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Abstract

To evaluate its potential as a ligand discovery tool, we compare a newly developed 1D protein-

observed fluorine NMR (PrOF NMR) screening method with the well-characterized ligand-

observed 1H CPMG NMR screen. We selected the first bromodomain of Brd4 as a model system 

to benchmark PrOF NMR because of the high ligandability of Brd4 and the need for small 

molecule inhibitors of related epigenetic regulatory proteins. We compare the two methods’ hit 

sensitivity, triaging ability, experiment speed, material consumption, and the potential for false 

positives and negatives. To this end, we screened 930 fragment molecules against Brd4 in mixtures 

of five and followed up these studies with mixture deconvolution and affinity characterization of 

the top hits. In selected examples, we also compare the environmental responsiveness of the 19F 

chemical shift to 1H in 1D-protein observed 1H NMR experiments. To address concerns of 

perturbations from fluorine incorporation, ligand binding trends and affinities were verified via 
thermal shift assays and isothermal titration calorimetry. We conclude that for the protein 

understudy here, PrOF NMR and 1H CPMG have similar sensitivity, with both being effective 

tools for ligand discovery. In cases where an unlabeled protein can be used, 1D protein-observed 
1H NMR may also be effective; however, the 19F chemical shift remains significantly more 

responsive.
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Fragment-based ligand discovery (FBLD) and fragment-based drug design (FBDD) have 

been rapidly gaining traction in the chemical probe development and drug discovery process 

for difficult targets such as RNA,1 transcription factors,2 and epigenetic regulatory proteins.
3,4 Using molecules with lower molecular weight and lower functional group density than 

molecules found in traditional high throughput screening libraries, fragment screens seek to 

sample chemical space more efficiently. With vemurafenib5 and venetoclax6 as approved 

drugs that originated from FBDD and several other drug candidates in phase III clinical 

trials that also started as fragments, FBDD is becoming a validated technique for drug 

discovery. These success stories highlight the impact that new methods can have in the drug 

discovery process.

Fragment screening facilitates drug/chemical probe development at the earliest stages of the 

discovery process. However, because of their small size (molecular weight typically less 

than 300), fragments are likely to bind with low affinity, necessitating sensitive methods to 

detect protein–ligand interactions during a screen. Among these techniques are thermal shift 

analysis,7 surface plasmon resonance,8 X-ray crystallography,9 and NMR techniques such as 

saturation transfer difference (STD),10 Carr–Purcel–Meiboom–Gill (CPMG),11 

WaterLOGSY,12 and HSQC NMR.13 Remarkably, some studies show little overlap in hits 

detected by different screening methods.14–16 With the potential for low overlap, it is 

prudent and common practice to use an orthogonal biophysical method to verify an active.17 

Using protein-observed and ligand-observed NMR experiments allows sensitive follow-up 

with different assays that utilize similar conditions. The goal of this study is to compare the 

effectiveness of a new protein-observed 19F NMR (PrOF NMR) screening method with an 

established ligand-observed 1H CPMG screen to provide insight on the appropriate way to 

implement PrOF NMR in a ligand discovery setting as a complementary assay.

Ligand-observed NMR techniques take advantage of protein-specific properties (e.g, 

relaxation rates, diffusion coefficients, and nuclear Overhauser effects) being transferred to 

bound small molecules. The ligand-observed 1H CPMG method used here detects ligand-

binding interactions as a function of a drop in signal intensity due to a transfer of the 

protein’s short transverse relaxation time (T2) properties to the ligand. 19F CPMG or 1H 

CPMG are most common due to the high gyromagnetic ratios of 19F and 1H nuclei and thus 

lead to readily acquired spectra. 19F CPMG is widely used and effective due to the large 
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chemical shift range exhibited by fluorine, the reduced spectral overlap due to its much 

simplified spectra, and the absence of background signals. However, because we wanted to 

assess a wide array of compounds without being limited to ligands containing fluorine, we 

used 1H CPMG as the ligand-observed experiment for our benchmark study.

Protein-observed NMR experiments monitor perturbations to protein resonances. These 

protein resonances provide an in situ quality control since protein aggregation or 

precipitation events are readily detected by reduced intensity of the NMR resonances. 

Because different regions of the protein give rise to unique NMR resonances, protein-

observed experiments also provide information on changes in the chemical environment on 

the protein surface which can be used to characterize ligand binding sites and binding-

induced conformational changes. Typically, these experiments monitor the amide backbone 

in the case of 1H–15N HSQC NMR or the sidechain through selective side-chain labeling for 
1H–13C HSQC NMR, but this approach can be material-intensive, time-consuming, and 

expensive due to the need for isotopic labeling.13,18 The fluorine nucleus, as an alternative, 

is highly responsive to changes in the chemical environment. 19F is 83% as sensitive as 1H 

and 100% isotopically abundant (thus inexpensive,19 e.g., at $52 per gram, 5-fluoroindole is 

over 10–20-fold cheaper for either 13C- or 15N-labeled indole), facilitating detection of 19F 

at low concentrations (40–50 μM) for small and medium-sized proteins.20

Although alternative protein-observed NMR methods are available, PrOF NMR benefits 

from both a simplified NMR spectrum as well as being a sensitive reporter of weak binding 

interactions. As such, 19F NMR has been used in ligand discovery for both ligand-observed 

and protein-observed experiments.21–30 In some cases, protein-observed 19F NMR has 

proven advantageous when used in conjunction with other protein-observed NMR methods. 

In studying Equinatoxin II, Anderluh et al. found that 1H–13C HSQC NMR resulted in 

longer experiment times and a lower response than 19F NMR.31 Harner et al. reported a 7 

min experiment using SOFAST 1H–15N HSQC on a comparable bromodomain at 70 μM 

protein, compared with the 2 min PrOF NMR experiments reported here at 50 μM protein.32 

Additionally, Richards et al. reported in studies of Δ-somatostatin that 19F NMR offered 

improved Kd precision due to higher spectrum resolution and greater chemical environment 

sensitivity.33

As an alternative to 2D-NMR methods, chemical shift perturbation experiments using 1D 

protein-observed NMR can be valuable using an unlabeled protein.34 For the protein under 

study here, we found the chemical shift response from the 1H of the N–H of tryptophan34 to 

be 6–20-times less responsive than the equivalent PrOF NMR shift with acetaminophen and 

two compounds uncovered in this screen which will be described below (Figures S1 and S2). 

We have previously applied PrOF NMR for fragment-based screening of over 500 small 

molecules and characterized the bromodomains Brd4, BrdT, and BPTF using fluorine 

labeled aromatic amino acids 3-fluorotyrosine and 5-fluorotryptophan (5FW).24 Using this 

method, we reported the first molecule selective for BPTF over Brd4 using a simultaneous 

dual protein screening approach.23 However, due to a reduced surface coverage from 

labeling only a few side chains, the potential for false negatives was a concern which we 

sought to evaluate in this study.
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The first bromodomain of Brd4 represents an important model protein because of its high 

ligandability and the need for small molecule inhibitors of other bromodomains due to a 

growing understanding of their importance in regulation of disease. Bromodomains are 

epigenetic regulatory proteins, recognizing acetylated lysine residues present on histone 

tails. Of the 61 human bromodomains, Brd4 in particular has been shown to be involved in 

cancer, inflammation, and heart disease.35 However, many other bromodomains lack specific 

chemical probes for evaluating the pharmacological inhibition effects on their biology. In 

this study, we sought to compare PrOF NMR with the well-established 1H CPMG NMR 

method to evaluate the effectiveness of this technique as a screening method, as well as the 

complementarity between ligand-observed and protein-observed NMR techniques. 1H 

CPMG was chosen because it is frequently used as a screening technique,36 and we found it 

to be robust for this protein system. We sought to compare assay speed, hit overlap, and the 

potential for false negatives and false positives with PrOF NMR. To this end, we screened 

930 fragments against Brd4 using each method and discuss our findings regarding the 

potential advantages and limitations of the two methods.

RESULTS

PrOF NMR Results.

In the PrOF NMR screen, 930 fragments were tested in mixtures of five. Induced chemical 

shift perturbations and resonance broadening were used to rank-order hits. The PrOF NMR 

screen was performed in the presence of 2% DMSO, and because DMSO is a known 

bromodomain ligand that affects fluorine chemical shifts,24 all PrOF NMR screening 

experiments are compared with a 2% DMSO control sample. For assessing the speed and 

reproducibility of the experiment the screen was conducted twice with different numbers of 

scans leading to a 13 and 2 min NMR experiment time. The comparison of resonance 

perturbations between the long and short PrOF NMR experiments indicates that 2 min is a 

sufficient experiment time for acquiring screening data under these conditions (Figures S3 

and S4). Chemical shift perturbations from fragment binding between the 13 and 2 min 

experiments were very similar, with modest concordance for the line width broadening 

between the two screening times (Figure S3). In shorter experiments resulting in lower 

signal-to-noise ratios (S/N = 7:1), the ability to accurately measure changes in line width and 

integration values of resonances is diminished, while the induced chemical shift changes are 

still readily interpreted. When chemical shift is used as the primary indicator of a binding 

interaction, as is the case for this study, S/N ≥ 7:1 is sufficient.

Perturbation of chemical shift is used as the initial indicator of a binding interaction because 

we expect most of the active fragments to be relatively weak ligands (Figure 1). Weak ligand 

interactions (Kd > 100 μM) typically fall into the fast exchange regime on the NMR time 

scale, with highly reproducible chemical shifts. Broadening of a resonance is also an 

indication of a binding event, potentially in the intermediate exchange regime, and was used 

as a secondary measure. The first bromodomain of Brd4 has three tryptophan residues: W81 

(11 Å from N140, a conserved residue in bromodomains) is at the binding site, W75 is 18 Å 

from N140, and W120 is on the opposite end of the protein, 36 Å from N140 (Figure 2).
37–39 Because of the distance of W120 from the binding site, it is assumed that W120 is not 
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perturbed by ligands during the screen. Thus, when the 19F resonances corresponding to 

W81 or W75 are perturbed more than the greatest observed perturbation of W120, we 

conclude that a binding interaction is taking place. To capture as many potential binding 

interactions as possible for the analysis, we take a perturbation of 0.03 ppm for either W75 

or W81 to be the cutoff value indicating the lowest limit for a binding interaction because 

this was the highest perturbation observed for W120 (Figure 3). In this screen, 59.1% of 

mixtures yielded a perturbation of W81 greater than 0.03 ppm. As an example of seeking a 

more stringent hit-rate, the percentage of detected hits drops to 21% with a cutoff 

perturbation of 0.14 ppm, as illustrated in Figure 3.

Because PrOF NMR is a protein-observed technique, it cannot be determined which 

compound is binding to the protein in the mixture of five without further deconvolution in 

which each compound is tested individually. Because of the high hit-rate with Brd4, 20% of 

the mixtures were deconvoluted in order to reduce protein consumption while assessing a 

large representative sample of the hits in the screen. A total of 10% of the mixtures in the 

screen were selected to be deconvoluted due to broadening of the W81 resonance in their 

corresponding PrOF NMR spectra, and an additional 10% were chosen to span a range of 

PrOF NMR chemical shift perturbations (0.03–0.31 ppm) so as to capture both low- and 

high-affinity interactions, as well as assess five mixtures causing global loss of protein 

signals, potentially indicating the presence of aggregators.

A valuable strength of protein-observed NMR methods is their ability to quantify ligand 

affinities by titration. While chemical shift perturbation is a standard method for detecting 

ligand interactions, the magnitude of the perturbation also varies due to local chemical 

environment, so a larger shift does not necessarily correspond to a stronger interaction. To 

quickly rank-order hits from the PrOF NMR screen, we took 22 ligands (11 of which are 

publically available) and titrated each ligand into a single NMR tube containing 5-

fluorotryptophan-labeled Brd4 (5FW-Brd4; Figure 4, Figure S5). Using a single tube 

reduces protein consumption but results in error propagation from pipetting and does not 

control for the effect of DMSO (a known bromodomain ligand) or protein dilution. 

Additionally, the concentration of the ligands was not verified by quantitative NMR. We 

term these values Δδ50, whereas we ascribe dissociation constants to titrations that use 

distinct NMR samples for each titration point to keep the DMSO concentration consistent, 

with each sample made from fresh ligand stocks with a concentration verified by 

quantitative NMR. Using the more rigorous titration method, we obtained dissociation 

constants for five actives found in the screen.

1H CPMG Results.

In the 1H CPMG screen, the same 930 compounds were screened in the same mixtures of 

five. Some of the more potent compounds showed a 100% signal intensity reduction (Figure 

5). Due to the signal-to-noise from using 100 μM ligand, for a reliable measurement we 

assume the limit of detection for change in resonance signal intensity is 10%. A hit was thus 

defined by a 20% reduction in ligand signal intensity upon the addition of the protein to 

allow for a competition experiment. For the 1H CPMG screen, a competition step with a 

known potent ligand can significantly reduce false positive rates and at the same time 
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provide valuable information on the inferred binding site for the hit. For this reason, we 

performed the competition step using (+)-JQ1 as the competitor, and a competitive hit 

required a 50% recovery of the signal intensity upon the addition of (+)-JQ1 (i.e., a 10% 

reduction of the original signal intensity in the limiting case).40 Of the 930 compounds 

screened, 230 of the compounds were identified as hits (24.7%), with 190 (20.4%) 

compounds being competitive hits against (+)-JQ1.

Comparison of Results.

Due to the high hit rate in the PrOF NMR screen that is in part ascribed to the conservative 

chemical shift cutoff, not every mixture which contained a hit was deconvoluted. Because 

the same mixtures were used for both the PrOF NMR and 1H CPMG screens, we offer a 

comparison of the data as mixtures as well as the 190 compounds individually tested by 

PrOF NMR. When comparing the fragment mixture results between 1H CPMG and PrOF 

NMR, the two assays are 77% similar when using a competition 1H CPMG experiment 

(74% when results from the competition step are omitted). From the data for the 190 

individual compounds deconvoluted by PrOF NMR (38 mixtures), there was 85% similarity 

between the two assays when using a competition 1H CPMG experiment (80% when 

omitting the competition experiments; Figure 6). After deconvolution, nearly every mixture 

that was a hit by PrOF NMR contained at least one individual compound that bound, with 17 

of the 33 mixtures containing more than one hit. The only mixture that was a hit by PrOF 

NMR that did not identify a small molecule binder after deconvolution of the mixture had an 

initial W81 chemical shift perturbation of 0.033 ppm, barely above the cutoff of what is 

considered a hit in this screen.

While both assays have a large overlap in detected hits, we analyzed disagreements between 

the two screens to identify sources of potential false positives and negatives. For weak 

binding ligands, there were 10 discrepancies exhibiting only minor perturbation in one assay 

(i.e., chemical shift changes of 0.03–0.05 ppm in PrOF NMR or signal intensity drop of 20–

30% in 1H CPMG) and no perturbation in the other. In this case, the discrepancies can be 

explained by the weakest binders being missed by one of the two assays as the sensitivity 

limits of these assays are approached. In the case of stronger binding compounds, there were 

13 cases where there was a moderate to strong perturbation in one assay that was a 

nonbinder by the other assay (Table S1, 0.05–0.2 ppm, PrOF NMR; 30–100% signal drop, 
1H CPMG). In the case of 1H CPMG, seven ligands were detected as competitive hits but 

not detected by PrOF NMR, though only two of those exhibit a signal drop of greater than 

50%. These two compounds may bind deeply in the binding site, or at an allosterically 

coupled location, such that PrOF NMR may not have a fluorine probe close enough to detect 

the binding event and could thus be false negatives in the context of PrOF NMR. 

Additionally, there were two PrOF NMR hits that were noncompetitive hits by 1H CPMG, 

indicating that the ligands bound but were not competitive at the acetylated lysine binding 

site. These molecules may be consistent with either nonspecific binders or binding to a 

second site on the protein. By PrOF NMR, both of these hits perturbed W81 as well as W75, 

but because there are more than 10 fragments that perturbed both W81 and W75 in the PrOF 

NMR screen that were competitive hits by 1H CPMG, it is unlikely that W75 could be used 

to ascertain differential binding. From this analysis, we conclude that although a small 
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fraction of false positives and negatives were identified between the two methods, the 

majority of compounds that were missed by one of the two screening methods correspond to 

low- to moderate-affinity fragments. Importantly, only two fragments (1% of competitive 1H 

CPMG hits, 0.2% of total molecules in the screen) that scored as strong and competitive hits 

by 1H CPMG are potential false negatives by PrOF NMR (Table S1).

Small molecule-induced protein aggregation is a common artifact in many screens41 and can 

be a significant cause of false positives. Therefore, we also evaluated this effect in our study. 

In our screen, there were five mixtures where the resonances in the PrOF NMR spectrum 

were no longer visible, and these five mixtures were deconvoluted to reveal one compound 

from each mixture responsible for the signal suppression, potentially acting as protein 

aggregators (Figure S6). These molecules were not detected as 1H CPMG hits because of 

insufficient signal-to-noise ratios to analyze the data. However, if a competitive ligand-

observed experiment was conducted detecting the displacement of a “spy molecule,”11 these 

aggregators could result in false positives. Adding detergents to the screening buffer can be 

one way to reduce such effects. Due to the absence of fluorine in many commercial 

detergents, they are compatible with 19F-based ligand-observed and protein-observed 

experiments, although they were not used in our current study.

Prioritizing compounds based on affinity is important for carrying compounds forward in the 

lead discovery process. This is particularly true in cases of high hit rates in a fragment 

screen, such as described here. From our screening data and follow-up affinity 

determination, we found that both methods are fairly effective at triaging hits from the 

screening data. We used PrOF NMR titrations to determine the Δδ50 for 22 compounds. We 

then compared several parameters with Δδ50 and found that chemical shift perturbation in 

PrOF NMR and signal intensity reduction in 1H CPMG correlate modestly with Δδ50 

measured by PrOF NMR (Figure 7). Despite broadening being related to chemical exchange 

kinetics in PrOF NMR, there is a poor correlation between broadening and Δδ50 with Brd4. 

Interpretation of broadening in terms of relative affinity is complicated by the differences in 

chemical shifts between bound and unbound states which vary between ligands, as well as 

additional protein dynamics such as restricted mobility of side-chains due to binding 

interactions. Additionally, with higher affinity fragments, there are cases where the W81 

resonance is sharpening out of the baseline, approaching a fully bound state. This can result 

in situations where a broader resonance does not necessarily indicate a tighter binder. Thus, 

resonance broadening was not an effective method for ranking compounds in this PrOF 

NMR screen. However, when screening proteins with a lower ligandability, broadening of 

resonances in PrOF NMR could potentially be a useful parameter for rank-ordering 

compounds as well.

As further support for the successful identification of true bromodomain binders, several of 

the compounds identified in this screen have similar pharmacophores to known 

bromodomain inhibitors: oxazoles,42 triazoles,40,43 amidines,23 and ureas23,44 have all been 

previously reported.3 Additionally, we identified several ligands containing ketones, 

potentially acting as acetylated lysine mimetics. We thus conclude, that the conditions for 

screening fragments against Brd4 by both PrOF NMR and 1H CPMG were effective for 

uncovering new ligands.
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Dissociation Constant Determination.

Protein-observed NMR techniques, including PrOF NMR, have been utilized to quantify 

dissociation constants via ligand titration at a fixed protein concentration. These derived 

dissociation constants rely on chemical shift perturbations from a titration experiment. 

While titrations can be performed with 1H CPMG ligand-observed experiments, these 

experiments require rigorous controls to prevent offsetting effects from convoluting the 

measured dissociation constants and can also be time-consuming.27,45 These titrations are 

easily accomplished with PrOF NMR and can be used to prioritize compounds based on 

affinity and/or ligand efficiency. The dissociation constants obtained by this method were 

used to establish ligand affinities described above for comparing with resonance 

perturbations. Original affinity estimates were obtained by titrating a small molecule from 

the library stock directly into the protein solution, which can introduce errors as described 

above. To verify the rank ordering and more accurately measure the dissociation constants, 

the affinities of the top five compounds (molecules 1, 2, 3, 4, and 12) were determined by 

PrOF NMR (Figures S7–S11). The affinities shown in Table 1 ranged from 6.2 to 256 μM 

and were consistent with the rank ordering by Δδ50. Using the same samples, a 1D protein-

observed experiment was conducted monitoring the protein indole N–H resonances, however 

due to the lack of significant chemical shift perturbation upon ligand binding only two of 

five Kd values could be obtained but were in agreement with PrOF NMR values (32 vs 39 

μM for 1 and 148 vs 142 μM for 2).

To verify the rank-ordering of NMR hits by additional methods, we measured the top eight 

fragments by Δδ50 with thermal shift analysis (TSA) and isothermal titration calorimetry 

(ITC) with unlabeled Brd4. All eight showed an increased melting temperature of Brd4 by 

0.5 °C or greater by TSA (Figure S12), and five led to quantifiable dissociation constants by 

ITC (Figures S13–S15). Two of the molecules for which we were unable to quantify the 

affinities showed an incomplete binding isotherm trend, consistent with weak binding. One 

of the fragments that showed incomplete binding was 9. Seeking to verify binding 

measurements by another method, we attempted to measure the Ki of 9 and 1 by 

fluorescence anisotropy. While 1 resulted in a Ki of 10.8 μM (comparable to ITC 

measurements), the fluorescence anisotropy experiments with 9 still led to an incomplete 

binding curve supporting a weak binding affinity (Figure S16). In summary of these results, 

the rank-ordering of the hits by ITC and TSA matches the rank-ordering of hits by PrOF 

NMR Δδ50 determined by the initial titrations.

In comparison of Kd values from PrOF NMR titration and ITC, variations of 1.8- to 4.7-fold 

were observed. To determine the effect of fluorine incorporation on binding to Brd4, the 

dissociation constants of the two strongest binders, 1 and 12, were measured by ITC with 

5FW-Brd4 (Figures S13 and S14). In this case, the Kd values by ITC were similar (12, 3.4 vs 

2.8 μM; 1, 18.6 vs 14.7 μM). Besides error in fitting the data for the weak binding 

fragments, additional origins of these effects may be the 4-fold higher concentration of 

DMSO used in the PrOF NMR experiment (2% versus 0.5%) which can attenuate ligand 

binding. Comparison of the affinities obtained for the fluorinated proteins by PrOF NMR 

and ITC suggest this could exert a 2.2- to 2.6-fold effect. The 4.7-fold difference supports an 

added perturbation in binding beyond differences in experimental conditions. Therefore, we 
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conclude in the small sample of molecules studied that binding interactions seem to be 

minimally to modestly perturbed by fluorine incorporation (Table 1). These results are 

consistent with our prior studies.24

DISCUSSION

Because 1H CPMG (see Table 2) is a ligand-observed technique, the method can report on 

ligand solubility as well as ligand binding interactions. However, ligand-observed methods 

can suffer substantially when there are no known ligands for the desired target for 

optimizing the experiment. The known ligand allows the tuning of screening parameters, 

such as ligand and protein concentration, as well as the CPMG filter length. Acetaminophen 

was used as a test compound for this screen, which we previously determined to bind to 

Brd4 with a Kd between 230 and 290 μM. With unoptimized parameters, the signal change 

upon binding was negligible, but optimized ligand concentration (100 μM) and CPMG filter 

length (800 ms) resulted in a nearly 30% drop in signal intensity (Figure S17). Without a 

reference compound, one could screen an entire library while unknowingly using poorly 

optimized conditions. With protein-observed techniques, once the labeled protein has been 

obtained, the NMR parameters can all be optimized using only the protein. The effects of 

different ligand concentrations are more straightforward with protein-observed techniques 

(greater ligand concentration results in greater response) and can be initially estimated based 

on protein ligandability prediction. Importantly, a high-affinity reference ligand allows for 

competition CPMG experiments, which could help to avoid false positives resulting from 

nonspecific binding or protein denaturants. This highlights the utility of broad spectrum 

inhibitors for a class of proteins, such as bromosporine for bromodomains.47 As an 

alternative to a competition experiment to eliminate nonspecific binding with ligand-

observed NMR experiments, an STD NMR method exists that tests for specific binding by 

epitope mapping.48

A potential difficulty with using PrOF NMR is the ability to obtain fluorinated protein in 

sufficient yields, as well as the potential for the fluorinated protein to behave differently than 

the unlabeled protein, although neither of these have been problematic for bromodomains. 

Fluorine substitutions on aromatic rings tend to increase π–π stacking interactions by 0.5 

kcal/mol per fluorine atom.49 Work by Dougherty et al. found that incorporation of 5-

fluorotryptophan into proteins can reduce cation–π interactions by 0.6–0.8 kcal/mol.50,51 

These energetic differences result in a 4-fold change in binding affinity or less and would 

only occur if the fluorinated amino acid is directly involved in the binding interaction. ITC 

studies with 1 and 12 indicate no significant change in binding affinities between Brd4 and 

5FW-Brd4, consistent with prior studies using different ligands.24 However, the 4.7-fold 

difference in binding between the unlabeled protein and fluorine labeled protein for 

molecule 4 may reflect such a case.

Because only certain amino acids are fluorinated for PrOF NMR, some structural 

information is useful to determine which amino acids are close to the binding site of interest. 

Acetaminophen binds weakly with Brd4 and has been crystallized with the highly 

homologous bromodomain of Brd2. Assuming a similar binding mode between Brd4 and 

Brd2, the fluorine of W81 is 6.1 Å from the nearest heavy atom of acetaminophen (Figure 
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S18). However, with Brd4 bound to (+)-JQ1, W75 is also slightly affected (0.13 ppm) with 

the fluorine atom 11.3 Å away from the nearest heavy atom of (+)-JQ1. This latter effect 

may occur from a subtle conformational change not observed in the X-ray structure. Several 

other ligands in the PrOF NMR screen perturb both W81 and W75, so the distance 

dependence of the fluorine atom can vary. Aromatic amino acids tend to be enriched at 

protein–protein interfaces,52 and with bromodomains we found high conservation of 

aromatic amino acids near the binding site.24 Therefore, for these types of interactions it is 

highly likely that at least one aromatic amino acid will be close by to monitor.

Protein size will play a large role in the speed with which spectra can be acquired. A smaller 

protein results in rapid PrOF NMR experiments with lengthy 1H CPMG experiments, while 

for larger proteins the ligand-observed becomes the faster of the two methods. For a protein 

the size of Brd4, a PrOF NMR screen is substantially faster than a 1H CPMG screen (2 min 

vs 20–30 min for a single experiment, though experimental deconvolution is necessary by 

PrOF NMR), but as protein size increases, PrOF NMR will require longer experiment times 

due to a longer rotational correlation time leading to resonance broadening. Rule et al. has 

shown that a 65 kDa protein labeled with 5-fluorotryptophan can lead to broad but resolved 

resonances.46 In this case, experiment times would be significantly longer unless a more 

dynamic side chain is labeled.53,54 Because CPMG exploits the differences in rotational 

correlation between a small ligand and large protein, it exhibits the opposite trend; i.e., the 

responsiveness of CPMG increases with larger proteins. With larger proteins, higher 

concentrations of ligand can be used, dramatically reducing experiment time. One difficulty 

with 1H CPMG that could be resolved with software is the ability to work up screening data. 

Because of the potential for overlapping resonances, and the need to correlate resonances 

from the screen with baseline spectra of the individual ligands, automated data processing 

can greatly expedite the process.55

Finally, protein-observed techniques are inherently less prone to false positives as long as 

more than one resonance is present. Because there are NMR resonances in a specific pattern 

due to the local chemical environment of each observed nucleus, the spectrum will reveal 

whether or not a protein is in solution and well-folded. If the protein is denatured or 

degraded, the resonances coalesce, disappear, or sharpen. This is essentially an in situ 
quality control for every protein-observed experiment, reducing potential false positives. 

Additionally, because there are multiple resonances corresponding to amino acids at 

different positions on the protein, the perturbed resonances frequently correlate with the 

rough identification of the ligand binding site, although as with all protein-observed NMR 

experiments that rely on chemical shift perturbations, conformational effects cannot be ruled 

out. However, we have found that the chemical shift perturbations for bromodomains tend to 

localize to residues near the binding site.24 This type of analysis is useful if there are 

multiple binding sites on a protein construct where only one is the desired target. Gee et al. 
previously showed this in the context of the protein KIX, which possesses two binding sites.
21 Additionally, because multiple labels are present which may be outside known binding 

sites, there is the potential for serendipitously uncovering a cryptic binding site.

In conclusion, in this study we have benchmarked PrOF NMR as having comparable 

sensitivity to 1H CPMG with 85% assay overlap when an additional competition experiment 
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is employed in the 1H CPMG NMR experiment in the context of bromodomain screening. 

Without a competitor, the agreement between the two assays dropped to 80%. The similar 

hit-rate of PrOF NMR with the well-utilized 1H CPMG further validates PrOF NMR as a 

screening method for ligand discovery for similar proteins. Because the detection abilities of 

both methods were so similar, the decision of which biophysical screen to use as a primary 

screen is protein dependent, and the complementary nature of the data supports conducting 

both ligand- and protein-based experiments. Factors that can influence this decision are the 

availability of reference compounds, the ability to express protein in sufficient yields, 

protein size, and the presence of multiple binding sites. One advantage of 1H CPMG over 

PrOF NMR is the ability to avoid a time-consuming deconvolution step for the fragment 

mixtures. We found an 85% similarity between PrOF NMR of a representative set of 

deconvoluted mixtures and 1H CPMG, similar to the mixture data which was 77% similar 

between methods; as such, no further deconvolution was pursued. Due to the similarities in 

assay conditions, the possibilities of doing a sequential ligand-observed and PrOF NMR 

experiment during the same NMR screen may prove beneficial, eliminating the need for 

deconvolution.

MATERIALS AND METHODS

Preparation of Fragment Library.

The fragments in the screening library were initially analyzed by 1H NMR, and any 

compounds with low resonance intensity from low solubility or aggregation propensity were 

removed from the set. The fragments were then combined into mixtures of five in such a 

way as to maximize the diversity of compounds in each mixture, while avoiding mixing 

reactive functional groups. Although the fragment library consists of a majority of 

commercial fragments, several fragments are proprietary compounds of Eli Lilly & 

Company. Compound 12 was one such compound, whose structure has been omitted.

Expression of 5FW-Brd4 (42–168).

Unlabeled and 5FW-labeled Brd4 were expressed based on established methods23,24 using 

E. coli Bl21(DE3) + pRARE strains. To express the labeled protein, the secondary culture in 

LB media was grown until an OD600 of 0.6 was reached followed by harvesting. Cells were 

resuspended in defined media of Muchmore et al.56 containing 5-fluoroindole (60 mg/L) in 

place of tryptophan.57 The resuspended E. coli were incubated at 37 °C while shaking for 

1.5 h followed by cooling to 20 °C and media temperature equilibration for 30 min. Protein 

expression was induced with 1 mM IPTG overnight (14–16 h) at 20 °C. The cells were 

harvested and stored at −20 °C. Cell pellets were thawed at RT followed by the addition of 

lysis buffer (50 mM phosphate at pH 7.4, 300 mM NaCl) containing protease inhibitor 

PMSF (5 mM) as well as the Halt protease inhibitor and purified according to methods 

described in the Supporting Information using Ni-affinity chromatography. Yields following 

purification are 120 mg/L 5FW-Brd4 (>94% fluorine incorporation assessed by mass 

spectrometry). Purity of proteins was assessed by SDS-PAGE. Fluorinated amino acid 

incorporation efficiency in proteins was measured by mass spectrometry as described in the 

Supporting Information. Concentration was determined via absorbance at 280 nm.58
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Protein-Observed Fluorine (PrOF) NMR.

1D 19F NMR Parameters: 19F NMR spectra were acquired at 565 MHz on a Bruker Avance 

III spectrometer equipped with a quadruple resonance HFCN CryoProbe without proton 

decoupling, unless otherwise specified. Samples for binding assays contained 50 μM 5FW-

Brd4 and five fragments each at 400 μM in 50 mM Tris, 100 mM NaCl, and 5% D2O, at pH 

7.4. Spectra were referenced to trifluoroacetate (−76.55 ppm). Measurement parameters 

included a relaxation delay time of 0.7 s and a 58° pulse flip angle (based on the Ernst angle 

from T1 determination). An acquisition time of 0.05 s and a spectral width of 10 ppm were 

used for all experiments. Thirteen-minute screening experiments used 1000 scans, while 2 

min screening experiments used 160 scans. Small molecules were titrated into the protein 

solution from concentrated stock solutions of DMSO (100 mM). Final DMSO 

concentrations were kept at or below 2%. Proton decoupling was not used because it results 

in a reduction in signal intensity due to the negative nuclear Overhauser effect with large 

molecules. Additionally, the increased NMR line width from large biomolecules obscures 

couplings.

1H CPMG.
1H NMR spectra were first collected on all compounds in the fragment library to be used as 

reference spectra for deconvoluting screening data. Samples were prepared with 100 μM of 

each fragment and a 1H CPMG spectrum acquired of each mixture (with a CPMG filter 

length of 1.2 s and an interpulse delay of 2.5 ms). In a second step, a concentrated protein 

stock solution was then added to each sample to a final concentration of 10 μM Brd4, and a 
1H CPMG spectrum was recorded. Finally, known competitor (+)-JQ140 was added to a 

concentration of 20 μM, and competition was monitored by recovery of signal intensity.

Fluorescence Anisotropy.

Fluorescence anisotropy was measured from an excitation wavelength of 485 nm and an 

emission wavelength of 535 nm on a Tecan Infinite 500 plate reader using low volume 384-

well plates (Corning 4511). All experiments were carried out in 50 mM Tris, 150 mM NaCl, 

and 4 mM CHAPS at pH 7.4. The fluorescently labeled tracer, BI-BODIPY, was kindly 

provided by the laboratory of Prof. Wei Zhang and was synthesized according to published 

methods.59 For both direct binding and competition experiments, 25 μM stocks of a BI-

BODIPY stock solution in DMSO were diluted to a final concentration of 25 nM. For direct 

binding experiments, Brd4 was serially diluted from micromolar to subnanomolar 

concentrations. For competition experiments, Brd4 was kept at a constant concentration of 

156 nM, equivalent to 80% bound tracer as determined in direct binding experiments, and 

the concentration of competing ligand was serially diluted from micromolar to 

subnanomolar concentrations. Data were collected within 30 min after plating to minimize 

Brd4 binding to the plate surface. All experiments were carried out in triplicate. Acquired 

data were fit using GraphPad Prism. Kd values were determined by fitting to eq 1, which 

accounts for ligand depletion. In this equation, b and c are the maximal and minimal 

anisotropy values, respectively, a is the concentration of fluorescently labeled tracer, x is the 

protein concentration, and y is the observed anisotropy value.
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y = c + b − c Kd + a + x − Kd + a + x 2 − 4ax
2a

(1)

IC50 values were determined using GraphPad Prism’s log(inhibitor) vs response function. Ki 

values were obtained using a variant of the Cheng-Prussof equation from Huang.60

Isothermal Titration Calorimetry.

Experiments were carried out on a MicroCal Auto-iITC200 titration from Malvern with a 

cell volume of 200 μL and a 40 μL microsyringe. Experiments were carried out at 25 °C 

while stirring at 750 rpm, in ITC buffer (50 mM phosphate buffer at pH 7.4 and 150 mM 

NaCl). The microsyringe was loaded with a solution of ligands whose concentrations were 

accurately measured by quantitative NMR (ITC buffer with 0.5% DMSO-d6) and was 

automatically inserted into the calorimetric cell which was filled with an amount of the 

protein, Brd4, and 5FW-Brd4 (200 μL, 30 μM in ITC buffer with 0.5% DMSO-d6). The 

system was first allowed to equilibrate until the cell temperature reached 25 °C, and an 

additional delay of 60 s was applied. These first titrations were conducted using an initial 

control injection of 0.5 μL followed by 18 identical injections of 2 μL with a duration of 4 s 

per injection and a spacing of 150 s between injections. Afterward, a second titration was 

performed over this first titration without cleaning the cell. This second titration was 

executed with Continue Injections as Automation Method in MicroCal Auto-iTC200. 

Second titrations were conducted using 19 identical injections of 2 μL with duration of 4 s 

per injection and a spacing of 150 s between injections. The titration experiments were 

designed in such a fashion as to ensure complete saturation of the protein before the final 

injection. The heat of dilution for the ligands was independent of ligand concentration and 

corresponded to the heat observed from the last injection, following saturation of protein 

binding, thus facilitating the estimation of the baseline of each titration from the last 

injection. The collected data were corrected for ligand heats of dilution and deconvoluted 

using the MicroCal PEAQ-ITC Analysis Software to yield enthalpy of binding (ΔH) and 

binding constant (Kd). Thermodynamic parameters were calculated using the basic equation 

of thermodynamics (ΔG = ΔH − TΔS = −RT ln Kd, where ΔG, ΔH, and ΔS are the changes 

in free energy, enthalpy, and entropy of binding respectively). A single binding site model 

was employed by MicroCal PEAQ-ITC Analysis Software.

Thermal Shift Assays.

Thermal shift assay (TSA) measures the thermal stability of the Brd4 wild-type and the 

comparison between the melting temperature of apoprotein and melting temperatures in the 

presence of different compounds. The previous exploratory phase was performed to 

determine optimal experimental conditions for this assay in the same buffer as ITC (50 mM 

phosphate buffer at pH 7.4 and 150 mM NaCl). In a 96-well PCR plate with a sample of 20 

μL in each well (2.5% DMSO), Brd4 was at 26 μM, fragments were assayed at 250 μM, and 

Protein Thermal Shift Dye was utilized at 2× (Protein Thermal Shift Dye Kit from 

ThermoFisher Scientific). Fluorescence data were collected on an Applied Biosystems 7500 

FAST RealTime PCR System with an excitation range of 580 ± 10 nm. The fluorescence 

emission signal at 623 ± 14 nm was used for data analysis. Samples were preheated for 2 
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min at 25 °C. Then the temperature was continuously increased 2 °C/min from 24 to 99 °C, 

and finally samples were maintained for 2 min at 99 °C.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
PrOF NMR spectrum of 5FW-Brd4 and 1. In the presence of 1, the resonance for W81 is 

significantly shifted upfield consistent with binding near the acetylated lysine interaction site 

of Brd4.
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Figure 2. 
First bromodomain of Brd4 with all three tryptophan residues displayed in blue and labeled 

by residue number. Red spheres indicate the acetylated lysine binding site (generated by 

SiteMap). PDB ID: 3UVW.
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Figure 3. 
Analysis of the chemical shifts of the three resonances of 5FW-Brd4, comparing the 

percentage of mixtures perturbing the chemical shift of a particular resonance. Compound 2 
is shown in each graph with a dashed line indicating its chemical shift and broadening in the 

screen. (Top) With a chemical shift perturbation cutoff of 0.01 ppm or higher, W120 is 

perturbed in over 30% of mixtures, but with a 0.03 ppm cutoff, W120 is not perturbed. Thus, 

0.03 ppm perturbations of either W75 or W81, which are closer to the binding site, are used 

as the hit cutoff for PrOF NMR. (Bottom) A 0.03 ppm line width change for the resonances 

for W75 and W81 was also considered a hit cutoff.
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Figure 4. 
Selected molecules that were hits in the PrOF NMR screen. The Δδ50 was measured by 

PrOF NMR titration. Percent reduction in signal in the 1H CPMG experiment is indicated by 

percent drop, and the change in chemical shift upon the addition of ligand at 400 μM is 

indicated with Δδ.
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Figure 5. 
A 1H CPMG experiment of 1 and Brd4. Upon the addition of Brd4, the 1H resonances of 

fragment 1 signal intensity are reduced up to 100% in the top spectrum. Examples of 

reduced resonances are indicated by the dashed lines.
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Figure 6. 
Comparison of hit data between PrOF NMR and 1H CPMG from the fragment mixture data 

(A,B) as well as the individual deconvoluted compounds (C,D).
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Figure 7. 
A comparison of 20 different hits ranked by Δδ50 by PrOF NMR and different assay data 

(signal reduction in 1H CPMG in panel A or PrOF NMR chemical shift perturbation in panel 

B). A correlation is noticeable between Δδ50 and 1H CPMG signal drop, as well as Δδ50 and 

W81 chemical shift perturbation. While one could expect broadening of W81 to also 

correlate well, with Brd4 this is not the case. Using a protein with a lower ligandability 

could result in better rank-ordering with broadening, but with Brd4 many of the tighter 

binders are already coalescing at 400 μM ligand.
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