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SUMMARY 
 

Structural biology provides fundamental insight into protein function. One underlying 

mechanistic principle of protein function may be protonation dynamics, that is 

structural alterations related to changes in protonation states. The interplay between 

proton exchange processes and biomacromolecular structure, i.e. function, needs to be 

further established in life sciences. Protonation dynamics can be studied by different 

theoretical, biophysical and biochemical approaches. Nuclear magnetic resonance 

(NMR) spectroscopy is a powerful method to detect protons directly and to elucidate 

structural features related to changes in protonation states. With this work, two 

advanced solid-state magic angle spinning (MAS) NMR spectroscopy approaches, 

proton detection and dynamic nuclear polarization (DNP), are applied to study 

protonation dynamics in large proteins and membrane proteins.  

Proton detection combined with fast MAS is employed to obtain spatial information 

on hydrogen atoms. A case study is presented, proposing a proton-detected solid-state 

MAS NMR experiment that enables the observation of hydrogen bonds in a model 

protein, a microcrystalline preparation of the chicken a-spectrin SH3 domain. It is 

used to elucidate hydrogen bond patterns in secondary structure elements; in a 

modified version, it may be applied to detect such patterns in amino acid side chains. 

In a pilot study, chemical exchange of protons is investigated with the light-driven 

proton pump bacteriorhodopsin as an example. Proton relocation was observed inside 

the channel at three functionally-relevant key amino acid side chains, which are 

involved in the proton transport pathway of bacteriorhodopsin. We detect a protonated 

form of R82 suggesting its involvement in the proton pumping process, and we notice 

proton delocalization between the carboxylic moieties of both D85 and D96 and water. 

Furthermore, a study on the soluble extra-cellular domain of the neonatal Fc receptor 

is presented as a methodologically oriented application of fast MAS NMR. This 

receptor interacts with Immunoglobulin G in a pH-dependent manner and thus via 

changes in protonatable amino acid side chains. Hence, protonation dynamics is 

fundamentally involved in this protein-protein interaction. The study aims to develop 

a small molecule and characterize its binding structurally to explore possibilities for 

inhibition of the interaction with Immunoglobulin G. The application of NMR at 

100 kHz MAS to the sedimented, fully protonated receptor was crucial to obtain 
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chemical shift perturbations upon binding of the identified ligand as a prerequisite for 

optimization of the compound. This study introduces an innovative approach to 

investigate soluble proteins expressed in mammalian cells by proton-detected MAS 

NMR without the need for deuteration, making a variety of protein classes accessible 

to NMR studies. 

As demonstrated in this thesis, structural features related to protonation dynamics can 

be difficult to observe by conventional NMR techniques due to low sensitivity. 

Furthermore, halting exchange processes by freezing samples may facilitate 

protonation dynamics investigations. The DNP technology is therefore further 

developed in two studies using proline standard samples and the SH3 domain. We 

present a high-temperature approach employing deuterated biradicals and introduce a 

novel highly water-soluble biradical, called bcTol. The use of deuterated TOTAPOL 

isotopologues resulted in a 15-fold increase in sensitivity at 200 K, thereby facilitating 

the acquisition of multidimensional spectra with improved resolution at this 

temperature. The new biradical bcTol is demonstrated to be a promising and efficient 

polarizing agent in biomolecular investigations, easy-to-handle and showing an 

improved performance compared to other known biradicals. These methodological 

achievements enabled studies of protonation dynamics in complex protein systems. In 

this context, structure-related features in the chromophores of channelrhodopsin and 

the phytochrome photoreceptor Cph1 are investigated via the utilization of DNP. The 

enhancement in sensitivity helped to elucidate the retinal configuration to be all-trans 

in dark-adapted channelrhodopsin, which is an important feature of the photocycle. It 

allowed us to discuss the chromophore structural changes enabling proton conductance 

across the membrane. In Cph1, the application of DNP was critical to obtain chemical 

shift assignments of the phycocyanobilin chromophore nitrogens. This provided 

insight into the water molecule distribution in the chromophore binding pocket and the 

localization of the positive charge in phycocyanobilin. These findings help to 

understand the chromophore changes and possible proton exchange pathways during 

molecular action of phytochrome photoreceptors.  
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ZUSAMMENFASSUNG 
 

Die Strukturbiologie ermöglicht grundlegende Einblicke in die Funktion von 

Proteinen. Ein grundsätzliches mechanistisches Prinzip für die Regulierung von 

Proteinfunktion könnte die Protonierungsdynamik sein. Diese umfasst strukturelle 

Variationen in Proteinen aufgrund von Änderungen in Protonierungszuständen. Das 

Zusammenspiel von Protonenaustauschprozessen und biomakromolekularer Struktur, 

das heißt Funktion, muss in den Lebenswissenschaften noch weiter verstanden und 

etabliert werden. Protonierungsdynamik kann mit verschiedenen theoretischen, 

biophysikalischen und biochemischen Ansätzen untersucht werden. Die 

Kernspinresonanzspektroskopie (nuclear magnetic resonance, NMR) ist eine 

geeignete Methode um Protonen direkt zu detektieren und um strukturelle 

Eigenschaften, die im Zusammenhang mit Änderungen in Protonierungszuständen 

stehen, zu untersuchen. Um solche Studien zu ermöglichen, werden in dieser Arbeit 

zwei moderne Methoden der Festkörper-magic angle spinning (MAS) NMR 

Spektroskopie, die Dynamische Kernpolarisation (dynamic nuclear polarization, 

DNP) und die Protonendetektion, genutzt. Beide Methoden werden in Untersuchungen 

von Aspekten der Protonierungsdynamik in großen Proteinen und in 

Membranproteinen angewendet. 

Zunächst wird die Protonendetektion in Kombination mit schnellem MAS zur 

Gewinnung räumlicher Information über Wasserstoffatome verwendet. In einer 

methodischen Studie wird ein protonendetektiertes Festkörper-MAS NMR 

Experiment vorgestellt, mit dessen Hilfe Wasserstoffbrücken in einem Modellprotein, 

der mikrokristallinen a-spectrin SH3 Domäne, detektiert werden können. Es wird zur 

Analyse von Wasserstoffbrückenmustern in Sekundärstrukturelementen verwendet. In 

einer modifizierten Version kann es zukünftig auch für die Untersuchung solcher 

Muster zwischen Aminosäureseitenketten eingesetzt werden. In einer weiteren Studie 

wird der chemische Austausch von Protonen in der lichtgetriebenen Protonenpumpe 

Bakteriorhodopsin untersucht. Dadurch konnte die Verteilung von Protonen an drei im 

Kanal lokalisierten funktional relevanten Aminosäureseitenketten, die an dem 

Protonentransport von Bakteriorhodopsin involviert sind, detektiert werden. Eine 

protonierte Form von R82 konnte gemessen werden, was eine Beteiligung von R82 in 

dem Protonentransportprozess nahelegt, und eine Protonendelokalisierung zwischen 
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den Carboxylgruppen von D85 und D96 mit Wasser konnte gezeigt werden. Darüber 

hinaus wird eine Studie der löslichen extrazellulären Domäne des neonatalen Fc 

Rezeptors als eine methodisch orientierte Anwendung von schnellem MAS 

vorgestellt. Dieser Rezeptor wechselwirkt mit Immunoglobulin G pH-abhängig über 

protonierbare Aminosäureseitenketten. Folglich ist die Protonierungsdynamik 

grundlegend an dieser Protein-Protein-Wechselwirkung beteiligt. Das Ziel dieser 

Studie ist die Entwicklung eines Moleküls und die strukturelle Charakterisierung 

seiner Bindung an den Rezeptor um Möglichkeiten für die Inhibierung der 

Wechselwirkung mit Immunoglobulin G auszuloten. Die Verwendung von NMR bei 

100 kHz MAS war entscheidend um Veränderungen von chemischen Verschiebungen 

durch Ligandenbindung des sedimentierten, vollständig protonierten Rezeptors zu 

messen. Die beobachteten Veränderungen deuten auf die Möglichkeit hin, nach 

weiterer Optimierung des Liganden eine allosterische Inhibition zu erzielen. Diese 

Studie stellt einen innovativen Ansatz vor lösliche Proteine, die in Säugetierzellen 

hergestellt werden müssen und nicht deuteriert werden können, mit 

protonendetekierter MAS NMR zu untersuchen. Dies eröffnet neue Möglichkeiten 

eine Vielzahl von verschiedenen Proteinklassen mit NMR zu messen. 

Als weiteren experimentellen Ansatz wird DNP zur Sensitivitätssteigerung in 

Festkörper-NMR genutzt. Wie in dieser Arbeit gezeigt wird kann es aufgrund von 

geringer Sensitivität schwierig sein, strukturelle Merkmale von Protonierungsdynamik 

mit konventionellen NMR Methoden zu untersuchen. Um zukünftige NMR Studien 

von Protonierungsdynamik zu ermöglichen, wird DNP in dieser Arbeit mit 

Prolinstandardproben und der SH3 Domäne weiterentwickelt. Ein experimenteller 

Ansatz zur Messung bei höheren Temperaturen mit deuterierten Biradikalen und ein 

neues hochwasserlösliches Biradikal, genannt bcTol, werden vorgestellt. Der Einsatz 

deuterierter TOTAPOL Isotopologe resultierte in einer 15-fachen erhöhten Sensitivität 

bei 200 K im Vergleich zu konventionellen solid-state MAS NMR Messungen, was 

die Aufnahme von multidimensionalen Spektren mit verbesserter Auflösung bei dieser 

Temperatur ermöglichte. Wie gezeigt werden kann, ist das neue Biradikal bcTol ein 

vielversprechendes und effizientes Polarisierungsmittel für biomolekulare Studien, da 

es einfach in der Handhabung ist und eine verbesserte Leistung im Vergleich zu 

anderen bekannten Biradikalen aufweist. Wie in zwei Anwendungen gezeigt wird, 

ermöglichen diese methodischen Ergebnisse Studien von Protonierungsdynamik in 
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komplexen Proteinen. DNP-verstärkte Festkörper-MAS NMR wird zur Untersuchung 

von strukturellen Merkmalen der Protonierungsdynamik in den Chromophoren von 

Channelrhodopsin und dem Phytochrom-Photorezeptor Cph1 verwendet. Die 

Anwendung von DNP war zur Bestimmung der all-trans Retinalkonfiguration, einem 

wichtigen Merkmal des Photozyklus, in dunkel-adaptiertem Channelrhodopsin 

entscheidend. Dies erlaubte Schlussfolgerungen auf die strukturellen Änderungen, die 

die Protonenleitfähigkeit über die Membran ermöglichen. In Cph1, war die 

Verwendung von DNP mit bcTol entscheidend um Zuordnungen von chemischen 

Verschiebungen der Phycocyanobilin Chromophor-Stickstoffe durchführen zu 

können. Dies lieferte Einblicke in die Verteilung von Wassermolekülen in der 

Chromophorbindetasche und in die Lokalisierung der positiven Ladung in 

Phycocyanobilin. Die Ergebnisse fördern ein besseres Verständnis der strukturellen 

Änderungen des Chromophores und möglicher Protonenaustauschprozesse während 

des Photozyklus von Phytochrom-Photorezeptoren.  
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1.1 Structural Biology and Protonation Dynamics in Protein Function 

 

Proteins are key to biological processes and cellular function. To understand the 

underlying principles, it is fundamental to analyze the structure and molecular action 

of proteins in detail. As an interdisciplinary science, structural biology not only 

provides insight into the architecture and function of proteins, but also allows the 

identification of possible therapeutic approaches. Established techniques such as x-ray 

crystallography, cryogenic electron microscopy (cryo-EM) and nuclear magnetic 

resonance (NMR) spectroscopy are applied for this purpose (1-7). Each of these 

methods has its own specific advantages, and in particular combined they can 

contribute in an integrative approach to gain detailed knowledge how biological 

macromolecules function (2, 5, 7). X-ray crystallography was used to solve the first 

three-dimensional structure of a protein (myoglobin in 1958, (6)), and more than 

140,000 biological macromolecular structures have been deposited in the protein data 

bank up to now (PDB, rcsb.org, in May 2018). Despite considerable progress in 

structural biology in solving static structures of biomacromolecules at atomic 

resolution, it is clear that their structural plasticity and dynamic aspects are crucial for 

a complete understanding of macromolecular function in biology (7, 8-11). Dynamic 

properties of proteins have been underrated in life sciences as at least equally important 

as structure itself. These are critical in small proteins, large macromolecular 

assemblies, populations of different physical phases, intrinsically disordered proteins, 

and conformational heterogeneity leading to invisible, but functional states (8, 10, 12-

17). Most importantly, it is essential to further develop approaches towards biophysical 

studies with atomic resolution in native or native-like conditions, in the best case 

employing the cellular environment itself (18, 19).  

Even though its focus is predominantly on biomolecular structure, the field of 

structural biology made fundamental contributions to understand biomolecular 

function in life sciences (20-25). These contributions include, for example, insights 

into protein-ligand interactions, which have been studied extensively for many 

decades. This yielded a detailed characterization of substrate binding and the induced-

fit or key-and-lock mechanisms (26-29). Similarly, protein-protein interactions and the 

interplay of proteins with other biological macromolecules such as DNA, RNA and 

lipids have been subject to intense structural biology investigations (30-34). These 
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studies enabled understanding of important cellular processes, e.g. protein 

biosynthesis and signaling events through cytosolic and membrane proteins. Also the 

process of protein folding is studied by structural biology methods (35). New insights 

in how chemical energy is used to enable protein action help to understand regulation 

of protein function; a textbook example for such a process is actin and myosin, acting 

as molecular motors (36). As another example for regulation of biomolecular function 

studied by structural biology, post-translational modifications (PTMs) of proteins 

should be mentioned, reviewed for example by Prabakaran et al. (37). In many cases, 

PTMs provide a basis for cellular function through proteins, especially in signaling 

pathways and subcellular organization. 

The dynamic behavior of protons may be one underlying mechanistic principle of 

protein function. In proteins, functionally-relevant protons usually participate in 

hydrogen bonds. However, a variety of non-covalent interactions contributes to the 

stability of the protein structure (38). These involve groups with both polar/charged 

and non-polar character. Non-polar interactions, on the one hand, include for example 

Van der Waals forces – a subset of electrostatic interactions –, p-effects and the 

hydrophobic effect. On the other hand, interactions between polar/charged groups 

comprise for example the attraction of ions with full permanent charges of opposite 

signs, and hydrogen bonds. The latter are strong non-covalent interactions, and can be 

defined as the dipole-dipole attraction between a partially positive hydrogen atom and 

an electronegative, partially negative atom – in proteins usually oxygen, nitrogen or 

sulfur. Hydrogen bonds provide an important basis for secondary structure elements 

in proteins and interactions between amino acid side chains (39). In addition, they are 

often involved in binding of proteins to ligands or other biological macromolecules 

such as DNA or RNA. Hydrogen bonds are susceptible to being perturbed and can be 

considered as a flexible interaction that may contribute to structural plasticity and 

conformational heterogeneity. In biomolecules, they can vary in strength (usually 

4 – 40 kcal/mol) and are about 2.2 – 4.0 Å in length (40). For a long time, it has been 

well known that the dynamic behavior of exchangeable hydrogen atoms is an 

important feature in many biological processes, e.g. in protein-protein and protein-

ligand interactions, or in enzymatic reactions (41, 42). Therefore, the principle of 

protonation dynamics may be established as an additional basic concept of how protein 

function is mediated. The work presented in this thesis is embedded in the 
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Collaborative Research Center 1078 (CRC1078, Sonderforschungsbereich 1078) 

funded by the Deutsche Forschungsgemeinschaft, entitled ‘Protonation Dynamics in 

Protein Function’. In this framework, this issue is addressed in an encompassing 

approach using different theoretical, biophysical and biochemical methods 

(sfb1078.de). The definition considers not only the spatio–temporal variation of 

exchangeable hydrogen atoms over many orders of magnitude in both time and space, 

but especially also structural consequences and features in proteins related to the 

dynamic behavior of protons. 

 

According to the CRC1078, the definition of protonation dynamics includes 

 

(1)  the relocation of protons by less than 1 Å between neighboring groups 

(shift of a proton in a hydrogen bond), 

(2) the delocalization of protons within clusters of water molecules and 

protonatable amino acid side chains, potentially involving Zundel 

ions, 

(3)  long-distance transfers along chains of water molecules (e.g. via the 

Grotthuss mechanism) and side chains, whereby motions have to be 

taken into account, 

(4)  rearrangements of extended hydrogen-bond networks in the protein 

interior and at the protein-water interface, including side chain 

rotations, changes in protonation states and position of water 

molecules, 

(5)  global conformational changes in the protein backbone, including 

rearrangements of secondary structure elements (e.g. b-sheet → a-

helix),  

(6)  long-range electrostatic interactions between remote sites that may 

induce changes of protonation states. 

 

Examples of these characteristic protonation dynamics features are given by the classic 

model proteins bacteriorhodopsin (BR), phytochrome photoreceptors and photosystem 

II (Figure 1.1.) (43-47).  
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Figure 1.1. Classic examples of protonation dynamics in proteins. The defined 
features are indicated by green numbers.  

 A The proton pump bacteriorhodopsin (PDB code 1C3W) relocates 
protons across the cellular membrane. The protonation dynamics 
characteristics (1)–(4) can be illustrated in this process. The insets are 
described in the main text, RSB = retinal Schiff base.  

 B The bacteriophytochrome from Deinococcus radiodurans (PDB codes 
4O0P and 4O01) shows a light-dependent change in protonation state 
between the photostates Pr (left) and Pfr (right) in its chromophore. This 
change is coupled to a rearrangement of a secondary structure element 
distant from the chromophore (5).  

 C In photosystem II (PDB code 2AXT), both long-range electrostatic 
interactions (6) and long-distance proton transfer (3) are essential in 
water photolysis and oxygen evolution during photosynthesis.  

 

 

 

 

 

The archaeal light-driven proton pump BR has been studied for many decades, and it 

can be seen as the model system to investigate protonation dynamics since it exhibits 

several features of the basic definition above (illustrated in Figure 1.1.A) (48-59). The 

relocation of a hydrogen atom by less than 1 Å (definition (1)) – often referred to as a 

shifting proton within a hydrogen bond – can be seen for example in the hydrogen 

bonded cluster involving the protonated retinal Schiff base (RSB), the carboxylic 

moieties of D85 and D212, and a water molecule in BR dark-state (Figure 1.1.A 

inset 1) (60). In the so-called proton release group of BR, close to the extracellular 

proton release site, a hydrogen-bonded cluster of water molecules and the protonatable 

amino acid side chains R82 and E194 exists (definition (2), Figure 1.1.A inset 2) (53, 

61). In this cluster, an excess proton is delocalized leading to a partial existence of a 

Zundel ion ((H2O)2H+) in the dark-state. In addition, this cluster represents an extended 

hydrogen bond network, which is rearranged during the BR photocycle and the proton 

transport process (definition (4)) (43, 61, 62). It is important to note that such a 

rearrangement is a dynamic mechanism, occupying different conformational states in 

a temporal order. Thus, it includes also side chain rotations of R82 and other amino 

acids, repositioning of water molecules and changes in the protonation states of the 

chemical moieties involved in the molecular action of BR (56, 63). During one 

photocycle, BR relocates one proton across the cellular membrane out of the 
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Halobacterium salinarum cell. This long-distance proton transfer (definition (3)), 

bridging more than 45 Å between the intra- and extracellular compartments, involves 

chains of water molecules, amino acid side chains and the RSB of the chromophore. 

It is only possible through conformational changes and repositioning of water 

molecules. Such a long-distance proton transfer can be specifically visualized at D96 

close to the proton uptake site (Figure 1.1.A inset 3). During the BR photocycle, a 

transient water chain is formed between D96 and RSB, making a Grotthuss-like proton 

transfer across the respective distance of more than 10 Å possible (definitions (3) and 

(4)) (64). Again, a conformational change is required; in this case the isomerization of 

the retinal chromophore. 

The bacteriophytochrome from Deinococcus radiodurans is a good example of a 

functional change in secondary structure (Figure 1.1.B, definition (5)). During the 

light-dependent Pr → Pfr transition, it has been shown by x-ray crystallography that 

the b-sheet (Pr-state) in the so-called tongue-region of phytochrome photoreceptors 

changes to an a-helical secondary structure (Pfr-state) (45). This rearrangement could 

be linked to a change in protonation state in the bilin chromophore as investigated by 

resonance Raman spectroscopy (RR), Fourier-transform infrared spectroscopy 

(FTIR), NMR spectroscopy and molecular dynamics (MD) simulations in several 

phytochromes (44, 46, 65-71). The underlying mechanism, however, still needs to be 

elucidated. The chromophore is indeed located in proximity to the tongue-region, but 

the change of protonation state in the chromophore must still be mediated through 

amino acid side chains providing an extended hydrogen bond network from the 

chromophore to the tongue-region. 

Changes in protonation states may be induced by or coupled to remote electrostatic 

interactions (definition (6)); such an effect occurs in photosystem II (Figure 1.1.C) (72, 

73). The coupling of protonation state changes to such interactions can control the pKa 

values of amino acid side chains and modulate dielectric dynamics at the protein-water 

interface. During photosynthesis, the long-distance transport of four protons from the 

oxygen evolving Mn4-Ca-O4 cluster is required (definition (3)) (74). This is coupled 

to the photolysis of four water molecules, yielding O2 and four electrons per reaction. 

The latter induce long-range electrostatic interactions, leading to a modulation of 

protonation states at the protein-water interface. The electrons are further transported 

via a tyrosine residue to the P680 reaction center.  
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The central hypothesis of the CRC1078 is that protonation dynamics controls protein 

function. To establish the significance of protonation dynamics as a general and basic 

principle, further investigations are required. Through the work within the CRC1078 

and by many other groups, key amino acids, sequences of events, proton pathways, 

water clusters, and domain movements related to protonation dynamics have been 

identified and characterized in different proteins (43, 44, 55, 63, 72, 75-83). In recent 

years, however, these studies have been mainly performed using photosensitive 

proteins as model systems. The main reason is that such proteins can be controlled by 

light during sample preparation or during biophysical and biochemical studies, hence 

they can be stalled in specific photointermediates or protonation states. This allows a 

precise elucidation of conformational intermediates through spectroscopic techniques 

such as FTIR, RR, electron paramagnetic resonance (EPR) and NMR spectroscopy, as 

well as gaining insights at atomic resolution by using x-ray crystallography and NMR 

spectroscopy.  

The accessibility of defined and functional conformational sub-states in a protein that 

are stable during the time of an experiment facilitates studies of protonation dynamics. 

Therefore, focus has been on such intermediates of photosensitive proteins for 

identifying general principles of protonation dynamics. However, to establish the 

wide-spread importance of protonation dynamics as a fundamental key principle in 

protein function, it should be identified and characterized in an as broad spectrum of 

protein classes as possible. For instance, potentially interesting systems to investigate 

could be enzymes or proteins using chemical energy in the form of ATP or GTP. In 

such proteins, defined conformational states can be studied using non-hydrolyzable 

ATP- or GTP-analogues (84, 85). In particular, structural biology can contribute to 

their characterization (86). Large methodological progress has been achieved in the 

last decades in the three main methods used in this field.  

When it comes to determining the three-dimensional structure of biological 

macromolecules, x-ray crystallography has been by far the most successful method 

accounting for about 89.5 % of all structures deposited in the PDB (in May 2018). The 

method has been developed into a very routine and robust procedure. As a prerequisite, 

it demands well-diffracting crystals of the molecule of interest. In addition to its 

success in the past, recent progress allows the determination of dynamic changes in 

conformation by time-resolved serial femtosecond crystallography using x-ray free 



CHAPTER 1 

 9 

electron lasers (87). Due to such advances and its well-established availability, 

crystallography is expected to continue to have great impact in structural biology. In 

2017, the number of structures solved per year by x-ray crystallography reached the 

10,000 milestone for the first time (7). 

In the past five years, substantial progress has been made in improving the resolution 

in electron microscopy. The use of single-particle cryo-techniques combined with 

optimized direct-electron detectors and the development of optimized drift 

compensation in images made structure determination with EM at atomic resolution 

possible for the first time (88, 89). In 2017, the Nobel Prize in Chemistry was awarded 

to Jacques Dubochet, Joachim Frank and Richard Henderson for ‘developing cryo-

electron microscopy for the high-resolution structure determination of biomolecules 

in solution’ (90). The number of deposited structures in the PDB (more than 2,100 in 

May 2018) will likely grow rapidly, and their fraction of 1.5 % is expected to increase 

in the coming years. Already in October 2017, the number of structures deposited in 

the PDB per year by cryo-EM has surpassed the number of new deposits by NMR (7). 

Hence, cryo-EM is a promising technique that will most likely accelerate the process 

of structure determination. Together with x-ray crystallography, it will be the method 

of choice to solve biomolecular structures at atomic resolution in the future.  

Solution-state NMR spectroscopy is responsible for more than 12,100 entries in the 

PDB (about 8.6 % in May 2018), but the number of deposited structures per year is 

not increasing anymore (7). However, NMR has a number of advantages for studies 

of structure-related questions in biomolecules. Firstly, it is a spectroscopic technique 

yielding information at atomic resolution. Secondly, it can be used as a quantitative 

method since individual spins are detected and it gives access to the chemical 

environment of the most important atoms that are present in biomolecules – 1H, 13C, 
15N, 17O and 31P (91). Thirdly, NMR spectroscopy is a non-destructive method and can 

be used in complex environments such as cellular extracts or directly inside the cell 

(18, 19, 92-94). Fourthly, and maybe most importantly, it allows the detection of 

dynamic properties of conformational changes and chemical reactions at physiologic 

conditions. This makes it a powerful method to study for example protein folding, 

enzymatic reactions, PTMs, exchange processes, intrinsically disordered regions or 

functional conformational states in biomolecules that are undetectable by other 

techniques (95-103). Advances in solution-state NMR spectroscopy such as methyl 
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labeling techniques or progress in hardware and in pulse sequences have extended the 

applicability to a wide range of biomolecules – covering proteins that range from small 

intrinsic disordered proteins to high molecular weight complexes (close to 1 MDa), as 

well as RNA, DNA and their complexes with proteins (8, 104-117). Solid-state magic 

angle spinning (MAS) NMR spectroscopy has recently been applied to solve protein 

structures as well, but so far, its contribution is moderately small – around 100 

deposited in the PDB (less than 0.1 % in May 2018). The strength of MAS NMR may 

more be found in elucidation of detailed structural and dynamic features, mainly of its 

classic targets: membrane proteins, microcrystalline preparations, supramolecular 

assemblies and fibrillar states of proteins (118-122). In particular, it is useful to study 

proteins in its native environment, e.g. membrane proteins in lipid bilayers or native 

membranes. It is anticipated that in prospective structural biology ventures, an 

integrative approach making use of the diverse advantages of x-ray crystallography, 

cryo-EM and NMR spectroscopy will provide insight into biomolecular function that 

is required to understand the underlying complex mechanisms comprehensively. 

In the past 15 years, two different advanced solid-state MAS NMR methods have 

experienced strong progress towards their application in structural biology: dynamic 

nuclear polarization (DNP) and proton detection combined with fast MAS (123-128). 

This thesis aims to apply these two advanced MAS NMR methods to investigate 

protonation dynamics in proteins. In the following sections, the theoretical background 

of the methods is introduced briefly. 
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1.2 Advanced Solid-state NMR: Dynamic Nuclear Polarization and Proton Detection 

using fast Magic Angle Spinning 

 

 

The following chapter is focused on introducing the basic principles of NMR, DNP, 

proton detection and resonance assignments briefly. For a comprehensive and detailed 

description of the fundamentals of NMR spectroscopy, it is recommended to read some 

of the excellent available educational books, e.g. “Spin Dynamics: Basics of Nuclear 

Magnetic Resonance” by Malcolm H. Levitt, “Understanding NMR Spectroscopy” by 

James Keeler and “Introduction to Solid-state NMR Spectroscopy” by Melinda Duer 

(129-131). The basics of solid-state NMR are also reviewed comprehensively by 

David D. Laws, Hans-Marcus L. Bitter and Alexej Jerschow (132). In the following 

sections, a brief overview of the theoretical background of NMR should be sufficient 

to follow the investigations presented in this thesis. 

 

 

Basics of nuclear magnetic resonance  

Central in the study of molecules using NMR is the magnetic moment µ of the atomic 

nucleus (1.1). Only those nuclei with odd mass and atomic numbers have a magnetic 

moment, which is related to the nuclear spin S: 

 

µ = g q
2m S    (1.1) 

 

with the gyromagnetic factor g (Landé factor), the charge q and mass m of the nucleus. 

The relation between magnetic moment and spin is given by the gyromagnetic ratio 

(g), which is specific for each type of nucleus (1.2): 

 

µ = gS     (1.2) 

 

Only nuclei with a spin quantum number unequal to zero have the quantum mechanical 

property of a spin. In NMR, changes of overall orientation of an ensemble of spins 

(magnetization) are measured, therefore only such nuclei are detectable. The most 
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commonly used nuclei in biomolecular NMR are 1H, 13C, 15N and 31P. To circumvent 

the low natural abundance of 13C and 15N, samples need to be isotopically enriched. If 

an external magnetic field is applied, the magnetic moment adopts preferred 

orientations with discrete measurable energy and the spins populate two or more 

energy levels. This splitting of energy levels is known as the Zeeman effect. The 

number of possible energetic states depends on the spin quantum number I and can be 

calculated by 2I + 1. Consequently, a nucleus with I = ½ has two different energetic 

states (Zeeman levels) called parallel (a-state) and antiparallel (b-state), which is 

usually visualized as their orientation with respect to the external magnetic field B0. 

The a-state is of lower energy and the energy difference (DE) between the two states 

is proportional to the external magnetic field B0 (1.3): 

 

DE	=	 ghB0
2p     (1.3) 

 

with h being the Planck constant. The distribution of the occupation numbers (N) of 

the two different energy levels a and b is determined by calculating the Boltzmann 

distribution which applies in the case of thermodynamic equilibrium (1.4). It depends 

on the temperature (T) and the Boltzmann constant (k): 

 

Nb

Na
 = e-DE

kT     (1.4) 

 

The difference in occupancy of two states in NMR is generally very small, for example 

it is only 0.01 % for 1H at room temperature at a magnetic field strength of 20 T. As 

the signal intensity is proportional to the difference in occupation, in this case only one 

out of every 10,000 spins will give rise to an NMR-detectable signal. This is the main 

reason why NMR is a very insensitive method. A possibility to solve this problem is 

the application of hyperpolarization methods such as DNP that is further described 

below on page 19. The population difference between the two levels leads to a net 

magnetization along the external B0-field, which is conventionally defined as parallel 

to the z-axis and the magnetization is termed longitudinal. In a magnetic field, the 

magnetization precesses with its Larmor frequency (u) around the z-axis. The Larmor 
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frequency is proportional to B0 and the gyromagnetic ratio; for example, it is 800 MHz 

for 1H at 18.8 T. It is directly related to the energy difference between a- and b-state: 

 

DE	=	hu    (1.5) 

 

In an NMR experiment, the spin populations of the different levels follow a Boltzmann 

distribution in equilibrium, which can be perturbed by irradiation with an 

electromagnetic wave pulse at radiofrequency (RF). In case of magnetic resonance, 

the frequency of the RF pulse is very close to the Larmor frequency and the magnetic 

component of the wave interacts with the spins and the energy can be absorbed. This 

can lead to a change in distribution of the Zeeman levels and can result in the creation 

of transverse magnetization with appropriate length and strength of the RF irradiation. 

After the perturbation, the thermodynamic equilibrium of the spins in the magnetic 

field is restored, i.e. they return to the Boltzmann distribution through longitudinal 

relaxation. This process can be described with the relaxation time T1 and limits how 

fast experiments can be repeated. The transversal relaxation is described with the 

relaxation time T2 and limits the spectral resolution. The precessing transversal 

magnetization induces an oscillating current in the receiver coil surrounding the 

sample which is measured as the NMR signal, the so-called free induction decay (FID). 

The FID decreases over time due to the two relaxation processes. 

In order to obtain a frequency spectrum from the time-dependent changes in the FID, 

the signal has to be Fourier-transformed. The FID contains information about the 

atomic nuclei and their chemical environment. The electrons surrounding the nucleus 

lead to a local shielding of the B0-field. The result is a variability in frequencies of 

different spins, depending on the amount of shielding and hence on the specific 

chemical environment. This dispersion upon chemical environment leads to the 

chemical shift, in reference to a standard sample. The chemical shift is a very important 

and sensitive measurement parameter in NMR; spins that are less shielded will appear 

at larger chemical shifts, whereas nuclei that are more shielded have smaller chemical 

shifts in NMR spectra. 

Even though the chemical shift leads to a dispersion of the NMR signals, in many cases 

severe spectral overlap can occur in biomolecular NMR. In order to achieve an 

improvement in spectral resolution allowing resonance assignments, Jean Jeener 
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proposed two-dimensional NMR at the AMPERE Summer School in Basko Polje, 

Yugoslavia in 1971; the experiment was then published in 1976 by Aue et al. (133). 

One-dimensional pulse sequences with so-called preparation and detection periods are 

extended to two dimensions with evolution and mixing periods. These are 

implemented in between the preparation and detection, whereby during evolution a 

variable time (t1-period) is incremented. The variable length of the t1-period probes the 

evolution of coherences of different frequencies. During mixing, spins are allowed to 

interact with each other. This means that, in addition to being modulated by their 

different frequencies, i.e. chemical shifts, an exchange of magnetization between 

different spins occurs, depending on the mixing scheme applied. This approach has 

been extended to three-, four- and even higher dimensional spectra.  

The multidimensional NMR spectrum is obtained after Fourier-transformation of the 

direct and indirect dimensions. The direct dimension is obtained during the detection 

period by recording the FID, the indirect during the evolution period by 

incrementation. This spectrum contains both the information about the chemical shifts, 

and the exchange processes that are induced during the mixing period. The latter can 

be based both on chemical exchange of the nuclei involved and on exchange of 

magnetization between the respective spins. In both cases the interaction can be 

identified as cross peaks in the spectrum, which are signal intensities at defined 

positions in the multidimensional spectrum connecting the chemical shifts of the nuclei 

involved.  

In solution-state NMR, the rotational correlation time (tc) of biomolecules must not 

exceed a certain upper limit, depending on the particular experiment performed. The 

reason is that the relaxation processes depend on tc, especially the transversal 

relaxation (T2) resulting from variation in local magnetic fields. The main advantage 

of solid-state NMR is that the rotational correlation time that in solution-state NMR is 

dependent on the natural isotropic tumbling of the molecules is not the limiting factor. 

The relaxation processes rather rely on an external, collective motional averaging of 

the molecules introduced by the MAS. Therefore, solid-state MAS NMR is in principle 

not size-limited and can be applied to any biomolecule as long as sufficient narrow 

linewidths are achieved and spectral crowding can be handled, e.g. through appropriate 

labeling strategies. A prerequisite, however, is that the sample can be immobilized in 

some way. This may be achieved for example through micro-crystallization, 
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precipitation, embedding in lipid bilayers for membrane proteins, sedimentation, 

freezing of the sample, or fibril formation. It is very important to ensure native-like 

conditions of the sample, e.g. by monitoring the folding state during the experiment. 

The limited mobility of the molecule under investigation, even under MAS conditions, 

requires that anisotropic influences on spins have to be taken into account. The 

Hamiltonian describing the energies of a spin under solid-state conditions is: 

 

H = HZ	+ HRF	+ HCS	+ HD	+ HJ	+ HQ    (1.6) 

 

The Hamiltonian HZ describes the Zeeman interaction of the spin with the external 

magnetic field B0, HRF the interaction with the oscillating field B1 when 

radiofrequency pulses are applied. The chemical shielding of the external magnetic 

field by electrons is taken into account by HCS. The electron density is generally not 

completely symmetrically distributed and the chemical shielding contains both an 

isotropic (diso) and an anisotropic (daniso, chemical shift anisotropy) part: 

 

HCS = gB0IZ diso	+ 1
2
daniso 3cos2q	–	1     (1.7) 

 

with IZ describing the z-part of the spin operator of a nucleus with the gyromagnetic 

ratio g and the angle q between the vector of the anisotropic interaction and the 

magnetic field B0. This consideration of HCS is valid for an ellipsoidal distribution of 

the electron density and their localization along bond axes or non-bonding orbitals. 

In addition to the chemical shift, spins interact with each other through dipolar 

couplings; the corresponding Hamiltonian HD has an anisotropic part as well. 

 

HD = uD I1I2 – I2r12 I1r12

r12
2       (1.8) 

 

It describes the coupling between the magnetic moments of two spins through space 

with its strength defined by the coupling constant uD. This constant depends on the 

permeability of vacuum (µ0), the reduced Planck constant (� = #
$%) and the 

gyromagnetic ratios g1 and g2 of the coupled spins, and the distance (r) between them: 
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uD = 
µ0g1g2�

2

4pr12
3     (1.9) 

 

The distance dependency of the dipolar coupling therefore contains information about 

the three-dimensional structure of the molecules under investigation. It is around 

21 kHz for the spins of directly bonded 1H and 13C atoms, and approximately 120 kHz 

for two 1H spins with a distance of 1 Å from each other. Since the dipolar coupling 

only has an anisotropic part, its effect is averaged to zero by the rapid reorientation of 

molecules in solution and it is therefore not visible in solution-state NMR. If one uses 

the polar coordinates and the spin-raising- and spin-lowering-operators, I+ and I–, 

respectively, instead of the cartesian operator elements Ix and Iy, the Hamiltonians for 

the homo- and heteronuclear dipolar coupling between spins I and S can be written as 

follows: 

 

homo:   HD
II  = µ0gI

2�2

4prII
3 3cos2qII – 1 Iz1Iz2 – 1

4
I+1I–2+ I–1I+2   (1.10) 

hetero:   HD
IS =	– µ0gIgS�

2

4prIS
3 3cos2qIS – 1 IzSz     (1.11) 

 

with q being the angle between a vector describing the dipolar coupling of the spins I 

and S and the B0-field.  

In addition to the dipolar coupling, the Hamiltonian HJ for the scalar or J-coupling has 

to be considered in equation (1.6). It is mediated by the bonding electrons between 

nuclei. Its influence on NMR linewidths in solid-state NMR is rather small, because it 

is much weaker than the dipolar coupling. For example, the two spins in a 1H–13C bond 

have a scalar coupling constant of 1JHC = 140 Hz. In solution-state NMR, the scalar 

coupling results in line splitting into multipletts. In solid-state NMR, this splitting is 

usually hidden by other line-broadening interactions, like dipolar couplings or 

heterogeneity in chemical environment. Therefore, the scalar coupling is often of 

minor importance in solid-state NMR.  

Nuclei with spin quantum number I > ½ also exhibit quadrupolar interactions. They 

are described by the Hamiltonian HQ which also contains anisotropic parts; these 

interactions result from aspherical charge distributions in the atomic nucleus. 
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In summary, the Hamiltonian H of a spin contains anisotropic parts in the dipolar 

coupling and the chemical shift. In nuclei with quadrupolar moment, the anisotropy of 

the quadrupolar coupling has to be considered in addition. All anisotropic interactions 

have terms, which depend on 3cos2q – 1 (see equations (1.7), (1.10) and (1.11)), 

whereby q is the angle between a vector describing the anisotropic interaction and the 

external magnetic field B0. In solution-state NMR, these anisotropic interactions are 

averaged out through the rotational tumbling motion of a molecule. Small molecules 

have a short rotational correlation time (fast tumbling motion), which leads to a more 

efficient averaging of these interactions. In solid-state, however, these anisotropic 

interactions remain and have to be eliminated experimentally. Therefore, the sample 

is filled into a cylindrical rotor that is spun around its z-axis at an angle of 54.74° with 

respect to the magnetic field B0, which is called magic angle spinning (Figure 1.2.A). 

Generally, the angle q (between the vector connecting the spins and the z-axis) of an 

arbitrary dipolar coupled spin pair does not match the magic angle. However, the 

vector rotates around a cone with an axis inclined at the magic angle with respect to 

the magnetic field because of the spinning. This leads to an oscillation of the strength 

of the anisotropic interaction around zero (Figure 1.2.B). In equations (1.7), (1.10) and 

(1.11), 3cos2q – 1 becomes zero if q is averaged to q = 54.74°, and all anisotropic 

interactions are minimized when the rotor rotates sufficiently fast (with frequency in 

the kHz regime) around the magic angle. 

 

 
 
Figure 1.2. The concept of magic angle spinning (MAS).  

A The cylindrical rotor containing the sample is oriented at the magic 
angle of 54.74° with respect to the magnetic field B0 and usually rotated 
between 5 – 110 kHz.  
B Anisotropic interactions of arbitrary orientation between two spins (I 
and S) are minimized through MAS. 
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In solid-state NMR, a very common technique to increase the sensitivity is cross 

polarization (CP) (134). During CP, the magnetization is transferred from a nucleus 

with high gyromagnetic ratio (e.g. 1H) to a less sensitive nucleus (e.g. 13C or 15N) 

(Figure 1.3.A). This transfer of polarization is possible under fulfillment of the 

Hartmann-Hahn condition (Figure 1.3.B) (135). During a “normal” pulse, the RF-field 

is applied perpendicular to the orientation of the magnetization. In contrast, during CP, 

the RF-field is oriented parallel to the magnetization which is known as a spin-lock 

pulse. In order to fulfill the Hartmann-Hahn condition, the difference in RF strength 

(expressed in Hz) of the applied spin-lock-fields on the two types of nuclei has to be 

an integer multiple (with n = 1 or n = 2) of the MAS frequency. The polarization of 

the high-g nucleus is transferred through the dipolar heteronuclear coupling to the low-

g nucleus resulting in an increase in sensitivity.  

 

 

 
 
Figure 1.3. The principle of cross polarization (CP) between two different nuclei X 

and Y.  
A In a pulse sequence using CP, the magnetization is transferred between 
two nuclei by applying spin-lock fields for a certain contact time after 
initial excitation by a p/2-pulse. During detection of the FID, decoupling 
can be used in order to increase the spectral resolution through removal 
of couplings.  
B Excitation of the X nuclei leads to spin polarization, whereas none exists 
in Y nuclei before the CP. The fulfillment of the Hartmann-Hahn matching 
condition during CP by applying the appropriate spin-lock-fields B1X and 
B1Y allows transfer of spin polarization to the Y nuclei. The difference in 
spin-lock-field frequencies w1X and w1Y has to be an integer multiple of the 
MAS frequency wR (with n = 1 or n = 2). 
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In biomolecular NMR, the most commonly detected nuclei are 1H, 13C and 15N. The 

latter two have a low natural abundance (13C 1.1 %, 15N 0.37 %); therefore, samples 

have to be isotopically enriched for biomolecular NMR experiments. For proteins, this 

can be achieved during recombinant protein expression using minimal media and 13C-

labeled carbon sources (e.g. 13C-glucose or 13C-methanol) and 15N-labeled nitrogen 

sources (e.g. 15N-ammonium sulfate), respectively. Alternatively, the use of selective 

labeling approaches can be helpful to reduce spectral crowding and increase the 

spectral resolution (120, 136-139). Selective amino acid labeling or the use of [1,3-
13C]- and [2-13C]-glycerol may be useful to facilitate resonance assignments.  

 

 

 

Dynamic nuclear polarization (DNP) 

In the last decades, strong efforts have been undertaken to improve the sensitivity in 

biological solid-state MAS NMR by further developing DNP. In 1952, Albert 

Overhauser proposed the possibility to transfer the larger polarization of electrons to 

nuclear spins for hyperpolarization purposes, yielding an increase in sensitivity (140). 

Shortly after, Thomas Carver and Charles P. Slichter demonstrated experimentally that 

such an NMR signal enhancement can be achieved (141). In the context of biological 

applications, a fundamental breakthrough was the design and construction of a high-

power generator of electromagnetic waves, a so-called gyrotron. For DNP-enhanced 

solid-state MAS NMR, this has been pioneered by the group of Robert G. Griffin at 

the Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology (142-

144). In 2009, the first gyrotron set-ups for biological DNP-enhanced solid-state MAS 

NMR became commercially available (Figure 1.4.A). This lead to the emergence of 

specialized and promising investigations within the NMR field intended to further 

developing this method and applying it to questions in structural biology (145-151). It 

may be even applicable to NMR studies at natural isotopic abundance (152). A detailed 

description of the history and theoretical background of DNP is reviewed for example 

by Charles P. Slichter or by Thankamony et al. (140, 153). 

There are different mechanisms of microwave-driven DNP: the solid-effect (SE), the 

Overhauser effect, thermal mixing and the cross-effect (CE). The latter is applied in 

this thesis; this mechanism requires two unpaired electrons that are used as the source  
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Figure 1.4. DNP-enhanced solid-state MAS NMR.  
A The experimental set-up comprises a gyrotron, a waveguide and an 
NMR spectrometer. At a magnetic field of 9.4 T (400 MHz), the 
corresponding gyrotron frequency is 263 GHz. The sample can be cooled 
during MAS in a range of 100 K – 290 K by a cooling cabinet with a low-
temperature-MAS unit supplied with liquid N2 (not shown). 
B A biradical with two unpaired, dipolar coupled electrons can be used to 
hyperpolarize nuclear spins under microwave irradiation using the cross-
effect. The high polarization can be further transferred from 1H spins to 
heteronuclei using cross polarization (CP). 
C The enhancement effect (e(1H) ≈ 240) on 1H polarization is measured 
by comparing one-dimensional 1H-13C CP spectra without (MW Off, 
black, scaled by a factor of 16) and with (MW On, red) microwave 
irradiation recorded at 100 K on a standard protein using the biradical 
bcTol (see chapter 7). 
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of high polarization, and one nuclear spin (Figure 1.4.B). Therefore, the sample is 

doped with a stable biradical with two free electrons. Different versions of such 

molecules have been designed, e.g. TOTAPOL or AMUPol, and they are further 

developed to optimize the DNP efficiency (154, 155). The cross effect occurs when 

the two electrons are dipolar coupled to each other, and their resonance frequency is 

separated by the Larmor frequency of the nuclear spin. Under MAS and continuous 

microwave irradiation, the polarization is transferred from the electron spins to the 

nuclear spin when the Double or Zero Quantum transitions in this three-spin system 

are excited. This happens in a rotor-period dependent manner and can lead to a 

theoretical enhancement (e) of the NMR signal of about 660 for 1H resulting in a 

reduction of measurement time by a factor of 6602 = 435,600 (153). In practice, the 

enhancement factors are usually in the order of 10 – 250 for protein samples in DNP 

solid-state MAS NMR (Figure 1.4.C), see also chapters 5, 6, 7 and 8 (76, 156). This 

means that a NMR spectrum that would require a measurement time of one week 

(= 168 hours) using standard solid-state MAS NMR, can be acquired within ~15 s with 

DNP (e = 200). Consequently, DNP has a great potential for acquiring NMR spectra 

of systems with otherwise low sensitivity, especially when using very low sample 

amounts. It is important to keep in mind that depolarization can lead to a decrease of 

overall gain in sensitivity, e.g. through effects of paramagnetic relaxation enhancement 

(PRE) or MAS (153, 157, 158). 

The advantage of signal enhancement, however, comes at a price. The main challenge 

in biological DNP-enhanced solid-state MAS NMR is a severe reduction in spectral 

resolution, caused by both homogeneous and inhomogeneous line broadening (153, 

159). In DNP, the efficiency of the enhancement depends on the temperature – the 

lower the temperature, the higher the gain in sensitivity (153, 160). The strongest effect 

on the linewidths is due to the low experimental temperatures leading to 

heterogeneously and inhomogeneously broadened lines (161). At the commonly used 

temperature of 100 K, motional processes in the protein are decelerated, leading to 

freezing of different conformers and thus to broader lines. Therefore, it is not 

uncommon practice to perform DNP measurements at elevated temperatures. 

However, it is then necessary to ensure a sufficient DNP enhancement, especially 

above the 190 K – 200 K limit at which the glassy matrix usually melts. This matrix 

is commonly provided by a mixture of glycerol and water, and it is required to optimize 
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an even distribution of the analyte, biradical and the polarization throughout the 

sample, see also chapters 5 and 7 (123, 148, 162). 

 

 

 

Proton detection combined with fast magic angle spinning 

In NMR of proteins, the most important nuclei are 13C, 15N and 1H. Because of their 

large gyromagnetic ratio, protons are the most sensitive. Detecting 13C and 15N is less 

sensitive, because their gyromagnetic ratios are about 1/4 and 1/10, respectively, of 

g(1H). For sensitivity reasons, it is therefore desirable to detect 1H in biological NMR. 

Due to the averaging of anisotropic interactions between nuclear spins through 

tumbling motions of the biomolecule, protons can be easily detected in solution-state 

NMR. In solid-state NMR, however, proton detection is not as trivial. The 

gyromagnetic ratio contributes itself squared to the Hamiltonian describing the 

homonuclear dipolar coupling (see equations (1.8), (1.9) and (1.10), pages 15 and 16). 

Therefore, protons form a strongly coupled dipolar network and exhibit usually 

drastically broadened lines in solid-state NMR under MAS at moderate frequencies 

(10 – 20 kHz). This leads to lack of spectral resolution that is required for the analysis 

of biomolecules, even when applying 1H–1H decoupling approaches such as CRAMPS 

or Lee-Goldburg derived pulse sequences (163).  

In the past 15 years, this issue has been addressed by two important technical 

developments in the field. Firstly, preparing the protein in a deuterated form leads to 

a dilution of the proton spin bath and thus to a reduction of the network of strong 

dipolar couplings. After reintroduction of protons at exchangeable sites, e.g. at the 

amide positions in the protein backbone, a selected set of protons becomes available 

for detection with sufficient spectral resolution (Figure 1.5.A) (163-165). Secondly, 

this approach has been combined with strong efforts in hardware development to make 

higher MAS frequencies available (163, 166-168). With fast MAS, the net dipolar 

couplings between 1H spins are further averaged out and reduced. In favorable cases, 

combining moderate MAS frequencies with protein deuteration can already lead to 

fully resolved proton-detected heteronuclear correlation spectra (165, 169). Proton-

detected solid-state NMR spectra at 40 kHz and 60 kHz MAS have been recorded of  
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Figure 1.5. Proton-detected solid-state NMR profits from deuteration of proteins 
and high MAS frequencies using small rotors.  

 A In order to reduce the strong dipolar couplings between 1H spins, 
proteins are usually prepared in deuterated form (top). After 1H/2H-
backexchange, protons are reintroduced at exchangeable sites, e.g. at the 
amide positions in the protein backbone yielding a diluted 1H spin bath 
(bottom). These protons can be detected at fast MAS with sufficient 
spectral resolution.  

 B To further minimize dipolar couplings between 1H spins, high MAS 
frequencies up to 110 kHz are applied leading to improved 1H linewidths. 
Therefore, different rotor sizes are available. The smallest rotor with a 
diameter of 0.7 mm allows the highest MAS frequency making proton-
detected solid-state NMR on fully-protonated proteins feasible. Modified 
from warwick.ac.uk, © Józef Lewandowski. 

 

 

 

 

 

a large variety of deuterated proteins that are 1H/2H back-exchanged (170-175). Most 

recently, probes enabling MAS up to 110 kHz became available (126, 176). At such 

high spinning frequencies, reasonable 1H linewidths can be obtained for some proteins 

even without deuteration, which is of great advantage for the sample preparation, see 

also chapter 4 (176-178). The speed of sound poses the upper limit for the MAS 

frequency. The smaller the rotor, the higher MAS frequencies can be applied (Figure 

1.5.B). Even though this leads to some challenges in sample handling and preparation, 

the smaller rotors have the advantage of requiring less sample. The volume of a 0.7 mm 

MAS rotor, for example, is 0.59 µL. Therefore, protein amounts in the order of 200 µg 

to 400 µg are sufficient to obtain a maximum in signal-to-noise ratio (S/N) with a 

0.7 mm rotor that can be used at 110 kHz MAS (126, 179-181).  

Another general advantage of proton detection is the gain in sensitivity compared to 
13C- or 15N-detection. Based on the relative gyromagnetic ratios, the gain in S/N of 1H-

detection compared to 13C-detection is (1.12): 

 

g H 1

g C 
13

3
2

=  1
0.25

3
2 	=		8     (1.12) 
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In the case of 15N, this improvement is even larger (a factor of 40). The gain in 

sensitivity is one of the advantages of 1H detection. In addition, the resolution of 

protons as a result of the fast spinning can be further exploited by including 1H as 

additional dimension in multidimensional NMR spectra. This enables the acquisition 

of proton-detected triple-resonance experiments such as (H)CONH or (H)CANH in 

analogy to solution-state NMR (167, 170). In solid-state MAS NMR, the employed 

magnetization transfers in these experiments can be based on dipolar couplings using 

CP, or on scalar couplings by applying for example the ‘insensitive nuclei enhanced 

by polarization transfer (INEPT)’-scheme (179, 182, 183). This approach facilitates 

the assignment procedure of the NMR signals compared to the traditional assignment 

concept based on 13C-detected experiments (170, 184, 185). 

In summary, the methodological development in proton-detected solid-state MAS 

NMR provides the possibility to study proteins of any size by the full repertoire of 

NMR spectroscopy. This includes triple-resonance experiments, whereby protein 

amounts below 1 mg are sufficient and deuteration is no longer required (176-178, 

180). Combined with applying sedimentation of soluble proteins or biomolecular 

complexes, this method has the potential to study all protein classes independent of 

the expression system – even using mammalian cells, making structural studies of 

proteins with native glycosylation patterns conceivable. 

 

 

 

Resonance assignment procedures 

In basically all NMR-supported structural biology studies, the unambiguous 

identification of the signals, i.e. resonances, is a crucial step. Each nucleus has to be 

unequivocally connected to its corresponding resonance in a procedure called 

resonance assignment. An option to assign resonances is the use of mutations. This 

approach, however, is not practical if a full assignment of the protein is necessary 

because it may require a large number of samples causing very high costs. In 

unfavorable cases, it also may not lead to unequivocal assignments. 
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Figure 1.6. Magnetization transfer schemes of two- and three-dimensional solid-
state MAS NMR spectra for resonance assignments. Arrows indicate a 
transfer of magnetization, whereas grey arrows show the initial CP 
transfer from 1H. All nuclei that are used during the experiment are 
labeled with circles, but a spectral dimension is evolved only for colored 
nuclei (grey nuclei are excited, but not evolved, which is indicated by 
brackets in the name of the experiment). The different colors (green, red 
and blue) indicate atoms that can be correlated with each other in the 
respective spectrum.  

 A The basis set of 13C-detected experiments for resonance assignments is 
composed of a two-dimensional (H)CC and the three-dimensional 
experiments (H)NCACX and (H)NCOCX.  

 B In proton-detected solid-state MAS NMR, amides in the protein 
backbone can be identified in a two-dimensional (H)NH experiment. The 
1H, 15N, 13C’, 13Ca and 13Cb chemical shifts can be assigned with the 
three-dimensional (H)CANH, (H)CONH, (H)CA(CO)NH, (H)CO(CA)NH, 
(H)CBCANH and (H)CBCA(CO)NH spectra. In these experiments, 
magnetization transfers can be based on CP or INEPT, depending on the 
MAS frequency and the length of the obtained T2 coherences. 

 

 

 

 

 

It is desirable to assign spectroscopically all resonances in the native form of the 

protein. Traditionally, the resonance assignment in solid-state NMR of proteins is 

based on 13C-detected experiments. Initially, rather low or moderate MAS frequencies 

(< 40 kHz) have been available in solid-state NMR. Therefore, an assignment protocol 

has been established employing two- and three-dimensional experiments such as 

(H)CC, (H)NCACX and (H)NCOCX (Figure 1.6.A) (139, 186-188). Proton driven 

spin diffusion (PDSD) or dipolar assisted rotational resonance (DARR) mixing 

schemes are usually used for transfer of magnetization between the carbon spins (189, 

190, 191). Using two-dimensional (H)CC spectra, the resonances of individual amino 

acids can be identified based on their characteristic cross peak patterns. In a following 

step, they can be sequentially connected according to the amino acid sequence with 

the three-dimensional experiments (H)NCACX and (H)NCOCX. This approach, 

however, is not straightforward to apply in many cases, e.g. for large proteins. For 

larger proteins, the carbon-carbon mixing can lead to crowded spectra, making amino 

acid typing difficult (3, 192). Using sparsely labeled samples, either amino acid 
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selective or prepared with a more general labeling scheme, for example by using [1,3-
13C]- and [2-13C]-glycerol, these difficulties can be resolved to some degree and 

facilitate the resonance assignment (139, 187). For very large proteins, however, this 

approach might not be sufficient to achieve a complete assignment (3, 118).  

The advent of proton detection in solid-state NMR enabled a new assignment strategy 

(167, 170, 185). In principle, the assignment procedure using proton-detected solid-

state MAS NMR spectra is very similar to that in solution-state NMR. To ensure a 

sufficient S/N in all experiments, 1H linewidths should be narrow and the effective T2-

relaxation times of the nuclear spins used in the pulse sequence should be long enough. 

In a first step, a two-dimensional (H)NH correlation is recorded, to correlate amide 

protons to their nitrogens in the protein backbone (Figure 1.6.B) (167, 185). 

Subsequently, these pairs are connected to the neighboring Ca and C’ atoms using 

(H)CANH and (H)CONH spectra, respectively. Using a second set of three-

dimensional experiments, (H)CA(CO)NH and (H)CO(CA)NH, a sequential backbone 

walk can be performed (170). To facilitate amino acid identification, three-

dimensional (H)CBCANH and (H)CBCA(CO)NH experiments might prove 

informative. This set of spectra allows a full assignment of the Ca, Cb, C’, N and H 

atoms in the protein. With the help of very fast MAS (110 kHz), the amino acid side 

chains can be assigned, by making use of a proton-detected three-dimensional (H)CCH 

spectrum recorded on a fully-protonated sample. In addition, 1H-1H correlations can 

be used to validate assignments or for distance restraint collection (176, 193, 194). The 

dataset might be complemented by two-dimensional 13C-detected (H)CC spectra 

recorded with different mixing schemes at moderate MAS frequency on a fully-

protonated sample, to assign and correlate the carbon atoms of the amino acid side 

chains (118).  
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1.3 Scope of the Thesis 

 

Protonation dynamics may be one of the fundamental mechanistic principles 

determining the molecular function of proteins. NMR spectroscopy is a powerful 

method for investigating it, as it allows to detect protons directly. In addition, structural 

features can be studied in a large temperature range and native-like protein 

environments. However, solution-state NMR is not applicable to all proteins due to its 

size-limitations and the requirement of solubilization. In addition, not all functionally-

relevant protons in proteins may be detectable by solution-state NMR, e.g. for entropic 

reasons. Therefore, it is desirable to make additional structural biology methods 

available to protonation dynamics investigations. In this work, proton detection and 

DNP are applied as two advanced solid-state MAS NMR methods to study protonation 

dynamics. 

Some time ago, proton-detected solid-state NMR at fast MAS has been developed and 

established in structural biology. In this thesis, it is used to study protonation dynamics 

in complex proteins. To make use of its advantages, proton detection is tested for 

observation of hydrogen bonds. In particular, it is applied to address proton 

delocalization site-specifically with atomic resolution. This question is studied in 

bacteriorhodopsin, measured in its native membrane. The detection of the involved 

protons is anticipated to resolve their exchange at key amino acid side chains of this 

proton pump. To test its applicability to fully protonated proteins, proton-detected 

NMR at 100 kHz MAS is employed to study the extra-cellular domain of the neonatal 

Fc receptor. In the context of a druggability study, an innovative methodology is 

presented to detect protons in such large, soluble proteins that cannot be deuterated. 

The aim is to develop a small molecule that can be used after optimization as an 

inhibitor of a protein-protein interaction based on protonation dynamics. With this 

approach, only small sample quantities are required, and the protein under 

investigation can be produced in any expression system. 

Cross-effect DNP is explored as an approach to investigate structural features related 

to protonation dynamics that are difficult to observe by other methods. So far, DNP 

has limitations in spectral resolution between 100 K and 200 K and in efficiency above 

200 K. Therefore, it is further improved in two development studies. The first one is 

intended to achieve higher DNP enhancements at temperatures towards 200 K by 
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examining the influence of biradical-deuteration on the increase in S/N. In the second 

investigation, the performance of bcTol as a new biradical with increased water-

solubility is characterized. To demonstrate the value of DNP-enhanced solid-state 

MAS NMR in protonation dynamics studies, it is subsequently applied to 

channelrhodopsin (ChR) and the phytochrome photoreceptor Cph1. ChR is studied in 

lipid bilayers, addressing the retinal chromophore structure in dark-adapted samples. 

The retinal structure is an important feature related to protonation dynamics in this 

light-sensitive membrane protein. In the field of optogenetics, ChRs are widely used 

to investigate neuronal networks through light control (195-200). Phytochrome 

photoreceptors show characteristic features of protonation dynamics during the 

photocycle, as introduced in chapter 1. In recent years, the chromophore structure and 

the binding pocket have been investigated by solution-state and conventional solid-

state NMR (65, 67, 201-207). In these previous studies, however, an unequivocal 

assignment of the nitrogen resonances in the chromophore was not possible due to low 

sensitivity. As the nitrogens are key players in the events of protonation dynamics 

during molecular action of phytochromes, it is highly desirable to study their role using 

NMR. Profiting from the high water-solubility of bcTol, we addressed this issue by 

applying DNP to the soluble Cph1 protein, measured in frozen solution. 

  

Almost all projects have been performed in collaborations, mainly within the 

CRC1078 with the groups of Peter Hegemann (Humboldt University of Berlin), Peter 

Hildebrandt (Technical University of Berlin), Jon Hughes (University of Gießen) and 

Roland R. Netz (Free University of Berlin). Other key collaborations for the studies 

presented in this work have been with the groups of Marc Nazaré (FMP Berlin), 

Thomas Prisner (University of Frankfurt), Jörg Matysik (University of Leipzig), Snorri 

Th. Sigurdsson (University of Iceland), Beat H. Meier (ETH Zürich) and the company 

UCB Pharma.  
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2.1 Synopsis 

 

In protonation dynamics studies, direct proton detection combined with fast MAS is a 

promising technique to study functionally-relevant protons in membrane proteins and 

large proteins. Therefore, it is used in this work to address protonation dynamics 

questions in such complex proteins.  

As described in chapter 1, proton detection benefits from increased sensitivity 

compared to 13C- and 15N-detection. In addition, it introduces another spectral 

dimension making triple-resonance spectroscopy possible, thereby improving spectral 

resolution. These spectroscopic reasons are certainly a methodological advantage of 

proton detection. In addition, it allows detection of protonation states of different 

chemical moieties in the context of protonation dynamics studies. As these 

experiments can be performed at room temperature, it also gives access to kinetic 

information such as chemical exchange of protons between different sites, e.g. water 

and functional amino acid side chains.  

In the current chapter, we propose a proton-detected solid-state MAS NMR 

experiment that can be used to investigate hydrogen bonds. These are important non-

covalent interactions to stabilize protein structure and are involved in various 

molecular mechanisms enabling protein function. Therefore, it is desirable to identify 

them and to provide the possibility to investigate changes in hydrogen bonding 

networks between different conformational states of proteins. With the presented 

experiment, such hydrogen bonds can be detected. As we show, it can be used to 

distinguish secondary structure elements. In a-helices, hydrogen bonds between COi 

and HN
i+4 exist, whereas in b-sheets different patterns occur in the parallel (hydrogen 

bonds between every other COi and HN
j+1) and antiparallel (hydrogen bonds between 

every other COi and HN
j) case. We test the experiment with the model protein SH3 

using 40 kHz MAS at room temperature. 

This study may serve as a basis to further investigate the role of hydrogen bonds and 

their changes between transitions of different conformational states. Such studies, 

however, require a possibility to stabilize conformational states selectively. Depending 

on the protein under investigation, this could be accomplished by using mutants or 

light-irradiation combined with low temperatures. The latter, however, would require 

the availability of a fast MAS probe with very efficient cooling capacities. 
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2.2 Personal contribution 

 

I recorded NMR spectra of SH3, analyzed data and was involved in writing the 

manuscript. The protein was expressed and purified by Anne Diehl and Kristina 

Rehbein. 

 

Andrew J. Nieuwkoop, Daniel Friedrich and Hartmut Oschkinat designed the study; 

Andrew J. Nieuwkoop and Daniel Friedrich performed research; Andrew J. 

Nieuwkoop and Daniel Friedrich analyzed data; Andrew J. Nieuwkoop and Daniel 

Friedrich wrote the manuscript. 
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Abstract 26 

 27 

Protons play an essential role in both formation of structure and modulation of function 28 

in proteins. In particular, probing hydrogen bonds provides detailed insight into protein 29 

structure and their mechanisms in molecular function. In addition, collecting distance 30 

restraints of protons to heteronuclei such as carbonyl- and a-carbons in the protein 31 

backbone allows to identify secondary structure elements. Here, we report a proton-32 

detected fast magic-angle-spinning (MAS) solid-state NMR experiment that is 33 

particularly useful for detecting hydrogen bonds. Our results contain information 34 

about secondary structure as tested on the microcrystalline protein SH3. The presented 35 

experiment can be used to validate assignments in solid-state MAS NMR spectra and 36 

provides a basis to distinguish parallel and antiparallel b-sheets in proteins. Our 37 

approach shows the value of fast MAS and opens new routes in probing both 38 

secondary structure and the role of functionally-relevant protons in all targets of solid-39 

state MAS NMR. 40 

 41 

 42 

 43 
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 45 
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 49 
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Introduction 51 

 52 

One of the primary driving forces behind the folding of proteins is the formation of 53 

hydrogen bonds in secondary structure elements (Dobson, 2003; Jeffrey, 1997; Pace 54 

et al., 2014). The ubiquitous presence of b-sheets and a-helices in protein structures 55 

is a direct result of these two elements maximizing the number of hydrogen bonds 56 

available. In addition, hydrogen bonds are essential in coordinating functionally-57 

relevant water molecules and modulating interactions between biomolecules and their 58 

interactions with proteins, lipids, nucleic acids, and small molecules (Baker and 59 

Hubbard, 1984; Gonen et al., 2005; Jones and Thornton, 1996; Poornima and Dean, 60 

1995; Steitz, 1990). Considering the methodological repertoire in structural biology, 61 

NMR spectroscopy is particularly well-suited to study protons and their interactions 62 

with heteroatoms such as nitrogen and carbon at atomic resolution (Andreas et al., 63 

2015; Hong et al., 2012; Zhou et al., 2012). 64 

Magic-angle-spinning (MAS) solid-state NMR is rapidly becoming a reliable 65 

technique for structural investigations of insoluble proteins, such as fibrils, functional 66 

aggregates, and membrane proteins (Castellani et al., 2002; Loquet et al., 2013; Lu et 67 

al., 2013; Shahid et al., 2012; Tuttle et al., 2016; Wasmer et al., 2008). The large 68 

increase in sensitivity gained from proton-detection compared to 13C- and 15N-69 

detection means that larger and more complex systems can be addressed with smaller 70 

amounts of material. Crucial to the success of proton-detection has been the 71 

combination of high MAS frequencies (> 40 kHz) with protein deuteration while some 72 

work on fully protonated samples has been promising, especially at the highest MAS 73 

frequencies routinely available (Andreas et al., 2016; Lewandowski et al., 2011; 74 

Nieuwkoop et al., 2015; Reif, 2012; Struppe et al., 2017). For larger systems 75 
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deuteration followed by back-exchange at the labile sites has proved extremely 76 

effective at sharpening proton linewidths by limiting the number of protons in the core 77 

of the protein (Akbey et al., 2010; Chevelkov et al., 2006). This minimal bath of 78 

protons has additional benefits useful in acquiring structural restraints which we have 79 

designed an experiment to take advantage of. Since hydrogen atoms attached to 80 

nitrogen atoms which are involved in hydrogen bonds are the same present in back-81 

exchanged samples, the situation seems ideal for determining which of these bonds are 82 

present in protein structure.  83 

An added reason to be optimistic about the prospects of detecting hydrogen bonds and 84 

long-range contacts between protons and Ca-atoms in proton-detected experiments is 85 

the continued success of proton-carbon cross polarization (CP) in deuterated samples. 86 

CP has long been used in solid-state NMR to gain sensitivity by utilizing the higher 87 

initial polarization and shorter relaxation times of 1H relative to 13C or 15N (Pines, 88 

1972). While transfers to directly bonded nuclei are most efficient, CP is a dipolar 89 

process, which means it should be useful for detecting through space interactions in 90 

addition to increasing initial polarization in experiments. In the sparsely protonated 91 

context of a back-exchanged sample, this is especially the case. It has been 92 

demonstrated that protons in hydrogen bonds and hydroxyl protons can be detected by 93 

solid-state MAS NMR using CP (Agarwal, 2010). 94 

To demonstrate this idea, we acquired a 2D (H)COH experiment on the SH3 domain 95 

of chicken a-spectrin (Figure 1A). This experiment consists of two 1H-13C CP 96 

transfers, both of which were set to a longer contact time (4 ms) than is traditionally 97 

used. This results in each carbonyl being correlated to multiple protons. For example, 98 

the carbonyl resonance of G51 correlates to amide protons of residues in close 99 

proximity (V44, F52, V53, Q50 and V23) (Figure 1A and 1B).  100 
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 101 

Figure 1. Correlations between amide protons and carbonyls in SH3. (A) Solid-102 

state (H)COH 2D spectrum at 40 kHz MAS with long contact times for both CP-103 

transfer steps. Dashed lines indicate cross peaks of G51 and M25. (B) Structural view 104 

of amide protons correlating to the carbonyl of G51 in the (H)CH 2D spectrum. Dashed 105 

lines indicate hydrogen bonds. (C) Carbonyls of residues close to the amide proton of 106 

M25, hydrogen bonds are indicated by dashed lines. 107 

 108 

 109 

The strong signal involving V44-HN corresponds to an amide proton that is hydrogen 110 

bonded with the CO of G51. The M25-HN shows correlations to carbonyl signals of 111 
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sequential residues (M25, T24 and V23), but also to Y15-CO which is involved in a 112 

hydrogen bond (Figure 1A and 1C). Overall, this spectrum shows the promise of using 113 

long CP mixing times in deuterated samples to detect hydrogen bonds. Correlating 114 

each carbon to many protons, however, results in crowded 2D spectra, even for the 115 

relatively small protein SH3. Therefore, we set out to design a 3D experiment which 116 

will be useful in larger systems. 117 

In this study, we present a proton-detected 3D solid-state MAS NMR experiment that 118 

can be used to resolve long-range correlations observed in crowded (H)CH 2D spectra 119 

employing long CP contact times. We introduce a 15N-dimension resulting in a 120 

sensitive 3D experiment, which can be used for detecting through-space contacts 121 

between protons and both Ca and CO nuclei. It can be applied to detect hydrogen 122 

bonds, as we show for a microcrystalline preparation of the a-spectrin SH3 domain. 123 

We test the experiment on a 2H,15N,13C-labeled sample at 40 kHz MAS, but the 124 

experiment can be used at higher MAS frequencies as well. In favorable cases, fully-125 

protonated samples may be studied at 100 kHz MAS if well-resolved spectra can be 126 

obtained. Long-range contacts between Ca and HN are observed, as well as 127 

characteristic cross-peak patterns reflecting the expected hydrogen bonds in 128 

antiparallel b-sheets. In addition, the CO of prolines can be observed and correlated to 129 

HN resonances of residues close in space. 130 

 131 

 132 

 133 

  134 



 

 
page 7 of 19  

Results and Discussion 135 

 136 

The essential unit of the proposed experiment is a long mixing 13CO-1H CP step of 137 

about 4–6 ms. The most straightforward implementation of an appropriate 3D 138 

experiment would be to evolve the first 1H dimension to achieve an HCH 3D. This 139 

approach would have limitations however, as the chemical shift dispersion of both 1H 140 

and 13CO are not particularly large. If, however, we introduced a 15N dimension, we 141 

could gain additional spectral resolution. One method for doing this would be to 142 

frequency-label the initial 1H site at the beginning of the traditional (H)CONH type 143 

experiment. While the HCONH type 4D experiment may have promise, if we want to 144 

limit ourselves to 3D an H(CO)NH type experiment has the disadvantage of placing 145 

the hydrogen-bonded 1H in the indirect dimension. This cannot be as well digitized 146 

and as such would be less efficiently resolved. By exchanging the 13C and 15N 147 

dimensions, we could instead measure the hydrogen-bonded proton in the direct 148 

dimension, via an HN(CO)H type 3D. This experiment would label an HN plane to 149 

identify the CO site, and then utilize the direct dimension to identify the amide proton 150 

nearby. This transfer pathway could be used further to acquire an (H)NCOH 3D, which 151 

uses a NCO plane to identify the CO site (Figure 2). Depending on the resolution 152 

achieved in the HN or NCO planes, either could prove useful.  153 

 154 

 155 

 156 

 157 

 158 

 159 
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 160 

Figure 2. Pulse sequence for detecting hydrogen bonds. The 15N dimension is 161 

introduced to gain spectral resolution. To probe the H-CO interaction, a long mixing 162 

time in the last CP step from 13CO to 1H is applied. Both the acquisition of (H)NCOH 163 

and HN(CO)H can be used to investigate hydrogen bonds between carbonyls and 164 

amides. The experiment can be easily modified to collect a (H)NCAH spectrum. 165 

 166 

 167 

To observe correlations involving the 13Ca resonances, this experiment can be 168 

modified by utilizing a selective CP transfer from nitrogen to 13Ca followed by 169 

evolution of the 13Ca frequencies. This version should be acquired as an (H)NCAH 170 

3D to make benefit of the dispersion of the 13Ca resonances. Similar to the experiment 171 

involving CO, it is important to apply a long CP contact time (about 4–6 ms) for the 172 

transfer from carbon to protons before acquisition to probe long-range contacts of the 173 

frequency-labeled NCA pair to protons nearby. 174 

We tested both the (H)NCOH and the (H)NCAH experiments on a microcrystalline 175 

sample of the a-spectrin SH3 domain to evaluate observed signals towards their long-176 

range correlations. A characteristic example is the cross peaks involving the residues 177 

Y15 and M25 (Figure 3A). In the (H)NCAH experiment, correlations of the NCA pair 178 

of M25 to multiple proton sites can be detected (grey spectrum and grey lines). The 179 

strongest signals result from the amide protons of M25 and the neighboring residues 180 
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K26 and T24. Structurally more relevant are correlations to amino acids in the next b-183 

strand involving the amide protons of D14, Y15, Q16 and E17. They appear to be 184 

much weaker as the M25 and K26 signals due to the longer distances. Based on the 185 

(H)NCOH spectrum, signals reflecting amide protons near the Y15-CO can be 186 

observed (red spectrum and red lines). These include trivial correlations to the amide 187 

proton of Y15 and the sequentially connected residues Q16 and E17. The cross peak 188 

to the amide proton of M25 reflects a hydrogen bond between the amide group of M25 189 

and the Y15-carbonyl. This shows the great value of the proposed experiment to detect 190 

hydrogen bonds in proteins. In addition, a weak long-range correlation to the amide 191 

proton of K26 can be detected. 192 

 193 

 194 

Figure 3. Hydrogen bond and long-range contact patterns detected in secondary 195 

structure elements. (A) b-sheet and (B) turn-like secondary structure in 196 

microcrystalline SH3. The (H)NCAH and (H)NCOH correlations are shown in grey 197 

and red, respectively. Nitrogen atoms are shown as blue, oxygen as red, hydrogen 198 

atoms as small white and carbon atoms as big white spheres. The lines in the structural 199 

illustration indicate observed interactions and their thickness reflects the 200 

corresponding signal intensity. 201 
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The situation is different in a turn-like secondary structure (Figure 3B). Here, contacts 200 

between Y13-Ca and amide protons of A11, L12, Y13, D14 and Y15 can be observed 201 

(grey spectrum and grey lines). K27-HN is the only amide proton of a residue that is 202 

not close in sequence but still yielding a cross peak to Y13-Ca. The carbonyl of K26, 203 

however, shows multiple long-range interactions to amide protons of A11, Y13, D14, 204 

Y15, M25, K26, K27, G28 and D29 which are close in space (red spectrum and red 205 

lines). But, in contrast to the b-sheet, none of these reflects a hydrogen bond due to the 206 

less defined secondary structure. This shows how the proposed experiment can be used 207 

to identify secondary structure elements. 208 

Another value of the long CP contact time employed in the experiments presented here 209 

is the possibility to correlate the CO of a proline to amide protons close in space 210 

(Figure 4). This has a great advantage since prolines are often not visible in proton-211 

detected NMR experiments due to their tertiary amine nature of the nitrogen. The 212 

ability to correlate a proline CO to amide protons close in sequence or in space 213 

facilitates their assignment, and allows the detection of hydrogen-bonded proline 214 

carbonyls. 215 

 216 

 217 

 218 

 219 

 220 

 221 

 222 

 223 

 224 
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 225 

Figure 4. Detection of CO of a proline in SH3. The HN of amino acids close in space 226 

can be used as probes to observe the CO of prolines. Again, the lines in the structural 227 

illustration indicate the observed interactions and their thickness reflects the cross peak 228 

intensity. 229 

 230 

 231 

The determination of intermolecular hydrogen bonds at atomic resolution can provide 232 

further insight into binding mechanisms and interactions of biomolecules and therefore 233 

into their function (Janin et al., 2008). In contrast, different structural elements in 234 

proteins can be investigated based on intramolecular hydrogen-bonding patterns. For 235 

both purposes, the presented solid-state MAS NMR experiments may be useful. 236 

In the intramolecular case, the presence of b-sheet, random coil or a-helix as 237 

secondary structure elements leads to different closest amide protons to carbonyls. 238 

While the cross peak of the CO to the amide proton of one amino acid and the signals 239 

correlating the COi and HN
i+1 are trivial, different signal patterns can be observed for 240 

b-sheet, random coil and a-helix. The latter typically contains hydrogen bonds 241 

between COi and HN
i+4 (Figure 5A), whereas b-sheets show hydrogen bond patterns 242 

between amino acids further apart in the protein sequence. Especially analyzing which 243 
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amino acids have hydrogen bonds to each other can provide insight if parallel 244 

(hydrogen bonds between every other COi and HN
j+1) or antiparallel (hydrogen bonds 245 

between every other COi and HN
j) b-sheets exist (Figure 5B). This can be used as 246 

structural constraints to identify secondary structural elements. 247 

 248 

 249 

Figure 5. Characteristic hydrogen bond patterns in secondary structure 250 

elements. (A) In an ideal a-helix (PDB code 4U1H (Kløverpris et al., 2015)), 251 

hydrogen bonds are formed between COi and HN
i+4. (B) Different hydrogen bonding 252 

patterns are expected in idealized parallel (every other COi and HN
j+1) and antiparallel 253 

(every other COi and HN
j) b-sheets (PDB codes 2LBU and 2LNQ, respectively (Qiang 254 

et al., 2012; Schütz et al., 2011)). Nitrogen atoms are shown as blue, oxygen as red, 255 

hydrogen atoms as small white and carbon atoms as big white spheres. (C) Secondary 256 

structure of SH3 (based on PDB 1U06 (Chevelkov et al., 2005)) and hydrogen bonds 257 

in the antiparallel b-sheets (red lines). 258 
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In the SH3 domain, three antiparallel b-sheets exist, consisting of seven b-strands in 259 

total (Figure 5C). In the three-dimensional (H)NCOH spectrum, cross peaks can be 260 

observed for a number of amino acids that form hydrogen bonds. These include, for 261 

example, L10–K59 with the expected correlations between L10-CO and K59-HN, and 262 

L10-HN and K59-CO. Such a cross peak pattern corresponds to the hydrogen bonds 263 

formed in an antiparallel b-sheet (Figure 5B). The same is observed for the second b-264 

sheet, for which signals reflecting the two hydrogen bonds between Y15 and M25 are 265 

detected. This b-sheet is slightly twisted, therefore the CO and HN of E17 and V23 do 266 

not form hydrogen bonds and thus signals cannot be observed. The third b-sheet that 267 

is formed by three b-strands shows hydrogen bonding between the CO and HN atoms 268 

of 10 amino acids. Two hydrogen bonds are found between the first two strands (T32–269 

E45 and L34–K43), and three between the second and third strands (W42–V53, V44–270 

G51 and V46–R49). In this b-sheet, the characteristic hydrogen bonding pattern for 271 

the antiparallel case is observed. 272 

 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

 281 

  282 
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Conclusion 283 

 284 

In summary, we present a three-dimensional proton-detected solid-state MAS NMR 285 

experiment that resolves through-space contacts of protons to carbons. As a 286 

(H)NCOH, it can be used to explore hydrogen bonds to identify secondary structure 287 

elements. This is especially useful to distinguish parallel and antiparallel b-sheets 288 

through the respective hydrogen bonding patterns. As we show, the expected hydrogen 289 

bonds for the antiparallel b-sheets in the model protein SH3 can be detected. The 290 

experiment gives also access to the chemical shift of proline carbonyls, which is not 291 

the case in conventional proton-detected solid-state MAS NMR experiments. 292 

In future studies, the experiment may also be useful to investigate hydrogen bonds 293 

between amino acid side chains such as aspartate/glutamate and other residues, for 294 

example arginine side chains. In such cases, however, the experiment needs to be 295 

modified since it features a 15N-filter that does not allow to observe signals of 13Cg/d 296 

in aspartate and glutamate, respectively. Similarly, the 13CO-filter prevents 297 

magnetization transfer involving the guanidinium group of arginine and thus the 298 

observation of this moiety as hydrogen bonding partner. By adding a 13C-13C mixing 299 

step, such correlations could be collected in a (H)CCOH-type experiment. 300 

Alternatively, it could be extended to an (H)N(H)COH experiment to still make use of 301 

the 15N chemical shift. In addition to investigating hydrogen bonds, the experiment 302 

can be used to collect long-range contacts by recording it as a (H)NCAH spectrum.  303 

 304 

 305 

 306 

  307 
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Materials and Methods 308 

 309 

All experiments were recorded on a 900 MHz Avance III Bruker NMR spectrometer 310 

equipped with a 1.9 mm four-channel (HCND) MAS solid-state probe using a 311 

microcrystalline 2H,13C,15N-labeled SH3 sample (70 % reprotonated at exchangeable 312 

sites). The variable temperature was set to 240 K and the MAS frequency to 40 kHz 313 

for all experiments, and p/2 pulses of 100 kHz for 1H, 50 kHz for 13C and 41.67 kHz 314 

for 15N were used. MISSISSIPPI water suppression with 35 ms pulses before the last 315 

CP transfer and WALTZ-16 1H decoupling during indirect evolution periods was 316 

applied in all experiments. The protein was expressed and purified as described in 317 

Akbey et al. and Nieuwkoop et al., and the proton level was adjusted using a 318 

1H2O/2H2O mixture of 70% 1H2O (Akbey et al., 2010; Nieuwkoop et al., 2015).  319 

For the (H)COH 2D experiment, a contact time of 4 ms was used for both CP steps. 320 

Linear ramps of 100% – 75% and 80% – 100% were applied on 1H during the first and 321 

second CP transfers, respectively. The carrier was set to 174.6 ppm on 13C during the 322 

experiment. Both CP steps were optimized around 60 kHz for 1H and 20 kHz for 13C 323 

to fulfill the n=1 Hartmann-Hahn condition. 4096 data points at a sweep width of 324 

50 kHz and a maximum acquisition time of 41 ms were acquired in the direct 1H 325 

dimension. 256 T2 increments at a sweep width of 6.67 kHz were collected in the 326 

indirect 13C dimension, corresponding to a maximum acquisition time of 19.2 ms. An 327 

interscan delay of 1 s was used, and 4 scans per slice were acquired. 328 

For the (H)NCOH 3D experiment, a contact time of 1.5 ms for the 1H-15N CP transfer 329 

was applied, optimized around 60 kHz for 1H with a linear 100% – 80% ramp and 330 

20 kHz for 15N. A contact time of 10 ms was used for the 15N-13CO CP, optimized 331 

around 30 kHz for 15N with a tangential 40% – 60% shape and 10 kHz for 13CO. The 332 
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13CO-1H CP transfer was the same as in the (H)COH 2D experiment. 4 scans with an 333 

interscan delay of 1 s were recorded. The 13C carrier was set to 174.6 ppm and for 15N 334 

to 115.7 ppm. 96 increments were collected in both the 15N dimension (sweep width 335 

3.33 kHz, 14.4 ms acquisition time) and the 13C dimension (sweep width 5 kHz, 336 

acquisition time of 9.6 ms). 4096 data points with a sweep width of 50 kHz and 41 ms 337 

acquisition time were recorded in the direct 1H dimension. 338 

The (H)NCAH experiment was acquired with the same experimental conditions, 339 

except for using specific 15N-13CA and 13CA-1H CP transfers with the 13C carrier set 340 

to 55.2 ppm. In this experiment, 192 slices were collected for 13C at a sweep width of 341 

10 kHz, yielding a maximum acquisition time of 9.5 ms in the carbon dimension.  342 

 343 

 344 

 345 

Acknowledgment 346 

We thank Anne Diehl and Kristina Rehbein for the preparation of the microcrystalline 347 

2H,13C,15N-labeled SH3 sample. Funding through the Deutsche 348 

Forschungsgemeinschaft (Sonderforschungsbereich 1078 B1) to Hartmut Oschkinat is 349 

kindly acknowledged.  350 

 351 

 352 

 353 

 354 

 355 

 356 

  357 



 

 
page 17 of 19  

References 358 

 359 

Agarwal, V., Linser, R., Fink, U., Faelber, K., and Reif, B. (2010). Identification of 360 
hydroxyl protons, determination of their exchange dynamics, and characterization of 361 
hydrogen bonding in a microcrystalline protein. J. Am. Chem. Soc. 132, 3187–3195. 362 

Akbey, U., Lange, S., Trent Franks, W., Linser, R., Rehbein, K., Diehl, A., van 363 
Rossum, B.-J., Reif, B., and Oschkinat, H. (2010). Optimum levels of exchangeable 364 
protons in perdeuterated proteins for proton detection in MAS solid-state NMR 365 
spectroscopy. J Biomol NMR 46, 67–73. 366 

Andreas, L.B., Jaudzems, K., Stanek, J., Lalli, D., Bertarello, A., Le Marchand, T., 367 
Cala-De Paepe, D., Kotelovica, S., Akopjana, I., Knott, B., et al. (2016). Structure of 368 
fully protonated proteins by proton-detected magic-angle spinning NMR. 369 
Proceedings of the National Academy of Sciences 113, 9187–9192. 370 

Andreas, L.B., Le Marchand, T., Jaudzems, K., and Pintacuda, G. (2015). High-371 
resolution proton-detected NMR of proteins at very fast MAS. Journal of Magnetic 372 
Resonance 253, 36–49. 373 

Baker, E.N., and Hubbard, R.E. (1984). Hydrogen bonding in globular proteins. 374 
Progress in Biophysics and Molecular Biology 44, 97–179. 375 

Castellani, F., van Rossum, B., Diehl, A., Schubert, M., Rehbein, K., and Oschkinat, 376 
H. (2002). Structure of a protein determined by solid-state magic-angle-spinning 377 
NMR spectroscopy. Nature 420, 98–102. 378 

Chevelkov, V., Faelber, K., Diehl, A., Heinemann, U., Oschkinat, H., and Reif, B. 379 
(2005). Detection of dynamic water molecules in a microcrystalline sample of the 380 
SH3 domain of α-spectrin by MAS solid-state NMR. J Biomol NMR 31, 295–310. 381 

Chevelkov, V., Rehbein, K., Diehl, A., Reif, B. (2006). Ultrahigh resolution in 382 
proton solid-state NMR spectroscopy at high levels of deuteration. Angew Chem Int 383 
Ed Engl 45, 3878–3881. 384 

Dobson, C.M. (2003). Protein folding and misfolding. Nature 426, 884. 385 

Gonen, T., Cheng, Y., Sliz, P., Hiroaki, Y., Fujiyoshi, Y., Harrison, S.C., and Walz, 386 
T. (2005). Lipid–protein interactions in double-layered two-dimensional AQP0 387 
crystals. Nature 438, 633–638. 388 

Hong, M., Fritzsching, K.J., and Williams, J.K. (2012). Hydrogen-Bonding Partner 389 
of the Proton-Conducting Histidine in the Influenza M2 Proton Channel Revealed 390 
From 1H Chemical Shifts. J. Am. Chem. Soc. 134, 14753–14755. 391 

Janin, J., Bahadur, R.P., and Chakrabarti, P. (2008). Protein–protein interaction and 392 
quaternary structure. Quart. Rev. Biophys. 41, 133–180. 393 

 394 



 

 
page 18 of 19  

Jeffrey, G.A. (1997). An Introduction to Hydrogen Bonding. 395 

Jones, S., and Thornton, J.M. (1996). Principles of protein-protein interactions. Proc 396 
Natl Acad Sci USA 93, 13. 397 

Kløverpris, H.N., Cole, D.K., Fuller, A., Carlson, J., Beck, K., Schauenburg, A.J., 398 
Rizkallah, P.J., Buus, S., Sewell, A.K., and Goulder, P. (2015). A molecular switch 399 
in immunodominant HIV-1-specific CD8 T-cell epitopes shapes differential HLA-400 
restricted escape. Retrovirology 12, 20. 401 

Lewandowski, J.R., Dumez, J.-N., Akbey, U., Lange, S., Emsley, L., and Oschkinat, 402 
H. (2011). Enhanced Resolution and Coherence Lifetimes in the Solid-State NMR 403 
Spectroscopy of Perdeuterated Proteins under Ultrafast Magic-Angle Spinning. J. 404 
Phys. Chem. Lett. 2, 2205–2211. 405 

Loquet, A., Sgourakis, N.G., Gupta, R., Giller, K., Riedel, D., Goosmann, C., 406 
Griesinger, C., Kolbe, M., Baker, D., Becker, S., et al. (2013). Atomic model of the 407 
type III secretion system needle. Nature 486, 276–279. 408 

Lu, J.-X., Qiang, W., Yau, W.-M., Schwieters, C.D., Meredith, S.C., and Tycko, R. 409 
(2013). Molecular structure of β-amyloid fibrils in Alzheimer's disease brain tissue. 410 
Cell 154, 1257–1268. 411 

Nieuwkoop, A.J., Franks, W.T., Rehbein, K., Diehl, A., Akbey, U., Engelke, F., 412 
Emsley, L., Pintacuda, G., and Oschkinat, H. (2015). Sensitivity and resolution of 413 
proton detected spectra of a deuterated protein at 40 and 60 kHz magic-angle-414 
spinning. J Biomol NMR 61, 161–171. 415 

Pace, C.N., Fu, H., Lee Fryar, K., Landua, J., Trevino, S.R., Schell, D., Thurlkill, 416 
R.L., Imura, S., Scholtz, J.M., Gajiwala, K., et al. (2014). Contribution of hydrogen 417 
bonds to protein stability. Protein Science 23, 652–661. 418 

Pines, A. (1972). Proton-Enhanced Nuclear Induction Spectroscopy. A Method for 419 
High Resolution NMR of Dilute Spins in Solids. J. Chem. Phys. 56, 1776. 420 

Poornima, C.S., and Dean, P.M. (1995). Hydration in drug design. 1. Multiple 421 
hydrogen-bonding features of water molecules in mediating protein-ligand 422 
interactions. Journal of Computer-Aided Molecular Design 9, 500–512. 423 

Qiang, W., Yau, W.-M., Luo, Y., Mattson, M.P., and Tycko, R. (2012). Antiparallel 424 
β-sheet architecture in Iowa-mutant β-amyloid fibrils. Proc Natl Acad Sci USA 109, 425 
4443. 426 

Reif, B. (2012). Ultra-high resolution in MAS solid-state NMR of perdeuterated 427 
proteins: Implications for structure and dynamics. Journal of Magnetic Resonance 428 
216, 1–12. 429 

Schütz, A.K., Soragni, A., Hornemann, S., Aguzzi, A., Ernst, M., Böckmann, A., and 430 
Meier, B.H. (2011). The Amyloid-Congo Red Interface at Atomic Resolution. 431 
Angew. Chem. Int. Ed. 50, 5956–5960. 432 



 

 
page 19 of 19  

Shahid, S.A., Bardiaux, B., Franks, W.T., Krabben, L., Habeck, M., van Rossum, B.-433 
J., and Linke, D. (2012). Membrane-protein structure determination by solid-state 434 
NMR spectroscopy of microcrystals. Nat. Methods 9, 1212–1217. 435 

Steitz, T.A. (1990). Structural studies of protein–nucleic acid interaction: the sources 436 
of sequence-specific binding. Quart. Rev. Biophys. 23, 205–280. 437 

Struppe, J., Quinn, C.M., Lu, M., Wang, M., Hou, G., Lu, X., Kraus, J., Andreas, 438 
L.B., Stanek, J., Lalli, D., et al. (2017). Expanding the horizons for structural 439 
analysis of fully protonated protein assemblies by NMR spectroscopy at MAS 440 
frequencies above 100 kHz. Solid State Nuclear Magnetic Resonance 87, 117–125. 441 

Tuttle, M.D., Comellas, G., Nieuwkoop, A.J., Covell, D.J., Berthold, D.A., Kloepper, 442 
K.D., Courtney, J.M., Kim, J.K., Barclay, A.M., Kendall, A., et al. (2016). Solid-443 
state NMR structure of a pathogenic fibril of full-length human α-synuclein. Nat. 444 
Struct. Mol. Biol. 23, 409–415. 445 

Wasmer, C., Lange, A., Van Melckebeke, H., Siemer, A.B., Riek, R., and Meier, 446 
B.H. (2008). Amyloid fibrils of the HET-s(218-289) prion form a beta solenoid with 447 
a triangular hydrophobic core. Science 319, 1523–1526. 448 

Zhou, D.H., Nieuwkoop, A.J., Berthold, D.A., Comellas, G., Sperling, L.J., Tang, 449 
M., Shah, G.J., Brea, E.J., Lemkau, L.R., and Rienstra, C.M. (2012). Solid-state 450 
NMR analysis of membrane proteins and protein aggregates by proton detected 451 
spectroscopy. J Biomol NMR 54, 291–305.  452 



CHAPTER 3 

 53 

 

 

 

 

 

 

 

 

 

 

 

 

3 
DIRECT OBSERVATION OF PROTON EXCHANGE IN A 

PROTON PUMP 
 

 

3. DIRECT OBSERVATION OF PROTON EXCHANGE IN A PROTON 

PUMP  
 

 

 

  



CHAPTER 3 

 54 

3.1 Synopsis 

 

Detecting protons by NMR not only gives access to spatial information at atomic 

resolution, but also potentially allows to study their dynamic behavior, i.e. chemical 

exchange processes of protons. Such dynamics can be assessed using exchange 

spectroscopy in which chemical exchange is detected as cross peaks in 

multidimensional NMR spectra. Under solid-state MAS conditions, however, cross 

peaks can be also due to spin diffusion processes in such exchange spectra. In addition 

to reasons of improving spectral resolution, it is therefore important to apply high 

MAS frequencies and deuteration when observing exchangeable protons. 

In the current chapter, a study of proton exchange processes in the pore of the light-

driven proton pump bacteriorhodopsin (BR) is presented. The protein is studied in the 

purple membrane, its native environment. BR is an ideal model system to investigate 

such processes as it relocates protons across the membrane out of the Halobacterium 

cell. During this process, several amino acid side chains and the Schiff base of the 

retinal chromophore change their protonation states. To investigate proton exchange 

processes at the key residues D85, D96 and R82, proton detected 1H–1H exchange 

spectroscopy is applied. Since a number of water molecules are involved in the proton 

transport, we use a water suppression method that preserves the water proton 

magnetization. This allowed us to investigate proton exchange between the carboxyl 

and guanidinium groups of theses residues and water. For D96, we find a proton 

exchange with water. Interestingly, in the crystal structure solved at 100 K the next 

water molecule is about 5 Å distant from the D96 carboxyl group, making a proton 

exchange very unlikely. Therefore, we conclude that either this water molecule is 

highly dynamic at room temperature or additional water molecules provide the 

possibility for a long-range Grotthuss-type proton exchange pathway at this site. We 

also studied D85 and R82, for which we observe proton delocalization with water 

molecules. Even though D85 is deprotonated in the BR ground-state, a proton is 

delocalized between its carboxyl group and water. In addition, a proton exchange is 

observed between this site and the guanidinium moiety of R82 via water molecules. 

This suggests the involvement of R82 in the proton transport during the BR 

photocycle.  
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The current chapter highlights the great potential of proton-detected solid-state NMR 

combined with fast MAS in protonation dynamics studies. It allows to investigate 

protonation states and their dynamic changes, and it can be applied to a large variety 

of proteins including membrane proteins.  
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Abstract 27 

 28 

A variety of membrane proteins translocate protons, let them pass selectively or are 29 

driven by translocating protons, such as ATPases, ion channels, or rhodopsin-like 30 

proton pumps. Their inherent protonation dynamics plays an essential role in this 31 

process but it is difficult to observe by common structural methods. Since NMR 32 

detects protons directly, we introduce solid-state magic-angle-spinning (MAS) NMR 33 

as an attractive method for studying exchangeable protons and their dynamics, 34 

investigating key sites within the archaeal light-driven proton pump 35 

bacteriorhodopsin (BR) as an example. They comprise the Schiff base, D96, D85, 36 

R82, and close water molecules within its pore. We detect protons attached to the 37 

head groups of these three residues and study their exchange characteristics. Three 38 

mutants used for resonance assignment showed different protonation dynamics 39 

patterns, in accordance with alterations in their kinetics. The combination with ab-40 

initio molecular dynamics simulations reveals proton delocalization between D85 41 

and H2O in the BR dark-state. The protonated D96 exchanges its proton much less 42 

frequent with H2O hydrogens, which in addition is found to require a dynamic 43 

behavior of water molecules at the proton uptake site in BR. An exchange signal 44 

between D85 and R82 suggests a proton path between them. Our study provides 45 

insight into the relation of protonation dynamics and active proton pumping, 46 

suggesting that NMR at fast MAS will be the method of choice in further 47 

investigations of proton translocating membrane protein systems. 48 

 49 

 50 

  51 
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Introduction 52 

 53 

The principle of protonation dynamics exhibits several features of protons which are 54 

regulating how proteins function (Karplus and Kuriyan, 2005). It includes the 55 

movement of protons between neighboring groups (shift of a proton in a hydrogen 56 

bond), the relocation of protons between H2O molecules and amino acid side chains 57 

that can be protonated, and long-range proton transfer processes. To enable these 58 

features, networks of hydrogen-bonds between H2O molecules and the protein must 59 

be rearranged (Freier et al., 2011). This may require conformational changes of 60 

amino acids or even secondary structure elements. In general, understanding the 61 

regulatory principle of protonation dynamics requires the possibility to measure 62 

changes in protonation states. To establish an experimental approach to investigate 63 

such dynamics in membrane proteins, we employ direct detection of protons using 64 

fast magic-angle-spinning (MAS) solid-state NMR spectroscopy. Sufficient spectral 65 

resolution in proton-detected experiments can be achieved by using high MAS 66 

frequencies (> 40 kHz), especially when combined with deuteration of the protein 67 

followed by back-exchange of protons at labile position (Zhou et al., 2007; 68 

Kurauskas et al., 2016; Lakomek et al., 2017; Linser et al., 2011). The 69 

methodological progress in solid-state NMR has opened new possibilities in 70 

investigations of membrane proteins, fibrils and large biomolecular complexes 71 

(Baker and Baldus, 2014; Brown and Ladizhansky, 2015; Fitzpatrick et al., 2013; 72 

Lalli et al., 2017; Weingarth and Baldus, 2013). Protonation and deprotonation of 73 

individual amino acids can be investigated by time-resolved infrared spectroscopy 74 

(rapid scan and step scan) (Kötting and Gerwert, 2005; Radu et al., 2009). In many 75 

cases, however, vibrational bands are heavily overlapping and the attribution of 76 
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individual vibrations in the difference spectra is difficult and in most cases 77 

impossible. In this study, we use NMR exchange spectroscopy to elucidate proton 78 

exchange between amino acid side chains and water molecules (Zheng et al., 1993). 79 

The resulting homonuclear multi-dimensional correlations contain information about 80 

chemical exchange including the kinetics, but also continuous exchange of energy 81 

between the individual nuclear spins (spin diffusion). Due to limited spectral 82 

resolution, it is difficult to distinguish different water populations based on the 1H 83 

chemical shift in 1H-1H exchange spectra. Therefore, resulting signals at the water 84 

frequency may contain contributions from the bulk water. Still, it is highly desirable 85 

to determine proton exchange processes between residues that can be protonated and 86 

H2O molecules. Here we study such a process at the aspartic acids D85 and D96 as 87 

well as R82 in bacteriorhodopsin (BR). These residues show changes in their 88 

protonation states at the carboxylic acid and guanidinium moieties during the 89 

photocycle of this light-dependent proton pump (Freier et al., 2011). BR is an 90 

excellent model system to establish new approaches for determining chemical 91 

exchange of protons between amino acid side chains and H2O molecules since both 92 

are involved in the proton transport pathway (Figure 1A). Recently, a time-resolved 93 

serial femtosecond crystallography study using an X-ray free electron laser revealed 94 

structural changes and repositioning of water molecules during the BR photocycle 95 

(Nango et al., 2016). This allows conclusions about potential proton transport in BR, 96 

however, the direct detection of protons and their exchange behavior was not 97 

possible so far. 98 

 99 

 100 

 101 
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 102 
Figure 1. The light-driven proton pump bacteriorhodopsin (BR, PDB 1C3W 103 

(Luecke et al., 1999)). (A) The proton transport pathway in BR involves the aspartic 104 

acids D96, D85, the retinal Schiff base (RSB), R82 and the proton release group 105 

(PRG) with the glutamic acids E194 and E194 constituting the extracellular H+ 106 

release site. (B) The photocycle of BR (Mak-Jurkauskas et al., 2008; Neutze et al., 107 

2002; Wickstrand et al., 2015). 108 

 109 

 110 

During its photocycle, BR relocates in a non-consecutive transport step a single 111 

proton across the membrane out of the Halobacterium salinarum cell (Figure 1B). 112 

After absorption of a photon, the retinal chromophore isomerizes from an all-trans 113 

configuration to 13-cis during the transition from BR568 dark-state to the K590 114 

intermediate. This K state, however, comprises a not fully rotated chromophore 115 

(Shim et al., 2009). The reaction is followed by a relaxation of retinal into the fully 116 

rotated 13-cis conformer (L550-state) and a subsequent relocation of the retinal Schiff 117 

base (RSB) proton to the carboxylic acid of the D85 side chain. This is caused by a 118 

drastic pK drop of the RSB and an increase of the D85 pK (Lanyi and Schobert, 119 

2007). Protonation of D85 initiates an outward movement of R82 and a decrease in 120 



 page 6 of 29 

pK of the proton release group (PRG), consisting of E194, E204 and a trimeric water 121 

cluster (H2O 403, 404 and 405), resulting in a proton release into the extracellular 122 

bulk phase (L550 ® M1412) (Bashford and Gerwert, 1992; Garczarek et al., 2005; 123 

Spassov et al., 2001). After reorientation of Helix F and large structural changes 124 

(M1412 ® M2412), water is invading into the intercellular proton channel and the RSB 125 

is reprotonated from D96 via a transient water chain visualized as M2412 ® N520 126 

transition. Protonation of the RSB reduces the pK of D85 and its proton is transferred 127 

to the proton release group (PRG) (N520 ® O640). However, it remained unclear 128 

whether this late proton transfer involves deprotonation and reprotonation of R82 129 

(Hutson et al., 2000). The photocycle is complemented by restoring the initial all-130 

trans configuration of the retinal by thermal relaxation (O640 ® BR568) (Lanyi, 131 

2004). The key steps of this global proton relocation process across the membrane 132 

are only possible through the involvement of H2O molecules (Gerwert et al., 2014; 133 

Kandori, 2000). This is especially true for the proton movement from D96 to the 134 

RSB but also for the proton release from D85 towards the PRG (Figure 1).  135 

Therefore, the chemical exchange of protons from carboxylic moieties of an aspartic 136 

acid with H2O molecules is crucial for the molecular operation of BR. To gain 137 

further insights into the underlying proton exchange processes, we aim to 138 

characterize such chemical exchanges site-specifically. In addition, the role of R82 in 139 

the proton transport mechanism must be elucidated in more detail because time-140 

resolved infrared spectroscopy for this residue is not available. To characterize and 141 

finally understand the proton relocation pathway from D85 to the PRG during the 142 

photocycle, we investigate the protonation state of the R82 side chain and its 143 

exchange behavior to H2O and the carboxylic moiety of D85. 144 
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To study the delocalization of exchangeable protons in the BR dark-state and to help 145 

understanding the role of R82, D96 and D85 in the proton transport mechanism of 146 

BR, we use deuterated and 13C,15N-labeled purple membranes. We applied high 147 

MAS frequencies (40 kHz and 60 kHz) after re-introducing protons during 148 

illumination of the samples and collected proton-detected solid-state NMR exchange 149 

spectra (Zheng et al., 1993). This approach facilitates the detection of proton 150 

delocalization and the underlying exchange measured in the BR dark-state. 151 

Therefore, it may inform on contributions of the chemical sites involved in the global 152 

proton relocation process. To help interpreting the exchange signals observed, we 153 

performed ab-initio molecular dynamics simulations that allow estimating the proton 154 

distribution between a H2O molecule and a carboxylic moiety. This approach 155 

enabled us to conclude about the exchange behavior of protons at amino acid side 156 

chains with H2O molecules in the core of the protein, even when measuring the 157 

samples in the dark. 158 

 159 

 160 

 161 

 162 

 163 

 164 

 165 

 166 

 167 

 168 

  169 
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Results and Discussion 170 

 171 

Detectability of protons in deuterated BR by solid-state MAS NMR  172 

The experimental procedure chosen makes different sites accessible by proton-173 

detected solid-state MAS NMR spectroscopy (Figure 2A). If the sample is not back-174 

exchanged, no signals can be expected in such experiments (Figure 2A, top left). 175 

After re-introducing protons at exchangeable positions, one should observe signals 176 

from the amides in the protein backbone (Figure 2A, top right), at least when the 177 

position is solvent accessible – which is limited in membrane proteins (Lalli et al., 178 

2017; Ward et al., 2011). In addition to these sites, exchangeable protons at side 179 

chains of residues that are involved in proton pumping (glutamate, aspartate and 180 

arginine) should give rise to NMR resonances as well since the back-exchange was 181 

performed during illumination (Figure 2A, bottom left and right). In BR, these 182 

residues include R82 and the two aspartic acids D85 and D96. 183 

To monitor the efficiency of the back-exchange of protons, we recorded a 1H based 184 

two-dimensional 15N-1H correlation using cross polarization (CP) (Figure 2B) 185 

(Chevelkov et al., 2003; Zhou et al., 2007). The spectrum contains approximately 70 186 

signals corresponding to amides of the protein backbone. This means only about 187 

28% of the backbone amides in BR are detectable due to limited solvent 188 

accessibility. By recording a set of three-dimensional experiments allowing a 189 

sequential backbone walk ((H)CANH, (H)CA(CO)NH, (H)CONH, (H)COCANH, 190 

(H)CBCANH), (H)CBCA(CO)NH) (Barbet-Massin et al., 2014), we could assign 191 

approximately 50% of the signals observed in the 15N-1H correlation through 192 

establishing sequential connections. These signals correspond to amides in the loops 193 

or in solvent accessible amino acids of the a-helices as it is often seen in 1H 194 



 page 9 of 29 

detecting solid-state MAS NMR studies of deuterated membrane proteins (Lalli et 195 

al., 2017; Ward et al., 2011). However, not all loop regions show signals in our 196 

spectra. This may be attributed to high conformational flexibility of these regions 197 

causing disappearance of their amide backbone signals in CP-based experiments 198 

(Andronesi et al., 2005).  199 

 200 

 201 

 202 
Figure 2. Accessibility of sites in bacteriorhodopsin (PDB 1C3W) by proton-203 

detected solid-state MAS NMR. (A) After introducing protons into the sample 204 

during illumination, signals of the backbone amides (blue), arginine side chains 205 

(orange) and carboxylic protons in aspartic and glutamic acids (red and green) in the 206 

core of the protein can be expected. (B) Proton-detected two-dimensional 15N-1H 207 

correlation spectrum of BR in the purple membrane. Signals that could be assigned 208 

after performing a sequential backbone walk are labeled. 209 

 210 

 211 

In addition to amides, exchangeable sites in the functionally relevant side chains of 212 

D85, D96 and R82 are expected to be accessible with proton-detected solid-state 213 

NMR at high MAS frequencies. Using exchange spectroscopy under such conditions, 214 

the proton exchange between individual amino acids and water molecules can be 215 

detected. However, chemical exchange is not the only mechanisms contributing to 216 
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signals observed in such spectra. They may also partially result from spin diffusion 217 

processes. 218 

 219 

 220 

Assessment of exchangeable protons at R82, D85 and D96 side chains  221 

The protonation state and chemical exchange behavior of protons at the guanidinium 222 

group of R82 and the two aspartic acids D96 and D85 is of specific interest with 223 

respect to the proton transport mechanism of BR. To probe the proton relocation 224 

between the carboxylic groups of D96, D85 and the guanidinium group of R82 with 225 

H2O molecules, we performed exchange spectroscopy experiments under MAS 226 

conditions (Figure 3) (Zheng et al., 1993). To enable the assignment of the protons, 227 

we recorded two-dimensional 13C-1H (Figure 3A), 15N-1H spectra (Figure 3B) and 228 

1H-1H correlations (Figure 3C) of both BR wildtype and the mutants D96N, D85T 229 

and R82Q. We acquired the latter using the jump-and-return water suppression with 230 

the 1-1 hard pulse scheme allowing the observation of water protons (Clore et al., 231 

1983). In proton-detected MAS NMR, the proton magnetization of water is usually 232 

suppressed with very efficient techniques such as MISSISSIPPI (Zhou and Rienstra, 233 

2008). Here, water protons are of specific interest and their magnetization needs to 234 

be preserved to allow the observation of the H2O proton NMR signal. This can be 235 

achieved by applying the water suppression called jump-and-return. 236 

Using the BR mutant D96N (Figure 3A and 3C, blue spectra), the signal at 11.0 ppm 237 

1H chemical shift can be assigned to the carboxylic proton D96–Hd2. This is also 238 

confirmed by the heteronuclear 13C-1H correlation involving the Cg chemical shifts of 239 

aspartic acids (Figure 3A). The carboxylic proton of D96 also shows a cross peak at 240 
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the water frequency resulting from its chemical exchange to H2O (Figure 3C, black 241 

spectrum).  242 

 243 

 244 

 245 
Figure 3. Protonation state and chemical exchange of R82, D96 and D85 with 246 

H2O in bacteriorhodopsin (BR) probed by proton-detected solid-state MAS 247 

NMR. (A) 13C-1H correlations of BR wildtype (wt, black spectrum) and the mutant 248 

D96N (blue spectrum). (B) 15N-1H correlations of BR wildtype (wt, black spectrum) 249 

and the mutant R82Q (green spectrum). (C) 1H-1H exchange spectra of BR wildtype 250 

(wt, black spectrum), D96N (blue spectrum), D85T (orange spectrum) and R82Q 251 

(green spectrum). The mutants are used to assign the signals of D96–Hd2 (11.0 ppm), 252 

D85–Hd2 (12.1 ppm) and R82–Hh (6.2 ppm). Red dashed circles indicate missing 253 

signals resulting from mutations that allow the assignment. 254 

 255 
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The exchangeable proton of the R82 guanidinium group, R82–Hh, can be assigned to 256 

the signal at 6.2 ppm 1H chemical shift as it disappears in the 15N-1H spectrum of 257 

blue membrane with the BR mutant R82Q (Figure 3B). It shows a weak cross peak 258 

to D85–Hd2 in the BR wt spectrum (Figure 3C, black spectrum) which may reflect a 259 

long-range proton exchange between the carboxylic group of D85 and the 260 

guanidinium group of R82 via the water molecules 401 and 406 (see Figure 1). This 261 

finding indicates that the R82 guanidinium group must be involved in the proton 262 

relocation from D85 towards the proton release group during the photocycle.  263 

Based on the spectrum of the D85T mutant (Figure 3C, orange spectrum), the signal 264 

at 12.1 ppm 1H chemical shift in the wildtype spectrum (Figure 3C, black spectrum) 265 

can be assigned to D85–Hd2. At this frequency neither a diagonal peak nor any cross 266 

signals can be detected in the D85T spectrum which shows that this resonance 267 

corresponds to D85–Hd2. However, the diagonal signal of D85–Hd2 at 12.1 ppm also 268 

disappears in the two other mutants D96N and R82Q. But, the proton exhibits a cross 269 

peak at the water frequency (12.1 ppm in F1 and 4.8 ppm in F2) only. Therefore, this 270 

proton must be located predominantly at a water molecule and much rarely at the 271 

D85 carboxyl group in these two mutants. This can be explained by a change in 272 

kinetic of the proton delocalization between the carboxyl group of D85 and H2O in 273 

both the D96N and R82Q mutants. Similar to D96–Hd2, also D85–Hd2 exhibits an 274 

exchange peak to H2O. Consequently, this proton exchanges chemically with H2O. In 275 

contrast to D96–Hd2, the exchange peak of D85–Hd2 at the water frequency has a 276 

much higher intensity as the corresponding diagonal peak as described above. This 277 

suggests that the localization of this proton is in favor of the chemical environment 278 

of water. The underlying mechanism could be a proton shift within the hydrogen 279 

bond between the D85 carboxyl group and a water molecule close to it.  280 
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In conclusion, both the D85 and D96 carboxylic groups show chemical exchange of 281 

protons with H2O in the BR dark-state upon illumination as seen after 1H/2H back-282 

exchange. In addition, a weak exchange signal is observed between D85 and R82. 283 

Illumination allowed protons to enter the pore of BR via exchangeable sites involved 284 

in the proton relocation pathway. We therefore conclude that in both cases (D85 and 285 

D96) a proton is delocalized between the carboxylic group and water.  286 

 287 

 288 

The carboxyl group of D85 exchanges a proton with H2O in the BR dark-state 289 

Under the experimental conditions chosen, we assume BR to be fully in its light-290 

adapted dark-state (BR568 after lighting off) with retinal completely in the C13=C14 291 

trans, C15=N anti conformation and three stored protons that become involved in the 292 

proton transport mechanism after the next light absorption. They are proposed to be 293 

located at the RSB, the carboxylic group of D96 and the H2O cluster coordinated 294 

with E194 and E204 in the proton release group (Gerwert et al., 2014; Lórenz-295 

Fonfría et al., 2017). Interestingly, our findings suggest that D85 is exchanging a 296 

proton with H2O in the BR even in the dark. After a long discussion in the literature, 297 

the combination of isotope labeling, mutagenesis and infrared spectroscopic studies 298 

identified D85 as the residue that out of the four internal aspartates 85, 96, 115 and 299 

212 is the only deprotonated one in darkness (Eisenstein et al., 1987; Mogi et al., 300 

1988; Rothschild et al., 1981). However, only time-resolved spectroscopy revealed 301 

that D85 is the acceptor of the RSB proton. But already in the dark-state, a proton 302 

near the carboxylic group of D85 is confirmed by the Cg–Hd2 cross peak of D85 in 303 

the heteronuclear dipolar based 13C-1H correlation reporting on through-space 304 

interactions between 13C and 1H nuclei (Figure 3A). This proton is delocalized 305 
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between the carboxylic group of D85 and the H2O molecules 401 and 402 as shown 306 

in the exchange spectra (Figure 3C). 307 

To estimate the delocalization of such a proton, we computed from simulations the 308 

equilibrium distribution in a simplified configuration (Figure 4). The model consists 309 

of one H2O molecule located between two carboxylic groups with one excess proton 310 

(Figure 4A). Such a system reflects the cluster of the water molecule 402 coordinated 311 

with D212 and D85 in BR (Figure 5A). The ab-initio molecular dynamics 312 

simulations were performed using the CP2K 2.4 environment and a TZV2P basis set 313 

with the BLYP exchange correlation functional (Becke, 1988; Hutter et al., 2014; 314 

VandeVondele and Hutter, 2007). Depending on the distance between a carboxylic 315 

group oxygen atom and the water oxygen (ROCOW), the relative proton position, 316 

described by an asymmetry coordinate (ROCH–ROWH, Figure 4A), differs. Note that a 317 

negative asymmetry refers to a localization near the carboxylic oxygen, and a 318 

positive asymmetry to the water oxygen. For ROCOW of 2.4 – 2.6 Å, intermediate 319 

proton localizations are also occupied (Figure 4B), i.e. a proton exchange is observed 320 

in the time-resolved trajectories. The energy required to delocalize a proton between 321 

a carboxylic oxygen atom and the water oxygen within 0.5 Å corresponds to about 322 

2.5 kBT (Figure 4C). Similarly, Eckert and Zundel suggested a 6 kBT barrier for a 323 

fixed ROCOW of 2.65 Å from ab-initio SCF calculations (Eckert and Zundel, 1988). In 324 

the case of D85, ROCOW is 2.6 Å as measured in the crystal structure solved at 325 

cryogenic temperatures (100 K) (PDB 1C3W (Luecke et al., 1999) and Figure 5A). 326 

In contrast to such low temperatures, the proton exchange observed here by NMR is 327 

detected at room temperature. Consequently, the water molecules must be considered 328 

less rigid as in this crystal structure and therefore a shorter distance ROCOW for D85 329 

and H2O 401 or 402 is possible as well. Such a high mobility of these water 330 
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molecules is in well agreement with molecular dynamic simulations of the group of 331 

Gerwert (Kandt et al., 2004). The mobility of water molecules in BR was also 332 

observed by time-resolved serial femtosecond crystallography (Nango et al., 2016). 333 

 334 

 335 

 336 
Figure 4. Definition of the localization of the protons in a cluster of one H2O 337 

molecule and two carboxyl groups. The distance between a carboxylic group 338 

oxygen atom and the water oxygen (ROCOW) and a proton’s relative asymmetry with 339 

respect to the two oxygens (ROCH–ROWH) is used as coordinates, inspired by Marx et 340 

al. (Marx et al., 1999). (A) The thermal energy of the proton localization as a 341 

function of the coordinates, defined in (A). (B) The localization of the protons along 342 

the asymmetry coordinate (ROCH–ROWH). 343 
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The ab-initio simulation of proton distribution between a carboxylic moiety and a 345 

H2O molecule supports the notion that a proton is exchanged between D85 and 346 

water. This delocalized proton gives rise to the NMR signal reflecting a D85–Hd2 347 

resonance as described above (Figure 3C, black spectrum). 348 

In addition to the observed proton exchange between D85 and H2O, it was 349 

conceivable that also the RSB proton is delocalized in a dynamic proton exchange 350 

network in the BR dark-state (Figure 5A). The RSB proton is expected to show a 351 

signal in a dipolar-based 15N-1H correlation involving the RSB nitrogen resonance. 352 

The RSB nitrogen signal could be observed at 100 K in the spectral region of 165 – 353 

175 ppm for the BR dark-state (Mak-Jurkauskas et al., 2008). In a similar 354 

experimental approach, the signal of the RSB proton itself could be detected at 355 

around 100 K recently (Ni et al., 2018). In the room temperature proton-detected 356 

spectra presented here, however, we could not observe such a proton resonance. This 357 

may be attributed to a delocalization of the RSB proton in the BR dark-state. The rate 358 

of the underlying exchange process of such a proton delocalization can lead to 359 

disappearance of the proton signal in NMR spectra at room temperature. It is 360 

possible that the RSB proton is delocalized with H2O (402) (Figure 5A), and its 361 

exchange is coupled to the proton delocalization between D85 and H2O. However, 362 

the high and low proton affinities of the RSB (pKa 13.3) and D85 (pKa 2.2), 363 

respectively, still hinder the directed proton transport towards the release site 364 

between these two moieties (Chang et al., 1988; Sheves et al., 1986). 365 

The limited spectral proton resolution of the H2O resonances does not allow to 366 

distinguish between the two H2O molecules 401 and 402 that could be involved in 367 

the proton exchange of D85. Both molecules have the same distance of 2.6 Å to 368 

D85–Od2 and form a pentameric hydrogen bond arrangement together with D85, 369 
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D212 and H2O (406) (Figure 5A) (Gerwert et al., 2014; Luecke et al., 1999). Based 370 

on the detected D85–Hd2 and the observed proton exchange, the protonation states of 371 

this cluster should be revisited. We suggest considering the protonation state of D85 372 

and the neighboring H2O molecules as dynamic with a delocalized proton between 373 

D85 and H2O in the BR dark-state. 374 

 375 

 376 

 377 
Figure 5. Structural view of D85 and D96 in the BR dark-state crystal structure 378 

(PDB 1C3W (Luecke et al., 1999), dashed lines indicate distances in Å). (A) The 379 

carboxyl group of D85 is near the H2O molecules (401) and (402). (B) The distance 380 

of H2O (502) to the D96 carboxyl group is longer than the D85–H2O distances. 381 

 382 

 383 

R82 shows proton exchange with H2O and D85  384 

Based on the crystal structure and spectroscopic studies, the guanidinium group of 385 

R82 is involved in a hydrogen bonding network with water molecules and the 386 

carboxyl group of D85. It acts as a regulator of the D85 pKapp, but a transient 387 

deprotonation of R82 has neither been unequivocally observed nor excluded (Figure 388 

5A and (Hutson et al., 2000; Shibata et al., 2003; Vogt et al., 2015)). The weak 389 



 page 18 of 29 

exchange signal correlating the R82–Hh and the D85–Hd2 suggests a chemical proton 390 

exchange within this network, presumably via the water molecules 401 and 406 seen 391 

in the 100 K crystal structure (Figure 3C (black spectrum), Figure 5A and Luecke et 392 

al., 1999). To further elucidate the role of R82, the proton transfer from the 393 

guanidinium group of R82 towards the PRG had to be investigated. To address this 394 

further, studying the R82 protonation state in the O640 intermediate might prove 395 

instrumental. After retinal isomerization upon light reception, the underlying 396 

equilibrium of the exchange between R82 and D85 might be shifted towards the 397 

protonated form of D85 during the L550 ® M1412 transition compared to the dark-398 

state. This change in equilibrium could be facilitated by the structural changes 399 

detected by time-resolved serial X-ray crystallography (Nango et al., 2016). Based 400 

on the observed protonated form of R82 (Figure 3B), the guanidinium group of this 401 

amino acid must be involved in the proton transport mechanism. The solid-state 402 

MAS NMR exchange spectra show a delocalization of R82–Hd2 in the dark-state 403 

(Figure 3C) which indicates the possibility of R82 deprotonation in the L550 ® M1412 404 

transition. 405 

 406 

 407 

D96–H2O proton exchange indicates a dynamic behavior of water molecules at 408 

room temperature 409 

In contrast to the finding concerning D85, the detected protonation of D96 in the BR 410 

dark-state agrees well with previously obtained results (Gerwert et al., 2014). D96 411 

serves as the central binding position in the H+ uptake site in conjunction with H2O 412 

molecules located at the cytoplasmic entry of the protein pore. It has been reported 413 

that the D96–Hd2 is relocated via a transiently established chain of three water 414 
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molecules to the RSB in a Grotthuss-type mechanism in the M412 ® N520 transition 415 

(Freier et al., 2011). In the dark-state of BR, such a water chain was not detected so 416 

far and the next H2O molecule (H2O (502)) on the proton transport pathway towards 417 

the RSB has a distance of 5.0 Å to the D96–Od2 as measured in the crystal structure 418 

solved at 100 K (Figure 5B) (Luecke et al., 1999). A proton exchange mechanism 419 

crossing such a long distance is unlikely. Thus, we conclude that the water molecule 420 

502 in the BR568 state must be highly dynamic at room-temperature in contrast to the 421 

situation observed in the crystal structure solved at cryogenic temperatures. The 422 

possibility of a proton delocalization between D96 and water molecules at the 423 

cytoplasmic entry site of the BR pore can be largely excluded due to low water 424 

accessibility in the dark-state (Kandt et al., 2004). Therefore, it presumably results 425 

from a dynamic water molecule positioned at the other side of D96, towards the 426 

RSB. The existence of additional water molecules at this site, although not observed 427 

in the crystal structure at 100 K, may lead to a reduced distance between the D96 428 

carboxylic group and the next water molecule. Such additional water molecules 429 

represent another possible explanation for the proton exchange observed between 430 

these sites. In any case, the D96–Hd2 can exchange with a water molecule in the 431 

dark-adapted BR568 state. However, to prove the proton transport experimentally 432 

from D96 in the direction of the RSB during the M2412 ® N520 transition via the 433 

transient water line bridging the 5.0 Å distance, further investigations are required. 434 

Such an elucidation could be complemented by using proton-detected solid-state 435 

NMR focusing on the stabilized N520 intermediate in which the water chain is 436 

formed. This could be accomplished by using the BR mutant V49A (Schobert et al., 437 

2003). 438 

   439 
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Conclusions 440 

 441 

In summary, we have directly observed chemical exchange of protons at key 442 

positions in the proton transport pathway of BR using 1H detection by fast MAS 443 

solid-state NMR. This approach allowed us to measure proton exchange processes in 444 

the native environment of the protein, the purple membrane. Our results suggest 445 

chemical exchange of the D85 proton with H2O in the dark-adapted BR568. The 446 

possibility of such a delocalized proton between H2O and a carboxylic group is 447 

corroborated by ab-initio molecular dynamics simulations. At the proton uptake site, 448 

D96 shows a proton delocalization with H2O in BR568 indicating either the water 502 449 

to be highly dynamic or the existence of additional water molecules between D96 450 

and the RSB in dark-adapted BR568. In addition, our findings suggest that the 451 

guanidinium group of R82 is involved in the proton transport mechanism of BR. It 452 

shows a proton exchange to the carboxylic group of D85 in dark-adapted BR 453 

indicating the possibility of a change in the R82 protonation state during the 454 

photocycle. Our study establishes a new approach to observe proton exchange in 455 

membrane proteins that can be directly extended to all targets of solid-state MAS 456 

NMR. Therefore, we expect this method to have a great impact in research of 457 

protonation dynamics within membrane proteins in the near future. 458 

 459 

 460 

 461 

 462 

 463 

  464 
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Material and Methods 465 

 466 

Preparation of 2H,13C,15N-labled purple membrane 467 

For production of purple membranes of bacteriorhodopsin, the Halobacterium 468 

salinarum strains BR-wildtype, BR-R82Q, BR-D85T and BR-D96N from Janos 469 

Lanyi, Dieter Oesterhelt and Markus Lange, Actilor GmbH were used. The following 470 

procedures were the same for all four strains. Cells were grown in deuterated celtone 471 

medium for at least 10 days at 37°C at 100 rpm in shaking flasks, after pre-culturing 472 

in protonated medium. In 200 mL, the sterile filtered medium contained, both in 473 

deuterated and protonated form: 1 g 13C,15N-celtone, 50 g NaCl, 0.4 g KCl, 4 g 474 

MgSO4, 0.04 g CaCl2, 0.6 g Na-citrate (C6H5Na3O7*2H2O), 0.4 mg Biotin, 0.4 mg 475 

Thiamin, 0.06 µg MnSO4, 0.72 µg FeCl2, 0.088 µg ZnSO4 and 0.01 µg CuSO4 at 476 

pH 7. Cells were harvested at 7,000 rpm for 20 min at 4 °C in a Beckman JLA 8.1 477 

rotor with 1 L tubes. The supernatant was discarded and cells were resuspended in 478 

6 mL basal salt (250 g/L NaCl, 20 g/L MgSO4*7H2O and 2 g/L KCl at pH 7). After 479 

adding DNAse (grade II) and 65 mL H2O, the cell suspension was dialyzed over 480 

night at 4 °C against H2O under stirring. Membranes were then collected via 481 

centrifugation for 60 min at 40,000 rpm and 4 °C with a Sorvall 90SE ultracentrifuge 482 

using a 45Ti rotor. 3 mL of 50 mM Tris-HCl at pH 7.4 were used to resuspend the 483 

pellet, and the membranes were homogenized and fractionated by density gradient 484 

centrifugation using saccharose (30% – 70%) for 14 hours at 22,000 rpm and 15 °C 485 

with a Sorvall 90SE ultracentrifuge using a TST-28 rotor. The purple membrane 486 

fraction was collected and concentrated for 1 hour at 40,000 rpm and 4 °C with a 487 

Sorvall 90SE ultracentrifuge using a 45Ti rotor. After washing with 50 mM Tris-HCl 488 
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at pH 7.4, followed by homogenization and concentrating again (this procedure was 489 

performed twice), the purple membranes were stored at -20°C. 490 

 491 

Sample preparation for NMR measurements 492 

The purple membranes were diluted in 90% / 10% 1H2O / 2H2O 50 mM Tris-HCl at 493 

pH 7.4 to 0.01 OD and illuminated (a 595 nm filter was used) for 4 hours under 494 

stirring in a water-cooled cuvette at 15 °C. The purple membranes were collected by 495 

ultracentrifugation for 2 hours at 150,000 x g and 4 °C, and packed into 1.9 mm (for 496 

40 kHz MAS experiments) or 1.3 mm (for 60 kHz MAS experiments) Bruker MAS 497 

NMR rotors using home-made filling tools. Rotors were sealed with silicone rubber 498 

disks to avoid loss of liquid during MAS. 499 

 500 

Solid-state MAS NMR measurements 501 

NMR experiments were performed on Bruker Avance III spectrometers with 1H 502 

Larmor frequencies of 800 MHz and 900 MHz using 1.3 mm triple-resonance (HCN) 503 

and 1.9 mm four-channel (HCND) Bruker MAS probes, respectively. The variable 504 

temperature was controlled using a Bruker cooling unit and adjusted to 260 K and 505 

230 K for 60 kHz MAS experiments with the 1.3 mm probe and 40 kHz MAS 506 

experiments with the 1.9 mm probe, respectively. According to external temperature 507 

calibration, this corresponds to actual sample temperatures of 291 K for the 1.3 mm 508 

probe and 293 K for the 1.9 mm probe. 509 

In all experiments, cross polarization for heteronuclear magnetization transfers and 510 

MISSISSIPPI solvent suppression was applied. (H)NH, (H)CANH, (H)CA(CO)NH, 511 

(H)CONH, (H)CO(CA)NH, (H)CBCANH and (H)CBCA(CO)NH experiments were 512 

recorded with pulse sequences according to Barbet-Massin et al., 2014 and 513 
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experimental parameters as used in Nieuwkoop et al., 2015. Tangential shapes were 514 

applied for heteronuclear cross polarization transfers. The 1H–15N and 1H–13C CP 515 

steps were optimized around w1
H = 3wR/2 and w1

X = 1wR/2. The 13C–15N specific CP 516 

transfers were optimized between w1
C = 3wR/4 and w1

C = 5wR/4, and w1
N = 1wR/4. 517 

For homonuclear (13C–13C) transfers, DREAM and INEPT was used at 40 kHz and 518 

60 kHz MAS, respectively. WALTZ-16 was applied for 1H, 13C and 15N decoupling 519 

during indirect evolution periods.  520 

The 1H–1H exchange spectra were recorded at 40 kHz and 60 kHz MAS using a 521 

conventional z-exchange scheme with a mixing time of 10 ms. For water 522 

suppression, 1-1 hard pulses were applied just before detection. Both pulses were 523 

adjusted to 45°, separated by a delay of 45 µs corresponding to 1/4umax (with umax 524 

being the difference in frequency of the protons of interest and the water protons).  525 

The 1H–13C correlation spectrum was recorded at 40 kHz MAS with 13C-detection 526 

using one CP transfer. 527 

 528 

Ab-initio molecular dynamics simulations 529 

In order to quantify the excess proton localization in the vicinity of a carboxyl group, 530 

ab-initio molecular dynamics (MD) simulations were performed in a model system, 531 

using the BLYP exchange-correlation functional and a TZVP basis set in the CP2K 532 

environment. The toy model system consists of a pair of deprotonated carboxyl 533 

molecules, as commonly assumed in a protein environment, with a water molecule 534 

and an excess proton in between as shown in Figure 4A. Note that this toy model 535 

agrees well with the crystal structure of bacteriorhodopsin shown in Figure 5A, 536 

which resolved a water molecule located right in between the D85 and D212 side 537 

chains. The simulation box size was optimized to be 15 × 8 × 8 Å3. The molecules 538 
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were kept near the central axis of the simulation box by constraining the carbon 539 

atoms in y and z direction using Lagrangian multipliers implemented in a Shake 540 

algorithm. In addition, the water oxygen atom is constraint by a quadratic potential 541 

of 2 kBT/Å in y and z direction to keep it close to the central axis as well. A 40 ps 542 

simulation was performed under NVT conditions at 300 K by coupling all atoms to a 543 

Nose-Hover chain of size three and decay time constant of 100 fs. Consequently, 544 

nine independent simulations (5 ps each) were performed under NVE conditions 545 

starting from different snapshots of the NVT data. The used trajectories stem from 546 

the NVE simulations. Distributions however are computed from both, NVT and 547 

NVE simulations, resulting in a total simulation time of 85 ps.  548 

 549 

 550 

 551 

 552 

 553 

 554 

 555 

 556 

 557 

 558 

 559 

 560 

 561 

 562 
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4.1 Synopsis 

 

As introduced in chapter 1, the different features of protonation dynamics may play a 

role in protein-protein interactions. The binding of human serum albumin (HSA) and 

Immunoglobulin G (IgG) to the neonatal Fc receptor (FcRn) is such a case. It has been 

shown that these interactions are pH-dependent, modulated through protonatable 

amino acid side chains at the respective binding interfaces. Since FcRn has been 

validated as a drug target in autoimmune diseases, we intend to develop a small 

molecule that may be used as an inhibitor of the FcRn–IgG interaction after further 

chemical optimization. 

In a fragment screening approach, we identified a small molecule that binds into an 

evolutionarily conserved cavity of FcRn. We could solve the crystal structure of the 

soluble extra-cellular domain of FcRn (FcRnECD) in complex with the compound. 

However, structural changes in FcRnECD upon small molecule binding could not be 

observed in the crystal structures with and without ligand. This might be due to crystal 

packing hindering conformational changes in remote regions, i.e. the observation of 

potential allosteric effects may be not possible in this case. To address this, we applied 

MAS NMR to the soluble protein. The use of NMR at 100 kHz MAS was crucial since 

FcRnECD cannot be produced in deuterated form in sufficient amounts, and because of 

its size of 42 kDa. For these reasons, the acquisition of triple-resonance experiments 

required for the resonance assignment procedure is not possible with sufficient S/N in 

solution-state NMR. Interestingly, we could sediment the soluble protein directly into 

a 0.7 mm MAS rotor by ultracentrifugation, making proton-detected MAS NMR at 

100 kHz on the fully protonated protein possible. This allowed us to establish 

resonance assignments based on (H)NH, (H)CANH, (H)CA(CO)NH and 

(H)CBCANH spectra. Using (H)CANH spectra recorded with and without ligand, we 

could detect chemical shift perturbations (CSPs). These were found to be in the small 

molecule binding pocket and the HSA binding site (and in other remote regions) of 

FcRnECD, indicating allosteric effects. Unfortunately, we could not observe CSPs in 

the IgG binding site which would highlight the potential of allosteric modulation of 

the FcRn–IgG interaction. This suggests the need of an optimized ligand to induce 

larger structural changes upon binding of the compound.  
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With the developed small molecule, the FcRn–IgG protein-protein interaction based 

on changes in protonation states could not be perturbed. Still, the current chapter 

contributes methodologically to future protonation dynamics studies by applying 100 

kHz MAS NMR to soluble proteins upon sedimentation using ultracentrifugation.  
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Abstract

Aiming at the design of an allosteric modulator of the neonatal Fc receptor (FcRn)–Immuno-

globulin G (IgG) interaction, we developed a new methodology including NMR fragment

screening, X-ray crystallography, and magic-angle-spinning (MAS) NMR at 100 kHz after

sedimentation, exploiting very fast spinning of the nondeuterated soluble 42 kDa receptor

construct to obtain resolved proton-detected 2D and 3D NMR spectra. FcRn plays a crucial

role in regulation of IgG and serum albumin catabolism. It is a clinically validated drug target

for the treatment of autoimmune diseases caused by pathogenic antibodies via the inhibition

of its interaction with IgG. We herein present the discovery of a small molecule that binds

into a conserved cavity of the heterodimeric, extracellular domain composed of an α-chain

and β2-microglobulin (β2m) (FcRnECD, 373 residues). X-ray crystallography was used

alongside NMR at 100 kHz MAS with sedimented soluble protein to explore possibilities for

refining the compound as an allosteric modulator. Proton-detected MAS NMR experiments

on fully protonated [13C,15N]-labeled FcRnECD yielded ligand-induced chemical-shift pertur-

bations (CSPs) for residues in the binding pocket and allosteric changes close to the inter-

face of the two receptor heterodimers present in the asymmetric unit as well as potentially in

the albumin interaction site. X-ray structures with and without ligand suggest the need for an

optimized ligand to displace the α-chain with respect to β2m, both of which participate in the

FcRnECD–IgG interaction site. Our investigation establishes a method to characterize struc-

turally small molecule binding to nondeuterated large proteins by NMR, even in their glycosy-

lated form, which may prove highly valuable for structure-based drug discovery campaigns.
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Author summary

In drug design, a detailed characterization of structural changes induced by drug binding
is useful for further optimizing lead compounds. In many cases, structural alterations are
distant from the compound binding site, potentially acting through allosteric effects.
These allosteric effects are often difficult to observe by static methods, i.e., X-ray crystal-
lography, but can be monitored by NMR spectroscopy. The latter method, however, has
size-limitations when investigating the protein backbone structure in solution-state. To
overcome this, we present an innovative approach employing ultrafast magic-angle-spin-
ning (MAS) NMR on the extracellular domain of the neonatal Fc receptor (FcRnECD).
This is a validated drug target in autoimmune diseases, and we aim to identify and charac-
terize novel compounds to serve as starting points to develop allosteric inhibitors of this
receptor. After sedimentation, we could record well-resolved proton-detected MAS NMR
spectra of the fully protonated [13C,15N]-labeled protein, enabling the observation of
structural changes. In combination with computational methods, X-ray crystallography,
and other biophysical tools, we present new compounds that may be used as allosteric
modulators of FcRn after further optimization. The introduced MAS NMR approach can
be applied to a large variety of proteins to support structure-based drug design, facilitating
the detection of allosteric effects.

Introduction

In order to discover new chemical drugs, fragment screening followed by structure-based
design is an efficient way to sample chemical space and find hits for challenging target classes
such as protein-protein interactions [1–3]. In addition to discovering orthosteric ligands, frag-
ment screening has the potential to locate secondary binding sites on a protein that may be
exploited for allosteric regulation [4]. In the development process, a methodology that includes
detection of allosteric effects is highly welcome. Magic-angle-spinning (MAS) NMR has the
potential to contribute via the detection of long-range chemical-shift changes when the investi-
gated protein is too large for solution-state NMR and can even not be deuterated. It is applied
here to a soluble 42 kDa construct of the neonatal Fc receptor (FcRn) within a search for allo-
steric regulators, employing very fast MAS (100 kHz).

FcRn facilitates new-born humoral immunity by regulating Immunoglobulin (IgG) trans-
port across the epithelium [5]. In addition, it has been shown to bind to IgG and Human
Serum Albumin (HSA) at nonoverlapping sites in a pH-dependent manner (Fig 1) [6,7]. This
allows maintenance of IgG and HSA homeostasis, accounting for the long serum half-life of
both proteins [8–11]. At low pH, the interaction of FcRn with IgG occurs through protonation
of ionizable residues, located at the CH2–CH3 hinge of the IgG Fc, which produces transient,
intermolecular salt bridges with negatively charged residues on FcRn [12]. The interaction of
FcRn with IgG and HSA occurs in acidified early endosomes, diverting the proteins from
catabolism and carrying them back to the neutral pH environment of the extracellular com-
partment. At near-neutral pH, the affinity of the interaction decreases, and the complex disso-
ciates [10,13].

Existing as a heterodimer composed of β2-microglobulin (β2m) and a membrane-anchored
α-chain (Fig 1), FcRn is homologous to the class I major histocompatibility complex (MHC1)
[14]. MHC1 presents antigenic peptide fragments to the T cell receptor (TCR) in complex
with cluster of differentiation 8 (CD8) [14]. In contrast, FcRn is not involved in endogenous
peptide presentation to the TCR; its peptide-binding groove is closed and nonfunctional [14].
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The effect of FcRn loss has been studied using β2m-deficient mice, which develop normally
but are defective in T cell–mediated cytotoxicity [15]. Deletion of β2m precluded FcRn expres-
sion, resulting in a reduction in IgG half-life [16–18]. Additionally, random mutation of resi-
dues proximal to the IgG–FcRn binding site allowed selection of Fc variants with increased

Fig 1. FcRn allows maintenance of protein homeostasis. The soluble extracellular domain of neonatal Fc receptor
(FcRnECD, PDB code 1EXU) is a heterodimer composed of β2m (green) and α-chain (blue) with a cavity at the
interface between the two proteins. FcRn is involved in the regulation of HSA (orange) and IgG (red) levels. The
binding of both HSA and IgG to FcRn is pH dependent, which provides a mechanism for protein homeostasis through
endosomal trafficking. β2m, β2-microglobulin; FcRn, neonatal Fc receptor; FcRnECD, extracellular domain of the
neonatal Fc receptor; HSA, Human Serum Albumin; IgG, Immunoglobulin G; PDB, Protein Data Bank.

https://doi.org/10.1371/journal.pbio.2006192.g001
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affinity for FcRn at pH 6. These Fc constructs maintained pH-dependent binding and showed
an extended half-life relative to wild-type IgG [19].

FcRn has been proposed as a drug target in the treatment of autoimmune diseases, in which
pathogenic autoantibodies are detrimental to health [20]. Examples of such diseases include,
but are not restricted to, myasthenia gravis, Guillain–Barré syndrome, and dermatomyositis
[21–24]. Antibodies produced against the FcRn heavy chain ameliorated myasthenia gravis
symptoms in rats, and it has been shown that mice without FcRn are resistant to autoimmune
disease [25–27]. The current treatment for these conditions is intravenous application of
immunoglobulin, which increases the turnover of pathogenic IgG by saturating FcRn [26].
Recently, rozanolixizumab, an antihuman FcRn monoclonal antibody, reduced the serum IgG
concentration in a randomized phase 1 study, providing clinical evidence for the potential of
an anti-FcRn therapeutic [28].

A chemical inhibitor to control FcRn trafficking is therapeutically desirable for potential
treatment of autoimmune disorders. Orthosteric peptide inhibitors with in vivo efficacy have
previously been reported [29–33]. Additionally, structure–activity relationships of small mole-
cule antagonists using ELISA assays have also been described [34]. However, to date, no allo-
steric modulators of FcRn–IgG or FcRn–HSA interactions have been reported. Should such
molecules be found, they could be used therapeutically or as tools in biomedical investigations.

In this study, we present the discovery of a compound that binds to the soluble extracellular
domain of FcRn, abbreviated here as FcRnECD. In the initial screening process, complementary
in silico methods were used to predict binding sites on the basis of charge and topography or
sequence conservation, alone and in combination [35–37]. The interaction of the ligand with
FcRnECD is investigated by a combination of X-ray crystallography and proton-detected, ultra-
fast MAS NMR, revealing its localization in an evolutionarily conserved binding pocket. At
high MAS frequencies of 100 kHz, we could acquire well-resolved proton-detected NMR spec-
tra on sedimented, fully protonated FcRnECD, allowing de-novo chemical-shift assignments of
residues in the binding pocket and in β2m through establishing sequential connections. MAS
NMR pinpoints chemical-shift changes upon ligand binding close to the binding site and in
regions distant to it. In this context, MAS NMR helps to exclude the influence of crystal pack-
ing effects by making use of protein solutions. Both crystal structures with and without ligand
were available, but structural changes were not obvious when using global fitting procedures,
with the molecules possibly “locked” into a conformation by crystal contacts. To identify
sections of the structure not affected by ligand binding for a fit that is also sensitive to small
allosteric effects, residues that did not show chemical-shift changes were used to produce
“chemical-shift–informed” overlays of FcRnECD X-ray structures with and without ligand. Our
findings suggest that therapeutic intervention in autoimmune diseases may be achieved
through allosteric small molecules that bind to FcRnECD. In addition, such compounds could
potentially be used as chemical probes to study FcRn trafficking. The presented approach high-
lights further the use of MAS NMR for detecting structural changes in nondeuterated proteins
expressed in mammalian cells upon ligand binding.

Results and discussion

X-ray crystallography of FcRnECD and ligandability assessments

Small molecule binding sites on proteins can be identified based on surface shape, charge, and
functionality. We used SiteMap software to identify binding sites on the FcRnECD [35]. To
obtain structural data for our analysis, diffraction data for FcRnECD crystals, at pH 3 and pH
8.5, were collected at cryogenic temperatures and structures solved to 2.0 Å and 2.45 Å, respec-
tively, by molecular replacement. Two copies of FcRnECD were found in the asymmetric unit.
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In addition to the structures at acidic and basic pH, a pH 7.2 structure was generated using
molecular dynamics simulation (S1 Fig and S1 Text).

The SiteMap software detected a number of regions with a druggability score >1.0, a nomi-
nal quantifier indicating that nM binding might be achieved with a conventional small mole-
cule of<500 Da molecular weight. In particular, SiteMap identified a ligandable site at the
interface between the α-chain and β2m (S1 Fig and S1 Text). The respective boundaries were
predicted to vary with pH, with the area described as either one large or three distinct cavities.

No regions near the IgG binding site were found by SiteMap. Based on our analysis, should
an orthosteric pocket for an IgG blocking small molecule exist, it is likely to be transient in
nature and not stabilized in the crystal lattice.

Evolutionary conservation of FcRnECD

On the premise that evolutionarily conserved cavities may have an associated function, we
evaluated such conservation of the cavities found by SiteMap (S2 Fig). We identified ortholog
sequences using OrthoDB and performed sequence alignments using Clustal Omega [38,39].
A homology model was then created for each sequence using MEDELLER that enabled us to
visualize mutations according to the evolutionary conservation in PyMOL [40,41].

Our sequence analysis broadly supports the notion that regions of the protein important for
structural integrity or function are conserved, in particular the interface between the α-chain
and β2m. It contains key contacts, such as those between D53β2m, Q34α-chain, and S37α-chain,
and conservation of these contacts preserves the structural integrity of the noncovalently
linked heterodimer.

Additionally, motifs within the HSA binding site were also conserved. One of them has pre-
viously been identified as being critical for albumin binding and was the site of a protein con-
tact in our pH 3 and pH 8.5 crystal structures, between the two copies of FcRnECD in the
asymmetric unit [8]. We were initially surprised to see the IgG binding site is poorly conserved
with the exception of key residues, such as D130α-chain. This may be attributed to the heteroge-
neity in Fc moieties between mammalian orthologues, which presumably reduces species’
cross-reactivity. Of the regions identified by SiteMap, the central cavity was highly conserved,
potentially due to the proximity to the dimer interface.

Fragment screening to identify small molecules

Our in silico analysis suggests the presence of an evolutionarily conserved binding site at the
interface between the α-chain and β2m. To find ligands for this cavity and, potentially, other
sites, a solution-state NMR fragment screen was performed. For this purpose, we used an in-
house library of approximately 1,100 molecules containing fluorine atoms to enable ligand
interrogation by 19F Carr-Purcell-Meiboom-Gill NMR [42,43]. This screen detected 143
potential binders. In order to select compounds for crystallographic studies, active molecules
were further tested in Saturated Transfer Difference NMR experiments and by Surface Plas-
mon Resonance (SPR), yielding an estimated KD of 80 μM for the highest affinity fragment,
the racemate UCB-FcRn-84 (S3 Fig and S1 Data) [44,45]. Chiral separation showed preferen-
tial binding of the R enantiomer. Competition of UCB-FcRn-84 with IgG was tested in a
FcRnECD–IgG FRET assay; however, no measurable inhibition was observed.

Crystallographic studies of ligand-bound FcRnECD

Confirmed hits from the fragment-screen were soaked into FcRnECD crystals that had been
grown under acidic conditions. Based on the derived crystal structures, we aimed to further
improve both affinity and solubility of the ligand.
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UCB-FcRn-84 was found in the conserved cavity at the interface of β2m and the α-chain
(S4 Fig and S2 Text), as predicted by SiteMap. Key properties of binding interactions include
burial of the 3-fluorophenyl group in a hydrophobic cavity composed of Y26β2m, S52β2m,
Y63β2m, L65β2m, W29α-chain and P228α-chain. The most visually striking feature of the binding
pocket is a tunnel-like cavity that extends through the middle of the protein (S5 Fig and S2
Text). The bicyclic ring of UCB-FcRn-84 occupies this cavity, being involved in one direct and
one water-mediated hydrogen bond to the main-chain of Q34α-chain.

As the fragment was centrally located in this region, it afforded us a tractable chemical plat-
form to explore the binding site further (S4 Fig and S2 Text). We attempted to improve the
affinity of UCB-FcRn-84 by better occupying space around the 3-fluorophenyl group, which
was nested in a well-defined hydrophobic pocket. Notably, we identified a small area available
for growth adjacent to the unsubstituted meta position of the 3-fluorophenyl group. After
scanning a range of disubstituted phenyl derivatives, we identified 3,5 difluorophenyl as the
best option, yielding a ligand with 2.4 μM affinity for the racemate. Moreover, adding a 3-pyri-
dile group in position 5 led to an equipotent compound (UCB-FcRn-303) but with improved
solubility (S5 and S6 Figs, S1 Data and S2 Text).

The crystal structure of UCB-FcRn-303 bound to FcRnECD displays the R enantiomer (Fig
2 and S5 Fig). The binding mode is consistent with the position observed for UCB-FcRn-84
(Fig 2A and 2B, S4 and S5 Figs). The di-substituted phenyl ring better fills the hydrophobic
pocket in the α-chain/β2m interface, while hydrogen bond interactions are maintained with
the α-chain and the local water network.

In biochemical experiments molecules from our series did not inhibit IgG binding when
tested in a FcRnECD–IgG FRET competition assay. This was consistent with our crystallo-
graphic studies which showed no discernible change in the IgG binding site, although accurate
interpretation of small changes may be hampered by crystal contacts. The FcRnECD crystallized
with two copies of the heterodimer present in the asymmetric unit, packing in an anti-parallel
fashion (Fig 2A). Overlay of the IgG heavy chain–FcRnECD complex (Protein Data Bank
[PDB] code 1FRT) with the ligand-free crystal structure shows significant overlap between
CH2 and CH3 domains of IgG and symmetry related copies of FcRnECD (S7 Fig) [46].

Fig 2. Crystal structure of the compound UCB-FcRn-303 (R enantiomer) bound to FcRnECD. (A) The protein crystallized as a dimer
composed of two β2m (dark grey and green) and two α-chain (light grey and blue) molecules. (B) At the interface of β2m and the α-chain,
UCB-FcRn-303 (grey) occupies a binding pocket with Glycine, Cysteine, hydrophobic (Leucine), charged (Histidine, Aspartate), and polar
uncharged (Serine, Glutamine) residues. β2m, β2-microglobulin; FcRn, neonatal Fc receptor; FcRnECD, extracellular domain of the neonatal Fc
receptor.

https://doi.org/10.1371/journal.pbio.2006192.g002
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In order to determine whether the ligand might induce small conformational and/or
dynamic changes in regions beyond the direct binding site, we have used orthogonal solution-
based techniques, which will avoid conformational restrictions imposed by crystal packing.

Sedimented, fully protonated FcRnECD yielded well resolved proton-
detected MAS NMR spectra

Until recently, solution-state and proton-detected MAS NMR typically required deuteration of
proteins in the size-range of the 42 kDa FcRnECD, as the signal-to-noise ratios obtained in tri-
ple-resonance experiments involving 13Cβ and 13Cα chemical-shifts critically depend on the
T2 of 13C coherences [47,48]. Since we were unable to produce deuterated FcRnECD in suffi-
cient amounts it was not possible to acquire 3D solution-state NMR spectra that would allow
sequential assignments. The spectral quality of a 2D 15N-1H correlation spectrum recorded in
solution, however, is remarkably high (S8 Fig) [49]. It indicates that FcRnECD most likely does
not form a stable dimer of heterodimers in solution at the applied concentrations, which agrees
with biochemical data and earlier studies [50]. At least 227 of the expected 349 backbone
amide signals could be observed, with the remainder of the signals most probably obscured by
overlap.

To circumvent these experimental limitations, we applied MAS NMR. Progress in recent
years, in particular ever faster sample spinning, enables the acquisition of proton-detected
MAS NMR spectra on fully protonated samples which increases sensitivity and facilitates reso-
nance assignments through triple-resonance experiments [51–54]. At the highest MAS fre-
quency routinely available (110 kHz), well resolved proton spectra have been reported for fully
protonated microcrystalline and membrane proteins, sedimented assemblies and fibrillar pro-
teins [55–57].

In the present case, we have investigated soluble FcRnECD by MAS NMR experiments via
sedimentation. For this purpose, the availability of dedicated filling tools is a prerequisite
[58,59]. With the help of such appliances, we sedimented the 42 kDa soluble, fully protonated
[13C,15N]-labeled FcRnECD by ultracentrifugation directly into a 0.7 mm MAS rotor (Fig 3A).

Fig 3. Proton-detected MAS NMR on fully protonated FcRnECD. (A) The soluble FcRnECD (42 kDa) was sedimented by ultracentrifugation at
100,000 x g directly into a 0.7 mm MAS NMR rotor using a home-made filling tool. (B) 2D 15N-1H correlation spectrum recorded at 100 kHz
MAS of fully protonated [13C,15N]-labeled FcRnECD. (C) Typical linewidths of 1H (1) and 15N (2) at full-width-half-maximum (FWHM) of a
selected cross peak from the 15N-1H spectrum. β2m, β2-microglobulin; FcRn, neonatal Fc receptor; FcRnECD, extracellular domain of the
neonatal Fc receptor.

https://doi.org/10.1371/journal.pbio.2006192.g003
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The 2D 15N-1H correlation spectrum measured at 100 kHz MAS is shown in Fig 3B. The
observed linewidths demonstrate a remarkable spectral quality by MAS NMR standards (Fig
3C). Recorded at a magnetic field of about 20 T, the 1H and 15N linewidths of a selected typical
cross peak are 184 Hz and 41 Hz, respectively. The amide 1H linewidth of FcRnECD is still
higher than is observed in the model protein GB1, by a factor of approximately 1.8, but similar
to the precipitated viral capsid coat protein AP205 [60]. The spectrum displays a large number
of unresolved signals and a considerable fraction of signals that are well dispersed, both of
which may be assigned on the basis of suitable triple-resonance spectra.

In order to monitor the folding state of FcRnECD in the sedimented sample, we compared
the MAS 15N-1H spectrum to the 15N-1H correlation recorded in solution (S8 Fig and S3
Text). The agreement of the spectra indicates that the structure of FcRnECD in solution is very
similar to the one in the sedimented sample. FcRnECD did not form the stable dimers of het-
erodimers in solution as had been observed in the crystal structure. Analytical ultracentrifuga-
tion, however, reveals a concentration-dependent protomer–diprotomer equilibrium of the
FcRnECD heterodimer in solution, with a very low populated diprotomer fraction (S9 Fig and
S4 Text). It is possible that this equilibrium is changed in the sedimentation process which
may explain small chemical-shift differences. However, due to the signal overlap in the 15N-1H
MAS NMR spectrum, a more detailed chemical-shift comparison is not possible.

Resonance assignments in proton-detected MAS NMR spectra of FcRnECD

To allow interpretation of chemical-shift perturbations (CSPs) upon binding of UCB-FcRn-
303 to FcRnECD, resonance assignments are critical. The high MAS frequencies now available
facilitate an assignment procedure based on triple-resonance MAS NMR experiments as in
solution-state NMR. These include (H)CANH, (H)CBCANH, (H)CA(CO)NH, and (H)CBCA
(CO)NH spectra, yielding assignments of 15N, 1HN, 13Cα0, and 13Cβ chemical-shifts [61,62]. If
it is not possible to obtain a (H)CBCA(CO)NH spectrum with sufficient signal-to-noise due to
too short 13Cα and 13CO relaxation times, the first two experiments allow for identification of
amino acids that, in a following step, can be sequentially connected according to the protein
sequence by using a (H)CA(CO)NH spectrum. In this study, such spectra were acquired on
the fully protonated [13C,15N]-labeled FcRnECD enabling assignments of 25 α-chain residues
close to the binding pocket and of 73% of all β2m residues.

To ease the assignment of β2m resonances, we made use of data in Beerbaum and col-
leagues, in which [2H,13C,15N]-labeled β2m was investigated in complex with unlabeled
MHC1 [63]. However, the final assignments were achieved by establishing sequential connec-
tions along the protein backbone, as shown for the sequence from K41β2m to R45β2m (Fig 4).
All chemical-shift assignments are listed in S1 Table and S2 Data and are deposited in the Bio-
logical Magnetic Resonance Data Bank (BMRB) (accession number 27437). In total, signals of
98 residues were assigned this way (S1 Table, S2 Data, and S5 Text). The more sensitive (H)
CANH spectrum contained 84 additional resolved cross peaks that could not be assigned fur-
ther due to overlap or lacking correlations in the less sensitive (H)CA(CO)NH and (H)
CBCANH spectra.

Interestingly, a large number of the measured 13Cα, 13Cβ, 15N, and 1H chemical-shifts of
β2m in the FcRnECD heterodimer match the observed solution-state NMR resonances for deu-
terated β2m in MHC1 complexes of the previous study (S1 Table and S5 Text) [63]. Differ-
ences in chemical-shifts can be explained by 1H/2H isotope effects, the limited number of
amino acid substitutions in MHC1, potential dimers of FcRnECD heterodimers in the sedi-
mented sample, and differences in buffer and temperature [64]. The similarity of the chemical-
shifts supports the notion that β2m adopts its globular fold in the sedimented sample of
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FcRnECD. Based on these findings and on the similarity between the solution-state 15N-1H and
MAS 15N-1H spectra, we assume the overall FcRnECD structure to be highly similar in solution
and in sedimented samples (S8 Fig, S3 Text, S1 Table and S5 Text).

In summary, (H)CANH, (H)CA(CO)NH, and (H)CBCANH spectra represent an accept-
able basis for obtaining backbone resonance assignments and allowed us to exploit CSPs as
monitors for structural alterations in FcRnECD upon UCB-FcRn-303 binding.

Structural changes in FcRnECD upon binding of UCB-FcRn-303

CSPs (Δδ) are probes for both direct effects of ligand binding and concomitant long-range
structural changes in receptor proteins that may hint at allosteric effects. Since differences
between X-ray structures with and without ligand may be masked by crystal contacts, we ana-
lyzed this possibility by comparing 3D (H)CANH spectra recorded on samples of FcRnECD

with and without UCB-FcRn-303 (Fig 5A and 5B). The introduction of a third dimension
compared to a 2D 15N-1H correlation leads to better spectral resolution. The observed minimal
chemical-shift differences are displayed in Fig 5A. Overall, many of the assigned signals show
very similar chemical-shifts in both spectra (Δδ< 0.02 ppm, white in Fig 5C and 5D), whereas
signals that shift significantly (0.02 ppm< Δδ< 0.03 ppm, cyan; 0.03 ppm < Δδ< 0.04 ppm,
marine; 0.04 ppm < Δδ, dark blue in Fig 5C and 5D) appear well clustered, suggesting a con-
formational/dynamic change extending from the ligand binding site. In the following discus-
sions, we consider all residues with Δδ< 0.02 ppm as not perturbed. Selected cross peaks of

Fig 4. Triple-resonance MAS NMR spectra enable assignments of chemical-shifts. Sequential resonance
assignments using the experiments (H)CANH (blue), (H)CA(CO)NH (red), and (H)CBCANH (green) recorded on
fully protonated [13C,15N]-labeled FcRnECD at 100 kHz MAS. As an example, the sequential connections from K41β2m

to R45β2m in β2m are indicated by dashed lines. All assigned chemical-shifts can be found in S1 Table, S2 Data, and in
the BMRB (accession number 27437). β2m, β2-microglobulin; BMRB, Biological Magnetic Resonance Data Bank;
FcRnECD, extracellular domain of the neonatal Fc receptor; MAS, magic-angle-spinning.

https://doi.org/10.1371/journal.pbio.2006192.g004
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Fig 5. CSPs (Δδ) indicate structural changes in FcRnECD upon ligand binding. (A) CSPs of all assigned amino acids in FcRnECD upon
binding to UCB-FcRn-303, calculated with Δδ = MIN{SQRT[(Δδ(1H))2 + (Δδ(13C)/10)2 + (Δδ(15N)/5)2]} (standard deviation = 0.015 ppm). The
changes were measured in 3D (H)CANH MAS NMR spectra. (B) CSPs upon UCB-FcRn-303 binding to FcRnECD in 2D planes of 3D (H)
CANH spectra with (black) and without (blue) the ligand, both recorded in the presence of 3% DMSO. (C) Structural view of UCB-FcRn-303
(red) bound to FcRnECD with assigned residues in stick representation color-coded according to their CSP (Δδ< 0.02, white; 0.02< Δδ< 0.03,
cyan; 0.03< Δδ< 0.04, marine; 0.04< Δδ, dark blue). (D) Structural view of FcRnECD in complex with UCB-FcRn-303 (red) with the same
color-coding of changes in chemical-shifts as in (C). All chemical-shifts can be found in S1 Table, S2 Data, and in the BMRB (accession number
27437). BMRB, Biological Magnetic Resonance Data Bank; CSP, chemical-shift perturbation; FcRn, neonatal Fc receptor; FcRnECD, extracellular
domain of the neonatal Fc receptor.

https://doi.org/10.1371/journal.pbio.2006192.g005
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strongly affected residues (0.04 ppm< Δδ) are shown in 2D planes of the (H)CANH spectra
with and without ligand (Fig 5B). The calculated CSPs shown in Fig 5A are based on the chem-
ical-shift changes in all three spectral dimensions. Large CSPs displayed in Fig 5A may there-
fore not be obvious from the 2D planes shown in Fig 5B, see D96β2m.

As expected, strong effects are seen in the vicinity of the binding pocket of UCB-FcRn-303
observed by X-ray crystallography (G232α-chain, C48α-chain, G49α-chain and S52β2m, Fig 5A and
5C) since the chemical environment of these residues is altered upon binding.

More interestingly, several residues that experienced changes in their chemical-shifts are
distant from the binding pocket. These include, for example, E54α-chain at the C-terminal end
of the short α-helix close to the binding region (Fig 5C and 5D). Such an effect could poten-
tially be explained by a small movement of the α-helix. Furthermore, strong CSPs can be
observed in a rather remote region composed of loops in β2m, involving D96β2m, G18β2m,
K19β2m, S20β2m, and H13β2m (Fig 5C and 5D). These residues cluster at the surface close to or
at the interface of β2m and the α-chain of two different heterodimers seen in the asymmetric
unit (Fig 6A and 6B). A second ligand binding site in this region of FcRnECD can be excluded
since stoichiometric ratios>1 were not observed in SPR experiments or by X-ray crystallogra-
phy (Fig 2A, S3, S4, S5, S6 Figs, and S1 Data). Interestingly, strong shift changes were observed
at comparably long distances from the small molecule binding site. Those strong CSPs may be
direct effects of ligand binding, such as introducing a slight displacement of the β2m subunit
with respect to the α-chain. Alternatively, it is possible that changes in the protomer–diproto-
mer equilibrium occur, and thus the chemical-shifts of residues at a potential diprotomer
interface are affected. Although we do not observe a stable dimer of heterodimers in solution,
a small fraction is present as seen in analytical ultracentrifugation (AUC) experiments (S9 Fig
and S4 Text). A diprotomer may also be more highly populated at very high protein concentra-
tions after the applied sedimentation through ultracentrifugation in preparation of 100 kHz
MAS experiments. However, the samples with and without ligand have been prepared under
identical conditions, making structural effects unrelated to ligand binding unlikely. For a
ligand-induced alteration of the equilibrium, long-range structural changes towards the poten-
tial diprotomer interface are required, highlighting again the possibility for the occurrence of
allosteric effects upon ligand binding.

In the HSA interaction site, a number of strongly affected residues could be found. These
included R12β2m, H13β2m, C48α-chain, G49α-chain, A50α-chain, and E54α-chain with CSPs around
0.04 ppm or larger (Figs 5A, 6C and S2 Data). Some of these amino acids are close to the bind-
ing site of UCB-FcRn-303, but especially R12β2m, H13β2m, and E54α-chain are distant to it and
may be therefore structurally altered through allosteric effects (Figs 5C and 6C). It is possible
that the FcRn–HSA interaction can be modulated with UCB-FcRn-303. The binding site to
HSA, however, is located at the possible diprotomer interface and CSPs in this region may be
caused by potential ligand-induced changes in the protomer–diprotomer equilibrium of
FcRnECD as discussed above.

Of the NMR assigned residues, only a few from β2m are found in the IgG binding area,
such as R3β2m and T86β2m (Fig 6C), for which negligible chemical-shift changes occur (Fig 5A)
[46]. In general, residues in the β-sheet region of β2m distant from the binding site or the
interface between heterodimers do not exhibit notable CSPs (Fig 5D).

In order to further investigate the potential for allosteric interference with IgG binding, we
generated chemical-shift–informed overlays of the two FcRnECD crystal structures, with and
without UCB-FcRn-303. All residues with Δδ< 0.02 ppm (Fig 5A) were used for fitting,
including the area around R3β2m, T86β2m, and L87β2m in β2m that is involved in IgG interac-
tion (Fig 6C), yielding a root mean square deviation (r.m.s.d.) of 0.095 Å. If a movement of the
α-helical region of the α-chain could be induced upon ligand binding, it may disseminate
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towards the loop from D130α-chain to E133α-chain, which is part of the binding site to IgG (Fig
6C) [46]. Unfortunately, the overlay does not reveal any significant structural changes of α-
chain residues close to this loop, except for subtle differences, which we are unable to isolate as
a compound-induced effect due to its proximity to crystal packing interactions. Still, the CSPs
observed distant to the ligand cavity reveal the potential for allosteric effects in FcRnECD

induced by UCB-FcRn-303 by affecting the HSA interaction site. This provides evidence that
binding of an optimized ligand could be aimed at displacing the β2m and α-chain subunits
and distally disrupting the IgG binding interface of FcRnECD.

Fig 6. CSPs cluster at the potential FcRnECD diprotomer interface. (A) CSPs in surface representation of the FcRnECD diprotomer crystal
structure in complex with UCB-FcRn-303 (red), with the same color-coding as in Fig 5. (B) For orientation, the FcRnECD crystal structure is
shown in cartoon representation with β2m in green and dark grey and the α-chain molecules in blue and light grey. (C) The IgG and HSA
interaction sites are depicted in purple and orange, respectively. The highlighted residues are discussed in the text. CSP, chemical-shift
perturbation; FcRn, neonatal Fc receptor; FcRnECD, extracellular domain of the neonatal Fc receptor; HSA, Human Serum Albumin; IgG,
Immunoglobulin G.

https://doi.org/10.1371/journal.pbio.2006192.g006
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Conclusions

In the context of a druggability study, we identified a compound of <500 Da molecular
weight, UCB-FcRn-303, that binds to the extracellular domain of FcRn with low μM affinity.
The conserved binding site is located at the interface of β2m and the α-chain, featuring a tun-
nel-like cavity with solvent access from two different sides. The pocket was identified by
computational chemistry methods in a theoretical druggability examination and was corrob-
orated by fragment screening, X-ray crystallography, and NMR spectroscopy. The respective
crystal structures show a dimer of heterodimers, with a 1:1 stoichiometry for the ligand/pro-
tein complex.

Due to the distance of about 35 Å between the small molecule binding pocket and the site
of IgG interaction (Fig 6C), substantial allosteric effects would be required for pharmacologi-
cally relevant interference with IgG binding [46]. Such allosteric effects can be monitored by
comparing X-ray structures with and without ligand and by NMR spectroscopy via the analysis
of ligand-induced CSPs. We therefore established a new approach for testing ligand binding
effects on soluble proteins, employing proton-detected 100 kHz MAS NMR spectroscopy on
fully protonated FcRnECD. After successful sedimentation of the protein by ultracentrifugation
using dedicated filling tools, remarkably well-resolved proton-detected MAS NMR spectra
could be obtained and partially assigned. CSPs upon UCB-FcRn-303 binding are observed
around the small molecule binding pocket but also distant residues are affected, however, over-
lapping with the HSA interaction site.

Since a large fraction of residues in β2m towards the IgG binding site and some in the α-
chain do not show substantial CSPs (Figs 5A, 6A and 6C), we generated alignments of the
two X-ray structures with and without ligand, superposing the nonshifting residues. This
approach revealed no substantial changes of residues close to the IgG interaction site upon
FcRn-UCB-303 binding, which could modulate the FcRnECD–IgG interaction. It may be
envisaged that an optimized ligand could produce a shift of the α-helical region in the α-
chain, with potential effects on IgG interaction. Such an optimization could include deriva-
tives with additional functional groups that enter the α-chain/β2m interface and thus pro-
duce a slight displacement of the two with respect to each other. Strong CSPs could be
observed in the HSA interaction site of FcRnECD, highlighting the potential to achieve a func-
tional modulation of FcRn with UCB-FcRn-303. However, it cannot be fully excluded that
changes in oligomeric state of FcRnECD caused by the ligand under MAS conditions lead to
the observed CSPs in this region.

The presented MAS NMR methodology provides an appealing approach for structural
investigations of large, soluble proteins expressed in mammalian or other types of eukary-
otic cells in which deuteration is challenging, especially in cases when glycosylation is cru-
cial. Moreover, it extends the range of NMR applications to pharmacologically relevant
targets, which are often inaccessible by solution-state NMR methods due to size. The
MAS NMR approach works with high molecular weight targets and is independent of the
physical state of the sample, providing spectral complexity can be handled, e.g., by applying
appropriate labelling concepts. This facilitates protein-ligand interaction studies by NMR
for any type of protein or biomolecular complex, making previously intractable pharmaco-
logical targets accessible, such as the ribosome, G protein-coupled receptors, and the like.
Our investigation shows that MAS NMR complements X-ray crystallography in structure-
based drug discovery campaigns. It is particularly useful to explore allosteric changes
beyond small molecule binding sites, which may be difficult to observe by X-ray
crystallography.
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Materials and methods

FcRnECD vector generation

The coding sequences of extracellular domain (ECD) (amino acids 1–297) of human FcRn α-
chain and human β2m were synthesized by Entelechon (Entelechon, Regensburg, Germany).
The α-chain fragment was cloned into the expression vector pMH (UCB) and the β2m
sequence was cloned into pMK (UCB) as HindIII and EcoRI fragments. Both vectors were
digested with SalI and NotI and the relevant fragments excised and ligated to generate a vector
containing both the α-chain and β2m genes (pM-ECDFcRn-B2M).

The vector was further digested with SalI and a neomycin cassette was ligated in to generate
a double gene vector with antibiotic selection (pMFcRnECD-B2M-Neo).

Generation of a FcRnECD stable mammalian cell line

HEK293 cells were transfected with pMFcRnECD-B2M-Neo using 293fectin (Thermofisher)
according to the manufacturer’s instructions. Transfected cells were incubated in a static incu-
bator at 37 ˚C and 8% CO2 for 24 hours. The cells were then diluted to the required concentra-
tion with medium supplemented with 0.5 mg/L G418 (Invitrogen) and subsequently divided
into 1-mL pools in 24-well plates and incubated in a static incubator at 37 ˚C with 8% CO2.
Every 7 days, the medium was removed from each well and replaced with fresh medium. After
a further 14 days, the pools that exhibited cell growth were transferred to 6-well plates. These
were expanded up to 50-mL cultures in E250 flasks in shaking incubators. To determine total
expression of the FcRnECD heterodimer composed of β2m and α-chain, batch overgrows were
set up and incubated for 10 days.

Samples of the 50-mL batch overgrow supernatants were analyzed for FcRnECD expression
using western blotting. 15 μL of each supernatant was run on a (denatured Tris/Gly gel western
blot) alongside known concentrations of purified human FcRn as a control.

The highest expressing pool was expanded (without Neomycin selection) up to 10-L scale
in a Wave Bioreactor 20/50 EHT at 37 ˚C, 8% CO2 for 4 days, at which point the temperature
was reduced to 32 ˚C and incubated for a further 6 days. The cell culture was harvested by cen-
trifugation (1,000x g for 1 hour) and supernatant put through a 0.22-μm filter.

Purification of FcRnECD expressed in HEK293 cells

Mammalian cell culture supernatant containing the heterodimer FcRnECD was concentrated
with a 10,000 MWCO membrane using tangential flow filtration (Centramate, Pall) or Amicon
stirred cell (Millipore), depending on scale. The sample buffer was exchanged into 50 mM
sodium phosphate, pH 5.8, 30 mM NaCl by diluting and concentrating. FcRnECD was loaded
onto a KappaSelect (GE Healthcare) column, which had been preloaded with an IgG4 mono-
clonal antibody to bind FcRnECD, before washing with 50 mM sodium phosphate, pH 5.8, 30
mM NaCl, and eluting with 50 mM sodium phosphate, pH 8.0, 30 mM NaCl. Elution fractions
were analyzed by SDS-PAGE and relevant fractions pooled.

The sample was concentrated using an Amicon spin concentrator (Millipore), 10,000
MWCO membrane. The protein was purified by Gel Filtration with a Superdex 200 (GE
Healthcare) column using 25 mM sodium phosphate, pH 7.4, 100 mM NaCl. Peak fractions
were analyzed by SDS-PAGE before pooling and concentrating if required.

SPR analysis

SPR was carried out using BIAcore 4000 instruments (GE Healthcare). Reagents including
CM5 sensor chips, N-hydroxysuccinimide (NHS), N-ethyl-N-(3-dimethylaminopropyl)
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carbodiimide (EDC), and ethanolamine HCl, 10 mM sodium acetate buffers (pH 5.0, pH 4.5)
and HBS-P (10x buffer) were obtained from GE Healthcare.

FcRnECD was diluted into 10 mM sodium acetate buffer, pH 5.0 and immobilized on a
CM5 Sensor Chip via amine coupling chemistry to a capture level of approxmimately 4,000
response units. Compounds were screened in a 10-point titration from 200 μM, at 2% DMSO,
pH 6.0, and the surface was re-immobilized after each 384-well plate. Injections were per-
formed at a flow rate of 10 μL/min.

All data were double-referenced for blank injections and reference surface, following stan-
dard procedures. Both data processing and fitting were performed using Activity Base template
protocols developed in house.

Fragment library screening using 19F NMR

A library of approximately 1,100 fluorine-containing fragments were cocktailed into groups of
12 ensuring no overlap of 19F signals. Cocktails were initially prepared at a concentration of
4.2 mM in d6-DMSO and diluted to 800 μM in PBS pH 7.4 before a final dilution to 40 μM
ligand concentration (1% d6-DMSO) in either PBS containing 10% D2O (for control samples)
or 20 μM FcRnECD containing 10% D2O (for protein samples). NMR spectra were acquired at
25 ˚C on a Bruker 600 MHz AVIII-HD spectrometer equipped with a QCI-F cryoprobe and a
SampleJet autosampler. Data were collected using a CPMG pulse sequence with a total echo
time of 160 ms across a sweep width of 126 ppm with an acquisition time of 1 s. All spectra
were processed using TopSpin 3.2. Fragments were considered binders to FcRnECD when the
19F signal intensity was significantly reduced in the spectra with FcRnECD present compared to
the spectra recorded in the absence of protein.

Fragment library screening using STD NMR

STD NMR samples were prepared with a ligand to protein ratio of 50:1 (500 μM ligand, 10 μM
FcRnECD) in 500 μL phosphate buffered saline, pH 7.4 (90% H2O, 10% D2O) with 5% d6-
DMSO to help solubilize the ligand. STD NMR spectra were recorded using a Bruker Avance
III HD 600 MHz spectrometer equipped with a 5 mm QCI-F Cryoprobe. Data were acquired
and processed using the standard Bruker software and were collected at 298 K. The protein
was saturated in the methyl region of the spectrum at 0 ppm, and off-resonance saturation was
performed at 33 ppm. A series of 120 EBurp2 pulses (50 ms each) were applied with a 4-μs
delay between each pulse, resulting in total saturation time of 6 s. Protein signals were removed
by applying a spinlock of 100 ms. Interleaved on- and off-resonance data were recorded, pro-
cessed separately, and then the difference spectra obtained by subtracting the on- from the off-
resonance spectra. Data were zero filled once and an exponential multiplication window func-
tion applied (LB 2 Hz).

Plasmid construction of FcRnECD for expression in Sf9 insect cells

The parent construct for α-chain/β2m expresses two Open Reading Frames (ORFs) within
one baculovirus multiple-target expression plasmid, pBacugs4X-1. Protein targets are based on
the following amino acid sequences (both α-chain and β2m each contain their native leaders):
α-chain 1–297 based on NCBI reference sequence NP_004098, β2m 1–119 based on NCBI ref-
erence sequence NP_004039. Codons for both ORFs were engineered by GeneComposer for
highly expressed baculovirus genes, such that BamHI, HindIII, BglII, and EcoRI restriction
sites were eliminated from the inserts to facilitate cloning [65]. Both genes, including flanking
restriction sites, were synthesized at GeneArt. The ORF for α-chain was cloned behind the
polyhedrin promoter via unique BamHI and HindIII sites; in this case, the BamHI site
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preceded the signal sequence while HindIII followed the sequence “TGAT” such that two
stops are introduced after the C-terminal residue. The ORF for β2m was cloned behind the
p10 promoter via unique BglII and EcoRI sites; the BglII site preceded the signal sequence,
while EcoRI followed the sequence “TGATAA” such that two stops are introduced after the C-
terminal residue. Using this cloning scheme, polyhedrin and p10 promoters are arranged in
divergent/opposing orientations within the baculovirus transfer vector. ORFs were sequence
verified prior to the commencement of expression studies.

Expression of FcRnECD in Sf9 insect cells

The α-chain/β2m construct was transfected into Sf9 insect cells (Expression Systems) using
BestBac 2.0, v-cath/chiA Deleted Linearized Baculovirus DNA (Expression Systems, Cat#-91-
002). Virus from each transfection was amplified through 3 rounds to produce virus stock for
large-scale production. The large-scale preparations were grown in ESF921 medium (Expres-
sion Systems, Cat#96–001). Large-scale preparations were infected using the titerless infected-
cells preservation and scale-up (TIPS) method [66]. Approximately 106 Tni cells (Trichopulsia
ni, Expression Systems) per mL were infected using 1 mL of TIPS cells. Secreted proteins were
harvested after 2–3 days by Tangential Flow Filtration (Spectrum KrosFlo, 0.2 μm filter Cat#
P-NO2-E20U-05-N).

Purification of FcRnECD expressed in Sf9 insect cells

Harvested baculovirus medium (Trichoplusia ni) containing secreted FcRnECD was concen-
trated 10-fold and buffer exchanged (50 mM sodium phosphate pH 5.8 and 30 mM NaCl via
Tangential Flow Filtration (TFF) (Spectrum Labs). The concentrated medium was centrifuged
using a JA-10 rotor at 9,000 RPM for 15 minutes at 4 ˚C and then filtered through a 0.2 μm
bottle top filter. Three complete EDTA free protease inhibitor tablets were added to the con-
centrated media prior to chromatography. The filtered concentrated medium was applied to
35 mL of IgG Sepharose FF resin (GE Healthcare) equilibrated with 50 mM sodium phosphate
buffer, pH 5.8, and 30 mM NaCl (Sigma) and rotated end over end for one hour at 4 ˚C. The
resin was then poured into a gravity flow column and washed with 10 column volumes of the
same equilibration buffer. FcRnECD was eluted from the resin with eight column volumes of 50
mM sodium phosphate buffer pH 8.0 and 30 mM NaCl. The elution fractions containing
FcRnECD were pooled and loaded onto two 5-mL HiTrap Q FF columns (GE Healthcare) and
eluted over a 1 M NaCl gradient. The fractions of interest were pooled and glycerol was added
to a final concentration of 10%. The pool was concentrated to 15 mg/mL via centrifugal con-
centration (Amicon Regenerated Cellulose, 10 kDa MWCO, Millipore) and further purified
via size exclusion chromatography over a HiLoad 16/600 Superdex 200 pg (GE Healthcare)
column in 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.0 and
75 mM NaCl. The fractions containing FcRnECD were pooled and concentrated for crystallog-
raphy via centrifugal concentration (Amicon Regenerated Cellulose, 10 kDa MWCO, Milli-
pore) to 9.9 mg/mL prior to being aliquoted and flash frozen in liquid nitrogen for later use in
crystallization experiments.

Crystallization of FcRnECD

In order to search for crystallization conditions for FcRnECD expressed in insect cells, sitting-
drop vapor diffusion crystallization trials were set up at 291 K using a variety of commercial
spare-matrix (Rigaku Reagents: JCSG+, Wizard 1/2, Wizard 3/4; Hampton Research: Crystal
Screen HTIndex; Molecular Dimensions: PACT, Morpheus, Proplex; Microlytics: MCSG1)
using 0.4 μL of protein solution at 5 mg/mL that were mixed with 0.4 μL of reservoir solution
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and equilibrated against 80 μL of reservoir solution. The initial crystallization trials produced
small kite crystals in several conditions that contain PEG 3350, PEG 6000, or PEG 8000 at low
pH. Low pH crystals of FcRnECD were produced in an optimized crystallization condition
screen (Rigaku) containing 12%–16% PEG 6000, 100 mM Citric Acid/Ammonium citrate tri-
basic pH 3.00–3.09. Crystals of FcRnECD appeared within 24 hours and grew larger overtime,
typically to 50–150 microns in size. The crystals were harvested using 20% glycerol as a cryo-
protectant and flash frozen in liquid nitrogen prior to data collection.

Additionally, small rod-like crystals appeared in a single condition at a significantly higher
pH (condition PACT H3, 100 mM Bis-Tris Propane/HCl pH 8.5, 200 mM NaI, and 20% PEG
3350) [67]. High/neutral pH crystals of FcRnECD were produced in optimized crystallization
condition containing 100 mM Bis-Tris Propane/HCl pH 8.5, 200 mM NaI, and 20% PEG
3350. Crystals of FcRnECD appeared within 48 hours and grew larger overtime, typically
greater than 150 microns in size. The crystals were harvested using 20% ethylene glycol and
flash frozen in liquid nitrogen prior to data collection. To obtain compound bound crystals,
apo FcRnECD crystals grown at pH 3 were soaked for three days in buffer containing 0.1 M Cit-
ric Acid/NaOH at pH 3.0, 20% w/v PEG 6000, 20% glycerol, and 12.5–20 mM compound dis-
solved in 100% DMSO. For crystallization of the UCB-FcRn-303 bound structure of FcRnECD,
protein expressed in Sf9 insect cells was used.

Structure determination by X-ray crystallography

Datasets were collected at Canadian Light Source (CLS) on beamline 08ID-1 (CMCF)
equipped with a Rayonix MX300 CCD X-ray detector and Advanced Photon Source (APS) on
beamline 21-ID-F (LS-CAT) equipped with a Marmosaic 225 CCD X-ray detector. Diffraction
data were reduced and scaled with XDS/XSCALE [68]. The structures of FcRnECD at low and
high/neutral pH were solved by molecular replacement using a pre-existing structure of the
complex. A significant portion of the structure required remodeling; therefore, Phenix.auto-
build was run to generate a starting structure for further refinement. All structures were
refined using iterative cycles of TLS and restrained refinement with Phenix.refine and model-
building using the Crystallographic Object-Oriented Toolkit (COOT; Version 0.8.1-pre) and
were validated using Molprobity prior to deposition in the PDB (IDs 6C97, 6C98, 6C99) [69–
73]. Diffraction data and refinement statistics for apo FcRnECD at pH 3 and both ligand bound
structures are listed in S2 Table.

Molecular dynamics simulation

The FcRnECD structures at pH 3 and pH 8.5 were used as the starting points for molecular
dynamics simulation, after adding hydrogen. Protonation states and missing loops were pre-
dicted with Maestro (Schrödinger LLC). The structure was solvated in a dodecahedron such
that no protein atom was within 10 Å of the edge of the solvent. Monatomic ions were added
to a salt concentration of 0.15 M. All simulations were 1,000 ns in length and were carried out
with GROMACS 4.6.2 [74]. Particle mesh Ewald was used for long-range electrostatics along
with 10 Å cutoffs for Coulomb and Lennard–Jones potential functions.

Expression of fully protonated [13C,15N]-labeled FcRnECD for NMR
experiments

FcRnECD was expressed using a stable HEK293 cell line, as described above, but the growth
media was replaced with Bioexpress 6000 media (Cambridge Isotope Laboratories).
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Acquisition of 2D 15N-1H TROSY solution-state NMR spectrum on fully
protonated [13C,15N]-labeled FcRnECD

The solution-state 2D 15N-1H TROSY spectrum was acquired from a 0.35-mL sample of
300 μM [13C,15N]-labeled FcRnECD in a 25 mM Na2HPO4, 100 mM NaCl, 50 μM EDTA,
0.02% (w/v) NaN3 buffer at pH 7.4 containing 5% D2O/95% H2O [49]. NMR data were
acquired at 35 ˚C on a 600 MHz Bruker AVIII HD spectrometer fitted with a cryogenically
cooled probe. The spectrum was acquired for 40 minutes with acquisition times of 40 ms in F1

(15N) and 60 ms in F2 (1H). It was processed using Topspin 3.5 (Bruker Biospin Ltd) with lin-
ear prediction used to extend the effective acquisition time to 60 ms in F1.

Sedimentation of FcRnECD by ultracentrifugation for NMR experiments
using fast MAS

A 0.5-mL sample of 100 μM [13C,15N]-labeled FcRnECD in a 25 mM Na2HPO4, 100 mM NaCl,
50 μM EDTA, 0.02% (w/v) NaN3 buffer at pH 7.4 containing 3% DMSO was directly ultracen-
trifuged into a 0.7 mm MAS NMR rotor at 100,000 x g and 4 ˚C for 40 hours using a swinging
bucket ultracentrifuge rotor. Dedicated home-made filling tools were used for this step. Both
bottom and top caps of the 0.7 mm MAS rotor were glued to avoid the loss of liquid or removal
of caps during MAS. Excess protein and liquid after ultracentrifugation was removed before
closing the 0.7 mm NMR MAS rotor. For experiments to detect CSPs, 3 mM UCB-FcRn-303
was added to a 0.5-mL sample of 100 μM [13C,15N]-labeled FcRnECD in a 25 mM Na2HPO4,
100 mM NaCl, 50 μM EDTA, 0.02% (w/v) NaN3 buffer at pH 7.4 containing 3% DMSO
(ligand:protein ratio of 30:1). The ligand-bound sample was sedimented into a second 0.7 mm
MAS rotor under the same conditions as the ligand-free sample.

Proton-detected NMR experiments using fast MAS on fully protonated
[13C,15N]-labeled FcRnECD

All MAS NMR experiments were performed on a Bruker AVANCE III 850 MHz spectrometer.
The spectra were recorded at 80, 90, or 100 kHz MAS with a triple-resonance 0.7 mm MAS
probe (Bruker) and referenced to 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS) (see S3
Table for experimental parameters). The sample temperature of 283 K was monitored by the
frequency of the water resonance line. To achieve this sample temperature, the sample was
cooled during MAS using nitrogen gas through a cooling unit (BCU II, Bruker) in strong
mode with the gas flow set to 400 L/h. (H)NH, (H)CANH, (H)CA(CO)NH, and (H)CBCANH
spectra were recorded using Cross Polarization (CP) (heteronuclear transfers) and DREAM
(homonuclear transfers) magnetization transfer steps according to the procedures described in
Penzel and colleagues [61,75,76]. All spectra were processed with Topspin 3.5 (Bruker) and
analyzed with CCPNmr Analysis v. 2.4.2. [77]. All assigned chemical-shifts and observed CSPs
are listed in S1 Table and S2 Data, and are deposited in the Biological Magnetic Resonance
Data Bank (BMRB) (accession number 27437).

Analytical ultracentrifugation of FcRnECD

Sedimentation velocity experiments were performed at 8 ˚C and 35,000 rpm with an An-60Ti
rotor using 12-mm Epon 2-sector centerpieces. For each of the three measurements at differ-
ent FcRnECD concentrations (4 μM, 14 μM, and 52 μM), a 400-μL sample in 10 mM Na2HPO4,
137 mM NaCl, 2.7 mM KCl, 1.8 mM KH2PO4 buffer at pH 7.2 was used. The data were ana-
lyzed and plotted with the GUSSI implementation and SEDFIT [78].
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Experimental and analytical details for synthetic analogues

All solvents and reagents were used as received from commercial suppliers, unless noted other-
wise. The compounds were named using the Biovia Draw 2016 package (IUPAC).

NMR spectra were recorded on a Bruker Avance III HD 500 MHz or 250 MHz
spectrometer.

The chemical-shifts (δ) reported are given in parts per million (ppm) and the coupling con-
stants (J) are in Hertz (Hz). The spin multiplicities are reported as s = singlet, d = doublet,
t = triplet, q = quartet, dd = doublet of doublet, ddd = doublet of doublet of doublet, dt = dou-
blet of triplet, td = triplet of doublet, and m = multiplet.

uPLC-MS was performed on a Waters Acquity UPLC system coupled to a Waters Acquity
PDA detector, an ELS detector and an MSD (Scan Positive: 150–850). Method (pH 3): Phe-
nomenex Kinetix-XB C18 (2.1 x 100 mm, 1.7 μm) column. Elution with a linear gradient of
Water + 0.1% Formic acid and Acetonitrile + 0.1% Formic acid at a flow rate of 0.6 mL/min.
Chiral SFC analysis: Waters Thar 3100 SFC system connected to Waters 2998 PDA detector,
Chiralcel OD-H 25 cm. Chiral SFC separation: Water Thar SFC system with a Waters Thar
FDM pump, Waters Thar Alias autoinjector, Waters Thar fraction collector and a Waters 2998
PDA detector.

(R) and (S) 1-[7-(3-Fluorophenyl)-5-methyl-4,7-dihydro-[1,2,4]triazolo[1,5-a]pyrimi-
din-6-yl]ethanone (UCB-FcRn-84) (S10 Fig). 1-[7-(3-fluorophenyl)-5-methyl-4,7-dihydro-
[1,2,4]triazolo[1,5-a]pyrimidin-6-yl]ethanone (CAS 691368-95-3) was purchased as a race-
mate from Life Chemicals and the mixture separated by chiral chromatography using a Chiral-
pak AD phase (100⇤500), 300 mL/min with an heptane/isopropanol (8/2) system. 1.21 G of
starting material led to respectively 577 mg and 588 mg of separated isomers. Chiral analytical
SFC: RT = 8.22 min, 100% ee; RT = 10.40 min, 100% ee.

1-[7-(3,5-Difluorophenyl)-5-methyl-4,7-dihydro-[1,2,4]triazolo[1,5-a]pyrimidin-6-yl]
ethanone (S11 Fig). A stirred solution of 3,5-difluorobenzaldehyde (0.1 mL, 0.946 mmol),
pentane-2,4-dione (0.146 mL, 1.42 mmol, 1.5 eq.), and 4H-1,2,4-triazol-3-amine (119 mg, 1.42
mmol, 1.5 eq.) in N,N-dimethylformamide (1.5 mL) was irradiated in a microwave oven (up
to 200 W) at 150 ˚C for 60 min. The reaction mixture was left to cool down to ambient temper-
ature and water (6 mL) was added leading to the formation of a precipitate. The resulting solid
was collected by filtration, rinsed with water (2 x 1 mL) and cyclohexane (2 x 1 mL), then tritu-
rated in hot acetonitrile (1 mL) and dried in vacuo to afford 94 mg (34% yield) of the title com-
pound as a pale yellow solid.

The 1H NMR analysis yielded (500 MHz, DMSO-d6) δ 10.89 (s, 1H), 7.70 (s, 1H), 7.14 (t,
J = 9.1 Hz, 1H), 6.98 (d, J = 6.3 Hz, 2H), 6.46 (s, 1H), 2.46 (s, 3H), 2.20 (s, 3H). uPLC-MS:
[M+H]+ m/z = 291, RT = 2.38 min (99%).

(R) and (S) 1-[7-(3,5-Difluorophenyl)-5-methyl-4,7-dihydro-[1,2,4]triazolo[1,5-a]pyri-
midin-6-yl]ethanone (S12 Fig). The racemate (50 mg) was separated by chiral preparative
chromatography on a Chiralpak ASV (50⇤490) phase, 80 mL/min with a heptane/ethanol (9/1)
system to afford 24 mg and 19 mg of the pure enantiomers. Chiral analytical SFC: RT = 10.89
min, 100% ee; RT = 15.16 min, 97.8% ee.

Methyl 7-(3,5-difluorophenyl)-5-(3-pyridyl)-4,7-dihydro-[1,2,4]triazolo[1,5-a]pyrimi-
dine-6-carboxylate (UCB-FcRn-303) (S13 Fig). To a stirred solution of 3,5-difluorobenzal-
dehyde (150 mg, 1.06 mmol), methyl 3-oxo-3-(pyridin-3-yl)propanoate (265 mg, 1.48 mmol,
1.4 eq.), and 4H-1,2,4-triazol-3-amine (124 mg, 1.48 mmol, 1.4 eq.) in N,N-dimethylforma-
mide (1.5 mL) was added chloro(trimethyl)silane (0.268 mL, 2.11 mmol) dropwise. The reac-
tion mixture was then irradiated in a microwave oven (up to 200 W) at 130 ˚C for 60 minutes.
The reaction mixture was left to cool down to ambient temperature and water (6 mL) was
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added leading to the formation of a precipitate. The resulting solid was collected by filtration,
rinsed with water (2 x 1 mL) and cyclohexane (2 x 1 mL) then recrystallized from acetonitrile
(2 mL) and dried in vacuo to afford 238 mg (59% yield) of the title compound as a pale yellow
solid. The 1H NMR analysis yielded (500 MHz, DMSO-d6) δ 11.18 (s, 1H), 8.67–8.61 (m, 2H),
7.92 (dt, J = 7.8, 1.9 Hz, 1H), 7.75 (s, 1H), 7.48 (dd, J = 7.8, 4.9 Hz, 1H), 7.20 (tt, J = 9.2, 2.2 Hz,
1H), 7.16–7.10 (m, 2H), 6.50 (s, 1H), 3.27 (s, 3H). uPLC-MS: [M+H]+ m/z = 370, RT = 2.12
min (97%).

Supporting information

S1 Fig. Ligandability assessments on FcRnECD and predicted small molecule binding sites.
At low pH binding sites with the capacity to yield high affinity binding are restricted to the
dimer interface, with the region described as either one large or three distinct pockets (pockets
A-C). At neutral and basic pH, transient sites arise at the albumin binding site, between the α1
and α2 helices (D), and between the β2m and the α3 domain (E). β2m, β2-microglobulin;
FcRnECD, extracellular domain of the neonatal Fc receptor.
(JPG)

S2 Fig. Evolutionary conservation of FcRnECD. (A) The pH 3 structure of the human
FcRnECD heterodimer is colored to illustrate sequence conservation in vertebrate orthologues.
Universally conserved residues are colored white; mutated residues are shown in red, with the
color intensity indicating the BLOSUM62 score of the worst-matching substitution (darker
red = more radical amino acid change away from the human residue). Species included in the
analysis are: Pan troglodytes, Gorilla gorilla, Pongo pygmaeus, Macaca mulatta, Callithrix aurita,
Microcebus murinus, Otolemur garnettii, Mus musculus, Rattus norvegicus, Cavia porcellus,
Oryctolagus cuniculus, and Bos taurus. Mutations occur throughout the α-chain and β2m.
Areas of clear conservation include the interface of α-chain and β2m and the central cavity
that was detected in the SiteMap analysis. (B) For reference, human FcRnECD from the HSA-
bound FcRn structure (PDB code 4N0F) has been colored to highlight residues that constitute
the surfaces with the Fc moiety of IgG (magenta) and HSA (orange), the α-chain is shown in
green and β2m in cyan. β2m, β2-microglobulin; FcRn, neonatal Fc receptor; FcRnECD, extra-
cellular domain of the neonatal Fc receptor; HSA, Human Serum Albumin; IgG, Immuno-
globulin G; PDB, Protein Data Bank.
(TIF)

S3 Fig. UCB-FcRn-84 binds with KD approximately 80 μM to FcRnECD as measured by
SPR. The numerical values can be found in S1 Data. FcRn, neonatal Fc receptor; FcRnECD,
extracellular domain of the neonatal Fc receptor; SPR, Surface Plasmon Resonance.
(TIF)

S4 Fig. Crystal structure of the compound UCB-FcRn-84 bound to FcRnECD. The com-
pound binds at the interface of β2m (green) and the α-chain (blue). Also in this crystal
structure, a second heterodimer can be found in the asymmetric unit (grey). β2m, β2-micro-
globulin; FcRn, neonatal Fc receptor; FcRnECD, extracellular domain of the neonatal Fc recep-
tor.
(JPG)

S5 Fig. Crystal structure of UCB-FcRn-303 bound to FcRnECD. The compound occupies the
same binding pocket as UCB-FcRn-84 at the interface of β2m (green) and the α-chain (blue).
The binding region is a tunnel-like cavity extending through the protein. Again, a second
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heterodimer is found in the crystal structure (depicted in grey). β2m, β2-microglobulin; FcRn,
neonatal Fc receptor; FcRnECD, extracellular domain of the neonatal Fc receptor.
(JPG)

S6 Fig. UCB-FcRn-303 binds with KD = 2.4 μM to FcRnECD as measured by SPR. The
numerical values can be found in S1 Data. FcRn, neonatal Fc receptor; FcRnECD, extracellular
domain of the neonatal Fc receptor; SPR, Surface Plasmon Resonance.
(TIF)

S7 Fig. The CH2 and CH3 domains (red) of IgG heavy chain in complex with FcRnECD (α-
chain in blue, β2m in green) (PDB code 1FRT) show overlap with symmetry related copies
(dark and medium grey) of ligand-free FcRnECD (light grey) [46]. β2m, β2-microglobulin;
FcRnECD, extracellular domain of the neonatal Fc receptor; IgG, Immunoglobulin G; PDB,
Protein Data Bank.
(JPG)

S8 Fig. Comparison of FcRnECD
15N-1H NMR spectra in solution and after sedimentation.

(A) 2D 15N-1H correlation using TROSY of fully protonated [13C,15N]-labeled FcRnECD mea-
sured in solution. (B) Overlay of the spectrum shown in (A) (orange) with a 2D 15N-1H spec-
trum of sedimented fully protonated [13C,15N]-labeled FcRnECD recorded at 100 kHz MAS
(black). FcRnECD, extracellular domain of the neonatal Fc receptor; MAS, magic-angle-spinning.
(JPG)

S9 Fig. Analytical ultracentrifugation of FcRnECD. Sedimentation velocity experiments at
three different concentrations (52 μM, grey; 14 μM, red; 4 μM, blue) exhibit protein concentra-
tion dependent peaks at 3.5 S, 5.1 S, and 5.3 S. FcRnECD, extracellular domain of the neonatal
Fc receptor.
(JPG)

S10 Fig. (R) and (S) 1-[7-(3-Fluorophenyl)-5-methyl-4,7-dihydro-[1,2,4]triazolo[1,5-a]pyr-
imidin-6-yl]ethanone (UCB-FcRn-84). FcRn, neonatal Fc receptor.
(PDF)

S11 Fig. 1-[7-(3,5-Difluorophenyl)-5-methyl-4,7-dihydro-[1,2,4]triazolo[1,5-a]pyrimidin-
6-yl]ethanone.
(PDF)

S12 Fig. (R) and (S) 1-[7-(3,5-Difluorophenyl)-5-methyl-4,7-dihydro-[1,2,4]triazolo[1,5-a]
pyrimidin-6-yl]ethanone.
(PDF)

S13 Fig. Methyl 7-(3,5-difluorophenyl)-5-(3-pyridyl)-4,7-dihydro-[1,2,4]triazolo[1,5-a]
pyrimidine-6-carboxylate (UCB-FcRn-303). FcRn, neonatal Fc receptor.
(PDF)

S1 Data. Numerical values of SPR experiments in S3 and S6 Figs.
(XLSX)

S2 Data. Observed chemical-shifts and CSP values of FcRnECD with and without
UCB-FcRn-303 as shown in Fig 5. β2m, β2-microglobulin; CSP, chemical-shift perturbation;
FcRn, neonatal Fc receptor; FcRnECD, extracellular domain of the neonatal Fc receptor;
MHC1, class I major histocompatibility complex.
(XLSX)
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S1 Table. 1H, 15N, 13Cα, and 13Cβ chemical-shifts observed in proton-detected NMR
experiments at 100 kHz MAS on sedimented fully protonated [13C,15N]-labeled FcRnECD.
They are compared to the corresponding chemical-shifts (Beerbaum and colleagues) of
[2H,13C,15N]-labeled β2m in MHC1 complexes measured in solution-state NMR [63]. Amino
acids of the α-chain are depicted in blue, β2m residues in green. β2m, β2-microglobulin;
FcRnECD, extracellular domain of the neonatal Fc receptor; MAS, magic-angle-spinning.
(PDF)

S2 Table. X-ray diffraction data and refinement statistics.
(PDF)

S3 Table. Experimental parameters for proton-detected MAS NMR experiments on fully
protonated [13C,15N]-labeled FcRnECD. FcRnECD, extracellular domain of the neonatal Fc
receptor; MAS, magic-angle-spinning.
(PDF)

S1 Text. Ligandability assessments on FcRnECD. FcRnECD, extracellular domain of the neo-
natal Fc receptor.
(PDF)

S2 Text. UCB-FcRn-303 binds in a tunnel-like cavity with low μM affinity. FcRn, neonatal
Fc receptor.
(PDF)

S3 Text. FcRnECD adopts a similar structure in solution and sedimented samples. FcRnECD,
extracellular domain of the neonatal Fc receptor.
(PDF)

S4 Text. Analytical ultracentrifugation reveals a small fraction of dimers of heterodimers
at higher concentrations of FcRnECD in solution. FcRnECD, extracellular domain of the neo-
natal Fc receptor.
(PDF)

S5 Text. Observed chemical-shifts of FcRnECD in MAS NMR experiments. FcRn, neonatal
Fc receptor; MAS, magic-angle-spinning.
(PDF)
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Fabien Lecomte, Hervé Deboves, Richard D. Taylor, Tim Norman, John Porter, Lorna C.
Waters, Marta Westwood, Ben Cossins, Katharine Cain, James White, Robert Griffin,
Christine Prosser, Sebastian Kelm, Amy H. Sullivan, David Fox, III, Mark D. Carr, Alistair
Henry, Richard Taylor, Beat H. Meier, Hartmut Oschkinat, Alastair D. Lawson.
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5.1 Synopsis 

 

As introduced in chapter 1, DNP is a powerful method to increase the inherently low 

sensitivity in NMR spectroscopy. In protonation dynamics studies, the structural 

properties of protein sites with low experimental accessibility are of particular interest, 

e.g. the structural features of chromophores in photosensitive proteins. In the current 

and following chapters, DNP is further developed to facilitate protonation dynamics 

investigations, and it is subsequently applied in such studies.  

The DNP effect, i.e. the NMR signal enhancement, is most efficient at low 

temperature. In practice, usually sample temperatures around 100 K are used to 

perform DNP-enhanced solid-state MAS NMR experiments. However, spectral 

resolution is then significantly reduced as described in chapter 1. Therefore, it is 

desirable to improve the efficacy of biradicals and thereby the DNP performance at 

higher temperatures. For studies of protonation dynamics, it is especially important to 

make efficient DNP measurements at high temperatures possible. At low temperatures, 

motional processes are decelerated and therefore interpretation of protonation 

dynamics events might be hampered. In the current chapter, different TOTAPOL 

isotopologues with varying degree of methyl group deuteration are used to improve 

the DNP performance at a temperature towards 190 – 200 K. The electron spin 

relaxation properties, enhancement factors and longitudinal 1H relaxation times of four 

different TOTAPOL versions and the gold-standard biradical AMUPol are 

systematically characterized using proline and the SH3 domain as standard samples. 

As we show, the loss of enhancement at higher temperatures can be partially 

compensated by faster repetition rates of the NMR experiment resulting in a 15-fold 

advantage of DNP-enhanced over conventional MAS NMR measurements at 200 K. 

This is a very promising result in the context of protonation dynamics studies, making 

DNP suitable in the temperature range of 100 – 200 K, depending on the system 

investigated. Another improvement is a gain in spectral resolution. At 200 K, 

reasonable linewidths for the SH3 sample are observed making three-dimensional 

experiments such as (H)NCACX and (H)NCOCX feasible. This shows the potential 

for performing resonance assignments using DNP-enhanced MAS NMR. It may 

facilitate site-specific investigations of samples with low accessibility in future studies 

of protonation dynamics. In addition, it allows solid-state MAS NMR protonation 

dynamics investigations at temperatures up to 200 K with increased S/N. 
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6.1 Synopsis 

 

Even though DNP-enhanced MAS NMR experiments usually have limited spectral 

resolution at temperatures around 100 K, some structure-related questions in the 

context of protonation dynamics can be addressed under such conditions. In the current 

chapter, the application of DNP to the channelrhodopsin (ChR) chimera C1C2 is 

presented. ChRs are light-gated unselective cation channels for H+, Na+, K+ and Ca2+. 

They are used as model proteins to study protonation dynamics, and they are employed 

in optogenetics to control neuronal cells with light. To engineer existing ChRs towards 

optimized application in neurobiology, it is desirable to understand the molecular 

mechanism. We addressed the determination of the retinal configuration during the 

ChR photocycle as it is an important structural feature to enable the cation conducting 

function.  

In order to investigate the retinal configuration in dark-adapted ChR, we employed 

NMR spectroscopy. Using a specifically 13C-labeled retinal (13C–[12,15,20]), 

magnetization transfers based on dipolar couplings reporting on distances could be 

used to identify the retinal configuration. As we show, it was crucial to apply DNP to 

this problem as only insufficient S/N could be obtained for observation of the expected 

cross peaks with conventional solid-state MAS NMR. Our DNP-enhanced solid-state 

MAS NMR spectra unequivocally prove that retinal consists solely of the all-trans 

isomer in the initial-dark adapted state of ChR. This result served as the basis to 

propose a new two-state photocycle in conjunction with Resonance Raman and UV-

vis spectroscopy measurements. In the context of protonation dynamics, this study is 

an important step towards deciphering the structural dynamics of the ChR 

chromophore during H+ channeling and conductance of other cations. 

Methodologically, it was interesting to see that already the conventional TOTAPOL, 

i.e. the non-deuterated version, gives rise to a 10-fold enhancement of the 13C-labeled 

retinal reconstituted in the membrane-embedded C1C2 at 100 K. Compared to room 

temperature measurements, the DNP experiment certainly profits from increased S/N 

according to Boltzmann and from deceleration of motional conformational processes 

in the protein. The latter leads to reduced mobility of dynamic parts and thereby 

increases the efficiency of magnetization transfers based on dipolar couplings such as 

CP or DARR mixing. Therefore, the enhanced S/N in this case is not only attributed 

to the exploitation of high electron polarization through DNP, but also through the low 
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temperatures applied. A second aspect worth of mentioning is that this investigation 

profits from the selective labeling. It leads to fully resolved signals, especially by 

utilizing the large 13C spectral width and the high dispersion of the aromatic-13C and 

methyl-13C resonances in retinal. Using such specific labeling patterns is a powerful 

approach in DNP-enhanced solid-state MAS NMR studies as it circumvents the 

unfavorably broadened lines and allows the observation of fully resolved signals. 
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7.1 Synopsis 

 

Chapters 5 and 6 showed the great potential of DNP experiments at higher temperature 

and in the context of protonation dynamics studies, respectively. The efficiency of this 

method, however, needs to be further improved to make investigations of a variety of 

proteins feasible. In cross-effect DNP, the high polarization of unpaired electrons in 

stable biradicals is exploited to enhance the NMR signals of nuclei of interest. Since 

such biradicals are usually of rather hydrophobic character and biomolecules require 

an aqueous environment, it is desirable to design biradicals with high water-solubility. 

In addition, this would lead to a more equal distribution of the biradical in the sample 

and to minimized potential non-covalent interactions between the biradical and the 

protein, thereby reducing PRE-effects. Water-soluble biradicals would also facilitate 

DNP-enhanced NMR studies of soluble proteins, which can be accomplished under 

solid-state MAS conditions since the sample is frozen.  

For these reasons, the optimized highly water-soluble biradical bcTol is introduced in 

the current chapter. It helps to further improve the DNP measurement conditions 

towards studies of protonation dynamics and structural biology in general. Using 

proline and SH3 as standard samples, the DNP performance of bcTol is characterized 

comprehensively. It shows high enhancement factors of approximately 240 at 110 K 

and still 40 at around 180 K for the SH3 sample. It is also tested for the C1C2 sample 

embedded in lipid vesicles, yielding an enhancement of 36 corresponding to a 4-fold 

improvement over TOTAPOL (see chapter 6). 

In summary, the presented new biradical bcTol has the great potential for improved 

DNP measurements of biological macromolecules. This provides an important basis 

to further apply DNP in protonation dynamics studies as it allows investigations under 

MAS conditions without size limitation of the protein; especially its applicability to 

soluble, large proteins is of high interest. 
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Anil P. Jagtap, Michel-Andreas Geiger, Daniel Stöppler, Hartmut Oschkinat and 

Snorri Th. Sigurdsson designed the study; Anil P. Jagtap, Michel-Andreas Geiger and 

Daniel Stöppler performed research; Anil P. Jagtap, Michel-Andreas Geiger, Daniel 
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8.1 Synopsis 

 

In the previous chapter, the new highly water-soluble biradical bcTol was introduced. 

Based on the results of chapters 5 and 6, it became clear that further optimization of 

biradicals and the DNP performance is required to study various aspects of protonation 

dynamics. In the current chapter, the promising performance of bcTol in biological 

DNP-enhanced solid-state MAS NMR is utilized in a protonation dynamics 

investigation of the phytochrome photoreceptor Cph1. 

We use the functional photosensory module of Cph1 (Cph1D2, 58 kDa), which serves 

as a model protein in phytochrome research. Phytochromes are red/far-red 

photochromic photoreceptors and act as master regulators in development of plants 

and cyanobacteria, thereby controlling transcription of about 20% of all genes. It has 

been shown that the chromophore changes its protonation state during the 

phytochrome photocycle. This change and the high biological relevance of 

phytochromes makes them excellent model systems to investigate the molecular 

mechanisms of protonation dynamics in detail. One important biophysical question is 

the localization of the positive charge in the phycocyanobilin chromophore of Cph1 as 

it may influence the structural events connected to protonation state changes in the 

Pr → Pfr and Pfr → Pr photointermediate-transitions. Herein, we employ DNP-

enhanced MAS NMR to analyze the charge localization for the first time 

experimentally. In general, chemical shifts can be used as probes to localize charges. 

In the present case, the chromophore 15N chemical shifts may be utilized for such 

analysis. Previous investigations using solution-state and conventional solid-state 

MAS NMR have not revealed an unambiguous assignment of the four 15N chemical 

shifts. As we show in this study, the sensitivity enhancement through DNP was crucial 

to record a two-dimensional 15N–13C–13C correlation spectrum, employing DARR 

mixing between the carbon spins. Using this experiment, the 15N chemical shifts could 

now be assigned unequivocally. This enabled us to conclude on the localization of the 

positive charge. In addition, we could detect the proximities of water molecules in the 

chromophore binding pocket. This helps to further investigate potential proton 

exchange pathways and the hydrogen bonding network by NMR. 

As described above, the application of bcTol in this study was instrumental. Cph1D2 

is a soluble protein and it was therefore required to use this highly water-soluble 
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biradical. We could obtain a reasonable enhancement of around 40 at 100 K, making 

the acquisition of the insensitive (H)NCC experiment possible. 
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This work is intended to apply advanced MAS NMR as a structural biology approach 

to study protonation dynamics in complex proteins; the two methods employed are 

proton detection combined with fast MAS and DNP-enhanced MAS NMR. After 

introducing protonation dynamics and the NMR methods in the first chapter, some of 

the presented projects deal with development of the methods applied (chapters 2, 5 and 

7). In these studies, mainly standard samples such as proline and the SH3 domain were 

used. In the remainder chapters, structure-related questions in the context of 

protonation dynamics were investigated in different proteins: in the light-driven proton 

pump bacteriorhodopsin in its native membrane (chapter 3), in the soluble extra-

cellular domain of the neonatal Fc receptor (chapter 4), in the membrane-embedded 

channelrhodopsin C1C2 (chapter 6) and in the soluble phytochrome photoreceptor 

Cph1 (chapter 8). The results of each chapter are discussed therein, and only a few 

remarks are given now on the obtained results in this ‘General Discussion and 

Conclusion’ chapter. In addition, possible future perspectives are briefly discussed. 

 

 

9.1 Discussion and Conclusion  

 

In comparison to other structural biology methods and spectroscopies, a general 

advantage of NMR is the possibility to detect protons directly. Hence, it provides 

spatial information on structure-related questions in protonation dynamics, and it can 

be also applied to obtain kinetic data on proton relocation processes. To make use of 

proton detection not only for spectroscopic reasons, i.e. increase in sensitivity 

compared to 13C- and 15N-detection and improvement in spectral resolution through 

introducing an additional dimension, we propose a proton-detected solid-state MAS 

NMR experiment in chapter 2. It allows the observation of hydrogen bonds as shown 

for the SH3 model protein. In the future, the experiment may be applied to investigate 

hydrogen bonds in different conformational states of proteins, thereby enabling the 

detailed characterization of protonation dynamics features.  

To test proton detection in solid-state MAS NMR as a method to investigate 

protonation dynamics, we performed a pilot study on the light-driven proton pump 

bacteriorhodopsin, presented in chapter 3. We used 2H,13C,15N-labeled native purple 

membrane of BR and reintroduced protons at exchangeable sites during illumination. 
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The idea is that under these conditions functional amino acid side chains are 

reprotonated and the respective protons can be detected. As we show, in addition to 

such side chains also some amides in the protein backbone can exchange as long as 

they are solvent-accessible. This has been seen also in other proton-detected solid-state 

MAS NMR investigations on membrane proteins (180, 208, 209). More interestingly, 

signals could be observed for delocalized protons at the carboxylic moieties of D85 

and D96 and at the guanidinium group of R82. These protons show chemical exchange 

with H2O as measured by 1H–1H exchange spectroscopy at 40 kHz MAS. The 

observed proton exchange processes are highly relevant for the functional role of the 

amino acids under investigation, especially in the case of R82 and D85. Our findings 

suggest that R82 is involved in the proton transport pathway and a proton is shifting 

within a hydrogen bond between the D85 carboxyl group and water. The NMR results 

have been corroborated by ab initio simulations in collaboration with the group of 

Roland R. Netz (Free University of Berlin). This study introduces proton-detected 

solid-state MAS NMR as a powerful tool to investigate protonation dynamics in 

proteins, and it may be applied to other proteins to help establishing protonation 

dynamics as a fundamental principle in protein function.  

As described in the introduction (chapter 1), it is important to extend the spectrum of 

protein classes under investigation to further accumulate evidence for the importance 

of protonation dynamics. Therefore, we selected a disease-relevant protein-protein 

interaction that is based on interactions between protonatable amino acid side chains 

and aimed to modulate this interaction with a small molecule inhibitor. The neonatal 

Fc receptor (FcRn) is a clinically validated drug target in autoimmune diseases; it 

regulates protein homeostasis of IgG and serum albumin. In chapter 4, we develop a 

small molecule that binds to the extra-cellular domain of this receptor (FcRnECD) with 

low µM affinity in an evolutionarily conserved cavity. We characterized the 

interaction by x-ray crystallography; however, no structural changes could be observed 

in the crystal structures with and without ligand. Therefore, we approached the 

observation of potential structural alterations by NMR spectroscopy. Unfortunately, 

the soluble FcRnECD could not be produced in deuterated form. For this reason and due 

to its size of 42 kDa, triple-resonance experiments in solution-state NMR involving 
13Cb and 13Ca are not possible with sufficient S/N. To resolve this issue, we present 

an innovative strategy employing sedimentation of the soluble protein directly into a 
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0.7 mm MAS rotor followed by proton-detected triple-resonance MAS NMR at 

100 kHz on the fully protonated 13C,15N-labeled receptor. The obtained spectral quality 

is remarkably high, and it allowed us to observe chemical shift perturbations reporting 

on structural changes in the small molecule binding site and in protein regions distant 

to it. These observations indicate allosteric effects that can be achieved by ligand 

binding. However, no structural changes in the IgG binding site could be found; thus, 

an interference with the protein-protein interaction based on protonation dynamics 

with the identified compound is unlikely. In addition, some of the detected changes in 

the albumin binding area coincidence with a potential interface of FcRnECD 

diprotomers formed under the experimental conditions, and thus cannot be reliably 

interpreted. Still, the 100 kHz MAS NMR experiments suggest that an allosteric 

modulation of FcRn could be achieved by using an optimized ligand. This 

investigation establishes a size-independent NMR approach to study fully protonated 

soluble proteins that can be produced in any expression host. It therefore may serve as 

the basis for future investigations, in protonation dynamics studies and beyond. 

In chapter 5, it is shown that increasing the measurement temperature in DNP-

enhanced solid-state MAS NMR studies can improve the spectral resolution to some 

degree. It was elaborated using the model protein SH3 and the amino acid proline. As 

an important result, we find that the sensitivity at 200 K is higher by a factor of 15 

with DNP enhancement compared to solid-state MAS NMR without DNP at this 

temperature. However, the obtained S/N with DNP at 200 K should be compared to 

an optimized experiment without biradical in a conventional solid-state 3.2 mm MAS 

NMR probe at room temperature. Such a comparison would allow estimation of the 

increase in sensitivity using DNP in structural biology studies, especially when 

recording multidimensional experiments which are anticipated to be affected by 

differences in T2. Still, the achieved improvement in DNP enhancement may facilitate 

NMR studies of protonation dynamics in the future, because it makes a temperature 

range between 100 K and 200 K accessible for NMR measurements with increased 

sensitivity. It allows to elucidate the dynamic behavior of proteins as a function of 

temperature without limitations in molecular weight and physical state of the protein 

under investigation. Moreover, only small protein amounts are required, profiting from 

the gain in sensitivity. It may be envisaged that questions like proton transfer 

relocation processes are now experimentally accessible in a variety of proteins, 
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especially in cases when the underlying exchange mechanism is too fast for NMR 

detection at room temperature. 

Using DNP, some structural features in proteins related to protonation dynamics can 

be also investigated at 100 K; in chapter 6, such an application is presented. It was still 

under debate which configuration the retinal chromophore adopts in the dark-adapted 

state of the channelrhodopsin photocycle. As seen in other rhodopsins, a mixture of 

the all-trans and 13-cis isomers was conceivable, and initial experiments using FTIR, 

UV-vis and RR spectroscopy, and chemical extraction followed by HPLC analysis 

suggested a 70%:30% distribution (210-212). We addressed this issue by applying 

DNP-enhanced solid-state MAS NMR to the membrane-embedded channelrhodopsin 

chimera C1C2, reconstituted with isotopically enriched retinal, selectively 13C-labeled 

in the carbon positions 12, 15 and 20. We employed the DARR mixing scheme, 

making use of through space magnetization transfers based on dipolar couplings 

between these three 13C spins. This allowed us to unequivocally prove that only the 

all-trans isomer exists in the initial dark-adapted state of ChR. As an important result, 

it helps to establish the sequence of conformational changes in the photocycle required 

for proton conductance through the pore of the protein. This finding was also shown 

independently by the group of Clemens Glaubitz, in a similar DNP-enhanced solid-

state MAS NMR investigation (76). Under the experimental conditions of DNP, 

however, motional processes are decelerated and the protein is somewhat rigidified, 

making magnetization transfers based on dipolar couplings more efficient. Therefore, 

the obtained results have to be attributed to some degree to an improvement in CP and 

DARR mixing efficiency due to lower temperature, and not only to the DNP-effect. In 

addition, the sensitivity at 100 K is improved by a factor of ~3 compared to room 

temperature, due to the temperature-dependent Boltzmann distribution. 

To further optimize the DNP efficiency in biological solid-state MAS NMR, we 

introduced the new biradical bcTol. A detailed characterization is presented in 

chapter 7, highlighting its remarkable performance when investigating the proline and 

SH3 standard samples. bcTol is highly water-soluble and therefore easy-to-handle in 

structural biology studies. In addition, it features reduced PRE-effects in proteins due 

to an optimized distribution throughout the aqueous sample. This leads to a somewhat 

improved spectral resolution compared to the standard biradical AMUPol.  



CHAPTER 9 

 218 

In chapter 8, the great potential of bcTol is exploited in an application of DNP-

enhanced solid-state MAS NMR to the phytochrome photoreceptor Cph1. We used 

the photosensory module Cph1D2 to investigate the structure of the phycocyanobilin 

chromophore, which was 13C,15N-labeled, whereas the protein remained unlabeled. 

This allowed us to unambiguously assign the chromophore 15N chemical shifts, which 

is helpful in the context of protonation dynamics studies. Using these chemical shifts, 

we can conclude on the protonation states at these sites. This is important since they 

change in the Pr → Pfr transition. In addition, the proximities of water molecules to 

the chromophore can be estimated based on DNP-enhanced 15N-detected, Lee-

Goldburg decoupled 1H-15N correlation spectra. This may help in analysis of potential 

proton exchange pathways during the photocycle of phytochrome photoreceptors. 

Furthermore, the 15N chemical shifts are used as probes for charge localization. In 

phycocyanobilin, the localization of the positive charge could not be shown 

experimentally so far. The obtained chemical shifts indicate a charge localization 

mainly at the rings B and C in the Pr state. Since it has been shown that N24 

deprotonates during the photocycle and the positive charge is subsequently localized 

at ring D in the Pfr form, the positive charge must move during the transition between 

the photointermediates. 

In summary, both proton detection and DNP could be used to investigate protonation 

dynamics in various proteins in this thesis. Applications on two membrane-embedded 

proteins, channelrhodopsin and bacteriorhodopsin, and two large soluble proteins, 

phytochrome and FcRnECD, could be successfully performed. It became also clear that 

a combination with other techniques helps to gain detailed insight into the addressed 

questions. For example, resonance Raman spectroscopy facilitated the study of C1C2 

photointermediates in chapter 6. Similarly, ab initio simulations on proton 

delocalization and exchange processes helped to corroborate the observed NMR 

signals in chapter 3. The most successful methodological combination is shown in 

chapter 4. X-ray crystallography, computational methods, NMR-based fragment 

screening, solution-state NMR, proton-detected NMR at 100 kHz MAS and other 

biophysical tools were used to develop a small molecule and to characterize its 

potential as an allosteric inhibitor of the FcRn–IgG and FcRn–albumin interactions. 

Such combination with other methods to study protonation dynamics should be further 
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strengthened as it allows more reliable conclusions on the molecular mechanisms 

under investigation. 

 

 

 

9.2 Future Perspectives 

 

Based on the presented approach to study protonation dynamics by both proton-

detected and DNP-enhanced solid-state MAS NMR, further investigations can now be 

pursued. 

The experiment presented in chapter 2, for example, should be tested further on an a-

helical protein, to demonstrate the possibility to detect characteristic a-helical 

hydrogen bond patterns. In addition, the experiment could be applied to other proteins, 

for example to the phytochrome photoreceptor Cph1. In a modified form, e.g. as an 

(H)N(H)COH experiment, it could be useful in a detailed elucidation of hydrogen 

bonds in the chromophore binding pocket of Cph1. A number of such interactions is 

of great interest, for example between arginine side chains, e.g. R222 and R254, and 

the carboxylic groups of the phycocyanobilin propionic moieties (44, 65, 213). It could 

be also applied to detect potential hydrogen bond changes between R472 and the D297 

carboxyl group during the Pr → Pfr transition (214). For such a scientific venture, in 

situ light irradiation in a fast MAS probe offering a wide range of experimental 

temperatures is required. With additional resources now available in the second 

funding period of the CRC1078, such a probe was co-financed and purchased. As a 

DNP probe, it can be used in a temperature range between 100 K and 295 K with in 

situ light irradiation during the experiments, and at MAS frequencies up to 40 kHz 

with 1.9 mm MAS rotors, making the above-mentioned studies possible. 

To provide further insight into the mechanism of molecular action of phytochromes, 

the protonation state changes in phycocyanobilin and amino acid side chains during 

photoconversion should be investigated. Based on chapter 8, chemical shift 

information on phycocyanobilin are now available, providing the possibility of 

studying the flip of ring D and the changes of its interactions with the protein and local 

water molecules (65, 215). In general, the binding pocket residues including H290, 

H260, Y176 and Y203 of Cph1 need to be studied further to complete the 
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understanding of chromophore function (214, 216). As a main goal, detected changes 

in the chromophore and its surrounding residues should be linked to the secondary 

structure rearrangement in the tongue-region from b-sheet (Pr state) to a-helix (Pfr 

state) proposed by x-ray crystallography (45, 81, 217, 218). In addition, the order of 

events during photoconversion may be subject to follow-up studies. These events 

include light absorption, chromophore isomerization, charge movement, protonation 

state changes, conformational changes of amino acid side chains and secondary 

structure rearrangement (46, 65, 68, 71, 202, 217, 219-223). Another aim could be to 

test the idea of PHY domain movement in phytochromes upon Pr → Pfr transition, 

which has been suggested by small angle x-ray scattering measurements (SAXS) (45). 

This could be addressed by using cryo-EM or EPR, or a combination of the two. 

With the new probe available, proton-detected solid-state MAS NMR experiments can 

be performed in a large range of temperatures. This facilitates observation of proton 

exchange processes by varying the temperature, thereby modulating the corresponding 

kinetic exchange rate. Such an experiment needs to be performed in the studies on 

bacteriorhodopsin. Recently, the retinal Schiff base proton could be observed for the 

first time (224). However, this was only possible at 100 K, whereby this proton is not 

detectable at room temperature. This indicates a proton delocalization which could 

lead to disappearance of the NMR signal caused by exchange processes. The 

underlying dynamic process may be revealed by employing 15N-1H correlation 

experiments at varying temperature. This potentially provides insight into the proton 

relocation process at this site in BR. 

The study performed in chapter 6 opened up the possibility to apply DNP-enhanced 

solid-state MAS NMR to channelrhodopsin. A number of open structure-related 

questions can now be addressed. Firstly, structural changes between the closed and 

open states in the inner gate (residues Y109, E121, E122, H173, H304 and R307) 

should be investigated. This could be achieved by using amino acid selective labeled 

and deuterated C1C2 samples. To facilitate measurements of the open state, a slow 

cycling variant of the iC++ channelrhodopsin could be useful (225). Secondly, the 

hydrogen bond network in the access channel (E129, K132, E136 and E140) needs to 

be investigated further, again by observing changes between the closed and open 

states. In such a study, the above-mentioned fast MAS probe might prove useful since 

it allows proton detection at low temperatures. Thirdly, the role of D195 and C167 
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(DC gate) in proton transport is still under debate; potentially these two residues are 

mainly relevant to ensure a-helix stability (226). This could be studied by using fully 

protonated, unlabeled protein and uniformly 13C-labeled retinal and by comparing the 

influence on retinal chemical shifts in C1C2 wildtype, C1C2 D195N and C1C2 

C167V. If a mutation-induced change in retinal chemical shifts can be observed, it is 

very likely that these residues are involved in the molecular action of ChR, i.e. proton 

and cation conductance. 

In a method development oriented project line, it would be still interesting to further 

optimize the DNP performance towards room temperature. A possible approach could 

be to test new agents for creating a glassy matrix in the sample at temperatures above 

200 K, which needs to be elucidated systematically. A good starting point could be 

trehalose, a cryo-protectant used in nature, for example by tardigrades (Milnesium 

tardigradum). However, its unique feature is under debate as it has been shown 

recently that intrinsically disordered proteins are involved in maintenance of vitrified 

state conditions, providing a general desiccation tolerance to these animals (227-229). 

In addition, further efforts have to be undertaken to make DNP more efficient at higher 

magnetic fields, e.g. 800 MHz, to profit from increase in spectral resolution (230, 231). 

This requires the design of new radicals that are suitable for this magnetic field. 

Towards future protonation dynamics investigations, chapter 4 provides a perspective 

to study new protein classes by MAS NMR. In principle, proteins of any size and 

physical state can be targeted with the introduced approach, as long as they are large 

enough to be sedimented by ultracentrifugation. However, the presented case of 

FcRnECD is probably rather favorable since the spectra quality indicates that the protein 

is a well-behaving rigid system. More dynamic proteins may not yield such well-

resolved spectra and detailed studies may therefore be difficult. Still, the possibility to 

study fully protonated proteins by proton detection at 100 kHz MAS is certainly very 

promising in the context of protonation dynamics as it makes new proteins accessible. 

Assuming proton-detected spectra are fully resolved, all protons in the protein can be 

studied with this approach. In particular, large soluble proteins such as phytochrome 

photoreceptors could be investigated with 100 kHz MAS NMR upon sedimentation 

by ultracentrifugation.  

Another prospect is the use of solution-state NMR. In fact, an investigation was started 

already on the photosystem II-related PsbO protein (232-235). Its crystal structure 
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determined at 100 K revealed a number of water molecules and carboxylate clusters at 

the surface, which are discussed as possible proton antenna for photosystem II (236). 

In this context, the pKa values of these carboxylates are highly relevant. Using 

solution-state NMR and pH titration experiments, pKa values of carboxylates can be 

determined, which potentially reveals possible proton exchange pathways at the PsbO 

surface (236-240). Similarly, solution-state NMR may be used to investigate the side 

chain mobility of the functionally-relevant aspartate and glutamate residues in PsbO 

(241, 242). Generally, solution-state NMR may be applicable to other large proteins, 

e.g. Cph1D2, through methyl labeling approaches and the use of the methyl-TROSY 

technique (104, 115, 117, 243, 244). This might prove useful in resolving the issue of 

the proposed PHY domain movement during the phytochrome photocycle. As 

mentioned above, cryo-EM and EPR would be additional suitable methods for this 

question and could be combined with NMR (45). 
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