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Solution nuclear magnetic resonance (NMR) spectroscopy is a promising tool in drug discovery. Especially, fragment-

based drug discovery (FBDD) has benefited a lot from the NMR development. Multiple candidate compounds and FDA-

approved drugs derived from FBDD have been developed with the assistance of NMR techniques. NMR has broad

applications in different stages of the FBDD process, which includes fragment library construction, hit generation and

validation, hit-to-lead optimization and working mechanism elucidation, etc.
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1. Introduction

Nuclear magnetic resonance (NMR) spectroscopy has been widely used in structure determination and dynamics

investigation of biomacromolecules under physiological conditions. Meanwhile, due to its advantages in detecting

transient and weak interactions, NMR has been becoming a powerful tool in drug discovery . FBDD (fragment-

based drug discovery), which serves as a key approach for finding high-quality lead candidates, has benefited a lot from

NMR spectroscopy development . Accumulated studies have shown the extensive applications of solution

NMR in FBDD field (Figure 1), which include fragment library construction, ligand-observed and target-observed hit

screening and validation, etc. . During the past decade, FBDD has established itself as a promising drug discovery

approach, which has been applied in candidate compound developing for various drug targets such as DNA, RNA,

kinases, enzymes, membrane proteins, and even inherently disordered proteins . Fragment compounds for

FBDD are small organic molecules with their molecular weights typically not exceeding 300 Da, and due to the limited

molecular size of fragment compounds, their binding affinities to the targets usually fall into the micromolar to millimolar

range . NMR spectroscopy, which is sensitive to weak interactions, is one of the top choices for hit compound

screening against a fragment compound library . Meanwhile, since target-observed NMR techniques are capable of

providing structural information for structure-guided hit fragment optimization , they are alternative methods to X-ray

crystallography for the characterization of target-hit/lead interaction. Dynamics investigation, inter-molecular NOEs

(nuclear Overhauser effects) and paramagnetic NMR can help to reveal atomic level details associated with the binding

mode of the hit or lead to defined target . Although NMR data collection and data processing is time-

consuming, this is especially necessary when researchers devote great efforts to obtain the crystal structures of target-

hit/lead complexes but in vain .
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Figure 1. Nuclear magnetic resonance (NMR) applications in fragment-based drug discovery.

Except for the conventional target-oriented drug discovery, targeting protein-protein interactions (PPIs) has been

emerging as an attractive approach for drug development. The protein-protein interaction network, the so-called

interactome, participates in extensive biological processes, and aberrant expression or regulation of the interactome

would cause the occurrence of severe human diseases . PPI modulators, which present increased target or

signal pathway selectivity and decreased off-target side effects, have high potentials for therapeutic uses . Hence, the

discovery and development of chemical compounds to modulate the interactome has gained enormous attention.

Compared with the typical binding pockets for small molecules in conventional targets, the surface areas for protein-

protein interactions are often large and flat, which introduces more challenges to the PPI-targeted drug development 

. However, it is worth mentioning that NMR and FBDD have been becoming powerful tools in developing drugs for

the ‘’undruggable’’ targets due to their advantages in dynamic and transient systems such as protein-protein interactome

. Multiple PPI-targeted hit compounds against fragment compound libraries have been developed 

, and a few of PPI stabilizers and breakers have been validated by NMR . GNE667, a novel inhibitor of

deubiquitinase USP7, was found to disrupt the interaction between USP7 and its native substrate ubiquitin . CC0651

inhibited the activity of Cdc34A (an E2 enzyme) by enhancing the binding affinity of ubiquitin to Cdc34A, thus blocking the

discharging process of ubiquitin to E3 ligase .

Similar to the in vitro NMR applications in drug development, NMR techniques could also be conducted to detect target-

compound interactions in living cells such as E.coli, yeast and mammalian cells . Researchers have applied in-cell

NMR techniques in compound screening and target engagement, which are two important aspects of drug discovery 

. However, there are still several factors need to be considered as challenges remaining in the in-cell NMR studies,

which include molecular size limitation, high background signals, nonspecific interactions in cells and protein leakage

produced by dead cells .

2. Applications of Solution NMR in Drug Discovery

Solution NMR spectroscopy is a well-established approach to elucidate the structure, interaction, and dynamics of

molecules in physiological conditions, and it has become a powerful tool in drug discovery. In fact, over the past decades,

NMR has been widely used in drug-related research, especially in fragment-based drug discovery. NMR has a broader

application in supporting FBDD, which is capable in fragment library construction, hit fragment screening, and binding

mode characterization for the guidance of structure-based optimization . To extend the application scope of NMR

in drug discovery, scientists have devoted great efforts into the field. Isotope labeling, non-uniform sampling, reduced

dimensionality techniques for rapid measurements, and automated software for NMR data analysis have been developed

to improve the efficiency of NMR experiments . Different NMR techniques such as selective paramagnetic

labeling of target or ligand, INPHARMA, etc. have also been tried in exploring the structural information of

compound/target complexes .

NMR spectroscopy has also demonstrated itself as a powerful tool in PPI modulator development. Drug development

targeting protein-protein interactions has long been considered as a very difficult and even impossible task. Designing

peptides mimicking amino acid residues in the PPI interface is a rational starting point to design PPI modulators; however,

the bioavailability and the in vivo stability of these peptides is usually very low . Therefore, small molecules targeting

the PPI network have caught people’s eyes . Different from the druggable pockets in conventional drug targets, the

protein-protein binding surface is usually flat and undruggable. Fragmentation and NMR are robust tools for developing

PPI modulators. As a convincing example, NMR-based fragment hit screening and the characterization of hit-target

interactions contributed significantly to the successful development of the FDA-approved drug Venetoclax (ABT-199).

In addition to the in vitro applications, NMR spectroscopy could also be applied to support drug discovery in a cellular

context. In-cell NMR has been developed for nearly 20 years. Researchers have applied the in-cell NMR method to hit

compound screening and interaction characterization of the compound/target system in different types of living cells

including prokaryotes cells and human cancer cells . Of note, severe line broadening of NMR spectra caused by the

crowded cellular environment restricts the application of in-cell NMR . New strategies including selective isotope

labeling and high-resolution magic angle spinning (HR-MAS) etc. have been developed to improve the quality of in-cell

NMR spectra . For example, due to the low abundance in biomacromolecules and the high sensitivity, F has been

utilized as an important probe to investigate target-ligand interactions in living cells . Cell death is another issue that

needs to be addressed in conducting in-cell NMR. Fast pulse sequences and various bioreactors were developed to

shorten in-cell NMR data collection time and improve cell viability .
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NMR, X-ray, and cryo-EM are three major structural biology techniques that have been widely used in industry and

academia. Compared to NMR, X-ray and cryo-EM exhibit robust advantages on large complex systems or biomolecule

machineries. However, although NMR has the limitation for biomacromolecules with large molecular weights, NMR

spectroscopy presents particular merits in detecting the structural information of dynamic biomacromolecule systems. In

addition, NMR is one of the most promising techniques in studying target-ligand interactions in living cells, which is pretty

important for drug evaluation.
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