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NMR Spectroscopy to Investigate Protein-Ligand Interactions 
�
�

�����������NMR is a powerful and versatile tool with methods that are used for a 

variety of applications in fragment based drug discovery (FBDD). Common 

applications involve 1. ligand screening to generate hit matter (Chapters 2 and 3) 2. 

hit confirmation or hit validation (Chapters 2 and 3) and 3. obtaining atomic resolution 

3D structures of the protein-ligand complexes to guide hit to lead development 

(Chapters 3 and 4). FBDD involves the discovery of weak affinity fragments, which 

are later optimized into more potent lead compounds. The availability of 3D structural 

information about the interactions that a small molecule fragment makes within the 

binding site of a protein target is critical during the fragment hit-lead optimization 

stage. SBDD (structure based drug design) is considered to be the main driver for 

the development of many marketed drugs.1  

The goal of the work described in this thesis was to develop and implement 

efficient NMR methods that are capable of providing 3D structural information on 

protein-ligand complexes and applicable in the early stages of the drug discovery 

projects. Both X-ray crystallography and NMR based methods generate atomic 

resolution structural information and successfully support SBDD and FBDD. 

Especially as NMR based methods are sensitive towards weak protein-ligand 

interactions, they should be applicable where X-ray crystallography is least effective 

i.e. for weakly bound ligands. However, traditional NMR approaches involving uniform 

isotopic labeling are labor intensive and limited to proteins of moderate size (e.g., < 

30-40 kDa) and have therefore not been widely adopted in drug discovery. In this 

thesis, NMR methods were sought primarily to address these limitations.2  
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Chemical Shift Perturbation Analysis on Protein-Ligand Complexes 

NMR based chemical shift perturbation (CSP) analysis offers a fast and robust 

means to obtain low resolution structural information on the protein-ligand complex. 

CSPs are routinely employed to determine the binding location of the ligand. The pre-

requisite for determination of the ligand binding site from CSP analysis is the 

availability of the resonance assignment and the 3D structure (NMR or X-ray) of the 

target protein. When a ligand is titrated, the amide group of amino acids within the 

protein that are close to the ligand will experience a change in their local chemical 

environment. A chemical shift map is generated which allows identifying those amide 

groups whose environment is most affected due to the binding of a ligand. The map 

will also include those residues that are indirectly affected by ligand induced changes 

in the protein. These CSPs result mainly from the sensitivity of amide groups to pH 

and/or small changes that occur in the hydrogen bonding patterns of protein 

backbones upon ligand binding.3,4,5  

CSP based determination of the binding site was employed in Chapters 2 and 

3.  CSP analysis resulted in locating the binding sites of a DNA oligonucleotide and 

three fragments (Chapter 2). The CSP mapping clearly showed that the binding site 

for the fragment hits was the same as that of the oligonucleotide. In the absence of 

high resolution co-structures of TELETS-fragments and based solely on CSP data, we 

were able to deduce that fragments were able to bind to the DNA binding interface. 

This subsequently explained the disruption of the protein-DNA complex by fragments 

in gel-shift assays.   

The absence of co-structures of Rit1 with inhibitory compounds (Chapter 3), 

necessitated the use of the CSP based approach to understand the mechanism of 

inhibition of nucleotide exchange. NMR based CSP analysis was applied to 
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determine the binding site of the ligand with the highest affinity for Rit1. Interestingly, 

the CSP mapping for the ligand indicated multiple binding sites on Rit1. In this case, 

the primary binding site was close to the GDP nucleotide binding pocket and a 

secondary site was close to a loop that was missing from the Rit1-GDP crystal 

structure (PDB 4KLZ). The secondary site might have been a result of a 

conformational rearrangement caused upon binding of the ligand or influenced by the 

flexibility of the loop of the protein.6 As the CSP data suggested the possibility of two 

binding sites, further structure restraints (described in the paramagnetic NMR section 

below) were necessary in order to precisely define the ligand binding to the protein 

and to shed light on the mechanism of inhibition of nucleotide exchange. 

In conclusion, the use of CSP data analysis in TELETS small molecule 

discovery work assisted in the determination of the binding site for ligands and the 

DNA oligonucleotide. CSP data also explained the disruption of the protein-DNA 

complex by fragments. These fragments represent valuable starting points for 

developing potent lead compounds. Although the CSP data on the Rit1-inhibitor 

complexes described in Chapter 3 was informative, they gave ambiguous results. 

This was attributed to the presence of two distinct binding sites for the inhibitor on the 

protein surface. In Chapter 4, CSP analysis was used to determine the binding of a 

fragment hit to a selective methyl group labeled protein using both 15N amide and 13C 

methyl CSPs. CSP results seem to be unambiguous in cases where a ligand binds at 

a defined binding site.   

In general, CSP analysis can be routinely applied to molecular weight systems 

up to 40-50 kDa.  However, in some cases the resonance assignments for large 

molecular weight systems (> 60 kDa) cannot be obtained due to their poor NMR 

spectral characteristics. For such proteins, other alternatives such as selective 
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isotope labeling and/or paramagnetic NMR methods can be quite useful.3,4 Sidechain 

methyl CSPs are comparatively more sensitive than the amide groups as long 

sidechain containing methyl groups extend out into the binding pocket.1 Hajduk and 

coworkers have demonstrated that 13C methyl CSPs can also be used on large 

molecular weight protein targets to screen a collection of compounds.7 Spectra of 

such proteins also have minimal overlap and therefore the interpretation of CSP data 

becomes easier.8 Using both the amide and/or sidechain methyl CSPs, it may be 

possible to classify the compounds in groups that bind to the same binding site on 

the protein target if they show CSPs for the same resonance, even if the assignment 

for those resonances is not available. This type of information may prove useful at 

early stages of the drug discovery. Based on the CSP results obtained for different 

molecular systems investigated in this thesis, it would be recommended, wherever 

possible, to observe both the amide and sidechain methyl CSPs to give a better 

coverage of the ligand binding site (Chapter 4). It should be kept in the mind that the 

structural information obtained by the CSP approach is of low resolution and does 

not contain sufficient detail to calculate precisely the orientation of a ligand in the 

binding site. To obtain the level of detail that includes the precise orientation of a 

ligand in the binding site, other structural restraints such as intermolecular NOEs 

should be used.  

 

Paramagnetic NMR to Investigate Protein-Ligand Interactions 

 Paramagnetic NMR is a widely used technique to study protein-protein 

interactions.3,4  As described earlier for the Rit1 work, the CSP analysis resulted in 

two binding sites for the compound and additional restraints were necessary to define 

the Rit1-inhibitor interaction. Paramagnetic studies using the GDP-spin label followed 
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by docking calculations proposed a novel mechanism by which the compound 

inhibits GDP-GTP exchange of Rit1. The docking generated model structures of Rit1 

bound to an inhibitor show that the Rit1-ligand complex is relatively dynamic. The 

ligand occupies two binding sites on the protein surface. In one of the binding sites, 

the ligand sterically blocks the GDP by binding over the top of the nucleotide binding 

site of the protein. This explains that by physically trapping the GDP, the ligand 

stabilizes the GDP bound form of the protein and nucleotide exchange is inhibited. 

Using the PRE based NMR method, we were able to understand the mechanism of 

inhibition of nucleotide exchange caused by the compound. This new binding site 

may point towards a new approach to inhibit this pharmaceutically important, yet 

challenging, class of targets. 

The Rit1 PRE-work demonstrates how NMR-based techniques can provide 

structural information even on dynamic protein-ligand complexes when other 

biophysical approaches to obtain binding site information are unsuccessful or 

ambiguous. The main advantage of the PRE based approach over using NOEs is 

that isotope labeled protein is not required. Here, a PRE approach was chosen over 

conventional NOEs as sidechain assignments for Rit1 were not readily available due 

to the marginal quality of the NMR spectra. NOE based studies require isotope 

labeled protein in large quantities and complete protein backbone and sidechain 

resonance assignments are necessary. Obtaining the required assignments can be 

challenging. For PRE-based work, only the ligand assignments are required and 

these are straightforward to obtain.   

The Rit1-PRE work shows a small molecule exchanging between multiple 

binding poses. It is conceivable that a ligand with a weak affinity towards a protein 

target can adopt multiple binding poses. Various computational studies have shown 
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distinct multiple binding poses of small molecule ligands in binding sites of T4 

lysozyme, neutrophil elastase, estrogen receptor inhibitors, FKBP inhibitors, biotin -

streptavidin and cytochrome P450cam.9-15 Constantine et al have observed multiple 

binding modes of fragment-like kinase inhibitors using computational modeling and 

NMR studies.16 As a follow-up study to the Rit1 PRE work, it would be interesting to 

use paramagnetic pseudo-contact shifts to determine the same protein-ligand co-

structure. PCS provide long-range distance restraints (in the range of 10-40 Å) as 

well as relative orientations on the basis of the anisotropy of the magnetic 

susceptibility of paramagnetic metals. It would be interesting to see if the inclusion of 

pseudocontact shift datasets into docking calculations could also confirm the 

dynamic behavior of the Rit1-inhibitor complex. This should be readily possible as the 

application of pseudocontact shifts (PCS) in solving 3D atomic resolution structures 

of protein-small molecule complexes has been recently demonstrated by John et al 

and Guan et al.17,18 It would be interesting to combine the PCS data with molecular 

dynamic simulations to study dynamic protein-ligand complexes. This may help to 

differentiate the relative populations of the compound within the multiple binding 

poses. An extension of the Rit1 PRE-work can be applied to kinases, which are an 

important class of drug targets against oncology. There is an urgent need for 

selective kinase inhibitors that bind proximal to the ATP-binding site. The ATP site is 

highly conserved among protein kinases. The compounds that bind proximal to the 

ATP site might offer better selectivity. Here, spin labeled ATP can be used for the 

detection of compounds that bind outside the ATP site. A similar approach was 

shown by Janke et al.19 Methods like these can be broadly applied to screen for non-

ATP site binders. Overall, paramagnetic NMR methods present an alternative to 

obtain binding site information when other high resolution techniques fail.  
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Sparse NOE Data Leads to High Resolution Protein-Ligand Co-

structures 

The availability of protein-ligand co-structures allows the identification of 

essential interactions made by small molecule with the amino acid residues within the 

binding site of the target protein.1 These key interactions can then be improved upon 

by medicinal chemistry approaches leading towards compounds with better 

specificity, potency and ligand efficiency. The Hsp90 work in Chapter 4 demonstrates 

an NMR method that is based on the production of a protein target that is selectively 

isotopically labeled with the methyl groups of isoleucine, leucine and valine residues 

and acquisition of a limited number of intermolecular NOE restraints.13 In this method 

standard NOESY experiments were used to obtain a set of intermolecular NOEs 

between the protein-ligand complex. The NOE-based 3D co-structures of the Hsp90-

fragment complex obtained using our method revealed interesting difference when 

compared with the available crystal structures for the identical ligand with Hsp90 in 

the PDB. The crystal structures show that two or more low energy conformations of 

the ligand are present in the complex.�  In contrast, the NMR data indicate that in 

solution, there is one predominant ligand conformation. Importantly, despite the 

moderate number of intermolecular restraints, the NMR defines precisely the same 

binding site as the crystal structure and the critical intermolecular hydrogen bonds.2  

The method developed in Chapter 4 shows that a universal selective labeling 

scheme can be used to rapidly identify sufficient numbers of restraints for a small-

molecule ligand weakly bound to protein. This chapter demonstrates how a 

combination of selective methyl group labeling, standard NMR experiments and 

computational docking can be used to rapidly determine the 3D structure of a small 

molecule bound weakly to a protein target. Usually, NMR studies of large molecular 
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weight systems are restrained due to fast signal decay and severe peak overlap. The 

method utilizes selective labeling and advanced NMR experiments that have allowed 

structural studies on proteins up to ~100 kDa.20 Various groups have also undertaken 

steps towards achieving the resonance assignments using paramagnetic NMR. 

These were demonstrated to work on various molecular systems previously 

considered difficult for the resonance assignment. Implementation of selective methyl 

group labeling in conjunction with automated resonance assignment assisted by 

paramagnetic NMR should enable structure determination of complexes on 

reasonably large proteins.17,21-25 As the method requires only a sparse set of 

intermolecular NOEs, it presents an alternative to time consuming traditional NMR 

approaches that involve uniform isotope labeling and a large number of structural 

restraints. However, the present method depends on the availability of the structure 

of the target or a good homology model. The method also relies on the production of 

selectively labeled, deuterated protein, which can be performed only in E. coli. 

Another obvious limitation is the requirement for methyl groups at the ligand binding 

site. However, it is also possible to selectively label all methyl containing residues 

(Ala, Met, Thr, Ile, Leu and Val) providing even more complete coverage of protein 

structures and ligand binding sites.26 I think that the method combined with above 

adaptations could be even more powerful and prove valuable for the early stages of 

FBDD by reliably providing 3D structure information on weakly binding fragment-

protein complexes. 

 In my current position at ZoBio BV, a company that provides tools for 

FBDD in the pharmaceutical industry, the NMR methods described in Chapter 2, 3 

and 4 are being implemented routinely in FBDD projects. The results have led to a 

significant impact in  commercial drug discovery projects. The methods appear to 
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have sufficient speed and precision to support fragment hit to lead medicinal 

chemistry efforts. 

�
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