endogenous agonist a-MSH, Trp® in linear agonist NDP-a-MSH, Trp° in cyclic

8ECL2 also

agonist bremelanotide and Trp? in cyclic agonist Setmelanotide, respectively. In addition, Serl8
contributes to the formation of a hydrophobic pocket that accommodates the non-peptide agonist THIQ for binding
to MC4R [225,226]. Moreover, these studies also confirm that MC4R does not possess a conserved disulfide
bridge usually found in a number of GPCRs including class A and class B, which connects ECL2 and the
extracellular tip of TM3 (Cys1223%), which constrains the conformational changes of this region during receptor

activation [231]. In contrast, MC4R contains a non-conserved negatively charged amino acid aspartate
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(Asp1223%) in TM3 which is involved in the formation of ligands and calcium ion binding network. Furthermore,
all five MCRs share three highly conserved cysteines, including Cys2715¢L3, Cys277EE and Cys279ECLs
[225,226,234-237]. Among them, Cys2715¢L3 and Cys2775CL form an intra-loop disulfide bound within ECL3,
while Cys279F¢L3 forms another disulfide bound with N-terminal Cys40N-" which is observed in the agonist bound
MC4R cryo-EM structures but not in the antagonist SHU9119 bound MC4R crystal structure. A missense
mutation at ECL3 (Cys2715¢L3 to Arg2718C13) reduces the ligand binding affinity and cell surface expression of
receptors. An unusual functionally disastrous disulfide bridge within ECL3 of this mutant formed by Cys279F¢L3
with Cys277ECL3 instead of Cys40N*" contributes to the loss of the properly folded ECL3, leading to the
malfunction of MC4R [238]. Taken together, all of these compelling pieces of evidence emphasize the significant
impact of the extracellular loops on the functional properties of MC4R.

Fig. 5 The conformational diversity of extracellular loop 2 (ECL2) in several class A GPCRs. (A-D) The ECL2 of MC4R
colored magenta (PDB code: 7F53) is compared with ECL2 of rhodopsin colored orange (A; PDB code: 3CAP), f2AR colored
cyan (B; PDB code: 2RH1), A2aR colored pink (C; PDB code: 2YDO) and CXCR4 colored yellow (D; PDB code: 30E0). (F)
The overlay of all ECL2 of five GPCRs. Only the transmembrane helices of MC4R are shown for clarity.

1.3 Membrane-mimicking systems

The structural and functional characterization of membrane proteins including GPCRs have been
performed using different membrane mimetics, including organic solvents [239-242], amphipols [243,244],
detergent micelles [245], bicelles [246], nanodiscs [247], liposomes [248,249] and co-polymers [250]. A

comprehensive discussion of the different membrane-mimicking systems is provided in chapter 2.
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1.4 Objectives

A number of membrane proteins are susceptible to denaturation when extracted from their native lipid
environment by detergents. Alternative methods have been developed, such as MSP nanodiscs and amphiphilic
copolymers. Specially, the amphiphilic copolymers enable the direct extraction of functional membrane proteins
along with their surrounding lipids and form native lipid-bilayer nanodiscs. The work shown in this thesis focused
on the functional characterization of MC4R and development of novel amphiphilic copolymers. In more detail,

the objectives of this thesis can be specified as follows:

1) Evaluate the pros and cons of the currently used membrane-mimicking systems for the functional and structural

studies of membrane proteins (chapter 2).

2) Explore the potential of newly synthesized electroneutral polymer Sulfo-DIBMA for in vitro studies of GPCRs-

ligand interactions in native lipid-bilayer environment (chapter 3).

3) Characterize the functional integrity and allosteric regulation of MC4R in different environments, including

detergent micelles, MSP1D1 nanodiscs and Sulfo-DIBMA native membrane nanodiscs (chapter 4).

4) Characterize the potential of newly synthesized amphiphilic copolymers for GPCR studies derived from
DIBMA via partial amidation of the carboxylate pendant groups with various biocompatible amines, including

Arg-DIBMA, Dab-DIBMA, Meg-DIBMA and mPEG4-DIBMA (chapter 5).
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2. Membrane mimicking systems and their applications

This chapter reflects the content of the following manuscript.
Native-state NMR characterization of membrane systems (Manuscript submitted)

Ci Chu?, Thibault Viennet®*, Manuel Etzkorn®<d *
Institute of Physical Biology, Heinrich Heine University Diisseldorf, Diisseldorf, Germany
*Department of Chemistry and iNANO, Aarhus University, Aarhus, Denmark

“Institute of Biological Information Processing (IBI-7: Structural Biochemistry), Forschungszentrum Jiilich,

Jiilich, Germany

dJiilich Center for Structural Biology (JuStruct), Forschungszentrum Jiilich, Jiilich, Germany

25



Abstract

Structure and function of proteins can be strongly affected by the surrounding environment. In this respect
the generation of a ‘native-state’, i.e., a condition that adequately captures the relevant features of the target protein
during the experimental characterization, is generally desired. It is, however, evident that a considerable number
of important protein systems, especially including membrane proteins, require complex environments to allow a
native-state characterization. Focusing on membrane systems, this chapter discusses various aspects of generating
native-state conditions and appropriate NMR-based methods that can provide insights into the increasingly

complex environments that accompany them.

Background

Membrane proteins (MPs), such as integral membrane proteins (IMPs), lipid-anchored proteins, and
peripheral membrane proteins, play crucial roles in regulating a wide variety of physiological processes. To
understand their signaling properties and enable rational development of novel drugs, it is essential to obtain
atomic-resolution insights into structure and dynamics of MPs in an environment that adequately maintains their
functionally relevant conformation(s). An appropriate combination of biochemical and biophysical approaches
that is able to provide these insights and thus enables a ‘native-state characterization’ of the respective system is
the aspired goal of most studies. Unfortunately, challenges in sample preparation, stability and/or applicability of

suitable biophysical techniques often restrict native-state characterizations of MPs.

Traditionally, X-ray crystallography has been used as a powerful method to determine a large number of
high-resolution atomic structures of MPs. However, the preparation of high-resolution diffracting crystals is often
time-consuming and notoriously difficult [251]. Alternatively, cryo-electron microscopy is a great tool for
structural characterization of large MPs in different membrane mimetics [252,253]. To facilitate sample handling,
enable prolonged measurement times, and/or to increase the achievable structural resolution, many studies
exploited the benefits of protein engineering and/or specific synthetic environments to stabilize/lock MPs in
particular conformational states and/or to increase thermal stability [254-257]. Yet, one central parameter of many
MP signaling pathways is the dynamic modulation of multiple conformational states, such as found in GPCR
systems [258-260]. Consequently, an accurate quantitative determination of the population of the different
conformational states of a GPCR and its modulation by extracellular stimuli is arguably one of the most valuable
read-out parameters to assess the impact of new drug candidates. Nuclear Magnetic Resonance (NMR) is one of
the very few techniques capable of not only providing structural information into highly dynamic MPs, but also
to offer quantitative information about the populations of different conformational states in dynamic equilibrium
[261]. However, since these populations will very likely be affected by receptor modification/stabilization as well
as non-native membrane environments, it will be of fundamental importance to carry out the respective
experiments under native-state conditions. Overall, it may thus be envisioned that future rational drug design
strategies may be inspired by a suitable combination of dynamic processes characterized by native-state NMR
and structural snapshots obtained from cryo-EM and X-ray crystallography. In the following we will discuss

current approaches and future requirements for the desired native-state NMR characterizations of MPs.
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Membrane environment

The surrounding phospholipids’ characteristics and bilayer structure contribute to the preservation of the
structural and functional integrity of MPs through different physical properties such as thickness, charge, lateral
pressure, hydrophobic mismatch, membrane fluidity and curvature [262—-265]. For example, the tilt and rotational
angles of MPs’ transmembrane a-helices can be affected by the lipid-protein interactions, leading to modulation
of the functional properties of MPs [266]. In general, most of the structural and biophysical characterization of
MPs have been conducted in membrane mimicking systems (membrane mimetics) such as organic solvents [239—
242], amphipols [243,267], detergent micelle [245], bicelles [246], nanodiscs [247] and liposomes [248,249]. The

following section will focus on commonly used membrane mimetics for solution NMR studies (Fig. 6).
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Fig. 6 Schematic presentation of various commonly used membrane mimicking systems for functional and structural studies

of MPs.

Detergents. In general, the most popular applied membrane mimetics for solubilization and purification
of MPs have been derived from micelle forming detergents. A wide variety of detergents have been developed
and synthesized over the past decades, which have made impressive achievements in the characterization of MP
structures [268]. In addition to the critical micelle concentration (CMC) needed to form the desired micelle
particles, parameters such as the critical packing parameter (CPP), micelle aggregation number, cloud point,
critical micelle temperature (CMT) and hydrophilic-lipophilic balance (HLB), influence the selection of proper
detergents for the biophysical and structural characterization of MPs [245,269]. The CPP is useful to predict the
preferred geometry of detergent micelles, such as spherical, cylindrical and inverted or reverse micelles, as well
as flexible and planar bilayers [270]. The aggregation number is defined as the average number of detergent
molecules present in a micelle when the CMC has been reached, which is correlated to the CPP and affects the

micelle size and shape. Detergents with larger aggregation number are likely to form ellipsoid micelles, while
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detergents with smaller aggregation number tend to form spherical micelles. The aggregation number of a
detergent is related to its hydrocarbon chain length and to the size of its hydrophilic head group. In general, the
longer the hydrocarbon chain length, the larger the aggregation number. The bigger the hydrophilic head group,
the smaller the aggregation number. For solution NMR the aggregation number and thus the molecular mass of
the micelle, which typically ranges from 20 to 100 kDa [271], is one central parameter. However, also the micelle
shape, and thus the CPP, may induce anisotropic effects potentially influencing NMR properties. The cloud point
is used to describe the temperature above which the detergent solution forms two distinct phases (“detergent-rich”
and “detergent-poor”) from the isotropic micellar solution, which is one of the issues frequently encountered
during the crystallization of protein-detergent complexes and affected by the buffer conditions such as pH, salt
concentration and additives [272]. Due to the increased molecular tumbling rate and related favorable spin
relaxation rates, higher temperatures are often desirable for NMR experiments. In this respect, the cloud point and
the CMT which is defined as the temperature above which isotropic micelles are formed, should also be considered

for selection of suitable detergents for solution NMR studies.

Detergents are mainly classified into three categories according to the property of their hydrophilic head
groups, i.e., ionic, nonionic and zwitterionic detergents [271,273]. The ionic detergents contain small, cationic or
anionic charged hydrophilic head groups and relatively short hydrophobic alkyl chains, which are commonly used
as surfactants to study the folding of MPs, such as the negatively charged sodium dodecyl sulfate (SDS). As an
extremely effective ionic detergent, SDS exhibits excellent performance for solubilization and has been
successfully used in the NMR measurement of stable proteins or peptides such as Magainin2 [274] or to study
unfolded states [275]. Regarding the latter, SDS tends to denature MPs by breaking the hydrophobic interactions
in the protein core or between the protein and biological membrane, resulting in the loss of biological activity.
Most of the detergents currently used for purification and structural characterization of MPs are either nonionic
or zwitterionic detergents possessing neutral charged hydrophilic head groups, which are considered to be ‘mild’
and to preserve the structural integrity and activity of isolated MPs. A selection of commonly used detergents is
given in Table 2. If required, detergents can also be combined with e.g., cholesterol hemisuccinate (CHS) to

stabilize the membrane-mimicking environment for purification and/or increased MP activity [276].

For the structural characterization of MPs by solution NMR, the preferred detergents should form small,
homogeneous micelles and tumble rapidly to elongate relaxation times of the observed spins. Some zwitterionic
detergents have been successfully used for a-helical and p-barrel MPs, such as LDAO [277], dihexanoyl- and
diheptanoyl-phosphocholine (DHPC) [278-281], decyl-phosphocholine (DePC) [282], and dodecyl-
phosphocholine (DPC) [283-288]. Overall, due to their comparably small size, detergent systems may offer the
best NMR-spectral properties resulting in favorable features for NMR-based studies of structure and dynamics of
the target MP. However, the price for this is a rather artificial environment lacking many aspects of native
membranes. In this respect, the used detergent molecules may introduce destabilizing effects or alter the MP’s
structure due to different physicochemical properties including different chemical composition, hydrophobic
mismatch, internal dynamics, lateral pressure, curvature and fast molecular exchange processes. Furthermore, the
constant presence of monomeric detergent molecules may interfere e.g., with ligand binding or other functional

features and thus prevent a native-state characterization of the system.
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Table 2. Commonly used detergents. *Different values have been reported.

Detergent Micelle Mw CMC Refer-
size (Da) (wt %/mM) ences
(kDa)
DDM n-Dodecyl-B-D-maltoside 72 510.6 | 0.0087/0.17 [289]
DM n-Decyl-B-D-maltoside 40 482.6 0.087/1.8 [290]
oG n-Octyl-B-D-glucoside 25 292.4 0.53/20 [291]
NG n-Nonyl-B-D-glucopyranoside 90 306.4 0.2/6.5 [290]
'é Ci2Es Polyoxyethylene 8 dodecyl 66 538.7 0.005/0.11 [271]
5 ether
E Ci2Ey Polyoxyethylene 9 dodecyl 83 582.8 0.003/0.05 [289]
ether
UDM n-Undecyl-B-D-maltopyra- 50 496.59 0.029/0.59 [292]
noside
LMNG Lauryl maltose neopentyl gly- 91 or 1005.19 | 0.001/0.01 [290]
col 3932
CHAPS 3-[(3-cholamidopropyl)dime- 6 614.88 0.5/8 [271,293]
thylammonio]-1-propanesul-
Q fonate
E CHAPSO 3-[(3-cholamidopropyl)dime- 7 630.88 0.5/8 [293]
E thylammonio]-2-hydroxy-1-
.*; propanesulfonate
N LDAO lauryldimethylamine-N-oxide 21.5 2294 0.023/1-2 [289]
DPC n-Dodecyl-phosphocholine 19 351.46 0.047/1.5 [294]
(Fos-choline-12)

Bicelles. In contrast to detergent micelles, bicelles contain a planar lipid bilayer formed by long-chain
phospholipids, such as dimyristoylphosphatidylcholine (DMPC), surrounded by a rim of either detergents or
short-chain phospholipids (most commonly CHAPSO or DHPC) [295]. Bicelles were first introduced by
Prestegard and co-workers for NMR measurements [296,297]. The size of bicelles depends on the molar ratio
between the long-chain lipids and detergents (or short-chain lipids) used, which is defined as ¢ parameter: ¢ =
concentration of long-chain lipid / (concentration of detergent above its CMC). The radius R of bicelles is defined
as: R = 1/2 krq (m + (n*+ 8k/q)"?), where r is the radius of the rim of short-chain lipids (r equals 2 nm when using
DHPC), k is the difference between the head-group areas of short-chain and long-chain lipids (k equals 0.6 when
using DHPC and DMPC) [298,299]. In general, ‘detergent-rich’ isotropic bicelles with a low ¢ value (~0.25-0.5)
exhibit fast tumbling and can maintain rapid lipid reorientational diffusion, making them the bicelle of choice for
solution NMR [300-302]. Some structures of peptides and MPs in isotropic bicelles have been determined by
solution NMR, such as penetratin [303], dynorphins [304], the dimeric transmembrane domain of the receptor
tyrosine kinase EphA [305], BNip3 [306], and the growth factor receptor ErbB2 [307], the integrin allbf3
transmembrane complex [308], and the phototaxis receptor sensory rhodopsin II [279]. In addition to the ¢ values,
the morphology of bicelles can also be affected by total lipid concentration, lipid composition and temperature,
which can induce transition from isotropic bicelles to vesicles [309,310]. Overall, the application of bicelles for
solution NMR can provide a step towards more native-like conditions. In this respect, bicelles offer a planar-lipid-
bilayer platform that can be conveniently adapted to study for example the influence of distinct lipid compositions
on the function and structure of MPs, such as cholesterol, fatty acids and sphingolipids [311-313]. However, the
presence of destabilizing effects by (monomeric) detergents, increased sizes, limited set of compatible lipids and
detergents, and limited stability/tolerability for temperature, pH, and ionic strength, may still interfere with the

generation of a native state.
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Protein and peptide stabilized lipid-bilayer nanodiscs. Small lipid bilayers can also be stabilized in a
detergent-free environment by amphipathic proteins or peptides. The resulting discoidal particles are normally

referred to as lipid-bilayer nanodiscs (NDs).

MSP-based nanodiscs. The most common type of nanodiscs uses the so-called membrane scaffold
proteins (MSPs). MSPs are derived from truncated forms of human Apolipoprotein A-I (ApoA-I), which can
efficiently wrap around and stabilize a small patch of phospholipid bilayer. MSP nanodiscs can accommodate a
wide range of lipid composition including 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine (POPC), 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol (POPG),
1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC),
1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG). MSP nanodiscs are disc-like particles that have defined
size and high solubility in aqueous solutions, making it an ideal detergent-free system to perform functional and
structural studies of MPs [314,315]. Nanodiscs contain two copies of the MSP, each stabilizing one leaflet of the
bilayer. MSPs comprise repeated amphipathic a-helices that interact through salt bridges and zipper-like patterns
of cation-m interactions. Preparation is generally straightforward, although some pitfalls need to be avoided
(reviewed elsewhere [316]). It typically involves mixing the selected MSP variant with detergent solubilized
phospholipids and, if desired, detergent solubilized MPs followed by suitable detergent removal initiating the self-
assembly process (Fig. 6) [317-321]. The size of MSP nanodiscs ranges from 6 to 16 nm in diameter depending
on the length of the MSP variants used [247,322—-324]. The MSP-nanodisc system has been specifically optimized
for solution-NMR applications by introducing shorter MSP variants, such as the MSPD1AS [323], to increase
molecular tumbling [323,325] and by covalently circularizing the scaffold proteins by sortase A, leading to so-
called cNDs, to increase homogeneity and thermal stability [326]. A growing number of exciting NMR results
could be obtained on different incorporated target proteins using a broad range of MSP-variants, for example
reviewed in [327,328]. Noteworthy, the MSP-ND system in combination with solution-NMR readouts also offers
an appealing platform to study the lipid-specific membrane binding modes of (soluble) proteins [329]. Advantages
of the MSP-ND system include its high stability, solubility and homogeneity, the absence of detergents, the high
tolerability for different lipids and lipid mixtures, as well as the possibility to adjust the particle size according to

the specific needs.

In addition to NMR applications, these advantages have naturally stimulated numerous studies on the
function and structure of MPs in a bilayer environment using small-angle X-ray or neutron scattering [330—333]
and cryo-EM [334-337], including the cNDs system [338]. Still, the MSP-ND system requires detergent
extraction/solubilization of the target MP and subsequent transfer of the MP into a lipid bilayer that typically
comprises a non-native lipid composition. These features may interfere with the generation of a native-state due
to denaturing effects of the detergents and/or an artificial lipid composition. While variations of the lipid
compositions can be made, finding a suitable lipid composition with optimal NMR characteristics can be a tedious

and time-consuming process [316,328,339].

Saposin-based nanodiscs. In addition to MSP, another class of proteins named saposins has been used to
form NDs. The cysteine-rich a-helical sphingolipid activator glycoprotein family contains four homologous

members (saposin A, B, C and D) which function as non-enzymatic modulators of lipid homeostasis and are
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derived from the precursor protein prosaposin [340]. Saposin nanodiscs are formed by two saposin A proteins
surrounding the lipid bilayer in a head-to-tail arrangement [341]. Due to the lipid-binding and self-assembling
properties of saposin A, Frauenfeld and co-workers investigated the feasibility of reconstituting detergent
solubilized MPs into saposin A based lipid-bilayer particles (also known as Salipro nanoparticles) in physiological

conditions for the structural investigation of MPs in a detergent-free environment [342].

In comparison to the relatively laborious screening process for selecting suitable MSP variants, Salipro
nanoparticles offer a more straightforward approach by mixing saposin A and lipids in different ratios to
accommodate MPs with varying sizes. The Salipro system has been frequently used for functional [343] and in
particular also cryo-EM studies [342,344-346]. More recently, Drulyte et al. introduced a new one-step approach
for direct solubilization of MPs from cell pellets into Salipro. Of note, the cell pellets were first treated with the
mild detergent digitonin, which increases the cell membrane fluidity, making the lipids and MPs more accessible
for following reconstitution by saposin A proteins [347]. So far, a limited number of applications of the Salipro
system for solution NMR have been reported, including the investigation of the feasibility of NMR studies of MPs
in saposin nanodiscs, such as isotope-labeled B-barrel protein OmpX (16.5 kDa), phototaxis receptor sensory
rhodopsin II (pSRII) (26.4 kDa) and turkey Pl-adrenergic receptor (BiAR) (36 kDa) [348]. Preservation of the
MPs biological function as well as reasonably high quality 2D ['H,'’N]- and ['H,'3C]-SOFAST-HMQC spectra
indicated that saposin nanodiscs have good potential for MPs studies by NMR [348]. The saposin nanodisc system
mirrors most advantages and disadvantages of the MSP-ND system. In direct comparison the ease of size
tunability may favor the saposin system for distinct application, while homogeneity and stability, in particular of
the cND system, could be favorable in MSP-ND system. Furthermore, potential interaction between the saposin

A protein with incorporated MPs should be taken into consideration [342].

Peptide nanodiscs. Small amphipathic peptides have also been used to prepare discoidal phospholipid
bilayer particles. The a-helical peptide 18A (Ac-Asp-Trp-Leu-Lys-Ala-Phe-Tyr-Asp-Lys-Val-Ala-Glu-Lys-Leu-
Lys-Glu-Ala-Phe-NH;) derived from Apolipoprotein A-I (ApoA-I) is commonly used to prepare peptide
nanodiscs (hereafter termed peptidisc) [349]. The Ala, Phe, Tyr, Leu and Val residues form the
hydrophobic/lipophilic side of the amphipathic helix, while the opposite hydrophilic/polar side is composed of
negatively charged (Asp and Glu) and positively charged (Lys) residues. The interaction between positively
charged residues and negatively charged phosphate groups of phospholipids can be exploited to directly solubilize
membranes without extra addition of detergents [350,351]. Two amphipathic a-helical peptides are arranged in an
antiparallel fashion on the belt of a phospholipid bilayer patch covering the lipid fatty acyl chains [352]. The size
of peptidiscs can be controlled by varying the lipid to peptide molar ratio, as is the case with saposin nanodiscs
and co-polymer nanodiscs (discussed below). Fluorescence resonance energy transfer (FRET) experiments
indicated that collision-mediated lipid exchange, probably caused by mismatches and dynamic exchange in the
continuous belt, can occur between peptidiscs [351]. Furthermore, it has been suggested that above the phase
transition temperature of the used lipids, translocation of the peptide from the particle belt to the liquid-crystalline
bilayer phase of phospholipid can occur [353]. Also, changes in the particle size over time have been reported,
corroborating the highly dynamic behavior of 18A peptidiscs [354]. The potential benefits of the 18A system in

respect to ease of handling and size adaption, may therefore come at the prize of reduced (thermal) stability.
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To stabilize the system, a self-polymerizing amphiphilic peptide with a cysteine-glycine flexible linker at
N-terminus and a benzyl thioester (COSBn) at C-terminus (known as ASPP1, NH,-Cys-Gly-Asp-Trp-Leu-Lys-
Ala-Phe-Tyr-Asp-Lys-Val-Ala-Glu-Lys-Leu-Lys-Glu-Ala-Phe-COSBn) have been introduced [355]. ASSP1 can
self-polymerize and spontaneously formed nanodiscs when incubated with (synthetic) phospholipid bilayers in
the absence of detergents, which exhibit excellent stability in varying conditions. The size of ASPP1 peptidiscs
can also be easily controlled by adjusting the peptide:lipid ratio [355]. In addition, Carlson et al. presented a rapid
and cost-effective peptidisc system formed by nanodisc scaffold peptides (NSPr), which is made by two copies
of the reverse version of 18A peptide linked by proline residue and exhibits outstanding solubilization efficiency
of different MPs that have been transferred from purified detergent micellar conditions [356]. In recent years, the
peptidisc systems have been successfully used for the structural determination of MPs by means of cryo-EM, such
as PlexinC1/A39Rcomplex [357], HIV envelope glycoprotein [358], human dual oxidase 1 complex [359], yeast
ABC transporter Pdr5 [360] Acinetobacter baumannii ATP synthase [361] and human Sec61 complex [362].
Noteworthy, the versatile and robust features of the DNA (origami) nanotechnology [363—366] can be exploited
to expand the scaffolding features of protein-based NDs [367] and control MP oligomerization in NDs [368]. In
addition, the generation of protein-free smaller membrane nanoparticles known as DNA-encircled bilayers
(DEBs) has been reported [369]. In general, DNA-scaffolded and DNA-encircled NDs offer appealing features
for NMR-structural studies such has homogeneity, size-tunability, and possible absence of other proteins/peptides.
While exciting new developments and applications can be expected in this area, the laborious and cost intensive

preparation may be restrictive for systems that do not require the benefits of this technique.

Co-polymer nanodiscs. Amphiphilic copolymers are an emerging class of synthetic polymers capable of
directly extracting and/or stabilizing lipid bilayers. In contrast to most other nanodiscs technologies, usage of co-
polymers can avoid the intermediate step of detergent solubilization of MPs and directly extract the functional
MPs along with surrounding native lipids from the cellular membrane to form planar native lipid-bilayer
nanodiscs. One of the most prominent systems is the negatively charged styrene/maleic acid (SMA) co-polymer.
In particular SMA(2:1), which bears the hydrophobic styrene group and hydrophilic maleic acid group with an
average ratio of 2.3 and has been widely used to isolate MPs, such as GPCR, ABC transporters, reaction centre-
light harvesting 1 (RC-LH1) complex and nucleoside transporter [370-375].The formation of nanoscale SMA
lipid particles (SMALPs) relies on the polymer’s insertion into the membrane by hydrophobic and electrostatic
interactions [376-378]. However, the efficiency of solubilization and ease of characterization of MPs with
SMA(2:1) are largely affected by buffer conditions. At low pH and/or in the presence of divalent cations such as
Mg?" and Ca*', SMALPs tend to precipitate [379,380]. These issues have been addressed by the synthesis of
zwitterionic SMA (zSMA), which exhibits enhanced buffer compatibility [381]. Often the UV absorption caused
by the aromatic styrene moiety hampers the determination of encapsulated MPs concentration and other
downstream biochemical experiments [381,382]. As a non-styrene containing co-polymer, Diisobutylene/maleic
acid (DIBMA) does not bear the aromatic group and exhibits good solubility, resulting in the formation of DIBMA
lipid particles (DIBMALPs). In addition, DIBMA is able to tolerate high concentration of divalent cations
[383,384]. Due to their promising potential to study different aspects in the MP-research field, a variety of
derivatives have been synthesized, such as the positively charged SMI [385], PMA [386], SMA-QA [387] and
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SMAJ-A [388]; and the negatively charged stilbene maleic acid (STMA) [389], Glyco-DIBMA [390], SMA-SH
[391], SMA-EA [387] and acrylic acid styrene (AASTY) [392] systems (Fig. 7).
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Fig. 7 The common and recently synthesized amphipathic polymers for MP studies. A) Chemical structures of polymers. SMA,
styrene maleic acid; SMA-SH, styrene maleic acid with sulthydryl group; SMA-EA, styrene maleic acid ethanolamine; STMA,
stilbene—maleic anhydride; AASTY, poly(acrylic acid-co-styrene); DIBMA, diisobutylene maleic acid; SMI, poly(styrene-co-
maleimide); PMA, polymethacrylate; SMA-QA, styrene maleimide quaternary ammonium; SMAd-A, styrene

maleimideamine; SMA-ED, styrene maleic acid ethylenediamine. B) Schematic of MPs purification by amphipathic polymers.

While the extracted lipid patches in theory provide a direct native-like environment for the target MP, the
high charge density of the surrounding polymers introduces clear restrictions. For example, strong charge-driven
interactions of (soluble) binding partners with the polymer-belt may interfere with functional studies of the target
MP. More recently, Glueck et al. have introduce the zwitterionic co-polymer Sulfo-DIBMA, which still exhibits
excellent solubilization efficiency, high pH and divalent cation stability, and is able to accommodate large MPs
and MP complexes with varying sizes, while largely reducing unwanted interactions within the tested systems
[393]. This may be essential to generate native-state conditions for in vitro measurement of ligand-GPCR binding

affinities under physiologically relevant conditions by suitable biophysical methods, such as microfluidic
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diffusional sizing (MDS), microscale thermophoresis (MST), isothermal titration calorimetry (ITC), bio-layer
interferometry (BLI) and surface plasmon resonance (SPR) [394-398]. Sulfo-DIBMA native membrane
nanoparticles have also been used for initial cryo-EM structural studies of the encapsulated MPs [399].
Furthermore, DIBMA and SMA co-polymers have been successfully used for the structural characterization of
MscS-like channel Ynal and Cytochrome b¢; complexes by means of cryo-EM [400,401]. SMA co-polymers have
also been used as vehicle for the transport of purified MP into lipid cubic phase (LCP) for crystallization [402].

So far, NMR studies have mainly used polymer nanodiscs comprising synthetic lipids to exploit their size
tunability including the ability to form macro-nanodiscs that align with the magnetic field, thus functioning as
novel alignment medium for determination of residual dipolar couplings and/or chemical shift anisotropy
measurements [403—406]. Furthermore, the ability of NMR-based structural studies of MPs extracted from native
membranes has been demonstrated for the bacterial cation diffusion facilitator CzcD from E. coli’s cytoplasmic
membrane using SMA polymers in combination with solid-state NMR [407]. While these studies lay the
foundation for high-resolution and quantitative NMR characterizations of MPs in a native state, increased sample
heterogeneity and particle sizes, paired with challenges in isotope labeling in often-required eukaryotic expression
systems, will benefit from a suitable strategy that combines vital advances in NMR methodology to provide the

aspired results.
NMR methodology

The usage of increasingly complex membrane mimicking environment requires dedicated NMR-methods
that are tailored to the respective environment and desired readout. The following section summarizes a selection

of suitable techniques.

Methyl labeling. One NMR method that is coming of age as a powerful technique to study large molecular
machines and membrane proteins is the detection of methyl groups. '3CH; groups are particularly good NMR
sensors due to the combination of fast rotation of the methyl protons around the CH3 axis and the degeneration of
the three magnetically equivalent protons. Moreover, the methyl TROSY experiment has been developed that
relies on the methyl group’s favorable interferences of single- and triple-quantum cross-relaxation paths to further
enhance resolution and sensitivity [408]. Pulse sequences have been developed using methyl group NMR sensors
for structure characterization (3D HHC, HCC and 4D HCCH NOESY experiments) [409—411] and dynamics
(nuclear spin relaxation including of the 'H triple-quantum coherence [412,413], forbidden coherence transfer
(FCT) [414], CPMG relaxation dispersion [415], CEST [416]. Similarly, the assignment pipeline of CH3 groups
has become easier with the introduction of structure-based assignment algorithms paired with NOESY

experiments, and usage of optimal-control designed experiments able to distinguish Leu from Val signals [417].

Arguably one of the most powerful NMR experiments for detection of methyl groups is the band-selective
optimized flip-angle short-transient (SOFAST) ['3C-"H]-HMQC [418]. It is compatible with the methyl-TROSY
approach and SOFAST provides a gain in measurement time of up to 5-fold due to accelerated sampling (shorter
recycle delays). The setup exploits the pool of 'H magnetization (e.g., non-methyl 'H spin in protonated proteins,
water, detergents, lipids, etc.) that are left ‘untouched’ (longitudinal), thus acting as a cross-relaxation sink to

accelerate the methyl '"H magnetization relaxation, enabling considerably shorter inter-scan delays. For large
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proteins such as MPs in their membrane mimetic systems, the pulse sequence can be tuned to minimize losses due
to transverse relaxation. In this regard, a minimum of pulses and shortening of delays can be used, which include
(1) the optimization of the INEPT transfer step taking the adverse effects of magnetization buildup and transverse
relaxation into account and (ii) the start of signal acquisition already prior the (complete) final refocusing of 'H
anti-phase magnetization, which in combination with a delayed decoupling, allows a considerable increase in

signal-to-noise but requires dedicated processing due to distorted line shapes [419,420].

In protonated proteins, where the TROSY effect is difficult to exploit, isotope filtering can be used at the
end of the first INEPT by flipping back all not-used 'H magnetization along the z-axis, thus participating in the
SOFAST effect. The XL-ALSOFAST-HMQC setup combines these benefits in one experiment and thus enables
considerably increased sensitivity in large protonated systems [419]. For deuterated systems the TROSY-delayed
decoupling (dd)-HMQC setup has been recently reported that uses a similar strategy but exploits the strong
TROSY effect in these samples [419].Both pulse sequences will effectively contribute to improving the NMR

accessibility of MPs in increasingly native environments.

In addition to optimized pulse sequences, a critical aspect for methyl NMR naturally is the incorporation
of suitable isotope labeling pattern in the target protein. Generally, the aim is often to introduce, in addition to the
desired (1*C,'H) labeled methyl group, also a deuterated background to reduce spin-spin couplings and further
enhance resolution and sensitivity. Stereo-specific metabolic precursors have been used to generate isolated *CHj
spin systems in Ile, Leu and Val residues [421,422]. This has proven very successful for proteins that can be
expressed recombinantly in bacteria, but is difficult to realize for proteins, such as entire classes of membrane
proteins, that can only be reliably expressed in eukaryotic or cell-free systems. Using dedicated methodology,
cell-free protein production has been used to expressed ILV selective methyl labeled SREBP transmembrane
segment [423]. A rather demanding workflow has been used in which first a protein is expressed in bacteria using
selective metabolic precursors followed by its digestion to create a selective labeled amino acid mix that is
ultimately used for cell-free expression. Alternatively, a modified cell-free system with the addition of enzymes
able to process the metabolic precursors for Val and Leu was used to express selective '*CHj labeled progesterone

receptor [424] that was recently optimized resulting in the “Stablelabel” approach [425].

As far as eukaryotic expression systems are concerned, yeast strains such as P. pastoris as well as K. lactis
have been utilized to incorporate the metabolic precursor for Ile (alpha-Keto-butyric acid) as well as prelabeled
amino acids [426—429]. Some of these strains can survive deuteration and express functional GPCRs, as shown
for the adenosine Asa receptor in both micelles and nanodiscs, using labeling of Ile methyl groups [430] or
methionine residues [431]. Alternatively, '*C-methylation of Lys residues has been employed to introduce *CH;
groups in the Br-adrenergic and p-opioid receptors expressed in S. frugiperda (Sf9) insect cells, but these result in
non-natural probes [432,433]. In addition, insect cells have been used to introduce isotope-labeled Met [434—437]
or Ala [438] in the Br-adrenergic and P2X4 purinergic receptors reconstituted in micelles and nanodiscs by adding
selectively isotope-labeled amino acids and deuterated algal mix to an amino acid deficient insect cell growth
medium. The NMR signal was boosted by judicious ‘local deuteration’, i.e., addition of deuterated amino acids
in the vicinity of the methyl group of interest. Incorporation of 2H to 80% was achieved for a group of eight residue

types (CFILTVWY) [438]. This approach was successful for Met (85% incorporation) where the metabolic
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scrambling is minimal in eukaryotic cells but required addition of trans-aminase inhibitors to achieve selective

13CH3 labeling of Ala residues (45% incorporation).

Recently, we reported usage of affordable sterco-specifically labeled Leu that can be incorporated in
proteins, including MPs, expressed in insect cells or cell-free systems [439]. The local deuteration pattern inside
the pre-synthetized Leu partially alleviate the need for background deuteration providing a gain of about 40% in
relaxation times compared to a not deuterated environment. The absence of *C spins on the neighboring carbons
furthermore circumvents restrictions associated with homonuclear *C-!3C scalar couplings and usage of constant-
time encoded experiments. We anticipate that this new approach will facilitate the suitable incorporation of *CHj
NMR sensors in proteins expresses in eukaryotic systems and thus contribute to enable new native-state

characterizations of MPs.

YF NMR. An attractive NMR methodology for the investigation of membrane proteins makes use of the
special properties of '°F nuclei. Fluorine NMR presents interesting advantages related to the high gyro-magnetic
ratio of 'F, its 100% natural isotopic abundance and its high sensitivity to changes in chemical environment
(chemical shift space). Moreover, its absence in most biomolecules provides a background-free approach even in
cellular applications. This comes with the drawback that !°F has a strong chemical shift anisotropy, leading to high
relaxation rates. However, this issue can be partially alleviated by making use of the rotational dynamics in
trifluoro-methyl groups [440] or by using the interference between the '°F CSA and the '3C-'°F dipole-dipole
coupling for TROSY selection in aromatic '*C-'°F spin systems [441]. Assignment of '°F signals remains a
challenge and still heavily relies on site-directed mutagenesis, although pulse sequences have been developed to
correlate '°F to neighboring nuclei in some cases like in the HOESY [442] and HCCF-COSY [443] experiments.
Finally, the toolbox of °F NMR has been expanded towards characterization of molecular dynamics with the

development of '°F relaxation [444,445] and relaxation-dispersion [446] experiments.

A very successful approach for '’F NMR characterization of membrane proteins is the introduction of
trifluoromethyl groups in purified samples through chemical ligation with a single or a small set of Cys residues.
For instance, several positions in the P,-adrenergic receptor have been labeled with 2,2, 2-trifluoroethanethiol
(TET) to observe conformational changes in the cytoplasmic ends of helices VI and VII and understand its
allosteric regulation [447—449]. A single TET-modified Cys residue has also been utilized as an NMR sensor to
investigate the influence of lipid composition on the conformational equilibrium of the A2aAR receptor in MSP-
nanodiscs. The presence of anionic lipids was found to induce conformational changes of similar magnitudes to
those induced by drugs. Other probes based on '°F-functionalized aromatic rings, such as 2-bromo-4-
(trifluoromethyl)acetanilide (BTFA) have been used to study the effect of nanobody binding on the B,-adrenergic
receptor’s conformation [450]. Furthermore, multiple '°F-reactants were tested for their chemical-shift
sensitivities to the environment and 2-bromo-N-(4-(trifluoromethyl)phenyl)acetamide (BTFMA) was found to be
the best reporter label [451]. BTFMA proved successful in the conformational investigation of the P-adrenergic
receptor [452] and the A, adenosine receptor [453], including a preparation in MSP-nanodiscs [454]. Of note,
the tradeoff between the higher chemical shift sensitivity of °F-aromatic probes and their potential to reliably
report on the desired conformational changes, is likely a sample-dependent choice to make for each new study.

For example, it has been reported that reliable detection of ring current effects as reporters of membrane protein
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conformational changes are primarily obtained for aliphatic [!°F] methyl groups proteins [455]. Chemical
modification of Cys residues is feasible for samples produced in eukaryotic systems but has the disadvantage of
introducing unnatural probes that may disrupt the normal conformational landscape of proteins. Furthermore, it
often requires mutations of (all not observed) native Cys to Ser residues with difficult to predict effects on the

target protein.

Instead, direct incorporation of '°F probes into proteins of interest can be achieved in E. coli by using large
excess of fluorinated amino acids in a minimal culture medium (M9). Consequently, only a minor modification,
i.., replacement of one native 'H by the desired '°F, can be realized. This has been readily achieved for 5-"°F-Trp
[456] and 4-'°F-Phe [457] that was incorporated in glucagon to study its binding mode to glucagon receptor
(GCGR). Incorporation levels of fluorinated aromatic amino acids can be enhanced by adding glyphosate to the
culture medium (which blocks metabolic aromatic amino acid synthesis) and supplementing Phe, Tyr and Trp in
lower amounts. This was critical for samples with more expensive '°F-13C Tyr probe that can be used to make use
of the TROSY effect [441]. Moreover, direct incorporation of '?F aromatic amino acids in proteins expressed in
mammalian (HEK293T) cells was recently demonstrated and '°F NMR was performed in-cell [458]. This
approach shows great promise for the study of membrane systems in their native environments, with minimal

modification of the target protein.

Often it may also be beneficial to label just a single site in the target protein with !°F to avoid issues related
to spectral crowding, ambiguous assignments, etc. Genetic code expansion in E. coli utilizing Amber codon
repurposing was used to introduce a 3,5-difluorotyrosine site-specifically in B-arrestin and observe its binding
mode to GPCR phospho-peptides by '’F NMR [459]. In a more recent study, the Amber codon strategy was
successfully used to introduce the unnatural amino acid 3'-trifluoromenthyl-phenylalanine into the cannabinoid

receptor 1 expressed in Sf9 insect cells [460].

While the above sections have focused on solution NMR applications, !°F NMR has also been used in the
study of membrane proteins by solid-state NMR, where '°F-!°F diffusion are particularly powerful and can
quantify distances up to 2 nm. Such approaches were applied to the influenza M2 protein [461], the HIV fusion
protein gp41 [462] and the bacterial drug transporter EmrE [463]. Furthermore, '°F NMR can benefit from fast
magic angle spinning (MAS) and Dynamic Nuclear Polarization (DNP) in the solid-state, as demonstrated for the
HIV capsid protein [464]. The specific usage of DNP for proteins in native environments is discussed in the next

section.

Targeted and localized DNP. DNP can enhance sensitivity of NMR by orders of magnitude by transferring
the higher polarization of electrons to the nuclei of interest. Such a hyperpolarization has for example already
been used for complex cellular and/or membrane systems [465—467]. DNP generally relies on introducing radicals
carrying unpaired electron spins with specific magnetic properties as source of the hyperpolarization. An entire
area of research on developing efficient, water-soluble, and biocompatible radicals has emerged [468—470]. In
general, DNP provides an exciting way, not only to increase sensitivity, but also to bring selectivity to NMR
experiments by engineering modified radicals that will specifically direct hyperpolarization to a target protein.

Selective hyperpolarization can be realized via radicals that are brought in close proximity to the target protein

37



either by directly attaching them covalently or using endogenous interacting radicals such as specific metal ions.
These scenarios are normally referred to as localized DNP. Hijacking the selectivity of biological interactions, a
(bi)radical can also be covalently bound to a ligand of the target protein, which upon binding can direct the

hyperpolarization to the ligand-protein complex. The latter scenario is also referred to as targeted DNP [471,472].

Localized-DNP approaches in which DNP radicals have been site-specifically attached to the protein of
interest via Cys covalent linkage, include (i) Ubiquitin functionalized with a Gd**-DOTA moiety [473], (ii)
Anabaena sensory Rhodopsin functionalized with a methanethiosulfonate-modified TOTAPOL (ToSMTSL)
[474], and (iii) the ion channel KcsA with a similarly modified AMUPOL radical [475]. Although this is a
straightforward and useful strategy to achieve selective hyperpolarization, it requires suitable point mutations of

the target protein and suitable environments for the radical-labeling reaction.

Alternatively, (artificial) membrane systems can be selectively enhanced through usage of lipids
chemically modified with radicals, for instance a C16-functionalized variant of the radical TOTAPOL (DPPC-
TOTAPOL) termed PALMIPOL [476]. This approach has been shown to increase hyperpolarization by a factor
of 4 compared to conventional soluble radical for Proteorhodospin in liposomes [477]. Similarly, DPPC-TEMPO
lipids have been used to hyperpolarize the KL4 lipophilic peptide inside lipid bilayers and study its membrane
partitioning properties [478]. The distribution of radical-functionalized lipids in the bilayer is critical to optimize

hyperpolarization but difficult to achieve in practice, which is a major limitation of that approach.

Directing the hyperpolarization via functionalizing an interaction partner of the target protein can separate
the radical-labeling reaction from the target protein preparation. Consequently, the investigation of the target
protein in a cellular context may become more accessible. Using a functionalized high affinity ligand of
dihydrofolate reductase (TMP-T) it was shown that spectral bleaching and chemical perturbation could be
reduced, and that selective hyperpolarization over the background could be realized [479]. We also achieved
selective hyperpolarization of Bcl-xL thanks to a TOTAPOL-functionalized Bak peptide [471]. We demonstrated
that, providing one can deuterate the environment to avoid 'H-'H spin diffusion effects, highly selective

hyperpolarization of the target protein can be achieved even in the complex environment of a cell lysate.

The development of localized and targeted DNP approaches provides an exciting avenue for the
characterization of proteins in their native environments, including in-cell. In a proof-of-concept experiment,
introduction of the spin-label unnatural amino acid 2,2,6,6-tetramethyl-N-oxyl-4-amino-4-carboxylic acid
(TOAC) in an antimicrobial peptide directly through solid-phase peptide synthesis allowed for DNP investigation
of the peptide in intact bacterial cells [480,481]. Also, recombinantly expressed isotopically labeled proteins can
be delivered into intact, non-isotopically labeled mammalian cells in native concentrations and be investigated by
DNP [482]. With careful consideration of the radical stability in cells [483,484], its partition inside cells and cell
compartments [485] and of the cell’s intactness during sample delivery, freezing and magic-angle spinning
procedures [486], we expect localized and targeted DNP to become a valid avenue for in-cell characterization of

membrane systems in the future.
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Conclusions and perspectives for native-state characterization of challenging MPs

In the following we will use GPCRs as an example to outline the motivation, requirements, and feasibility
of a native-state NMR strategy. GPCRs comprise the largest superfamily of cell surface proteins in mammalian
cells. Approximately 800 GPCRs are encoded by ~2% human genome [487]. GPCRs are highly dynamic and
undergo conformational rearrangements induced by the binding of a plethora of extracellular stimuli, leading to
different conformations during activation which in turn interact with intracellular signal transducers and initiate
downstream signaling pathways. This dynamic equilibrium and its modulation are among the most important
read-out parameters to understand GPCR signaling and potential effects by new drug candidates. Pioneering
studies, including [434,437,452,488—490] (among many others reviewed for example in [258,263,443,491]), have
impressively demonstrated that NMR belongs to the very few techniques that is capable of providing this read
out. However, it is also apparent that this read out can be influenced by the frequently used mutations that are
introduced to stabilize the receptor as well as by the surrounding lipid environment. Therefore, usage of a native-
state condition is essential to obtain the desired insights. In this respect it can be speculated that the native-lipid
membrane extraction via suitable polymer-disc systems offers two advantages, i.e. (i) the native lipid environment
is preserved and (ii) the sample preparation procedure is entirely detergent-free. It can be envisioned that both

features will increase the receptor’s general stability potentially reducing the need for stabilizing mutations.

Despite their crucial importance in the development of pharmaceuticals, studies into the function and
structure of GPCRs by NMR remain challenging, largely owing to the low-level expression and typically high
costs of isotopically labeled medium. While the expression level of endogenous GPCRs is low, several
heterologous expression systems have been successfully used to produce isotope-labeled GPCRs [492]. In addition
to mammalian system such as HEK293 cells, the Spodoptera frugiperda cells such as S9, Sf21 and Trichoplusia
ni (High Five) have been successfully used for MP expression. These insect-cell expression systems are able to
produce functional GPCRs at comparatively high yields (approximately 0.5 mg per liter of cell culture)
[489,491,493]. Affordable isotope-labeling protocols using labeled algal extract [494-496] and yeast extract as
well as stereo-specific methyl labeled Leucine [439] have been developed. In general, these approaches should be
able to produce sufficient amounts of the target GPCR for native-state characterization. At the same time, the
availability of new sets of (electroneutral) polymers [393], capable of solubilizing MPs in their native lipid
environment, may allow to stabilize GPCRs in a native-like state, ideally evading the need for stabilizing
mutations, while still allowing ligand binding studies. Consequently, the long-lasting limits in generation of

sufficient amounts of isotope labeled target GPCR in a native-like environment may just have been resolved.

Still, the intended sample, i.e., wild-type GPCR in native-membrane discs, will likely display increased
heterogeneity, conformational dynamics and an overall increased particle size as for example compared to NMR-
optimized MSP nanodiscs. To counter these features, it is essential to exploit appropriate NMR methodology such
as methyl'% or 'F labeling to reduce effects of (heterogenous) sizes combined with dedicated new pulse sequences
such as the XL-ALSOFAST-HMQC [419] or the TROSY-ddHMQC [420]. In parallel to the above outline
solution-NMR strategy, the usage of (DNP-enhanced) solid-state NMR may provide additional insights into
specific structural features. Due to the reduced spectral resolution in (low temperature) DNP, this approach

presumably needs to involve specific isotope labeling and/or selective hyperpolarization techniques to obtain the
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desired insights. However, DNP-enhanced solid-state NMR will likely have the capability to obtain atomic-

resolution insights into wild-type GPCRs in native eucaryotic membranes or even whole-cell preparations.

In conclusion, the field of NMR-based GPCR research has entered an exciting period in which the available
tools are paving the way to reliable atomic-resolution and quantitative insights into the structural features and

highly relevant dynamic equilibria of these key receptors in their native state.
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3. Electroneutral polymers for membrane protein studies

This chapter reflects content of the following publication focusing on our contribution that involves the
microfluidic diffusional sizing (MDS) measurement of the electroneutral polymers, including Sulfo-DIBMA,

which are amenable to protein/lipid interaction studies.

Electroneutral Polymer Nanodiscs Enable Interference-Free Probing of Membrane Proteins in a Lipid-

Bilayer Environment

Glueck, D., Grethen, A., Das, M., Mmeka, O. P., Patallo, E. P., Meister, A., Rajender, R., Kins, S., Rischle, M.,
Victor, J., Chu. C., Etzkorn, M., ... & Keller, S.

Small 18.47 (2022): 2202492. DOI: 10.1002/smll.202202492.
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3.1 Abstract

Membrane proteins can be examined in near-native lipid-bilayer environments with the advent of polymer-
encapsulated nanodiscs. These nanodiscs self-assemble directly from cellular membranes, allowing in vitro
probing of membrane proteins with techniques that have previously been restricted to soluble or detergent-
solubilized proteins. Often, however, the high charge densities of existing polymers obstruct bioanalytical and
preparative techniques. Thus, the authors aim to fabricate electroneutral-yet water-soluble-polymer nanodiscs. By
attaching a sulfobetaine group to the commercial polymers DIBMA and SMA(2:1), these polyanionic polymers
are converted to the electroneutral maleimide derivatives, Sulfo-DIBMA and Sulfo-SMA(2:1). Sulfo-DIBMA and
Sulfo-SMA(2:1) readily extract proteins and phospholipids from artificial and cellular membranes to form
nanodiscs. Crucially, the electroneutral nanodiscs avert unspecific interactions, thereby enabling new insights into
protein-lipid interactions through lab-on-a-chip detection and in vitro translation of membrane proteins. Finally,
the authors create a library comprising thousands of human membrane proteins and use proteome profiling by

mass spectrometry to show that protein complexes are preserved in electroneutral nanodiscs.

3.2 Introduction

Membrane proteins constitute ~23% of the human proteome and account for over 60% of current drug
targets [497]. Despite their evident importance in biology and medicine, membrane proteins are challenging to
analyze in vitro because it is difficult to extract them from a lipid membrane gently; that is, without perturbing
the protein’s native structure and function. Over recent years, membrane mimics offering a lipid bilayer [498],
such as membrane-scaffold protein (MSP) nano-discs [314], have been used with great success. However, these

methods also require conventional detergents in time-consuming and potentially deleterious initial steps [373].

Overcoming these pitfalls, amphiphilic copolymers such as diisobutylene/maleic acid (DIBMA) [383] and
styrene/maleic acid (SMA) [499] have emerged as alternatives to purifying integral membrane proteins [392,500].
These polymers induce formation of nanodiscs composed of a lipid-bilayer patch surrounded by a polymer belt
[501-503]. The proteins simply remain embedded in their native lipid-bilayer patch as part of the DIBMA or SMA
nanodiscs, and detergents are not required [273]. Nonetheless, the high charge densities of both DIBMA and SMA
lead to unspecific interactions with charged proteins and lipids. Such unspecific interactions interfere with labile
protein—protein and protein—lipid interactions and also with enzymatic (especially ribosomal) activities [504].
Furthermore, they obstruct many preparative and analytical techniques, such as protein electrophoresis and cell-
free protein translation [373,505]. Thus, creating electroneutral polymers for lipid-bilayer nanodiscs has become
an attractive goal. One approach toward electroneutrality has been to incorporate phosphocholine pendant groups
into the zwitterionic copolymer zZSMA, which was synthesized de novo [381,382]. While zZSMA has shown
promise for biological applications, the multistep nature of its synthesis has so far prevented its widespread use
in membrane-protein applications. A considerably simpler synthetic approach was to modify commercially
available SMA backbones with ionizable pendant groups. Although chemically straightforward, the resulting

polymers are water-soluble only when they carry a net charge [388]. With this simplified approach in mind, we
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hypothesized that a sulfobetaine moiety would provide the desired electroneutrality without sacrificing solubility.
Sulfobetaine is zwitterionic at biologically relevant pH values, so we reasoned that its polymer chains and
nanodiscs should also be electroneutral. In addition, sulfobetaine is found in popular buffers (in particular, Good’s

buffers), attesting to its high water solubility and excellent biocompatibility.

Here, we present two new electroneutral—yet water-soluble—polymers, Sulfo-DIBMA and Sulfo-
SMA(2:1), formed by attaching sulfobetaine to the commercially available polymers DIBMA and SMA(2:1),
respectively (Fig. 8). We show that the new polymers quantitatively solubilize phospholipid bilayers and extract
proteins from cellular membranes to form electroneutral nanodiscs. The electroneutrality of the new nanodiscs
allows charge sensitive protein—lipid interactions to be reliably detected and quantified—for the first time—by
using the new lab-on-a-chip method, microfluidic diffusional sizing (MDS). The unique combination of
electroneutral nanodiscs and MDS reveals protein—lipid interactions that are otherwise overshadowed by
unspecific electrostatic effects in the case of charged nanodiscs. We further highlight the benefit of these
electroneutral polymers for cell-free translation and in vitro folding of membrane proteins. Like MDS, cell-free
protein translation has so far been incompatible with polymer-encapsulated nanodiscs because of interference due
to unspecific electrostatic interactions. Moreover, we demonstrate that the proteins extracted by the sulfo-
polymers can be directly analyzed by electrophoresis with no need for prior polymer removal. We exploit these
properties for creating soluble libraries comprising thousands of human membrane proteins embedded in a
nanoscale lipid-bilayer environment that preserves the integrity of protein complexes and is amenable to proteome

profiling by mass spectrometry.

s”:

N\/\/ NH>
—_—— ’
DMF, 120°C, 48 h CHCl3, 65°C, overnight i
O e}

\f .

N

\Y
N o

—N

J_ﬁ

Fig. 8 Synthetic route for the electroneutral sulfo-polymers. (A) Sulfo-DIBMA formation from maleimide copolymer and
1,3-propane sultone. (B) Sulfo-SMA(2:1) structure.
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3.3 Associated results

Charge-sensitive protein—lipid interactions are involved in many physiologically relevant but barely
understood processes. For example, the binding and (mis)folding of proteins on lipid membranes are thought to
underlie amyloid-plaque formation in neurodegenerative diseases [506]. Therefore, understanding protein—lipid
interactions may have important implications for biology and medicine. However, these interactions cannot be
studied with existing polymer nanodiscs (such as those based on DIBMA and SMA) because their polyionic
polymer chains interfere with such charge-sensitive interactions. We assessed the usefulness of Sulfo-DIBMA and
Sulfo-SMA(2:1) polymers for probing protein—lipid interactions by means of microfluidic diffusional sizing
(MDS), a recent lab-on-a-chip technique that requires only microliter volumes of sample [507-511]. MDS can
detect binding of proteins to lipid bilayers by measuring changes in the effective hydrodynamic size of the protein
upon membrane binding. Since vesicles tend to exceed the hydrodynamic-size range applicable for MDS, smaller
lipid-bilayer nanoparticles are needed for analyzing protein—lipid interactions. Hence, Sulfo-DIBMA and Sulfo-

SMA(2:1) nanodiscs are ideal candidates for this kind of assay.

To assess which polymers are able to probe charge-sensitive protein—lipid interactions, we first studied the
membrane interactions of a-synuclein, a protein that plays a pivotal role in neurodegenerative diseases [512].
Physiologically, this water-soluble protein binds to presynaptic vesicles, which presumably aids synaptic release
[512]. a-synuclein has a high affinity to anionic lipids, whereas interactions with zwitterionic lipids are weak
[513]. Consequently, lipid-specific binding modes, predominantly those involving formation of amphipathic a-
helices, have been detected using liposomes [514,515] and MSP nanodiscs [329]. Due to its well-established lipid-
binding properties, a-synuclein here served as a positive control for our assay (Fig. 9A). Thus, we titrated a-
synuclein with nanodiscs formed from the different polymers and harboring either zwitterionic DMPC or anionic
DMPG (1,2-dimyristoyl-sn-glycero-3-phospho-(1'-rac-glycerol)). Upon titration with anionic DMPG
encapsulated by either Sulfo-DIBMA or Sulfo-SMA(2:1), the hydrodynamic size of a-synuclein increased from
7 nm to about 16 nm, which is consistent with binding of the protein to these nanodiscs (Fig. 9B). Upon titration
with zwitterionic DMPC encapsulated by either of the two electroneutral polymers, however, a-synuclein did not
bind to the nanodiscs, as evidenced by its unchanged hydrodynamic size. In stark contrast, titration with nanodiscs
formed from polyanionic DIBMA or SMA always revealed binding of a-synuclein to the nanodiscs irrespective
of the charge of the encapsulated lipid, obscuring any lipid-specific effects. Thus, our data clearly demonstrate
that the expected lipid specificity of this interaction is detected only for nanodiscs formed from electroneutral

Sulfo-DIBMA or Sulfo-SMA.

Following our positive control, we examined the less-well-characterized binding of the peptidic
adrenocorticotropic hormone (ACTH) to DMPC and DMPG nanodiscs [516]. As for other secretory peptides,
binding to anionic lipids is thought to facilitate directed intracellular transport by vesicles [517]. Indeed, we
observed that ACTH strongly preferred anionic DMPG over zwitterionic DMPC in both Sulfo-SMA(2:1) and
Sulfo-DIBMA nanodiscs (Fig. 9C and 9D). Here again, this lipid specificity was lost when ACTH was exposed
to nanodiscs encapsulated by polyanionic SMA(2:1) or DIBMA, which gave rise to unspecific interactions

irrespective of the chemical nature of the lipid constituent (Fig. 9C). With the aid of Sulfo-DIBMA nanodiscs, we
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probed the charge-sensitive membrane interactions of ACTH over several orders of magnitude of lipid
concentrations (Fig. 9D). Thus, MDS measurements enabled us to reliably detect even the rather weak interaction
of ACTH (Fig. S1) with DMPG lipids. Finally, we used monomeric guanine nucleotide-binding protein subunit
B1 (GB1) as a negative control. Because GB1 in its monomeric form does not interact with DMPC or DMPG, the
protein should be inert toward Sulfo-nanodiscs regardless of their lipid constituents [518]. As expected, GB1
showed no increase in size in the presence of Sulfo-SMA(2:1) nanodiscs. Taken together, these three examples
demonstrate that the new, electroneutral polymers do not interfere with charge-sensitive protein—lipid interactions

and—for the first time—enable sensitive membrane-interaction assays in a microfluidic format.
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Fig. 9 Electroneutral nanodiscs enable probing of lipid-specific protein—lipid interactions via MDS. A) Schematic showing
that a-synuclein selectively binds to and folds at anionic membrane surfaces, such as DMPG, resulting in a protein—nanodisc
assembly with increased hydrodynamic size [519]. By contrast, a-synuclein should not interact with nanodiscs having
electroneutral surfaces, such as DMPC. B) Particle size of a-synuclein in the absence and presence of DMPC or DMPG
nanodiscs formed from Sulfo-DIBMA, DIBMA, Sulfo-SMA(2:1), or SMA(2:1). C) Particle size of ACTH in the absence and
presence of DMPC or DMPG nanodiscs formed from Sulfo-DIBMA, DIBMA, Sulfo-SMA(2:1), or SMA(2:1). ACTH showed
strong selectivity for DMPG lipids in Sulfo-DIBMA and Sulfo-SMA(2:1) nanodiscs but not in nanodiscs made from negatively
charged DIBMA or SMA(2:1). D) Particle size of ACTH upon titration with Sulfo-SMA(2:1) nanodiscs containing zwitterionic
DMPC or anionic DMPG.

45



3.4 Conclusions

The electroneutral polymers introduced herein offer considerable advantages for membrane-protein
research because they significantly extend the range of bioanalytical and preparative methods compatible with
lipid-bilayer nanodiscs. Sulfo-DIBMA and Sulfo-SMA(2:1) can be readily obtained by a simple modification of
commercial polyanionic precursors, allowing their low-cost and straightforward production in nonspecialized
laboratories. Electroneutral polymer nanodiscs can then self-assemble directly from cellular membranes, enabling

embedded proteins to be probed in vitro without ever being removed from their lipid-bilayer environment.
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4. Characterization of MC4R in native-lipid environment

The previous chapter demonstrates that the electroneutral polymer Sulfo-DIBMA does not interfere with
protein/lipid interactions, suggesting its potential utility in characterizing protein/protein interactions in native
lipid nanodiscs. The following chapter focuses on the investigation the ligand binding properties and allosteric
modulation by divalent cations of MC4R in different membrane mimicking systems, including the Sulfo-DIBMA

native membrane nanodiscs. Chapter 4 reflects the content of the following manuscript:

Functional insights into human Melanocortin-4 Receptor (MC4R) in Native Lipid-Bilayer Nanodiscs

(Manuscript in preparation)
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4.1 Abstract

The human melanocortin-4 receptor (MC4R) is a unique GPCR, which is regulated not only by endogenous
agonists, but also endogenous antagonists or inverse agonists. MC4R is involved in energy homeostasis and
feeding behavior, and its dysfunction leads to a variety of diseases. It is known that the physiological ions strongly
affect the functional activity of MC4R, but little is known about the regulation of these metal ions on MC4R in
different environments. Detergent micelles, MSP nanodiscs, and Sulfo-DIBMA/native membrane nanodiscs
provide us with three membrane-mimicking systems to gain insights into the influence of the environment on the
ligand binding to MC4R and extend our understanding of the allosteric modulation of divalent cations. Our data
demonstrated that the functional integrity of MC4R is well-preserved in lipid bilayer, especially in Sulfo-
DIBMA/native membrane nanodiscs. In all membrane mimetics, Ca?>" and Cu?" functioned as a positive and a
negative allosteric modulator potentiating and inhibiting the ligand binding affinity, respectively. Interestingly,
Zn*" exhibited environment-dependent biphasic effect, acting as a positive and a weak negative allosteric

modulator for ligand binding to MC4R embedded in detergent micelles and lipid bilayer, respectively.

4.2 Introduction

G-protein-coupled-receptors (GPCRs) are the largest superfamily of cell surface membrane proteins in
human genome and targeted by more than 30% of all approved drugs by Food and Drug Administration, making
it the largest intensively studied targets for drug development and highlighting their vital roles in human health
and disease [1,2]. Although all GPCRs sharing the conserved architecture of seven transmembrane (7TM) helical
domains, their sequence homology remains very low and are divided into four major classes including class A
(rhodopsin-like), B (secretin-like and adhesion), C (glutamate) and F (Frizzled), [520]. More than 700 GPCRs
belong to class A and share several highly conserved motifs in their 7TM domains, including D/ERY motif in the
intracellular end of TM3, CWxP in the middle of TM6, NPxxY in the intracellular end of TM7 and the hydrogen
bond network. In addition, several highly conserved residues, such as Arg>>’, Trp®*® and Trp’** (superscript
numbers correspond to the Ballesteros-Weinstein nomenclature [14]), seem to act as micro-switches regulating
GPCR signaling [15,16]. MC4R is one of the members of human melanocortin receptor family (MCRs) that
consists of five subtypes (MCIR to MC5R), and belongs to class A GPCR [143]. In particular, MC4R is found in
peripheral tissues, intestinal L cells and predominantly expressed in the central nervous melanocortin system
therefore together with MC3R referred to as neural MCRs [144,145]. In the melanocortin pathway, food intake
and energy homeostasis are primarily coordinated by the interaction of MC4R with neuropeptides also termed
melanocortins [146,147]. Naturally occurring MC4R loss-of-function (LOF) mutations are the most frequent
cause of monogenic obesity and binge eating disorder [151,152], while some gain-of-function (GOF) variants
have been found to be associated with low body mass index (BMI) and obesity related cardiometabolic diseases
[153]. In addition to its central roles in the control of energy homeostasis and feeding behavior, the deficiency of
MCA4R is also involved in the regulation of blood pressure, cardiovascular function and type 2 diabetes mellitus,
making it an attractive therapeutic target for the treatment of obesity and related diseases [155-159]. As a

pharmacological puzzle, MC4R exhibits unique properties, including the regulation by endogenous agonists such
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as adrenocorticotropic hormone (ACTH), oa-melanocyte stimulating hormone (a-MSH), endogenous
antagonists/inverse agonists (specifically agouti-related protein, AgRP) [161,197], and melanocortin-2-receptor
accessory protein 2 (MRAP2) [148,150,521], as well as the ability to couple with ion potassium channel Kir7.1

in a G protein-independent manner [522].

Most ligands or drugs currently on the market are designed using conventionally discovery strategies
binding directly to the primary active sites (also known as orthosteric binding sites), leading to non-progressive
activation (agonists) or inhibition (antagonists) of target receptors in a coarse adjustment manner [63,64].
Molecules that bind to the orthosteric binding sites of GPCRs are termed canonical orthosteric ligands, including
endogenous and synthetic agonists, antagonists and inverse agonists, and the binding location of orthosteric
ligands varies by receptor classes [65]. Of note, GPCRs can also interact with a variety of extracellular molecules
which function as allosteric modulators by binding to the lower evolutionary pockets on the receptor that are
topologically distinct from the orthosteric binding sites but remain conformationally linked [71]. These allosteric
modulators are able to fine turn the physiological functions of receptors by stabilizing receptor conformation and
shifting system equilibrium, thereby influencing the binding behavior of orthosteric ligands, such as the affinity,
efficacy and GPCR subtype selectivity. As a result, this allosteric modulation leads to the enhancement or
inhibition of ligand binding and signaling responses [72-75]. Such allosteric molecules are subdivided into
different types based on their activities [76], including positive allosteric modulators (PAMSs) which potentiate the
effects of orthosteric agonists, negative allosteric modulators (NAMs, also referred to noncompetitive antagonists)
which noncompetitively decrease the effects of orthosteric agonists, neutral allosteric modulators which occupy
the allosteric sites and function as competitive antagonists of both PAMs and NAMs, preventing their binding at
the same allosteric sites, yet have no effects on the activity of orthosteric ligands, as well as agonist-positive
allosteric modulators (Ago-PAMs) which function as both PAMs of the endogenous agonists and agonists on their
own, leading to the activation of receptors in the absence of orthosteric agonists [76—79]. Biological and
pharmacological studies have implicated that a number of endogenous regulators have been investigated and
shown to participate in GPCR allosterism acting as PAMs or NAMs, including G proteins, B-arrestins, receptor
activity-modifying proteins (RAMPs), lipids, amino acids, peptides, GPCR-targeted antoantibodies and ions
[220]. Of these modulators, metal ions are required for the lignad binding to a number of GPCRs and GPCR-
mediated signaling transduction [117,221,222]. Previous study has demonstrated that the specific binding of
radioligand '’ I-NDP-a-MSH to MC4R requires the presence of Ca?" [223]. In addition, Zn>* has been found to
stimulate the signal transduction and enhance the ligand potency on MC4R and MCI1R [227]. A study regarding
the regulation of constitutive activity of MC4R reveals that Zn?* functions as a positive allosteric modulator for
orthosteric ligand binding and exhibits agonistic properties at physiologically relevant low micromolar

concentrations, whereas Cu®* acts as an inverse agonist and inhibits the activity of MC4R [230)].

In general, the extraction of membrane proteins including GPCRs from cellular membrane for in vitro
studies are widely carried out with the aid of detergents, which form membrane-mimetic micelles by displacing
the native membrane lipids for stabilizing isolated membrane proteins in an aqueous environment. In addition, the
lipid bilayer nanodiscs formed by membrane scaffold proteins (MSPs) have also been widely used, which allow
the control of lipid composition and nanodisc size using defined lipid mixture and different MSP variants [314].

However, the membrane protein isolation still necessitates the use of detergents, and the process of optimizing
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the reconstitution of membrane proteins into MSP nanodiscs is time-consuming and labor-intensive [523].
Moreover, the functional activities of GPCRs such as ligand binding and G protein coupling are regulated by
various properties of surrounding phospholipid bilayer such as hydrophobic mismatch, bilayer thickness, lateral
pressure, membrane fluidity, curvature and composition, which are missing or difficult to mimic using synthetic
phospholipid mixture in detergent micelles or MSP nanodiscs [262,264,265,524]. Amphiphilic copolymers are a
new alternative tool for membrane proteins studies, which are able to directly extract the membrane proteins from
cellular membrane with surrounding native phospholipids and form nanodiscs suitable for subsequent functional
and structural studies of membrane proteins [400]. Notably, the utilization of electroneutral Sulfo-DIBMA
polymer has recently been described [393]. Its outstanding properties, including electroneutrality, high stability
toward a range of pH values and divalent cations, and decent solubilization efficiency, render it an ideal choice
for membrane protein studies in their native lipid environment. In the current work, we used various biochemical
and biophysical techniques to study the effects of different membrane mimicking systems (i.e., detergent micelles,
MSP nanodiscs and Sulfo-DIBMA/native membrane nanodiscs) and several divalent cations, including Ca?*, Zn>*
and Cu?', on the function of MC4R. We found that Sulfo-DIBMA is able to extract MC4R with surrounding
native phospholipids forming homogeneous nanoparticles. The native lipid environment (Sulfo-DIBMA)
enhanced the thermal stability of MC4R. In addition, the functional integrity of MC4R was well-preserved by the
lipid-bilayer. Furthermore, We observed that Ca?" enhances the binding of orthosteric agonists to MC4R acting
as a positive allosteric modulator, whereas Cu?* inhibits the ligand binding functioning as a negative allosteric
modulator. Interestingly, we also observed that Zn?" exhibits a biphasic effect on the orthosteric agonist binding,

and this effect is environment-dependent.

4.3 Methods

Peptide ligand preparation. The human adrenocorticotropic hormone truncated construct ACTH (1-23)
containing a cysteine residue at C-terminus was cloned into pET-16b vector containing a 6xHis tag at N-terminus,
followed by B1 domain of Streptococcal protein G (GB1 fusion protein) and tobacco etch virus (TEV) cleavage
site. Escherichia coli strain BL21 (DE3) cells were used for peptide expression. Cells were cultured in 2xYT
medium at 37 °C, supplemented with 100 pg/ml Ampicillin. The expression was inducted with 1 mM isopropyl-
B-D-thiogalactopyranoside (IPTG) upon the optical density 600 (ODgoo) reached 0.6. 5 h after induction, cells
were harvested by centrifugation at 3,000 g, 15 min (Avanti J-26S XP, Beckman Coulter) and were resuspended
in a lysis buffer containing 50 mM sodium phosphate, pH 7.5, 300 mM NaCl, 1 mM dithiothreitol (DTT),
supplemented with EDTA free oCmplete protease inhibitor cocktail tablet (Roche), then lysed by sonication on
ice (Bandelin, Germany). The lysate was centrifuged at 120,000 g, 4 °C for 20 minutes. Supernatant was incubated
with Ni-NTA resin (Macherey-nagel, Germany) at 4 °C overnight. Resin was loaded onto gravity column and
washed with 10 column volumes (CVs) of lysis buffer, and 10 CVs lysis buffer supplemented with 20 mM
imidazole. Bound proteins were eluted with 10 CVs lysis buffer supplemented with 250 mM imidazole. Fractions
containing peptides were pooled and dialyzed against lysis buffer using 3.5K MWCO SnakeSkin dialysis tubing
(Thermofischer) at 4 °C overnight. The fusion protein was removed by the addition of home-made TEV protease.

Cleaved peptides were further purified by Superdex 16/600, 30 pg column (GE Healthcare) with a running buffer
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containing 20 mM ammonium bicarbonate (Sigma). Peptide labeling by thiol-reactive ATTO-488 Maleimide
(ATTO-TEC, Germany) was carried out according to the manufacturer's instructions. The labeled peptides were
further purified using high-pressure liquid chromatography (HPLC) using Zorbax SB300 C8 4.6 x 250 mm

analytical column (Agilent Technologies).

Molecular cloning of MC4R and expression. The thermostable variant of MC4R was modified by
introducing 5 mutations (E49'37V, N97%7L, S99>59F, S13133*A and D29874°N) to wild-type MC4R (a generous
gift of Prof. Dr. Raymond C. Stevens, iHuman Institute at ShanghaiTech University [224]), and inserted into
pFastbacl vector containing a HA signal sequence followed by a twin-strep tag and TEV cleavage site at N-
terminus. In addition, the MC4R mutant was also inserted into a pFastbacl vector containing a HA signal sequence
followed by a Flag tag at N-terminus, HRV3C cleavage site, eYFP and 10xHis tag at C-terminus. Receptor was
expressed in Spodoptera frugiperda (Sf9) cells. Recombinant baculovirus of MC4R was generated by transfecting
S19 cells cultured in Sf-900 III SFM medium (Thermo Fisher Scientific) at 27°C with bacmid (Bac-to-Bac system,
Thermo Fisher Scientific) using FUGENE HD Transfection Reagent (Promega, Germany) according to
manufacturer’s instructions. Sf9 cells were infected by recombinant baculovirus at a density of 4 x 10° cells/mL.

72 h after infection, cells were harvested by centrifugation at 3000 g, 4 °C for 30 min and stored at — 80 °C.

Preparation of MC4R embedded in detergent micelles. Sf9 cell pellets containing expressed MC4R
were resuspended in a lysis buffer containing 50 mM HEPES, pH 7.5, 200 mM NacCl, 20 mM KCIL, 5 mM -
mercaptoethanol (B-ME) supplemented with cOmplete EDTA-free protease inhibitor cocktail tablet, then lysed
by sonication on ice. The cell membrane was harvested by ultracentrifugation at 180,000 g, 4 °C for 40 min
(Beckman) and solubilized using 1% (w/v) n-dodecyl-B-D-maltopyranoside (DDM; Cube Biotech), 0.2% (w/v)
cholesteryl hemisuccinate (CHS; Sigma) in 50 mM HEPES, pH 7.5, 500 mM NacCl, 2 mM B-ME, supplemented
with biolock biotin locking solution (750 pL for 1 L cell culture) and cOmplete EDTA-free protease inhibitor
cocktail tablet. The mixture was incubated at 4 °C for 3 to 4 h. Insoluble material was removed by
ultracentrifugation at 120,000 g, 4 °C for 30 min, and clarified supernatant was incubated with Strep-Tactin XT
superflow resin (IBA Lifesciences, Germany) for 2 h at 4 °C. Resin was loaded onto a gravity flow column,
washed with 10 CVs buffer containing 50 mM HEPES, pH 7.5, 500 mM NacCl, 2 mM B-ME, 1% (w/v) DDM and
0.2% (w/v) CHS, followed by 10 CVs buffer containing 50 mM HEPES, pH 7.5, 200 mM NacCl, 0.1% (w/v) DDM,
0.02% (w/v) CHS and 100 uM TCEP. The bound material was eluted with 10 CVs buffer containing 50 mM
HEPES, pH 7.5,200 mM NacCl, 0.02% (w/v) DDM, 0.004% (w/v) CHS, 100 uM TCEP and 50 mM biotin (Sigma).
Sample containing MC4R was collected and concentrated using 30 KDa MWCO concentrator (Amicon) and
loaded onto Superdex 200 Increase 10/300 GL column (GE Healthcare) with running buffer containing 50 mM
HEPES, pH 7.5, 200 mM Nacl, 0.02% (w/v) DDM, 0.004% CHS (w/v) and 100 uM TCEP. Fractions containing
purified MC4R embedded in detergent micelles were pooled and concentrated using 30 KDa MWCO concentrator

(Amicon), flash-frozen in liquid nitrogen and stored at — 80 °C.

Preparation of MC4R embedded in MSP1D1 nanodiscs. The purification of MSP1DI1 protein was
carried out as described previously with slight modifications [314,317,523] . E. coli BL21 (DE3) cells containing
the recombinant plasmid (pET28a-6xHis-TEV-MSP1D1) were cultured in 2xYT medium supplemented with 50
pg/mL Kanamycin at 37 °C until OD600 reached 0.6. The expression of MSP1D1 was induced by the addition of
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1 mM IPTG. 5 h after induction, cells were harvested and resuspended in a lysis buffer containing 50 mM Tris-
HCL pH 8.0, 500 mM NaCl supplemented with 6 M Guanidinhydrochlorid (GuHCI; Sigma) and cOmplete
protease inhibitor cocktail tablet, then lysed by sonication on ice. Cell debris were removed by centrifugation at
40,000 g, 4 °C for 40 min. The supernatant was incubated with Ni-NTA resin at 4 °C overnight. Resin was loaded
onto a gravity column and washed sequentially with lysis buffer, lysis buffer supplemented with 1% (v/v) Triton
X-100, lysis buffer supplemented with 60 mM sodium cholate, lysis buffer supplemented with 20 mM imidazole
and lysis buffer supplemented with 50 mM imidazole. Bound material was eluted with lysis buffer supplemented
with 250 mM imidazole. Eluted proteins containing MSP1D1 were pooled and dialyzed against 1000-fold dialysis
buffer containing 50 mM Tris-HCL, pH 7.4, 100 mM NaCl using 10K snakeskin dialysis tubing (Thermo
Scientific). Sample was incubated with home-made TEV protease at 4 °C for 16 h, afterwards, incubated with Ni-
NTA resin at 4 °C for 2 h. Flow through containing His tag free MSP1D1 was concentrated using 10 KDa MWCO

concentrator (Amicon).

Purified MC4R embedded in detergent micelles were mixed with MSP1D1 protein and zwitterionic lipid
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC; Avanti) solubilized in 20 mM HEPES, pH 7.5, 100
mM NaCl, 0.5 mM EDTA and 100 mM sodium cholate (Sigma) in a molar ratio of 1:10:600. Sample was
incubated at 4 °C for 2 h. The self-assembly process was initiated by the addition of BioBeads SM-2 (Bio-Rad).
The assembly mixture was first treated with 10% (w/v) of BioBeads with gentle shaking for 15 min at 4 °C,
followed by the addition of another 20% (w/v) of BioBeads incubated for 2 h at 4 °C. Afterwards, BioBeads were
removed and possible residual nanodiscs were eluted by washing BioBeads once with 200 ul 20 mM HEPES, pH
7.4, 100 mM NaCl and 0.5 mM EDTA. Sample was then treated with another 50% (w/v) BioBeads with gentle
shaking overnight at 4 °C. In order to remove residual detergents, 50% (w/v) fresh BioBead were added to the
assembly mixture and incubated for 4 h at 4 °C. Empty nanodiscs were removed by incubating with Strep-Tactin
XT 4Flow high capacity resin (IBA Lifesciences, Germany) for 2 h at 4 °C. Resin was loaded onto a gravity flow
column, washed with 20 mM HEPES, pH 7.4, 100 mM NaCl, 0.5 mM EDTA. Bound proteins were eluted with
50 mM biotin in 20 mM HEPES, pH 7.4, 100 mM NaCl and 0.5 mM EDTA, concentrated using 30 KDa MWCO
concentrator (Amicon) and loaded onto Superdex 200 Increase 10/300 GL column with running buffer 50 mM
HEPES, pH 7.5, 200 mM NaCl. Fractions containing homogeneously and monodisperse assembled
MSP1D1/POPC/MCA4R nanodiscs were collected and concentrated using 30 KDa MWCO concentrator (Amicon),

flash-frozen in liquid nitrogen and stored at — 80 °C.

Preparation of MC4R embedded in Sulfo-DIBMA nanodiscs. Sf9 cell pellets containing expressed
MC4R were resuspended in a lysis buffer containing 50 mM HEPES, pH 7.5, 200 mM NacCl, 20 mM KCI and
cOmplete EDTA-free protease inhibitor cocktail tablet, then lysed by sonication on ice. Cell membrane was
harvested by ultracentrifugation at 180,000 g, 4°C for 40 min, and resuspended in a solubilization buffer
containing 50 mM HEPES, pH 7.8, 500 mM NacCl, 2.5% (w/v) electroneutral polymer Sulfo-DIBMA [525],
biolock biotin locking solution and cOmplete EDTA-free protease inhibitor cocktail tablet, incubated overnight at
4 °C. The supernatant was collected by ultracentrifugation at 120,000 g, 4 °C for 30 min, incubated with Strep-
Tactin XT superflow resin at 4 °C for 2 h. Resin was loaded onto a gravity flow column, washed with 50 mM
HEPES, pH 7.8, 500 mM NaCl. Bound proteins were eluted with 50 mM biotin in 50 mM HEPES, pH 7.8, 500

mM NaCl. Sample was concentrated using 30 KDa MWCO concentrator (Amicon) and loaded onto Superdex
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200 Increase 10/300 GL column with running buffer 50 mM HEPES, pH 7.5, 200 mM NaCl. Fractions containing
MC4R embedded in Sulfo-DIBMA/native membrane nanodiscs were pooled and concentrated using 30 KDa
MWCO concentrator (Amicon), flash-frozen in liquid nitrogen and stored at — 80 °C.

Negative-stain transmission electron microscopy (TEM). TEM specimens were prepared by spreading
4 uL MSP1D1/POPC/MCA4R nanodiscs and Sulfo-DIBMA/MC4R native membrane nanodiscs, respectively,
onto freshly glow-discharged grids (15 mA, 25 s at 0.39 mbar) coated with carbon support film on copper. 5 s
after incubation, excess suspension was blotted off using filter paper. Grids were washed using 5 pL MilliQ water,
followed by staining twice with 5 pL 2% (w/v) aqueous uranyl acetate solution. Excess suspension was blotted
off after ~15 s incubation using filter paper. Afterwards, specimens were air-dried and the morphology of
MSP1D1/POPC/MC4R nanodiscs and Sulfo-DIBMA/MCA4R native membrane nanodiscs were examined on a
Talos L120C transmission electron microscopy equipped with 4k x 4K Ceta CMOS camera (Thermo Fisher

Scientific).

Thermal stability measurement. The thermal stability of MC4R embedded in either detergent micelles
or Sulfo-DIBMA/native membrane nanodiscs was measured with the aid of Nano differential scanning fluorimetry
(NanoDSF) technique [526,527]. The changes of intrinsic tyrosine or tryptophan fluorescence intensity of MC4R
at 350 nm and 330 nm wavelengths caused by the exposure of buried aromatic side chains to hydrophilic chemical
environment upon unfolding are monitored and recorded by NanoDSF. The melting temperature (7,,) can be then
extracted from the fluorescence transition curves obtained from the fluorescence ratio (F350 nm/F330 nm) as a
function of temperature. Samples were loaded into high-sensitivity capillaries (NanoTemper, Germany) and
measured in triplicate using Prometheus NT.48 (NanoTemper, Germany) in a linear thermal ramp of 1 °C/min
from 20 °C to 95 °C using 50% excitation power. The melting temperatures (7;,) corresponding to the maximum
values of the first derivative of NanoDSF curve were identified using Prometheus NT.Control software

(NanoTemper, Germany).

Ligand binding affinity measurement. The binding affinities between ACTH (1-23) and MC4R
embedded in detergent micelles, MSP1D1/POPC nanodiscs and Sulfo-DIBMA/native membrane nanodiscs in the
absence and presence of divalent cations were measured with MicroScale Thermophoresis (MST) using Monolith
NT.115 system (NanoTemper, Germany) [528]. The concentration of labeled ACTH (1-23) was kept constant (16
nM), while the unlabeled MC4R embedded in detergent micells, MSP1D1/POPC nanodiscs and Sulfo-
DIBMA/native membrane nanodiscs was titrated with a 1:1 dilution series. Samples were filled into monolith
premium capillaries (MO-K025, NanoTemper, Germany). The thermophoretic movement was measured at 50%
LED power, 50% MST power, 30 s Infrared (IR) laser on and 5 s laser off at 25 °C. Fluorescence was excited at
460-480 nm and emission was detected at 515-530 nm. The MO.Affinity analysis software (NanoTemper,

Germany) was used to analysis MST results and extract dissociation constant (Ky) values.

The potential unspecific interactions between ACTH (1-23) and native membrane were examined by means of
Microfluidic diffusional sizing (MDS) using Fluidity One-W system (Fluidic Analytics, Cambridge, United
Kingdom) [529]. In brief, the purified uninfected Sf9 cell membrane was disrupted using dounce homogenizer

and resuspended in a buffer containing 50 mM HEPES, pH 7.5, 200 mM NacCl, 2.5% (w/v) Sulfo-DIBMA (or
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2.5% (w/v) DIBMA) supplemented with cOmplete EDTA-free protease inhibitor cocktail tablet, then incubated
at 4°C overnight and harvested by centrifugation at 120,000 g, 4 °C for 30 min. The supernatant containing native
membrane nanodiscs in Sulfo-DIBMA (or DIBMA) was examined using dynamic light scattering (DLS). A
Zetasizer Nano S equipped with a He—Ne laser having a wavelength of 633 nm (Malvern Panalytical, UK) was
used to perform DLS measurements using 70-pL microcuvette (Brand, Wertheim, Germany). The sample was
thermostatted for 5 min at 25 °C prior to measurement and the detection scattering angle was fixed at 173°.

Polymer/native membrane nanodiscs were incubated with ACTH (1-23), and loaded into a disposable MDS chip.

4.4 Results and discussion

Previous studies have shown that electroneutral Sulfo-DIBMA is able to induce the self-assembly of well-
defined nanodiscs by using synthetic lipids or native membrane from Hela cells [393]. We first evaluated the
effects of different conditions on the solubilization efficiency of integral transmembrane proteins from native
cellular membrane into nanodiscs by Sulfo-DIBMA. For this purpose, we used the insect cells infected by MC4R-
eYFP baculovirus (Fig. 10A). Purified insect membrane (20 mg/mL, wet mass/volume) was exposed to different
concentrations of Sulfo-DIBMA. The amounts of extracted receptor were quantified by measuring the emission
intensity of eYFP. We found that Sulfo-DIBMA completely extracted the receptor from insect cellular membrane
at the polymer concentration of 2% (w/v) and pH 8.0 after either 4 h or 16 h incubation (Fig. 10B). To assess the
effects of ionic strength, the cellular membrane was exposed to increasing concentrations of NaCl in the presence
of 2% (w/v) Sulfo-DIBMA. The highest solubilization efficiency was obtained at around 400 mM NaClL
Interestingly, the higher the concentration of NaCl (above 400 mM at pH 7.4 or above 500 mM at pH 8.0), the
lower the extracted protein (Fig. 10C).
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Fig. 10. Characterization and solubilization of receptor. (A) Schematic representation of MC4R-eYFP and MC4R constructs
used for solubilization experiment and receptor purification, respectively. The snake plot of MC4R has been colored to show
the location of signal peptide, twin-strep tag, thermostabilizing mutations and two disulfide bonds (Cys271 and Cys277 form
an intra-loop disulfide bound within extracellular loop 3 (ECL3), while Cys279 forms another disulfide bound with N-terminal
Cys40, both shown as green dotted lines). (B) Solubilization test of MC4R-eYFP from insect cellular membrane using Sulfo-
DIBMA (normalized to 1% DDM (w/v) and 0.2% (w/v) CHS). All experiments were performed at 50 mM HEPES, 200 mM
NaCl, pH 7.4 or 8.0, and different concentrations of Sulfo-DIBMA. The mixture of membrane and polymer was incubated at
4 °C for 4 h or 16 h. The supernatant was collected by centrifugation at 120,000 g, 4°C for 30 min and the solubilization
efficiency was evaluated by measuring the emission intensity of eYFP. Error bars indicate the mean + standard deviation of

two independent experiments, each repeated in triplicate. (C) Western blotting analysis (anti-Flag) of the effects of ionic

strength on the solubilization efficiency of Sulfo-DIBMA.
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In this study, we performed the purification of MC4R from 1L Sf9 cell culture using 2.5% (w/v) Sulfo-
DIBMA at pH 8.0 in the presence of 500 mM NaCl and detergent (Fig. 11C-D, S2 and S3). To evaluate whether
Sulfo-DIBMA produces homogeneous sample that will be compatible with currently used methods for functional
and structural studies of membrane proteins, we examined the size and morphology of the size-exclusion
chromatography purified MC4R embedded in MSP1D1/POPC nanodiscs and Sulfo-DIBMA/native membrane
nanodiscs with the aid of negative-stain transmission electron microscopy (TEM). The results demonstrated the
formation of homogeneously sized Sulfo-DIBMA/MC4R native membrane nanodiscs with an average diameter

of ~10 nm which are similar to that assembled by MSP1D1 (Fig. 11G and 11H).
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Fig. 11. Assembly of MC4R in different membrane mimicking systems. (A and B) Schematic representation of MC4R
purification and assembly of MC4R in lipid bilayer nanodiscs using MSP1D1 protein. Representative analytical size-exclusion
chromatography profiles (superdex 200 Increase 10/30 column) and corresponding SDS-PAGE gels for MC4R embedded in
detergent micelles (C), MSP1D1/POPC nanodiscs (D) and Sulfo-DIBMA/native membrane nanodiscs (E). (F) Yield of purified
MCA4R using different membrane mimetics (~ 0.25 mg or ~ 200 puL, 30 uM) MC4R can be purified from 1L Sf9 cell culture
using DDM/CHS). Negative-stain TEM images of Sulfo-DIBMA/MC4R native membrane nanodiscs (G) and
MSP1D1/POPC/MC4R nanodiscs (H).
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Recent '"F-NMR experiments on A;aAR and the structure determination of NTS-NTSRI1-G protein
complex in lipid nanodiscs both highlight the important role of phospholipids in the regulation of GPCR activation
[261,530]. In order to gain more insights into the influence of different environments on the thermalstability of
MC4R, we performed nano differential scanning fluorimetry (NanoDSF) experiments. The NanoDSF
measurements showed an increased thermostability of MC4R embedded in Sulfo-DIBMA/native membrane
nanodiscs compared to in detergent micelles which do not preserve a lipid bilayer (Fig. 12), with a transition
temperature (7,,) about 6 °C higher. This observation agrees with previous studies showing GPCRs are more stable

in lipid environment [531].
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Fig. 12 Influence of different membrane mimicking systems on the thermalstability of MC4R. (A and B) NanoDSF results
demonstrated that the native lipid bilayer formed by Sulfo-DIBMA provides a more stable in vitro environment for extracted
MCA4R. Both detergent micelles/MC4R and Sulfo-DIBMA/MC4R native membrane nanodiscs were diluted to get a final
concentration of 4 pM for NanoDSF measurements using 50 mM HEPES, pH 7.5, 200 mM NacCl, 0.02% (w/v) DDM, 0.004%
(w/v) CHS, 100 uM TCEP, and 50 mM HEPES, pH 7.5, 200 mM NaCl, respectively.

In addition, in order to study the effects of different membrane mimicking systems on the functional
integrity of MC4R, we performed the ligand binding measurements using microscale thermophoresis (MST). Our
MST results exhibited a compromised ligand binding affinity when MC4R is embedded in detergent micelles (K4
of ACTH (1-23): 280.38 £ 42.72 nM) compared to in HEK293 cell membrane (K; of a-MSH: 19 nM, which has
the same binding affinity as ACTH) (Fig. 13A and S1) [165,532]. While the binding affinities of ACTH (1-23)
were 56.25 + 2.77 nM in MSP1D1/POPC nanodiscs and 30.36 = 5.33 nM in Sulfo-DIBMA/native membrane
nanodiscs, respectively, indicating the functional integrity of MC4R is well-preserved by lipid bilayer, especially

in native membrane environment (Fig. 13B and 13C).
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In order to examined why the ligand binding behavior was significantly influenced by the receptor
embedded environments especially the detergent micelles, we further performed the binding measurements
between ACTH (1-23) and DDM/CHS micelles using MST (Fig. 13D). The results showed that ACTH (1-23)
exhibits weak unspecific interactions with detergents when the detergent concentration is below the critical
micelle concentration (CMC, ~ 120 uM in the presence of 200 mM NaCl) of DDM (K;=18.79 £+ 0.27 uM). In
addition, the data indicated the presence of a second binding mode involving the micellar particles with very low
affinity (Ks = 46.78 £ 13.3 mM). As the ligand-receptor binding measurements were performed in the presence
of 0.02% (w/v, ~ 392 pM) DDM, our results suggested that nonspecific interactions with monomeric DDM are
saturated and weak interactions with micellar DDM are present, possibly affecting the levels of ‘available’ ACTH
(1-23) when MC4R is embedded in detergent micelles. However, given the low affinities of these interactions ,we
argue that this effect does not suffice to explain the larger change in binding affinity of the receptor in DDM

micelles.
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Fig. 13 Ligand binding measurements. (A-C) The effects of membrane mimetics, i.e., detergent micelles (Kz = 280.38 +42.72
nM, colored light yellow), MSP1D1/POPC nanodiscs (Kz = 56.25 + 2.77 nM, colored light green) and Sulfo-DIBMA/native
membrane nanodiscs (K = 30.36 + 5.33, colored green) on the ACTH (1-23) ligand binding to MC4R were examined using
microscale thermophoresis (MST). All experiments were carried out at S0 mM HEPES, pH 7.5, 200 mM NaCl, 0.02% (w/v)
DDM, 0.004% (w/v) CHS, 100 pM TCEP for MC4R embedded in detergent micelles, and 50 mM HEPES, pH 7.5, 200 mM
NaCl for MC4R embedded in MSP1D1/POPC nanodiscs and Sulfo-DIBMA/native membrane nanodiscs. The dotted and solid
lines in panels A, B, and C represent the affinity of a-MSH in eukaryotic membrane fragments and the measured affinity of
ACTH (1-23) in this study, respectively. (D) Interaction between ACTH (1-23) and detergents. Ligand binding to detergent
micelles below the CMC (Ks=18.97 £ 0.27 uM, colored green) and above the CMC of DDM (K4 =46.78 £+ 13.3 mM, colored
magenta) in 50 mM HEPES, pH 7.5, 200 mM NacCl, 0.02% (w/v) DDM, 0.004% (w/v) CHS, 100 uM TCEP. Error bars indicate

the mean + standard deviation of two independent experiments, each repeated in triplicate.
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In order to evaluate the potential unspecific interactions between either Sulfo-DIBMA or native membrane
and ACTH (1-23) ligand, the polymer-encapsulated nanodiscs containing either zwitterionic phospholipid DMPC
(known to not show unspecific interaction with ACTH (1-23) [393]) or purified Sf9 cell membrane were used to
perform the microfluidic diffusional sizing (MDS) assay. The MDS results indicated that neither the Sulfo-
DIBMA/DMPC nanodiscs nor Sulfo-DIBMA/native membrane nanodiscs interfere with the ligand binding (Fig.
14A), a prerequisite for reliably characterizing ligand-GPCR interactions, whereas DIBMA (the anionic counter-
part of Sulfo-DIBMA) does interfere with the ligand binding (Fig. 14B) which is in agreement with previous
studies [393].
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Fig. 14 Unspecific interaction measurements. (A) Intensity-weighted particle size distributions f{d) of 4 mg/ml DMPC large
unilamellar vesicles (LUVs) and 25 mg/mL (wet mass/volume) purified Sf9 cell membrane treated with polymers at the
polymer/DMPC mass ratio of 4 and polymer/native membrane mass ratio of 1, respectively, obtained from DLS. (B)
Unspecific interactions between peptide and polymer/DMPC or polymer/native membrane nanodiscs obtained from (A) were
measured by means of microfluidic diffusional sizing measurements (MDS). All experiments were carried out at 50 mM
HEPES, pH 7.5, 200 mM NaCl. Error bars indicate the mean + standard deviation of two independent experiments, each

repeated in triplicate.

Of note, MC4R is among the few GPCRs displaying distinct structural features. Usually, the extracellular
loop 2 (ECL2) containing over 15 amino acids is the largest ECL in class A GPCRs and plays a vital role in the
formation of ligand binding cavity, thereby influences the ligand selectivity, ligand binding affinity, allosteric
modulation and receptor activation. For example, ECL2 can form a structured extracellular cap covering the
binding pocket of covalently bound or lipid ligand, or keep away from the binding cavity to facilitate the entrance
of diffusible ligands, such as the large peptide, to the transmembrane domain bundle [231-233]. MCRs including
MC4R have a very short ECL2 containing just three to four amino acids without defined secondary structural
elements [225,226,234-237], resulting in the formation of a relatively open and extracellular solvent-accessible
binding pocket for large peptides, which has been recently confirmed by the inactive and active MC4R structures
(in detergent micelles) [224-226]. The MC4R structures in active state reveal the involvement of Ser188E¢12 in
the formation of hydrogen bonds with different agonists which all share a conserved central core tetrapeptide His-
Phe-Arg-Trp (HFRW) pharmacophore with ACTH (1-23) [225,226]. MC4R does not possess a conserved
disulfide bridge usually found in a number of GPCRs including class A and class B (connecting ECL2 and

Cys122%% in the extracellular tip of TM3), which constrains the conformational changes of extracellular region
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during receptor activation [231]. In contrast, MC4R contains a corresponding non-conserved negatively charged
Asp122*% in TM3 which is involved in the formation of ligands and calcium ion binding network. Thus, all of
these compelling pieces of evidence emphasize the significant impact of the extracellular loops on the regulation

of ligand binding to MC4R.

Detergent molecules can rapidly associate and dissociate from GPCR, potentially influencing the stability
and conformational exchange of GPCR. Consequently, this dynamic interplay influences the accessibility and
conformation of the ligand binding pocket and binidng kinetics. The high off-rate of detergent may promote rapid
dissociation of the ligand from GPCR, potentially affecting the ligand binding affinity. A '°F NMR experiment
regarding the conformational changes of B2AR in different detergent micelles reveals that DDM exhibits a high
detergent off-rate (1.43 x 10° s™!) that may directly facilitate the conformational exchange of distinct functional
(such as active and inactive) states of B2AR, whereas MNG-3 characterized by its CMC in the nanomolar range
comparable to that of phospholipids, effectively restricts the exchange of functional states of BoAR due to the low
off-rate [533]. In addition, the molecular simulation experiments demonstrat that DDM does not tumble or
penatrate into transmembrane helix bundle of A»aR, however, unlike the POPC, the unbranched DDM cannot
form a tightly packed micelle around the receptor and the absence of bifurcated hydrogen bonds between
transmembrane domain helices and loops contributes to the increased flexibility of extracellular region, leading
to reduced stability of receptor embeded in DDM micelles [534,535]. Thus, the alteration of the microenvironment
may contribute to the increased ligand binding affinity when MC4R is embedded in lipid bilayer (Fig. 13B and
13C). Moreover, the composition of detergent micelles, such as CHS, plays a critical role in retaining the
functional integrity of the receptor. The absence of CHS may not cause a significant change in the structural core
segment of the receptor (i.e., ligand binding pocket), but results in a complete loss of the ligand binding activity
[536,537]. Thus, one can speculate that MC4R embedded in DDM/CHS micelles still retains its functional fold
for ligand binding as observed from the MST measurement (Fig. 13A) and cryo-EM structures [226,226], but may
possesses indistinguishable subtle conformational differences when compared to in lipid bilayer environment (Fig.
13B and 13C). Taken together, it is reasonable to infer that the physical properties of the environment may play a

critical role in the activation of MC4R, ultimately resulting in different ligand binding behaviors.

Studies of divalent cations on the ligand binding and signal tracduction of a number of GPCRs have
highlighted their critical roles in the regulation of physiological processes. Studies with respect to A,aAR and
muscarinic M2 receptors unveils the allosteric effects of Ca?" and Mg?" [126,127]. A resent NMR study regarding
the effects of cations on AxaAR also demonstrates that Ca** and Mg?* are able to function as positive allosteric
modulators enhancing the agonist binding affinity and shifting the equilibrium towards the active-state
conformation [128]. As a second most abundant biologically relevant transition metal ion, Zn?" is able to make
strong interactions with Cys, His, Glu and Asp residues, and has been proposed to play a vital role in many
biochemical reactions in the human body and confirmed as allosteric modulator of a number of GPCRs [129-
131]. A study regarding the bovine rthodopsin receptor reveals several binding sites for Zn?* including one showing
high affinity located in transmembrane domian and coordinated by the highly conserved residues Glu122337 and
His211346 [134]. At the human B,-adrenergic receptor (B2AR), Zn®* is able to increase the agonist binding and
enhance cAMP accumulation acting as a positive allostric modulator. The mutagenesis experiments localize the

binding site for Zn?" consisting of Glu255%%, Cys265%%” and His269%3! [135,136]. A study concerning human
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CXCR4 chemokine receptor unveils the increased binding of antagonist AMD3100 to Asp262°38 by Zn** [137].
While, at the dopamine receptors, Zn?" inhibits antagonist binding acting as a negative allosteric modulator in a
dose-dependent and reversible manner (for rat DIR and D2R) or in the presence of other distinct allosteric site
bound by Na* and methylisobutylamiloride (for rat D4R) [138,139]. Two histidine residues (His394%% and
His399%%%) towards the extracellular end of TM6 of rat D2 receptor facilitate the formation of Zn** binding site
[140]. In addition, a recent structural and functional study has demonstrated the negative allosteric mudulation of
Zn*" on human galanin 1 receptor (GALR1) likely by restricting the conformational change of TM6, and the Zn>*
effect can be abolished through the mutation of His267%>° below the agonist binding site [142]. Moreover, a
biphasic effect of Zn*" has also been observed in human metabotropic serotonin receptors (5-HT), wherein Zn**
exhibits allosteric potentiation and inhibition of orthosteric ligand binding to 5-HT 1 A at sub-micromolar and sub-

millimolar concentrations, respectively [141].

In the case of MC4R, it is known that the physiologic cations are essential for ligand binding and MC4R
mediated signal transduction [227,230,224-226]. More evdiences have been provided by the investigation of the
thermalstability measurements of MC4R in complex with different ligands, such as the agonists a-MSH and NDP-
a-MSH, antagonist SHU9119 and inverse agonist AgRP(83-132), in response to Mg?*, Zn*" and Ca?', whereas
only Ca?" increases the thermalstability of MC4R in complex with SHU9119 and NDP-a-MSH [224]. Ca?" can
also increase '>’I-NDP-a-MSH binding to MC4R with a ECs of 3.7 uM acting as a positive allosteric modulator.
The precise Ca®" binding site has been first described in the crystal structure of MC4R/SHU9119 complex
embedded in detergent micelles and Ca?" is coordinated by Glu100%%°, Asp12232% and Asp126>%’ in MC4R and
two backbone-carbonyl oxygen atoms in SHU9119 [224]. Moreover, the cryo-EM structures of active state MC4R
(embedded in detergent micelles) also unambiguously confirm the presence of Ca?" between TM2, TM3 and
agonist, which all share the same Ca?* coordination in MC4R as observed in MC4R/SHU9119 complex [225,226].
Additionally, as a neuromodulator, Zn?* plays a critical role in the functional regulation of melanocortin receptors.
Despite the exact binding site of Zn?>" on MC4R still remains unclear, previous studies have demonstrated that
Zn*" can act both as partial agonist and positive allosteric mudulator for the action of peptide agonists (NDP-a-
MSH and a-MSH) on MC1R and MC4R, suggesting the presence of Zn?" binding site on the receptor [227-229].
In order to understand the effects of divalent cations on ACTH (1-23) binding to MC4R embedded in different
membrane mimetics, we performed the ligand binding assay in the presence of 10 uM Ca?', Zn** and Cu?®',
respectively, with the aid of MST. In the case of MC4R embedded in detergent micelles, Ca*" and Zn** did not
induce significant changes showing slight enhancement and inhibition of the ACTH (1-23) binding affinity,
respectively (Fig. 15A). However, the most significant changes induced by Ca*" and Zn?" were observed when
MC4R embedded in lipid bilayer exhibiting pronounced increase in ligand binding affinity, particularly in Sulfo-
DIBMA/native membrane nanodiscs (Fig. 15B and 15C). In addition, Cu®* inhibited the ligand binding in all
membrane mimetics, while Sulfo-DIBMA/native membrane nanodiscs appeared to be more resistant to this
influence (Fig. 15A-C). Therefore, our results demonstrated that Ca?* functions as a positive allosteric modulator
and enhances the ACTH (1-23) binding affinity to MC4R in all membrane mimiking systems: ~1.9-fold increase
in detergent micells, ~11.8-fold increase in MSP1DI/POPC nanodiscs and ~6.5-fold increase in Sulfo-
DIBMA/native membrane nanodiscs, whereas Cu?" inhibits the ACTH (1-23) binding affinity to MC4R in all

membrane mimiking systems acting as a negative allosteric modulator: ~3.7-fold decrease in detergent micelles,
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~9.9-fold decrease in MSP1D1/POPC nanodiscs and ~6.7-fold decrease in Sulfo-DIBMA/native membrane
nanodiscs. Interestingly, Zn** exhibits biphasic effects functioning as either a positive allosteric modulator or a
weak negative allosteric modulator for ligand binding, depending on the environments: ~1.3-fold decrease in

detergent micells, ~5.6-fold increase in MSP1D1/POPC nanodiscs and ~9.7-fold increase in Sulfo-DIBMA/native

membrane nanodiscs.
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Fig. 15 Allosteric modulation of ligand binding to MC4R by divalent ions. The effects of divalent cations on the ACTH (1-
23) binding to MC4R in different environments including detergent micelles (A), MSP1D1/POPC nanodiscs (B) and Sulfo-
DIBMA/native membrane nanodiscs (C), were examined using microscale thermophoresis (MST). Right, a table showing the
Ka values obtained from A-C. The MST results demonstrated that the ligand binding of MC4R is allosterically modulated by
divalent cations. All experiments were carried out at 50 mM HEPES, pH 7.5, 200 mM NacCl, 0.02% (w/v) DDM, 0.004% (w/v)
CHS, 100 uM TCEP for MC4R embedded in detergent micelles, and 50 mM HEPES, pH 7.5, 200 mM NaCl for MC4R
embedded in MSP1D1/POPC nanodiscs and Sulfo-DIBMA/native membrane nanodiscs. Error bars indicate the mean +

standard deviation of at least two independent experiments, each repeated in triplicate.
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4.5 Conclusions

The extration of GPCRs from cellular membranes is usually carried out by using various detergents which
generally serve as a gold standard for the purification and structural characterization of GPCRs. The MSP
nanodiscs have also been widely used to assembly detergent extracted GPCRs into lipid bilayer and provide a
more stable environment for in vitro studies of GPCRs. However, the reconstitution process is time-consuming
and may potentially compromise the activity of GPCRs. While, polymer-encapsulated nanodiscs offer several
advantages over above membrane mimetics, including the detergent-free extraction and purification of GPCRs
within their surrounding native phospholipids environment. In this work, we examined the influence of different
environments on the function of MC4R by incorporating MC4R into detergent micelles, MSP1D1/POPC
nanodiscs and Sulfo-DIBMA/native membrane nanodiscs, respetively. We found that the lipid bilayer,
particularly the native lipid environment (Sulfo-DIBMA), is more effective in preserving the functional integrity
of MCA4R in vitro, as evidenced by the heightened thermal stability and enhanced ligand binding affinity. Given
the critical roles of divalent cations in the ligand binding and signal transduction of a number of GPCRs, we
investigated the allosteric regulation of divalent cations on the ACTH (1-23) binding to MC4R embedded in
different environments. We observed that the Ca®" and Cu?" act as a positive and a negative allosteric modulator
on MC4R, leading to enhancement and inhibition of ACTH (1-23) binding affinity, respectively. Interestingly,
the allosteric modulation of Zn?" is environment-dependent. The increased ligand binding affinity was obaserved
when MC4R embedded in lipid bilayer especially the native membrane, but decreased ligand binding affinity in
detergent micelles. Our results demonstrated that the different environments play a role in shaping the function of
GPCRs, including their ligand binding properties in the absence or presence of extracellular modulators. The
formation of homogeneous Sulfo-DIBMA/native membrane nanodiscs with decent protein yield provides us a
more straightforward way to perform the functional and structural characterization of membrane proteins in a
well-defined but still native phospholipid-bilayer environment [399]. Furthermore, additional experiments should

be conducted to ascertain the binding sites of metal ions on MC4R in its native environment.
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5. Development of novel polymers for membrane protein studies

The previous chapter demonstrates the advantages of electroneutral polymer Sulfo-DIBNMA for in vitro
functional studies of MC4R. The following chapter focuses on the characterization of a set of new polymers that
may overcome remaining shortcomings of currently available systems. Chapter 5 reflects the content of the
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5.2 Abstract

Many membrane proteins, including G-protein-coupled receptors (GPCRs), are susceptible to denaturation
when extracted from their native membrane by detergents. Therefore, alternative methods have been developed,
including amphiphilic copolymers that enable the direct extraction of functional membrane proteins along with
their surrounding lipids, leading to the formation of native lipid-bilayer nanodiscs. Among these amphiphilic
copolymers, styrene/maleic acid (SMA) and diisobutylene/maleic acid (DIBMA) polymers have been extensively
studied and successfully utilized to isolate various types of membrane proteins, including GPCRs. Despite their
many benefits, SMA and DIBMA polymers also have significant drawbacks that limit their application. Most
notably, both SMA and DIBMA carry high negative charge densities, which can interfere with protein—protein
and protein—lipid interactions through unspecific Coulombic attraction or repulsion. Herein, we describe a series
of new amphiphilic copolymers derived from DIBMA via partial amidation of the carboxylate pendant groups
with various biocompatible amines. The nanodisc-forming properties of the new polymers were assessed using
model membranes as well as in the context of extracting the melanocortin 4 receptor (MC4R), a prototypical class
A GPCR. While each new DIBMA variant displays distinct features that may be favorable for selected
applications, we identified a new PEGylated DIBMA variant called mPEG4-DIBMA as particularly promising for
the present purpose. On the one hand, mPEG4-DIBMA abolishes unspecific interactions with the tested peptide
ligand, a prerequisite for reliably characterizing GPCR-ligand interactions. On the other hand, mPEG4-DIBMA
outperforms other polymers such as SMA and DIBMA by achieving higher extraction efficiencies of MC4R from
S19 insect cell membranes. Thus, this new nanodisc-forming polymer combines two key advantages that are
crucial for investigating GPCRs in a well-defined but still native lipid-bilayer environment, thus paving the way

for manifold future applications.

5.3 Introduction

G protein-coupled receptors (GPCRs), the largest superfamily of cell-surface proteins, share a conserved
architecture of seven transmembrane helical domains (TMDs) and have been implicated in a plethora of diseases
such as cancer, obesity, and Alzheimer’s disease [3—5]. The isolation of GPCRs from cellular membranes for
subsequent in vitro studies is traditionally carried out with the aid of detergents, which displace native lipids and
form micelles as a membrane-mimetic environment to solubilize GPCRs. Lipid-bilayer nanodiscs formed by
membrane scaffold proteins (MSPs) have also been widely used in studies of GPCRs [314], such as neurotensin
receptor 1 (NTSR1) [538] and rhodopsin [539]. However, the stability of GPCRs often decreases upon
solubilization by detergents, which is the first step for preparing MSP nanodiscs [314]. In addition, GPCR
activities are regulated by various physical properties of the surrounding phospholipid bilayer such as lipid order,
lateral pressure, bilayer thickness, hydrophobic mismatch, membrane fluidity, curvature, and lipid composition,
which are altered in detergent micelles and difficult to mimic in synthetic lipid mixtures [524,262,264,265]. The
lipid environment also plays critical roles in GPCR-ligand interactions, receptor coupling, and the recruitment of
GPCR kinases (GRKs) and arrestins [540-543]. Therefore, the study of GPCRs in more native-like environments
is highly desirable.
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In addition to model membrane systems [544], significant progress has been made in developing and
exploiting lipid-bilayer nanodiscs encapsulated by amphiphilic copolymers that directly extract membrane
proteins together with their surrounding lipids from cellular membranes [250]. These native nanodiscs often
preserve the structural and functional integrity of extracted proteins. One of the most commonly used copolymers
is styrene/maleic acid polymer SMA(2:1), a negatively charged random polymer employed to purify membrane
proteins from different cell types [370-372,374,375,545]. However, the efficiency of membrane-protein
extraction by SMA(2:1) and the characterization of SMA-encapsulated proteins are restricted by a rather narrow
buffer range, excluding lower pH values and even low concentrations of divalent cations such as Mg?" and Ca>*
[379,380]. New strategies could overcome some of the limitations in terms of buffer compatibility [381,382], but
the quantification of encapsulated proteins and several other biophysical experiments are hampered by SMA’s
strong absorption in the UV range, which is due to its aromatic styrene moieties. Diisobutylene/maleic acid
(DIBMA) is an alternating copolymer that does not contain any aromatic groups but retains the ability to solubilize
membrane proteins and lipids [383]. Thus, one of the significant advantages of DIBMA is its lower absorption in
the UV range. Moreover, DIBMA exhibits only a gentle impact on the lipid acyl chain order and a high resistance
against divalent cations [384]. DIBMA has been successfully used to extract a broad range of membrane proteins
from different host cells, including rhomboid proteases [546], the membrane tether protein ZipA [547], the ATP
Binding Cassette (ABC) transporter BmrA [547], the GPCRs adenosine Axa receptor (A2aR) [547] and calcitonin
gene-related peptide receptor (CGRP) [547], as well as the mechanosensitive channel of small conductance
(MscS)-like channel Ynal [548]. Nonetheless, the high charge densities carried by both SMA and DIBMA, which
are due to their carboxylic acid pendant groups, can interfere with binding measurements using charged ligands

through unspecific Coulombic interactions.

In this work, we describe a series of new amphiphilic copolymers, including Dab-DIBMA, Arg-DIBMA,
Meg-DIBMA, and mPEG4-DIBMA obtained from DIBMA via partial amidation with various biocompatible
amines. The formation of nanodiscs by exposing large unilamellar vesicles (LUVs) to polymers, the morphology
of the resulting nanodiscs, and the thermotropic phase behavior of the encapsulated lipid bilayers were examined
with the aid of dynamic light scattering (DLS), transmission electron microscopy (TEM), and differential scanning
calorimetry (DSC), respectively. Additionally, microfluidic diffusional sizing (MDS) was used to gauge potential
unspecific interactions between peptide ligands and polymers. The efficacies of the new polymers in extracting a
prototypical GPCR were assessed by using the human melanocortin 4 receptor (MC4R) expressed in insect cells.
The results of our study demonstrate that all of the polymers examined are able to form lipid-bilayer nanodiscs
with narrow size distributions. Furthermore, all polymers can extract MC4R into native nanodiscs, providing new
tools for the structural and functional characterization of GPRCs. Notably, we found that mPEG4-DIBMA does
not display any unspecific interactions with a cationic peptide ligand and exhibits only low UV absorption. In
addition, mPEG4-DIBMA is highly water-soluble, readily solubilizes phospholipid vesicles, and efficiently
extracts MC4R from insect membranes. Taken together, our study demonstrates that mPEG4-DIBMA is an

outstanding amphiphilic copolymer for investigating integral membrane proteins in their native lipid environment.

66



5.4 Methods

Materials. The zwitterionic, saturated phospholipid 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) was obtained from Avanti Polar Lipids (Avanti, Alabaster, USA). DIBMA monomethyl ester was a kind
gift from Glycon Biochemicals (Luckenwalde, Germany). Styrene/maleic acid (SMA(2:1)) copolymer was
purchased from Orbiscope (Geleen, The Netherlands). n-Dodecyl-B-D-maltopyranoside (DDM) was from Glycon
Biochemicals (Luckenwalde, Germany). L-Arginine was purchased from Carl Roth (Karlsruhe, Germany),
meglumine from Fisher Scientific (Schwerte, Austria), and L-2,4-diaminobutyric acid dihydrochloride from
Bachem (Bubendorf, Switzerland). Cholesteryl hemisuccinate (CHS), tris(hydroxymethyl)aminomethane
hydrochloride (Tris-HCI), 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfonic acid (HEPES), CaCl,, MgCl,, and

other chemicals were purchased from Sigma—Aldrich (Darmstadt, Germany).

Syntheses. The synthetic procedures for DIBMA amide derivatives followed the same general protocol
previously published for Glyco-DIBMA [390]. Briefly, to DIBMA monomethyl ester (2 g, 15.6 mmol) dissolved
in 80 mL MeOH was added an amine (15.6 mmol; see below) in 25 wt% sodium methoxide (4 mL diluted in 20
mL MeOH) under stirring at room temperature. The reaction mixture was refluxed overnight, and MeOH was
removed by rotary evaporation. The identity of the resulting DIBMA amide product was confirmed by attenuated
total reflection infrared (ATR-IR) spectroscopy. Arg-DIBMA: L-arginine was used as amine; ATR-IR: 2942 (C-
H str), 1722 (C=O0 str), 1558 (C—N str/NH bend) cm™'; Dab-DIBMA: L-2,4-diaminobutyric acid dihydrochloride
was used as amine; ATR-IR: 3345, 3283, 3178 (N-H str), 2946 (C-H str), 1727 (C=0 str), 1567 (C-N str/ NH
bend) cm™!; Meg-DIBMA: meglumine was used as amine; ATR-IR: 3296 (O-H str), 2943 (C-H str), 1726 (C=0
str), 1575 (C-N str/NH bend) cm™'; mPEG4-DIBMA: tetracthyleneglycol monomethyl ether amine (mPEGs-
amine) was used as amine; ATR-IR: 2868 (C—H str), 1729 (C=O0 str), 1582 (C-N str/ NH bend) cm™'.

Polymer stock solutions. Polymer powders used throughout this study were dissolved in 50 mM Tris-HCl
or 50 mM HEPES, 200 mM NacCl unless noted otherwise, followed by incubation at 55 °C for 10—15 min with
vortexing in an alternating fashion to yield a mass concentration of 50 mg/mL. The final pH value of polymer
stock solutions was adjusted to 8.0 or 7.4, as indicated. All polymer stock solutions were then filtered through

polycarbonate membranes with a pore size of 0.22 pm and stored at —4 °C.

Large unilamellar vesicles (LUVs). DMPC powder was dissolved in 50 mM Tris-HCI or HEPES, 200
mM NaCl, pH 8.0 to a final concentration of 20 mg/mL. The lipid suspension was incubated at 35 °C for 30—40
min with vortexing every 10 min in an alternating fashion. In order to increase the hydration efficiency, the lipid
suspension was then immersed in liquid nitrogen followed by thawing in a ThermoMixer (Eppendorf, Germany)
at 35 °C for 5-10 freeze—thaw cycles. Subsequently, the DMPC suspension was loaded into gas-tight syringes and
extruded at 35 °C through a 100-nm Whatman polycarbonate membrane filter at least 20 times using a Mini-

Extruder (Avanti, Alabaster, USA) to prepare LUVs.

Ultraviolet—visible (UV—vis) spectroscopy. The absorption spectra of polymers at 1 mg/mL dissolved in
50 mM Tris-HCI, 200 mM NaCl, pH 8.0 were recorded on a Jasco V-650 UV—vis spectrophotometer (JASCO
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Germany). Measurements were performed at room temperature using a quartz cuvette with a 10-mm light path

(Hellma Analytics, Germany) at a scan rate of 200 nm/min in the wavelength range of 220—-600 nm.

Polymer/lipid nanodiscs. The DMPC LUVs suspension was added to the polymer stock solutions at
different polymer/lipid mass ratios (mp/my) and incubated at 35 °C for at least 16 h with shaking at 450 rpm to
form polymer-encapsulated DMPC nanodiscs. All experiments were performed in aqueous buffer containing 50

mM Tris-HCI, 200 mM NacCl, pH 8.0.

Dynamic light scattering (DLS). Solubilization efficiencies of all polymers were confirmed and
quantified with the aid of DLS using DMPC model membranes. A Zetasizer Nano S (Malvern Panalytical, UK)
was used to perform DLS measurements in a 70-uL microcuvette (Brand, Wertheim, Germany) at a temperature
of 25 °C. The DLS instrument was equipped with a He—Ne laser having a wavelength of 633 nm, and the detection

scattering angle was 173°. The sample was thermostatted for 5 min at 35 °C prior to measurement.

Differential scanning calorimetry (DSC). DSC measurements were carried out using a MicroCal VP-
DSC calorimeter (Malvern Panalytical, UK) to monitor the thermotropic behavior of DMPC lipids in the absence
and presence of polymers. Samples were prepared in 50 mM Tris-HCI, 200 mM NaCl, pH 8.0 at various
polymer/lipid mass ratios (mp/mr). Polymer/DMPC samples and reference buffer were first degassed and then
measured in 5-10 heating and cooling cycles at a scan rate of 60 °C h! in the range of 2-80 °C. One representative
curve was chosen from the closely overlaid scan traces, the buffer baseline was subtracted, and the data were
normalized against the DMPC concentration (6 mM) using MicroCal Origin 7.0 software (OriginLab,
Northampton, USA). The phase transition temperature (7m) was determined as the temperature at which the excess
molar isobaric heat capacity (C,) reached its maximum value. The size of the cooperative unit (CU) was obtained
as the ratio of the van’t Hoff enthalpy, given by the shape of the melting peak, to the calorimetric enthalpy, given
by the peak area [549].

Turbidity experiments. The colloidal stability of mPEG4-DIBMA lipid particles in the presence of
divalent cations was evaluated with turbidity experiments at 620 nm using a Tecan Spark 10M microplate reader

(Tecan, Switzerland).

C-potential measurements. Samples containing 4 mg/mL DMPC LUVs, 8 mg/mL polymer, or
polymer/DMPC nanodiscs at my/mi = 2 were prepared in 50 mM Tris-HCI, 100 mM NacCl, pH 7.4. {-potential
measurements were carried out on a Zetasizer Nano ZS (Malvern Panalytical, UK) using disposable folded
capillary zeta cells DTS1070 (Malvern Panalytical, UK) at a detection scattering angle of 173° and a temperature
of 25 °C. The diffusion barrier technique was used to prepare the sample cell for {-potential measurement [550].
The folded capillary cell was first filled with buffer before 100 uL of sample was pipetted directly into the cell
bottom with the aid of a gel-loading tip, avoiding mixing of the sample with buffer during loading. The cell was

capped and equilibrated for 300 s prior to measurement to reduce fluid motion induced by temperature gradients.

Adrenocorticotropic hormone peptide (ACTH). The human adrenocorticotropic hormone truncated
construct ACTH (1-23)Cys was subcloned into pET-16b vector, including a 6xHis tag at N-terminus, followed by

B1 domain of streptococcal protein G (GBI fusion protein) and tobacco etch virus (TEV) cleavage site.
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Escherichia coli strain BL21 (DE3) cells were used for peptide expression. Cells were cultured in 2xY T medium
at 37 °C, 140 rpm in baffled flask, supplemented with 100 pg/mL ampicillin. The expression was inducted with 1
mM isopropyl-p-D-thiogalactopyranoside (IPTG) upon the optical density 600 (ODggo) reached 0.6—0.8. Cells
were harvested by centrifugation at 6,000 g, 10 min, 4 °C after 5 h induction, flash-frozen in N, (1), and stored at
—80 °C for future use. Cell pellets were resuspended in lysis buffer containing 50 mM sodium phosphate, pH 7.5,
300 mM NaCl, 1 mM dithiothreitol (DTT), supplemented with EDTA free cOmplete protease inhibitor cocktail
tablet (Roche). The homogenate was sonicated on ice, and the lysate was centrifuged at 100,000 g for 25 min at
4 °C. The supernatant was incubated with Ni-NTA resin (Macherey-Nagel, Germany) at 4 °C overnight with
gentle rotation. The resin was loaded onto a gravity column and washed with 10 column volumes (CVs) lysis
buffer and 10 CVs lysis buffer supplemented with 20 mM imidazole. The peptide was eluted with 10 CVs lysis
buffer supplemented with 250 mM imidazole. Fractions containing peptides were collected and dialyzed against
lysis buffer using 3.5K MWCO SnakeSkin dialysis tubing (ThermoFisher) at 4 °C overnight. The fusion protein
was removed by addition of home-made TEV protease. The cleaved peptide was further purified by size-exclusion
chromatography (Superdex 16/600, 30 pg column; GE health) with a running buffer containing 20 mM ammonium
bicarbonate. Peptide labeling with thiol-reactive ATTO-488 maleimide (ATTO-TEC, Germany) was carried out
according to the manufacturer's instructions. The labeled peptide was further purified using high-performance
liquid chromatography (HPLC) using a Zorbax SB300 C8 4.6 x 250 mm analytical column (Agilent
Technologies).

Microfluidic diffusional sizing (MDS). ATTO 488-labeled human adrenocorticotropic hormone (ACTH)
peptide was added to polymer/DMPC nanodiscs at mp/mr = 4 to a final peptide concentration of 20 nM. The final
concentration of DMPC was 4 mg/mL. Interactions between peptide and polymer/DMPC nanodiscs were
measured on a Fluidity One-W system (Fluidic Analytics, Cambridge, UK) by recording changes in hydrodynamic
particle size [394,529]. Disposable MDS chips were used holding a total sample volume of 5 pL. All experiments
were carried out in 50 mM HEPES, 200 mM NaCl, pH 7.4 or 8.0.

Negative-stain transmission electron microscopy (TEM). TEM specimens were prepared by spreading
4 uL mPEG4-DIBMA/DMPC nanodiscs at mp/mr = 4 onto freshly glow-discharged copper grids (15 mA for 25 s
at 0.39 mbar) coated with a carbon support film. Excess suspension was blotted off after ~5 s using filter paper.
Grids were washed with 5 uL MilliQ water once, followed by staining with 5 pL 2% (w/v) aqueous uranyl acetate
solution twice and blotted off after ~15 s with filter paper. After preparation, specimens were air-dried and
examined on a Talos L120C transmission electron microscopy equipped with a 4k x 4K Ceta CMOS camera

(Thermo Scientific).

Preparation of insect membranes and solubilization of MC4R. The wild-type human melanocortin 4
receptor (MC4R, UniProtKB-P32245) was codon-optimized and inserted into a mortified pFastbacl vector,
including an influenza virus hemagglutinin (HA) signal peptide followed by a Flag tag at the N-terminus as well
as a human rhinovirus (HRV3C) cleavage site and a 10xHis tag at the C-terminus by using Ncol-EcoRI restriction
endonucleases (New England Biolabs). The thermostabilized mutant MC4R construct was modified by
introducing 5 mutations (E49'37V, N9727L, S992%°F, S131334A and D2987“N, where superscript numbers

correspond to the Ballesteros—Weinstein nomenclature [14]) containing the same tags as the wild type, a generous
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gift of Prof. Dr. Raymond C. Stevens (iHuman Institute at ShanghaiTech University) [224]. The MC4R-eYFP
construct was modified by introducing the eYFP gene between the HRV3C cleavage site and the 10xHis tag.
Recombinant baculovirus production of MC4R-eYFP was generated by transfecting Spodoptera frugiperda (Sf9)
cells grown in Sf-900 III SFM media (ThermoFisher) at 27 °C with Bacmid (Bac-to-Bac system, ThermoFisher)
using FuGENE HD transfection reagent according to the manufacturer’s instructions. Sf9 cells were infected at a
density of 2 to 3 x 10° cells/mL with recombinant baculovirus. 72 h after infection, cells were harvested by
centrifugation at 6000 g, 4 °C for 10 min and stored at —80 °C. Cellular membranes were prepared as described
previously with slight modifications [224]. In brief, Sf9 cell pellets were resuspended in a hypotonic buffer
containing 10 mM HEPES, 10 mM MgCl,, 20 mM KCI, pH 7.8 and cOmplete EDTA-free protease inhibitor
cocktail tablet (Roche) and then lysed by sonication on ice (Bandelin Sonorex, Germany). Cell membranes
containing MC4R-eYFP were harvested by ultracentrifugation at 120,000 g, 4 °C for 30 min (Optima xpn-80
ultracentrifuge, Beckman Coulter, USA). The membrane pellet was resuspended in the same hypotonic buffer and
disrupted with a Dounce homogenizer followed by ultracentrifugation at 120,000 g, 4 °C for 30 min. The above
procedure was repeated twice. Further membrane purification was performed three times using hypotonic buffer
supplemented with 1 M NaCl. Purified membrane pellets were washed once with 50 mM HEPES, 200 mM NaCl,
pH 8.0, flash-frozen in liquid nitrogen, and stored at —80 °C. Polymers were added to 20 mg/mL (wet
mass/volume) purified cellular membranes at different concentrations and incubated at 4 °C for either 4 hor 16 h

with gentle rotation. Supernatants were collected after ultracentrifugation at 120,000 g, 4 °C for 30 min.

5.5 Results and discussion

Design and synthesis of copolymers. The goal of our synthetic approach was to reduce the charge density
on the polymer backbone by derivatizing DIBMA through amidation of one of the two carboxylic acid groups in
each repeating unit (Fig. 16). We have previously used the same strategy to produce Glyco-DIBMA, which offers
several advantages over unmodified DIBMA, including a higher protein-extraction efficiency [390,551]. Here,
we sought to explore a larger chemical space through amidation using a set of structurally diverse amines,
including: o-amino acids such as L-arginine (Arg) and L-2,4-diaminobutyric acid (Dab); the hexosamine
meglumine (Meg); and the oligo (ethylene oxide) tetracthyleneglycol monomethyl ether amine (mPEGy). These
compounds have in common that they contain at least one reactive amino group, are highly water-soluble,
biocompatible, and net neutral once coupled to the polymer backbone through an amide linkage. We considered
these properties important to reduce the charge density on the DIBMA polymer backbone while retaining its
excellent water solubility. Four polymers were thus synthesized, henceforth referred to as Arg-DIBMA, Dab-

DIBMA, Meg-DIBMA, and mPEG4-DIBMA.
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Fig. 16 General scheme for the synthesis of DIBMA-based amphiphilic copolymers that form lipid-bilayer nanodiscs.

Each polymer variant was subsequently tested for its key biophysical and nanodiscs-forming properties, including
lipid extraction from synthetic vesicles as well as protein extraction from eukaryotic cells. First, we investigated
the formation of polymer/DMPC nanodiscs and the solubilization efficiency of the new polymers. To this end,
large unilamellar vesicles (LUVs) made from DMPC were incubated with each polymer at different polymer/lipid
mass ratios, and particle size distributions were analyzed by dynamic light scattering (DLS). At a polymer/lipid
mass ratio (mp/my) of 2.0, the hydrodynamic particle sizes of all new nanodiscs were in the expected range of ~10
nm (Fig. 17a). By contrast, at a lower mp/my of 0.5, substantial differences in hydrodynamic particle sizes were
observed, reflecting differences in the solubilization efficiency among the polymers (Fig. 17b). A more systematic
screening of mp/my. revealed that mass ratios of ~1 should be used for all new DIBMA variants to obtain the often-
desired nanodisc diameter of ~10 nm (Fig. 17c, top panel). This minimal mp/my ratio is considerably less than that
observed for unmodified DIBMA but about a factor of two larger than for SMA(2:1) and Sulfo-DIBMA (Fig. 17¢c,
lower panel). Sulfo-DIBMA is a recent electroneutral DIBMA variant that contains an imide ring [393], in contrast

with the open amide linkage of the DIBMA variants reported here (Fig. 16).
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Fig. 17 Particle size analysis shows formation of homogenous nanodiscs for all polymers at polymer/lipid mass ratios >1. (a,b)
Intensity-weighted particle size distributions of mixtures containing polymer and DMPC (4 mg/mL) at polymer/lipid mass
ratios (mp/mL) of (a) 2.0 and (b) 0.5 as obtained from DLS. Upper panels show data for the new DIBMA variants, while lower

panels serve as reference for established polymers. (c) z-Average particle diameters derived from DLS as functions of mp/mL.

Vertical bars indicate size distribution widths defined as ¢ = z * VPDI, where PDI is the polydispersity index.

Next, we tested the suitability of each new polymer for characterizing interactions that are susceptible to charge
effects. Most existing polymers, such as SMA and DIBMA, are incompatible with ligand binding assays for
GPCRs because of unspecific interactions between the polyanionic polymer chains and the ligands [393]. To
assess the new DIBMA variants for their suitability in such ligand—GPCRs interaction experiments, we performed
microfluidic diffusional sizing (MDS) measurements with the binding fragment of the adrenocorticotropic
hormone (ACTH), a potent agonist of the melanocortin 4 receptor (MC4R) [552]. MDS allows for the
determination of the hydrodynamic particle size of bare ACTH and its increase resulting from unspecific
interactions with nanodiscs [394,529]. To evaluate the interactions between the DIBMA variants and ACTH, we
used polymer-encapsulated nanodiscs containing the zwitterionic phospholipid DMPC, a lipid known not to
interact with ACTH [393]. Polymer/DMPC nanodiscs were prepared at mp/mi of 4 to obtain small nanodiscs, as
confirmed by DLS (Fig. 17¢c and S4). In line with previous observations [393], our MDS results confirmed that
the hydrodynamic particle size of ACTH remained unchanged upon addition of DMPC nanodiscs encapsulated
by the electroneutral polymer Sulfo-DIBMA, indicating the absence of unspecific interactions between the
polymer and the ligand (Fig. 18). In contrast with Sulfo-DIBMA, we observed an increase in hydrodynamic
particle size when ACTH was exposed to nanodiscs encapsulated by DIBMA, Arg-DIBMA, Dab-DIBMA, or
Meg-DIBMA, suggesting unspecific interactions between the cationic peptide ligand and the anionic polymers.
In stark contrast, the hydrodynamic particle size of ACTH remained unchanged upon addition of nanodiscs
encapsulated by the PEGylated polymer mPEG4-DIBMA, even though mPEG4-DIBMA still carries carboxylate
groups (Fig. 16). For all polymers, the same interaction behaviors were found at two different pH values (pH 7.4,
Fig. 18 and pH 8.0, Fig. S5), confirming that mPEG4-DIBMA is of particular interest for studying the specific

binding of ligands to nanodiscs-embedded membrane proteins under commonly applied buffer conditions.
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Fig. 18 Only mPEGs-DIBMA shows reduced unspecific interactions with the cationic peptide ligand ACTH. Unspecific inter-
actions between ACTH and polymer/DMPC nanodiscs at mp/mL of 4 were measured by means of microfluidic diffusional
sizing (MDS). All experiments were carried out at 50 mM HEPES, 200 mM NacCl, pH 7.4. Error bars represent one standard

deviation of two independent experiments, each repeated in triplicate.

Due to its promising features in ligand-binding assays, we carried out a more comprehensive
characterization of mPEG4-DIBMA. First, we investigated the origin of the reduced unspecific interactions with
ACTH by determining the (-potential. Our results confirmed that unmodified DIBMA indeed has a strongly
negative {-potential, which is only partly reduced by the mPEG4 modification, in contrast with electroneutral
Sulfo-DIBMA (Fig. 19a). Negative (-potentials were similarly detected in lipid-free polymer samples and for
lipid-encapsulating nanodiscs. From this finding, we infer that unspecific binding to mPEG4-DIBMA is not
prevented by a lack of charged groups on the polymer but rather by the relatively bulky, strongly hydrated PEG
chains, which sterically block access of the peptide to the polymer backbone. This interpretation is consistent with
the expected Debye—Hiickel screening length of <1 nm under the applied conditions, which indicates that
Coulombic interactions in salty aqueous buffers decay steeply with the distance between two charged groups.
Consequently, the unspecific interactions between the positively charged peptide and the negatively charged
carboxylate groups may are much less prominent in mPEG4-DIBMA because of their spatial separation by the

hydrated PEG chains and the shielding effects of the buffer ions.

Next, we assessed the morphology of mPEG4-DIBMA/DMPC nanodiscs with the aid of negative-stain
transmission electron microscopy (TEM). TEM images demonstrated the presence of homogeneously sized
nanodiscs with an average diameter of 10 nm (Fig. 19b), consistent with our DLS data (Fig. 17). Furthermore,
absorbance measurements showed that mPEG4-DIBMA has a very low absorbance in the ultraviolet (UV) spectral

range, offering favorable properties for the photometric quantification of protein levels (Fig. 19¢).

In order to evaluate the effects of divalent cations on the colloidal stability of nanodiscs, we measured the
turbidity of mPEG4-DIBMA/DMPC nanodiscs as a function of increasing concentrations of Mg?" or Ca?*. mPEGa-
DIBMA/DMPC nanodiscs began to precipitate at divalent ion concentrations of 10 mM Mg?* or 5 mM Ca?" (Fig.
19d and S6). Thus, mPEG4-DIBMA/DMPC nanodiscs showed a rather modest colloidal stability in the presence

of divalent cations, as expected for negatively charged nanodiscs. Nevertheless, this modest stability is still

73



sufficient for physiological concentrations of divalent cations and, thus, should enable activity studies of

membrane proteins requiring typical concentrations of divalent cations.
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Fig. 19 Physicochemical properties of mPEG4-DIBMA. (a) {-potentials of mPEGs-DIBMA, DIBMA, Sulfo-DIBMA, and
respective polymer-encapsulated DMPC nanodiscs. (b) Negative-stain transmission electron microscopy (TEM) image of
mPEG4-DIBMA/DMPC nanodiscs at mp/mr of 4.(c) UV absorption spectra of mPEGs-DIBMA, DIBMA, and SMA(2:1). (d)
Colloidal stability of mPEGs-DIBMA/DMPC nanodiscs at mp/m1 of 4 as determined by turbidity in response to increasing
concentration of Mg? or Ca?". () Differential scanning calorimetry (DSC) thermograms displaying the excess molar isobaric
heat capacities (ACp) of 4 mg/mL DMPC LUVs and mPEGs-DIBMA/DMPC nanodiscs at the indicated polymer/DMPC mass

ratios, mp/mL. (f) Main phase transition temperature (7,») as a function of the polymer/DMPC mass ratio, mp/mL.

To investigate the integrity of the nanodisc’s lipid matrix, we measured the effect of mPEG4-DIBMA on
the thermotropic behavior of the encapsulated lipid-bilayer patch using differential scanning calorimetry (DSC).
DSC thermograms showed that the phase-transition peak became broader with increasing mp/my (Fig. 19¢). This
observation confirms the formation of smaller lipid-bilayer nanoparticles upon addition of mPEG4-DIBMA to
DMPC vesicles, which showed the expected highly cooperative gel-to-fluid transition at ~24.5 °C (Fig. 19e, grey).

It is worth noting that multiple phase transition peaks were observed at low polymer/lipid mass ratios, where
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nanodiscs coexist with vesicles (Fig. 19e and S7). Hence, it appears that a polymer/lipid mass ratio of ~1 is
required for mPEG4-DIBMA to fully solubilize DMPC vesicles, in agreement with our DLS data (Fig. 17¢) and
in contrast with SMA(2:1) (Fig. 19¢e and S7a). At higher polymer/lipid ratios, the mPEG4-DIBMA nanodiscs
revealed a moderate decrease in the phase transition temperature (7m) to about 22 °C. We infer that the DMPC
molecules along the perimeter of the nanodiscs were affected by mPEG4-DIBMA, whereas the core of the DMPC
bilayer in the nanodiscs was not significantly affected. Similar results were observed in DSC measurement of
DIBMA/DMPC nanodiscs (Fig. 19f and S7b), in line with previous findings [383] . In contrast, SMA-
encapsulated nanodiscs showed a steep drop in 7, with increasing polymer concentration down to 11.6 °C at
mp/my of 4 (Fig. 19f and S7a). This observation has been explained by a perturbation of the lipids’ acyl chain
packing by the polymer, which might be caused by the intercalation of the phenyl groups of SMA(2:1) [553].
Overall, our DSC data demonstrate that, in comparison with SMA(2:1), mPEG4-DIBMA requires slightly elevated
polymer/lipid mass ratios for complete solubilization. However, mPEG4-DIBMA also has much milder effects on
the lipid matrix under the conditions required to prepare small and homogenous nanodiscs, making it an ideal tool

for subsequent biophysical or structural studies.

In addition to the solubilization of synthetic lipids, we tested the capacities of all new polymers to extract
and encapsulate integral transmembrane proteins from cellular membranes into nanodiscs. For this purpose, we
selected a prototypical GPCR comprising a thermostabilized mutant of the melanocortin 4 receptor (MC4R-eYFP)
carrying an enhanced yellow fluorescent protein (eYFP) tag. We exposed crude membrane preparations from Sf9
insect cells to different concentrations of polymers and quantified the amounts of extracted MC4R by measuring
the emission intensities of eYFP (Fig. 20). Interestingly, all four new DIBMA variants considerably enhanced the
solubilization efficiency as compared with unmodified DIBMA (Fig. 20). Previous findings have shown that
DIBMA carries higher negative charge densities than SMA(2:1) under similar conditions [384]. As a result, strong
Coulombic repulsion may affect the interaction of DIBMA with the negatively charged cell membrane and hinder
the extraction of membrane proteins into native nanodiscs. Our data show that the newly designed DIBMA
variants indeed facilitate the cell-membrane fragmentation process, resulting in higher extraction efficiencies.
With the exception of Dab-DIBMA, all new DIBMA variants also offered solubilization efficiencies comparable
to or surpassing that of SMA(2:1) at polymer concentrations > 1%. Again, mPEG4-DIBMA displayed the best
performance, approaching solubilization yields similar to the DDM/CHS system that was used as reference and
generally serves as a gold standard for the extraction of GPCRs. In direct comparison with electroneutral Sulfo-
DIBMA, the solubilization of MC4R was about 1.5-fold higher with mPEG4-DIBMA, making this new DIBMA
variant particularly interesting for studies where the amount of extracted membrane protein is a limiting factor.
Noteworthily, many functional and structural studies of GPCRs suffer from limited stability of these labile
receptors. Therefore, long incubation times of the cell pellet with the polymer may adversely affect subsequent in
vitro studies. To address this important point, we finally tested the effects of reducing the incubation time (Fig.
20b, 4 h). These data largely reproduced the results obtained at longer incubation times (Fig. 20a, 16 h). The only
exceptions were SMA(2:1) and Dab-DIBMA at low polymer concentrations, which displayed significantly lower
extraction efficiencies at 4 h than at 16 h incubation. A more thorough analysis carried out for mPEG4-DIBMA
further suggested that even shorter incubation times, in the range of 20—60 min, can be used to efficiently extract

MCA4R (Fig. 20c).
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Fig. 20 All new DIBMA variants, in particular mPEG4-DIBMA, efficiently extract the GPCR MC4R. (a,b) Polymer-mediated
extraction of the melanocortin-4 receptor (MC4R-eYFP) from insect membranes. The extraction efficiencies of the different
polymers in comparison with the frequently used DDM/CHS system (1% (w/v) DDM and 0.2% (w/v) cholesteryl
hemisuccinate (CHS)) are plotted. The amount of solubilized receptor for each preparation was determined by eYFP
fluorescence after incubation with the indicated polymers for either 16 h (a) or 4 h (b). (c) Solubilization efficiency of 2%

(w/v) mPEGs-DIBMA (normalized to maximum solubilization after 240 min) as a function of incubation time.

Taken together, we found that all new DIBMA variants can solubilize synthetic lipids and extract a GPCR
from insect cells into native nanodiscs. Our MDS assay identified mPEG4-DIBMA as a new member of the small
set of polymers that avert unspecific Columbic interactions with a cationic peptide ligand, thus facilitating
interaction studies using nanodisc-embedded membrane proteins. Furthermore, we observed an outstanding
performance of mPEG4-DIBMA in efficiently extracting MC4R from native cellular membranes. Paired with its
decent Mg?* and Ca?" tolerance and its low UV absorbance, mPEG4-DIBMA has a particularly high potential for

future applications in membrane-protein research.
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5.6 Conclusions

Polymer-encapsulated nanodiscs offer several advantages over other membrane mimetics, including the
detergent-free extraction of target membrane proteins within their native lipid-bilayer environment. Several
amphiphilic copolymers, such as SMA and DIBMA, have been successfully used in the purification of membrane
proteins from different cells and the determination of membrane-protein structures [400,554,402,555] . In
general, existing polymers differ in key features such as extraction efficiency, tolerance against divalent metal
ions, UV absorbance, and charge density, a factor that often restricts interaction studies using polymer-
encapsulated nanodiscs. Although all of the listed properties are essential for characterizing membrane proteins
such as GPCRs, none of the currently available polymers can provide top performances in all properties,
necessitating compromises to be made in the selection process. To overcome this limitation, we here introduced
and tested a series of new DIBMA variants. All new polymers show promising features, in particular as regards
their solubilization efficiency of a GPCR from insect membranes. A PEGylated polymer, mPEG4-DIBMA,
emerged as the top performer in all tested properties. mPEG4-DIBMA overcomes some of the most serious
limitations of SMA and DIBMA without sacrificing protein yields, highlighting its potential for the functional and

structural characterization of membrane proteins in their native lipid-bilayer environment.
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6. Conclusions and perspectives

Detergent micelles, MSP nanodiscs and polymer native membrane nanodiscs are three most commonly
used membrane mimicking systems for the in viro studies of membrane proteins. In order to evaluate the influence
of different environments on the function of MC4R, we performed the solubilization and purification of MC4R
expressed in Sf9 cells using detergents, MSP1D1 nanodiscs and Sulfo-DIBMA native membrane nanodiscs,
respectively. The results demonstrate that lipid bilayer, particularly the native lipid environment (Sulfo-DIBMA),
is more effective in preserving the functional integrity of MC4R. Given the critical roles of divalent cations in the
ligand binding and signal transduction of a number of GPCRs, we investigated the allosteric regulation of divalent
cations on the ACTH (1-23) binding to MC4R embedded in detergent micelles, MSP1D1/POPC nanodiscs and
Sulfo-DIBMA native membrane nanodiscs, respectively. Our results show that Ca?* and Cu?" enhances and
inhibits the ligand binding of MC4R, respectively, in all membrane mimetics. Interestingly, the ligand binding
affinity is reduced by the addition of Zn?** when MC4R embedded in detergent micelles but increased in lipid
bilayer. Therefore, the environments play a critical role in shaping the function of GPCRs, including their ligand

binding properties in the absence or presence of extracellular modulators.

Generally, existing polymers differ in key features such as extraction efficiency, tolerance against divalent
metal ions, UV absorbance, and charge density, a factor that often restricts interaction studies using polymer-
encapsulated nanodiscs. Although all of the listed properties are essential for characterizing membrane proteins
such as GPCRs, none of the currently available polymers can provide top performances in all properties,
necessitating compromises to be made in the selection process. To overcome this limitation, we synthesized and
tested a series of new DIBMA variants, including Arg-DIBMA, Dab-DIBMA, Meg-DIBMA and mPEG4-DIBMA.
All new polymers show promising features, in particular the solubilization efficiency of MC4R from insect
membranes. Of note, mPEG4-DIBMA overcomes some of the most serious limitations of SMA and DIBMA
without sacrificing protein yields, and does not interfere with ligand-lipid interactions, emerging as the top
performer in all tested properties and highlighting its potential for the functional and structural characterization

of GPCRs in their native lipid-bilayer environment.

Taken together, this work contributes to a better understanding of the functional properties of MC4R and
may pave the way for obtaining atomic-resolution insights into the structure and dynamics of MC4R in an

environment that adequately preserves their functionally relevant conformation(s).
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Supplementary Information
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Fig. S1 Peptide purification. (A) Ni-NTA purification of ACTHA (1-23)Cys containing fusion peptide GB1. (B) SEC
(Superdex 16/600, 30 pg column) purification of ACTH (1-23)Cys. (C) HPLC purification of dye labeled ACTH (1-23). HPLC
program: 0-4 min (5-10% AcNcan, 0.1% TFA), 4-20 min (10-36% AcN, 0.1% TFA), 20-22 min (36-60% AcN, 0.1% TFA),

22-27 min (80% AcN, 0.1% TFA) and 27-31 min (5% AcN, 0.1% TFA). A214 colored blue, A280 colored red and A488
colored green.
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Fig. S2 Purification of MSP1DI. Line 1: Ni-NTA purification of 6xHis-TEV-MSP1D protein. Line 2: His-tag free MSP1D1
(Ni-NTA flow through). Line3: Eluted proteins from Ni-NTA column.

Fig. S3 Uncropped purification images of the SDS-PAGE gels. (A) Detergent micellesyMC4R, (B) MSP1D1/POPC/MC4R

nanodiscs and (C) Sulfo-DIBMA/MC4R native membrane nanodiscs. The black dotted boxes indicate the portion of the gel
that was presented earlier in Fig. 11C-E.
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Fig. S4 Solubilization of DMPC vesicles and formation of polymer-encapsulated DMPC nanodiscs. Intensity-weighted particle

size distributions of mixtures containing polymer and DMPC (4 mg/mL) at indicated polymer/lipid mass ratios (mp/mL).
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Fig. S5 Unspecific interactions between peptide and polymer/DMPC nanodiscs at mp/mL of 4 were measured by means of
microfluidic diffusional sizing (MDS). All experiments were carried out at 50 mM HEPES, 200 mM NaCl, pH 8.0. Error bars

indicate + one standard deviation of two independent experiments, each repeated in triplicate.

Fig. S6 Visual appearance of mPEG4-DIBMA/DMPC nanodiscs at mp/mi of 4 in response to increasing concentration of Mg?*

or Ca?".
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Fig. S7 DSC thermograms of polymer-encapsulated DMPC nanodiscs. DSC thermograms displaying excess molar isobaric

heat capacities (ACp) of SMA(2:1)/DMPC (a) and DIBMA/DMPC (b) at indicated polymer/DMPC mass ratios, mp/mL.

Materials. All starting materials were purchased from TCI (Eschborn, Germany), Fisher Scientific (Schwerte,
Austria), Th. Geyer (Renningen, Germany), and Sigma—Aldrich (Darmstadt, Germany) and were used as received.

The general synthetic procedure for preparing mPEG4-amine [556—558] is shown below:

(T‘,I
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2,5,8,11-Tetraoxatridecan-13-yl 4-methylbenzenesulfonate (1)

Q
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A solution of tetraethylene glycol monomethyl ether (9.15 g, 48 mmol, 1 eq.) in DCM (50 mL) was added
dropwise over 30 min to a solution of p-toluenesulfonyl chloride (9.16 g, 48 mmol, 1 eq.) suspended in DCM
(50 mL) while stirring at room temperature. Triethylamine (13.4 mL, 0.096 mmol, 2 eq.) was then added dropwise
over 10 min and the reaction mixture was stirred at room temperature for 22 h. The solvent was evaporated under
reduced pressure and the residue was diluted in DCM (70 mL) and washed with NaOH (1 M, 3 x 70 mL),
followed by water (3 x 70 mL). The organic phase was dried over MgSQOs, filtered, and concentrated under
reduced pressure. The resulting oil was purified by gravity column chromatography using ethyl acetate as eluent.
The product was obtained as a yellowish oil in 73% yield. The identity of the resulting product was confirmed by
NMR and attenuated total reflection infrared (ATR-IR) spectroscopy: 'H-NMR (300 MHz, CDCl3, 25°C): §
(ppm) = 2.39 (s, 3H, Ar—CH3), 3.32 (s, 3 H, -OCH3), 3.45-3.66 (m, 14 H, 3(-O-CH,CH>-0-), -OCH>-), 4.10 (t,
2H, Ts-CHz—, 3Jnn= 4.89 Hz), 7.29 (d, 2H, Ar-H, 3Ju_u = 8.01 Hz), 7.74 (d, 2H, Ar-H, 3Ju_u = 8.32 Hz); C-
NMR (75 MHz, CDCl3, 25°C): J (ppm) = 144.9, 133.1, 129.9, 128.1, 72.0, 70.8, 70.7, 70.6, 70.6, 70.6, 69.4, 68.8,
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59.1, 21.7; ATR-IR*3 (cm™): 2874 (C—-H str, aliphatic), 1452 (C=C str, aromatic), 1353 (S=O str, asym),
1189 (S=O str, sym), 1175 (C—C str, aliphatic), 1096 (C—O—C str).

13-Azido-2,5,8,11-tetraoxatridecane (2)

io\/lL‘;Ns

To a suspension of sodium azide (1.54 g, 23.4 mmol, 1.5 eq.) in DMF (40 mL), a solution of 1 (5.66 g,
15.6 mmol, 1.0 eq.) in DMF (25 mL) was added dropwise over 50 min and the reaction mixture was stirred at
room temperature for 22 h. The mixture was diluted with water (130 mL) and washed with DCM (7 x 100 mL).
The organic fractions were collected and washed further with water (2 x 100 mL), dried over MgSOs, filtered,
and concentrated under reduced pressure. DMF was removed by repeated distillation of the solution with toluene.
The residue was purified by gravity column chromatography using 2:1 hexane/EtOAc as eluent. The product was
obtained as a colorless oil in 86% yield. The identity of the resulting product was confirmed by NMR and
attenuated total reflection infrared (ATR-IR) spectroscopy: 'H-NMR (300 MHz, CDCl;, 25°C): ¢
(ppm) = 3.27-3.41 (m, 5SH, -OCH;, -OCH,—CH>-N3), 3.48-3.55 (m, 2H, -OCH>~CH>-N3, 3.57-3.68 (m, 12H,
3 x ~OCH>-CH;0-); *C-NMR (75 MHz, CDCls, 25°C): § (ppm) = 72.1, 70.8, 70.8, 70.8, 70.8, 70.7, 70.2, 59.2,
50.8; ATR-IR?3 (cm™): 2870 (C—H str, aliphatic), 2098 (C-N3), 1101 (C-O-C str).

2,5,8,11-Tetraoxatridecan-13-amine (3)

to A,

To a solution of 2 (3.0 g, 12.9 mmol, 1.0 eq.) in anhydrous THF (25 mL), triphenylphosphine (4.22 g,
16.1 mmol, 1.25 eq.) in anhydrous THF (15 mL) was added dropwise over 15 min under nitrogen atmosphere and
the reaction mixture was stirred at room temperature for 5 h. Distilled water (20 mL) was then added and the
solution was refluxed for 22 h. The solution was concentrated under reduced pressure and the residue was purified
by gravity column chromatography using 9:1 DCM/MeOH (+1% Et;N). The product was obtained as a yellowish
oil in 97% yield. The identity of the resulting product was confirmed by NMR and attenuated total reflection
infrared (ATR-IR) spectroscopy: 'H-NMR (300 MHz, CDCls, 25°C): J (ppm) = 2.82 (t, 2H, *Jy-u=5.21 Hz, —
CH,—CH»>-NH>), 3.33 (s, 3H, -OCH3), 3.43-3.54 (m, 4H, -OCH,—CH,0—, -CH,~CH>-NH>), 3.54-3.68 (m, 10H,
2x ~OCH»-CH-0, ~-OCH,-CH>0-); *C-NMR (75 MHz, CDCls, 25°C): § (ppm) = 73.3, 72.1, 70.7, 70.7 (2x),
70.6, 70.4, 59.2, 41.8; ATR-IR?? (cm™): 3372 (N-H str), 2866 (C—H str, aliphatic), 1100 (C—O—C str).
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