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CONSPECTUS:

Inhibitor discovery for protein–protein interactions has proven difficult due to the large protein 

surface areas and dynamic interfaces involved. This is particularly the case when targeting 

transcription-factor–protein interactions. To address this challenge, structural biology approaches 

for ligand discovery using X-ray crystallography, mass spectrometry, and nuclear magnetic 

resonance (NMR) spectroscopy have had a significant impact on advancing small molecule 

inhibitors into the clinic, including the U.S. Food and Drug Administration approved drug, 

Venetoclax. Inspired by the protein-observed NMR approach using 1H─15N-HSQC NMR which 

detects chemical shift perturbations of 15N-labeled amides, we have applied a complementary 

protein-observed 19F NMR approach using 19F-labeled side-chains that are enriched at protein–

protein-interaction interfaces. This protein-observed 19F NMR assay is abbreviated PrOF NMR to 

distinguish the experiment from the more commonly employed ligand-observed 19F NMR 

methods.

In this Account, we describe our efforts using PrOF NMR as a ligand discovery tool, particularly 

for fragment-based ligand discovery (FBLD). We metabolically label the aromatic amino acids on 

proteins due to the enrichment of aromatic residues at protein interfaces. We choose the 19F 

nucleus due to its high signal sensitivity and the hyperresponsiveness of 19F to changes in 

chemical environment. Simultaneous labeling with two different types of fluorinated aromatic 

amino acids for PrOF NMR has also been achieved. We first describe the technical aspects of 

considering the application of PrOF NMR for characterizing native protein–protein interactions 

and for ligand screening. Several test cases are further described with a focus on a transcription 

factor coactivator interaction with the KIX domain of CBP/p300 and two epigenetic regulatory 

domains, the bromodomains of BRD4 and BPTF. Through these case studies, we highlight 

medicinal chemistry applications in FBLD, selectivity screens, structure–activity relationship 

(SAR) studies, and ligand deconstruction approaches. These studies have led to the discovery of 

some of the first inhibitors for BPTF and a novel inhibitor class for the N-terminal bromodomain 

of BRD4. The speed, ease of interpretation, and relatively low concentration of protein needed for 
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NMR-based binding experiments affords a rapid, structural biology-based method to discover and 

characterize both native and new ligands for bromodomains, and it may find utility in the study of 

additional epigenetic proteins and transcription-factor–protein interactions.

Graphical Abstract

1. INTRODUCTION

Organofluorine research continues to open up new avenues of inquiry at the interface of 

chemistry and biology despite the dearth of naturally occurring organofluorine compounds.1 

As an example of biomedical impact, 98% of positron emission tomography scans use 18F, 

primarily from fluorodeoxyglucose.2 Fluorochemicals are highly prevalent as anesthetics,3 

and the percentages of fluorine-containing pharmaceuticals continues to increase; 47% of 

the 2018 U.S. Food and Drug Administration approved drugs contained fluorine.4 This 

increase is in part from improved metabolic stability from strong C─F bonds, beneficial 

tuning of physicochemical properties, and noncovalent interactions.4,5 In some cases, 

fluorination has led to an unusual mechanism of action, such as in the estrogen receptor-

degrading drug, Fulvestrant.6

Nuclear magnetic resonance (NMR) spectroscopy has also been impacted by organofluorine 

compounds. Some of the earliest chemical shifts analyzed used the 19F nucleus, providing 

insights on shielding and coupling.7,8 The first fluorinated ligands, N-acetyl-

fluorophenylalanines, binding to chymotrypsin were detected by 19F NMR in 1967,9 and the 

first fluorinated protein spectrum was obtained in 1974.10 19F magnetic resonance has now 

been used for molecular interaction studies,11 magnetic resonance imaging,12 and 

biomolecular structural analysis.13 In this Account, we describe our ligand-discovery 

applications using 19F NMR for the study of protein–protein interactions (PPIs). We refer to 

this approach as protein-observed 19F NMR (PrOF NMR) to distinguish the experiment 

from more heavily implemented ligand-observed 19F NMR methods.14

The estimated 650 000 PPIs in human cells are essential nodes in all biological processes.15 

Detailed understanding of the molecular mechanisms of PPIs and their dynamic regulation is 

thus necessary for determining the fundamental rules governing their function. Transcription 

factor PPIs are particularly challenging to both study and perturb their function given their 

binding promiscuity, transient interactions, and in some cases high regions of disorder; they 

are often termed “undruggable proteins”.16,17 However, this protein descriptor can evolve 

over time.
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Although many methods have been developed for PPI ligand discovery, our lab was inspired 

by how structural biology enabled inhibitor development for challenging proteins. One 

method for screening low complexity molecules, termed fragments, uses protein-observed 
1H─15N-HSQC NMR through analysis of protein amide resonances. Fesik and co-workers 

developed this approach in their seminal “SAR by NMR” (SAR: structure–activity 

relationship) report.18 We sought to develop a complementary NMR approach using side-

chain labeling with fluorine. Although it was clear from prior studies that 19F would be a 

sensitive reporter of ligand binding,19,20 it was uncertain if such a sparse labeling strategy 

would be useful for ligand discovery, particularly in the case of identifying low molecular 

weight fragments. Here, we first describe our initial insights for using PrOF NMR and the 

technical aspects of running a PrOF NMR experiment. Second, we describe our PrOF NMR 

ligand discovery efforts for the transcription factor interaction domain, KIX, of the 

coactivator CBP and its paralogue p300 (CBP/p300), and two epigenetic proteins, BRD4 

and BPTF. We conclude the Account regarding future areas for developing PrOF NMR.

2. WHY CHOOSE A PrOF NMR EXPERIMENT?

2.1. Magnetic Resonance Properties of the 19F Nucleus

The 19F nucleus has several favorable properties for biomolecular NMR. The first is a high 

gyromagnetic ratio. 19F is 83% as sensitive as 1H and thus the second most sensitive stable 

NMR-active nucleus.11 Unlike protons, due to the absence of fluorine in common buffers, 

detergents, and naturally occurring biopolymers, experimental setup for PrOF NMR can be 

performed rapidly without the need for background signal suppression, allowing for a broad 

array of solution conditions.21

An additional attribute of the 19F nucleus is a broad observable chemical shift range of 

fluorinated functional groups (Figure 1A). This is an indication of the responsiveness of the 

fluorine nucleus to subtle changes in chemical environment. Using a range of solvent 

conditions on model fluorinated compounds, we demonstrated that, under nonpolar 

conditions, such as those found in a protein interior, the change in chemical shift of the 

resonance for a 3-fluorotyrosine (3FY) analogue was 2.7-fold greater than the other tyrosine 

and tryptophan analogues studied.22 We attributed this to dipolar interactions of fluorine 

with the ortho-substituted hydroxyl group. The environmental responsiveness is also seen in 

the chemical shift dispersion in folded fluorinated proteins. For example, Lian et al. reported 

a 14.6 ppm shift range in 4-fluorophenylalanine (4FF)-labeled lysozyme.19 Seven 3FY-

residues incorporated into the first bromodomain of protein BRD4, spanned 12 ppm.23 

Regarding chemical shift perturbations from ligand interactions, we showed the chemical 

shift response of the fluorine resonance of 5-fluorotryptophan (5FW) was 6–20-fold more 

responsive than the indole NH.24 These results showcase how installing fluorine atoms into 

proteins leads to sensitive and highly responsive NMR probes for ligand-interaction studies.

One notable challenge for PrOF NMR is the high chemical shift anisotropy (CSA) of the 19F 

nucleus. CSA can be the dominant source of resonance broadening for medium to high 

molecular weight proteins.13 The CSA scales with the square of the field strength, limiting 

sensitivity gains at high magnetic fields. Despite these CSA concerns, we were attracted to 

this approach, as the side-chains of interest for mediating PPIs are primarily at the protein 
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surface.25 The surface accessibility leads to side-chain flexibility, helping to reduce 

resonance broadening. This property was apparent from the original NMR spectrum of 86 

kDa alkaline phosphatase, where all 11 tyrosine resonances are observable, albeit as broad 

resonances.10

2.2. Metabolic Fluorine-Labeling of Proteins and Spectral Acquisition

We favor sequence-selective 19F incorporation via metabolic labeling for PrOF NMR over 

site-selective methods such as cysteine bioconjugation or amber suppression, as typically 

only one or a few sites are labeled in these cases. With an unbiased labeling strategy, a more 

global coverage can lead to detecting orthosteric binding and the discovery of novel 

interaction sites.

We metabolically label proteins with fluorine-labeled aromatic amino acids. The enrichment 

of aromatic amino acids at PPI interfaces (e.g., Figure 1B-D),11,25 and their relatively low 

abundance, leads to a “goldilocks” phenomenon where a minimal set of fluorinated amino 

acids can be incorporated at important sites for protein function while reducing potential 

perturbation from fluorine incorporation. In some cases, however, even a small number of 

fluoroaromatics can stabilize protein structure, which we found for KIX,26 or destabilize 

such as for 3FY-labeled caldmodulin.27 In the latter study, fractional labeling was 

recommended.

The metabolic labeling of proteins using fluorinated amino acids is well-established.21,28 

For phenylalanine and tyrosine, auxotrophic bacterial strains, such as DL39(DE3), can be 

used. Alternatively, glyphosate inhibits the shikimate pathway prohibiting tyrosine, 

phenylalanine, and tryptophan biosynthesis.29 For fluorinated tryptophan incorporation, we 

favor the approach of Crowley et al., via the addition of fluoroindoles to the growth media. 

This produces fluorinated-tryptophan from serine via tryptophan synthase.30 This method is 

compatible with standard laboratory strains (e.g., BL21(DE3)). In many cases, highly 

fluorinated proteins (>90% label incorporation) are obtained in yields within 2–4-fold of the 

unlabeled protein expression.21 We have used these approaches to incorporate 2-

fluorotyrosine (2FY), 3FY, 5FW, and 4FF. Additional fluorinated probes incorporated into 

proteins by us and others can be seen in Figure 1A.

Acquiring a PrOF NMR spectrum is generally straightforward. We find 500–600 MHz field 

strengths to be the most suitable for PrOF NMR for globular proteins, although 700 MHz 

magnets have been used for studying G protein-coupled receptors with CF3-lableled side 

chains which have more narrow resonances resulting from fast bond rotation of the CF3 

group.31 Having a dedicated channel that tunes to 19F or 1H/19F is ideal. While the latter 

prohibits H─F heteronuclear experiments and 1H decoupling, the quality of spectra tends 

not to benefit from signal enhancement from decoupling based on the already broad 

resonances. The PrOF NMR experiments described below make use of chemical shift 

perturbations to analyze ligand binding sites, selectivity, and ligand affinities. However, 

additional structural and dynamics analyses have been conducted by others including 
19F─19F NOE experiments,32 dynamics studies of low populated protein states through 

saturation transfer and CPMG-relaxation dispersion,34 and solvent accessibility using 

solvent isotope effects.33
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3. CBP/p300 INTERACTIONS AND FRAGMENT SCREENING

3.1. KIX PPI Analysis by PrOF NMR

For developing PrOF NMR as a ligand discovery tool, we were drawn to the KIX domain of 

CBP/p300 (Figure 1B). These proteins are master coactivators of the cell,35 serving as 

central hubs for transcription factors and epigenetic regulators via their histone acetyl 

transferase (HAT) activity.36 The CBP/p300 KIX domain is an 80 amino acid helical protein, 

bound by over a dozen transcription factors including the mixed lineage leukemia protein 

(MLL),37 c-Myb,38 and the phosphorylation-dependent kinase inducible domain of CREB 

(pKID).39 The biological outcomes through CBP/p300-PPIs range from hematopoiesis,40 

long-term memory formation,41 and cell-cycle regulation,42 many of which are mediated by 

the KIX domain. Despite varied biological functions of KIX–transcription-factor 

interactions and disease relevance, prior ligand discovery approaches have led to few small 

molecule inhibitors, consistent with the known difficulties of targeting dynamic coactivator–

transcription-factor interfaces.36 As prior efforts using 1H─15N-HSQC NMR yielded few 

ligands,43 we reasoned that a biophysical approach using 19F-labeled protein side chains 

might provide a new handle for ligand discovery and allow us to test the practical limits of 

PrOF NMR.

Given the responsiveness of fluorine resonances to differing chemical environments, we 

anticipated a PrOF NMR approach would provide a simplified experiment to characterize 

native PPIs in this dynamic protein, and to sensitively report on small molecule interactions 

where weak affinities were anticipated. In KIX, seven aromatic amino acids are present. The 

majority of the aromatic amino acids are important for regulating KIX PPIs or protein 

stability and would cover both known binding sites for MLL, c-Myb, and pKID. Using a 

DL39(DE3) cell line, we labeled KIX with 3FY. Y631 is in the MLL binding site, and Y649, 

Y650, and Y658 are located around the second binding site for c-Myb and pKID. Prior to 

PrOF NMR analysis, we noted only a minimal perturbation from fluorine incorporation to 

both KIX structure and function based on native ligand binding (~2-fold changes in Kd) and 

a similar α-helical content by circular dichroism (CD).26

After assigning the NMR spectrum, we determined the binding footprints of MLL, pKID, 

and c-Myb by monitoring chemical shift perturbations. Despite a sparse labeling strategy, we 

identified differences in interactions with pKID and c-Myb which have distinct but 

overlapping binding sites.26 Labeling at F612 with 4FF was introduced to confirm binding 

of MLL. We have since shown that two fluorinated amino acids can be incorporated 

simultaneously for better coverage of the MLL-binding site (Figure 2A,B).44

Prior research showed transcription factors bind to KIX through two distinct binding sites 

and potentiate binding affinities for ternary complex formation ~2-fold in most cases,39 but 

as high as 20-fold in others.45 NMR analysis has focused on the backbone amides and 

aliphatic side chains.46-48 Using PrOF NMR, we showed that the aromatic amino acid side 

chains also report on allosteric interactions. For c-Myb- and pKID-binding, a flexible loop in 

the MLL binding site has differential responses suggesting subtle differences in binding 

mechanisms.26 Allosteric effects in the reverse direction were more difficult to observe, in 

which case 3FY-labeled KIX showed no side chain movements in the c-Myb/pKID site.26 
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Using 2FY-labeled KIX, we reasoned this protein construct would behave more similarly to 

unlabeled KIX given the higher pKa of 2FY (9.2 vs 8.4 for 3FY and 10.1 for tyrosine).22 

Indeed, this protein can now report on MLL-induced allosteric effects at Y650.22 We 

anticipate this labeling approach will be useful for studying positive and negative allosteric 

regulators of KIX.

3.2. Putting PrOF NMR into Practice for Ligand Discovery of the CBP/p300 KIX Domain

Our initial report used fluorinated KIX as a protein-based NMR tool to also discover small 

molecule interactions.26 The area of fragment-based ligand discovery (FBLD) has emerged 

as one promising approach for PPIs, and such a study was an excellent test case for a sparse 

labeling strategy to detect both small and weak interacting ligands. Although a pilot study of 

50 fragments supported the suitability of this approach,26 Gee et al. were the first to put 

fragment screening into practice by screening 508 fragments against the 3FY-KIX domain 

and monitoring chemical shift perturbation at a single concentration.49 Mixtures resulting in 

chemical shift perturbations were deconvoluted by testing each compound to reproduce the 

binding behavior (e.g., Figure 2C). An advantage of PrOF NMR is the opportunity for rapid 

ligand titrations by monitoring a change in chemical shift for Kd determination. For low 

affinity ligands, fast chemical exchange kinetics are typically observed under the conditions 

of eq 1, where the chemical shift at a given ligand concentration is a weighted average of the 

bound (νA) and unbound states (νB). The Kd is determined with eq 2 by nonlinear 

regression using the total protein and ligand concentrations (P and L) and the chemical shift 

perturbation (Δδexp). A 1H─15N-HSQC experiment and SAR-by-commerce was conducted 

to verify and follow-up hits. These results demonstrated the use of PrOF NMR for FBLD 

and enabled ligandability analysis of the KIX domain. In this instance, ligands were only 

found to affect resonances near the MLL site and not the c-Myb/pKID site, suggesting a 

peptidomimetic approach might be better for the latter due to the low ligandability.

νinterconversion ≫ ∣ νA − νB ∣ (1)

Δ∂max = Δ∂exp
(Kd + L + P ) − (Kd + L + P )2 − 4PL

2P
(2)

An unexpected finding using 4FF/3FY dual-labeled-KIX revealed one of the fragments 

binding to a third site near Y631 on the protein.44 Using PrOF NMR, 1H─15N-HSQC 

NMR, in-silico solvent mapping, and small molecule docking, we identified a previously 

uncharacterized small molecule binding site with an elaborated fragment 2 (Kd = 740 μM, 

Figure 2D) and KG-501,43 a known CREB-KIX inhibitor of moderate affinity (Kd = 115 

μM). This new binding site offers the potential to negatively regulate transcription factor 

binding without competing with native PPIs.

Given the speed of the experiment (~4–5 min at 50 μM KIX), our KIX ligand discovery 

efforts have translated into the classroom for use of fragment screening in a curriculum-

based undergraduate research experience (CURE).50 We use Ni(II) chelates as T1 relaxation 

agents to reduce experiment time and increase the experiment accessibility in a CURE 
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setting.51 We can further reduce experiment times to 1–2 min with cryoprobes, or a 30 min 

experiment using a room temperature broadband probe at 400 MHz with T1 relaxation 

agents.

4. PrOF NMR APPLICATIONS IN EPIGENETICS

Epigenetic mechanisms of controlling gene expression are defined as heritable modifications 

to DNA, RNA, and proteins.52 Our lab has developed chemical tools to study the recognition 

of histone lysine acetylation, which facilitates the accessibility of chromatin and can be 

dysregulated in disease. Using PrOF NMR, we focused on identifying the substrate 

specificity of effector proteins involved in recognition of histone acetylation, and chemical 

probe development for bromodomain-containing proteins.

Bromodomains are left-handed helical bundles that recognize lysine acylation states.53 

Histone hyperacetylation correlates with activated transcription, with bromodomain-

containing proteins playing a role in recruiting transcription factors to hyperacetylated loci.
54 Substrate recognition by most bromodomains is via conserved asparagine and tyrosine 

residues in the binding pocket, which form direct and water-mediated hydrogen bonds to 

acetyl-lysine.55 When we became interested in studying bromodomains, few selective 

chemical probes were available to distinguish the diverse functions of the 46 human 

bromodomain-containing proteins.55 Given the transient interactions between 

bromodomains and their native targets, assay techniques to study bromodomain–ligand 

interactions were limited. Our initial structural analysis of the 61 human bromodomains 

found that the binding sites of bromodomains were enriched with aromatic amino acids and 

nearly half of the human bromodomains contained greater than four aromatic residues.23 

This suggested PrOF NMR may be generally suitable for bromodomain analyses.

4.1. Fluorinated Amino Acids are Sensitive Probes for BRD4 Ligand Discovery

We initially applied our approach to the first bromodomain of BRD4 (BRD4-D1), a member 

of the bromodomain and extraterminal (BET) family of proteins. BRD4 is an emerging drug 

target, in part due to its regulation of Myc expression.56,57 BRD4-D1 has three tryptophan 

and seven tyrosine residues; five of these aromatic residues are within 10 Å of the binding 

site (Figure 1C) and serve as reporters of small-molecule binding. Three tryptophan residues 

are distributed on the protein with W81 in the “WPF-shelf” region of the binding site, W75, 

an intermediate distance away, and W120 is on the opposite side of the protein. In the 

BRD4-D1 PrOF NMR spectra, the three resonances for 5FW are dispersed over 2 ppm and 

3FY residues span over 12 ppm (Figure 3A, B).23 We determined fluorination of these 

proteins caused minimal perturbation using isothermal titration calorimetry (ITC), CD, and 

protein crystallography, supporting comparable ligand binding in unlabeled bromodomains 

to that of 19F-labeled proteins.

In ligand-binding experiments, W81 functions as a reliable reporter for ligand binding due to 

its proximity to the binding site. Our initial binding experiments used a high affinity 

chemical probe, (+)-JQ1.58 19F resonances for W81 exhibited the largest chemical shift and 

slow chemical exchange binding effects (Figure 3A).23 In this case, both the unbound and 

bound resonances corresponding to the protein binding site remained well-resolved, 
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consistent with a long residence time on the protein. 3FY-labeled BRD4-D1 gave similar 

results affecting resonances Y97, Y98, and Y139 consistent with the (+)-JQ1-binding 

footprint and Y137 near, but outside the binding site (Figure 3B). We characterized the small 

molecule acetaminophen, which has the molecular weight of a fragment molecule (151 g/

mol, Figure 3D),23 and whose affinity was unable to be characterized by fluorescence 

anisotropy (FA) and TR-FRET due to its weak affinity, despite several cocrystal structures 

being obtained.59 By PrOF NMR, a highly responsive binding isotherm could be obtained 

for 3FY- and 5FW-labeled BRD4-D1, yielding a Kd of 290 and 230 μM, respectively, based 

on the resonances for Y139 and W81.23 Quantification of such a small molecule interaction 

motivated our FBLD-bromodomain studies.

In collaboration with Eli Lilly and Co. we compared PrOF NMR with a ligand-observed 

NMR experiment, 1H─CPMG, to evaluate the strengths and weaknesses of both methods. 

In the 930-fragment screen, there was >80% agreement between the methods.24 However, in 

the case of hits that were competitively displaced with a known inhibitor, 9% of the hits 

were not detected by PrOF NMR, indicating potential false negatives from fluorine 

perturbations to binding, or a binding event unable to induce a fluorine chemical shift. Two 

of the top binding hits were evaluated by ITC using fluorinated and unlabeled proteins and 

shown to have comparable Kd’s. However, we observed fluorine-labeling to prevent 

fragment binding in other studies.62

We further combined PrOF NMR and 1H─CPMG to test the suitability of screening more 

3D-enriched fragments for discovering selective bromodomain inhibitors.62 After 

conducting a round of SAR by PrOF NMR, we identified an underrepresented thiazapane 

scaffold as a new BRD4-D1 ligand (Figure 3D). PrOF NMR characterized a thiazapane with 

a 10-fold affinity enhancement and good ligand efficiency (Kd = 20 μM, 0.40 respectively)

To place PrOF NMR in context with existing approaches, 1H-CPMG had the advantage of 

avoiding the deconvolution step to identify hits, and PrOF NMR provided a more rapid 

experiment for the 15 kDa bromodomain and led to reliable Kd determinations for rank-

ordering compounds. Using these methods in parallel is more robust for screening and is 

rapid for ligand deconvolution.

SOFAST-HMQC experiments with bromodomains can be acquired in ~7 min under similar 

conditions.64 PrOF NMR can be obtained ~3–4 times faster on fluorine-tuned cryoprobes, 

although amide-detected experiments have better surface coverage. 1D 1H NMR using 

indole NH experiments was also compared and showed the 1H chemical shift response was 

6–20-fold lower.24 In addition, we find fluorine chemical shift measurements to be highly 

reproducible and find changes larger than 0.03 ppm to be reliable for reporting on binding.24 

We thus find PrOF NMR to be a valuable and complementary experiment for fragment 

screening.

4.2. Screening Protein Mixtures by PrOF NMR

An important finding from our PrOF NMR study with BRD4-D1 was that fluorinated 

proteins could be screened in mixtures.60 A relatively simple spectrum of sufficiently 

resolved resonances was observed from a mixture of two 5FW-labeled bromodomains from 
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BRD4-D1 and BPTF (Figure 3C, bottom). Although bromodomains are similar in sequence 

around the binding site, the sensitivity of the 19F nucleus to differing chemical environments 

still led to good resonance dispersion. Few selective inhibitors were known at the time for 

non-BET family bromodomains, such as BPTF, while a surprising number of kinase 

inhibitors were shown to inhibit BET-family bromodomains.65,66 Screening two 

bromodomains at once allowed for assessing selectivity at the outset for both proteins. As a 

proof of principle, we characterized several known kinase-bromodomain inhibitors which 

bound to either BRD4 or BPTF, demonstrating the utility of analyzing two proteins in the 

same NMR experiment.23

In a follow-up report, we screened a library of kinase inhibitors against a mixture of the 

BPTF and BRD4-D1 bromodomains to identify molecules that were selective for either 

BRD4-D1 or BPTF.60 From this 229-compound screen, we identified three selective BPTF 

hits and 15 selective BRD4-D1 hits. These binders were characterized using ITC, FA and 

differential scanning fluorimetry to yield the first selective inhibitor of BPTF, an arylurea 

AU1, and a series of trisubstituted imidazoles with selectivity for BRD4-D1 over BPTF 

(Figure 3C).

4.3. PrOF NMR Enables D1-Selective BET-Inhibitor Discovery

We identified the BET-bromodomain inhibitor, 1,4,5-trisubstituted imidazole SB-284851-

BT, as a dual p38α/BRD4 ligand. Similar p38α inhibitors were identified from two prior 

reports.65,67 While these studies and our dual screen showed these molecules bound BRD4-

D1, the selectivity profiles within the BET family were not evaluated. We followed-up 

testing for intra-BET selectivity using new analogues including molecule V (Figure 3D) and 

found a >55-fold selectivity for BRD4-D1 over BRD4-D2.63 This trend was consistent 

between the two bromodomains of BRDT. Using a cocrystal structure of V, we identified a 

conserved structured water from the binding site being displaced by the fluorophenyl group 

of V, a surprising finding given the stability of this water network and its role in substrate 

recognition.68 This result in part supported a smaller energetic penalty of displacing this 

structured water in BRD4-D1 than in BRD4-D2.63 To demonstrate the efficacy of a BET-D1 

inhibitor, we showed compound V reduces proliferation of MM.1S, a BRD4-sensitive cell 

line, through inhibiting c-Myc expression.63 Encouraged by the lack of available BET-D1 

selective molecules, V, is a promising lead for future chemical probe development.

To date, PrOF NMR has been well-established for FBLD for BET bromodomains and is a 

complementary biophysical experiment to ligand-observed NMR.21,23,24 The rapid Kd 

determination has been used for SAR generation and rank-ordering compounds.24,51 Finally, 

a novel multiprotein screening approach has led to a new inhibitor class with an unexplored 

binding interaction for tailoring BET bromodomain selectivity.60,63

4.4. BPTF Bromodomain Inhibitors Developed by PrOF NMR

Our PrOF NMR ligand discovery efforts have also been applied toward the bromodomain 

and plant homeodomain (PHD) containing transcription factor (BPTF). BPTF is the largest 

component of the nucleosome remodeling factor (NURF). NURF regulates gene expression 

by altering chromatin accessibility and recruitment to promoter regions via BPTF.69 BPTF 
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dysfunction has been linked to cancer.70-72 The first indications for a role in cancer were 

found by Rotter and co-workers demonstrating that BPTF overexpression was linked to a 

malignant phenotype and showing that knockdown of BPTF prevented cell proliferation in 

lung cancer.72 More recently, an additional oncogenic role of BPTF is through regulating 

Myc function via a Myc-BPTF PPI.73

Given the biological significance of BPTF, we were drawn to this protein based on a lack of 

chemical inhibitors for its bromodomain. A WPF shelf motif, found in ~30% of 

bromodomains such as BRD4, is present in BPTF.55 This motif has a key role in the analysis 

of binding to bromodomains, and proteins can be fluorinated at the tryptophan for PrOF 

NMR.

Our first attempt at fluorinating the BPTF bromodomain focused on 5FW-labeling the WPF 

shelf (W2950 or W2824 based on PDB nomenclature).23 Fluorination does not significantly 

affect helicity or thermal stability as assessed by CD, nor overall fold based on X-ray 

crystallography (Figure 4A).60,74 Given the weak affinity of histones for bromodomains, we 

quantified the affinity of native histone H4 acetylated at lysine 16 (H4Kac16) by PrOF 

NMR, showing binding consistent with prior reports.75 PrOF NMR was also used to 

quantify new bromodomain interactions with acetylated peptides based on isoform I of the 

histone variant H2AZ.1 (Figure 4B), and to characterize bromodomain selectivity for 

H2AZ.1 via PrOF NMR using a panel of fluorinated bromodomains.75 This result was 

notable as the first characterization of a direct H2AZ-bromodomain interaction.

For small molecule discovery, early results from our dual screening assay with BRD4 and 

BPTF as described above were encouraging.60 The identification of a dual kinase-

bromodomain ligand, BI2536 for BPTF (Kd = 37 μM, Figure 4B)60 whose binding 

interaction had gone undetected in thermal shift and Bromoscan assays,65,66 demonstrated 

the sensitivity of PrOF NMR. In addition an amino oxadiazole and arylurea, AU1, were 

found to bind the bromodomain of BPTF over BRD4 (Figure 4B).60 AU1 was the first 

reported small molecule ligand for the bromodomain of BPTF with selectivity over the BET 

bromodomain BRD4-BD1. PrOF NMR was unable to quantify affinity based on an 

intermediate chemical exchange process, so ITC was used to determine a Kd of 2.8 μM. A 

BPTF-dependent-luciferase reporter assay with AU1 demonstrated the importance of the 

bromodomain in regulating transcription in live cells.

After the discovery of AU1, efforts turned to using PrOF NMR for medicinal chemistry 

optimization to improve the performance of AU1 as a BPTF bromodomain ligand, including 

both SAR and ligand deconstruction (Figure 5).74 During the SAR phase, the (S)-enantiomer 

of AU1 was determined to be responsible for bromodomain binding, and numerous 

analogues were developed to probe whether improved protein contacts could be made. As a 

second application of PrOF NMR, a quantitative ligand-deconstruction approach was used to 

optimize important sites for binding to the bromodomain.74 Most of the deconstructed 

fragments exhibited binding with similar ligand efficiencies to the bromodomain of BPTF, 

suggesting that the efficacy of AU1 toward binding was the result of several weak contacts 

dispersed throughout the molecule. Although significant improvements in affinity were not 
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achieved, this study demonstrated the suitability of PrOF NMR for ligand discovery and hit-

to-lead optimization studies.

As the first BPTF ligand, AU1 was studied in a cellular context. In Eph4 mammary 

epithelial cells, Frey et al. demonstrated AU1-dependent BPTF inhibitory effects on 

chromatin accessibility and cell survival.76 Treatment of Eph4 cells with AU1 decreased c-

Myc DNA occupancy consistent with disrupting a BPTF-Myc PPI. AU1 treatment also led 

to cell cycle arrest in the G1 phase, reducing proliferation of Eph4 cells. ATAC-Seq 

experiments showed a change in chromatin accessibility, consistent with BPTF knockdown 

experiments. Although AU1 remains imperfect with additional kinase off-targets, Kirberger 

et al. identified a chronic mylogenous leukemia cell line, K562, that was BPTF-sensitive 

using a combination of CRISPR-Cas9 gene deletion studies and activity with only the active 

(S)-enantiomer of AU1, opening up a new area of inquiry for BPTF inhibitors.74 Given the 

success of PrOF NMR-mediated inhibitor discovery for the BPTF bromodomain, future 

experiments will study the PHD domain, which contains an aromatic box for recognizing 

histones (Figure 1D).69

5. CONCLUSION AND 19FUTURE OUTLOOK

PrOF NMR has provided valuable structural information on challenging proteins since 1974, 

and, encouragingly, research laboratories have started to evaluate its promise against a 

diverse array of targets.11-13,77-80 However, as the concept of employing PrOF NMR for 

medicinal chemistry is relatively new, we anticipate the two significant challenges of protein 

size and resonance assignment will be addressed soon. Although CSA effects are limiting 

for screening large proteins, exciting progress has been made in developing TROSY-based 

experiments leading to the study of 180 kDa proteins.81 To address sequence assignments of 

fluorinated proteins, pulse sequences can be applied if the backbone amides are assigned.82 

We and others have attempted computational predictions, but the success has been limited;
83-85 we anticipate new approaches to address this challenge will be enabling. Given the 

simplicity of PrOF NMR experiments, future impactful findings may lie in the analysis of 

complicated biomolecular systems, whether in cellular environments77 or of large 

multidomain proteins. For those that are attracted to this biorthogonal atom, its potential 

continues to excite.
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Figure 1. 
(A) Chemical shift ranges of fluorine-labels incorporated in proteins, referenced to 

trifluoroacetate (red). Representative proteins (gray) and ligands (orange) for PrOF NMR in 

(B) KIX with MLL and c-Myb (PDB: 2AGH), (C) BRD4-D1 with acetylated histone H4 

(PDB: 3QZT), and (D) PHD finger of BPTF with trimethylated histone H3 (PDB: 2F6J). 

Tyrosines (red), tryptophans (cyan), and phenylalanines (blue) within 10 Å of binding sites.
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Figure 2. 
(A) Titration of dual 3FY/4FF-labeled KIX with MLL; perturbed residues are highlighted in 

yellow in (B) (PDB: 2AGH). (C) PrOF NMR screening identifies a fragment interaction near 

Y631. Adapted with permission from ref 44. Copyright 2018 John Wiley & Sons. (D) 

Ligands characterized using 3FY-KIX.
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Figure 3. 
PrOF NMR titrations of (+)-JQ1 in BRD4-D1 labeled with (A) 5FW and (B) 3FY. (C) 

Screening of kinase inhibitors against mixtures of 5FW-BRD4-D1 and 5FW-BPTF (adapted 

with permission from refs 23 and 60. Copyright 2014 and 2015 American Chemical Society, 

respectively). (D) Bromodomain inhibitors and fragments characterized by PrOF NMR.
23,61-63

Divakaran et al. Page 19

Acc Chem Res. Author manuscript; available in PMC 2021 May 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. 
(A) Structural representation of BPTF domains and overlay of 5FW-labeled and unlabeled 

BPTF bromodomains (Reproduced with permission from ref 74. Copyright 2019 The Royal 

Society of Chemistry). (B) BPTF ligands characterized by PrOF NMR.
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Figure 5. 
Ligand deconstruction of (S)-AU1. A representative PrOF NMR titration for Kd 

determination of F6 (Reproduced with permission from ref 74. Copyright 2019 The Royal 

Society of Chemistry).
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