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Emerging Methods in NMR Spectroscopy for Metabolomics 
Hanudatta Atreya 
Indian Institute of Science 

 

NMR based metabolomics has witnessed a surge in recent years due to improvements in 

sensitivity and resolution provided by new technological developments. It is now possible to 

identify small molecule metabolites present at nano-mole levels and probe active metabolic 

pathways in organisms with much greater detail as compared to a decade ago. New 

methodologies that have emerged in recent years in our laboratory will be presented with 

applications to a wide range of systems. 
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New frontiers in integrated structural biology 
Rolf Boelens 
Bijvoet Center for Biomolecular Research, Utrecht University, Utrecht, Netherlands 

 

The combination of different techniques in structural biology has shifted its focus in studying 

3D structure and function of purified biomolecules towards understanding how the building 

blocks of life work in their natural context. Many factors have contributed to this transition, 

bright x-ray sources at synchrotrons, sensitive detectors in electron microscopy, 

multidimensional NMR and ultra-high field magnets, advanced biophysical and imaging 

techniques and their integrated usage, but also automation in screening and sample handling, 

and new capabilities in biology and biochemistry to produce the macromolecular complexes 

which allows their structure, dynamics and interactions to be studied, even in living cells.  

Recent examples mark the amazing strength of structural biology: the number of 3D structures 

of membrane proteins that were only recently considered a nearly-impossible mission shows a 

rapid rise, structures of large macromolecular machines including proteasomes and ribosomes 

sheds light on their mechanism, and structures of complete viruses open new paths for 

development of therapeutic treatments and vaccines. Major challenges are still ahead: the direct 

dynamic picture of an entire functioning machine, the observation of molecular processes and 

modifications of macromolecular complexes in living cells, understanding function, 

interactions and mechanisms of highly dynamic entities among which IDPs, and the translation 

of exciting results into drug development and medical treatment. For this, the combination of 

leading technologies into integrated structural biology will be essential, with an important role 

for computational structural biology to merge and model observations. 
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Visualizing rare conformational states of proteins using CEST NMR 

spectroscopy 
Guillaume Bouvignies 
École Normale Supérieure, Paris, France 

 

Sparsely populated and transiently formed protein states have been shown to play critical roles 

in diverse biochemical processes, ranging from catalysis to ligand binding to protein folding to 

molecular recognition. Understanding the structure function paradigm requires, therefore, an 

atomic-resolution description of these rare states. However, they are difficult to study because 

they cannot be observed using standard biophysical techniques. In the past decade, there has 

been a large interest in the use of solution-based NMR spectroscopy methods for the study of 

these elusive protein states. Central to these efforts has been the development of chemical 

exchange saturation transfer (CEST) that has recently evolved into a powerful approach for 

studying low-populated, "invisible" protein states in slow exchange with a major, visible 

conformer. Here, I will present some recent experimental advances, including a new scheme 

leading to a dramatic decrease in CEST measurement times, along with an application 

illustrating how CEST can be applied to characterize highly dynamic complexes involving 

intrinsically disordered proteins that partially fold upon binding. 
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An unstructured and highly dynamic protein complex with picomolar 

affinity 
Katrine Bugge1, Alessandro Borgia2, Madeleine B. Borgia2, Vera M. Kissling2, Pétur O. 

Heidarsson2, Catarina B. Fernandes1, Jacob H. Martinsen1, Daniel Nettels2, Robert B. Best4, 

Benjamin Schuler2, 5, Birthe B. Kragelund1, et al. 
1Structural Biology and NMR Laboratory, The Linderstrøm-Lang Centre for Protein Science and 

Integrative Structural Biology at University of Copenhagen (ISBUC), Department of Biology, 

University of Copenhagen, Copenhagen, Denmark 
2Department of Biochemistry, University of Zurich, Zurich, Switzerland 
3Department of Biochemistry and Molecular Biophysics, Washington University School of 

Medicine, St. Louis, Missouri, 63110, USA 
4Laboratory of Chemical Physics, National Institute of Diabetes and Digestive and Kidney 

Diseases, National Institutes of Health, Bethesda, USA 
5Department of Physics, University of Zurich, Zurich, Switzerland 

 

Molecular communication in biology is mediated by protein interactions. According to the 

current paradigm, the specificity and affinity required for these interactions are encoded in the 

precise complementarity of binding interfaces. Even proteins that are disordered under 

physiological conditions or that contain large unstructured regions commonly interact with 

well-structured binding sites on other biomolecules. By combining the strengths of NMR 

spectroscopy, single-molecule FRET and computer simulations, we have demonstrated the 

existence of an unexpected interaction mechanism: the two intrinsically disordered human 

proteins histone H1 (H1) and its nuclear chaperone prothymosin-α (ProTα) associate in a 

complex with picomolar affinity, but fully retain their structural disorder, long-range flexibility 

and highly dynamic character [1]. H1 includes a small globular domain, which has micromolar 

affinity for ProTα. We have solved the structure of the globular domain by NMR spectroscopy 

and investigated the interaction with the disordered ProTα. We show that as for the full H1, 

ProTα does not have a single, isolated interaction site on the globular domain and that ProTα 

experience similar changes as caused by complex formation with the full H1. These data along 

with the data acquired on the full proteins and molecular simulations, suggests that the 

interaction between the two proteins can be explained by their large opposite net charge, 

without requiring defined binding sites or interactions between specific individual residues. 

Proteome-wide sequence analysis has suggested that this interaction mechanism may be 

abundant in eukaryotes. 

 

[1] Borgia A*, Borgia MB*, Bugge K*, Kissling VM, Heidarsson PO, Fernandes CB, Sottini 

A, Soranno A, Buholzer KJ, Nettels D, Kragelund BB, Best RB & Schuler B (2018) Extreme 

disorder in an ultrahigh-affinity protein complex. Nature 555, 61–66.  

 

*These authors contributed equally to this work. 
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Non-negative Matrix Factorization for DOSY NMR data processing 
Stefano Caldarelli1, Ichrak Toumi1, 2, Bruno Torrésani2 
1Aix-Marseille Université, CNRS; Ecole Centrale de Marseille UMR 7313 Institut des Sciences 

Moléculaires de Marseille 
2Aix-Marseille Université, CNRS; Ecole Centrale de Marseille UMR 7373 Institut de  

Mathématiques de Marseille 

 

The decomposition of NMR signals of complex mixtures into the simpler ones of pure 

molecules is a timely and relevant problem. A very general mathematical approach to this 

purpose is Blind Source Separation (BSS). Here, no prior information about the sources is 

available, although some general features can be imposed, such as non-negativity of the source 

spectra (signals) and mixing coefficients (concentrations), and an envelope shape for the 

signals. BSS has many declinations in terms of algorithms and it has been applied with some 

success to NMR data. (1) 

 We have previously tested some common BSS approaches on the processing of DOSY, based 

on hypothesis of non-negativity and sparsity, which provided very good results, comparatively 

speaking. (2) 

In this contribution, we develop and characterize further a Non-negative Matrix Factorization 

(NMF) variation of BSS that can account for the relevant prior information. The protocol is 

based upon numerical optimization of objective functions involving beta divergences (3,4) as 

data fidelity terms, and sparsity enforcing regularizations. The chosen approach leads to 

multiplicative algorithms, which are fast, easy to implement and efficient. Numerical tests on 

challenging DOSY NMR spectra on both synthetic and real mixtures with very high degree of 

overlapping show that the proposed method compares very favorably to concurrent approaches. 

 

1. A review of Blind Sources Separation (BSS) in NMR spectroscopy I Toumi, B. Torresani S. 

Caldarelli Prog. NMR Spectr. 2014 81, 37-64 

2. Effective processing of Pulse Field Gradient NMR of mixtures by Blind Source Separation. 

I. Toumi, B. Torresani S. Caldarelli Anal. Chem. 2013, 85, 11344–11351 

3. Robust blind source separation by beta divergence M.Minami, S.Eguchi, , Neural 

Computation, 2002, 14 1859–1886. 

4. Algorithms for non-negative matrix factorization with the beta-divergence, C. Févotte, J. 

Idier, Neural Computation 2011, 23 2421–2456. 
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An Histone modification complex studied by integrative structural biology 

in solution 
Teresa Carlomagno1, 2, Nataliya Danilenko1, John Kirkpatrick1, 2, Lukas Lercher1, Frank Gabel3 
1BMWZ Leibniz University of Hannover, Schneiderberg 38, 30167 Hanover, Germany 
2Helmholtz Centre for Infection Research, Inhoffenstrasse, 7, 38124 Braunschweig, Germany 
3Universite ́ Grenoble Alpes, Institut de Biologie Structurale, 38027 Grenoble, France 

 

The Regulator of Ty1 Transposition protein 106 (Rtt109) is a fungal histone acetyltransferase 

required for histone H3 K9, K27 and K56 acetylation. These acetylation sites have been linked 

to processing and folding of nascent H3 and play an integral role in replication- and repair-

coupled nucleosome assembly. Rtt109 is unique in its activation, performed by two structurally 

unrelated histone chaperones, Asf1 and Vps75. These proteins stimulate Rtt109 activity via 

different mechanisms1. Rtt109 - Asf1 association has been proposed to be responsible for K56 

acetylation, while the Rtt109-Vps75 interaction is required for K9 acetylation2,3. 

 

In our work we find that Rtt109, Vps75 and Asf1 are capable of assembling as a previously 

uncharacterized complex onto the substrate H3-H4 dimer. Using an integrative structural 

biology approach based on a powerful combination of solution state NMR and small angle 

neutron scattering (SANS) we solve the structure of this complex and provide a structural basis 

for the efficiency and selectivity of acetylation at the at the H3 K9, K27 and K56 sites. 

 

 

 

REFERENCES: 

1. D’Arcy S., Luger K. Understanding Histone Acetyltransferase Rtt109 Structure and 

Function: how many chaperones does it take? Curr Opin Struct Biol, 21(6), 728–734 (2011). 

2. Fillingham J., Recht J., Greenblatt JF. Chaperone control of the activity and specificity of 

the histone H3 acetyltransferase Rtt109. Mol Cell Biol. 28, 4342–4353 (2008). 

3. Driscoll R., Hudson A., Jackson SP. Yeast Rtt109 promotes genome stability by acetylating 

histone H3 on lysine 56. Science, 315, 649–652 (2007). 
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Nuclear Spin Hyperpolarization of Amino Acids and Proteins via 

Photochemically Induced Dynamic Nuclear Polarization 
Silvia Cavagnero, Hanming Yang, Miranda Mecha, Yusuke Okuno 
University of Wisconsin Madison, Wisconsin, USA 

 

One of the major challenges of NMR spectroscopy is poor sensitivity. The introduction of high 

magnetic fields, time-domain data collection coupled with Fourier-transform processing and, 

more recently, cryogenic probes has not been sufficient to overcome the issue. To address the 

above limitations in liquids, we developed a novel technology combining in situ laser 

irradiation in the visible region and radiofrequency pulses within the NMR spectrometer [1-3]. 

The combined use of novel photosensitizers tailored to low-concentration samples, exhaustive 

oxygen depletion and cryogenic probe technology enabled us to generate a higher-sensitivity 

version of photochemically induced dynamic nuclear polarization (photo-CIDNP) NMR in 

liquids at high field. Hypersensitive data collection on amino acids, polypeptides and proteins 

within the nanomolar concentration range was efficiently achieved within only a few seconds 

on a 600 MHz spectrometer, leading to time savings > 1,600-fold relative to reference data 

collected at 900 MHz. The special challenges posed by photo-CIDNP in the presence of 

cryogenic probes led to the development of the 13C PREPRINT and 13C PRE-SPRINT pulse 

sequences. The observed intensity-enhanced NMR resonances include the backbone and 

aromatic side chain of amino acids, polypeptides and proteins. Pump-probe transient 

absorption experiments were exploited to assess the dependence of the photoexcited triplet 

lifetime of photo-sensitizer dyes on the extent of nuclear-spin hyperpolarization. Applications 

of this technology to the 1D and 2D heteronuclear-correlation NMR analysis of proteins in 

buffered solution and more complex milieaux will be presented. 

 

 

[1] Okuno, Y., Cavagnero, S. J. Magn. Reson. 286, 172-187 (2018). 

[2] Okuno, Y. and Cavagnero, S. EMagnRes 6 283-313 (2017). 

[3] Okuno, Y. and Cavagnero, S. J. Phys. Chem. B 120, 715–723 (2016). 
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Unveiling the Transmembrane and Membrane-Proximal Region of HIV-1 

Envelope Spike by NMR: Implication to Vaccine Development 
James Chou, Qingshan Fu, Alessandro Piai 
Harvard University Medical School, Boston, MA 02115, USA 

 

Viral membrane fusion is the first key step for enveloped viruses to enter host cells. Viral 

fusion proteins, which catalyze membrane fusion, are some of the most fascinating protein 

folding machinery capable of sampling completely different conformations during the process 

of fusion; they are often important vaccine targets as well. Past three decades of 

crystallographic studies have revealed many conformations of the soluble domains of viral 

fusion proteins that explain how these folding machines bring two membranes to form 

hemifusion, but little structural information is available for the transmembrane (TM) and 

membrane-proximal (MP) regions of the fusion proteins. Studies have shown that the 

membrane regions of fusion proteins also play important roles in fusion, especially in the 

hemifusion-to-pore transition. In a series of recent studies, we determined the structures of the 

TM and MP regions of HIV-1 gp41 in bicelles that mimic lipid bilayer using the latest NMR 

technology. We found that these regions of gp41 all form well-ordered trimeric complexes and 

that disruption of any of them could reduce fusion and drastically alter the antibody response of 

the HIV-1 Env. Our studies suggest NMR is a highly effective tool for filling our knowledge 

gap in the structural biology of viral fusion proteins. 
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The role of disorder in proteins 
Jane Clarke 
University of Cambridge 

 

Intrinsically disordered proteins are central to many signalling and regulatory networks in the 

cell. Some (such as nucleoporins) function through binding specifically to ligands although 

they remain disordered and dynamic even when bound. Other IDPs fold to specific structures 

as they transiently bind partner macromolecules. Multidisciplinary studies have been essential 

to understand why Biology would utilise disordered molecules to play such a key role in 

cellular function. 
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Frontiers of Biological Solid State NMR Spectroscopy at 35.2 T (1.5 GHz) 
Timothy Cross1, 2, 3, Zhehong Gan3, Ivan Hung3, Joana Paulino2, 3, Xiaoling Wang3, William 

Brey3, Peter Gor'kov3, Ilya Litvak3, Eduard Chekmenev4, Cristian Escobar1, 3 
1Department of Chemistry & Biochemistry, Florida State University, Tallahassee, FL, USA 
2Institute of Molecular Biophysics, Florida State University, Tallahassee, FL, USA 
3NMR & MRI User Program, National High Magnetic Field Lab, Florida State University, 

Tallahassee, FL, USA 
4Institute of Imaging Science, Vanderbilt University, Nashville, TN, USA 

 

The National High Magnetic Field Lab has designed, constructed and installed a 35.2 Tesla 

Series Connected Hybrid (SCH) Magnet for solid state NMR spectroscopy. The SCH 

superconducting and resistive components of this 20kA powered magnet are series connected 

eliminating the high frequency noise from the power supply. The Bruker Neo with a modified 

lock unit and 7Li lock sample enhances the magnet's stability. Additional technology to 

minimize fluctuations is being developed. A combination of ferro and resistive shims is used to 

achieve a homogeneous volume. Three NHMFL probes have been constructed - a single 

resonance 2.0mm MAS probe for quadrupolar nuclei, a triple resonance 3.2mm MAS probe for 

bio-solids and a static probe for oriented samples (OS). A 1.3 mm MAS triple resonance probe 

is under development and 0.75 mm stators are on hand for further probe developments. 

Quadrupolar spectroscopy takes great advantage of high fields increasing in sensitivity by Bo
4 

in favourable situations when line widths decrease. 17O spectroscopy is the site of so much 

chemistry. In particular my group is interested in channels and the solvation of cations by 

carbonyl oxygens during the stepwise process of cation dehydration before entering a 

selectivity filter and passing through the channel across the membrane. Starting with a simple 

dimer of gramicidin that shows perfect symmetry between the two monomers in OS 13C and 
15N spectroscopy, the OS 17O spectroscopy shows baseline resolved resolution of the two 

monomers for a single carbonyl oxygen label even in the absence of cations. 13C and 15N 

spectroscopy of membrane proteins such as the ChiZ from the cell division apparatus of 

Mycobacterium tuberculosis is beginning to show the advantages of dispersion and sensitivity 

associated with high fields in MAS 2D spectroscopy. Promising results from a few hundred 

hours of operation bodes well for the user program on the SCH and for future science using 

HTS ultra-high field magnets. 
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In-Cell EPR Distance Measurements in Proteins 
Daniella Goldfarb 
Department of Chemical and Biological Physics, Weizmann Institute of Science, Rehovot, Israel 

 

Recent demonstrations of in-cell distance measurements on proteins by EPR techniques open 

up new opportunities for exploring conformational equilibria and conformational changes in 

proteins in their natural environment. To realize the potential of such measurements further 

developments are necessary in the following directions: (i) Spin labels’ properties in terms of 

chemical stability and EPR sensitivity, (ii) efficient delivery or in-situ production of the labeled 

proteins while keeping cells viable and (3) increase measurements sensitivity, allowing 

measurements at physiologically relevant concentrations. We have been using Gd(III) chelates 

as spin labels because of their high chemical stability and high sensitivity they exhibit at W-

band frequencies. Here we focus on items (i) and (iii) and compare the in-cell performance of 

three different Gd(III) spin labels attached to the same doubly labeled mutant of ubiquitin and 

delivered into Hela cells by electroporation. To improve sensitivity we applied a modified four 

pulse DEER (double electron-electron resonance) sequence , where the pump pulse is replaced 

with two chirped pulses situated symmetrically around the observed central transition of the 

Gd(III) spin label (1). 

 

 

1) A. Doll, M. Qi, N. Wili, S. Pribitzer, A. Godt, G. Jeschke, J. Magn. Reson. 2015, 259, 153 

b) T. Bahrenberg, Y. Rosenski, R. Carmieli, K. Zibzener, M. Qi, V. Frydman, A. Godt, D. 

Goldfarb, A. Feintuch, J. Magn. Reson. 2017, 283, 1. 
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Multi-domain proteins and NMR – perfect targets for integrated 

structural biology approaches 
Angela Gronenborn, et al. 
University of Pittsburgh 

 

Multi-domain proteins with two or more independently folded functional domains are 

prevalent in nature. Whereas most multi-domain proteins are linked linearly in sequence, 

roughly one-tenth possess domain insertions where a guest domain is implanted into a loop of a 

host domain, such that the two domains are connected by a pair of inter-domain linkers. We 

characterized the influence of inter-domain linkers on the structure and dynamics of a double 

and triple GB1 domain protein as well as a domain-insertion protein. In the latter, a guest 

LysM domain is inserted into a central loop of the host CVNH domain. In addition, we 

assessed the accuracies of molecular mechanics force fields in modeling the structure and 

dynamics of tethered multi-domain proteins by integrating our experimental results with 

microsecond-scale atomistic molecular dynamics simulations. In particular, our evaluation of 

two different combinations of the latest force fields and water models revealed that both 

combinations accurately reproduce certain structural and dynamical properties, but are 

inaccurate for others. Overall, I will illustrate the value of integrating experimental NMR and 

SAXS studies with long timescale atomistic simulations for characterizing structural ensembles 

of flexibly linked multi-domain systems. 



23 

 

 
Biomolecular Structure, Dynamics and Interactions Investigated using 

Hyperpolarization by Dissolution Dynamic Nuclear Polarization 
Christian Hilty, Jihyun Kim, Yaewon Kim, Mengxiao Liu, Ratnamala Mandal, Yunyi Wang, et 

al. 
Chemistry Department, Texas A&M University, 3255 TAMU, College Station, TX 77843, USA 

 

NMR is widely used for the determination of biomolecular structure, dynamics and 

interactions. High-resolution spectra result in atomic level structures, however often rely on 

signal averaging under equilibrium conditions. Hyperpolarization of nuclear spins, when 

applicable, can enhance signals by several orders of magnitude and permit the acquisition of 

NMR spectra on a short time scale. Dissolution dynamic nuclear polarization (D-DNP) allows 

the generation of high nuclear spin polarization in biological molecules. In combination with a 

stopped flow injection, non-equilibrium chemical reactions and processes such as enzyme 

catalysis or protein folding can be observed in real time. Real-time NMR however reduces the 

ability to obtain traditional multi-dimensional spectra, requiring alternative methods for the 

determination of structural properties. Information on molecular structure and dynamics can be 

recovered through the inclusion of spin relaxation in the modeling of time-dependent NMR 

signals. Since relaxation rates depend on molecular motions and on internuclear distances, the 

well-developed equations from relaxation theory applied to biological molecules can be used to 

calculate such molecular parameters. We show that paramagnetic relaxation in particular 

enables the determination of individual distances in on-going reactions of hyperpolarized 

substrates. Structural information pertaining to specific sites in a biological molecule can also 

be obtained through interactions with hyperpolarized ligands, or with solvent. In these cases, 

polarization transfer through the nuclear Overhauser effect in networks of dipolar coupled 

spins, and through exchange of labile protons, can be calculated based on predicted structures. 

The comparison of the calculation with experimentally observed signals then results in 

constraints on the structure. These experiments demonstrate a path to the characterization of 

structure and dynamics in non-equilibrium biomolecular systems. 
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Monitoring the antagonist-protein and protein-protein interactions with 

NMR and X-ray: Inhibitors of p53/Mdm2 and immune checkpoints PD-

1/PD-L1 
Tad A. Holak1, Krzysztof Zak1, Alexander Dömling2, Katarzyna Guzik1, Bogdan Musielak1, 

Katarzyna Magiera-Mularz1, Ewa Surmiak1 
1Jagiellonian University, Faculty of Chemistry, Cracow, Poland 
2Department for Drug Design, University of Groningen, 9713 Groningen, The Netherlands 

 

 

Protein-protein interactions (PPI) play pivotal roles in virtually every cellular process. 

Frequently such interactions are weak and transient. NMR spectroscopy has the unique 

capability to provide information about such interactions. We will describe the application of 

NMR for identification and characterization of small molecules for inhibition of protein 

function. 

Application of NMR for studying PPIs will be illustrated by our studies of the Mdm2-p53 

interaction and the interaction between small molecules and PD-L1. Nearly all human cancers 

have compromised the effectiveness of the p53 pathway. The restoration of the impaired 

function of the single gene, p53, offers new avenues for anticancer therapy. 

Blockade of the PD-1/PD-L1 immune checkpoint pathway has provided unprecedented results 

in cancer treatment in recent years. We will describe the X-ray and NMR characteristics of the 

interaction of PD-1 with PD-L1 and small-molecule compounds that block the PD-1/PD-L1 

interaction. 
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Nanoscale nuclear magnetic resonance enabled by diamond color centers 
Fedor Jelezko 
institute of Quantum Optics, Ulm University 

 

Nuclear magnetic resonance (NMR) is a powerful tool for life sciences, but typically requires 

macroscopic sample quantities. In this talk we show that coherently controlled nitrogen-

vacancy (NV) centers in diamond allow to improve the sensitivity of NMR by orders of 

magnitude enabling detection of single molecules. We also discuss how quantum logic can be 

employed to improve sensitivity and spectral resolution of diamond NMR sensors. 

Perspectives of NV centers for dynamic nuclear polarization will also be discussed. 
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Conditional decisions by hub proteins – order by disorder 
Birthe B. Kragelund 
Structural Biology and NMR laboratory, Department of Biology, University of Copenhagen, 

Denmark 

 

Disordered regions in proteins are essential conditional decision-making regions in the cell and 

decoding of their functional roles is one of the most important open questions in biology today. 

Using folded hubs from different organisms that each interact with many (>30) intrinsically 

disordered partners we are trying to understand the biological roles of protein intrinsic disorder 

in conditional cellular control. The ambition is to delineate mechanisms whereby cellular hubs 

exploit motifs in disordered protein regions to orchestrate cellular homeostasis and dynamics. I 

will describe how NMR spectroscopy is an essential method for understanding disordered 

protein complexes, and will present structural, biochemical and functional cellular data of 

folded hubs and other systems, and their interactions with a number of disordered partners. 

Indeed, the protein scaffold of the folded hub appears deterministic in partner selection and the 

examples show that adaptation of the disordered protein to the folded binding sites also depend 

on disordered flanking regions. The result may provide a basis for extraction of general 

properties pertaining to assembly of complexes involving disordered proteins and relating to 

disorder-linked conditional cellular control. 



27 

 

 
Dynamics of biomolecules by means of NMR relaxometry - from 

aminoacids to proteins 
Danuta Kruk 
University of Warmia and Mazury in Olsztyn, Faculty of Mathematics and Computer Science 

 

NMR relaxation studies performed versus magnetic field (resonance frequency) give access (in 

a single experiment) to dynamical processes on different time scales (from ms to ns). The 

shape of relaxation dispersion profiles (relaxation rate versus frequency) can be treated as a 

fingerprint of the mechanism of motion leading to the relaxation process – the shape is 

determined by Fourier transform of a correlation function characterizing the motion. In this 

way, NMR relaxometry probes not only the time scale of the dynamical processes, but also 

their nature. 

This unique potential of NMR relaxometry will be demonstrated for a series of biological 

systems, including solid aminoacids and proteins of various kinds and their solutions. 

Dynamics of the system will be discussed on the basis of a detailed analysis of the relaxation 

data. The focus of the analysis is to identify generous features of spin relaxation processes in 

biomolecules in connection to their specific dynamics. Theoretical models describing the 

relaxation processes will be presented pointing out their validity regimes and underlying 

assumptions. Special attention will be put to sub-diffusive processes in solutions of 

biomolecules. 

The presented NMR relaxation results have been complemented by Dielectric Spectroscopy 

data that give access to rotational dynamics. Comparison between the two methods and joint 

analysis of the data significantly broadens our understanding of the mechanisms of motion in 

biological systems.  

 

This project has received funding from the European Union’s Horizon 2020 research and 

innovation program under grant agreement No 668119 (project “IDentIFY”). 
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Solid-state NMR Studies of Membrane Proteins in Lipid Bilayers at 100 

kHz MAS 
Daniela Lalli1, Matthew N. Idso2, Loren B. Andreas1, 3, Tobias Schubeis1, Andrea Bertarello1, 

Tanguy Le Marchand1, Naomi Baxter2, Sunyia Hussain2, Songi Han2, 4, Bradley F. Chmelka2, 

Guido Pintacuda1 
1CRMN, Institut des Sciences Analytiques, UMR 5280 CNRS, Université Lyon 1, ENS-Lyon, 69100 

Villeurbanne, France 
2Department of Chemical Engineering, University of California, Santa Barbara, California, 93106 

United States 
3Max Planck Institute for Biophysical Chemistry, Göttingen, Germany 
4Department of Chemistry and Biochemistry, University of California, Santa Barbara, California, 

93106 United States 

 

Over the last decades, magic-angle spinning (MAS) NMR has become a powerful method for 

structure and dynamics investigations of biological systems of increasing complexity. 

Technical and methodological advances in the field have enabled the development of faster 

spinning probes, which allowed the structural characterization of fully protonated proteins, via 

proton-detected approaches. 

Here we demonstrate the advantages of proton-detected solid-state NMR at 100 kHz MAS and 

high fields to study fully protonated membrane proteins reconstituted in lipid membranes. The 

high MAS rates allow unprecedented proton resolution, and gives access to rapid and extensive 

resonance assignment of backbone and side chain protons of both transmembrane and solvent-

exposed portions of a protein, without the need of proton dilution. This in turn allows the 

identification of contacts between crucial hydrophobic protein regions spanning the lipid 

bilayers, which are essential for protein assembly and function. More in general, we show how 

this technique establishes a general approach for high-resolution studies of complex non-

crystalline systems. 



29 

 

 
Quantifying Biochemical Activities in Living Cells with 13C dDNP NMR 
Mathilde H. Lerche, Magnus Karlsson, Demet Yigit, Anne B. Frahm, Tine K. Nydahl, Ronja 

M. Malinowski, Jan H. Ardenkjær-Larsen, Pernille R. Jensen 
Department of Electrical Engineering, Technical University of Denmark, 2800 Kgs. Lyngby, 

Denmark, *mhauler@elektro.dtu.dk. 

 

During the last decade, the development of nuclear spin polarization enhanced (hyperpolarized) 

molecular probes has opened up new opportunities for studying the inner workings of living 

cells. The hyperpolarized signal is produced ex situ and detected with high sensitivity using 

high-resolution NMR spectroscopy. Experimental investigations of chemical reactions in the 

cell require quantitative tools for time-resolved in situ analyses in physiologically relevant 

settings. However, dissolution DNP (dDNP) [1] is not, a priori, a quantitative method when 

applied in studies of complex molecular systems and incomplete description of the signal 

evolution has until now limited dDNP to an observing tool. 

 

The use of dDNP to enhance metabolite extracts benefits from the high sensitivity and 

resolution provided by hyperpolarized samples in high-field NMR spectrometers, from the 

possibility to quantify metabolites by comparison with an internal standard, and from the 

capability to monitor slow metabolic transformations. Biological hypotheses are made using 

extracts from cancer cells incubated with 13C6-glucose for many minutes in living cells. 

 

The talk will discribe the set-up for studying dDNP hyperpolarised biomarkers in living cells. 

Glycolytic metabolites quantified in prostate cancer cells incubated with 13C6-glucose [2] will 

be analyzed with data mining tools to extract possible biomarkers for evaluation of prostate 

cancer progression. 

 

References 

[1] J. H. Ardenkjaer-Larsen et al. PNAS, 2003, 100, 18  

[2] M. H. Lerche et al. Anal. Chem. 2018, 90 (1): 674-78. 
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Integrated structural biology as a tool to facilitate development of new 

antibiotics 
Józef R. Lewandowski 
Department of Chemistry, University of Warwick 

 

As we face a dramatic rise in antimicrobial resistance with increasing number of people 

heralding the impending doom of “post-antibiotic” era, we need to apply a multipronged 

approach to avoid or mitigate the predicted health and societal crisis. There is not a single 

action that can accomplish this, and science alone is not likely to provide a complete answer to 

the problem, but part of the solution requires to develop new antibiotics that can replace the 

drugs that become ineffective.  

In this presentation, we discuss examples of how NMR-led integrated structural biology can 

aid development of new antibiotics. We explore a case where the understanding gained from 

structural and dynamics studies can be used to facilitate rational engineering of multienzymatic 

systems to produce new molecules in a synthetic biology approach. We also look at a case 

where we investigate mechanistic details of action of existing antibiotics to support 

development of their analogues with improved pharmacological properties to become actual 

drugs. Throughout we discuss a number of challenges for magnetic resonance when working 

with such systems. 
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The interplay of order and disorder in paramyxoviral nucleoproteins and 

phosphoproteins 
Sonia Longhi, Edoardo Salladini 
AFMB, CNRS & Aix-Marseille University 

 

In the course of the structural characterization of the nucleoproteins (N) and phosphoproteins 

(P) from three paramyxoviruses (e.g. measles, Nipah and Hendra virus) we discovered that 

they contain long intrinsically disordered regions (IDRs). The N and P proteins from these 

viruses thus provide an excellent model system to study the functional impact of disordered 

motifs. The RNA genome of these paramyxoviruses is encapsidated by the nucleoprotein (N) 

within a helical nucleocapsid. Transcription and replication are carried out onto this 

ribonucleoproteic complex by the viral RNA dependent RNA polymerase that consists of a 

complex between the large protein (L) and the phosphoprotein (P). The P protein serves as an 

essential polymerase co-factor as it allows recruitment of L onto the nucleocapsid template. 

Beyond the P protein, the P gene also encodes the V protein that shares with P the long, N-

terminal disordered region. 

Tethering of L relies on the interaction between the C-terminal X domain (XD) of the P protein 

and the C- terminal, intrinsically disordered domain (NTAIL) of N. NTAIL is disordered not 

only in isolation but also in the context of the nucleocapsid, being partly exposed at the surface 

of this latter. Within NTAIL, a short motif, serving as molecular recognition element (MoRE), 

has been identified and the mechanisms of its interaction with XD thoroughly investigated. In 

its free from, the MoRE is partly pre-configured as an α-helix. Binding to XD triggers stable α-

helical folding of this motif, while the majority of NTAIL remains “fuzzy”. 

In my talk, I will summarize present structural knowledge that we have gathered so far on the 

N and P proteins from these paramyxoviruses. In particular, I will focus on the mechanistic and 

functional aspects of the interactions established by NTAIL, on the functional impact of the 

fuzziness of the NTAIL-XD complex, and will highlight the functional implications of disorder 

for viral transcription and replication. 
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Rescuing the faulty maturation of SOD1 fALS mutants in human cells: an 

application of in-cell NMR 
Enrico Luchinat 
Magnetic Resonance Center - CERM and Department of Experimental and Clinical Biomedical 

Sciences ‘Mario Serio’, University of Florence, Italy 

 

In-cell NMR is a powerful approach to obtain atomic-level structural and functional 

information on macromolecules in their native cellular environment [1]. In human cells, direct 

protein expression is especially suited to characterize at atomic resolution functional processes 

such as protein folding, changes in redox state, and other maturation events that occur after 

protein synthesis. The approach was previously applied to observe the maturation steps of 

human copper, zinc superoxide dismutase 1 (SOD1) [2]. Missense mutations in the SOD1 gene 

are involved in a subset of familiar Amyotrophic Lateral Sclerosis (fALS) cases. By in-cell 

NMR, it was observed that a subset of these mutations caused the irreversible accumulation in 

the cytosol of an unfolded apo species, likely a precursor of pathogenic SOD1 aggregates [3]. 

In-cell NMR was further applied to elucidate the role of the copper chaperone CCS in rescuing 

the correct folding of SOD1 fALS mutants [4], and to investigate the stabilizing effect of the 

cysteine-reactive small molecule ebselen. 

 

[1] Luchinat, E.; Banci, L. New Structural and Functional Insights from In-Cell NMR. 

Emerging Topics in Life Sciences 2018, ETLS20170136. 

[2] Banci, L.; Barbieri, L.; Bertini, I.; Luchinat, E.; Secci, E.; Zhao, Y.; Aricescu, A. R. 

Atomic-Resolution Monitoring of Protein Maturation in Live Human Cells by NMR. Nat. 

Chem. Biol. 2013, 9 (5), 297–299. 

[3] Luchinat, E.; Barbieri, L.; Rubino, J. T.; Kozyreva, T.; Cantini, F.; Banci, L. In-Cell NMR 

Reveals Potential Precursor of Toxic Species from SOD1 FALS Mutants. Nat Commun 2014, 

5, 5502. 

[4] Luchinat, E.; Barbieri, L.; Banci, L. A Molecular Chaperone Activity of CCS Restores the 

Maturation of SOD1 FALS Mutants. Sci Rep 2017, 7 (1), 17433. 
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Exploiting T1-dispersion using human-scale fast field-cycling MRI 
David Lurie, Lionel Broche, Gareth Davies, Mary-Joan MacLeod, P. James Ross 
School of Medicine, Medical Sciences & Nutrition, University of Aberdeen, Scotland, UK 

 

Much of the contrast in conventional MRI arises from disease-induced changes in T1. Extra 

information could be obtained from T1-dispersion measurements (T1 versus magnetic field), 

but this information is invisible to standard MRI scanners, since they operate only at fixed 

magnetic field (e.g. 1.5 T, 3.0 T). We have developed Fast Field-Cycling Magnetic Resonance 

Imaging (FFC-MRI) to exploit T1-dispersion as a potential biomarker of disease, with the aim 

of increasing diagnostic potential. 

T1-dispersion is typically measured using FFC, by switching the magnetic field rapidly 

between levels during the pulse sequence; relaxation occurs at the (low) evolution field while 

detection is always at the same (higher) detection field. Thus, a single instrument can be used 

to measure T1 over a wide range of magnetic field strengths. FFC-MRI obtains spatially-

resolved T1-dispersion data, by collecting images at a range of evolution fields. 

We have built a variety of FFC-MRI equipment, including two whole-body human scanners, 

operating at detection fields of 0.06 T and 0.2 T. Recent work has focused on speeding up 

FFC-MRI using rapid pulse sequences, as well as the investigation of methods to measure T1-

dispersion at ultra-low magnetic fields. 

In vitro measurements in our laboratory have shown that FFC can detect changes in human 

cartilage induced by osteoarthritis; we have also demonstrated that T1-dispersion is sensitive to 

cancer-induced changes in breast tissues. We are exploring clinical applications and have 

imaged patients who have had an ischaemic stroke; the affected brain tissues are seen as hyper-

intense regions in ultra-low-field (200 µT) FFC images. 

This presentation will cover the main techniques used in FFC-MRI and will summarise current 

and potential bio-medical applications. 

 

This project has received funding from the European Union’s Horizon 2020 research and 

innovation programme under grant agreement No 668119 (project “IDentIFY”). 
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Integration between NMR and Cryo-EM: how the combination of the two 

technologies is more that the sum of its parts 
Massimiliano Maletta 
ThermoFisher Scientific 

 

In 2017 R. Henderson, J.Frank and J Dubochet have been awarded the Nobel prize in 

Chemistry for having pioneered cyo electron microscopy (Cryo-EM) and Single Particle 

Analysis (SPA). 

During the last few years Cryo-EM and SPA have grown from techniques able to produce low-

resolution structures of protein complexes (aka blobology) to tools capable of achieving atomic 

and quasi-atomic resolution for complexes that nobody could solve with any other technique. 

This incredible leap forward has made possible by introduction and adoption of new tools, in 

particular direct electron detectors (DED), ultra-stable cryo-microscope, such as Titan Krios, 

and the adoption of new SW for automatic data collection and processing.  

Cryo-EM benefit of specific advantages, respect to other structural biology techniques such as 

NMR and X-ray diffraction of protein:  

• Crystallization or isotopic labelling is not needed.  

• Amount of sample required is two orders of magnitude lower.  

• Different functional conformation of a complex may be sorted out. 

Cryo-EM has proved to be a very useful technique to be integrated with X-ray and NMR for 

structure-based drug design. In particular it has been shown as the combination among Mass 

spectroscopy, NMR, XRD and Cryo-EM could lead to a much better understanding of structure 

of huge and transient multiprotein complexes (for instance Seung Joong Kim, Javier 

Fernandez-Martinez and Michael P. Rout Nature volume 555, pages 475–482 2018) 

 

In this presentation we will show how challenging biological questions can be addressed only 

using a combination of different structural biology approaches. We will also see how the fast 

pace of cryo-EM growth is going to change the structural biology landscape for the best. 
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Decoding the Functional Selectivity of GPCRs and Rhodopsins by DNP-

Enhanced / Ultrafast MAS SSNMR Spectroscopy 
Jiafei Mao1, 2, Lisa Joedicke3, Georg Kuenze4, Xinsheng Jin5, Jens Meiler4, Xiao He5, Hartmut 

Michel3, Clemens Glaubitz1 
1Institute of Biophysical Chemistry, Goethe University of Frankfurt am Main 
2Center for Biomolecular Magnetic Resonance (BMRZ), Goethe University of Frankfurt am Main 
3Department of Molecular Membrane Biology, Max Planck Institute of Biophysics 
4Center for Structural Biology, Vanderbilt University 
5School of Chemistry and Molecular Engineering and State Key Laboratory of Precision 

Spectroscopy, East China Normal University 

 

The current progresses in cryoEM and X-ray crystallography have boosted our knowledge on 

membrane proteins. In this golden age of membrane protein field, detailed mechanistic 

understandings of the sophisticated regulations of their functions have reached the radar of life 

scientists. One of the central themes in this topic is the selectivity, which is crucial for the 

accurate control of functions and for rational drug/protein design. Here new approaches 

integrating SSNMR spectroscopy (DNP/ultrafast MAS) and diverse computational methods 

(QM/MM, MD/molecular modeling/docking) will be presented with real-life cases to 

demonstrate the power of SSNMR in the mechanistic study of selectivity in membrane protein 

world.  

First, we will show that DNP-enhanced SSNMR permits the structural determination of native 

peptide ligands bound to human bradykinin receptors. Combining these structures with 

molecular modeling/docking, the complex mechanism of the subtype selectivity of peptide 

ligands could be revealed. This mechanism is drastically more complicated than those for small 

molecule ligands found in previous X-ray crystallography works, revealing the new 

opportunities in the design of new modulators of peptide GPCRs. Second we will show a 

question-driven SSNMR study of the protein-ligand interactions in proteorhodopsins (PRs) at 

the near-chemical resolution, which could not be reached by X-ray and cryo EM. Integrating 

these new SSNMR approaches with QM/MM calculations permits the understanding of not 

only a full mechanism of the fine color tuning in PRs in evolution but also the structural origin 

of color tunability of dinstict rhodopsins. In addition we will showcase a new powerful method 

in the structural and dynamic studies of PR in the ground/K states. This eventually leads to a 

discovery of a deep link between the rhodopsin structures and the energy propagation in the 

early stages of photocycle. 
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Characterizing the interaction between Tau and microtubules using Site-

Directed Spin labeling EPR spectroscopy 
Marlène Martinho1, Diane Allegro2, Charlotte Chabaud1, 2, Emilien Etienne1, Bruno 

Guigliarelli1, Vincent Peyrot2, Isabelle Landrieu3, Pascale Barbier2, Valérie Belle1 
1Aix Marseille Univ, CNRS, BIP, UMR7281, Marseille, France 
2Aix Marseille Univ, CNRS, INP, UMR 7051, Marseille, France 
3CNRS & Université de Lille I UMR8576, Villeneuve d’Ascq, France 

 

Intrinsically Disordered Proteins (IDPs) constitute a large family of proteins lacking a well-

defined 3D structure under physiological conditions, while being involved in many key 

biological processes. For several years we develop and apply Site-Directed Spin Labeling 

combined with EPR spectroscopy (SDSL-EPR) to characterize such highly flexible biological 

systems. Tau is a microtubule-associated protein that is part of this family when isolated in 

solution: physiologically induces and regulates assembly and spatial organization of 

microtubules (MTs). Despite extensive studies, the fine structural characterization of Tau in 

interaction with MTs still remains challenging. The objective of our study was to investigate 

structural and functional aspects of Tau/MTs interaction using SDSL-EPR. Tau possesses 

naturally two cysteine residues ideally located in the microtubule binding domain. We also 

studied Tau fragments that were known to bind tightly to MTs and favor their assembly. 

Variants of these fragments were constructed to contain a single cysteine. After spin labeling 

with the conventional MTSL nitroxide, we unexpectedly observed the cleavage of the disulfide 

bridge between the cysteine residues and the label, resulting in the full release of the label. 

Release kinetics were measured for the different constructions and in either Tau-induced MTs 

or taxol-stabilized MTs configuration. All together the results revealed the existence of a thiol-

disulfide exchange reaction between Tau and MTs. To avoid the label release, maleimido-

proxyl spin label was used to characterize Tau/MTs interaction. The slight spectral 

modification observed after binding indicated that the region containing the labels remained 

highly dynamics even in the bound form. This constitutes a typical example of a fuzzy 

complex, a characteristic that has been proposed to be functionally important by contributing to 

finely tune binding affinities in protein-protein interaction. 
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NMR Crystallography in Tryptophan Synthase: Proton Positions, Stable 

Intermediates, and Transition States 
Leonard Mueller1, Bethany Caulkins1, Viktoria Liu1, Robert Young1, Michael Dunn2 
1Department of Chemistry, University of California, Riverside 
2Department of Biochemistry, University of California, Riverside 

 

NMR-assisted crystallography – the synergistic combination of solid-state NMR, X-ray 

crystallography, and first-principles computational chemistry – holds remarkable promise for 

mechanistic enzymology; by providing atomic-resolution characterization of stable 

intermediates in the enzyme active site – including hydrogen atom locations and tautomeric 

equilibria – it offers insight into structure, dynamics, and function (1-4). Here, we make use of 

this combined approach to characterize the aminoacrylate intermediate in tryptophan synthase, 

a defining species for pyridoxal-5′-phosphate-dependent enzymes on the β-elimination and 

replacement pathway. By uniquely identifying the protonation states of ionizable sites on the 

cofactor, substrates, and catalytic side chains, as well as the location and orientation of 

structural waters in the active site, a remarkably clear picture of structure and reactivity 

emerges. Most incredibly, this intermediate appears to be mere tenths of angstroms away from 

the preceding transition state in which the β-hydroxyl of the serine substrate is lost. The 

position and orientation of the structural water immediately adjacent to the substrate β-carbon 

suggests not only the fate of that hydroxyl group, but also the pathway back to the transition 

state and the identity of the active site acid-base catalytic residue. Enabling this analysis is the 

ability to measure active-site isotropic and anisotropic NMR chemical shifts under conditions 

of active catalysis, and the development of fully quantum mechanical computational models of 

the enzyme active site that allow the accurate prediction of NMR spectral parameters. 

 

1. Caulkins et al, Journal of the American Chemical Society, 138, 15214-15226 (2016) 

2. Mueller and Dunn, Accounts of Chemical Research, 46, 2008-2017 (2013) 

3. Young et al, Angewandte Chemie International Edition, 55, 1350-1354 (2016) 

4. Hartman et al, Journal of Biological NMR, 62, 327-340 (2015) 
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How and why internal cavities destabilize proteins 
Frans AA Mulder1, Mengjun Xue1, Yuichi Yoshimura1, Ryo Kitahara2 
1Department of Chemistry and Interdisciplinary Nanoscience Center iNANO, Aarhus University, 

Aarhus, Denmark 
2College of Pharmaceutical Sciences, Ritsumeikan University, Nojihigashi 1-1-1, Kusatsu 525-

8577, Japan 

 

Proteins are marginally stable as a consequence of the large and opposing contributions from 

enthalpy and entropy to the folded state. The microscopic contributions to the total system ∆S 

and ∆H are still highly enigmatic. Here, we use hydrostatic pressure - coupled to NMR 

spectroscopy detection - to explore the protein energy landscape in residue-specific detail. As 

the conjugate of pressure is volume, this approach offers a mild and clearly defined 

perturbation of the system, as opposed to mutagenesis, temperature or denaturants. We could 

thus directly examine the energetics of protein destabilization by packing defects. Furthermore, 

pressure-variation allowed us to detect several partially unfolded states that consist of 

cooperative modules, a result that argues for a rather discrete route that connects the folded and 

unfolded forms of the protein. 
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Succinimide-based conjugates improve isoDGR cyclopeptide affinity to 

v3 without promoting integrin allosteric activation 
Giovanna Musco1, Francesca Nardelli1, Cristina Paissoni1, 2, Giacomo Quilici1, Alessandro 

Gori3, Barbara Valentini4, Angelina Sacchi1, Angelo Corti1, Flavio Curnis1, Michela Ghitti1 
1IRCCS Ospedale San Raffaele, Via Olgettina 60, 20132 Milan (Italy) 
2Dipartimento di Chimica, Università degli Studi di Milano, Via Golgi 19, 20133 Milan (Italy). 
3Istituto di Chimica del Riconoscimento Molecolare, CNR. Via Mario Bianco 9, 20131, Milan 

(Italy). 
4Molmed, SpA, Milan (Italy). 

 

The isoDGR sequence is an integrin-binding motif that has been successfully employed as 

tumor vasculature-homing device for the targeted delivery of drugs and diagnostic agents to 

tumors. In this context we have previously demonstrated that the product of the conjugation of 

c(CGisoDGRG) to sulfosuccinimidyl 4-[N-maleimidomethyl] cyclohexane-1-carboxylate 

(c(CGisoDGRG)-SMCC) can be successfully used as a tumor-homing ligand for nanodrug 

delivery to neoplastic tissues. Here, combining NMR, computational and biochemical methods 

we show that the succinimide ring contained in c(CGisoDGRG)-SMCC contributes to 

stabilizing interactions with v3, an integrin overexpressed in the tumor vasculature. 

Furthermore, we demonstrate that various peptides containing the isoDGR sequence embedded 

in different molecular scaffolds and coupled to sulfo-SMCC, do not induce v3 allosteric 

activation and work as pure integrin antagonists. These results could be profitably exploited for 

the rational design of novel isoDGR-based tumor targeting molecules with improved v3-

binding properties and devoid of adverse integrin activating effects. 
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1H-X and 1H-1H internuclear distance measurements by fast MAS solid-

state NMR at natural abundance 
Yusuke Nishiyama 
RIKEN CLST-JEOL Collaboration Center 

JEOL RESONANCE Inc. 

 

The internuclear distances are one of the key information for structural elucidation by solid-

state NMR. However, most methods required isotopic labeling to improve the sensitivity and 

selectivity. Here we will present two approaches and applications of hetero (1H-X) and homo 

(1H-1H) nuclear distance measurements at fast MAS conditions. 

[1H-X distances] 

We have developed a method to measure 1H-X distances through build-up curve of CP 

magnetization transfer at fast MAS. The sensitivity is further improved by 1H detection 

(invCP-VC: inverse detected CP with variable contact time). The method enables precise 1H-
13C and 15N distance measurements at natural abundance [1]. The method is applied to multi-

component systems where intermolecular hydrogen bonding is present, in order to distinguish 

salt, cocrystal and continuum at natural abundance [2]. 

[1H-1H distances] 

Internuclear distances among 1Hs are, in principle, informative because of high abundance and 

gyromagnetic ratio of 1Hs, reading to multiple 1H-1H distance informations with strong 

homonuclear dipolar interactions. However, it also results in overlap of many distance 

informations which are almost impossible to be analyzed. Here, we propose the chemical shift 

selective 1H-1H distance measurements to extract individual 1H-1H distances. The method is 

applied to small organic molecules and proteins for structural elucidation. 

 

[1] Y. Nishiyama*, M. Malon, M.J. Potrzebowski, P. Paluch, J.P. Amoureux*, Solid State 

Nucl. Magn. Reson. 73 (2016) 15-21. DOI: 10.1016/j.ssnmr.2015.06.005 

[2] L. Rajput†, M. Banik†, J.S.R. Yarava, S. Joseph, M.K. Pandey, Y. Nishiyama* and Gautam 

R. Desirajua*, IUCrJ 4 (2017) 466-475. DOI: 10.1107/S205225251700687X 

[3] N.T. Duong, S. Kurshi, Y. Nishiyama* and V. Agarwal*, in preparation. 
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Scalar 13C-Overhauser DNP in the liquid state at low and high magnetic 

fields 
Tomas Orlando1, Riza Dervisoglu2, Loren B. Andreas2, Marcel Levien1, 3, Igor Tkach1, Thomas 

F. Prisner4, Vasyl Denysenkov4, Marina Bennati1, 3 
1ESR Spectroscopy Group, Max Planck Institute for Biophysical Chemistry, Göttingen, Germany 
2Solid State NMR Spectroscopy Group, Max Planck Institute for Biophysical Chemistry, Göttingen, 

Germany 
3Department of Chemistry, Georg-August-University, Göttingen, Germany 
4Institute of Physical and Theoretical Chemistry, Goethe University, Frankfurt am Main, Germany 

 

The transfer of polarization from electron spins to their magnetically coupled nuclear spin 

targets, termed dynamic nuclear polarization (DNP), has become the most widespread tool to 

improve NMR spectroscopy sensitivity. In liquids, DNP is driven by electron-nuclear cross-

relaxation, known as Overhauser effect. In the past, enhancements of < 10² were observed at 

room temperature at high magnetic fields (>1 T) on 1H nuclei, due to the strong field 

dependence of dipolar relaxation. However, we recently reported 13C Overhauser DNP (O-

DNP) enhancements at 3.4 T of three orders of magnitude, which were dominated by scalar 

hyperfine relaxation. 

 

Here, we present an extension of this study to different magnetic fields on two model systems, 

i.e. CCl4 and CHCl3, with TEMPONE radical as polarizing agent. Accurate determination of 

Overhauser parameters allowed us to disclose the primary role of the scalar hyperfine 

interaction to the 13C nuclei as mediated by either chlorine atoms or protons. Experimental 

measurements performed at 1.2, 9, and 14 Tesla allowed us to complete the characterization of 

the polarization transfer efficiency, represented by the coupling factor, over a broad frequency 

range. Such field dependence can be successfully described by the subtle combination of 

dipolar and scalar relaxation. 

 

Furthermore, a proper choice of polarizer can also be the key to optimize the efficiency of 

scalar O-DNP. Indeed, fullerene-nitroxide derivatives are superior to TEMPONE radical at low 

fields, displaying at 1.2 Tesla a positive enhancement of ~800 in 13CCl4, about 1.5 times larger 

than the one obtained with TEMPONE. Our results show the potential of O-DNP as a tool to 

address 13C-NMR sensitivity issues at different fields. 
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Capturing Transient States in RNA 
Katja Petzold, et al. 
Dept. of Med. Biochemistry & Biophysics 

Karolinska Institute 

 

RNA is a flexible molecule that adopts different structures, which can be correlated with 

different functions. These structural transitions occur spontaneously and are in equilibrium 

with each other. Furthermore, these transitions can be triggered in response to specific cellular 

cues (ion concentration, pH, etc.), through mechanisms that are poorly understood and often 

involve short-lived (μs to ms) and low-populated (<15%) transient states that escape detection 

by conventional methods. These structural switches require the breaking and reconfiguration of 

base-pairs [1] and can feature either localized changes in base-pair alignments or present a 

change in chemical identity of a nucleobase [2]. 

 

Dynamics, especially in the intermediate time-regime, usually reduce sensitivity by line 

broadening between different populated states. Furthermore, few probes to detect transient 

structures currently exist. We therefore developing new 1H R1ρ-relaxation-dispersion 

sequences that allows for elucidation of dynamics of 1H attached to 13C in RNA [3] and of 

unlabelled RNA samples [4]. 

 

The characterization of different types of RNA transient structures are presented, including 

latest (unpublished) studies on microRNA-mRNA complexes. 

 

 

[1] Dethoff E.A., Petzold K., Chugh J., Casiano-Negroni A., Al-Hashimi H.M., (2012). Nature 

491, 724-728. 

[2] I.J. Kimsey, K. Petzold, B. Sathyamoorthy, Z.W. Stein and H.M. Al-Hashimi, Nature, 519 

(7543), pp 315-320, 2015. 

[3] Steiner, E., Schlagnitweit, J., Lundström, P., & Petzold, K. (2016). Angewandte Chemie, 

128(51), 16101–16104. 

[4] J. Schlagnitweit, E. Steiner, H. Karlsson and K. Petzold “Efficient detection of structure 

and dynamics in unlabeled RNAs: the SELOPE approach” Chemistry – A European Journal, 

accepted. 
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Opportunities for Magnetic Resonance 
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1University of Delaware, Department of Chemistry and Biochemistry, Newark, DE, USA 
2Pittsburgh Center for HIV Protein Interactions, University of Pittsburgh, Pittsburgh, PA, USA 
3Department of Structural Biology, University of Pittsburgh School of Medicine, Pittsburgh, PA, 
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Recent methodological advances will be presented that enable atomic-level characterization of 

structure and dynamics of large biological assemblies by magic angle spinning NMR 

spectroscopy. I will discuss an integrative MAS NMR / MD / QM-MM simulations approach 

for determining structures and residue-specific dynamics in HIV-1 capsid. 

 

HIV-1 capsids, assembled from ~1,500 copies of the capsid (CA) protein, are an integral part 

of mature virions. Conical in shape, capsids enclose the viral genetic material (two copies of 

RNA) together with several proteins that are essential for viral replication. In the assembled 

state, capsids are remarkably dynamic, with the CA residue motions occurring over a range of 

timescales from nano- to milliseconds. These motions are functionally important for capsid’s 

assembly, viral maturation, and interactions with host factors. We discuss the role of dynamic 

allosteric regulation in capsid’s assembly, maturation, and escape from the CypA dependence. 

We demonstrate that the integration of experimental NMR and DNP methods and theory, at 

classical and quantum mechanical levels, yields quantitative, atomic-level insights into the 

dynamic processes that govern the capsid’s function. 
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EPR with broadband shaped Pulses on Multispin-Systems 
Thomas F. Prisner1, Philipp Spindler1, Philipp van Os1, Alice Bowen1, Victor Thormyshev2, 

Elena Bagryanskaya2 
1Institute of Physical and Theoretical Chemistry, Goethe University Frankfurt, Germany 
2Vorozhtsov Novosibirsk Institute of Organic Chemistry, RAS Novosibirsk, Russia 

 

Broadband microwave pulses, generated by fast arbitrary waveform generators, allow full 

excitation of the EPR spectra of nitroxide radicals at 0.3 T magnetic field and improved 

excitation and inversion performance at higher magnetic fields. This increases the sensitivity 

and accuracy of nanometer distance measurements between two spin labels attached to 

biological molecules. Because of the high modulation depth achieved, the background signal, 

arising from intermolecular spin-interactions is less problematic. Therefore, also longer 

distances can be extracted more reliably. Additionally, the much better defined excitation 

profile of the pulses allow to strongly improve the classical used pulse sequences for the 

detection of dipolar couplings. If the spin-labels are rigidly attached to the biomolecule, as is 

the case for a paramagnetic cytidine analog used by us for DNA and RNA studies, additional 

orientation information encoded in the dipolar time traces can be unraveled by 2D SIFTER 

experiments. This strongly increases the number of restraints obtained from a single spin-label 

pair. For more than two coupled electron spins, the multi-quantum signal can be excited with 

high efficiency by shaped broadband pulses. Thus MQ-EPR experiments, which can be used to 

determine for example the oligomeric state of membrane protein complexes, are in reach. 

Applications to RNA and DNA samples as well as model compounds will be shown to 

demonstrate the advanced performance of pulsed EPR experiments using broadband shaped 

pulses. 
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Multiple states of proteins in vitro and in cells 
Roland Riek, Juan Gerez, Dean Strotz, Celestine Chi, Julien Orts 
ETH Zurich 

 

A multitude of structural states is inherent to biomolecules. One of the major challenges in 

structural biology is a comprehensive description of the entire structural landscape and the 

exchange dynamics between structural states at atomic resolution. Whereas NMR relaxation 

provides important aspects of local dynamics, exciting progress is currently being achieved in 

formulating more comprehensive descriptions of the structural landscape and the dynamics of a 

protein. In particular, direct methods to infer atom coordinates of slow-scale motions and to 

detect concerted motion are much sought- after. We have replaced the standard procedure for 

structure determination by an approach that generates multi-state ensembles using tight 

averaged distance restraints derived from exact NOEs (eNOEs). 

The exact measurements of 1H-1H nuclear Overhauser enhancements (eNOEs) can be 

converted into distances with an experimental random error of only 0.1 Å. Such eNOEs 

retrieve a wealth of information, which is sacrificed in routine structure determination. The 

collection of a dense net of eNOEs traversing a macromolecule serves as an excellent probe 

towards a more complete representation of structure and dynamic as demonstrated here for 

three proteins GB3, cyclophilin A and a WW domain. 

 

In cells, the situation may change because of potential multiple binding partners. We optimized 

the electroporation-based incorporation of 15N-labeled proteins into mammalian cells with 

success for three folded proteins and two intrinsically disordered proteins (IDP) including a-

synuclein associated with Parkinson’s disease. a-synuclein interacts with chaperones 

transiently suggesting regulation of IDPs by chaperones. 



46 

 

 
Substrate Remolding by Hsp70 Chaperones – What Can We Learn Using 
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The Hsp70 chaperone system is ubiquitous, highly conserved, and involved in a variety of 

different processes that are integral to cell health. Hsp70 function relies on nucleotide-

dependent interactions with client proteins, yet its effect on substrates remained poorly 

understood. 

 

We have used nuclear magnetic resonance (NMR) spectroscopy to structurally characterize a 

small, folding-competent protein domain (TRF1) in complex with E.coli Hsp70 (Dnak), and 

have found that binding of Hsp70 results in a globally unfolded conformation of their client 

proteins. Interestingly, despite being globally unfolded, substrates can start folding and forming 

local secondary structure while in complex with the chaperones. Hsp70 binding, however, did 

prevent non-native long-range interactions that are otherwise present in the unbound, unfolded 

substrate and which can lead to protein misfolding and aggregation. 

By then looking directly at the substrate residues situated in the Hsp70 binding pocket, we 

further identified multiple conformations of TRF1 bound to Hsp70 and that there is a 

significant amount of heterogeneity in this bound ensemble. 

 

Overall our results suggest that Hsp70 binding can significantly bias the folding pathway of 

client substrates such that local, secondary structure forms first, followed by the development 

of longer-range contacts between more distal parts of the protein. In addition, the promiscuous 

binding of Hsp70 to client proteins may serve to generate different starting points for protein 

folding, with some structures more amenable to proper folding than others. Furthermore, the 

ability of Hsp70 to recognize multiple sites in its client proteins could help ensure that proteins 

that do not fold to the native state upon release still have a chance to re-enter the chaperone 

cycle via another site, thereby increasing their chances of ultimately folding correctly. 
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Nitric oxide (NO) is an essential signaling molecule involved in vital biochemical processes 

via the nitric oxide/cyclic guanosine monophosphate (NO/cGMP) pathway. NO binds to the 

Heme-nitric oxide/oxygen binding (H-NOX) domain of soluble guanylate cyclase (sGC) and 

then catalyzes the convertion of guanosine 5-triphosphate (GTP) to cyclic guanosine 3,5 

monophosphate (cGMP). The H-NOX motif is conserved among eukaryotes and bacteria, and 

is found as a standalone protein of approximately 200 amino acids or as a functional domain 

within larger proteins such as sGC. Since sGC is the main enzyme of NO-signaling, it is the 

main therapeutic target for hypertension, congestive heart failure, platelet aggregation and 

disaggregation, erectile dysfunction and neurotransmission drug development. Under 

pathophysiological conditions, sGC suffers from heme loss, becomes unresponsive to NO and 

is tagged for degradation by the ubiquitin-proteasome pathway, leading to compromised NO 

signaling, which contributes to cardiovascular disease. 

Here, we present the NMR study of the heme-bound H-NOX protein from Nostoc sp., which 

shares 35% sequence identity with the H-NOX domain of the b1 subunit of human sGC. 

Heteronuclear NMR and UV-visible spectroscopy are used to investigate the structural 

integrity, folding, dynamics and oxidation state of H-NOX. Additionally, we investigate the 

conformational variations the dynamical behavior of Ns H-NOX triggering by changes in the 

oxidation status of the Fe(II)-Protoporphyrin IV prosthetic group in solution when the 

prosthetic group is bound on the polypeptide chain and when the His105-Fe(II) bond is cleaved 

upon the presence of NO. 

 

 

Acknowledgments: We acknowledge partial support from EU FP7-REGPOT-2011 “SEE-

DRUG” (nr. 285950 to A.P. & G.S.). 
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Thioesters are key intermediates in biology, often generated from less energy-rich amide 

precursors. For example, Staphylococcus aureus sortase A (SrtA) converts an amide bond of a 

substrate peptide to a thioester without the help of ATP. Using pseudocontact shifts (PCS) 

measured by nuclear magnetic resonance (NMR) spectroscopy, we determined the holo three-

dimensional (3D) solution structure of the thioester intermediate of SrtA, despite its presence 

as a minor species with limited lifetime only. The PCSs of SrtA and substrate were generated 

using new cysteine-selective lanthanide binding tags not reactive towards Cys184 in the active 

site. The 3D structure reveals specific changes, which help to protect the thioester intermediate 

against hydrolysis. They underpin a mutual positive allosteric effect between the thioester bond 

and a calcium binding site, suggesting that SrtA recruits the binding energy of Ca2+ to bridge 

the gap in free energy between the amide bond in the substrate and the thioester in the thioester 

intermediate. 
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The fact that birds and other animals are able to use the Earth’s magnetic field to navigate has 

been firmly established since the 1960s [1]. The hypothesis that this capability might be driven 

by a quantum mechanical process involving a pair of photoinduced, highly spin polarized 

radicals, was proposed by Schulten shortly thereafter [2]. However, only with the discovery of 

cryptochromes [3], a family of blue light photoreceptor proteins, did this radical pair 

mechanism (RPM) hypothesis take centre stage in the discussion of animal magnetosensitivity 

and is now, arguably, the most likely mechanism to drive this fascinating process. 

Here we report our comparative studies of magnetic field effects on the photo-induced electron 

transfer reactions in a series of proteins from the cryptochrome/photolyase family, including 

cryptochromes from Arabidopsis thaliana (a plant), Drosophila melanogaster (the fruit fly), a 

cry-dash protein from Xenopus laevis (the African clawed frog) and E. coli photolyase. The 

magnetic sensitivity of these reactions is characterized by a combination of optical 

spectroscopy methods including sub-nanosecond transient and optical cavity based absorption 

spectroscopies (both cavity ringdown and broad band cavity enhanced absorption 

spectroscopies). Together, these techniques provide time-, field- and wavelength-resolved 

spectral data from which detailed insights into the photo- and radical pair chemistry of these 

proteins are obtained. 

We find that the radical pair kinetics and the resulting magnetosensitivity differ markedly for 

the closely related members of the cryptochrome–photolyase family. These differences are 

interpreted in terms of the RPM, differences in the (de) protonation rates of the radicals and 

photocycles involving a chain of either three or four tryptophan residues. 

 

[1] Wiltschko, W.; Z. Tierpsychol., 1968, 25, 537. 

[2] Schulten, K et al.,, Z. Phys. Chem., 1978, 111, 1. 

[3] Ahmad, M. & Cashmore, A.R., Nature, 1993, 366, 162. 
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Dye-decolorizing peroxidases (DyPs) and chlorite dismutases (Clds) belong to the same heme-

peroxidase superfamily. The heme-containing Cld catalyzes the reduction of chlorite to 

chloride and dioxygen, is an essential protein in (per)chlorate-reducing bacteria. In both Clds 

and Dyps, a conserved distal Arg is thought to play a crucial role in the enzymatic function. 

Both proteins are considered for technological applications in biosensors and biocatalysts due 

to their possibility to degrade different ligands, but a detailed characterization of the enzymatic 

reaction mechanism remains limited. 

Here, we will focus on DyP of Klebsiella pneumoniae (KpDyp) and Cld of Magnetospirillum 

sp (MaCld). Multi-frequency CW and pulsed EPR is used to obtain valuable information about 

the different paramagnetic states present during enzyme turnover, such as the ferric resting 

states, different inhibited forms and intermediate amino-acid radicals. 

The EPR spectra of both proteins show the presence of a multitude of ferric heme centers with 

different spectral signature. The nature of the heterogeneity and its dependence on salt and 

inhibitor molecules will be discussed. 

Surprisingly, a remarkably stable radical is observed in the resting state of wild-type KpDyp. 

Multi-frequency EPR in combination with site-specific mutations reveal the presence of at least 

one tyrosyl radical. 
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The functional properties of biological assemblies are enabled by combining molecular 

adaptability and flexibility with a molecular specificity derived from defined and recognizable 

atomic structures. Thus, nature combines order and disorder to achieve function, posing 

challenges to desires to define a comprehensive structural description. To modern integrated 

structural biology, solid-state NMR provides a powerful set of tools that can connect the 

worlds of order and disorder [1]. Where a well-defined structure is present, ssNMR provides 

detailed structural information; but it also excels at providing novel insights into samples 

featuring dynamics and heterogeneity. This is exemplified in structural studies of the rigid 

amyloid cores decorated with dynamic “flanking” regions of disease-related protein 

aggregates. A significant challenge arises in absence of a rigid core structure, as is the case in 

studies of “conditional” membrane proteins. These proteins are can be both soluble and 

(superficially) membrane-bound, depending on the recognition and binding of specific lipids or 

post-translational modification. The fluidity of biologically-relevant (unsaturated) lipid bilayers 

provides a challenging context to understanding the structure and dynamics of the resulting 

protein-lipid complex [2]. At ambient temperatures, dynamics shorten coherence life times to 

yield poor quality NMR spectra. Cryogenic temperatures increase signals but trap 

heterogeneous samples lacking relevant dynamics. We observe that the modified phase 

behavior of the lipids and hydrating water in densely packed ssNMR samples may offer 

opportunities to tailor the local and global motion, such that one can achieve not only optimal 

spectral quality but also tease out the biologically interesting structures and dynamics of both 

the membrane and the peripherally bound protein. 

 

[1] Van der Wel (2018) Emerg. Top. Life Sci., in press 

[2] Mandal et al. (2015) Biophys. J. 109, 1873-84 
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Recent advances in solid-state NMR (ssNMR) enabled the determination of high-resolution 3D 

structures of several challenging systems, such as membrane and fibril proteins. Due to the 

independence of spectral line shapes on the size of molecules under consideration, ssNMR is 

ideal candidate to address the structure of biological macromolecules and supramolecular 

assemblies of any size. However, these studies are hampered by the limited number of 

structural restraints that can be derived from the weak dipolar couplings among several nuclei. 

For instance, the low gyromagnetic ratios of these nuclei place a fundamental limit on the 

range of these restraints (approximately 5-10 Å). In addition, the quality and quantity of these 

restraints is limited by the low intensities of the resonances associated with them in 

multidimensional correlation spectra. Nevertheless, the introduction of paramagnetic centres 

can dramatically improve both the length scale as well as the number of restraints accessible 

from ssNMR spectra that can be detected as electron-nucleus distance dependant paramagnetic 

relaxation enhancements (PREs) or pseudocontact shifts (PCSs). 

In our lab, we successfully developed ssNMR strategies to study protein-RNA complexes. As a 

direct consequence, we demonstrated that ssNMR yields high-resolution structure of RNA in 

context of ribonucleoprotein complexes. We are currently extending these strategies to explore 

the protein-RNA interfaces in ribonucleoprotein complexes. Namely, we incorporated 

paramagnetic tags to the protein and utilised the hyperfine dipolar coupling of these tags to the 

nuclear spins on RNA to extract long-range restraints to define the protein-RNA interface. I am 

going to present our most recent results of ssNMR-based structure of the complex consisting of 

the 26mer box C/D RNA and the protein L7Ae, based on combined site-directed spin-labeling 

of the protein and selective nucleotide-labeling of the RNA. 
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The membrane protein MdfA from E. coli is a secondary multidrug (Mdr) transporter that 

utilizes a proton concentration gradient to actively export a variety of structurally dissimilar 

compounds including clinically relevant antibiotics out of the cell (1,2). While the crystal 

structure of a mutant has been reported (3), a model of the transport cycle exists and several 

substrate-binding sites have been identified, the mechanism of substrate selectivity and 

transport is still not entirely known (4). DEER (double electron-electron resonance) is an EPR 

(electron paramagnetic resonance) technique that allows the measurement of distance 

distributions by probing the dipolar interaction between two unpaired electrons. These can be 

introduced in the protein of interest by site-directed spin labeling. 

Here, we present the results of a W-band DEER study on MdfA labeled with a Gd(III) chelate. 

We discuss the choice of spin label and the potential advantages of using Gd(III) instead of 

nitroxides for membrane protein studies. For optimized sensitivity, we implemented a DEER 

sequence with two chirped pump pulses (5,6). We found that Gd(III)-based spin labels are 

suitable for labeling of membrane proteins and yield reliable distance information. In addition, 

we show that it exhibits longer phase memory times than MdfA labeled with nitroxides, 

making the observation of longer distances possible. On the biological side, we report a 

discrepancy between the structure of the solubilized protein and the crystal structure in several 

helices. Additionally, substrate-specific studies show a change upon substrate binding for 

several mutants that is not substrate-dependent. 

 

References: 

1. N. Fluman, E. Bibi, Biochim. Biophys. Acta 2009, 1794, 738 

2. R. Edgar, E. Bibi, J. Bacteriol. 1997, 179, 2274 

3. J. Heng et al., Cell Res. 2015, 25, 1060 

4. N. Fluman et al., Mol. Cell 2012, 13, 777 

5. A. Doll et al., J. Magn. Reson. 2015, 259, 153  

6. T. Bahrenberg et al., J. Magn. Reson. 2017, 283, 1 
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The aggregation of the neuronal Tau protein and the formation of neurofibrillary tangles is one 

of the major hallmarks of Alzheimer’s disease (AD) and other taopathies. The processes 

underlying this structural transition are still unknown. Recent evidence indicated that, in vivo 

Tau in paired helical filaments purified from AD brains is characterized by several post-

traslational modifications including polyubiquitination. Due to the role of ubiquitination in the 

clearence of misfolded proteins by proteosomal degradation, dysfunction of the ubiquitin-

proteasome system was proposed to be one of the key mechanisms of neurodegeneration. In 

this context, we aim, to define the effect of ubiquitination on the structural propensities of Tau, 

on its aggregation pathway to fibrils, and on its clearance. We therefore obtained ubiquitinated-

Tau by enzymatic method, using three enzymes: ubiquitin-activating (E1s), ubiquitin-

conjugating (E2N), and a specific ubiquitin ligase (CHIP), which targets misfolded proteins 

towards proteasomal degradation. To evaluate whether ubiquitination has an effect on Tau 

aggregation, we analyze the process of filaments formation, in the presence of polyanions such 

as heparin or fatty acids, monitorated by aggregation assays using the fluorescent probe 

Thioflavin-T. Moreover, several lipid alterations have been described in the brain of patiens 

with AD, and it is well estabilished that fatty acids induce Tau fibrillization in vitro. We 

therefore aim at determining the interaction pattern of a variety of lipids with Tau protein and, 

eventually, the structure leading of Tau aggregation, using NMR spectroscopy. 
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Protein misfolding and oligomerization are molecular processes at the basis of several 

neurodegenerative diseases (e.g. Alzheimer disease and Parkinson disease). The detailed 

understanding of the molecular mechanism and of the structural and conformational changes, 

occurring during the oligomerization processes, is fundamental to unveil the mechanisms of the 

pathogenesis and design new therapies. We focused our attention to the oligomerization of the 

Aβ1-40 peptide, monitoring the aggregation kinetic by high-field solution NMR and 

comparing these results with complementary information coming from other biophysical 

techniques. NMR makes possible to obtain information at atomic level without need of adding 

fluorescent probes that could interfere with oligomerization kinetics. The aggegation of Aβ1-

40 was monitored at pH 8.5 and 310 K by 1D 1H solution NMR experiments which allow to 

quantitatively measure the progressive consumption of the monomer present in solution. The 

decrease of the monomeric Aβ1-40 concentration monitored by NMR shows a trend that is 

specular to the one observed on analogous samples by ThT-fluorescence, evidencing a rapid 

drop in the peptide concentration in correspondence to the rapid increase of fluorescence due to 

the fibril formation. The NMR data support a kinetic model where the Aβ1-40 peptide initially 

aggregates with the reversible formation of on pathway oligomeric species, which then 

irreversibly convert into fibrils. The potential of solution NMR for the quantitative 

investigation of the early stages of the Aβ peptides aggregation is also discussed. 
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The NSD transcription protein members (NSD1, NSD2, NSD3) contain several chromatin-

related modules (a catalytic SET domain, two PWWP and six PHD domains), all implicated in 

developmental diseases and cancer. Several lines of evidences suggest a prominent role in 

NSDs transcriptional activities for the PHD tandem domain (PHDv-C5HCH), composed by the 

fifth PHD domain (PHDv) and the adjacent atypical PHD finger (C5HCH). It is required for 

the recruitment of the NUP98-NSD1 fusion protein to the HoxA gene promoter in Acute 

Myeloid Leukemia (AML), it is essential for tumour cell proliferation induced by NSD2, and 

in NSD3 it is supposed to contribute to protein recruitment to chromatin through histone H3 

interactions. 

Here we present a systematic structural/functional investigation of the PHDv-C5HCH tandem 

domain of the three NSD family members. Our study shows that despite high sequence identity 

(~60%) , the NSD PHDv-C5HCH tandem domains have a divergent role in histones 

recognition and in protein-protein interactions. On one hand, the PHDv-C5HCH domain of 

NSD1 does not interact with histone H3 peptides, whereas it binds specifically with 

micromolar affinity to the C2HR domain of Nizp1 (Nizp1-C2HR), a corepressor regulating 

NSD1 transcriptional activity in AML. On the other hand, the NSD2 and NSD3 tandem 

domains act as classical histone readers but interact with low affinity with Nizp1-C2HR. 

Intriguingly, we demonstrate that NSD2 and NSD3 PHDv-C5HCH tandem domains 

specifically recognize H3K27me3, usually associated to repressive chromatin. We hypothesize 

that these PHDv-C5HCH domains contribute to recruitment of NSD2/3 to repressed chromatin, 

to facilitate then activation through methylation of H3K36 via the catalytic NSD-SET domain. 

In conclusion, our data propose a regulative scenario in which the same NSD tandem domain 

can differently regulate the recruitment of cofactors/epigenetic modifications necessary for 

gene transcription. 
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a-Synuclein (a-Syn) is a typical intrinsically disordered protein associated with the aetiology of 

synucleinopathies including Parkinson’s disease (PD). Under pathological conditions, its 

soluble precursor form is triggered to self-assemble into aggregating amyloid plaques, 

concomitant to disease progression. Despite decades of research and various hypotheses, the 

initial trigger underlying this amyloidogenesis remains elusive (Bodner, Maltsev, Dobson, & 

Bax, 2010). In this regard, the familial point mutants have often gained interest owing to the 

subtle changes in the conformations, forming divergent intermediates that result in drastic 

functional differences in their aggregation kinetics (Riek & Eisenberg, 2016). 

Our recent studies (Bhattacharyya, Kumar, Mehra, Ghosh, Maji & Bhunia, 2018) have focused 

on the use of ultrafast real-time NMR spectroscopy as a novel approach to determine 

conformational changes along a-Syn aggregation pathway at the atomic level. In this context, 

Dark State Exchange Saturation Transfer (DEST) NMR served as an effective probe to gain 

atomic insight into the early dynamics of two oppositely behaving mutants, A30P and E46K, 

for an initial comparative analysis. Experimental evidence suggested a change in the chemical 

environment of the point mutation that helped to elucidate the modified kinetics. Further in-

depth analyses might help resolve the backbone epitope that induces the early dynamics of 

aggregation. 

Intermediate conformations determining downstream aggregation propensities of a-Syn in 

solution can be probed using NMR experiments such as CLEANEX (CLEAN chemical 

EXchange) and DEST. In-cell NMR (Luchinat & Banci, 2017) in collaboration with 

Cryoelectron microscopy would enable understanding of the protein structure and dynamics at 

various stages of maturation from PD patients. This would help elucidate the toxic 

intermediates and fibrillar stages, rudimentary to PD pathophysiology, allowing better 

designing of targeted therapeutics. 
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Arkadia is a RING domain ubiquitin ligase that positively regulates TGF-β signaling pathway 

by mediating degradation of the negative regulators Smad6 and Smad7 and the nuclear co-

repressors Ski and Skil (SnoN). The domains that are required for the substrate recognition and 

ubiquitin ligase activity are located in the highly conserved 100 amino acids of the C-terminal. 

This region is composed by the NRG and TIER amino acid segments, as well as a RING 

domain which comprises two Zinc(II) ions in a cross-brace topology. NRG and TIER are 

required for substrate recognition while the RING domain is required for the ubiquitin ligase 

activity.  

The Arkadia RING domain was studied through Nuclear Magnetic Resonance (NMR) 

spectroscopy and the 3D NMR solution structure of Arkadia RING was determined and 

deposited in PDB (2KIZ). Moreover, NMR-driven titration studies were performed to probe 

the interaction interface of Arkadia RING and the partner E2 (UbcH5B) enzyme. These studies 

highlighted the functionally important residues of Arkadia RING, such as a conserved 

Tryptophan (Trp) on the ZINC domain, which is considered as one of the key residues for E2 

recognition and binding.  

In the present study the polypeptide that comprises the 124-residues C-terminal polypeptide of 

Arkadia, including the NRG and TIER segments along with the RING domain was cloned, 

expressed in Escherichia coli cells and purified through affinity chromatography for NMR 

structure and interaction studies. Furthermore, Arkadia Trp mutants were studied through 

biological assays, in order to obtain an atomic-level insight about the structural base of Arkadia 

capability to selectively interact with the appropriate E2. 
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The overexpression, misfolding and uncontrolled aggregation of α-synuclein (α-syn) is linked 

to the onset and progression of a branch of neurological disorders collectively indicated as 

synucleinopathies, which includes Parkinson’s disease (PD), multiple system atrophy (MSA) 

and dementia with Lewy bodies (DLB). Monomeric and oligomeric α-syn species have been 

found in biological fluids such as serum, plasma and cerebrospinal fluid. The misfolding α-syn 

appears to propagate through biological fluids, with profound implications for the development 

of synucleinopathies. Human serum albumin (HSA) is the most common protein found in these 

biofluids (although in CSF the overall protein content is low as compared to serum and 

plasma). We characterized the interaction of HSA with monomeric α-syn to obtain information 

about α-syn proteostasis in biological fluids. We have observed the interaction of 15N labeled 

recombinant α-syn with unlabeled HSA (with and without fatty acids) in PBS and in KPi by 

high-field solution NMR. α-syn interacts with HSA hydrophobically at the N-terminus and 

electrostatically at the C-terminus. This knowledge could provide hints for the development of 

new diagnostic assays and for understanding the mechanisms of aggregation and spreading of 

α-syn species across the human body. 



63 

 

 
Combining NMR and EPR analysis for structural determination of RNA-

binding protein with multiple intrinsically disordered domains 
Alessio Bonucci1, 2, Maria Grazia Murrali1, 2, Lucia Banci1, 2, Roberta Pierattelli1, 2 
1Magnetic Resonance Center (CERM) 
2Department of Chemistry, University of Florence, Italy 

 

RNA-binding proteins (RBPs) are a class of large biomolecules which generally possess a high 

degree of flexibility due to the presence of multiple disordered domains. The unfolded regions 

confer to these proteins a great conformational plasticity and the capability to interact with 

various nucleic acids sequences. However, the determination of high-resolution structure of 

RBPs and their relative complexes with nucleotides trough X-ray crystallography results 

extremely challenging, due to flexibility of structural elements or to large-scale motion of RNA 

[1]. 

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful technique that can provide a 

sufficiently large number of conformational restraints to define a structure at atomic resolution 

[2]. On the other hand, Electron Paramagnetic Resonance (EPR) coupled with Site-Directed 

Spin Labelling (SDSL) has emerged as a valid biophysical method to investigate the dynamics 

of proteins and to reveal transient variations that could be difficult to identify with NMR 

spectroscopy [3,4]. In this frame, we will present some examples of the combination of NMR 

and EPR experiments to provide a structural model in solution of a RBP which contains 

various intrinsically disordered domains. 

 

* Project “BioMR” financed by Regione Toscana with EU funds POR-FSE 
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[FeFe]-hydrogenases catalyse the reduction of protons to hydrogen at a complex 2Fe[4Fe4S] 

center called H-cluster. The assembly of this active site is a multistep process involving three 

maturase proteins: HydE, HydF and HydG. According to the current models, HydF has the 

double role of scaffold, upon which the final H-cluster precursor is assembled by the other 

maturases, and carrier, to transfer the cluster to the target hydrogenase. There are several open 

questions on the maturation process and on the working mechanisms of the individual proteins. 

In particular, for HydF the exact contribution of the N-terminal GTPase domain to cluster 

biogenesis and hydrogenase activation is still elusive. We previously obtained several hints 

suggesting that the binding of GTP to HydF could be involved in the interactions of this 

scaffold protein with the other maturases and with the hydrogenase itself. Therefore, we 

focused on the effect of GTP on the structure of HydF and on the interaction with the other 

proteins, studying the system via site-directed spin labeling (SDSL) coupled to EPR and 

molecular docking. 

The conformational changes induced in a recombinant HydF protein by GTP binding were 

mapped by SDSL using CW-EPR and DEER spectroscopy. We show that the HydF GTPase 

domain acts as a molecular switch similarly to other known small GTPases inducing small 

changes that extend beyond the GTPase domain throughout the rest of the protein structure. 

The regions of putative interface of HydF with the other maturases where mapped via a 

combination of three different molecular docking algorithms. The analysis of the combined 

results shows that the preferential region of interaction is the cavity formed by the HydF dimer, 

relatively close to its cluster active site. 
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The most common genetic cause of amyotrophic lateral sclerosis (ALS) and frontotemporal 

dementia (FTD) is a large increase in the number of d(G4G2) repeats located in the C9orf72 

gene. Non-canonical structures including G-quadruplexes adopted by expanded repeats are 

hypothesized to drive the pathology. Guanine rich nucleic acids can in the presence of K+ and 

Na+ ions fold into four-stranded G-quadruplex structures. The G-quadruplex core is composed 

of stacked G-quartets, which consist of four in-plane guanine bases held together by 

Hoogsteen-type hydrogen bonds. G-quadruplexes are highly diverse structures that vary in 

terms of molecularity, strand orientation, number of G-quartets and structure of loops that 

connect the G-quartets. Several different structures can coexist in solution, representing a great 

challenge for structural studies. Oligonucleotide d[(G4C2)3G4], which was chosen as the 

shortest model of d(G4C2) repeats that can fold intra-molecularly, formed two major and 

several minor G-quadruplex structures. Structural polymorphism was reduced by dG to 8Br-dG 

substitution and led to stabilization of two G-quadruplex structures in d[(G4C2)3GGBrGG]. 

Relative populations of structures are sensitive to pH and rate of cooling when folding from 

thermally denatured state in solution with K+ ions. At specific folding conditions, one of the 

structures is preferentially formed, which enabled their individual structural determination with 

NMR to high-resolution. Two G-quadruplex structures formed by d[(G4C2)3GGBrGG] have 

similar topologies with four G-quartets and three lateral C-C loops, however they exhibit 

unique structures and distinct dynamic properties. 

 

Acknowledgment: This research was supported by the Slovenian Research Agency (ARRS: 

P1-242, J1-6733). 
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Understanding the interplay between protein function and dynamics is currently one of the 

fundamental challenges of physical biology, which remains hard to solve due to the complexity 

of the interactions and the wide range of timescales on which protein motion occurs. To 

quantify the energy landscape that determines dynamics would require the measurement of the 

array of activation energies for component sub-motions acting at different locations and on 

different length scales within a protein. Recently a method using variable temperature solid 

state nuclear magnetic resonance relaxation measurements was proposed for the simultaneous 

measurement of 12 different activation energies reporting on dynamic modes in the protein 

GB1 [1]. Here, we extend this approach to multiple magnetic field strengths, allowing us to 

better constrain the motional models used to interpret the data, and to simultaneously evaluate 

the robustness of the method. The results are compared to variable temperature molecular 

dynamics simulation of the crystal lattice. This comparison provides a physical understanding 

of the observed motional modes with temperature coefficients of 5 kJ/mol and 25 kJ/mol. 

 

[1] Lewandowski, J.R., Halse, M.E., Blackledge, M., and Emsley, L. Direct observation of 

hierarchical protein dynamics. Science 348, (2015), 578–581. 
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The concept of allostery is foundational to the field of structural biology and lies at the center 

of biological regulation in complex systems biology. Technical advances in NMR spectroscopy 

have made it possible to interrogate the role of dynamics rather than merely describe structural 

changes in mechanisms of allosteric control.  

 

Here, we propose a model of allostery in a compact, single domain metalloregulatory protein 

that can be entirely explained by a redistribution of site-specific conformational entropy. We 

use a well-developed model system, a zinc (Zn)-sensing transcriptional repressor from the 

human bacterial pathogen Staphylococcus aureus (CzrA), to provide unprecedented insights 

into heterotropic allostery, the inhibition of DNA operator binding by the allosteric ligand Zn. 

By employing order parameter measurements (S²axis) of methyl groups as a proxy for 

conformational entropy (ΔSconf), we show that Zn binding renders inaccessible a highly 

dynamic DNA-bound conformation. We further show that these entropic fingerprints pinpoint 

“hot spots” that when mutated, specifically impair allosteric coupling of Zn and DNA binding.  

 

We then investigated the role of solvent molecules in this dynamically driven allosteric 

regulation. While the role of solvent is generally well understood in regulatory events 

associated with major protein structural rearrangements, the degree to which protein dynamics 

impact water degrees of freedom is unclear. We show that non-native residue-specific 

dynamics in allosterically impaired CzrA mutants are coupled to significant perturbations in 

solvent entropy. We conclude that functional dynamics are not necessarily restricted to protein 

residues, but involve surface water molecules that are coupled to protein internal motions. 

 

Finally, we will discuss how nature tunes site-specific backbone and sidechain dynamics to 

drive allosteric activation in the Zn uptake repressor (AdcR), from Streptococcus pneumoniae. 



68 

 

 
New applications of NMR in biopharmaceutical research 
Linda Cerofolini, Stefano Giuntini, Azzurra Carlon, Enrico Ravera, Vito Calderone, Marco 

Fragai, Giacomo Parigi, Claudio Luchinat 
Magnetic resonance center (CERM) and Department of Chemistry, University of Florence, Via L. 

Sacconi 6, Sesto Fiorentino, Italy 

 

An increasing number of biological drugs are approved every year to treat human diseases. 

Several biological drugs are proteins that can be structurally characterized by NMR 

spectroscopy, x-ray crystallography, and cryo-electron microscopy. The conjugation of 

proteins with polymers/biopolymers, that improve pharmacokinetics and safety, however, 

makes the investigation of “stealth” biologics a challenge. Recently, we have shown that 

pelleted pegylated proteins provide high-quality solid-state multi-dimensional NMR spectra, 

which allows assessment of the structural integrity of proteins when PEGylated for therapeutic 

or diagnostic use.[1–3] However, a more detailed structural characterization requires an 

extensive resonance assignment and the collection of long-range structural restraints. We show 

here that an integrated use of solid-state and solution NMR and x-ray crystallography can be 

useful for a more detailed structural characterization of “stealth” biologics. 

 

 

[1] E. Ravera, S. Ciambellotti, L. Cerofolini, T. Martelli, T. Kozyreva, C. Bernacchioni, S. 

Giuntini, M. Fragai, P. Turano, C. Luchinat, Angew. Chem. Int. Ed Engl. 2016, 55, 2446–

2449. 

[2] S. Giuntini, L. Cerofolini, E. Ravera, M. Fragai, C. Luchinat, Sci. Rep. 2017, 7, 17934. 

[3] S. Giuntini, E. Balducci, L. Cerofolini, E. Ravera, M. Fragai, F. Berti, C. Luchinat, Angew. 

Chem. Int. Ed. 2017, 56, 14997–15001. 
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Natural products constitute a significant source of beneficial products for the human health. 

Revealing the interaction profile of these compounds with proteins is of importance for 

unveiling the mechanism of action. One of the most studied compounds among the natural 

products is rosmarinic acid(RA), presenting an array of therapeutic activities. Recently, we 

determined a key role of RA in protecting cells from DNA damage as also we monitored its 

cell uptake profile via UPLC-MS. RA has evolved as a bioconjugate of two natural products, 

salvianic acid (SA) and caffeic acid (CA). However, the bioactivity profile of salvianic acid 

(SA) remained elusive due to the difficulty to isolate or synthesize it. Along these lines, we 

established a process to obtain SA in good yield screening biocatalytic and Microwane (M.W) 

conditions. Having the isolated components in hand, RA, SA and CA we used STD NMR 

experiments and identified their interaction profile with Bovine Serum Albumin(BSA) and 

Human Serum Albumin(HSA). These data were further complimented with tr-NOESY 

experiments. To further probe the binding site of these compounds in the serum albumin, 

competition experiments were conducted, both via STD NMR and fluorimetry with Sudlow’s 

site 1 (Warfarun site) and Sudlow’s site 2 (Ibuprofen site) binders of BSA. The thermodynamic 

profile of these interactions was extracted via isothermal calorimetry titration (ITC). 
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Based on the saposin-A (SapA) scaffold protein, we demonstrate a size-adaptable phospholipid 

membrane-mimetic system for solution NMR studies of membrane proteins under close-to-

native conditions. The SapA lipid nanoparticle size can be tuned over a wide pH range 

enabling maintenance of sufficiently high amounts of phospholipid in the nanoparticle to 

mimic a realistic membrane environment while controlling the overall size to enable solution 

NMR for a range of membrane proteins. Three representative membrane proteins, including 

one GPCR, were successfully incorporated into SapA lipid nanoparticles. The samples were 

stable over extended periods of time allowing long solution NMR experiments to study 

membrane proteins’ structure, dynamics, and molecular interactions. 

 

With the advantage of high incorporation yield, generally higher than 80%, we further used this 

system to study the impact of lipid type on membrane protein’s conformation. The effect of 

charged head group, fatty-acid chain length, and the saturation degree of the fatty-acid chain 

were systematically explored. Our results indicate that the charge on the head group plays an 

important role on the membrane protein’s chemical environment and could potentially 

modulate membrane proteins’ function.  

 

In conclusion, we present a versatile phospholipid mimetic which can accommodate membrane 

proteins with different fold and size over a wide pH range allows interaction with protein 

binding partners to be studied in a native-like lipid bilayer environment. Combining SapA lipid 

nanoparticles and NMR spectroscopy allows us to study the effect of lipid type on the protein 

with atomic resolution. 
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In-cell structural studies on biomacromolecules are motivated by the presence of factors 

characterizing the intracellular environment which are difficult to mimic in vitro and which can 

possibly affect the conformation of the system under study. 

Within the framework of this topic two classes of spin-labelled RNA duplexes were 

internalized by microinjection into Xenopus laevis oocytes and their conformation studied by 

PELDOR spectroscopy by measuring distances between the pairwise introduced paramagnetic 

centers. 

In the first case a self-complementary 24-mer dsRNA was spin-labelled by a post-synthetic 

method whereby a 2’-amino uridine, introduced into the RNA sequence with the use of the 

corresponding commercial phosphoramidite, was conjugated with an aromatic isothiocyanate 

derived from an isoindoline nitroxide; for this construct three sets of spin-labelled 

oligonucleotides were prepared, differing only by the position of the 2’-amino uridine within 

the sequence. In the second case an isoindoline-derived benzimidazole nitroxide spin label was 

conjugated to uracil bases, yielding a uridine analog which was pairwise incorporated into a 

20-mer dsRNA. The two aforementioned spin labelling strategies differ by the point of 

attachment and by the mobility of the paramagnetic tag with respect to the RNA backbone; the 

spin-labelled uridine analogue, in particular, is characterized by a restricted rotation around the 

single bond linking the spin label to the uracil, resulting in a conformationally unambiguous 

tag. In both cases protection of the spin label against the chemically reducing nature of the 

intracellular environment was achieved by replacing the four methyl groups flanking the 

nitroxide moiety in conventional nitroxide spin labels with ethyl groups. 

The PELDOR measurements revealed distinct conformational differences upon internalization 

inside cells, which couldn’t be replicated in solution by incubation with cytoplasmic extracts. 
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Antimicrobial peptides are small molecules produced by all living systems, which can be 

considered part of the innate immune response to pathogens. About 20000 are known to date, 

with hundreds of new peptides discovered every year. Due to their extraordinary variety of 

activity (antibacterial, antiviral, antiprotozoal, anticancer, anti-inflammatory, 

immunomodulatory), they have received much attention, especially as candidate drugs to face 

the threat of super-bacteria. The study of their mechanism of action requires a deep 

understanding of their structure and interaction with their targets. This task is complicated by 

their multiple mode of action, hidden in the sequence of thousands of peptides. In this paper we 

present an in-house developed web-server and data-miner (ADAPTABLE: Antimicrobial 

peptides as Drugs or Alternative to Pesticides; understanding Toxicity and Achieving Better 

seLEctivity), able to generate families of sequence-related peptides with similar biological 

activity. Integrating data from many databases available online (SATpdb, DRAMP, PhytAMP, 

CancerPPD, HIPdb, Hemolytik and CAMPR3), ADAPTABLE has the most complete 

information for each entry. Its expanded knowledge based on over 17000 entries can be used 

to: 

 

(i) design new peptides active towards a specific organism; 

 

(ii) predict the antimicrobial or anticancer activity of a generic peptide sequence; 

 

(iii) discover new activities of pre-existing sequences not tested experimentally; 

 

(iv) highlight motifs (well definite arrangements of amino acids in the sequence responsible for 

the activity). The study of motifs is essential for the understanding of the different mechanisms 

of action and, consequently, the design of optimal scaffolds for drug design. 
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Trypanosoma Cruzi is a parasite causing Chagas’ disease, responsible of around 13.000 deaths 

per year in central/south America with an estimated 11-18 million people affected1. It was 

demonstrated that the inhibition of the complex formation between two peroxisomal proteins 

(tcPex14 and tcPex5) was able to kill T. Cruzi and therefore holds great potential in drug 

design against Chagas’ Disease2.  

 

In order to refine the structure of tcPex14 and to characterize the binding mode of small 

ligands, we have tagged our protein with DOTA-M83. Indeed, such tags, loaded with 

diamagnetic or paramagnetic Lanthanides allow the determination of long-range structural 

restraints (Pseudo-Contact Shifts (PCS) and Paramagnetic Relaxation Enhancement (PRE)) to 

study proteins in solution. This approach, applied to our target protein, gave unexpected results 

which might show a dimerization of the protein in solution. Those findings will have important 

implications in the design of novel trypanomicidal drugs. 

 

 

1. Moyersoen, J., Choe, J., Fan, E., Hol, W. G. J. & Michels, P. A. M. Biogenesis of 

peroxisomes and glycosomes: Trypanosomatid glycosome assembly is a promising new drug 

target. FEMS Microbiol. Rev. 28, 603–643 (2004). 

2. Dawidowski, M. et al. Inhibitors of PEX14 disrupt protein import into glycosomes and kill 

Trypanosoma parasites. Science 355, 1416–1420 (2017). 

3. Häussinger, D., Huang, J. R. & Grzesiek, S. DOTA-M8: An extremely rigid, high-affinity 

lanthanide chelating tag for PCS NMR spectroscopy. J. Am. Chem. Soc. 131, 14761–14767 

(2009). 
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Siglecs are a family of I-type lectins, cell surface transmembrane receptors that function to 

recognize ubiquitous sialic acid (Sia) epitopes on cell surface glycoconjugates, predominantly 

expressed by innate immune cells. Siglecs are involved in events like cell adhesion and 

signaling, inhibition or regulation of the immune cell activation, all mediated by the interaction 

with sialylated ligands. Siglecs are increasingly recognized for their role in helping immune 

cells to distinguish between “self” and “non self”, dampening autoimmune responses and 

controlling inflammation in response to various pathogens. Conversely, several pathogens, 

including membrane-enveloped viruses and bacteria, such as group B streptococci and 

Campylobacter jejuni, can cloak themselves with sialylated ligands that mimic “self’’ and have 

the potential to elude or subvert the host immune responses, thus promoting successful 

bacterial colonization. Therefore, Sialic acid-Siglec interactions have been associated with a 

broad spectrum of diseases, ranging from autoimmunity to neurodegeneration and cancer. 

Thus, strategies to tune the interaction between Siglecs and sialylated glycans in 

pathophysiological processes could have great therapeutic potential. Within this frame, we 

intend to analyze, at a molecular level, the interaction between Siglecs and their natural and 

synthetic substrates with the aim to exploit their properties for treatment of human diseases. 

Indeed, the understanding of the molecular mechanisms at the basis sialoglycans recognition 

by Siglecs will open a route for the design of novel glycomimetics for therapeutic targeting of 

the Siglecs – sialylated glycans axis. 
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The development of a methodology for the structural characterization at atomic detail of 

proteins conjugated to nanoparticles would be a breakthrough in nanotechnology. Solution and 

solid-state NMR spectroscopies are currently used to investigate molecules and peptides 

grafted onto nanoparticles, but the strategies used so far fall short in the application to proteins, 

which represent a thrilling development in theranostics. We have demonstrated the feasibility 

of highly-resolved multidimensional heteronuclear spectra of a large protein assembly 

conjugated to PEGylated gold nanoparticles. The spectra have been obtained by direct proton 

detection under fast MAS and allow for both a fast fingerprinting for the assessment of the 

preservation of the native fold and for resonance assignment. We thus demonstrate that the 

structural characterization and the application of the structure-based methodologies to proteins 

bound to gold nanoparticles is feasible and potentially extensible to other hybrid protein-

nanomaterials. 
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Modular polyketide synthases (PKSs) and nonribosomal peptide synthetases (NRPSs) are giant 

bacterial multi-enzymes (~1.8 MDa) which biosynthesize a wide range of structurally complex 

bioactive natural products including antibacterials, antifungals, anticancer and anti-parasitic 

agents, immunosuppressants and insecticides. Their modular nature makes them suitable as 

bioengineering scaffolds to produce new libraries of drugs and agrochemicals. Here we 

consider protein-protein interactions involved in a chain termination in the biosynthesis of 

enacyloxin; an antibiotic that is active against multidrug-resistant Gram-negative bacteria 

responsible for increasingly common nosocomial infections. 

Combining solution NMR, solid-state NMR, carbene footprinting, X-ray crystallography and 

molecular dynamics (MD) we are able to elucidate the interactions between a peptidyl carrier 

protein (PCP17, ~11 kDa) and a stand-alone condensation domain (C15, ~57 kDa). 

Combination of solution NMR and carbene footprinting studies shows a complex dynamic 

interaction between PCP17 and C15 that involve the C-terminal intrinsically disordered 

docking domain of PCP17 and -hairpin docking domain of C15 and as well as globular 

segments of the proteins. The data indicate large conformational changes of both PCP17 and 

C15 upon binding, which are attributed to correlated motions observed in MD simulations. 60-

100 kHz MAS solid-state NMR of sedimented PCP17:C15 complex is used to obtain an atomic 

resolution view of PCP17 within the complex. Docking calculations in HADDOCK provide 

insights into the interactions between the two proteins and biochemical assays demonstrate that 

the condensation reaction critically depends on the presence of the docking domains. 

Our results suggest an intriguing general allosteric regulation mechanism responsible for 

directionality of a condensation reaction and provide a basis for a synthetic biology approach to 

create hybrid PKS/NRPSs systems to produce new antibiotics. 
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Nuclear Magnetic Resonance Spectroscopy (NMR) is an important tool in the process of drug 

discovery. To understand features, functional groups, ring residues of newly synthesized 

compounds, it is essential to have thorough knowledge and understanding of NMR. 

Tuberculosis (TB) is a major worldwide concern whose control has been exacerbated by HIV, 

the rise of drug resistant strains of Mycobacterium tuberculosis. The interest for newer and 

faster acting antitubercular drugs are more remarkable than any time. Here, we tried to design 

inhibitors of Decaprenyl phosphoryl-β-D-ribose 2′-epimerase (DprE1) enzyme. Arabinose is an 

essential constituent of mycobacterial cell wall. DprE1 is an enzyme that convert 

decaprenylphosphoryl-D-ribose into decaprenylphosphoryl-2-keto-ribose, which is intermidiate 

in biosynthetic pathway of arabinose. Latter, DprE2 converts keto-ribose into 

decaprenylphosphoryl-D-arabinose. Ligands were prepared using Maestro molecular modeling 

interface, Schrodinger, v10.5. Common pharmacophore hypotheses were developed by 

applying dataset thresholds to yield active and inactive set of compounds. On the basis of 

survival score ADRRR (Survival Score: 5.453) was selected. Selected pharmacophore 

hypotheses were subjected to virtual screening. Hits were prepared and docked with protein 

4KW5. Protein was prepared using protein preparation wizard. Prepared ligands were docked 

with prepared protein 4KW5 using Glide docking. After docking, on the basis of glide score 

top five compounds were selected, (5223, 5812, 0661, 0662, and 2945) and the glide docking 

score (-8.928, -8.534, -8.412, -8.411, -8.351) respectively. There were interactions of ligand 

and protein, specifically, HIS 132, LYS 418, TRP 230. Pi-pi stacking was also observed in few 

compounds. Future plan of study is, compounds will be selected on the basis of glide score. 

Selected compounds will be synthesized in laboratory. Synthesized compounds will be run for 

NMR for structural elucidation. 
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hnRNPA1 is a member of a class of ribonucleoproteins, which is involved in RNA transport, 

trafficking, alternative splicing, and telomere DNA maintenance. It is a modular protein with 

two RNA Recognition Motifs (RRMs) (collectively called the UP1), an RGG-box, and a C-

terminal region that contains the nuclear localization sequence. Three distinct activities have 

been associated with hnRNPA1: firstly, it can interact with ssDNA and G-quadruplex DNA 

structures; secondly, it interacts with the ssRNA and G-quadruplex RNA substrates and finally, 

it has been shown to possess the DNA G-quadruplex unfolding activity. The UP1 domain has 

been studied previously for its structure and interaction with the DNA and RNA substrates in 

detail using X-ray and NMR spectroscopy methods. The crystal structure of UP1 with single-

stranded telomeric DNA has been solved, where two protein molecules were shown to form a 

complex with the single stranded DNA in an anti-parallel conformation. In solution, however, 

the two RRMs interact with each other and the relative orientations of them have been shown 

to resemble the nucleic acid bound form rather than the free form. The G-quadruplex unfolding 

mechanism of the hnRNPA1 is not fully understood. In this study, using CD, fluorescence, and 

NMR spectroscopy and ITC methods, the interaction and unfolding of telomeric DNA G-

quadruplexes by hnRNPA1 domains was studied. Structure specific interaction of hnRNPA1 

with DNA G-quadruplexes has been observed. Mutation studies have also been carried out to 

confirm the same. Our results provide a comprehensive picture of hnRNPA1 interaction with 

telomeric G-quadruplex structures. 
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Calculating the expected experimental observables (e.g.: NMR, EPR, SAXS,…) from a given 

conformation, or ensemble thereof, is an affordable task. On the contrary finding the relative 

population of different conformers that compose the natural ensemble from the averaged 

experimental observables is an ill-posed and ill-conditioned inverse problem that admits an 

infinite number of solutions. Several approaches have been provided over the years to address 

this problem [1,2]. Among those, we have proposed the Maximum Occurrence approach [3]. 

Maximum Occurrence is defined as the largest amount of time that the system can spend in a 

given conformation and still be compatible with the experimental observables.  

We here demonstrate how the inclusion of DEER data [4] can assist in constraining the 

maximum occurrence and identify those conformations that can be sampled longer consistently 

with the experimental data. 

 

Acknowledgements: the authors thank Gottfried Otting for many helpful discussions. This 
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Bioconjugated enzymes are used in medicine and material science, but classical techniques 

cannot be used for their characterization. The functionalization prevents crystallization and X-

ray analyses. Moreover, the large molecular weight of bioconjugated proteins hinders the 

employment of solution NMR. Conversely, solid-state NMR (ssNMR) does not suffer from 

size limitations and it is effective for the study of systems which even lack of long-range three-

dimensional order. 

Several bioconjugation approaches have been applied to E. coli L-asparaginase II (ANSII) 

which is used as drug − mainly in its PEGylated form − for the treatment of acute 

lymphoblastic leukemia (ALL). Since its medical and favorable structural characteristics, we 

chose ANSII as a model to be differently biocojugated and characterized by ssNMR in order to 

develop a new efficient methodology for the study of this kind of systems. We already 

functionalized ANSII with PEG chains [1] and gold nanoparticles (AuNPs) [2]. Both systems 

were successfully characterized by ssNMR which proved the preservation of structural 

integrity after functionalization, showing the efficacy and reliability of this tool. 

As further develop, ANSII has been functionalized with Neisseria meningitidis serogroup C 

(MenC) capsular polysaccharide [3] to simulate a carbohydrate-based vaccine which is the 

safest and most effective kind of vaccines for the prevention of bacterial infectious diseases. 

Even in this case, ssNMR has been used for the structural investigation and it has turned out to 

be efficient not only for the evaluation of structural preservation after glycosylation but also for 

a more detailed evaluation of the conjugation pattern. 

 

[1] Ravera E et al., Angew. Chem. Int. Ed. 55, 1-5 (2016) 

[2] Giuntini S et al., Sci. Rep. 7, 17934-17939 (2017) 

[3] Giuntini S et al., Angew. Chem. Int. Ed. 56, 14997-15001 (2017) 
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CRISPR-Cas is an adaptive immune system in bacteria and archaea that provides resistance 

against invading viruses based on short RNA molecules called crRNAs. Type I CRISPR-Cas 

systems utilize a multi-subunit interference complex termed Cascade that is formed along the 

crRNA. A minimal variant of the Type I-F system was identified in Shewanella putrefaciens 

CN-32, missing small and large subunits that are usually required for target recognition and R-

loop formation [1]. The Type I-Fv Cascade backbone consists of Cas7fv copies that wrap 

around the crRNA spacer sequence. Synthetic shortened and elongated complexes can be 

purified by including crRNAs of different sizes as shown by size-exclusion and small angle X-

ray scattering [2]. A small and rigid complex was used to solve the crystal structure of 

Cascade, revealing structural variations in the backbone-forming protein Cas7fv and the 5ʹ-

repeat capping protein Cas5fv, which substitute for the missing subunits [3].  

Cas7fv-mediated RNA binding can be targeted towards reporter gene transcripts of interest by 

adding a Cas5fv recognition sequence at the 5’-terminus. The targeted RNA is wrapped in long 

helical Cas7fv filament structures that can be purified and extracted. High specificity of this 

wrapping mechanism was confirmed by RNA sequencing analysis and the wrapped RNA 

molecules are protected against RNase degradation. Additionally, the RNA wrapping 

mechanism can be used to silence reporter genes as measured by fluorescence microscopy and 

fluorescence-activated cell sorting. The possible extent of wrapping on an RNA molecule is 

currently being investigated by structural means as well as microscopy and RNA sequencing. 

 

[1] Dwarakanath S, Brenzinger S, Gleditzsch D, et al. Nucleic Acids Res. 2015 Oct 

15;43(18):8913-23. 

[2] Gleditzsch D, Müller-Esparza H, Pausch P, et al. Nucleic Acids Research. 

2016;44(12):5872-5882.  

[3] Pausch P, Müller-Esparza H, Gleditzsch D, et al. Mol Cell. 2017 Aug 17;67(4):622-632.e4. 
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Carr–Purcell–Meiboom–Gill (CPMG) type relaxation dispersion experiments are now 

routinely used to characterize protein conformational dynamics that occurs on the μs to 

millisecond (ms) timescale between a visible major state and ‘invisible’ minor states. The 

exchange rate(s) (kex), population(s) of the minor state(s) and the absolute value of the 

chemical shift difference |Δϖ| (ppm) between different exchanging states can be extracted from 

the CPMG data. However, the sign of Δϖ that is required to reconstruct the spectrum of the 

‘invisible’ minor state(s) cannot be obtained from CPMG data alone. Building upon the 

recently developed triple quantum (TQ) methyl 1H CPMG experiment (Yuwen in Angew 

Chem 55:11490–11494, 2016) we have developed pulse sequences that use carbon detection to 

generate and evolve single quantum (SQ), double quantum (DQ) and TQ coherences from 

methyl protons in the indirect dimension to measure the chemical exchange-induced shifts of 

the SQ, DQ and TQ coherences from which the sign of Δϖ is readily obtained for two state 

exchange. Further a combined analysis of the CPMG data and the difference in exchange 

induced shifts between the SQ and DQ resonances and between the SQ and TQ resonances 

improves the estimates of exchange parameters like the population of the minor state. We 

demonstrate the use of these experiments on two proteins undergoing exchange: (1) the ~ 18 

kDa cavity mutant of T4 Lysozyme (kex∼3500 s−1) and (2) the ∼4.7 kDa Peripheral Sub-unit 

Binding Domain (PSBD) from the acetyl transferase of Bacillus stearothermophilus 

(kex∼13,000 s−1). 
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Our lab is interested in the interactions of proteins and peptides with the membrane of 

mammalian cells, particularly in the area of cancer and pathogen cell death. To this end, we 

employ NMR, along with other structural techniques such as atomic force microscopy, circular 

dichroism and size exclusion chromatography, to gain a better insight into the processes that 

govern protein folding and misfolding. 

 

In the treatment of trypanosomiasis, a neglected tropical disease, determining the structure of 

BMAP-27, a trypanocidal bovine peptide and the nature of its interaction with the membrane is 

one of our interests. We have also been working on HAMLET (Human Alpha-lactalbumin 

Made LEthal to Tumour cells), which is a protein-fatty acid complex that remarkably 

selectively kills tumour cells while leaving healthy, differentiated cells intact. In both cases, the 

large presence of Lys residues in the alpha-helical regions has suggested that there may be a 

common way of penetrating the phospholipid bilayer membrane. The similarity of the alpha-

synuclein model in terms of its many Lys side chains (Fusco et al., 2016) appears to be 

relevant. A common means of associating with and subsequently penetrating the phospholipid 

bilayer, whereby Lys residues have electrostatic interactions with the charged groups of the 

membranes’ lipids and more hydrophobic regions of the protein are inserted into the 

membrane, not only has profound implications for the design of novel trypanocidal and 

tumoricidal peptides but also our understanding of protein-membrane interactions. Our lab 

investigates the structure of such proteins through homo- and hetro-nuclear NMR and through 

additional techniques such as circular dichroism in order to gain a holistic understanding of this 

crucial process.  

 

Fusco G et al., Sci Reports 2016, 6:27125 



84 

 

 
The Structure of the Proton: Fumarate Symporter SLC26Dg in 

Membranes Studied by EPR Spectroscopy 
Eva A. Jaumann1, Yung-Ning Chang2, Katrin Reichel3, 4, Thomas F. Prisner1, Gerhard 

Hummer3, 4, Eric R. Geertsma2, Benesh Joseph1 
1Institute of Physical and Theoretical Chemistry and Center for Biomolecular Magnetic Resonance 

(BMRZ), Goethe University Frankfurt, Frankfurt/M, Germany 
2Institute of Biochemistry, Goethe University Frankfurt, Frankfurt/M, Germany 
3Max Planck Institute of Biophysics, Frankfurt/M, Germany 
4Institute of Biophysics, Goethe University Frankfurt/M, Germany 

 

The solute carrier family 26 (SLC26) includes multifunctional secondary anion transporters, 

whose dysfunction in humans can lead to various diseases such as male infertility (SLC26A8) 

or deafness (SLC26A4). Despite their importance, there is so far only one SLC26 crystal 

structure determined.[1] This prokaryotic homolog SLC26Dg from D. geothermalis is a 

proton-coupled fumarate symporter. The transmembrane domain SLC26Dg is connected to a 

cytosolic STAS domain. In the crystal structure, the STAS domain is observed at an unnatural 

position that would place it in the lipid bilayer. We used site-directed spin labeling combined 

with pulsed electron-electron double resonance (PELDOR, also known as DEER [2,3]) 

spectroscopy to investigate the structure and function of SLC26Dg. In this respect, PELDOR 

experiments were performed with spin labeled variants in detergent micelles and 

proteoliposomes. Our results show the formation of dimers in the membrane environment, but 

not in detergent, highlighting the modulation of the protein-protein interaction by the lipids. 

The PELDOR derived interspin distances P(r)s and the time-domain data F(t)s were used as 

constraints for rigid body docking of energy minimized SLC26Dg monomers. Our results 

reveal a novel interface, which has not been observed in proteins holding the 7 + 7 TM 

inverted repeat fold. This new structure forms the basis for further investigations on the 

orientation of the STAS domains and the mechanism for proton-coupled fumarate 

translocation. 

 

[1] E. R. Geertsma et al., Nat. Struct. Mol. Biol., 22: 803-811, 2015. 

[2] A. D. Milov et al., Chem. Phys. Lett., 110: 67- 72, 1984. 

[3] M. Pannier et al., J. Magn. Reson., 142: 331-340, 1999. 
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Psb proteins, located on the lumenal side of Photosystem II (PSII), play an important 

regulatory role in photosynthesis. The proteins, namely PsbO (27 kDa), PsbP (23 kDa) and 

PsbQ (16 kDa), form a cap over the oxygen evolving center (OEC), where water splitting 

reaction and oxygen evolution occur. The triangular hetero-trimer of Psb proteins prevents 

access of reductants other than water to the OEC and optimizes concentration of ions in the 

reaction center. Depletion of these proteins from PSII leads to significant reduction of oxygen 

evolution, fast degradation of the OEC and ultimate termination of photosynthetic process. 

Currently X-ray structures of cyanobacterial PSII and a Cryo-EM structure of PSII from higher 

plants are available including the Psb protein. We target not only structures, but the dynamic 

interplay between the Psb proteins themselves. Therefore, solution NMR is method of choice 

to study both phenomena in similar experimental conditions. After determining solution 

structures of PsbP and PsbQ, now PsbO, their biggest binding partner, is studied in our lab. It 

consists of a characteristic β-barrel surrounded by a cloud of disordered regions. Its secondary 

structure content after refolding from inclusion bodies was estimated by FT-IR and CD. The 

coexistence of rigidly structured and highly mobile partially disordered regions makes the 

NMR assignment challenging – due to signal overlap and incomplete spectral information. 

Currently backbone assignment is in process with standard NMR methods (HNCO, HNCA, 

HN(CO)CA, HN(CA)CO). Selective unlabeling, direct carbon detection and high-dimensional 

NMR spectra were applied to overcome signal overlap caused by IDP-like parts of the protein. 
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Diffusion order NMR spectroscopy (DOSY) is one of the experimental techniques which is 

widely used to identify number of molecules present in a sample mixture and their size by 

calculation of their hydrodynamic radii using Stokes-Einstein equation. So far DOSY is used 

majorly for small molecules study, but less seen for bio-molecules. We implemented 2D 

DOSY NMR to determine the size of a protein-ligand complex and protein oligomerization. A 

series of DOSY experiments with different pulse sequences were used to run the protein 

sample to optimize the best DOSY experimental conditions with higher D value. The selected 

pulse sequences were further optimized with variation in gradient strength and diffusion delay 

to get the final optimized parameters. All experiments were performed and optimized on an 

Agilent Technologies 18.8 T (800 MHz) DD2 Premium Compact spectrometer with a triple-

resonance, 5 mm enhanced cold probe with Z-gradient coil, capable in producing gradient 

strength of 60 Gcm-1. DOSY NMR studies for protein-ligand complex and protein aggregation 

showed very useful result having different diffusion value then their monomeric form. We 

show here that a fatty-acid-binding peptide (39 residues) that appears to be unstructured when 

naked, converts into an intrinsically-disordered protein upon binding with fatty acids. The 

hydrodynamic size of the complex suggests oligomerization of the peptide moiety when bound 

together with the fatty acids. Size-exclusion HPLC was used to corroborate the determined 

radii of the components, showing that DOSY-based determination of proteins and protein 

complexes, with the use of Z-gradient can be very helpful in estimating the size and rates of 

formation of biomolecules. In future, advancement in design of strong gradient coil strength 

(keeping the sample heating factor in account) and development of new pulse sequence to 

suppress signal exchange will be very useful to study the size and aggregation properties of 

bio-molecules. 
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The human peptidome comprises all peptides present in the human body, which are mostly 

generated from larger precursor proteins by proteolytic cleavage. Those endogenous peptides 

coordinate numerous important physiological and pathological processes. Among other 

functions, peptides are key regulators and effectors of innate and adaptive immunity and affect 

the survival, growth and metastatic spread of cancer cells. Our main goal is to use the human 

peptidome to discover endogenous peptides playing key roles in the control of human 

pathogens and cancers, and to apply state of the art technologies to optimize them for 

translational in vivo applications. We have already shown that peptide libraries generated from 

body fluids allow the discovery of novel bioactive agents playing important and often 

unexpected roles in infectious diseases and cancers.  

In order to understand the precise function of selected peptides, their structural analysis is of an 

utmost interest and a prerequisite for further characterization. NMR spectroscopy is a versatile 

and reliable technique for structural analysis of biomolecules in solution. Here, EPI-X4, a 

CXCR4 antagonist, shall be presented as an example. The peptide structures are derived by a 

series of NOESY and ROESY experiments and the resulting dipolar coupling intensities. After 

manual peak assignment and extraction of the peak intensities, the data is incorporated for 

structure calculations into the programs ARIA and CYANA.  

The NMR derived structures of the peptides are used for protein-peptide molecular docking 

calculations with the HADDOCK webserver and for atomistic molecular dynamics simulation 

and coarse-grained MD simulations, further on. Altogether, NMR spectroscopy, MD 

simulations and biochemical analysis enable a deep investigation into the functionality and 

binding motif of the peptides, which again is a starting point for modifications and 

optimizations of the bioactive peptides to enhance their therapeutic effectiveness. 
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The EGFR gene codifies for a tyrosine kinase receptor that represents an important target for 

anticancer therapy. The dysregulation of EGFR gene has been implicated in a wide range of 

cancers. The efficiency of currently available therapies is commonly impaired by either 

intrinsic or acquired resistance. The promoter region of EGFR gene contains several 

guanine(G)-rich domains and thus represents a yet unexplored point of intervention to 

potentially silence this gene. These G-rich domains can theoretically form G-quadruplexes, 

non-canonical secondary structures of DNA. G-quadruplexes have been associated with 

genomic instability, telomerase dysfunction and regulation of gene expression. Stabilization of 

G-quadruplex structures is a promising strategy to regulate gene expression at transcriptional 

and translational levels (1). 

Herein, we present structural analysis of an oligonucleotide (EGFR-272) that is located at 

position −272 from transcription start site in promoter of EGFR gene (2). The wild-type 

oligonucleotide as well as a wide range of its modifications have been investigated using NMR 

spectroscopy. Our data established that EGFR-272 folds into two G-quadruplex structures with 

three G-quartets in the presence of K+ ions. The G-quadruplexes differ in adopted topology; 

one with a parallel and one with a hybrid. Both G-quadruplexes show comparable thermal 

stabilities and affinities for K+ ions. Moreover, both structures always coexist in solution. Our 

results suggest that folding of EGFR-272 involves a hairpin, formed by region corresponding 

to the terminal loop, which acts as an important stabilizing element for the both G-

quadruplexes. These two structures represent a suitable starting point for further studies with 

potential to silence EGFR gene transcription by stabilizing the promoter G-quadruplex 

formation. 

 

References:  
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We propose a side-chain-selective and highly sensitive way of conducting heteronuclear 2D 

NMR experiments repetitively to monitor protein folding in real-time. This is achieved by 

combining three key methodologies: i) rapid mixing of sample solutions to trigger protein 

refolding 'in situ'; ii) photo-CIDNP, a spin hyperpolarization phenomenon highlighting solvent-

exposed Tyr, Trp, and His side-chain nuclei by means of a light-induced reaction of spin-

correlated radical pairs; to this, we add here (iii) fast acquisition of heteronuclear 1H-15N 

HMQC photo-CIDNP data in real-time featuring a specifically tailored two-dimensional NMR 

pulse scheme based on the SOFAST method. Employing the apo-form of the protein bovine α-

lactalbumin (BLA) as a model system, it is demonstrated how this approach can be used to 

productively combine the advantages associated with the photo-CIDNP technique as applied to 

amino acids and proteins, e.g. strong 1H and, in particular, heteronuclear signal enhancement of 

up to two orders of magnitude, rapid build-up of nuclear polarization, high amino acid 

selectivity and a concomitant simplification of protein spectra, with the benefits of 2D NMR, 

e.g. spectral resolution enhancement facilitating the observation of ill-defined protein states, 

straightforward detection of heteronuclei, and the ability to observe larger entities as compared 

to 1D NMR. 

It is believed that these kinetic experiments can be used in the future as a complementary tool 

to existing 1D and 2D NMR analogues providing a side-chain selective, atomic-level insight 

into the structural transformations occurring during (multi-step) protein folding processes. 

Owing to the chemical signal amplification associated with the technique, these methods might 

prove particularly suitable for the identification and structural examination of lowly 

concentrated intermediate structures often populated to a relatively limited extent and thus 

difficult to trace using standard approaches. 
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RA36 is a DNA aptamer that inhibits the coagulant activity of thrombin and does it more 

effectively than the widely known aptamer 15TBA. The latter forms an anti-parallel G-

quadruplex structure composed of two G-tetrades. In its turn, RA36 contains two regions 

capable of forming a G-quadruplex structure. CD spectroscopy showed that in the presence of 

potassium ions RA36 exhibits an antiparallel G-quadruplex structure, however, it remains 

unclear which one of two fragments folds into a G-quadruplex. Also, it demonstrated that 

RA36 is less stable compared to 15TBA. 

It is known that binding of metal cations can stabilize the G-quadruplex structure and the 

effectiveness of stabilization depends on both the DNA sequence and the type of cation. Our 

collaborators demonstrated that 15TBA has a higher affinity to Ba2+ compared to K+. It was 

also shown that in the presence of Ba2+ RA36 loses its anticoagulant activity. We supposed that 

in order to inhibit thrombin RA36 is required to be partially unstructured and the loss of 

activity in the presence of Ba2+ is caused by the formation of one stable conformation with two 

G-quadruplexes. 

To monitor formation of G-quadruplex in situ in the presence of K+ and Ba2+ a series of NMR 

titration experiments were performed. It was found that even in the excess of K+ (KCl:RA36 = 

150:1) RA36 demonstrated 12 broad imino resonances that indicates that the aptamer exists in 

multiple conformations with only one G-quadruplex formed and with the second part of a 

molecule being unstructured. On the contrary, in the presence of Ba2+ ions (BaCl2:RA36 = 5:1) 

RA36 has 20 sharp imino signals that suggests that the single stable conformation of RA36 

exists in this case with two G-quadruplexes formed. The number of G-quadruplexes can 

unambiguously be detected by the characteristic high-field methyl resonances of thymidine 

residues in the apex of each G-quadruplex. Determination of Ba2+-stabilized structure of RA36 

in solution is currently in progress. 
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DNP is a powerful technique to boost sensitivity of MAS ssNMR by about 2 orders of 

magnitude. The main challenges of the current DNP ssNMR concern the development of 

efficient polarizing agents for experiments at high magnetic field and higher temperatures. 

Indeed, the low temperature (~100 K or lower) currently used to achieve high enhancements, 

limits the application of DNP especially to the biomolecular applications (where the cryogenic 

temperature reduces the resolution of the spectra) or to the investigation of dynamics in solids. 

Here we show how the use of a new generation of polarizing agents, for example based on 

Overhauser DNP, and the careful choice of the glassy matrix makes it possible to achieve 

enhancements up to 20 @ 274 K.[1] Combined with fast MAS, Overhauser Effect polarizing 

agents show DNP enhancement over 100 at high magnetic field (18.8 T, 800 MHz).[2] 

Furthermore, narrow EPR line polarizing agents are essentially immune from depolarization 

and quenching effects, and provide also high overall sensitivity gains. We use these concepts 

for example to monitor molecular dynamics in pharmaceutically relevant solids (Ambroxol and 

Ibuprofen),[1] or in the characterization of the conformation of species in the surface of 

functionalized materials.[3,4] 

 

(1) Lelli, M.; Chaudhari, S. R.; Gajan, D.; Casano, G.; Rossini, A. J.; Ouari, O.; Tordo, P.; 
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(2) Chaudhari, S. R.; Wisser, D.; Pinon, A. C.; Berruyer, P.; Gajan, D.; Tordo, P.; Ouari, O.; 

Reiter, C.; Engelke, F.; Copéret, C.; et al. J. Am. Chem. Soc. 2017, 139, 10609. 

(3) Berruyer, P.; Lelli, M.; Conley, M. P.; Silverio, D. L.; Widdifield, C. M.; Siddiqi, G.; 

Gajan, D.; Lesage, A.; Copéret, C.; Emsley, L. J. Am. Chem. Soc. 2017, 139, 849. 

(4) Pinon, A. C.; Schlagnitweit, J.; Berruyer, P.; Rossini, A. J.; Lelli, M.; Socie, E.; Tang, M.; 

Pham, T.; Lesage, A.; Schantz, S.; et al. J. Phys. Chem. C 2017, 121, 15993. 
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NMR-based metabolomics is an efficient and highly reproducible approach to investigate 

biofluids which can be collected non-invasively [1]. In this study this technique is used to 

analyze serum and urine samples from volunteers subjected for a period of twelve weeks to a 

diet enriched in DHA, in the context of the research activity sponsored by the pan-European 

PATHWAY-27 project. Docosahexanoic acid (DHA) has a positive effect on a great variety of 

diet-related disease risks, including the metabolic syndrome (MetS) [2]. In this study, it has 

been evaluated how different food matrices enriched with different combination between DHA 

and oat β-glucan (OBG) or anthocyanins (AC) influence the serum and urine metabolome of 

the volunteers. Blood serum and urine samples taken from each subject at the beginning (T0) 

and at the end of BEFs consumption (T1) have been analyzed and also a placebo group has 

been considered. 

In particular, for each serum and urine samples, 1H-NMR spectra have been acquired using 

different types of experiments (mainly NOESY, CPMG, and DIFFUSION) and they were 

analyzed using multivariate statistical techniques. 

In this preliminary study is described the assignment of more than 40 metabolites in urine and 

30 in serum. Further, a tool for lipidomic analysis of NMR spectra has been applied to serum 

spectra providing information about lipoprotein subclasses (e.g. Chylomicrons, VLDL, LDL 

and HDL) [3]. 

 

[1] J. K. Nicholson e J. C. Lindon, «Systems biology: Metabonomics», Nature, vol. 455, n. 

1476-4687 (Electronic), pagg. 1054–1056, ott. 2008. 

[2] X.-F. Guo, X. Li, M. Shi, e D. Li, «n-3 Polyunsaturated Fatty Acids and Metabolic 

Syndrome Risk: A Meta-Analysis», Nutrients, vol. 9, n. 7, lug. 2017. 

[3] V. Aru et al., «Quantification of lipoprotein profiles by nuclear magnetic resonance 

spectroscopy and multivariate data analysis», TrAC Trends Anal. Chem., vol. 94, pagg. 210–

219, set. 2017. 
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In our studies, we are focusing on the E. coli rRNA methyltranserfases RlmJ and RlmF that 

methylate the exocyclic amino group of adenine 2030 and adenine 1618 in 23S rRNA during 

the early stages of ribosome assembly, respectively. In the case of RlmJ, the substrate 

secondary structure consists of an 18-nucleotide-long hairpin loop that is methylated using S-

(5'-Adenosyl)-L-methionine as co-factor. The reaction is characterized by a large 

conformational shift of the N-terminal motif X upon binding of the co- factor. The second 

enzyme, RlmF, methylates a 10-nucleotide-long hairpin loop using the same reagent as co-

factor. There are far less details known about the enzymatic mechanism of this RNA 

methyltransferase. The aim of our work is the investigation of the binding characteristics of 

substrates and co-factor, the elucidation of the reaction mechanism of both enzymes and the 

determination of kinetic parameters of the methylations using a range of NMR spectroscopic 

techniques. Dynamic features before and after binding are characterized using NMR titration 

experiments, ITC and CPMG relaxation dispersion experiments. The latter experiment is 

carried out either on the backbone amide protons or on labeled side chain methyl groups 

throughout the protein. The reaction mechanisms are analyzed by using different, chemically 

modified RNAs as substrates and determining the kinetic parameters using real-time NMR. 

This opens up the possibility to explore the binding pockets of both enzymes in an atomic 

fashion. The overall structure of each enzyme is elucidated using triple-resonance NMR-

experiments. This will confirm the integrity of the already existing X-ray structure of RlmJ and 

furthermore, NMR structure determination of RlmF will be attempted to gain insights into the 

molecular mechanism of this less-studied enzyme. 
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The bacterial cell envelope constitutes the interface with the external environment and it is the 

first site of contact between microbes and their hosts. The surface of Gram-negative bacteria is 

decorated by amphiphilic macromolecules, known as lipopolysaccharides (LPS) (or 

endotoxins), whose presence is required for bacterial survival, growth and interaction with any 

other cell. LPSs expose to the outside highly complex and strain-dependent glycan motifs 

recognized by a family of carbohydrate binding proteins called lectins. The aim of this work is 

to decipher the recognition patterns of LPSs in the interaction with lectins. With this aim we 

will i) produce human and bacterial lectins, ii) extract and purify LPS from bacterial cells, iii) 

analyze and characterize their interactions by using NMR techniques. This project will be 

shared between the University of Naples and the university of Grenoble (France). 
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Aconitase is a citrate/isocitrate hydrolase containing a [4Fe-4S] cluster as catalytic center. The 

apo form of cytosolic aconitase, known as IRP1 (Iron Regulatory Protein 1), binds to iron-

responsive elements (IREs) which are untranslated regions of mRNAs thus functioning as the 

iron master of cellular iron homeostasis by adjusting the levels of proteins involved in the 

control of intracellular iron concentration [1]. 

The in vivo biosynthesis of Fe-S clusters and their insertion into various apo target proteins is a 

process that requires complex proteinaceous machineries [2]. In particular, the CIA (Cytosolic 

Iron–sulfur protein Assembly) machinery in the cytosol of eukaryotic cells is essential for 

generating [4Fe-4S] clusters for both cytosolic and nuclear Fe-S proteins [3]. Numerous 

proteins involved in the CIA machinery have been recently identified and much progress has 

been made in understanding their molecular function [4].  

Within this frame, a role in the conversion of apo IRP1 to cytosolic aconitase has been 

suggested for CIA2A in complex with CIAO1 [5]. The latter molecular process has not yet 

been investigated in detail and the role of each CIA component (CIA2A and CIAO1) in 

assisting the IRP1 maturation process is currently unknown. 

Here we have characterized the role of the CIA2A-CIAO complex in maturing IRP1, via NMR, 

UV−vis and electron paramagnetic resonance (EPR) spectroscopies. It resulted that the holo 

CIA2A-CIAO1 complex is able to transfer the [4Fe-4S] cluster to IRP1 to generate the active 

aconitase, unraveling the role of the complex as a maturation factor of IRP1. 
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The ubiquitin-proteasome system is an essential tool for the regulation of protein levels in the 

cellular environment. Ubiquitination occurs through the concerned action of a ubiquitin- 

activating enzyme E1, an E2 ubiquitin conjugating enzyme and an E3 ubiquitin ligase. The E3 

enzymes are the key components of the process as they are responsible for substrate 

recognition and poly-ubiquitination. ARKADIA and ARKADIA-2 proteins act as E3 Ubiquitin 

ligases via their C-terminal RING domains. ARKADIA is a positive regulator of the 

Transforming Growth Factor-β pathway whilst ARKADIA-2 is implicated in the Bone 

Morphogenetic Pathway [1,2]. 

The RING (Really Interesting New Gene) is a small domain which binds two zinc ions [Zn(II)] 

in a unique ‘cross-brace’ arrangement through its conserved cysteine and histidine residues: 

Cys–X2–Cys–X9–39–Cys–X1–3–His–X2–3–Cys/His–X2–Cys–X4–48–Cys–X2–Cys, where 

X can be any amino acid residue. Among all the types of E3 Ubiquitin ligases (HECT, U-box, 

RING) the RING family is the largest one [3]. 

Structural analysis of ARKADIA RING domain elucidated its enzymatic properties. Titration 

studies of ARKADIA protein with the UbcH5B E2 enzyme suggested that Tryptophan (Trp) is 

essential in the ubiquitin ligase enzymatic activity, consistent with the E2 recruitment. 

Consecutively, protein mutations bearing Trp to Ala and Arg were studied, demonstrating 

significant differentiation in the protein activity. Subsequently, the wild type of ARKADIA-2 

RING domain, as well as the same mutants of Trp, were studied in order to identify similar 

functionality. 
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One of the most promising tools in medical diagnostics is Molecular Imaging (MI) [1,2]. It is 

expected to play a vital future role in understanding disease mechanisms, in the development of 

treatment and monitoring therapies. Searching for novel contrast mechanisms for MI and 

designing new contrast agents is of high interest. In this context, molecules containing Bismuth 

(209Bi) have been proposed to be utilized as new MRI contrast agents. 209Bi and its compounds 

are very good candidates due to their low toxicity and higher expected biocompatibility, 

especially in comparison with Gadolinium.  

This work is focused on a detailed quantum-mechanical analysis of Quadrupole Relaxation 

Enhancement (QRE) caused by dipole-dipole interactions between 1H nuclei and high spin 

quantum number nuclei [3-4]. The fact that 209Bi possesses a high spin quantum number S=9/2 

and a relatively large quadrupole moment, increase the opportunity to observe QRE effects at 

high magnetic fields (e.g. 3T) used in many clinical MRI scanners. For this purpose, Bi-aryl 

compounds have been chosen and 1H NMR spin-lattice relaxation experiments have been 

performed on these systems in solid state. The 1H NMRD profiles show well defined QRE 

peaks in a wide frequency range, whereby the location of those peaks has been associated with 

specific spin transitions. QRE effects could also be shown for a solution of one of these 

selected Bi-aryl compounds in tetrahydrofuran. The data show that QRE is possible with Bi 

compounds in liquids and proof the potential of these compounds for developing a new class of 

MRI contrast agents.  
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Exploring biomolecules in the context of their intracellular environment has been recognized as 

being the gold standard to approach the complexity of the cellular milieu.  

As the cellular environment is hardly reproducible in vitro, investigation of biomolecules 

directly inside cells have attracted a growing interest in the past decade. Several recent in-cell 

NMR and Fluorescence spectroscopy studies, have unveiled that proteins could behave 

differently in vitro and in cell. 

Site-Directed Spin Labeling (SDSL) coupled to Electron Paramagnetic Resonance (EPR) 

spectroscopy is part of the toolbox available and this technique exhibits competitive and 

advantageous features to capture protein dynamics inside cells. 

We have recently successfully developed a new nitroxide-based spin label 1 able to resist to 

bio-reduction in the cellular context and exhibiting efficient EPR properties as spin label 

(Karthikeyan et al. Angew. Chem. Int. Ed. 2018). We have investigated the persistency of the 

new spin label in Xenopus laevis cell extract and in X. laevis oocyte, showing a less than 10% 

EPR signal loss after 1 hour at room temperature. Such properties render possible to perform 

X-band DEER experiments in X. laevis oocytes at endogenous concentration using less than 20 

µM of labeled protein. 

In this talk, we will discuss the results made possible by the improved properties of the new 

spin label 1 about the investigation of the structural dynamics of NarJ protein, a flexible 

chaperone protein from E. coli, directly inside its endogenous host cells. 

Besides demonstrating the successful delivery of NarJ inside E. coli cells by combining EPR 

and Fluorescence Confocal Microscopy (FCM), we succeeded in performing intracellular EPR 

experiments at room temperature and we were able to follow the EPR signal in cells for more 

than 2 hours. Data obtained by monitoring NarJ structural dynamic in cell will be discussed in 

light of the data obtained in vitro. 
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NMR spectroscopy is one of the main techniques for high resolution studies of intrinsically 

disordered proteins (IDPs).[1] Indeed, it permits to map the structural and dynamical features 

of all the amino acids constituting the polypeptide at atomic resolution.[2] Only proline 

residues are less straightforward to be characterized, as they lack the amide proton, rendering 

them not directly visible in the commonly-used 2D 1H-15N correlation experiments. However, 

these residues are highly abundant in IDPs and can mediate important functions.[3] Here is 

reported an easy and effective way to obtain the fingerprint of proline residues in IDPs at high 

resolution. This modification can be easily included in any of the NMR experiment based on 

C’ detection, demonstrating general applicability. As an example, the pulse sequences were 

used to investigate the ID4 fragment of CBP, a 207 residues-long linker, in which 45 prolines 

are present.[4] We exploited the new pulse sequences to detect the proline residues in about ¼ 

of the NMR time respect to the full spectral width experimental time and to measure the 15N 

relaxation rates of proline residues.[5] 
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The Chloride Intracellular Channel (CLICs) proteins consist of a family of metamorphic 

proteins that exist in an equilibrium between a soluble and a membrane-bound state. The 

alteration of CLIC function has been involved in ischemia-reperfusion and different forms of 

cancer. CLIC1 has been directly linked with glioblastoma proliferative capacity. It can be 

found as a chloride channel or as a soluble reduced form with oxidoreductase activity. CLIC1 

inhibitors block both its ion channel function and oxidoreductase activity. However, it is 

unknown what form or forms of the protein are relevant in the context of healthy and 

glioblastoma cells and how the equilibrium between them is affected in disease. 

In order to explore the mechanism of membrane insertion, we have studied the oligomerisation 

states of CLIC1 in solution, and the effect of the inhibitor IAA-94. 

Non-oxidised CLIC1 exists in an equilibrium of monomers, dimers and possibly tetramers. 

Fittings of the X-ray structure to the SAXS envelop indicates that the non-covalent association 

of the dimers occurs differently to the previously reported oxidised form. The addition of the 

inhibitor IAA-94 promotes oligomerisation, as well as large chemical shift changes, indicative 

of a large structural rearrangement. 

We have utilised SMA nanodiscs extracted from native membranes to study the membrane 

bound form. Crosslinking analysis suggests that CLIC1 can be found forming up to tetramers 

in the membrane bound form. Fluorescence data shows that CLIC1 is functional in SMA 

nanodiscs and can bind IAA94 with higher affinity than the soluble form of the protein. 

Taken together, our data suggests that CLIC1 exists as a mixture of novel oligomeric species in 

solution, and that oligomerisation occurs prior to the membrane insertion. 



101 

 

 
DNP-enhanced ssNMR sensitivity: improved polarizing agents for high 

fields 
Olivier Ouari1, Gilles Casano1, Ganesan Karthikeyan1, Dorothea Wisser2, Alicia Lund2, 

Moreno Lelli3, Maxim Yulikov4, Gunnar Jeschke4, Melanie Rosay5, Anne Lesage2, Lyndon 

Emsley6 
1Aix Marseille University / CNRS, Marseille, France 
2ISA CRMN, Villeurbanne, France 
3University of Florence, Sesto Fiorentino, Italy 
4ETH, Zurich, Switzerland 
5Bruker, Billerica, USA 
6EPFL, Lausanne, Switzerland 

 

Dynamic Nuclear Polarization (DNP) is one of the most promising approaches to overcome the 

sensitivity limitations of solid-state NMR, opening new possibilities and applications in 

materials and life sciences. The recent advances result from significant developments in DNP 

instrumentation, in the introduction of new methodological concepts and in the design of ever 

more efficient polarization sources. In a DNP experiment, the larger polarization of unpaired 

electrons is transferred to surrounding nuclei by microwave irradiation at or close to the EPR 

Larmor frequency, providing maximum theoretical signal enhancements of a factor 658 for 1H 

and 2620 for 13C. A better understanding of the polarization mechanisms combined with the 

rational design of polarizing agents, by optimizing their structural and magnetic properties, 

have contributed to the success of the technique. Signal enhancements (ε) of 50-200 are 

routinely obtained today at 9.4 T and 100 K, allowing the investigation (not feasible without 

DNP) of an ever broader range of molecular and macromolecular systems including 

biomolecules, hybrid materials, mesoporous silica, metal oxides, polymers, nanoparticles and 

microcrystals. However, the enhancement factors are still far from the predicted maximum 

values, notably at very high-fields (> 9 T). We will report our recent progress on the design, 

synthesis and EPR characterization of new and improved polarizing agents, giving large 

enhancement factors at 18 T, opening new possibilities for structure determination. 
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Paramagnetic nanoparticles can provide synthetic ease, versatility and good capability of 

enhancing the contrast in MRI. Gold nanostars coated with Gd(III) chelates were shown to 

determine exceptionally high relaxivity, with values up to about 100 mM-1s-1 (with a single Gd-

coordinated water molecule), much higher than that of spherical nanoparticles [1]. Using 

NMRD analysis, we demonstrated that this high efficiency is the result of optimized inner-

sphere water exchange kinetics and particle surface-mediated elongation of second-sphere 

water residency lifetimes, and therefore of an enhanced outer-sphere and second-sphere 

relaxivity. 

Carbon-based nanodiamond−gadolinium(III) aggregates (NDG) demonstrated a 300-fold 

increase in the cellular delivery of Gd(III) compared to that of clinical Gd(III) chelates, without 

sacrificing biocompatibility. Furthermore, NDG have high relaxivity, independent of the MRI 

field strength, a finding unprecedented for gadolinium(III)−nanoparticle conjugates. The 

analysis of the NMRD profiles suggests that the Gd(III) chelate retains rotational freedom even 

after attachment to nanodiamonds, and that a relatively large number of water molecules in the 

second coordination sphere must contribute to relaxivity [2]. 

The signal contrast in the MR images obtained using bioresponsive contrast agents can also be 

maximized by minimizing second-sphere and outer-sphere contributions of the non-activated 

molecules (which represent the background signal in the image). This can be done by 

modulating the electron relaxation time through magnetic exchange coupling between multiple 

paramagnetic metal centers [3]. 
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Neuroendocrine regulatory peptide-2 (NERP-2) is a 38-residue-long peptide which was 

identified in 2007 by Yamaguchi et al. as an amidated peptide. NERP-2 is derived from 

neurosecretory protein VGF (non-acronym) which is a precursor polypeptide identified as 

induced by nerve growth factor (NGF) in rat pheocromocytoma PC12 cells and is secreted 

through the regulated pathway from neuronal and endocrine cells. 

There are large numbers of NERP-2-expressing neurons in the rat LH and NERP-2 has a role 

in the control of food intake and energy balance via the orexin pathway. NERP-2 peptides are 

also abundant in the PVN and SON of the rat hypothalamus and colocalized with vasopressin 

in storage granules. NERP-2 may function as an inhibitory modulator of the vasopressin 

release. Vasopressin neurons are stimulated to release vasopressin by glutamates released from 

presynaptic neurons which are inhibited by GABAergic interneurons. NERP-2 modulates these 

GABAergic interneurons suppressing the vasopressin release. 

We investigated the structure of NERP-2 by circular dichroism (CD) spectroscopy and nuclear 

magnetic resonance (NMR) spectroscopy in a hexafluoroisopropanol (HFIP) or a dodecyl 

phosphocholine (DPC) solution. They are known to stabilize α-helical structures of peptides by 

providing a similar environment where peptides bind to their receptors. Indeed, NERP-2 

showed to form helical structures in the presence of HFIP or DPC. This implies that NERP-2 

can bind a receptor upon conformational changes induced by the receptor or cellular 

membrane. We determined the 3D structures of NERP-2 in both solutions by NMR-derived 

distance and dihedral information. Interestingly, NERP-2 in DPC micelle showed a central 

amphipathic α-helix (residues 324 to 328), suggesting an essential secondary structure for the 

receptor binding. Further study to determine the structure of NERP-2 in a bound state to its 

receptor may provide the mechanism of action of this peptide in more detail. 



104 

 

 
Structural characterization of full length XIAP integrating NMR, SAXS 

and EPR data 
Panagis Polykretis1, Enrico Luchinat1, Melissa Ann Graewert2, Alessio Bonucci1, Dmitri 

Svergun2, Lucia Banci1 
1Magnetic Resonance Center (CERM), University of Florence, Via Luigi Sacconi 6, 50019, Sesto 

Fiorentino (FI), Italy. 
2European Molecular Biology Laboratory (EMBL), Hamburg Outstation, Notkestrasse 85, 22607 

Hamburg, Germany. 

 

The X-chromosome linked Inhibitor of Apoptosis Protein (XIAP) is a multifunctional 

metalloprotein, expressed in the majority of human cells. XIAP contains three zinc-binding 

BIR (baculovirus IAP repeat) domains of approximately 70 amino acids each, an UBA 

(ubiquitin associated) domain and a C-terminal RING (Really Interesting New Gene) domain. 

The main function of XIAP is to block apoptosis by caspase inhibition [1-3], but it is also 

involved in copper homeostasis [4] and in NF-κB activation [5]. XIAP is overexpressed in 

tumors, potentiating cell survival and resistance to chemotherapeutics, therefore it has become 

an important target for the treatment of malignancy [6]. Despite the fact that the structures of 

all the single domains of XIAP have been resolved, there is no information about their spatial 

arrangement, as the conformation of the full length XIAP has never been determined. Here we 

present the first structural model of the dimer of full length XIAP, determined by the 

integration of Nuclear Magnetic Resonance (NMR), Small-Angle X-ray Scattering (SAXS) 

and Electron Paramagnetic Resonance (EPR) data. 
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We have demonstrated that high quality SSNMR spectra can be obtained from immobilized 

proteins, and that this information can lead to the understanding of their structural features in 

these artificial but functional environments. Inorganic/protein composites have peculiar 

properties with respect to the usual samples for biomolecular or materials NMR, because the 

protein and the material affect each other [1]. We have further demonstrated that 1H detection 

and DNP can mitigate the sensitivity limitations that are intrinsic of these samples [2,3]. The 

resolution of the protein spectra is outstanding and allows for tracking minimal perturbations 

that occur in the interaction with the inorganic component or in response to the presence of 

ligands [4].  

 

This work has been supported by Ente Cassa di Risparmio di Firenze; the EU ESFRI Instruct-

ERIC; PhosAgro/Unesco/IUPAC green chemistry for life award. 
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Extra-mitochondrial cytochrome c (Cc) has recently emerged as an inhibitor of histone 

chaperones, namely SET/TAF-1 in mammals and NRP1 in plants, upon DNA damage. It has 

been posed Cc inhibits their activity in early stages of the DNA damage response to increase 

the time available for the repair machinery. Likewise, Cc can target other histone chaperones, 

such as Acidic leucine-rich Nuclear Phosphoprotein 32 family member B (ANP32B). ANP32B 

modulates mRNA nucleo-cytoplasmic trafficking upon Thr244 phosphorylation and it 

comprises four Leucine-Rich Repeats at its N-end, along with an unstructured Low-

Complexity Acidic Region (LCAR). 

We used co-immunoprecipitation assays to confirm ANP32B / Cc interaction under DNA 

damage. Then, to get further insights, we analyzed the complex formation by Isothermal 

Titration Calorimetry (ITC) and Nuclear Magnetic Resonance (NMR). Notably, ANP32B and 

its phosphomimetic T244E mutant interacted with Cc, whereas a mutant lacking the LCAR 

domain failed to bind Cc. This finding confirms the LCAR region is responsible for the 

ANP32B-Cc complex. 

The LCAR contains the nuclear localization signal, comprising the KRKR motif near Thr244. 

Hence, we tested two peptides containing LCAR residues 231-251. Thr244 was replaced by 

Glu in the second one. ITC and NMR titrations showed that both peptides were able to bind Cc 

with similar interaction surfaces as the full-length ANP32B; albeit the T244E mutant peptide 

exhibited a higher affinity towards Cc. Simulations by REMD using distance restraints derived 

from 2D 1H NMR spectra showed that the two peptides adopted a compact structure. On the 

other hand, Brownian Dynamics calculations showed that both peptides explored the heme-

surrounding cleft and part of the opposite-side of Cc, in agreement with the chemical-shift 

perturbations maps inferred from NMR titration assays.  

Further functional assays are currently being performed to shed light onto the biological 

relevance of the ANP32B-Cc interaction. 
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Nuclear Magnetic Resonance relaxometry is a rich source of information on dynamical and 

structural properties of condensed matter. Of special importance are field cycling relaxation 

experiments which provide spin-lattice relaxation rates over a frequency range covering three 

orders of magnitude, typically from 10 kHz to 20 - 40 MHz for 1H. The broad range of 

frequencies allows detecting motional processes of different time scales by a single 

experiment. 

When the system, beside of protons, consists of quadrupole nuclei, in some cases (e.g. 

relatively slow dynamics) one may observe field-specific 1H relaxation rate enhancement, 

referred to as quadrupolar peaks. The peaks result from quadrupolar interactions and appear at 

fields where proton resonance frequency overlaps one of the quadrupole nucleus transition 

frequencies. From the positions of the peaks one can determine parameters of the quadrupole 

coupling (the coupling constant and electric field gradient asymmetry parameter – the 

fingerprint of molecular structure), while it shapes reflect local dynamics of the system. 

Here we compare two approaches for analysis of the relaxation enhancement of 1H due to the 

presence of quadrupole nuclei 14N: the general approach based on Stochastic Liouville 

Equation formalism and the perturbation approach. We show, that the simplified approach is 

valid only for certain motional conditions, that is as long as the product Q > 20 or Q < 0.5 

(where Q stands for the quadrupolar coupling constant in angular frequency units, while  
represents correlation time of rotational dynamics responsible for the fluctuations of 

quadrupole interactions). These findings may useful when considering appropriate model for 

the description of data for biological systems, for example proteins or tissues. 

 

This project has received funding from the European Union’s Horizon 2020 research and 

innovation program under grant agreement No 668119 (project “IDentIFY”). 
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The pathway of anaerobic toluene degradation is initiated by a radical-type fumarate addition 

reaction, catalyzed by glycyl radical enzyme benzylsuccinate synthase (BSS). It has been found 

that benzylsuccinate synthase is a member of several related fumarate-adding enzymes (FAEs), 

which are involved in the anaerobic biodegradation of various hydrocarbons, both aromatic and 

aliphatic. Another example is 2-(methylnaphthyl) succinate synthase (MNS) – a member of 

FAE family, which is predicted to catalyze a similar radical type fumarate addition reaction to 

2-methylnaphthalene. In our study we have produced recombinant BSS from Thauera 

aromatica K172 and MNS from the 2-methylnaphthalene degrading culture N47 and show data 

on the first structure-function relations of FAE. 

 

We established a near-homologous overexpression system of active wild type recombinant 

BSS in Azoarcus evansii, purified and characterized the wild type enzyme and 6 mutated 

variants. We tested the conversion of several substrates, including toluene, cresol and the 

xylene isomers. Remarkably, we found that a single mutation replacing an isoleucine to valine, 

allows the enzyme to convert m-xylene, which is not recognized by wild type BSS. In addition, 

we have purified non-activated BSS and MNS for further structural characterization of the 

enzyme complexes by X-ray crystallography. Furthermore, proteins are undergoing EPR 

spectroscopy experiments for identification of the characteristic glycyl radical and estimating 

the Fe-S cluster content in recombinant wild type and mutated variants. 
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CueR is a metalloregulator protein that “senses” Cu(I) ions with very high affinity, thereby 

stimulating DNA binding and the transcription activation of two other metalloregulator 

proteins. The crystal structures of CueR when unbound or bound to DNA and a metal ion are 

very similar to each other, and the role of CueR and Cu(I) in initiating the transcription has not 

been fully understood yet. Using nitroxide spin labeling (MTSSL), double electron-electron 

resonance (DEER) measurements and structure modeling, we investigate conformational 

changes that CueR undergoes upon binding Cu(I) and DNA in solution. We observe three 

distinct conformations, corresponding to apo-CueR, DNA-bound CueR in the absence of Cu(I) 

(the ‘repression’ state), and CueR-Cu(I)-DNA (the ‘activation’ state). We propose a detailed 

structural mechanism underlying CueR’s regulation of the transcription process. The 

mechanism explicitly shows the dependence of CueR activity on copper, thereby revealing the 

important negative feedback mechanism essential for regulating the intracellular copper 

concentration. 
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Horseradish peroxidase (HRP) is a heme containing enzyme that catalyzes the oxidation by 

hydrogen peroxide of a wide variety of inorganic and organic compounds such as iodide, 

bromide, ascorbate, ferrocyanide, and cytochrome C. The first step in the HRP catalytic cycle 

is the reaction between H2O2 and the FeIII resting state of the enzyme to generate the 

compound I, a high oxidation state intermediate. This resulting oxo-complex named ferryl 

(FeIV=O) is a spin 1 species with a large zero-field splitting D. Compound I is also formed by 

a π cation radical with spin 1/2 that interacts with the spin of the ferryl center. The anisotropic 

antiferromagnetic exchange interaction between them results in a ground state which is a 

Kramers doublet |±1/2> separated from the lowest excited states by an energy of the same 

magnitude as D. We observed the formation of the compound I via continuous wave X band 

electron paramagnetic resonance monitoring the vanishing of the signal corresponding to the 

ferric state (S=5/2) of the HRP upon addition of H2O2 and the appearance of a strong 

absorption around g = 1.995. This absorption corresponds to the ground state of the ferryl-π 

cation interaction in the intermediate compound I; the deviation of g from the free electron 

value is a consequence of the anisotropic exchange. Electron spin echo envelope modulation 

(ESEEM) and hyperfine sub-level correlation (HYSCORE) measurements were performed in 

order to obtain structural information through the interaction between the paramagnetic center 

with the surrounding nuclei. The results showed the interaction of the metal centre with 

nitrogen and hydrogen for the resting state of the HRP while the hydrogen could not be 

observed for the compound I. The reason for that could be either an averaging of the 

interaction due to the spatial distribution of the radical on the porphyrin ring or the dissociation 

of the water molecule in the sixth coordination of the HRP during the formation of compound 

I. 
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Single-pass transmembrane receptors, such as the growth hormone receptor (GHR) and the 

prolactin receptor (PRLR), are involved in essential processes of both physiological and 

pathological nature and represent more than 1300 proteins encoded by the human genome (1). 

Many of these lack intrinsic kinase activity and are thus dependent on their association and 

activation of non-receptor tyrosine kinases, such as Src kinases and Janus kinases, for signal 

transduction. The intracellular domains of two cytokine receptors, the GHR and the PRLR, are 

intrinsically disordered and interact with hallmark lipids of the inner membrane leaflet (2,3). 

This lipid interaction domain overlaps with kinase binding sites and thus, this region contains 

several overlapping binding sites that may not necessarily be mutually exclusive. Hence, 

structural disorder and membrane crosstalk are emerging regulatory layers of cytokine receptor 

signalling. Yet, it is still unclear how structural disorder, kinase- and membrane interactions are 

implicated in the orchestration and activation of signal transduction pathways. In this project 

the interaction between Src and the intracellular domains of the human GHR and PRLR are 

functionally, structurally and thermodynamically characterized using a combination of ITC, 

NMR and CD spectroscopy as well as cellular signalling experiments.  

 

1. Brooks, A. J., Dehkhoda, F. & Kragelund, B. B. Cytokine Receptors. Endocrinol. Princ. 

Endocrinol. Horm. Action, Ed. by Antonino Belfiore Derek LeRoith 1–29 (2016). 

doi:10.1007/978-3-319-27318-1 

2. Haxholm, G. W. et al. Intrinsically disordered cytoplasmic domains of two cytokine 

receptors mediate conserved interactions with membranes. Biochem. J 468, 495–506 (2015). 

3. Bugge, K. et al. A combined computational and structural model of the full-length human 

prolactin receptor. Nat. Commun. 7, 11578 (2016). 
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Copper is a nutrient essential metal, which is involved in many enzymatic and biological 

processes in the cell. However, insufficient regulation of copper may lead to severe 

neurological diseases and disorders. Today’s, it is known that Cu(II) is accumulated in the 

body through diet to the blood cycle, where human serum albumin (HSA) transfers it to the 

extra cellular domain of the main copper transporter, CTR1. The first copper binding sites is 

rich in methionine and histidne residues. In addition, it was suggested that at this site Cu(II) is 

reduced to Cu(I) in the presence of ascorbate. Segments that are rich with methionine residues, 

(also called Mets motifs) are found in many of the proteins that bind Cu(I) and are capable of 

binding Cu(I) and Ag(I) ions with micromolar affinity. Herein, we focus on gaining 

information on the copper uptake mechanism by the CTR1 protein using several spectroscopic 

techniques such as EPR, CD, and NMR. We first explored the interaction between the blood 

carrier protein, HSA, and the extracellular domain of CTR1. We then gained information on 

the binding of Cu(I) and Ag(I) to a general Mets Motifs. We used this information to identify 

the first Cu(II) and Cu(I) binding sites in CTR1. Finally, we explored the Cu(II) reduction 

mechanism on the CTR1 extracellular domain.  

This study presents one step toward a complete understanding of the cellular copper uptake 

mechanism in the human body. 

 

REFERENCES 

1. Shenberger, Y.; Shimshi, A.; Ruthstein, S. J. Phys. Chem. B. 2015, 119, 4824-4830. 

2. Shenberger, Y.; Gottlieb, H.; Ruthstein, S. J. Biol. Inorg. Chem. 2015, 20, 719-727. 

3. Shenberger, Y.; Yarmiayev, V.; Ruthstein, S. Mol. Phys. 2013, 111, 2980-2991. 



113 

 

 
Paramagnetic human carbonic anhydrase II, a model of study 
José Pedro Silva1, 2, 3, Linda Cerofolini3, Enrico Ravera3, Vito Calderone4, Marco Fragai3, 

Anjos Macedo1, Carlos Geraldes2, Claudio Luchinat3 
1Universidade Nova de Lisboa Faculdade de Ciências e Tecnologia 
2Universidade de Coimbra 
3Magnetic Resonance Center (CERM), University of Florence 
4Department of Chemistry 'Ugo Schiff', University of Florence 

 

Metalloproteins are fundamental part of life, and are responsible for many physiological 

functions. Many metalloproteins bind paramagnetic metal ions. There are many examples of 

paramagnetic proteins such as iron-sulfur proteins, cytochromes, and several other types of 

proteins. Far from being a drawback, the presence of a paramagnetic center can be exploited 

[1], to provide valuable information regarding the geometry of the paramagnetic center using 

different techniques, such as NMR, EPR and X-ray crystallography.  

Carbonic anhydrase is a metalloenzyme that catalyzes the conversion of carbon dioxide to 

carbonate ion. In nature, carbonic anhydrase possesses a zinc ion in the active site, that can be 

replaced with other metallic ions, such as paramagnetic ones [2]. This natural enzyme has been 

extensively characterized and can be used as a protein model. With this, we are developing a 

paramagnetic model using carbonic anhydrase with different paramagnetic metal ions in its 

active center.  

Here we present the crystallographic structure of human carbonic anhydrase 2 with a nickel ion 

in the active center, with a resolution of 1.45 Å, where we captured two distinct coordination 

geometries of nickel. In addition, we present the first solid-state NMR study of Human 

carbonic anhydrase 2 with a paramagnetic nickel ion in its active center.  

We this we intend to develop protocols to study paramagnetic proteins that contain nickel using 

solid state NMR. 

 

 

[1] Bertini, Ivano; Luchinat, Claudio; Parigi, Giacomo; Ravera, E. NMR of Paramagnetic 
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[2] Bertini, I. & Luchinat, C. The Structure of Cobalt(II)-substituted Carbonic Anhydrase and 

Its Implications for the Catalytic Mechanism of the Enzyme. Ann. N. Y. Acad. Sci. 89–98 

(1984). 
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Lanthanide binding tags (LBTs) have been shown to be useful in characterizing protein 

structure, dynamics and molecular interactions by utilizing pseudo-contact shift (PCS), 

paramagnetic relaxation enhancement (PRE) effects and residual dipolar couplings (RDC) 

from magnetic alignment induced by paramagnetic lanthanides. We use these effects to 

characterise the structure and dynamics of the N-terminal domain of trypanosomal PEX14 

protein that mediates essential protein-protein interactions for glycosomal protein import in 

Trypanosoma. The disruption of this interface has previously been shown to kill the parasite 

and thus PEX14 has been established as a relevant drug target for trypanosome mediated 

diseases such as Chagas that infect an estimated 6-7 million people worldwide. 

 

Challenges of implementing these approaches due to dimerization of the tagged protein will be 

discussed, along with the use of inhibitors to help in assessing the tag position and dimerization 

modes. We also evaluate the use of paramagnetic effects (PCS, PRE, RDCs) to study protein 

binding of small ligands in deriving restraints for structure determination of the protein-ligand 

complex. Challenges associated with the presence of a monomer/dimer conformational 

equilibrium of the protein will be discussed. 
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Over the past decade fluorine NMR spectroscopy has gained significant attention in structural 

biology, biochemistry and drug development. The NMR active 19F isotope is abundant, has 

high sensitivity and large chemical shift dispersion, which can be exploited in various fields. 

We apply 19F NMR to investigate protein-ligand interactions and conformational changes of 

complex macromolecular systems. 

 

Recently, 19F NMR is becoming especially popular in fragment based drug discovery projects 

to perform binding assays. We use this technique in the search for a compound that can disrupt 

the β-catenin-TcF4 interaction. β-catenin (βCat) is a key member of the Wnt signalling 

pathway, and it is able to interact with the transcription factor TcF4. The βCat/TcF4 complex 

triggers the expression of several genes critical for cell proliferation. We screened a fragment 

library of fluorinated compounds against βCat in a high-throughput manner. Appropriate hits 

were further studied with ligand-based competition experiments. 

 

To increase the sensitivity of screening experiments, we investigated the possibility of using 

multiple quantum (MQ) coherences in the SF5 group. We have implemented a pulse sequence 

which can create 5Q coherences in this group. The relaxation of the 5Q coherence is more 

sensitive to protein binding than the relaxation of the conventionally studied 1Q coherence. 

This enables the identification of fragments which bind to the target with weak affinity. 

 

In another experimental setup we used the combination of 19F NMR tagging and paramagnetic 

relaxation enhancement (PRE) NMR experiments as a method for conformational analysis of 

macromolecules. The application is presented on the Myc-Max-DNA complex. The single 

cysteine residue of Myc was tagged with a highly fluorinated benzylic bromide. The 19F T2 

relaxation value was measured in complex with three MTSL-tagged Max mutants. 
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Solid-state NMR relaxation measurements are an extremely powerful tool for the investigation 

of structural protein dynamics since they allow the simultaneous, quantitative characterisation 

of both the timescales and the amplitudes of protein dynamics in a site-specific manner. 

 

The main challenge when measuring aliphatic 13C spin-lattice relaxation rates (R1) is 

eliminating the rate-averaging effects of proton driven spin diffusion. Previously, it has been 

shown that partial deuteration and possibly alternate 13C labelling of protein samples is 

required to sufficiently suppress spin diffusion to enable site-specific 13C measurements at 

50-60 kHz magic angle spinning (MAS). 

 

We present the application of 100 kHz MAS to the measurement of site-specific 13C R1 

relaxation rates in a crystalline, fully-protonated, uniformly 13C-labelled protein. Using 

chemical exchange saturation transfer (CEST) in the solid state, we observed that for particular 
13C nuclei, depending on chemical shift separation, the proton driven spin diffusion is either 

abolished or significantly attenuated at 100 kHz spinning. 60-100 kHz variable spinning 13C 

R1 measurements revealed that, at 100 kHz MAS, spin diffusion has a minimal effect on the 
13C relaxation rates even for residues where it is not completely suppressed. However, for 13C 

sidechain nuclei with small chemical shift differences to other carbons, spin diffusion is still 

not negligible even at 100 kHz spinning and so other techniques, in addition to fast MAS, must 

be employed for R1 measurements at these sites. 

 

The fast spinning enables both effective suppression of the rate-averaging effects of proton 

driven spin diffusion for protonated carbons and provides high resolution suitable for sensitive 

proton-detected experiments, which facilitate rapid acquisition of the data. These experimental 

conditions allow for swift, accurate measurement of 13C R1 on sub-milligram amounts of 

fully protonated, uniformly 13C-labelled protein. 
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Most important step for the NMR study of proteins is to obtain the complete sequence-specific 

assignments of resonances observed in the spectra. We have designed a new approach which 

involves sequentially connecting amino acid residues in a directional manner along the 

backbone and identifying specific arrangements of labeled and unlabeled residues with the help 

of selective unlabeling. The methodology directly yields sequence-specific assignments, 

without requiring a contiguously stretch of amino acid residues to be linked, and is applicable 

to deuterated proteins. We show that two 2D NMR experiments recorded on a uniformly 

labeled and a selectively unlabeled sample can result in ~82% assignments if we selectively 

unlabel the appropriate set of amino acid residues. We have a python code for selecting a 

suitable set of amino acid residues to be unlabeled in order to obtain a maximum number of 

backbone assignments. The methodology was applied to the βγ-crystallin protein of Ciona 

intestinalis and alpha-synuclein protein. The method can augment existing approaches and will 

be useful for applications such as identifying active-site residues involved in ligand binding, 

phosphorylation, or protein-protein interactions, even prior to complete resonance assignments. 

We also present a new method that allows one to unambiguously resolve overlapping spin 

systems in peptides and proteins. We have used phase modulation approach which is done by 

evolving the 13C chemical shifts in a conventional two dimensional (2D) HSQC experiment for 

a fixed delay period, the phase/intensity of a set of cross peaks belonging to one spin system is 

modulated differentially relative to those of its overlapping counterpart, resulting in their 

discrimination and recognition. We are also working on a method by which can help to 

measure multiple deuterium isotope effects on the peak intensities in NMR spectra. Our 

method which can be used to observe four isotopic effects in a single experiment. 
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Iron is an essential element for virtually all organisms. However, after the Great Oxidation 

Event, iron solubility was greatly diminished, leading microorganisms to develop strategies to 

circumvent its limitation. These include the release of siderophores, small iron chelator 

molecules with high affinity for ferric iron. Siderophores are extracellularly released in the 

apo-form and then incorporated back as ferric-complexes. To be utilized, iron has to be 

released and two main routes have been proposed: the hydrolysis of the siderophore by 

esterases and the iron reduction with the recycling of the siderophore. Siderophore recycling is 

mediated by specific proteins that can be grouped in two families: the ferric reductase family 

(FSR), characterized by proteins that contain a 2Fe-2S cluster and the siderophore-interacting 

protein (SIP) family that has a flavin cofactor.  

In Escherichia coli , siderophore-mediated iron uptake relies essentially on a hydroxamate 

siderophore uptake system that is regulated by fur and orchestrated by the fhu operon. The fhu 

operon is responsible for the transport of siderophores coprogen, ferrichrome and ferrioxamine 

B. The iron removal from these siderophores occurs in the cytosol via the fur-regulated protein 

FhuF. FhuF is the first FSR ever described and it contains an atypical 2Fe-2S with the motif 

Cys-Cys-X10-Cys-X2-Cys. Although the function for FhuF was already established, there is 

no knowledge regarding its structure and how this atypical 2Fe-2S cluster operates to mediate 

ferric-siderophore reduction.  

In this work, the structure of FhuF was explored and paramagnetic NMR was used to 

investigate the structure and the electronic properties of its FeS cluster. In particular, the 

patterns of paramagnetically shifted 1H resonances and their temperature dependence confirm 

that FhuF contains an unusual 2Fe-2S cluster, different from those previously described for 

both plant and clostridium-type ferredoxins. 
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Introduction 

 

Gd(III)-chelates are used as contrast agents (CAs) in about 40% of the magnetic resonance 

imaging (MRI) clinical scans worldwide.  

In this work, the selected metal chelator is the heptadentate AAZTA ligand, whose Gd complex 

shows very good relaxivity properties. 

Here we describe the synthesis and relaxometric properties of a novel tetrameric Gd-based 

contrast agent ending up with different functional groups ready for the bioconjugation to the 

targeting vectors. As an example, the protocol for conjugation of the tetrameric probe to a 

fibrin-targeting peptide is also reported. 

 

Methods 

 

Four AAZTA units were linked to a dendrimer of lysines (dL), to obtain the Amino-

dL(AAZTA)4 (L1). NMR characterization was achieved using a Bruker-AVANCE 600 MHz. 

L1 was then functionalized in phosphate buffer with three different groups suitable for 

conjugation: a meleimide group (L2), an aromatic aldehyde (L3), a DBCO moiety (L4). The 

complexes were prepared by relaxometric titration with GdCl3 at pH 7. Peptide functionalized 

Gd-AAZTA tetramer was achieved by coupling L2 and a thiol bearing fibrin-binding peptide 

(FibPep). The NMRD profiles of Gd-L1 and Gd-L2-FibPep were measured using a Fast Field-

Cycling Stelar SmarTracer relaxometer. 

 

Results 

 

Gd-L1 showed a relaxivity of 16.4 ± 0.2 mMGd−1s−1 (0.5 T, 25°C), that is significantly higher 

than that of monomeric Gd-AAZTA (7.1 mM−1s−1) resulting in an overall relaxivity per 

molecule of 65.6 ± 0.8 mM−1s−1. NMRD profiles of Gd-L1 and Gd-L2-FibPep as compared to 

that of Gd-AAZTA monomer shows higher relaxivities throughout the magnetic field strength 

studied. 

 

Conclusions 

 

In conclusion, the dendrimer of lysine carrying four molecules of Gd-AAZTA shows a 2.4-fold 

increase in relaxivity as compared to that of monomeric Gd-AAZTA, due to the 

macromolecular effect. These compounds can be efficiently used as building blocks to insert 

preformed, high-relaxivity, and high-density Gd-centers to biological targeting vectors in 

aqueous media. 
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Quadrupole relaxation enhancement (QRE) describes a frequency specific enhancement of 

proton relaxation originating from a dipole-dipole coupling between protons and a quadrupolar 

nucleus. The essential condition to observe QRE is that the fluctuations of this dipole-dipole 

coupling among protons and quadrupolar nucleus should be rather slow, where this condition 

limits the case mostly in solids. However, with a relaxation enhancement scenario similar as in 

paramagnetic solutions, the QRE effect can be transferred to liquid provided that the solvent 

protons approach close to the quadrupolar nucleus of solute molecules and an efficient solvent 

exchange between solute molecules and solvent is ensured. This opens the possibility to exploit 

QRE as a novel mechanism for MRI contrast enhancement. Bismuth (209Bi), possessing a high 

spin quantum number S = 9/2, high gyromagnetic ratio and relatively large quadrupole 

moment, is a good candidate to investigate QRE based MRI contrast improvement, moreover it 

is considered as comparatively non-toxic. In this study we report, to the best of our knowledge 

for the first time in literature, experimental results revealing QRE peaks in liquids by means of 
1H NMR relaxometry measurements. Polymer coated nanoparticles were prepared in different 

sizes with a Bismutharyl compound. 1H NMR relaxometry measurements were performed on 

stable dispersions of those nanoparticles in a mixture of tetrahydrofuran (THF) and water in a 

wide frequency range between 10 kHz-128 MHz and at temperatures 295 K–275 K. Well 

pronounced QRE peaks were observed for solution protons, which can be predicted by 

quantum mechanical simulations based on Stochastic-Liouville theory. These results show an 

important step towards the design of novel MRI contrast agents based on QRE. 

 

Acknowledgement: This project has received funding from the European Union’s Horizon 

2020 research and innovation programme under grant agreement No 665172. 
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Prion proteins (PrP) from different species have the ability to tightly bind copper ions. Copper 

coordination sites are located in the disordered and flexible N-terminal region which contains 

several 6 His anchoring sites. Among them, two His residues are found in the so called 

amyloidogenic PrP region which is believed to play a key role in the process leading to 

oligomer and fibril formation. Both chicken and human amyloidogenic regions have a 

hydrophobic C-terminal region rich in Ala and Val amino acids. Recent findings revealed that 

this domain undergoes random coil to α-helix structuring upon interaction with membrane 

models. We have recently shown that this interaction strongly impacts metal binding abilities 

either in terms of donor sets or affinity (1-3). NMR, EPR and CD spectroscopy were applied 

for the full characterization of the copper binding with the amyloidogenic fragment derived 

from either human or chicken PrP.  

 

1. Hecel A, Draghi S, Valensin D, Kozlowski H. Dalton Trans. 2017 Jun 20;46(24):7758-7769. 

doi: 10.1039/c7dt01069a. 

2. Valensin D, Padula EM, Hecel A, Luczkowski M, Kozlowski H. J Inorg Biochem. 2016 

Feb;155:26-35. doi: 10.1016/j.jinorgbio.2015.11.015. Epub 2015 Nov 11. 

3. Hecel A, Migliorini C, Valensin D, Luczkowski M, Kozlowski H. Dalton Trans. 2015 Aug 

7;44(29):13125-32. doi: 10.1039/c5dt01488c. 
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Structural characterization of transmembrane proteins in their natural environment represents 

nowadays a major challenge. One EPR method called Pulsed Electron Double Resonance 

Spectroscopy (PELDOR) provides a powerful approach for distances determination in spin 

labelled peptides in lipid bilayer [1,2]. We investigated the secondary structure of β-peptides 

model systems for transmembrane peptides. β-peptides are oligomers consisting of a backbone 

of β-amino acids, which are synthesized starting from the corresponding natural α-amino acids 

by adding a methylene group between the amino and the carboxylic functional groups. Many 

studies revealed that these systems are able to form stable secondary structures and one of the 

most investigated is the 3_14-helix with 3 residues per turn and 14 atoms involved in one 

hydrogen bond ring of the helix [3]. We examined helix periodicity by detecting the distances 

between two β-TOPP spin labels with PELDOR spectroscopy. We employed four different β-

TOPP peptides prepared in methanol solution and also inserted in multilamellar vesicles 

(MLVs) of POPC. Previous studies proved the potential of TOPP spin label as suitable tool for 

conformational studies of peptides due to its remarkable rigidity without affecting the 

secondary structure of the biomolecules [2,4]. Using deuterated POPC, 3-pulse ESEEM 

experiments indicate that each peptide is properly inserted into the lipid bilayer. PELDOR 

experiments reveal the formation of the helix secondary structure in solution and in MLVs at 

atomic resolution.  
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The Chloride Intracellular Channel (CLICs) proteins consist of a family of metamorphic 

proteins that exist in an equilibrium between a soluble and a membrane-bound state. The 

alteration of CLIC function has been involved in ischemia-reperfusion and different forms of 

cancer. CLIC1 has been directly linked with glioblastoma proliferative capacity. It can be 

found as a chloride channel or as a soluble reduced form with oxidoreductase activity. CLIC1 

inhibitors block both its ion channel function and oxidoreductase activity. However, it is 

unknown what form or forms of the protein are relevant in the context of healthy and 

glioblastoma cells and how the equilibrium between them is affected in disease. 

In this study, we have assigned 90% of the backbone resonances and measured backbone 

dynamics in different conditions relevant to CLIC1 activity. The secondary structure in 

solution follows the X-ray structure. However, the region around helix 7 in the C-terminal 

domain displays elevated fast-time dynamics. We have also observed that pH produces 

alterations in the backbone dynamics both in the N- and C- terminal domains, modifying the 

overall shape of the protein as we have observed by SAXS, in particular the region around 

helix 7. Lipids titrations show that CLIC1 interacts with lipids with very different affinities. 

We have solved the X-ray structure of CLIC1 in the presence of lipids, and whereas the overall 

structure is similar to the soluble reduced monomer, the region around helix 7 is in a different 

orientation, suggesting that this region may be involved in the interaction with lipid membranes 

in a first step towards the insertion on the membrane. 
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Background: Our group discovered a very potent and selective peptide that presented enhanced 

AT2/AT1 GPCR subtype selectivity and enhanced binding affinity for the AT2R. This of 

importance since AT2R is responsible for tumor suppression, tissue repair and neuron 

regeneration. However, this peptide suffers from poor metabolic stability. 

 

Results: To surmount this obstacle, we generated 4 novel peptides by replacing in strategic 

positions the classic amide bond with isostere. We first evaluated their human plasma stability 

through LC-MS. As expected, they were superior with respect to the parent peptide. 

Afterwards, we set to explore their binding affinity and selectivity towards AT2R, and 

therefore, we conducted competing experiments where we observed an unexpected grouping of 

the peptides, where two of them showed superior properties with contrast to the other two. 

Therefore, we decided to explore their microenvironment to unveil possible structural 

differences that could explain this phenomenon. This was accomplished through 2D NMR 

studies where we observed the same grouping. Last, the most potent analogue also presented 

neurotrophic effect, regenerating damaged tissues. 

 

Conclusions: To make a widespread use of personalized medicine a reality, clinicians need a 

rich toolbox of specific targeting compounds to identify the molecular signatures of a specific 

diseases, on the basis of which a tailored treatment can be proposed. Peptides meet all these 

criteria. To further exploit peptides, a main obstacle that has to be surpassed is their proteolytic 

instability. The potential to identify a method to install in strategic position amide bond 

surrogates, that offer enhanced stability, and simultaneously retain the activity of peptides is of 

importance. The reported data provide the basis to generate structure-activity relationships 

through h multidimensional NMR studies and reveal the rationale to position amide bond 

surrogates and retain the biological activity. 
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