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Abstract 
Structural biology methods have determined 3D structures of many proteins describing their 

mechanism of action and providing insights into their biological function.  In recent years, the 

link between structure and function has changed with the identification of intrinsically 

disordered proteins (IDPs) and regions (IDRs).  These proteins do not have a defined structure 

but can specifically interact with their partners. Such interactions are being identified as 

important regulators in mammalian biology and there is great interest in their druggability.  

However, the identification of ligands that bind to IDPs or IDRs has been challenging. 

Fragment-based lead discovery (FBLD) offers numerous advantages over conventional 

compound screening techniques.  As well as sampling a potentially larger chemical space, 

fragments are more likely to bind to a protein, though with lower affinity. This requires 

biophysical methods to detect and characterise binding and this is the focus of this thesis.  

Two IDPs were studied with their literature-reported compounds:  

 Aggregation-prone tau K18 was screened against literature ligands by NMR 

spectroscopy. One ligand was identified as binding and its analogues were further 

examined using NMR, MST and SPR.  Electrophilic fragment screening by MS and NMR 

yielded several covalent hits, whereas an SPR-based screen yielded no hits. 

 One literature ligand was confirmed to bind to commercial cMyc peptide by NMR. 

Oncogenic cMyc peptides could not be produced for further studies due to degradation 

and purity problems. 

Several fragment screens were performed against IDP and IDR: 

 Hydrophilic acylated surface protein (HASPA), thought to be involved in leishmaniasis, 

was expressed and screened against a fragment library using NMR. The screening 

yielded no confirmed hits. 

 Protein Tyrosine Phosphatase 1B (PTP1B)(1-301) and (1-393), containing an IDR, was 

produced and investigated using NMR and SPR. 19F NMR fragment screening did not 

yield any hits binding to the IDR, whereas SPR identified several potentially IDR-directed 

fragments. 

This study highlights the importance of orthogonal assays and direct observation of IDPs 

during the screening process in order to avoid potential artefacts. 
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1 Introduction 

The classical view of proteins has closely related function to a stable three-dimensional (3D) 

structure  and the paradigm of ‘Sequence -> Structure -> Function’ has dominated scientific 

thinking  since early in the 20th century [1], [2].  In 1936, Mirsky and Pauling deduced from a 

number of studies that the characteristic behaviour of a folded protein was related to its 

unique structural configuration [3]. For example, the experiments that showed a loss of 

enzymatic activity in the presence of alkali, acid or urea confirmed the need for proteins, or 

more specifically enzymes, to be properly folded in order to retain their function. By the time 

the first experimentally derived 3D models of protein structure were available, this ‘structure-

>function’ relationship was widely accepted  and underpins our understanding and 

appreciation of most protein structures [4], [5].   

In 2003, the human genome sequencing project was completed, indicating that there are over 

25 000 protein-coding genes [6]. The actual number of proteins expressed is much higher due 

to the various splicing events that produce many variants  and current estimates are that there 

are more than 200 000 transcripts [7].  To date, crystal structures of more than 16 000 

different human proteins (> 90% homology) are deposited in the Protein Data Bank with many 

structures of the same protein in complex with different partners and ligands, providing a rich 

description of many of the processes that underpin human biology [8], [9].  

It was in 1975 that the first ideas of a protein (in this case, glucagon, a 29 amino acid peptide) 

having a biological function without having a defined structure, emerged [10].  Over the last 

decade, it has also become apparent that over 30% of the eukaryotic proteome contains 

genes that encode for significant regions of intrinsically disordered proteins (IDPs) [11]. In 

addition to this, over 27% of the human genome is predicted to contain helix-forming 

molecular recognition features (MoRFs). These elements are thought to undergo disorder-to-

order transitions upon interacting with their binding partner, providing a further example of 

IDPs and intrinsically disordered regions (IDRs) [12], [13]. The presence of potential IDRs have 

also been previously noted in a number of crystal structures where missing electron density 

was observed, including the flexible loops of tobacco mosaic virus protein and Bcl-XL  [14], 

[15]. In order to understand such a potential prevalence of IDPs, it is important to understand 

their inherent functions in organisms. 
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1.1 Function of disordered proteins 

Multiple IDPs have been identified to be involved in a wide range of protein-protein 

interactions (PPIs) that include cell signalling, transcription, apoptosis and autoregulatory 

functions [16]–[20]. It is important to mention that most of the IDPs and their functions so far 

have been noted by using mutants and knock-out systems rather than measurement of 

detectable activity which can used for tracking enzyme behaviour. The propensity of IDRs and 

IDPs to be appended with post-translational modifications (PTMs) has been noted to add an 

increased complexity to signalling pathways, including threshold responses, phosphorylation 

switches and molecular clocks [21]–[24]. Moreover, the IDRs have also been observed to link 

separate domains of proteins that may increase their affinity and specificity towards specific 

binding partners by providing additional conformational flexibility inside the cell [25], [26]. 

The ability of IDPs to interact with multiple targets due to internal dynamics and act as 

signalling hubs suggests that allosteric regulation may be important (Figure 1) [27]. This 

regulation allows the fine-tuning of the interactions and introduces additional complexity to 

the signalling cascades.  In general, although IDPs and IDRs are prone to proteolytic 

degradation and aggregation, they presumably provide an important and beneficial 

mechanism of regulation [28], [29].  

 

Figure 1. A representation of an IDP acting as a signalling hub. 

In order to better understand IDPs and their involvement in PPIs, it is important to understand 

the sequence and structural differences that differentiate IDPs from their folded 

counterparts. 
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1.2 Structure of disordered proteins 

The IDPs are a class of proteins that do not have a stable secondary or tertiary structure 

entirely or have an IDR as a part of an otherwise folded domain. The IDPs have also been 

shown to exhibit either collapsed (molten globule) or extended (coil or premolten globule) 

conformations [30], [31]. Interestingly, upon interactions with their binding partners, the 

structure of IDPs and IDRs can change in several ways, including disorder-to-order [32] or 

order-to-disorder [33] transitions. 

A comparison of primary amino acid sequences between ordered and disordered proteins 

suggests that Pro, Glu, Ser, Gln and Lys amino acids are disorder-promoting, whereas Cys, Trp, 

Ile, Tyr, Phe, Leu, Met, His, Val and Asn are order-promoting amino acids [34]. The remaining 

amino acid residues of Ala, Gly, Thr, Arg and Asp were identified to be indifferent to protein 

structure. Using this data, the phenomenon of disorder can be predicted with some accuracy 

using primary sequence-based bioinformatics approaches [35]. A special note should be taken 

of Pro which is found in IDPs in significantly increased numbers in comparison to their ordered 

counterparts [30], [36]. Proline is known to not only affect the formation of secondary 

structures, but also participate in signalling events by assuming cis or trans conformations 

[37]. It is established that non-folded or misfolded proteins may aggregate due to hydrophobic 

interactions which decrease the solubility of the proteins. Such proteins may be degraded by 

internal proteasome systems, such as ubiquitin-proteasome [38]. It is evident, however, that 

the IDPs have evolved to avoid aggregation by having low hydrophobicity, large net charge 

and increased number of Pro residues that significantly inhibit the formation of β-sheets 

typically found in aggregates [39], [40].  

As mentioned previously, PTMs of IDPs can provide additional complexity to the signalling 

pathways (§1.1). The apparent structure of IDPs can also be influenced by the level and type 

of PTMs, such as phosphorylation, acetylation and glycosylation. The PTMs can also provide 

additional interaction possibilities between parts of the IDP or with its target molecules. 

It has also been shown that the surfaces of folded proteins, found at PPI interfaces, contain 

compact and specific regions of residues, or “hot-spots”, that are essential for high affinity 

interactions [41]. Such regions have also been noted to structurally adapt and interact with 

multiple partners, as shown for immunoglobulin G [42] . In addition to previously mentioned 
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MoRFs in IDPs that undergo ‘disorder-to-order’ transition, supplementary interacting spots 

have also been identified for IDPs, including short linear motifs (SLiMs). SLiMs are short (3-10 

amino acids) protein segments found in IDRs that are involved in proteolytic cleavage, PTMs 

and ligand binding [43], [44]. In such way, the motifs add yet another level of functionality to 

the proteins. 

In order to better understand the IDPs and their apparent structure, it is also important to 

understand the folding phenomenon itself. 

1.3 Folding phenomenon 

Protein folding is a complex process from a mechanistic point of view. It is considered that the 

folding events depend primarily on the primary sequence of amino acids. It has been proposed 

that folding of proteins can be described through a schematic energy landscape that 

represents possible folding pathways of a protein (Figure 2) [45], [46].  

 
Figure 2. A schematic representation of energy landscape for protein folding. It also indicates that proteins may fold 
incorrectly without any internal or external guidance. 

The landscape represents multiple conformations at different energy states that over time 

are funnelled towards protein’s unique native structure that has the lowest or stable-enough 

energy state [47], [48]. It has been estimated that the number of possible conformational 

structures at any given moment during the folding process can be very large due to all possible 

bond angles (up to 108 for 150 amino acid protein) and it may be difficult to achieve the 

correct active conformation without any ‘internal guidance’ [49]. In some cases, this can even 

cause misfolding of the proteins. In contrast to folded proteins, IDPs may exist as a 
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conformational ensemble out of which several conformations can be in the lowest energy 

state (Figure 3). The IDP can assume different active conformations without much energy loss 

which allows it to participate in multiple PPIs, as mentioned previously (§1.1, Figure 1, Figure 

2). 

 

Figure 3. A schematic representation of energy landscape for IDP folding which indicates that IDPs can exist as an ensemble 
of functionally active conformations. 

It has been postulated that the protein folding process may start with the formation of local 

elementary structures (LESs) [50]. LESs are pseudo secondary structures that form on their 

own in early stages of folding [51]. These structures are stabilized by hydrophobic residues, 

such as Trp, Phe Tyr, that act as local nucleation sites and guide the folding process. However, 

it is also important to mention that some proteins are unable to fold on their own and are 

assisted by molecular chaperones, such as Hsp70 [52], [53]. Chaperones stabilize specific, 

energetically unfavourable conformers of the target protein during the folding process.  

The functional importance of IDPs and IDRs in therapeutic areas and their structural 

peculiarities led to multiple attempts to modulate the interactions of interest in a desirable 

manner with low molecular weight (LMW) ligands. 

1.4 Changing the paradigm 

As discussed previously, IDPs and IDRs have been shown to be involved in a wide range of PPIs 

affecting multiple therapeutic fields, including cardiovascular, neurodegenerative, oncogenic, 

transcriptional, and autoregulatory (§1.1). These examples show that proteins do not have to 
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have a pre-defined structure to exhibit a function, which is a change of the previously 

established paradigm of ‘structure -> function’.  

The interfaces of PPIs are known to be highly polar which resemble the solvent-exposed 

surfaces of the proteins. The PPIs usually cover a larger surface area (1000-3000 Å2) than the 

typical protein-ligand interactions (300-1000 Å2) [54]–[56]. Due to the nature of PPIs, the 

binding surface is usually flat-like and is devoid of specific groves or fingers, while the affinities 

can range from mM to pM [16], [57]. The specificity of PPIs that involve IDPs is thought to be 

achieved by partial desolvation of the interface, followed by ion pairing, hydrogen bonding 

which allows rapid binding kinetics [58], [59]. Even so, the PPIs that include IDPs have been 

measured to form ultra-high affinity complexes with pM affinities [60].  

Interestingly, despite the flexibility of IDPs, several studies have shown that the PPIs between 

IDPs and their binding partners can be modulated by LMW ligands. 

Multiple IDR-containing protein p53 has been identified to be involved in control of apoptosis, 

cell-cycle arrest and DNA repair [61]. Due to specific mutations in p53 gene, p53 may become 

constitutively deactivated which causes tumorigenesis. In addition to this, specific changes in 

typical p53-HDM2 interactions also inactivate wild-type p53. The disordered N-terminal 

transactivation region was identified to be important in p53-HDM2 interactions. The IDR was 

found to undergo a “disorder-to-order” transition and form a rigid structure in complex with 

HMD2. The determined structure was then used to develop multiple LMW ligands, such as 

Nutlin-3a and MI-219,  that disrupted the complex formation [62], [63]. 

The disruption of PPIs by LMW ligand has also been shown for EWS-FLI1:RHA complex. The 

EWS-FLI1 is an intrinsically disordered fusion protein that was shown to be essential for tumor 

maintenance in Ewing’s sarcoma family of tumors. EWS-FLI1 has many interactions partners 

but RNA helicase A (RHA) was determined to be its most common target using phage display 

[64]. A single compound NSC635437 was identified from 3000 compound library using SPR 

assay to bind to the disordered EWS-FLI1 fusion protein. The ligand was further developed to 

yield YK-4-279 with KD of 9.48 µM to the EWS-FLI1 complex [65]. YK-4-279 was shown to 

displace the RHA binding site-representing peptide E9R from the EWS-FLI1 complex. Due to 

disordered nature, however, the exact mechanism of action has not been established. 
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The interactions between oncoprotein cMyc and its partner Max have also been shown to be 

inhibited by multiple LMW ligands, including 10074-G5 and 10058-F4 [66]–[68]. The structural 

data of 10074-G5 and 10058-F4 interactions with cMyc have been confirmed by NMR 

spectroscopy [69]. 

These examples show that effective targeting and modulation of IDPs with LMW ligands is 

possible, opening new opportunities in drug discovery. However, sensitive, robust and 

reasonable approaches are required to identify and characterize the IDP:ligand interactions. 

Fragment-based ligand discovery (FBLD) may potentially be used for this purpose. 

1.5 Fragment-based ligand discovery 

The typical approach in order to identify a ligand towards a biologically relevant folded protein 

would be to screen a library of compounds using protein-dependant biochemical and 

biophysical techniques to detect binding of a ligand. The resulting hits would then be validated 

using additional orthogonal assays to confirm the mechanism of action and binding mode. 

Typical high throughput screening (HTS) employs the screening of tens of thousands of 

synthetic and natural compounds against the target to identify a hit compound.  This is then 

optimised to improve binding and to incorporate suitable physicochemical and biological 

properties (Figure 4) [70]–[73]. HTS often fails to identify suitable hit compounds for new 

classes of protein target, as most libraries of compounds contain molecules which have been 

synthesised for existing types of proteins. Although large pharmaceutical libraries may contain 

millions of compounds, they represent only a small fraction of the estimated 1060 small 

molecules  that can be synthesized to cover the chemical space of drug-like molecules [74].  

 

Figure 4. A representation of a typical HTS approach. 

An alternate approach to identifying hit compounds is fragment-based ligand discovery 

(FBLD).  The initial concepts and examples of FBLD emerged more than 20 years ago and its 

use has been increasing [75]–[78]. The general idea of FBLD is to identify fragment-like 

molecules from a fragment library that bind weakly but efficiently to the target protein.  
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1.5.1 Design of fragment library 

The fragment screening library is usually designed in such a way that there is a higher chance 

of fragment binding to the target due to fewer non-favorable interactions and increased 

sampling of chemical space.  It is also important to mention that a fragment has also to have 

sufficient complexity to make target-specific interactions [79]. For example, for fragment-

based NMR screening library, the fragment structures can be selected using a multi-step 

approach. First, the fragments are accumulated in silico according to desired properties, 

including fragment-like MW (100 < MW < 250 Da), functionality and virtual solubility [80]. 

Following this, the library is further filtered by novelty, virtual screening or pharmacophore. 

The 2D 3-point pharmacophore fingerprint is then used to further narrow down the 

fragments. Finally, the availability, tractability, experimental stability and solubility results in 

a curated library that can be used in multiple fragment screening campaigns. 

There has also been suggestions to use a “rule of 3” (Ro3) approach for designing fragment 

libraries in order to limit the chemical complexity and maintain favourable physicochemical 

“fragment-like” properties [81], [82]. However, in some cases fragment hits have been shown 

to disregard this rule and were still valid for hit-to-lead development. Such observations 

suggest that Ro3 should not be followed blindly but rather used as a reasonable suggestion in 

the library design. 

1.5.2 Detection of fragment hits to proteins using biophysical techniques 

In order to enable FBLD, sensitive and state-of-the-art biophysical methods have to be used. 

The typical biophysical techniques used to identify fragment hits against a folded protein are 

X-ray crystallography, NMR, SPR and MST [83]. Out of these techniques, only X-ray and NMR 

can provide atomic scale structural information about protein:ligand interactions.  

1.5.2.1 X-ray crystallography 

By crystallizing the protein together with fragment cocktail (co-crystallizing) or by soaking an 

already preformed crystal in fragment cocktail, it is possible to produce a protein:ligand 

complex. The formed complex can then be evaluated in atomic scale by studying the data of 

X-ray crystal diffraction pattern [78]. The resolved structure can provide a potential 

mechanism of action and further guide “hit-to-lead” studies. In addition to this, very weak 

binders can also be detected due to crystallization conditions allowing high concentrations of 

fragment solutions. However, some potential drawbacks also may be present, including 
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crystal stability, packing patterns, multiple attempts of crystallization and synchrotron time. 

It has been suggested that crystallization approach may be an expensive primary screening 

tool to get a straightforward “yes or no” answer  [84].  

1.5.2.2 Nuclear Magnetic Resonance (NMR) 

NMR-based methodologies have increased throughout the years and today offer a variety of 

ligand- and protein-based techniques to be used for FBLD projects. In general, due to relative 

insensitivity of the technology when compared to other orthogonal assays, high protein 

concentrations are required for these type of experiments: around 5-10 µM of protein for 

ligand-observed and 50-1000 µM of protein for protein-observed NMR approaches (~1 mg of 

20 kDa protein at 100 µM) in low salt buffer solution. 

Ligand-observed NMR 

In early FBLD stages, ligand-based NMR can help to identify any potential binders to the target 

protein by using such techniques as saturation transfer difference (STD), water-ligand 

observed via gradient spectroscopy (wLOGSY), Carr–Purcell–Meiboom–Gill (CPMG)-filtered 

and 19F CPMG-filtered. 

STD technique is based on selectively saturating protein resonance which would cause the 

magnetization to spread through the protein due to spin diffusion and progressively saturate 

any bound ligands [85]. The dissociation constants between 10-8 to 10-3 M can be detected by 

this method.  

wLOGSY technique works by transferring the magnetization from water molecules to the 

ligand [86]. If the ligand is interacting with water via protein-ligand or protein-ligand-water 

complex, the observed NOEs are of an opposite sign than the NOEs of non-bound ligand in 

solution that only interacts with bulk water. 

CPMG-filtered method measures the changes in transverse relaxation rate for the ligand [87]. 

The T2 relaxation rate increases for the bound ligand due to decreased rotational diffusion 

rate and increased rotational correlation time for the ligand. This is observed as line 

broadening for ligand-specific resonances in the spectra after CPMG filter. Similarly, 19F 

containing compounds can be detected using the same working principle. Due to 19F 

sensitivity to its chemical environment and broad spectral width, cocktails with more than 20 

compounds can be effectively screened in one experiment [88]. 
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Protein-observed NMR 

Once hit fragments have been identified, protein-observed NMR can be used as an orthogonal 

approach to validate the hits by performing 2D experiments in order to identify a potential 

binding pocket in addition to measuring the affinity. However, these approaches have several 

limitations. Most importantly, 15N and/or 13C isotopic labelling of the protein is required which 

may become expensive. Also, the target protein has to be soluble and not precipitate or 

aggregate at required concentrations. The protein-size is also limited to ~35 kDa due to 

increased relaxation rates and lack of spectral resolution. This can be overcome with more 

robust labelling approaches, such as 2H labelling, side-chain labelling and isotopic unlabelling 

[89], [90]. This can be especially useful for IDP systems where spectral overlap can be a 

problem even for small proteins (~10 kDa). 

2D NMR spectra that are used for determining potential binding are usually obtained with 

heteronuclear single quantum coherence (HSQC) and heteronuclear multiple quantum 

coherence (HMQC) experiments. The resulting spectra represent backbone amide cross peaks 

via 1H-15N correlation or carbon cross peaks via 1H-13C correlation. Additional experiments, 

such as HNCO, HNCACB and HN(CO)CACB, can be performed in order to assign the HSQC cross 

peaks to specific amino acids in the sequence. If needed, NMR-guided modelling (NGM) may 

be used if X-ray crystallography approach is not available [91]. NGM experiments identify 

which parts of a ligand interacts with which part of the protein. This data can then be used as 

conformational constraints for computational modelling systems, such as CYANA, to find the 

optimal conformation of the ligand in contact with the protein which may be a relevant 

approach for IDP:fragment interactions [92]. 

1.5.2.3 Surface Plasmon Resonance (SPR) 

SPR-based technology has become an important part of a variety of biosensors in the field of 

drug discovery, biology and medicine due to its non-invasive and real-time ability to observe 

ligand:analyte interactions. Since the first SPR-based instrument was introduced in 1990, over 

20000 papers that include commercial SPR biosensors were published. However, before the 

first biosensors were released, it was essential to understand the physical basis of SPR in order 

to use it effectively and beneficially. 

When a polarized light is shone through a prism onto the metal-coated surface, the light is 

reflected to a detector and its intensity is measured. At a certain angle, there is a decrease in 
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intensity of the reflected light which is caused by interactions between the polarized light and 

the free electrons of the metal layer of the surface. The angle which this decrease is observed 

at is called resonance angle. Most importantly, such resonance angle also depends on the 

optical characteristics of the surface which can be affected by the change of accumulated 

mass in the immediate vicinity of the surface. Therefore, the dynamic change of the resonance 

angle over time can directly provide information about local binding events happening at the 

surface in real time. 

In SPR-based biosensor instruments, the surface of a sensor chip is usually made out of glass 

which is coated with a thin layer of gold followed by a hydrophilic dextran matrix. By using a 

well-defined chemistry, a variety of ligands, or proteins, can be immobilized on the matrix, 

including LMW compounds, enzymes, antibodies, other proteins and DNA/RNA. After 

immobilization of the ligand, the microfluidic system is used to inject the analyte onto the 

modified surface and any binding interactions can be observed. The occurring changes in 

resonance angle are represented in response units (RU) which allows the determination of 

interaction parameters via established mathematical models. The parameters of interest 

include kinetic parameters (ka, kd), affinity (KD), stoichiometry and thermodynamic parameters 

(ΔG, ΔS, ΔH). SPR-based assays can also be used as a main or orthogonal approach for drug 

discovery projects, immunogenicity, binding site mapping, or proteomics in order to better 

understand binding kinetics and ligand:analyte interactions. Due to sensitivity of the 

technology, the binding of compounds from pM to low mM affinity can be detected.  

A typical SPR sensorgram consists of a baseline which is established by injection of running 

buffer (Figure 5). This is followed by the sample injection during which an increase of signal is 

observed due to association of the analyte at specific rate constant (ka) with the ligand until a 

point of saturation. After this, running buffer is injected again which causes the analyte to 

dissociate from the ligand at a specific rate constant (kd). A regeneration solution can be used, 

if necessary, to remove any remaining bound sample from the surface. 
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Figure 5. A representation of a typical SPR sensorgram. (Left) A graphical representation of the SPR biosensor working 
principle and components (Right).  

However, the main disadvantage of the SPR assay is that the protein has to be immobilized 

on the surface which may conformationally restrict the ligand and prevent ligand:analyte 

interactions. This potential problem may be overcome by employing different immobilization 

strategies, including thiol coupling, amide coupling, Ni-NTA coupling via His tag and 

streptavidin:biotin conjugates [93]. Therefore, a good understanding of the protein system is 

required in order to accurately set up the assay and interpret the results. 

SPR technology is used in FBLD to quickly identify potent fragments and evolve them into 

more potent ligands using medicinal chemistry and orthogonal biophysical assays [94]. In 

addition to this, off-rate screening approach allows to quickly evaluate Structure-Activity 

Relationship (SAR) of the synthesized compounds by evaluating any changes in ligand 

dissociation rates from the receptor [95], [96]. 

1.5.2.4 Microscale Thermophoresis (MST) 

Microscale thermophoresis (MST) emerged as a new technology to investigate and 

characterize protein-ligand, protein-protein and protein-DNA interactions [97]. MST 

measures the directed movement of fluorescent molecules in microscopic temperature 

gradients. Due to low intrinsic fluorescence of proteins, various dyes are used to label the 

protein of interest. Each labelled protein has distinct thermophoretic properties that are 

affected by protein’s size, charge and hydration shell. The binding of a ligand may change one 

of these parameters which directly affects the observed thermophoresis data. This change 

can be used to derive KD values (Figure 6). 
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Figure 6. A representation of typical MST binding trace pattern and data analysis used to obtain KD value. 

MST has also been shown to be applicable in FBLD campaigns to identify potent binders [98]. 

In addition to this, MST can also identify potential artefacts from MST traces, including protein 

aggregation, denaturation or unfolding due to fragments which offers important early QC 

information. 

However, it is important to be aware of potential problems when using labelling approach for 

MST. This includes the possibility of the dye blocking the binding site or the dye interacting 

with the fragment rather than the protein. Therefore, orthogonal assays are important in 

order to avoid false-positive hits. 

1.5.3 Fragment evolution 

After identifying and validating the fragment hits, the next step in FBLD involves the 

development and optimization of the identified compounds by Structure-Activity Relationship 

(SAR) studies. The ligand development can be achieved by either linking or ‘growing’ the 

fragments (Figure 7, Figure 8). If two or more fragments are determined to bind close in space 

or to the same binding site, it is possible to covalently link them via chemical linker followed 

by optimization using medicinal chemistry. Alternatively, it is possible to chemically expand 

the identified fragment further by adding additional chemical groups to it, which would 

potentially increase the affinity and selectivity towards the target. In both cases, this would 

allow obtaining a novel molecule exhibiting both higher affinity and selectivity towards the 

target protein. 
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Figure 7. A representation of a typical FBLD approach by linking the fragments. 

 

Figure 8. A representation of a typical FBLD by ‘growing’ the fragments. 

One of a few values used to follow the effectiveness of the evolved fragment is ligand 

efficiency (LE) which measures how much of energy is gained per non-hydrogen atom in the 

structure [99]. It is common that as the ligands are optimized, the LE value decreases due to 

possibly not the most efficient but potentially necessary additions. While enzyme inhibitors 

exhibit LE usually above 0.4, the developed ligands for inhibiting PPIs have LE values of 0.1-

0.35 due to larger interaction interfaces [16], [100]. These examples show that it can become 

a progressively difficult task to evolve the molecule into a higher-affinity one while still 

maintaining drug-like properties, including oral availability and permeability, as defined by 

Lipinski’s “rule-of-5” (Ro5) [101]. Nevertheless, some marketed drugs do not follow these 

rules, such as  macrocyclic peptides [102], [103]. This may be relevant for IDPs since the initial 

hits may have low LE values from the very beginning due to lack of protein structure and 

defined structural elements, including pockets, grooves or fingers, in large and diffuse 

interfaces. Moreover, a potential problem with establishing a reliable screening assay for IDPs 

or PPIs in general is that the proteins may behave differently in vitro than they do in vivo due 

to the presence of certain complexes, cofactors and specific conformations. 

To date, there are three approved fragment-based drugs (erdafitinib, venetoclax and 

vemurafenib) in the market with over 30 more which are currently in various stages of 

preclinical or clinical trials (Figure 9). 
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Figure 9. Currently approved drugs in the drug market that initially started as fragments. 

 

1.5.4 Identification of ligands and characterization of IDP:ligand interactions 

The same set biophysical techniques may be applicable to IDPs in FBLD campaigns, despite 

them not having a rigid 3D structure, except for X-ray crystallography (§1.5.2). In addition to 

this, several other biophysical techniques may be used to better characterize IDP:ligand 

interactions. These techniques include circular dichroism (CD) [104], fluorescence resonance 

energy transfer (FRET) [105], Fourier transform infrared (FTIR) spectroscopy [106], dynamic 

light scattering (DLS) [105] and small-angle X-ray scattering (SAXS) [107] which can help to 

determine frequency of secondary structures, end-to-end distances, protein folding, 

hydrodynamic radius RH and radius of gyration Rg, respectively (Figure 10). 

 
Figure 10. Additional techniques used for obtaining structural data on IDPs and/or IDRs. 

 

 

1.6 Aims of the project 

As has been discussed, there is an increasing interest to explore therapeutically relevant IDP 

systems in the drug discovery field. It would be of great interest to evaluate current 

biophysical methods using IDPs and their literature-reported ligands. The results would help 
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identifying any potential limitations or artefacts of the techniques which could then be 

extended out to FBLD approaches against IDPs.  

In order to expand the current knowledge about IDPs and their applicability in FBLD, the 

following tasks had to be accomplished: 

 Identify suitable IDP systems with tractable expression, purification, stability and 

behaviour in aqueous solution  

 Evaluate literature-reported studies of ligands binding to IDPs using various 

biophysical techniques 

 Evaluate, develop and perform fragment screening to identify fragments which bind 

to the IDPs 

 Validate and evolve initial fragments to show enhanced potency and characterize the 

response of IDPs to these ligands 
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2 Hydrophilic acylated surface protein A (HASPA) 

2.1 Introduction 

Despite the advancing medical understanding of diseases and the evolution of drug discovery, 

there are still numerous groups of illnesses that are currently neglected but still affect millions 

of people around the world. One of such disease groups is called neglected tropical diseases 

(NTDs). These pathologies occur mainly in low-income tropical areas such as African, Asian 

and South American countries and affect more than a billion people in over 149 countries 

every year which costs billions of dollars, as reported by World Health Organization (WHO) 

[108]. One of the reasons why NTDs are overlooked is that they are not as fatal as other 

commonly known illnesses, such as tuberculosis. Moreover, the NTDs do not have easily 

distinguishable phenotypic symptoms. These effects make the current research of novel 

treatments for NTDs underfunded [109]. As of today, seventeen diseases are recognized to 

be in the group of NTDs, including rabies, sleeping sickness, trachoma and leishmaniasis.  

Leishmaniasis is caused by intracellular protozoan parasites from genus Leishmania that are 

usually found in sandflies of genera Phlebotomus in the Old World and Lutzomyia in the New 

World [110], [111]. The sandfly acts as a vector for the parasite that consequently infects 

other organisms when the sandfly is feeding on blood. The different species of genus 

Leishmania can cause different forms of the disease in humans, including visceral, cutaneous 

and mucocutaneous leishmaniasis [110]. Currently, there are numerous drugs available for 

treatment purposes, such as pentavalent antimonials, amphotericin B, pentamidine, 

miltefosine, paromomycin and sitamaquine (Figure 11). Unfortunately, the efficacy and 

access to these drugs varies depending on the sub-type of the parasite and type of disease. 

For example, pentavalent antimonies are effective drugs against only certain subtypes of 

Leishmania parasites, whereas the exhibited toxicity and side effects of Amphotericin B 

prevents its wide usage outside hospitals despite its proven effectiveness [112]. However, the 

recent advances in treating leishmaniasis have shown that synthetic delivery systems can 

make the compounds less toxic or expensive. This comes as a contrast to the current 

formulations, which can exhibit serious side effects [113].  

It has been known for some time that during its life cycle in the vector, the parasite can exist 

as either intracellular amastigotes or extracellular promastigotes [114]. The promastigotes 
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undergo certain biochemical and molecular changes inside their vector organism which is 

thought to increase the virulence of the parasite. Some drugs like pentavalent antimonials 

were determined to be effective only against amastigotes while showing a decreased 

effectiveness against promastigotes. This is thought to depend on internal differences in the 

structure and gene expression of the parasite.  

In the past decade, the potential virulence factors have been associated with the increased 

presence of Leishmania species-specific molecules, including hydrophilic acylated surface 

proteins (HASPs) and small hydrophilic endoplasmic reticulum-associated protein (SHERP), 

located in cDNA16 locus on chromosome 23 [115]–[117]. HASPs have been shown to exhibit 

intrinsic disorder and undergo amino acid sequence–specific S-palmitoylation and N-

myristoylation which allows the proteins to be localized to the cellular plasma membrane and 

increase the virulence of the parasite [118], [119]. It has been also shown that deletion of one 

of the HASP-coding genes from the gene locus, namely HASPA, reduces the virulence of the 

Leishmania parasite [120]. 

 

Figure 11. The chemical structures of current drugs on market against leishmaniasis. A. Sodium stibogluconate. B. 
Amphotericin. C. Paromomycin. D. Pentamidine. E. Sitamaquine. F. Meglumine antimoniate. G. Miltefosine 

HASPA is an intrinsically disordered protein (IDP) with a structural rather than an enzymatic 

function, which makes the identification approaches for LMW modulators challenging. To 

date, no successful structural biology studies of HASPA have been reported.  
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The identification of LMW ligands through biophysical fragment screening may identify initial 

molecules that could be developed further to increase their affinity towards HASPA and block 

therapeutically relevant PPIs. It has been reported that HASPB is released from metacyclic 

parasite’s surface and binds to macrophages in host organism [121]. A similar mechanism is 

also considered to involve HASPA. By successfully targeting HASPA with LMW ligands, it would 

be of interest to see if the modulation of HASPA affects the parasite’s virulence. Moreover, 

HASPA would serve as a model system for exploring other IDP:ligand interactions. There are 

numerous significant advantages that nuclear magnetic resonance (NMR) technique provides 

during fragment screening campaigns, including the ability to identify low affinity binders, 

directly observe protein/ligand behaviour in solution and assess pan-assay interference 

(PAINS) compounds. While protein-observed NMR can provide information about the binding 

site of the putative hit, ligand-observed CPMG-filtered experiments could potentially provide 

additional information about behaviour of the ligand in solution, such as increased relaxation 

rates due to binding events, serving as an additional control.  

In this study, isotopically labelled HASPA was produced which was followed by protein- and 

ligand-observed NMR fragment screening campaign. After initial hits were identified, 

additional NMR techniques were used for confirmation purposes. The obtained results 

yielded further insights about potential artefacts during screening campaigns against IDPs and 

provided a better understanding of the methodology. 

2.2 Protein production 

The isotopically labelled 15N-HASPA protein was required to be produced in order to enable 

1D and 2D NMR fragment screening campaign. 15N-labelled HASPA with C-terminal 6xHis tag 

was expressed and purified, as determined via SDS-PAGE and 2D NMR (Figure 12, Figure 13) 

(§7.3.2, §7.3.3.1). HASPA was noted to run as a higher MW species which was also observed 

previously [122] (expected: 9.7 kDa, observed: ~18 kDa). The protein was previously 

confirmed to exist as monomeric species by SEC-MALS [119], [123]. Therefore, the higher MW 

observation could not be attributed to any formation of dimers. It has been determined that 

HASPA contains a significant number of negatively charged amino acids (Glu, Asp: 23 % of 

total sequence) in comparison to positively charged amino acids (Lys, Arg: 7 % of total 

sequence) (Figure 14). The larger number of acidic than basic amino acids makes HASPA 

protein significantly acidic (theoretical pI = 4.91). The increased negative charge of the protein 
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may prevent efficient association of HASPA with sodium dodecyl sulphate (SDS) and have an 

effect on protein’s migration pattern on the gel. A similar behaviour for the highly negatively 

charged protein hSOD1 has also been observed [124]. 

 

Figure 12. The QC of 15N-HASPA with SDS-PAGE on 15% polyacrylamide gel. 

 

Figure 13. A comparison of 2D SOFAST-HMQC (SF-HMQC) spectra of 15N-HASPA (Blue) with previously purified 15N-HASPA 
(Red). 

 

 

Figure 14. The amino acid sequence of HASPA, indicating His tag (Green), Lys, Arg (Cyan) and Glu, Asp (Red). 

One of the approaches for determining protein concentration is to use A280 and the extinction 

coefficient of the protein. However, the value of extinction coefficient is influenced by the 

presence of aromatic amino acids in the sequence, namely Phe, Tyr and Trp. In case of HASPA, 

only two aromatic amino acids are present in the sequence (44Phe and 3Tyr) which resulted 
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in low extinction coefficient (ε = 1490 1/M*cm) (Figure 14). A low extinction coefficient can 

cause larger than 10% variability in A280 data, as reported previously [125]. It was suggested 

to use ortho-phthalaldehyde (OPA) assay for a more accurate protein concentration 

determination [119], [123] (§7.3.8). Under basic conditions OPA reacts with primary amines 

of the peptide/protein in the presence of 2-mercaptoethanol and forms fluorescent species 

(λex = 340 nm, λem = 455 nm). Bovine serum albumin (BSA) was used as a standard which has 

been shown to exhibit linear concentration dependence from 31.25 to 500 µg/mL [126]. 

However, fewer Lys in HASPA sequence (~7% of total sequence) in comparison to BSA (~10% 

of total sequence) could have influenced the final readout values. It is suggested that a similar 

protein to the target (size, composition) should be used as a standard for calibration curves 

for more accurate results. Therefore, the actual concentration of HASPA may have had some 

variation. Alternatively, bicinchoninic acid (BCA) assay could have also been used because its 

colour development while reacting with the protein also depends on the backbone of the 

protein rather than just specific amino acids in the sequence. This working principle minimizes 

the variability between samples. In contrast, Bradford assay has been shown to produce larger 

protein-to-protein variability due to the method based on Coomassie dye which does not 

interact with the backbone of proteins. 

The final concentration of the purified 15N-HASPA sample was determined to be 6.85 mg/mL 

by OPA approach (Figure 15). 

 

Figure 15. Concentration determination of 1:100 diluted 15N-HASPA sample using OPA assay with BSA as control sample. 

After the production of 15N-labelled HASPA, an NMR fragment screening campaign was 

initiated. 
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2.3 NMR fragment screening 

2.3.1 Protein control experiments 

Before the actual fragment screening, d6-DMSO, acetic acid and ethanolamine were titrated 

on pure 15N-labelled HASPA to observe any changes that may be caused by solvation effects, 

or pH changes, associated with the potential presence of high concentrations of charged 

fragments in the screening samples (Table 1). The obtained NMR spectra would also serve as 

controls for evaluating the stability of the protein over time (§7.4.2, §7.4.2.1).  

Table 1. Used concentrations of chemical compounds for 15N-labelled HASPA in pH and DMSO control experiments. 

Sample 1 Sample 2 Sample 3 

d6-DMSO, % Ethanolamine, mM Acetic acid, mM 

1 0.25 0.25 

2 0.5 0.5 

3 1 1 

4 2 2 

5 4 4 

 

The solvent-exposed residues are expected to be affected by the changes in the buffer 

solution (pH, salt concentration, organic solvents) more than their folded and buried 

counterparts. However, all of the residues may be affected if there are any significant 

conformational changes in the system. In case of IDRs and IDPs, the majority of amino acids 

are exposed to the solvent due to lack of compact 3D structure. Therefore, the majority of 

NMR resonance peaks were expected to be affected by the changed chemical environment. 

This is because the changes affect the unique local magnetic field of the nuclei which 

translates to chemical shift perturbations (CSPs) [127] . 

The acid and base titration experiments concluded that buffering strength of 50 mM was 

enough to prevent pH changes of more than 0.2 pH units (Figure 16). The ΔpH limit of 0.2 was 

chosen to account for possible variations during pH measuring with a pH meter. In addition 

to this, it was important to notice any small pH changes which may influence the observed 

experimental results during fragment screening. Ethanolamine and acetic acid represented 

simple mono-charged species, as some fragments can be. Most importantly, the titration 

experiments have shown how a known concentration of acid and/or base affected HASPA and 

which CSPs were to be expected from charged fragments. The fragment mixtures used in the 

fragment screening were designed to contain a maximum of 4 equivalents of acid and/or base 
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moieties, which would translate to the top final concentration of 2 mM of ethanolamine or 

acetic acid in the screening solution due to 500 µM of each fragment in the mix. 

 

Figure 16. The observed pH changes in 50 mM NaPi buffer solution at different concentrations of acetic acid and 
ethanolamine. Green line marks the pH change limit value of 0.2 units. The pH values were measured using bench-top pH 
meter (VWR) calibrated with standard pH solutions. 

Interestingly, several unique CSPs were observed for HASPA residues (H32, V33, Q34, H55 and 

N56) in 2D NMR spectra during acid and base titration (Figure 17, Figure 18). The CSPs, 

including the ones for unassigned X1-X4 cross peaks, were of similar level but in opposite 

vector which was dependent on the base/acid presence. The unassigned cross peaks are likely 

to be His residues from the C-terminal 6xHis tag protein which are expected to be sensitive to 

small pH changes in the observed range. The theoretical pKa of His side chain (pKa = 6.6) is 

close to the pH of the solution (pH = 6.5). Due to relatively large buffering capacity of buffer 

solution (50 mM), pH change was not expected to change by a significant amount, as 

confirmed experimentally (Figure 16). However, NH of imidazole in His is on the steepest part 

of the pKa titration curve. This means that even small pH changes can translate to observable 

CSPs due to population change (Figure 19). 

The increasing concentration of d6-DMSO has caused general CSPs in 2D 1H-15N SF-HMQC 

spectra where the majority of the cross peaks have shifted upfield in both dimensions (Figure 

17). In addition to this, the CSPs were not of the same value for the backbone amides 

suggesting that some parts of primary amino acid sequence may have an inherent propensity 

to form secondary structures which can be affected by different additives in the solvent, such 

as methanol, DMSO, trifluoroethanol or SDS [128]–[130] (Figure 18). Moreover, the DMSO 

and water resonance peaks in 1H spectra were not perturbed during titration indicating that 

the referencing was the same in all experiments (Figure 20).  
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Figure 17. The observed CSPs for 25 µM 15N-HASPA in the presence of different concentrations of acetic acid (A), 
ethanolamine (B) and DMSO (C). The vectors of the observed CSPs are indicated with blue arrows. 
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Figure 18. A comparison of ΔCSPs for 25 µM 15N-HASPA amino acid residues in the presence of 4 mM acetic acid, ethanolamine 
and DMSO. 

 

Figure 19. The microspecies distribution of His at different pH levels (MarvinSketch). 
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Figure 20. The resonance peaks of DMSO (Left) and water (Right) at different concentrations of d6-DMSO (0-5%) in the 
presence of 25 µM 15N-HASPA. 

The protein control experiments, were followed by the acquisition of the reference 1H and 1H 

CPMG-filtered spectra for fragment mixtures. 

2.3.2 Fragment reference experiments 

The reference spectra without protein of 609 fragments in 93 mixtures were obtained using 

1H and 1H CPMG-filtered NMR techniques in order to assign resonance peaks to specific 

compounds (Figure 21) (§7.4.2). The acquired spectra also enabled following of peak shape 

and intensity changes at different relaxation delays in the follow-up experiments with HASPA 

present (§2.3.3). 

 

Figure 21. The reference 1H and 1H CPMG-filtered spectra for a fragment mixture. 

It was noted that some fragment-specific peaks showed a partial decrease in intensity in 1H 

CPMG-filtered data even without protein present (Figure 22). In general, LMW ligand 

resonance signals have slow T2 relaxation rates which are directly affected by rotational 

correlation time [87]. Small organic molecules tumble relatively fast in solution which makes 
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the rotational correlation time low. In contrast, proteins have faster T2 relaxation as they are 

rotating more slowly in the solution. The correlation time for ligand increases upon binding to 

the target protein. Therefore, T2 value for ligand is increased which is observed as resonance 

peak broadening in 1H CPMG-filtered spectra.  

 

Figure 22. A comparison of 1H CPMG-filtered data for a fragment at different delays showing increased proton relaxation in 
imidazole ring, but not in benzene ring. 

The fact that the relaxation was observed without any protein present suggested the presence 

of internal events. The partial signal decrease can potentially be associated with chemical 

exchange due to the theoretical pKa value of the nitrogen in imidazole ring (pKa = 6.06) being 

relatively similar to the pH of the buffering solution (pH = 6.5). The protons, neighbouring a 

proton-exchangeable group, can have their T2 relaxation rates affected as their chemical 

environment is perturbed, especially if pH is close to the pKa of the labile proton [127], [131]. 

The theoretical microspecies distribution chart suggests that the fragment of interest exists 

in two states with a ratio of 76:24 at pH 6.5 (Figure 23).  

 

Figure 23. The distribution of microspecies of a compound with proton-exchangeable group at different pH values. 
(MarvinSketch) 
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The chart also suggests that any small pH changes may change the equilibrium towards a more 

protonated or deprotonated form due to the pH value being on the steep part of the curve. 

Additional broadening of fragment signals without protein present may also be observed if 

the chemical exchange time constants are on the same timescale as the delays between 

pulses. This would cause significant number of spins to change between bound and non-

bound states, and not get refocused completely. This also means that if a labile proton is 

exchanging between two states, the neighbouring protons will also have their T2 relaxation 

affected due to the changed chemical environment which is what was observed.  

With the reference spectra acquired, the fragment screening campaign was continued with 

15N-labelled HASPA present in the mixtures. 

2.3.3 Fragment screening 

Following the fragment mixture reference experiments, the fragment library was screened 

and evaluated against 15N-labelled HASPA protein using 2D 1H-15N SF-HMQC and 1H CPMG-

filtered NMR techniques at fragment concentrations of 500 µM in the mixture.  

It was noted that the observed CSPs in 15N-labelled HASPA 2D SF-HMQC spectra were 

comparable to the ones observed during acetic acid and ethanolamine titration studies. Such 

results indicated possible pH- or charge-related artefacts (Figure 17, Figure 18, Figure 24).  

 

Figure 24. A comparison of 15N HASPA CSPs potentially caused by basic (Left) and acidic (Right) compounds in the fragment 
mixtures. Arrows mark the direction of cross peak movement. 
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The significant enough pH changes can affect many protein structural characteristics, 

including hydrogen bonding, protein-solvent interactions and protonation state of amino acid 

side-chains [127]. In addition to this, the charged ligands can interact non-specifically with 

parts of protein of opposite charge which also can cause observable CSPs in NMR spectra. As 

mentioned previously, the fragment mixtures contained multiple basic and/or acidic 

compounds, suggesting that a slight perturbation of sample pH or charge-charge interactions 

could have caused some artefactual CSPs (Figure 24). As no compound-specific CSPs were 

observed, the potential hits were further selected using 1H CPMG-filtered data.  

The initial selection of fragment hits was based solely on the level of signal broadening after 

1H CPMG-filter (>30% intensity decrease). Due to a large number of potential hits (N = 52), the 

fragments had to be prioritized for follow-up 2D SF-HMQC and wLOGSY titration experiments, 

using the following prioritization steps: 

1. A hit had to have a significant signal broadening when compared with reference 1H 

CPMG-filtered spectra (>50% intensity decrease) (Figure 25) 

2. If number of hits was still too large, a hit was expected not to have CSPs of more than 

half of a peak width in 1H spectra when mixed with protein, as it would be indicative 

of a potential pH shift or aggregate formation (Figure 26) [132] 

3. If number of hits was still too large, the theoretical pKa of a hit had to differ by more 

than 1.5 – 2 units from the pH of the solution avoiding mixed protonation states which 

would lead to potential false positives due to chemical exchange (Figure 22) 

 

Figure 25. A comparison of 1H CPMG-filtered spectra of two fragments, where fragment A (Left) exhibits a larger signal 
broadening than fragment B (Right). 
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Figure 26. A comparison of 1H CPMG-filtered spectra of a fragment in the presence and absence of 15N-labelled HASPA. 

It is important to mention that even though the observed signal broadening of ligand-specific 

resonances in the presence of 15N-labelled HASPA was larger than in reference spectrum, the 

other ligand-specific resonances did not decrease for any of the prioritized hits (Figure 25, 

Right, Figure 26). The relaxation of all protons in the molecule was expected to be perturbed 

to some degree due to the general tumbling rate change upon binding. The observed local 

change could have been an indication that the chemical exchange rate of the ligand has 

changed due to pH shift or aggregation, as discussed previously (§2.3.2). It is also possible that 

HASPA had some influence on the pH due to its negatively charged nature (-10 net charge at 

pH 6.5) even at 50 mM buffering strength. The small pH changes associated with the presence 

of 25 µM HASPA could have shifted the ratio of protonated/deprotonated ligand which in turn 

influenced chemical exchange and T2 relaxation rates of protons close to the exchangeable 

group. However, the hits with partial relaxation behaviour were still approved for titration 

experiments due to not knowing exactly if that was an actual artefact.  

The prioritization of hits resulted in 20 fragments that were titrated as singletons up to 4 mM 

in the presence of 15N-labelled HASPA. The selection included 9 fragments from Maybridge 

library, 4 fragments from ESR2 library (Hanna Klein, personal communication) and 7 outliers 

for control purposes (Figure 27, Figure 28, Figure 29). It is important to mention, however, 

that the majority of the prioritized hits that contained pyridine or imidazole moieties did not 

show a decrease in resonance intensity for all of the protons after the 1H CPMG filter, as 

discussed previously (Figure 22, Figure 26). 
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Figure 27. The chemical structures of selected compounds from Maybridge library. The theoretical pKa values were calculated 
using Marvin Sketch software. 

 

Figure 28. The chemical structures of selected compounds from ESR2 (Hanna Klein) library. The theoretical pKa values were 
calculated using Marvin Sketch software. 

 

Figure 29. The chemical structures of outlier fragments to be used as controls. The theoretical pKa values were calculated 
using Marvin Sketch software. 

No fragment-specific CSPs were observed during the titration experiments (Figure 30). Protein 

cross peaks in 2D SF-HMQC spectra were unperturbed at different fragment concentrations 

which was indicative of a non-binding ligand. The fragment-specific resonances increased in a 

concentration-dependent manner while having a negative phase in wLOGSY spectra which 
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was also consistent with no binding events to 15N-labelled HASPA. The same level of partial 

signal broadening was also observed in 1H CPMG-filtered spectra at different concentrations, 

as during the initial screen without any protein (Figure 21, Figure 22). This observation was 

again consistent with a non-binding ligand. 

 

Figure 30. A representation of 2D SF-HMQC, wLOGSY, CPMG-filtered spectra in the presence of 25 µM 15N-HASPA and different 
concentrations of a single fragment. 

Additional data analysis revealed that there were an additional 23 pyridine and 13 imidazole 

ring-containing compounds in the initial fragment library that did not show any indicative 

binding signs in initial 1H CPMG-filtered or 2D SF-HMQC spectra. Further SAR analysis revealed 

that the proton-exchangeable groups had their pKa values differing by more than 1.5 units 

from the pH of solution (pH = 6.5) which may have prevented the previously observed 

chemical exchange events and appearance as a hit in 1H CPMG-filtered experiments (Figure 

31). The non-hit pyridine-containing compounds had an ortho-substitution which included -S-

, -NH2, -NH-, -N=, -O-, -OH, -CH3 and -Cl groups, modulating the theoretical pKa value of 

nitrogen significantly.  
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Figure 31. The chemical structures of ortho-substituted pyridine-containing fragments (pKa values of pyridine nitrogen) that 
were not identified as hits in 2D SF-HMQC and 1H CPMG-filtered experiments. The pKa values were calculated using Marvin 
Sketch software. 

In case of imidazoles, the non-hit fragments contained neighbouring substitutions as well (-S-

, -CH3, -Cl). However, even though the theoretical pKa of the imidazole nitrogen was closer to 

the pH of buffer solution (pH = 6.5), they were still identified as non-hits via 1H CPMG-filtered 

experiments (Figure 32).  

 

Figure 32. Chemical structures of o-substituted imidazole-containing fragments (pKa values of imidazole nitrogen) that were 
not identified as hits in 2D SF-HMQC and 1H CPMG-filtered experiments. The pKa values were calculated using Marvin Sketch 
software. 

The examples of pyridine and imidazole ring-containing fragments show that the awareness 

of potential similarity between theoretical pKa of labile protons and pH values is an important 

factor for objective 1H CPMG-filtered result evaluation due to chemical exchange. 

The fragment screening results concluded that the fragment library did not contain any 

ligands which interacted with 15N-labelled HASPA in a specific manner; certainly, no 

compounds were identified from the screening library which showed data to be consistent 

with binding to HASPA, but rather all potential hits appeared to be false positives resulting 

from changes in chemical exchange associated with changes in the pH of the buffer solution. 

It is also possible that the affinities of fragments were too low to be detected. A recent 

example has shown that it is possible detect fragments with very low affinities (10-2 - 10-1 M) 
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by using reverse micelle encapsulation method by NMR which locally concentrates protein 

and fragments and increases the possibility of interactions [133]. 

2.4 Conclusions 
15N-labelled HASPA was produced and screened against a fragment library using 1D ligand-

observed and 2D protein-observed NMR approaches. The importance of reference 

experiments was shown by noting that specific 15N-labelled HASPA CSPs were caused by basic 

or acidic fragments due to a slight pH change. After data analysis and prioritization steps, no 

verified hits were identified using both 1D and 2D NMR approaches.  

One of main observations was that if the pKa value of the proton-exchangeable group in the 

molecule is close to the pH of the solution, an increased relaxation rate should be expected 

for neighbouring protons in 1H CPMG-filtered experiments. This is explained by change of 

chemical exchange which in turn affects T2 relaxation of the molecule. Therefore, these 

parameters should be taken into consideration when designing and evaluating the 1H CPMG-

filtered experiments and results to avoid false positives. In order to achieve that, the in-depth 

knowledge of the NMR techniques and physical processes is required. 

It can be suggested that a higher MW fragment library may provide higher chances of finding 

a specific hit due to a higher number of potential interactions possible thanks to the larger 

structure. In addition to this, it may just be that some of the tested fragments are actually 

binding to 15N-labelled HASPA, just with affinities too low to be detected by NMR. 

 

 

 

 

 

 

 

 



53 
 

3 cMyc 

3.1 Introduction 
According to the World Health Organization (WHO), cancer is the second leading cause of 

death in the world with almost 10 million deaths from it in 2018 [134]. The risk of cancer is 

increased with tobacco, alcohol use, unhealthy diet and physical inactivity. While there are 

multiple treatments already available for various carcinomas, the research on better 

understanding of oncogenic malignancies and treatments is still ongoing. While some cases 

of oncogenic diseases are related to specific mutations in proteins that cause the over-

activation of cell signalling pathways, the processes of gene amplification, chromosome 

rearrangement and protein overexpression are also involved [135].  

cMyc is an oncogenic intrinsically disordered transcription factor which dimerizes with its 

intrinsically disordered partner protein Max via basic-helix-loop-helix-leucine-zipper 

(bHLHZip). The formed dimer interacts with E-box sequence (5’- CACGTG-3’) in cells and 

promotes gene expression (Figure 33) [136], [137].  It has been determined that the majority 

of cancerous tumours are dependent on cMyc expression to variable degree and the 

suppression of elevated cMyc downstream interactions may inhibit tumour growth [138]. 

 

 

 

 

 

 

Figure 33. A graphical representation of a cMyc-Max dimer formation and the promotion of gene expression. 

The inhibition of downstream gene expression may be achieved in several ways. cMyc or Max 

proteins can be targeted separately with a LMW ligand in order to disrupt the occurring PPIs 

(Figure 34, Left). It has been noted, however, that there may be several potential problems 

with specifically targeting cMyc protein. The general lack of cMyc mutations in oncogenic cells 

may cause undesired toxicities because cMyc is expressed in all proliferating cells. 

Nevertheless, several exceptions have been identified for Burkitt’s lymphoma with specific 
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mutations to Thr58 and Ser62 of cMyc [139]. Moreover, the concerns about toxicity may not 

be profound, because cMyc is overexpressed only in oncogenic cells, and non-mutated cells 

would possibly not be affected by cMyc-targeting drugs due to generally low cMyc levels. 

 

Figure 34. Potential inhibitory pathways of gene expression: an inhibition of dimerization (Left) and inhibition of dimer 
interactions with E-box (Right). 

Alternatively, the formed cMyc-Max dimer itself could be targeted in order to prevent it from 

interacting with its target DNA sequence (Figure 34, Right). It has been shown previously that 

single amino acid mutations can disrupt cMyc-Max dimer formation. This suggests that LMW 

ligands could potentially also have a similar effect if it targets ‘hotspots’ that are essential for 

high affinity interactions, as shown for Bcl-2-Bak system [140], [141]. 

Since the first cMyc and Max dimerization inhibitors were discovered back in 2002, multiple 

investigations have been performed in search of additional LMW ligands that disrupt the 

dimerization process (Figure 35) [66]. 10058-F4 and 10074-G5 were identified to inhibit the 

formation of cMyc-Max dimers using yeast two-hybrid approach [142]. This was followed by 

a more in-depth structural study which identified 10074-G5 interacting with cMyc(363-381) 

and 10058-F4 with cMyc(402-412) with micromolar affinities using NMR and CD approaches 

[69]. Later, 10074-G5 and 10058-F4 were determined to interact with cMyc(353-437) by SPR 

with KD of 31.7 and 39.7 µM, respectively [143]. A more soluble 10074-G5 derivative JY-3-094 

was developed to interact with cMyc peptide via a pharmacophore identification approach 

[144]. In addition to this, another 10074-G5 derivative JKY-2-169 was designed to interact 

specifically with cMyc-Max dimer complex by mimicking an α-helix [145]. Multiple other 

molecules were also identified to perturb cMyc-Max dimer formation (Figure 35). E07 and 
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N12, derivatives of 10058-F4 and 10074-G5, were identified to form dimers and interact with 

cMyc bHLHZip domain with increased affinity, as determined by SPR [146]. 

 

 

 

 

 

 

 

 

 

 

 

 

KJ-Pyr-9 was noted to bind to both monomeric cMyc and cMyc-Max dimers with KD of 6.5 nM, 

as determined by backscatter light interferometry, and prevent cMyc-Max dimer interactions 

with its target DNA sequence [147]. However, low solubility of the molecule prevented the 

use of other biophysical methods to better understand the binding mode. Interestingly, the 

results could not be reproduced with SPR technology, suggesting some assay-dependent 

differences [148]. Celastrol and its derivatives were also noted to disrupt the structure of 

preformed cMyc-Max dimers, and disrupt the dimer’s DNA binding ability, as shown by 2D 

NMR and SPR [149]. However, more robust biophysical data are required to better understand 

the interactions occurring. MYCMI-6 was identified to interact with cMyc using cell-based 

protein interaction assay and NCI/DTP Open Chemical Repository library [148]. The specific 

interactions to cMyc were also observed using MST and SPR approach with KD of 1.6 µM. 

In this chapter, multiple cMyc peptide production approaches are described. The attempts of 

cMyc peptide production are followed by characterization of several cMyc binders using 

commercially available cMyc peptides by NMR in order to probe and learn more about 

IDP:ligand interactions and possible caveats. 

Figure 35. Chemical structures of compounds that were identified to directly interact with cMyc or cMyc-Max dimer (*). 
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3.2 Peptide production as soluble fusion protein 

The production of cMyc(363-381) and (402-412) peptides was initiated to enable structural 

investigation of the interactions between the peptides and literature-reported ligands. 

Typically, short peptide synthesis can be achieved using solid-phase peptide synthesis via well-

established coupling and deprotection chemistry [150]. However, if isotopically labelled 

peptides are required for structural NMR studies, the synthetic approach can be costly due to 

high prices of individual isotopically labelled amino acids. By fusing the peptides with a well-

expressed fusion partner it is possible to produce isotopically labelled proteins in high yields. 

After releasing the peptides from its fusion partner, further purification can be performed via 

HPLC. 

Initial soluble fusion protein constructs were designed to contain cMyc peptides at the C-

terminus of well-expressed KRas protein with an enterokinase (EK) cleavage site (DDDDK|) 

(Figure 36). The selected fusion partner KRas contains an unstructured C-terminal region 

which was used to attach cMyc peptides to [151]. EK was chosen due to its ability to remove 

the peptide from fusion protein without leaving any residual amino acids at the N-terminus 

of target peptide. 

 

Figure 36. A representative scheme of a soluble fusion protein construct with C-terminal cMyc peptides. 

The designed constructs were expressed and purified in acceptable yields of ~30 mg for 

cMyc(363-381) construct and ~20 mg for cMyc(402-412) from 10 L of LB media, as determined 

with A280 (Figure 37) (§7.3.1, §7.3.3, §7.3.6).  

 

Figure 37. The QC step of KRas-EK-cMyc(363-381) (Left) and KRas-EK-cMyc(402-412) (Right) using SDS-PAGE. 
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Following this, the protein samples were incubated in EK cleavage buffer with recommended 

amount of EK (1200 units for cMyc(363-381) and 800 units for cMyc(402-412)) for 16 hours to 

release cMyc peptides from the fusion protein (§7.3.3.2). HPLC-MS detected only trace 

amounts of cMyc(363-381) and (402-412) peptides indicating low EK cleavage efficiency in 

vitro (Figure 38). It is possible that the cleavage site for EK was conformationally restricted 

which in turn prevented efficient cleavage.  

In addition to this, while the theoretical MW of cMyc(402-412) matched the experimental 

MW, the experimental MW of cMyc(363-381) was determined to be lower than the 

theoretical MW (Table 2). It was calculated that cMyc(363-381) peptide was truncated by two 

amino acids at C-terminus, namely QI. It is possible that the protein or peptides started to 

degrade during cleavage process. EK has been shown previously to cleave non-specifically in 

some protein systems [152].  Moreover, low activity of EK also indicated that the cleavage site 

was potentially not as accessible as initially expected.  

 

Figure 38. HPLC-MS spectra of digested fusion protein with traces of cMyc(363-381) and 402-412 peptides. 

Table 2. The theoretical and experimentally determined MWs of cMyc peptides. 

Peptide Theoretical MW, Da Experimental MW (as H+ adduct), Da 

cMyc(363-381) 2462.8 2222.7 

cMyc(402-412) 1307.5 1308.7 

 

As a result, the soluble fusion protein approach with enzymatic cleavage was not satisfactory. 

This was followed by an attempt to express cMyc peptides as an insoluble fusion protein using 

ketosteroid isomerase (KSI) [153], [154].  

3.3 Peptide production via insoluble fusion protein 
KSI readily forms inclusion bodies upon expression which can protect the attached peptides 

from proteolytic cleavage in vivo. C-terminal 6xHis tag is usually used to purify the KSI fusion 

protein under denaturing conditions before chemical cleavage with CNBr via methionine 
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residues. In this case, the introduction of C-terminal 6xHis tag was not an option due to the 

short length of cMyc peptides (Figure 39). It was predicted that the produced inclusion bodies 

would be pure enough for further downstream processing. The fusion constructs were 

designed to contain C-terminal cMyc peptides which would then be chemically cleaved from 

KSI using CNBr via two available methionine residues (M1 and M126).  

 

Figure 39. The KSI constructs with C-terminal cMyc(363-381)(A) and cMyc(402-412)(B). cMyc peptides are marked in yellow 
and methionines in red.  

After obtaining cMyc constructs in pET-31b plasmid from commercial sources, the expression 

and purification of fusion proteins was performed, as indicated by SDS-PAGE and HPLC-MS 

data (Figure 40) (§7.3.1, §7.3.3.2). 

 

Figure 40. SDS-PAGE gel images of washed pellets of KSI-cMyc(363-381), (402-412) (Left) and HPLC-MS QC data (Right). 

A

B
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After pellet extraction and washing, the pellets were solubilized in ~5 mL of Buffer E (§7.3.3.2). 

The concentration was estimated by A280 to be ~12 mg/mL (740 µM) for cMyc(363-381) and 

7 mg/mL (470 µM), for cMyc(402-412). The cleavage reaction was performed in 70% (v/v) 

formic acid in the presence of 100-fold molar excess of CNBr over methionine residues. 

Because the protein sequence contains two methionine residues, it was calculated that the 

chemical cleavage would require the final concentration of CNBr to be at 148 mM for 

cMyc(363-381) and 94 mM for cMyc(402-412) (740 µM x two methionine residues x 100 

excess of CNBr = 148 mM of CNBr for KSI-cMyc(363-381). Same reasoning was applied to KSI-

cMyc(402-412)). 

After the overnight reaction only low amounts of intact MW cMyc peptides were detected via 

HPLC-MS (Figure 41). It was also noted that cMyc(402-412) construct had reacted more 

efficiently than 363-381 construct. However, HPLC-MS spectra for both constructs indicated 

a significant amount of noise peaks which would make the downstream purification difficult.  

 

Figure 41. The HPLC-MS data of cMyc samples after cleavage with CNBr. 

The inefficient cleavage may have occurred due to the sample being only partially pure, which 

resulted in the presence of too many methionine residues from contaminants, even with 100x 
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molar excess of CNBr (Figure 40). A possible solution to this would be to introduce N-terminal 

6xHis tag to KSI and further purify the construct using IMAC under denaturing conditions in 

urea. This would produce a cleaner sample to be used for CNBr cleavage more efficiently. As 

an alternative, the expression of soluble longer constructs of cMyc protein would also allow 

the direct use of 6xHis tag for purification purposes. 

It was concluded that the insoluble protein approach exhibited several problems, such as low 

yield cleavage, which was probably caused by not pure enough initial sample. Due to 

prioritization of other projects, it was decided to stop any further method development for 

cMyc peptide production. 

3.4 Literature compound evaluation 
At this stage, it was decided to test commercially available unlabelled cMyc peptides with the 

readily available literature-reported ligands using NMR. This was done in order to evaluate if 

further development of production of the peptides for isotopic labelling for NMR experiments 

is reasonable (Figure 42) (§7.4.2). 

 

Figure 42. Literature-reported ligands for cMyc(363-381) (10074-G5, JY-3-094) and cMyc(402-412) (10058-F4). 

10074-G5 and 10058-F4 were determined to have limited low aqueous solubility (80 and 60 

µM, respectively) which agreed with previous literature observations [143]. Carboxylic 

derivative of 10074-G5, JY-3-094, was determined to be soluble up to 4 mM. 

10058-F4 and 10074-G5 ligands have been previously shown to interact with cMyc peptides 

using protein-observed 2D NMR. However, there was lack of information about 1D ligand-

observed NMR approaches [69]. Interestingly, the concentrations of the ligands used in 

literature-reported 2D protein-observed NMR experiments were around eight-fold higher 

than the determined aqueous solubility in this project [69]. This raised concern about the 
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quality of the data, experimental conditions and the chemical integrity of compounds. There 

are multiple publications that report lower solubility of 10058-F4 and 10074-G5 compounds 

than the original paper [143]. In addition to this, the compounds are PAINS which have been 

shown to give false positive in high throughput assays and could be interacting with cMyc in 

a non-specific way.  

The 1D ligand- and protein-observed NMR data suggested no observable interactions 

between 10074-G5 for cMyc(363-381) and 10058-F4 for cMyc(402-412). 1H STD experiments 

are usually performed at higher ligand:protein ratios, such as 25:1 or 50:1, but due to limited 

aqueous solubility, the ligand:protein ratio of 1:1 was used (Figure 43, Figure 44, Figure 45).  

 

Figure 43. A comparison of 1H CPMG-filtered NMR data for cMyc(363-381) and 10074-G5 at variable τ values. 

 

Figure 44. A comparison of 1H CPMG-filtered NMR data for cMyc(402-412) and 10058-F4 at variable τ values. 

 

Figure 45. A comparison of 1H STD NMR data in the presence of cMyc constructs and their respective literature compounds. 
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JY-3-094, a derivative of 10074-G5, was noted to produce CSPs for Phe374 and Phe375 

aromatic and aliphatic protons in cMyc(363-381), as reported in earlier studies [155]. Other 

easily distinguishable CSPs were also observed in the methyl region of the peptide, 

representing Leu370 and Leu377 side chain Hδs, as determined by 2D 1H-1H TOCSY data. 

(Figure 46). The CSP data for Phe374, Phe375 aromatic protons was fitted to 1:1 binding 

model (SimFit) and yielded KD of 5.5 and 5.6 mM, respectively (Figure 47). 

 

Figure 46. A comparison of cMyc(363-381) 1H spectra in the absence and presence of JY-3-094. The black arrows mark the 
affected amino acid protons and chemical shift direction. 

 

Figure 47. The observed CSPs for Phe374ε and Phe375ε protons of cMyc(363-381) in the presence of JY-3-094 with determined 
KD values. The black arrow indicates the vector of CSPs. 
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The initial buffer solution that the experiments were performed in did not contain any salt 

during this exploratory phase. Therefore, the cMyc:ligand interactions were also assessed in 

the presence of 200 mM NaCl. The observed CSPs decreased which suggested that the 

interactions were partially charge-based (Figure 48). 

 

Figure 48. A comparison of cMyc(363-381) 1H spectra in the absence and presence of JY-3-094 at 0 and 200 mM of NaCl. The 
black arrows mark the affected amino acid protons and chemical shift direction.  

The charged interactions of JY-3-094 with cMyc(363-381) may be driven by carboxylic acid 

moiety (Figure 42). In addition to this, due to Phe signals being affected the most, aromatic π-

π stacking contributions cannot be disregarded. Aromatic nitro groups on ligands have also 

been reported to affect the strength of aromatic stacking [156]. 

The follow-up 1H CPMG-filtered data did not reveal any increased T2 relaxation rate for JY-3-

094 or cMyc(363-381) peptide (Figure 49, Figure 50). In addition to this, the wLOGSY data also 

did not indicate any specific protein:ligand interactions (Figure 51). 

 

 Figure 49. A comparison of 1H CPMG filtered JY-3-094 spectra in the absence and presence of cMyc(363-381) at different 
delays. 
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Figure 51. A comparison of 1H wLOGSY JY-3-094 spectra in the absence and presence of cMyc(363-381) 

Due to observed CSPs for cMyc(363-381), it was hypothesized that JY-3-094 may affect the 

diffusion rate of the peptide by potentially making it to fold into a more compact structure. 

The diffusion rate was measured by using methyl region of the peptide (0.8 – 1 ppm) and was 

not perturbed in the presence of the ligand (Table 3). The lack of diffusion rate changes 

suggested that the peptide did not undergo significant conformational changes upon 

interacting with JY-3-094. 

Table 3. The calculated diffusion rates for cMyc(363-381) in the presence and absence of JY-3-094. 

Mixture Diffusion rate x 10
-11

, m
2
/s 

100 µM cMyc(363-381) 1.98 

100 µM cMyc(363-381) + 1 mM JY-3-094 2.00 

1 mM cMyc(363-381) 1.96 

1 mM cMyc(363-381) + 1 mM JY-3-094 1.96 

Figure 50. A comparison of 1H CPMG filtered cMyc(363-381) spectra in the absence and presence of JY-3-094 at different 
delays. 
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3.5 Conclusions 

The production of cMyc peptides as soluble fusion protein was shown to be prone to 

proteolysis. The proteolysis problem was solved by expressing the peptides as fusion proteins 

in inclusion bodies. However, the non-efficient CNBr chemical cleavage prevented the release 

of cMyc peptides from the fusion protein, potentially due to impurities of the sample.  

The cMyc literature-reported ligands 10074-G5 and 10058-F4 exhibited non-satisfactory 

solubility profiles (< 100 µM), preventing the assessment of IDP:ligand interactions with NMR 

spectroscopy. The observed deviation of solubility from literature values suggested that the 

original literature-reported data may have been obtained using some specific, non-explicitly 

stated conditions. 

JY-3-094, a more soluble derivative of 10074-G5, has been confirmed to interact with aromatic 

Phe amino acids of non-labelled cMyc(363-381), as described previously in the literature. 

Further studies have shown these interactions to potentially be charge-based and exhibit low 

mM affinity. The 1D ligand-observed NMR methods, however, did not indicate any cMyc(363-

381):JY-3-094 interactions. It would be of interest to produce isotopically labelled cMyc 

peptides to better understand the cMyc(363-381) interaction mechanism with JY-3-094. 
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4 Protein tyrosine phosphatase 1B (PTP1B) 

4.1 Introduction 
The non-communicable diseases account for 41 million deaths every year, according to WHO. 

Of these, 9 million are caused by various types of cancer [157], [158]. Out of the reported 

oncogenic types, the most common ones include lung, breast, colorectal and pancreatic 

malignancies. In addition to this, 1.6 million deaths per year are caused directly or indirectly 

by diabetes. A direct connection between diabetes and obesity has also been established 

[159].  

WHO reports that almost 2 billion adults in the world were overweight in 2016, out of which 

13% were obese. Obesity directly affects the quality of life, the well-being of a person and 

produce a strain on the healthcare system. It is also has a direct relation to type 2 diabetes 

which affected over 400 million people in 2014. It has been related to such outcomes as 

blindness, kidney failure, heart attack and strokes [160], [161]. While type 1 diabetes is 

treated by insulin injections, type 2 diabetes is usually tackled with low molecular weight 

drugs, such as insulin sensitizers and insulin secretagogues [162]. 

The role of phosphate tyrosine kinases (PTKs) and phosphate tyrosine phosphatases (PTPs) in 

cell signalling and regulatory functions has been investigated and is known reasonably well. 

While PTKs are responsible for phosphorylating target proteins, PTPs dephosphorylate them. 

These post-translational modifications (PTMs) may cause activation and/or deactivation of 

various cellular signalling pathway cascades [163], [164]. It was also shown that by inhibiting 

protein kinases the amplitude of the cellular signal is affected more than the duration, 

whereas phosphatase inhibitors influenced the amplitude and duration of the signal similarly 

[165]. While PTKs have been established as potential oncogenic drug targets, PTPs were 

considered to be tumour growth suppressors, mainly due to their dephosphorylating 

capabilities. However, a mutated Src homology 2 (SH2)-containing protein-tyrosine 

phosphatase-2 (SHP2) was identified as an oncoprotein which promoted development of 

acute myelogenous leukaemia [166]. This example showed that PTPs should also be 

considered as potential therapeutic drug targets. 

One of a few PTPs of particular interest is protein-tyrosine phosphatase non-receptor type 1 

(PTPN1), or protein tyrosine phosphatase 1B (PTP1B). The enzyme contains an N-terminal 
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structured catalytic domain, a regulatory intrinsically disordered C-terminal domain, and a 

hydrophobic intrinsically disordered C-terminal domain (Figure 52).  

 

Figure 52. A structural representation of full length PTP1B. 

PTP1B was shown to be involved in diabetes and obesity development in mice models, where 

the deletion of PTP1B-coding gene kept the mice healthy with an increased sensitivity to 

insulin even under a high-fat diet that would eventually lead to obesity [167]. PTP1B is also 

considered to be involved in mammary tumorigenesis, where it is overexpressed together 

with PTK HER2 and promotes tumorigenesis [168]. The direct relation between tumorigenesis 

and increased levels of PTP1B shows that PTPs can promote downstream signalling, which 

earlier was thought to be done only by kinases [169].  

Numerous PTP1B inhibitors have been developed that target the structured domain of the 

protein [170]–[172]. Due to PTP’s ability to hydrolyse phosphorylated Tyr (pTyr) residues, first 

inhibitors were designed to mimic these interactions. Multiple pTyr mimics were designed to 

contain a non-hydrolysable phosphonodifluoromethyl phenylalanine moiety. However, due 

to a highly charged nature, cell permeability of the compounds were a recurring problem. 

Approaches to tackle this problem included the usage of fatty acid chains or nitrofuryl 

moieties in order to shield the charge. Alternative pTyr mimetics have also been tested, such 

as carboxylic and sulfonic acids, but with limited success, mainly due to either selectivity or 

cell permeability problems [172]. Less negative imide derivatives exhibited increased cell 

permeability, but showed low in vivo efficacy. The development of non-charged molecules 

showed increased cell permeability and high in vivo efficacy, but with unclear inhibition 

targets. Multiple natural compounds and their derivatives were identified to exhibit good 

selectivity, bioavailability and in vivo efficacy in test models due to their unique chemical 
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scaffolds and may be developed further into more appealing drugs in terms of activity and 

permeability. 

Despite multiple approaches towards producing specific, high affinity, low toxicity PTP1B 

inhibitors, only a few molecules have made it to the clinical trials, including ertiprotafib (Figure 

53). However, ertiprotafib failed in phase 2 due to undesirable side effects and off-target 

interactions, including against IκB kinase β [173]. 

Several allosteric binders have also been identified using experimental and computational 

modelling tools [174], [175]. In the case of J64512, the compound binds to the ordered region 

of PTP1B that is ~20 Å away from the catalytic site and locks the catalytically essential WDP 

loop, as shown by X-ray and NMR data [176]. As an alternative approach, antisense 

oligonucleotides (ASOs) were used to suppress the expression of PTP1B. ISIS-113715 exhibited 

positive in vivo anti-diabetic effects in animal models and clinical trials were initiated in 2011, 

followed by a higher potency ASO ISIS-PTP1BRx with positive results in 2015 (Figure 53) [177]. 

The IDR at the C-terminus of PTP1B has not been targeted mainly due to its disordered nature. 

This presented difficulties when using typical biophysical approaches, such as X-ray 

crystallography, which was necessary to identify any potential mechanisms of action with a 

binder. It was suggested that the IDR could be involved in autoregulatory functions by 

interacting with the catalytic domain, as demonstrated in TCPTP case (~75% similarity of 

catalytic domains) [178]. Interestingly, it was identified that the truncation of PTP1B releases 

the protein to the cytosol from the endoplasmic reticulum membrane in human platelets and 

increases PTP1B’s activity two-fold, thus confirming the importance of the C-terminal IDR 

[179], [180]. Currently, only a few compounds are known to bind to the C-terminal IDR of 

PTP1B which inhibit its enzymatic activity via distinct conformational changes (Figure 53). MSI-

1436, or trodusquemine, is a potent inhibitor that targets the C-terminal region of PTP1B 

[105], [181]. MSI-1436 was shown to selectively bind to PTP1B with 2:1 stoichiometry and 

noncompetitively inhibit its activity by causing distinct conformational changes, as 

determined using FRET, CD, ITC and 2D NMR techniques. The proposed binding model 

suggests that the binding event involves α7 helix (285-298), along with residues 299, 310, 311 

and the newly identified α9 helix (360–377) in the IDR. Moreover, the IDR of PTP1B exhibited 

reduced hydrodynamic radius in the presence of MSI-1436, as determined by DLR, suggesting 

that the C-terminal region of PTP1B obtained a more compact structure. Hydrodynamic radius 
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RH may be an important parameter when exploring LMW interactions with IDPs if a formation 

of more compact structures is anticipated. However, no data from other drug discovery 

techniques are available for MSI-1436, including ligand-observed NMR, or SPR.  

An MSI-1436 analogue DPM-1001 was developed later which exhibited higher enzymatic 

inhibitory levels towards PTP1B in the presence of Cu(II) ions (Figure 53). Several metal ions 

have previously been reported to inhibit PTP1B activity by producing reactive oxygen species 

[182]. However, the reported interaction mechanism of DPM-1001 exploited the sterol 

properties of the molecule and coordination of Cu(II) ions via the charged tail of DPM-1001 

and His residues in the IDR of PTP1B [183]. In 2015, another analogue to MSI-1436 named 

claramine with a faster synthesis route and similar enzymatic inhibitory levels in vitro was 

developed [184]. However, no structural data was provided which would help to understand 

the exact binding mechanism. The previous example of MSI-1436 showed that direct 

observation of IDR:ligand interactions are possible and potential binders may be identified 

during screening campaigns. 

 

 

In this study, the folded domain only of PTP1B(1-301) and the folded domain with IDR (1-393) 

were successfully produced. This was followed by an exploratory study that investigated 

literature-reported ligands that interacted with the IDR of PTP1B using NMR, SPR and MST 

Figure 53. A structural representation of PTP1B(1-298) structure (PDB: 1SUG) with red marking indicating the start point 
of C-terminal IDR (Left). Chemical structures of PTP1B inhibitors (Right). 
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techniques. Multiple fragment screening campaigns were also performed using NMR and SPR 

with a diverse set of fragment libraries in order to learn more about IDP:fragment interaction 

patterns with a specific focus on the C-terminal IDR of PTP1B. 

4.2 Protein production and characterization 

In order to investigate literature-reported ligands and perform fragment screening, multiple 

versions of PTP1B protein had to be produced in sufficient yields. 

4.2.1 PTP1B(1-301) 

The plasmid coding for the folded catalytic domain of human PTP1B(1-301) with N-terminal 

6xHis-tag was kindly provided by N. Tonks (USA) in a T7-driven pET-28b expression vector. The 

protein was expressed in E. coli BL21(DE3) RIL CodonPlus cells with yields of ~18 mg per 1 L of 

LB media (Figure 54) (§7.3.1, §7.3.3). In addition to this, the activity assay of 6xHis-PTP1B(1-

301) has shown that the enzyme is active and can be used for subsequent biophysical assays 

(Figure 55) (§7.3.10). 

 

Figure 54. The QC of pure PTP1B(1-301) by SDS-PAGE and HPLC-MS. 

 

Figure 55. Time-resolved enzymatic activity of 6xHis-PTP1B(1-301) using DiFMUP as substrate. Red and green colors mark 
replicates. 
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After expressing the folded domain of PTP1B, the expression of PTP1B(1-393) with C-terminal 

IDR was attempted. 

4.2.2 PTP1B(1-393) 

The expression of 6xHis-PTP1B(1-393) in pET-28b vector in E. coli BL21(DE3) pLysS produced 

a truncated version of PTP1B with around 30-40 amino acid cleavage at the disordered C-

terminus region which was confirmed by intact MS-MS and peptide mass fingerprint (PMF) 

studies (Figure 56, Figure 57) (§7.3.1, §7.3.3, §7.3.9).  

 

Figure 56. MS-MS data of 6xHis-PTP1B(1-393). Yellow marking shows truncated part as deduced from MW. 

 

Figure 57. The PMF results for 6xHis-PTP1B(1-393). Red marked letters represent the identified peptide sequences that were 
compared against a full length PTP1B(1-435). 

Globular proteins are generally more stable and protease-resistant during expression, 

whereas disordered proteins are more prone to proteolytic degradation due to their unfolded 

nature [185]. Another possible reason for truncated versions of proteins could be translational 

arrest during transcription and/or translation due to secondary RNA structure formation 

[186].  However, this phenomenon was not expected due to commercial codon and plasmid 

optimization procedures which should prevent these types of occurrences. 

For confirmatory purposes, ten discrete E. coli BL21(DE3) pLysS colonies coding for 6xHis-

PTP1B(1-393) in pET28b vector were picked after transformation and tested for expression of 

full length 6xHis-PTP1B(1-393) protein. The results concluded that the truncated protein was 
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consistently produced, as determined by Maxwell 16 Polyhistidine Protein Purification Kit 

(Promega) and SDS-PAGE (Figure 58) (§7.3.4). 

 

It was reported that the 6xHis tag on the C-terminal side of PTP1B(1-393) has helped to 

prevent proteolytic degradation of the protein and obtain full length protein (N. Tonks, 

personal communication). Therefore, it was decided to change the location of 6xHis-tag from 

N-terminus to C-terminus.  

The codon-optimized PTP1B(1-393)-6xHis construct in pJ411 expression vector was tested for 

expression in the E. coli BL21(DE3) pLysS cell line. This approach had only a partial success due 

to significant variations of expression levels between the discrete transformed colonies 

(Figure 59). The colony that was identified to produce full length PTP1B(1-393)-6xHis was used 

to produce target protein, yielding 3 mg per 1 L of LB media (Figure 60). All of the follow-up 

attempts to produce PTP1B(1-393)-6xHis were not successful due to significantly lower yields. 

It is possible that PTP1B(1-393)-6xHis exhibited toxicity towards E. coli which prevented 

reproducible expression of the protein. While 6xHis-PTP1B(1-301) was expressed in high 

yields previously, the variable and low expression levels of PTP1B(1-393)-6xHis were 

potentially caused by the IDR (§4.2.1). 

Figure 58. The evaluation of expression levels of truncated 6xHis-PTP1B(1-393) protein from different colonies. 
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Figure 60. The QC of PTP1B(1-393)-6xHis by SDS-PAGE and HPLC-MS. 

After additional literature research, it was decided to test various N-terminal tags in order to 

stabilize the expression of PTP1B(1-393)-6xHis [187]. While various tags are usually used to 

enhance the solubility and folding of expressed proteins, it was assumed that the tags may 

stabilize the expression of PTP1B(1-393)-6xHis. Multiple PTP1B(1-393)-6xHis constructs were 

produced using standard cloning methods (§7.2.2) and included the following cleavable N-

terminal tags: 

 SUMO-TEV-PTP1B(1-393)-6xHis in T7-driven pJ411 vector 

 MBP-TEV-PTP1B(1-393)-6xHis in T7-driven pJ411 vector 

 Trx-TEV-PTP1B(1-393)-6xHis in T7-driven pJ411 vector 

 GST-TEV-PTP1B(1-393)-6xHis in T7-driven pJ411 vector 

 GST-3C-PTP1B(1-393)-6xHis in Ptac-driven pGEX-6P-1 vector 

Figure 59. The variability of PTP1B(1-393)-6xHis construct expression levels between different colonies with pJ411 expression 
vector in E. coli BL21(DE3) pLysS. Red marked colony produced full length PTP1B(1-393)-6xHis. 
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It was noticed that E. coli BL21(DE3) pLysS cell line did not produce as much GST-tagged 

protein with pJ411 expression vectors as it did with pGEX vector (Figure 61). This observation 

indicated that the commercially available T7-driven pJ411 vector was not a good expression 

vector for PTP1B(1-393)-6xHis. The pGEX vectors operate with Ptac promoter which has been 

determined to be not as strong as T7 promoter in terms of total protein produced during 

expression [188]. The structure of the plasmid may also have had strong influence on the 

expression levels. 

 

 

 

 

 

 

Therefore, the protein-coding insert of GST-3C-PTP1B(1-393)-6xHis was subcloned into a T7-

driven pET expression system pET-24a to further increase the expression levels. Moreover, it 

was also decided to test E. coli BL21(DE3) cell line without pLysS gene in order to potentially 

increase expression levels even more. Interestingly, it was observed that E. coli (BL21)DE3 

produced more of GST-PTP1B(1-393)-6xHis than BL21(DE3) pLysS, possibly due to tighter T7 

promoter control in the pLysS strain (Figure 62). The pLysS genotype-containing E. coli systems 

produce T7 lysozyme and are used to provide stricter T7 promoter control in order to prevent 

‘leaky expression’ and potential toxicity to E. coli before induction [189]. 

 

Figure 62. The evaluation of test expression of GST-3C-PTP1B(1-393)-6xHis (pET-24a) construct in different E. coli strains. 

Figure 61. Test expression of PTP1B(1-393)-6xHis with different N-terminal tags. 
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The expression of GST-3C-PTP1B(1-393)-6xHis (pET-24a) in E. coli BL21(DE3) yielded about 5 

mg of full length PTP1B(1-393)-6xHis per 1 L of TB media, as determined by A280 (§7.3.6). The 

proper folding of the enzyme has also been confirmed with an enzymatic activity assay (Figure 

63), (§7.3.10).  

 

Figure 63. The QC of pure PTP1B(1-393)-6xHis by SDS-PAGE and HPLC-MS. 

 

 

Once 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis proteins were produced, literature-

reported ligands were obtained and characterized using NMR. 

4.3 Characterization of the ligands 

As mentioned previously, several compounds have been reported to interact with the IDR of 

PTP1B, including MSI-1436 (Figure 65) (§4.1). While MSI-1436 interactions with the PTP1B(1-

393) have been already characterized in-depth, it was still of interest to investigate the 

interactions further using 1D ligand-observed NMR methods, including affinity determination 

by NMR, because such data has not been reported yet. 

Figure 64. Time-resolved enzymatic activity of PTP1B(1-393)-6xHis. Red and green colors mark replicates. 
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Figure 65. The chemical structure of the investigated MSI-1436. 

The structural integrity of the acquired MSI-1436 was assessed by 1D 1H NMR in d6-DMSO 

(§7.4.2). The ligand was determined to be soluble up to 800 µM in 50 mM HEPES pH 6.9, 150 

mM NaCl, 4% d6-DMSO, 5% D2O using 100 µM DSS at 0.0 ppm as a reference. However, it was 

noticed that MSI-1436 may form aggregates above 200 µM (Figure 66). The methyl peaks 

were noticed to broaden out instead of increasing in intensity during titration experiments 

which was consistent with the formation of soluble aggregates.  

 

Figure 66. 1H NMR spectra of MSI-1436 at different concentrations. The black arrows mark methyl peaks in the structure. 

The structure of MSI-1436 is similar to a detergent molecule with a polar head and a non-

polar tail. It is possible that at a certain concentration the compound is forming micelles with 

marked methyls getting buried in hydrophobic environment (Figure 66). 

The compound was further investigated using 1D NMR methods in the presence of PTP1B(1-

393)-6xHis. 
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4.4 Detection of ligand binding by NMR 

The 1H STD, wLOGSY and CPMG-filtered NMR techniques are typically used to identify 

potential binders to the target protein. Due to MSI-1436 not having any aromatic moieties, 1H 

STD experiments were not performed due to possible excitation of aliphatic chains of the 

ligand during the experiment. Furthermore, the acquired wLOGSY data did not indicate any 

binding of the ligand due to severe overlay of protein- and ligand-specific signals. In addition 

to this, wLOGSY data suggested that MSI-1436 may form aggregates as the positive NOE 

signals were observed without any protein present in solution (Figure 67). The possibility of 

aggregates was also confirmed by 1H CPMG-filtered experiments which showed the increased 

T2 relaxation of MSI-1436 at higher ligand concentrations (Figure 68).  

 

Figure 67. A comparison of wLOGSY spectra of MSI-1436 at different concentrations. The black arrows mark compound 
specific peaks. 

 

Figure 68. A comparison of 1H CPMG-filtered spectra of MSI-1436 at different concentrations. τ = 200 ms 
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The previously mapped CSPs for IDR of PTP1B(1-393) were obtained in the presence of 450 

µM of MSI-1436 [105]. It is possible that the reported CSPs represented interactions between 

the protein and the aggregated MSI-1436 rather than a monomeric form of the ligand.  

It has been also noted that the methyl peaks of MSI-1436 in 1H spectra broaden significantly 

in the presence of PTP1B(1-393)-6xHis which was consistent with protein:ligand interactions 

(Figure 69). In addition to this, the 1H CPMG-filtered spectra also indicated broadening after 

200 ms delay to some ligand-specific peaks which further confirmed the previously reported 

MSI-1436 interactions with PTP1B(1-393)-6xHis.  

 

Figure 69. A comparison of 1H and CPMG-filtered spectra for MSI-1436 in the presence and absence of PTP1B(1-393)-6xHis. 
The black arrows indicate MSI-1436 specific resonance peaks. 

Usually, the indole NH signals of Trp are broadened out if they are buried in the hydrophobic 

core of the protein. However, the indole NH of W333 was observable in 1H spectra due to it 

being in the solvent-exposed IDR of PTP1B(1-393)-6xHis. After addition of MSI-1436, slight 

CSPs were observed for W333 (Figure 70). The signal broadening may be explained by a slight 

ordering or folding of the IDR, causing W333 signal to decrease in intensity. This shows that 

Trp amino acid may be used to observe some conformational changes for IDRs in general. 
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Figure 70. A comparison of 1H spectra of W333 of PTP1B(1-393)-6xHis in the presence and absence of MSI-1436. 

The previously reported KD values for PTP1B:MSI-1436 interactions, ranging from 0.6 to 4 µM, 

agreed with the experimentally determined KD value of 3.6 +/- 0.8 µM via 1H NMR (Figure 71) 

[105]. 1H NMR spectra was used to track methyl peak of MSI-1436 in the presence of 20 µM 

PTP1B(1-393)-6xHis and the resulting ΔCSP values were fitted to 1:1 binding model. It is also 

possible that the observed CSPs may be occurring due to micelle formations at increasing 

concentrations. However, previous experimental NMR DOSY data suggested that no 

aggregates of MSI-1436 are forming up to 10 µM [190]. 

 

Figure 71. The evaluation of MSI-1436-specific peak in the presence of 20 µM of PTP1B(1-393)-6xHis at different MSI-1436 
concentrations. The fitting of ΔCSPs for the marked methyl peak of MSI-1436 using 1:1 binding model is also shown. 

It was then decided to investigate the reported folding phenomenon of the IDR of PTP1B in 

the presence of MSI-1436 using NMR DOSY. Methyl peaks in the aliphatic region (0.75 – 1 

ppm) of PTP1B proteins were used to calculate the diffusion rate. The data has shown that 

hydration radii RH for PTP1B(1-301) and PTP1B(1-393) were similar to previously reported 

values obtained via dynamic light scattering (DLS) technique (1-301: 24.1 Å and 1-393: 32.8 Å) 
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(Table 4) [105]. The deviations can potentially be explained by slightly different experimental 

conditions. 

Table 4. The calculated diffusion rate and RH values for PTP1B constructs as determined by NMR DOSY. 

Protein Diffusion rate, x 10-11 m2/s RH, Å RH, Å [105] 

6xHis-PTP1B(1-301) 8.2 +/- 0.31 27 24.1 

PTP1B(1-393)-6xHis 6.44 +/- 0.12 35 32.8 

 

After addition of 200 µM of MSI-1436, the diffusion rates of protein could not be determined 

unambiguously due to overlapping aliphatic peaks of protein and ligand using standard one-

component fitting approach. The two-component fitting option, however, suggested no 

significant change in the diffusion rate (Table 4, Table 5). The two-component fitting option 

takes into account that there are two overlaying peaks on top of each other from two different 

species. 

Table 5. The calculated diffusion rate values for PTP1B(1-393)-6xHis as determined by NMR DOSY. 

Protein 
Diffusion rate, x 10-11 m2/s 

One-component fitting Two-component fitting 

PTP1B(1-393)-6xHis 7.17 +/- 0.45 6.3 +/- 0.38 
 

It has been shown previously that the calculated molecular mass of PTP1B(1-393) increased 

in the presence of MSI-1436 via SEC experiment [105]. NMR DOSY allows determination of 

diffusion rates using specific peaks rather than the protein as a whole. This may make any 

partial conformational changes difficult to detect, especially if the majority of the aliphatic 

peaks in PTP1B(1-393)-6xHis represent the already folded part of the protein. 

Following the NMR experiments, SPR and MST approaches were also used to evaluate the 

observed PTP1B(1-393)-6xHis:MSI-1436 interactions. 

4.5 Detection of ligand binding by SPR and MST 

The presence of C-terminal 6xHis tag in PTP1B(1-393) allowed a non-covalent and oriented 

immobilization of PTP1B(1-393)-6xHis on Ni-NTA chip using Biacore T200 (§7.4.4). The multi-

cycle studies have revealed that MSI-1436 interacted non-specifically with the reference 

surface because the observed responses were higher on reference surface than on the 

protein-immobilized surface. This caused the reference-subtracted curves to give a negative 

signal (Figure 72).  
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Figure 72. The kinetic dose-response profile of MSI-1436 interacting with immobilized PTP1B(1-393)-6xHis. Immobilization 
level: ~1000 RU. MSI-1436 concentration range: 0.01 to 50 µM as two-fold dilutions. 

Moreover, the observed signals were significantly higher than the expected Rmax of 15 RU for 

1000 RU immobilization level with 1:1 binding model. The interactions of MSI-1436 with the 

reference surface at pH 7.4 were assumed to be charge-based due to the positively charged 

polyamine part of MSI-1436 and the negatively charged carboxymethylated dextran surface 

(Figure 73). It is also possible that such large responses are caused by occurring 

conformational changes of PTP1B(1-393) that SPR technique is also sensitive to (§1.5.2.3). 

 

Figure 73. A potential charge distribution in MSI-1436 at pH 7.4. 

The charged-based hypothesis was confirmed by injecting MSI-1436 over empty, non-

derivatized surface and still observing binding kinetics. The increased salt concentration 

decreased the non-specific residual binding of the compound to the surface (Figure 74). It is 

possible to see that MSI-1436 has a residual binding at 40 µM in the presence of 150 mM 

NaCl. In contrast, no residual binding was observed in the presence of 500 mM NaCl. 
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Figure 74. Absolute binding levels to empty surface of Ni-NTA chip in the presence of 150 mM (A) and 500 mM (B) of NaCl at 
denoted MSI-1436 concentrations. 

In order to negate charge-based interactions, PTP1B(1-393)-6xHis may be immobilized using 

amine coupling, followed by the blocking of the carboxymethyl groups with ethanolamine or 

positively charged ethylenediamine. However, such immobilization approach may introduce 

non-oriented conformations and exhibit non-representative responses against MSI-1436. 

As an orthogonal approach to NMR and SPR, MST was used to assess potential interactions 

between PTP1B(1-393)-6xHis and MSI-1436 (§7.4.3). The protein was labelled non-covalently 

via 6xHis tag with RED-Tris-NTA dye which was determined to have a KD of 2.3 +/- 0.4 nM 

(Figure 75). 

 

Figure 75. A graphical representation of MST data fit for RED-Tris-NTA dye interaction with PTP1B(1-393)-6xHis. 
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While further MST data was consistent with MSI-1436 binding to the protein, initial 

fluorescence data has shown that the initial fluorescence of the dye increased, as the ligand 

concentration increased (Figure 76). Previous NMR data suggested that aggregates may be 

forming at higher concentrations which may have caused the fluorescent dye to be shielded 

from the solvent and have its fluorescence profile increased. Due to non-saturating data, the 

KD value could not be reliably determined. 

 

Figure 76. Graphical representation of MST (Left) and initial fluorescence (Right) data for labelled protein in the presence of 
different concentrations of MSI-1436. 

According to the previously determined KD, another MST experiment was performed with 

lower concentrations of MSI-1436. The results showed no obvious interactions between the 

labelled PTP1B(1-393)-6xHis and MSI-1436 (Figure 77). 

 

Figure 77. A graphical representation of MST data for labelled PTP1B(1-393)-6xHis in the presence of different concentrations 
of MSI-1436. 

In conclusion, NMR, SPR and MST data showed that the knowledge about potential 

experimental artefacts is important, including aggregate formation or charged-based 

interactions. The investigation of MSI-1436:PTP1B(1-393) interactions was followed by 

several fragment screening campaigns in order to identify potential fragments that bind to 

the IDR of the protein. 
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4.6 Fragment screening via 19F NMR 
19F CPMG-filtered NMR fragment screening campaign was used to identify fragments that 

interact with the disordered C-terminal region of PTP1B (§7.4.2, §7.4.2.3). 

In recent years, 19F-labelled molecules have been used to expand the current compound 

libraries with additional chemical space coverage. It has been shown that the substitutions of 

hydrogen to fluorine can affect such physicochemical properties as pKa and lipophilicity [191], 

[192]. In addition to this, fluorine can also participate in protein-ligand interactions which can 

affect the apparent affinity values [193]. The Carr-Purcell-Meiboom-Gill (CPMG) pulse scheme 

can be readily applied to be used in 19F CPMG-filtered experiments which allows screening 

and identification of fluorinated binders in a relatively fast manner [194]. The inherent 

chemical shift anisotropy (CSA) in the bound state and the chemical shift difference between 

bound and free state contribute significantly to the observed line width of fluorinated 

fragments in 19F CPMG-filtered NMR spectra [195]. This increased sensitivity allows using 

relatively low fragment concentration in order to detect binding events. Moreover, the 

observed spectral range for 19F NMR is much wider than for 1H NMR which enables the 

screening of cocktails containing larger number of fragments, thus saving experimental time. 

This allows a quick evaluation and prioritization of the 19F labelled fragment binders which can 

be then further validated using orthogonal techniques.  

Due to availability and simplicity, CF3-labelled fragment library of 1664 compounds (Novartis) 

was used in 19F CPMG-filtered fragment screening. The fluorine signals were observed as 

sharp singlets which may not have been the case with CF or CF2 fragments due to possible 

additional coupling patterns and/or broadening of the signals. The PTP1B active site-directed 

inhibitor TCS401 was used in all mixtures to reduce potentially high hit rate [196] (Figure 78). 

 

Figure 78. The chemical structure of PTP1B active site-directed inhibitor TCS401. 
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After obtaining reference 19F CPMG-filtered spectra for fragment cocktails, the same 

experiment was performed in the presence of 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis 

for comparative purposes. A total of 210 fragments, or 13% of the library, were identified as 

potential hits against the common folded domain for both 6xHis-PTP1B(1-301) and PTP1B(1-

393)-6xHis. The potential hits exhibited more than 80% decrease in signal intensity after 

CPMG filter (τ = 320 ms) (Figure 79). In addition to this, 16 fragments were identified as 

potentially specific binders to PTP1B(1-393)-6xHis. It was noted, however, that the signal 

broadening for PTP1B(1-393)-6xHis-specific ligands was lower than for the folded region-

targeting hits (30% vs 80%, respectively) (Figure 80). It is possible that the lesser broadening 

was observed due to weaker binding affinity of the fragments to the IDR region, local 

environment changes or conformational flexibility of the system. The screening results were 

followed up with single compound experiments to confirm the potential hits against the IDR 

of PTP1B(1-393)-6xHis. 

 

Figure 79. 19F CPMG-filtered spectra for the identified hit against both PTP1B proteins. (τ = 320 ms) 
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Figure 80. 19F CPMG-filtered spectra for potential hit against PTP1B(1-393)-6xHis . (τ = 320 ms) 

The single compound titration experiments concluded that all of 16 potential hits towards 

PTP1B(1-393)-6xHis were artefacts because the relaxation patterns of the fragments were 

similar for both 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis constructs. However, one 

fragment (compound V1) exhibited slight CSPs and new peak appearance when in presence 

of both PTP1B constructs with more noticeable change for PTP1B(1-393)-6xHis. This was 

indicative of potential covalent binding events (Figure 81, Left). The ligand was identified to 

be a stereoisomer hence the observed multiple resonance peaks in the spectra.  

A fresh batch of compound V1 was prepared in order to account for possible degradation of 

the compound during the long-term storage in d6-DMSO. Interestingly, the differences in peak 

shape and position were noted between the original reference spectra obtained previously 

and the fresh stock (Figure 81). The spectral differences were eventually attributed to the 

presence of DTT in the buffer solution. Initially, the screening campaign was performed in the 

presence of 0.5 mM TCEP which acted as a reducing agent (Figure 81, Left). After acquiring a 

fresh compound stock, DTT was used in buffer solutions instead of TCEP due to availability 

(Figure 81, Right). The 1H NMR QC data suggested that some structural changes occurred to 

V1 with DTT present, whereas no changes were observed in the presence of TCEP (Figure 82). 

The structure of V1 contains a morpholine-2-one moiety where the electrophilic carbonyl 

carbon may be attacked by nucleophilic thiol of DTT causing a formation of thioester bond 

and thus readily perturbing the observed resonance signals. 
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Figure 81. A comparison of 19F CPMG-filtered resonance peaks of compound V1 in the absence and presence of PTP1B 
constructs in TCEP and DTT-containing buffer solutions. The arrows mark the vector of compound V1-specific CSPs. 

 

Figure 82. 1H NMR spectra of compound V1 in the presence of 1 mM TCEP or DTT. The arrows mark compound V1-specific 
peaks. 

It was also noted that the original 6xHis-PTP1B(1-301) protein stock was stored with 0.5 mM 

TCEP, whereas PTP1B(1-393)-6xHis construct contained 2 mM DTT. During sample 

preparation, PTP1B(1-393)-6xHis construct was diluted from 134 µM to 10 µM which 

decreased the  concentration of DTT to ~150 µM (Figure 83, Left). The residual DTT could still 

have reacted with 30 µM of compound V1 and given false-positive results when comparing 

PTP1B(1-301) and (1-393) data even in the presence of 0.5 mM TCEP in the buffer solution. 

This exact effect of residual DTT has been observed in the very first 19F CPMG-filtered spectra, 

where compound V1 had an extra peak with PTP1B(1-393) construct (Figure 81, Left) which 

was not observed in the presence of PTP1B(1-301). 

In order to remove any data ambiguity, both PTP1B protein constructs were buffer-exchanged 

to replace any residual DTT with 1 mM TCEP. Subsequently, 19F CPMG-filtered experiments 

have confirmed CSPs for both PTP1B(1-301) and (1-393) constructs by exhibiting changed 
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peak intensity ratios of the resonances indicating that compound V1 interacts with PTP1B(1-

393)-6xHis construct more readily than with 6xHis-PTP1B(1-301) (Figure 83, Right). 

 

Figure 83. A comparison of 19F CPMG-filtered resonance peaks of compound V1 in the absence and presence of PTP1B 
constructs with 1 mM TCEP before (Left) and after (Right) buffer exchange of protein stocks. The arrows mark the vector of 
compound V1-specific CSPs. 

This was followed by protein-observed and ligand-observed 1H CPMG filtered experiments 

which did not indicate any increased relaxation patterns for the IDR region of PTP1B(1-393)-

6xHis when compared to reference data. The only observed changes were for compound V1 

itself due to covalent binding which were more evident for PTP1B(1-393)-6xHis construct 

(Figure 84).  

 

Figure 84. Comparison of protein- and ligand-observed CPMG-filtered results in the presence and absence of compound V1 
with PTP1B(1-301)-6xHis and PTP1B(1-393)-6xHis protein. The arrows mark the perturbed peaks. 
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Due to covalent binding events, it was hypothesized that the bound compound V1 may affect 

the diffusion rate of PTP1B(1-393)-6xHis. However, only small diffusion rate changes were 

observed by NMR DOSY (Figure 85). This indicated that the protein hydration radius RH has 

not significantly changed. In comparison, MSI-1436 is known to bind to the IDR of PTP1B(1-

393)-6xHis and possibly affect its hydrodynamic radius which was not observed in previous 

experiments with NMR DOSY (§4.4). However, compound V1 may be just too small to affect 

the IDR relaxation rates and the diffusion rate of the protein significantly enough to be 

observed. 

 

Figure 85. Comparison of PTP1B(1-393)-6xHis diffusion rate values in the presence and absence of compound V1. 

After revisiting 19F CPMG-filtered screening data, it was determined that compound V1 did 

not exhibit an increased signal broadening in the presence PTP1B(1-393)-6xHis when 

compared with 6xHis-PTP1B(1-301) (Figure 86). As mentioned previously, the data was 

originally evaluated using 19F CPMG-filtered spectra with 320 ms delay due to large amount 

of samples and lack of automated software for quick and accurate processing (Figure 86, 

Right). However, when 19F CPMG-filtered data with 20 ms and 320 ms delay was examined, 

the relaxation profiles of compound V1 looked very similar for both PTP1B constructs (Figure 

86, Left). If 20 and 320 ms relaxation data were used during initial evaluation, the fragment 

V1 would have been identified as a non-hit. This shows that a thorough data analysis is needed 

in order to avoid any false positives during the screening process, especially if the changes are 

small. The evaluation of large amounts of data could be accelerated by using automated 

evaluation tools, such as KNIME or MNova.  
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Figure 86. Comparison of 19F CPMG-filtered ligand-observed relaxation patterns of fragment mix in the presence and absence 
of 6xHis-PTP1B(1-301) and (1-393)-6xHis. (Left): τ = 20 and 320 ms. (Right): τ = 320 ms only. 

In order to confirm the potentially covalent interactions between compound V1 and PTP1B 

constructs, HPLC-MS studies were performed (§7.4.1, §7.4.1.1). The obtained data indicated 

that 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis form multiple covalent adducts with 

compound V1 after 18 hour incubation at RT in the presence and absence of 1 mM DTT or 

TCEP (Figure 87, Figure 88). It was determined that the interaction patterns in the presence 

of TCEP and without any reducing agent were similar, indicating that TCEP did not react with 

compound V1, whereas DTT readily formed covalent adducts with the compound. Compound 

V1 was found to form 1:1 and 1:2 adducts with 6xHis-PTP1B(1-301) construct and 1:1, 1:2 and 

1:3 adducts with PTP1B(1-393)-6xHis construct. 6xHis-PTP1B(1-301) has six Cys residues 

whereas PTP1B(1-393)-6xHis has eight. Out of those eight Cys residues, two are located in the 

disordered region of PTP1B(1-393)-6xHis (Figure 89). It is possible that at least one Cys in the 

disordered region of PTP1B(1-393)-6xHis has covalently reacted with compound V1 due to the 

observed higher number of covalent adducts than for 6xHis-PTP1B(1-301). 
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Figure 87. A comparison of HPLC-MS spectra for 6xHis-PTP1B(1-301) in the absence and presence of DTT/TCEP and V1. 

 

Figure 88. A comparison of HPLC-MS spectra for PTP1B(1-393)-6xHis in the absence and presence of DTT/TCEP and V1. 
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Figure 89. Sequences of PTP1B(1-393)-6xHis and 6xHis-PTP1B(1-301) with marked Cys (yellow) and disordered region (red). 

Additional MS/MS and/or NMR studies would be required to directly confirm the binding of 

compound V1 to the disordered region of PTP1B(1-393)-6xHis. 

In summary, the 19F CPMG-filtered NMR screening process can be summarized with a 

simplified flow chart below (Figure 90).  
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Figure 90. A flowchart of 19F CPMG-filtered NMR screening against 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis. 

In conclusion, no fragments were identified to bind to the IDR of PTP1B(1-393)-6xHis using 19F 

CPMG-filtered experiments while 210 fragments were found to potentially interact with the 

folded domain of PTP1B. Due to focus of the screening towards the IDR of PTP1B, the hits 

towards the folded domain were not investigated further. It is possible that the affinity of the 

fragments to the IDR was not high enough to be detected, suggesting that such approaches 

may benefit from larger molecules providing more potential interaction possibilities.  

Only due to serendipity, a covalent binder V1 was identified which potentially interacts with 

Cys residues in the IDR of PTP1B(1-393). Due to previously shown importance of IDR to the 

activity of PTP1B with the example of MSI-1436, free Cys in the IDR may be targeted by 

covalent binders in order to force a specific, inactive conformation of the protein. In general, 

covalent binders have been less widely used in the field of drug discovery than non-covalent 

ligands due to their potential non-specificity and off-target interactions. However, there are 

multiple successful cases of targeted covalent inhibitors (TCIs) that have been developed to 
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specifically interact with targeted proteins [197]. An example of covalent fragment screening 

for tau K18 protein is described later (§5.9). 

Following NMR fragment screening, an SPR-based fragment screening was initiated for both 

PTP1B constructs to identify IDR-specific hits. 

4.7 Fragment screening via SPR 

4.7.1 Assay development for positive control 

In order to perform fragment screening using SPR, it was required to establish a positive 

control assay for PTP1B in order to evaluate its activity on the surface once immobilized. 

Suramin was used as a positive control for PTP1B which is a literature-reported inhibitor for 

phosphatases and other proteins [198], [199]. (Figure 91). 

 

Figure 91. The chemical structure of suramin. 

Due to the availability of material, standard amine-coupling approach on CM5 chip was used 

to immobilize both PTP1B proteins (§7.4.4, §7.4.4.1). The experimental data showed that 

suramin exhibited residual stickiness in the internal flow system of Biacore machine, as noted 

with blank injections, even after several washing steps with aqueous 50% DMSO solution 

(Figure 92). The residual stickiness of compounds may cause the subsequent signals to be 

artificially elevated and may prevent accurate evaluation of the data. Therefore, 

representative blank injections are required to objectively evaluate the interactions between 

the protein and a fragment. Since fragments have low MW, the expected responses are also 

low and any systematic perturbations can affect the observed results. 
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Figure 92. A comparison of blanks against PTP1B(1-393)-6xHis and 6xHis-PTP1B(1-301) after suramin injections 
(Immobilization levels: PTP1B(1-393) ~7800 RU, PTP1B(1-301) ~5800 RU). The bolded marks in sensorgrams denote the report 
points. 

Due to suramin having six sulfate groups, it was predicted that using a high pH solution would 

help to remove it from the system. After changing the washing solution to 50 mM NaOH and 

including additional washing steps with carry-over controls, the blank injections showed 

significant signal reduction to acceptable levels (Figure 93). 

 

Figure 93. A comparison of blank injections against PTP1B(1-393)-6xHis and 6xHis-PTP1B(1-301) with additional washing 
steps (Immobilization levels: PTP1B(1-393) ~6800 RU, PTP1B(1-301) ~6400 RU). The bolded marks in sensorgrams denote the 
report points. 

After resolving the residual stickiness of suramin, the interactions between PTP1B and 

suramin were assessed using multi-cycle kinetics. It was noted that the determined KD values 

(39 and 42 µM) using 1:1 steady-state binding model were approximately 10 times higher 

than the previously reported Ki value of 4 µM [200] (Figure 94).  
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Figure 94. Steady state data fitting using 1:1 binding model for suramin binding behaviour to 6xHis-PTP1B(1-301) (Left) and 
PTP1B(1-393)-6xHis (Right). 

This observation suggested that the 1:1 binding model may not be representative. The KD and 

Ki values in case of PTP1B should be comparable because suramin was previously shown to be 

a competitive, active site-directed inhibitor via enzymatic assay. As a result, the Ki value 

calculated from IC50 can be directly compared to the experimentally measured KD value. 

According to previous PTP1B studies with SPR, the parallel binding model, which includes 

terms for both specific, high affinity and non-specific, low affinity interactions, is a better 

representation of the system than 1:1 binding model. This is possibly because of the tendency 

of suramin to interact non-specifically with other proteins [201]. Suramin has six sulphate 

groups which carry significant net negative charge at experimental pH of 7.4 in addition to 

multiple hydrophobic regions. Therefore, non-specific charge-charge interactions are 

possible.  

The fitting of experimental data using the parallel binding model resulted in comparable KD 

values for high and low affinity terms which were also close to the literature Ki value of 4 µM 

(Table 6), (Figure 95, Figure 96).  

Table 6. The determined KD values for PTP1B(1-301) and PTP1B(1-393) interactions with suramin. 

Protein High affinity KD, µM Low affinity KD, µM 

6xHis-PTP1B(1-301) 1.0 +-/ 1.1 44 +/- 1.6 

PTP1B(1-393)-6xHis 5.1 +/- 0.2 61 +/- 2.5 

 

Typically, a concentration of 10 x KD would be used to fully saturate the protein in control SPR 

experiments. However, this was not possible due to parallel binding events which would cause 

the high affinity interaction (primary binding) to be masked by the low affinity interaction 

(secondary binding) at 10 x KD (Figure 96). It has been shown in previous studies that 
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numerous confirmed ligands do not saturate the binding site of target proteins before 

secondary binding effects develop [202]. This made the assessment of binding parameters, 

such as KD, unreliable. Therefore, it was decided to use suramin at 7.5 µM for tracking the 

activity of both PTP1B constructs during the fragment screening assays. At such 

concentration, the majority of the signal would be represented by the high affinity term. 

 

Figure 95. The kinetic and steady state data plots for 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis with suramin fitted using 
parallel binding mode (SimFit). Immobilization level: PTP1B(1-301) ~6400 RU, PTP1B(1-393) ~9400 RU. The bolded marks in 
kinetic sensorgrams note the report points that were used to produce the steady-state data plots. 

 

Figure 96. A graphical representation of parallel binding fitted data for PTP1B:suramin interactions which indicates low and 
high affinity terms. (SimFit) 
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The activity of immobilized protein was determined to be approximately 40% for 6xHis-

PTP1B(1-301) and 60% for PTP1B(1-393)-6xHis. This was achieved by comparing suramin 

response levels to the calculated theoretical Rmax values (§7.4.4). Both PTP1B constructs 

contain a folded domain which makes the immobilization of the protein onto the chip surface 

less random than for a completely disordered protein. PTP1B(1-393)-6xHis has a disordered 

C-terminal region with 7 Lys residues which may influence the preferred orientation of the 

protein during immobilization. The access of suramin to the binding site of PTP1B may get 

conformationally restricted more for 6xHis-PTP1B(1-301) than for PTP1B(1-393)-6xHis if 

PTP1B(1-393)-6xHis is immobilized via the IDR. This assumption was partially confirmed with 

differing activity levels of the immobilized proteins. 

After establishing positive control assays with suramin, fragment screening was initiated by 

performing a clean screen (CS) assay to remove any sticky compounds that may artificially 

affect the observed response during subsequent injections. 

4.7.2 Clean Screen (CS) 

In general, fragments are expected to bind and dissociate quickly from the protein of interest 

due to relatively low affinities and fast kinetics. If the immobilized protein is known to be 

active on the surface and the immobilization levels are sufficiently high (Rmax = 20-30 RU), 

some residual compound binding with reasonably slow dissociation behaviour can be 

tolerated (5-10 RU). However, this is only acceptable if the observed residual signal goes back 

to the pre-injection value before the end of the injection [203]. If the signal does not go back 

to the baseline after the end of the injection, there is a risk of drifting signal which may cause 

the automatic evaluation software to indicate the subsequent compound as a non-binder. In 

addition to this, there is also a risk of ‘sticky’ compounds occupying the binding pocket of 

interest. This would lower the observed response levels during the follow-up injections of 

compounds and any potential binders may be identified as false negatives. Therefore, the 

identified problematic or ‘sticky’ fragments should be removed from subsequent experiments 

[204], [205]. 

The automatic evaluation of CS data was used to quickly identify fragments with non-specific, 

residual or ‘sticky’ binding behaviour to empty and derivatized CM5 S Series chip surface 

(Figure 97, Table 7). The automatic evaluation software subtracted the baseline value of Ni-1 

from Ni and plotted the results into a graph with 10 RU threshold value. Two compounds were 
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identified to exhibit persistent artefactual binding towards empty CM5 chip surface. Of these, 

one stuck to all of the protein systems. For 6xHis-PTP1B(1-301), 8 out of 10 compounds were 

also identified for PTP1B(1-393)-6xHis. For PTP1B(1-393)-6xHis, all 9 compounds also 

exhibited very slow dissociation behavior for 6xHis-PTP1B(1-301).  

Table 7. The number of ‘sticky’ compounds identified for empty surface and target proteins. 

Surface derivatization  Sticky compounds Surface-specific sticky compounds 

Empty 2 1 

6xHis-PTP1B(1-301) 10 2 

PTP1B(1-393)-6xHis 9 0 

 

 

Figure 97. The representation of Ni - Ni-1 plots for different derivatizations of the chip surface with threshold value of ‘residual 
binding’ set to 10 RU. A. Empty Surface (Immobilization level: 0 RU). B. 6xHis-PTP1B(1-301) (Immobilization level: 5800 RU). 
C. PTP1B(1-393)-6xHis (Immobilization level: 6600 RU). 

The identified fragments were then removed from the subsequent Binding Level Screen (BLS) 

step. 
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4.7.3 Binding Level Screen (BLS) 

The BLS data was used to prioritize potential fragment hits at a single 500 µM concentration 

that did not exhibit any anomalous or artefactual binding behavior markers, such as slope, 

slow dissociation or R> Rmax (Figure 98, Figure 99). The slope marker indicates secondary 

binding events, whereas slow dissociation marker suggests non-desirable residual stickiness 

to the protein since fragments are expected to bind and dissociate quickly. In addition to this, 

response levels higher than theoretical Rmax indicate superstoichiometric, or higher than 1:1, 

interactions. However, it has been reported that R to Rmax values up to 3:1 could still be 

acceptable [203]. After the automated hit evaluation and prioritization procedure, 10% of the 

hits without anomalous binding behaviour markers (107 compounds for each protein 

construct system) were taken further to the Affinity Screen (AS) step. The percentage of the 

library selected can be adjusted accordingly to the size of the library, if necessary. 

 

 

Figure 98. A representation of artefactual binding behaviour markers. 
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Figure 99. The identification of well-behaved fragments using BLS approach. The samples exhibiting artefactual binding 
behaviour markers were flagged with specific colours. A. 6xHis-PTP1B(1-301) (Immobilization level: 6300 RU). B. PTP1B(1-
393)-6xHis (Immobilization level: 10000 RU). 

Following the comparison of automatically selected BLS hits for each PTP1B construct, 23 

compounds were identified as binding uniquely to either PTP1B(1-301) or PTP1B(1-393) 

(Table 8). This observation suggested that some fragments may be targeting the IDR. 

Table 8. Potentially unique hits for PTP1B proteins from automated BLS data evaluation. 

Protein Potentially unique hits  

6xHis-PTP1B(1-301) 23 out of 107 when compared to 1-393 hits 

PTP1B(1-393)-6xHis 23 out of 107 when compared to 1-301 hits 

 

All 107 automatically prioritized hits for each PTP1B construct were taken further to the 

Affinity Screen (AS) step. 

4.7.4 Affinity Screen (AS) 

The fragments were injected at six different concentrations onto derivatized surfaces in order 

to generate a dose-response curve and evaluate the affinity of the ligands to the immobilized 

protein targets. The titration experiments identified multiple potential hits that exhibited 

saturating or near saturating steady-state curves against both PTP1B constructs, out of which 

some were potentially unique (Table 9).  
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Table 9. Number of total hits identified for each PTP1B construct after AS step. 

Protein Hits from AS Potentially unique hits 

6xHis-PTP1B(1-301) 26 19 

PTP1B(1-393)-6xHis 30 23 

  

The fragment hits for 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis were further prioritized 

which yielded 11 potentially unique hits for PTP1B(1-393)-6xHis and 11 potentially unique hits 

for 6xHis-PTP1B(1-301) (Figure 100, Figure 101, Figure 102, Figure 103). A total of seven 

common PTP1B hits were also identified (Figure 104). 

 

Figure 100. The prioritized putatively unique hits for PTP1B(1-393)-6xHis, as identified during AS step. 

 

Figure 101. Representative SPR steady-state fitted plots for PTP1B(1-393)-6xHis. The coloured vertical line represents the 
calculated KD values according to the steady-state model. Immobilization level: ~8000 RU. The bolded marks in kinetic 
sensorgrams denote the report points that were used to produce the steady-state data plots. 
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Figure 102. The prioritized putatively unique hits for 6xHis-PTP1B(1-301), as identified via AS step. 

  

Figure 103. Representative SPR steady-state fitted plots for 6xHis-PTP1B(1-301). The coloured vertical line represents the 
calculated KD values according to the steady-state model. Immobilization level: ~7600 RU. The red circle marks excluded data 
points. The bolded marks in kinetic sensorgrams denote the report points that were used to produce the steady-state data 
plots. 
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Figure 104. Common hits for both 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis that were identified via AS step. 

It was also noticed that compound 13a for PTP1B(1-393)-6xHis and 14b for 6xHis-PTP1B(1-

301) reached saturating steady-state profile during titration experiments. Therefore, it was 

possible to determine the surface activity and compare that to the activity determined from 

suramin titration assay (§4.7.1, §7.4.4). It was calculated that the fragment binding levels 

indicate 35% activity of the surface for both PTP1B constructs if 1:1 binding interactions are 

assumed (Table 10). Previously, suramin response levels suggested a 40% activity for 6xHis-

PTP1B(1-301) and 60% for PTP1B(1-393)-6xHis. Considering possible deviations in the 

theoretical interaction model, the activity levels were comparable for 6xHis-PTP1B(1-301) 

construct. However, the determined activity levels for PTP1B(1-393)-6xHis differed almost by 

a factor of two. This implied that the parallel binding model may not be entirely representative 

for PTP1B(1-393)-6xHis:suramin interactions. 

Table 10. The determined surface activity levels for immobilized PTP1B constructs using different compounds. 

 Surface activity, % 

Compound 6xHis-PTP1B(1-301) PTP1B(1-393)-6xHis 

Suramin 40 60 

13a - 35 

14b 35 - 

 

As mentioned previously, the AS data evaluation was based on indicative saturating dose-

response behavior. It is important to note that some of the hit compounds exhibited non-

specific binding at concentrations higher than 250 µM which was compound-specific (Figure 

103). Therefore, in some cases the data from concentrations above 250 µM were excluded in 

order to account for secondary binding events at higher concentrations. 
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Due to time and material constraints, the identified PTP1B construct-specific hits could not be 

tested against another construct using SPR in order to confirm the uniqueness of the 

fragments. In addition to this, it was decided to re-inspect the previously obtained BLS data 

to evaluate the automated evaluation workflow. 

4.7.5 Manual evaluation of BLS 

After the manual inspection of BLS data, it was concluded that the automatic hit prioritization 

workflow can produce ambiguous data in situations where common or unique hits for similar 

targets are to be identified. While single-target fragment screening campaigns benefit from 

automatic prioritization and offer fast data evaluation, comparative multiple-target fragment 

screening results may require manual inspection in order to reach an accurate result. 

Initially, the automated BLS data evaluation suggested that out of the 107 compounds 

selected for each PTP1B construct, 23 compounds were unique for each PTP1B construct 

(Table 8). However, after the manual comparison of the BLS response signals it was concluded 

that all 23 potentially unique compounds for 6xHis-PTP1B(1-301) construct also produced a 

comparable signal against PTP1B(1-393)-6xHis, and vice versa (Table 11, Table 12).  

Subsequently, it was also concluded that the majority of the hits against 6xHis-PTP1B(1-301) 

were not automatically selected for PTP1B(1-393)-6xHis to be taken to the AS step because of 

artefactual binding behavior markers (Table 11, Figure 98). This observation may be 

attributed to the slightly higher immobilization levels of PTP1B(1-393)-6xHis due to its higher 

MW in order to achieve similar theoretical Rmax values. The derivatized surfaces with higher 

immobilization density can exhibit non-desirable behavior, such as aggregation or protein-

protein interactions on the surface.  

Table 11. The comparison of 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis BLS responses for automatically prioritized ‘unique’ 
PTP1B(1-301) BLS hits. *Artefactual binding behaviour marker. †Hits below threshold value (<8.69 RU). 

6xHis-PTP1B(1-301) 
Unique BLS Hit  

6xHis-PTP1B(1-301) 
Unique BLS Hit Signal, RU 

PTP1B(1-393)-6xHis 
BLS Signal, RU 

1 7.04 7.422† 

2 19.06 27.83* 

3 8.04 13.31* 

4 8.70 11.43* 

5 7.11 8.64* 

6 7.12 10.79* 

7 11.48 17.57* 

8 12.92 15.88* 
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9 10.65 13.24* 

10 11.52 16.45* 

11 11.53 16.31* 

12 10.47 12.63* 

13 6.84 9.69* 

14 7.08 7.41† 

15 12.96 17.07* 

16 12.43 17.95* 

17 9.84 15.21* 

18 8.88 12.09* 

19 10.74 18.4* 

20 20.76 35.33* 

21 7.6 7.42† 

22 11.27 15.47* 

23 8.75 10.34* 

 

In contrast, the majority of PTP1B(1-393)-6xHis hits were not selected for 6xHis-PTP1B(1-301) 

due to the response signals being only marginally lower than the automatically determined 

threshold line (Table 12, Figure 105). 

Table 12. The comparison of 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis BLS responses for 1-393 ‘unique’ BLS hits. 
*Artefactual binding behaviour marker †Hits below threshold value (<6.9 RU) 

PTP1B(1-393)-6xHis 
Unique BLS Hit  

PTP1B(1-393)-6xHis 
Unique BLS Hit Signal, RU 

6xHis-PTP1B(1-301) 
BLS Signal, RU 

1 8.88 6.08† 

2 9.08 6.63† 

3 8.73 5.53† 

4 9.74 6.61† 

5 10.21 6.65† 

6 8.76 6.31† 

7 8.83 6.27† 

8 11.06 7.58* 

9 11.01 6.08† 

10 9.87 6.81† 

11 9.52 5.94† 

12 9.24 6.65† 

13 9.01 6.28† 

14 8.69 6.1† 

15 9.15 5.98† 

16 9.09 6.12† 

17 9.79 6.65† 

18 9.04 6.19† 

19 9.23 6.5† 

20 10.13 5.94† 

21 9.56 6.75† 
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22 8.95 6.07† 

23 8.89 5.37† 

 

 

Figure 105. The representation of BLS plots for both PTP1B constructs indicating possible occurrence of false 
positives/negatives during data analysis. Binding behaviour markers: green – no artefactual binding behaviour, yellow – slow 
dissociation, blue – slope, brown – R>Rmax, red – multiple artefactual binding behaviours, open-red – measured surface 
activity. 

A comparative manual inspection of BLS data between both PTP1B constructs was also 

performed in order to identify any potentially specific fragments binding to a single PTP1B 

construct. The initial BLS responses had to be normalized to account for different 

immobilization levels used during BLS step which would affect theoretical Rmax values (Table 

13). Therefore, the reported BLS signals for fragments with PTP1B(1-301)-6xHis surface were 

adjusted by a factor of 1.29 in order to match the expected response levels with the same 

immobilization of PTP1B(1-393)-6xHis. It was assumed that the actual activity of both PTP1B 

constructs are similar, as suggested previously (Table 10). 

Table 13. The difference between Rmax values for each PTP1B-derivatized surface used in BLS. 

Immobilized protein BLS immobilization 
level, RU 

Theoretical Rmax for 
150 Da fragment, RU 

Rmax ratio to each 
other 

6xHis-PTP1B(1-301) 6300 24.9 0.78 

PTP1B(1-393)-6xHis 10000 32 1.29 
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In total, 22 potentially specific fragments were identified for PTP1B(1-393)-6xHis (Figure 106). 

A fragment was considered to be a hit if the normalized signal observed for PTP1B(1-393)-

6xHis was >50% higher than for 6xHis-PTP1B(1-301) to account for possible concentration 

differences due to the manually prepared samples. Signals of ≤ 1 RU were disregarded as they 

were comparable to the baseline noise and blank injections.  

 

Figure 106. The identified hits for PTP1B(1-393)-6xHis only determined after manual inspection of BLS data. 

The identified hits would need further characterization against both PTP1B constructs via SPR 

in order to evaluate the exact target specificity of the compounds. 

4.8 Conclusions 

PTP1B was used as a model system that represented a folded protein with an IDR. While the 

folded domain of PTP1B(1-301) was produced efficiently, several difficulties were noted 

during the production of PTP1B(1-393), including the proteolytic degradation of the IDR and 

low yields. The proteolysis of PTP1B(1-393) was solved with N-terminal GST and C-terminal 

6xHis tag design, whereas the yields were increased by using a stronger T7 promoter. 

The literature-reported interactions between MSI-1436 and PTP1B(1-393) were confirmed via 

1D NMR with low micromolar affinities, whereas MST detected potentially ambiguous 

interactions. In addition to this, potential aggregate formation of MSI-1436 was observed 
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above 200 µM in aqueous solution by 1D NMR, possibly due to its chemical similarity to a 

detergent molecule. 

While NMR DOSY determined the hydrodynamic radii RH of PTP1B(1-301) and PTP1B(1-393) 

to be similar to the literature-reported values, the technique did not detect any change in RH 

values in the presence of MSI-1436 potentially due to overlaying signals in the methyl region 

and not being able to observe protein as a whole during the experiment. It is also possible 

that the conformational changes may have to be significantly larger to be detectable by NMR 

DOSY. 

The SPR technique was shown to be prone to charge-charge interactions as MSI-1436 was 

observed to interact non-specifically with the dextran surface, possibly due to excess charge 

on the ligand. The charge-charge interactions were partially confirmed by using higher salt 

conditions. These results suggest that the assay would further need specific experimental 

design. The SPR-based fragment screening campaign against both PTP1B constructs identified 

several potent fragments binding to the folded region of PTP1B, whereas fragments binding 

to the IDR still need confirmatory experiments. In addition to this, automatic workflow 

evaluation for fragment screening by SPR was identified to be error-prone when it comes to 

comparing results for two similar targets.  Therefore, a manual inspection may be required 

for more accurate results. 

19F NMR CPMG-filtered approach was used to screen CF3 fragment library against PTP1B(1-

301) and PTPB(1-393) to detect IDR-directed fragments. The results indicated multiple non-

covalent hits against the folded domain but none for the IDR. Only due to serendipity, a 

covalent binder V1, potentially reacting with Cys, was identified for both PTP1B(1-301) and 

PTP1B(1-393), with potential interactions with the IDR of PTP1B(1-393).  
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5 Tau K18 

5.1 Introduction 
The neurodegenerative disorders that are caused by filamentous accumulations of 

microtubule-associated tau protein in brain cells are called tauopathies. As knowledge about 

pathologies, diagnostic approaches and potential treatments for neurodegenerative diseases 

increased, tauopathies were further classified as primary or secondary, depending on whether 

tau protein is solely or together with other proteins contributing to certain pathology. Primary 

tauopathies include such disorders as Pick’s disease, frontotemporal dementia and 

Parkinsonism linked to chromosome 17 (FTDP-17), and progressive supranuclear palsy [206]–

[208]. Secondary disorders include such disorders as Alzheimer’s disease (AD), Lewy body 

disorders and prion disease [209]–[211]. It is estimated that around 30 million people around 

the world are affected by tauopathies. According to the WHO, AD on its own accounts for up 

to 60% of 50 million cases of dementia worldwide, with 10 million new cases every year [212]. 

It has been noted that tau aggregates found in brain tissue exhibited increased levels of 

phosphorylation than typically observed and mostly contained double helical stacks, or paired 

helical filaments (PHFs) [213]. There are 79 potential phosphate acceptor residues in tau 

protein, out of which around 30 have been reported to be phosphorylated previously [214]. 

The negatively charged phosphates are considered to neutralize the positive charge of specific 

regions in the protein and thus, decrease microtubule:tau interactions and promote tau-tau 

association. The increased propensity for tau protein to form aggregates can also be caused 

by specific mutations in the microtubule-associated protein tau (MAPT) gene. These 

mutations can decrease the affinity of tau protein to the microtubules and thus increase the 

unbound population of tau. The increased unbound population of tau may become more 

prone to phosphorylation which in turn may promote aggregate formation [215]. 

Tau protein is expressed as six different isoforms in humans due to alternative splicing events 

[216]. These isoforms differ in the number and structural arrangement of four main functional 

domains: amino terminal region [217], proline rich region [218], microtubule binding domain 

[219] and carboxy terminal region [220] (Figure 107). The microtubule binding domain 

contains either 3 or 4 imperfect repeat (R) regions which have been determined to directly 

contribute to the microtubule binding affinity in tau. The different number of repeat regions 

in tau isoforms is produced again due to splicing events, as mentioned previously. It has been 
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determined that two hexapeptide motifs PHF6(VQIVYK) and PHF6*(VQIINK), located in 2R and 

3R regions of microtubule-binding domain, play an important role in the formation process of 

PHFs and are found at the core of formed fibrils [221], [222]. The aggregation has also been 

noted to be enhanced by oxidation of Cys residues and interactions of tau with polyanionic 

molecules in vitro, such as heparin [223], [224].  In addition to this, single mutations in the 

PHF6 region that directly disrupt β-structures have been shown to reduce tau’s ability to form 

aggregates [225]. These studies and observations have revealed important insights about tau 

aggregation and provided structural basis for developing aggregation inhibitors. 

Multiple kinases and phosphatases, such as GSK-3, CDK5 and PP2A, have also been targeted 

in order to prevent or reduce the hyperphosphorylation levels of tau [226]. However, even 

though in vitro models have exhibited promising data, specific target inhibition without side 

effects has been difficult due to the targeted enzymes having multiple substrates. 

Direct targeting of tau protein may provide an alternative approach. Because of the 

importance of PHF6 and PHF6* regions in fibril formation, tau K18 (4R repeat) and tau K19 

(3R repeat) constructs have been used to track and evaluate the aggregation inhibition by 

LMW ligands. Tau K18 and K19 are found in the isoforms of full length tau (Figure 107).  

 

Figure 107. A structural representation of htau40 isoform which includes both N-terminal regions and 4R repeat regions. A 
zoomed-in part in the microtubule-binding region shows the location of PHF6 and PHF6* sequences. Tau K18 and K19 
constructs are also represented that exist in different isoforms 

To date, multiple molecules have been identified as modulators of the tau aggregation 

process and state, including polyphenols, rhodanines, benzothiazoles and phenothiazines, 

using Thioflavin T (ThT) or Thioflavin S (ThS) assays [227]–[238] (Figure 108). However, the 
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interaction mechanisms between tau and the majority of the ligands has not been fully 

understood mainly due to the fact that monomeric tau is an IDP and the oligomeric/fibril 

species are difficult to study with standard biophysical tools. In addition to this, some ligands 

may interact only with monomers, oligomers or fibrils which in turn may modulate the further 

evolution of the complex towards insoluble fibril formation [233].  

 

Figure 108. The chemical structures of multiple tau aggregation inhibitors. 

Some structural insight, however, has been provided with the investigation of BSc3094 

molecule which has been shown to interact with tau K18 [236]. 1H NMR STD data was 

consistent with binding of the ligand to tau K18 with micromolar affinity, whereas SPR data 

indicated slow dissociation kinetics. In addition to this, Methylene Blue (MB) and compound 

51397 have been shown to oxidize Cys residues in tau K18 and K19 constructs [234], [239]. 

However, the aggregation process was only inhibited for tau K18 which has two Cys residues, 

but not for K19 which contained a single Cys residue. MB interactions with Cys residues have 

been noted in another investigation with full length tau protein using NMR and SAXS 

approaches [240]. MST was used to directly measure binding affinities of some ligands to the 

preformed tau fibrils, such as thiazine red, a molecular tracer T807 and lansoprazole [241]. 

Another recent publication employed MST as well by showing that MB interacted with 
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monomeric tau protein with nanomolar affinities, possibly involving Cys residues [242]. These 

examples suggest that direct observation of IDP:ligand interactions is possible. 

In this study, multiple constructs of monomeric tau K18 were produced. This was followed by 

an exploratory study that investigated literature-reported ligand interactions with monomeric 

tau K18 using biophysical NMR, MST, SPR and HPLC-MS techniques. Limited structure-activity 

relationship (SAR) studies were also performed with synthesized near neighbours (NNs) of the 

identified binder to further explore binding interactions. Finally, non-covalent and covalent 

fragment screenings were performed to identify potentially novel binders to tau K18 using 

NMR, SPR and HPLC-MS techniques. 

5.2 Protein production and characterization 
In order to investigate literature-reported ligands and perform non-covalent and covalent 

fragment screening, multiple versions of tau K18 protein had to be designed and produced. 

As mentioned previously, tau protein forms toxic paired helical filaments (PHFs) under certain 

conditions, such as hyperphosphorylation (§5.1). After additional analysis, the microtubule 

binding regions tau K18 and K19 were found at the core of the fibrils and multiple approaches 

have been used to target this region with LMW ligands. Two Cys residues (C291,C322) for tau 

K18 were also identified in the fibril region that form disulphide bonds which are considered 

to promote PHF formation. In this project, in order to avoid any potential tau K18 instability 

and change of structure over time, it was decided to mutate both C291 and C322 to the serine 

double mutants C291S, C322S while maintaining similar properties of the protein. Serine 

residues retain hydrophilic properties of cysteine while not possessing any redox abilities of 

thiols.  

The first construct for 6xHis-tau K18(C291S,C322S) was ordered in pJ411 T7-driven expression 

vector (pDV1) with 5’-NdeI and 3’-XhoI cloning restriction sites in order to enable molecular 

cloning approach, if necessary. 6xHis tag allowed affinity purification and labelling techniques 

for biophysical assays. The initial expression attempts of pDV1 showed low level expression 

of target protein, as determined by HPLC-MS and SDS-PAGE using Maxwell 16 Polyhistidine 

Protein Purification Kit (§7.3.1, §7.3.3, §7.3.4, §7.4.1) (Figure 109). 
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In order to increase expression levels, 6xHis-tau K18(C291S,C322S) coding sequence was 

subcloned to a T7-driven pET vector system, pET-24a (pDV2). To achieve this, 6xHis-tau 

K18(C291S,C322S) coding plasmid (pRT2069 or pDV1) and pET-24a vector-containing plasmid 

(pRT2044, in-house) was digested, purified and ligated (§7.2.2) (Figure 110).  

 

Figure 110. The plasmids containing pET-24a vector (pRT2044) and 6xHis-tau K18(C291S,C322S) (pRT2069) were digested and 
run on 1% agarose gel. The red-marked parts were excised for ligation. 

Subsequent expression and purification attempts showed that 6xHis-tau K18(C291S,C322S) 

was produced in significantly larger amounts with pET-24a vector (pDV2) compared to pJ411 

(pDV1) (§7.3.1, §7.3.3)(Figure 109, Figure 111). The optimized pDV2 construct yielded 32 mg 

of 6xHis-tau K18(C291S,C322S) per 1 L of LB media. Multiple expression vectors are available 

Lysate Elution 

1 

1 - 6xHis-tau K18(C291S,C322S) 

Figure 109. Expression evaluation of 6xHis-tau K18(C291S,C322S) construct in pJ411 vector system by SDS-PAGE and HPLC-
MS. 
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to be used for recombinant protein expression in various E. coli cell lines with each having its 

own specific elements, such as promoters and growth conditions [243]. The pET vectors are 

designed to use T7 RNA polymerase to drive the protein expression in high yields [244]. 

However, protein-coding DNA sequence or protein itself can be a problem for expression due 

to variety of reasons, such as secondary structure formation in vivo, toxicity, abrupt 

translation termination or protein aggregation. This may cause impaired protein production 

or even host cell death. The pJ411 expression vector with 6xHis-tau K18(C291S,C322S) insert 

could have exhibited one or several mentioned problems during expression which may have 

impaired the observed expression levels [245]. Similar inefficient expression of protein in 

pJ411 expression vectors was observed for PTP1B (§4.2.2). 

The concentration of the expressed protein was determined using Pierce BCA protein assay 

due to low molar extinction coefficient of tau K18 (ε = 1490 1/M*cm) (Figure 112) (§7.3.7).  

 

 

 
Lysate Elution 

Tau K18 

Figure 111. Expression evaluation of 6xHis-tau K18 (C291S,C322S) in pET-24a vector (pDV2) system by SDS-PAGE and HPLC-
MS. 
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Figure 112. An example of concentration determination for 6xHis-tau K18(C291S,C322S) using BCA assay. 

After successful expression of 6xHis-tau K18(C291S,C322S), the following native and single 

Cys-containing tau K18 constructs were produced in order to enable covalent fragment 

screening: 

 6xHis-tau K18(C291, C322S) (pDV3) 

 6xHis-tau K18(C291S,C322) (pDV4) 

 6xHis-tau K18(C291,C322) (pDV5) 

The mutations of Ser to Cys (S291C and S322C) were achieved by using site-directed 

mutagenesis (SDM) with pDV2 plasmid as template and appropriate primers (§7.2.3). It was 

noticed that SDM of S291C did not produce any correct sequence-containing clones when the 

S322C mutation was already present in the sequence (pDV4). It is possible that with the S322C 

mutation present, the original S291C primer did not bind sufficiently enough to the template 

causing SDM to fail (Primer A, §7.2.3). However, a single nucleotide mutation is not expected 

to influence DNA plasmid structure to the point of causing failed PCR, especially since the 

same primer worked previously to introduce a single S291C mutation. The problem was solved 

by extending the S291C primer by 4 nucleotides at both 5’ and 3’ sides (Primer C, §7.2.3). This 

was followed by successful expression and purification of all Cys mutants with comparable 

yields (Figure 113). It is possible that PCR attempt for S291C mutation was not successful due 

to non-optimal experimental design from the beginning, including temperature and timing, 

rather than problems with the primer.  
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Figure 113. The expression evaluation of 6xHis-tau K18 Cys mutants by SDS-PAGE and HPLC-MS. 

The same expression and purification protocols were applied to express the following 

isotopically labelled tau K18 constructs for 2D and 3D NMR experiments (§7.3.2, §7.3.3.4): 

 15N-labelled (>99% labelling efficiency) 

o 6xHis-tau K18(C291S,C322S) (pDV2) 

o 6xHis-tau K18(C291,C322) (pDV5) 

 15N,13C labelled (>99% labelling efficiency) 

o 6xHis-tau K18(C291S,C322S) (pDV2) 

Due to a low number of aromatic residues in tau K18 (Y310 and F346), it was decided to also 

label Y310 with 19F derivative of Tyr to enable 19F NMR approach (§7.3.2, §7.3.3.4). Amino 

acid specific 19F labelling has been successfully used to study structure, binding and 

aggregation of IDPs, such as α-synuclein [246]. Specific labelling of aromatic amino acids was 

achieved by using glyphosate during expression which suppresses the synthesis of aromatic 

amino acids by inhibiting shikimate synthesis pathway. By manually introducing labelled 

aromatic amino acids into growth media, the cells can incorporate the labelled amino acids 

into the sequence in an efficient manner. This procedure was used to achieve specific 19F 

labelling, namely for 3-fluoro-Y310 (Figure 114). The incorporation efficiency was determined 

by MS peak integration to be ~66% which was sufficient to observe the signal in 19F NMR. The 

labelling efficiency may potentially be improved by increasing incubation time after addition 

of glyphosate and/or adding a larger amount of 19F-labelled amino acid. This would ensure 

that the shikimate pathway is completely inhibited together with more 19F-labelled amino acid 

available for specific labelling. 



118 
 

 

Figure 114. The expression evaluation of 6xHis-tau K18(C291S,C322S)(3-fluoro-Y310) by HPLC-MS and 19F NMR. 

For SPR technique, several immobilization approaches are available. While most of SPR 

experiments involve covalently immobilized proteins on the carboxymethylated dextran 

matrix, maintaining their functionality, the IDPs, such as tau K18, are prone to being 

immobilized in a non-functional conformation. Therefore, oriented immobilization can be a 

preferred immobilization method to maintain the functional profile of IDPs. While 6xHis tag 

is used for immobilizing proteins on Ni-NTA-modified surfaces, the surfaces may not be stable 

enough over extended period of time to perform SPR experiments, such as fragment 

screening. To solve this problem, a more stable approach is available. Biotin is a known 

cofactor that is involved in many metabolic processes in humans and many other organisms. 

It has been shown that interactions between biotin and streptavidin or avidin are one of the 

strongest non-covalent interactions known with KD of ~10-15 M [247]. These specific biotin-

streptavidin interactions have been exploited to yield many applications, including affinity-

based separation, immunoassays and immobilization with defined orientation [248], [249].  

It was discovered that E. coli contains an endogenous enzyme BirA which allows specific 

biotinylation of target proteins via AviTag sequence in vitro [250]. After expression and 

purification of AviTag-tau K18(C291S,C322S) in pET-24a expression vector (pDV6), the target 

protein was biotinylated with 1:1 ratio in vitro by BirA enzyme with >95% efficiency (in-house) 

and used in subsequent SPR assays (Figure 115) (§7.3.2, §7.3.3.4). 
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Figure 115. The evaluation of biotinylation efficiency of AviTag-tau K18(C291S, C322S) by BirA after 2 hours via HPLC-MS. 

In summary, the following tau K18 constructs were expressed in E. coli BL21(DE3): 

 6xHis-tau K18(C291S,C322S) (pDV2) 

o Unlabelled 

o Uniformly 15N labelled 

o Uniformly 13C,15N labelled 

o Specific labelling of Y310 with 3-fluoro-Tyr 

 Unlabelled 6xHis-tau K18(C291,C322S) (pDV3) 

 Unlabelled 6xHis-tau K18(C291S,C322) (pDV4) 

 Native 6xHis-tau K18 (C291,C322) (pDV5) 

o Unlabelled 

o Uniformly 15N labelled 

 Unlabelled biotinylated AviTag-tau K18(C291S, C322S) (pDV6) 

Once multiple tau K18 constructs were available, literature-reported tau K18 ligands were 

acquired and characterized by NMR. 

5.3 Characterization of tau K18 ligands 

As mentioned previously, a number of compounds have been reported in the literature to 

modulate the formation and integrity of tau monomers, oligomers and/or fibrils (§5.1). 

However, the majority of ligand efficacy data has been obtained using cellular or phenotypic 

experiments, including directly observing tau fibril formation. In case of BSc3094, 1D 1H NMR-

STD was used to determine affinity to monomeric native tau K18(C291,C322) construct while 

SPR approach indicated strong interactions due to slow dissociation [236]. In addition to this, 

MB was found to interact with full length native tau and tau K18(C291,C322) with 86 and 125 
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nM affinity, respectively via MST approach. However, no other biophysical characterization of 

tau K18:ligand interaction mode was available. 

Ten literature ligands were kindly provided by Servier (FRA) in powdered form and were 

prepared in d6-DMSO (Figure 116).  

 

Nr Literature ID 
Solubility in µM @ 50 mM NaPi pH 6.6, 

25 mM NaCl, 5% D
2
O, 298 K 

   125 250 500 1000 2000 

1 
Methylene Blue 

[234]  
          

2 PHF016 [235]           

3 BSc3094 [231]           

4 51397 [237]           

5 Bb14 [231]           

6 Cl-NQTrp [238]           

7 ID220255 [231]           

8 ID220149 [231]           

9 Anle138b [229]           

10 Spermine [230]           

 

Figure 116. Chemical structures and solubility profiles of literature-reported ligands for tau K18. 
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The structural integrity of the compounds was confirmed by 1D 1H NMR in d6-DMSO (§7.4.2). 

Due to the design of NMR experiments and expected low affinities of the compounds, the 

ligands were expected to be soluble at least at 125 µM in aqueous solution of 50 mM NaPi pH 

6.6, 25 mM NaCl, 5% D2O, 298 K, using 50 µM DSS at 0.0 ppm as a reference. Solubility 

experiments showed that eight out of 10 compounds were soluble at or above 125 µM (Figure 

116). 

The soluble compounds were then further investigated using protein-observed 2D NMR 

experiments to assess any binding interactions with monomeric 15N-labelled 6xHis-tau 

K18(C291S,C322S). 

5.4 Detection of ligand binding to tau K18 via protein-observed NMR 
The evaluation of protein-ligand interactions by 2D 1H-15N HSQC NMR approach is considered 

to be a “golden standard” in drug discovery field due to technique’s ability to identify the 

amino acid residues that are perturbed by protein:ligand interactions. 2D SOFAST-HMQC (SF-

HMQC) technique makes this approach more applicable for screening purposes for small 

proteins due to fast data acquisition and retained data quality when compared to typical 2D 

HSQC technique [251].  

The dose-response titration experiments showed that only compound 6 (Cl-NQTrp) produced 

significant CSPs for 15N-labelled 6xHis-tau K18(C291S,C322S) (Figure 117). Literature-reported 

assignments were used to partially assign amino acid cross peaks where unambiguous 

assignments could be made [252]. The identified amino acids involved in interactions agreed 

with previously literature-reported binding mode for compound 6 as it interacts with PHF6 

region [238] (Figure 107). 
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Figure 117. Observed CSPs for 15N-labelled 6x-His-tau K18(C291S,C322S) in the absence and presence of compound 6. 

Several naphthoquinone-tryptophan derivatives have been previously shown to inhibit 

aggregation-prone proteins, such as Aβ and α-synuclein [253]. Compound 6 contains a 

carboxylic acid group and exists as a carboxylate at neutral pH. 6xHis-tau K18(C291S,C322S) 

has a theoretical pI of ~9.8 which results in a highly positive charge in neutral pH. It is possible 

that charge-charge interactions form between protein and compound 6 which disrupt fibril 

formation [238]. It has been also reported that negatively charged heparin and poly-Glu 

molecules also produce significant CSPs for tau K18 [254]. The possible charge-charge 

interactions were assessed with control titration experiments that included acetic acid, 

ethanolamine and L-Trp. The results concluded that 6xHis-tau K18(C291S,C322S) was not 

affected in the same manner as with compound 6 (Figure 118). The CSPs caused by acetic acid 

or ethanolamine were of similar level but in opposite vectors and could be attributed to the 

titration of ionizable groups present in the protein. 
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Figure 118. Observed CSPs for 15N-labelled 6xHis-tau K18(C291S,C322S) in the presence of ethanolamine (A), acetic acid (B) 
and L-Trp (C). The blue arrows mark the direction of cross peak shifts. 

Compound 6 was further investigated with 1D NMR techniques in order to characterize the 

interaction profile against tau K18(C291S,C322S). 
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5.5 Detection of ligand binding to tau K18 via ligand-observed NMR 

2D NMR experimental results were followed up by 1D ligand-observed NMR techniques, such 

as 1H STD, wLOGSY and CPMG-filtered (§7.4.2). Only compound 6 was tested using 1D NMR 

due to it being the only ligand that produced CSPs in 2D SF-HMQC spectra (Figure 117). 

While initial 1H STD and CPMG-filtered data did not indicate any interactions, wLOGSY data 

was consistent with IDP:ligand interactions between 6xHis-tau K18(C291S,C322S) and 

compound 6 (Figure 119). The STD technique depends on signal transfer through the structure 

of the protein onto the bound ligand, whereas wLOGSY signal depends on signal transfer via 

water molecules [85], [255]. Due to 6xHis-tau K18(C291S,C322S) being an IDP, the signal 

transfer onto the bound ligand may not be possible to detect in STD experiments due to lack 

of protein structure, whereas signal transfer via water molecules may be possible. The CPMG-

filtered experimental results depend on T2 relaxation rate of the ligand which is affected when 

a ligand interacts with protein [87]. Compound 6 was noted to exhibit an increased T2 

relaxation rate, where compound-specific signals broaden significantly after CPMG filter of 50 

and 100 ms even without protein present (Figure 119). It has been previously observed that 

some compounds form aggregates in solution and NMR data can potentially indicate this 

phenomenon [132], [256]. It has also been shown that detergent-like molecules can recover 

signals of the fast-relaxing molecules in CPMG-filtered experiments by disrupting the soluble 

aggregates. For compound 6, however, the addition of Tween-20 did not show any signal 

recovery for compound-specific signals (Figure 120). This suggested that the increased T2 

relaxation rate may not be entirely attributed to the aggregate formation, but rather to 

internal compound dynamics. 
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Figure 119. Comparison of 1D ligand-observed NMR spectra in the presence and absence of 6xHis-tau K18(C291S,C322S) and 
compound 6. STD and CPMG-filtered data do not indicate any IDP:ligand interactions, whereas wLOGSY does. The black 
arrows mark ligand-specific signals. 

 

Figure 120. 1D 1H CPMG-filtered NMR spectra of compound 6 with 6xHis-tau K18(C291S,C322S) in the presence and absence 
of Tween-20 at different delays. The black arrows mark ligand-specific signals. 

Due to different experimental design of SPR and MST techniques, it was possible to assess all 

ten literature-reported compounds against tau K18(C291S,C322S) at lower than 125 µM 
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concentrations in order to identify any potential binders that NMR approach may have 

missed. 

5.6 Detection of ligand binding to tau K18 via SPR and MST 

The literature-reported ligand interactions with tau K18(C291S,C322S) were assessed by SPR 

technique using biotinylated tau K18(C291S,C322S) construct (pDV6) (§7.4.4). Biotinylated 

AviTag-tau K18(C291S,C322S) was immobilized on SA chip and titration experiments were 

performed using single-cycle approach on Biacore T200. The concentrations used were based 

on publications and previous NMR solubility experiments. It was determined that compound 

1, compound 2 and compound 6 were interacting with biotinylated AviTag-tau 

K18(C291S,C322S) in dose-dependent manner (Figure 121). Compound 1 exhibited saturation 

profile to the protein with KD of 39 µM (1:1 binding model). It was also noted that the 

sensorgrams were not stable during injection time suggesting specific events on the surface 

of the chip, such as conformational changes, rebinding of the analyte or precipitation of the 

compound. It was decided to remove the response of 300 µM compound 1 to the protein due 

to unstable sensorgram shape. Compound 2 was determined to interact with AviTag-tau 

K18(C291S,C322S) with a non-saturating profile as the steady-state responses did not reach 

saturation which was limited by compound solubility and slow dissociation behaviour. The 

same observation was noted for compound 6 in addition to a possible formation of aggregates 

or non-specific binding at concentrations above 2 mM.  
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Figure 121. Binding curves and steady-state affinity graphs for compounds 1, 2 and 6. Immobilization level: ~1000 RU of 
biotinylated AviTag-tau K18(C291S,C322S). Buffer solution: 50 mM HEPES pH 7.4, 150 mM NaCl, 0.05% Tween-20, 4% DMSO. 

It is possible that compound 6 may have affected the conformation of tau K18(C291S,C322S) 

or bound to the protein in non-stoichiometric manner as the concentration of the ligand was 

increased. The SPR angle shifts and the observed responses have been previously shown to 

be sensitive to changes of pH, ionic strength and conformation of the immobilized protein 

[257], [258]. While immobilized folded proteins can maintain their rigidity and interact with 

ligands as expected, the structure of IDPs may change upon interaction with ligand.  

As an orthogonal method to NMR and SPR, MST was used to assess potential IDP:ligand 

interactions with literature-reported molecules (§7.4.3). Due to the presence of 6xHis tag in 

6xHis-tau K18(C291S,C322S), the protein was labelled with RED-Tris-NTA dye which was 

determined to have the KD of 14 +/- 2 nM to the protein (Figure 122). 
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Figure 122. A graphical representation of MST data fit for RED-Tris-NTA dye interaction with 6xHis-tau K18(C291S,C322S). 

The follow-up MST titration data suggested that compound 6 interacted with dye-labelled 

6xHis-tau K18(C291S,C322S) in dose-dependent manner, as previously observed by NMR and 

SPR (Figure 123, A). However, additional control experiments showed that MST data of the 

dye was also affected by compound 6 without any protein present (Figure 123, A). In addition 

to this, initial fluorescence was also observed to be affected as concentration of compound 6 

increased, indicating possible interactions between the dye and compound 6 (Figure 123, B). 

Previous investigation has reported that tryptophan-like molecules can quench the 

fluorescence of multiple organic dyes [259]. Compound 6 contains a Trp moiety which may 

have affected the observed fluorescence data, as shown with experiments in the presence of 

dye only. However, a larger fluorescence amplitude for labelled tau K18 

(C291S,C322S):compound 6 complex than for dye:compound 6 complex indicated that there 

may be some interaction specificity and potential conformational changes to the protein in 

the presence of compound 6. The affinity of compound 6 could not be reliably determined 

because the MST and initial fluorescence data did not reach saturation. 

 

Figure 123. A graphical representation of MST (A) and initial fluorescence (B) data for compound 6 in the presence and 
absence of 6xHis-tau K18(C291S,C322S). 
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Compound 5 was also identified to interact with the labelled protein with KD of 73 +/- 23 µM 

(1:1 binding model). The initial fluorescence was also observed to be affected by the 

compound. Interestingly, the initial fluorescence increased rather than decreased, which was 

in contrast to the data of compound 6 (Figure 123, Figure 124). Due to flexibility of IDPs, it is 

possible that 6xHis-tau K18(C291S,C322S) assumes a specific conformation which directly 

affects the RED-Tris-NTA dye. The dye then may become less or more shielded from the 

solvent which changes the fluorescence profile of the dye. 

 

Figure 124. A graphical representation of MST (A) and initial fluorescence (B) data for compound 5 in the presence and 
absence of 6xHis-tau K18(C291S,C322S). 

The overlap of intrinsic fluorescence of compound 1 and RED-Tris-NTA dye at λ = 600-650 nm 

prevented the direct labelling of the protein with the dye.  However, this observation enabled 

a label-free approach. 6xHis-tau K18(C291S,C322S) was titrated from 5.9 to 2000 nM onto 100 

nM of compound 1 and EC50 of 50 +/- 4 nM was determined with Hill coefficient of 4 (Figure 

125). The data could not be fitted to a standard 1:1 model suggesting that multiple molecules 

may interact with the protein at the same time. Previously, it has been reported that 

compound 1 interacted with full length native tau and native tau K18(C291,C322) with nM 

affinity [242]. Additional molecular modelling suggested that the ligand could be binding near 

C291 and C322 residues. The tau K18 protein in this project had its cysteines mutated to 

serines (C291S,C322S) for stability purposes. The MST results indicated that the interactions 

between 6xHis-tau K18(C291S,C322S) and compound 1 were not largely affected by changing 

Cys to Ser, assuming that the previously proposed interaction mode model was correct. 
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Figure 125. A graphical representation of MST data fit for compound 1 at different concentration of 6xHis-tau 
K18(C291S,C322S). 

It is possible that by labelling 6xHis-tau K18(C291S,C322S) randomly with covalent dyes, the 

results may be different due to the dye being potentially closer to the binding site of the 

ligands. 

By comparing NMR, SPR and MST results it can be concluded that different biophysical 

techniques can provide different results and it is important to identify what possible artefacts 

may occur. While compound 1 did not produce any CSPs in NMR up to 500 µM (§5.4), SPR and 

MST indicated KD in µM and nM range. If the calculated KD values were in nM-µM range, 

protein-observed 2D NMR would have detected such potent binders to 6xHis-tau 

K18(C291S,C322S). It is possible that not all biophysical techniques detect true binding events 

for monomeric tau K18(C291S,C322S) or IDPs in general due to specific experimental 

conditions required, including labelling with a dye or immobilization on the surface.  

5.7 Detailed characterization of compound 6 binding to tau K18 

Following the protein- and ligand-observed NMR results, the interactions between compound 

6 and tau K18(C291S,C322S) were further characterized using additional NMR and other 

biophysical methods. 

Compound 6 contains a quinone group which is a potential Michael acceptor. Michael 

acceptors are known to react with nucleophilic groups present in proteins and form covalent 

adducts [260]. As mentioned previously, 6xHis-tau K18(C291S,C322S) had its two native Cys 

residues changed to Ser (C291S,C322S) for stability purposes. The HPLC-MS studies were 

performed in order to evaluate any possible covalent adduct formation. The studies suggested 

that no covalent adducts were present after 4 hours of incubation of 6xHis-tau 
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K18(C291S,C322S) and compound 6 at RT (Figure 126). In addition to this, due to previous 

reports of compound 6 preventing aggregation of native tau K18 which contained two Cys, 

compound 6 was also incubated in the presence of DTT. The HPLC-MS and NMR data was also 

consistent with no reactivity of the compound to thiol groups (Figure 127). 

 

Figure 126. HPLC-MS data for 50 µM 6xHis-tau K18(C291S,C322S) with 1 mM compound 6. Incubation time: 4 h. 

 

Figure 127. HPLC-MS and 1H NMR data of compound 6 in the presence and absence of 2 mM DTT. Incubation time: 72 h. 

To further characterize binding interactions, simple one-step organic synthesis approach was 

used to produce more of the parent compound 6 and several near neighbours (NNs) (Figure 

128) (§7.5): 

 Resynthesized compound 6 (S-enantiomer) (6A) 
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 R-enantiomer of compound 6 

 Ethyl ester of compound 6 

 N-methyl indole (6B) 

 5-methoxy (6C) 

 5-hydroxy (6D) 

 5-fluoro (6E) 

 7-methyl (6F) 

 5-chloro (6G) 

 5-cyano (6H) 

 

Figure 128. The chemical structures of compound 6, its derivatives and a representation of chemical synthesis scheme. 

The R enantiomer and most of NNs of original S-enantiomer (compound 6A) were determined 

to be soluble up to 4 mM in aqueous solutions and produced similar CSPs for 15N-labelled 

6xHis-tau K18(C291S,C322S) (Figure 129). This suggested that stereochemistry may not be 

important for the observed IDP:ligand interactions. The esterification of carboxylic acid 

decreased the solubility to below 50 µM and made evaluation of the interactions by NMR not 

possible. 2D 1H-13C HSQC NMR has identified CSPs in the presence of compound 6D for 

aromatic carbons of Y310, F346 and Cε1 for His residues (Figure 130). 
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Figure 129. 2D 1H-15N SF-HMQC spectra in the presence of different concentrations of NNs with 15N-labelled 50 µM 6xHis-tau 
K18(C291S,C322S). The black arrows indicate the observed vector of CSPs. 

The observed Y310 CSPs in 2D 1H-15N SF-HMQC agreed with 1H-13C HSQC data, whereas F346 

cross peak was difficult to interpret due to spectral overlap. The CSPs were also noted to be 

similar for compound 6D at higher salt concentrations, suggesting non-charge-based 

interactions (Figure 131). 
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Figure 130. 2D 1H-13C HSQC spectra of 13C,15N-labelled 6xHis-tau K18(C291S,C322S) in the presence and absence of compound 
6D. 

 

Figure 131. 2D 1H-15N SF-HMQC spectra of 15N 6xHis-tau K18(C291S,C322S) in the presence of 2 mM compound 6D at different 
concentrations of NaCl. The black arrows denote the vector of observed CSPs. 

It is important to note that some of the NNs of compound 6A caused 6xHis-tau 

K18(C291S,C322S) to precipitate out of solution at concentrations above 1 mM, as determined 

by 1H NMR spectra (Figure 129, Figure 132). Visual inspection of the samples indicated dark 

red particles in the solution. The precipitation phenomenon was especially noticeable for 

fluorinated and chlorinated NNs (6E and 6G). Halogen substitutions are known to provide 

additional protein-ligand interactions and increase the lipophilicity of the parent molecule 

[261]. It is possible that the halogenated ligands interacted with the protein at higher 

concentrations in a manner that caused the protein to precipitate out of solution. The 
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decrease of the compound-specific resonance peaks indicated that compounds have also 

precipitated out of solution together with the protein.  

 

Figure 132. A comparison of 6xHis-tau K18(C291S,C322S) solubility profile in the presence of compound 6 and its NNs. The 
well-resolved C-H proton (circled in blue) and protein methyl envelope (0.76-1 ppm) were used to track ligand and 6xHis-tau 
K18(C291S,C322S) signals, respectively. 

After this observation, it was hypothesized that compound 6A and its NNs may affect the 

diffusion rate of 6xHis-tau K18(C291S,C322S) before the observed precipitation phenomenon 

occurred. Protein-observed NMR DOSY indicated that the diffusion rate of 6xHis-tau 

K18(C291S,C322S) was not significantly affected by the presence of compound 6A or some of 

its NNs (Figure 133). Some diffusion rates for the protein in the presence of several NNs of 

compound 6A could not be determined above certain concentration due to precipitation of 

the protein. It is possible that any conformational changes that are happening may be too 

small to have a large effect on the diffusion rate of 6xHis-tau K18(C291S,C322S). 

 

Figure 133. The diffusion rate changes for 6xHis-tau K18(C291S,C322S) in the presence of different concentrations of 
compound 6A, 6C and 6E. 
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It has been previously reported that denatured globular or folded proteins follow a power-

law dependency which allows to estimate radius of gyration RG [262]. In turn, this relation 

allowed estimating the diffusion rates of the denatured globular protein using Einstein-Stokes 

relation, which agreed with the experimentally determined diffusion values for the same 

proteins. This relation has also shown that the shortening of sequence by 20 amino acids 

would change the RG by 1.5-2 Å or diffusion rate by 10%. If it is assumed that 20 amino acids 

become structured for an IDP upon LMW ligand binding, the expected diffusion rate change 

would potentially be lower than 10%. Therefore, it can be expected than any increased local 

structural integrity of an IDP upon ligand binding may not be evident in NMR DOSY, if power-

law dependency is assumed. However, it has also been suggested that IDPs may have specific 

physics in solution in comparison to globular proteins and power-law cannot be reliably 

applied to predict IDP behaviour due to their intrinsic flexibility and a more in-depth 

investigation is necessary. 

As mentioned previously, the usage of polysorbate 20 (Tween-20) above its critical micelle 

concentration (CMC) did not change the observed behavior of the compound 6A in CPMG-

filtered data, suggesting that the ligand is not forming aggregates in the solution at higher 

concentrations (Figure 120). Lack of compound aggregation was also implied by ligand-

observed NMR DOSY data which has shown that theoretical (SEGWE model) and experimental 

diffusion rates of compound 6A and its NNs were comparable (Table 14) [256]. SEGWE model 

suggests that any aggregate-forming compounds may exhibit lower diffusion rates as they 

become a part of a larger, slower moving structure. The observed differences are possibly due 

to theoretical diffusion model using values for samples in pure D2O rather than a specific 

buffer solution. 

Table 14. A comparison of diffusion coefficients between theoretical (SEGWE) and NMR DOSY fitted values for 1 mM 
compound 6A and its NNs. Δ = 10 ms, δ = 8 ms. 

 Diffusion coefficient D x 10
-10

, m
2
/s   

Compound Theoretical Experimental Difference, % 
6A 3.9 4.48 +/- 0.09 15 

6B 3.9 4.38 +/- 0.12 12 
6D 3.9 4.42 +/- 0.1 13 
6E 3.9 4.49 +/- 0.08 15 
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In order to further investigate binding interactions of compound 6A with tau 

K18(C291S,C322S), X-filtered 13C HSQC-NOESY experiments were performed. These 

experiments provide data that can be used to unambiguously determine close contacts arising 

from a significant bound state of the ligand to the protein. The data can then be used to make 

an NMR-guided interaction models (NGMs) when crystallography approach is difficult or 

impossible [92].  

The experimental results did not indicate any NOEs from compound 6C to 15N,13C-labelled 

6xHis-tau K18(C291S,C322S), probably due to the affinity of the ligand being too low (Figure 

134). Several naphthoquinone cross peaks were observed at 7.54 and 7.64 ppm. However, 

the cross peaks did not connect to any other peaks of the protein and were determined to 

come from the ligand itself due to its high concentration in solution (4 mM). At this 

concentration, the sample contained large enough presence of naturally abundant 13C (~1% 

of all carbon atoms) from the ligand itself to exhibit the signal. 

 

Figure 134. 13C HSQC-NOESY 15N,13C 6xHis-tau K18(C291S,C322S) spectra in the presence of compound 6C. (Yellow – 
ambiguous NOEs, Red – no NOEs observed) 

In addition to this, the presence of 6xHis tag prevented objective observations of any indole 

NOEs due to the signal “bleed-through” effect, where, because of the unusual one bond J 

coupling present in the imidazole ring of histidine, the signal is incompletely filtered by the 

compromise delay used in the pulse sequence (Figure 135). While JCH value of 140 Hz is used 

to filter out non-interacting aliphatic and aromatic 13C signals, imidazoles require JCH value of 

around 200 Hz. Removal of 6xHis tag can prevent this artefact effect and allow unambiguous 

evaluation of signals from naphthoquinone or indole ring.  
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Figure 135. “Bleed-through” effect during X-filtered NOESY experiments with 15N,13C 6xHis-tau K18(C291S,C322S). 

Following this, 19F NMR was used to probe the IDP:ligand interactions using previously 

expressed 19F labelled 6xHis-tau K18(C291S,C322S, 3-fluoro-Y310) (§5.2). It has been 

determined that fluorine atom has an inherently increased sensitivity to its local environment 

[263]. The protein-observed 19F NMR data have indicated only small CSPs in the presence of 

compound 6D with a non-saturating dose response profile (Figure 136). The results also 

suggested that compound 6D may not be interacting with the side chain of Y310 directly as 

the observed CSPs are relatively small.  

 

Figure 136. 19F protein-observed NMR spectra and observed CSPs for 6xHis-tau K18(C291S,C322S, 3-fluoro-Y310) in the 
presence of compound 6D. (A) Spectral representation for 19F-labelled 6xHis-tau K18(C291S,C322S, 3-fluoro-Y310) in the 
presence of different concentrations of compound 6D. (B) Graphical representation of ΔCSPs for 6xHis-tau K18(C291S,C322S, 
3-fluoro-Y310) at different concentrations of compound 6D. 
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Following this, additional ligand-observed NMR approaches were performed to better 

characterize the behaviour of the ligands in the absence and presence of 6xHis-tau 

K18(C291S,C322S) protein. 19F CPMG-filtered ligand-observed experiments showed similar 19F 

T2 relaxation values for compound 6E in the absence and presence of 6xHis-tau 

K18(C291S,C322S) (Figure 137, Table 15). This suggested that compound 6E did not interact 

with the target protein in a detectable manner using 19F CPMG-filtered experiments. In 

addition to this, the broad 19F peak width of ~1 ppm suggests internal compound dynamics or 

possible aggregation, possibly due to chemical exchange events. 

 

Figure 137. 19F CPMG-filtered spectra of 1 mM compound 6E at various τ delays (Left). Data fitting of 19F T2 relaxation data 
for compound 6E (Right).  

Table 15. 19F T2 values for compound 6E in the presence and absence of 50 µM 6xHis-tau K18(C291S, C322S). 

 

Temperature gradient experiments for compound 6D have shown possible chemical exchange 

which may explain the increased T2 relaxation rate observed earlier (Figure 119, Figure 138). 

The chemical exchange may be occurring between stacked and non-stacked ring 

conformations of the ligand which causes changing chemical environment in the NMR time 

scale. This can be observed as some peaks coalesce, split and sharpen again with changing 

temperature (Figure 138). Similar behaviour was previously observed for DNA oligos which 

would dimerize or melt at different temperatures which perturbed the chemical environment 

of specific protons in DNA bases [264]. Multiple potential conformations of compound 6D 

were generated using MarvinSketch (Figure 139).  

Ligand concentration, mM 19F T2 value without protein, ms 19F T2 value with protein, ms 

0.1 9.3 +/- 0.1 9.4 +/- 0.3 

0.3 9.9 +/- 0.2 9.1 +/- 0.1 

1 10.9 +/- 0.1 11.2 +/- 0.1 
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Figure 138. 1H NMR spectral changes for marked proton (red circle) of compound 6D at different temperatures. 

 

Figure 139. Stacked and non-stacked conformations of compound 6D (MarvinSketch). 

The results showed that compound 6D exists as a conformational ensemble where the 

structure interchanges between stacked and non-stacked conformations. Additional 

molecular dynamic simulations also confirmed this observation (J. Davidson, personal 

communication). 

As a follow-up investigation, T2 relaxation values for easily distinguishable tryptophan 

methylene group of multiple NNs were determined using 1H CPMG-filtered NMR experiments 

at different concentrations with and without protein (Table 16). The T2 values were similar for 

ligands at 100 and 1000 µM which are indicative of intramolecular rather than intermolecular 

interactions. Interestingly, T2 values have decreased in the presence of 6xHis-tau 

K18(C291S,C322S) which is consistent with IDP:ligand interactions. This indication confirmed 
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previous observations by wLOGSY and 2D SF-HMQC (Figure 117, Figure 119). The T2 values 

for the methylene group of L-Trp were determined to be one order of magnitude higher than 

for compound 6. This again indicated that the increased T2 relaxation times for compound 6 

and its NNs were caused by intramolecular rather than intermolecular interactions. 

Table 16. T2 relaxation values for tryptophan methylene group at different concentrations of compound 6 and its NNs in the 
presence or absence of 6xHis-tau K18(C291S,C322S). L-Trp T2 values were measured without any protein present. 

 

 
Compound 

T2 value for tryptophan methylene group, ms 

Without protein With protein 

100 µM 1000 µM 100 µM 1000 µM 

6A 50 +/- 10 39 +/- 12 9 +/- 2 18 +/- 6 

6B 41 +/- 6 33 +/- 8 13 +/- 4 14 +/- 2 

6D 36 +/- 6 26 +/- 5 4 +/- 1 13 +/- 2 

6E 24 +/- 3 22 +/- 3 8 +/- 2 12 +/- 2 

6F 27 +/- 5 15 +/- 1 10 +/- 2 8 +/- 2 

6G 34 +/- 6 34 +/- 5 13 +/- 2 18 +/- 5 

6H 53 +/- 11 36 +/- 7 11 +/- 6 26 +/- 4 

 

After learning about possible artefacts and specific signs of interactions using SPR and NMR 

techniques, SPR fragment screening campaign was initiated in order to identify potential 

fragments that interact with 6xHis-tau K18(C291S,C322S) in a specific manner. 

5.8 Fragment screening via SPR 
Due to unavailability of biotinylated tau K18(C291S,C322S) construct, the screening campaign 

was performed using amine coupling immobilization approach (§7.4.4, §7.4.4.2). 

5.8.1 Clean Screen (CS) 

After immobilization and CS assay, ‘sticky’ fragments to 6xHis-tau K18(C291S,C322S) were 

removed in order to prevent false positive hits exhibiting non-specific, residual binding 

behaviour to empty or derivatized CM5 S Series chip surface, as described earlier (Figure 97, 

Table 7) (§4.7.2).  

  
Compound 

T2 value for tryptophan methylene group, ms 

Without protein 

100 µM 1000 µM 

L-Trp 557+/- 84 559 +/- 63 



142 
 

Table 17. The number of ‘sticky’ compounds identified for empty surface and tau K18(C291S,C322S). 

Surface derivatization  Sticky compounds Surface-specific sticky compounds 

Empty 2 1 

6xHis-Tau K18(C291S, C322S) 8 7 

 

Two compounds were identified to exhibit slow dissociation rate from empty CM5 S Series 

chip surface. Of these, one was also interacting non-specifically to 6xHis-tau K18(C291S, 

C322S). Seven additional compounds were identified to have a residual binding profile 

specifically to 6xHis-tau K18 (C291S, C322S). 

 

 

5.8.2 Binding Level Screen (BLS) 

After removing the ‘sticky’ compounds, the BLS assay was used to identify and prioritize hits 

without artefactual binding behavior markers using the same reasoning and procedure as for 

PTP1B constructs (§4.7.3) (Figure 141). 

 

Figure 141. Identification of well-behaved fragments using BLS approach. The samples exhibiting artefactual binding 
behaviour markers were flagged with specific colours. Immobilization level of 6xHis-tau K18(C291S, C322S): ~3000 RU 

The BLS step automatically prioritized 107 compounds without undesirable binding behaviour 

(Table 18). The selected number represented a standard 10% of the library to be used in the 

Figure 140. Representation of Ni - Ni-1 plots for different derivatizations of the chip surface. A. Empty Surface (0 RU). B. 6xHis-
tau K18(C291S, C322S) (~2800 RU). 
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subsequent AS step. After comparative data analysis with PTP1B data (§4.7.3) it was noted 

that out of 107 compounds, 93 were unique to 6xHis-tau K18(C291S, C322S) (Table 18). This 

indicated that 6xHis-tau K18(C291S,C322S) may have a different class of binders when 

compared to PTP1B constructs.  

Table 18. Prioritization of 6xHis-tau K18(C291S, C322S) hits in comparison to PTP1B hits from automated BLS data evaluation. 

Protein BLS hits Unique hits  

6xHis-Tau K18(C291S, C322S) 107 93 out of 107 when compared to PTP1B constructs 

 

Similarly to PTP1B constructs, the observed response levels for 6xHis-tau K18(C291S,C322S)  

were consistently lower than theoretically calculated Rmax of 30 RU for 150 Da fragment with 

1:1 interaction model. It is possible that low responses were due to only a fraction of 

immobilized 6xHis-tau K18(C291S,C322S) remaining functional on the surface. 6xHis-tau 

K18(C291S,C322S) has 20 Lys residues and it cannot be reliably determined which Lys residues 

participate in amine coupling to the surface of the CM5 S Series chip. Therefore, the generated 

surface could have exhibited a preferred conformation of 6xHis-tau K18(C291S,C322S), 

preventing any specific interactions with certain fragments. In addition to this, the 

carboxymethyl dextran matrix could have also altered the conformation of the immobilized 

6xHis-tau K18(C291S,C322S) due to its intrinsic disorder. It was shown previously that 

depending on the pH of the solution, some proteins may prefer specific conformations once 

immobilized on the surface in comparison to when they are free in solution [257]. This 

observation may be especially relevant for IDPs.  

5.8.3 Affinity Screen (AS) 

After BLS, fragment screening was followed by AS step which identified multiple unique hits 

against 6xHis-tau K18(C291S,C322S) (Table 19). Comparative analysis also showed that only 3 

of the 45 hits taken to AS were also identified for PTP1B constructs previously.  

Table 19. The identified hits for 6xHis-tau K18(C291S,C322S) construct after AS step. 

Protein Hits Number of unique hits % of total library 

6xHis-Tau K18(C291S, C322S) 45 42 (out of which 3 found for PTP1B) 4.2% 

 

The majority of potential hits were determined to contain carboxylic acid or phenol moieties 

(35 out of 45) (Figure 142, Figure 143, Figure 144). The hydroxyl groups of phenols have 

theoretical pKa values close to the pH of the solution (pH = 7.4) which suggests that some of 
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the compounds could exist as phenolates in the solution and carry negative charge together 

with carboxylates. Additional fragments with other motifs were also identified (10 out of 45) 

(Figure 145). Interestingly, several chemical groups that may carry negative charge were also 

noted, such as tetrazole that is a carboxylate bioisostere. 6xHis-tau K18(C291S,C322S) exists 

as a positively charged molecule at pH 7.4 due to its high theoretical pI value of ~9.8. This may 

cause non-specific charge-charge interactions. However, if the interactions are non-specific 

to positively charged 6xHis-tau K18(C291S,C322S), it is expected that the responses would be 

higher than the currently observed ones and the dose response is linear. Additional 

experiments in the presence of higher salt concentrations (>150 mM) may characterize 

potential charge-charge interactions. However, it is also possible that current salt 

concentration of 150 mM is already blocking the majority of non-specific interactions and the 

observed interactions are representing only a specific binding mode. 

 

Figure 142. The identified hits for 6x-His-tau K18(C291S, C322S) from AS that contain carboxylic acid groups. The 
acidic(red)/basic (blue) pKa theoretical values were calculated with Marvin Sketch software. 
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Figure 143. The identified hits for 6xHis-tau K18(C291S,C322S) from AS that contain phenol groups. The acidic (red) pKa 
theoretical values were calculated with Marvin Sketch software. 

 

Figure 144. The identified hits for 6xHis-tau K18(C291S,C322S) from AS that contain both carboxylic acid and phenol groups. 
The acidic (red) pKa theoretical values were calculated with Marvin Sketch software. 

 

Figure 145. The identified hits for 6xHis-tau K18(C291S,C322S) from AS that do not contain carboxylic acid or phenol moieties. 
The acidic(red)/basic (blue) pKa theoretical values were calculated with Marvin Sketch software. 

After evaluation of steady-state plots, 19 out of 45 hits for 6xHis-tau K18(C291S,C322S) were 

prioritized for confirmation using NMR approach (§5.8.4). Similarly to PTP1B, the evaluation 

was primarily based on indicative saturating dose response behavior (§4.7.4).  
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It was also noted that potentially non-specific interactions were observable when the 

concentration of fragment was higher than 125 to 250 µM; this effect was compound-

dependent (Figure 146). 

 

Figure 146. The representative SPR steady-state fitted plots for 6xHis-tau K18(C291S,C322S). Red circle indicates excluded 
data point. The coloured vertical line represents the calculated KD values according to the steady-state model. Immobilization 
level: ~3600 RU. The bolded marks in kinetic sensorgrams denote the report points that were used to produce the steady-
state data plots. 

Higher than 1:1 stoichiometry is typically observed if the molecules bind non-specifically to 

the protein due to aggregate formation, charge-charge interactions or other secondary 

binding effects [202]. In case of 6xHis-tau K18(C291S,C322S), this phenomenon was not 

observed up to 125 to 250 µM which suggests that the observed interactions below such 

concentrations were potentially specific. Similar behavior was also observed for PTP1B 

constructs (§4.7.4). 

After prioritization of the hits, the ligands were further verified using NMR. 

5.8.4 Hit confirmation via NMR 

The 1D and 2D NMR techniques were used as an orthogonal approach to confirm the 

identified hits for 6xHis-tau K18(C291S,C322S) from SPR assay and characterize their binding 

interactions (§7.4.2). 

The solubility studies concluded that all of the prioritized 19 fragments were soluble at 500 

µM in the same aqueous buffer solution as used for SPR screening in order to rule out any 
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possible artefacts caused by potential aggregation or precipitation of the compounds (Figure 

147). DSS was used as a reference compound for approximating the concentration of the 

ligands in solution and some deviations were observed. However, the deviations up to 20% 

can be attributed to experimental errors, such as pipetting. Higher deviations would indicate 

that there is a problem with compound solubility or original stock concentrations of the 

ligands. 

 

Figure 147. Solubility assessment of a 500 µM fragment by integration using 1D 1H NMR and DSS as a reference. 

The ligand-observed NMR data indicated no binding events of the fragments to 6xHis-tau 

K18(C291S,C322S). None of the compounds were found to exhibit increased T2 relaxation as 

determined by 1D 1H CPMG-filtered experiments (Figure 148).  

 

Figure 148. An example of 1H ligand-observed CPMG spectra of fragment A in the absence and presence of 6xHis-tau 
K18(C291S,C322S). 
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NMR DOSY data indicated less than 10% change in diffusion rate in the presence of fragments 

suggesting no significant conformational changes for 6xHis-tau K18(C291S,C322S) (Table 20). 

Table 20. The calculated diffusion coefficients for 6xHis-tau K18(C291S,C322S) in the presence of 500 µM fragments. 

 

Protein-observed 2D SF-HMQC indicated similar CSPs for all of the fragments (Figure 149, 

Left). The CSPs were possibly caused by slight pH changes or possible charge-charge 

interactions rather than compound-specific interactions. The CSPs were observed for 

compounds that have a negatively charged moiety, such as carboxylate or phenolate at pH 

7.4. This observation was confirmed by similar CSPs in the presence of 1 mM acetic acid 

(Figure 149, Right). This agrees with previous assumption that the fragments with negatively 

charged moieties may interact non-specifically with the positively charged protein in SPR 

assay. 
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Figure 149. 2D 1H-15N SF-HMQC spectra of 15N-labelled 6xHis-tau K18(C291S,C322S) in the presence of fragment A (Left) and 
acetic acid (Right). The blue arrows indicate the vectors of observed CSPs. 

In general, the SPR and NMR data suggest that fragment screening for certain IDPs may 

benefit from higher salt concentrations in order to prevent artefactual binding due to charge-

based interactions. This would be applicable to IDPs that have their pI values significantly 

higher or lower than the pH of screening buffer solution. In addition to this, oriented 

immobilization approach, such as biotin:streptavidin, would increase the probability that the 

immobilized protein is functional, in comparison to a potentially random immobilization using 

standard amine coupling. 

After the prioritized hits from SPR were shown not to interact with tau K18(C291S,C322S) with 

NMR, a covalent fragment screening campaign was launched with native tau K18(C291,C322). 

This approach was used to further probe and learn about small IDP:ligand interactions with 

NMR and HPLC-MS, when there is a 100% occupancy of the binding site. 

5.9 Covalent fragment screening 

The fluorinated covalent fragment library was used to target native Cys residues in 6xHis-tau 

K18(C291,C322), in collaboration with Gyorgy Keseru (Hungarian Academy of Sciences, HU). 

Cys residues are considered to be involved in toxic filament formation in tauopathies, as 

discussed previously (§5.1). By specifically targeting those regions with covalent ligands, it 

may be possible to prevent the formation of toxic oligomers and filaments. In general, 
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covalent binders have not been as widely used in the field of drug discovery as non-covalent 

ligands due to their potential non-specificity and off-target interactions. However, there are 

now multiple successful cases of targeted covalent inhibitors that have been developed to 

specifically interact with targeted proteins [197]. The selectivity of covalent inhibitors can be 

achieved by targeting key nucleophilic groups in the protein which are responsible for its 

activity, such as deprotonated side chain of Lys or thiol of Cys residue. It is also important to 

mention that the reactivity of covalent binder may also depend on its conformational 

positioning amongst other properties. Energetically non-favourable positioning of 

electrophilic group would make the compound less reactive towards the nucleophile. This can 

be used to an advantage as it decreases the non-specific reactivity to off-targets. In addition 

to identifying covalent binders to 6xHis-tau K18(C291,C322), the full occupancy of the binding 

site would provide additional information about which NMR methods could detect this 

change. 

As a first step, HPLC-MS was used to quickly evaluate the stoichiometry and reactivity of the 

fluorinated electrophilic fragments towards 6xHis-tau K18(C291,C322) (Figure 150) (§7.4.1, 

§7.4.1.2). It has been shown that vinyl sulfone (BTF-29), maleimide (BTF-19, BTF-20) and 

bromoacetone (BTF-25) warheads reacted with Cys residues of native tau K18(C291,C322) 

construct to completion by forming 2x adducts. In contrast, other warheads such as epoxide, 

isothiocyanate, chloroacetamide, acrylamide and alkynes were determined to be less reactive 

because mixed species of unreacted 6xHis-tau K18(C291,C322), dimerized tau 

K18(C291,C322) with 1x adduct and tau K18(C291,C322) with 2x adducts were detected 

(Figure 151).  

 

Figure 150. The chemical structures of identified hits for 6xHis-tau K18(C291,C322). 
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Figure 151. The HPLC-MS spectra of 6xHis-tau K18(C291,C322) in the presence and absence of BTF-29 and BTF-8. 

It was also noted that intramolecular disulphide bridges had formed in some mixtures during 

incubation period. HPLC-MS data indicated a decrease of MW by 2 Da which represented a 

loss of two protons (Figure 152). It is possible that the time-dependent formation of S-S bond 

may have influenced the reactivity of some molecules with Cys residues in the protein. 

 

Figure 152. The HPLC-MS spectra of 6xHis-tau K18(C291,C322) in the presence (Left) and absence (Right) of reducing agent. 
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The reactivity of the identified hits by HPLC-MS was also confirmed by 19F ligand-observed 

NMR (§7.4.2). The observed spectral changes were consistent with reactivity with the 

appearance of new peaks and the decreased intensity of initial peaks (Figure 153). 

 

Figure 153. 19F ligand-observed NMR spectra of BTF-29 and BTF-8 before and after reacting with 6xHis-tau K18(C291,C322) 
during overnight incubation.  

While HPLC-MS and 19F NMR have shown the reactivity and stoichiometry of electrophilic 

molecules with 6xHis-tau K18(C291,C322), 2D 1H-15N SF-HMQC spectra indicated the affected 

amino acid residues. No additional MS/MS studies have been performed to confirm that the 

fragments bind directly to Cys residues. However, the CSPs were observed for amino acids 

that are close to Cys residues in native tau K18(C291,C322) sequence. Moreover, the CSPs 

were not of the same magnitude for the different binders. The fully reacted BTF-29 caused 

larger CSPs than partially reacted BTF-3 which can be observed as two distinct populations of 

6xHis-tau K18(C291,C322) (Figure 150, Figure 154). It is also possible that larger CSPs were 

observed due to different chemical structures of the ligands. 
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Due to close to 100% occupancy of the binding site by covalent fragments in 6xHis-tau 

K18(C291,C322) protein, it was hypothesized that diffusion rate may get perturbed. However, 

the diffusion rate of covalently modified 6xHis-tau K18(C291,C322) was determined to change 

by less than 10% by NMR DOSY, indicating that no large structural changes have occurred 

(Figure 155). The standard deviation of N = 2 for 6xHis-tau K18(C291,C322) was calculated to 

be 0.13. The experimental diffusion coefficients for the covalently modified samples did not 

differentiate more than 3 standard deviations from the control sample.  

Figure 154. A comparison of 2D SF-HMQC spectra of 6xHis-tau K18(C291,C322) in the presence and absence of BTF-
29 or BTF-3. The sequence marks Cys residues (green) and affected protein backbone amides (yellow). 
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Figure 155. A comparison of 6xHis-tau K18(C291,C322) diffusion rate values in the presence of reactive compounds. 

It can be hypothesized that the fragments in general may not cause large enough 

conformational changes in the protein structure to affect the diffusion rate, even with 100% 

binding site occupancy. The conformation of a protein may be affected more significantly if 

larger molecules, such as peptides, interact with the protein. The larger ligands may provide 

additional interactions for the protein to cause significant conformational and structural 

changes. The identified reactive warheads, such as BTF-29, can be potentially attached to a 

known peptide binder of 6xHis-tau K18(C291,C322) which may increase specific interactions 

and decrease the general reactivity of the warheads with Cys. Several research groups have 

already identified multiple putative tau K18 binders, such as rhodanines and targeted 

peptides [227], [265], [266]. These ligands are thought to bind close to Cys residues in the 

PHF6 region and may serve as a part of a molecule that could be used to selectively bind to 

native tau K18(C291,C322) and inhibit the formation of fibrils.  

5.10 Conclusions 

Multiple tau K18 protein constructs were produced in order to investigate tau K18:ligand 

interactions using NMR, SPR and MST approaches. 

2D protein-observed NMR data have shown that only compound 6 (Cl-NQTrp) out of 10 

literature-reported ligands interacted with monomeric tau K18(C291S,C322S). Such results 

suggested that other ligands may be interacting with oligomeric or aggregated forms of tau 

K18 in solution. Similar CSPs were also observed with NNs of compound 6. Interestingly, some 

NNs affected the solubility of tau K18 suggesting some NN-specific interactions. The tau 

K18:compound 6 interactions were also confirmed using 1D ligand-observed wLOGSY and 1H 

CPMG-filtered data, in addition to protein-observed 19F NMR techniques. The observed 

increased T2 relaxation rates for Cl-NQTrp were attributed to intramolecular interactions, 
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suggesting that good characterization of the ligand is necessary in order to correctly interpret 

the data. The follow-up X-filtered NMR experiment failed to identify specific conformational 

interactions potentially due to weak IDP:ligand complex. 

SPR and MST techniques allowed using lower concentrations of the literature-reported 

ligands in order to observe binding events. The used techniques confirmed additional ligands 

binding to tau K18, including compound 1, 2, 5 and 6. However, the possibility of artefacts had 

to be considered due to them not being detected by NMR previously, with the exception of 

compound 6. 

Due to experimental design and inherent sensitivity, SPR approach seems to be prone to 

detecting charge-charge interactions, as shown with confirmatory NMR experiments after 

SPR-based fragment screening campaign which identified multiple hits to tau K18. Some 

charged ligands can appear as false positives and higher salt concentrations may be needed 

to counter this phenomenon. This means that a good knowledge of IDP system is required to 

objectively establish optimal experimental assays. In addition to this, IDPs may be immobilized 

in a non-functional or non-native conformation if non-oriented immobilization approach is 

used, such as amine coupling. Therefore, oriented immobilization approaches, such as biotin-

streptavidin system, may provide a more representative protein conformation for screening 

purposes while providing similar surface stability over time. 

MST method was identified to produce ambiguous data which requires to be confirmed by 

more robust and label-free methods, such as NMR. MST may be particularly prone to artefacts 

due to usage of dyes and possible conformational changes of the IDP when interacting with a 

ligand. 

Covalent binders for wild-type tau K18 (C291,C322) provided additional insight about what 

behaviour to expect when an IDP has a fully bound LMW ligand. The diffusion rate was not 

significantly perturbed with covalent fragment which concluded that NMR DOSY may not be 

reliably used in fragment screening campaigns, as fragments may not cause large enough 

conformational changes. Nevertheless, the identified covalent warheads may be potentially 

developed into tau K18-specific binders when attached to larger molecules. 
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6 Final conclusions and future challenges 
The IDPs and IDRs have emerged as potential therapeutic targets that are involved in a variety 

of important cell signalling cascades that also are present in multiple diseases. In addition to 

this, the discovery of IDPs has started changing the paradigm of ‘structure->function’ that 

existed for decades prior. However, the potential of novel therapeutic targets also introduced 

multiple challenges which made the currently established drug discovery approaches prone 

to failure, including lack of enzymatic activity and structure for IDPs, and limited knowledge 

about the IDP partner proteins in occurring PPIs.  

Nevertheless, the presence of several successful examples at targeting IDPs suggested that 

finding IDP-modulating ligands is possible. It was also noted that the majority of previously 

literature-reported IDP ligands were developed by following the phenotypic effect without 

much structural information obtained from biophysical methods. This investigation of four 

therapeutically relevant IDP systems contributed to the general knowledge about IDPs, their 

behaviour in solution, stability and potential to be characterized using a variety of biophysical 

techniques. 

6.1 Protein production 
It was identified that some IDPs were be prone to proteolytic degradation during expression 

in procaryotic expression systems due to their disordered state, as shown for PTP1B. The 

problem was solved by introducing N-terminal and C-terminal tags which helped to stabilize 

and purify intact forms of IDPs. In contrast, other IDPs, such as tau K18 and HASPA, were found 

to be resistant to in vivo degradation during expression, possibly due to their specific 

properties, including elevated general charge and specific pseudo-structural elements. As 

some IDPs exhibited not satisfactory expression levels, the yields were increased by using 

optimized expression vectors with T7 promoter, where possible. The pET vectors were shown 

to be a preferred expression system over commercially available pJ411 expression system. 

The expression of short peptides in fusion proteins has also been proven to be difficult due to 

in vivo degradation, as shown for cMyc. The proteolysis problem was solved by expressing the 

peptides in E. coli as insoluble inclusion bodies. The efficient chemical cleavage was potentially 

prevented by lack of sample purity. A robust purification assay should be developed in order 

to complete the peptide production protocol. 
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Additional labeling of proteins during protein production may allow additional 

characterization of IDPs or ligands, as shown with 19F and biotin labelling for tau K18 

constructs. 

6.2 NMR 

NMR spectroscopy was used as the main biophysical approach to characterize IDP:ligand 

interactions due to its ability to directly observe the behaviour of the protein and ligand in 

solution. It was shown that if the data is consistent with binding in 2D NMR, the binding was 

also detected in some of 1D ligand-observed NMR experiments, including wLOGSY and 1H 

CPMG-filtered. The knowledge of the physicochemical processes in solution is essential, 

including chemical exchange, ionic strength of the solution, T2 relaxation, intramolecular 

interactions and potential aggregate formation, in order to avoid artefacts. 

It was noted that NMR DOSY technique did not detect any binding events with any of the 

confirmed binders as the diffusion coefficient was not affected. It is possible that the 

conformational changes were not significant enough to modulate the diffusion rate. One of 

potential drawbacks of NMR DOSY is that the technique is not able to detect the general 

changes in hydrodynamic radius for the whole molecule, only for molecule-specific peaks. 

However, the technique may still be a useful orthogonal method in assessing potential 

aggregation of the compounds in solution, together with 1H CPMG-filtered experiments. 

6.3 SPR 
SPR technique was used to further characterize the identified binders to the IDPs and assess 

the capabilities of SPR to be used in fragment screening campaigns. 

It was noticed that the IDPs may be required to be immobilized on the surface in a specific 

conformation in order to obtain representative results. Since only specific conformations of 

IDPs may be functionally relevant, oriented immobilization approach should be a preferred 

option for the highest chance of IDPs to have enough conformational freedom and stability to 

represent in vivo activity on the surface. The oriented and stable immobilization can be 

achieved by, for example, introducing a biotin tag to the protein and using a streptavidin-

derivatized surface. 

Due to its inherent sensitivity, SPR was also noted to be prone to detecting charge-charge 

interactions. Such observations have shown the importance of orthogonal assays in order to 
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identify such artefacts and avoid false positives. Such possibility should be considered before 

starting any experiments by assessing such parameters as pI of the protein and ionic strength 

of the buffer solution. Moreover, any conformational changes on the surface may also 

produce ambiguous results.  

6.4 MST 
The use of MST for detecting IDP:ligand interactions was noted to produce ambiguous results 

due to the ligands potentially interacting with the dye, as the fluorescence of the dye was 

affected even without the protein present, as shown for tau K18. However, a larger change of 

the MST data with protein than without the protein may indicate the presence of potentially 

specific IDP:ligand interactions. 

Due to their unrestricted conformational freedom, the IDPs may assume specific 

conformation in the presence of a ligand that directly and specifically affect the fluorescence 

of the dye. It would be of interest to compare the IDP:ligand interactions using different 

labelling approaches to learn more about this phenomenon, including covalent and random 

dye labelling. It is possible that the preferred His-tag labelling approach may not be the most 

representative as the IDPs may not undergo significant enough changes. 

6.5 Fragment-based ligand discovery and fragment libraries 

While FBLD covers a larger chemical space and increases a chance of identifying a specific 

ligand, it has been determined that the IDP:fragment interactions may have to be either 

target-specific with reasonable affinity or risk to become false-positives due to potential non-

specific interactions, such as charge-charge or aggregation. Moreover, larger fragments 

should be considered to be included in the libraries for an increased interaction potential 

between IDP and the fragment. As an alternative approach, screening at very high fragment 

concentrations could also be an option in order to identify fragments with very low affinities 

using encapsulation method with NMR approach. 

Multiple fragment screening attempts targeting HASPA, PTP1B and tau K18 showed that it is 

important to be aware of advantages and disadvantages of each biophysical technique, and 

any potential artefacts.  
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In addition to this, covalent fragment library was used to identify specific binders to tau K18. 

Covalent binders may offer another approach to contribute to the development of the IDP-

specific binders by attaching the identified hits to larger molecules to increase specificity. 

6.6 General applicability of biophysical methods for detecting IDP:ligand interactions 

Different biophysical approaches offer different kind of information which can help identifying 

and validating protein’s interactions with LMW ligands. Due to IDPs being specific kind of 

proteins, special approaches are also needed in order to produce reliable data and avoid 

ambiguity. 

One of the main NMR advantages over other biophysical methods is that a protein does not 

have to be dye-labelled or immobilized on the surface, potentially altering the therapeutically 

relevant conformation of the protein. Such restriction of freedom may be especially relevant 

for IDPs that potentially prefer a specific, free-in-solution conformation. The 1D and 2D NMR 

methods can then be used to observe the behaviour of ligands and IDPs which can help 

identifying potential artefacts early and track any structural changes to the IDP upon 

interacting with a LMW molecule. While 1D STD technique may not work due to lack of folded 

domains in ID regions, wLOGSY, CPMG-filtered and 2D HSQC techniques can potentially be 

used in identification of binders, if the affinities are high enough. If short peptides are being 

investigated, 2D 1H-1H TOCSY and NOESY can also provide important information about 

potential interactions, as shown in the case of cMyc. In some cases, site-specific 19F labelling 

of the protein or ligand can also help identifying and characterizing the binding events.  

When it comes to the limitations of NMR technique, due to it being a relatively insensitive, 

low expression yields of the protein of interest may become a problem. If that appears to be 

the case, isotopic labelling can also become a relatively expensive step once it is necessary to 

do more advanced NMR experiments. In addition to this, NMR DOSY may require larger 

conformational changes to be present for them to be detected, as shown in the case of PTP1B. 

Moreover, some NMR methods require long experimental times which may hinder the ligand 

screening process further. 

As an alternative approach, SPR technique also has a potential to be used in IDP drug 

screening campaigns. Due to its inherent sensitivity, SPR approach requires only ng amounts 

of protein for its assays, similarly to MST, whereas NMR can use up to mg quantities of protein 



160 
 

per sample. Moreover, SPR technique can determine the stoichiometry and kinetics of the 

interactions in a relatively fast manner. This information can also provide some insights about 

potential artefacts, similarly as NMR. In addition to this, the throughput of screening is faster 

using SPR than NMR, when using a multi-injection instrumentation.  

One of the main disadvantages of SPR method is that the protein of interest has to be 

immobilized on the surface. The immobilization may cause the IDPs to lose their 

therapeutically relevant conformation and provide ambiguous data. However, it may be 

possible to minimize such conformational restrictions of IDPs by using specific, IDP-tailored 

immobilization approaches, which can include immobilizing the protein via flexible linker. The 

same reasoning can potentially be applied for the ligands by immobilizing them onto the 

surface rather than the protein. However, such approach may become a rather expensive 

approach and would require special machinery.  SPR technique is also prone to charge-charge 

artefacts if the ligands or proteins have a highly charged structure. Specific assay development 

would be required to mitigate such interactions, including increasing salt concentration or 

chemically modifying the dextran surface.  

MST can be used as an orthogonal technique to validate IDP:ligand interactions. Its fast data 

acquisition time and small material consumption may help in cases when sample amount is a 

problem.  While MST may be able to detect the binding of the ligand to IDP, the need to label 

the protein with a fluorescent dye may prevent accurate evaluation of interactions for IDPs. 

Such inaccuracy may arise due to IDP’s potential sensitivity to any surface modifications. 

Moreover, the ligands may interact with the dye itself rather than the protein. Therefore, 

additional control experiments are necessary. 

6.7 Future challenges and opportunities 

Despite investigating four different IDP systems, further research is still necessary to challenge 

and push the current understanding of IDP:ligand interactions, including the ways to detect 

that. 

As the results of the project suggest, FBLD may not be the right approach for identifying 

ligands to IDPs due to low affinities. If the protein binding partners of IDPs/IDRs are unknown, 

it may be of interest to screen chemically more complex molecules using NMR as a primary 

approach. This may potentially increase the chance of identifying ligands with high-enough 
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affinity. The hits can then be further validated by SPR and MST to get a better understanding 

of the system. 

If the NMR approach is not possible, an SPR approach may be considered as alternative 

approach after immobilizing the IDP via a long, flexible linker. This would potentially allow the 

IDPs to maintain their native conformation. If any hits are identified, next step should involve 

confirmatory NMR methods to identify the binding site and any artefacts that may have been 

not detected. 

If there are known binding partners of IDPs of interest, it can be beneficial to perform a high 

throughput fluorescence-based assays first, indicating the disruption of targeted PPIs. NMR, 

MST and SPR may also indicate such disruptions of PPIs, although with a lower throughput. 

However, careful experimental planning would be necessary for such approaches to avoid 

artefacts. Any identified ligands can then be validated by NMR for further structural analysis 

and development. 

It is evident that even if a fragment/ligand is identified to interact in a specific manner with 

an IDP, it can still be a challenge to develop the hit further due to lack of structural 

information. However, molecular modelling and advanced NMR-guided models may provide 

some structural guidance to understand the occurring interactions better. Fortunately, high 

affinity ligands may not be required with the discovery of proteolysis targeting chimeras 

(PROTACs) that change the concept of drugs from occupancy-based to event-based model. 

The IDPs could be degraded in a desirable manner even with low affinity but specifically 

interacting molecules. Nevertheless, the exact inhibitory effects have to be studied as IDPs 

are involved in multiple signalling cascades which may cause non-desirable side effects once 

the function of an IDP is suppressed. 
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7 Materials and Methods 

7.1 Materials 
All reagents and solvents were obtained from commercial vendors unless stated otherwise. 

7.1.1 HASPA 

HASPA coding sequence in pET-28b expression vector was provided by Michael Plevin 

(University of York, UK). 

The fragment library contained 559 fragments from an in-house Maybridge library and 51 3D 

fragments from Hanna Klein (University of York). The fragments were split into 93 fragment 

mixtures with 6 compounds each at 33.33 mM in 100% d6-DMSO. 

7.1.2 cMyc 

Soluble fusion protein KRas-EK-cMyc(363-381) and KRas-EK-cMyc(402-412) coding plasmids 

in pJ411 expression vector were ordered from DNA 2.0 (US). Inclusion body-forming 

ketosteroid isomerase (KSI) construct with cMyc coding sequences were ordered from 

GenScript (US) in pET-31b(+) vector. 

7.1.3 PTP1B 

6xHis-TEV-PTP1B(1-301) and 6xHis-TEV-PTP1B(1-393) coding plasmids were kindly provided 

by Nicholas Tonks (ColdSpring Harbour, USA). Other codon-optimized constructs were 

obtained from either DNA 2.0 (USA) or GenScript (USA) with 5’-NdeI and 3’-XhoI restriction 

sites. All reagents and solvents were obtained from commercial suppliers unless indicated 

otherwise. 

The fragment library of 1000 compounds was provided by Sci-Life Lab (Stockholm, SE) as 50 

mM stocks in DMSO. 80 additional fragments were added to the library from collaborators in 

FragNet consortium (ESR 1, 2 and 7, personal communication). 

The fluorinated CF3 fragment library of 1664 compounds was provided by Novartis (CH). 

The expression plasmids that contain various tags (MBP, Trx, SUMO, GST) were obtained from 

an in-house library. 

7.1.4 Tau K18 

The initial batch of 15N labelled 6xHis-tau K18(C291S,C322S) and several literature-reported 

tau K18 ligands were kindly provided by Servier (FRA). The construct coding for 6xHis-tau 

K18(C291S,C322S) was codon-optimized and obtained from DNA 2.0 (USA) in pJ411 vector. 
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The construct coding for 6xHis-TEV-AviTag-tau K18(C291S,C322S) was obtained in T7-driven 

expression vector pET-24a from GenScript (USA). All inserts were designed with 5’-NdeI and 

3’-XhoI restriction sites to enable sub-cloning approach, if required. Such restriction sites were 

chosen because the majority of in-house vectors had their cloning site designed with NdeI and 

XhoI restriction sites. 6xHis tag was used as an affinity tag for purification and biophysical 

methods. AviTag was used for in vitro biotinylation and biophysical experiments.  

The electrophilic fragment library was provided as dry powder by Gyorgy Keseru (Hungarian 

Academy of Sciences, HU) and prepared as 100 mM stocks in d6-DMSO. 

The fragment library for SPR screening was the same as for PTP1B fragment screening 

campaign (§7.1.3). 

The pET-24a vector with NdeI/XhoI cloning site was obtained from an in-house library. 

7.2 Molecular biology 

7.2.1 Heat shock transformation 

The required E. coli strain cells were removed from -80oC and thawed on ice for 5 min. This 

was followed by addition of 50-500 ng of target plasmid DNA. The sample was mixed gently 

by flicking the tube. The mixture was then incubated on ice for 30 min. Following this, the 

sample was incubated in 42oC water for 45 sec and put on ice for 2 min. Then, 300 µL of SOC 

outgrowth medium (NEB, UK) was added and the cells were incubated at 37oC for 1 hour. 

After this, 20-50 µL and the rest of the mixture was then plated on agar plates with 

appropriate antibiotics and incubated at 37oC overnight. 

7.2.2 Cloning 

All digestion enzymes and cleavage buffers were obtained from NEB (UK). Undigested 

plasmids were prepared as reference samples for control purposes. Plasmids containing 

either insert or empty vector were double-digested for 1 hour at 37oC in the following 

mixtures: 

  Insert reference, µL Insert digested, µL 

DNA (~0.5 - 1 µg) 4  4 

10 x Cleavage buffer 4  4 

Digestion enzymes 0  0.5 of each enzyme 

Distilled H2O 32  31 

Total Volume 40  40  
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  Vector reference, µL Vector digested, µL 

DNA (~0.1 - 0.5 µg) 2  2 

Cleavage buffer 4  4 

Digestion enzymes 0  0.5 of each enzyme 

Distilled H2O 34  33 

Total Volume 40  40  

 

Enzyme mixtures  Cleavage buffer 

NdeI and XhoI CutSmart® Buffer (NEB) 

BamHI and XhoI NEBuffer® 3.1 (NEB) 

 

The digested plasmids were separated on 1% agarose gel in TAE buffer solution (40 mM Tris 

pH 8.5, 20 mM acetate, 1 mM EDTA) for 1 hour at 100 V and extracted using QIAquick Gel 

Extraction kit (Qiagen). DNA fragments were excised from the agarose gel, weighed and mixed 

with Buffer QG with a ratio of 3:1 (1:1 - 100 µL of Buffer QG to 100 mg of gel). The mixture 

was incubated at 50oC for 10 min, vortexed and 1 volume of propan-2-ol was added. After 

mixing, the mixture was loaded on QIAquick spin column and centrifuged at 10000 g for 1 min. 

Then, the spin column was washed by adding 750 µL of Buffer PE to the column which was 

spun down twice for 1 min at 10000 g.  Finally, the DNA was eluted by adding 50 µL of Buffer 

EB (10 mM Tris-HCl, pH 8.5), incubating for 1 min and spinning down for 1 min at 10000 g. 

The ligation was performed at RT using T4 ligase (NEB, UK) in total volume of 20 µL in the 

following mixtures: 

 Vector, µL Insert, µL 10x Ligase Buffer, µL T4 ligase, µL Distilled H2O, µL 

Ligation 5 12 2 1 0 

Control 5 0 2 1 12 

1x Ligase buffer: 50 mM Tris-HCl pH 7.5, 10 mM MgCl2,1 mM ATP, 10 mM DTT. 

The ligation mix was used to transform NEB 5-alpha competent E. coli cells (NEB, UK) using 

heat shock protocol (§7.2.1). After overnight incubation, 2 to 5 discrete colonies were picked 

and used to inoculate 5 mL of LB media with appropriate antibiotic (see §8.2 for plasmid 

antibiotic resistances) and the cells were grown overnight at 37oC at 200 RPM. The plasmid 

was purified using QIAprep Spin MiniPrep Kit (Qiagen). The ligated sequence was confirmed 

by Sanger sequencing by GeneWiz (UK). 
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7.2.3 Site-directed mutagenesis 

Single-site mutations were achieved using site-directed mutagenesis with QuikChange 

Lightning SDM Kit (Agilent). Primers were designed using Agilent website tool 

(https://www.agilent.com/store/primerDesignProgram.jsp) and acquired from Sigma-

Aldrich. 

7.2.3.1 Tau K18 

The primers used to introduce Cys mutations to 6xHis-tau K18(C291S,C322S) are as follows: 

 Primer A: Ser to Cys (S291C) 

 Primer B: Ser to Cys (S322C) 

 Primer C: Ser to Cys (S291C) with S322C mutation already present  

 

Targeted nucleotides are marked in red.  The nucleotide sequence for primer C is the same as 

for primer A but with extensions (cyan) that made the mutagenesis approach possible (see 

§5.2 for primer design discussion). 

7.3 Protein production 

All plasmids were transformed into designated E. coli cell strains using standard heat shock 

protocol (§7.2.1) 

7.3.1 Expression in LB or TB media 

One transformed colony with plasmid of interest was used to inoculate 100 mL of LB or TB 

media with appropriate antibiotics for overnight hour growth at 37oC with continuous 

https://www.agilent.com/store/primerDesignProgram.jsp
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agitation at 200 RPM. On the subsequent day, 1 mL of overnight culture was used to inoculate 

1 L of LB or TB media with appropriate antibiotics. The cells were grown at 37oC with 

continuous agitation at 200 RPM until OD600 of 0.8, and induced with appropriate amount 

IPTG for timed expression at specific temperature at 200 RPM agitation. After expression, the 

cell pellets were collected by centrifugation at 4500 RPM for 20 min at 4oC using JLA 8.1000 

rotor and stored at -80oC. Multiple non-labelled cMyc, PTP1B and tau K18 constructs were 

expressed in LB or TB media (Table 21, Table 22, Table 23). See §8.1, §8.2 for construct 

sequences. 

Table 21. The expression conditions for various cMyc constructs. 

Construct Cell line Vector Conditions 

KRas-EK-cMyc(363-381) E. coli BL21(DE3) pLysS pJ411 
1 mM IPTG for overnight 

expression at 18oC in LB media 

KRas-EK-cMyc(402-412) E. coli BL21(DE3) pLysS pJ411 
1 mM IPTG for overnight 

expression at 18oC in LB media 

KSI-cMyc(363-381) E. coli BL21(DE3) pLysS pET-31b 
1 mM IPTG for 3 hour 

expression at 37oC in LB media 

KSI-cMyc(402-412) E. coli BL21(DE3) pLysS pET-31b 
1 mM IPTG for 3 hour 

expression at 37oC in LB media 

 

Table 22. The expression conditions for various PTP1B constructs. 

Construct Cell line Vector Expression conditions 
6xHis-TEV-PTP1B(1-301) E. coli BL21(DE3) RIL Codon 

Plus 
pET-28b 1 mM IPTG for overnight 

expression at 18oC in LB 
media 

PTP1B(1-393)-6xHis E. coli BL21(DE3) pLysS pJ411 1 mM IPTG for overnight 
expression at 18oC in TB 

media 

MBP-TEV-PTP1B(1-393)-6xHis E. coli BL21(DE3) pLysS pJ411 1 mM IPTG for overnight 
expression at 18oC in TB 

media 

Trx-TEV-PTP1B(1-393)-6xHis E. coli BL21(DE3) pLysS pJ411 1 mM IPTG for overnight 
expression at 18oC in TB 

media 

SUMO-TEV-PTP1B(1-393)-6xHis E. coli BL21(DE3) pLysS pJ411 1 mM IPTG for overnight 
expression at 18oC in TB 

media 

GST-3C-PTP1B(1-393)-6xHis E. coli BL21(DE3) pLysS pJ411 1 mM IPTG for overnight 
expression at 18oC in TB 

media 

GST-3C-PTP1B(1-393)-6xHis E. coli BL21(DE3) pGex-6p-
1 

1 mM IPTG for overnight 
expression at 18oC in TB 

media 

GST-3C-PTP1B(1-393)-6xHis E. coli BL21(DE3) pET-24a 1 mM IPTG for overnight 
expression at 18oC in TB 

media 
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Table 23. The expression conditions for various tau K18 constructs. 

Construct Cell line Vector Conditions 
6xHis-tau K18(C291S,C322S) E. coli BL21(DE3)  pET-24a 0.4 mM IPTG for 4 hour expression at 

37oC in LB media 

6xHis-tau K18(C291, C322S) E. coli BL21(DE3) pET-24a 0.4 mM IPTG for 4 hour expression at 
37oC in LB media 

6xHis-tau K18(C291S,C322) E. coli BL21(DE3) pET-24a 0.4 mM IPTG for 4 hour expression at 
37oC in LB media 

6xHis-tau K18 (C291,C322) E. coli BL21(DE3) pET-24a 0.4 mM IPTG for 4 hour expression at 
37oC in LB media 

AviTag-tau K18(C291S, C322S) E. coli BL21(DE3) pET-24a 0.4 mM IPTG for 4 hour expression at 
37oC in LB media 

 

 

7.3.2 Expression in M9 media 

7.3.2.1 M9 media preparation 

The following components were dissolved in 954 mL of dH2O, pH adjusted to 7.0 with 

NaOH/HCl and autoclaved: 

Components MW Final concentration 

K2HPO4 (anhydrous)  174.2 g/mol 60.85 mM (10.6 g/L) 

KH2PO4 (anhydrous)  136.08 g/mol 36.05 mM (4.9 g/L) 

NaCl 58.44 g/mol 8.55 mM (0.5 g/L) 

NH4Cl 53.48 g/mol (54.48 g/mol for 15N) 18.35 mM (1 g/L) 

 

The mixture was then supplemented with the following sterile-filtered component mixture to 

bring the total volume to 1000 mL: 

Supplement 
components 

Volume added, 
mL 

Final concentration 

25% w/v D-Glucose (or 
13C-D-Glucose) in dH2O 

40 1% w/v (0.2% for 13C-labelled) 

1 M MgSO4 2 2 mM 

0.1 M CaCl2 1 0.1 mM 

1000x Trace metal mix 1 1x 

1000x Vitamin mix 1 1x 

Antibiotics 1 100 µg/mL Amp and/or 50 µg/mL Kan and/or 34 µg/mL 
Cam (see §8.2 for plasmid antibiotic resistances) 

 

1x Trace metal mix: 

Compound 1000x concentration, g/L 

FeCl2 x 4H2O 10 

CaCl2 x 2H2O 0.368 

H3BO3 0.128 

CoCl2 x 6H2O 0.036 
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CuCl2 x 2H2O 0.008 

ZnCl2 0.68 

Na2MoO4 x 2H2O 1.21 

MnCl2 x 4H2O 0.08 

 

1x Vitamin mix: 

Vitamin 1000x concentration, g/L 

Choline chloride 1 

Folic acid 1 

Pantothenic acid 1 

Nicotinamide 1 

Pyridoxal HCl 1 

Thiamine HCl 5 

Riboflavin 0.1 

Biotin 1 

 

7.3.2.2 Expression protocol 

A discrete colony transformed with plasmid of interest was used to inoculate 15 mL of LB 

media with appropriate antibiotics and allowed to grow for 6 hour at 37oC with continuous 

agitation at 200 RPM. Then, an appropriate volume of cultured cells was centrifuged at 4000 

x g for 15 min in order to give starting OD600 of 0.05 when resuspended in 50 mL of fresh M9 

media with supplements by using formula below: 

𝑉(𝑚𝐿) =
0.05 

𝑂𝐷600,𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑
∗ 𝑉(𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒, 𝑚𝐿) 

This was done in order to increase the isotopic labelling efficiency by preventing the carry-

over of non-labelled material from LB growth media. Following this, the cells were incubated 

overnight at 37oC with continuous agitation at 200 RPM. On the subsequent day, an 

appropriate volume of cells using previously mentioned formula was centrifuged at 4000 g for 

15 min and transferred to 1 L flasks to give starting OD600 of 0.05. The cells were then grown 

at 37oC with continuous agitation at 200 RPM until OD600 of 0.8 was reached and induced with 

appropriate amount IPTG for timed expression. The cells were collected using the same 

protocol as mentioned in non-labelled media expression section (§7.3.1). 

HASPA and tau K18 labelled proteins were expressed in M9 media under certain conditions 

(Table 24, Table 25). 
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Table 24. The expression conditions for HASPA construct. 

Construct Cell line Vector Labelling Conditions 

HASPA-6xHis 
E. coli 

BL21(DE3) 
pET-28b 15N 

1 mM IPTG for 6 hours at 
30oC in M9 media 

 

Table 25. The expression conditions for various tau K18 constructs. 

Construct Cell line Vector Labelling Conditions 

6xHis-tau 
K18(C291S,C322S) 

E. coli BL21(DE3) pET-24a 
15N 

15N,13C 

0.4 mM IPTG for 4 hour 
expression at 37oC in 

M9 media 

6xHis-tau K18 (C291,C322) E. coli BL21(DE3) pET-24a 
 

15N 
0.4 mM IPTG for 4 hour 

expression at 37oC in 
M9 media 

 

19F labelling of tau K18 

In order to express 3-fluoro-Y310 labelled tau K18(C291S,C322S), the cell culture was 

prepared as described for M9 media. Then, 1 g of glyphosate was added to 1 L of culture 

together with 60 mg of L-Trp, L-Phe and 3-fluoro-DL-Tyr before induction at OD600 of 0.8 [267]. 

The glyphosate inhibits aromatic amino acid synthesis pathway and the cells use the manually 

provided aromatic amino acids. The culture was further incubated for 1 hour at 37oC, 200 RPM 

and expression was induced with 0.4 mM IPTG for expression for 4 hours at 37oC.  

7.3.3 Protein purification 

All purification steps were performed using AKTA Explorer (GE Healthcare) equipment. 

7.3.3.1 HASPA 

The cells were thawed on ice and resuspended in ice cold Buffer A (1:3 ratio w/v of cell paste 

to Buffer A) (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 20 mM Imidazole) together with 

appropriate amount of EDTA-free Roche cOmplete protease inhibitor tablets (Roche) which 

was followed by two cycles of sonication on wet ice (3 seconds on, 7 seconds off). The cell 

lysate was clarified by centrifugation at 40000 g with JA 25.50 rotor for 40 min at 4oC. The 

clarified supernatant was loaded onto a 5 mL HisTrap HP column, equilibrated with Buffer A, 

and HASPA was eluted using Buffer B gradient to 100% (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 

500 mM imidazole) over 20 CV. The QC was carried out using SDS-PAGE on 15% agarose gel. 

The protein-containing fractions were concentrated to ~3 mL using Amicon 3K MWCO 

concentrator. The concentrated sample was then loaded 6 times as 500 µL injections onto 

Superdex 10/300 GL 75pg that was pre-equilibrated with Buffer C (20 mM HEPES pH 6.5, 50 
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mM NaCl) at 0.5 mL/min.  The separation was done at 0.5 mL/min and pure fractions were 

concentrated using Amicon 3K MWCO concentrator, snapfrozen in liquid N2 and stored at -

80oC. Concentration was determined using with OPA assay (§7.3.8). 

7.3.3.2 cMyc 

Soluble cMyc fusion constructs 

The cell pellets were thawed on ice and resuspended in cold Buffer A (1:3 ratio w/v of cell 

paste to lysis buffer) (50 mM HEPES pH 8.0, 500 mM NaCl, 5% glycerol, 5 mM MgCl2). 

Additionally, EDTA-Free Protease inhibitor Cocktail Tablets (Roche) and 250 µL of DNAse1 (5 

mg/mL in PBS, Sigma-Aldrich) were added. The mixture was stirred for 30 min at 4oC and 

passed through French press homogenizer (Stansted) twice. The clarification of sample was 

achieved by centrifugation for 1 hour at 40000 g using JA-25.50 rotor at 4oC. The supernatant 

was loaded on 5 mL HisTrap FF column at 5 mL/min which was pre-equilibrated with Buffer A 

using AKTA Explorer system (GE Healthcare). The protein was eluted using 3-step gradient (5, 

20 and 100%) to Buffer B (25 mM HEPES pH 8.0, 500 mM NaCl, 5% glycerol, 5 mM MgCl2, 500 

mM Imidazole). Pure fractions were concentrated using Amicon Ultra-15 3.5K MWCO 

concentrator (Merck Millipore) to 10 mL and further purified at 2.6 mL/min on pre-

equilibrated with Buffer C (25 mM HEPES pH 8.0, 150 mM NaCl, 5% glycerol, 5 mM MgCl2) 

HiLoad Superdex 26/60 75 pg column. All samples were evaluated using SDS-PAGE after each 

step. Concentration of the protein was determined using A280 with ε = 13410 1/M*cm (§7.3.6). 

The pure fusion protein samples were desalted to EK cleavage buffer (20 mM Tris-HCl pH 8.0, 

50 mM NaCl, 2 mM CaCl2, 0.5 mM TCEP, 5 mM MgCl2) using HiPrep Desalt 26/10 column at 6 

mL/min and a recommended amount of EK (NEB, UK) (1 unit per 25 µg of protein) was added 

to the samples for overnight cleavage at RT. The cleavage efficiency was checked using HPLC-

MS assay (§7.4.1) 

Insoluble cMyc constructs with KSI 

The cell pellets were thawed on ice and resuspended in cold Buffer A (1:3 ratio w/v of cell 

paste to lysis buffer) (10 mM Sodium phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCl, 1 mM 

EDTA). Additionally, EDTA-Free Protease inhibitor Cocktail Tablets (Roche) and 250 µL of 

DNAse1 (5 mg/mL, Sigma-Aldrich) were added. The mixture was stirred for 30 min at 4oC. The 

sample was passed through French press homogenizer (Stansted) twice. The inclusion bodies 
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were collected by centrifugation for 15 minutes at 10000 g using JA-25.50 rotor at 4oC. The 

pellets were further washed with: 

 Buffer B: 10 mM Sodium phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCl 

 Buffer C: 10 mM Sodium phosphate pH 7.4, 1 M NaCl, 2.7 mM KCl  

 Buffer D: 10 mM Sodium phosphate pH 7.4, 137 mM NaCl, 2.7 mM KCl, 0.2% 

Tween-20 

The pellets were solubilized in 5 mL of Buffer E (PBS buffer solution pH 7.4, 6 M Gdn-HCl). The 

concentration was determined using A280 with ε = 2980 1/M*cm for cMyc(363-381) and ε = 

4470 1/M*cm for cMyc(402-412) constructs. 

The solubilized cMyc pellets in Buffer E were transferred to a round-bottom flask with a 

magnetic stirrer in fumehood. Then, 98% formic acid was added to the solution to amount for 

70% of the total volume. This was followed by addition of 100 molar excess over methionine 

residues of 5 M CNBr in acetonitrile (Sigma). The sample was stirred overnight at RT in dark. 

The cleavage efficiency was checked using HPLC-MS assay (§7.4.1) 

7.3.3.3 PTP1B 

PTP1B(1-301) 

The cells were thawed on ice and mixed in ice cold Lysis Buffer (1:3 ratio w/v of cell paste to 

Lysis Buffer) (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 5 mM Imidazole, 0.5 mM MTG).  An 

appropriate amount of Roche cOmplete protease inhibitor tablets (Roche) (1 tablet per 50 mL 

of lysate) were also added together with 500 µL of 2 mg/mL DNAseI (Sigma). The mixture was 

left to stir at 4oC for 30 min. The cells were then homogenized using Stansted French press 

system. Following this, the cell lysate was clarified by centrifugation at 40000 g with JA 25.50 

rotor for 40 min at 4oC. The clarified supernatant was loaded onto a 5 mL HisTrap FF column, 

equilibrated with Buffer A (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 0.5 mM MTG) and PTP1B(1-

301) was eluted using three-step gradient to Buffer B (5, 20, 100%) (50 mM Tris-HCl pH 7.5, 

500 mM NaCl, 500 mM imidazole, 0.5 mM MTG). After QC by SDS-PAGE, fractions with 

acceptable purity were desalted to Buffer C (50 mM Tris-HCl pH 7.5, 25 mM NaCl, 0.5 mM 

MTG) using HiPrep Desalt 26/10 column at 6 mL/min and loaded on pre-equilibrated with 

Buffer C anion exchange column MonoQ 10/100 GL at 4 mL/min. PTP1B(1-301) was eluted at 

2 mL/min using gradient over 20 CV from 0 to 50% of Buffer D (50 mM Tris-HCl pH 7.5, 1 M 



172 
 

NaCl, 0.5 mM MTG). Pure fractions were pooled, concentrated with Amicon 10K MWCO 

concentrator to 15 mL and loaded 3 times in total as 5 mL loads on HiLoad 16/60 Superdex 

75pg column at 1 mL/min, pre-equilibrated with Buffer E (50 mM HEPES pH 6.8, 150 mM NaCl, 

0.5 mM TCEP). Pure fractions were pooled, concentrated with Amicon 10K MWCO 

concentrator before assessing protein concentration using A280 with ε = 46940 1/M*cm. 

Samples were aliquoted, snap frozen in liquid N2 and stored at -80oC. The intact mass was 

checked using HPLC-MS assay (§7.4.1) 

PTP1B(1-393) 

The cells were thawed on ice and mixed in ice cold Lysis Buffer (1:3 ratio of cell paste to Lysis 

Buffer) (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM Imidazole, 0.1% Triton X-100, 0.5 mM 

DTT).  An appropriate amount of Roche cOmplete protease inhibitor tablets (Roche) (1 tablet 

per 50 mL of lysate) were also added together with 500 µL of 2 mg/mL DNAseI (Sigma). The 

mixture was left to stir at 4oC for 30 min. The cells were then homogenized using Stansted 

French press system. Following this, the cell lysate was clarified by centrifugation at 40000 g 

with JA 25.50 rotor for 40 min at 4oC. The clarified supernatant was loaded onto a 5 mL HisTrap 

FF column twice, equilibrated with Buffer A (25 mM Tris-HCl pH 8.0, 500 mM NaCl, 0.5 mM 

DTT) and PTP1B(1-393) was eluted using three-step gradient to Buffer B (5, 20, 100%) (25 mM 

Tris-HCl pH 8.0, 500 mM NaCl, 500 mM imidazole, 0.5 mM DTT). After QC by SDS-PAGE, 

fractions with acceptable purity were desalted to Buffer C (25 mM Tris-HCl pH 7.4, 150 mM 

NaCl, 1 mM EDTA, 1 mM DTT) using HiPrep Desalt 26/10 column at 6 mL/min and 150 µL of 

PreScission protease (GE Healthcare) was added to the mixture for overnight incubation at 

4oC. After QC which confirmed cleavage of GST tag, the sample was loaded onto pre-

equilibrated with Buffer C 5 mL GSTrap HP column at 1 mL/min. Cleaved PTP1B(1-393) was 

found in flow-through fractions whereas contaminants were found in the 100% elution 

fractions with Buffer D (25 mM Tris HCl pH 8.0, 150 mM NaCl, 10 mM reduced glutathione, 1 

mM DTT). Following this, PTP1B(1-393) was desalted to Buffer E (25 mM Tris-HCl pH 7.5, 25 

mM NaCl, 1 mM DTT) using HiPrep Desalt 26/10 at 6 mL/min and loaded on MonoQ 10/100 

GL column at 4 mL/min. The protein was eluted using gradient from 0 to 30% over 12 CV with 

Buffer F (25 mM Tris-HCl pH 7.5, 1 M NaCl, 1 mM DTT). Pure fractions were concentrated using 

Amicon 10K MWCO concentrator to 10 mL and further purified with pre-equilibrated with 

Buffer F (25 mM HEPES pH 6.8, 150 mM NaCl, 2 mM DTT) HiLoad 26/60 75pg column at 2 
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mL/min. After QC, the protein concentration was determined using A280 with ε = 53400 

1/M*cm. Samples were aliquoted, snap frozen in liquid N2 and stored at -80oC. The intact 

mass was checked using HPLC-MS assay (§7.4.1) 

7.3.3.4 Tau K18 

Non-labelled, isotopically and 19F-labelled tau K18 

Cells were thawed on ice and resuspended in ice-cold Buffer A (1:3 ratio w/v of cell paste to 

Buffer A) (50 mM NaPi pH 7.5, 500 mM NaCl, 10 mM imidazole. The mixture was 

supplemented with cOmplete Protease Inhibitor Cocktail EDTA-free tablets (1 tablet per 50 

mL of lysate), 500 uL of 2 mg/mL DNAse1 in PBS (Sigma-Aldrich) and stirred for 30 min at 4oC. 

Then, the mixture was homogenized using Stansted French press system and incubated at 

90oC for 15 min under mild stirring. Following this, the lysate was cooled down in ice bath and 

further clarified by centrifugation at 4oC using JA 25.50 rotor at 40000 g for 1 hour. The 

supernatant was then loaded onto 5 mL HisTrap FF column (GE Healthcare) pre-equilibrated 

with Buffer B (25 mM NaPi pH 7.5, 500 mM NaCl, 10 mM imidazole) at 5 mL/min. The protein 

was eluted using 3-step gradient (5, 20 and 100%) of Buffer C (25 mM NaPi pH 7.5, 500 mM 

NaCl, 500 mM imidazole). After QC with SDS-PAGE, protein-containing fractions were pooled 

and desalted to Buffer D (25 mM NaPi pH 7.0, 25 mM NaCl, 1 mM EDTA) using HiPrep Desalt 

26/10 column at 6 mL/min. Following this, tau K18 was loaded on 5 mL HiTrap SP FF column 

at 4 mL/min for cation exchange step. The protein was eluted with gradient over 10 CV from 

0 to 100% of Buffer D (25 mM NaPi pH 7.0, 1 M NaCl, 1 mM EDTA). Protein-containing fractions 

were pooled, concentrated using Amicon 3k MWCO concentrator to 5 mL and further purified 

via size-exclusion chromatography using HiPrep Superdex 16/60 75pg column at 1 mL/min, 

pre-equilibrated with Buffer E (25 mM NaPi pH 6.6, 150 mM NaCl, 100 µM EDTA). The pure 

samples were pooled, concentrated with Amicon MWCO 3K concentrator, snap frozen in 

liquid N2 and stored at -80oC. Concentration was determined using Pierce BCA assay kit 

(ThermoScientific) (§7.3.7). The intact mass was checked using HPLC-MS assay (§7.4.1) 

During purification of Cys-containing constructs all buffer solutions included 1 mM MTG. Final 

size exclusion buffer solution contained 2 mM DTT. 
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Avi-tagged tau K18 

The cell lysate was prepared in the same manner as non-labelled tau K18 protein. The lysate 

was then loaded onto 1 mL HisTrap FF column (GE Healthcare) equilibrated with 25 mM NaPi 

pH 7.5, 500 mM NaCl, 10 mM imidazole. The protein was eluted using an imidazole gradient 

(10 - 500 mM). Protein-containing fractions were pooled and desalted to 25 mM NaPi pH 7.5, 

500 mM NaCl, 10 mM imidazole using HiPrep 26/10 column at 6 mL/min. Then, 2.5 mg of TEV 

protease (in-house) was added to the solution to cleave the 6xHis tag at 4oC overnight. After 

QC, the sample was further purified by loading the cleavage mixture on new 1 mL HisTrap FF 

column equilibrated with 25 mM NaPi pH 7.5, 500 mM NaCl, 10 mM imidazole. After QC with 

SDS-PAGE, flow through and 5% elution fractions were pooled together, concentrated with 

Amicon MWCO 3K to 5 mL and further purified via size-exclusion chromatography using 

HiPrep Superdex 16/60 75pg column at 1 mL/min, equilibrated with 25 mM NaPi pH 6.6, 150 

mM NaCl. The pure samples were pooled, desalted to 50 mM Bicine pH 8.3 using HiPrep 26/10 

column and the protein concentration was adjusted to 40 µM (Pierce BCA assay, (§7.3.7)). 

This was followed by the addition of 10 mM ATP (from 100 mM stock dissolved in 50 mM 

Bicine pH 8.3), 100 µM D-biotin (from 50 mM stock in DMSO), 10 mM MgCl2, and 5 µg of BirA 

(in-house) per 10 nmol of AviTag-tau K18(C291S, C322S). The mixture was incubated at room 

temperature and biotinylation process was followed by HPLC-MS (§7.4.1). After biotinylation, 

the sample was put over HiPrep Superdex 16/60 75 pg as 5 mL load at 1 mL/min, pre-

equilibrated with 25 mM NaPi pH 6.6, 150 mM NaCl to remove BirA. Pure fractions were 

concentrated with Amicon MWCO 3K to 4.66 mg/mL, as determined by Pierce BCA assay 

(ThermoScientific), snap frozen in liquid N2 and stored at -80oC. The intact mass was checked 

using HPLC-MS assay (§7.4.1) 

7.3.4 Initial expression evaluation 

Expression levels of proteins were evaluated using Maxwell 16 Polyhistidine Protein 

Purification Kit (Promega). Small scale expression of 10 mL is performed in LB media as 

described previously (§7.3.1). After expression, the sample is prepared according to the 

standard kit protocol. The method uses magnetic particles that bind His-tagged protein in the 

cell lysate which is later eluted with 500 mM imidazole. QC of the eluted sample via SDS-PAGE 

and HPLC-MS helps to evaluate if protein of interest is expressed intact and in high yields. 
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Transformed colonies are then stored as glycerol stocks in Pro-Lab Diagnostics™ Microbank™ 

tubes (Thermofisher) at -80oC. The intact mass was checked using HPLC-MS assay (§7.4.1) 

7.3.5 SDS-PAGE 

Bolt Bis-Tris Plus (4-12%) gels (Invitrogen) were used to run SDS-PAGE in Bolt MES SDS Running 

buffer (Invitrogen) for 20 min at 200 V. The samples for SDS-PAGE were prepared by 

incubating protein samples with Bolt LDS Sample Buffer (Invitrogen) at 95oC for 5 min. 

7.3.6 Protein concentration determination using A280 

Protein concentration was determined by measuring absorbance of target protein at A280 and 

calculating the concentration using Beer-Lambert law:  

𝐴 =  𝜀 ∗  𝐶 ∗  𝑙 

where A = absorbance, ε = extinction coefficient (M-1cm-1), C = concentration (M), l = path 

length (cm). Extinction coefficient ε is estimated using amino acid sequence with ProtParam 

tool (https://web.expasy.org/protparam/). 

7.3.7 Protein concentration determination using BCA assay 

If protein of interest has a low extinction coefficient, concentration was determined using 

Pierce BCA assay kit (Thermofisher). This method measured the concentration of a target 

protein sample by using BSA standard curve in linear range from 25 to 2000 µg/mL. The 

standard curve samples were made by diluting 2 mg/mL BSA stock solution to 1.5, 1.0, 0.75, 

0.5, 0.25, 0.125 and 0.025 mg/mL using storage buffer of protein of interest. Storage buffer 

was also used as a blank. The target protein sample was diluted in storage buffer to 1:1, 1:5, 

1:10 and 1:20. 25 µL of BSA and target protein samples were put into separate wells of clear 

round-bottom 96 well plate (Pierce). The samples were mixed with 200 µL of Working Solution 

which was prepared by mixing standard solutions from the kit as follows:  

 50 parts of Reagent A (sodium carbonate, sodium bicarbonate, bicinchoninic acid and 

sodium tartrate in 0.1 M sodium hydroxide) 

 1 part of Reagent B (4% cupric sulphate) 

The plate was incubated at 37oC for 30 min. Following this, the plate was left to cool to room 

temperature for 5 min and the absorbance was measured at 562 nm. The data was processed 

with Microsoft Excel software using linear regression. 

https://web.expasy.org/protparam/
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7.3.8 Protein concentration determination using OPA assay 

For HASPA, the concentration was determined using ortho-phthalaldehyde (OPA) assay due 

to unusual amino acid composition (M. Plevin, personal communication). The concentration 

of a target protein sample is measured by using BSA standard curve in linear range from 50 to 

500 µg/mL. BSA stock solution of 10 mg/mL was prepared in target protein buffer. The BSA 

stock solution was then diluted to 50, 100, 200, 300, 400 and 500 µg/mL. The stock HASPA 

sample was diluted in protein buffer to 3 dilutions (1:10, 1:100 and 1:1000). 20 µL of diluted 

BSA and HASPA samples were put into separate wells of black flat-bottom 96 well plate 

(Greiner). The samples were mixed with 200 µL of Phthaldialdehyde Reagent Solution 

Complete (Sigma) which was regenerated with 2 µL of 2-mercaptoethanol per mL of Reagent 

Solution. The Reagent Solution has pH of 10 with Brij-35 detergent which denatures proteins 

of interest to expose all residues to the solvent. This resulted in 6 standard points of BSA, 3 

points of diluted protein samples and 1 well of target protein buffer to serve as a blank. After 

incubation of 2 minutes, the readings were performed on microplate reader (CLARIOstar) at 

340 nm excitation and 455 nm emission (with 30 nm band width). The data was processed 

using MARS software using linear regression. 

7.3.9 Peptide mass fingerprint 

Peptide mass fingerprinting was performed as a commercial service by Cambridge Centre for 

Proteomics (Cambridge, UK). 

7.3.10 Enzyme activity assay 

Enzymatic activities of 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis were checked using 

EnzChek Phosphatase Assay Kit (Thermofisher) at [E] = 5 nM, 100 µM of substrate DiFMUP in 

50 mM HEPES pH 6.9, 150 mM NaCl, 1 mM EDTA, 2 mM DTT and 1% DMSO. The reaction was 

followed using Corning black flat-bottomed 96 well plates in SynergyNeo plate reader with 

excitation at 358 nm and emission at 455 nm.  

 

7.4 Biophysical methods 

7.4.1 HPLC-MS/HRMS-ESI 

Exact protein molecular mass was determined using Agilent HPLC 1290 series coupled to a 

6230 TOF (positive ESI mode) with Agilent MassHunter software. The column (BioResolve RP 

mAB polyphenyl, 150 x 2.1 mm, 2.7 µm, Waters) was run under gradient condition at pH = 4 
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(5 to 95% A to B, A = 0.08% formic acid 0.01% TFA, B = MeCN+ 0.08% formic acid, 0.01% TFA) 

over 5 min at a rate of 0.8mL/min at 55oC). 

LMW organic compound studies were performed on Agilent 1200 SL series instrument linked 

to an Agilent MSD 6140 single quadrupole with an ESI-APCI multimode source or Agilent 1290 

Infinity II series instrument connected to an Agilent TOF 6230 with an ESI-jet stream source. 

Column: Thermo Accucore 2.6 µm, C18, 50 mm x 2.1 mm at 55 oC. Injection volume: 1 µL. 

Elution: 95% A / 5% B to 5% A / 95% B using HPLC-grade solvents. 

 Solvent A:  10 mM aqueous ammonium formate + 0.04% (v/v) formic acid 

 Solvent B:   Acetonitrile + 5.3% (v/v) Solvent A + 0.04% (v/v) formic acid. 

Time (min) LC-MS-V-B1 Flow (mL/min) 

Solvent A (%) Solvent B (%) 

0 95 5 1.1 

0.12 95 5 1.3 

1.30 5 95 1.3 

1.35 5 95 1.6 

1.85 5 95 1.6 

1.90 5 95 1.3 

1.95 95 5 1.3 
 

7.4.1.1 Covalent binders to PTP1B 

Samples of 20 µM 6xHis-PTP1B(1-301) and PTP1B(1-393)-6xHis containing 500 µM compound 

V1 in 25 mM HEPES pH 6.9, 150 mM NaCl, 250 µM TCS401, 1 mM TCEP (or 1 mM DTT, or no 

reducing agent) were incubated for 18 hours at RT before MW evaluation using HPLC-MS. 

7.4.1.2 Covalent binders to tau K18 

Samples of 50 µM native 6xHis-tau K18(C291,C322) containing 250 µM compound V1 in 50 

mM NaPi pH 6.6, 25 mM NaCl, 50 µM DSS, 4% d6-DMSO, 5% D2O were incubated for 18 hours 

at RT before MW evaluation using HPLC-MS and NMR. 

7.4.2 NMR 

Data was processed using TopSpin 4.0.2 (Bruker) and MNova 11.0 (MestreLab Research). 

Sample purity, integrity and solubility of LMW organic compounds were assessed in d6-DMSO 

or aqueous solutions using Bruker NMR spectrometers. Protein and protein:ligand studies 

were performed in aqueous solutions. 
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Protein, ligand QC and protein:ligand interaction experiments were performed with Bruker 

NMR equipment using one or more of the following pulse sequences: 

 1D 1H: 1D sequence using 30 degree flip angle (for 1D 1H NMR spectra acquired in d6-

DMSO and for automatic pulse width determination in aqueous samples) 

o PULPROG = zg30 (standard Bruker sequence) 

 1D 1H: 1D sequence with water suppression using excitation sculpting (for 1D 1H 

NMR spectra acquired in aqueous samples) 

o PULPROG = zgesgp (standard Bruker sequence) 

 2D 1H-15N SF-HMQC: 2D SOFAST-Heteronuclear Multiple Quantum Coherence with 1H-

15N correlation 

o PULPROG = sfhmqcf3gpph (standard Bruker sequence) 

 1D 1H wLOGSY: Water-Ligand Observed via Gradient SpectroscopY  

o PULPROG = ephogsygpno.2 (standard Bruker sequence) or bdLOGSYesgpdf.rh 

(in-house) 

 1D 1H CPMG-filtered: T2 measurement with CPMG and water suppression 

o PULPROG = cpmg_esgp2d (standard Bruker sequence) or bdcpmgesdf.rh (in-

house) 

 1D 1H STD: Saturation Transfer Difference Spectroscopy  

o PULPROG = bdSTDesgpdf.rh (in-house) 

 1D 19F: 19F spectra with proton decoupling 

o PULPROG = zgig30 (standard Bruker sequence) 

 1D 19F broadband CPMG: 19F T2 filter with broadband CPMG sequence  

o PULPROG = bbCPMG_bb19F_dec_phase_opt.awp (in-house) or 

hk_19Fcpmg_screen_adia (in-house) 

 1D 19F CPMG: 19F T2 filter with CPMG sequence 

o PULPROG = bd_zgigcpmg2d (in-house) 

 2D w1- 13C,15N-filtered,edited NOESY using WATERGATE 

o PULPROG = noesygpphwgx1 (standard Bruker sequence) 

 3D w2- 13C,15N-filtered,edited 1H-13C-HSQC-NOESY using WATERGATE 

o PULPROG = hsqcgpnowgx33d (standard Bruker sequence) 

 2D 1H-13C HSQC: Heteronuclear Single Quantum Coherence with 1H-13C correlation 



179 
 

o PULPROG = Chsqc.rh (in-house) 

 Pseudo 2D Diffusion Ordered Spectroscopy (DOSY) 

o PULPROG = bd-ledbpgppr2s (in-house) 

 2D 1H-1H-Total Correlation Spectroscopy (TOCSY) 

o PULPROG = dipsi2esgpph (standard Bruker sequence) 

 2D 1H-1H-Nuclear Overhauser Effect Spectroscopy (NOESY) 

o PULPROG = noesyesgpph (standard Bruker sequence) 

For in-house pulse sequences, see §8.4. 

7.4.2.1 HASPA 

HASPA samples were desalted to 50 mM NaPi pH 6.5, 50 mM NaCl using 3.5K MWCO D-tube 

dialyzer (Millipore) overnight at 4oC. All NMR experiments were performed using Bruker 

Avance Neo 700 MHz spectrometer with QCI cryoprobe at University of York at 298 K. 

A total of 609 fragments were screened against 15N-labelled HASPA in 5 mm NMR tubes, out 

of which 559 (93 mixtures of 6 fragments each at 33.33 mM in 100% d6-DMSO) were a subset 

of in-house Maybridge fragment library and 51 3D fragments were kindly provided by Hanna 

Klein (ESR2, University of York). The signal of DSS at 0.0 ppm was used as a reference.  

For NMR screening, 1D 1H experiments were used for QC purposes. 1D 1H CPMG-filtered 

experiments were used to evaluate resonance signal decays of the ligands at different delays. 

2D 1H-15N SF-HMQC experiment was used to acquire 2D data and quickly evaluate the system 

for any specific CSPs. wLOGSY was used as an additional control experiment for putative hits 

against HASPA. All pulse sequences were used from standard Bruker pulse sequence 

catalogue for ligand- and protein-observed NMR screening. The following experimental 

parameters were used for NMR experiments: 

Experiment NS SW, ppm FID Extra parameters PULPROG 

1D 1H  64 15.5 32768 - zgesgp 

1D 1H CPMG-filtered 128 16 42350 τ = variable cpmg_esgp2d 

1D 1H wLOGSY 128 15.5 32768 - ephogsygpno.2 

2D 1H-15N SF-HMQC 4 F1 = 35 
F2 = 16.2 

F1 = 512 
F2 = 2048 

NUS = 50% sfhmqcf3gpph 
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Initial fragment reference experiments were acquired for the following samples: 

 500 µM fragment mixture, 50 µM DSS, 50 mM NaPi pH 6.5, 50 mM NaCl, 2% d6-DMSO, 

5% D2O 

o 1D 1H NMR 

o 1D 1H CPMG 

 25 µM 15N-labelled HASPA, 50 µM DSS, 50 mM NaPi pH 6.5, 50 mM NaCl, 2% d6-DMSO, 

5% D2O 

o 2D 1H-15N SF-HMQC 

 Up to 4 mM ethanolamine or acetic acid 

 Up to 5% d6-DMSO 

This was followed by fragment screening experiments at a single fragment concentration: 

 500 µM fragment mixture, 25 µM 15N-labelled HASPA, 50 µM DSS, 50 mM NaPi pH 6.5, 

50 mM NaCl, 2% d6-DMSO, 5% D2O 

o 1D 1H NMR 

o 1D 1H CPMG-filtered 

o 2D 1H-15N SF-HMQC 

After data evaluation and hit prioritization, the potential hits were titrated up to 4 mM in the 

presence of HASPA and CSPs were evaluated using data from the following experiments: 

 25 µM 15N-labelled HASPA, 50 µM DSS, 50 mM NaPi pH 6.5, 50 mM NaCl, 2% d6-DMSO, 

5% D2O 

o 1D 1H CPMG 

o 1D 1H wLOGSY 

o 2D 1H-15N SF-HMQC 

7.4.2.2 cMyc 

The NMR experiments were performed in 5 mm NMR tubes with commercially synthesized 

peptides (Severn Biotech, UK) in 100 mM NaPi pH 6.6, 25 mM NaCl, 50 µM DSS, 1% d6-DMSO, 

5% D2O using Bruker Avance HD III 600 MHz spectrometer at 298 K. Data was processed and 

evaluated using TopSpin 4.0.1 (Bruker). 

The parameters used for NMR experiments were as follows: 
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Experiment NS SW, ppm FID Extra parameters PULPROG 

1D 1H 128 16 32768 - zgesgp 

1D 1H CPMG-filtered 64 16 32768 τ = variable bdcpmgesdf.rh 

1D 1H wLOGSY 128 16 32768 - bdLOGSYesgpdf.rh 

 
1D 1H STD 

 
2048 

 
16 

 
32768 

On-resonance = 
0.7 ppm, off-

resonance = -27.6 
ppm 

 
bdSTDesgpdf.rh 

Pseudo 2D DOSY 32 F1 = 10,  
F2 = 20 

F1 = 16  
F2 = 2048 

Δ = 20 ms, δ = 8 
ms 

bd-ledbpgppr2s 

2D 1H,1H TOCSY 24 F1 = 10 
F2 = 10 

F1 = 512 
F2 = 2048 

Mixing time d9 = 
60 and 90 ms 

dipsi2esgpph 

2D 1H-1H NOESY 48 F1 = 10 
F2 = 10 

F1 = 512 
F2 = 2048 

Mixing time d8 = 
200 ms 

noesyesgpph 

 

Variable gradient strength (x-axis) for DOSY experiment was calculated following the formula: 

𝐺𝑖 = √
𝑖

𝑛
∗ 𝐺𝑚𝑎𝑥 

where n = gradient steps (16), i = index of gradient value, Gmax = maximum gradient value 

(G/cm), Gi applied gradient strength (G/cm) 

7.4.2.3 PTP1B 

The screening samples for 19F CPMG filtered experiments were prepared in 3 mm NMR tubes 

that contained 10 µM of protein 6xHis-PTP1B(1-301) or PTP1B(1-393)-6xHis in 25 mM HEPES 

pH 6.9, 150 mM NaCl, 250 µM TCS401, 1 mM TCEP, 100 µM DSS, 10% D2O, 4% d6-DMSO. 

TCS401 was used as an active site inhibitor to reduce potential hit rate [196]. Each cocktail 

mix contained 32 CF3-fluorinated compounds in a total of 52 cocktails. 

The 19F ligand-observed CPMG-filtered NMR experiments were performed using Bruker AV-

500 and AV-600 MHz spectrometers with QCI cryoprobe at 296 K. The data was evaluated by 

comparing 320 ms relaxation profile of the compounds in the presence of different proteins 

with reference spectra. 

Experimental parameters used for primary 19F CPMG-filtered NMR screening were as follows:  

Experiment NS SW, ppm FID Extra parameters PULPROG 

1D 1H 64 16 32768 - zgesgp 
19F CPMG-filtered 

broadband 
256 100 65536 τ = 20 and 320 ms bbCPMG_bb19F_de

c_phase_opt.awp 
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The confirmatory follow-up 19F CPMG-filtered singleton experiments were performed in the 

same buffer solution as primary screen using Bruker 600 MHz at 296K. Additional stocks of 

putative hits in powder form were obtained from LifeChemicals (DE). 

The protein- and ligand-observed 1H CPMG-filtered and NMR DOSY experiments were 

performed in 5 mm NMR tubes in 25 mM HEPES pH 6.9, 150 mM NaCl, 250 µM TCS401, 1 mM 

TCEP (or 1 mM DTT), 100 µM DSS, 10% D2O, 4% d6-DMSO using Bruker 600 MHz at 298K. 

The parameters used for 19F CPMG-filtered and other NMR experiments were as follows: 

Experiment NS SW, ppm FID Extra parameters PULPROG 

1D 1H 64 16 32768 - zgesgp 
19F CPMG-filtered 

broadband 

256 180 131072 τ = 20 and 320 ms hk_19Fcpmg_scre
en_adia 

1D 1H CPMG-filtered 64 16 32768 τ = 200 and 800 
ms 

bdcpmgesdf.rh 

Pseudo 2D DOSY 32 F1 = 10,  
F2 = 20 

F1 = 16, F2 = 2048 Δ = 50 ms, δ = 8 
ms 

bd-ledbpgppr2s 

 

7.4.2.4 Tau K18 

All NMR experiments were performed in 5 mm NMR tubes using Bruker 400, 600, 700 or 800 

MHz spectrometers at 298 K. The parameters used for NMR experiments were as follows: 

Experiment NS SW, ppm FID Extra parameters PULPROG 

1D 1H 64 16 32768 - zgesgp 

1D 1H CPMG-filtered 256 16 32768 τ = variable bdcpmgesdf.rh 

 
1D 1H STD 

 
128 

 
16 

 
32768 

On-resonance = 
0.7 ppm, off-

resonance = -27.6 
ppm 

 
bdSTDesgpdf.rh 

1D 1H wLOGSY 32 16 32768 - bdLOGSYesgpdf.rh 

1D 19F NMR 256 237.2 262144 - zgig30 

1D 19F NMR CPMG-
filtered 

64 F1, F2 = 10 F1 = 8, F2 = 16384 τ = variable bd_zgigcpmg2d 

19F CPMG-filtered 
broadband 

128 F1 = 10,  
F2 = 180.72 

F1 = 4, F2 = 131072 τ = variable hk_19Fcpmg_scre
en_adia 

Pseudo 2D DOSY 32 F1 = 10,  
F2 = 20 

F1 = 16, F2 = 2048 Δ and δ = variable bd-ledbpgppr2s 

2D 1H-15N SF-HMQC 32 F1 = 31.8, 
F2 = 16 

F1 = 128, F2 = 2048 NUS = 50% sfhmqcf3gpph 

2D 1H-13C HSQC 16 F1 = 31.8, 
F2 = 16 

F1 = 128, F2 = 2048 NUS = 50% Chsqc.rh 

w2- 13C,15N-
filtered/edited 3D 

1H-13C-HSQC-NOESY 

16 F1 = 80,  
F2 = 13.7, 
F3 = 13.7 

F1 = 48, F2 = 128, 
F3 = 4096 

JCH = 140 Hz hsqcgpnowgx33d 
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Compound reference and solubility NMR spectra were obtained in 50 mM NaPi pH 6.6, 25 

mM NaCl, 100 µM DSS, 5% D2O. All NMR experiments with tau K18 constructs were performed 

in 50 mM NaPi pH 6.6, 25 mM NaCl, 100 µM DSS, 5% D2O, 4% d6-DMSO, unless stated 

otherwise. 

Theoretical diffusion coefficient was calculated using Stokes−Einstein Gierer-Wirtz Estimation 

(SEGWE) method [268]. 

1H and 19F T2 relaxation values were calculated by fitting relaxation data to the following 

formula using Dynamics Center 2.5.4 (Bruker): 

𝐼 = 𝐼0 ∗ exp (−
𝑡

𝑇2
) 

where I = relative integral of signal, I0 = relative amplitude of signal, t = applied delay time in 

ms, T2 = relaxation value in ms 

7.4.3 MST 

The experiments were performed on Monolith NT Automated (NanoTemper) machine with 

the following parameters: 

 MST power = 40 % 

 Excitation power = 15 % 

 Temperature = 25oC 

 Acquisition mode = Pico-Red 

The data was processed using MO.Affinity Analysis v2.2.4 (NanoTemper). The change in 

fluorescence was used to fit the data to either 1:1 KD model or Hills equation. 

The affinity of RED-Tris-NTA dye to 6xHis-tag was determined by preparing 12 samples which 

contained 5 nM of the dye and His-tagged protein from 0.01 to 200 nM in appropriate buffer 

solution. The protein concentrations were prepared as two-fold dilutions. After preparation, 

the samples were incubated for 30 min, loaded into premium-coated capillaries and measured 

as described above. 

For protein:ligand interaction measurements, 6xHis-tagged protein was first labelled with 5 

nM RED-Tris dye. The protein concentration used for labelling was 10 times the value of the 

KD determined for the RED-Tris-NTA dye:protein interaction, as described above. By having a 
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large excess of protein in solution, all of the dye was bound to the protein which enabled 

accurate measurements. Following this, an appropriate number of the labelled protein 

samples with the ligand were prepared by mixing 1 µL of ligand in d6-DMSO with 24 µL of 

labelled protein. The samples were incubated for 30 min, loaded into premium-coated 

capillaries and measured as described above. 

For non-labelled approach, the concentration of fluorescent ligand was kept constant in the 

presence of different concentrations of the protein. After sample preparation, the samples 

were loaded into premium-coated capillaries, incubated for 30 min and measured as 

described above. 

7.4.3.1 PTP1B 

The affinity of RED-Tris dye to PTP1B(1-393)-6xHis was determined as described previously in 

assay buffer 25 mM HEPES pH 7.4, 150 mM NaCl, 1 mM DTT, 0.05% Tween 20 (§7.4.3). 

In order to measure interactions between 6xHis-tau K18(C291S,C322S) and ligands, 5 nM of 

RED-Tris dye was incubated with 50 nM of protein for 30 min in assay buffer. Then, the 

labelled protein samples with 12 different concentrations of ligand were prepared, incubated 

for 30 min and measured. All final samples contained 50 nM of labelled protein in 25 mM 

HEPES pH 7.4, 150 mM NaCl, 1 mM DTT, 0.05% Tween and 4% DMSO. Measurements were 

performed with MST power of 40% and excitation power of 20%. 

7.4.3.2 Tau K18 

The affinity of RED-Tris dye to 6xHis-tau K18(C291S, C322S) was determined as described 

previously in assay buffer 50 mM HEPES pH 7.4, 150 mM NaCl, 0.05% Tween 20 (§7.4.3). 

In order to measure interactions between 6xHis-tau K18(C291S,C322S) and ligands, 5 nM of 

RED-Tris dye was incubated with 200 nM of protein for 30 min in assay buffer. Then, the 

labelled protein samples with 12 different concentrations of ligand were prepared, incubated 

for 30 min and measured. All final samples contained 200 nM of labelled protein in 50 mM 

HEPES pH 7.4, 150 mM NaCl, 0.05% Tween and 4% DMSO. Measurements were performed 

with MST power of 40% and excitation power of 20%. 

For non-labelled approach, 24 samples were prepared from 1000 to 5.9 nM of 6xHis-tau 

K18(C291S,C322S) as 1.25x dilutions in the presence of 100 nM of compound 1. 
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7.4.4 SPR 

Experimental data was analysed using Biacore Insight Evaluation Software (GE Healthcare) 

and SimFit (https://www.simfit.org.uk/). Experiments were performed on Biacore T200 and 

Biacore 8K+. 

Immobilization assays were performed as follows: 

 For amine coupling, the surface of CM5 S Series chip was activated using 1:1 mixture 

of 400 mM EDC+ 100 mM NHS for 420 s at 10 µL/min at 25oC. This was followed by 

injection of 25 µg/mL target protein in its immobilization buffer for appropriate time 

at 10 µL/min. The surface was then deactivated with 1 M ethanolamine for 420 s at 10 

µL/min. The reference flow cell was activated and deactivated using the same protocol 

but without protein. Eight startup cycles were used for stabilizing the surface after the 

immobilization 

 For biotin-SA coupling, the surface of SA S Series chip was first conditioned with three 

consecutive 1 min injections of 1 M NaCl + 50 mM NaOH at 10 µL/min at 25oC. This 

was followed by injection of 100 nM of biotinylated protein in appropriate buffer 

solution at 5 µL/min until immobilization level of 1000 RU. Eight startup cycles were 

used for stabilizing the surface after the immobilization 

 For His tag coupling, the surface of Ni-NTA S Series chip was loaded with 0.5 mM NiCl2 

for 1 min at 10 µL/min at 25oC. Then, 200 nM target protein was injected over the 

surface at 10 µL/min until immobilization level of 1000 RU in appropriate buffer 

solution. After kinetic and affinity studies, the surface was regenerated by injection of 

350 mM EDTA for 1 minute at 10 µL/min. Eight startup cycles were used for stabilizing 

the surface after the immobilization 

Affinity and kinetic measurements were performed as follows: 

 Single-cycle kinetics experiments were performed at 5 different concentrations with 

appropriate association and dissociation times at 30 µL/min at 25oC in appropriate 

running buffer. Blank injections were also used referencing. Solvent correction was 

performed with 8 point samples at appropriate DMSO concentrations. The flow 

system was washed with 50% DMSO after each cycle. Additional regeneration and 

washing procedures were used as necessary. 

https://www.simfit.org.uk/
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 Multi-cycle kinetics experiments were performed using 8 different concentrations 

with appropriate association and dissociation times at 30 µL/min at 25oC in 

appropriate running buffer. Blank injections were also used for referencing. Solvent 

correction was performed with 8 point samples at appropriate DMSO concentrations. 

The flow system was washed with 50% DMSO after each cycle. Additional regeneration 

and washing procedures were used as necessary. 

For fragment screening campaigns, the immobilization levels were aimed to produce Rmax 

values between 20 and 40 RU for 150 Da fragment, assuming 100% ligand activity and 1:1 

binding behaviour. The immobilization levels were calculated using the following formula: 

𝑅𝑚𝑎𝑥 =
𝐼𝑚𝑚𝑜𝑏𝑖𝑙𝑖𝑧𝑎𝑡𝑖𝑜𝑛 𝑙𝑒𝑣𝑒𝑙 𝑜𝑓 𝑙𝑖𝑔𝑎𝑛𝑑, 𝑅𝑈

𝑀𝑊 𝑜𝑓 𝑙𝑖𝑔𝑎𝑛𝑑, 𝐷𝑎
∗ 150 𝐷𝑎 ∗ 1(𝑣𝑎𝑙𝑒𝑛𝑐𝑦) 

The workflow of fragment screening included Clean Screen (CS), Binding Level Screen (BLS) 

and Affinity Screen (AS). These assays were used as follows: 

 CS: after target immobilization, the injections of 500 µM fragments were performed 

over reference and protein-immobilized surfaces with 10 s contact time and 0 s of 

dissociation time at 15oC at 30 µL/min in Running Buffer (RB). The cut-off was set to 

10 RU for evaluating N vs Ni-1 baseline changes. The flow system was washed with 50% 

DMSO after each cycle. 

 BLS: after target immobilization, the injections of 500 µM fragments were carried out 

over reference and the immobilized protein surface with 30 s contact time and 15 s of 

dissociation time at 15oC at 30 µL/min in RB. Solvent correction was performed with 8 

point samples at appropriate DMSO concentrations. The flow system was washed with 

50% DMSO after each cycle. Default binding behaviour settings (slope, slow 

dissociation, R>Rmax) were used for data evaluation. A standard 10% of hits with 

highest response and without binding behavior markers were automatically selected 

by the evaluation software. 

 AS: after target immobilization, the injections at concentrations from 15.625 to 500 

µM (6 in total) as two-fold dilutions were carried out over the reference and 

immobilized protein surface with 30 s contact time and 30 s of dissociation time at 

15oC in RB. Two zero concentration injections were used for blank subtraction. Solvent 

correction was performed with 8 point samples at appropriate DMSO concentrations. 
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The flow system was washed with 50% DMSO after each cycle. The dose response 

curves were fitted using 1:1 binding model with free Rmax. 

7.4.4.1 PTP1B 

Fragment screening 

SPR screening campaign was performed using Biacore 8K+ with the following PTP1B 

constructs: 

 6xHis-PTP1B(1-301) 

 PTP1B(1-393)-6xHis 

Amine coupling was used to immobilize 6xHis-PTP1B(1-301) or (1-393)-6xHis on CM5 S Series 

chip to achieve Rmax of 20-40 RU (§7.4.4). The immobilization buffer used was 10 mM sodium 

acetate pH 5.5, 1 mM DTT. Positive control assay with suramin was developed using multi-

cycle kinetics approach (§7.4.4). The buffer solution used for the experiments contained 25 

mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1 mM DTT, 1% DMSO. This was followed by 

Clean Screen (CS), Binding Level Screen (BLS) and Affinity Screen (AS) assays. Running buffer 

of 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% DMSO was used for all fragment 

screening assays. Solvent correction was performed from 0.5 to 1.8% 

Protein:ligand interactions 

For IDP:ligand interactions, PTP1B(1-393)-6xHis was immobilized on Ni-NTA S Series chip to 

1000 RU using Biacore T200, as described (§7.4.4). The running buffer of 25 mM HEPES pH 

7.4, 150 mM NaCl, 0.05% Tween-20, 1% DMSO was used for multicycle kinetics assays. Solvent 

correction was performed from 0.5 to 1.8% 

7.4.4.2 Tau K18 

Fragment screening campaign 

Amine coupling was used to immobilize 6xHis-tau K18(C291S,C322S) in 10 mM sodium borate 

pH 8.5 to achieve Rmax of 20-40 RU. This was followed by CS, BLS and AS steps. Running buffer 

of 25 mM Tris-HCl pH 7.4, 150 mM NaCl, 2 mM EDTA, 1% DMSO was used for all fragment 

screening assays. Solvent correction was performed from 0.5 to 1.8% 

Protein:ligand interactions 

Biotinylated AviTag-tau K18(C291S,C322S) was immobilized on SA S Series chip to 1000-2000 

RU in 50 mM HEPES pH 7.4, 150 mM NaCl, 0.05% Tween-20, as described previously (§7.4.4). 
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Single-cycle and multi-cycle kinetics experiments were performed in 50 mM HEPES pH 7.4, 

150 mM NaCl, 0.05% Tween-20 and 4% DMSO with solvent correction from 3.5 to 4.8%. 

7.5 Organic synthesis 
The following tau K18 compounds were synthesized and purified using flash chromatography: 

 (S)- and (R)-Cl-NQTrp enantiomers 

 (S)-Cl-NQTrp derivatives: 

o 5-fluoro, 5-chloro, 5-hydroxy, 5-methoxy, 5-cyano, 7-methyl and N-methyl 

o Ethyl ester 

For synthesis protocols and QC data, see §8.3 
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8 Appendix 

8.1 Protein construct sequences 

8.1.1 HASPA 

 

Figure 156. The amino acid sequence for HASPA with C-terminal 6xHis tag in pET-28b vector. 

8.1.2 cMyc 

 

Figure 157. The amino acid sequence for 6xHis-TEV-KRas-EK-cMyc(363-381) in pJ411 expression vector. Cyan - 6xHis tag, 
green - EK cleavage sequence, yellow – cMyc(363-381) peptide. 
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Figure 158. The amino acid sequence for 6xHis-TEV-KRas-EK-cMyc(402-412) in pJ411 expression vector. Cyan - 6xHis tag, 
green - EK cleavage sequence, yellow – cMyc(402-412) peptide. 

 

Figure 159. The amino acid sequence for KSI-cMyc(363-381) in pET-31b expression vector. Yellow – cMyc(363-381) peptide, 
Red - methionines. 

 

Figure 160. The amino acid sequence for KSI-cMyc(402-412) in pET-31b expression vector. Yellow – cMyc(402-412) peptide, 
Red - methionines. 
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8.1.3 PTP1B 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 161. 6xHis-TEV-PTP1B(1-301) in pET-28b vector. Cyan - 6xHis tag, yellow - TEV cleavage sequence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 162. 6xHis-TEV-PTP1B(1-393) construct in pET-28b vector. Cyan - 6xHis tag, yellow - TEV cleavage sequence. 
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Figure 163. PTP1B(1-393)-6xHis construct in pJ411 vector. Cyan - 6xHis tag. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 164. 6xHis-Thr-SUMO-TEV-PTP1B(1-393)-6xHis construct in pJ411 vector. Cyan - 6xHis tag. 
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Figure 165. Trx-TEV-PTP1B(1-393)-6xHis construct in pJ411 vector. Cyan - 6xHis tag, yellow - TEV cleavage sequence. 
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Figure 166. MBP-TEV-PTP1B(1-393)-6xHis construct in pJ411 vector. Cyan - 6xHis tag, yellow - TEV cleavage sequence. 
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Figure 167. GST-3C-PTP1B(1-393)-6xHis construct in pJ411 vector. Cyan - 6xHis tag, yellow – 3C cleavage sequence. 
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Figure 168. GST-3C-PTP1B(1-393)-6xHis in pGex-6p-1 vector. Cyan - 6xHis tag, yellow – 3C cleavage sequence. 
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Figure 169. GST-3C-PTP1B(1-393)-6xHis in pET-24a vector. Cyan - 6xHis tag, yellow – 3C cleavage sequence. 
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8.1.4 Tau K18 

 

Figure 170. The amino acid sequences for tau K18 constructs. Cyan - 6xHis tag, yellow - Cys and Ser mutations. N-terminal 
Met marked in grey. 
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8.2 Expression vectors 
 

 

 

 

 

 

 

 

 

 

 

Figure 171. The vector map of pET-24a. (Novagen) 
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Figure 172. The vector map of pET-28b. (Novagen) 
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Figure 173. The vector map of pET-31b(+). (Novagen) 
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Figure 174. The vector map of pJ411. (AtumBio) 
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8.3 Organic synthesis 

All solvents and reagents were used as obtained from commercial vendors. Purification steps 

were carried out using HPLC-grade solvents. 

 

Compound 6(6A) 

To a stirred solution of 2,3-dichloro-1,4-naphthoquinone (113.52 mg, 0.5 mmol) in 19 mL 

absolute EtOH was added dropwise (2S)-2-amino-3-(1H-indol-3-yl)propanoic acid (62.5 mg, 

0.3 mmol) which was previously dissolved in 1 mL of 1 M KOH in distilled H2O. The mixture 

was stirred at 30oC overnight with a mounted condenser. After incubation, the sample was 

acidified dropwise by addition of 2 M HCl until pH = 2, as determined with pH paper indicator. 

Following this, the compound was purified by automated flash chromatography (Combiflash 

Rf, Silica 40g RediSep column) eluting with 0 to 100% ethyl acetate in heptane. Pure fractions, 

as determined by HPLC-MS, were further purified by reverse phase automated flash 

chromatography (Combiflash Rf, C18 50g Gold RediSep column) eluting with 10 to 100% 

acetonitrile in pH 4 water. Freeze-drying yielded red powder of (2S)-2-[(3-chloro-1,4-

dioxonaphthalen-2-yl)amino]-3-(1H-indol-3-yl)propanoic acid. 

Yield: 67.35 mg or 55.74%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 13.35 (s, 1H), 10.96 (d, J = 

2.4 Hz, 1H), 8.00 – 7.93 (m, 1H), 7.89 (d, J = 7.7 Hz, 1H), 7.83 (td, J = 7.5, 1.4 Hz, 1H), 7.75 (td, 

J = 7.5, 1.4 Hz, 1H), 7.51 (d, J = 7.9 Hz, 1H), 7.30 (d, J = 8.1 Hz, 1H), 7.22 (d, J = 2.4 Hz, 1H), 7.04 

(ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 6.98 – 6.89 (m, 1H), 6.58 (d, J = 24.1 Hz, 1H), 5.33 (d, J = 7.2 Hz, 

1H), 3.40 (t, J = 5.2 Hz, 2H). HPLC-MS: (C21H15ClN2O4) 394.98 [M+H]+; RT 1.083. HRMS-ESI: 

calculated for C21H15ClN2O4: 394.072, found 394.0745 

The following derivatives were prepared using analogous protocol. 
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R-enantiomer of Compound 6A 

(2R)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(1H-indol-3-yl)propanoic acid. 

Obtained from 2,3-dichloro-1,4-naphthoquinone and (2R)-2-amino-3-(1H-indol-3-

yl)propanoic acid. Yield: 55 mg or 46.51%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 13.33 (s, 1H), 

10.97 (d, J = 2.5 Hz, 1H), 7.96 (d, J = 7.6 Hz, 1H), 7.89 (d, J = 7.5 Hz, 1H), 7.83 (td, J = 7.5, 1.4 

Hz, 1H), 7.74 (td, J = 7.5, 1.4 Hz, 1H), 7.51 (d, J = 7.9 Hz, 1H), 7.33 – 7.26 (m, 1H), 7.22 (d, J = 

2.4 Hz, 1H), 7.03 (ddd, J = 8.1, 7.0, 1.2 Hz, 1H), 6.98 – 6.89 (m, 1H), 6.56 (s, 1H), 5.33 (d, J = 7.3 

Hz, 1H), 3.40 (t, J = 5.6 Hz, 2H). HPLC-MS: (C21H15ClN2O4) 394.98 [M+H]+; RT 1.105. HRMS-ESI: 

calculated for C21H15ClN2O4: 394.077, found 394.0752. 

 

Compound 6B 

(2S)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(1-methylindol-3-yl)propanoic acid. 

Obtained from 2,3-dichloro-1,4-naphthoquinone and (2S)-2-amino-3-(1-methylindol-3-

yl)propanoic acid. Yield: 45 mg or 36.63%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 13.31 (s, 1H), 

7.87 (d, J = 7.6 Hz, 1H), 7.75 (td, J = 7.4, 1.4 Hz, 1H), 7.72 (s, 1H), 7.66 (td, J = 7.5, 1.3 Hz, 1H), 

7.43 (d, J = 7.9 Hz, 1H), 7.22 (d, J = 8.2 Hz, 1H), 7.10 (s, 1H), 7.05 – 6.97 (m, 1H), 6.94 – 6.85 

(m, 1H), 6.50 (s, 1H), 5.26 (dt, J = 8.4, 5.8 Hz, 1H), 3.57 (s, 3H), 3.30 (d, J = 5.7 Hz, 2H). HPLC-

MS: (C22H17ClN2O4) 408.84 [M+H]+ RT 1.22. HRMS-ESI: calculated for C22H17ClN2O4: 408.0877, 

found: 408.0894. 
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Compound 6C 

(2S)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(5-methoxy-1H-indol-3-yl) propanoic 

acid. Obtained from 2,3-dichloro-1,4-naphthoquinone and (2S)‐2‐amino‐3‐(5‐methoxy‐1H‐

indol‐3‐yl)propanoic acid. Yield: 73 mg or 57.14%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 13.35 

(s, 1H), 10.80 (d, J = 2.6 Hz, 1H), 7.96 (d, J = 7.6 Hz, 1H), 7.88 (d, J = 7.6 Hz, 1H), 7.83 (td, J = 

7.6, 1.4 Hz, 1H), 7.74 (td, J = 7.5, 1.4 Hz, 1H), 7.24 – 7.07 (m, 2H), 6.98 (d, J = 2.4 Hz, 1H), 6.65 

(dd, J = 8.7, 2.4 Hz, 2H), 5.60 – 5.10 (m, 1H), 3.69 (s, 3H), 3.37 (d, J = 6.8 Hz, 2H). HPLC-MS: 

(C22H17ClN2O5) 424.99 [M+H]+; RT 1.08. HRMS-ESI: calculated for C22H17ClN2O5: 424.0826, 

found 424.0855. 

 

Compound 6D 

(2S)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(5-hydroxy-1H-indol-3-yl)propanoic 

acid. Obtained from 2,3-dichloro-1,4-naphthoquinone and (2S)‐2‐amino‐3‐(5‐hydroxy‐1H‐

indol‐3‐yl)propanoic acid.  Yield: 49.7 mg or 40.34%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 

13.30 (s, 1H), 10.65 (d, J = 2.5 Hz, 1H), 8.62 (s, 1H), 7.96 (d, J = 7.6 Hz, 1H), 7.89 (s, 1H), 7.83 

(td, J = 7.5, 1.4 Hz, 1H), 7.74 (td, J = 7.5, 1.4 Hz, 1H), 7.14 – 7.05 (m, 2H), 6.83 (d, J = 2.3 Hz, 

1H), 6.57 (dd, J = 8.6, 2.3 Hz, 2H), 5.31 – 5.23 (m, 1H), 3.30 (d, J = 5.8 Hz, 2H). HPLC-MS: 

(C21H15ClN2O5) 410.97 [M+H]+; RT 0.93. HRMS-ESI: calculated for C21H15ClN2O5: 410.0669, 

found 410.0736 
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Compound 6E 

(2S)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(5-fluoro-1H-indol-3-yl)propanoic 

acid. Obtained from 2,3-dichloro-1,4-naphthoquinone and (2S)‐2‐amino‐3‐(5‐fluoro‐1H‐

indol‐3‐yl)propanoic acid.  Yield: 41.55 mg or 33.54%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 

13.28 (s, 1H), 11.06 (d, J = 2.5 Hz, 1H), 7.96 (dd, J = 7.7, 1.3 Hz, 1H), 7.89 (d, J = 7.7 Hz, 1H), 

7.83 (td, J = 7.5, 1.4 Hz, 1H), 7.75 (td, J = 7.5, 1.4 Hz, 1H), 7.29 (d, J = 2.7 Hz, 1H), 7.28 – 7.25 

(m, 1H), 7.23 (dd, J = 10.1, 2.5 Hz, 1H), 6.86 (td, J = 9.2, 2.5 Hz, 1H), 6.60 (d, J = 36.0 Hz, 1H), 

5.33 (q, J = 6.3 Hz, 1H), 3.41 (d, J = 14.9 Hz, 2H). HPLC-MS: (C21H14ClFN2O4) 412.99 [M+H]+; RT 

1.11. HRMS-ESI: calculated for C21H14ClFN2O4: 412.0626, found 412.0698. 

 

Compound 6F 

(2S)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(7-methyl-1H-indol-3-yl)propanoic 

acid. Obtained from 2,3-dichloro-1,4-naphthoquinone and (2S)‐2‐amino‐3‐(7‐methyl‐1H‐

indol‐3‐yl)propanoic acid. Yield: 59 mg or 48.07%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 13.37 

– 13.31 (m, 1H), 10.92 (d, J = 2.5 Hz, 1H), 7.95 (d, J = 7.7 Hz, 1H), 7.90 – 7.78 (m, 2H), 7.73 (td, 

J = 7.6, 1.3 Hz, 1H), 7.32 (dd, J = 7.3, 1.7 Hz, 1H), 7.19 (d, J = 2.5 Hz, 1H), 6.89 – 6.78 (m, 2H), 

6.61 (s, 1H), 5.32 (d, J = 7.2 Hz, 1H), 3.38 (d, J = 5.7 Hz, 2H), 2.37 (s, 3H). HPLC-MS: 

(C22H17ClN2O4) 408.99 [M+H]+ ; RT 1.16. HRMS-ESI: calculated for C22H17ClN2O4: 408.0877, 

found 408.0907 
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Compound 6G 

(2S)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(5-chloro-1H-indol-3-yl)propanoic 

acid. Obtained from 2,3-dichloro-1,4-naphthoquinone and (2S)‐2‐amino‐3‐(5‐chloro‐1H‐

indol‐3‐yl)propanoic acid. Yield: 63.5 mg or 49.37%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 

13.39 (s, 1H), 11.16 (d, J = 2.5 Hz, 1H), 7.96 (dd, J = 7.6, 1.3 Hz, 1H), 7.89 (d, J = 7.6 Hz, 1H), 

7.83 (td, J = 7.5, 1.4 Hz, 1H), 7.75 (td, J = 7.5, 1.3 Hz, 1H), 7.51 (d, J = 2.1 Hz, 1H), 7.29 (d, J = 

1.3 Hz, 1H), 7.28 (d, J = 4.9 Hz, 1H), 7.00 (dd, J = 8.6, 2.0 Hz, 1H), 6.61 (d, J = 45.3 Hz, 1H), 5.34 

(d, J = 7.1 Hz, 1H), 3.45 – 3.35 (m, 2H). HPLC-MS: (C21H14Cl2N2O4) 428.97 [M+H]+;  RT 1.16.  

HRMS-ESI: calculated for C21H14Cl2N2O4: 428.0331, found 428.0403 

 

Compound 6H 

(2S)-2-[(3-chloro-1,4-dioxonaphthalen-2-yl)amino]-3-(5-cyano-1H-indol-3-yl)propanoic 

acid. Obtained from 2,3-dichloro-1,4-naphthoquinone and (2S)‐2‐amino‐3‐(5‐cyano‐1H‐indol‐

3‐yl)propanoic acid. Yield: 69 mg or 54.94%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 13.41 (s, 

1H), 11.53 (d, J = 2.4 Hz, 1H), 8.03 (d, J = 1.5 Hz, 1H), 7.96 (dd, J = 7.7, 1.3 Hz, 1H), 7.89 (d, J = 

7.6 Hz, 1H), 7.83 (td, J = 7.5, 1.4 Hz, 1H), 7.75 (td, J = 7.5, 1.4 Hz, 1H), 7.47 – 7.41 (m, 2H), 7.35 

(dd, J = 8.5, 1.5 Hz, 1H), 6.70 (s, 1H), 5.36 (q, J = 6.6 Hz, 1H), 3.53 – 3.38 (m, 2H). HPLC-MS: 

(C22H14ClN3O4) 419.99 [M+H]+; RT 1.03. HRMS-ESI: calculated for C22H14ClN3O4: 419.0673, 

found 419.0701. 
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Ethyl ester of compound 6A 

To a stirred solution of 2,3-dichloro-1,4-naphthoquinone (113.52 mg, 0.5 mmol) in 5 mL 

distilled H2O was added ethyl (2S)‐2‐amino‐3‐(1H‐indol‐3‐yl)propanoate (134.37 mg, 0.5 

mmol) and trimethylamine (0.21 mL, 1.5 mmol). The mixture was stirred at 30oC for 3 hours 

with a mounted condenser. After incubation, the product was noted to aggregate on stirring 

bar, as determined by HPLC-MS. 7 mL of absolute EtOH was added to the mixture and stirred 

for additional 2 hours which additionally solubilized the reacted and unreacted material for 

better reaction efficiency. Following this, the compound was purified by automated flash 

chromatography (Combiflash Rf, Silica 40g RediSep column) eluting with 0 to 100% ethyl 

acetate in hexane. Pure fractions, as determined by HPLC-MS, were further purified by reverse 

phase automated flash chromatography (Combiflash Rf, C18 50g Gold RediSep column) 

eluting with 10 to 100% acetonitrile in water. Freeze-drying yielded orange-red powder of 

ethyl (2S)‐2‐[(3‐chloro‐1,4‐dioxo‐1,4‐dihydronaphthalen‐2‐yl)amino]‐3‐(1H‐indol‐3‐

yl)propanoate. 

Ethyl (2S)‐2‐[(3‐chloro‐1,4‐dioxo‐1,4‐dihydronaphthalen‐2‐yl)amino]‐3‐(1H‐indol‐3‐yl) 

propanoate. Obtained from 2,3-dichloro-1,4-naphthoquinone and ethyl (2S)‐2‐amino‐3‐(1H‐

indol‐3‐yl)propanoate. Yield: 135 mg or 64.1%. NMR: 1H NMR (399 MHz, DMSO-d6) δ 11.00 

(d, J = 2.5 Hz, 1H), 7.96 (dd, J = 7.5, 1.3 Hz, 1H), 7.90 (d, J = 7.6 Hz, 1H), 7.83 (td, J = 7.5, 1.4 Hz, 

1H), 7.75 (td, J = 7.5, 1.4 Hz, 1H), 7.47 (d, J = 7.9 Hz, 1H), 7.31 (dt, J = 8.1, 0.9 Hz, 1H), 7.27 (d, 

J = 2.4 Hz, 1H), 7.05 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 6.97 (ddd, J = 8.0, 7.0, 1.1 Hz, 1H), 6.64 (s, 

1H), 5.34 (d, J = 7.0 Hz, 1H), 4.14 (qd, J = 7.1, 0.9 Hz, 2H), 3.49 – 3.36 (m, 2H), 1.18 (t, J = 7.1 

Hz, 3H). HPLC-MS: (C23H19ClN2O4) 422.87 [M+H]+; RT 1.38. HRMS-ESI: calculated for 

C23H19ClN2O4: 422.1033, found: 422.1034. 
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8.4 NMR pulse sequences 
bdLOGSYesgpdf.rh 

# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 
;bdLOGSYesgpdf 
;based on zgesgp 
;water suppression using excitation sculpting with gradients 
;T.-L. Hwang & A.J. Shaka, J. Magn. Reson., Series A 112 275-279 (1995) 
 
prosol relations=<std_triple> 
 
# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
 
# 169 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.10.2.2 2013/08/30 09:43:33 ber Exp $ 
# 9 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 2 
 
# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Grad.incl" 1 
;Grad2.incl  -  include file for Gradient Spectroscopy 
;   for TCU3 
; 
;avance-version (07/01/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 27 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Grad.incl" 
define list<gradient> EA=<EA> 
 
 
# 31 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Grad.incl" 
;$Id: Grad2.incl,v 1.14 2012/01/31 17:49:21 ber Exp $ 
# 10 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 2 
 
 
"p2=p1*2" 
"d12=20u" 
"p18=d8*0.3" 
"p19=d8*0.5" 
"p20=d8*0.2" 
# 1 "mc_line 18 file /opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh dc-measurement 
inserted automatically" 
 
    dccorr 
# 18 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 
# 18 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 
1 ze 
2 d12 setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
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  d1 pl1:f1 
  50u setnmr3|0 setnmr0|34|32|33 ctrlgrad 0 
  (p1 ph1):f1                     ;water selection 
  p16:gp3 
  d16 pl0:f1 
  (p28:sp28 ph2:r):f1 
  p16:gp3 
  d16 pl1:f1 
  (p1 ph1):f1                     ;NOE transfer 
  p18:gp4 
  d16  
  (p2 ph1):f1 
  p19:gp5 
  d16  
  (p2 ph1):f1 
  p20:gp6 
  d16 pl0:f1 
  (p29:sp29 ph5:r):f1 
  d12 pl1:f1 
  (p1 ph6):f1                     ;excitation sculpting 
  p16:gp1 
  d16 pl0:f1 
  (p12:sp1 ph7:r):f1 
  4u 
  d12 pl1:f1 
  (p2 ph8):f1 
  4u 
  p16:gp1 
  d16  
  50u 
  p16:gp2 
  d16 pl0:f1 
  (p12:sp1 ph9:r):f1 
  4u 
  d12 pl1:f1 
  (p2 ph10):f1 
  4u 
  p16:gp2 
  d16 
  go=2 ph31 
  wr #0 
  4u setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
exit 
 
ph1=0 
ph2=0 3 2 1 
ph5=2 0 
ph6=0 
ph7=2 
ph8=0 
ph9=2 2 2 2 1 1 1 1 0 0 0 0 3 3 3 3 
ph10=0 0 0 0 3 3 3 3 2 2 2 2 1 1 1 1 
ph31=0 2 0 2 2 0 2 0 
 
# 75 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 
;pl0 : 120dB 
;pl1 : f1 channel - power level for pulse (default) 
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;sp1 : excitation sculpting shape power level 
;sp2 : water selection shaped 180 power level 
;sp29 : flip back power level 
;p1 : f1 channel -  90 degree high power pulse 
;p2 : f1 channel - 180 degree high power pulse 
;p12: excitation sculpting (Squa100.1000)   [2 msec] 
;p28: water selection 180 degree pulse [25ms] 
;p29: flip back pulse [4ms] 
;p16: excitation sculpting gradients 
;p17: water selection gradients 
;p18: Tm/2 gradient 
;d1 : relaxation delay; 1-5 * T1 
;d8 : NOE mixing period 
;d12: power switching                             [20 usec] 
;d16: gradient recovery 
;NS: 8 * n 
;DS: 4 
 
 
;use gradient ratio:    gp 1 : gp 2 
;                         31 :   11 
# 99 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 
;for z-only gradients: 
;gpz1: 31% first excitation sculpting gradient 
;gpz2: 11% second excitation sculpting gradient 
;gpz3: 2.4% water selection gradients 
;gpz4: 0.3% NOE maintenance gradient 
;gpz5: 0.4% NOE maintenance gradient 
 
;use gradient files: 
;gpnam1: SINE.100 first excitation sculpting gradient 
;gpnam2: SINE.100 second excitation sculpting gradient 
;gpnam3: SINE.100 water selection gradients 
;gpnam4: SQR.10 NOE maintenance gradient 
;gpnam5: SQR.10 NOE maintenance gradient 
 
# 114 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdLOGSYesgpdf.rh" 
;$Id: zgesgp,v 1.3 2000/10/06 09:09:37 ber Exp $ 
 

bdcpmgesdf.rh 

# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
;bdcpmgesdf 
;avance-version (00/10/05) 
;excitation sculpted 1D with CPMG filter 
 
prosol relations=<std_triple> 
 
# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
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# 169 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.10.2.2 2013/08/30 09:43:33 ber Exp $ 
# 7 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 2 
 
# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Grad.incl" 1 
;Grad2.incl  -  include file for Gradient Spectroscopy 
;   for TCU3 
; 
;avance-version (07/01/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 27 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Grad.incl" 
define list<gradient> EA=<EA> 
 
 
# 31 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Grad.incl" 
;$Id: Grad2.incl,v 1.14 2012/01/31 17:49:21 ber Exp $ 
# 8 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 2 
 
 
# 11 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
"p2=p1*2" 
"d12=20u" 
"p5=d21-d16" 
 
# 1 "mc_line 15 file /opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh dc-measurement inserted 
automatically" 
 
    dccorr 
# 15 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
1 ze 
2 d12 setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
  d1 pl1:f1 setnmr3|0 setnmr0|34|32|33 ctrlgrad 0 
  p1 ph1 
 
3 p5:gp3 
  d16 
  (p2 ph6):f1 
  p5:gp3 
  d16 
  lo to 3 times l1 
   
  50u  
  p16:gp1 
  d16 pl0:f1 
  (p12:sp1 ph2:r):f1 
  4u 
  d12 pl1:f1 
# 34 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
  p2 ph3 
 
  4u 
  p16:gp1 
  d16  
  50u 
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  p16:gp2 
  d16 pl0:f1 
  (p12:sp1 ph4:r):f1 
  4u 
  d12 pl1:f1 
 
  p2 ph5 
# 48 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
  4u 
  p16:gp2 
  d16 
 
  go=2 ph31 
  wr #0 
  4u setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
exit 
 
# 58 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
ph1=0 
ph2=0 1 
ph3=2 3 
ph4=0 0 1 1 
ph5=2 2 3 3 
ph6=1 
ph31=0 2 2 0  
 
 
;pl0 : 120dB 
;pl1 : f1 channel - power level for pulse (default) 
;sp1 : f1 channel - shaped pulse 180 degree 
;p1 : f1 channel -  90 degree high power pulse 
;p2 : f1 channel - 180 degree high power pulse 
;p12: f1 channel - 180 degree shaped pulse (Squa100.1000)   [2 msec] 
;p16: homospoil/gradient pulse 
;d1 : relaxation delay; 1-5 * T1 
;d12: delay for power switching                             [20 usec] 
;d16: delay for homospoil/gradient recovery 
;NS: 8 * n 
;DS: 4 
;l1: CPMG delay = 2*L1*D21 
# 82 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
;use gradient ratio:    gp 1 : gp 2 
;                         31 :   11 
 
;for z-only gradients: 
;gpz1: 31% 
;gpz2: 11% 
;gpz3: cpmg trim gradient 
 
;use gradient files: 
;gpnam1: SINE.100 
;gpnam2: SINE.100 
# 96 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bdcpmgesdf.rh" 
;$Id: zgesgp,v 1.3 2000/10/06 09:09:37 ber Exp $ 
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bdSTDesgpdf 

# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
;bdSTDesgpdf 
;avance-version (00/10/05) 
;1D sequence 
;water suppression using excitation sculpting with gradients 
;T.-L. Hwang & A.J. Shaka, J. Magn. Reson., 
;   Series A 112 275-279 (1995) 
;prosol compatible sort of 
 
 
prosol relations=<std_triple> 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
 
# 169 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.9.8.3 2013/08/30 09:44:49 ber Exp $ 
# 13 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 2 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 1 
;Grad2.incl  -  include file for Gradient Spectroscopy 
;   for TCU3 
; 
;avance-version (07/01/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 27 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
define list<gradient> EA=<EA> 
 
 
# 31 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
;$Id: Grad2.incl,v 1.13.8.1 2012/01/31 17:56:17 ber Exp $ 
# 14 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 2 
 
 
# 18 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
"p2=p1*2" 
"d12=20u" 
"l2=l1-1" 
 
# 1 "mc_line 22 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh dc-measurement inserted 
automatically" 
 
    dccorr 
# 22 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
1 ze 
2 d12 setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
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  d1 pl0:f1 
  d12 fq1:f1            ;frequency switch 
3 d20 
  p28:sp28:f1 ph1:r      ;selective 180 
  d20 
  lo to 3 times l2 
  d20 
  p28:sp28:f1 ph1:r 
  d20 pl1:f1 fq1:f1     ;frequency switch 
  p1 ph1 
   
  50u setnmr3|0 setnmr0|34|32|33 ctrlgrad 0 
  p16:gp1 
  d16 pl0:f1 
  (p12:sp1 ph2:r):f1 
  4u 
  d12 pl1:f1 
 
  p2 ph3 
# 44 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
  4u 
  p16:gp1 
  d16  
  50u 
  p16:gp2 
  d16 pl0:f1 
  (p12:sp1 ph4:r):f1 
  4u 
  d12 pl1:f1 
 
  p2 ph5 
 
  4u 
  p16:gp2 
  d16 
# 60 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
  go=2 ph31 
  wr #0 
  d12 ip31*2 zd 
  lo to 2 times l5 
  4u setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
exit 
 
 
ph1=0 
ph2=0 1 
ph3=2 3 
ph4=0 0 1 1 
ph5=2 2 3 3 
ph6=1 
ph31=0 2 2 0  
# 77 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
;pl0 : 120dB 
;pl1 : f1 channel - power level for pulse (default) 
;sp28 : f1 channel - shaped pulse ca. 135 degree for saturation 
;sp1 : excitation sculpting shaped pulse 
;p1 : f1 channel -  90 degree high power pulse 
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;p2 : f1 channel - 180 degree high power pulse 
;p28: f1 channel - saturation shaped pulse [25ms]  
;p12: f1 channel - 180 degree shaped pulse (Squa100.1000)   [2 msec] 
;p16: homospoil/gradient pulse 
;d1 : relaxation delay; 1-5 * T1 
;d12: delay for power switching                             [20 usec] 
;d16: delay for homospoil/gradient recovery 
;NS: 8 * n 
;DS: 4 
 
 
;use gradient ratio:    gp 1 : gp 2 
;                         31 :   11 
# 96 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
;for z-only gradients: 
;gpz1: 31% 
;gpz2: 11% 
 
;use gradient files: 
;gpnam1: SINE.100 
;gpnam2: SINE.100 
 
# 106 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bdSTDesgpdf.rh" 
;$Id: zgesgp,v 1.3 2000/10/06 09:09:37 ber Exp $ 

 

bbCPMG_bb19F_dec_phase_opt.awp 

# 1 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
;bbCPMG_bb19F_dec.awp 
;19F T2 relaxation with broadband CPMG sequence 
;1D sequence for F-19 observe with inverse gated H-1 decoupling 
;for QNP-operation (F-19 via X-QNP output of switchbox) 
;avance-version (02/05/31) 
;CF 25.4.05 
;AOF 30/06/2015: BURBOP Broadband Refocusing Pulse Implemented 
;BURBOP pulses from Tony Reinsperger and Burkhard Luy (KIT) 
;AWP 04/12/2015: BURBOP 90 Degree Pulse Implemented 
 
# 1 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance2.incl 
;   for TCU3 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 145 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance2.incl,v 1.23.8.3 2013/08/30 09:44:49 ber Exp $ 
# 11 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 2 
 
 
# 14 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
"d11=30m" 
"d12=20u" 
 



217 
 

"l5=d2/(d20+d20+p46)" 
 
"acqt0=-d12" 
# 21 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
d9 
  d11 setnmr3^3 
# 1 "mc_line 23 file /opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp exp. 
def. part of mc cmd. before ze" 
define delay MCWRK 
define delay MCREST 
"MCREST = 30m - 30m" 
"MCWRK = 0.333333*30m" 
 
    dccorr 
# 23 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
1 ze 
# 1 "mc_line 23 file /opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp exp. 
def. of mc cmd. after ze" 
# 24 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
  d11 pl12:f2 
# 1 "mc_line 25 file /opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp exp. 
start label for mc cmd." 
2 MCWRK  * 2 do:f2 
LBLF0, MCWRK  
  MCREST 
# 26 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
  d1 
  d12 setnmr3|2 
  (p45:sp3 ph1):f1 
   
3 d20                 ;start CPMG 
  (p46:sp4 ph2):f1 
  d20 
  lo to 3 times l5    ;end CPMG 
   
  d12 setnmr3^2 
  go=2 ph31 cpd2:f2 
# 1 "mc_line 37 file /opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp exp. 
mc cmd. in line" 
  MCWRK do:f2 wr #0 
  MCWRK zd 
  lo to LBLF0 times td0 
 
  MCWRK 
# 38 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
exit 
 
 
ph1=0 2 2 0 1 3 3 1 
ph2=1 3 3 1 2 0 0 2 
ph31=0 2 2 0 1 3 3 1 
# 46 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
;pl12: f2 channel - power level for CPD/BB decoupling 
;sp3 : f1 channel - power level 90 degree shaped excitation pulse (power level should be set to 600W) 
;sp4 : f1 channel - power level broadband refocusing CPMG pulse (corresponds to power of regular 180 pulse) 
;p45: f1 channel - 90 degree shaped excitation pulse (600 us): HIGH POWER PULSE (check cryo probe limits!) 
;p46: f1 channel - 180 broadband refocusing CPMG pulse (1 ms): LONG PULSE (check cryo probe limits!) 
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;d1 : relaxation delay; 1-5 * T1 
;d11: delay for disk I/O (30 ms) 
;d12: delay for power switching (20 us) 
;d2 : CPMG duration (20-400 ms) 
;d20 : CPMG delay (10-40 ms) 
;l5 : Number of CPMG cycles (1-10) 
;cpd2: decoupling according to sequence defined by cpdprg2 
;pcpd2: f2 channel - 90 degree pulse for decoupling sequence 
 
 
# 62 "/opt/topspin3.2pl7/exp/stan/nmr/lists/pp/user/bbCPMG_bb19F_dec_phase_opt.awp" 
;$Id: zgfhigqn,v 1.7 2002/06/12 09:05:22 ber Exp $ 
 

hk_19Fcpmg_screen_adia 

# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 
;19Fcpmg_2d.adia October 2016 
;avance-version (16/04/29) 
;pseudo 2D sequence 
;T2 measurement with CPMG and water suppression using excitation sculpting with gradients 
; 
;$CLASS=HighRes 
;$DIM=2D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
 
prosol relations=<default> 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
 
# 169 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.9.8.3 2013/08/30 09:44:49 ber Exp $ 
# 16 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 2 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 1 
;Grad2.incl  -  include file for Gradient Spectroscopy 
;   for TCU3 
; 
;avance-version (07/01/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 27 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
define list<gradient> EA=<EA> 
 
 
# 31 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
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;$Id: Grad2.incl,v 1.13.8.1 2012/01/31 17:56:17 ber Exp $ 
# 17 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 2 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 1 
;Delay.incl  -  include file for commonly used delays 
; 
;version (13/08/07) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 9 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
;general delays 
 
define delay DELTA 
define delay DELTA1 
define delay DELTA2 
define delay DELTA3 
define delay DELTA4 
define delay DELTA5 
define delay DELTA6 
define delay DELTA7 
define delay DELTA8 
define delay DELTA9 
define delay DELTA10 
define delay DELTA11 
define delay DELTA12 
define delay DELTA13 
define delay DELTA14 
define delay DELTA15 
define delay DELTA16 
 
define delay TAU 
define delay TAU1 
define delay TAU2 
define delay TAU3 
define delay TAU4 
define delay TAU5 
define delay TAU6 
define delay TAU7 
define delay TAU8 
define delay TAU9 
# 40 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define delay INCR1 
define delay INCR2 
define delay INCR3 
define delay INCR4 
define delay INCR5 
define delay INCR6 
 
 
;delays for centering pulses 
# 50 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define delay CEN_HN1 
define delay CEN_HN2 
define delay CEN_HN3 
define delay CEN_HC1 
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define delay CEN_HC2 
define delay CEN_HC3 
define delay CEN_HC4 
define delay CEN_HP1 
define delay CEN_HP2 
define delay CEN_CN1 
define delay CEN_CN2 
define delay CEN_CN3 
define delay CEN_CN4 
define delay CEN_CP1 
define delay CEN_CP2 
 
 
;loop counters 
# 69 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define loopcounter COUNTER 
define loopcounter SCALEF 
define loopcounter FACTOR1 
define loopcounter FACTOR2 
define loopcounter FACTOR3 
define loopcounter FACTOR4 
define loopcounter FACTOR5 
define loopcounter FACTOR6 
 
 
# 80 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
;$Id: Delay.incl,v 1.13.8.2 2013/08/30 09:44:49 ber Exp $ 
# 18 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 2 
 
 
;cpmg1d  
;avance-version (04/11/23) 
 ;1D experiment with 
 ;   T2 filter using Carr-Purcell-Meiboom-Gill sequence 
 ; 
 ;$CLASS=HighRes 
 ;$DIM=1D 
 ;$TYPE= 
 ;$SUBTYPE= 
 ;$COMMENT= 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
 
# 165 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 
# 169 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.9.8.3 2013/08/30 09:44:49 ber Exp $ 
# 31 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 2 
 
 
"p2=p1*2" 
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 "d11=30m" 
 "d12=12u" 
 "d21=d20-p13/2" 
 "d23=d20-p13/2-de-1u" 
 "acqt0=0" 
 ;"d2=l4*(d20*2)" 
 ;"l4=d2/(d20*2)" 
 ;"d2=l4*(d20*2)" 
 ;baseopt_echo 
# 1 "mc_line 43 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia exp. def. part of 
mc cmd. before ze" 
define delay MCWRK 
define delay MCREST 
"MCREST = 30m - 30m" 
"MCWRK = 0.200000*30m" 
 
    dccorr 
# 43 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 
 1 ze 
# 1 "mc_line 43 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia exp. def. of mc 
cmd. after ze" 
# 44 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 
# 1 "mc_line 44 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia exp. start label 
for mc cmd." 
2 MCWRK  * 2 do:f2 
LBLF0, MCWRK  * 2 
LBLF1, MCWRK  
  MCREST 
# 45 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 
   d1 pl1:f1 pl12:f2 
   20u 
   p1 ph1 
   
 3 d21 
   ;(p2 ph2):f1               ;hard 180-pulse 
   (p13:sp5 ph2):f1  ; adiabatic 180-pulse 
   d21 
   lo to 3 times c 
   1u  
   go=2 ph31 cpd2:f2 
# 1 "mc_line 56 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia exp. mc cmd. in 
line" 
  MCWRK do:f2 wr #0 
  MCWRK zd 
  lo to LBLF0 times td0 
  MCWRK  if #0 MCWRK zd ivc  
  lo to LBLF1 times td1 
  MCWRK 
# 58 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 
 ;d2 
 exit 
# 61 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/hk_19Fcpmg_screen_adia" 
ph1=0 0 2 2 1 1 3 3 
 ph2=1 3 1 3 0 2 0 2 
 ph31=0 0 2 2 1 1 3 3 
 
 



222 
 

;sp5:wvm:cawurst-20(cnst1 ppm, 2ms) 
;cnst1: 19F sweep width in ppm 
;pl1 : f1 channel - power level for pulse (default) 
 ;p1 : f1 channel -  90 degree high power pulse 
 ;p2 : f1 channel - 180 degree high power pulse 
 ;d1 : relaxation delay; 1-5 * T1 
 ;d11: delay for disk I/O                             [30 msec] 
 ;d20: d20<< 1/J ,but >(50 * P2) echo time [1-2 msec] 
 ;fixed echo time to allow elimination of J-mod. effects 
 ;d2: total cpmg time  d2=l4*(d20*2+p2) 
 ;l4: loop for T2 filter                              [4 - 20] 
 ;NS: 1 * n, total number of scans: NS * TD0 
 ;DS: 16 
   
 ;$Id: cpmg1d,v 1.4 2005/11/10 12:16:59 ber Exp $ 
 

bd_zgigcpmg2d 

# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 
;bd_zgigcpmg2d 
;based on zgig and cpmg1d 
;avance-version (12/01/11) 
;1D sequence with inverse gated decoupling 
;T2 filter using Carr-Purcell-Meiboom-Gill sequence 
; 
;$CLASS=HighRes 
;$DIM=1D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
 
# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
# 169 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.10.2.2 2013/08/30 09:43:33 ber Exp $ 
# 14 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 2 
 
# 1 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Delay.incl" 1 
;Delay.incl  -  include file for commonly used delays 
; 
;version (13/08/07) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 9 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Delay.incl" 
;general delays 
 
define delay DELTA 
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define delay DELTA1 
define delay DELTA2 
define delay DELTA3 
define delay DELTA4 
define delay DELTA5 
define delay DELTA6 
define delay DELTA7 
define delay DELTA8 
define delay DELTA9 
define delay DELTA10 
define delay DELTA11 
define delay DELTA12 
define delay DELTA13 
define delay DELTA14 
define delay DELTA15 
define delay DELTA16 
 
define delay TAU 
define delay TAU1 
define delay TAU2 
define delay TAU3 
define delay TAU4 
define delay TAU5 
define delay TAU6 
define delay TAU7 
define delay TAU8 
define delay TAU9 
# 40 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Delay.incl" 
define delay INCR1 
define delay INCR2 
define delay INCR3 
define delay INCR4 
define delay INCR5 
define delay INCR6 
 
 
;delays for centering pulses 
# 50 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Delay.incl" 
define delay CEN_HN1 
define delay CEN_HN2 
define delay CEN_HN3 
define delay CEN_HC1 
define delay CEN_HC2 
define delay CEN_HC3 
define delay CEN_HC4 
define delay CEN_HP1 
define delay CEN_HP2 
define delay CEN_CN1 
define delay CEN_CN2 
define delay CEN_CN3 
define delay CEN_CN4 
define delay CEN_CP1 
define delay CEN_CP2 
 
 
;loop counters 
# 69 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Delay.incl" 
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define loopcounter COUNTER 
define loopcounter SCALEF 
define loopcounter FACTOR1 
define loopcounter FACTOR2 
define loopcounter FACTOR3 
define loopcounter FACTOR4 
define loopcounter FACTOR5 
define loopcounter FACTOR6 
 
 
# 80 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/Delay.incl" 
;$Id: Delay.incl,v 1.14.2.1 2013/08/30 09:43:33 ber Exp $ 
# 15 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 2 
 
 
# 18 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 
"p2=p1*2" 
"d11=30m" 
 
"TAU=2*(d20+p1)*l4" 
"acqt0=-p1*2/3.1416" 
 
# 1 "mc_line 25 file /opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d dc-measurement inserted 
automatically" 
 
    dccorr 
# 25 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 
# 25 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 
1 ze 
  d11 pl12:f2 
2 30m do:f2 
  d1 
  p1 ph1 
3 d20 
  p2 ph2 
  d20 
  lo to 3 times c 
  go=2 ph31 cpd2:f2 
  30m do:f2 wr #0 if #0 ivc  
  lo to 1 times td1 
exit 
 
 
ph1=0 2 2 0 1 3 3 1 
ph2=1 3 1 3 0 2 0 2 
ph31=0 2 2 0 1 3 3 1 
# 45 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 
;pl1 : f1 channel - power level for pulse (default) 
;pl12: f2 channel - power level for CPD/BB decoupling 
;p1 : f1 channel -  high power pulse 
;d1 : relaxation delay; 1-5 * T1 
;d11: delay for disk I/O                             [30 msec] 
;ns: 1 * n, total number of scans: NS * TD0 
;cpd2: decoupling according to sequence defined by cpdprg2 
;pcpd2: f2 channel - 90 degree pulse for decoupling sequence 
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# 56 "/opt/topspin3.6.2/exp/stan/nmr/lists/pp/user/bd_zgigcpmg2d" 
;$Id: zgig,v 1.10.8.1 2012/01/31 17:56:42 ber Exp $ 
 

Chsqc.rh 

# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
;hsqcetgpsp 
;avance-version (12/01/11) 
;HSQC 
;2D H-1/X correlation via double inept transfer 
;phase sensitive using Echo/Antiecho-TPPI gradient selection 
;with decoupling during acquisition 
;using trim pulses in inept transfer 
;using shaped pulses for inversion on f2 - channel 
; 
;$CLASS=HighRes 
;$DIM=2D 
;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
# 169 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.9.8.3 2013/08/30 09:44:49 ber Exp $ 
# 17 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 2 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 1 
;Grad2.incl  -  include file for Gradient Spectroscopy 
;   for TCU3 
; 
;avance-version (07/01/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 27 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
define list<gradient> EA=<EA> 
 
 
# 31 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
;$Id: Grad2.incl,v 1.13.8.1 2012/01/31 17:56:17 ber Exp $ 
# 18 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 2 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 1 
;Delay.incl  -  include file for commonly used delays 
; 
;version (13/08/07) 
; 
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;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 9 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
;general delays 
 
define delay DELTA 
define delay DELTA1 
define delay DELTA2 
define delay DELTA3 
define delay DELTA4 
define delay DELTA5 
define delay DELTA6 
define delay DELTA7 
define delay DELTA8 
define delay DELTA9 
define delay DELTA10 
define delay DELTA11 
define delay DELTA12 
define delay DELTA13 
define delay DELTA14 
define delay DELTA15 
define delay DELTA16 
 
define delay TAU 
define delay TAU1 
define delay TAU2 
define delay TAU3 
define delay TAU4 
define delay TAU5 
define delay TAU6 
define delay TAU7 
define delay TAU8 
define delay TAU9 
# 40 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define delay INCR1 
define delay INCR2 
define delay INCR3 
define delay INCR4 
define delay INCR5 
define delay INCR6 
 
 
;delays for centering pulses 
# 50 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define delay CEN_HN1 
define delay CEN_HN2 
define delay CEN_HN3 
define delay CEN_HC1 
define delay CEN_HC2 
define delay CEN_HC3 
define delay CEN_HC4 
define delay CEN_HP1 
define delay CEN_HP2 
define delay CEN_CN1 
define delay CEN_CN2 
define delay CEN_CN3 
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define delay CEN_CN4 
define delay CEN_CP1 
define delay CEN_CP2 
 
 
;loop counters 
# 69 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define loopcounter COUNTER 
define loopcounter SCALEF 
define loopcounter FACTOR1 
define loopcounter FACTOR2 
define loopcounter FACTOR3 
define loopcounter FACTOR4 
define loopcounter FACTOR5 
define loopcounter FACTOR6 
 
 
# 80 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
;$Id: Delay.incl,v 1.13.8.2 2013/08/30 09:44:49 ber Exp $ 
# 19 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 2 
 
 
# 22 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
"p2=p1*2" 
"p4=p3*2" 
"d4=1s/(cnst2*4)" 
"d11=30m" 
 
 
"p22=p21*2" 
# 34 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
"in0=inf1/2" 
"d0=in0*0.5" 
 
 
"DELTA1=d4-p16-larger(p2,p14)/2-de-8u" 
"DELTA2=d4-larger(p2,p14)/2" 
"DELTA3=d4-larger(p2,p14)/2-p1*2/PI" 
# 43 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
"DELTA=p16+d16+larger(p2,p22)" 
 
 
# 49 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
"acqt0=0" 
baseopt_echo 
 
 
# 1 "mc_line 53 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh exp. def. part of mc cmd. before 
ze" 
define delay MCWRK 
define delay MCREST 
define delay d0orig 
"d0orig=d0" 
define loopcounter t1loop 
"t1loop=0" 
define loopcounter ph1loop 
"ph1loop=0" 
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define loopcounter ST1CNT 
"ST1CNT = td1 / 2" 
"MCREST = d1 - d1" 
"MCWRK = 0.076923*d1" 
 
    dccorr 
# 53 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
1 ze 
# 1 "mc_line 53 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh exp. def. of mc cmd. after ze" 
      "d0=d0orig + t1loop * in0 " 
      "phval3 = (t1loop * 180)%360" 
      MCWRK ip3 + phval3 
      "phval6 = (t1loop * 180)%360" 
      MCWRK ip6 + phval6 
      "phval31 = (t1loop * 180)%360" 
      MCWRK ip31 + phval31 
      MCWRK 
      "phval0 = ph1loop * 1" 
      MCWRK setgrad EA 
# 54 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
  d11 pl12:f2 
# 1 "mc_line 55 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh exp. start label for mc cmd." 
2 MCWRK  * 6 do:f2 
LBLF1, MCWRK  * 6 
LBLST1, MCWRK  
  MCREST 
# 56 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
3 (p1 ph1) 
  DELTA2 pl0:f2 
  4u 
  (center (p2 ph1) (p14:sp3 ph6):f2 ) 
  4u 
  DELTA2 pl2:f2 setnmr3|0 setnmr0|34|32|33 ctrlgrad 0 
  p28 ph1 
  4u 
  (p1 ph2) (p3 ph3):f2 
  d0  
# 68 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
  (center (p2 ph5) (p22 ph1):f3 ) 
 
 
# 73 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
  d0 
  p16:gp1*EA 
  d16 
  (p4 ph4):f2 
  DELTA 
  (ralign (p1 ph1) (p3 ph4):f2 ) 
  DELTA3 pl0:f2 
  (center (p2 ph1) (p14:sp3 ph1):f2 ) 
  4u 
  p16:gp2 
  DELTA1 pl12:f2 
  4u setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
  go=2 ph31 cpd2:f2 
# 1 "mc_line 86 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh exp. mc cmd. in line" 
  MCWRK  do:f2 wr #0 if #0 zd  
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  "ph1loop+=1" 
      "d0=d0orig + t1loop * in0 " 
      "phval3 = (t1loop * 180)%360" 
      MCWRK ip3 + phval3 
      "phval6 = (t1loop * 180)%360" 
      MCWRK ip6 + phval6 
      "phval31 = (t1loop * 180)%360" 
      MCWRK ip31 + phval31 
      MCWRK 
      "phval0 = ph1loop * 1" 
      MCWRK setgrad EA 
  lo to LBLF1 times 2 
  MCWRK  
 
  "t1loop+=1" 
      "d0=d0orig + t1loop * in0 " 
      "phval3 = (t1loop * 180)%360" 
      MCWRK ip3 + phval3 
      "phval6 = (t1loop * 180)%360" 
      MCWRK ip6 + phval6 
      "phval31 = (t1loop * 180)%360" 
      MCWRK ip31 + phval31 
      MCWRK 
      "phval0 = ph1loop * 1" 
      MCWRK setgrad EA 
  lo to LBLST1 times ST1CNT 
  MCWRK  
  "t1loop=0" 
  "ph1loop=0" 
  MCWRK 
# 88 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
exit 
    
 
ph1=0  
ph2=1 
ph3=0 2 
ph4=0 0 0 0 2 2 2 2 
ph5=0 0 2 2 
ph6=0 
ph31=0 2 0 2 2 0 2 0 
 
# 100 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
;pl0 : 0W 
;pl1 : f1 channel - power level for pulse (default) 
;pl2 : f2 channel - power level for pulse (default) 
;pl3 : f3 channel - power level for pulse (default) 
;pl12: f2 channel - power level for CPD/BB decoupling 
;sp3: f2 channel - shaped pulse 180 degree 
;p1 : f1 channel -  90 degree high power pulse 
;p2 : f1 channel - 180 degree high power pulse 
;p3 : f2 channel -  90 degree high power pulse 
;p4 : f2 channel - 180 degree high power pulse 
;p14: f2 channel - 180 degree shaped pulse for inversion 
;p16: homospoil/gradient pulse 
;p22: f3 channel - 180 degree high power pulse 
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;p28: f1 channel - trim pulse 
;d0 : incremented delay (2D)                         [3 usec] 
;d1 : relaxation delay; 1-5 * T1 
;d4 : 1/(4J)XH 
;d11: delay for disk I/O                             [30 msec] 
;d16: delay for homospoil/gradient recovery 
;cnst2: = J(XH) 
;inf1: 1/SW(X) = 2 * DW(X) 
;in0: 1/(2 * SW(X)) = DW(X) 
;nd0: 2 
;ns: 1 * n 
;ds: >= 16 
;td1: number of experiments 
;FnMODE: echo-antiecho 
;cpd2: decoupling according to sequence defined by cpdprg2 
;pcpd2: f2 channel - 90 degree pulse for decoupling sequence 
 
 
;use gradient ratio: gp 1 : gp 2 
;     80 : 20.1    for C-13 
;     80 :  8.1    for N-15 
# 135 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
;for z-only gradients: 
;gpz1: 80% 
;gpz2: 20.1% for C-13, 8.1% for N-15 
 
;use gradient files:    
;gpnam1: SMSQ10.100 
;gpnam2: SMSQ10.100 
 
# 144 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
                                          ;preprocessor-flags-start 
;1: for C-13 and N-15 labeled samples start experiment with  
;             option -DLABEL_CN (eda: ZGOPTNS) 
                                          ;preprocessor-flags-end 
 
 
# 151 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/Chsqc.rh" 
;$Id: hsqcetgpsp,v 1.6.2.1.4.1 2012/01/31 17:56:32 ber Exp $ 
 

bd-ledbpgppr2s 

# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
;ledbpgppr2s 
;avance-version (12/01/11) 
;2D sequence for diffusion measurement using stimulated  
;   echo and LED 
;using bipolar gradient pulses for diffusion 
;using 2 spoil gradients 
;with presaturation during relaxation delay 
; 
;D. Wu, A. Chen & C.S. Johnson Jr.,  
;   J. Magn. Reson. A 115, 260-264 (1995). 
; 
;$CLASS=HighRes 
;$DIM=2D 
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;$TYPE= 
;$SUBTYPE= 
;$COMMENT= 
 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 1 
;Avance3.incl 
;   for AV III 
; 
;avance-version (13/06/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
# 169 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Avance.incl" 
;$Id: Avance3.incl,v 1.9.8.3 2013/08/30 09:44:49 ber Exp $ 
# 19 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 2 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 1 
;Grad2.incl  -  include file for Gradient Spectroscopy 
;   for TCU3 
; 
;avance-version (07/01/17) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 27 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
define list<gradient> EA=<EA> 
 
 
# 31 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Grad.incl" 
;$Id: Grad2.incl,v 1.13.8.1 2012/01/31 17:56:17 ber Exp $ 
# 20 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 2 
 
# 1 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 1 
;Delay.incl  -  include file for commonly used delays 
; 
;version (13/08/07) 
; 
;$CLASS=HighRes Incl 
;$COMMENT= 
 
# 9 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
;general delays 
 
define delay DELTA 
define delay DELTA1 
define delay DELTA2 
define delay DELTA3 
define delay DELTA4 
define delay DELTA5 
define delay DELTA6 
define delay DELTA7 
define delay DELTA8 
define delay DELTA9 
define delay DELTA10 
define delay DELTA11 
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define delay DELTA12 
define delay DELTA13 
define delay DELTA14 
define delay DELTA15 
define delay DELTA16 
 
define delay TAU 
define delay TAU1 
define delay TAU2 
define delay TAU3 
define delay TAU4 
define delay TAU5 
define delay TAU6 
define delay TAU7 
define delay TAU8 
define delay TAU9 
# 40 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define delay INCR1 
define delay INCR2 
define delay INCR3 
define delay INCR4 
define delay INCR5 
define delay INCR6 
 
 
;delays for centering pulses 
# 50 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define delay CEN_HN1 
define delay CEN_HN2 
define delay CEN_HN3 
define delay CEN_HC1 
define delay CEN_HC2 
define delay CEN_HC3 
define delay CEN_HC4 
define delay CEN_HP1 
define delay CEN_HP2 
define delay CEN_CN1 
define delay CEN_CN2 
define delay CEN_CN3 
define delay CEN_CN4 
define delay CEN_CP1 
define delay CEN_CP2 
 
 
;loop counters 
# 69 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
define loopcounter COUNTER 
define loopcounter SCALEF 
define loopcounter FACTOR1 
define loopcounter FACTOR2 
define loopcounter FACTOR3 
define loopcounter FACTOR4 
define loopcounter FACTOR5 
define loopcounter FACTOR6 
 
 
# 80 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/Delay.incl" 
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;$Id: Delay.incl,v 1.13.8.2 2013/08/30 09:44:49 ber Exp $ 
# 21 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 2 
 
 
# 24 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
define list<gradient> diff=<Difframp> 
 
 
"p2=p1*2" 
"d11=30m" 
"d12=20u" 
# 32 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
"DELTA1=d20-p1*2-p2-p30*2-d16*2-p19-d16-d12-4u" 
"DELTA2=d21-p19-d16-d12-8u" 
 
 
"acqt0=-p1*2/3.1416" 
# 1 "mc_line 39 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s exp. def. part of mc cmd. 
before ze" 
define delay MCWRK 
define delay MCREST 
define loopcounter t1loop 
"t1loop=0" 
define loopcounter ph1loop 
"ph1loop=0" 
define loopcounter ST1CNT 
"ST1CNT = td1" 
"MCREST = d11 - d11" 
"MCWRK = 0.250000*d11" 
 
    dccorr 
# 39 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
# 39 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
1 ze 
# 1 "mc_line 39 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s exp. def. of mc cmd. after 
ze" 
      MCWRK 
      "phval0 = t1loop * 1" 
      MCWRK setgrad diff 
# 40 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
# 1 "mc_line 40 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s exp. start label for mc 
cmd." 
2 MCWRK  * 3 
LBLST1, MCWRK 
  MCREST 
# 41 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
3 d12 pl9:f1 
  d1 cw:f1 ph29 
  50u do:f1 setnmr3|0 setnmr0|34|32|33 ctrlgrad 0 
  d12 pl1:f1 
  p1 ph1 
  p30:gp6*diff 
  d16 
  p2 ph1 
  p30:gp6*-1*diff 
  d16 
  p1 ph2 
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  p19:gp7 
  d16 pl9:f1 
  DELTA1 cw:f1 ph29 
  4u do:f1 
  d12 pl1:f1 
  p1 ph3 
  p30:gp6*diff 
  d16 
  p2 ph1 
  p30:gp6*-1*diff 
  d16 
  p1 ph4 
  p19:gp8 
  d16 pl9:f1 
  DELTA2 cw:f1 ph29 
  4u do:f1 
  d12 pl1:f1 
  4u setnmr3^0 setnmr0^34^32^33 ctrlgrad 7 
  p1 ph5 
  go=2 ph31 
# 1 "mc_line 72 file /opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s exp. mc cmd. in line" 
  MCWRK  wr #0 if #0 zd  
 
  "t1loop+=1" 
      MCWRK 
      "phval0 = t1loop * 1" 
      MCWRK setgrad diff 
  lo to LBLST1 times ST1CNT 
  MCWRK  
  "t1loop=0" 
  MCWRK 
# 73 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
exit 
 
 
ph1= 0 
ph2= 0 0 2 2 
ph3= 0 0 0 0 2 2 2 2  1 1 1 1 3 3 3 3 
ph4= 0 2 0 2 2 0 2 0  1 3 1 3 3 1 3 1 
ph5= 0 0 0 0 2 2 2 2  1 1 1 1 3 3 3 3 
ph29=0 0 0 0 0 0 0 0  1 1 1 1 1 1 1 1 
ph31=0 2 2 0 2 0 0 2  3 1 1 3 1 3 3 1 
# 85 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
;pl1 : f1 channel - power level for pulse (default) 
;pl9 : f1 channel - power level for presaturation 
;p1  : f1 channel -  90 degree high power pulse 
;p2  : f1 channel - 180 degree high power pulse 
;p19: gradient pulse 2 (spoil gradient) 
;p30: gradient pulse (little DELTA * 0.5) 
;d1  : relaxation delay; 1-5 * T1 
;d11: delay for disk I/O                             [30 msec] 
;d12: delay for power switching                      [20 usec] 
;d16: delay for gradient recovery 
;d20: diffusion time (big DELTA) 
;d21: eddy current delay (Te)                        [5 ms] 
;ns: 16 * n 
;ds: 4 * m 
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;td1: number of experiments 
;FnMODE: QF 
;        use xf2 and DOSY processing 
 
 
;use gradient ratio:    gp 6 : gp 7   : gp 8 
;                       100  : -17.13 : -13.17 
# 107 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
;for z-only gradients: 
;gpz6: 100% 
;gpz7: -17.13% (spoil) 
;gpz8: -13.17% (spoil) 
 
;use gradient files:    
;gpnam6: SMSQ10.100 
;gpnam7: SMSQ10.100 
;gpnam8: SMSQ10.100 
 
;use AU-program dosy to calculate gradient ramp-file Difframp 
# 121 "/opt/topspin3.2.5/exp/stan/nmr/lists/pp/user/bd-ledbpgppr2s" 
;$Id: ledbpgppr2s,v 1.3.8.1 2012/01/31 17:56:33 ber Exp $ 
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9 List of Abbreviations 
AD – Alzheimer’s disease 

AS – affinity screen 

ASO – anti-sense oligonucleotide 

BCA - bicinchoninic acid 

BLS – binding level screen 

BSA – bovine serum albumin 

CD – circular dichroism 

CMC – critical micelle concentration 

CNBr – cyanogen bromide 

CPMG - Carr-Purcell-Meiboom-Gill 

CS – clean screen 

CSA – chemical shift anisotropy 

CSP – chemical shift perturbation 

DLS – dynamic light scattering 

DMSO – dimethyl sulfoxide 

DOSY – diffusion ordered spectroscopy 

DSS - 4,4-dimethyl-4-silapentane-1-sulfonic acid 

DTT- dithiothreitol 

EK – enterokinase 

ESI-MS – electrospray ionization mass spectroscopy 

FBLD – fragment-based ligand discovery 

FRET – fluorescence resonance energy transfer  

HASPA – hydrophilic acylated surface protein A 

HEPES - 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HMQC – heteronuclear multiple quantum coherence 

HPLC-MS – high pressure liquid chromatography-mass spectroscopy 

HSQC – heteronuclear single quantum coherence 

HTS – high throughput screening 

IDP – intrinsically disordered protein 

IDR – intrinsically disordered region 
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IMAC – immobilized metal affinity chromatography 

ITC – isothermal titration calorimetry 

KSI – ketosteroid isomerase 

LC-MS – liquid chromatography-mass spectrometry 

LE – ligand efficiency 

LES – local elementary structure 

LMW – low molecular weight 

MAPT – microtubule-associated protein tau 

MB – methylene blue 

MoRF – molecular recognition feature 

MS – mass spectroscopy 

MST – microscale thermophoresis 

MTG – 1-thioglycerol 

MW – molecular weight 

MWCO – molecular weight cut-off 

NGM – NMR-guided modelling 

NMR – nuclear magnetic resonance 

NN – near neighour 

NOESY – nuclear Overhauser effect spectroscopy 

NTD – neglected tropical disease 

OPA - ortho-phthalaldehyde 

PAINS – pan-assay interference compounds 

PDB – protein data bank 

PHF – paired helical filament 

pI – isoelectric point 

PMF – peptide mass fingerprint 

PPI – protein-protein interaction 

PTM – post-translational modification 

PTP1B – protein-tyrosine phosphatase 1B 

QC – quality control 

RT – room temperature 
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RU – response unit 

SA – streptavidin 

SAR – structure-activity relationship 

SBLD – structure-based ligand discovery 

SDM – site-directed mutagenesis 

SDS-PAGE – sodium dodecyl sulfate - polyacrylamide gel electrophoresis 

SEC – size exclusion chromatography 

SEC-MALS – size exclusion chromatography coupled with multiple angle light scattering 

SHERP – small hydrophilic endoplasmic reticulum-associated protein 

SF-HMQC – SOFAST heteronuclear multiple quantum coherence 

SPR – surface plasmon resonance 

STD – saturation transfer difference 

TCEP - tris(2-carboxyethyl)phosphine 

TCI – targeted covalent inhibitor 

TEV– tobacco etch virus 

Thr – thrombin 

TOCSY – total correlation spectroscopy 

Tris-HCl - tris(hydroxymethyl)aminomethane hydrochloride 

WHO – World Health Organization 

wLOGSY – water-ligand observed via gradient spectroscopy 
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