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Summary 

The membrane protein Green Proteorhodopsin (GPR), found in an uncultured marine 

γ-proteobacterium, is a retinal binding protein and contains a conserved structure of 

seven transmembrane helices (A-G). The retinal is bound to a conserved lysine residue 

(K231) in helix G via Schiff base linkage. It belongs to the widespread family of 

microbial rhodopsins and functions as a light dependent outward proton pump that 

bacteria may utilize for establishing a proton gradient across the cellular membrane. 

Proton pumping takes place after photon absorption, where GPR goes through a series 

of conformational changes, termed photocycle, causing the proton to be transported 

across the cellular membrane from the intra-cellular to the extracellular space. It is 

further mediated by the highly conserved functional residues D97 and E108, which 

function as the primary proton acceptor and primary proton donor for the protonated 

Schiff base, respectively. Another functionally important residue is the highly 

conserved H75 in helix B. It forms an intra-molecular cluster with D97 and is 

responsible for the high pKa value of the primary proton acceptor, stabilized by a direct 

interaction between D97 and H75. 

Different Proteorhodopsin variants are globally distributed and colour tuned to their 

environment, depending on the water depth in which they occur. A single residue in 

the retinal binding pocket at position 105 is responsible for determining the absorption 

wavelength of the protein. GPR (from eBAC31A08) contains a leucine at position 105, 

while BPR (blue proteorhodopsin, from Hot75m4) in deeper waters possesses a 

glutamine. Although GPR shows 79% sequence identity with BPR, a single amino acid 

substitution (L105Q) in GPR is able to switch the absorption maximum to the one of 

BPR. 

Protein oligomerisation describes the association of subunits (protomers) through 

non-covalent interactions, forming macromolecular complexes. It is an important 

structural characteristic of microbial rhodopsins, contributing to structural stability 

and promoting tight packing of the protomers in the bacterial membrane. GPR was 

shown to assemble into radially arranged oligomers, mainly pentamers and hexamers. 

No high resolution crystal structure of the whole GPR complex is available, but the 
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structurally related BPR (Hot75m4) was successfully crystallized, showing pentameric 

oligomers.  

The BPR crystal structure model reveals detailed information about complex assembly 

of the whole proteorhodopsin family. It reveals the oligomeric structures and shows 

residues that are part of the protomer interfaces, forming cross-protomer contacts, 

which is valuable information for the elaborate analysis of cross-protomer interactions 

of GPR oligomers. 

Based on the knowledge of GPR and BPR oligomeric complexes, the aim of this study 

is to analyse specific cross-protomer contacts and to characterize the functional role of 

GPR oligomerisation. This includes the identification of residues, which are part of 

charged cross-protomer contacts and play an important role for the formation of the 

GPR oligomeric complex. Furthermore, this study deals with a detailed 

characterization of a potentially functional cross-protomer triad between the residues 

D97-H75-W34, which was detected in the BPR structural model. Hereby, the focus lies 

especially on the functional role H75, which is highly conserved and is positioned in 

between the primary proton acceptor D97 and W34 across the protomer interface. In 

summary, this study addresses GPR oligomerisation via specific cross-protomer 

contacts and its potential role for the functional mechanism of the protein. 

The fundamental technique used in this study is solid-state NMR. Furthermore, an 

elaborate characterization of GPR oligomerisation was executed using a variety of 

biochemical methods and mutational approaches. Solid-state NMR is a powerful 

biophysical method to analyse membrane proteins in their native lipid environment 

and can be used to obtain diverse information about structure, molecular dynamics 

and orientation of the protein in the lipid bilayer.  

Solid-state NMR naturally has a low sensitivity. In order to detect the low number of 

spins, DNP signal enhancement is of particular importance in this study. It is exhibited 

under cryogenic conditions and allows to drastically enhance the solid-state NMR 

signal by transferring magnetization from highly polarized electrons to the nuclear 

spins. 

By applying these methods and techniques on GPR oligomers, this study reveals new 

insights in specific cross-protomer interactions in the complex. First the oligomeric 
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states of GPR were determined for the specific experimental conditions used in this 

study. LILBID-MS, BN-PAGE and SEC analysis identified the pentameric state to be 

dominant for GPR. Furthermore, specific interactions across the protomer interface, 

which drive GPR oligomerisation, were identified. This was conducted by creating 

mixed 13C-15N labelled complexes. These mixed complexes show a unique isotope 

labelling pattern across their protomer interfaces. Solid-state NMR 13C-15N-correlation 

spectroscopy (TEDOR) was used to identify through-space dipole-dipole couplings, 

which indicate specific cross-protomer contacts. The results indicated that the residues 

R51, D52, E50 and T60 are important for GPR oligomerisation, and further analysis via 

single mutations of these residues showed a severe impact of the GPR oligomerisation 

behaviour. 

The functional importance of GPR oligomerisation was analysed by DNP-enhanced 

solid-state NMR on the cross-protomer D97-H75-W34 triad. The DNP cryogenic 

conditions allowed to trap GPR in distinct stages of the photocycle. It could be shown 

that trapping GPR in a specific intermediate leads to a drastic conformational effect 

for the highly conserved H75 residue. Furthermore, DNP-enhanced solid-state NMR 

was used to characterize the cross-protomer contact between H75 and W34. Mutations 

of W34 could show that the cross-protomer interaction is highly important for the 

functionality of the protein, as negative mutants such as W34E showed a reverse 

proton transport across the bacterial membrane. 

In summary this study represents a detailed analysis of GPR cross-protomer 

interactions and sheds light into the cause and functional importance of oligomeric 

complex formation in the microbial rhodopsin. 
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Zusammenfassung 

Das Membranprotein „Green Proteorhodopsin“ (GPR) ist ein Retinal-Bindeprotein, 

das in einem unkultivierten marinen γ-Proteobakterium entdeckt wurde. Es besitzt 

eine konservierte Struktur von sieben Transmembranhelices, die mit A-G bezeichnet 

werden. Das Retinal-Chromophor ist an einen konservierten Lysinrest (K231) in der 

Helix G über eine Schiff‘sche Base gebunden. Es gehört zu der in verschiedensten 

Orten verbreiteten Familie der mikrobiellen Rhodopsine und fungiert als 

lichtabhängige, auswärts gerichtete Protonenpumpe, die von den Bakterien zur 

Bildung eines Protonengradienten über die Zellmembran genutzt werden kann. Der 

Protonentransport findet nach der Absorption eines Photons statt, wonach GPR eine 

Reihe von Konformationsänderungen durchläuft, die als Photozyklus bezeichnet 

werden. Während des Photozyklus wird ein Proton über die Zellmembran vom 

intrazellulären in den extrazellulären Raum transportiert. Der Transport wird durch 

die konservierten funktionellen Reste D97 und E108 vermittelt, die als primärer 

Protonenakzeptor bzw. primärer Protonendonor für die protonierte Schiff‘sche Base 

fungieren. Ein weiterer funktionell wichtiger Rest ist das konservierte H75 in Helix B. 

Es bildet zusammen mit D97 ein intramolekulares Cluster und ist verantwortlich für 

den hohen pKa-Wert des primären Protonenakzeptors. Dieser wird durch eine direkte 

Wechselwirkung zwischen D97 und H75 stabilisiert. 

Verschiedene Varianten von Proteorhodopsinen sind global verteilt und farblich auf 

ihre Umgebung abgestimmt, abhängig von der Meerestiefe in der sie vorkommen. Ein 

einzelner Rest in der Retinal-Bindungstasche an Position 105 ist verantwortlich für 

Absorptionswellenlänge des Proteins. GPR (aus eBAC31A08) enthält ein Leucin an 

Position 105, während BPR (blaues Proteorhodopsin, aus Hot75m4), welches in 

tieferen Gewässern vorkommt, ein Glutamin besitzt. Obwohl GPR 79% 

Sequenzübereinstimmung mit BPR zeigt, ist der einzige Austausch einer Aminosäure 

(L105Q) im Protein in der Lage, das Absorptionsmaximum auf das von BPR zu 

verschieben. 

Die Oligomerisierung eines Proteins beschreibt die Assoziation von Untereinheiten 

(Protomere) durch nicht-kovalente Wechselwirkungen unter Bildung 

makromolekularer Komplexe. Es ist ein wichtiges Strukturmerkmal von mikrobiellen 
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Rhodopsinen, das zur strukturellen Stabilität beiträgt und eine dichte Packung der 

Protomere in der bakteriellen Membran begünstigt. Es wurde gezeigt, dass GPR aus 

radial angeordneten Oligomeren, hauptsächlich Pentameren und Hexameren, 

zusammengebaut wird. Soweit ist keine hochauflösende Kristallstruktur des 

gesamten GPR-Komplexes verfügbar. Jedoch wurde das strukturell ähnliche BPR 

(Hot75m4) erfolgreich kristallisiert, wobei es eine pentamere Anordnung zeigte. 

Das BPR-Kristallstrukturmodell zeigt die detaillierte Anordnung der 

Proteinkomplexe in der Proteorhodopsin-Familie. Es enthüllt die oligomeren 

Strukturen und zeigt Reste, die Teil der Protomer-Kontaktflächen sind und Kontakte 

zwischen den Protomeren ausbilden. Dies sind wertvolle Information für die Analyse 

von Protomer-Wechselwirkungen zwischen den GPR-Oligomeren. 

Basierend auf dem Wissen über die oligomeren Komplexe von GPR und BPR, ist das 

Ziel dieser Studie, spezifische Inter-Protomer-Kontakte zu analysieren und die 

funktionelle Rolle der GPR Komplexbildung zu charakterisieren. Dies schließt die 

Identifizierung von Resten ein, die Teil von geladenen Salzbrücken Inter-Protomer-

Kontakten sind und eine wichtige Rolle für die Bildung der GPR-Oligomer-Komplexe 

spielen. Darüber hinaus beschäftigt sich diese Arbeit mit einer detaillierten 

Charakterisierung einer potentiell funktionellen Triade zwischen den Resten D97-

H75-W34, die im BPR-Strukturmodell nachgewiesen wurde und zwischen zwei 

benachbarten Protomeren liegt. Hierbei liegt der Fokus insbesondere auf dem Rest 

H75. Dieser befindet sich zwischen dem primären Protonenakzeptoren D97 und dem 

auf dem im benachbarten Protomer liegenden W34. Zusammengefasst befasst sich 

diese Studie mit der Oligomerisierung von GPR, mit den dafür verantwortlichen 

spezifischen Inter-Protomer-Kontakten und ihrer potenziellen Rolle für den 

funktionellen Mechanismus des Proteins. 

Festkörper-NMR ist die grundlegende Technik, die in dieser Studie verwendet wurde. 

Weiterhin wurde eine ausführliche Charakterisierung der GPR-Oligomerisierung mit 

einer Vielzahl von biochemischen Methoden und Mutationsansätzen durchgeführt. 

Festkörper-NMR ist eine leistungsfähige biophysikalische Methode zur Analyse von 

Membranproteinen in ihrer nativen Lipidumgebung und kann genutzt werden, um 

vielfältige Informationen über Struktur, Moleküldynamik und Orientierung des 
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Proteins in der Lipiddoppelschicht zu erhalten. Da NMR es eine intrinsisch geringe 

Empfindlichkeit besitzt, ist DNP-Signalverstärkung in dieser Studie von besonderer 

Bedeutung, um die geringe Anzahl an Spins zu detektieren. DNP wird unter 

kryogenen Bedingungen durchgeführt und ermöglicht eine drastische Verbesserung 

des Festkörper-NMR-Signals durch Übertragung der Magnetisierung von 

hochpolarisierten Elektronen auf Kernspins. 

Durch die Anwendung dieser Methoden und Techniken auf die GPR-Oligomere, gibt 

diese Studie neue Einblicke in spezifische Inter-Protomer-Wechselwirkungen der 

Protein-Komplexe. Zunächst wurden die exakten oligomeren Zustände von GPR für 

die in dieser Studie verwendeten spezifischen experimentellen Bedingungen 

bestimmt. Die durchgeführte LILBID-MS-, BN-PAGE- und SEC-Analyse konnte einen 

dominanten pentameren Zustand für GPR identifizieren. Darüber hinaus wurden 

spezifische Salzbrücken Kontakte zwischen den Protomeren gefunden, die für die 

GPR-Oligomerisierung verantwortlich sind. Dies wurde durchgeführt, indem 

gemischte Komplexe mit 13C und 15N-markierten Protomeren erzeugt wurden. 

Gemischte Komplexe zeigen ein einzigartiges Isotopenmarkierungsmuster zwischen 

den einzelnen Protomeren. Diese wurden mittels 13C-15N-Korrelationsspektroskopie 

(TEDOR) analysiert, um Dipol-Dipol-Kopplungen zu identifizieren, die spezifische 

Inter-Protomer-Kontakte anzeigen. Die Ergebnisse zeigten, dass die Reste R51, D52, 

E50 und T60 für die GPR-Oligomerisierung von Bedeutung sind, und Mutationen 

dieser Reste zeigten eine starke Änderung des GPR-Oligomerisierungsverhaltens. 

Die funktionelle Bedeutung der GPR-Oligomerisierung wurde durch DNP-verstärkte 

Festkörper-NMR an der D97-H75-W34-Triade, die zwischen zwei Protomeren liegt, 

untersucht. Die kryogenen Bedingungen, die für DNP notwendig sind, erlaubt es GPR 

in verschiedenen Phasen des Photozyklus einzufangen. Es konnte gezeigt werden, 

dass es in einem spezifischen Intermediat zu einer drastischen 

Konformationsänderung für den konservierten H75 Rest kommt. Darüber hinaus 

wurde DNP-verstärkte Festkörper-NMR verwendet, um den Inter-Protomer-Kontakt 

zwischen H75 und W34 zu charakterisieren. Mutationen von W34 zeigten, dass die 

Inter-Protomer-Kontakte zu H75 sehr wichtig für die Funktionalität des Proteins ist, 
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da negative Mutanten wie W34E zu einem umgekehrten Protonentransport über die 

bakterielle Membran führten. 

Zusammenfassend stellt diese Studie eine detaillierte Analyse der GPR Inter-

Protomer-Kontakte dar und beleuchtet die Ursache und funktionelle Bedeutung der 

oligomeren Komplexbildung in dem mikrobiellen Rhodopsin. 
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Chapter 1 . Introduction 

1.1 Membrane Proteins 

Biological membranes shape the border of cells or cellular compartments in all 

organisms, acting as a barrier between the space they enclose and the outer 

medium [1]. Eukaryotic cells contain an outer plasma membrane separating the 

exterior from the interior as well as membrane-bound organelles, which fulfil specific 

tasks within the cell. These include e.g. the nucleus, surrounded by the nuclear 

envelope, that harbours the cells genetic material or mitochondria, which are 

responsible for the generation of chemical energy. Bacteria and Archaea, which 

represent prokaryotic organisms, lack specific membrane-bound organelles. Their 

inner plasma membrane surrounds the cytoplasm containing all the necessary matrix 

for survival of the cell, metabolism and cell division. 

Cellular membranes are composed of different kinds of phospholipids. These form 

lipid bilayers in aqueous solutions based on their amphiphatic nature. Their polar, 

hydrophilic head groups are exposed to water while hydrophobic chains interact in 

the inner part of the bilayer. Membrane proteins can interact with the lipid bilayer in 

different ways. E.g. peripheral membrane proteins are not embedded within the 

hydrophobic core of the lipid bilayer, instead they associate with other membrane 

proteins or polar head groups. Integral membrane proteins are permanently attached 

to the lipid bilayer, either only from one side (integral monotopic proteins) or 

spanning the entire membrane (transmembrane proteins) [2]. Transmembrane 

proteins show different structural themes and can generally be divided into α-helical 

proteins or β-barrel proteins [3]. While α-helical proteins can be present in all cellular 

membrane compartments, β-barrel proteins are almost exclusively found in outer 

membranes of bacteria, mitochondria and chloroplasts [4]. The way membrane 

proteins are embedded in the lipid bilayer can be described by the fluid mosaic model 

[5]. It characterizes cell membranes as two-dimensional solutions of integral 

membrane proteins, which can laterally diffuse in the lipid matrix. 

Bacterial membrane proteins are translocated into the lipid bilayer by the highly 

conserved protein complex SecYEG. The general process of protein secretion can occur 
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co-translationally or post-translationally. Most membrane proteins are targeted to the 

membrane by the co-translational pathway. They contain a N-terminal signal 

sequence, which emerges from the ribosome in the nascent polypeptide chain during 

translation and is recognized by signal recognition particles (SRP). Post-translational 

targeting is mediated by the molecular chaperone SecB that is responsible for binding 

to fully translated secretory proteins. Both targeting routes merge together at the 

SecYEG translocation complex and proteins are inserted into the membrane or 

transported across the membrane with the help of the SecA, an ATP-dependent motor 

protein [6, 7]. The translocation complex can then release the membrane protein 

segments by opening a lateral gate towards the lipid membrane [8, 9]. 

Membrane proteins fulfil a variety of important cellular tasks. The channel forming 

protein KcsA e.g. is required for pH-gated potassium ion translocation across the 

membrane, as ions cannot pass the lipid bilayer by simple diffusion [10]. Other 

membrane proteins are so called primary active transporters that use ATP-hydrolysis 

as a source of energy for active membrane transport. These are e.g. ABC (ATP-binding 

cassette)-transporters can import or export different a variety of substrates [11]. 

Secondary active transporters couple the transport of a substrate not to ATP-

hydrolysis, but to the electrochemical gradient and translocation of another ion or 

molecule [12]. Secondary transport can happen in an antiparallel manner (antiporters) 

or parallel manner (symporters). Also vital for all organisms is the respiratory chain, 

which is composed of four membrane protein complexes (complexes I-IV). It is 

responsible for the formation of a proton motif force and the generation of ATP [13]. 

Another important group of membrane proteins is formed by receptor molecules. 

They are responsible for transducing a signal from the outside of the cell, given by 

binding of small chemical compounds (e.g. hormones, peptides or neurotransmitters) 

or the absorption of light, to the inside of the cell, which results in a cellular reaction, 

mediated by second messengers. GPCR’s (G-protein coupled receptors) contain a 

seven transmembrane α-helix structural motif and constitute the largest group of 

receptor proteins [14]. For the reaction to light, membrane proteins need to have a 

covalently linked chromophore that is able to absorb light of a certain wavelength and 

convert the photon energy into a chemical conformational change. 
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1.2 Retinal Proteins and Microbial Rhodopsins 

Retinal proteins show a seven transmembrane α-helix structural motif and contain a 

covalently linked retinal as the chromophore molecule to be able to respond to light 

by energy conversion or signal transduction. The family of retinal proteins, also called 

rhodopsins (the apoprotein is called opsin), can be found in higher and lower 

eukaryotes, eubacteria and archaea [15] and are divided into two major groups, type I 

rhodopsins and type II rhodopsins. Type II rhodopsins include different kinds of 

animal rhodopsins and functionally belong to the family of GPCR’s, as the light 

absorption is coupled to an intra-cellular signal transduction via transducin [16]. One 

distinct structural feature of type II rhodopsins is the retinal isomerization from 11-cis 

to all trans upon photon absorption [17]. 

Type I rhodopsins represent a large variety of microbial rhodopsins found throughout 

the world (>7000), that fulfil many different tasks in in prokaryotes and lower 

eukaryotes. They exhibit retinal isomerization upon light absorption from all-trans to 

13-cis retinal [18]. Although animal and microbial rhodopsins share structural 

similarities, like the seven transmembrane motif or retinal binding to lysine in helix G, 

they do not show any sequence homologies. However, mutational studies on the 

retinal binding site suggested a common ancestor for both types and not a convergent 

evolution [19].  

Most type I microbial rhodopsins show light induced ion pumping activities that 

allows to convert light energy into an electrochemical gradient, but many species are 

also involved in photosensory reception, channel activity or show a reversed proton 

transport with a yet unknown function [20, 21]. A few representative examples of 

microbial rhodopsins with their respective organism origins, functions, number of 

protomers in an oligomeric assembly and accession and PDB numbers are listed in 

Table 1. 
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Table 1: Overview of various microbial rhodopsin families and proteins from lower eukaryotes, eubacteria and 
archaea. Every exemplary protein is shown with its respective organism, function, number of protomers in its 

oligomeric assembly, accession number and PDB number. 

Family Protein Organism Function Protomers Accession# PDB# 

Bacterio-

rhodopins 
HsBR 

Halobacterium salinarum 

(Euryarachaeota) 

Outward 

H+ pump 
3 [22] V00474 3NS0 

Halo-

rhodopsins 

NpHR 
Natromonas pharaonis 

(Euryarachaeota) Inward Cl- 

pump 

3 [23] P15647 3A7K 

HsHR 
Halobacterium salinarum 

(Euryarachaeota) 
3 [24] 

WP_01090 

2090 
1E12 

Xeno-

rhodopsins 

NsXeR 
Nanosalina 

(Nanohaloarachaea) 

Inward H+ 

pump 

3 [25] EGQ43296 6EYU 

PoXeR 
Parvularcula oceani 

(α-Proteobacteria) 
3 [26] --- --- 

RmXeR 

[27] 

Rubricoccus marinus 

(Eubacteria) 
(?) --- --- 

ASR 
Anabaena 

(Cyanobacteria) 

Sensor, 

regulation 

of gene 

expression 

3 [26, 28] BA000019 2M3G 

Haloarchaeal 

Sensory-

rhodopsins 

HsSRII 
Halobacterium salinarum 

(Euryarachaeota) 
Sensor, 

Negative 

phototaxis 

(?) 
WP_01090 

3286 
--- 

NpSRII 
Natronomonas pharaonis 

(Euryarachaeota) 

1, 3 [26, 

29] 
CAI50508 1H68 

HsSRI 
Halobacterium salinarum 

(Euryarachaeota) 

Sensor, 

Positive 

phototaxis 

(?) AAA72316 --- 

Chlorophyte 

Cation 

Channel-

rhodopsins 

CrChR1 Chlamydomonas 

reinhardtii 

(Chlorophyta) 

H+ ion 

channel 
2 [30] AF508965 3UG9 

CrChR2 
Cation 

channel 
2 [31] AF508966 6EID 

Eubacterial 

Rhodopsin 

Na+, Cl- pumps 

KR2 
Dokdonia eikasta 

(Bacteroidetes) 

Outward 

Na+ pump 
5 [32] BAN14808 4XTN 

ClR 
Nonlabens marinus 

(Bacteroidetes) 

Inward 

Cl- pump 
(1) [33] 

WP_05247 

6770 
5G2A 

Eubacterial 

Rhodopsin 

H+ pumps 

XR 
Salinibacter ruber 

(Bacteroidetes) 

Outward 

H+ pump 

(?) 
WP_01140 

4249 
3DDL 

GR 
Gloeobacter violaceus 

(Cyanobacteria) 

5, 3, 1 [26, 

34, 35] 
BAC88139 --- 

BPR 
Uncultured Bacteria 

(γ-Proteobacteria) 

5, 6 [36] AF349981 
4KLY, 

4JQ6 

GPR 
See 

Table 2 
AF279106 2L6X 

 

Table 1 shows an overview of different type I rhodopsin families. Bacteriorhodopsin 

is found in purple membrane patches of Halobacterium salinarum (HsBR) and was the 
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first discovered prototype microbial rhodopsin, subjected to many different studies 

via infrared spectroscopy, solid-state NMR [37, 38] and X-ray crystallography [22]. 

Upon light absorption of the retinal, the protein goes through a sequence of 

spectroscopically distinguishable photocycle states and transports a proton from the 

inside to the outside of the cell [39]. Over time, more and more type I rhodopsins were 

discovered, which are structurally similar to BR, but exhibited different cellular 

functions (Table 1). An overview of the functional variety of microbial rhodopsins is 

shown in Figure 1.  

 

Figure 1: Overview of the functional variety of microbial rhodopsins with examples of proteins that 
implement the specific function. 

HsHR (Halorhodopsin from Halobacterium salinarum) e.g. functions as light driven 

inward chloride pump and also shows a similar trimeric oligomerisation pattern as BR 

[24]. It has a structurally and functionally close relationship to bacteriorhodopsin, as 

only a single mutation of the BR protonated Schiff Asp85 to threonine (D85T) converts 

the proton pump to a halorhodopsin like chloride pump [40]. 

Recently, a few specimens of inward proton pumps were discovered in archaea and 

bacteria, resembling the family of Xenorhodopsins [21, 25, 27, 41]. Their physiological 

function is not yet resolved, as an inward proton flow reduces the electrochemical 

gradient across the membrane and would cause a light induced decrease in potential 

cellular energy. ASR (Anabaena Sensory Rhodopsin) is also termed as Xenorhodopsin 
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and is a cyanobacterial light sensory protein. After photon absorption, it activates the 

soluble signal transducer ASRT (Anabaena Sensory Rhodopsin Transducer) [42], 

diffusing into the nucleus and enabling expression of several photochromicity related 

genes through promoter binding. 

Sensory rhodopsins can also be found in different Haloarchaea, e.g. SRII and SRI. SRII 

is responsible for negative phototaxis. It binds the membrane protein transducer HtrII 

upon blue light absorption. This in term activates the histidine kinase CheA, 

phosphorylating and activating CheY, which binds to the flagellar motor and induces 

a reversed swimming behaviour in the archaeal cell. Therefore, SRII photon absorption 

at 498 nm leads to a repellent reaction to light with lower wavelengths, which 

potentially could be damaging to the cell. In contrast, SRI absorbs photons at 587 nm 

and mediates attractive responses to higher wavelengths, also used for energy 

generation by BR and HR [43]. 

Microbial rhodopsins can not only function as pumps and sensor proteins, but also as 

light activated proton and cation channels. The channelrhodopsins ChR1 and ChR2 

are found in the eyespot region of single cell green algae Chlamydomonas reinhardtii. 

They undergo channel opening and closing, which is coupled to the photocycle of the 

protein. How the coupling functions at a molecular level is still not entirely clear and 

was so far extensively studied in electrophysiological and solid-state NMR 

experiments [44, 45]. The rapid cell depolarization of the electrochemical gradient that 

is caused by channel opening, finds wide application in the field of optogenetics [46]. 

When expressed in neuronal cells, it allows e.g. the blue light controlled activation of 

muscle and sensory neuron activity in Caenorhabditis elegans by initiating an action 

potential, which influences and regulates the behaviour of the animal. 

Further eubacterial rhodopsins can function as outward sodium pumps (KR2), inward 

chloride pump (ClR) or outward proton pumps (XR, GR, BPR, GPR). KR2 was recently 

discovered in Dokdonia eikasta [47] and shows dual pumping activity, as in the absence 

of sodium it is also able to transport protons [48]. Characteristic for KR2 is its unique 

NDQ motif (N112, D116, Q123), which plays a crucial role for the light activated 

transport of sodium ions [49]. The crystal structure of KR2 revealed a pentameric 

oligomerisation structure, and also supposed a well-defined sodium binding site in 
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the pentamerisation interface [32] The family of blue and green proteorhodopsins 

(BPR and GPR), functioning as eubacterial rhodopsin proton pumps, will be described 

in detail in the next chapter (1.3). Furthermore, different type I rhodopsins have been 

found in fungi and algae, functioning as proton pumps or enzyme rhodopsins. In 

cryptophyta (red and brown algae), also a variety of anion and cation channel 

rhodopsins exist [20], which are not listed in Table 1. 

1.3 Proteorhodopsins 

1.3.1 Abundance and Diversity 

The discovery of green proteorhodopsin (GPR) in the uncultured γ-proteobacterium 

eBAC31A08 [50] (from SAR86 clade [51]) through genomic analysis, was the first 

detected example of a retinal binding light-driven proton pump, which turned out to 

be part of a family that is distributed in microorganisms all over the world. Since then, 

metagenomic studies have revealed many different PR-like gene sequences, present in 

various marine environments like the Sargasso Sea [52, 53], Monterey Bay in the Pacific 

Ocean [54, 55], the Mediterranean Sea and Red Sea [56, 57], the Antarctic Sea ice [58] 

and even in fresh water samples [59]. Proteorhodopsins were not only detected in 

eubacteria, but also in archaea and eukaryotic protists [60] and even viruses, which 

presumably acquired the gene from eukaryotic hosts [61]. 

A characteristic feature of proteorhodopsins is their spectral adaptation to the different 

marine environments. The retinal absorption wavelengths are associated with the 

water depths in which these proteins occur. While green proteorhodopsins (e.g GPR, 

λmax 520 nm at pH 7) are distributed more at water surfaces, blue proteorhodopsins 

(e.g BPR, λmax 490 nm at pH 7) are found at greater depths, where light of shorter 

wavelengths is still present [55, 62]. This allows the bacterial cell to maximize light 

absorption and potentially also energy generation, depending on the depth of the sea 

and light conditions. 

It was found that a single residue in the retinal binding pocket at position 105 is 

responsible for determining the absorption wavelength of the protein. 

Proteorhodopsins, which absorb light at higher wavelengths either display a leucine 

(L), methionine (M), valine (V) or alanine (A) at position 105. GPR (from eBAC31A08) 
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contains a leucine at this position and therefore is an L-variant proteorhodopsin. BPR 

(from Hot75m4) in deeper waters possesses a glutamine (Q) at this position [63]. A 

single amino acid substitution (L105Q) in GPR is able to switch the absorption 

maximum to the one of BPR [64, 65], based on mutational alterations in the electronic 

configuration of the retinal [66]. The colour switch to blue light absorbing PR is also 

associated with a slower photocycle, which rather suggests a regulatory function for 

the protein, as a significant contribution for the generation of a proton gradient would 

be very limited in deep sea waters [62]. Further residues are present in GPR that play 

a significant role in spectral tuning. Mutagenesis screens revealed numerous mutants 

in which the retinal absorption maximum was altered. The mutations were not 

constricted to the retinal binding pocket, showing that the retinal absorption in GPR 

is quite sensitive to small structural changes, even if induced by mutations at external 

sites [67-69]. The global appearance of colour-tuned PR-like genes found in diverse 

conditions indicate their significant role in bacterial phototrophy or regulatory 

functions. 

1.3.2 Structure and Function of GPR 

GPR from the uncultured γ-proteobacterium eBAC31A08 (UniProt KB: Q9F7P4), 

which will be the centre of interest in this study, contains the seven transmembrane α-

helix structural motif and functions as a light dependent outward proton pump [70] 

that bacteria may utilize for establishing a proton gradient across the cellular 

membrane (Figure 2a). The proton motive force could be used for ATP production that 

is needed for cellular metabolism, flagellar motion or membrane transport [71]. 

Furthermore, proteorhodopsins could potentially be part of a mechanism that 

alleviates bacterial surviving upon starvation [72]. This was shown by heterologous 

expression of the proton pump in E. coli, which also drives ATP synthesis upon 

illumination [73].  

GPR shows 79% sequence identity with BPR from the deep-water γ-proteobacterium 

Hot75m4, therefore structural illustrations as in Figure 2 are taken form the recent high 

resolution BPR crystal structure ([36], PDB: 4KLY) (for details see section 1.3.3). The 
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seven transmembrane helices are termed A-G, with the retinal bound to a conserved 

lysine residue (K231) in helix G via Schiff base linkage (Figure 2b).  

 

Figure 2: (a) GPR shows a seven transmembrane α-helix structural motif and functions as a light 
dependent outward proton pump (image generated with Pymol from PDB: 4KLY). (b) Top view of GPR 
with helices labelled form A-G and topology plot of GPR with highlighted residues that are important 
for protein function. 

Apart from K231, other conserved functional residues are present in GPR. They are 

e.g. involved in proton transport (D97, E108) and also form strong counter ion 

complexes with the retinal (R94, D227) [74]. 

After light absorption GPR runs through a series of conformational changes, termed 

photocycle, that causes the proton to be transported from the intra-cellular to the 

extracellular space (Figure 3) [70, 75-79]. Upon photon absorption of the GPR ground 

state (PR, Figure 3), an ultrafast retinal isomerization from all trans to 13-cis takes place 

in a picosecond time scale (~9 ps) [80, 81], forming the K-state. This is followed by a 

proton transfer from the protonated Schiff Base (pSB) to the primary proton acceptor 

D97, leading to the formation of the M-state, which shows a blue-shifted absorption 

maximum at ~410 nm. The pSB is reprotonated from the primary proton donor E108Q, 

containing a proton through a strong hydrogen-bond network. This results in N-state 
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formation, while the retinal is still present in a 13-cis conformation. Afterwards, the O-

state is formed, where D97 is still protonated and the retinal reisomerizes into a 

perturbed or “twisted” all-trans conformation [75]. From there, GPR relaxes back into 

the ground state, with one complete round of the photocycle finishing within tens of 

milliseconds. D97 releases the proton into the extracellular side, presumably via E142, 

that was proposed to play a role in proton release [36] and E108 get reprotonated from 

the intra-cellular side. 

 

Figure 3: Photocycle of GPR. Details are described in the text. 

Another functionally important residue is H75 in helix B (Figure 2), which is highly 

conserved throughout the family of eubacterial rhodopsin proton pumps and is the 

only histidine residue in the GPR primary sequence. It forms an intra-molecular 

cluster with D97 and is responsible for the unusual, high pKa value of the primary 

proton acceptor, compared to BR (GPR pKa: ~7, BR pKa: ~2.7 [70]. The high pKa is 

stabilized by a direct interaction between D97 and H75 in a deprotonated τ-state and 

is also responsible for slowing down the photocycle kinetics of GPR [82]. Mutational 

studies on H75 revealed a significant decrease of the D97 pKa and photochemical 

reactions of GPR, conforming the functionally important interaction between these 

residues [82-85]. 
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1.3.3 Oligomerisation 

1.3.3.1 Oligomerisation of Membrane Proteins 

Protein oligomerisation describes the association of subunits (protomers) through 

non-covalent interactions, in order to form macromolecular complexes. Homo-

oligomers are formed by identical proteins and hetero oligomers are assembled by 

different macromolecules. Oligomerisation is frequently observed for diverse soluble 

proteins and transmembrane proteins and is a vital part of many functional and 

regulatory processes. In the case of transmembrane proteins, oligomerisation within 

the lipid bilayer is supposed to be advantageous due to entropy increase of the entire 

membrane system. Lipids are associated with transmembrane proteins and therefore 

have restricted mobility. Upon oligomerisation, unfavourable protein-lipid 

interactions are demolished and the lipids can be released into the membrane bilayer. 

Furthermore, lipid effects on the protein, such as lateral pressure can be reduced with 

a smaller assessable surface of a transmembrane complex [86]. 

Oligomerisation is generally believed to contribute to structural stability of the 

individual protomers and also to regulate protein functionality [87]. The protomer 

interfaces represent the interaction surfaces, which are mainly held together by 

hydrophobic Van-der-Waals interactions. Polar contacts or H-bonds can also play key 

roles to reinforce the associations. In many cases, an oligomeric assembly is of direct 

functional importance. The cooperative binding of oxygen in haemoglobin e.g. is 

mediated by allosteric cross-talk in tetrameric complexes [88]. Tetramers are also 

needed to form the transmembrane ion conducting pore of the pH activated bacterial 

potassium channel KscA [89]. The catalytically active site of the tetrameric membrane 

enzyme DAGK (diacylglycerol kinase), which phosphorylates diacylglycerol to 

phosphatidic acid, is shaped by the subunit interface of two neighbouring protomers 

[90-92]. Furthermore, ABC-transporters like e.g. MsbA need to go through a sequence 

of opened and closed dimeric conformations in order to hydrolyse ATP and 

translocate its substrate across the membrane [93]. In these examples, oligomerisation 

is necessary for the complexes (“obligatory” oligomerisation [86]) in order to fulfil 

their correct cellular function. 
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In other cases of homo-oligomeric complexes, one individual protomer constitutes the 

smallest functional unit and would in principle be capable of executing its particular 

task. This kind of “facultative” oligomerisation is widely observed in transmembrane 

proteins [86, 94, 95] and is also found in the family of animal and microbial rhodopsins 

[96]. The type II animal Bos taurus rhodopsin, present in rod photoreceptor cells, forms 

dimeric complexes in crystals and native disc membranes [97, 98], however, it is 

disputed whether dimerisation is related to its light induced G-protein activation [99]. 

Different Type I microbial rhodopsins assemble into higher oligomers of variable 

sizes, from one to six protomers in a complex (listed in Table 1, section 1.2). While 

Channelrhodopsin (ChR2) forms structurally important dimers and archaeal 

rhodopsins like Bacteriorhodopsin (BR), Halorhodopsin (HR), archaeal Xenorhodpsin 

(NsXeR) and sensory rhodopsin II tend to form trimeric complexes, eubacterial 

sodium and proton pumps mostly group into higher oligomers like pentamers and 

hexamers. In some cases, the complexes cannot be clearly assigned to one oligomeric 

state or are affected by outside conditions. The oligomerisation profile of Gloeobacter 

rhodopsin (GR) e.g. highly depends on pH, showing a dominant monomeric state at 

lower pH that switches to a trimeric state at higher pH [35]. Also pentameric 

assemblies were reported for GR by Atomic Force Microscopy (AFM)-imaging, when 

reconstituted into proteoliposomes [26]. Thermophilic rhodopsin (TR) from the 

extreme thermophile Thermus thermophilus shows an irreversible transition from 

trimers to monomers at high temperatures (>68°C) [100].  

1.3.3.2 Oligomerisation of GPR 

The oligomerisation behaviour of GPR was thoroughly analysed in the past, using 

diverse experimental techniques and leading to different results (Table 2). First reports 

included electron microscopy (EM) analysis of GPR 2D crystals, which suggested a 

ring-shaped assembly of the protein [101] and from Size Exclusion Chromatography 

(SEC) the complex formation was vaguely estimated to be trimeric [102]. The first 

visualization of the actual number of protomers in an oligomeric complex was 

accomplished by AFM-imaging of crystalline membrane patches of reconstituted 

GPR, which showed dominant hexameric structures in 2D- crystalline regions and 
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dominant pentamers in non-crystalline regions [103] (Figure 4a). A recent 

oligomerisation study on various microbial rhodopsins confirmed the occurrence of 

pentamers and hexamers in GPR proteoliposomes, also using AFM-imaging, although 

pentamers were the dominant structure for their experimental conditions [26] (Figure 

4a). In following studies, either dominant pentameric or hexameric arrangements of 

GPR were suggested. Also, different stabilities of the complex were proposed, when 

exposed to higher detergent concentrations. Laser-Induced Liquid Bead Ion 

Desorption-Mass spectrometry (LILBID-MS) analysis revealed a dominant pentameric 

state of GPR solubilized in DDM, even at high detergent concentrations [104]. 

However, size exclusion chromatography coupled to multi angle light scattering (SEC-

MALS) indicated that GPR exists predominantly as hexamers at low DDM 

concentrations and increasing DDM concentrations shift the population to lower-

order oligomers such as monomers and dimers [105]. Others also supposed a 

dominant hexameric state for GPR in detergent, using crosslinking techniques and 

EPR-spectroscopy [106, 107]. Reconstitution into nanodiscs was shown to have a 

considerable impact on oligomerisation. Depending on the size of the scaffold protein 

and preparation conditions, monomers [108], lower oligomers (<pentamers) [109] or a 

whole range of different oligomeric states (monomers up to hexamers) [110] were 

reported for GPR in nanodiscs. This variety of complexes proposed for GPR shows 

that its oligomerisation behaviour presumably depends on the specific preparation 

and experimental conditions used in the studies (Table 2). 
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Table 2: Proposed number of protomers in GPR complexes under specified experimental conditions and 
determination methods, found in different studies. The proposed dominant number of protomers is underlined if 

more than one oligomeric state was determined. 

Proposed 

Number of 

Protomers 

Conditions Method Reference 

(Ring-shaped 

arrangement) 

3 

Reconstituted in DOPC 

Lipid to protein ratio: 0.25 (w/w) 

Reconstitution via dialysis 

EM Shastri et al. [101] 

3 Solubilized in DDM SEC Liang et al. [102] 

5, 6 

Reconstituted in DOPC 

Lipid to protein ratio: 0.25 (w/w) 

Reconstitution via dialysis 

AFM 
Klyszejko et al. 

[103] 

5, 6 
Reconstituted in 

Proteoliposomes 
AFM Shibata et al. [26] 

5 Solubilized in 0.05% – 1% DDM LILBID-MS 
Hoffmann et al 

[104] 

1, 2, 6 Solubilized in 0.05% – 1% DDM SEC-MALS Stone et al. [105] 

1, 6 Solubilized in DPC or DDM 
SEC, Cross-link SDS-

PAGE 

Hussain et al. 

[106] 

6 Solubilized in DDM EPR-Spectroscopy 
Edwards et al. 

[107] 

1 
Reconstituted in MSP-Nanodiscs 

with DMPC or DOPC 
UV/Vis- Spectroscopy 

Ranaghan et al. 

[108] 

~3 
Reconstituted in MSP-Nanodiscs 

with DHPC 
UV/Vis- Spectroscopy Mors et. al [109] 

2, 3, 4, 5, 6 
Reconstituted in MSP-Nanodiscs 

with DMPG 
LILBID-MS 

Henrich et. al 

[110] 

 

In comparison to BR [111], higher oligomers of GPR appear to be much more densely 

packed in the membrane, suggesting that the protomers are associated in a radial 

arrangement. The orientation of protomers in this radial arrangement was solved by 

CW-EPR-spectroscopy, where spin-labels were applied at different positions of the 

protein [105]. The resulting spectra showed strong dipolar couplings between spin-

labels in the AB-loop, which were not detected for the other spin-labels. Simulated 

spectra revealed a distance of ~16 Å between the coupling electron spins, indicating 
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close proximity of the A and B α-helices, pointing to the inside of the radial protomer 

arrangement (Figure 4b).  

 

Figure 4: (a) GPR pentameric and hexameric oligomers, visualized by AFM-imaging [26, 103]. (b) The 
subunits are oriented in a way that helix A and helix B of each protomer are in close proximity and point 
to the inside of the complex. This protomer arrangement was first shown by CW-EPR-spectroscopy 
[105]. (c) The solution NMR structure of monomeric GPR showed the typical seven transmembrane α-
helices, but lacked structural resolution in the retinal binding pocket and did not show the overall 
complex structure (Image generated with Pymol from PDB: 2L6X) [112]. (d) The oligomeric high 
resolution structure of BPR revealed detailed information about the oligomerisation interface and the 
residues, which are involved in cross-protomer contacts. 

The first atomic resolution backbone structure of GPR was gained form solution NMR 

spectroscopy [112], visualizing the seven transmembrane α-helix structural motif 

(Figure 4c). Unfortunately, the structure was solved for monomeric GPR that was 

solubilized in strong detergent, destroying native higher oligomers. Also, significant 

line broadening lead to limited structural information of the retinal binding pocket. So 

far, no high resolution crystal structure of the whole GPR complex is available. 

However, closely related BPR (Hot75m4) that shows 79% sequence identity with GPR 

was successfully crystallized (Figure 4d) [36]. The structure of another BPR variant 

(Med12), showing 54% sequence identity with GPR, was also solved. While BPR 
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(Hot75m4) crystallized as a pentamer, BPR (Med12) showed hexameric crystals. 

Sequence alignments of GPR (EBAC31A08), BPR (Hot75m4) and BPR (Med12) are 

shown in Figure 5. 

               [1        10        20        30        40 

GPR(EBAC31A08) -MKLLLILGSVIALPTFAAGGGDLDASDYTGVSFWLVTAALL 

BPR(Hot75m4)   MGKLLLILGSAIALPSFAAAGGDLDISDTVGVSFWLVTAGML 

BPR(Med12)     -------------------MGEILAVDDYVGISFWLAAAIML 

                                                          

                       50        60        70         

GPR(EBAC31A08) ASTVFFFVERDRVSAKWKTSLTVSGLVTGIAFWHYMYM 

BPR(Hot75m4)   AATVFFFVERDQVSAKWKTSLTVSGLITGIAFWHYLYM 
BPR(Med12)     ASTVFFFVERSDVPVKWKTSLTVAGLVTGVAFWHYLYM 
                                                *     

               80        90        100       110       120 

GPR(EBAC31A08) RGVWIETGDSPTVFRYIDWLLTVPLLICEFYLILAAATNVAGS 

BPR(Hot75m4)   RGVWIDTGDTPTVFRYIDWLLTVPLQVVEFYLILAACTSVAAS 

BPR(Med12)     RGVWIYAGETPTVFRYIDWLITVPLQIIEFYLIIAAVTAISSA 

                             *  *       *  *               

                      130       140       150        

GPR(EBAC31A08) LFKKLLVGSLVMLVFGYMGEAGIMAAWPAFIIGCLAW 
BPR(Hot75m4)   LFKKLLAGSLVMLGAGFAGEAGLAPVLPAFIIGMAGW 
BPR(Med12)     VFWKLLIASLVMLIGGFIGEAGLGDVVVWWIVGMIAW 
                                  *                  

               160       170        180       190       200 

GPR(EBAC31A08) VYMIYELWAGEGKSA-CNTASPAVQSAYNTMMYIIIFGWAIYPV 

BPR(Hot75m4)   LYMIYELYMGEGKAA-VSTASPAVNSAYNAMMMIIVVGWAIYPA 

BPR(Med12)     LYIIYEIFLGETAKANAGSGNAASQQAFNTIKWIVTVGWAIYPI 

                                                            

                      210        220       230      
GPR(EBAC31A08) GYFTGYLMGDGG-SALNLNLIYNLADFVNKILFGLI 
BPR(Hot75m4)   GYAAGYLMGGEGVYASNLNLIYNLADFVNKILFGLI 

BPR(Med12)     GYAWGYFG--DGLNEDALNIVYNLADLINKAAFGLA 
                                        *   *       

                 240      ]     

GPR(EBAC31A08) IWNVAVKESSNA---- 

BPR(Hot75m4)   IWNVAVKESSNA---- 

BPR(Med12)     IWAAAMKDKETSTSHA 

                                

Figure 5: Sequence alignment of GPR (EBAC31A08), BPR (Hot75m4) (79% sequence identity with 
GPR) and BPR (Med12) (54% sequence identity with GPR). Aliphatic residues are marked in green, 
aromatic residues are marked in dark green, polar residues are marked in light blue, negatively charged 
residues are marked in dark blue, positively charged residues are marked in red and cysteine residues are 
marked in yellow. Conserved and functionally important residues (from Figure 2 in section 1.3.2) are 
labelled with (*). The alignment was carried out using “Clustal Omega”. 

The BPR structural models can be used to gain detailed information about the whole 

assembly of the proteorhodopsin family, e.g. of the residues forming the retinal 

binding pocket. They also reveal the oligomeric structures and show residues that are 

part of the protomer interfaces, forming cross-protomer contacts. The high sequence 

similarity and presumably also structural similarity between BPR and GPR suggests, 

that the same residues and cross-protomer contacts seen in the crystal structures are 

also present in the protomer interfaces of GPR. This information is valuable for the 

elaborate analysis of cross-protomer interactions of GPR oligomers by DNP-enhanced 
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solid-state NMR in this study. The aims of the thesis are specified in the next section 

(1.4). 

1.4 Aim of this Thesis 

The aim of the thesis to uncover the role of GPR oligomerisation and analyse 

functional cross-protomer contacts. As described earlier, many studies were already 

conducted on GPR, dedicated to characterize its oligomeric state. However, questions 

regarding the role of the residues, which are present protomer interface, are still 

unresolved, e.g. which residues are responsible for the formation of complexes and 

control the oligomeric state of GPR or which functional interactions are present in the 

interface.  

This thesis is divided into two parts. The aim of the first part is to identify and analyse 

residues that are part of charged cross-protomer contacts and play an important role 

for the oligomeric assembly of the GPR complex. This is accomplished by creating 

mixed GPR complexes with neighbouring 13C and 15N protomers and measuring 13C-

15N correlations using dynamic nuclear polarization (DNP)-enhanced solid-state 

nuclear magnetic resonance (NMR) spectroscopy. The results are furthermore verified 

by mutational analysis and an extensive biochemical characterization of GPR 

oligomers. 

The aim in the second part is the characterization of a potentially functional cross-

protomer contact in GPR oligomers between H75 and W34, which was detected in the 

BPR crystal structures. This contact was proposed to be of functional importance 

during the photocycle due to the close proximity of these residues across the protomer 

interface. The focus in this part is especially set on H75 that is a highly conserved 

residue and lies in between the primary proton acceptor D97 and W34 of the 

neighbouring protomer. The effect of different trapped states of the GPR photocycle 

on the conformation of fully 13C and 15N labelled H75 and the orientation of H75 to 

W34 is analysed in detail by DNP-enhanced solid-state NMR spectroscopy and by the 

introduction of single mutations. 

Solid-state NMR is an important and powerful biophysical method to analyse 

membrane protein in their native lipid environment and is the fundamental technique 
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used in this study. DNP is exhibited under cryogenic conditions and allows to 

drastically enhance the solid-state NMR signal, which naturally has a very low 

sensitivity. In order to detect the low number of spins, DNP signal enhancement is of 

particular importance in this study. The cryogenic conditions also allow the trapping 

of GPR in different photocycle intermediates. The application, background and basic 

principles of these methods are described in the next section (1.5). 
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1.5 Solid-State NMR and DNP 

1.5.1 Solid-State NMR on GPR 

Solid-state NMR is a powerful tool to study membrane proteins in their native lipid 

environment [113, 114]. This method can be used to obtain different information about 

structure, molecular dynamics and orientation of the protein in the lipid bilayer [114, 

115]. Structure and function of GPR were extensively studied by numerous 

biochemical and biophysical techniques. The application of solid-state NMR 

contributed to a large percentage of information about the membrane protein. 

First studies included detailed characterization of signals from the retinal and 

protonated Schiff base (pSB). Also mutational effects of D97N and different H75 

mutants on these signals were examined [74, 84, 101]. Until now, no crystal structure 

of GPR could be obtained. Therefore, much effort was put into the sequential residue 

signal assignment of GPR, reconstituted into a lipid bilayer. 13C and 15N backbone and 

side chain chemical shifts were assigned for 74% of the protein by 3D solid-state NMR 

and contributed to detailed insights into structure and dynamics of the protein [116, 

117]. This was completed by an extensive characterization of molecular segments, 

which exhibited fast or slow molecular motion [118]. A first proton detected 

assignment using solid-state NMR was obtained for 74 GPR residues in perdeuterated 

GPR, for which protons were reintroduced through back exchange in solvent 

accessible sites [119]. This allowed the detection of well resolved proton spectra, even 

at lower magic angle sample spinning rates (MAS). Proton detected assignment of a 

fully protonated (1H-labeled) GPR was accomplished under very fast MAS (>100 kHz) 

[120]. Further studies revealed detailed insights into properties of GPR reconstituted 

into nanodiscs [109], the contact structure of the intra-molecular H75-D97 cluster [82], 

molecular basics of proteorhodopsin colour tuning [66, 69] and the application of 

paramagnetic doping [121]. 

1.5.2 Theoretical Background 

1.5.2.1 Spin Interactions 

Solid-state NMR is a spectroscopic method that makes use of a strong external 

magnetic field, placed on a sample with NMR active nuclei (e.g. 1H, 13C or 15N in 
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biological samples). These nuclei contain a spin (with a spin quantum number of ½), 

which is an intrinsic property of these particles. Nuclear spins react to an external 

magnetic field by splitting into different energy states and transitions between these 

states can be induced by the application of radio-frequency (RF) pulses. The total 

energy of a spin is described by the Schrödinger equation, with the Hamiltonian sum 

of its external (�̂�𝑒𝑥𝑡) and internal (�̂�𝑖𝑛𝑡) interactions (equation (1)). 

 (�̂�𝑒𝑥𝑡  + �̂�𝑖𝑛𝑡)𝛹 = 𝐸𝛹 (1) 

 �̂�𝑒𝑥𝑡 =  �̂�𝑀𝐹 + �̂�𝑅𝐹 (2) 

 �̂�𝑖𝑛𝑡 =  �̂�𝐶𝑆 + �̂�𝐷 + �̂�𝐽 + �̂�𝑄 (3) 

Interactions with the static magnetic field, causing the Zeeman splitting (�̂�𝑀𝐹) and 

interactions with the radio frequency field, manipulating the Zeeman splitting (�̂�𝑅𝐹) 

can be summarized as external interactions (�̂�𝑒𝑥𝑡) (equation (2)). Four main types of 

internal interactions influence the internal Hamiltonian ( �̂�𝑖𝑛𝑡 ) and with that the 

resonance behavior of a nuclear spin. The internal energy of a spin that is described 

by (�̂�𝑖𝑛𝑡), consists of chemical shielding (�̂�𝐶𝑆), modifying the Zeeman energy, as well 

as dipolar spin coupling (�̂�𝐷), J-coupling (�̂�𝐽) and quadrupolar coupling (�̂�𝑄), which 

can be detected as peak splitting (equation (3)). The chemical shielding, dipolar spin 

couplings and quadrupolar couplings are anisotropic interactions, meaning that they 

depend on the orientation of the molecular fragment towards the external magnetic 

field. In isotropic solutions anisotropic interactions are averaged out through rapid 

tumbling of the molecules over all orientations. In solids however, the static molecules 

are permanently present in different molecular orientations, which make the 

anisotropic interactions observable. 

1.5.2.2 Anisotropic Interactions and Magic Angle Spinning (MAS) 

The local magnetic environment of a nuclear spin is described by the chemical shift. 

Nuclei spins are shielded by the presence of electrons. These shielding effects depend 

e.g. on diamagnetic and paramagnetic influences and electron ring currents in 

aromatic molecules. In general, electrons are not symmetrically distributed around a 

nucleus. Therefore, the chemical shift depends on the orientation of the molecule 

towards the applied magnetic field and depicts an anisotropic value. In solid-state 
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NMR the chemical shift anisotropy (CSA) is detectable in static powder spectra, and 

can be described by a second rank tensor 𝛿 with the principal components δXX, δYY and 

δZZ. The isotropic chemical shift can be detected in solution NMR, where different 

orientations are cancelled out due to fast molecular tumbling. It is defined by δiso 

(equation (4)). 

 
𝛿𝑖𝑠𝑜 =

1

3
(𝛿𝑥𝑥 + 𝛿𝑦𝑦 + 𝛿𝑧𝑧) 

with 

(4) 

 

 |𝛿𝑧𝑧 − 𝛿𝑖𝑠𝑜| ≥ |𝛿𝑥𝑥 − 𝛿𝑖𝑠𝑜| ≥ |𝛿𝑦𝑦 − 𝛿𝑖𝑠𝑜|  

Other parameters, such as the anisotropic chemical shift (δaniso) and the asymmetry 

parameter (η) are defined in equation (5) and equation (6), respectively. 

 𝛿𝑎𝑛𝑖𝑠𝑜 = 𝛿𝑧𝑧 − 𝛿𝑖𝑠𝑜 (5) 

 𝜂 =
𝛿𝑦𝑦 − 𝛿𝑥𝑥

𝛿𝑎𝑛𝑖𝑠𝑜
 (6) 

The orientation dependent chemical shift (δα,β), composed of the isotropic and 

anisotropic chemical shift, is given by equation (7). 

 𝛿(𝛼, 𝛽) = 𝛿𝑖𝑠𝑜 +
1

2
𝛿𝑎𝑛𝑖𝑠𝑜(3𝑐𝑜𝑠2𝛽 − 1 − 𝜂𝑠𝑖𝑛2𝛽𝑐𝑜𝑠2𝛼) (7) 

Another anisotropic interaction is the mutual coupling between two nuclear spins that 

is termed direct dipole-dipole coupling and describes a through space mechanism. The 

dipole-dipole coupling constant between two nuclear spins j and k (bjk), without an 

external magnetic field, is given by equation (8), with γj and γk being the gyromagnetic 

ratios of the nuclei and rjk being the distance between the nuclei. With an external 

magnetic field present, the dipole-dipole coupling is given by djk in equation (9). This 

term does not only depend on the distance, but also on the orientation of the coupled 

nuclei towards the magnetic field, expressed in the angle Θjk (Figure 6). 
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Figure 6: Dipole-dipole coupling between two nuclear spin j and k in an external magnetic field B0. The 
distance between the nuclei is given by rjk and the angle between the connection vector of the nuclei and 
B0 is given by Θjk. 

 𝑏𝑗𝑘 = − (
𝜇0

4𝜋
)

𝛾𝑗𝛾𝑘ℏ

𝑟𝑗𝑘
3  (8) 

 𝑑𝑗𝑘 = 𝑏𝑗𝑘

1

2
(3𝑐𝑜𝑠2𝛩𝑗𝑘 − 1) (9) 

The dipole-dipole Hamiltonian of two homonuclear coupling spins and two 

heteronuclear coupling spins in an external magnetic field is given by equation (10) 

and equation (11), respectively. 

 �̂�𝑗𝑘(𝛩𝑗𝑘) = 𝑑𝑗𝑘(3𝐼𝑗𝑍𝐼𝑘𝑍 − 𝐼𝑗𝐼𝑘) (10) 

 �̂�𝑗𝑘(𝛩𝑗𝑘) = 𝑑𝑗𝑘(2𝐼𝑗𝑍𝐼𝑘𝑍) (11) 

Dipole-dipole coupled spins appear in a solid-state NMR powder spectrum as a so 

called PAKE-pattern, which is signal doublet caused by parallel or antiparallel 

orientation of the spins towards each other. The space between the doublet peaks 

corresponds to the dipolar coupling constant (djk). The PAKE pattern also shows all 

possible values of the angle Θjk. The most frequent orientation between the nuclei and 

the magnetic field is Θjk = 90° that is visible as the maximum of the two doublet peaks. 

The probability of parallel orientation (Θjk = 0°) is the smallest. 

Together with the CSA, dipole-dipole spin couplings causing severe line broadening 

and signal overlap in solid-state NMR powder spectra (Figure 7a). In order to obtain 

high resolution spectra, the anisotropic effects need to be removed by magic angle 

spinning (MAS), during which the sample is spun in a rotor at high frequencies around 

the magic angle of 54.7° (Figure 7b). 
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Figure 7: (a) Static Solid-state NMR spectrum with labelled chemical shift parameters δXX, δYY, δZZ, the 
isotropic chemical shift δiso and the anisotropic chemical shift δaniso. (b) During magic angle spinning the 
solid-state rotor is spun at high frequencies around the magic angle of 54.7° with respect to the external 
magnetic field B0. (c) In the MAS spectrum with a spinning rate of 25 kHz anisotropic interactions are 
cancelled out, showing highly resolved peaks. Spinning sidebands appear additionally to the isotropic 
chemical shift at the distance of the spinning frequency. 

Dipolar couplings disappear at 54.7° due to the angle term (2nd Legendre polynomial) 

in equation (9) that is averaged to zero. This term is also found for the angle dependent 

chemical shift (equation (7)). The asymmetry parameter is cancelled out by fast sample 

rotation. In order to reduce anisotropic interactions in the spectrum, sample spinning 

needs to be executed sufficiently fast. Slower spinning rates produce spinning 

sidebands, which appear additionally to the isotropic chemical shift at the distance of 

the spinning frequency (Figure 7c). Strong proton dipole-dipole couplings can only be 

removed by very fast MAS (>100 kHz). Under conventional MAS frequencies (up to 

~25 kHz) decoupling sequences can be implemented during the experiments, which 

lead to the acquisition of highly resolved spectra [122, 123]. 

1.5.2.3 Isotope Labelling of Proteins 

Due to their high gyromagnetic ratio, naturally occurring 1H nuclei (protons) are 

frequently examined in protein solution NMR, as fast molecular tumbling averages 

out the strong dipolar couplings between the spins. In solid-state NMR, these strong 

dipolar couplings can only be averaged out by very fast MAS, for which a highly 

specific setup is needed. It is also possible to perform protein deuteration, which 

reduces the number of coupling 1H-spins but is difficult to implement in bacterial 

protein expression [124]. Therefore, the observation of 13C and 15N isotopes is common 

for biological samples such as proteins. These nuclei contain a lower gyromagnetic 



Chapter 1. Introduction 

32 

 

ratio than protons, weaker dipole-dipole couplings and also show a spin quantum 

number of ½. Since the natural abundance of 13C and 15N nuclei lies at ~1.1% and ~0.3%, 

respectively, it is in most cases necessary to label samples with these isotopes in order 

to achieve stronger signals. To produce uniformly labelled proteins, 13C labelled 

glucose or 15N labelled ammonium chloride can be added to the bacterial culture 

medium. For a sparser labelling scheme, reverse labelling can be performed, where 

unlabelled amino acids are additionally added to the medium, leading to their 

incorporation during protein expression. For very selective and specific labelling, only 

certain types labelled amino acids can be added to the expression medium. However, 

in this case the effect of amino acid scrambling needs to be considered. During amino 

acid biosynthesis in E. coli, metabolic reactions take place, where amino acids are 

transformed into one another [125]. This process transfers labelled nuclei from one 

amino acid to another, resulting in unwanted signals. One way to overcome this, is to 

supplement the culture medium with high amounts of all twenty amino acids, 

inhibiting scrambling reactions via feedback inhibition [126]. It is also possible to use 

specifically modified host strains, in which scrambling of certain amino acids is 

inhibited [127, 128]. 

1.5.2.4 Cross Polarization (CP) 

Cross polarization is commonly used in solid-state NMR to transfer magnetization 

from highly abundant protons with a high gyromagnetic ratio (γH) to dilute nuclei 

with smaller gyromagnetic ratios (γX), such as 13C or 15N. In principle, a signal 

enhancement of γH/γX can be reached. This ratio is ~4 for 13C nuclei and ~10 for 15N 

nuclei, which leads to a 16- or 100-fold reduction of experimental time, respectively. 

During the pulse sequence (Figure 8a), an initial 1H 90° x-pulse rotates the proton 

magnetization onto the y-axis. Then a spin-lock period is applied on the protons by a 

90°-phase shifted 1H pulse (y-pulse). Simultaneously, a spin-lock pulse is applied on 

the X nuclei. When both nuclei are spin-locked, magnetization is transferred from 1H 

to X (contact time). Afterwards the free induction decay (FID) is acquired (acquisition) 

under 1H high-power decoupling.  
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Figure 8: (a) Pulse sequence of a Cross Polarization (CP) experiment, during which magnetization is 
transferred from highly abundant protons (1H) to dilute nuclei with a smaller gyromagnetic ratio (X). (b) 
Signal intensity (S) build-up curve, depending on the CP contact time (tc). 

During contact time, the Hartman-Hahn matching condition must be fulfilled, 

meaning the nutation frequencies of 1H and X are equal (equation (12)). The nutation 

frequency of the spins (ν1X) depends on their gyromagnetic ratio (γX) as well as the 

strength of the applied B1 radio frequency field. As soon as the nutation frequencies of 

1H and X are equal, also considering the MAS spinning rate (νrot), an energy contact is 

created between the two spin systems, transferring magnetization from the protons to 

the less magnetized nuclei. 

 
𝛾𝐻𝐵1

𝐻 = 𝛾𝑋𝐵1
𝑋  

or 

(12) 

 

 
𝜈1

𝐻 ± 𝑛 × 𝜈𝑟𝑜𝑡 = 𝜈1
𝑋  

𝑛 = 1, 2 
 

For better matching conditions, it is possible to use cross polarization with ramped 

pulses [129]. This is accomplished by increasing the B1 radio frequency field strength 

during spin lock, either in the 1H or X channel (indicated by the ramp in the 1H spin 

lock in Figure 8a). 

The X magnetization and signal intensity build-up depends on the contact time (Figure 

8b). First, X magnetization builds up until an equilibrium between 1H and X 

magnetizations is reached (THX). Simultaneously, the magnetizations decay due to 

spin-lattice relaxation in the rotating frame (1/T1ρH). T1ρX can be ignored, if T1ρX >> T1ρH. 

The obtained signal intensity (S), depending on the contact time (tc) is described by 

equation (13), where S0 is the maximum obtainable signal intensity. 
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 𝑆(𝑡𝑐) = 𝑆0(1 − exp (
−𝑡𝑐

𝑇𝐻𝑋
) exp (

−𝑡𝑐

𝑇1𝜌
𝐻 ) (13) 

The CP signal build-up also depends on the chemical group and can be different e.g. 

for primary and tertiary 13C nuclei. If the sample is too mobile, like e.g. highly flexible 

protein segments, cross polarization may be ineffective. 

In general, CP ensures shorter experimental time, not only due to the magnetization 

transfer, but also due to a smaller proton T1 relaxation time (T1X >> T1H). Since the 

recycle delay depends on T1H and not T1X, experiments can be repeated much faster 

than during direct-excitation of X-nuclei. 

1.5.3 Two-dimensional Solid-state NMR Experiments 

Two-dimensional (2D) NMR experiments are used to achieve a better resolution of 

signals in the second spectral dimension and are frequently applied on biological 

macromolecules. In one-dimensional (1D) NMR, the free induction decay (FID) signal 

is recorded as a function of time S(t). The FID is then converted into a spectrum as a 

function of frequency S(ν), via Fourier transformation. In many cases, 1D spectra 

cannot sufficiently resolve all signals coming from large complexes, such as membrane 

proteins and the application of 2D experiments is necessary. In 2D NMR, the signal is 

recorded as a function of two time periods: t1 and t2. While t2 is the acquisition time of 

a 1D experiment, t1 is the evolution time that is extended stepwise by a certain 

increment for the development of a 2D experiment. The resulting data are Fourier 

transformed over both times, resulting in a spectrum that is a function of two 

frequencies (S(ν1, ν2)). The basic 2D experiment can generally be divided into a 

preparation period, an evolution period (t1), a mixing period and finally a detection or 

acquisition period (t2) (Figure 9). 

 

Figure 9: General structure of a 2D NMR experiment. 

At first, magnetization is created via CP or a 90° pulse during the preparation period. 

The magnetization evolves during t1, during which nuclear spin interactions and 

relaxations take place. During the mixing period, spin correlations develop through 
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application of specific pulse sequences, which can e.g. reintroduce homonuclear or 

heteronuclear spin couplings. The FID (t2) is recorded during the detection period. 

This experimental scheme is repeated with different increasing increments of t1.  

For structural analysis of membrane proteins, homonuclear and heteronuclear 

correlation spectroscopy is of particular importance [130]. 

1.5.3.1 Heteronuclear Dipolar Couplings: TEDOR (Transferred Echo Double Resonance) 

In TEDOR, the coupling effects of heteronuclear 13C and 15N nuclei are reintroduced, 

which are otherwise suppressed during MAS. It is based on the Rotational Echo 

Double Resonance (REDOR) solid-state NMR experiment, which is used to measure 

13C-15N distances from their dipolar coupling [131]. The extent of dipolar coupling 

depends on the angle of the inter-nuclear axis with respect to the B0 field. When MAS 

is applied, the interaction is averaged to zero over one rotor period. During the 

REDOR pulse sequence (Figure 10a), magnetization is transferred to 13C nuclei via CP 

in the preparation period. This is followed by a mixing time, containing rotor 

synchronized 180° pulses in the 15N channel. The 180° pulses are set at half rotor 

periods, which flip the 15N magnetization during the second half of the rotor period, 

changing the sign of the 13C-15N coupling Hamiltonian. Therefore, the average local 

dipolar coupling field between these spins is no longer zero [132]. The 180°C pulse in 

the 13C channel after tmix/2 is applied to refocus the magnetization, which is then 

detected during acquisition (t2) under proton decoupling. 

 

Figure 10: (a) Rotational Echo Double Resonance (REDOR) pulse sequence in solid-state NMR. After 
CP magnetization transfer, rotor synchronized 180° pulses in the 15N channel are executed in order to 
reintroduce dipolar coupling between 13C and 15N. The 180° pulse in the 13C channel after tmix/2 refocuses 
the magnetization. The signal is then acquired during t2 under proton decoupling. (b) REDOR build up 
curve, where (S0-S)/S0 is plotted against the number of refocusing rotor cycles or dephasing time. The 
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curve fit gives the dipolar coupling between 13C and 15N and with that also the distance between the 
nuclei. 

In order to determine nuclear distances from REDOR, 13C reference spectra are 

recorded without 15N dephasing pulses (S0), which decay with increasing mixing times 

due to homogenous factors. The experiments are also carried out with increasing 

numbers of 15N 180° pulses (S). The normalized differences between the amplitudes of 

the reference signals and the signals with REDOR pulses ((S0-S)/S0), are then plotted as 

a function of the number of refocusing rotor cycles or dephasing time [123, 131, 133]. 

This creates a build-up curve, which can be fitted to determine the dipolar coupling 

and with that the distance between 13C and15N nuclei (Figure 10b). However, 13C and 

15N natural abundance correlations can complicate the evaluation of REDOR 

experiments as they contribute to the signal intensities. 

In order to evaluate multiple 13C-15N correlations in a spectrum, TEDOR experiments 

can be acquired. The pulse sequence of a 2D TEDOR experiment is displayed in Figure 

11). 

 

Figure 11: Pulse sequence of a Two Dimensional Transferred Echo Double Resonance (2D-TEDOR) 
experiment. 

After CP magnetization transfer to 13C nuclei, a first REDOR sequence (tmix/2) 

reintroduces heteronuclear dipolar couplings to 15N. Afterwards a pair of 90° pulses 

in both channels, separated by a z-filter period. These pulses result in coherence 

transfer to 15N spins, which then evolve during the evolution time (t1). A second pair 

of 90° pulses in both channels transfers spin coherence back to 13C spins. This is 

followed by a second REDOR sequence (tmix/2), a z-filter period and 13C acquisition (t2) 
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under proton decoupling. Z-filter periods are introduced to the pulse sequence in 

order to compensate indirect 13C-13C J-couplings, which can influence the detection of 

weak 13C-15N dipolar couplings, especially in uniformly labelled samples with high 

abundance of 13C nuclei. The evolution of 13C-13C J-couplings is suppressed by the two 

z-filter periods [134]. Two-dimensional Fourier transformation leads to 2D spectra 

with peaks occurring at 13C-15N frequencies of coupling spins. The cross peak 

intensities depend on the heteronuclear distance and the length of the mixing time 

(tmix). The complete mixing time is controlled by the number of 180° pulses in the 15N 

channel during tmix/4 (l0). While short mixing times (l0 = 4) reveal small distance 

correlations as e.g. one bond distances, higher l0 values show further 13C-15N distances 

with an increased cross-peak intensity. For increasing TEDOR mixing times, cross 

peak build-up curves can be fitted and used to estimate heteronuclear distances [134]. 

1.5.3.2 Homonuclear Filter Experiment: DQSQ (Double Quantum Single Quantum) 

In particular cases it might be of interest to filter dipole-dipole coupled homonuclear 

spins (e.g. in biological samples highly abundant 13C nuclei) [135]. The one 

dimensional Double Quantum Filter (DQF) experiment contains POST-C721 sequences 

that allow to selectively reintroduce homonuclear dipole-diploe couplings in the 

presence of MAS [136]. This way, signals of covalently liked homonuclei, with a strong 

dipolar coupling are passed through the double quantum filter, while natural 

abundance signals of isolated spins are suppressed [137]. 

In a POST-C721 sequence, a POST-C-element is repeated seven times (each element is 

numbered by k) within two rotor periods (Figure 12a). A single POST-C-element 

consists of a 270° pulse with a phase of 0°, a 180° pulse with a 180° phase increment 

and a 90° pulse with a phase of 0° (Figure 12b). In each consecutive POST-C-element, 

the phases for the three pulses are additionally shifted by the angle Φ, which is 

determined by k in equation (14). 

 𝛷 = 𝑘 ×
2𝜋

7
 (14) 

During a DQF filtered experiment, first magnetization is transferred from protons to 

13C nuclei via a CP step. Afterwards, two consecutive POST-C721-sequences are 

conducted under proton decoupling. The first excitation period creates double 
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quantum coherence and reintroduces dipolar coupling during MAS. In the second 

reconversion period spin reconversion takes place, resulting in a 90° phase shifted, 

observable magnetization, where all interactions except for homonuclear dipolar 

coupling and the isotropic chemical shift are suppressed (Figure 12c). 

 

Figure 12: (a) A POST-C72
1 sequence contains seven POST-C-elements within two rotor periods, which 

are numbered by k. (b) Pulse sequence of a POST-C-element, containing a 270° pulse with a phase of 
0°, a 180° pulse with a 180° phase increment and a 90° pulse with a phase of 0°. In each consecutive 
POST-C-element the phases for all pulses are additionally shifted by the angle Φ, determined by the 
number of k in equation (14). (c) Pulse sequence of a double quantum filter (DQF) experiment, 
containing one POST-C72

1 sequence for double quantum (DQ) excitation and a second POST-C72
1 

sequence for single quantum (SQ) spin reconversion. 

Homonuclear double quantum coherences can also be visualized in a two dimensional 

Double Quantum Single Quantum experiment (2D-DQSQ). The double quantum 

coherence is excited before the evolution period (t1) and then converted into 

observable single quantum coherence for signal acquisition (t2). This leads to two 

dimensional spectra, in which the direct dimension (ν2) shows the isotropic chemical 

shifts of all individual spins, which are dipolar coupled, and the indirect dimension 

(ν1) represents the chemical shift sum of two dipolar coupled spins. If a molecule 

contains a chain of dipolar coupled homonuclei (e.g. an amino acid with a chain of 13C 

nuclei), each spin pair is displayed at the same value in the indirect dimension (ν1). 

The connectivity pattern of the spin pairs in the spectrum can be used to assign signals 

via a sequential walk [138, 139]. 
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1.5.3.3 Homonuclear through Space Correlation: PDSD (Proton Driven Spin Diffusion) 

In a Proton Driven Spin Diffusion (PDSD) experiment, through-space correlations 

between can be X-nuclei detected. A 2D-PDSD spectrum consists of a diagonal that 

displays a 1D-CP spectrum and cross peak signals, which correspond to the chemical 

shifts of two correlating nuclei. Spin communication between the X-spins is based on 

line broadening caused by their strong dipolar coupling to 1H spins and 1H-1H dipolar 

couplings [140]. In the PDSD pulse sequence (Figure 13), first magnetization is 

transferred from 1H to X via CP. This is followed by evolution period (t1) under proton 

decoupling. The mixing period starts with a 90° pulse, which flips the magnetization 

onto the z-axis. This allows for the through space spin diffusion to take place. Since 

spin diffusion is driven by the strong dipolar coupling between 1H and X, proton 

decoupling is switched off during the mixing time. The signal is acquired after a 

second X 90° pulse that flips magnetization back in the xy-plane. 

 

Figure 13: Pulse sequence of a Proton Driven Spin Diffusion (PDSD) experiment. 

The mixing period determines the range of spin diffusion. Therefore, different cross 

peak patterns and intensities are obtained for higher or lower distances between X 

nuclei, depending on the mixing time. Shorter mixing times (10 ms – 50 ms) lead to 

generation of cross peaks between approximately one and three bonds, e.g. 13C 

correlations within an amino acid residue. Longer mixing times (200 ms – 1000 ms) 

can show inter-residue long distance 13C correlations [82] and can be used to gain 3D 

structure information of membrane-bound proteins [141] or micro crystals [142]. 

Spin communication can be intensified by applying a so called Dipolar Assisted 

Rotational Resonance (DARR) pulse during the mixing time. The coupling between X 

spins and 1H spins is enhanced by continuous wave (CW) irradiation on 1H, leading 

to a more efficient magnetization transfer and stronger cross peaks compared to PDSD, 

especially at long mixing times or higher magnetic fields [143]. 
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1.5.4 Dynamic Nuclear Polarization 

Solid-state NMR is commonly applied to answer structural or mechanistic biological 

questions, especially for membrane proteins. However, in particular cases 

complications can arise e.g. if only a limited sample amount is available or samples 

are only sparsely labelled with a low number of detectable spins. Along with the 

generally low sensitivity of NMR, due to low gyromagnetic ratios of frequently 

detected 13C and 15N nuclei, these circumstances can require very long measurements 

times in order to gain a sufficient signal-to-noise ratio [144, 145]. Dynamic nuclear 

polarization (DNP) offers a solution by transferring magnetization from highly 

polarized electrons to the nuclear spins. When an external magnetic field is applied, 

electrons show a significantly higher magnetization than e.g. protons, due to their 

higher gyromagnetic ratio (equation (15)). 

 
𝛾𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛

𝛾𝑝𝑟𝑜𝑡𝑜𝑛
= 660 (15) 

Upon microwave field irradiation, electron spin energy transitions become saturated 

and the electron polarization is subsequently transferred to surrounding nuclear spins, 

leading to nuclear hyperpolarization. In theory, nuclei can be hyperpolarized to the 

same degree as if their gyromagnetic ratio had the value of electrons [146]. 
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Figure 14: (a) For DNP enhancement, membrane proteins are exogenously doped with a radical 
polarizing agent, such as AMUPol. (b) Upon microwave irradiation, the electron transitions of the radical 
polarizing agent become saturated and magnetization is transferred to surrounding nuclei, which leads 
to a signal enhancement up to ε = 60. (c) In order to gain signal enhancement, the microwave is constantly 
irradiated during a solid-state NMR experiment (e.g. CP). (d) Magnetization transfer in solids is based 
on two mechanisms, the Solid Effect and Cross Effect. (e) Different DNP polarizing agents containing 
one paramagnetic electron (BDPA, Trityl) or two paramagnetic electrons (AMUPol, TOTAPOL). 

For membrane proteins, the DNP enhancement of solid-state NMR signals requires 

exogenous doping of the reconstituted sample with paramagnetic radicals, which 

work as polarizing agents, as illustrated in Figure 14a. Commonly used radicals for 

membrane proteins are AMUPol (Figure 14a) or TOTAPOL [147-149]. Upon 

microwave irradiation, magnetization is transferred from the unpaired electrons of the 

polarizing agent to the surrounding nuclei. Membrane proteins doped with AMUpol, 
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which is also used in this study, can show signal enhancements up to ε = 60 (Figure 

14b). For an effective polarization transfer, the microwave is constantly irradiated 

during the solid state NMR experiment to saturate electron spin energy transitions, as 

depicted for a CP experiment in Figure 14c. 

Magnetization transfer from electrons to nuclei is based on different mechanisms, 

categorized into the Overhauser Effect, the Solid Effect, the Cross Effect and Thermal 

Mixing. In all cases it is necessary to add a stable polarizing agent to the sample. The 

Overhauser Effect relies on relaxation processes and plays a role in liquid NMR 

samples, where spin-spin interactions are time dependent [150, 151]. In solid state 

NMR DNP, two main mechanisms, Solid Effect and Cross Effect, are responsible for 

the enhancement process (Figure 14d). 

The Solid Effect is based on a motion independent two spin model, where electron 

spins and nuclear spins are dipolar coupled. It requires the sample to be doped with 

narrow line radicals such as Trityl or BDPA (Figure 14e), which contain only one 

paramagnetic electron and show high molecular symmetry [152]. The frequency that 

is used to irradiate the electrons (ωMW) is shown in equation (16), where ωe and ωn 

describe the electron and nuclear Larmor frequencies, respectively. 

 𝜔𝑀𝑊 = (𝜔𝑒 ± 𝜔𝑛) (16) 

Irradiation of the frequency (ωMW) causes double quantum or zero quantum transitions 

in the electron-nuclear spin system, redistributing the spin populations and leading to 

positive or negative signal enhancement. The Solid Effect is favoured at lower 

magnetic fields and less efficient at high magnetic fields [152, 153]. 

For the Cross Effect a three spin system is required, with polarizing agents containing 

two dipolar coupled paramagnetic electrons in one molecule, such as AMUPol or 

TOTAPOL (Figure 14e). The system must fulfil the condition shown in equation (17), 

where ωn is the nuclear Larmor frequency and ωe1 and ωe2 are the Larmor frequencies 

of the two coupled electrons [152, 154]. 

 𝜔𝑛 = 𝜔𝑒1 − 𝜔𝑒2 (17) 

Thermal mixing relies on the same DNP mechanism as the Cross Effect, but is effective 

at low temperatures (T < 10 K). Therefor is in not the favoured mechanism to take place 
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for DNP enhanced solid state NMR on biological samples, which are conducted at 

temperature of ~ 100 K. 

In this study, samples are analysed, which either have a very diluted number of 

detectable spin-pairs or a contain a very sparse labelling with only one fully labelled 

amino acid. These circumstances make the continuous use of DNP enhancement 

indispensable in order to acquire signal with a sufficient signal-to-noise ratio. 

Therefore, all measured samples in this study were doped with the biradical AMUPol, 

which was proven to be an effective polarizing agent for membrane proteins [45, 141, 

147, 155, 156]. 
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Chapter 2 . Materials and Methods 

2.1 Materials 

2.1.1 Chemicals 

Chemicals, buffers, amino acids, enzymes, consumable materials etc. were purchased 

from AppliChem, Roth, Sigma-Aldrich, Avanti Polar Lipids, Eppendorf, Thermo 

Fisher Scientific, New England Biolabs Inc., GE Healthcare or Qiagen. Isotopes, used 

for expression of labelled protein were purchased from Cambridge Isotope 

Laboratories or Silantes. A detailed list of chemicals, consumable materials and 

equipment used in this work can be found in the Appendix. 

2.1.2 E. coli Strains 

Different E. coli bacterial strains were used for cloning procedures or protein 

overexpression, which are listed in Table 3. 

Table 3: E. coli strains used for different tasks throughout this work 

E. coli Strain Tasks 

E. coli DH5α 
Molecular cloning 

E. coli BL21(DE3) 

E. coli C43 (DE3) 

Heterologous protein overexpression E. coli T7 Express 

E. coli Origami 2(DE3) pLysS 
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2.1.3 Plasmids and Expression Genes 

Plasmids containing heterologous genes for protein overexpression in specific E. coli 

strains are listed in Table 4.  

Table 4: Plasmids with inserted genes used for heterologous protein expression in different E. coli strains 

Plasmid 

Vector 

Selectable 

Markers 

Gene Protein Tags E. coli Strain 

pet-21b(+) Ampicillin 

Streptomycin 

Tetracycline 

Saposin - C-term Thrombin 

cleavage site 

- C-term 6x-His Tag 

E. coli Origami 2 

(DE3) pLysS 

pet-26b(+) Kanamycin GPR  - C-term TEV cleavage site 

- C-term 6x-His Tag 

E. coli C43 (DE3) 

pet-27b(+) Kanamycin GPR - C-term HSV-Tag 

- C-term 6x-His Tag 

E. coli C43 (DE3) 

pMAL-c2X Ampicillin TEV 

protease 

- N-term 6x-His Tag E. coli T7 Express 

 

Two different green proteorhodopsin constructs were used throughout this study. The 

GPR sequence from uncultured γ-proteobacterium EBAC31A08 (Locus: AF279106, 

protein ID: AAG10475.1, Uniprot accession number: Q9F7P4) was inserted into a pET-

26b(+) or pET-27b(+) plasmid vector between NdeI and XhoI restriction sites, 

respectively. Both vectors (example of pET-26b(+) vector in Figure 15) use the T7 RNA 

polymerase expression system which is induced upon IPTG addition and contain a 

kanamycin resistance cassette. 
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Figure 15: pET-26b(+) plasmid vector used for GPR expression. 

The pET-26b(+) vector contained the GPR gene with an additional C-terminal TEV 

protease cleavage site (Table 4, red) and therefore implied a cleavable 6x-His-tag 

(Table 4, green) that was used for studies on GPR H75. For other studies the pET-27b(+) 

GPR construct was used which contained a C-terminal solubility HSV sequence (Table 

4, blue) and a 6x-His-tag (Table 4, green) for purification.  

The sequences of GPR expression constructs from Table 4 containing the GPR gene 

and different protein tags are shown below. The pET-26b(+) GPR construct consists of 

264 residues with a molecular weight of 29.17 kDa and the pET-27b(+) GPR construct 

consists of 275 residues with a molecular weight of 30.32 kDa.  

 

pET-26b(+) GPR construct sequence: 

MKLLLILGSVIALPTFAAGGGDLDASDYTGVSFWLVTAALLASTVFFFVERDRVSAKWKTSLTVSGLV

TGIAFWHYMYMRGVWIETGDSPTVFRYIDWLLTVPLLICEFYLILAAATNVAGSLFKKLLVGSLVMLV

FGYMGEAGIMAAWPAFIIGCLAWVYMIYELWAGEGKSACNTASPAVQSAYNTMMYIIIFGWAIYPV

GYFTGYLMGDGGSALNLNLIYNLADFVNKILFGLIIWNVAVKESSNAENLYFQGLEHHHHHH 
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pET-27b(+) GPR construct sequence: 

MKLLLILGSVIALPTFAAGGGDLDASDYTGVSFWLVTAALLASTVFFFVERDRVSAKWKTSLTVSGLV

TGIAFWHYMYMRGVWIETGDSPTVFRYIDWLLTVPLLICEFYLILAAATNVAGSLFKKLLVGSLVMLV

FGYMGEAGIMAAWPAFIIGCLAWVYMIYELWAGEGKSACNTASPAVQSAYNTMMYIIIFGWAIYPV

GYFTGYLMGDGGSALNLNLIYNLADFVNKILFGLIIWNVAVKESSNALEIKRASQPELAPEDPEDVEH

HHHHH* 

2.1.4 Buffers and Media 

2.1.4.1 Buffers and Solutions 

Buffers and solutions that were used for protein purification and biochemical analysis 

are listed in Table 5. 

Table 5: Buffers and Solutions, used for protein purification and biochemical analysis, with their respective 
components 

Cell Disruption Buffer  50 mM TRIS pH 8, 5 mM MgCl2 

Purification Buffer 50 mM TRIS pH 7.5, 150 mM NaCl 

TEV Buffer A 25 mM TRIS pH 7.8, 400 mM NaCl, 10 mM β-

mercaptoethanol 

TEV Cleavage Buffer 50 mM TRIS pH 8, 150 mM NaCl 

Lipid Buffer 50 mM TRIS pH 7, 100 mM NaCl 

NMR Buffer 50 mM TRIS pH 9, 5mM MgCl2 

Pumping Buffer  10 mM NaCl, 10 mM MgCl2, 1 mM CaCl2 

TAE Buffer 40 mM TRIS pH 8, 20 mM acetic acid, 1 mM EDTA 

Saposin Purification Buffer 20 mM HEPES pH 7.5, 150 mM NaCl 

SDS Loading Buffer 40% glycerol, 4% LDS, 0.8 M triethanolamine-chloride pH 

7.6, 4% Ficoll-400, 0.025% Phenol Red, 0.025% Coomassie 

Brilliant Blue G250, 2 mM EDTA 

BN-Anode Buffer 50 mM BisTris, 50 mM Tricine pH 6.8 

BN-Cathode Buffer 50 mM BisTris, 50 mM Tricine pH 6.8, 0.02% Coomassie 

Brilliant Blue G250, 

WB-Transfer Buffer 3 g/l TRIS pH 8.3, 14 g/l glycine 

TBS Buffer 50 mM TRIS pH 7.2, 150 mM NaCl 

SEC Buffer  50 mM TRIS pH 7.5, 150 mM NaCl 

pH Titration Buffer  50 mM sodium citrate, 50 mM Na3PO4, 50 mM TRIS, 50 mM 

boric acid, 100 mM NaCl, pH 7 
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LILBID Buffer  50 mM ammonium acetate 

2.1.4.2 Media 

Media that were used for preparation of Agar-plates, pre-cultures or heterologous 

expression of proteins are listed in Table 6. 

Table 6: Media and their composition used for different tasks throughout this study 

Media composition Tasks 

LB-agar plates 10 g/l tryptone, 

5 g/l yeast extract, 

10 g/l NaCl, 

20 g/l agar-agar, pH 7 

Molecular Cloning 

LB medium 10 g/l tryptone, 

5 g/l yeast extract, 

10 g/l NaCl, pH 7 

Pre-cultures 

2xYT 16 g/l tryptone, 

10 g/l yeast extract, 

5 g/l NaCl, pH 7 

TEV protease expression 

TB medium 12 g/l tryptone, 

24 g/l yeast extract, 

5 g/l glycerol, 

2.31 g/l KH2PO4, 

12.54 g/l K2HPO4, pH 7 

Saposin expression 

M9 minimal medium See Table 7 GPR expression 

Defined medium See Table 8 GPR expression 

 

M9 minimal medium was used for expression of unlabelled or uniformly labelled GPR 

samples. For expression of uniformly labelled samples, 13C-glucose or 15N-ammonium 

chloride was used. Salt components shown in the upper half of Table 7 were dissolved 

in ddH2O, pH was adjusted to 7.2 and the solution was sterilized. Remaining 

components were added right before inoculation from the LB pre-culture. 
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Table 7: Components and their amount for 1 l of M9 minimal medium for expression of unlabelled and uniformly 
13C or 15N labelled protein 

Components Amount for 1 l M9 medium (pH 7.2) 

K2HPO4 6.78 g 

KH2PO4 3 g 

NaCl 0.5 g 

NH4Cl (15NH4Cl) 1 g 

Added before inoculation: 

Glucose (13C-glucose) 2 g 

10 mM FeCl3 1 ml 

1 M MgSO4 2 ml 

100 mg ml-1 kanamycin 1 ml 

Trace element solution:  10 ml 

Amount for 100 ml 

20 mg 

20 mg 

20 mg 

500 mg 

500 mg 

 Components: 

CaCl2 

ZnSO4 

MnSO4 

L-Tryptophan 

Thiamine 

 

 

 

 

 

 Nicotinic acid 

Biotin 

500 mg 

10 mg  

 

Defined medium was used for the expression of selectively labelled protein. All salts, 

nucleobases and unlabelled amino acids listed in Table 8 were dissolved in ddH2O and 

then sterilized by autoclaving. The remaining components as well as labelled amino 

acids were added right before inoculation from the pre-culture. 
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Table 8: Components and their amount for 1 l of defined medium for expression of selectively labelled protein 

Components Amount for 1l Components Amount for 1l 

Sodium acetate 1.5 g Glutamine 0.4 g 

Succinic acid 1.5 g Glutamate 0.65 g 

NH4Cl 0.5 g Glycine 0.55 g 

NaOH 0.85 g Histidine 0.1 g 

K2HPO4 10.5 g Isoleucine 0.23 g 

Adenine 0.5 g Leucine 0.23 g 

Guanosine 0.65 g Lysine 0.42 g 

Thymine 0.2 g Methionine 0.25 g 

Uracil 0.5 g Phenylalanine 0.13 g 

Cytosine 0.2 g Proline 0.1 g 

Alanine 0.5 g Serine 2.1 g 

Arginine 0.4 g Threonine 0.23 g 

Aspartate 0.4 g Tyrosine 0.17 g 

Cysteine 0.05 g Valine 0.23 g 

Added before inoculation: 

Glucose 2 g 

10 mM FeCl3 1 ml 

1 M MgSO4 4 ml 

100 mg ml-1 kanamycin 1 ml 

Trace element solution 

(Table 7) 

10 ml 
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2.2 Methods 

2.2.1 Molecular Cloning Methods 

2.2.1.1 Bacterial Cell Transformation 

During cell transformation bacterial cells are treated to take up plasmid vector DNA 

for heterologous protein expression. Competent bacterial cells were prepared using 

the CaCl2-method [157]. 

For transformation, 200 ng plasmid vector DNA were added to 50 μl competent E. coli 

cells and incubated on ice for 30 min. After a heat shock at 42°C for 90 s, the cells were 

cooled for 5 min on ice and suspended in 450 μl sterile LB medium, followed by 

incubation for 1h at 37°C. Cells were plated on LB Agar plates containing 0.1% 

antibiotic and incubated overnight at 37°C. Appearing cell colonies were used to 

inoculate sterile pre-culture LB with 0.1% antibiotic. 

2.2.1.2 Plasmid DNA Isolation and Sequencing 

Pre-culture LB medium with 0.1% antibiotic, inoculated with a single colony from an 

LB-agar plate was incubated overnight at 37°C and 220 rpm. 

DNA isolation was performed following an extraction kit protocol (QIAprep Miniprep 

Kit, Qiagen) and plasmid DNA was eluted in H2O. Plasmid DNA concentrations were 

determined by the Nanodrop 1000 spectrometer at 260 nm. Sequences were checked 

at Eurofins MWG Operon. Isolated DNA solutions were stored at -20°C.  

2.2.1.3 Polymerase chain reaction (PCR) 

The polymerase chain reaction (PCR) was performed for DNA amplification of genes 

or plasmids and for the introduction of mutations to a construct. 

During PCR three temperature steps are applied in order to amplify DNA. First, 

template vector DNA is denatured at 98°, leading to double strand disassociation. In 

a second "annealing" step the temperature is reduced to 50-65 °C, depending on the 

melting temperature of the primers, where binding of both primers to single template 

strands occurs. The primers function in the last “elongation” step as starting points for 

catalysing template directed complementary extension of the 3’-end of a DNA strand 

by a thermostable DNA polymerase at 72°C. The temperature steps are repeated for 
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~30 cycles (Table 9). Depending on the design of the primers, either a fragment of the 

template e.g. a gene, or the entire vector is amplified. 

Table 9: PCR temperature steps 

PCR Step Time 

Denaturation 98°C 30 s 

98°C 

50-65°C 

72°C 

30 cycles 

10 s 

30 s 

1 min / 1 kB 

72°C 10 min 

 

Site-directed Mutagenesis was performed to introduce single mutations to the GPR 

constructs. For that purpose, mutagenic, overlapping forward and reverse primers 

were designed with a length of approximately 30 bp, which are complementary to a 

specific fragment of the GPR construct, but harbour the desired mutation. Following 

solutions were used in the PCR reaction mixture (Table 10): 

Table 10: Solutions and respective volumes used in a PCR mixture (20 µl total reaction volume) 

Solutions (concentration) Volume [µl] 

High-Fidelity Polymerase Buffer (5x) 

(New England Biolabs Inc.) 

4 

Template Vector (50 ng/µl) 1 

Forward Primer (10 pmol/µl) 1 

Reverse Primer (10 pmol/µl) 1 

dNTP’s (10 mM) 1 

Phusion High-Fidelity Polymerase (2 U/µl) 

(New England Biolabs Inc.) 

0.5 

DMSO (100%) 1 

H2O 10.5 

Total Volume 20 µl 

 

After temperature cycling, the PCR mixture was incubated with 0.5 µl DpnI (20 U/µl) 

at 37°C for 20 min. It digests methylated template vector DNA, preventing cell 

transformation with non-mutated plasmid. 
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2.2.1.4 Agarose gel electrophoresis 

DNA amplification after PCR was checked via agarose gel electrophoresis. DNA 

fragments were separated depending on their size (kB) in 1% agarose gels in TAE 

Buffer (40 mM Tris pH 8, 20 mM acetic acid, 1 mM EDTA). 2.5 µl DNA-stain solution 

(Roti) per 50 ml agarose were added to the gel before polymerisation for visualization 

of DNA bands. DNA samples were mixed with 1x DNA loading dye (6x, Thermo 

Fisher) and 1 kB DNA ladder (New England Biolabs Inc.) was used as a standard. The 

electrophoresis was performed at 100V for 1 h. DNA bands were visualized under UV 

light. 

2.2.1.5 Molecular cloning of pET-26b(+)-GPR expression vector 

The pET-26b(+)-GPR vector was produced to express GPR with a TEV-protease 

cleavage site in order to remove the 6x-His-Tag. The green proteorhodopsin gene was 

amplified from the pET-27b(+)-GPR construct via PCR. Additionally, a TEV protease 

cleavage site and two endonuclease restriction sites NdeI and XhoI were introduced 

to the insert. Both, the insert and the pET-26b(+) vector were digested using restriction 

endonucleases (Thermo Fisher) according to the manufacturer's instructions. The pET-

26b(+) vector was additionally digested with CIAP (Calf Intestinal Alkaline 

Phosphatase), a phosphomonoesterase, to remove 3' and 5' phosphate ends from the 

DNA. The insert was purified using a PCR purification kit (QIAquick PCR Purification 

Kit, Qiagen). The cut vector was separated via agarose gel electrophoresis, cut out and 

isolated from the gel (QIAquick Gel Extraction Kit, Qiagen). Digested Insert and pET-

26b(+) vector (100 ng) were mixed in a 4:1 molar ratio and ligated using T4 ligase (New 

England Biolabs Inc.). The ligation mixture was incubated for 10 min at room 

temperature and further used for cell transformation of E.coli DH5α cells. This strain 

contains several properties that make it useful for DNA cloning methods [158]. 

2.2.2 Biochemical Methods 

2.2.2.1 GPR Expression and Purification 

The E. coli C43(DE3) strain was used as the host organism for protein expression. This 

strain perseveres the cell toxicity of highly overexpressed membrane proteins [159]. 

The genomic DNA of E. coli (DE3) strains contains the gene for T7 RNA polymerase, 
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which is controlled by a lac promoter and is inhibited by the lacI repressor. Upon IPTG 

binding, the lacI repressor dissociates from the lac promotor and allows T7 RNA 

polymerase expression. The polymerase can now translate the GPR gene in the pET-

27b(+) or pET-26b(+)vector, which is preceded by a T7 promotor sequence [160]. 

After inoculation from LB agar plates, pre-culture LB was incubated over night at 27°C 

and 220 rpm. Expression media (see Table 7 and Table 8) were inoculated from the 

pre-culture at a starting OD600 of 0.04 and incubated at 37°C and 220 rpm until an OD600 

of 0.6 to 0.8 was reached. At this point the GPR expression was induced by the addition 

of 1 ml IPTG (200 mg/ml) and 200 µl retinal (10 mg/ml in ethanol). M9 minimal media 

were incubated overnight at 27°C (defined media at 24°C) and 220 rpm. 

After expression, cells were harvested by centrifugation for 15 min at 5000 rpm. Cell 

pellets were dissolved in Cell Disruption Buffer (50 mM TRIS pH 8, 5 mM MgCl2) with 

added protease inhibitor and DNAse. The cell suspensions were circulated three times 

through a cell disrupter (1.85 kbar at 4°C) and the membrane fraction was sedimented 

by centrifugation for 1h at 55000 rpm and 4°C. For membrane solubilization, 

sedimented membrane pellets were homogenized and stirred in Purification Buffer 

(50 mM TRIS pH 7.5, 150 mM NaCl) with 1% TX-100 and 1% DDM overnight at 4°C. 

Histidine tagged GPR was purified via Ni-NTA agarose beads using the batch method 

protocol. Ni-NTA beads were washed with Purification Buffer. Solubilized 

membranes were sedimented for 1h at 55000 rpm and 4°C. The supernatant, 

containing all cellular solubilized membrane proteins, was collected, while the 

sedimented cell debris was discarded. Washed Ni-NTA beads were added to the 

supernatant and stirred for 1 h at 4°C, allowing the histidine tagged GPR to bind to 

the NTA bound nickel. Afterwards, the resin with the bound protein was packed into 

a plastic syringe and washed with 10 column volumes Purification Buffer with 50 mM 

imidazole and 0.15% DDM. GPR was eluted with 2 column volumes Purification 

Buffer with 50 mM imidazole and 0.05% DDM. The concentration of the purified 

protein was determined by 520 nm absorption (bound retinal absorption maximum). 
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2.2.2.2 Preparation of GPR Mixed Samples 

In order to create mixed samples that solely contain inter-protomer 13C-15N contacts 

and no intra-protomer 13C-15N contacts, 13C or 15N labelled protein (either uniformly or 

selectively labelled) was separately expressed. 12C-enriched glucose (99.5%) was used 

for the expression in uniformly 15N-labeled samples instead of normal glucose to 

suppress 13C natural abundance signals within a protomer. Expression, membrane 

preparation and purification was performed as previously described, except that GPR 

membranes were solubilized in 1.5% TX-100 and the protein was eluted in 0.1% TX-

100. Subsequently, 13C- and 15N-labeled protomers were mixed in a 1:1 ratio, TX-100 

concentration was increased to 0.8% and rotated overnight at 4 °C. This procedure 

ensured proper oligomer disruption and efficient mixing of differently labelled 

protomers. 

2.2.2.3 TEV protease Expression and Purification 

TEV protease was expressed in 2xYT medium. The expression medium was inoculated 

from the pre-culture at a starting OD600 of 0.04 and incubated at 37°C and 220 rpm until 

an OD600 of 0.4 was reached. Then the temperature was reduced to 25°C and at OD600 

of 0.6 to 0.8 protein expression was induced with 1ml IPTG (200 mg/ml) and incubated 

overnight.  

After expression, cells were harvested by centrifugation for 15 min at 5000 rpm. Cell 

pellets were dissolved in TEV Buffer A (25 mM TRIS pH 7.8, 400 mM NaCl, 10 mM β-

mercaptoethanol) with added protease inhibitor and DNAse and the cell suspensions 

were circulated three times through a cell disrupter (2 kbar at 4°C). Disrupted cells 

were centrifuged at 15000 rpm for 30 min. Ni-NTA beads were washed with TEV 

Buffer A and incubated with the supernatant for 2 h at 4°C. Bound TEV protease was 

washed with TEV Buffer A with 40 mM imidazole and eluted with TEV Buffer A with 

400 mM imidazole. The concentration of TEV protease was set to 3 mg/ml and the 

protein was dialysed overnight in a 3.5 kDa semi-permeable dialysis tubing against 2 l 

buffer A with 5% glycerol. After dialysis, protein concentration was set to 2 mg/ml. It 

was further diluted with 100% glycerol to a final concentration of 1 mg/ml and stored 

at -80°C. 
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2.2.2.4 TEV cleavage and removal of His-Tag 

After purification of the GPR construct with a TEV protease cleavage site (pET-26b(+)-

GPR construct), buffer was exchanged from Purification Buffer with 50 mM imidazole 

and 0.05% DDM to TEV Cleavage Buffer (50 mM TRIS pH 8, 150 mM NaCl) with 0.05% 

DDM, 0.5 mM EDTA (pH 8) and 1 mM β-mercaptoethanol, using a Sephadex G-25 

PD-10 desalting column (GE Healthcare). For cleavage, TEV protease was added in a 

1:5 (TEV protease: protein) molar ratio and incubated overnight at room temperature. 

The TEV protease cleavage site sequence is ENLYFQ/G (cleavage takes place between 

Q and G) and is located directly after the GPR gene. 

2.2.2.5 Saposin Expression and Purification 

Saposin was expressed in TB medium. The expression medium was inoculated from 

the pre-culture at a starting OD600 of 0.04 and incubated at 37°C and 220 rpm until an 

OD600 of 0.6 to 0.8 was reached. Protein expression was induced with 1ml IPTG 

(200 mg/ml) and incubated overnight at 27°C and 220 rpm.  

After expression, cells were harvested by centrifugation for 15 min at 5000 rpm. Cell 

pellets were dissolved in Saposin Purification Buffer (20 mM HEPES pH 7.5, 150 mM 

NaCl) with 20 mM imidazole, protease inhibitor and DNAse and the cell suspensions 

were circulated three times through a cell disrupter (2 kbar at 4°C). Disrupted cells 

were centrifuged at low speed (30 min at 13000 rpm), the supernatant was incubated 

at 85°C for 10 min and again centrifuged at low speed. Ni-NTA beads were washed 

with Saposin Purification Buffer with 40 mM imidazole and incubated with the 

supernatant for 2 h at 4°C. Bound Saposin was washed with Saposin Purification 

Buffer with 40 mM imidazole and eluted with Saposin Purification Buffer with 

400 mM imidazole. 20 U of Thrombin protease were added and the mixture was 

dialysed overnight in a 3.5 kDa semi-permeable dialysis tubing against 2 l Saposin 

Purification Buffer. Thrombin cleavage removes the His-Tag from Saposin. Dialysed 

protein was again incubated at 85°C for 10 min and centrifuged at low speed. 

Uncleaved protein and remaining His-Tags were removed by reverse Ni-NTA 

binding, cleaved Saposin was collected with the flow-through. The protein was 

concentrated and further purified by size exclusion chromatography. Fractions were 

stored at -80°C. 
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2.2.2.6 GPR reconstitution into Saposin Nanodiscs 

Purified GPR in 0.05% DDM was mixed with purified Saposin in a 1:30 molar ratio. 

Then lipids (DMPC dissolved in Lipid Buffer) were added to the protein solution in a 

1:15 (Saposin: DMPC) molar ratio. The mixture was stirred for 5 min, then SM-2 

Biobeads were added and again stirred for 20 min at room temperature. Detergent 

removal with SM-2 Biobeads allowed the formation of GPR-Saposin-nanodiscs 

complexes. The solution was filtered (500 μl tubes, 0.2 μm filter pore size) and GPR 

nanodiscs were purified from empty nanodiscs, free Saposin and DMPC via Size 

Exclusion Chromatography (2.2.2.13). 

2.2.2.7 GPR reconstitution into Proteoliposomes 

GPR was reconstituted into proteoliposomes, which imitate a native lipid 

environment of the membrane protein. First, liposomes were formed consisting of the 

phospholipids DMPC and DMPA in a 9:1 (w/w) ratio. The lipids were dissolved and 

mixed in a methanol/chloroform mixture and dried overnight. The next day, the lipid 

mixture was dissolved in Lipid Buffer (50 mM TRIS pH 7, 100 mM NaCl) to a 

concentration of ~4 mg/ml. The creation of uniformly sized liposomes was 

accomplished by extruding the lipid solution through a 0.2 µm filter. For protein 

reconstitution, solubilized protein was added to the extruded liposomes and stirred 

for 30 min at room temperature.  

Detergent was removed from the solution by the stepwise addition of SM-2 Biobeads 

(Biorad), leading to the reconstitution of the membrane proteins into proteoliposomes. 

After Biobeads removal, proteoliposomes were harvested by centrifugation. 

2.2.2.8 DNP-NMR Sample Preparation 

Proteoliposome pellets were washed several times with NMR Buffer (50 mM TRIS 

pH 9, 5mM MgCl2) to ensure complete buffer exchange and NaCl removal. 

Afterwards, proteoliposomes were pelleted at 55000 rpm for ~30 min and the 

supernatant was removed. To achieve NMR signal enhancement with DNP, pelleted 

proteoliposomes were carefully covered with AMUPol [147] solution (20 mM AMUpol 

in 60% D2O, 30% deuterated glycerol and 10% ddH2O). Samples were incubated for 
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~24 h at 4°C. The next day the AMUpol solution was completely removed and 

proteoliposomes were packed into a 3.2 mm NMR rotor. 

2.2.2.9 UV-Vis Spectroscopy 

UV-Vis absorption spectra were recorded at a spectrophotometer from 250 nm to 600 

nm to determine protein sample concentration and purity. For solubilized and 

purified GPR, protein concentration was determined from the absorption at 520 nm 

(covalently linked retinal) using Lambert-Beer equation (equation (18)): 

 𝐴𝜆 = 휀𝜆 × 𝑐 × 𝑑 (18) 

Aλ is the absorption at the wavelength λ, ελ is the extinction coefficient at the 

wavelength λ (ε520 nm = 44,500 M-1 cm-1 = 1.47 ml mg-1 cm-1; ε280 nm = 75,860 M-1 cm-

1 = 2.78 ml mg-1 cm-1 [109], c [mg ml-1] is the concentration and d is the thickness of the 

cuvette [cm]. GPR purity was estimated from the A280 nm/A520 nm ratio, which should be 

~2 for a sufficiently pure sample. 

2.2.2.10 SDS-PAGE 

SDS-PAGE was used to monitor the purification process and to estimate protein purity 

and quality after purification. Samples were mixed with 4x SDS Loading Buffer (40% 

glycerol, 4% LDS, 0.8 M triethanolamine-chloride pH 7.6, 4% Ficoll-400, 0.025% Phenol 

Red, 0.025% Coomassie Brilliant Blue G250, 2 mM EDTA) and applied on the gel 

(RunBlue SDS Precast Gel 4% to 20%) together with a protein marker (AppliChem 

Protein-Marker IV 10-150 kDa). Electrophoresis was carried out at 130 V for ~60 min. 

Protein bands were stained with Coomassie Brilliant Blue R250. 

2.2.2.11 Blue Native PAGE 

Blue native (BN)-PAGE is a non-denaturing procedure that was used to analyze 

protein complex in a native, folded state [161]. The oligomeric state of protein 

complexes is retained by using Coomassie Brilliant Blue G250 as the charge shift 

molecule. For membrane proteins, Coomassie Brilliant Blue G250 replaces the 

detergent micelle from hydrophobic parts of the protein [162].  

BN-PAGE sample preparation for membrane proteins is summarized in Table 11. 

Samples were loaded on the BN-gel (Native Page Novex Bis-Tris Gel 4-10%, 10 well), 

together with a protein marker (Native Mark unstained protein standard). BN-Anode 
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Buffer (50 mM BisTris, 50 mM Tricine, pH 6.8) and BN-Cathode Buffer (50 mM BisTris, 

50 mM Tricine, 0.02% Coomassie Brilliant Blue G250, pH6.8) were filled into the 

electrophoresis chamber and electrophoresis was carried out at 150 V for ~120 min. 

Afterwards, the BN-gel was fixed with fixing solution (40% ethanol, 8% acetic acid) 

and further destained with H2O. 

Table 11: BN-PAGE membrane protein sample preparation for 20 µl sample volume 

Component  Volume  

Membrane protein in detergent  up to 5 μg of protein  

BN-PAGE loading buffer 4X  5 μl  

5% Coomassie Brilliant Blue G250 solution  0.1 to 1 μl (1/4 of detergent concentration)  

10% DDM solution 0.75 µl (only for reconstituted samples) 

ddH2O  adjusted to a total 20 μl volume 

 

2.2.2.12 Western Blot 

Western Blot analysis was performed for the detection of His-tagged proteins. E. coli 

C43 (DE3) cell-lysate samples were produced to estimate the expression level of GPR. 

After protein expression, the cell density (OD600) was measured and a specific cell 

suspension volume was used for the lysate samples, according to equation (19). 

 𝑐𝑒𝑙𝑙 𝑙𝑦𝑠𝑎𝑡𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 [𝑚𝑙] =
2

𝑂𝐷600 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟
× 1 𝑚𝑙 (19) 

Cells were pelleted at 5000 rpm for 5 min and resuspended in 37.5 µl water. Then, 37.5 

µl 20% SDS solution and 25 µl SDS-loading buffer were added and boiled for 10 min 

at 100°C for cell lysis. The samples were centrifuged at 13000 rpm for 10 min and 20 µl 

of the supernatants were applied on the SDS-Gel. SDS-PAGE was conducted as 

described in 2.2.2.10. Afterwards, the gel, four filter papers and the nitrocellulose 

membrane were soaked in WB-Transfer Buffer (3 g/l TRIS pH 8.3, 14 g/l glycine) and 

the gel together with the membrane were fixed with two filter papers on each side in 

the wet blot apparatus. For protein transfer from the gel to the nitrocellulose 

membrane, a current of 350 mA was applied for 1h. Then, the blotting membrane was 

blocked with a 3% BSA solution for 1h and afterwards placed overnight at room 

temperature into the antibody solution (1:3000 α-His antibody conjugated with 

alkaline phosphatase (Abcam, Cambridge, UK) in 3% BSA). The next day, the 
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membrane was washed 3x with TBS Buffer (50 mM TRIS pH 7.2, 150 mM NaCl). The 

detection of protein signals on the blot was obtained by placing the membrane into a 

BCIP/NBT solution (Sigma, St. Louis, USA). The colour reaction was stopped by 

rinsing the blot with water. 

2.2.2.13 Size Exclusion Chromatography (SEC) 

SEC was performed to purify Saposin nanodiscs or to monitor quantitative differences 

in the oligomeric states of purified GPR in different detergents or Saposin 2 nanodiscs, 

additionally to BN-PAGE. A liquid chromatography system (Bio-Rad NGC) was used 

with a Superdex 200 10/300 GL column (GE Healthcare). For SEC on GPR samples, the 

column was equilibrated with filtered and degassed SEC Buffer (50 mM TRIS pH 7.5, 

150 mM NaCl) with or without 0.05% DDM. Protein samples were filtered (500 μl 

tubes, 0.2 μm filter pore size) before loading on the column. Absorption for GPR was 

measured at 280 nm and 520 nm. 

2.2.2.14 pH-Titration 

pH titration of purified GPR was performed to determine the pKa of D97, the primary 

proton acceptor during the photocycle. The protonation state of this residue is 

responsible for the shift of the retinal absorption maximum at 520 nm [70]. The buffer 

was exchanged to pH Titration Buffer (50 mM sodium citrate, 50 mM Na3PO4, 50 mM 

TRIS, 50 mM boric acid, 100 mM NaCl, pH 7) with 0.05% DDM and the protein 

concentration was set to ~1 mg/ml. Two separate protein solution were titrated with 

4 M HCl or 4 M NaOH, respectively and the pH was measured after every titration 

step. The absorption for each pH value was measured from 490 nm to 560 nm in 1 nm 

steps. The wavelength of maximal absorption was determined for each sample and 

plotted against the respective pH values. Data were fitted to a sigmoidal Boltzmann 

curve using OriginPro and the pKa value was determined from the turning point of 

the fit curve. 

2.2.2.15 In Cell Proton Transport Measurements 

Light induced proton transport was probed on live C43(DE3) E. coli cells with 

heterologously expressed wild-type GPR or GPR mutants [163-165]. After expression, 

cells were washed several times and transferred into Pumping Buffer (10 mM NaCl, 
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10 mM MgCl2, 1 mM CaCl2). The OD600 was set to 16. 1ml of the cell suspension was 

used for proton transport measurements. The cell suspension was subjected to an 

illumination protocol, consisting of 1 min in the dark, 520 nm illumination for 4 min 

and 2 min in the dark, during which the pH was constantly measured every 4 s under 

mild stirring. 

2.2.2.16 LILBID-MS 

For LILBID-MS (Laser Induced Liquid Bead Ion Desorption-Mass Spectrometry) [166, 

167], GPR buffer was exchanged to a salt-free LILBID Buffer (50 mM ammonium 

acetate) with 0.03% DDM. GPR was concentrated to ~80 µM, using a 50 kDa cutoff 

filter (Amicon by EMD Millipore, Darmstadt, Germany). LILBID-MS measurements 

were carried out by Tobias Lieblein in the group of Prof. Morgner, Goethe University 

Frankfurt, using previously published standard settings [155]. 

2.2.3 Biophysical Methods 

2.2.3.1 DNP-NMR Spectroscopy 

Samples for DNP-NMR spectroscopy were produced as described in 2.2.2.8. DNP 

measurements were performed at a 400 MHz Bruker UltraShield Avance NMR 

spectrometer with a 3.2 mm HCN-Cryo-MAS probe and a 263 GHz Bruker gyrotron. 

All spectra were measured at ~100 K and 8 kHz MAS. The microwave power at the 

probe was set to 10.5 W. 13C and 15N chemical shift referencing was carried out with 

respect to DSS using the CO-group signal of alanine at 179.85 ppm. For all 

experiments, 100 kHz proton decoupling was applied using SPINAL-64 [168]. A 

recycle delay of 2.5 s was used. The pulse length of 1H-90° was set to 2.5 µs and the 

pulse lengths of 13C-90°, 13C-180°, 15N-90° and 15N-180° were 4 µs, 8 µs, 7.5 µs and 15 µs, 

respectively. 1H-15N CP-contact time and 1H-13C CP-contact time were set to 800 µs and 

1400 µs, respectively. 13C-double quantum filter (1D-DQF) experiments were obtained 

with 4096 scans using the POST-C721 sequence for double quantum excitation and 

reconversion at 0.5 ms. 2D double quantum single quantum (2D-DQSQ) spectra [138] 

were recorded with 384 scans, ~80 increments in the indirect dimension and 17.86 µs 

dwell time. 15N-PDSD spectra were recorded with a mixing time of 1 s, 384 scans, 83 

increments and 125 µs dwell time. 2D-TEDOR 13C-15N-correlation experiments were 
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acquired using the z-filtered TEDOR sequence [134], the z-filter period was set to 

250 µs. For 2D-TEDOR experiments either a mixing time of 1.25 ms (4 rotor cycles), 

6.25 ms (24 rotor cycles) or 10.25 ms (40 rotor cycles) was used. The FID acquisition 

time in the direct dimension was 10 ms and the dwell time for the indirect dimension 

was set to 125 µs. The exact number of scans in the direct dimension, increments in the 

indirect dimension, dwell time and mixing time are given for each spectrum in the 

figure description. 

2.2.3.2 Trapping of GPR Photocycle Intermediates 

Sample preparation for trapping GPR photocycle intermediates was essentially 

carried out as described in 2.2.2.7 and 2.2.2.8. DNP-conditions can be used to trap 

different photocycle intermediates with specific sample preparations and illumination 

protocols, as previously described for GPR and Channelrhodopsin-2 [38, 45, 156, 169, 

170]. Essentially, a lipid to protein ration of 2:1 (w/w) was used for reconstitution of 

GPR into proteoliposomes and low sample amounts (~2 mg) were packed into a 

transparent sapphire 3.2-NMR-rotor to give ideal illumination conditions. Before 

putting samples into the DNP-probe, they were spread evenly in the MAS rotor by 

using a rotor testing device. 

A High-Power LED light (Mightex) with different wavelength filters was used for 

illumination. For K-state trapping, GPRWT was illuminated with blue light (470 nm) at 

~100 K directly in the DNP-NMR probe for ~40 min with a LED power output of 3.3 

W. M-state trapping was achieved by illuminating the GPRE108Q mutant (elongated M-

state lifetime [156]) directly in the sapphire-NMR-rotor with green light (520 nm) for 

90 s at room temperature. The LED power output for M-state trapping was 0.13 W. 

Subsequently, the sample was flash frozen in liquid nitrogen and quickly transferred 

into the DNP-cryo-probe. 

2.2.4 Bioinformatical Methods 

2.2.4.1 DNA and Protein Sequence Alignments 

DNA and protein sequence alignments were carried using Clustal Omega 

(https://www.ebi.ac.uk/Tools/msa/clustalo/). 
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Chapter 3 . DNP-enhanced Solid-State NMR on Mixed GPR 

Complexes Reveals Cross-protomer Contacts 

Important for Oligomerisation 

3.1 Abstract 

Many different membrane proteins assemble into oligomeric complexes within the 

lipid bilayer. Factors that control their assembly are hard to predict and 

experimentally difficult to determine. However, in order to elucidate the role of 

oligomerisation for their functional mechanism and stabilization, an understanding of 

protein-protein interactions within the lipid bilayer is required. GPR forms higher 

homo-oligomeric complexes. This section demonstrates that solid-state NMR, with 

sensitivity enhancement by dynamic nuclear polarization (DNP) can identify specific 

interactions across the protomer interface. This was achieved by creating differently 

labelled protomers and assembling them into the full pentamer complex, embedded 

in the lipid bilayer. It was found that specific salt bridge contacts determine and 

control the formation of pentamers or hexamers. 

3.2 Introduction and Aims 

Oligomerisation through noncovalent interactions is a common structural feature of 

proteins. It is advantageous for structural stability of individual subunits and in many 

cases important for regulation of functionality [87]). For microbial rhodopsins (homo)-

oligomerisation is often observed [18, 26, 86] , but the importance of this assembly is 

disputed, since monomers constitute a functional unit of the proteins [106, 108]. 

Different oligomeric states have been reported such as trimers for archaeal 

bacteriorhodopsin (BR) [111] and for the bacterial gloeobacter rhodopsin [35]. 

Channelrhodopsin-2 was shown to form functionally important dimers [171]. For GPR 

and BPR (blue proteorhodopsin) the predominant formation of pentamers and 

hexamers has been observed [36, 103, 104]. 

Many different biochemical and biophysical methods can be used to assess the 

oligomeric state of membrane proteins. These include size exclusion chromatography 

(SEC), analytical ultracentrifugation, BN-PAGE and mass spectrometry, such as 
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LILBID-MS. Structural details, such as the arrangement of protomers with respect to 

each other can be derived from X-ray crystallography, cryo-EM or pulsed EPR 

spectroscopy [36, 103, 105]. However, these methods cannot specifically identify key 

interactions at protomer interfaces, which are required to understand the drive for 

oligomerisation. Most structural data are derived from protein crystal models, where 

in some cases it can be challenging to disentangle biologically relevant cross-protomer 

contacts from artificial crystal contacts [172, 173]. Furthermore, complications arise 

from the often observed membrane protein integrity in detergent micelles [174].  

Solid-state NMR is a powerful tool to investigate functional mechanisms, structure 

and dynamics of membrane proteins, which are embedded in a native lipid bilayer 

[113, 114]. Although direct protein interaction within membrane protein homo-

oligomers have not been studied, protein-protein contacts were shown in a few cases 

by directly observing inter-peptide dipole couplings [175] or indirectly through 

paramagnetic relaxation enhancement [176]. In the case of amyloid fibrils, mixed-

labelled samples were used to obtain inter-protomer distance constrains [177, 178]. 

GPR has been extensively studies through various biochemical methods and advanced 

biophysical methods [60]. Biophysical methods included optical spectroscopy and 

infrared spectroscopy, electrophysiology methods as well as solid-state NMR. 

Particularly solid-state NMR was used to gain insights into secondary structure and 

dynamics within the lipid bilayer and to elucidate details of the functional mechanism 

and colour tuning. As mentioned before, an important aspect of the structural 

characteristic of GPR is its assembly into higher oligomeric complexes. However, the 

main interactions between protomers are still unknown. So far there is no X-ray data 

of GPR, only a low-resolution backbone structure based on solution NMR of GPR in 

detergent [112]. 

Therefore, the experimental aims of this section are to identify specific interactions 

across the protomer interface, which drive the assembly of GPR into higher oligomeric 

complexes. The underlying experimental concept is illustrated in Figure 16a. 
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Figure 16: (a) AFM images of green PR pentamers and hexamers [103]. The experimental aim is to 
create 13C-15N mixed complex through dis- and reassembly of GPR, allowing to identify 13C-15N 
correlations across the protomer interface. (b) The reduced number of spin-pairs makes the use of DNP 
signal-enhancement indispensable. Before packing the sample into the solid-state NMR rotor, GPR 
proteoliposomes are incubated with the biradical polarizing agent AMUPol. Microwave irradiation 
causes magnetization transfer from electrons to protons and results in signal enhancement (up to 60-
fold). 
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The general procedure is to create mixed 13C-15N labelled complexes by dis- and 

reassembly of uniformly labelled homo-oligomeric GPR oligomers. These mixed 

complexes show a unique isotope labelling pattern across their protomer interfaces. 

13C-15N-correlation TEDOR [134] spectroscopy is used to identify through-space 

dipole-dipole couplings, which indicate specific cross-protomer contacts. However, it 

needs to be considered that the oligomer mixing process follows a statistical 

distribution, resulting in only a reduced number if mixed-labelled protomer interfaces. 

These circumstances make the use of dynamic nuclear polarization (DNP) for 

sensitivity enhancement indispensable. As indicated in Figure 16b, mixed complexes 

that were reconstituted into a native lipid environment are incubated with the 

biradical polarizing agent AMUPol before packing the sample into a solid-state NMR 

rotor. By application of microwave irradiation, magnetization is transferred from 

dipole-coupled electron pairs to nearby protons, based on the cross-effect [152, 154], 

and distributed homogenously throughout the sample via spin diffusion, leading up 

to a 60-fold signal enhancement (compared to no microwave irradiation). The labelling 

of mixed complexes used in this study is applicable to visualize inter-protomer salt-

bridge contacts between R/K (containing 15N nuclei in the side chain) and D/E 

(containing 13C nuclei in the side chain). Contacts between these residues were already 

supposed from the crystal structure of BPR [36]. For further evaluation of GPR inter-

protomer interactions, single-site mutations are introduced to the protein for assigning 

the observed contacts and to investigate their role for complex formation by LILBID-

MS and BN-PAGE. 

3.3 Results 

3.3.1 Expression and Purification of GPRWT 

For all experiments in this section, GPR was expressed from the pET27b(+) construct, 

containing a c-terminal HSV-Tag and 6x-His Tag. The expression was carried out in E. 

coli C43 (DE3). Purification steps, final purity and protein quality of GPR were checked 

via SDS-PAGE, UV-Vis spectroscopy and pH titration experiments. SDS-PAGE of 

purification steps is shown in Figure 17a.  
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Figure 17: (a) SDS-PAGE of GPR purification procedure, the GPR band is present at ~20 kDa. (b) UV-
Vis spectrum of GPR in elution buffer. Protein purity is estimated by the absorption ratio at 280 nm and 
520 nm (≤2). (c) pH titration experiment of GPR. The inflection point indicates the pKa value of the 
primary proton acceptor D97. For GPRWT it lies between ~6.5-7. 

After solubilization, purification and washing, GPR is present as a single band at 

~20 kDa in elution buffer, indicating high purity of the protein. The shift of the GPR 

band compared to the actual size of the expression construct (30.32 kDa) is most likely 

caused by incomplete unfolding of GPR during treatment with SDS, which was shown 
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before for other membrane proteins [179]. Sufficient protein purity in elution buffer is 

also indicated by the UV-Vis spectrum in Figure 17b. Good purity is estimated by the 

absorption ratio of A280 nm/A520 nm ≤ 2, which is caused by different molar extinction 

coefficients (ε280 = 75,860 M-1cm-1; ε520 = 44,500 M-1cm-1 [109]). To determine the pKa of 

D97, the primary proton acceptor during the photocycle, a pH titration was executed 

(Figure 17c). It shows the typical pKa value of GPRWT between ~6.5-7 [70, 75, 82]. High 

expression yields (~10 mg/l expression culture) of sufficiently pure and functional GPR 

allowed further extensive analysis of the oligomeric states of the GPR complex and 

preparation of proteoliposomes for various DNP-enhanced solid-state NMR 

experiments. 

3.3.2 Oligomeric States of GPRWT 

GPR assembles into higher oligomeric complexes, which is a general structural feature 

of the microbial rhodopsin family [26, 96]. However, different reports suggest varying 

number of protomers that create a GPR complex (listed in Table 2, section 1.3.3). While 

first investigations on the oligomeric state from size exclusion chromatography 

experiments proposed trimer formation [101, 102] similar to BR [111], later 

investigations either supposed a dominant pentameric or hexameric state [26, 103-107, 

110], which presumably depends on the used preparation and experimental condition. 

With these different findings, LILBID-MS, BN-PAGE and SEC experiments were 

carried out to once again investigate and determine the dominant oligomeric state of 

GPR for the specific purification protocols and experimental conditions used in this 

study.  

3.3.2.1 Detergent (DDM) 

GPR in 20 mM NH4+Ac and 0.02% DDM was subjected to LILBID-MS measurements 

(Figure 18a). At low laser intensities the technique preserves the nativity of protein 

complexes, which allows a clear statement on its oligomeric states. The mass spectrum 

shows a range of oligomeric states and charged states for GPR. 
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Figure 18: (a) LILBID-MS of GPR in 20 mM NH4
+Ac and 0.02% DDM. Measurements were carried out 

by Tobias Lieblein in the group of Prof. Morgner, Goethe University Frankfurt. GPR occurs at charge 
state -1 to -4, indicated in blue for the pentameric state and in red for the hexameric state. (b) BN-PAGE 
of GPRWT under different buffer, salt and detergent conditions. Higher order oligomers (hexamers and 
pentamers) and lower order oligomers (dimers and monomers) are labelled in black and red, respectively. 

Under the present conditions, pentamers show a higher signal and appear as the 

dominant state of higher order oligomers (5+, 52+,53+), while hexamers represent a much 

smaller fraction (6+, 62+,63+,64+). However, smaller "disrupted" oligomeric states such as 

monomers and dimers are also present under detergent conditions (1+, 12+, 2+). The 

LILBID-MS results are helpful to unambiguously assign BN-PAGE bands, which can 

be detected for solubilized GPR (Figure 18b). This way, BN-PAGE analysis offers a 
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reliable assessment of the oligomeric state of GPR. In the first lane GPR was subjected 

to similar conditions as in LILBID-MS. Hence, the dominant band of higher order 

oligomers can be attributed to the pentameric complex (~250 kDa) and the lighter band 

(~300 kDa) can be assigned to the hexameric complex. Lower order oligomers (dimers 

~120 kDa, monomers ~60 kDa) are also detected in the gel. The size shift of BN-PAGE 

bands is due to the binding of Coomassie Brilliant Blue G250, used as the charge shift 

molecule. It binds more effectively to the hydrophobic parts of the membrane protein 

than to the soluble marker protein [162]. The factor between the actual molecular mass 

of the membrane protein and the molecular mass displayed in BN-PAGE is 1.8 [180]. 

Therefore, the molecular mass of the bands in Figure 18b must be divided by 1.8 to 

receive the actual mass values. This gives us corrected molecular weights of ~139 kDa 

and ~167 kDa for the bands of pentamers and hexamers and ~33 kDa and ~67 kDa for 

the bands of monomers and dimers. All detected bands are summarized in Table 12. 

Table 12: BN-PAGE oligomeric states of solubilized GPR. 

MBN-PAGE [kDa] Mcorrected [kDa] Protomers Oligomeric state 

~300 ~167 5.85 hexamer 

~250 ~139 4.87 pentamer 

~120 ~67 2.35 dimer 

~60 ~33 1.16 monomer 

 

The remaining BN-PAGE lanes in Figure 18b show GPRWT in different buffer, salt and 

detergent conditions. Changing conditions, such as higher salt concentrations and 

higher DDM concentrations have no effect on the distribution of oligomeric states. In 

summary, the LILBID-MS and BN-PAGE data show a dominant pentameric form of 

high order oligomers and a smaller fraction of low order oligomers. Increasing DDM 

or salt concentrations have no effect on the disruption of pentamers. This is in 

agreement with previously published findings [104]. 

3.3.2.2 Proteoliposomes 

In Figure 19 the oligomeric states found in SEC and BN-PAGE of GPRWT in detergent 

are compared to reconstituted GPRWT in proteoliposomes. It is difficult to identify the 

exact size of membrane protein complexes within their detergent micelles by SEC 
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[181]. In this case, the chromatogram does not allow to distinguish between pentamers 

and hexamers or monomers and dimers. However, SEC in Figure 19a reveals the ratio 

between GPR high order and low order oligomers more clearly. The peak of high order 

oligomers is visible at ~10.8 ml and the peak of low order oligomers is visible at 12,7 

ml. SEC confirms that high order oligomers (presumably pentamers) constitute the 

dominant population of GPR. BN-PAGE in Figure 19b shows the comparison between 

solubilized and reconstituted GPR in DMPC/DMPA proteoliposomes. The native lipid 

environment causes the low order oligomers, which are present in detergent, to be 

incorporated into high order oligomers, as no bands for low order oligomers appear 

after reconstitution. In DMPC/DMPA proteoliposomes pentamers also appear to exist 

as the dominant population. 

 

Figure 19: (a) SEC and (b) BN-PAGE analysis of GPR in detergent (0.05% DDM) and reconstituted into 
DMPC/DMPA proteoliposomes. 

However, the pentamer/hexamer ratio that is present in proteoliposomes depends on 

the lipid environment and the procedure of reconstitution. This becomes evident in 

Figure 20, which shows BN-PAGE oligomerisation analysis of GPR in 

proteoliposomes, reconstituted under different conditions. Slow detergent removal 

via dialysis and reconstitution into DOPC lipids results in a higher ratio of hexamers. 
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This procedure has been reported in the past to lead to 2D-crystals, which were 

analysed by electron microscopy and AFM imaging [101, 103]. Both hexamers and 

pentamers are observed by AFM and BN-PAGE in DOPC under conditions close to 

those used for 2D crystallization. The lipid/protein ratio does not seem to affect the 

formation of hexamers. In contrast, dialysis into DMPC/DMPA proteoliposomes 

shows a much higher fraction of pentamers. Also mainly pentamers are observed 

when fast detergent removal is applied by Biobeads. The oligomeric state of GPR 

reconstituted into proteoliposomes appears to be independent of the lipid composition 

or the lipid/protein ratio if fast detergent removal by Biobeads is executed. Increased 

hexamer formation seems to be specifically liked to 2D crystallization. 

 

Figure 20: BN-PAGE oligomerisation analysis of GPR in proteoliposomes. The effect of various 
reconstitution conditions on the pentamer/hexamer ratio were tested, including different reconstitution 
methods (dialysis or addition of Biobeads), different lipids (DOPC or DMPC/DMPA) and different 
lipid/protein ratios. Slow detergent removal via dialysis and reconstitution into DOPC lipids results in a 
higher ratio of hexamers. 

3.3.2.3 Saposin Nanodiscs 

Previous studies have shown that GPR reconstitution into MSP (membrane scaffold 

protein)-nanodiscs influences its function and oligomeric assembly (Table 2) [108-110]. 

The length of the used MSP macromolecule, forming the amphiphatic helical protein 

belt, dictates the diameter of the MSP-nanodisc, reaching from ~8 nm to ~13 nm [182, 

183]. Presumably, the limited disc size influences the number of GPR protomers that 



Chapter 3 

75 

 

fit into the assembly or has an effect on functionality due to increased lateral 

membrane pressure experienced by the incorporated protein. 

The lipid nanoparticle system that is based on the Saposin protein family bypasses this 

problem, as the number of scaffold molecules forming the nanodisc is flexible. In the 

case of larger complexes, several Saposin monomers join together to encircle the entire 

membrane protein, thereby adapting to the size of the incorporated macromolecule 

[184]. The incorporation of GPR into Saposin nanodiscs is shown in Figure 21. 

 

Figure 21: (a) Size exclusion chromatograms of GPRWT in 0.05% DDM (I), free Saposin (II) and 
reconstituted GPRWT in Saposin Nanodiscs (III) (b) BN-PAGE of GPRWT in 0.05% DDM and 
reconstituted in Saposin Nanodiscs. The pentameric state of GPR is retained after reconstitution into 
Saposin nanodiscs. 

The size exclusion chromatogram in Figure 21a (I) shows 520 nm absorption of GPRWT 

in 0.05% DDM with a dominant peak of high order oligomers at ~12 ml elution volume. 

The peak fraction is displayed in the first BN-PAGE lane in Figure 21b (0.05% DDM), 

indicating that the peak consists almost entirely of pentamers. Figure 21a (II) shows 

the chromatogram of free Saposin, with the main peak of monomeric Saposin eluting 

at ~17.5 ml. Figure 21a (III) represents the chromatogram of the nanodisc 

reconstitution mixture. It contains formed GPRWT Saposin nanodisc complexes, which 
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are detected at an elution volume of ~11 ml. The successful nanodisc formation is 

indicated by the elution volume shift of ~1 ml compared to GPRWT in DDM, as 

pentameric GPRWT nanodisc complexes contain a higher hydrodynamic volume than 

solubilized pentameric GPRWT in a detergent micelle. The absorption at 520 nm proves 

that GPRWT is present in the nanodiscs. Furthermore, free Saposin and empty 

nanodiscs are detected in chromatogram (III), where no 520 nm absorption is detected. 

In Figure 21b, the pentameric band in nanodiscs is shifted, compared to pentamers in 

detergent, also indicating a bigger volume of pentamers in nanodiscs. The results 

show that the incorporation into Saposin nanodiscs preserves the native oligomeric 

form of the complex. 

3.3.3 Creating 13C-15N Mixed Labelled GPR Oligomers 

3.3.3.1 Preparation Procedure 

The analysis of GPR oligomeric states revealed a dominant pentameric form of high 

order oligomers and a smaller fraction of hexamers after reconstitution in 

DMPC/DMPA proteoliposomes. In DDM, also low order oligomers like monomers 

and dimers are present. These are standard purification and sample preparation 

conditions. In order to identify 13C-15N side chain contacts through DNP-enhanced 

TEDOR experiments, a new procedure for assembling GPR oligomers consisting of 

neighbouring 13C and 15N protomers had to be established. The basic experimental 

concept is illustrated in Figure 22a. 
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Figure 22: (a) Illustration of the concept for production of mixed, high order complexes: 13C and 15N 
labelled proteins are separately expressed and disrupted by solubilization with a suitable detergent. 
Disrupted protomers are mixed in a 1:1 ratio and reconstituted into proteoliposomes, assembling into 
mixed-labelled high order oligomers. (b) SEC and BN-PAGE analysis of GPRWT solubilized in different 
detergents or reconstituted into DMPC/DMPA proteoliposomes from DDM or TX-100. 

Differently labelled GPR oligomers are separated into monomers or low order 

oligomers by specifically chosen detergents, mixed and reconstituted into a lipid 

bilayer upon which mixed complexes are formed. The largest number of inter-

protomer 13C-15N interfaces is obtained for a complete disruption of GPR oligomers 

into monomers. Therefore, GPR was purified and solubilized using different 
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detergents: DDM, TritonX-100 (TX-100) and octyl-glycoside (OG). Then the oligomeric 

states of GPR in these detergents were assessed by SEC and BN-PAGE analysis (Figure 

22b). As already shown, SEC and BN-PAGE analysis of GPR in DDM reveals a 

dominant pentamer population of high order oligomers as well as monomers and 

dimers as part of low order oligomers. In contrast to DDM, exclusively low order 

oligomers are found in chromatograms with TX-100 and OG, which are identified as 

mainly monomers with BN-PAGE (Figure 22b). The elution volumes of low order 

oligomers are shifted for GPR in TX-100 or OG due to different micelle dimensions of 

these detergents [179, 185]. These findings suggest that TX-100 and OG are suitable 

detergents to disrupt GPR into low-order oligomers, which would allow sufficient 

mixing of differently labelled protomers. To test whether TX-100 or OG have other 

effects on GPR, pH titrations were conducted to determine theD97 pKa in these 

detergents. 

 

Figure 23: pH titration experiments of GPR solubilized in different detergents.  

The pH-titration experiments in Figure 23 show that GPR in TX-100 shows a pKa of 

6.76, which is comparable to the pKa value in DDM and lies in the expected range of 

6.5-7. On the contrary, solubilization in OG induces a considerable shift to a pKa of ~8. 

This deviation suggests that OG significantly influences protein conformation, 

presumably effecting the interaction between retinal chromophore and the protein. To 
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ensure more native conditions during mixed sample preparation, TX-100 was 

favoured for oligomer disruption, as it potentially keeps GPR protomers in a more 

native conformation. 

After solubilization with TX-100, 13C and 15N labelled monomers were mixed in a 1:1 

ratio, followed by reconstitution into DMPC/DMPA liposomes using the Biobeads 

detergent removal technique. Independent of the use of DDM or TX-100 for 

solubilization of GPR, high order oligomers (mostly pentamers) are found in 

proteoliposomes after reconstitution, as observed by BN-PAGE (Figure 22b).  

3.3.3.2 Mixing Statistics 

The approach of disrupting 13C and 15N labelled complexes, then mixing and 

reassembling them, statistically produces mixed complexes of GPR containing 13C- and 

15N-labelled protomers, which in this chapter will be named: [CN]-GPRWT. The 

assembly of mixed complexes is shown in Figure 24. The procedure results in a distinct 

number of configurations, which are differently populated. The population (P) for a 

particular configuration is given by equation (20), 

 𝑃(𝑁, 𝑘) =
𝑁!

𝑘! (𝑁 − 𝑘)!
 (20) 

where N is the number of GPR protomers in the complex (5 for pentamers and 6 for 

hexamers) and k is the number 13C labelled protomers (grey) within a 15N labelled 

complex. The different configurations for pentamers and hexamers are shown in 

Figure 24. Each configuration contains a particular number of 13C-15N interfaces, I(N, 

k), but only half of the number of 13C-15N interfaces are unique (NC, CN),. Iunique(N, 

k). The average number of interfaces per oligomeric complex (IAvg) is given by 

equation (21). 

 𝐼𝐴𝑣𝑔 =
∑ 𝑃(𝑁, 𝑘) 𝐼(𝑁, 𝑘)𝑁

𝑘=0

∑ 𝑃(𝑁, 𝑘)𝑁
𝑘=0

 (21) 

For a pentamer, 8 different configurations are possible, therefore IAvg is: 

𝐼𝐴𝑣𝑔 =
(1 × 0) + (5 × 2) + (5 × 4)(5 × 2) + (5 × 4)(5 × 2) + (5 × 2) + (1 × 0)

32
=

80

32

= 2.5 

This makes IAvgunique(N, k) = 1.25, so in average 1.25 unique 13C-15N interfaces per 

pentameric complex contribute to the TEDOR signal. Similarly, the IAvg for hexamers 
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is 3, of which 1.5 unique interfaces are TEDOR active. The mixing statistics show that 

even for large amounts of available protein sample, the number of potential inter-

protomer 13C-15N spin pairs involving 13C-labeled side chains on the one side and 15N-

labelled side chains on the other side is small, making the use of DNP signal-

enhancement indispensable. 

 

Figure 24: The assembly of [CN]-GPRWT from 13C (grey) and 15N (yellow) labelled monomers results in 
8 different pentamer and 14 different hexamer configurations, which statistically all have different 
populations (P), according to equation 1. Each configuration also shows a specific number of 13C-15N 
interfaces (I) or unique interfaces (Iunique). The average number of interfaces (IAvg) for pentamers or 
hexamers can be calculated by equation 2, with half of them being TEDOR active. 

3.3.4 DNP-enhanced 15N-13C-TEDOR Correlation Spectroscopy Reveals Cross-

protomer Interactions in GPR 

Using the mixed labelled oligomer preparation approach, samples were prepared in 

which the higher oligomers consist of 13C-15N mixed complexes. Furthermore, 

uniformly labelled control samples were prepared. These samples are listed in Table 

13. 
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Table 13: Mixed labelled oligomer samples and uniformly labelled control samples, which were prepared for 
DNP-enhanced 15N-13C through-space correlation spectroscopy 

 Protomer labelling Sample Name 

1 uniform 13C uniform15N [CN]-GPR 

2 uniform 13C selective Arg, Lys 15N [CN(Arg,Lys)]-GPR 

3 uniform15N [NN]-GPR 

4 uniform 13C [CC]-GPR 

 

The two uniformly labelled control samples were prepared for analysing 13C-15N 

contacts arising from naturally occurring 13C and 15N isotopes and to distinguish them 

from cross-protomer 13C-15N contacts. In order to reduce the intra-molecular natural 

abundance contribution, all 15N-labeled protomers were 13C depleted by using 12C6-

glucose (99.5%, Sigma-Aldrich) as a carbon source, resulting in ~50% reduction of the 

13C background. 

DNP-enhancement was achieved by doping proteoliposomes with the biradical 

polarizing agent AMUPol. A 60-fold signal increase was observed for GPR when 

comparing 13C-CP spectra obtained with and without microwave irradiation Figure 

25a. This makes AMUPol a suitable compound for DNP-enhanced solid-state NMR on 

membrane proteins. The sensitivity enhancement enables to perform 13C-15N-TEDOR 

experiments, which could visualize through-space dipole-dipole contacts between 13C 

and 15N spins. 
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Figure 25: (a) Upon microwave irradiation, a 60-fold DNP-enhancement is achieved by doping GPR 
proteoliposomes with AMUPol. (b) DNP-enhanced 13C-15N TEDOR spectra (all spectra recorded with 
1024 scans, 80 increments, 125 µs dwell time and 6.25 ms mixing time) of [CN]-GPR, [CN(Arg,Lys)]-
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GPR and control samples [CC]-GPR and [NN]-GPR. All spectra show natural abundance correlations 
(blue background). For [CN]-GPR and [CN(Arg,Lys)]-GPR additional peaks (i-v) are detected that 
belong to cross-protomer contacts (light green background) (c) Cross-protomer signals indicate close 
proximity and presumably salt-bridge contacts between D/E-K and D/E-R present in GPR oligomers. 

The mixing time was adjusted to 6.25 ms to maximize the signals of expected long-

range cross-protomer couplings. All four TEDOR spectra in Figure 25b show distinct 

natural abundance cross-pears arising from N-CO and N-CA single bond contacts but 

also from long-range N-CX couplings (blue background). The two control samples 

[CC]-GPR and [NN]-GPR allow clear identification of backbone natural abundance 

correlations and distinction from cross-protomer correlations. In [CC]-GPR, 13C has 

been enriched, while 15N occurs at its natural abundance of ~0.4%. In [NN]-GPR, 15N 

has been enriched and 13C depleted using 12C6-glucose. This reduces the 13C natural 

abundance form ~1.1% to ~0.5%. Estimations of backbone natural abundance signals 

are illustrated in Table 14. 

Table 14: Estimation of backbone 13C-15N spin pairs due to natural abundance for GPR containing 275 residues. 
Natural abundance of 15N and 13C is ~0.4% and ~1.1%, respectively, but here the 13C natural abundance has been 

reduced to 0.5% by using 12C6-glucose 

Natural abundance spin pairs [NN]-GPR [CC]-GPR [CN]-GPR 

15N per monomer 275 1.01 138 

13Cα per monomer 1.37 275 138.2 

13CO per monomer 1.37 275 138.2 

15N-13Cα per monomer/pentamer 1.37/6.87 1.01/5.03 1.19/5.93 

15N-13CO per monomer/pentamer 1.37/6.87 1.01/5.03 1.19/5.93 

 

In Table 14 [NN]-GPR, [CC]-GPR and [CN]-GPR contain different levels of naturally 

occurring 13C and 15N isotopes, creating a certain number of spin pairs with enriched 

isotope species. A pentamer of [NN]-GPR, [CC]-GPR and [CN]-GPR contains 6.87 5.03 

and 5.93 N-Cα or N-CO spin pairs, respectively. The strong N-Cα, N-CO and N-CX 

natural abundance cross peaks are detected in both control samples in Figure 25b, due 

to signal enhancement by DNP. Interestingly, the N-CX cross peaks in [CC]-GPR are 

smaller compared to [NN]-GPR. This can be explained the dipolar truncation of long 

range contacts in 13C-labeled samples and due to 13C-13C J-couplings. Also, arginine 

natural abundance intra-residue 13C-15N contacts between Arg-N and Arg-C are 
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only detected for samples containing 13C-labeled protomers. The natural abundance 

pattern in [CN(Arg,Lys)]-GPR is identical to [CC]-GPR, since uniformly13C labeled 

protomers are present in [CN(Arg,Lys)]-GPR. In contrast, the natural abundance 

pattern in [CN]-GPR is a superposition of both control samples ([NN]-GPR, [CC]-

GPR). 

The identification of the natural abundance correlation pattern allows a clear 

distinction from the remaining signals, which belong to long-range cross-protomer 

contacts (Figure 25b, light green background). The cross-protomer signals that are 

detected in [CN]-GPR are listed in Table 15. 

Table 15: Long-range cross-protomer contacts that are detected for [CN]-GPR and in Figure 25b. 

Signal 15N-contact 13C-contact 

(i) Arg-N Asp-C/Glu-C 

(ii) Lys-N Asp-C/Glu-C 

(iii) Lys-N aliphatic carbons 

+(natural abundance Lys-C) 

(iv) Arg-N Ser, Thr 

(v) Gln/Asn 

amide nitrogens 

Arg-C 

 

The mixed [CN]-GPR sample reveals five additional crosspeaks (i)-(v), which belong 

to cross-protomer 13C-15N interactions. The signals are found in the 15N-chemical shift 

range of Arg and Lys, indicating that these residues play a distinct role for cross-

protomer interactions. This is confirmed by the selectively labelled [CN(Arg,Lys)]-

GPR sample, which displays the same cross-protomer correlation pattern as [CN]-

GPR. Cross peaks (i) and (ii) reveal that the 15N resonance of Arg-N and Lys-N 

correlates with 13C resonances of carboxyl groups from Asp-C or Glu CThis 

indicates possible cross-protomer contacts and presumably salt-bridge interactions 

between these residues Figure 25c. Further cross-peaks are detected for [CN]-GPR. 

Contact (iii) could be attributed to Lys-N being in close proximity to aliphatic side 

chain carbons of the neighbouring protomer, but it also could have contributions from 

natural abundance intra-residue contacts between Lys-Nand Lys-C. Contact (iv) 

could display contacts between Arg-N and carbons of other interface residues, such 
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as serine or threonine. Contact (v) could be attributed to Arg-C -backbone 

correlations. 

The spectra show that DNP-enhanced TEDOR experiments allow to detect 13C-15N 

contacts across the protomer interface of a homo-oligomeric membrane protein. The 

next steps are to acquire additional data to assign the signals to specific residues of 

GPR and to elucidate their importance for oligomerisation. This is accomplished by 

the introduction of single mutations. These allow the assignment of TEDOR cross-

protomer signals and can also display the effects of missing cross-protomer salt-bridge 

interactions on the oligomerisation of GPR. 

3.3.5 Cross-Protomer Contacts Control the Oligomeric State of GPR 

DNP-enhanced TEDOR spectra indicate specific salt-bridge contacts across the GPR 

protomer interface. Single mutations are introduced to GPR to confirm potential 

residue candidates for these contacts and to analyse the effect of removing them for 

the oligomeric behaviour of GPR. The focus is set on salt bridge contacts between Arg 

and Asp/Glu. From GPR structural models the number of potential contacts is reduced 

by location and orientation of Arg or Asp/Glu on the GPR surface and by taking into 

account that GPR assembles into radial pentamers in which helices A and B point to 

the inside of the complex and form contact interfaces with neighbouring helices A' and 

B' [105]. This reduces the most promising candidates to form cross-protomer salt-

bridges to R51 and E50/D52 Figure 26a. These residues are located at the end of A-

helices and the beginning AB-loops of GPR, which are in close proximity in the inner 

part of the complex Figure 26b. Therefore, R51 of a protomer could potentially form a 

salt-bridge contact to E50/D52 of a neighbouring protomer. 
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Figure 26: (a) Topology plot of GPR with highlighted residues (E50, R51 and D52), which could form 
cross-protomer salt-bridge contact. (b) Overview of the location of the residues in the pentameric 
complex of GPR. 

In order to verify this assumption, three different single mutations were introduced 

into GPR by site directed mutagenesis: R51A, E50Q and D52N. The mutants GPRE50Q, 

GPRR51A and GPRD52N were successfully expressed with similar yields and purity as 

GPRWT. The expressed mutants were reconstituted into proteoliposomes and analysed 

by BN-PAGE Figure 27a.  
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Figure 27: (a) BN-PAGE analysis of reconstituted GPR mutants. While GPRWT shows the typical 
pentameric form, GPRE50Q shows a disruption of high order oligomers and GPRR51A and GPRD52N a shift 
to a hexameric state. (b) Similar oligomerisation is observed for GPRWT, GPRR51A, and GPRD52N 
solubilized in DDM. (c) LILBID-MS analysis confirms the results from BN-PAGE and shows for 
GPRR51A and GPRD52N a dominant hexameric population of high order oligomers. 

The native gel indicates a strongly altered oligomerisation behaviour for the mutants. 

GPRE50Q shows a disruption of higher oligomeric states in proteoliposomes, as only a 

monomeric band can be detected. This indicates that E50 plays a significant role for 
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the formation of pentamers and hexamers. More interestingly, GPRR51A and GPRD52N 

both show a shift of higher oligomeric complexes from a dominant pentameric state 

(as detected for GPRWT) to a dominant hexameric state and a slightly increasing 

monomeric subpopulation. This shift is also clearly detected in BN-PAGE for GPRR51A 

and GPRD52N solubilized in DDM Figure 27b. LILBID-MS analysis confirms the shift 

from pentamers to hexamers in both mutants Figure 27c. This indicates that both 

residues are involved in an "oligomerisation switch", which controls the formation of 

pentamers and hexamers. SEC analysis of the mutants in DDM shows a similar 

behaviour Figure 28a. GPRE50Q displays the absence of the high order oligomer peak, 

which is detected for GPRWT at ~11 ml. GPRR51A and GPRD52N show a small shift of the 

high order oligomers peak compared to GPRWT, which indicates the transition to a 

larger hexameric state. The ratio between high order oligomers and low order 

oligomers in the hexameric mutants is also clearly shifted to low order oligomers 

compared to GPRWT, indicating a looser complex association of the protomers. All 

mutants display a similar pH-titration behaviour (~7), which shows that the pKa of the 

primary proton acceptor is no affected Figure 28b and the mutations do not have a 

significant conformational impact on a single GPR protomer. 

 

Figure 28: (a) SEC analysis of GPRWT, GPRE50Q, GPRR51A and GPRD52N solubilized in DDM. (b) pH-
titration experiments of GPRWT and mutants with their respective pKa values. 
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The preparation of mixed labelled complexes of [CN]-GPRR51A and [CN]-GPRD52N was 

executed to analyse these mutants by DNP-enhanced TEODR experiments and 

compare the spectra to [CN]-GPRWT Figure 29. 

 

Figure 29: DNP-enhanced 13C-15N TEDOR spectra (all spectra recorded with 1024 scans, 80 increments, 
125 µs dwell time and 6.25 ms mixing time) of [CN]-GPRWT, [CN]-GPRR51A, and [CN]-GPRD52N. 

All spectra show the expected backbone natural abundance correlation signals. 

Compared to [CN]-GPRWT, [CN]-GPRR51A shows a complete loss of the cross-protomer 

signal (i), which belongs to a R-D/E contact. This confirms that R51 is indeed involved 

in the cross-protomer interaction that gives rise to signal (i), which was detected for 

[CN]-GPRWT and [CN(Arg,Lys)]-GPR. In the case of GPRD52N the (i) cross-protomer 

signal shifts by ~4 ppm and is reduced in intensity. This observation confirms D52 

taking part in the cross-protomer interaction and indicates a specific salt-bridge 

contact between R51 and D52 of a neighbouring protomer (D52'). The shift of the (i) 

signal in GPRD52N is due to the 13C chemical shift of the asparagine carbamoyl-group 

(compared to the 13C aspartate carboxyl group chemical shift), which is now in close 

in space to R51 across the protomer interface.  
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For GPRE50Q no mixed complexes could be prepared, since it dissembles into 

monomers. Therefore, only mutational studies were executed on potential E50 cross-

protomer coupling partners. Although E50 and D52 are both located opposite of R51 

across the protomer interface, it can be considered that R51 and D52' are the primary 

coupling partners. One reason for that is that is that the R51A and D52N mutations 

both show a similar oligomerisation pattern, so presumably both mutations erase the 

specific cross-protomer contact from opposite directions. If E50 was the main coupling 

partner of R51, the R51A mutation should also lead to a complete disruption of high 

order oligomer complexes. However, it cannot be completely ruled out that E50 and 

R51' are also connected through weak electrostatic interactions as part of a big cross-

protomer network. The essential role of E50 for the formation of pentamers and 

hexamers indicates its involvement in additional strong cross-protomer interactions. 

For BPR a network between E50 and T60/T63' in helix B the opposing protomer has 

been suggested Figure 30a, b [36]. 

 

Figure 30: (a) Topology plot of GPR with highlighted residues E50 in helix A and T60 and T63 in helix 
B, which could form cross-protomer H-bond contacts. (b) Overview of the location of the residues in the 
pentameric complex of GPR. 

To confirm this cross-protomer network for GPR, the additional single mutants 

GPRT60A and GPRT63A were prepared and analysed by SEC and BN-PAGE Figure 31. 
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Figure 31: (a) SEC of GPRT60A and GPRT63A solubilized in DDM. (b) BN-PAGE analysis of GPRT60A 
and GPRT63A solubilized in DDM and reconstituted into DMPC/DMPA proteoliposomes. 

SEC analysis of GPRT60A and GPRT63A is shown in Figure 31a. Both mutants display the 

peak for monomers and low order oligomers at~13 ml, while for GPRT63A also a peak 

for high order oligomers at ~11 ml is detected. The chromatogram of GPRT60A looks 

comparable to GPRE50Q in Figure 28a. For GPRT63A the peak ratio between high order 

and low order oligomers is shifted towards low order oligomers compared to GPRWT, 

which indicates a looser association of the complex. Similar results are obtained with 

BN-PAGE analysis in Figure 31b. GPRT60A in DDM shows a disruption of high order 

oligomers with a dominant monomer band. After reconstitution, the formation of high 

order complexes seems to be impaired, as no dominant high order oligomer band can 

be detected. GPRT63A however, still shows a dominant pentamer and strong monomer 

band in DDM as well as a dominant pentamer band when reconstituted into 

proteoliposomes. 

These results indicate that T60' and not T63' is the main cross-protomer coupling 

partner of E50. This interaction appears to be the main driving force for the formation 

of high oligomer complexes. The residues presumably form a strong H-bond contact 

and by mutating one of the two coupling partners (GPRE50Q or GPRT60A) the specific 

cross-protomer contact is lost. However, it cannot be ruled out that T63' is also partially 
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involved in the interaction to E50, as GPRT63A shows a higher ratio of monomer 

subpopulation compared to GPRWT. 

3.4 Discussion 

In this chapter specific salt-bridge and H-bond contacts across the protomer interface 

of GPR could be identified by using DNP-enhanced solid-state NMR and a mutational 

analysis approach. First, the oligomeric states of GPR were determined for the 

particular purification protocols and experimental conditions used in this study. 

LILBID-MS, BN-PAGE and SEC analysis identified the pentameric state to be 

dominant for GPRWT in DDM, independent on the DDM concentration, confirming 

previously published results [104]. The results showed that the dominant oligomeric 

state of GPRWT in proteoliposomes are also pentamers. The residues R51, D52, E50 and 

T60, were found to be important for GPR oligomerisation, as single mutations of these 

residues showed a severe change of the oligomerisation behaviour. GPRR51A and 

GPRD52N displayed a shift towards a dominant hexameric state. TEDOR spectra of 

GPRWT, GPRR51A and GPRD52N confirmed contact formation between R51 and D52' of 

the neighbouring protomer, both located at the cytoplasmic side of helix A and helix 

A'. GPRE50Q indicated a complete disruption of high order oligomers and it was found 

that T60' (and not T63') in helix B' is the main cross-protomer coupling partner of E50 

in helix A, as GPRT60A also displayed a lack of high order oligomers. 
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Figure 32:(a) Residues D52, R51, E50 and T60 in helix A and B control the oligomerisation behaviour 
of GPR by forming a belt-like cross-protomer interaction pattern between the protomers. The salt bridge 
between R51 and D52' in helix A stabilizes the pentamer formation. E50 is essential for oligomerisation 
by forming a strong H-bond contact to T60' in helix B. (b) Introduction of D52N or R51A single mutants 
leads to hexamer formation. Cartoons were created based on X-ray structures of two BPR variant, which 
crystallized in both pentameric and hexameric forms [36]. 

Figure 32a illustrates the formation of a belt-like cross-protomer interaction pattern, 

which is responsible for stabilizing GPR high oligomer complexes. The interactions 

between R51-D52' and E50-T60' (other weak interactions between these residues 

cannot be ruled out) lead to the dominant formation of pentamers in GPR and by 

mutating one of these residues the equilibrium of complex formation is shifted to 
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another oligomeric state. The introduction of R51A or D52N leads to the formation of 

hexamers Figure 32b. The R51-D52' cross-protomer contact is therefore a key element 

for oligomer stabilization and can act as a switch between the formation of pentamers 

or hexamers. A possible explanation for the oligomeric switch is that the 

destabilization of the complex upon R51-D52' mutation is compensated by the 

introduction of another protomer. This provides additional interactions, presumably 

involving residue E50 that forms a strong H-bond contact to T60. These additional 

interactions in a hexamer complex could be responsible for a large enthalpy 

contribution, making the hexamer more stable than the pentamer if R51-D52' coupling 

is prevented. 

This argument also appears to be true for specific reconstitution conditions of GPR, 

which shifted the formation of high order oligomers towards hexamers. 

Reconstituting GPR into DOPC proteoliposomes under slow detergent removal and 

via dialysis were conditions that were used for the formation of GPR 2D crystals [103]. 

It is possible that the formation of hexamer complexes is favoured in 2D crystals by 

the introduction of additional protein-protein contacts, which are able to form under 

these specific conditions. Indeed, CD-spectroscopy experiments indicated additional 

aromatic cross-protomer contacts in GPR 2D crystals, also resulting in higher thermal 

stability of the complex [186].  

The formation of pentamers and hexamers was also reported for 3D crystal structures 

of BPR [36]. While two mutants of the HOT75BPR variant crystallized as a pentamer 

(78% sequence identity wit GPR, PDB: 4KNF, 4JQ6), the Med12BPR variant (57% 

sequence identity wit GPR, PDB: 4JQ6) crystallized as a hexamer. Similar cross-

protomer contacts (R51-D52' and E50-T60'), as for GPR found in this study, have also 

been identified in the structure for the HOT75BPR variant. An interesting alteration of 

the primary sequence between GPR and the hexameric Med12BPR variant can be 

found in the E50-R51-D52 cross-protomer interaction motif. At one position 

Med12BPR contains an additional serine residue, forming the sequence: E50-R51-S52-

D53 (E33-R34-S35-D36 in the Med12BPR primary sequence numbering). In this case 

the R51-D52' cross-protomer contact, responsible for the assembly into pentamers, 

would be less likely to form, since the additional S52 residue chances the relative 
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orientation of R51 and D52' in helix A. This variation in the primary sequence of 

Med12BPR could be the reason for the preferred formation of hexamer crystals. 

However, it cannot be excluded that different methods and conditions, which were 

used for crystallization of Med12BPR (bicelle method, pH 4.5) and HOT75BPR (DDM, 

pH 6.5) could also have an influence on shifting the oligomeric state towards 

pentamers or hexamers. 

The experimental approach for visualizing cross-protomer contacts with DNP-

enhanced solid-state NMR shown in this study was to create mixed 13C-15N complexes. 

The first step of this procedure was to find conditions, which disrupt high oligomer 

complexes by using a suitable detergent. For GPR it was shown that TX-100 can 

disrupt high order oligomers, while keeping GPR in a more native conformation. The 

second step was to reassemble the complex through reconstitution into a native lipid 

environment, which again lead to the formation of high order oligomers. It seems 

feasible to transfer this approach to other homo-oligomeric membrane proteins and to 

create similar mixed complexes. It was reported for other membrane proteins that 

specific detergents can modulate their oligomeric state. For example, GPCRs like 

rhodopsin or the β2-adrenoreceptor can be solubilized into monomers, but are present 

as dimers within the membrane [98, 187, 188]. The diacylglycerol kinase, a lipid 

regulator form E. coli, can be disrupted into monomers, but it also can be reassembled 

into its active trimer state. 

A big hurdle to overcome in solid-state NMR is its intrinsically low sensitivity. In the 

case of mixed samples, only a small number of 13C-15N cross-protomer interactions are 

generated per complex (1.25 unique 13C-15N interfaces per pentamer). For GPR, this 

results e.g. in 1.25 TEDOR active R51-D52' contacts per complex. Even with large 

membrane protein amounts, the small number of present spin-pairs would be below 

the detection limit for conventional solid-state NMR. The use of DNP is essential in 

this case, which provides an up to 60-fold signal enhancement for GPR and makes the 

cross-protomer interactions visible in a reasonable amount of experimental time. One 

side effect of DNP is the upcoming of natural abundance signal contributions to the 

spectra, which can usually be neglected in conventional NMR. A [CN]-GPR pentamer, 

contains approximately 6 N-Ca and 6 N-CO spin pairs, giving rise to the strong natural 
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abundance signals. Therefore, additional control experiments had to be carried out, to 

differentiate cross-protomer interactions from natural abundance interactions. 

Although homo-oligomerisation of GPR, or membrane proteins in general, might be 

beneficial for its conformation and structural stability, the question remains whether 

complex formation has a direct functional relevance for the protein. A possibility to 

test this would be to disrupt the oligomeric complex either by detergent or specific 

mutations. However, detergent effects are difficult to differentiate from the functional 

consequences of producing another oligomeric state. In some cases, specific detergents 

might have an unfavourable effect on the protein, e.g. GPR was shown to be 

monomeric in DPC, in which it displayed a different pKa value. In a previous study 

this observation has been attributed to its oligomeric state [106]. However, data in this 

study illustrate that the pKa can differ drastically for monomeric GPR in different 

detergents like TX-100 or OG, where OG displays a higher pKa value, compared to the 

pentamer formed in DDM or the monomer formed in TX-100. This shows that 

detergent effects alone can significantly modulate the properties of a membrane 

protein. Another possibility is the disruption by a mutation, which was observed for 

GPR by introducing the single mutations E50Q or T60A. In this study, GPRE50Q 

displayed a similar pKa value compared to GPRWT. However, mutations that disrupt 

high order oligomer complexes offer a good possibility to further analyse and 

functionally compare monomeric with pentameric GPR directly in proteoliposomes. 

For that, additional studies would have to be carried out to ensure that the mutation 

itself does not directly influence the properties of GPR.  

The question how oligomerisation can directly affect the functionality of GPR will be 

addressed in the next chapter (Chapter 4) of this work, in which DNP-enhanced solid-

state NMR experiments will focus on the residue H75 in helix B. This residue is located 

at an important position between the functional primary proton acceptor D97 and the 

protomer interface. The next chapter will describe how the photocycle and mutations 

across the protomer interface can influence the properties of the highly conserved H75 

and the functionality of the protein. 
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Chapter 4 . Photocycle-dependent Conformational 

Changes in the D97-H75-W34 Cross-protomer Triad 

4.1 Abstract 

Although a GPR monomer is functional and can undergo a photocycle, it assembles 

into high order pentamers and hexamers. The role of oligomerisation and the 

functional mechanism of the protein remain to be fully understood. H75 is a conserved 

residue in GPR that was found in previous studies to form a direct contact to the 

primary proton acceptor D97. On the opposite site, H75 is located at the protomer 

interface of GPR oligomers. In the crystal structure of BPR it was found that H75 is 

involved in a cross-protomer contact to W34. This contact was proposed to be of 

functional importance. In this study DNP-enhanced solid-state NMR is used to detect 

H75 during trapped photocycle intermediates of the GPR photocycle. Furthermore, 

the W34-H75 contact is verified for GPR and the orientation of the residues towards 

each other across the protomer interface. Also, it is demonstrated that specific 

mutations of W34 have a drastic effect on GPR functionality, which is mediated 

through H75. The following chapter reveals H75 to be a structurally active part of the 

photocycle. It also indicates its important functional role in cross-talk taking place 

between protomer interface of the GPR complex and the active centre of the protein. 

4.2 Introduction and Aims 

The crystal structure of BPR (RAN) revealed different cross-protomer contacts to be 

present in the oligomeric complex. Particular contacts were confirmed for GPR in 

Chapter 3 and they were shown to be essential for the formation and control of high 

order oligomers. It is still a matter of dispute, whether oligomerisation has a functional 

relevance for the photocycle or proton transport and if further cross-protomer 

interactions are present, which could be important for the functionality of the protein 

[36, 106]. A potential functional cluster was reported for BPR structure including the 

residues W34' (neighbouring protomer), H75 and D97. These residues were proposed 

to form a cross-protomer hydrogen network, where W34' and H75 are in close 

proximity at the protomer interface. On the opposite side H75 forms a close intra-
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protomer contact to the primary proton acceptor D97 and is responsible for the high 

pKa of D97 [82] Figure 33a, b. 

 

Figure 33: (a) Topology plot of GPR with highlighted residues W34' in helix A (from the neighbouring 
protomer), H75 in helix B, D97 in helix C and K231 in helix G, which is linked via Schiff base to the 
retinal. (b) Overview of the location of the residues in the pentameric complex of GPR. (image generated 
with Pymol from PDB: 4JQ6). 

The residue network shown in Figure 33b was proposed to play a decisive structural 

role during the photocycle and proton transport in BPR. As BPR and GPR share ~80% 

sequence identity, it can be supposed that also their protein structures have high 
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similarity. The location between W34' of the neighbouring protomer and D97, could 

give H75 a specific task to perform cross-talk between the functional part of the protein 

and the protomer interface, which would allow the GPR oligomer to function in a 

cooperative manner. 

In this chapter DNP-enhanced solid-state NMR is used to analyse the conserved H75 

residue. The effect of different photocycle intermediates, which contain deprotonated 

and protonated D97 states, on H75 will be tested. Especially the M-state that yields in 

a protonated D97 could have an influence on the state and conformation of H75, which 

in this study is fully 13C and 15N labelled and the only histidine residue in the GPR 

sequence Figure 34a. Histidine exists in three different states, which all can be found 

in diverse protein systems, fulfilling specific enzymatic functions [189-191]. At lower 

pH, under its pKa value of ~6, both N2 and N1 nitrogens are protonated, resulting 

in the positively charged (+)-state. Above pH6, an tautomeric equilibrium between the 

protonated N2 ()-state and protonated N1 ()-state is present, which is usually 

shifted towards the ()-state in a 4:1 ratio, if no interactions stabilizing the ()-state are 

available Figure 34b [192]. A protonated D97 could potentially influence the 

protonation or tautomeric state of H75. The DNP setup will be furthermore used to 

confirm and analyse the proposed H75-W34 contact and to reveal the orientation of 

the residues towards each other across the protomer interface. 

Cryogenic temperatures for DNP give the unique opportunity to trap reconstituted 

GPR in different photocycle states such as the K-state or the M-state following a 

specific sample preparation and illumination protocol [45, 156] and with that to 

address the effect of different photocycle states on H75. DNP signal-enhancement 

allows to detect (+), () and ()-state subpopulations of H75. The K-state can be trapped 

inside the NMR rotor by illuminating the sample with a high power LED directly in 

the NMR probe at cryogenic conditions. In contrast, the M-state can be trapped by 

illumination at room temperature and subsequent freezing by the help of a specific M-

state prolonging mutation (E108Q) Figure 34c. 
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Figure 34: (a) Photocycle of GPR (details described in 1. Introduction). Specific states of the photocycle 
with protonated or deprotonated D97 could influence the state and conformation of H75, which is in 
close proximity to D97. H75 is fully 13C-15N labelled for DNP-enhanced solid-state NMR spectroscopy. 
(b) Histidine exists in three different states: the protonated (+)-state, where both side chain nitrogens are 
protonated, the ()-state, where N2 is protonated and the ()-state where N1 is protonated. (c) The 
DNP setup can be used to freeze trap different states of the GPR photocycle. 

4.3 Results 

4.3.1 Expression and Purification of WT-GPR with TEV Protease Cleavage site 

For this study on H75 a GPR construct was expressed, that included a TEV-protease 

cleavage site located site in front of the 6x-His-Tag sequence. The treatment with TEV-

protease ensured the elimination of the 6x-His-Tag, leaving H75 as the only histidine 

residue of the GPR sequence. Therefore, all signals that are detected from uniformly 

13C-15N labelled histidine can be attributed to H75. All DNP samples in this chapter 
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were treated with TEV-protease. The expression of the GPR-construct, purification 

and successful cleavage of the 6x-His-Tag is shown by SDS-PAGE and western blot in 

Figure 35. 

 

Figure 35: SDS-PAGE and western blot of the expression, purification and TEV-protease cleavage of 
the GPR construct with TEV-cleavage site used in this study. The GPR band is present at ~20 kDa. SDS-
PAGE shows a small shift of the GPR band after TEV-cleavage (cleaved GPR), which indicates 
successful cleavage. This was further confirmed by western blot with α-6x-His-Tag antibodies. A 6x-
His-Tag signal can be detected for every purification step, except in the lane after TEV cleavage, which 
confirms the absence of the 6x-His-Tag. 

In Figure 35 SDS-PAGE shows the GPR purification process with the GPR band at 

~20 kDa. After TEV cleavage and 6x-His-Tag removal, a small shift of the GPR band 

can be detected, which indicates successful TEV cleavage of the construct. This is 

further confirmed by western blot using an α-6x-His-Tag antibody. In the protein lane 

after TEV cleavage, no band signal can be detected, indicating the absence of the 6x-

His-Tag. BN-PAGE and SEC reveal that elimination of the 6x-His-Tag does not affect 

the oligomeric state of GPR. In Figure 36a BN-PAGE shows the typical dominant 
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pentameric state, before TEV cleavage and after TEV cleavage. Again, the small shift 

of the GPR bands is due to a reduction of the construct size by 9 residues through TEV 

cleavage and 6x-His-Tag removal. SEC in Figure 36b shows similar chromatogram 

profiles with a dominant high order oligomer peak before and after TEV cleavage. 

 

Figure 36: (a) BN-PAGE of GPR with TEV cleavage site, before and after TEV cleavage. The dominant 
pentameric state is preserved after treatment with TEV protease. (b) SEC reveals similar elution profiles 
with dominant high order oligomers before and after TEV cleavage. 

High yield, purity and sample quality of 6x-His-Tag free GPR with uniformly 13C-15N 

labelled H75 ((13C6-15N3-His)-GPRWT) allowed the execution of DNP-enhanced solid-

state NMR experiments. For trapping different photocycle states under cryogenic DNP 

conditions low sample amounts (~2 mg protein) in the NMR rotor were necessary. 

Furthermore, reconstitution was performed with a high lipid to protein ratio (2:1 w/w), 

which gave ideal illumination conditions and also made the use of DNP signal 

enhancement essential. 
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4.3.2 DNP-enhanced Solid-State NMR on conserved H75 during the GPR 

Photocycle 

4.3.2.1 H75 Signal Assignment for GPRWT 

The assignment of 13C and 15N H75 signals was performed on uniformly histidine 

labelled (13C6-15N3-His)-GPRWT from 2D 13C- DQSQ experiments [138], and 2D 13C-15N-

TEDOR correlation experiments [134] (Figure 37a, b). 

 

Figure 37: (a) 2D-13C-DQSQ spectrum of (13C6-15N3-His)-GPRWT (384 scans, 86 increments and 
17.86 µs dwell time). ()-state signals are labelled in black and ()-state signals are labelled in green. 
The spectra show correlations between neighbouring 13C-nuclei of H75, appearing in one horizontal line 
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at the chemical shift sum of the correlating nuclei. The assignment walk through H75 starts at the arrow 
at CO(, goes via the connectivity pattern over C(), C() and C() and finishes at C2(). ()-state 
is the dominant state of H75 in GPRWT, but also small subpopulations of ()-state signals (green label) 
can be detected for C (box I), C and C2 (box II). (b) 2D TEDOR spectrum of (13C6-15N3-His)-GPRWT 
(1024 scans, 32 increments, 125 µs dwell time and 1.25 ms mixing time) showing 13C-15N-correlations 
of a dominating ()-state and a small subpopulation of ()-state. (c) 13C and 15N labelled H75 in ()-state 
and ()-state. 

The 2D-DQSQ spectrum shows 13C connectivity patterns across the uniformly 13C 

labelled H75. Directly neighbouring 13C nuclei are displayed at a certain value in the 

second dimension (13C double quantum frequency), which matches the chemical shift 

sum of the two interacting nuclei. Figure 37a shows a 2D-DQSQ spectrum of (13C6-15N3-

His)-GPRWT. The sequential walk through H75 starts at the arrow at CO (), shows 

connectivity patterns over C(), C() and C() and finishes at C2 () (black 

labels). Furthermore, a small subpopulation of ()-state signals (green labels) can be 

detected for C (box I), C and C2 (box II). The 13C chemical shifts of C and C2 are 

sensitive indicators for the tautomeric state of histidine [193-195].  

For 2D-TEDOR experiments, a very short mixing time (1.25 ms) was used to detect 

exclusively one-bond 13C-15N contacts in (13C6-15N3-His)-GPRWT. The spectrum in Figure 

37b (box I) shows dominant correlation signals between C() and N2 () in ()-state, 

as well as between C2 () and N2 () in ()-state (black labels). Additionally, a small 

peak shoulder appears, which can be attributed to the ()-state subpopulation 

correlations between C () and N1 () (green labels). In Figure 37b (box II), C () 

and C () both form a one-bond contact to N1 (), which makes the dominant peak 

slightly broadened towards the C () chemical shift, compared to (box I). Also, the 

weaker ()-state correlation between C2 () and N2 () can be detected (green labels). 

Figure 37b (box III) shows the ()-state correlation between C () and amide nitrogen. 

Both 2D spectra uncover H75 13C and 15N chemical shifts and allow the assignment of 

H75 signals in 1D spectra, shown in Figure 38.  
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Figure 38: (a) 1D-13C-DQF spectrum of (13C6-15N3-His)-GPRWT (4096 scans), which was assigned from 
the 2D-13C-DQSQ connectivity walk (b) 15N-CP spectrum of (13C6-15N3-His)-GPRWT (2048 scans). ()-
state signals are labelled in black and ()-state signals are labelled in green. 

The 1D-DQF experiment in Figure 38a, filters and shows directly neighbouring 13C 

nuclei. Therefore, no natural abundance signals can be detected in the spectra, but only 

13C-signals from uniformly labelled H75 are visualized. The signal for C1 is missing, 
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since it is not directly bonded to another 13C-nucleus. The other 13C signals were 

assigned from the 2D-13C-DQSQ connectivity walk in Figure 37a. A small set of signals 

for C(, C( and a peak shoulder for C((green labels) indicates the presence of 

another H75 subpopulation, belonging to the minor ()-state. A 15N-CP spectrum of 

(13C6-15N3-His)-GPRWT is shown in Figure 38b. The dominant signals belong to 

protonated N2() at 163.5 ppm and deprotonated N1() at 250.4 ppm (black labels), 

forming the ()-state of H75. Small peak shoulders can be detected at 169.1 ppm and 

255.2 ppm (green labels), which belong to a smaller subpopulation of ()-state N1() 

and N2(), respectively. All 1D and 2D spectra show that DNP-signal enhancement 

allows to visualize tautomeric subpopulations for the single residue H75. A summary 

of all chemical shift values is listed in Table 16. 

Table 16: ()-state and ()-state chemical shifts (CS) of H75 detected in 2D-13C-DQSQ, 13C-DQF, 2D-TEDOR 
and 15N-CP spectra. 

Site () CS [ppm] () CS [ppm] 

N 119.2 114.1 

Nδ1 250.4 169.1 

Nε2 163.5 255.2 

CO 178.6 177.8 

Cα 58.2 63.0 

Cβ 28.8 27.5 

Cγ 137.7 131.8 

Cδ2 117.2 126.6 

 

4.3.2.2 K-state Trapping 

After successful assignment, the effect of K-state trapping (13C6-15N3-His)-GPRWT on 

H75 signals was tested by illuminating the sample directly inside the probe for ~40 min 

at cryogenic DNP conditions. According to previous studies [156], roughly 30% K-

state can be trapped by following this thermal trapping procedure, leading to 

significant chemical shift perturbations in the retinal chromophore. Figure 39 shows a 

comparison of 2D-13C-DQSQ before and after illumination. 
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Figure 39: 2D-13C-DQSQ spectrum comparison of (13C6-15N3-His)-GPRWT in dark state (black) and in 
trapped K-state (blue) (384 scans, 86 increments and 17.86 µs dwell time). ()-state signals are labelled 
in black and ()-state signals are labelled in green. The spectra show correlations between neighbouring 
13C-nuclei of H75, appearing in one horizontal line at the chemical shift sum of the correlating nuclei. 
No light-induced chemical shift or intensity changes can be observed for H75 ()-state or ()-state signals 
of C (box I), C or C2 (box II). 

The comparison between dark and illuminated 2D-13C-DQSQ spectra in Figure 39 

shows no differences for H75 13C and 15N signals, indicating that the first step of retinal 

13-cis isomerization does not influence the environment of H75. 

4.3.2.3 E108Q Mutation for M-state Trapping 

The K-state does not show any changes for H75, so the next step that will be analysed 

is the M-state. To trap the subsequent step of the photocycle, the introduction of a 

primary proton donor mutation E108Q is necessary, which results in a drastically 

elongated M-state. Green light illumination at room temperature directly inside the 

SS-state NMR rotor, subsequent fast freezing outside the probe and a quick transfer 

into cryogenic conditions in the DNP-probe yielded in an enriched M-state population 

in the reconstituted GPRE108Q sample. Additional experiments were performed to 
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ensure that the E108Q mutation does not have structural effects on the protein. Figure 

40 shows BN-PAGE analysis of GPRE108Q in detergent and reconstituted into 

proteoliposomes. It shows that the E108Q mutation has no effect on the 

oligomerisation profile of and it still displays the dominant pentameric and hexameric 

complex formation. 

 

Figure 40: BN-PAGE of GPRE108Q in detergent and reconstituted into DMPC/DMPA proteoliposomes. 
In both cases GPRE108Q displays the dominant pentameric and hexameric oligomerisation pattern. 

Furthermore, it was tested if the E108Q mutation causes differences in H75 ()-state 

and ()-state subpopulations, compared to GPRWT. Figure 41 shows a comparison of 

1D-DQF spectra of (13C6-15N3-His)-GPRWT and (13C6-15N3-His)-GPRE108Q.  
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Figure 41: 1D-DQF spectrum comparison of (13C6-15N3-His)-GPRWT (black) and (13C6-15N3-His)-
GPRE108Q (purple) (4096 scans). ()-state signals are labelled in black and ()-state signals are labelled 
in green. 

The 1D-DQF spectra for GPRWT (blue spectrum) and GPRE108Q (black spectrum) show 

identical signals and tautomeric ()-state and ()-state subpopulations of H75. Similar 

results are obtained for 2D-TEDOR 13C-15N correlation spectra of (13C6-15N3-His)-GPRWT 

and (13C6-15N3-His)-GPRE108Q (Figure 42). 
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Figure 42: (a) 2D-TEDOR spectrum comparison of (13C6-15N3-His)-GPRWT (black) and (13C6-15N3-His)-
GPRE108Q (purple) (1024 scans, 32 increments, 125 µs dwell time and 1.25 ms mixing time). ()-state 
signals are labelled in black and ()-state signals are labelled in green. (b) 13C and 15N labelled H75 in 
()-state and ()-state. 

Both samples, GPRWT and GPRE108Q, also display similar 2D-TEDOR H75 13C-15N 

correlation signals, which indicates that the mutation has no structural implications 

on the protein and no effect on the H75 environment. 

4.3.2.4 M-state Trapping 

The pSB (protonated Schiff Base) and (deprotonated) SB (Schiff Base) signals give a 

clear indication for the successful formation of the M-state after illumination. 

Therefore, GPRE108Q was additionally 15N-lysine labelled ((13C6-15N3-His, 15N-Lys)-

GPRE108Q) to detect signals from the pSB and SB, which is formed after proton transfer 

to D97. Successful M-state trapping can be seen in Figure 43 by following the changes 

in pSB and SB signals. 
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Figure 43: (a) 15N-CP spectrum comparison of (13C6-15N3-His, 15N-Lys)-GPRE108Q in the dark state 
(black) and after illumination at RT with green light and subsequent freezing (M-state, orange) 
(8192 scans). Successful M-state cryo-trapping can be seen by following the changes in the pSB and SB 
signal. (b) Difference spectrum (M-state minus dark state), in which the spectral contribution from the 
spinning sideband is subtracted. 

The 15N-CP spectra in Figure 43a show a significant reduction of the pSB signal at 

182 ppm from dark state (black) to illuminated M-state (orange). Simultaneously, the 
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signal at 317 ppm appears after trapping, which belongs to the deprotonated SB and 

confirms the specific formation of the M-state. A complete conversion into M-state is 

difficult to achieve [156], leaving a fraction of dark state GPR after M-state trapping, 

as seen for the pSB signal. Due to the applied MAS frequency, the SB signal coincides 

with the amide spinning sideband (*). Therefore, the difference spectrum is displayed 

in Figure 43b (M-state minus dark state) in order to subtract the spectral contribution 

from the spinning sideband. It clearly shows the reduction of the pSB signal at 

182 ppm and the appearance of the SB signal at 317 ppm. The intensity differences of 

both signals are caused by different cross-polarization efficiencies. The pSB contains a 

directly attached proton, which makes proton magnetization transfer to the 15N 

nucleus more efficient. The pSB and SB signals confirm the specific formation of the 

M-state, now the effect of M-state formation on H75 will be analysed. 
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Figure 44: 15N-CP spectrum comparison of (13C6-15N3-His, 15N-Lys)-GPRE108Q in the dark state (black) 
and illuminated M-state (orange) (8192 scans). ()-state signals are labelled in black and ()-state signals 
are labelled in green. (1.) The pSB signal intensity decreases after illumination. H75 signal intensities 
change from a dominant ()-state in the dark to a dominant ()-state in the M-state. (2.) A backbone 
signal shoulder appears after illumination, corresponding to the amide N ()-state. Difference spectra 
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(M-state minus dark state) are plotted for (1.) and (2.) to visualize the observed spectral changes. (*) 
shows a spinning side band from amide N. 

Figure 44 shows 15N-CP spectra of (13C6-15N3-His, 15N-Lys)-GPRE108Q before and after 

illumination, with highlighted histidine and pSB (1.) and amide chemical shift regions 

(2.). As shown before, the 15N-CP spectrum of H75 in the dark state (Figure 44 (1.)) 

reveals the same spectral features as GPRWT, with a major ()-state and a minor ()-

state population. The two dominant signals belong to protonated N2 at 163.5 ppm 

and deprotonated N1 at 250.4 ppm, forming the ()-state of H75 (black labels). 

Additional signals can be detected at 169.1 ppm and 255.2 ppm, which can be assigned 

to ()-state N1 and N2, respectively. The tautomeric subpopulations of H75 can only 

be visualized due to the DNP signal enhancement. 

Compared to the K-state, where no changes in H75 could be detected after 

illumination, the cryo-trapped M-state shows a drastic effect on H75 15N-CP signals. 

The signal intensities of ()-state and ()-state swap and after illumination protonated 

N1 and deprotonated N2 in ()-state are the dominant population of H75. In Figure 

44 (2.) a peak shoulder appears for the amide backbone signal, which belongs to amide 

N in the ()-state. The calculated difference spectra clearly visualize the reduction of 

()-state signals and the enlargement of ()-state signals. 

1D-DQF spectra also reveal a shift of 13C signal intensities for H75 after M-state 

trapping (Figure 45)  
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Figure 45: 13C-1D-DQF spectrum comparison of (13C6-15N3-His, 15N-Lys)-GPRE108Q in the dark state 
(black) and illuminated M-state (orange) (4096 scans). ()-state signals are labelled in black and ()-state 
signals are labelled in green. 

In the dark state in Figure 45 (black spectrum) imidazole ring signals for C() at 

137.7 ppm and C2 () at 117.2 ppm are detected, forming the dominant ()-state (black 

labels). After illumination (orange spectrum) two new dominant signals arise in the 

imidazole ring area, which belong to C() at 131.8 ppm and C2 () at 126.6 ppm in 

the ()-state (green labels). Additionally, peak splitting of the C () signal at 58.2 ppm 

can be observed, with a new signal appearing at 63 ppm in the M-state (C ()). 

The H75 tautomerization is further confirmed by 2D spectra. The illuminated 2D-

DQSQ spectrum in Figure 46b, shows increased signals for C () (box I), C () and 

C2 () (box II). Box III in Figure 46b confirms that the imidazole ring ()-state signal 

at 131.8 ppm indeed belongs to C (), as it shows direct connectivity to C. Therefore, 

the other ()-state signal at 131.8 ppm arising after illumination in box III must belong 

to C2 ().  
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Figure 46: (a) 2D-DQSQ spectrum comparison of (13C6-15N3-His, 15N-Lys)-GPRE108Q in the dark state 
(black) and (b) illuminated M-state (orange) (384 scans, 81 increments and 17.86 µs dwell time). ()-
state signals are labelled in black and ()-state signals are labelled in green. The spectra show correlations 
between neighbouring 13C-nuclei of H75, appearing in one horizontal line at the chemical shift sum of 
the correlating nuclei. The assignment walk through H75 starts at the arrow at CO(, goes via the 
connectivity pattern over C(), C() and C() and finishes at C2(). The boxes (I), (II), and (III) 
display the signals of C, C2 and C, which shift from ()-state to ()-state after illumination. (c) 13C 
and 15N labelled H75 in ()-state and ()-state. 

The illumination effect on H75 can also be visualized in 2D-TEDOR spectra, which 

summarize the findings in 15N-CP, 13C-DQF and 13C-2D-DQSQ spectra by showing 13C-

15N correlations before and after M-state trapping. In Figure 47a (I), the peak shoulder, 

which appears for ()-state subpopulation correlations between C () and N1 () 
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(green labels) of dark state (13C6-15N3-His, 15N-Lys)-GPRE108Q (black spectrum), shows 

an enhanced signal intensity in the M-state. At the same time, the ()-state C2 () and 

N2 () signal intensity decreases. In Figure 47a (II) the signal intensity for correlations 

between C () and C () to N1 () (black labels) decreases in the M-state and the 

signal, which indicates ()-state correlation between C2 () and N2 () (green labels) 

becomes stronger. The ()-state is also detected in Figure 47a (III) for C () and N () 

correlation.  

 

Figure 47: (a) 2D-TEDOR spectrum comparison of (13C6-
15N3-His, 15N-Lys)-GPRE108Q in the dark state 

(black) and illuminated M-state (orange) (768 scans, 35 increments, 125 µs dwell time and 1.25 ms 
mixing time). ()-state signals are labelled in black and ()-state signals are labelled in green. (b) 13C and 
15N labelled H75 in ()-state and ()-state. 

All spectra clearly show that cryo-trapping of GPRE108Q in the M-state leads to a severe 

conformational change in the conserved H75 residue. The results indicate a 

tautomerization taking place in H75 after illumination, which leads to the appearance 

of a new dominant H75 ()-state (Figure 48). Since a complete conversion to M-state 

cannot be achieved by the trapping procedure, ground state species are still present in 

all spectra after illuminations, giving rise to the remaining H75 ()-state signals. 
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Figure 48: The tautomeric form of H75 switches from a dominant ()-state to a dominant ()-state after 
illumination.  

To exclude any signal contributions from the protonated histidine (+)-state, the 

illuminated M-state spectra were further compared to (13C6-15N3-His)-GPRWT at pH 5 

in 2D-TEDOR and 2D-DQSQ spectra. In Figure 49a the 2D-TEDOR spectra ((I), (II), 

and (III)) clearly show a different signal pattern of H75 13C and 15N signals at low pH 

as compared to the M-state. In Figure 49a (I) the pH 5 spectrum (black spectrum) 

shows much broader peaks than the illuminated spectrum (orange spectrum). Apart 

from the ()-state C () contact to N2 (), a strong peak shoulder is detected at 

~133 ppm 13C chemical shift and ~190 ppm 15N chemical shift, which belongs to the 

C (+) and N1 (+) correlation. (contributions of C (+) and N2 (+) correlations must 

not be excluded). It was reported before that C (+) and C () have a similar chemical 

shift [193]. The peak for C2 () and N2 () correlation is also broader at pH 5 and 

indicates an additional correlation of C2 (+) and N2 (+) taking place. In Figure 49a 

(II) the signal for C (), C () is weakened at pH 5, as the H75 state is shifted towards 

the protonated (+)-state. Also the ()-state of H75 is attenuated, as no ()-state C2 () 

and N2 () correlations signals can be detected at low pH. In Figure 49a (III) the 

signals for C () and C (+) are visible at a similar chemical shift of ~59 ppm.  
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Figure 49: 2D-TEDOR spectrum comparison of (13C6-15N3-His)-GPRWT dark state at pH 5 (black) 
(1280 scans, 17 increments, 125 µs dwell time and 1.25 ms mixing time) and (13C6-15N3-His)-GPRE108Q 
in the illuminated M-state (orange) (768 scans, 35 increments, 125 µs dwell time and 1.25 ms mixing 
time). ()-state signals are labelled in black, ()-state signals are labelled in green and (+)-state signals 
are labelled in light blue. The dark state spectrum at pH 5 corresponds to the (+)-state of H75 and shows 
a different signal pattern as compared to the M-state. This excludes signal contributions from the (+)-
state in the M-state. (b) 13C and 15N labelled H75 in ()-state ()-state and (+)-state. 

2D-DQSQ spectra in Figure 50a also display a different signal pattern in low pH (13C6-

15N3-His)-GPRWT and illuminated (13C6-15N3-His)-GPRE108Q. While C (+) and C () are 

detected at a similar chemical shift of ~133 ppm (both spectra), no signal is detected 

for C2 at ~127 ppm in the low pH spectrum (black spectrum). However, the signal at 

~117 ppm becomes broader at pH 5, indicating that both states C2 () and C2 (+) are 

overlapping in this signal. The C signal at pH5 is broadened, which also indicates the 

presence of two states (C () and C (+)) and it does not show two distinct signals for 

two C states as in the illuminated spectrum (orange spectrum). 
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Figure 50: (a) 2D-DQSQ spectrum comparison of (13C6-15N3-His)-GPRWT in the dark state at pH 5 (black) 
and (13C6-15N3-His)-GPRE108Q in the illuminated M-state (orange) (384 scans, 74 increments and 17.86 
µs dwell time). ()-state signals are labelled in black, ()-state signals are labelled in green and (+)-state 
signals are labelled in light blue. The spectrum shows correlations between neighbouring 13C-nuclei of 
H75, appearing in one horizontal line at the chemical shift sum of the correlating nuclei. (b) 13C and 15N 
labelled H75 in ()-state, ()-state and (+)-state. 

The different signal patterns in 2D-TEDOR and 2D-DQSQ spectra exclude signal 

contributions from the protonated histidine (+)-state, meaning that illumination and 

M-state trapping leads to a tautomeric conversion of the neutral H75 ()-state to ()-

state and does not change the protonation state or charge of the residue. 

To test the reversibility of H75 tautomerization, the illuminated (13C6-15N3-His)-

GPRE108Q sample was thawed and allowed to relax for 30 min at room temperature in 

the dark. The results are displayed in Figure 51, which shows 15N-CP spectra before 

illumination (dark), after M-state trapping (Illumination) and after thawing (dark II). 

After tautomerization to ()-state is achieved in the M-state (Illumination), the last 

spectrum (dark II) indicates that thawing and dark incubation leads to a return of H75 

to a protonated N2 and deprotonated N1 (predominant ()-state form), similar to the 

spectrum before illumination (dark). The pSB and SB signals in Figure 51 (dark II) 

confirm relaxation back to the GPR ground state. This indicates that the 
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tautomerization effect is reversible and it specifically comes along together with the 

formation of the M-state. 

 

Figure 51: 15N-CP spectra of (13C6-15N3-His)-GPRE108Q before illumination (dark), after illumination and 
after thawing and 30 min at room temperature show the reversibility of M-state trapping (2048 scans). 
()-state signals are labelled in black and ()-state signals are labelled in green. After 30 min relaxation 
of the (13C6-15N3-His)-GPRE108Q sample at room temperature in the dark, the ()-state with protonated 
N2 and deprotonated N1 returns as the predominant form. This shows that the tautomerization effect 
is reversible and it specifically comes along together with the formation of the M-state. 

15N-15N-PDSD spectra of (13C6-15N3-His, 15N-Lys)-GPRE108Q reveal additional 

information on spatial proximities of 15N nuclei of H75. In the dark and illuminated 

spectra in Figure 52a, the peak diagonal resembles the 15N-1D-CP signals of H75 and 

the cross-peaks show correlations between 15N-nuclei that are close in space. Spinning 

side bands, which are folded back into the spectrum are displayed in grey. The dark 

state spectrum in Figure 52a shows two cross peaks appearing for H75 (box I). The 

dominant signal represents cross-correlation between N1 and N2 in ()-state (black 

labels) and the weaker signal shows the ()-state subpopulation of side chain 15N-

nuclei (green labels). No correlation between imidazole ring 15N-nuclei and backbone 

N can be detected in box (II) of the dark spectrum. In the illuminated M-state spectrum 
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(orange spectrum), the aromatic cross peak signal intensities swap (box I) and N1 and 

N2 in ()-state (green labels) becomes the dominant signal, as the ()-state signals 

attenuates. This confirms previously shown results of H75 tautomerization and ()-

state domination in the M-state. Furthermore, an additional peak appears in the 

illuminated spectrum (box II), which shows a cross-correlation signal between N1 

and N in ()-state, that is not detected in the dark state spectrum. This new formed 

peak suggests that H75 not only undergoes tautomerization in the M-state but also 

adopts a different rotamer configuration. This can take place presumably through 

rotations around the C-Cand C-Cbond, which lead to conformational 

rearrangement of the aromatic ring and result in close proximity between N1 () and 

N() (Figure 52b). 
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Figure 52: (a) 15N-15N-PDSD spectrum comparison of (13C6-
15N3-His, 15N-Lys)-GPRE108Q in the dark 

state (black) and illuminated M-state (orange spectrum) (384 scans, 83 increments 125 µs dwell time and 
1 s mixing time). ()-state signals are labelled in black and ()-state signals are labelled in green. Due to 
a limited spectral width during acquisition, folded back spinning sidebands (all signals on grey line) are 
visible in the spectra. In (box I) correlations between N2 and N1 swap intensities after illumination, 
confirming the change to a dominant ()-state. In (box II) the appearance of N1 ()-N () correlation 
in the M-state indicate close proximity between these nuclei. (b) 15N-PDSD spectra suggest 
conformational changes in H75 in the M-state, tautomerization to ()-state and a turn around the C-C 
bond, leading to close proximity between Nd1 () and N (). 

4.3.3 Visualizing the W34-H75 Cross-protomer Contact 

Illumination and M-state trapping of the GPR photocycle influences the 

tautomerization state and rotational conformation of H75. However, H75 was 

proposed from the BPR crystal structure to not only have a functional contact to D97 
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but also to W34 across the protomer interface and to play a role in inter-subunit 

crosstalk during the photocycle [36]. The previous chapter (Chapter 3) has shown that 

DNP-enhanced solid-state NMR is capable of visualizing strong salt-bridge cross-

protomer interactions. In this section, the task is to detect the cross-protomer contact 

between H75 and W34 and prove their close proximity and orientation towards each 

other at the interface of GPR. For that purpose, uniformly labelled GPR samples with 

selectively 13C-labeled tryptophan at the C1 position and 15N labelled H75 were 

produced to detect 13C-15N cross-correlations by long-range 2D-TEDOR experiments 

with a high mixing time (Figure 53). 

 

Figure 53: Labelling scheme for the detection of the cross-protomer contact between H75 and W34, with 
13C1 labelled tryptophan and 15N3 labelled histidine (13C1-Trp, 15N3-His)-GPRWT. 

This uniform labelling of GPR can lead to the appearance of “false” signals. These may 

occur between the 15N-labeled H75 and another 13C1-labeled tryptophan from the 

same protomer and not across the protomer interface. While H75 is the only histidine 

residue in a GPR protomer, tryptophan is present 10 times in the primary sequence. 

H75 and W34 are in close proximity only through oligomeric contacts across the 

protomer interface. Within one protomer these residues have a distance of ~18 Å from 

each other. This intra-protomer distance is too far to give rise to 2D-TEDOR 

correlations, which usually are in the limit of ~6-7 Å. Eight of the remaining nine 

tryptophan C1-nuclei are at least ~9 Å away from the H75 imidazole ring. However, 

one tryptophan residue (W74) is located next to H75 (over N-terminal peptide bond) 

that could potentially give rise to intra-protomer 13C-15N correlation signals (Figure 

54). 
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Figure 54: Intra-protomer and inter-protomer distances between H75 and tryptophan residues in 
homologous BPR. The closest tryptophan residues to H75 are W34 across the protomer interface (6.1 Å) 
and neighbouring W74 (6.5 Å) (distances between W C1 and H75 N1). All other tryptophan residues 
are further than 8.7 Å (W98) away from H75. (image generated form PDB: 4KLY). 

GPRWT with uniformly labelled 13C1-tryptophans and 15N3-H75 ((13C1-Trp, 15N3-His)-

GPRWT) shows two main signals in 13C-15N 2D-TEDOR correlation spectra (Figure 55a). 

The signal in box (I) can also be detected in all other samples and belongs to three 

different possible correlations that merge together to one overlapping peak. These 

correlations can be attributed to W74-C1 and neighbouring backbone H75-N. 

Furthermore, natural abundance correlations between C1 to N and C1 to N1 of all 

tryptophan residues contribute to this chemical shift. Another signal is visible for 

GPRWT (box II), which belongs to correlations between W74 or W34 C1 and H75 N1 

in ()-state. In order to distinguish if signal (II) belongs to the inter-protomer W34 and 

H75 contact or the intra-protomer W74 and H75 contact, a series of 2D-TEDOR spectra 

of different GPR mutants were analysed. In GPRW74F the neighbouring tryptophan is 

mutated, abolishing the intra-protomer W74 and H75 correlation. In GPRW34F the 

tryptophan across the protomer interface is mutated abolishing the inter-protomer 
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W34 and H75 correlation. Both mutants show the C1-N1 signal (II), concluding that 

both tryptophan contacts to H75 contribute to signal (II) in GPRWT. 

 

Figure 55: (a) 2D-TEDOR spectra of different GPR mutants: GPRWT (2048 scans, 31 increments, 125 
µs dwell time and 10.25 ms mixing time), GPRW74F, GPRW34F (3072 scans, 32 increments, 125 µs dwell 
time and 10.25 ms mixing time), GPR-mix (4928 scans, 19 increments, 125 µs dwell time and 10.25 ms 
mixing time), GPRW74F-W34F, GPRE108Q-W74F (1536 scans, 20 increments, 125 µs dwell time and 10.25 ms 
mixing time) with (13C1-Trp, 15N3-His) labelling. ()-state signals are labelled in black and ()-state 
signals are labelled in green. Cross-peak (I) can be assigned to three different possible correlations: W74-
C1 and neighbouring backbone H75-N, natural abundance correlations between C1 and N and natural 
abundance correlations between C1 and N1 of all tryptophan residues. Cross-peak (II) belongs to 
correlations between W74/W34-C1 and H75-N1 in ()-state. (b) 2D-TEDOR spectra indicate close 
proximity between H75-N1 in ()-state to inter-protomer W34-C1 and intra-protomer W74-C1. (c) 
M-state trapping of (13C1-Trp, 15N3-His)-GPRE108Q-W74F (1536 scans, 20 increments, 125 µs dwell time 
and 10.25 ms mixing time) shows a stretching of signal (II) in the direction of N2. On the right side 1D 
15N-CP spectra of (13C-15N3-His)-GPRWT in the dark state (black) and illuminated M-state (orange) 
(from Figure 44) are shown to indicate the location of 15N histidine signals. (d) The GPRE108Q-W74F sample 
indicates a turn of H75 after illumination so that N1 in ()-state and W34 C1 are in close proximity 
(image generated form PDB: 4JQ6). 
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For further validation, a mixed sample (GPRWT-mix) was produced (Figure 55a). It 

contains a mixture of separately labelled Trp-13C1 and H75-15N3 GPR protomers, 

created by disassembling and reassembling of homo-oligomeric GPR oligomers 

(procedure described in detail in Chapter 3). Through the mixing procedure of 

separately labelled protomers, it is assured that only cross-protomer 13C-15N 

correlations are detected. Therefore, signal (II) in the GPRWT-mix sample comes from 

the inter-protomer W34-C1 to H75-N1 () contact. The mixing procedure also causes 

a drastic reduction of the number of 13C-15N contacts per GPR oligomer, so a higher 

amount of scans (~5x) was needed to gain a similar signal-to-noise ratio for the mixed 

sample. The double mutant sample in Figure 55a (GPRW74F-W34F) does not show any 

signal at (II). This proves that no other tryptophan residue (e.g. W98, Figure 54) is 

involved in 13C-15N correlations to H75. The GPR tryptophan single and double 

mutations do not affect the oligomeric state of the protein, they display a dominantly 

pentameric distribution similar to GPRWT (Figure 56). 

 

Figure 56: BN-PAGE of GPRW74F, GPRW34F, and GPRW74F-W34F, reconstituted into proteoliposomes. The 
single and double mutations do not affect the oligomeric state of the protein and show a similar 
oligomerisation pattern as GPRWT, with a dominant pentameric form. 

The 2D-TEDOR experiments in Figure 55a show that the inter-protomer W34-H75 

correlation can be detected by DNP-NMR and that these residues form a contact in 

GPR oligomers. The signals give an indication that the residues are oriented towards 
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each other in a way that W34-C1 and H75-N1 () are in close proximity (Figure 55b), 

since no signal (or only a small signal for GPRWT) can be detected for W74-C1 and 

H75-N2 (). Furthermore, this orientation allows for the intra-protomer W74-C1 and 

H75-N1 () nuclei to be in close proximity, as this contact also contributes to signal 

(II) in Figure 55a. 

To see how the cross-protomer contact behaves under illumination, a uniformly 13C1-

tryptophan and 15N3-H75 double mutant ((13C1-Trp, 15N3-His)-GPRE108Q-W74F) sample 

was prepared, which is M-state trappable (E108Q mutation) and does not contain the 

intra-protomer tryptophan-histidine contact (W74F mutation). The dark spectrum of 

the GPRE108Q-W74F double mutant in Figure 55c (black spectrum) shows comparable 2D-

TEDOR signals to the GPRW74F sample (Figure 55a). The inter-protomer W34-C1 and 

H75-N1 () correlation (cross-peak II) is detected. After successful M-state trapping 

of the sample, cross-peak (II) in Figure 55c (orange spectrum) becomes broader and is 

stretched ~3 ppm towards N2 (), marked by the red lines. No correlations can be 

detected for N1 in ()-state. This stretching of signal (II) indicates that after 

illumination correlations between W34-C1 and deprotonated H75-N2 () contribute 

to the signal. This can only be achieved, if a rotation in the H75 residue takes place. 

Therefore, the results point towards a rotation and a reorientation of H75 towards W34 

in the M-state (Figure 55d). 

4.3.4 W34 mutations Alter the Functionality of GPR 

The 2D-TEDOR experiments have shown that W34 and H75 are involved in a close 

contact across the protomer interface of GPR oligomers. To examine what role this 

cross-protomer interaction plays for the functionality of the protein, W34 was mutated 

to positively and negatively charged residues. The effect of the change of the cross-

protomer contact was tested by D97 pKa-measurements and light induced proton 

transport. Figure 57a shows a clear trend for D97 pKa-measurements, in which 

positively charged residues at position 34 cause lower pKa values and negatively 

charged residues result in a shift to higher pKa values, compared to the pKa of GPRWT 

at ~pH 6.9 (black curve). This indicates that the environment of the primary proton 

acceptor is affected by mutations across the protomer interface in the W34 position. 
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The biggest difference was caused by the negatively charged mutation W34E (Figure 

57b), in which the D97 pKa was shifted to ~8.1 (dark blue curve). This shows that even 

at higher pH values, the mutation induces a favourable protonated state of D97.  

 

Figure 57: (a) pH-titrations of positively and negatively charged GPR W34 mutants. Compared to GPRWT 
(black curve) that has a pKa of ~6.9, the positive mutations GPRW34K (brown curve) and GPRW34R (orange 
curve) show lower pKa values, between 5-6. Negative mutations show higher pKa values of ~7.6 
(GPRW34D, light blue curve) and ~8.1 (GPRW34E, dark blue curve). (b) The biggest shift was caused by 
the negatively charged W34E mutation. 

The GPR mutants were furthermore analysed by light induced proton transport 

experiments in living E. coli cells. For transport measurements, the mutants were 

heterologously expressed and the bacterial cell suspensions were subjected to 520 nm 

illumination for two minutes under mild stirring, during which the pH was constantly 

measured [163-165]. Cells expressing GPRWT show a pH drop during the illumination 

period, which is caused by light induced, outward driven proton transport across the 

bacterial membrane (Figure 58a, black curve). Figure 58a also illustrates the reverse 

transport for GPRW34E (dark blue curve), compared to GPRWT. While positively charged 

W34 mutations (GPRW34K and GPRW34R) do not have a drastic effect on proton transport, 

positively charged mutations (GPRW34D and GPRW34E) execute a reverse, inward driven 

proton transport during illumination time (Figure 58b). Similar observations were also 

reported before for BPR [36]. Both negative mutations, GPRW34D and GPRW34E, show the 

same effect of an increasing pH during illumination of E. coli cells. However, the GPR 

double mutation with W34E and H75N abolishes the reverse proton transport and 

again shows a normal outward driven proton transport (Figure 58b). This strongly 
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indicates that the functionality effect is mediated by H75, which is located between 

W34E across the protomer interface and D97, responsible for proton transport and 

protein functionality (Figure 58c). 

 

Figure 58: (a) Proton transport measurements of GPRWT (black) and GPRW34E (blue). GPRWT shows a 
decrease of pH during illumination, corresponding to an outward proton transport. W34E shows a reverse 
effect, corresponding to an inward driven proton pumping. (b) Proton transport measurements of GPRWT 
show a pH decrease upon illumination, corresponding to outward driven proton transport. Positive 
mutations (GPRW34K and GPRW34R) do not have a drastic effect on proton transport. Negative mutations 
(GPRW34D and GPRW34E) show a reverse proton transport, indicated by pH increase. The double mutation 
of GPRW34E-H75N again reverses the effect and shows normal outward proton transport. This shows that 
the effect on the functional residue D97 from the W34E mutation is mediated by H75. (c) The effect of 
the W34E mutation on the pKa value of D97 and the functionality of the protein is mediated by the cross-
protomer contact to H75. 

To further evaluate the drastic effect of W34E on protein functionality, the mutant was 

subjected to DNP-enhanced solid state NMR-experiments on H75.  

In order to evaluate how H75 is affected by the W34E mutation, 2D-DQSQ spectra of 

(13C6-15N3-His)-GPRWT and (13C6-15N3-His)-GPRW34E are compared in Figure 59a. 
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Figure 59: (a) Comparison of (13C6-15N3-His)-GPRWT (black) and (13C6-15N3-His)-GPRW34E (blue) 13C-
2D-DQSQ spectra at pH9 (384 scans, 81 increments and 17.86 µs dwell time). ()-state signals are 
labelled in black and ()-state signals are labelled in green. (b) 13C and 15N labelled H75 in ()-state, ()-
state and (+)-state. 

For GPRWT the ()-state subpopulation is detectable for C (131.8 ppm), C2 

(126.6 ppm) and C (63 ppm)(green labels), as seen in 2D-DQSQ experiments 

beforeIn the W34E mutant, C() is shifted by 4 ppm (129 ppm) and C2 () merges 

with the dominant C2 () signal. This indicates that the environment for H75 changes 

due to the negative mutation of the W34 cross-protomer contact.  

The spectra show that H75 signals of the W34E mutant show differences in the ()-

state tautomeric subpopulation and chemical shift changes for the ()-state signals. 

These changes in the H75 protonation state and electronic structure might influence 

the protonation state of neighbouring D97, causing its drastic pKa shift and a reverse 

proton transport across the bacterial membrane. 

Illumination of the double mutant (13C6-15N3-His, 15N-Lys)-GPRE108Q-W34E shows no 

effect on H75 tautomerization and also does not show a reduction of a pSB signal after 

M-state illumination (Figure 60). 
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Figure 60: 15N-CP spectra of (13C6-15N3-His, 15N-Lys)-GPRE108Q-W34E in the dark state (black) and 
illuminated M-state (orange) (8192 scans). ()-state signals are labelled in black and ()-state signals are 
labelled in green. Illumination of the sample has no effect on the protein, as no changes in the pSB, SB 
or the tautomeric state of H75 can be detected. 

Applying the M-state trapping protocol to the E108Q and W34E double mutant shows 

no effect on H75 tautomerization of the Schiff base resonances, meaning that the M-

state did not form. The pKa increase of D97, mediated through H75 in contact with 

W34E, reflects a favoured protonated state of the primary proton acceptor, as seen in 

pH titration experiments, which cannot accept another proton from the pSB during 

the photocycle. This could result in the reversed proton transport for bacteria 

expressing GPRW34E, which was observed before in GPRWT at acidic conditions (~pH 5) 

[70]. Under these circumstances the pSB could transfer its proton to the proton donor 

E108Q and be reprotonated by the protonated proton acceptor D97. However, for the 

double mutant GPRE108Q-W34E both, the proton donor and acceptor, are mutated. The 

proton of the pSB is trapped as is cannot be transferred to either one of the residues, 

explaining that no M-state formation can be detected for the double mutant after 

illumination. 
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4.3.5 Effect of Oligomer Disruption on GPR H75 signals 

The effect of specific disruption mutations on the characteristics of GPR were tested in 

Chapter 3. The mutations of E50 and T60 resulted in a disruption of higher oligomeric 

states in detergent and proteoliposomes, indicating that these residues form a cross-

protomer contact, which plays a significant role for the formation of pentamers and 

hexamers. Unlike the W34 mutations, which displayed a drastic effect on the D97 pKa 

value, pH titration experiments for the disruption mutants showed no effect on the 

primary proton acceptor and a similar pKa value to GPRWT. To test, whether oligomer 

disruption influences the behaviour of H75 signals, as seen for the W34E mutation, 

1D-DQF spectra of the double mutant (13C6-15N3-His)-GPRE108Q-E50A were obtained. The 

sample contains the M-state trappable mutation E108Q and the oligomer disruption 

mutation E50A. BN-PAGE analysis in Figure 61a illustrates that GPRE50A has a similar 

oligomeric behaviour as GPRE50Q, with a dominant monomeric form in detergent and 

proteoliposomes, showing that the mutation also has a destabilizing effect on the 

complex. 

 

Figure 61: (a) BN-PAGE of GPRE50A in detergent (0.05% DDM) and reconstituted in proteoliposomes. 
The E50A mutation causes a disruption of higher oligomeric complexes in detergent, showing a 
dominant monomeric form. In proteoliposomes, hexamers and pentamers can be detected, but a higher 
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amount of monomeric state remains compared to GPRWT (b) 1D-DQF spectra of (13C6-15N3-His)-GPRWT 
(black), (13C6-15N3-His)-GPRE108Q-E50A in the dark state (light blue) and (13C6-15N3-His)-GPRE108Q-E50A in 
the illuminated M-state (orange) (4096 scans). ()-state signals are labelled in black and ()-state signals 
are labelled in green. 

Figure 61b displays 1D-DQF spectra of (13C6-15N3-His)-GPRWT (black spectrum), (13C6-

15N3-His)-GPRE108Q-E50A in dark state (light blue spectrum) and illuminated state (orange 

spectrum). Comparing the GPRWT (black spectrum) spectrum to GPRE108Q-E50A (light 

blue spectrum) in the dark state, it becomes evident that the disrupting effect of the 

E50A mutation causes significant peak distortions for 13C histidine signals, especially 

for CO (), C () and C (). Furthermore, the chemical shifts of the C and C2 ()-

state subpopulation changes for the double mutant and the ratio between ()-state and 

()-state signal intensities shifts. This shows that oligomeric disruption influences the 

H75 13C signals. The peak broadening indicates higher flexibility of the residue and the 

presence of more possible orientations, compared to GPRWT. The illuminated spectrum 

of (13C6-15N3-His)-GPRE108Q-E50A (orange spectrum) in Figure 61b does not show a 

tautomeric switch from ()-state to ()-state of H75 as GPRWT in the M-state. The 

tautomerization efficiency is much less for GPRE108Q-E50A, a slight increase can be 

detected for the C, C and C2 ()-state subpopulation but ()-state signals still 

remain the dominant population. This indicates that the oligomeric complex and the 

cross-protomer contact to W34 might be responsible for fixing H75 into a specific 

conformation and position within the protein. The contact could bring H75 into the 

right position towards the intra-protomer contact to D97, to be able to sense the 

protonation of D97 during the photocycle. 

4.4 Discussion 

In this chapter it was described how trapping GPR in a specific intermediate of the 

photocycle leads to a conformational effect for the highly conserved residue H75. 

DNP-enhanced solid-state NMR gave ideal conditions to trap GPR in distinct stages 

of the photocycle by following previously described illumination protocols and to 

detect enhanced signals of uniformly 13C and 15N labelled H75. This way the effect of 

the photocycle state on H75 subpopulations could be monitored. While K-state 

trapping did not show any changes for various DNP-enhanced correlation spectra, M-
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state trapping of GPRE108Q had a severe effect on the residue by inducing 

tautomerization from a dominant ()-state to a dominant ()-state and conformational 

changes after illumination. Furthermore, DNP-enhanced solid-state NMR was used to 

characterize the cross-protomer contact between H75 and W34 and functional 

consequences for the protein complex of mutating this inter-protomer interaction were 

analysed. The events that take place in H75 during M-state trapping are summarized 

in Figure 62. 

 

Figure 62: Summary of structural changes observed for H75 during the transition from the dark state to 
trapped M-state trapping (details described in text) (image generated form PDB: 4JQ6). 
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Figure 62 summarizes all information we gain from dark and illuminated DNP-

enhanced H75 spectra. After illumination and trapping of GPRE108Q in the M-state, a 

proton is transferred from the protonated Schiff base to the primary proton acceptor 

D97 (step 1.). The protonated D97 influences the neighbouring H75 to change its 

tautomerization from ()-state to ()-state (step 2.). The inter-protomer contact to W34 

additionally forces ()-state H75 to perform a rotation, presumably around the C-C 

bond (step 3.), leading to close proximity of N1 () and N () and W34 C1 and N2 

() in the illuminated M-state (step 4. and 5.). That way the unfavourable arrangement 

of two protons facing each other across between W34 and H75 is avoided. The exact 

interaction and orientation of H75 with D97 remains undetermined. A high labelling 

efficiency of aspartate is difficult to achieve, because of E. coli metabolic scrambling 

[127]. 

The conserved H75 residue is present in a very specific location within the GPR 

oligomeric complex. Its close interaction with the functionally important D97 on the 

one side and the cross-protomer interface to W34 on the other side makes H75 a 

potential functional mediator between the protomers. The intra-protomer interaction 

to D97 was shown to highly influence the functional characteristics of the protein. 

Previous studies have shown that the presence of H75 is responsible for the high pKa 

value of D97 and also slows down the GPR photocycle [82]. By eliminating the residue 

through a H75N mutation, a lower pKa value and a much faster GPR photocycle was 

detected, for which the reasons could only be speculated. The results that were 

obtained in this chapter reveal tautomerization and conformational changes of H75 

during the M-state. These time consuming conformational steps could be necessary to 

occur before the photocycle continues and potentially be the reason for slowing down 

the GPR photocycle. The presented results extend the role that is attributed to H75 

from previous studies. It is not only responsible for the high pKa of D97 by a static 

interaction. It rather seems to be a dynamic residue, that changes its tautomerization 

and conformation according to the photocycle. It is able to sense the protonation state 

of the primary proton acceptor D97 and switch its conformational state, accordingly. 

But this interplay seems to work in both ways. If the electronic state of H75 is distorted, 

as seen in DNP-enhanced spectra of the GPRW34E mutant, the functionality of D97 and 
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the whole protein will be affected. Since it is not a vital part of the photocycle itself as 

it is able to function (even faster) without H75, it seems likely that the residue performs 

a regulatory role in the complex. A possible regulatory role of H75 could be as an 

additional pH sensor in the protein. The pKa value of histidine lies in the range of pH 6. 

At a higher pH, H75 is deprotonated and is able undergo the conformational change 

from ()-state to ()-state during the photocycle, which were detected in this study. 

The tautomerization is not possible at lower pH (below pH ~6), where histidine is 

present in the protonated (+)-state. The H75 residue faces the protomer interface and 

is located towards the extracellular side of GPR. At this position, it could take the 

specific physiological role and work as an additional pH sensor and functional 

regulator. A decrease in pH on the extracellular side of the bacterial membrane (< pH 

6) would lead to a protonation of H75. This in turn would hinder the conformational 

changes during the GPR photocycle and attenuate proton transport across the 

membrane, if a strong proton gradient and low pH on the outside is already present.  

The results presented in this section revealed that on the other side H75 is located at 

the protomer interface, forming a specific cross-protomer contact to W34. This study 

verified that the contact is present not only in BPR [36] but also in GPR. Negatively 

charged mutations of W34 were shown to cause a reverse proton transport, which is 

mediated towards D97 by sensitive environmental changed in H75. The cross talk 

across the protomer interface between these residues could work in both directions. 

On one side, W34 could sense the conformation and tautomerization state of H75, 

which changes during the photocycle. This could lead to a functional link between the 

protomers and a cooperative functionality of the whole oligomeric complex of GPR. 

Although an individual GPR protomer shows photocycle activity [106, 108]), the 

question remains if GPR can function more efficiently in a cooperative manner and 

this inter-protomer crosstalk could be mediated by the H75-W34 contact. On the other 

side, experimental DNP-NMR data on the disruption mutant GPRE108Q-E50A showed that 

disruption is responsible for peak broadening of H75 signals, which can be attributed 

to a higher flexibility of the residue, compared to GPRWT. The mutation also causes a 

smaller tautomerization efficiency of H75 after illumination. Therefore, W34 might be 

responsible for bringing H75 into a specific position and conformation in the 
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neighbouring protomer, to be able to sense the protonation of D97 during the 

photocycle. The lack of oligomeric stability through disruption potentially causes H75 

to move away from D97 by taking different orientations. This could mean that GPR 

oligomerisation and specifically the bulky residue W34 force H75 into the correct 

position to be able to sense D97 protonation and potentially influence protein 

functionality as an additional pH sensor. 
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Chapter 5 . Conclusions and Outlook 

This study was conducted to shed light into GPR oligomerisation and to characterize 

cross-protomer interactions, which are responsible for creating complexes or effect the 

functionality of the protein. This was accomplished by using DNP-enhanced solid-

state NMR as well as biochemical and mutational analysis. 

In order to analyse GPR, it was produced via heterologous expression in E. coli cells 

and purified in sufficient amount and in high biochemical purity and quality. Protein 

quality was assessed via SDS-PAGE, BN-PAGE and SEC. Additional LILBID-MS 

analysis revealed the pentameric state to be dominant in mild detergent (DDM) and 

proteoliposomes under the applied preparation conditions.  

The reconstitution into Saposin Nanodiscs did not show an effect on the oligomeric 

state of GPR, which was reported before not to be the case for MSP Nanodiscs, 

concluding that Saposin Nanodisc formation keeps GPR in its native state. Nanodisc 

reconstitution allows to bring a purified protein complex into a native lipid 

environment, while maintaining protein solubility and free diffusion, as in detergent 

micelles. This renders possible further GPR complex analysis via pKa titration 

experiments or flash photolysis experiments in a native complex composition. 

Nanodiscs are also frequently used for Electron Microscopy (EM) protein complex 

preparation. The drastically increasing resolution of EM enables to develop structural 

models for smaller and smaller complexes, which would in theory also be possible for 

the radially symmetric GPR complex. Since until now GPR could not be successfully 

crystallized, EM on Nanodiscs incorporated GPR could potentially be a way of getting 

a high resolution structure in a native lipid environment. This approach could be 

further developed in order to get structural models of GPR in different trapped states 

of the photocycle. The E108Q proton donor mutant contains an elongated M-state by 

preventing reprotonation of the Schiff base. This mutant could potentially be used for 

Nanodisc reconstitution and cryo-EM sample preparation. The cryo-EM-grid, onto 

which the protein sample is placed, could be illuminated with green light for M-state 

accumulation right before the production of the cryo-grids in a plunge-freezing device. 

This would instantly freeze the Nanodisc-GPR complex in the M-state. The 

comparison to GPR in dark state could show structural changes of the complex in the 
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specific photocycle state and potentially could also show the oligomeric interplay 

between the protomers in the trapped M-state. 

First negative stain EM and cryo-EM grid preparations of GPRWT in Saposin nanodiscs 

were conducted with the supervision of Prof. Hartmut Luecke and Dr. Eva Cunha, 

showing promising results. However, to further improve image resolution of the GPR 

complex, sample and grid preparations need to be further optimized in future trials. 

The aim of Chapter 3 in this study was to find cross-protomer contacts, which control 

the GPR oligomer complex formation. For that purpose, 13C-15N mixed complexes were 

prepared. After separate expression of 13C and 15N labelled GPR, TX-100 gave ideal 

conditions to disrupt the pentameric complexes, keeping GPR monomers in a more 

native conformation. After disruption and mixing the differently labelled monomers, 

reconstitution into proteoliposomes again lead to the formation of pentamers, 

ensuring the production of mixed GPR complexes. Due to the statistically low number 

of spin pairs, DNP enhancement was necessary to acquire a sufficient signal to noise 

ratio in 13C-15N correlation spectra. The 2D-TEDOR spectra displayed a salt-bridge 

contact between R51 and D52, which was found to be an oligomeric switch between 

the pentameric and the hexameric state. Further biochemical analysis revealed the 

inter-protomer contact between E50 and T60 to be the main driving force for oligomer 

formation. 

The procedure of creating mixed higher oligomers for DNP enhanced solid-state NMR 

can in principle be applied to other membrane proteins, especially other microbial 

rhodopsins, which are almost always found in homo-oligomeric assemblies. The light 

dependent sodium pump KR2 e.g., contains the functionally important residue H30, 

which is present in the protomer interface. The mutation H30A was shown to shift ion 

selectivity of KR2 to protons, which are presumably caused by perturbations in cross-

protomer interactions within the complex [196]. By selecting a suitable labelling 

strategy, the creation of mixed KR2 complexes under various ion conditions could 

shed light into the involvement of H30 in functionally important cross-protomer 

interactions. If these interactions are found, this could be of high importance for 

understanding the general functional mechanism of the sodium transporting 

microbial rhodopsin. The approach could also be applied on other proteins in which 
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residues of interest are present in the interface between two protomers and the 

complex can be disassembled by suitable detergent and then reassembled after 

reconstitution. 

In Chapter 4 the aim was to analyse the functional importance of GPR oligomerisation 

and to analyse the cross-protomer D97-H75-W34 triad by DNP enhanced solid-state 

NMR. The focus was set on the highly conserved H75, which forms a contact to the 

primary proton acceptor D97 and is located at the protomer interface opposite to W34 

of the neighbouring protomer. For analysis of H75 a TEV-protease cleavable GPR 

construct was produced in order to get rid of the purification 6x-His-Tag and avoid 

additional disturbing histidine signals. Spectra of fully 13C and 15N labelled H75 were 

assigned via 2D homonuclear and heteronuclear correlations. Then photocycle-

dependent conformational changes in H75 were analysed. While K-state trapping did 

not affect H75 signals, M-state trapping showed a severe conformational impact on 

H75. A tautomeric switch from a dominant histidine ()-state to a dominant histidine 

()-state as well as a rotation of the residue were observed. This showed that the 

protonation state of D97 highly effects the conformational state of H75 and again 

proves that these residues form a direct contact. To further analyse the D97-H75-W34 

triad, the cross-protomer contact of H75 to W34 was visualized by DNP-enhanced 2D-

TEDOR spectra, which revealed the orientation between the residues. Biochemical 

analysis of W34 mutants showed a great impact on GPR functionality. Negative 

mutations resulted in a pKa increase and a reverse proton transport across the bacterial 

membrane upon illumination. This indicated the importance of the cross-protomer 

contact for the correct functionality of the protein. 

The presence of a histidine residue forming a contact to the primary proton acceptor 

is highly conserved throughout the family of eubacterial rhodopsin proton pumps, as 

shown in the sequence alignment in Figure 63. 
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           21           62           96 

XR    VFNMFSFTVAT……FIAGYHYFRIT……AYRYVDWLLTV… 

           56           87           121 

GR    VYNAFSFAIAA……SIAGYHYFRIF……SEKFNDAYRYV… 

           34           75           97 

BPR   VGVSFWLVTAG……GIAFWHYLYMR……---G-DTPTVF… 

           34           75           97 

GPR   TGVSFWLVTAA……GIAFWHYMYMR……---G-DSPTVF… 

Figure 63: Sequence alignment of the Asp-His-Trp triad region (found in this study in GPR) for several 
members of the eubacterial rhodopsin proton pump family: Xanthorhodopsin (XR), Gloeobacter 
rhodopsin (GR), Blue Proteorhodopsin (BPR) and Green Proteorhodopsin (GPR). The histidine and 
aspartate residues are conserved throughout different members of the family, while the residue at the 
position corresponding to W34 in GPR varies. 

The labelling and trapping strategy could in principle be applied to the other members 

of the protein family inorder to examine, whether the conserved histidine residue 

undergoes similar, significant conformational changes during the protonation of the 

primary proton acceptor. The sequence at the position corresponding to W34 in GPR 

(Figure 63), as well as the oligomerisation pattern (see Table 1) varies within the 

eubacterial rhodopsin family. Therefore, the residue, which is present in close 

proximity to the histidine, across the protomer interface could have a less significant 

impact on protein functionality than in GPR or could adopt a different function. This 

could be examined via additional mutational analysis for the other members of the 

protein family 

In GPR, further investigations of the functional triad could include DNP-enhanced 

solid state NMR experiments on the conserved intra-protomer H75-D97 contact. 

Correlations experiments e.g. between 15N-labelled H75 and 13C-labelled aspartate 

would reveal the orientation of both residues toward each other and possibly explain 

how the protonation of D97 during the M-state can have such a large influence on the 

conformational state of H75. This experiment was carried out during the preparation 

of this study, but could not be successfully executed. It was described before that the 

contact is highly dependent on pH [82]. In the previous study, the contact could only 

be detected at pH 7 and the experiments were carried out on a non-frozen protein 

sample. Due to the cryogenic DNP conditions in which the experiments were 

conducted in this study, a very precise pH value in the sample (e.g. pH 7) using 

chemical buffers was difficult to achieve. This could be a reason that the H75-D97 
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contact could not be detected. Another factor could be the large metabolic scrambling 

of aspartate labelling during protein production. A solution might be to develop a 

different labelling strategy or a different expression strategy, e.g. with different E. coli 

host strains or a cell free expression approach, in which metabolic scrambling is 

reduced. 
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Appendix 

List of Symbols and Abbreviations 

Symbols and Abbreviations Meaning 

°C degrees Celsius 

2D two dimensional 

6x-His-Tag hexa-histidine-tag 

Å Angstrom(s) 

µ micro 

AFM atomic force microscopy 

ATP adenosine triphosphate 

BN blue native 

bp base pairs 

BPR blue proteorhodopsin 

BSA bovine serum albumin 

CIAP calf intestinal alkaline phosphatase 

CP cross polarization 

CS chemical shift 

CV column volume 

DCCD dicyclohexylcarbodiimide 

DDM n-dodecyl--D-maltoside 

DNP dynamic nuclear polarization 

DM n-decyl--D-maltoside 

DMPA 1,2-dimyristoyl-sn-glycero-3-phosphate 

DMPC 1,2-dimyristoyl-sn-glycero-3-phosphocholin 

DOPC 1,2-dioleoyl-sn-glycero-3-phosphocholin 

DPC dodecylphosphocholine 

DQF double quantum filter 

DQSQ double quantum single quantum 

dNTP deoxyribonucleotide triphosphate 

E. coli Escherichia coli 

EDTA ethylenediaminetetraacetic acid 

EM electron microscope 

EPR electron paramagnetic resonance 

FID free induction decay 

g gram(s) 
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GPR green proteorhodopsin 

h hours 

HEPES 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfon acid 

HSV herpes simplex virus 

kDa kilo Dalton 

LB Luria Bertani 

LILBID laser induced liquid bead ion desorption 

M Moles per liter 

m milli 

MAS magic angle spinning 

min minute 

MS mass spectrometry 

MSP membrane scaffold protein 

m/z mass-to-charge ratio 

NMR nuclear magnetic resonance 

OD optical density 

PAGE polyacrylamide gel electrophoresis 

PDSD proton driven spin diffusion 

PCR polymerase chain reaction 

pdb protein data base 

pKa acid dissociation constant 

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

rpm rotations per minute 

RT room temperature 

s second 

(p)SB (protonated) Schiff base 

SDS sodium dodecyl sulfate 

SEC size exclusion chromatography 

T temperature 

t time 

TEDOR transferred echo double resonance 

TEV tobacco etch virus 

TRIS 2-amino-2-hydroxymethyl-propane-1,3-diol 

w/w weight per weight 

WT wild type 
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Material Lists 

Chemicals 

Chemical Molecular formula Molar mass 

[g mol-1] 

Manufacturer 

Acetic acid C2H4O2 60,05 Roth 

Adenine C5H5N5 135.13 AppliChem 

Agar-agar --- --- Roth 

Amino acids --- --- AppliChem 

Ammonium chloride NH4Cl 53.49 AppliChem 

15N-ammonium chloride 15NH4Cl 54.48 Cambridge Isotope Lab. 

AMUPol C36H62N4O11 726.9 Bruker 

Biobeads --- --- BioRad 

Biotin C10H16N2O3S 244.31 Roth 

BisTris C8H19NO5 209.24 AppliChem 

Boric Acid BH3O3 61,83 Fluka 

Calcium chloride CaCl2 * 2H2O 147.01 Sigma-Aldrich 

CAPS C9H19NO3S 221.32 Roth 

CHAPS C32H58N2O7S 614.89 AppliChem 

Chloroform CHCl3 119.38 Roth 

CIAP --- --- Thermo Fisher 

Coomassie Brilliant Blue 

G250 

C47H48N3NaO7S2 840.01 AppliChem 

Coomassie Brilliant Blue 

R250 

C45H44N3NaO7S2 825.97 AppliChem 

Cytosine C4H5N3O 111.1 AppliChem 

DDM C24H46O11 510.63 AppliChem 

Deoxyribonuclease I --- ~31,000 AppliChem 

Dipotassium phosphate K2HPO4 174.18 AppliChem 

DMPA C31H60O8PNa 614.76 Avanti 

DMPC C36H72NO8P 677.93 Avanti 

DOPC C44H84NO8P 786,13 Avanti 

DPNI --- --- Thermo Fisher 

Ethanol (99.8%) C2H6O 46.07 Roth 

Glucose C6H12O6 180.16 AppliChem 

12C-glucose 12C6H12O6 180.09 Cambridge Isotope Lab. 
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13C-glucose 13C6H12O6 186.11 Cambridge Isotope Lab. 

Guanosine C10H13N5O5 283.24 AppliChem 

HEPES C8H18N2O4S 238.31 Roth 

Hydrogen chloride HCl 36.4 Roth 

Imidazole C3H4N2 68.08 AppliChem 

IPTG C9H18O5S 238.3 AppliChem 

Iron(III) chloride FeCl3 * 6H2O 270.3 AppliChem 

Kanamycin sulfate C18H36N4O11 * H2SO4 582.58 Roth 

Isotope labeled amino 

acids 

--- --- Cambridge Isotope Lab. 

LB (lysogeny broth) --- --- Roth 

Ligase (DNA) --- --- New England Biolabs 

Magnesium chloride MgCl2 * 6H2O 203.3 AppliChem 

Magnesium sulfate MgSO4 * 7H2O 246.48 AppliChem 

Manganese(II) sulfate MnSO4 * H2O 169.02 Sigma-Aldrich 

MES C6H13NO4S 195.2 Roth 

Methanol (99.9%) CH4O 32.04 Roth 

Monopotassium 

phosphate 

KH2PO4 136.09 AppliChem 

Ni-NTA agarose --- --- Qiagen 

Nicotinic acid C6NH5O2 123.11 Sigma-Aldrich 

Phusion HF Polymerase --- --- New England Biolabs 

Protease inhibitor cocktail --- --- Roche 

pET-27b(+) plasmid vector --- --- Novagen 

Restriction Enzymes --- --- Thermo Fisher 

Retinal C20H28O 284.44 Sigma-Aldrich 

SDS (Sodium dodecyl 

sulfate) 

NaC12H25SO4 288.38 AppliChem 

Sodium acetate NaC2H3O2 82.03 AppliChem 

Sodium chloride NaCl 58.44 AppliChem 

Sodium citrate Na3C6H5O7 294.10 Sigma-Aldrich 

Sodium hydroxide NaOH 40.0 AppliChem 

Sodium phosphate Na3PO4 141.96 AppliChem 

Succinic acid C4H6O4 118.09 AppliChem 

Thiamin hydrochloride C12H17ClN4OS 337.23 AppliChem 

Thymine C5H6N2O2 126.11 AppliChem 
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Tricine C6H13NO5 179.17 AppliChem 

TRIS C4H11NO3 121.14 Roth 

Triton X-100 C34H62O11 646.85 AppliChem 

Tween 20 C58H114O26 1227.54 AppliChem 

Uracil C4H4N2O2 112.09 AppliChem 

Zinc sulfate ZnSO4 * 7H2O 287.5 Sigma-Aldrich 

 

Consumable Materials 

Material Type Manufacturer 

Blue Native Page gels Native Page Novex Bis-Tris Gel 4-10%, 

10 wells 

Invitrogen 

Centricon filters Vitaspin 20, 50 KDa cut off Sartorius Stedim Biotech 

Plastic tubes 1.5 ml Eppendorf 

Extruder filters 0.2 µm filter pore size Whatman 

Falcon tubes 50 ml, 15 ml Sigma 

Glycerol stock beads Roti-Store cryo vials Roth 

Plasmid DNA extraction kit QIAprep Spin Miniprep Kit Qiagen 

Petri dishes 90 mm Ø Roth 

Pipette Tips 1000 µl, 500 µl, 200 µl, 2µl Eppendorf 

Plastic Syringes 5 ml, 2ml, 1ml B. Braun 

SDS-PAGE gels SDS Precast Gel 4% to 20%, 10 wells RunBlue 

SEC column Superdex 200 10/300 GL GE Healthcare 

SEC filter tubes 500 µl tubes, 0.2 µm filter pore size Pall life Sciences 

Sterile filters 0.2 µm filter pore size Sartorius Stedim Biotech 

Ultracentrifugation tubes 70 ml (Ti 45), 25 ml (Ti70), 1.5 ml Beckman Coulter 

 

Equipment 

Equipment Type Manufacturer 

Autoclave V-75 (75 l volume) Systec 

Blue Native Page equipment XCell SureLock™ Mini-Cell System Life Technologies 

Cell disrupter Constant Systems TS 0.75 IUL Instruments 

Centrifuges Allegra 21R 

Avanti J-E 

Biofuge Pico 

Beckman Coulter 

Beckman Coulter 

Heraeus 
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Clean-Bench  W. H. Mahl 

Extruder 10 ml Swagelok 

Green filter E19 540 nm Heliopan 

Gyrotron 263 GHz Bruker 

HPLC systems Äkta Prime 

Äkta Purifier 

BioRad NGC-System 

GE Healthcare 

GE Healthcare 

BioRad 

Incubators 

 

Innova 44 

Thermomixer Compact 

New Brunswick Scientific 

Eppendorf 

Lamps KL 1500 LCD 

High-Power LED Lamp 

UV LAMP (DNA) N90, 312 nm 

Zeiss 

Mightex 

Konrad Benda 

NMR Spectrometers 850 MHz US2 Avance III 

400 MHz UltraShield Avance III 

Bruker 

Bruker 

pH meter SevenEasy Mettler Toledo 

Rotary Evaporator Rotavapor R-200 Büchi 

SDS-PAGE equipment Mini-PROTEAN Tetra BioRad 

Spectrophotometers 

 

V-550 

NanoDrop1000 

OD600 Photometer (Ultrospec 10) 

Jasco 

Thermo Fisher 

Biochrom 

Thermal cycler Veriti 96 well Applied Biosystems 

Ultracentrifuge Optima LE-80K Beckman Coulter 

Ultracentrifuge rotors Ti45 

Ti70 

Beckman Coulter 
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