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Abstract

In recent years the ever so complex field of drug discovery has embraced novel design strategies 

based on biophysical fragment screening (fragment-based drug design; FBDD) using nuclear 

magnetic resonance spectroscopy (NMR) and/or structure-guided approaches, most often using X-

ray crystallography and computer modeling. Experience from recent years unveiled that these 

methods are more effective and less prone to artifacts compared to biochemical high-throughput 

screening (HTS) of large collection of compounds in designing protein inhibitors. Hence these 

strategies are increasingly becoming the most utilized in the modern pharmaceutical industry. 

Nonetheless, there is still an impending need to develop innovative and effective strategies to 

tackle other more challenging targets such as those involving protein-protein interactions (PPIs). 

While HTS strategies notoriously fail to identify viable hits against such targets, few successful 

examples of PPIs antagonists derived by FBDD strategies exist. Recently, we reported on a new 

strategy that combines some of the basic principles of fragment-based screening with 

combinatorial chemistry and NMR-based screening. The approach, termed HTS by NMR, 

combines the advantages of combinatorial chemistry and NMR-based screening to rapidly and 

unambiguously identify bona fide inhibitors of PPIs. This review will reiterate the critical aspects 

of the approach with examples of possible applications.
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1. Introduction

Protein-protein interactions (PPIs) constitute potentially a large number of therapeutic 

targets. Nonetheless, these targets are generally deemed challenging or undruggable, 

meaning that small molecule antagonists (MW ≤ 800 Da) cannot be easily found capable of 

disrupting the interactions with sufficient potency (IC50 < 1 μM) to be effective in cellular 

assays and subsequently optimized into drug candidates. A possible cause of this challenge 

is the large surface that is covered by a typical protein-protein interface, which is likely too 
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large and often shallow to bind a small molecule with high affinity.[1] Hence conventional 

high-throughput screening (HTS) campaigns relying on spectrophotometric, plate-based 

assays for rapid screening of large collection of compounds is an unlikely approach to 

identify PPIs antagonists, given the low sensitivity of these methods that can detect only 

relatively potent hits (IC50 < 10 μM). Weaker binders are often undetected as they are buried 

in a large number of assay- or compound-based artifacts including non-specific binders and 

promiscuous aggregators, compounds that can denature or unfold the protein, redox 

compounds that can interfere with assays components, etc. These go in addition to other 

possible sources of “noise” that can arise for example from instrumental errors such as from 

dispending small volumes in the plates, etc.[2] Therefore, given these circumstances, 

identifying weaker interacting compounds using these HTS approaches is challenging to say 

the least: any eventual hit compound is either simply not detected by the biochemical assays 

or buried by a large number of false positives.[2c, 3]

While initially introduced as a way to weed out false positives, biophysical methods such as 

protein NMR spectroscopy have increasingly played a major role in de novo drug discovery 

campaigns in the past decade. These approaches have the invaluable property to be able to 

directly and unambiguously identify and characterize the binding of a test molecule to a 

given protein or even nuclei acid target, without relying on convoluted biochemical indirect 

methods.[4] While other biophysical methods have also emerged in recent years, in our 

opinion and experience, protein-based Nuclear Magnetic Resonance (NMR) spectroscopy 

remains to date the most reliable method to study ligand binding with low- to medium-

throughput capacity (testing several hundred to several thousand compounds in a given 

typical discovery campaign is attainable). Hence, these methods found fertile ground in 

guiding the design of PPIs antagonists in recent years.[5]

PPIs can often be recapitulated by short peptide regions from one protein, interacting with a 

complementary pocket on the surface of its protein binding partner. Hence, a valuable 

starting point for the design of PPIs antagonists consists in identifying such peptide regions 

and making subsequently chemical modifications aimed at increasing their affinity along 

with cell permeability, resistance to proteases, and overall drug likeness. [6]

Most often binding peptides present a set of pharmacophoric groups (the essential side 

chains or often also backbone atoms) that are accommodated in as many sub-pockets on the 

surface of the protein partner. Hence, this arrangement of adjacent sub-pockets in PPIs 

makes this class of targets particularly suitable to fragment-based lead (or drug) discovery 

(FBLD or FBDD) strategies.[7] A common FBLD strategy consists in first identifying pairs 

of adjacent binding fragments that are subsequently linked,[8] often guided by structural 

studies of the ternary complex, leading into more potent bi-dentate compounds.[9] Protein-

NMR spectroscopy has been used for the identification, structural characterization and 

design of such binders, as exemplified in the pioneering SAR by NMR approach.8 Recent 

examples of the SAR by NMR (Structure Activity Relationships by NMR) include the 

design of antagonists of Bcl-2 and Bcl-xL (ABT-737) [10] that led to current clinical 

candidate ABT-199 [11] (one of the first antagonist of PPIs to reach the clinic). Of note is 

that, as mentioned earlier, HTS approaches against the same targets failed to produce viable 

hits. [10]
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In addition to FBDD approaches, the identification of initial peptides by means of phage 

display techniques [12] or derived from structural studies of a protein-protein complex, can 

also enable the design of peptide mimetic with improved pharmacological properties. A 

recent example is represented by the Genentech compound GDC-0152 that mimics the tetra-

peptide of amino-acid sequence AVPI in targeting the anti-apoptotic protein XIAP.[13]

These notable examples suggest that the combination of FBDD approaches guided by NMR 

spectroscopy and peptide-mimetic design could ideally provide a general and effective mean 

to obtain viable PPIs antagonists. We have recently proposed a novel approach, termed HTS 

by NMR,[14] in which the principles of positional scanning combinatorial chemistry [15] 

and fragment-based drug design are combined with protein-NMR spectroscopy [5] to 

iteratively identify and optimize PPIs antagonists from collections of >100,000 peptide 

mimetics. The approach seems also particularly effective in the fragment-hit to lead 

optimization stages of PPIs, when a positional scanning library is generated from an initial 

weak binder previously identified from a FBDD campaign, and tested by protein NMR 

spectroscopy. In next paragraphs we will reiterate the critical aspects of the approach and its 

applications with several recent examples. Because the use of protein-NMR spectroscopy as 

biophysical detection methods is critical for the successful implementation of these 

approaches, we will also briefly reiterate the various possible protein-based NMR strategies 

for ligand detection and comment of advantages and limitations of these approaches.

2. Protein-based NMR spectroscopy to detect ligand binding

Arguably, the most effective and unambiguous mean to detect ligand binding to a protein 

target is using protein-NMR spectroscopy techniques. [4–5, 16] In such methods, the NMR 

spectra of the protein are recorded in presence and absence of test ligands and specific 

perturbations in the protein spectrum upon ligand titration can be used to determine the 

dissociation constant and possibly site of binding. In our opinion and based on our 

experience with a variety of biochemical and other biophysical assays, protein-NMR 

techniques provide an invaluable support to guide the identification, validation and 

optimization of ligands, particularly when dealing with targeting PPIs.[5]

Three general strategies can be envisioned when using protein-NMR to detect ligand 

binding. The first and simplest is measurement of 1D 1H-aliph NMR spectra,[5] that 

represent the portion of the protein 1D 1H NMR spectrum below 0.7 ppm. This spectral 

region is typical of several of protein’s methyl groups, and it is almost never populated by 

signals from small peptides or small molecules. Hence, comparisons of 1D 1H-aliph NMR 

spectra of the target protein in absence and presence of test ligands allows for detection of 

ligand binding.[5] This approach is particularly sensitive given the slow relaxation 

properties of methyl groups, giving sharper and more intense lines in the NMR spectra 

compared to other protein resonances, allowing the observation of 1D 1H-aliph NMR 

spectra of most small to medium size proteins (up to 30 kDa) with relatively low protein 

concentrations (about 1–10 μM) in just a few minutes using a modern high-field NMR 

instrument. For smaller proteins where the methyl region may be particularly well resolved, 

ligand titration and 1D 1H-aliph NMR can be used to provide an estimate of the dissociation 

constant of the complex.[4b]
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While in our experience this method is fairly general, it may not be suitable for larger 

proteins or for proteins that do not possess methyl resonances shifted below 0.7 ppm and 

that are within the target’s binding site. At the other extreme region of the 1D 1H spectrum 

of the target protein are usually Trp 1Hε side chain resonances. These usually reside around 

10 ppm, hence fall again in a region that is not often populated by NMR signals from small 

molecules or peptides (although some exceptions do exist). Therefore, if the protein target 

has Trp residues in its binding side, again observing the signals around 10 ppm in a simple 

1D 1H NMR recorded in aqueous buffer can be suitable for detecting and monitoring ligand 

binding. However, detection of the Trp side chains is far less sensitive than detecting the 3 

slow relaxing protons of methyl groups. As mentioned, these simple 1D 1H NMR 

approaches are most often successfully applicable for smaller or medium size proteins (MW 

< 30 kDa).

Despite the 1D 1H spectrum with unlabeled protein, protein NMR most often relies on 

detection of 2D spectra by using uniformly or selective 15N and/or 13C labeling. Enriching 

the protein with these isotopes can follow a variety of approaches, including labeled rich 

media, minimal media containing 15NH4Cl as sole source of nitrogen and/or 13C-Glucose as 

sole source of carbon, or incorporation of single or doubly labeled amino acids or amino 

acid precursors to the culture media. When the protein target is enriched with these NMR 

observable isotopes, typically 2D [1H, 15N] or 2D [1H, 13C] NMR spectra are collected in 

absence and presence of test ligand(s) to monitor eventual chemical shift perturbations upon 

ligand titration, that can be used to directly determine the dissociation constant of the 

complex. In addition, if the three-dimensional structure of the target and the resonance 

assignments are available, the chemical shift perturbations induced by a test ligand can be 

used to roughly locate the site of binding.

Nowadays, 2D sofast-HMQC correlations spectra [17] with 15N labeled protein can be 

measured with protein sample of as little as 10–50 μM concentration within an hour using an 

high field instrument equipped with a cryogenic probe, when dealing with small or medium 

size proteins (MW < 25–30 kDa). The use of deuteration, and TROSY-type correlation 

spectra,[18] however, can increase the MW limit of the approach. In addition to the 

backbone 1HN, 15N resonances, other similar [1H, 15N] correlation spectra, using selective 

excitation and/or a slight modification of the pulse sequences, can be collected to detect the 

side chains of Trp, Arg, Asn, Gln, and His.[5]

Likewise, 2D [1H, 13C] correlation NMR spectra can be collected for 13C-labeled protein 

targets in presence and absence of test ligand(s). The most effective and better resolved 

spectral region in such 2D spectra include the aliphatic (~10–30 ppm in the 13C dimension), 

and the aromatic regions (~100–130 ppm in the 13C dimension when observing resonances 

of the side chains of Tyr, Trp, Phe, His). These regions can become fairly crowded for 

protein of MW > 30kDa. In these cases, amino acid selective labeling is used to simplify the 

spectra. As mentioned, this can be accomplished by supplementing the bacterial growth 

medium with the desired labeled amino acids. A common strategy is to add about 100–200 

mg of the labeled amino-acid per liter of culture just prior to the induction of protein 

expression. Some metabolic scrambling can be used to increase the number of labeled 

amino-acids. For example, introduction of 13C-Thr results also in labeling of the 13Cδ1-Ile. 

Wu et al. Page 4

Curr Top Med Chem. Author manuscript; available in PMC 2016 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



[4a, 19] The simplified 2D [1H, 13C] correlation spectra resulting from these selective 

labeled protein targets makes it simpler to observe ligand induced perturbations.

More interestingly, if combined with deuteration and measurements of 13C-resolved 2D 

[1H, 1H] NOESY type of experiments, [4a, 20] such protein samples can be used to detect 

intermolecular distances (via the NOE) that can turn out to be very useful to guide the 

docking of ligands. [4a, 20]

In summary, protein-NMR experiments provide methods for detection of ligand binding that 

are extremely sensitive and unambiguous. Unlike spectrophotometric assays or even other 

biophysical methods such as SPR (surface plasmon resonance) or ITC (isothermal titration 

calorimetry), it is highly unlikely for protein-NMR methods to generate false positives or 

false negatives; hence these methods remain the gold standard for hit validation. Protein 

aggregators and/or compounds that denature the protein, are easily identified. False positives 

that interact with assay components in plate based assays, (defined as Pan Assay 

INterference compoundS or PAINS compounds [2c, 3]), again are easily identified as non-

binders in a protein-NMR based assay. In addition, the method is very sensitive to allow 

detection also of weaker binders, hence can find tremendous utility in the design of PPIs 

antagonists where again initial low molecular weight binders are not expected to have high 

affinity. Finally, we want to mention that other popular NMR methods exist that are based 

on detecting ligand binding by monitoring the indirect effects on the ligand resonances 

induced upon protein binding. These ligand-based NMR methods [4q] are in principle very 

useful in fragment screening campaigns; however, similar to the SPR methods, [21] in our 

experience and opinion these assays are not immune to false positives hence are not as 

reliable as protein-based NMR experiments to detect and characterize ligand binding.

3. HTS by NMR: a powerful approach for the identification of antagonists of 

protein-protein interactions

As anticipated earlier, protein NMR spectroscopy found its initial applications in drug 

design as main screening tool for fragment-based drug discovery. [8] In FBDD campaigns, 

initial weakly interacting small molecular weight compounds (fragments) are identified 

using sensitive biophysical methods. Subsequently, these fragments are matured into more 

potent hits using a variety of approaches, including increasing the complexity of the 

fragments (fragment growing), as well as linking or merging two fragments occupying 

adjacent or overlapping binding sites, respectively. Obviously, due to the modular nature of 

PPIs interfaces, this approach is in principle particularly suitable for the design of 

antagonists to PPIs. Several biophysical techniques are currently in use in FBDD campaigns, 

comprising not only ligand- and protein-based NMR, but also SPR or ITC. [21] While these 

methods seem to reliably identify initial weakly interacting fragments, their optimization 

into potent hits remains not a trivial task and requires more intensive follow-up approaches 

including more often structure-based design aided by computational [22] or X-ray studies, 

[23] fragment growing using medicinal chemistry and SAR, or the fragment linking strategy 

represented by the original work known as SAR by NMR. [8b] Arguably, all these 

approaches require some level of structural information on the mode of binding of one or 

more fragments. This may not always be easily attainable. In addition, weakly binding 
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fragments may adopt an unpredictable orientation following even small modifications in 

their core structure, making any optimization strategy particularly challenging. As a result, 

while the identification of initial hits is usually attainable, maturing them into bona fide 

potent antagonists is a very difficult and often unsuccessful task.

For these reasons, while a few notable exceptions exist, such as the SAR by NMR derived 

Bcl-2 antagonist, [10, 24] the discovery of PPIs inhibitors remains very challenging. Using 

small peptides as starting point for the discovery of PPIs antagonists seems therefore a valid 

alternative. Short peptides have the tremendous advantage over small organic molecules of 

being most often exquisitely selective and potent against a given target, [25] and rarely 

produce artifact in assays that plague HTS campaigns.2c, 3 Moreover, peptides can be 

chemically modified to increase their stability, cell permeability and pharmacokinetics, 

using a variety of approaches. [25–26]

The discovery of short peptide sequences binding to a given PPI using non-biased screening 

approaches can be accomplished using phage display techniques,[12a, 12b, 12e, 12g, 12h, 

12j, 25a, 27] in which a heterogeneous mixture of such phage clones, each carrying a 

different peptide of various lengths on their surface is tested. Selection of binding peptides 

by simple capture techniques and amplification of the selected phage allow the identification 

of a consensus sequence for those peptides showing higher affinities.[12a, 12b, 12e, 12g, 

12h, 12j, 25a, 27–28] A powerful alternative consists in building synthetic combinatorial 

libraries and use these directly in biochemical assays.[29] These have the intrinsic advantage 

over the phage display techniques of not being limited to natural amino acids; hence in 

principle allow the identification of peptide mimetics with improved drug likeness. 

However, to make the synthesis and testing of these library feasible and practical, mixture of 

compounds are often utilized. A powerful pooling technique in combinatorial chemistry is 

the positional scanning (POS) [15] in which compound mixtures are systematically 

assembled with one element fixed at each given position while the other positions comprise 

all combinations. For example, a tetra-peptide library composed of the 20 natural amino-

acids would require the daunting task of synthesizing and subsequently testing 20 × 20 × 20 

× 20 tetra-peptides, hence 160,000 compounds. In the positional scanning mixture approach, 

mixtures are prepared for each of the 4 positions in which systematically one amino-acid is 

fixed at one position. For example, a mixture Ala-XXX of 8,000 compounds is composed by 

all possible tetra-peptides starting with Alanine, while the mixture Tyr-XXX is composed by 

all possible tetra-peptides with a Tyr a the N-terminal, and so on for all amino-acids and for 

all positions in the tetra-peptide. Hence, rather than synthesizing and testing individual 

160,000 tetra-peptides, this approach entails the synthesis and testing of 20 + 20 + 20 + 20 = 

80 mixtures. Similarly, a more drug-like library can be assembled by using non-natural 

amino-acids, and/or by fragment-like compounds. A practical limitation of the approach lies 

in the detection methods. Using compounds in mixtures can exacerbate the already artifact 

prone biochemical assays, reducing even further the signal to noise of a given screening 

campaign. Hence, only if very potent compounds are present in the library these would be 

reliably detected using biochemical assays. [15b, 29c, 29e, 30] This often implies that 

libraries with increased complexity and number of elements in each mixture are necessary. 
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Increasing mixture complexity may in turn render their synthesis and subsequent 

identification of possible hit problematic and less likely.

Therefore, we have recently proposed to test mixture based libraries with protein–NMR 

screening methods, [14] as these approaches present a number of unique advantages over 

any other assay. First, protein-NMR assays enable the unambiguous identification of hit 

compounds even in complex mixtures, nearly void of possible false positive or false 

negatives. This is because, in essence, the protein-NMR spectra intrinsically provide direct 

information about the protein integrity during the screen. In addition, if resonance 

assignments, even if limited to a few residues, are available, protein-NMR data can be used 

to generate initial hypotheses about the binding site and binding mode of hits molecules. 

Thirds, and perhaps most important, protein-NMR techniques are very sensitive also to 

weak binding events, hence allowing the identification of initial hits also in mixture libraries 

of lower complexity. Therefore, these advantages of protein-NMR spectroscopy make it an 

ideal tool to test positional scanning libraries. In our recent implementations, we combined 

positional scanning combinatorial libraries of short tri- or tetra-peptides with protein-based 

NMR screening to identify initial tri- or tetra-peptides or mimetics.

This approach, termed in general HTS by NMR to emphasize the high throughput relative to 

other fragment screening campaigns, can be used in various implementations for the de novo 

identification of peptides or peptide mimetics, and for the optimization of known sequences 

or fragment hits (Figure 1a). The approach is likely more effective in identifying weakly 

interacting tri-peptoids from the mixtures when using 2D hetero-nuclear NMR experiments 

with uniformly or selectively labeled target, although the 1D 1H-aliph constitutes a simpler 

and cost-effective approach, not requiring labeling of the target (Figure 1b).[5] Mixtures 

causing significant chemical shift perturbations in the spectra of the target are rank ordered 

for each of the scanned positions, and the ranking is used to prioritize the synthesis of 

corresponding individual tri-peptoids (Figure 1c). Following the synthesis of each selected 

compound (usually a few possible molecules; Figure 1d), protein-NMR experiments or other 

biophysical techniques (such as ITC) are used to verify and characterize the binding of the 

potential ligands. In our experience with a variety of targets and different libraries, this 

approach can lead to initial tri- or tetra-peptoids with dissociation constants varying from 

low micromolar to hundreds of micromolar, again underlying the need of a sensitive and 

unambiguous screening method as protein-NMR spectroscopy for their initial detection.

Optimization of the hits largely depends on various factors including the nature of the target, 

availability of structural information and the binding pose of the ligand, desired molecular 

weight limit of final optimized molecules, availability of analogues of the identified 

scaffolds, etc. Several hit-to-lead optimizations approaches are envisioned including a) 

elongation of the polypeptide chain and/or b) modifications at the N- or C-terminal ends, 

and/or c) traditional SAR in which individual scaffolds are iteratively optimized.

In our recent example, we tested a library consisting of 58 natural and non-natural amino 

acids linked in tri-peptoids to identify an inhibitor of EphA4–ephrin-B4 PPI,[14] using 

1D 1H-aliph as the primary screening method. This PPI is mediated primarily by a long loop 

region from the ephrin ligand (Figure 2a), however it likely involves additional interactions 
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given that the isolated peptide fails to bind appreciably the EphA4 receptor, while peptides 

from phage display can be found binding with low micro molar affinities. [31] In this 

example, a POS library was assembled in 174 pools: 58 + 58 + 58 mixtures each of which 

contained approximately 3,364 compounds (1 × 58 × 58). The 1D 1H-aliph allows for the 

screening to be based on relatively low concentrations of protein (10 μM) and mixtures (500 

μM – 1 mM; total mixture concentration in each assay tube). Of note is that even if the 

initial tri-peptoid was of relatively weak affinity (hence likely undetectable by other 

screening methods) it can be matured into a potent and selective compound using the three 

general approaches described above (Figure 2a). In this particular case, because the 

molecule is composed by non-natural amino-acids, it is resistant to proteases present in 

biological fluids. [14] It is worth mentioning that previous conventional HTS campaigns 

[32] against this target resulted only in non-specific compounds that are known to produce 

artifacts in several assays. [2c]

As mentioned earlier, linear peptides sequences can be more directly converted into drug 

candidates, as demonstrated by the recent example of the orally active XIAP antagonist 

GDC-015213 that closely mimics the structure of the natural antagonist tetra-peptide motif 

Ala-Val-Pro-Phe/Ile. Indeed the HTS by NMR was successful in identifying the known 

consensus motif AφPφ (where φ represents hydrophobic residues) for this target used for 

proof of concept (Figure 2b). [14] Interestingly, when the HTS by NMR was subsequently 

applied using a POS library made up by non-natural aminoacids against the same protein, a 

consensus motif Ala-(cyclohexyl)-Gly-Pro-(4F)-Phe was identified (middle panel of Figure 

2b) that closely resembles the structure of the clinical candidate GDC-0152.

While the two examples listed above tackled PPIs that are mediated by a loop or by a 

peptide that binds in an extended conformation, we sought to verify if the approach would 

also lead to linear peptides when targeting PPIs that are mediated by an α-helix. As an 

example we targeted the anti-apoptotic protein Mcl-1, a member of the Bcl-2 family of 

proteins. Binding of Mcl-1 with its partners is mediated by an α-helical motif called BH3 

(Figure 2c) and attempts to use directly these helices as therapeutics have been recently 

reported.[33]

Hence, we tested a library of natural tetra-peptides arranged in 76 positional scanning 

mixtures (19 + 19 + 19 + 19, comprised by all natural L- amino-acids excluding Cys) 

against 15N-labeled mouse Mcl-1(152–308)ΔTM Interestingly, the consensus motif Ac-Asp-

Trp-Asp-Trp-NH2 emerged with a dissociation constant of 736 μM by NMR titration 

(Figure 2c). As mentioned above, even when the initial affinity is relatively weak, these 

initial peptides can be optimized into more potent and selective molecules as illustrated 

above for the case of EphA4. However, unlike the EphA4 ligand binding domain, Mcl-1 is 

intracellular hence, rather than elongating the molecule, optimizations strategies that keep 

MW as low as possible are more suitable to obtain potentially a cell permeable peptide-

mimetic. These efforts led to an initial compound that possesses a dissociation constant of 

4.6 μM by NMR and ITC (Figure 2c), hence amenable for further optimizations.
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These examples demonstrate the general applicability of the approach in the identification of 

short peptide and peptide-mimetic sequences that can be used as platform for lead 

optimizations into possible therapeutics.

As mentioned above, in FBDD, while the identification of initial hit molecules is relatively 

straightforward, their optimization into more potent compounds is often quite difficult and 

unsuccessful. One of the most effective approaches is the fragment growing, in which the 

initial fragment hit is further iteratively derivatized into a more potent hit molecule, often 

guided by structural information of the binding mode of the compound. Here we propose to 

deploy the HTS by NMR approach for hit optimizations by generating a positional scanning 

library in which one position is fixed and occupied by the given fragment hit (Figure 3a). 

When possible, structural information should be used to identify a suitable way to link the 

fragment to the rest of the library, however, in absence of such structural studies, SAR data 

on the fragment hit can be conducted to hypothesize a possible site of derivatization (Figure 

3b).

This approach, in which libraries of compounds are produced with one fixed anchoring 

fragment while other positions are randomized, can be very effective in the hit optimization 

process.

Likewise, one can envision assembling target specific positional scanning combinatorial 

libraries, where the anchoring fragment is common to several members of a given protein 

family. For example, positional scanning libraries of the type pTyr-XXX could be used to 

identify and optimize peptide-mimetics binding to proteins that recognize phosphorylated 

Tyrosine. A similar approach can be envisioned for metallo-proteins or protein kinases, 

using a metal chelating moiety or a weak ATP mimetic as baits, respectively, for example. 

These examples clearly suggest that the method is potentially of general applicability for the 

identification of inhibitors not only of PPIs but also of other targets.

With the resurgence of peptide-mimetics as therapeutics, we envision that the HTS by NMR 

in its various implementations, also given the relatively ease of synthesis of the POS 

libraries, [15c, 15d, 34] may provide viable hit compounds for more immediate hit-to-lead 

optimizations.
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FBDD Fragment Based Drug Discovery

FBLD Fragment Based Ligand Design

HMQC Heteronuclear Multiple Quantum Correlation

HSQC Heteronuclear Single Quantum Correlation
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ITC Isothermal Titration Calorimetry

NMR Nuclear Magnetic Resonance

NOESY Nuclear Overhauser Effect SpectroscopY

PAINS Pan Assay INterference compoundS

POS POsitional Scanning

PPIs Protein-Protein Interactions

SAR Structure Activity Relationships
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Figure 1. Schematic representation of the HTS by NMR approach
a) A POS library of tri- or tetra-peptoids (or peptides) is designed and synthesized. In the 

positional scanning (POS) combinatorial library, each sample is a mixtures of compounds in 

which one position is fixed while other positions consist of all components. In an example of 

3-positions POS library, and n-components per position, the library will contain 3 × n 

mixtures, and each mixture will contain a total n × n compounds. b) The designed library is 

next screened by collecting either 1D-1H-aliph, or 2D-[15N, 1H], or 2D [13C,1H] correlation 

spectra of target macromolecule in presence and absence of each mixture. c) The library is 

deconvoluted by evaluating chemical shit perturbations (Δppm) induced by each mixture. 

Significant perturbations in the macromolecule spectra are attributable to the fixed 

component of the given hit mixture. Hence, components at each position are selected as hits 

based on their ability to induce significant chemical shift perturbations. d) Finally, 

individual compounds are synthesized with a proper combination of hit components and 

tested.
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Figure 2. Possible applications of HTS by NMR in targeting PPIs
a) Example of the discovery of a potent EphA4 inhibitor, targeting a protein-loop 

interactions. The EphA4 ligand binding domain (surface representation) in complex with 

ephrin A5 (magenta ribbon) is shown on the left (PDB ID: 4M4R). The evolution into a 

potent antagonist is illustrated with chemical structures at each step. b) Application of the 

HTS by NMR to protein-β-strand interactions. The surface representing the BIR3 domain of 

XIAP in complex with peptide AVPF (cyan ribbon) is shown on the left. (PDB ID: 2OPZ). 

The HTS by NMR identified the correct essential known consensus AφPφ signature of the 

peptide. In a second screen using a POS library made up by non-natural aminoacids, a 

consensus having in particular a cyclohexyl-Glycine in P2 and a 4-F-Phenylalanine in P4 

was identified. This consensus motif closely resembles the molecule derived by Genentech, 

GDC-0152. c) Example of the discovery of compound 121C10 as an inhibitor of Mcl-1, 

representing an antagonist of protein-α-helix interactions. The surface representing Mcl-1 in 

complex with Bim BH3 peptide (green ribbon) is shown on the left (PDB ID: 2NL9). The 

evolution of 121C10 from the initial hits is shown on the right, where the chemical 

structures and the dissociation constant values (Kd) of selective compound at each step are 

reported.
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Figure 3. Schematic representation of the Fragment-Inspired HTS by NMR approach
a) Fragment hits are identified by screening methods and/or by de-fragmentation of known 

inhibitors or of natural substrates (such as an ATP mimetic, a metal chelating group, a 

phospho-Tyrosine mimetic, etc.). b) SAR studies, including possibly structural information, 

are performed with a selected fragment hit to provide suggestions on a suitable position to 

place a linker to be used for synthesis of the POS library. c) The optimized fragment is 

introduced into the POS combinatorial library to be tested using the HTS by NMR strategy.
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