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Abstract: Ligand binding hotspots are regions of protein surfaces that 

form particularly favourable interactions with small molecule 

pharmacophores. Targeting interactions with these hotspots 

maximises the efficiency of ligand binding. Existing methods are 

capable of identifying hotspots but often lack assays to quantify ligand 

binding and direct elaboration at these sites. Herein, we describe a 

fragment-based competitive 19F Ligand Based-NMR (LB-NMR) 

screening platform that enables routine, quantitative ligand profiling 

focused at ligand-binding hotspots. As a proof of concept, the method 

was applied to 4’-phosphopantetheine adenylyltransferase (PPAT) 

from Mycobacterium abscessus (Mabs). X-ray crystallographic 

characterisation of the hits from a 960-member fragment screen 

identified three ligand-binding hotspots across the PPAT active site. 

From the fragment hits a collection of 19F reporter candidates were 

designed and synthesised. By rigorous prioritisation and use of 

optimisation workflows, a single 19F reporter molecule was generated 

for each hotspot. Profiling the binding of a set of structurally 

characterised ligands by competitive 19F LB-NMR with this suite of 19F 

reporters recapitulated the binding affinity and site ID assignments 

made by ITC and X-ray crystallography. This quantitative mapping of 

ligand binding events at hotspot level resolution establishes the utility 

of the fragment-based competitive 19F LB-NMR screening platform for 

hotspot-directed ligand profiling 

Introduction 

Fragment-based drug discovery (FBDD) is a powerful ligand 

discovery methodology that has found widespread use in both 

academia and industry.[1–3] As a drug discovery tool FBDD is well-

established, with seven FDA approved drugs originating from a 

fragment based approach.[4–10] As the FBDD field has matured, 

more specific fragment-based applications have emerged to 

study focused questions about biological targets. One prominent 

example is the use of fragment screening for mapping of ligand 

binding hotspots on protein surfaces.[11]  

Hotspots are regions of a protein’s surface that form particularly 

favourable interactions with pharmacophores present in small 

molecules.[12] Efficient fragment elaboration strategies combine 

pharmacophores that interact with multiple, spatially proximal 
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hotspots into a single ligand. To achieve this, discovery of 

hotspots and identification of chemical matter engaging them is 

necessary. Fragment screening has proven to be a particularly 

effective method of empirically mapping ligand binding hotspots. 

This is underpinned by the fragments’ ability to comprehensively 

sample the protein’s molecular recognition capacity, owing to their 

minimal molecular complexity. The most recent iterations of this 

approach map hotspots by screening targets against libraries of 

small fragments specifically designed for detection by X-ray 

crystallography.[13,14] These methods provide structural 

characterisation of the hotspots and suggest the types of 

interactions that define them. However, while methods capable of 

directing ligand elaboration exist, systematic approaches to 

directing elaboration at discovered hotspots are lacking. 

Herein, we present a methodology that re-purposes fragment hits 

found to engage hotspots, defined by X-ray crystallography, as 
19F reporter molecules that are integrated into a competitive 19F-

observed ligand-based NMR (LB-NMR) screening platform. The 
19F reporters enable hotspot-directed profiling of other ligand 

binding events, connecting the identification of ligand binding 

hotspots to the production of high-quality small molecules that 

engage them. 

The properties of fragment-sized molecules and the features of 

the LB-NMR methodology complement each other particularly 

well to detect and quantify ligand binding events in a hotspot 

mapping platform. LB-NMR can detect binding of the reporter at 

very low fractional occupancy (typically ≈ 1% ligand bound), owing 

to accumulation of the bound-state signal in the free-state 

population as a result of rapid exchange between the bound and 

unbound fractions. Combined with slower NMR relaxation in the 

free-state, this allows the bound state signal to be transferred to 

the free population and amplified during the NMR experiment. 
[15,16] Fragments are favourable as competitive reporters since 

their inherently weak affinities allow them to be displaced readily 

from their preferred binding site. 

Although great progress has been made recently in the 

development of saturation transfer difference (STD)[17] and Carr-

Purcell-Meiboom-Gill (CPMG)[18,19] LB-NMR methods for the 

direct quantitation of binding affinities in the fragment affinity 

range (low μM – low mM),[20–23] direct approaches are limited in 

throughput and information content relative to indirect methods. 

Indirect, competitive binding experiments have the advantage that 

optimisation of experimental conditions and NMR parameters, as 

well as characterisation of the ligand binding site, are only 

required for the relatively small set of reporter molecules. 
19F-observed LB-NMR is a well established method for the 

qualitative identification of ligand:protein interactions.[24–26] To 

quantify the affinities of ligand:protein interactions, indirect, 

competitive 19F LB-NMR approaches have also been 

described.[16,27–30] Several excellent reviews of the theory and 

practical considerations that underpin these 19F LB-NMR 

applications are available,[20,31–33] For the purposes of this work, 

the most important conclusion is that the transverse relaxation of 

the 19F nucleus is particularly sensitive to changes in its chemical 

environment. As such, changes in ligand 19F relaxation times on 

protein binding are typically far greater than changes in their 1H 

relaxation times. For these reasons, we have established a 

hotspot-directed ligand profiling platform using the competitive 
19F-observed CPMG LB-NMR method. 

To establish the method, 4’-phosphopantetheine 

adenylyltransferase (PPAT) from Mycobacterium abscessus 

(Mabs) was selected as a model target. Bacterial CoA 

biosynthesis is an attractive antibacterial target.[34,35] Recently, 

chemogenomic methods have demonstrated mycobacterial 

PPAT is a ligandable target with potential as a point of intervention 

in the CoA biosynthetic pathway.[36] The PPAT active site contains 

two distinct substrate sites, binding adenosine triphosphate (ATP) 

and 4’-phosphopantetheine (PPSH), respectively. These 

substrate sites each comprise two binding sub-sites (Figure 

1A).[32] The PPSH binding site contains the mercaptamide sub-

site and a henceforth termed cryptic pocket. The ATP binding site 

contains the ribose and adenine sub-sites. 

In this study, we set out a workflow for implementing the hotspot-

directed ligand profiling methodology that follows the general 

structure outlined in Figure 1B: (1) ligand binding hotspots are 

identified by screening of a fragment library, with X-ray 

crystallography applied to structurally understand the molecular 

interactions defining the hotspots, (2i) fragment hits that engage 

these hot spots are modified to introduce fluorine atoms in 

appropriate positions, (2ii) within individual hotspots the highest 

quality 19F reporter candidates are prioritised, (2iii) optimal 

conditions for application of each 19F reporter in competitive 19F 

LB-NMR experiments are established, and (3) the established 19F 

reporters are applied to quantitatively characterise ligand binding 

events at specific hotspots. In this competitive 19F LB-NMR 

platform, site-ID information, provided by X-ray crystallography, is 

encoded into the fluorinated reporters. This allows them to both 

quantify the binding affinity and identify the site of binding of 

competitive ligands with hotspot level resolution. 

Results and Discussion 

19F Reporter Generation and Selection 

Recently, we conducted a fragment screen against Mabs 

PPAT.[37] A 960-member fragment library was screened by 

differential scanning fluorimetry (DSF), identifying 28 hits. 16 of 

these were subsequently structurally characterised by X-ray 

crystallography (Figure S1). Analysis of the binding mode of the 

fragment hits revealed the ribose and adenine sub-sites as well 

as the cryptic pocket to be ligand binding hotspots (Figure 1A). 

Discovery of the cryptic pocket as a hotspot highlights the 

advantage of experimental hotspot mapping (Figure S2), which 

is capable of identifying highly ligandable sub-sites that may have 

otherwise been overlooked by computational methods.[38] As well 

as identifying the ligand binding hotspots of Mabs PPAT, the 

fragment screen discovered chemical matter engaging these sites. 

From the original fragment screen, validated hits 1 and 2 were 

identified as promising fluorinated reporter candidates for the 

cryptic hotspot (Figure S1). Both contain a fluorinated motif and 

their binding modes were characterised by X-ray crystallography 

upfront. 3, a hit identified in the DSF primary screen but not 

validated by X-ray crystallography, was also included as a 
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Figure 1. (A) X-ray crystal structure highlighting the active site of an Mabs PPAT monomer overlaid with substrates PPSH and ATP. Ligand binding hotspots are 

highlighted with bound fragment hits; cryptic (purple ligands), ribose (yellow ligand), adenine (pink ligands) hotspots. PDB entry: 7YY0 (PPSH), 5O0D (12). (B) 

Schematic representation of the workflow for identifying ligandable hotspots and focused profiling of ligand binding events at these hotspots by competitive 19F LB-

NMR.

fluorinated reporter candidate (Figure S1). Although its binding 

site was unassigned at this point, its aryl trifluoromethyl moiety 

was an attractive feature for 19F LB-NMR. For the ribose and 

adenine hotspots, no fluorinated fragment hits were identified in 

the fragment screen (Figure S1). Introduction of fluorinated motifs 

into structurally characterized fragment hits by structure-based 

design appeared an efficient means of generating fluorinated 

reporter candidates for these hotspots. In the ribose hotspot, each 

hit contained a carboxylic acid, and the indole core was found to 

be a privileged scaffold (Figure S1). As such, fragment 4 was 

selected for modification and two fluorinated ribose candidates, 5 

and 6, were designed (Figure S3A). In the adenine hotspot, only 

two fragment hits were validated by X-ray crystallography (Figure 

S1). For the design of fluorinated reporter candidates, 7 was 

selected as scaffold. Two fluorinated analogues, 8 and 9, were 

designed (Figure S3B). 

Once produced, the seven fluorinated reporter candidates were 

passed through a biophysical filtering cascade (Figure 2A). This 

workflow was designed to select the highest quality reporter 

candidate within each hotspot for progression to 19F CPMG 

experiments. The cascade consisted of four tiers. The first tier 

tested the candidate’s stability, solubility and tendency to 

aggregate under the conditions envisioned for the CPMG 

experiments. The second tier assessed candidate binding to 

PPAT by 1H- and 19F-observed CPMG LB-NMR, establishing 

whether reporter binding was responsive to detection by NMR 

methods. The third tier attempted to assign binding sites to the 

reporter candidates, where not previously assigned, directly by X-

ray crystallography or indirectly by competitive 1H LB-NMR 

methods. The fourth and final tier attempted to quantify the 

binding of reporter candidates. Isothermal titration calorimetry 

(ITC) was used to determine affinities but, where this was not 

possible, differential scanning fluorimetry (DSF) was used as a 

comparative metric. The filtering cascade workflow is described 

in greater detail in Section S1 and the outcomes summarised 

Table S1. This cascade selected three candidates for progression 

to characterisation of their 19F LB-NMR reporter capabilities 

(Figure 2A, Table S2). 1 was chosen for the cryptic hotspot, 9 for 

the adenine hotspot and 3 was putatively selected for the ribose 

hotspot.  

The X-ray crystal structure of 1 in complex with PPAT 

demonstrates its occupation of the cryptic hotspot (Figure 2B, 

S5A). The Kd of 1 at the cryptic hotspot was found to be 242 μM, 

using ITC. Attempts to characterise the binding mode and affinity 

of 3 by X-ray crystallography and ITC proved unsuccessful. By 

ITC, 3 produced very low enthalpies, thus no binding isotherm 

could be resolved (Figure S4). However, competitive 1H LB-NMR 

experiments conducted in the third tier of the biophysical filtering.
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Figure 2. (A) Biophysical filtering cascade applied to select the highest quality fluorinated reporter candidate in each hotspot. 1, 3 and 9 were selected for the cryptic, 

ribose and adenine hotspots, respectively. (B) Cryptic hotspot candidate 1. X-ray crystal structure of PPAT with 1 (purple) occupying the cryptic pocket. (C) Ribose 

hotspot candidate 3. Competitive 1H LB-NMR of 3 (showing protons of 3 indicated by *) demonstrating occupation of the ATP site by competition with an ATP site 

tool compound. (D) Adenine hotspot candidate 9. X-ray crystal structure of PPAT with 9 (pink) occupying the adenine sub-site. PDB entries: 7YY3 (1), 8QIY (9).

cascade revealed 3 occupied the ATP site (Figure 2C), and later, 

competitive 19F CPMG experiments showed 3 engages the ribose 

hotspot (vide infra). The X-ray crystal structure of 9 in complex 

with PPAT was solved and showed that it engaged the adenine 

hotspot as designed (Figure 2D), recapitulating the binding site 

of parent fragment 7 and engaging all key interactions defining 

the adenine hotspot (Figure S5B). The Kd of 9 at the adenine 

hotspot was found to be 464 μM, using ITC. 

 
Optimisation of 19F CPMG Experimental Conditions 

Conversion of the selected fluorinated fragments into effective 19F 

reporters first required optimisation of the 19F CPMG parameters 

and experimental conditions. The target concentration and length 

of the CPMG delay were simultaneously optimised by 

determination of the T2 relaxation rate (R2) of the reporter 19F 

nucleus across a range of PPAT concentrations. Furthermore, the 

reporter concentration was adjusted during the optimisation 

process to improve the sensitivity to competition experiments. 

The optimisation workflow implemented is described in detail in 

Section S2. 

Firstly, the R2 of the reporter candidates’ 19F nuclei were 

determined using the CPMG pulse sequence. The intensity of the 
19F signal decays as the implemented CPMG delay time 

increases (Figure 3A) and is defined by R2. Fitting the normalised 

integration of the 19F signal at each CPMG delay time to Equation 

S1 determines the R2 of the reporter 19F nucleus. Experimental 

conditions were chosen such that all measured 19F signals had a 

S/N ratio ≥ 3. The trifluoromethyl group of 9 was found to relax 

with an R2 = 0.73 s-1 (Figure 3B), while the R2 of the fluorine and 

trifluoromethyl moieties of 1 and 3 were found to be 0.57 s-1 and 

1.67 s-1, respectively (Figures S6B, S7B). 

The difference in the reporter 19F nucleus’ R2 in the presence and 

absence of protein defines the size of the assay window for 

competition experiments.[16] In practise, the increase in R2 can be 

tuned by controlling the concentration of protein present. 

Calculation of the relaxation contrast value (c2) guides selection 

of the protein concentration that produces the best resolution 

between the free and bound reporter states (Equation S2).[39] The 

reporters‘ 19F R2 values were recorded at several protein 

concentrations, and using the reporter R2 values measured for the 

free (R2
free) and protein-bound (R2

obs) states, a series of c2 values 

were calculated for the range of protein concentrations tested 

(Figure 3C, S6C, S7C). Generally, c2 values greater than 70% 

produce satisfactorily large assay windows for competition 

experiments.[39] From this titration a single optimal protein 

concentration was chosen and used in all future experiments. For 

9, 25 μM was selected as an optimal PPAT concentration, 

producing an 19F R2 = 3.28 s-1, and c2 = 78% (Figure 3D). 

Similarly, 25 μM was selected as the optimal PPAT concentration 

for 3, yielding an 19F R2 = 7.19 s-1, and c2 = 77% (Figure S7D). 

The 19F R2 of the fluorine nucleus in 1 was found to be much more 

responsive to protein concentration than the trifluoromethyl 

groups in 9 and 3. As little as 0.75 μM PPAT produced an 19F R2  
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Figure 3. Optimisation of experimental conditions for use of 9 as an 19F reporter. (A) 19F NMR spectra of the trifluoromethyl signal of 9 at several CPMG delay 

lengths. (B) Determination of the trifluoromethyl signal R2 from (A) using the exponential decay described in Equation S1 (inset) (n=3). (C) Repetition of the R2 

measurement protocol from (B) in the presence of several PPAT concentrations and calculation of c2 values for each condition according to Equation S2 (n=1). (D) 

Measurement of the trifluoromethyl signal R2 in the absence (blue) and presence (red) of the optimal target concentration (n≥2). (E) Simulation of the trifluoromethyl 

signal R2 in the absence (blue) and presence (red) of the optimal target concentration and calculation of the difference curve (green). (F) 19F NMR spectra of the 

trifluoromethyl signal of 9 at the optimised reporter concentration and CPMG delay in the absence (blue) and presence (red) of the optimised target concentration. 

Data in panels (A)-(E) was generated with 500 µM reporter 9. Data in panel (F) was generated with 350 µM reporter 9.

= 2.40 s-1, and c2 = 76% (Figure S6D). This ≈ 30-fold greater 

sensitivity of the 19F nucleus of 1, in comparison with 9 and 3, is 

likely the result of a greater 19F chemical shift anisotropy (CSA) 

between the free and bound reporters states for the mono-

fluorinated reporter. The aryl fluoride of 1 is conjugated with the 

aromatic system and also coupled to local protons, and so is likely 

more sensitive to changes in the electron distribution of the indole 

ring on binding compared to the trifluoromethyl fluorines of 9 and 

3. 

Next, a single optimum CPMG delay time for each reporter was 

sought. This optimum corresponds to the delay time that produces 

the largest difference in intensity of the reporter 19F signal in the 

presence and absence of protein. The optimum CPMG delay time 

can be simply calculated using the measured R2
free and R2

obs 

values according to Equation S3. However, the consequences of 

any deviation from this optimum value on the size of the assay 

window can be understood quantitatively by simulation of the 

difference in 19F signal intensities between the free and bound 

reproter states, across the CPMG delay timescale, according to 

Equation S1. Plotting the difference between the free and bound 

states as a curve (R2
free - R2

obs) pinpoints the optimum CPMG 

delay as the maximum of this simulated curve (Figure 3E, S6E, 

S7E). 

In subsequent competition experiments, each 19F reporter was 

used at a lower concentration than in these optimization 

experiments, facilitating easier reporter displacement. To 

maintain a robust 19F signal, the lower 19F reporter concentration 

was offset by applying a shorter CPMG delay than the theoretical 

optimum (Table 1). The simulation curves guided selection of a 

shorter CPMG delay that did not compromise significantly on the 

size of the assay window, ensuring a S/N ratio ≥ 3 was achieved 

for all measured 19F signal intensities in the fewest scan numbers. 

The 19F CPMG parameter optimisation workflow outlined here 

allowed three-dimensional optimisation of the (i) target 

concentration, (ii) CPMG delay length, and (iii) reporter 

concentration. Application of these conditions together 

established the assay window for subsequent competition 

experiments (Figure 3F). Optimal concentrations of reporter and 

PPAT as well as the optimal CPMG delay were identified for all 

three reporters and are summarised in Table 1. 

 

Hotspot-directed Competitive 19F LB-NMR Ligand 
Profiling 

To validate the reporters’ hotspot specificity, a single 

concentration displacement experiment with high concentration of 

competing ligands was performed. For this purpose, a set of 
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Table 1. Summary of the optimised experimental conditions for each of the 19F reporter fragments.[a] 

 Reporter Structure Kd (ITC) [Reporter] [PPAT] c2 Optimal CPMG Delay CPMG Delay Used 

 1  
242 ± 18 μM 125 μM 0.75 μM 

 
 

74% (±8%) 
 

614 ms 360 ms 

 3  
[b]  250 μM 25 μM 

 
 

77% (±5%) 
 

255 ms 192 ms 

 9  

464 ± 46 μM 350 μM 25 μM 

 
 

74% (±6%) 
 
 

536 ms 450 ms 

[a] Errors in Kd values represent the fitting error (n=2). Errors in c2 values are propagated from the R2 measurement error (n≥2). [b] A Kd value is not reported for 3 

as the ITC binding isotherm could not be reliably fit.

ligands with well-characterised binding modes was assembled 

(Figure 4A). 11 is a ligand developed in our group that occupies 

the ATP site completely with a Kd = 3.4 μM (manuscript in 

preparation). The selected fragments together occupy the three 

hotspots targeted by the suite of fluorinated reporters. 12, 4 and 

7 occupy the cryptic, ribose and adenine hotspots, respectively. 

Also, as the hotspot occupied by 3 had not been determined 

directly, it was included in competition experiments with the other 
19F reporters to explore the hotspot(s) that it engages. Biophysical 

data for the validation set ligands is summarised in Table S4. 

Whereas in the previous section, a reporters‘ 19F R2 was 

characterised by measuring the percentage decrease in intensity 

of its 19F signal over a range of CPMG delays, displacement of 

the fluorinated reporter by competing ligands is measured by the 

percentage recovery in intensity of the 19F signal that results from 

the decreased fractional occupancy of the reporter. The extent to 

which the reporter is displaced was quantified by integration of the 
19F peak and converted into a percentage displacement according 

to Equation S4 (Figure 4B). The methodology for quantifying 

displacement of reporters by competing ligands in single 

concentration or dose-response experiments is detailed in 

Section S3. 

Displacement of a reporter was considered to be significant if the 
19F signal integral in the presence of competitor exceeded the 

standard deviation (n≥3) of the 19F signal integral in the absence 

of competitor by > 3-fold. 1, as expected, was not competed by 

11, nor significantly by the ribose and adenine hotspot fragments 

3, 4 and 7. 1 was only substantially displaced by 12, the other 

cryptic hotspot binder in the set, demonstrating that 1 specifically 

reports on binding events at the cryptic hotspot. 9, as expected, 

was competed almost quantitatively by 11, confirming its 

occupation of the ATP site. 9 was not competed by the cryptic 

hotspot fragment, 12, and only modestly by 3 and the ribose 

hotspot fragment 4. 9 was substantially displaced by the other 

adenine hotspot binder, 7, demonstrating its capacity to 

specifically map the adenine hotspot, within the ATP pocket. 3 

was competed almost quantitatively by 11. In combination with its 

lack of displacement by the cryptic hotspot fragment, 12, this data 

confirmed 3 binds within the ATP site. Gratifyingly, 3 was 

substantially competed by the ribose hotspot fragment 4, 

establishing it can report on ligand binding to the ribose hotspot. 

To establish the capacity of the 19F LB-NMR platform for 

quantitative mapping of ligand binding events, a series of 

competition experiments with 19F reporters 1, 3 and 9 was 

performed, using a set of structurally characterised Mabs PPAT 

ligands (Figure 5A-C). This set consisted of 11 compounds, 5 

fragments and 6 more elaborate compounds developed in our 

group. The fragments included were all hits from the original 

fragment screen. 7 and 10 were the only adenine hotspot hits. 4 

was representative of the indole containing fragments privileged 

in the ribose hotspot. 2 and 12 were selected as representative 

ligands for the cryptic hotspot. Two series of elaborated ligands 

were included, as each simultaneously occupied two distinct 

hotspots. The details of the fragment elaboration campaign that 

yielded these series is detailed elsewhere (manuscript in 

preparation). 

 

Figure 4. Validation of hotspot specificity of the 19F reporter fragments using a 

set of structurally characterised ligands. (A) X-ray crystal structures showing the 

binding sites occupied by validation set ligands. (B) Percentage displacement 

bar charts from single concentration competitive 19F CPMG experiments with 

the validation set ligands (n=1). Key experimental conditions for the competitive 

19F CPMG experiments with each reporter are as reported in Table 1. Ligands 

were used at 1 mM (11) or 2.5 mM (12, 4, 7 and 3) concentrations. PDB entries: 

8QJ8 (11), 5O0D (12), 5O0C (4), 5O0A (7) 7YY3 (1), 8QIY (9).
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Figure 5. Hotspot directed ligand profiling of the adenine, ribose and cryptic hotspots by competitive 19F LB-NMR. (A-C) Overlay of competitive 19F LB-NMR 

experiments with 9 (A), 3 (B) and 1 (C) against a panel of ligands engaging the adenine, ribose and cryptic hotspots, respectively (n=1). (D) Chemical structures of 

the competing ligands used in (A-C) with associated X-ray crystal structures in complex with PPAT. Key experimental conditions for the competitive 19F LB-NMR 

experiments with each reporter are as reported in Table 1. PDB entries: 8QJ8 (11), 8QIX (17), 5O0A (7), 7YY9 (10), 5O0C (4), 7YY4 (2), 5O0D (12). 

13, 11 and 14 occupy both the ribose and adenine hotspots, while 

15, 16 and 17 engage both the ribose and cryptic hotspots 

(Figure 5D). For competition experiments, the weak binding limit 

of affinity quantitation is often set by the solubility limit of the 

competing ligands. For the experiments described herein, 

competing ligands were screened at concentrations up to their 

measured solubility limits. An IC50 value quantifying the reporter 

displacement by a competing ligand was derived from dose-

response competition experiments by fitting the data to a standard 

dose-response model. In cases where the Kd of the 19F reporter 

is known, the IC50 values can be converted into Ki values using 

the Nikolovska-Coleska relationship (Equation S5).[40] Where 

quantified, the IC50 and Ki values derived from the competition 

experiments with the suite of 19F reporters are reported in Table 

2. 

The competitive profiling experiments performed with 3 (Figure 

5B, Table 2) demonstrates a useful property of the competitive 
19F CPMG system. By using the IC50 values derived for ligands 

with known affinities engaging the ribose hotspot (11 and 14), the 

binding affinity of 3 could be estimated by internal calibration. The 

best agreement between the affinity values was given with Kd ≈ 

150 μM for 3. This estimated affinity for 3 was subsequently used 

to convert IC50 values to Ki values for other ligands. 

It was found that there was a strong correlation (R2 = 0.974) 

between Ki values determined by competitive 19F LB-NMR and Kd 

values determined by ITC (Figure S8). The absolute and relative 

affinities of ligands in the series simultaneously occupying the 

adenine and ribose hotspots agreed well with the Kd values 

derived by ITC (Figure 5A/B, Table 2). Of the five fragment hits 

assessed by the competitive 19F LB-NMR method, ITC had only 

been capable of quantifying the affinity of two of these, 7 and 2, 

likely due to a generally low enthalpy output observed with 

fragments engaging the ATP binding site. IC50 and Ki values for 

both these fragments were measurable with the 19F LB-NMR 

platform. A Ki = 1.4 mM for 7 was derived from profiling with 

adenine reporter 9, ≈ 6-fold higher than the affinity determined by 

ITC (Kd = 0.24 mM) (Figure 5A, Table 2). 
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Table 2. IC50 and Ki values for competing ligands derived from the competitive 

19F LB-NMR experiments with reporters 9, 3 and 1 outlined in Figure 5.[a] 

Reporter Competitor 

Kd (μM) 

(ITC) 

IC50 (μM) 

(19F NMR) 

Ki (μM) 

(19F NMR) 

 

 

 

 

9 

13 2.0 ± 0.5 9.4 ± 4.4 3.3 ± 2.8 

11 3.4 ± 0.9 13.8 ± 3.5 6.2 ± 2.3 

14 39.5 ± 7.5 138 ± 38 86 ± 24 

7 240 ± 14 2200 ± 680 1410 ± 430 

 

 

 

3 

11 3.4 ± 0.9 9.3 ± 3.8 4.4 ± 1.5 

14 39.5 ± 7.5 124 ± 41 51 ± 17 

4 [b] 1830 ± 1100 820 ± 490 

 

1 

15 [b] 249 ± 112 172 ± 77 

2 137 ± 10 860 ± 370 610 ± 260 

[a] Kd values measured by ITC are included where available for comparison. For 

19F LB-NMR data, n=1. for ITC data, n≥1. Errors in IC50 values represent the 

95% confidence interval (CI) for the fitting. Errors in Ki values represent a range 

defined by the upper and lower IC50 values from the 95% CI. Errors in Kd values 

represent the fitting error. IC50 and Ki values are only reported for ligands that 

achieved at least 70% displacement of the reporter. [b] Kd values for 4 and 15 

are not reported as the ITC binding isotherms could not be reliably fit. 

A Ki = 610 μM was measured for 2 by profiling with cryptic reporter 

1. This was ≈ 4-fold higher than the affinity determined by ITC (Kd 

= 137 μM) (Figure 5C, Table 2). The errors in Ki values 

determined by competitive 19F LB-NMR were typically higher than 

for Kd values determined by ITC (Table 2). 

Nonetheless, the competitive 19F LB-NMR platform extended the 

range of quantifiable ligand binding interactions across Mabs 

PPAT hotspots beyond that of ITC. The binding affinity of 

fragment 4 was measured at the ribose hotspot by competition 

with 3 (Figure 5B, Table 2). Although 4 did not completely 

displace 3 in the concentration range tested, sufficient 

displacement was achieved to allow an IC50 value to be extracted 

from the dose-response curve, corresponding to a Ki = 820 μM. 

15 occupies the ribose and cryptic hotspots simultaneously and 

was profiled against both 3 and 1. 15 did not displace 3 to a great 

enough extent in the concentration range tested to quantify an 

IC50 value. However, its binding affinity at the cryptic hotspot was 

quantifiable using 1 (Figure 5C, Table 2). 1 was completely 

displaced by 15 and the affinity of the interaction was found to 

have Ki = 172 μM. 

An advantage of the competitive 19F LB-NMR platform over many 

direct methods is that it can provide reliable measures of relative 

ligand affinities when the absolute affinities cannot be determined 

or when the ligand concentration range is constrained, for 

example, by solubility. This is clearly demonstrated by data for the 

competition of adenine hotspot fragments 7 and 10 with 9 (Figure 

6A). 7 was found to have a Ki = 1.4 mM, but 10 did not displace 9 

to a great enough extent to reliably quantify an IC50 value. 

However, 7 achieved ≈ 50% displacement of 9 at ≈ 2 mM 

concentration, while 10 had only achieved ≈ 30% displacement of 

9 at its top concentration of 5 mM. The X-ray crystal structures of 

7 and 10 in complex with PPAT show the phenyl rings of both 

fragments occupy the same site and each forms a H-bond with 

the side-chain hydroxyl of Thr14, via the pyrazole nitrogen (7) and 

nitrile (10), respectively (Figure 6B). The aniline amine of 10 

forms H-bonds with the backbone carbonyls of Tyr122 and Val125. 

The carboxylic acid of 7 forms direct H-bonds with the side-chain 

hydroxyl and backbone NH of Ser127, as well as water mediated 

H-bonds with the side-chain imidazole of His17 and side-chain 

hydroxyl of Ser128. As 7 engages the adenine sub-site with 

greater affinity than 10, these polar interactions and additional 

space occupied by the pyrazole ring must contribute more affinity 

to 7 than the aniline amine contributes to 10. 

At the cryptic hotspot, the relative affinities of fragments 12 and 2 

was determined by profiling with 1 (Figure 6C). 2 was found to 

have a Ki = 610 μM, but 12 did not displace 1 to a great enough 

extent to reliably quantify an IC50 value. While 2 achieved ≈ 50% 

displacement of 1 at ≈ 800 μM concentration, 12 had only 

achieved ≈ 50% displacement of 1 at its top concentration of 10 

mM. Thus, the affinity of 2 at the cryptic hotspot can be estimated 

to be ≈ 10-fold greater than that of 12. These relative affinities can 

be rationalised by examination of the X-ray  crystal structures of 

both fragments in complex with PPAT (Figure 6D). The 

naphthalene core of 2 more completely occupies the cryptic 

pocket than the terminal phenyl of 12, suggesting greater 

occupation of the cryptic pocket increases binding affinity. 

Furthermore, the additional interactions gained by the carboxylic 

acid of 12 are possibly outweighed by unfavourable solvent 

exposure of the linking phenyl ring, which superimposes with the 

carboxylic acid of 2. That even very weak binding interactions 

(affinity > 5 mM) can be understood semi-quantitatively by 

comparison with other ligands demonstrates the sensitivity of the 
19F LB-NMR platform and its capacity to guide prioritisation of 

ligands engaging hotspots for subsequent elaboration. 

In summary, where available, the Ki values derived by the 

competitive 19F LB-NMR method agreed well with Kd values 

measured by ITC. Furthermore, several ligands whose affinities 

could not be measured by ITC were successfully quantified by the 
19F LB-NMR method. And where fragment affinities escaped 

absolute quantification by 19F LB-NMR, their relative affinities 

could be confidently assigned. Successful application of the three 
19F reporter fragments, 1, 3 and 9 in single shot and dose-

response competition experiments established the capability of 

the 19F CPMG platform to quantify and rank the affinities of ligands 

binding across the PPAT active site with hotspot specific 

resolution.
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Figure 6. Overlay of competitive 19F LB-NMR experiments with (A) 9 against adenine hotspot fragments 7 and 10 (n=1), and (C) 1 against cryptic hotspot fragments 

2 and 12 (n=1). Overlay of X-ray crystal structures of (B) adenine hotspot fragments 7 (yellow) and 10 (pink), and (D) cryptic hotspot fragments 2 (green) and 12 

(orange). ND - Kd and Ki were not quantifiable for 10, and 12 by ITC nor competitive 19F LB-NMR. Key experimental conditions for the competitive 19F LB-NMR 

experiments with each reporter are as reported in Table 1. PDB entries: 5O0A (7), 7YY9 (10) 7YY4 (2), 5O0D (12).

Conclusion 

Regarding the general applicability of the competitive 19F LB-

NMR platform outlined herein, there are two important points to 

make. Firstly, the fragment hits from which the established Mabs 

PPAT 19F reporters were derived had very different upfront 

suitabilities as 19F reporters, (i) structurally characterised, 

fluorinated fragment hits (1), (ii) structurally uncharacterised, 

fluorinated fragment hits (3), and (iii) structurally characterised, 

non-fluorinated fragment hits (9). That an 19F reporter was 

developed from fragments in each of these categories and 

successfully applied for quantitative hotspot mapping 

demonstrates that fragment hits from not only directed 19F 

fragment screens but any format of fragment screen can be 

developed into good 19F reporters. Secondly, 19F reporters whose 

binding interactions are characterised to very different degrees 

can all be usefully applied in the competitive 19F LB-NMR hotspot 

mapping method. In this sense, the three 19F reporters employed 

herein for Mabs PPAT represented two distinct classes of 19F 

reporter, (i) binding mode and affinity characterised (1 and 9), and 

(ii) binding mode and affinity uncharacterised (3). Due to their high 

level of characterisation, reporter fragments 1 and 9 could be 

applied directly for hotspot-specific quantitative profiling. 

Application of 3 for specific and quantitative hotspot mapping 

relied on indirect characterisation of its binding site and affinity 

using well characterised ligands. These examples demonstrate 

that the level of reporter characterisation necessary depends on 

the availability of tool compounds. 

When designing fluorinated reporter fragments, key 

considerations are (i) the intensity of the 19F NMR signal, and (ii) 

its sensitivity to protein binding. While trifluoromethyl motifs 

produce 3-fold higher intensity 19F signals than mono-fluorinated 

substituents, their relaxation rates are typically less sensitive to 

binding. The lower 19F signal intensity of mono-fluorinated 

fragments can be compenstaed by the acquisition of more scans, 

while the lower sensitivity of the trifluoromethyl group to binding 

can be offset by an increase in the protein concentration. 

By following the workflows outlined herein, others applying this 

method in the future will be able to convert fragment hits, with or 

without a pre-existing fluorinated motif and quantified binding 

affinities, into high quality reporters of ligand binding hotspots. 

With the addition of structural information on the distances and 

relative orientations of these hotspots, from X-ray crystallography 

for example, synthetic strategies to combine them can be 

explored. In principle, the fragment-based competitive 19F LB-

NMR workflow can be applied to fragment hits against any target 

that is responsive to LB-NMR. In conclusion, this study has 

demonstrated that the minimal molecular recognition that is 

intrinsic to fragments can be exploited for high precision spatial 

mapping of ligand binding events, with simultaneous 

quantification of the binding interaction using competitive 19F LB-

NMR. 
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Fragment screening identified three ligand binding hotspots across the active site of 4’-phosphopantetheine adenylyltransferase from 

Mycobacterium abscessus. Fragment sized fluorinated reporters were developed for each hotspot and used in competitive 19F LB-NMR 

experiments to quantify hotspot-specific ligand binding affinities across three orders of magnitude, from low mM to low µM. 

 


