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Drug Discovery  
 
 

Discovery of new medicines has transitioned from serendipity to rationality 

over a period of time. A drug may be referred to as a substance that is either used in 

diagnosis, prevention or treatment of a disease and which carries out a physiological 

effect when ingested or otherwise introduced into the body. A drug carries out its 

action by binding to a therapeutic target.1 The pharmaceutical industry today invests 

between 10-20% of annual sales revenue in research and development, far greater 

as compared to other research-based sectors. The discovery of a drug molecule 

takes about 10 years and these timelines have led to a rise in the financial 

expenditure, estimated to be more than $500 million. These higher costs are 

associated with a significant risk, since many drug candidates fail to reach the clinic. 

Newer strategies are needed at an early stage of the drug discovery process to 

reduce the risk of failure and successfully identify potential drug candidates. Two 

main broad types of screening strategies are typically employed to find optimal drug 

candidates at a preclinical stage - phenotypic screening and target-based screening.  

Phenotypic v/s Target based Screens 

Phenotypic screening looks at the effects, or phenotypes (a set of observable 

characteristics of a disease), induced by the compounds in cells, tissues or whole 

organisms whereas target based screens measures the effect of compounds on a 

target protein using in vitro assays. Phenotypic screening leads to the identification of 

a small molecule that either modifies or alters disease phenotype by acting on an 

unknown target or by acting simultaneously on one or more targets. However, the 

challenge with phenotypic screening is that the subsequent determination of a 

relevant target or targets that interact with the candidate molecule has proven slow 

and difficult. 2,3  
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The strength of target based screening is that the small molecule screening 

strategies can be applied against a known target (mostly in high-throughput formats). 

One can also apply molecular knowledge to investigate specific mechanisms such as 

if a binding of a drug results in an inhibition or activation of the target protein. Recent 

advances in molecular biology and chemical genomics have led to the identification 

of novel drug targets that are implicated in a number of diseases. As a result, 

phenotypic screens are now largely replaced by target based screens. The initial 

stage of target-based drug discovery programs consists of many sequential and 

iterative steps as illustrated in Figure 1.�,��Most pharmaceutical companies carry out 

multiple target-based screens in a drug discovery pipeline to achieve desired 

success in the drug development. 2,3�

 

 

Figure 1. Outline of initial stages involved in a target based drug development. 

A. Target Identification/Validation 

One of the important steps in developing a new drug is the identification of a 

protein target and validating its role in a particular disease. A “target” is a protein 
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whose activity in the cell is associated with the onset or progression of a particular 

disease. A ‘ligandable’ target is one which is accessible to the putative drug 

molecule, be that a small molecule or larger biologicals. The understanding of 

fundamental processes and cellular networks associated with the target protein and 

cellular changes caused upon activation/inhibition of the target has been the�

underlying approach to identify suitable targets for drug intervention. Validation of 

new drug targets is the process of physiologically, pathologically and 

pharmacologically evaluating the effects of a molecule on a protein target implicated 

in disease. Target validation can be performed at a molecular, cellular or the whole 

animal level.�
�    

B. Hit Discovery 

The main goal of the hit discovery stage is to identify small molecules or hits 

that harbor the potential to modulate the functional activity of the target protein. A hit 

is defined as a compound which exhibits desired activity in a small molecule screen 

against a target protein and whose activity can be confirmed upon retesting. Many 

potential screening approaches exist to discover hits. Most commonly used 

approaches are high-throughput screening (HTS), fragment and/or knowledge based 

screening.6,7  

 High-throughput screening (HTS) is the process of testing a large number (at 

least 10’s of thousand to a few million) of diverse ‘drug-like’ or ‘lead-like’ chemical 

structures (molecular weight between 250 - 600 Da) against disease targets to 

identify hits using binding, enzymatic or cellular assays.���� The emphasis in HTS is 

to select those compounds that bind to the target protein with a higher 

potency/binding affinity (typically <1 µM). Therefore, desired compounds need to 

make a sufficient number of appropriate interactions (such as hydrogen bonding, 
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hydrophobic and ionic interactions etc.) within the active site of a protein target.��
��
�� 

However, HTS has potential limitations.  As HTS involves screening of large 

compound libraries, it becomes difficult to monitor the quality of compounds and 

manage the chemical diversity space of the HTS library (the chemical diversity space 

refers to the extent of variety in the atomic composition within a set of compounds). 

Inevitably, HTS screening decks may contain molecules that are not drug-like i.e. 

highly lipophilic and with poor aqueous solubility. As a result, hits that come from 

HTS consist of a large number of false positives (compounds that cause aggregation, 

are reactive molecules or redox active), false negatives and compounds with poor 

ADMET properties (absorption, distribution and metabolism). The inappropriate 

physico-chemical properties of compounds have led to high attrition rates during drug 

development (the attrition rate reflects the level of loss of new candidate drugs during 

the process from pre-clinical to clinical and through their clinical development).14-16 

The compounds with higher molecular weight and lipophilicity are the main drivers for 

attrition of molecules as they directly influence the ADMET properties. To reduce 

attrition rates, Lipinski and coworkers17 have proposed the famous “Rule of Five” 

(defined below).17 The rule provides the framework to develop drugs with better 

aqueous solubility and oral bioavailibility. The rule of 5 is the outcome from the 

analysis of physico-chemical properties of more than 2000 drugs and drug-like 

molecules in clinical trials. The rule concludes that a drug-like molecule is more likely 

to be membrane permeable and easily absorbed by the body if it matches the 

following criteria:  

• Molecular weight < 500 

• The compound's lipophilicity, expressed as a quantity known as ClogP (the 

calculated logarithm of the partition coefficient between water and 1-octanol), 
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< 5. 

• The number of groups in the molecule that can donate hydrogen atoms to 

hydrogen bonds (usually the sum of hydroxyl and amine groups in a drug 

molecule) < 5. 

The number of groups that can accept hydrogen atoms to form hydrogen bonds 

(estimated by the sum of oxygen and nitrogen atoms) < 10. 

Another potential limitation of HTS is that large compound libraries represent 

only a tiny fraction of chemical diversity space. It is estimated that there are about 

1060-200 possible drug-like compounds of HTS size (250-600 Da) while there are only 

approximately 109 possible molecules with 11 or fewer heavy atoms (C, N, O and F). 

This suggests that screening of 1,000 low molecular weight molecules (< 16 heavy 

atoms per compound) might sample total chemical space more effectively than 

screening 1,000,000 more typical, higher molecular weight HTS compounds (< 36 

heavy atoms per compound).  This poor sampling by HTS libraries has limited the 

confidence in finding of good starting points for subsequent optimization and 

development. There are various examples in several drug discovery projects where 

HTS has failed to generate meaningful potential hits. There is a constant need for 

alternative approaches so as to overcome the problems posed by HTS.18,19  

The fragment-based drug discovery (FBDD) approach is able to overcome the 

limitations posed by HTS and is an established method used within the 

pharmaceutical industry to develop drugs against a variety of diseases. FBDD 

involves the generation of very small molecular weight compounds (fragments) 

libraries that are screened at high concentrations. These fragments are then 

elaborated or grown into potent drug molecules. FBDD combines a stepwise 

medicinal chemistry approach and takes into account the structural aspect of the 
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biological targets to enable efficient hit to lead development (a lead molecule is a 

chemically optimized fragment hit with a better binding affinity to the protein target 

and is a more drug-like compound). FBDD is the primary approach in the work 

described in this thesis and will be described in detail in a later section.20  

Focused or knowledge-based screening involves selecting from the chemical 

library smaller subsets of molecules that are likely to have activity against the target 

protein. This selection of molecules is based on the prior knowledge of the target 

protein from literature and from the chemical classes that are likely to have activity at 

the drug target.5-7�

C. Hit to Lead and Lead optimization 

Once a set of hits is obtained from compound screening, the next step is to 

narrow down which compounds are the best to progress. The initial refinement or 

also termed as “hit validation” is to generate dose-response curves in a suitable 

assay for each hit.4 A validated hit should ideally act reversibly with the drug target. It 

is important to initiate a drug discovery program with small simple molecules as the 

follow-up medicinal chemistry efforts tend to improve the potency at the expense of 

an increase in the molecular weight of a compound.8,9 The goal of the lead 

optimization phase is to maintain favorable ADMET properties while improving the 

deficiencies (chemical groups that are not critical for binding affinity) of the lead 

structure. The success of drug discovery programs largely depends on the 

successful development of lead series as these are pursued as potential drug 

candidates for subsequent studies. The availability of 3D structural information on the 

target protein-small molecule complexes is crucial at this stage of drug development 

as its inclusion allows developing lead compounds with better potency and favorable 

physico-chemical properties.  
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Fragment Based Drug Discovery 

Fragment based drug discovery (FBDD) is an established method. FBDD has 

significantly developed since last 10 years and a large number of pharmaceutical 

companies and academic groups are now actively involved. Despite being only few 

years in existence, FBDD has been able to deliver drug candidates in a timely 

fashion and there are approved drugs already on the market in addition to several 

clinical and pre-clinical drug candidates against a variety of protein targets. An 

extensive list of fragment-derived compounds has entered the clinical trials from 

various pharmaceutical companies. The current list contains 16 compounds in Phase 

I, 11 compounds in Phase II and 1 compound in Phase III clinical trials. One drug 

discovered from the fragment-screen has received FDA approval and is marketed 

under the name Zelboraf. The drug was discovered at Plexxikon Inc. and developed 

in partnership with Roche. The drug has shown dramatic clinical results and extends 

life of patients with a deadly form of skin cancer. More details on the clinical trial 

progression of fragment derived compounds is reviewed elsewhere.20,23  

FBDD starts with screening of small molecules, called “fragments” i.e. the 

minimal recognition motifs or molecular anchors.20 The origins for FBDD approach 

can be traced to a paper by Williams Jencks, in which it was proposed that weakly 

binding fragments can form high quality interactions (high binding energies per unit of 

molecular mass) with the target and later these fragments can be optimized to deliver 

highly potent lead-like molecules. Nakamura and Abeles applied FBDD approach 

and demonstrated that indeed it was possible to obtain potent HMG-CoA inhibitors 

when starting from weakly binding fragments.��
���/@=�fragment based drug discovery 

process, in general consists of three stages: 
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1) Fragment library - in which a fragment collection is assembled  

2) Fragment screening- in which the fragment library is screened�on a purified 

protein target using an array of biophysical techniques that are able to detect 

weak, non-covalent binding to the target of interest and 

3) Fragment elaboration- during which validated fragments are developed in 

lead compounds guided by structure based drug design (SBDD) and 

biochemical data.  

 

             Fragment based approaches offer a number of attractive features: (i) a 

significantly larger proportion of chemical space can be sampled within a fragment 

library (usually ~103 fragments) than with the ~105−106 larger molecules typical for 

an HTS campaign. As a result, less number of compounds (about a few hundred up 

to a few thousand) are typically screened against the target protein (ii) fragments are 

small and have a greater probability of correctly matching the binding site of the 

target protein by forming high quality interactions. As a large number of atoms in a 

fragment hit are involved in direct protein-binding interaction, fragments are 

considered to be highly ligand efficient binders {Ligand efficiency (LE) is a 

measurement of the binding energy per atom of a ligand to its target protein and is a 

valuable metric to small molecules with different sizes} (iii) the chemical optimization 

of fragment hits (parameters such as potency, target selectivity, ADMET properties 

and LEs > 0.3) can be achieved when the protein-ligand binding interaction is 

structurally validated and (iv) fragments in a library are chosen such that they exhibit 

good aqueous solubility and should lead to fewer false positives arising from 

aggregation, a common problem encountered in HTS programs.18,19,23,24  
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Fragment Library 

Although Lipinski’s rule of 5 provides useful guidelines to maximize an oral 

drug candidate success in the drug development, it may not be relevant to assess 

optimum properties of lead-like molecules. It has been reported that the libraries 

containing compounds with molecular weight 100-350 Da and clogP of 1-3 do result 

in hits which can be optimized into lead molecules with favorable drug-like properties. 

This suggests that smaller is better for efficient drug development. Fragment 

molecules in a library typically are compliant with the “Rule of Three” as proposed by 

Congreve and colleagues.24,25 Rule of 3 is used as the selection criteria and include 

physico-chemical characteristics such as molecular weight < 300 Da (~150-300 Da), 

fewer number of heavy atoms and a limited number of hydrogen bond donors ��3 

and the number of hydrogen bond acceptor ≤ 3. Other criteria include the solubility, 

ClogP ≤ 3 and the number of rotatable bonds ≤ 3.23,24 

 

Fragment Screening 

Fragment hits are simple molecules and tend to bind weakly to the target 

protein. The typical binding affinities exhibited by fragment hits range between 0.01-

10 mM. Hence, to detect weak fragment hits, sensitive biophysical techniques are 

required. NMR (Nuclear Magnetic Resonance) and X-ray crystallography are 

commonly used techniques as they are able to detect hits within a range of binding 

affinities. The application of X-ray crystallography as a screening tool depends on 

number of factors such as availability of a large amount of protein, and access to 

synchrotron and time involved to screen for crystallization conditions.26,27 Other 

techniques like mass spectrometry, high concentration functional screening, 

calorimetry, surface plasmon resonance (SPR) and NMR based screening methods 
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may be easier to set-up for small molecule screening. 28-32 Significant importance 

should also be laid on choosing an appropriate biophysical technique for screening of 

fragments. For example, as noted by Jhoti and colleagues, only about 5% of the 

fragment population needs to interact with the protein to be detected as an NMR hit, 

whereas in X-ray crystallography experiments a fragment needs to have at least 70% 

occupancy of the binding site to be defined as a hit. Also, NMR can detect hits with 

solubilities lower than their potency for the target protein.33 To avoid the loss of any 

potential hits that come from a particular screening method and to aid in reliable 

identification of hits, often two or more techniques are employed early in the FBDD 

process.  

NMR as a screening tool in FBDD 

The popularity of NMR as a screening technique in the drug discovery process 

is increasing due to its sensitivity for the detection of the low affinity compounds. This 

section will mainly focus on NMR methods that are capable of detecting binding of 

small molecules to a protein target by screening of a compound library. NMR based 

screening can be implemented as ligand- or protein-detected methods.34� It is 

necessary to introduce some basic NMR concepts for a better understanding of the 

methods described in the later sections of this chapter.  

 

Basic Concepts for Ligand detected NMR Methods: 

Magnetization 

The nuclear magnetic resonance (NMR) spectroscopy experiment involves using 

energy in the form of electromagnetic radiation to transit the excess alpha nuclei (low 

energy ground state) into the beta state (high energy excited state). The energy in 

the form of radio waves is appropriate for the low energy transition involved in NMR. 
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This energy is at a specific resonance frequency that depends on the strength of the 

applied external magnetic field and the magnetic properties of NMR active nuclei. 

The term ‘magnetization’ in NMR is simply the sum of all the individual nuclear 

magnetic moments possessed by respective nuclear spins in presence of the 

externally applied magnetic field. There is a very small energy difference between α 

(low energy ground state) and β (high energy excited state) energy states of a 

nuclear spin orientation in a magnetic field and this results in a very small excess 

population of nuclei in the ground state (Boltzmann distribution). For example, the 

population difference is only on the order of 1 in 105 for 1H spins in an 11.7T 

magnetic field. It is this small difference in the population that is responsible for an 

NMR signal.35.36  

Relaxation 

Relaxation in NMR is an important process and an understanding is required 

for proper measurement of the NMR spectra. Any spin system that is not in the 

equilibrium state will relax back to its Boltzmann distribution. This happens via two 

mechanisms called spin-lattice relaxation and spin-spin relaxation. The spin-lattice 

relaxation is a process by which the spins exchange energy with their surrounding 

medium. This can be pictured as a movement of the bulk magnetization of spins back 

into the direction of the external magnetic field. It is therefore also called longitudinal 

relaxation or T1-relaxation. The spin-spin relaxation is characterized by the loss of 

coherence among the spins. The spin-spin relaxation is also called transverse 

relaxation or T2-relaxation.35,36� 

Chemical Exchange 

 As the binding of a small molecule ligand to the protein requires exchange 

between the free and the bound states, the resulting binding kinetics and exchange 
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rates affect the properties of the NMR spectra. The interconversion between the 

bound and free states is dependent on the Larmor frequency of the observed nucleus 

and field strength.If the exchange is slow i.e. in slow exchange as per NMR time 

scale (NMR time scale depends on the strength of the magnetic field and a particular 

experimental set-up), two separate resonances can be observed for the free and the 

bound state. In the intermediate exchange regime, target resonances that are 

sharp/intense at low ligand concentrations, broaden and sometimes disappear as the 

ligand concentration is increased. These broadened resonances reappear at high 

ligand concentrations and perhaps exhibit a small chemical shift. In “fast exchange” 

regime the spectral characteristics in the bound state are transferred to the free state 

of the ligand. The observed resonances are the population weighted averages of the 

signals of the free and the bound state and a single sharp signal can be detected.35-37  

Intrinsic NMR characteristics of a protein and a small molecule ligand 

The detection and characterization of protein-ligand interactions require 

different NMR techniques depending on the binding affinity, molecular weight and 

chemical exchange between free and bound state. A protein target exhibits 

characteristic properties such as slow diffusion, fast relaxation due to slower tumbling 

and fast spin-diffusion (spontaneous exchange of magnetization among nearby 

nuclear spins). A small molecule ligand possesses opposite properties such as fast 

diffusion, slower relaxation and negligible spin diffusion. In a protein-ligand complex, 

the properties of the bound ligand become similar to that of the protein. Acquisition of 

1D 1H NMR spectra of a ligand in the presence and absence of the protein may 

indicate binding via broadening of the resonance signal and/or loss of signal intensity 

of the ligand resonances. Most NMR assays exploit these differences in the 

properties of the ligand caused by its binding to the protein.36,37 
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Ligand detected NMR Methods 

NMR is a sensitive technique for probing the binding interaction of target 

protein with a small molecule or fragment using ligand-based NMR detection 

methods. Ligand-observed NMR methods are routinely used to generate hit matter (a 

primary set of compounds that bind the target protein). There are a number of ligand 

detected methods that are based on the acquisition of simple 1D 1H NMR 

experiments. There are two ways to detect ligand binding by ligand-detected NMR: 1) 

exploiting the difference in the tumbling of the ligand in the presence and absence of 

the protein targets (ligands that are bound to the protein will experience slower 

mobility and altered relaxation parameters). CPMG experiments and TINS (Target 

Immobilized NMR Screening) are good examples.38,39,40 In CPMG (Carr-Purcell-

Meiboom-Gill) experiment, a simple measure as the observation of a reduction in the 

intensity of the ligand proton resonance observed only in the presence of the protein 

target is considered as an indicator for ligand binding.38,39 TINS (Target immobilized 

NMR screening) is one of the technologies used extensively in the work described in 

this thesis and will be described in detail below.40 2) the transfer of 1H magnetization 

from protein to the bound ligand (only ligand molecules that bind to the protein will 

experience the magnetization transfer). STD and WaterLOGSY are routinely used 

techniques that exploit the magnetization transfer.41,42 There are a number of 

approaches that are developed to detect ligand binding such as diffusion editing, 19F 

fluorine screening and competition binding studies (provides information on the 

binding site) that can be implemented but will not be discussed here.26,43  

TINS 

TINS exploits the enhanced transverse relaxation rate (measure of how fast 

the spins exchange energy in transverse plane and this is responsible for a true 
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linewidth of an NMR signal) of the ligand caused by binding to a protein target 

immobilized on a solid support. The difference in the transverse relaxation rate 

between protein bound and free state of ligand is at least 2 orders of magnitude. Use 

of a reference protein along with the target protein eliminates those fragments that 

exhibit non-specific interactions to the protein surface. Target and reference proteins 

are immobilized on a commercially available resin. A flow-injection, dual-cell sample 

holder is placed into the magnet into which repeated cycles of mixtures of fragments 

about 3-6 fragments per mix are injected simultaneously on both the immobilized 

target and the reference cells. After injection, flow is stopped and NMR data are 

acquired followed by extensive washing prior to the next injection. In TINS, a small 

quantity of protein target is used and a fragment library of ~2000 compounds can be 

screened in less than 5 days. The change in the signal amplitude caused by the 

interaction of the fragment with either the target protein or the reference protein is 

termed as the TINS effect.12,40,44,45� TINS can also be set-up in competition mode 

allowing one to rapidly characterize the ligand binding site using a known competitor. 

TINS NMR screening has been successfully applied to diverse classes of protein 

targets including kinases, viral RdRP's (RNA dependent RNA polymerase), GTPases 

and also to challenging membrane proteins. The technique is sensitive, robust and 

efficient for the detection of weak binders. 

STD and WaterLOGSY 

The saturation transfer difference (STD) experiment is widely adopted for 

screening purposes and was developed originally by Mayer and Meyer.41 The STD 

experiment is the difference between two separate experiments. In a first experiment 

so called “on resonance”, the protein proton magnetization is saturated (saturation 

pulse equalizes the population difference between the ground and the excited state 
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and as a result no NMR signal is observed) by a train of selective rf (radio frequency) 

pulses. The saturation is placed on the isolated resonances of the protein, usually 

around the methyl region (~0.0 to -1.0 ppm) such that these do not overlap with the 

ligand resonances. The selective saturation of e.g. the methyl 1H’s is then transferred 

to nearby protons within the protein via intramolecular 1H-1H cross relaxation 

pathways, referred to as spin diffusion. When a ligand binds to the protein, the 

saturation is transferred via intermolecular 1H-1H cross relaxation at the binding 

interface. These saturated ligand molecules upon dissociation from the target protein 

are exchanged back into solution where their saturated state persists. As more ligand 

molecules are exchanged on and off the protein, the population of the saturated 

ligand builds up in solution. In another experiment so called “off resonance”, the 

saturation is applied far away from protein resonances, e.g. at 100 ppm, such that no 

saturation of the protein is observed. The “off resonance” spectrum is used as a 

reference. The “on resonance” and “off resonance” experiments are acquired in an 

interleaved fashion and then subtracted. The resulting difference spectrum between 

the “on resonance” and “off resonance” experiments yields only those ligand 

resonances that experience saturation arising exclusively from the ligand binding to 

the target protein. STD experiments have several advantages: i) STD experiments 

can be carried out with less protein concentration (~1-5 µM) compared to other ligand 

detected NMR methods, (ii) compounds can be screened in mixtures (iii) ease of 

implementation and (iv) applicability to large molecular weight targets.43 Mayer and 

co-workers46 have also demonstrated that STD can be used for group epitope 

mapping in which only those specific protons of the ligand that are closer to the 

protein surface experience a higher degree of saturation. This type of information can 

be vital to medicinal chemists to guide ligand elaboration.37,46  
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There are potential pitfalls with STD technique that need to be considered 

before implementing to a protein-ligand system. The STD effect is limited by the 

exchange regime. To get maximum sensitivity of STD signal, ligand has to dissociate 

at a faster rate, this is caused by the difference in the relaxation rate of the ligand 

when free and when bound to the protein target. During STD experiment, one 

assumes that protein is 100% saturated. However, this may not be always true as the 

saturation is also lost to solvent protons and other saturated protein protons. Also, 

some protein targets are suboptimal for STD, in which another similar approach, 

WaterLOGSY (WaterLOGSY (Water-ligand Observed via Gradient SpectroscopY) 

may be more effective.41,43 In WaterLOGSY experiment, the saturation pulse is 

applied at the resonance frequency of the bulk water. The transfer of saturation is 

achieved from water to the protein target and subsequently from protein target to the 

ligand. This transfer relies on the presence of bound water molecules within ligand 

binding site of the protein.  It is to be noted that the ligand observed NMR techniques 

are dependent on the “fast exchange regime” between the ligand and the target 

protein. A ligand that is bound tightly is in “slow exchange” and is not suitable for 

detection by ligand observed NMR methods.37,43 

  

Fragment Elaboration and Structure Based Drug Design 

Typically, FBDD campaigns are combined with structure-based drug design 

(SBDD). SBDD has emerged as a new tool in medicinal chemistry. Identification of 

initial fragments from a direct binding assay is most useful if it is also supported by 

structural information such as the binding site of the fragment. The initial fragment 

hits can be considered as building blocks of a complex series of lead compounds. 

The evolution and growing of fragment hits to tighter-binding molecules can be 
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achieved by designing of small subset of compounds that make additional specific 

interactions within the binding site of the target protein. SBDD requires the three 

dimensional structure or closely related structure of a homolog or a NMR derived 

structure of the target protein, preferentially complexed with a ligand. The 3D 

structure of the protein-ligand complex reveals the binding mode and the 

conformation of a compound under investigation and indicates the essential 

molecular interactions determining its binding affinity. Small molecules could be 

modeled into a binding pocket of the drug target using various computational tools.37-

39,51 As noted by Hajduk and Greer, the inclusion of structural information derived 

from methods such as X-ray crystallography and NMR could dramatically influences 

the success of fragment based drug design.24 The ability to increase the potency of 

inhibitors nearly triples with the aid of structure-based design. The development of 

selective inhibitors for cyclin-dependent kinase-2 (CDK-2), Src-kinase,  matrix 

metalloproteinase 3  and Hsp90 are very good examples where SBDD have helped 

to achieve potent compounds.52-55 Fragment-based screening coupled with structure-

based drug design provides a powerful combination for maximizing the 

representation of chemical diversity space and generating novel, potent inhibitors for 

various protein targets.  

The FBDD approach has been highly successful and to date at least 25 drugs 

derived from FBDD and have entered the clinical trials.�One drug discovered from the 

fragment-screen has received FDA approval and is marketed under the name 

Zelboraf. The drug was discovered at Plexxikon Inc. and developed in partnership 

with Roche. The drug has shown dramatic clinical results and extends life of patients 

with a deadly form of skin cancer.20,23,47 A particularly impressive example was the 

development of inhibitors of the protein–protein interaction between Bcl-XL and its 
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partner proteins. The initial work was published in 2005 showing how very potent 

inhibitors (< 100 nM) were discovered starting from the identification and subsequent 

NMR structure determination of two weak fragments with 300 �M and 4 mM affinities, 

respectively.49 The example shows how FBDD has the potential to deliver drugs even 

for protein-protein interaction targets. A more recent application was the identification 

of small molecule binding to a novel site on the protein survivin.50 The structure of an 

NMR-derived protein–ligand complex was determined for one of the fragments 

obtained from a fragment screen and subsequent optimization allowed the 

identification of compounds with affinities of < 100 nM. These compounds are 

suitable probes for understanding the role of the novel binding site in cancer 

biology.48,50 About 13 different institutions reported the development of more than 50 

potent compounds (IC50 < 100 nM; IC50 is the concentration of an inhibitor required 

for 50% inhibition of an enzyme) against different protein targets starting from weakly 

binding fragments.22 There are many successful examples of application of FBDD to 

obtain high affinity leads which are reviewed elsewhere.20,21 

 

X-ray Crystallography as a Structural Tool 

To date, X-ray crystallography has been the main driver for structure 

determination purposes. Soaking of small molecules into protein crystals is a 

successful approach to obtain high resolution 3D structural information of the protein-

small molecule complexes. There have been many examples where the use of X-ray 

crystallography has aided the successful discovery of nanomolar potent inhibitors 

against protein targets such as p38 MAP kinase, β-secretase, urokinase, Src-kinase, 

cyclin dependent kinase-2 (CDK2) to name a few.56 The X-ray structure of the 

fragment bound to the protein provides the final binding evidence and, in addition, it 
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delivers the relevant structural information for initiating lead optimization via 

medicinal and/or combinatorial chemistry attempts. However, in practice, it is not 

always possible to obtain protein-small molecule costructures because of different 

experimental causes. The set-up for X-ray based structure determination is not trivial 

and is both resource and time intensive. Common problem is faced with the 

interpretation of electron density maps determined from X-ray diffraction experiments 

(An electron density map is a three-dimensional description of the electron density in 

a crystal structure, determined from X-ray diffraction experiments). This can be 

ambiguous and even at resolution of 1.5 to 2.5 Å, there are uncertainties in the 

placement of amino acid residues like asparagine, glutamine and histidine because 

of their internal pseudo-symmetry. In the case of asparagine and glutamine, the side-

chain N and O atoms will have similar electron densities, and in the case of histidine, 

the N and C atoms of the imidazole ring will usually be indistinguishable (and 

consequently the side-chains of these residues can typically be built in two 

orientations). Errors in the placement of ligands (including fragments) in 

macromolecular crystal structures can also arise from several causes. Non-

covalently bound compounds may exhibit greater thermal motion or conformational 

disorder than the surrounding protein, leading to poor electron density.57-60 Artifacts 

may be generated by the crystallization process itself. Potential blocking of the target 

site by crystal contacts (interchain or intermolecular contacts that occur solely as a 

result of crystallization) can result in false-negatives upon soaking ligands. Similarly, 

residues surrounding the site of interest could be held in an inappropriate 

conformation for ligand binding, or could be blocked by other ligands.61 Additionally, 

crystals that are grown at extremes of pH may not yield ligand-binding modes 

observed at physiological pH due to protonation/deprotonation of susceptible side-
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chains. Also, not all protein targets can be crystallized and may not be amenable for 

crystallography set-up. NMR spectroscopy has proven to be an alternative choice 

and in some cases an appropriate technique to obtain 3D structural information on 

the protein-ligand complexes.  

 

NMR Spectroscopy as a Structural Tool 

NMR plays an important role in the process of identification of fragment hits 

and developing them into high affinity and selective compounds. Protein-detected 

NMR methods can be implemented to provide critical 3D structural information in a 

timely manner to advance compounds through the fragment hit-to-lead stage. NMR 

offers broad capabilities that can suit the type of information needed. Protein based 

NMR methods compares the changes in the NMR parameters of the protein 

resonances in the presence and the absence of compounds. Such methods are not 

only capable of detecting the ligand binding but also provide structural information on 

where a ligand binds on a protein. Protein-detected experiments usually require 

isotope-labelled (15N-labelled or 15N/13C labelled) target protein at higher 

concentrations (0.1 - 1 mM), but can afford high-resolution structural data about the 

protein and the complex. Unfortunately, there is an upper size limit for proteins (30-

60 kDa, depending on the isotope labelling and the spectrometer) whose resonances 

can be observed and assigned by NMR.35-37  

 

Basic concepts for Protein detected NMR methods 

Isotope Labeling 

As the NMR phenomenon relies on the existence of nuclear spin, nuclei with 

an even mass and atomic number are NMR inactive (not visible in a NMR spectrum). 
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For study of biomolecules, the most important nuclei are with spin quantum number, I 

= 1/2 are 1H, 13C, 15N, 19F and 31P. For proteins, the overlap caused by the number of 

1H resonances can be resolved by using heteronuclear correlation NMR methods 

(e.g. 1H-15N and 1H-13C HSQCs) achieved by the isotopic enrichment of nitrogen and 

carbon isotopes in a protein sample. Another important nucleus often employed in 

protein sample preparation is the deuteron, 2H. Replacing protons with the deuterons 

in a protein slows down the relaxation process and simplifies the NMR spectrum by 

reducing the proton density.  

Resonance Assignment 

 The prerequisite to any detailed protein-detected NMR study is the resonance 

assignment of the target protein. The resonance assignment refers to associating 

each resonance signal in a NMR spectrum to a specific nuclear spin. 

Multidimensional NMR experiments allow carrying out the backbone and side-chain 

assignment procedure by making through bond connections between the protons, 

nitrogen and carbon atoms, thereby linking all the atoms of the entire protein amino 

acid chain. An example of an assigned 2D [1H, 15N] HSQC spectrum of N-terminal 

ATPase domain of Hsp90 in which each resonance signal is associated to backbone 

nuclei (1H and 15N) of an amino acid residue in the protein sequence. This work was 

carried out in Chapter 4 of the thesis and HSQC spectrum with assignments is shown 

in Figure 2. The combination of 15N, 13C and 2H isotope labeling has expanded the 

size of proteins amenable to NMR analyses.36,37 �
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         Figure 2. A 2D [1H,15N] HSQC spectrum of N-terminal ATPase domain of Hsp90 
displayed with backbone (1H and 15N) resonance assignments.  

 

The following sections describe various NMR methods that are capable of 

delivering 3D structural information on a protein ligand complex and also mention 

some recent developments in NMR that will give an overview of the research work 

performed in this thesis. 

 

Low Resolution Structural Information by Protein Observed NMR  

Advancing fragment hits with high micromolar to low millimolar binding 

affinities can be achieved efficiently if there are readily available 3D structures, X-ray 

or NMR, of the target protein and fragment hits. One particularly powerful and 

efficient method to map the ligand binding site at low resolution is through the use of 

NMR based chemical shift perturbation (CSP) data. The CSPs are typically obtained 

using a heteronuclear single quantum coherence spectroscopy (HSQC) experiment. 

Some details of the process are provided below.  
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The [1H-15N HSQC] spectrum of a protein contains resonances which 

correspond to the amide group of each amino acid residue except proline. Of all the 

different NMR parameters that change upon complex formation, CSPs are easiest to 

measure and are routinely employed to determine the binding location of the ligand. 

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. This 

change (a CSP) is translated by a shift in the position of resonance signal for the 

respective amide group of the amino acid. A chemical shift map is generated which 

represents CSPs in a quantitative manner (the combined magnitude of 1H and 15N 

chemical shift differences for an affected residue into one parameter). This map 

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 

increased sensitivity of amide groups to pH and/or small changes that occur in the 

hydrogen bonding patterns of protein backbones upon ligand binding. If a three 

dimensional structure (X-ray or an NMR structure) and resonance assignments for 

the target protein are available, CSP mapping will show a clear surface patch of 

affected residues on to the protein structure. This can become a reliable indicator of 

the binding location of a ligand.36,37,43  

The CSP data usually shows clearly where a ligand binds to the target but 

structural information obtained by such an approach is often of low resolution and not 

of sufficient detail to calculate precisely the orientation of a ligand in the binding site, 

the level of detail that would be obtained by a complete structure determination of the 

protein –ligand complex.  Still, there is valuable information, and using the CSP 

information to perform restrained docking (inclusion of CSPs as ambiguous restraints 
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in a docking program) can be a first step towards utilizing shift information for a 

protein–ligand costructure.62,63 Many computational programs have been 

implemented to localize a ligand binding site based on purely on the CSP analysis. 

McCoy and Wyss have developed a program j-surf based on the fact that since many 

drug molecules have aromatic rings, chemical shift perturbations are in part caused 

due to ring current shifts induced by ligand.�� By quantifying the spatial dependence 

of ligand ring current effects and local magnetic fields of the neighboring spins, ligand 

binding site on the protein can be accurately characterized.43,63,64  

A nice extension of chemical shift mapping called “SAR (structure-activity 

relationships) by NMR” has been developed by Fesik and co-workers.65 In this 

approach a library of fragments can be screened to identify those molecules that bind 

to two distinct but neighboring binding locations. These weakly binding molecules (or 

their analogs) can be linked into one that binds with much more higher affinity to the 

protein. This approach was successful in the finding of high affinity small molecule 

inhibitors of drug targets like BACE-1, FKBP, stromelysin, urokinase and many 

more.20,23,65  

 

High Resolution Structural Information on Protein-Ligand 

Complexes by NOEs 

NMR has become a firmly established method for determining the three 

dimensional structures not only of proteins but also of protein-protein, protein-nucleic 

acid and protein-small molecule complexes. The focus in this section is to introduce 

recently developed NOE based applications of NMR to obtain structural information 

on the location of the binding site and the conformation of the bound ligand.  

Structure determination by high resolution NMR has traditionally relied on the 
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use of Nuclear Overhauser Enhancement (NOEs) derived distance restraints. 

Structures of proteins up to 20-30 kDa and protein-small molecule complexes can be 

determined successfully by NMR. NOEs provide a mechanism for both inter- and 

intramolecular magnetization transfers. The magnitude of the NOE enhancement 

between two nuclei spins is inversely related to the internuclear distance (r-6) 

between them. Therefore, NOE related experiments have been widely used for 

determining three dimensional structures of protein and protein–ligand complex as 

well as for deriving dynamic information for the protein-ligand interactions.43,36,37,66  

 

trNOEs, ILOEs and INPHARMA 

One of the ways to obtain the conformation of the bound ligand is by 

measurement of transferred NOEs (trNOEs).66 Protein targets have long correlation 

times due to large molecular weight. This allows rapid build up of NOE and extensive 

spin diffusion. By contrast, ligands are small molecules and have slow NOE buildup 

and negligible spin diffusion. This implies that if a NOESY experiment is carried out 

on a protein-ligand complex, in the presence of excess amount of ligand, NOEs 

within the free ligand develop very slowly, whereas NOEs within the bound ligand 

develop much more rapidly as it is in complex with the protein. The exchange of the 

ligand between the bound and free state will produce free ligand (with intense signals 

and chemical shifts at the positions of free ligand) displaying NOEs characteristic of 

the bound state. This is a very useful experiment, since it provides conformational 

information on the bound ligand but the information is measured from the easily 

observed and assigned free ligand signals, and is unambiguous.67 Clear advantages 

of this approach include 1) no requirement of prior information about the target 

protein 2) consumption of less amount of protein (~20-50 µM), and 3) ease of 
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spectral analysis as the observed ligand resonances are of much higher intensity 

compared to the protein resonances. This is due to presence of ligand concentration 

of at least 5-10 fold excess to that of the protein. Another experiment, also called an 

ILOE (interligand overhauser effect) relies on the transfer of the magnetization 

between two nuclei on different ligands which are known to occupy adjacent pockets 

on the protein. ILOEs were demonstrated first for a ternary complex of coenzyme A, 

chloramphenicol and chloramphenicol acetyltransferase.69,70 Sledz et al. have 

demonstrated the ILOE approach in fragment based inhibitor design.70 The main 

limitation of ILOE experiments is that magnetization transfer pathway caused by spin 

diffusion to protons of the protein (ligand1-protein-ligand2 instead of ligand1-ligand2) 

might cause two ligands to appear closer than is in reality. Hence the distance 

restraints obtained by ILOE measurements should be treated with caution otherwise 

they may lead to inaccurate structural information.37   

  In contrast to trNOE and ILOEs, a method which uses spin diffusion as a way 

to determine the relative orientation of two competing ligands in the binding site is 

INPHARMA (Interligand NOEs for PHARmacophore MApping). Here, the cross-

relaxation (magnetization of two different spins that are close (< 5 Å) to each other) is 

transferred via spin diffusion between ligand A and protein protons when ligand A is 

bound. When ligand A dissociates and ligand B binds in the same binding site, the 

magnetization is transferred from protein protons to ligand B. In this way structural 

information on one of the ligands bound to the protein can be obtained provided the 

structure of the other ligand is available.71 It should be realized that NOESY 

experiments such as trNOEs, ILOEs and INPHARMA are only applicable when the 

given protein-ligand interaction is in the fast exchange regime.  
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The clearest information on the binding site and orientation of the ligand can 

be obtained by direct observation of the resonances of the bound ligand. When 

isotopically labeled protein or a ligand is available, ligand and protein resonances can 

be observed separately by measurement of isotope-edited or filtered NOESY 

experiments. These experiments take advantage of the presence of natural isotopic 

abundance of the ligand and can be applied to protein-ligand systems that are in both 

fast- and slow-exchange regimes. Intermolecular NOEs are observed by observing 

one proton dimension which is filtered to protons attached to the 12C to observe 

ligand resonances and other proton dimension which is 13C edited to select for 

protein resonances.  The structure calculations can be performed using the distance 

restraints obtained from intermolecular NOEs between the complex, if the 3D 

structure of protein is known.36,37,43 

Despite its promise, it is to be realized that NMR structure determination 

process remains nontrivial as well as laborious and time consuming. It requires 

acquisition of a suite of multidimensional NMR experiments. It could take about 1-2 

months to obtain a complete 3D structure of a protein-ligand complex provided other 

considerations like sample preparation and stability are optimized.  It is also to be 

realized that the application of NMR is usually constrained due to molecular weight 

limit of the target protein. The NMR spectra for large proteins typically are of poor 

sensitivity (broader spectral resonances caused by faster relaxation properties) and 

resolution (higher spectral complexity arising from the increased number of nuclear 

spins). Recent adaptations such as (a) the development of cryogenically cooled NMR 

probes, (b) protein deuteration which result in narrower resonances, (c) 

implementation of TROSY (Transverse relaxation-optimized spectroscopy), 

CRINEPT, CRIPT based NMR pulse sequences,72,73 (d) increase in the lifetime of an 
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NMR signal by selective 13C labeled methyl group labeling of isoleucine, leucine and 

valine groups (caused by the long T2 relaxation times exhibited by the methyl groups) 

and (e) advances in paramagnetic NMR have partly addressed the limitations 

imposed by higher molecular weight proteins.36,37 

 

Paramagnetic NMR 

  Paramagnetic based relaxation enhancement is a technique that is based on 

the interaction of an unpaired electron with a nearby nuclear spin. The electronic 

relaxation time,  (the longitudinal relaxation time of the unpaired electron spin) is 

much shorter than for protons and typically ranges from microseconds down to 

picoseconds. There are two ways in which paramagnetic effects can be observed on 

the nuclear spin. One is from isotropic paramagnetic centers which give only an 

increase in the transverse relaxation rate (PRE) of nuclei. The other is from 

anisotropic centers that cause a shift in the resonance of the nuclei (Pseudo Contact 

Shifts, PCS).  

Paramagnetic Relaxation Enhancement (PRE) 

Paramagnetic centres with slow electronic relaxation cause strong nuclear relaxation 

and thus broadening of the resonance signal. This is called paramagnetic relaxation 

enhancement (PRE).37,74 Paramagnetic effects are measured by differences between 

the NMR spectra of a target molecule bound to paramagnetic probe and bound to 

diamagnetic probe. A paramagnetic center containing an unpaired electron, e.g. a 

nitroxide radical, is attached via a disulphide linkage to an engineered cysteine 

residue and invariably causes broadening of the resonances due to the enhanced 

transverse relaxation rate (T2) of the nuclei in close proximity. The PRE effect is 

distance dependent and proportional to r-6, where r is the distance between the 
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unpaired electron and the nuclear spin.  

Pseudocontact Shifts (PCS) 

The anisotropy of the paramagnetic effect is described by the magnetic 

susceptibility tensor, and causes pseudocontact shifts. The PCS is angle/orientation 

dependent and proportional to r-3 distance. The r-3 distance dependence of the PCS 

in comparison to the r-6 dependence of the PRE, allows PCSs to be measured for 

nuclear spins that are far away (> 20 Å). The paramagnetic effects can be converted 

into distance restraints which can be used to dock the binding partners. This enables 

new possibilities for the analysis of protein-protein and protein-small molecule 

interactions.75  

 

Application of Paramagnetic NMR Methods  

The application of paramagnetic NMR in structural biology is increasingly 

becoming important as it can provide different levels of structural information.  

 

Application of PRE to Study Ligand Binding  

Paramagnetic NMR can be used to obtain low resolution information on the 

binding site of the fragments as demonstrated by Janke and co-workers.76 They have 

demonstrated an PRE-based approach called  SLAPSTIC (spin labels attached to 

protein sidechains as a tool to identify interacting fragments) to obtain 3D structural 

information. In this approach, paramagnetic, organic radicals such as TEMPO, are 

covalently linked to the side chain of specific amino acids (lysine, cysteine, 

methionine, histidine or tyrosine). This approach uses a spin labeled compound as a 

first-site ligand. Screening of this complex allows identification of compounds that 

bind simultaneously with the first spin-labeled compound. This is of special interest in 
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drug discovery and optimization process, because linking of two compounds that 

bind in proximity can result in compounds with significantly higher affinity. The 

principal advantages for this approach are its robustness to identify second site 

binders, low protein requirements and high spectral sensitivity.�However, SLAPSTIC 

requires considerable knowledge of the protein 3D structure, confirmation that spin 

label attachment does not compromise the binding site on the protein target and the 

relaxation enhancement only results if two ligands bind simultaneously to the protein 

target and at neighboring sites.76 A further extension is also presented in chapter 3, 

where a PRE based approach is developed for a GTPase to obtain 3D structural 

information on the binding site of biologically active compounds. 

 

Application of PCS to Study Ligand Binding  

Recently, a paramagnetic NMR based approach has been developed by our 

group in which 3D co-structures of small molecule bound to a protein can now be 

readily determined using paramagnetic PCS data.77 Here, a co-structure of the target 

protein, FKBP12 bound to initial fragment hit was obtained using PCS datasets. 

These structures allowed determination of the binding site and the orientation of the 

ligand. The PCS-driven result was then compared and found in close agreement with 

independently NOE-derived structure of the same FKBP12-ligand complex. A major 

advantage of this method is no labeled protein is required. Thus, it can be applied to 

larger molecular weight protein targets that are suboptimal for the resonance 

assignment procedure.   

 

Selective Isotope Labeling of Methyl Groups 

 Recent advances in NMR spectroscopy of high molecular weight proteins 
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have been strongly connected to the development of optimal isotope labeling 

techniques. Of particular interest are the experimental protocols that have been 

developed to obtain protein samples that are deuterated but selectively protonated at 

specific sites (amide protons and certain methyl group containing residues). There 

are several advantages of using methyl groups as probes, (i) the residues containing 

methyl groups occur frequently throughout the protein sequence and at ligand 

binding sites81 (ii) methyl groups have favorable NMR relaxation properties so that 

even for protein targets with high molecular weights, NMR spectra are of higher 

sensitivity and resolution80 (iii) data interpretation is simplified due to less overlap of 

the resonances in the NMR spectra and (iv) methods to produce ILV selectively 

labeled samples in E. coli are robust and economical.79,80  

 

Applications of Methyl Group Labeling   

Tugarinov and co-workers80 have shown that by selective labeling it is 

possible to obtain sidechain methyl and amide resonance assignments and calculate 

the global fold of a protein, Malate Synthase G (MSG), which has a molecular weight 

of 82 kDa.80 The global fold of MSG was calculated using NOEs between methyl-

methyl, methyl-amide and amide-amide groups. In such an application Hajduk and 

co-workers81 have shown that the methyl groups of Leu, Val and Ile residues in a 

protein can be selectively 13C labeled and 13C/1H chemical shift perturbations can be 

monitored to detect ligand binding. Both these examples show that the selective 

labeling procedure extends the size of the molecular systems that can be 

investigated by NMR and methyl groups can be used as probes to detect ligand 

binding. To broadly extend the approach to study ligand binding by selective labeling, 

Otten and coworkers82 have demonstrated an economical way to label methyl groups 
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of all methyl containing residues (leucine, valine, isoleucine methionine, threonine 

and alanine) in a protein. This type of labeling achieves a better coverage of the 

binding site of the protein. However, it should be noted that methods to produce 

selectively labeled protein samples are currently applicable using E. coli.�  

In order to increase the efficiency of utilizing methyl groups as probes to detect 

ligand binding, steps to automate the methyl group assignment procedure have been 

undertaken. These methods are either based on the availability of the crystal 

structure of the protein and make use of the NOESY experiment or paramagnetic 

NMR to define the methyl group network. Appropriate paramagnetic tags are placed 

on the protein surface through engineered cysteine residues to get complete 

coverage of the PRE effects for the methyl groups within the protein structure. 

Methods also have been developed that demonstrate the use of through-space 

paramagnetic effects combined with NOESY experiments to rapidly obtain methyl 

assignments, if a crystal structure of the protein target is known. 83-87 Similarly, Otting 

and co-workers84 as well as Skinner and co-workers87 have developed tools that use 

paramagnetic pseudo-contact shifts to directly obtain ILV sidechain assignments.78,83-

87   

Various academic groups have demonstrated that selectively isotope labeled 

groups of the protein can be used to collect intermolecular NOEs with its binding 

partner in order to obtain structural information. However, these methods have one of 

the following limitations: 1) they require prior information of the binding site so as to 

appropriately label residues on the target, 2) resonance assignment is based on the 

pattern of observed CSPs induced by ligand binding 3) requirement for large number 

of intermolecular NOEs and/or 4) extensive computer calculations to generate 

structures that match the experimental data. To address these limitations, a method 
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to generate protein-ligand structures that is based on a combination of selective 

amino acid labeling and collection of only few intermolecular NOEs is presented in 

chapter 3 of this thesis.89 �

  

Scope and Outline of Thesis 

NMR methods that provide a better understanding of protein-ligand 

interactions are critical in the early stages of drug discovery. Traditional NMR 

methods used to obtain 3D structural information tend to be slow and labor intensive. 

The main area of this thesis was to develop and implement efficient solution based 

NMR approaches that provide 3D structural information on the protein-ligand 

complexes and could be readily applied in early stages of preclinical drug discovery. 

Below is the brief overview of all the chapters that describe the research work 

performed in this thesis.  

  Chapter 2 describes the application of TINS screening to discover small 

molecule ligands that bind the ETS-domain of TEL (TELETS). TEL is a DNA binding 

protein and involved in the transcriptional regulation of the other proteins and a 

therapeutic target for tumorigenesis.90-92 Biochemical and structural analyses were 

performed using protein observed NMR, SPR (Surface Plasmon Resonance) and 

gel-shift assay to demonstrate DNA binding activity of TEL. Three fragment hits 

generated by the TINS methodology were then validated by protein observed NMR to 

obtain low-resolution structural information on the binding site of these fragments. 

Interestingly, these primary hits occupy the same binding spot on the protein as the 

DNA and when used at high concentrations in gel-shift assay have the potential to 

disrupt the DNA binding capability of TELETS. These novel fragments represent 

valuable starting points for further elaboration and hit development against TEL.  
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   In Chapter 3, a fragment based drug discovery approach is applied to Rit1 

GTPase, a validated target for Rheumatoid Arthritis.93,94 In this chapter the results 

obtained from fragment based screen, crystallization, analoging, hit development and 

structural study on the most potent compound are discussed. One main obstacle in 

the project was to obtain 3D structural information on the Rit1-ligand complexes. 

Substantial efforts to crystallize the complex were not successful due to low solvent 

content of the protein crystals and cracking of protein crystals in the presence of the 

most potent compound. To address this issue, a solution based approach was 

necessary and a paramagnetic NMR based approach was sought, whereby a spin 

label was introduced on GDP. Paramagnetic studies using the GDP-spin label 

followed by docking calculations propose a novel mechanism by which the 

compound inhibits GDP-GTP exchange of Rit1. The PRE based method in this 

chapter presents an alternative to obtain binding site information on the protein-

ligand complex when other high resolution techniques fail.  

 In Chapter 4, a solution NMR method was developed to obtain 3D structures 

of a protein-small molecule complex in rapid and efficient manner. The NMR method 

makes use of a small molecule that binds in the ATP binding pocket of the N-terminal 

domain of Hsp90 that was discovered by TINS NMR screening.40,80,95 The main goal 

was to use this protein-ligand system to develop an efficient way to obtain 3D 

structural information on protein-ligand complexes. 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. The approach requires only a sparse set 

of intermolecular NOEs and is an alternative to traditional NMR approaches that 

involve uniform isotope labeling.  
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 Finally, concluding remarks about the research work in this thesis are 

presented in Chapter 5. Each molecular system investigated is overviewed and the 

different approaches that were employed are presented. The prospects and possible 

applications of the study are also discussed.  
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