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Functional cycle of the human Hsp70 chaperone BiP at atomic resolution

Guillaume Mas1, Sebastian Hiller1

1. Biozentrum, University of Basel, Spitalstrasse 41, 4056 Basel, Switzerland 

Hsp70 chaperones are indispensable for protein homeostasis in all cell types. Their 
functional cycle is driven by ATP hydrolysis and ADP release at the nucleotide-binding 
domain (NBD) and is regulated by several co-chaperones. Segments of the functional cycle 
have been studied by X-ray crystallography (1), NMR spectroscopy (2) and FRET (3), but 
the connections between these segments and the interplay with co-chaperones are not 
well understood.

Here we apply methyl NMR spectroscopy in combination with an ATP regeneration 
system (4) to study the functional cycle of the human Hsp70 BiP (5) at unprecedented 
spatial and temporal resolution under turnover conditions. Our data reveal that ATP hy-
drolysis generates a previously unrecognized high-energy conformation of BiP. In this con-
formation, ADP-Pi is locked to stabilize the BiP-client protein complex, making ADP-Pi 
release the rate-limiting step of the three-step functional cycle. We then probed the effect 
of diverse co-chaperones on the functional cycle, in the presence or absence of a na-
tive client protein. The nucleotide exchange factor NEF was found to specifically target 
the ADP-locked state, speeding up ADP-Pi release by sixfold. The co-chaperone MANF 
does not have a nucleotide exchange inhibitor activity as previously suggested (1) but ac-
celerates ADP-Pi release and ATP hydrolysis via two unique interfaces. In contrast, the 
J-domain protein interacts with the ADP-Pi and ATP-bound states via the same interface, 
but selectively stimulates ATP hydrolysis by twenty-fold. The combination of the three 
cochaperones stimulates all the steps of the functional cycle by a concerted mechanism 
of action with simultaneous binding on non-overlapping, conformation-specific interfaces. 
Our description of the BiP functional cycle opens up new opportunities to develop con-
formation-specific drugs targeting cancer, cardiovascular and neurodegenerative diseases.

[1] Yan Y., et al. MANF antagonizes nucleotide exchange by the endoplasmic reticulum chaperone BiP. 
Nature Communication 10(1), 541 (2019).
[2] Faust O., et al. HSP40 proteins use class-specific regulation to drive HSP70 functional diversity. 
Nature 587(7834), 489-494 (2020).
[3] Rosam M., et al. Bap (Sil1) regulates the molecular chaperone BiP by coupling release of nucleotide 
and substrate. Nature Structural & Molecular Biology 25, 90–100 (2018).
[4] Mas G., et al. Structural investigation of a chaperonin in action reveals how nucleotide binding regu-
lates the functional cycle. Science Advances 19;4(9) (2018)
[5] Wang J., et al. HSPA5 Gene encoding Hsp70 chaperone BiP in the endoplasmic reticulum. Gene 
618, 14–23 (2017).
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Solution NMR Studies of the α1B-Adrenergic Receptor

Christian Baumann, Matthias Schuster, Wan-Chin Chiang, Renato Valsecchi, Oliver Zerbe

Department of Chemistry, University of Zürich

G protein-coupled receptors (GPCRs) are membrane proteins that detect extracellu-
lar signals and transmit them to the cell interior thereby activating different cellular pro-
cesses. They form a major pharmaceutical target with about a third of all drugs acting on  
them.[1] Among the many different GPCRs are the α-adrenergic receptors (α-ARs). These 
(nor)adrenaline binding receptors are important for regulatory functions in the cardiovas-
cular and the nervous system and are the targets of alpha blockers, which are often unable 
to distinguish between the different receptor subtypes. A greater understanding of re-
ceptor structures and dynamics could improve drug design and might allow to selectively 
target structurally similar GPCRs.

We study a stabilized α1B-AR variant that can be expressed using E. coli cells.[2,3] The 
receptor was studied in presence of different inverse agonists, including the allosterically 
binding conopeptide ρ-TIA.[4] Chemical shift mapping indicated the presence of multiple 
conformations in the inactive state, including one that is caused by sodium binding. This 
conformational landscape changes to some degree based on the bound inverse agonist. 
Side chain motions of Ile, Leu and Val residues were studied in the nano- to picosecond 
range. Side chain dynamics were overall very similar when different ligands were bound but 
indicated locally increased dynamics through the binding of ρ-TIA. The average dynamics 
between Ile and Leu side chains were different, which can be explained by the occurrence 
of these amino acids in regions with different structural characteristics. This suggests a 
specialized role for Leu, such as the tuning of protein hydrophobicity, in the α1B-AR and 
possibly in other GPCRs as well.

[1] A. S. Hauser et al., Nature Reviews Drug Discovery 2017, 16, 829-842
[2] M. Schuster et al., Biochimica et Biophysica Acta (BBA)-Biomembranes 2020, 1862(10), 183354
[3] M. Deluigi et al., Nature communications 2022, 13(1), 1-13
[4] L. Ragnarsson et al., Journal of biological chemistry 2013, 288(3), 1814-1827
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Intrinsic paramagnetic susceptibility tensors and applications to 
GPCRs and high-energy states of proteins
Daniel Häussinger1, Pascal Rieder1, Raphael Vogel1, John Stiller2, Renee Otten2, Dorothee
Kern2, Fengjie Wu3, Stephan Grzesiek3, Philip Rößler4, Alvar Gossert4

1: Uni Basel, Dept. of Chemistry, Switzerland; 3: Brandeis University, Waltham, USA; 3: Uni
Basel, Biozentrum, Switzerland; 4: ETH Zürich, Dept. of Biology, Switzerland

Paramagnetic restraints like pseudocontact shifts (PCSs), residual dipolar couplings 
(RDCs) and paramagnetic relaxation enhancement (PRE) are well established NMR tools in 
structural biology for the elucidation of structures, dynamics and interactions of proteins 
and other biomolecules. While lanthanide chelating tags (LCTs) provide an excellent and 
general way of exploiting these effects also for non metal-binding proteins, the prediction 
of the performance of new LCT architectures remains mostly empirical. We accomplished 
an experimental determination of the intrinsic anisotropy of the magnetic susceptibility 
tensors for the full series of lanthanoids in a DOTA-based LCT [1]. The unusual size and 
modulation of the anisotropy parameters obtained, provide new insights in the dynamic 
properties of this type of LCTs. In addition, a highly remarkable correlation between the 
orientation of the principle magnetic axis of the tensor and the oblate or, respectively, pro-
late ground state electron distribution of the lanthanoid was found, resembling ligand field 
effects for d-transition metals. 

As an application of LCTs we would like to show the assignment of all valine and tyro-
sine resonances of the detergent-solubilized beta-1-adrenergic receptor by the means of 
paramagnetically tagged nanobodies that bind to the GPCR (Fig. 1). 

A second application of the obtained knowledge of the LCT mobility relative to the 
protein of interest allowed the selection of suitable LCT candidates for a new method of 
PCS-enhanced relaxation dispersion, termed PCS-CPMG [2]. With the combination of PCS 
and relaxation dispersion it is possible to charcterise the structures as well as kinetic and 
thermodynamic parameters of high-energy protein conformations (Fig. 2). These sparsely 
populated and often short-lived protein states are often crucial areas on the free-energy 
landscape that reveal details of enzyme catalysis. PCS-CPMG has the potential to close a 
methodological gap, as these transient protein states are very difficult to study with other 
methods.

[1] R. Vogel, T. Müntener, D. Häussinger, Chem, 2021, 7, 3144-3156.
[2] J.B. Stiller, R. Otten, D. Häussinger, P.S. Rieder, D.L. Theobald, D. Kern, Nature, 2022, 603, 528-535.

Fig. 1: 
Schematic 
structure 
of Nb80 
complexed 
to YY-β1AR

Fig. 2: 
Represen-
tation of 
states of 
adenylate 
kinase
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High throughput NMR fragment screening

Felix Torres1,2, Matthias Bütikofer1, Gabriela Stadler1, Takuya Segawa1, Roland Riek1

1: ETH Zürich, Switzerland; 
2: NexMR GmbH, Switzerland

NMR is able detect weak target-ligand interactions which makes it the ideal technique 
for fragment-based drug discovery. However, NMR suffers poor sensitivity yielding draw-
backs. Therefore, NMR-fragment screening is low throughput (50 samples/ day), it needs 
high concentrations (100 μM), and a high field spectrometer (>600 MHz). 

Riek group developed a photo-CIDNP NMR method for target-ligand interaction de-
tection. The hyperpolarization improves the signal-to-noise allowing a screening rate to up 
to several thousand samples per day. In addition, the method can screen at low micromolar 
concentrations and at low to medium field spectrometer 100-600 MHz. We will present 
the theoretical background and the experimental setup that combines flowthrough NMR 
and hyperpolarization to achieve hit detection. We will also present the results obtained 
for different screening campaigns on several targets.

Finally, we will demonstrate that this new method makes NMR drug discovery more 
accessible and that the high throughput fragment screening places it as a competitor of 
state-of-the-art techniques such as X-ray and surface plasmon resonance.
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Faster NMR: On automated protein structure determination and 
CIDNP-based drug screening
Roland Riek, Felix Torres, Peter Güntert, Piotr Klukwoski

ETH Zürich

NMR is one of the most powerful methods in protein structure determination and drug 
screening. However, it is inherently slow in both applications because of the complexity of 
the protein spectra and its low sensitivity.

We have addressed the problem of fully automated protein structure determination by 
combining CYANA with deep learning. Our newly established method successfully repro-
duced 100 protein structures with median backbone RMSD 1.27 Å to PDB reference fully 
automated starting with NMR spectra and . To overcome the hurdle of low sensitivity in 
small molecule NMR we use Chemically Induced Dynamic Nuclear Polarization (CIDNP). 
Photo-CIDNP presents the advantage that it can be induced with the simple light exci-
tation of a dye present in the sample. It's application to drug screening in terms of ligand 
protein interaction is presented.
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Application of NMR Spectroscopy for characterization and identity 
testing of oligonucleotide drug molecules
Alfred Ross1, Nanna Albaek2, Katharina Bruno-Thakur1, Konrad Bleicher1, Denia Mellal1,  
Michael Keller1, Filippo Sladojevich1

1: Hoffmann LaRoche AG, Switzerland - Roche Innovation Center Basel; 
2: Hoffmann LaRoche AG, Switzerland - Roche Innovation Center Kopenhagen

With recent introduction of several new Oligonucleotide based drugs to the market, 
an increased need for high quality analytics to support the process of registration at au-
thorities emerged. This requires an in-depth understanding of the chemical structure and 
the synthesis of the final molecule. Here we provide examples on how NMR spectroscopy 
is used in our laboratory to characterize chemically modified Oligonucleotide drug candi-
dates.
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Legacy of Richard Ernst

Geoffrey Bodenhausen

Ecole Normale Supérieure, France

This presentation will give an overview of the contributions to NMR by Richard Ernst.

RETROSPECTIVE

Richard Ernst (1933–2021)

Chemist who made magnetic resonance a powerful tool

By Geoffrey Bodenhausen

DOI: 10.1126/science.abj9824
Science 373 (6551), 164.
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What can we add to cerebral metabolism with hyperpolarized MR 
probes?
Emmanuelle Flatt1, Bernard Lanz2, Rolf Gruetter1, Mor Mishkovsky1

1: Laboratory for Functional and Metabolic Imaging (LIFMET), EPFL, Lausanne, Switzerland; 2: Center for 
Biomedical Imaging (CIBM), EPFL, Lausanne, Switzerland

Molecular imaging enables to visualize and quantify the function of biological pro-
cesses, bringing essential new perspectives for disease assessment. Dissolution Dynam-
ic Nuclear Polarization (dDNP) of metabolic substrates dramatically enhances Magnetic 
Resonance Imaging (MRI) sensitivity making it possible to monitor real-time intermediary 
metabolism [1, 2]. As such, it paves the way to a new class of non-invasive, non-radioactive 
in vivo metabolic imaging methodology that can be applied in preclinical [3] and clinical 
studies [4]. While most studies have mainly focused on the potential of hyperpolarized 
(HP) [1-13C]pyruvate, due to its excellent properties as dDNP molecular imaging contrast 
agent, dDNP is a versatile technique that can be employed to polarize a large variety of 
metabolically relevant molecules.

Because glucose is the principal fuel molecule for the brain, and aberrant glucose me-
tabolism is a key factor in many neurological disorders [5-7], glucose is the substrate of 
choice for neuroimaging. We have recently presented an optimized experimental protocol 
that enables the implementation of HP glucose to monitor real-time cerebral glycolysis in 
the naïve brain [8] and brain tumors [9]. The present paper relates to the unique metabolic 
information one can access using HP glucose. We discuss the differences between HP 
glucose and 2H glucose MRS measurements of lactate dynamic labeling, although both 
techniques arebased on detecting the chemical shift differences while glucose is being me-
tabolized into its downstream metabolites. We show that the very different duration and 
temporal resolution of the two detection schemes enable to highlight different aspects in 
glucose metabolism.

[1] Ardenkjaer-Larsen JH. et al. PNAS 2003
[2] Golman K. et al. The British journal of radiology 2003
[3] Mishkovsky M. Comment A. Analytical biochemistry 2017
[4] Kurhanewicz J, et al. Neoplasia 2019
[5] Warburg, O. Science 1956
[6] Duran-Aniotz C. Hetz C. Current biology 2016
[7] Detka J. et al Neuroscience 2015
[8] Mishkovsky M. et al. Scientific reports 2017
[9]Mishkovsky M. et al. Scientific reports 2021
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In vivo MR spectroscopy: a couple of flavors of the month

Roland Kreis

University and Inselspital Bern, Switzerland

Two topics that have become fashionable in the in vivo MRS field in recent years will 
be reported on.

Deuterium NMR has seen a revival recently with work of the Yale group demonstrating 
the benefit of following the metabolic fate of deuterated glucose ingested orally. A luridly 
derived claim was that 2H metabolic imaging could replace PET in some way, in particular 
for the characterization of gliomas. In our work, we use 2H MR spectroscopic imaging in-
tertwined with 13C MRS to evaluate differences between healthy subjects and two patient 
populations in liver carbohydrate metabolism after oral glucose loads.

Machine learning, and in particular deep learning, has invaded all aspects of in vivo 
MR recently. The applications reach from taking over routine evaluation tasks in radiology 
to fast processing of MR data, to design of novel MR experiments. In our work, we have 
looked into artifact detection and elimination, denoising of spectra, as well as quantifica-
tion of in vivo spectra including estimation of uncertainties. On close inspection, apparent 
miracles tend to turn out as mirages.
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In vivo 39K MRI and MRS on human subjects and ex vivo NMR-Bio-
reactor on 3D cell cultures
Peter Vermathen

MR Methodology, DIN, University of Bern, Bern 
Translational Imaging Center, sitem-insel, Bern, Switzerland

The talk will focus on two very different topics from our lab: I) in vivo potassium MR 
imaging and spectroscopy on a 7T MR scanner und II) the establishment and application of 
an ex vivo NMR bioreactor to determine metabolism and oxygen consumption of living 3D 
cell culture systems by NMR. 

I) While 23Na-MR imaging has been proven to be clinically applicable, localized non-in-
vasive in vivo determination of 39K was not possible until very recently. Recently it has been 
shown that by using 39K MRI and MR spectroscopic imaging (MRSI) at ultrahigh magnetic 
fields for the first time a non-invasive and spatially resolved method for in vivo investiga-
tion of the K+ ion homeostasis in humans has become possible [1,2]. First results of our 
own work on human calf and thigh muscles will be presented. 

II) At the previous Swiss NMR symposium, we have demonstrated the establishment of 
an ex vivo NMR bioreactor for metabolic investigations of living 3D cells. Further improve-
ments will be presented including the separation of intra- and extracellular contributions 
and the rapid determination of O2 via relaxation time measurements of water. In addition, 
first results of measurements on 3D cell cultures with mitochondrial defects will be pre-
sented.

[1] Umathum R, Rosler MB, Nagel AM. Radiology 2013; 269:569.
[2] Gast LV, Völker S, Utzschneider M, Linz P, et al. Magn Reson. Med 2021; 85:239.
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NMR spectroscopy of mammalian embryos and microtissues

Marco Grisi1, Gaurasundar Marc Conley1, Giulia Sivelli1, Kathryn Marable1

1: Annaida Technologies SA, Innovation Park C, Lausanne

NMR is often referred as the golden standard for in-vivo studies of large organisms. Thanks 
to its unique resolving power and non-invasive nature, it is nowadays routinely applied to re-
search and clinical investigations. These same investigations would be highly beneficial at the 
nanoliter scale (nL), typical of early development of mammalian embryos, organoids, and mi-
crotissues. Unfortunately, sensitivity and sample handling issues at such small scale (about 100 
micrometers) prevented the adoption of NMR. Recently, our team has overcome these limita-
tions with ultra-compact single-chip probes, where microchip transceivers and 3D micro-print-
ing are combined. In this presentation we show that such probes have sufficient sensitivity to 
detect and resolve NMR signals from single mammalian pre-implantation embryos (cow, pig, 
and rabbit models) and 3D human microtissues. In less than 1 hour samples with diameters of 
just 130-240 micrometers produce distinct spectral peaks, largely originating from lipids con-
tained inside them. We further observe how the spectral features can be used to determine 
biomarkers, posing the basis for a novel non-invasive NMR-based screening tool. 

Sivelli, Giulia, et al. "NMR spectroscopy of a single mammalian embryo." 
Journal of Magnetic Resonance (2022)
Grisi, Marco, et al. "NMR microsystem for label-free characterization of 3D 
nanoliter microtissues." Scientific reports 10.1 (2020): 1-9.

Figure: MRS-based lipid markers. (Top) 
We demonstrated high precision mon-
itoring of fatty liver disease in human 
micro-livers. The three groups are ob-
tained by a control culture in lean medi-
um (blue), a diabetic culture in diabetic 
medium (black), a diabetic culture ex-
posed to lean medium (orange). Over 
time, the latter passes from disease to 
normal profile. The dynamics highlights 
that the recovery accelerates between 
Day 7 to Day 10 from exposure. Data 
obtained from 117 samples. (Bottom) 
We observed lipid markers in early cow 
embryos divided in two groups: those 
arrested by 8-cell stage (Undeveloped) 
and those that continued to become 
blastocysts and morulae (Developed). 
Besides being able to separate the two 
groups, we have observed a significant 
spread in the “Developed” cohort. This 
is promising in the sense that variations 
between embryos reach 200% so re-
flecting a much different balance of mo-
bile lipids despite a similar morphology.
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Life-science studies with radiation-detected NMR in liquid environments

Magdalena Kowalska

CERN, University of Geneva

Long- and short-lived nuclei have been already used for radiation-detected NMR (RD-
NMR) in solid samples for studies in nuclear physics and material science, profiting from 
the possibility to record resonances on as few as 106 probe nuclei. Currently, with life-sci-
ence applications in mind, the RD-NMR developments are concentrating on allowing stud-
ies also in liquid samples.

Using our RD-NMR setup at CERN, in which we combine hyperpolarization via optical 
pumping with NMR detection in beta-decay asymmetry, we have already established a 
new way of referencing RD-NMR spectra and connecting them directly to conventional 
NMR and to quantum chemistry calculations. We have also looked at the binding site of Na 
and K in several ionic liquids and deep eutectic solvents. At present, we are investigating 
the interaction of K with DNA G-quadruplexes.

In parallel, with several European partners, we explore the possibility to use long-lived 
Xe isotopes for MRI imaging (gamma-MRI), and we look into hyperpolarizing isotopes used 
in nuclear medicine, e.g 13N and 11C, for studies in chemistry using combined RD-ZULF-
NMR.
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Nutation-Frequency Selective Pulses

Kathrin Aebischer, Matthias Ernst

Physical Chemistry, ETH Zürich, Switzerland

The rotating frame is a central concept in magnetic resonance that allows us to under-
stand resonant radio-frequency (rf) irradiation. Frequency-selective pulses are amplitude- 
and phase-modulated pulses that excite spins within a certain band width of the carrier 
signal. We have generalized this concept of resonant pulses in a rotating frame to nuta-
tion-frequency-selective pulses by applying such pulses in a resonant manner during a spin 
lock period. This allows us to select parts of the sample that see a certain radio-frequency 
field amplitude which can be important for experiments where rf-field inhomogeneity has 
a strong detrimental effect. We show that under MAS the implementation will strongly 
influence the efficiency in different applications which can be understood by considering 
the side bands of the nutation-frequency-selective pulses.
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Importance of Nuclear Quantum Effects for NMR Crystallography

Michele Ceriotti

EPFL, Laboratory of Computational Science and Modeling

The resolving power of solid-state nuclear magnetic resonance crystallography de-
pends heavily on the accuracy of computational predictions of NMR chemical shieldings 
of candidate structures, which are usually taken to be local minima in the potential en-
ergy. To test the limits of this approximation, we systematically study the importance of 
finite-temperature and quantum nuclear fluctuations for 1 H, 13 C, and 15 N shieldings in 
polymorphs of three paradigmatic molecular crystals: benzene, glycine, and succinic acid. 

The effect of quantum fluctuations is comparable to the typical errors of shielding 
predictions for static nuclei with respect to experiments, and their inclusion improves the 
agreement with measurements, translating to more reliable assignment of the NMR spec-
tra to the correct candidate structure. 

The use of integrated machine-learning models, trained on first principles energies and 
shieldings, renders rigorous sampling of nuclear fluctuations affordable, setting a new stan-
dard for the calculations underlying NMR structure determinations.
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GHz-Class NMR Updates

Maksim Mayzel

Bruker Switzerland AG

Recent advances in hybrid low-temperature (LTS) / high-temperature (HTS) supercon-
ductor magnet technology for Gigahertz-Class NMR magnets will be discussed.
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Molecular sensing with single nitrogen-vacancy centers in diamond

Erika Janitz, Christian Degen

Department of Physics, ETH Zurich

The field of nano-NMR aims to elucidate the composition and structure of matter using 
drastically reduced sensing volumes, ideally reaching the single-to few-molecule regime. 
One modality leverages the long-lived electronic spin of the nitrogen-vacancy (NV) center 
in diamond to detect nuclear spins in external molecules. In this talk, I will discuss diamond 
fabrication and surface treatments developed in our group to improve detection sensitivity 
while enabling highly generalizable molecular surface functionalization. Next, I will discuss 
progress in using this NV-NMR platform to detect conformational changes in DNA mole-
cules attached to the diamond interface. Finally, I will outline our plans to harness a novel 
diamond defect with improved sensitivity in the pursuit of single-nuclear-spin detection 
within a molecule.
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Biomolecular NMR at Fast MAS and High Field

Beat H Meier1, Morgane Callon1, Vaclav Rimal1, Marco E Weber1, Gyula Palfy1, Sara Pfister1, 
Alexander B Barnes1, Anja Böckmann2

1: ETH Zurich, Switzerland; 2: University of Lyon, France

We describe first experiences with the 1200 MHz magnet for biomolecular solid-state 
NMR. We discuss the linewidth of biomolecules at 100-160 kHz MAS and at high field 
(1200 MHz). Differences between spectra at 1200 and 850 MHz are highlighted. We also 
focus on parts or domains of molecules that show microsecond motion. These parts are of-
ten invisible in the NMR spectrum due to either line broadening beyond detection and/or 
inefficient polarization transfer. Also for such systems, fast magic-angle spinning and high 
fields are shown to improve linewidth and allow to detect these commonly unobserved 
residues.



1 9

Molecular-Level Understanding of the Surface Sites in Heteroge-
neous Catalysts: A Solid-State NMR and DFT Perspective
Alexander Yakimov1, Christophe Copéret1

1ETH Zurich, Switzerland

Understanding the structure of the surface active sites in catalytically active materials 
is a key to the rational design of catalytic systems. In that context, solid-state NMR has 
become an indispensable tool thanks to its site specificity and high sensitivity to the local 
surrounding, electronic structure and dynamics of the nuclei of interest. However, the ap-
plication of NMR to study surfaces remains challenging due to low intrinsic sensitivity of 
NMR worsened by low concentration of surface sites. In addition, the active sites are often 
associated with quadrupolar nuclei in coordinatively unsaturated environment, which gives 
rise to immensely broad NMR signals, in some cases not detectable even with the state-
of-the-art equipment. Moreover, the attribution of the NMR lines especially the ones with 
complicated lineshape is often very difficult in the absence of computational modelling.

To address this issues, we apply a set of methodologies, often in combination, that 
allow to increase the sensitivity towards the surface and filter out the signals from bulk. 
These methodologies include but are not limited to i) selective isotopic labeling, ii) use of 
pulse sequences that allow for the sensitivity enhancement, e.g. CPMG, iii) detect the in-
sensitive nuclei through proton or other heteroatoms indirectly using 2D NMR approaches 
and iv) use surface-enhanced DNP NMR spectroscopy. We then further confront the re-
sults to DFT computational modelling of the NMR spectroscopic parameters that enable 
molecular-level understanding of the surface sites.

These strategies allow us to address the structure of surface sites in broad variety of 
catalytically active materials. Moreover, the methodologies are very robust and can be 
specifically adjusted to the materials of the different nature. In this contribution we plan to 
showcase the abovementioned methodologies to understand the structure of the surface 
sites in broad range of materials from zeolites to metal sites supported on oxides, metal 
chlorides and carbon nitrides.
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A 320 km Hyperpolarization Journey: performing [U-13C, d7]glucose 
DNP in Copenhagen and hyperpolarized 13C-MR in Aarhus
Andrea Capozzi1,2, Magnus Karlsson2, Mathilde Lerche2, Jan Henrik Ardenkjær-Larsen2

1: LIFMET, EPFL; 2: Technical University of Denmark

DDNP polarizers are expensive, technically demanding and require trained personnel. 
At the same time, hyperpolarized MR tracers have a half-life short enough to need the 
polarizer to be placed as close as possible to the MRI scanner.  Similarly to what happened 
with PET tracers, being able to receive on demand hyperpolarized contrast agents from a 
centralized facility would solve this main shortcoming and boost the diffusion of hyperpo-
larized MR on a wider scale. In this work, using UV-induced non-persistent radicals and 
purpose build hardware, we demonstrate the first “across-cities-dDNP” experiment: we 
performed [U-13C, d7]glucose DNP in Copenhagen and hyperpolarized MRI of the rat kid-
ney in Aarhus.
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NMR Spectroscopy Tutorial

Peter Bigler

Department of Chemistry and Biochemistry
University of Berne

This interactive online learning tool aims to introduce the user to the physics of some 
popular 1D and 2D NMR experiments in a self-paced manner.

With the focus on the experiment itself, the tutorial tries to complement the traditional 
NMR training, which is mostly focused or even limited to the analysis and interpretation of 
the spectra.

With the help of a tutorial guide, a virtual NMR spectrometer and corresponding data 
processing tools the user learns and experiences in an autodidactic way how a few popular 
1D and 2D NMR experiments work and in particular how their results depend on experi-
mental parameters. 

The software tools for simulation and data processing are part of the proven BRUKER 
TOPSPIN software package, which can be used free of charge by academic users.

The tutorial guide, additional files for running simulations and reference files for check-
ing your own results are located on a ILIAS platform - managed by the Support Center 
for ICT-based Teaching and Research of the University of Bern (iLUB) - and are accessible 
without registration and free of charge.

D1
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The Chaperone Trigger Factor’s Interactions with Client Proteins

Alexandra Polyakova, Guillaume Mas, Sebastian Hiller

Biozentrum, University of Basel, Klingelbergstrasse 70, 4056 Basel, Switzerland

Molecular chaperones are key players in protein folding, preventing misfolding and 
protein aggregation, and maintaining cellular protein homeostasis. Understanding the bio-
physical principles underlying their mechanism of action is a fascinating research topic. 
NMR is particularly well suited to study the complexes of chaperones with client proteins, 
which can be highly dynamic1. Trigger factor (TF), a bacterial cytosolic ATP-independent 
chaperone, is the first chaperone to interact with newly translated polypeptide chains 
emerging from the ribosome2. TF also binds client proteins in solution3. The biophysical 
principles of how TF interacts with clients, however, remain unclear. Does it form client 
complexes at the single conformational limit or rather multi-conformational ensembles? 
Does it only interact with unfolded extended chains or also partially compacted or folded 
structures? Using an NMR-based approach, we aim to answer these questions and eluci-
date the biophysical principles underlying the interactions of TF with client proteins. We 
build upon previous work describing the structure of TF in complex with unfolded alka-
line phosphatase (PhoA)4. Preliminary results have yielded mappings of intensity changes, 
chemical shift perturbations, and intermolecular NOE contacts that arise when TF interacts 
with fragments of PhoA, as well as the full-length client. Our outlook is to study the inter-
actions of TF with other clients, for example outer membrane proteins, and make use of 
paramagnetic NMR approaches to gain further insight into the dynamics of bound clients 
and the TF-client complex. This will give us a deeper understanding of TF’s mechanism of 
action and its role in protein folding.

[1] Hiller, S. & Burmann, B. M. Chaperone–client complexes: A dynamic liaison. J. Magn. Reson. 289, 
142–155 (2018).
[2] Hoffmann, A., Bukau, B. & Kramer, G. Structure and function of the molecular chaperone Trigger 
Factor. Biochim. Biophys. Acta - Mol. Cell Res. 1803, 650–661 (2010).
[3] Martinez-Hackert, E. & Hendrickson, W. A. Promiscuous Substrate Recognition in Folding and As-
sembly Activities of the Trigger Factor Chaperone. Cell 138, 923–934 (2009).
[4] Saio, T., Guan, X., Rossi, P., Economou, A. & Kalodimos, C. G. Structural basis for protein antiaggre-
gation activity of the trigger factor chaperone. Science (80-. ). 344, (2014).

P1
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PDIA6 clusters provide a rapid co-chaperone response to ER-stress

Anna Leder1, Viktória Szentgyörgyi1, Anne Spang1, Guillaume Mas1, Sebastian Hiller1

1Biozentrum, University of Basel, Spitalstrasse 41, 4056 Basel, Switzerland

The endoplasmatic reticulum (ER) serves as the major protein folding compartment 
in the eukaryotic cell. Efficient ER functioning relies on a specialized network of multiple 
chaperones, whose impairment can lead to severe illnesses including diabetes, cancer and 
neurodegenerative diseases (1). Understanding how client protein folding is orchestrated 
by the interplay of different chaperones is key to explain crucial biological mechanisms 
including ER-stress. Here, we combined solution NMR spectroscopy, X-ray crystallography 
and advanced biophysical methods with fluorescence microscopy to explore the role of the 
disulfide isomerase PDIA6 in the chaperone network (2, 3, 4).

Initially, we determined a structural model for the 90 kDa protein PDIA6 to explain 
the arrangement and interactions of its three domains. On this basis, we were able to re-
solve the liquid-liquid phase separation (LLPS) behaviour of PDIA6 for the first time, both 
in vitro and in vivo. In particular, our data show that PDIA6 forms LLPS-driven chaperone 
storage clusters, which are dissolved by ER-stress. In vitro reconstitution in combination 
with methyl NMR spectroscopy allowed us to dissect the redox- and calcium-dependent 
regulatory mechanism underlying PDIA6 LLPS. Next, we found PDIA6 to modulate the 
activity of the Hsp70 chaperone BiP. A structural description of the complex between BiP 
and PDIA6 revealed that the catalytically inactive domain of PDIA6 interacts with the BiP 
nucleotide binding domain. Analysis of this interaction at the atomic level by methyl NMR 
spectroscopy unveiled new binding interfaces on both proteins and identified PDIA6 as a 
nucleotide exchange factor of BiP. Taken together, the regulation of BiP by PDIA6 and the 
formation of chaperone storage clusters represent novel biological mechanisms to elegant-
ly enhance protein folding in rapid response to ER-stress. This opens up new opportunities 
for drug development connected to the malfunction of the ER-stress response implicated 
in multiple human diseases.

[1] Balchin, D., et al. (2016). Science 353(6294): aac 4354.  
[2] Okumura, M., et al. (2021). Structure 29(12):1357-1370.
[3] Eletto, D., et al.  (2014). Mol. Cell 53, 562–576. 
[4] Jessop, C.E., et al. (2009). J. Cell Sci. 122, 4287–4295.
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Gram-negative bacteria contain a conserved antibiotic target site 
accessible from outside
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zinek5, Peter Zbinden2, Parthasarathi Rath1, Tim Sharpe1, Philippe A. Lehner1, Adam Mazur1, 
Emile Brabet2, Françoise Jung2, Mohammed Benghezal2, Beatrice Claudi1, Carol V. Robinson3,6, 
Peter J. Bond5,7, Dirk Bumann1, Daniel Obrecht2, Timm Maier1, Sebastian Hiller1
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The discovery void for antibiotics against multi-drug resistant Gram-negative bacteria 
is an ever-concerning challenge1. Gram-negative bacteria have two membranes, which 
together protect effectively against drug penetration. Thereby, the outer membrane (OM) 
represents a promising, albeit underexploited target for new antibiotics. The protein inser-
tase of the outer membrane, BAM, is an essential component of this defensive shield and 
therefore an attractive target for novel antibiotics2. Here, we resolve how BamA-OMPTA3, 
a synthetic bicyclic peptide with potent antibacterial activity, inhibits BAM. Cryo-electron 
microscopy reveals that the protein epitope mimetic (PEM) part of BamA-OMPTA binds 
into a deep pocket at the extracellular face of BAM, which is freely accessible from the 
outside. Finding a conserved antibiotic target site accessible from outside solves the ob-
stacles imposed by enzymatic degradation and efflux pumps which are the main bacterial 
resistance mechanism against antibiotics. The surface-accessible PEM-binding pocket is a 
second functional center of BAM besides the periplasmic lateral gate which is protected 
by the outer membrane4. Our study reveals a promising mode-of-action for inhibitors of 
a prime antibacterial target and opens new avenues for the systematic development of 
urgently needed novel antibiotics.

[1] Ursula, T. et al. The global preclinical antibacterial pipeline. Nature microbiology reviews. 18, 275–
285 (2020).
[2] Voulhoux, R. et al. Role of a highly conserved bacterial protein in outer membrane protein assembly. 
Science 299, 262–5 (2003).
[3] Luther, A. et al. Chimeric peptidomimetic antibiotics against Gram-negative bacteria. Nature 576, 
452–458 (2019).
[4] Kaur, H. et al. The antibiotic darobactin mimics a β-strand to inhibit outer membrane insertase. 
Nature 593, 125–129 (2021).
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A new approach for the structural elucidation of RNA G-quadruplexes

Zenghui Wang1, Carla Ferreira Rodrigues1, Simon Jurt1, Silke Johannsen1, Roland K. O. Sigel1

1Department of Chemistry, University of Zürich

G-quadruplexes are non-canonical nucleic acid structures formed by guanine-rich DNA 
and RNA sequences. Typically, one G-quadruplex consists of three planes that stack on 
top of each other. Each plane (G-tetrad) comprises four guanines constrained by hydrogen 
bonds between the Hoogsteen and Watson-Crick edges [1]. For a long time, the focus was 
mainly on DNA G-quadruplexes. However, recently RNA G-quadruplexes have become 
more and more popular due to their importance in regulatory roles, such as gene repli-
cation, translation, or expression regulation. G-quadruplexes can adopt different overall 
topologies essential for the various biological functions. While DNA G-quadruplexes exist 
in parallel, anti-parallel, and hybrid topologies, RNA G-quadruplexes naturally appear only 
in the parallel conformation due to the C3’-endo preference of the ribose sugar [2]. Even 
so, RNA G-quadruples can be highly dynamic with the exchange between four consecu-
tive guanines along the backbone or from the exchange of guanines from the loops into 
a G-tetrad. These dynamics can be minimized through specific mutations of the guanines 
locking the structure to one conformation that yield higher quality NMR spectra. Elucidat-
ing the structure is of the utmost importance for determining their biological function, but 
until now no unimolecular RNA G-quadruplex structure has been determined.

The current method to elucidate G-quadruplexes structures by NMR relies on sol-
id-phase oligonucleotide synthesis, allowing for site-specific labelling. However, this ap-
proach is unsuitable for RNA sequences due to its high cost and low yields. Instead, uni-
formly labelled RNA constructs can be prepared in good yield and high purity by in vitro 
transcription. So far, no linear assignment strategy is available for solving uniformly labelled 
G-quadruplex structures. Thus, we designed a step-by-step protocol using a set of NMR 
experiments that in principle can be applied to any G-quadruplex. The assignment starts 
from a single guanine to a whole G-tetrad up to the correct arrangement of the individual 
planes. In this approach, a pair of HNN-COSY spectra is the centerpiece, as these allow 
the unambiguous assignment of the hydrogen bonds. Applying this new strategy, we have 
solved the first monomolecular RNA G-quadruplex structures.

[1] Agarwala P, Pandey S, Maiti S. The tale of RNA G-quadruplex. Organic & Biomolecular Chemistry. 
2015 May; 13 (20); 5570-5585
[2] Adrian M, Heddi B, Phan AT. NMR spectroscopy of G-quadruplexes. Methods. 2012 May; 57 (1); 
11-24
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Towards a High-Throughput Drug Discovery Pipeline using Photo-
-CIDNP enhanced NMR Spectroscopy
Gabriela Stadler, Felix Torres, Matthias Bütikofer, Takuya Segawa, Roland Riek

ETH Zürich, Switzerland

NMR spectroscopy has the unique capability to probe various different characteristics 
of a ligand-target interaction and it can detect also weak interactions in a selective fashion. 
This makes NMR a very attractive method for drug discovery. However, the intrinsically 
low sensitivity of NMR leads to long measurement times and high consumption of sample 
materials, which limits the throughput and target range of NMR-based drug discovery. 
The Riek group works towards a high-throughput application of NMR in drug discovery 
using photo-chemically induced dynamic nuclear polarization (photo-CIDNP) to overcome 
the sensitivity limitations of NMR experiments. Photo-CIDNP NMR allows screenings 
for ligand-target interactions in single scans at low micromolar concentrations based on 
quenching of the ligand hyperpolarized signal upon binding to a target. We have developed 
a flowthrough system that currently allows us to screen 1500 samples in only 24 hours 
with photo-CIDNP NMR, thereby significantly reducing the measurement time compared 
to conventional NMR-based screening methods. In fact, photo-CIDNP NMR screening 
competes with the throughput of current state-of-the-art screening techniques such as 
X-ray or surface plasmon resonance (SPR). In this work, we show an exemplary screening 
against the model protein PIN1 as a proof of concept for the feasibility of photo-CIDNP 
NMR screenings.

We are also developing a method to derive the dissociation constants from photo-CID-
NP NMR. This reduces the measurement time needed for hit validation and affinity ranking 
compared to 2D NMR as the current gold standard. Furthermore, the photo-CIDNP tech-
nology could also be applied to speed up measurements for NMR structure calculations, 
making it much more attractive for deriving ligand-target complex structures. NMR is par-
ticularly suited for challenging targets for which assay development is tedious with other 
biophysical techniques, and photo-CIDNP is expected to reduce the amount of material 
needed. Such targets as membrane proteins or amyloid fibrils will be studied in a near fu-
ture to demonstrate the potential of photo-CIDNP NMR to extend the range of accessible 
targets for drug discovery.
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Exploiting dual diffusion MRS and MRI acquisitions in the rat cere-
bellum at 14.1 T: a measurement of intra-extracellular water exchange
Jessie Mosso1,2,3, Michael Chan1,2, Mickaël Rey1,2, Ileana O. Jelescu4, Cristina Cudalbu1,2

1CIBM Center for Biomedical Imaging, Lausanne, Switzerland; 2Animal Imaging and Technology (AIT), EPFL, 
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interventionnelle, Lausanne University Hospital CHUV, Lausanne, Switzerland

Background: Recent studies have highlighted the need to account for inter-compart-
ment water exchange when estimating diffusion models of gray matter (GM) at diffusion 
times longer than 20 ms with diffusion MRI [1] [2]. This often requires multi-diffusion time 
protocols, which can substantially increase the total acquisition time. In the context of he-
patic encephalopathy (HE), poor ammonia detoxification results in an excessive synthesis 
of glutamine in the astrocytes and in an osmotic pressure which may alter water exchange. 
We have recently presented paralleled results of diffusion MRS (dMRS) and diffusion MRI 
(dMRI) at 14.1T in the cerebellum of a HE rat model, using non-exchanging models only [3].

Aims: In the present study, we propose a dual modelling of these preclinical dMRS and 
dMRI data [3]. We obtain a reliable estimate of cerebellar GM intra-extracellular water ex-
change time (tex) without additional dMRI data at multiple diffusion times (Td). This meth-
odology was tested on a small sample-size of SHAM (n=3) and HE rats (n=2).

Methods: dMRS and dMRI acquisition parameters have been detailed in [3]: dMRS was 
performed using the STE-LASER sequence [4] with Td = 63 ms, and dMRI using a multi-
slice 2D SE EPI sequence with Td = 12 ms. The pipeline for tex estimation is as follows: 
(1)-SANDI [5] or WMTI-Watson [6] parameters were fitted at short diffusion time (Td = 12 
ms) for each GM/WM dMRI voxel in the cerebellum; (2)-the SANDI model formulation in 
GM was then modified to account for exchange between the sticks and the extracellular 
space [7]; (3)-the predicted water decay in the MRS voxel was reconstructed by summing 
weighted contributions of GM (SANDI with exchange) and WM (WMTI-Watson) voxels, 
and fitted to the experimental dMRS water decay at long diffusion time (Td = 63 ms) to 
estimate tex.

Results and Discussion: The fitted values were: mean tex SHAM: 40.1 ± 24.4 ms, mean 
tex HE: 50.3 ± 7.8 ms, in good agreement with literature [1]. No statistically significant 
difference was found between the 2 groups, but an increased sample-size may help further 
investigate this matter. Overall, our approach enables an estimation of: geometric features 
of GM and WM from biophysical models at short diffusion time, diffusion coefficients of 
compartment-specific metabolites, and, using the dMRS water signal jointly with dMRI, 
an estimation of membrane permeability in GM, without the need for prohibitively long 
acquisition times.

[1] Jelescu et al., NeuroImage, 2022 [2] Olesen et al., NeuroImage, 2022 [3] Mosso et al., Proc. Intl. 
Soc. Mag. Reson. Med. 30 (ISMRM), 2022 [4] Ligneul et al., MRM, 2017 [5] Palombo et al., NeuroIm-
age, 2020 [6] Fieremans et al., NeuroImage, 2011 [7] Käger, Adv. Colloid Interface Sci., 1985 [7] Käger, 
Adv. Colloid Interface Sci., 1985
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Reliability of quantification estimates in MR Spectroscopy:       
CNNs vs. traditional model fitting
Rudy Rizzo1,2, Martyna Dziadosz1,2, Sreenath P. Kyathanahally3, Mauricio Reyes4,5, Roland 
Kreis1,2
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Research group, Dübendorf, Switzerland
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Magnetic Resonance Spectroscopy (MRS) and Spectroscopic Imaging (MRSI) are 
non-invasive techniques to map tissue contents of many metabolites in situ in humans. 
Quantification is traditionally done via model fitting (MF), and Cramer Rao Lower Bounds 
(CRLBs) are used as a measure of fitting uncertainties. Signal-to-noise is limited due to 
clinical time constraints and MF can be very time-consuming in MRSI with thousands of 
spectra. Deep Learning (DL) has introduced the possibility to speed up quantitation while 
reportedly preserving accuracy and precision. However, questions arise about how to ac-
cess quantification uncertainties in the case of DL. In this work, an optimal-performance 
DL architecture that uses spectrograms as input and maps absolute concentrations of me-
tabolites referenced to water content as output was taken to investigate this in detail. 
Distributions of predictions and Monte-Carlo dropout were used to investigate data and 
model-related uncertainties, exploiting ground truth knowledge in a synthetic setup mim-
icking realistic brain spectra with metabolic composition that uniformly varies from healthy 
to pathological cases. Bias and CRLBs from MF are then compared to DL-related uncer-
tainties. It is confirmed that DL is a dataset-biased technique where accuracy and precision 
of predictions scale with metabolite SNR but hint towards bias and increased uncertainty 
at the edges of the explored parameter space (i.e., for very high and very low concentra-
tions), even at infinite SNR (noiseless training and testing). Moreover, training with uniform 
datasets or if augmented with critical cases showed to be insufficient to prevent biases. 
This is dangerous in a clinical context that requires the algorithm to be unbiased also for 
concentrations far from the norm, which may well be the focus of the investigation since 
these correspond to pathology, the target of the diagnostic investigation.
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39K MR-Imaging and Spectroscopy on a 7T MR Scanner

Hedvika Primasová1,2,3, Bruno Vogt3, Peter Vermathen1,2
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2Translational Imaging Center, sitem-insel, Bern, Switzerland
3Department of Nephrology and Hypertension, Inselspital, Bern University Hospital, University of Bern, Bern

Potassium and sodium are essential for living cells. Changes in K+ and Na+ levels and 
their ratio are involved in multiple diseases. Unfortunately, potassium serum or urine levels 
correlate only poorly with tissue potassium and do neither give information on location 
nor on tissue potassium levels. 39K MRI and MRS(I) have potential to allow monitoring lo-
cal potassium levels non-invasively. To be able to use 39K MR, it is necessary to overcome 
challenges in form of low NMR sensitivity of 39K and short relaxation times typical for 
quadrupolar nuclei. In this work we tested, optimized and compared different methods of 
39K magnetic resonance at 7T. One approach to deal with the fast relaxation of 39K is to em-
ploy sequences using ultrashort echo (UTE) times as has been previously shown by others 
(Rösler et al., Radiology, 2016).  As we use a 39K/1H surface coil the sensitive volume is lim-
ited mostly to regions close to the coil and corrections for B1 transmit- and receive-fields 
are required. Adapted and optimized CSI-FID spectroscopy sequences for 39K allowed not 
only for localization and potentially K+ quantification but can also be used to observe spa-
tially resolved quadrupolar splitting in muscle. The residual quadrupolar splitting varies 
with muscle fiber orientation (Rösler et al., NMR Biomed., 2016). Having well established 
methods is essential for future clinical studies of 39K tissue levels. First 39K measurements 
from our group on human calf and thigh muscles will be shown.
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Direct observation of calcium carbonate prenucleation clusters via 
dissolution dynamic nuclear polarization.
Yu Rao, Martins Balodis, Gabriele Stevanato, Lyndon Emsley

EPF Lausanne

Calcium carbonate is one of the well-known and at the same time one of the most im-
portant inorganic compounds that exist. It has numerous polymorphs and is formed from 
the reaction between Ca2+ and CO3

2-. However, the mechanism of this transformation re-
mains elusive. Precursors that include prenucleation clusters, liquid-like precipitates and 
amorphous nuclei have been proposed.1 Because the carbon atom in these proposed pre-
cursors has different chemical environments, 13C NMR would be a powerful tool to study 
the nucleation mechanism of CaCO3. While powerful, the conventional NMR methods are 
limited by their low sensitivity and would be expected to struggle with the determination 
of such short-lived species in small concentrations. Recently, the advances in dissolution 
dynamic nuclear polarization (dDNP) have made it possible to observe chemical species 
with low concentrations and short lifetimes.

Here we investigate the early-stage nucleation process of CaCO3 via 13C NMR dDNP. 
When Ca2+ ions are combined with CO3

2- ions that are hyperpolarized via dDNP, we ob-
serve in situ a previously unseen signal with distinct chemical shift distribution that decays 
at a different rate than the free carbonate which we observe in our spectra too. After the 
reaction is done, this signal is no longer seen in the thermal spectra. We ascribe this signal 
to the short-lived pre-nucleation clusters of calcium carbonate which is the first direct ob-
servation of calcium carbonate pre-nucleation species using NMR.

[1] Du, H.; Amstad, E. Water: How Does It Influence the CaCO3 Formation? Angew. Chem. Int. Ed. 
2020, 59 (5), 1798–1816.
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New insights into the structure – magnetism relationship of lantha-
noid complexes
Raphael Vogel, Thomas Müntener, Daniel Häussinger

University of Basel

Lanthanide chelating tags (LCTs) are widely used to study interactions, dynamics and 
structures of proteins, protein – protein and protein – ligand complexes in solution by 
paramagnetic NMR spectroscopy. The size of the induced pseudocontact shifts (PCSs) and 
residual dipolar couplings (RDCs) of a given LCT depend critically on the anisotropy of 
the magnetic susceptibility tensor. Usually the anisotropy parameters, which describe the 
anisotropic part of the magnetic susceptibility, are determined from resonances observed 
on a conjugated protein. Since the LCT is moving relative to the protein and the protein 
itself being flexible, the anisotropy parameters determined in this manner are inevitably 
reduced by motional averaging. The intrinsic anisotropy parameters of a LCT remain there-
fore unknown. Here we present for the first time, the intrinsic anisotropy parameters for 
the full lanthanoid series determined experimentally from resonances on the ligand itself. 
Assignment of the strongly shifted proton spectra was no longer possible using conven-
tional 2D-NMR assignment strategies, as they were rendered useless by the extremely 
short T2 times. Instead, extensive, site-specific 2H and 13C labelling as well as double reso-
nance techniques were combined with combinatorial methods in order to fully assign the 
1D proton spectra and to determine the anisotropy parameters. The obtained anisotropy 
parameters deliver an upper limit for future PCS applications as well as new insights into 
future LCT designs. Surprisingly, we observed an, at least at room temperature, unprece-
dented correlation between the oblate or prolate f-electron distribution of the lanthanoid 
and the orientation of the main magnetic axis. Furthermore, comparison of different li-
gands revealed that the size of the anisotropy parameters depends critically on the inter-
action between the ligand and the lanthanoid ion.[1]

[1] R. Vogel, T. Müntener, D. Häussinger, Chem 2021, 7, 3144–3156.
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Selective Galactose Culture Condition Reveals Distinct Metabolic Sig-
natures In Complex I, V and MDH2 Deficient Human Skin Fibroblasts 
By 1H HR-MAS NMR
Christoph Meyer1,2,3, Damian Hertig1,2, Christian Urzi1,2,3, Janine Arnold2, Peter Vermathen1, 
Jean-Marc Nuoffer2,4

1: Magnetic Resonance Methodology, Institute of Diagnostic and Interventional Neuroradiology, Universi-
ty of Bern; 2: Institute of Clinical Chemistry, University Hospital Bern; 3: Graduate School for Cellular and 
Biomedical Sciences, University of Bern; 4: Department of Pediatric Endocrinology, Diabetology and Meta-
bolism, University Children’s Hospital of Bern

Mitochondrial respiratory chain defects present as highly heterogeneous disorders 
which cannot be unambiguously diagnosed using standard laboratory methods. In this 
study we assessed the metabolomic signature of complex I, complex V and MDH2 de-
ficient human skin fibroblasts. We set to find out whether defects within the OXPHOS 
chain (CI and CV) and the TCA cycle (MDH2) can be differentiated from each other and 
from controls. Metabolomic signatures were compared under glucose (standard) versus 
galactose (mito-stress) based condition and measured using High Resolution Magic Angle 
Spinning NMR.

NMR spectroscopy: Unbiased PCA and supervised OPLS-DA of overall 42 assigned in-
tracellular metabolites revealed separation of controls and defective cell lines along the pri-
mary axis for both conditions. Clustering of replicates was obtained. Furthermore, OPLS-
DA allowed for further separation of CI, CV and MDH2 defect cell lines, particularly under 
galactose stress condition. 

While choline and uridine were increased in both respiratory chain defects, our data 
revealed metabolites associated with the TCA cycle, malate aspartate shuttle and phenylal-
anine catabolism (fumarate, aspartate, phenylalanine and tyrosine) as potential biomarkers 
separating mitochondrial CV from CI defects in galactose condition. For differentiating 
MDH2 from the respiratory chain defects and controls inosine, creatine, uracil, AMP, UMP 
and NAD proved significant. 

P11



3 3

Advanced NMR Methods Enable the Identification and Structure-
-Activity Relationship of K-Ras Ligands
Matthias Bütikofer1, Felix Torres1, Gabriela Stadler1, Harindranath Kadavath1, Takuya Segawa1, 
Roland Riek1, Julien Orts2

1: ETH Zurich, Switzerland; 2: University of Vienna, Austria

Because of its high information content, Nuclear Magnetic Resonance (NMR) is a pow-
erful technique for drug discovery. However, NMR is a very insensitive method, it needs 
expensive isotope labelling and is complex to analyze. Therefore, high sample concentra-
tions, long measurements, high magnetic fields and long data analysis are required.

The recent progress in the field made at the Riek group and Orts group, including 
photo-Chemical Induced Dynamic Nuclear Polarization (CIDNP)[1] and NMR Molecu-
lar Replacement (NMR2)[2] address the limitations of NMR-based drug discovery. Using 
photo-CIDNP, the NMR signal is enhanced, which reduces the amount of sample and mea-
surement time. Furthermore, NMR2 provides the possibility to calculate protein-ligand 
complex structures without complicated assignment.

Here we show, how we used these advanced NMR techniques to discover molecules 
binding to the oncogenic protein K-Ras (G12V). We first performed a screening using the 
DSI-poised library (900 fragments) using STD NMR. We found 130 hits, among which we 
have validated 60. Additionally, the photo - CIDNP screening method was validated by 
rescreening the best STD hits. Their affinity constants were determined, and binders in 
the low mM affinity range have been identified. Finally, we could obtain five structures of 
K-Ras-fragments complexes, which will allow medicinal chemists to rationally evolve these 
fragments into potent K-Ras inhibitors.

This work demonstrates as well, how the recent scientific advances empower NMR-
based drug design to tackle new challenges. The introduction of photo-CIDNP NMR reduc-
es the screening time by 100-fold and the sample amount by 20-fold. We also showcase 
that photo-CIDNP can be used for affinity determination of the hits. On the other side, we 
present new NMR experiments that get rid of the expensive isotopic labelling (13C, 15N). 
These experiments provide the data to calculate complex structures with NMR2, within a 
week, while state-of-the-art structure determination requires expensive labelled samples 
and takes months. Our goal is that NMR will be the gold standard for early drug discovery 
within the next year.

[1] Morozova, O. B. & Ivanov, K. L., ChemPhysChem 20, 197–215 (2019).
[2] Mertens, V. et al., J Magn Reson Open 10–11, 100032 (2022).
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Intra- and Extracellular Metabolic Investigation of 3D Cell Culture 
by Real-time NMR for Investigating Metabolic Diseases
Christian Urzì1,2,3, Christoph Meyer1,2,3, Jean-Marc Nuoffer2,4, Peter Vermathen1
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Biomedical Sciences, University of Bern; 4: Department of Pediatric Endocrinology, Diabetology and Meta-
bolism, University Children’s Hospital of Bern

BACKGROUND Mitochondria dysfunction leads to a large group of disorders that of-
ten appear as a consequence of defects in the oxidative phosphorylation but altered mito-
chondrial signalling affecting cellular metabolism may be even more important.

HYPOTHESIS The capability to monitor both metabolic intracellular fingerprints and 
extracellular footprints of living healthy and diseased cells by NMR may provide new insight 
into the ongoing metabolic processes. We therefore aim at the establishment of methods 
for compartment-specific metabolic investigations of cell cultures inside the NMR.

METHODS A perfused NMR bioreactor system for investigating living cells using the 
InsightCellTM flow tube with a standard 5mm NMR probe head has been established 
in our group. Online metabolic profiling of medium and living cells was performed using 
1H-NMR. Diffusion measurements were performed for investigating intra- and extracel-
lular metabolic signal intensities separately. Cell footprints were additionally determined 
via spectral subtraction of the pure medium spectrum from the out-flowing supernatant 
spectra.

RESULTS The implemented system allowed determination of 35 metabolites profiles in 
real-time.  1. Determination of the ratio of cells to extracellular medium allowed for abso-
lute metabolite quantification.  2. Diffusion behaviour of 19 metabolites and water allowed 
for intra- and extracellular metabolite pools investigation under standard and inhibition 
conditions. Strongly altered metabolite levels were obtained after inhibition.  3. Extracel-
lular footprints determination provided complementing information on ongoing metabolic 
processes.

CONCLUSION We showed the possibility with the NMR bioreactor system to perform 
in real-time intra- and extracellular metabolic investigation of living cells by employing dif-
fusion NMR and extracellular footprint determination techniques.
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Source Suppression and Spin Dynamics in Hyperpolarized Liquid 
State NMR Spectroscopy by Optically Polarized Crystals
Federico De Biasi1, Pinelopi Moutzouri1, Anna J. Parker2, John W. Blanchard2, Tim R. 
Eichhorn2, Ilai Schwartz2, Lyndon Emsley1

1Institut des Sciences et Ingénierie Chimiques, EPFL, CH-1015 Lausanne, Switzerland
2NVision Imaging Technologies GmbH, 89081 Ulm, Germany

NMR spectroscopy is certainly one of the most versatile techniques to investigate mat-
ter at the atomic scale. Nonetheless, low sensitivity always hampered the application of 
magnetic resonance experiments to very diluted samples. To circumvent this issue, some of 
us recently reported the use of optically polarized naphthalene crystals for the hyperpolar-
ization of small molecules in solution at low field.[1] This new protocol relies on the inter-
molecular nuclear Overhauser effect (NOE) to transfer magnetization from the extremely 
polarized naphthalene protons to the other species in solution, enhancing their signal by up 
to three orders of magnitude at low fields (61 MHz). Indeed, despite the very low efficiency 
of intermolecular cross relaxation, the starting polarization of the naphthalene protons is 
so high that a remarkable amount of magnetization is exchanged during the process. More 
recent experiments confirmed that it is possible to obtain significant enhancements also at 
higher fields (400 MHz).

Although the use of optically polarized naphthalene provides a new and general way 
for hyperpolarization in organic solvents, it also poses some technical challenges. Indeed, 
unwanted effects such as radiation damping and receiver saturation are easily observed 
because of the huge residual magnetization of naphthalene. Not only, strategies for effi-
cient polarization of medium and large molecules with fast longitudinal relaxation must be 
foreseen. Here we demonstrate that conventional signal suppression sequences can be 
successfully implemented to overcome both radiation damping and receiver saturation. 
Using a simple model, we also theoretically show that the transfer of polarization to large 
systems at high field can be improved by tuning the experimental conditions or by exploit-
ing additional interactions between the source and the target species.

[1] Eichhorn, et al., Hyperpolarized solution-state NMR spectroscopy with optically polarized crystals, 
J. Am. Chem. Soc., 144 (2022), 2511–2519
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Structure determination of high-energy states in a dynamic protein 
ensemble
Pascal S. Rieder1, John B. Stiller2, Renée Otten2, Douglas L. Theobald3, Dorothee Kern2, Daniel 
Häussinger1
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Biomacromolecules often require to change their conformation into high-energy states 
in order to perform their function.[1-4] Since these functionally essential high-energy states 
are lowly populated, it is not trivial to reveal their structure and there is a lack of methods 
to determine them. In this work, a method for high-resolution structure determination 
of minorly populated states is presented, which combines pseudocontact shifts[5] (PCSs) 
with Carr-Purcell-Meiboom-Gill (CPMG) relaxation dispersion[6] (PCS-CPMG). Beside the 
high-energy state structure determination, this approach allows to characterize the en-
tire free-energy landscape including the corresponding kinetics and thermodynamics while 
the protein performs its function. Application of this methodology to the metal binding 
protein adenylate kinase (Adk) during catalysis provided detailed insight into the confor-
mations relevant for catalysis. As a demonstration of the viability of the new method also 
for non-metalloproteins we conjugated ubiquitin and the chaperone trigger factor with 
lanthanide chelating tags (LCTs). The two LCTs DOTA-M8-(4R4S)SSPy and DOTA-M7Py-
Thiazole showed different interference of the tag mobility with the protein motion and 
in both cases DOTA-M8-(4R4S)SSPy delivered superior paramagnetic dispersion profiles. 
Investigation of the chaperone trigger factor using DOTA-M8-(4R4S)SSPy conjugated with 
the substrate-binding domain (SBD) revealed an enhanced paramagnetic dispersion profile 
in the peptidyl-prolyl isomerase domain (PPD), indicating conformational change between 
PPD and SBD. 

The PCS-CPMG method presented here excels not only in the determination of solu-
tion high-energy protein conformations in cases involving domain rearrangements of sys-
tems smaller than 60 kDa and populations as low as 0.5%, but also in the determination of 
the kinetics and thermodynamics of the protein performing its function.[7]

[1] A. Sekhar, L. E. Kay, NMR paves the way for atomic level descriptions of sparsely populated, tran-
siently formed biomolecular conformers, Proc. Natl Acad. Sci. USA, 2013, 110 (32), 12867–12874.
[2] L. Orellana, Large-scale conformational changes and protein function: breaking the in silico barrier, 
Front. Mol. Biosci., 2019, 6, 117.
[3] R. Nussinov, Introduction to protein ensembles and allostery, Chem. Rev., 2016, 116 (11), 6263-
6266.
[4] T. Haliloglu, I. Bahar, Adaptability of protein structures to enable functional interactions and evolu-
tionary implications, Curr. Opin. Struct. Biol., 2015, 35, 17–23.
[5] I. Bertini, C. Luchinat, G. Parigi, Magnetic susceptibility in paramagnetic NMR, Prog. Nucl. Magn. 
Reson. Spectrosc., 2002, 40 (3), 249–273.
[6] I. R. Kleckner, M. P. Foster, An introduction to NMR-based approaches for measuring protein dy-
namics, Biochim. Biophys. Acta., 2011, 1814 (8), 942–968.
[7] J. B. Stiller, R. Otten, D. Häussinger, P. S. Rieder, D. L. Theobald, D. Kern, Structure determination of 
high-energy states in a dynamic protein ensemble, Nature, 2022, 603 (7901), 528-535.
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Chemical shift-dependent interaction maps in molecular solids

Manuel Cordova1,2, Lyndon Emsley1,2

1EPFL, Switzerland 
2NCCR MARVEL

Solid-state NMR, in combination with computational methods such as density func-
tional theory chemical shift computation and crystal structure prediction (CSP) procedures, 
has proven able to determine the crystal structure of organic solids. A major bottleneck of 
NMR crystallography is the generation of candidate structures through CSP, which requires 
substantial computational resources. Experimentally determined interatomic distance con-
straints are widely used to drive structure determination of proteins by NMR. Here, we 
analyse a database of chemical shifts predicted by machine learning for over 200,000 mo-
lecular crystals in order to identify intermolecular interactions in crystalline solids directly 
from the observed chemical shifts and associated atomic site in a molecule. This analysis 
provides threedimensional maps of expected atomic densities in the solid state around any 
conformer, enabling the construction of distance constraints that could accelerate struc-
ture determination by solid-state NMR.
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1H Resonances in100 kHz MAS spectra are not centered at the iso-
tropic chemical shift
Bruno Simões de Almeida*1, Pinelopi Moutzouri1, Gabriele Stevanato1, Lyndon Emsley1

1Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne
(EPFL)

Homonuclear dipolar coupling is the nuclear interaction contributing the most to the 
broadening of 1H spectral lines in solid-state NMR. With the breakthrough of fast mag-
ic-angle spinning (MAS) [100-150 kHz], the linewidths were reduced to a few hundreds of 
Hz. Nevertheless, the residual dipolar broadening is still limiting to resolve all 1H resonanc-
es. Understanding the origin and effect of the residual dipolar contributions could lead to 
new methods development and more structural information on organic solids.

Here, we used average Hamiltonian theory on two and three inequivalent spin systems 
(I = ½) in the fastspinning regime, and we integrate analytical expressions of the average 
Hamiltonian to 3rd order [1].

The results show that the full expression of the 3rd order average Hamiltonian, without 
secular approximation or truncation to second-order, agrees the best with full numerical 
simulation of the density matrix. The different high order (N>1) Hamiltonian terms pro-
duce, in the NMR spectrum, MAS rate dependent residual shifts and splittings in the three-
spin case.

We also analyse powder lineshapes and find the anisotropic residual shift does not 
average to zero. Therefore, the lineshapes are broadened and shifted from the isotropic 
position. This is corroborated by experimental observations for 1H MAS spectra in molec-
ular solids (Figure 1) [2-4].

[1] B. Simões de Almeida, P. Moutzouri, G. Stevanato, L. Emsley, J Chem Phys, 155, 8, 084201, (2021)
[2] P. Moutzouri, F.M. Paruzzo, B. S. de Almeida, G. Stevanato, L. Emsley, Angewandte Chemie, 59, 15, 
6235-6238, (2020)
[3] P. Moutzouri, B. Simões de Almeida, L. Emsley, J Magn Reson, 321, 106856, (2020)
[4] P. Moutzouri, B. Simões de Almeida, D. Torodii and L. Emsley, J Am Chem Soc, 143, 9834, (2021)
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Figure 1: Echo-detected 1H MAS spectra
of powdered L-tyrosine.HCl. Only the
regions of protons H1 and H3 are
displayed. (Top) The VT temperature
was set at 280 K, and the MAS rate was
increased from 82 to 90 kHz in steps of
2 kHz. (Bottom) The MAS rate was set
to 80 kHz, and the VT temperature was
increased from 275 to 298 K.
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NMR Methods for Hybrid Perovskites

Aditya Mishra, Michael A. Hope, Masaud Hassan S Almalki, Lukas pfeifer, Shaik Mohammed 
Zakeeruddin, Michael Grätzel, Lyndon Emsley
Laboratory of Magnetic Resonance, Institut des Sciences et Ingéniere Chemiques, École Polytechnique Fé-
dérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.

Hybrid lead halide perovskites are promising semiconducting materials with exception-
al optoelectronic properties and inexpensive processing, paving the way for their potential 
use in solar cells, LEDs, and photodetectors. Solid state NMR has been used widely within 
the perovskite community to study cation incorporation, phase segregation, halide mixing, 
disorder, and dynamics. Here, we show how quadrupolar (2H and 14N) solid-state NMR 
relaxometry can be employed to unambiguously determine the cation dynamics in hybrid 
perovskites, an important parameter linked to the charge carrier lifetimes and, therefore, 
the efficiency of perovskite solar cells. In particular, we simultaneously fit the 2H and 14N T1 

constants with an anisotropic rotational diffusion model to determine the activation ener-
gies (Ea) and correlation times (τc) corresponding to each of the three principal axes of the 
cation. This contrasts with the majority of previous studies for which an average rotational 
rate is considered. We use this model to characterize cation dynamics in current state-of-
the-art multi-cation perovskites i.e., MAxFA1-xPbI3. Surprisingly, we find that the FA (for-
mamidinium) dynamics is invariant to the composition, whereas MA (methylammonium) 
dynamics changes significantly. Furthermore, by understanding the relaxation properties 
of the organic cation, we are able to design dynamic nuclear polarization (DNP) experi-
ments which achieve unprecedented signal enhancements for hybrid perovskites, for the 
first time in this important class of materials.
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Making the invisible visible: fast MAS NMR reveals the evasive he-
patitis B virus capsid C-terminal domain
Morgane Callon1, Alexander Malär1, Lauriane Lecoq2, Marie Dujardin2, Marie-Laure Fogeron2, 
Shishan Wang2, Maarten Schledorn1, Thomas Bauer1, Michael Nassal3, Anja Böckmann2, Beat 
Meier1

1: Physical Chemistry, ETH Zürich, Switzerland; 2: Molecular Microbiology and Structural Biochemistry 
(MMSB) UMR 5086 CNRS/Université de Lyon; 3: University Hospital Freiburg, Dept. of Medicine II / Molecu-
lar Biology, Medical Center, University of Freiburg

It regularly happens in structural biology, that parts or entire domains of a protein re-
main invisible in the acquired data. This is often due to dynamics that lead to the absence 
of well-defined electron density in X-ray and cryo-EM signals. In NMR spectroscopy, while 
protein domains undergoing fast dynamics can be detected, some intermediate dynamic 
regimes interfere with the observation of the corresponding resonances. This is the case 
in the solid-state if the correlation time of the motion is comparable with the magic-an-
gle-spinning (MAS) rotation period (about one microsecond), leading to incoherent, i.e. re-
laxation induced, line broadening. However, for fast spinning e.g. at 100 kHz, the linewidth 
reduction should allow their detection. An alternative cause for disappearing resonances 
could lie in inefficient heteronuclear polarization transfers either by cross-polarization or 
INEPT due to reduced relaxation times.  One example of a vanishing domain is the C termi-
nal domain (CTD) of the hepatitis B virus capsid protein, a functionally central part of this 
assembly, crucial in regulated nucleic-acid interactions, cellular trafficking, nuclear import, 
particle assembly, and maturation. However, its structure remained elusive to all current 
techniques, including NMR. Here we show that the recently developed proton-detected 
fast MAS solid-state NMR at >100 kHz MAS is a game changer that allows detecting this 
domain. Using 2D exchange spectroscopy (EXSY), we were able for the first time to ob-
serve proton homonuclear polarization transfer from the CTD. Its NMR relaxation prop-
erties revealed that poor heteronuclear polarization transfer rather than line broadening 
beyond detection causes the loss of signal. It allowed us to characterize its structural and 
dynamic behavior and compare it in different capsid states. The developed approaches 
extend solid-state NMR observations to residues characterized by large-amplitude motion 
on the microsecond timescale and shall allow shedding light on other flexible protein do-
mains still lacking their structural and dynamic characterization.
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Fast MAS 1H-detected solid-state NMR reveals new information on 
SARS-CoV-2 accessory membrane proteins
Gyula Pálfy1, Minh-Ha Nguyen2, Martí Ninot-Pedrosa2, Marco E. Weber1, Marie-Laure Foge-
ron2, Lauriane Lecoq2, Anja Böckmann2, Beat H. Meier1

1Laboratory of Physical Chemistry, Department of Chemistry and Applied Biosciences, ETH Zürich, Zürich, 
Switzerland 
2Molecular Microbiology and Structural Biochemistry MMSB, Lyon, France

The genome of SARS-CoV-2 coronavirus, causing the COVID-19 pandemic, encodes 
a number of non-structural accessory proteins whose function during the infection is still 
not entirely understood. We aim at solving the 3D structure of ORF6 and ORF7b accessory 
proteins which are assumed to be membrane-anchored (ORF6) or transmembrane (ORF7b) 
small-size proteins by solid-state NMR spectroscopy at fast MAS (100 kHz) using 1H detec-
tion. The samples are produced using wheat germ cell-free protein synthesis [1] followed 
by affinity purification and reconstitution into membrane mimetics. this approach allows 
us to use selective isotopic labeling schemes needed due to the broadened and poorly 
dispersed 1H chemical shifts of these membrane proteins. Based on structure prediction by 
AlphaFold [2], both ORF6 and ORF7b are mostly helical with a flexible N- and C-terminal 
region. Their helical structure is experimentally evidenced by secondary chemical shifts of 
the detected residues in the recorded cross-polarization based 2D hCH and several 3D 
spectra (e.g. hCCH-TOBSY and 3D HNCAHA). In ORF6 some residues showed β-sheet 
tendency (e.g. one of the threonines) which suggests a kink in the helix. In ORF7b only 
a part of the residues are detected in cross-polarization based spectra suggesting that it 
has a flexible tail region out of the membrane. ORF7b is proposed to form a leucin-zipper 
coiled coil multimer based on its sequence which could promote an interaction with the 
human leucin-zipper membrane proteins like E-cadherin involved in epithelial cell-cell ad-
hesion and phospholamban pentamer regulating the heart rythm [3]. Here we report first 
results on the assignment and structure determination for ORF7b as well as ORF6.

[1] Altincekic, N. et al. (2021): Large-Scale Recombinant Production of the SARS-CoV-2 Proteome for 
High-Throughput and Structural Biology Applications, Front. Mol. Biosci. 8: 653148.
[2] Jumper, J. et al. (2021): Highly accurate protein structure prediction with AlphaFold, Nature, 596: 
583-589.
[3] Fogeron, M.-L. et al. (2021): SARS-CoV-2 ORF7b: is a bat virus protein homologue a major cause of 
COVID-19 symptoms? bioRxiv, http://doi.org/10.1101/2021.02.05.428650
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Pure isotropic proton solid state NMR: in-depth understanding of 
the method
Daria Torodii1, Pinelopi Moutzouri1, Bruno Simões de Almeida1, Lyndon Emsley1

1Institut des Sciences et Ingénierie Chimiques, École Polytechnique Fédérale de
Lausanne (EPFL), CH-1015 Lausanne, Switzerland

Improving the spectral resolution of 1H MAS solid-state NMR is of utmost importance 
to make this method more attractive in terms of structural determination. In the recent 
paper by Moutzouri et al., proton one-dimensional spectra with ultra-high resolution of six 
different compounds were achieved by parametrically fitting sets of MAS spectra acquired 
at different MAS rates (from 30 to 100 kHz) [1]. The principle behind this approach relies 
on a k-space mapping of any error resulting from the imperfect coherent averaging induced 
by MAS in such a way that it can be removed in a multi-dimensional grid. To the best of 
our knowledge, it is impossible to eliminate these errors to the same extent by other tech-
niques, so it is important at this stage to fully understand and evaluate the fidelity of the 
current method. 

We aim to do that by following several directions: The application of the approach on 
inhomogeneously broadened spectra, which a priori cannot be narrowed by magic angle 
spinning, would serve as an indicator that our fitting protocol does not simply reduce the 
linewidths of all the peaks that it is able to detect. Variable spinning MAS datasets within 
different ranges of MAS rates would be taken as inputs to test the efficiency at different 
spinning capabilities. The influence of the applied static field on the generated isotropic 
spectra would be investigated by fitting sets acquired at different B0 fields for the same 
compound.

Additionally, we intend to validate the robustness and improve the performance of the 
method by understanding the origin of artifacts that are currently seen in our pure iso-
tropic 1H spectra. Some of them could be traced back to the splitting of the fitted spectra 
in regions imposed by the current computational limitations. Others could be due to the 
presence of asymmetric lineshapes in the MAS spectra which is currently not predicted by 
the method. 

[1] P. Moutzouri, B. Simões de Almeida, D. Torodii and L. Emsley, J Am Chem Soc, 143, 9834, (2021)
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Pure Isotropic Proton Solid State NMR

Pinelopi Moutzouri1, Bruno Simões de Almeida1, Daria Torodii1, Lyndon Emsley1
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Lausanne (EPFL), CH-1015 Lausanne, Switzerland

The intrinsically imperfect nature of coherent averaging induced either by MAS or mul-
tiple pulse sequence methods, hampers resolution in proton solid state MAS NMR. Even 
at the fastest MAS rates possible today, proton linewidths remain at the order of hundreds 
of hertz limiting this way the applicability of the method. Here, we suggest that instead of 
optimizing a coherent averaging scheme, we could approach the problem by parametrically 
mapping the error terms due to their imperfect averaging in a k-space representation. This 
way, instead of being suppressed, they can be removed in a multi-dimensional correlation 
leaving only the desired pure isotropic signal.

To illustrate this new approach, we chose to determine pure isotropic 1H spectra using 
a multiparameter fitting of a series of MAS spectra acquired at different spinning rates.1 

For six different organic solids, acquired at spinning rates between 30 and 100 kHz , the 
method is shown to produce pure isotropic proton spectra that are significantly narrower 
than the spectrum acquired with MAS alone at the fastest possible rate. In general, we 
produce linewidths down to as little as 48 Hz and on average we observe a 5-fold increase 
in resolution, and up to a factor 12, as compared with spectra acquired at 100 kHz MAS.

[1] Moutzouri, P.; de Almeida, B. S.; Torodii, D.; Emsley, L., Pure Isotropic Proton Solid State NMR. J. Am. 
Chem. Soc. 2021, 143 (26), 9834-9841.
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MAS Spherical Shell Rotors and Spherical Solenoid Coils boost RF 
homogeneity and NMR sensitivity
Chukun Gao, Pin-Hui Chen, Alexander Däpp, Michael A. Urban, Ronny Gunzenhauser, 
Alexander B. Barnes
Lab of Physical Chemistry, ETH Zurich, Vladimir-Prelog-Weg 2, 8093 Zurich, Switzerland

MAS has been traditionally performed by spinning a cylindrical rotor within a stator in-
stalled at the magic angle, thereby requiring a bearing gas to stabilize the rotor and a drive 
gas to apply torque. We recently showed an alternative MAS platform where a spherical 
rotor is spun within a semispherical stator cup using one gas stream1–3. Compared to the 
cylindrical rotors, MAS spheres have the benefits of easy fabrication, simple sample ex-
change, and most importantly, high spinning frequency with minimal risk of rotor crashes. 
However, the spherical rotors show much lower NMR sensitivity compared to the cylindri-
cal ones because of the limited sample volume within the cylindrical sample chamber, and 
the semispherical stator cup between the RF coil and the rotor. To solve this problem we 
developed a new spinning apparatus, where a spherical shell rotor is spun within a tightly 
wrapped spherical solenoid coil. The spinning gas is supplied by a ring stator that is external 
to the coil, but the flow dynamics for stable spinning is achieved with the coil geometry. 
Another unique feature of this apparatus is that it produces an RF field along the coil axis 
that is perpendicular to the external magnetic field, regardless of rotor orientation, and 
allows magic angle adjustment without coil movement. The NMR filling factor is greatly 
improved with the large sample volume and the tightly wrapped spherical solenoid coil. 
Here we demonstrate the 6 times higher NMR sensitivity with the increased sample vol-
ume. Moreover, the spherical solenoid coil shows more homogeneous RF field compared 
to the cylindrical solenoid coil. According to our high frequency finite element simulation, 
the spherical rotor and cylindrical rotor, with the same sample volume and wall thickness, 
show similar NMR sensitivity.

[1] Chen, P. et al. Magic angle spinning spheres. Sci. Adv. 4, 1–8 (2018).
[2] Gao, C. et al. Four millimeter spherical rotors spinning at 28 kHz with double-saddle coils for cross 
polarization NMR. J. Magn. Reson. 303, 1–6 (2019).
[3] Chen, P.-H. et al. Two millimeter diameter spherical rotors spinning at 68 kHz for MAS NMR. J. 
Magn. Reson. Open 8–9, 100015 (2021).
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Control of Microwave Power, Frequency, and Polarization of a 198 
GHz Gyrotron for Magnetic Resonance
Marthe Millen, Nicholas Alaniva, Lauren Price, Alexander Däpp, Ronny Gunzenhauser, 
Michael Urban, Snaedis Björgvinsdottir, Ioannis Gr. Pagonakis, Alexander B. Barnes
ETH Zürich, Switzerland

Versatile instrumentation including a frequency-agile 198 GHz gyrotron as microwave 
source, a Martin-Puplett interferometer to modify the microwave polarization, a Dynamic 
Nuclear Polarization (DNP) spectrometer with cryogenic magic angle spinning, as well as an 
electron paramagnetic resonance (EPR) detection is presented. The combination of these 
state-of-the-art technologies establishes the basic framework for dual DNP-EPR operation 
at 7 T. In this work the measurement and manipulation of the polarization emitted from the 
powerful 198 GHz gyrotron is demonstrated. In general, the complicated field structure 
of rotating high-order gyrotron cavity modes is converted into a linearly polarized Gauss-
ian-like beam in the Vlasov mode-converting launcher, yet in this case an elliptically polar-
ized beam is observed from the 198 GHz gyrotron window. Indeed, half of the microwave 
power is circularly polarized while the other half is linearly polarized with a polarization 
of 60° with respect to the horizontal. With the Martin-Puplett interferometer the ellipti-
cally polarized output can be converted into any other polarization by changing the path 
length between the beams. While linearly polarized microwaves can be used for induction 
mode EPR detection, circular polarization is preferable for DNP experiments. The control 
of microwave polarization in such magnetic resonance instrumentation holds considerable 
promise in the development of pulsed DNP and EPR detected experiments.
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Nicholas Howard Alaniva1, Martin Frimmer2, Giovanni Boero3, Daniel Klose1, Gunnar Jeschke1, 
Lukas Novotny2, Alexander Barnes1

1: Laboratory for Physical Chemistry, ETH Zürich, 8093 Zürich, Switzerland; 2: Photonics Laboratory, ETH 
Zürich, 8093 Zürich, Switzerland; 3: Microsystems Laboratory, EPFL, 1015 Lausanne, Switzerland

A novel method of magic angle spinning using optical traps is being developed, which 
has the potential to surpass the current record spinning frequency for potential applica-
tions in both nuclear magnetic resonance and electron paramagnetic resonance.

First model samples include polyethylene, gamma-irradiated alanine and silica spheres 
of approximately 20-40 micrometers diameter. The sample of interest is optically levitated 
in a vertical single beam optical trap and will be rotated in vacuum using circularly polarized 
light. The rotation frequency can be detected with a balanced photodiode and adjusted 
with a quarter-wave plate. A feedback system is being implemented to cool the center-
of-mass motion of the particle to reach higher vacuum and higher spinning frequencies. 
Methods to bring a magnetic resonance detection circuitry close to the trapped particle 
are being studied.
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Some Design Parameters for DNP Polarizing Agents
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Yulikov4, Anne-Sophie Chauvin1, Gunnar Jeschke4, Anne Lesage3, Marinella Mazzanti1, Olivier 
Ouari2, Lyndon Emsley1

1Institut des Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 
Lausanne, Switzerland; 2Aix Marseille Université, CNRS, ICR, UMR 7273, 13013 Marseille, France; 3Centre 
de RMN à Très Hauts Champs, Université de Lyon (CNRS/ENS Lyon/UCB Lyon 1), 69100 Villeurbanne, Fran-
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The hyperpolarization of solids is routinely achieved by dynamic nuclear polarization 
(DNP). One of the cornerstones of DNP research is the development of optimal polarizing 
agents (PAs). Although several key criteria for designing efficient nitroxide-based polariz-
ing agents have been identified in the last decade, the maximum 1H DNP enhancements 
achieved at high fields with the current state-of-the-art biradicals such as AMUPol, TEK-
Pol, HyTEK2, etc. are still less than half the theoretical limit of 658. 

Perras et al. have previously shown that the deuteration of bTbK and TOTAPOL leads 
to improved electron relaxation times and DNP performance.1 Here, we synthesized a se-
ries of seven deuterated and one fluorinated TEKPol polarizing agents to study the effect 
of selective deuteration on the transfer of hyperpolarization into the bulk. The experimen-
tal DNP enhancements at 9.4 T were measured in both protonated and 90% deuterated 
1,1,2,2-tetrachloroethane solutions at 100 K. Interestingly, in both solutions, while the 
build-up times become longer, the 1H DNP enhancements decrease with increasing deu-
teration. Notably, the build-up times almost double in 90% deuterated TCE with TEKPol 
isotopologues that have fewer protons in the phenyl substituents, emphasizing the role of 
the phenyl protons in the transfer of hyperpolarization into the bulk via spin diffusion.

Alternatively, Gd(III) complexes are attractive polarizing agents for magic angle spinning 
(MAS) DNP due to their high chemical stability, especially in reducing environments such as 
in cells or in sensitive heterogeneous catalysts where standard nitroxide-based radicals are 
unstable. Recently, the best performing Gd(III) polarizing agent to date, [Gd(tpatcn)],2 was 
introduced under the hypothesis that the DNP enhancement is inversely proportional to 
the square of zero-field splitting (ZFS) parameter D, which is in turn determined by the na-
ture of the ligands and the local coordination environment. To verify this, we have synthe-
sised a series of new Gd(III) complexes with different predicted ZFS and tested their MAS 
DNP performance at 9.4 T in d8-glycerol:D2O:H2O (6:3:1).3 The DNP enhancements and 
the ZFS parameters measured using pulsed-EPR spectroscopy validate the model, opening 
a clear path for the development of more efficient Gd(III) polarizing agents.

1. F. A. Perras, R. R. Reinig, I. I. Slowing, A. D. Sadow, M. Pruski. Effects of biradical deuteration on the 
performance of DNP: towards better performing polarizing agents. Phys. Chem. Chem. Phys. 2016, 
18(1), 65-69.
2. G. Stevanato, D. J. Kubicki, G. Menzildjian, A. Chauvin, K. Keller, M. Yulikov, G. Jeschke, M. Mazzanti, 
L. Emsley. A Factor Two Improvement in High-Field Dynamic Nuclear Polarization from Gd(III) Com-
plexes by Design. J. Am. Chem. Soc. 2019, 141, 8746-8751.
3. Y. Rao, C. T. Palumbo, A. Venkatesh, M. Keener, G. Stevanato, A. -S. Chauvin, G. Menzildjian, S. Kuzin, 
M. Yulikov, G. Jeschke, A. Lesage, M. Mazzanti, L. Emsley. Design Parameters for the Development of 
Gd(III) Polarizing Agents for Magic Angle Spinning Dynamic Nuclear Polarization. J. Phys. Chem. C 2022, 
126, 27, 11310-11317.
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1H detected relayed dynamic nuclear polarization
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and Lyndon Emsley
EPF Lausanne, Switzerland

Dynamic Nuclear Polarization (DNP) is now a well-established hyperpolarization tech-
nique that can increase the sensitivity of magic angle spinning (MAS) solid-state NMR by 
up to 2 orders of magnitude. Today, commercial MAS DNP instrumentation allows to reach 
magnetic fields up to 21.2 T together with fast MAS. In 2020, Berruyer et al. [1] reported 
experiments using 0.7 mm diameter rotors that enabled DNP with MAS rates up to 65 kHz, 
at ~100 K. At 21.2 T, DNP enhancements as high as 200 were reported at 65 kHz MAS 
using the HyTEK-2 polarizing agent [2], which is the best polarizing agent so far in this 
regime. This spinning regime led to significantly higher 1H resolution in DNP MAS NMR 
experiments and allowed the implementation of 1H detected 2D correlation experiments. 

In MAS DNP, 1H-1H spin diffusion (SD) is a critical component of the hyperpolarization 
mechanism [3] as it conveys hyperpolarization to the bulk of impregnated materials. Here 
we combine relayed DNP (R-DNP) with fast MAS using 0.7 mm diameter rotors at 21.2 
T. 1H detected R-DNP allows the determination of particle size distributions in powders. 
Moreover, the analysis of the R-DNP data at different MAS yields the experimental depen-
dence of the 1H spin diffusion coefficient on the MAS rate in the 20-60 kHz regime. Nota-
bly,  a higher MAS rate, on the one hand, increases 1H sensitivity and, on the other, reduces 
the level of hyperpolarization in the polarized materials by reducing the 1H spin diffusion 
coefficient. Here we discuss the existence of an optimal sensitivity regime.

[1] Berruyer, P., Björgvinsdóttir, S., Bertarello, A., Stevanato, G., Rao, Y., Karthikeyan, G., Casano, G., 
Ouari, O., Lelli, M., Reiter, C., Engelke, F. and Emsley L., The Journal of Physical Chemistry Letters, 2020, 
11(19), pp.8386.
[2] Wisser, D., Karthikeyan, G., Lund, A., Casano, G., Karoui, H., Yulikov, M., Menzildjian, G., Pinon, 
A.C., Purea, A., Engelke, F. and Chaudhari, S.R. et al. Journal of the American Chemical Society, 2018, 
140(41), pp.13340.
[3] Prisco, N.A., Pinon, A.C., Emsley, L. and Chmelka, B.F., Physical Chemistry Chemical Physics, 2021, 
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Arrestin2 is a ubiquitous protein responsible for the desensitization of most G pro-
tein-coupled receptors (GPCRs). Besides ‘arresting’ GPCR signaling via G proteins, it can 
activate cellular responses of its own, making it an important player in the GPCR signal-
ing cascade. Its ability to interact with various receptors lacking sequence homology gave 
rise to the phosphorylation barcode theory, which hypothesizes that specific patterns of 
phosphogroups regulate arrestin’s binding and signaling pathways1. However, definite data 
supporting whether phosphorylation-driven signaling is modulated by arrestin adopting to 
diverse conformations are still lacking. 

We have focused on studying arrestin interactions with the CCR5 chemokine receptor 
that plays a major role in HIV infection, as well as cancer, brain pathologies and inflamma-
tory process including COVID-19 infection. Active structure of CCR5 was solved recently2, 
but its interaction with arrestin remains unknown. We will here report first data on the 
interactions of phosphorylated peptides mimicking the CCR5 C-terminal tail and arrestin2.

[1] Dwivedi-Agnihotri, H. et al. Distinct phosphorylation sites in a prototypical GPCR differently or-
chestrate β-arrestin interaction, trafficking, and signaling. Science Advances (2020).
[2] Isaikina, P. et al. Structural basis of the activation of the CC chemokine receptor 5 by a chemokine 
agonist. Science Advances (2021). 
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