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Abstract

Chemical inhibition of epigenetic regulatory proteins BrdT and Brd4 is emerging as a promising 

therapeutic strategy in contraception, cancer, and heart disease. We report an easily synthesized 

dihydropyridopyrimidine pan-BET inhibitor scaffold, which was uncovered via a virtual screen 

followed by testing in a fluorescence anisotropy assay. Dihydropyridopyimidine 3 was subjected 

to further characterization and is highly selective for the BET family of bromodomains. Structure-

activity relationship data and ligand deconstruction highlight the importance of the substitution of 

the uracil moiety for potency and selectivity. Compound 3 was also cocrystallized with Brd4 for 

determining the ligand binding pose and rationalizing subsequent structure-activity data. An 

additional series of dihydropyridopyrimidines was synthesized to exploit the proximity of a 

channel near the ZA loop of Brd4, leading to compounds with submicromolar affinity and cellular 

target engagement. Given these findings, novel and easily synthesized inhibitors are being 

introduced to the growing field of bromodomain inhibitor development.
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Introduction

Bromodomain modules are essential protein recognition domains for transcriptional 

regulation. Bromodomains function through selective binding to N-ε-acetylated lysine side-

chains, most notably on histones and transcription factors. Additional enzymatic and 

scaffolding function can then be recruited to DNA via other domains within the 

bromodomain-containing protein for modulating gene transcription. The BET 

(bromodomain and extra-terminal) proteins are a subfamily of bromodomain-containing 

proteins consisting of Brd2, -3, -4, and -T, each of which contains tandem bromodomains, an 

extra-terminal motif, and in the case of Brd4, a C-terminal protein-protein interaction 

domain. BET proteins have attracted growing clinical interest due to their significant role in 

human health and disease. BrdT, which is testis-specific, has emerged as a promising target 

for male contraceptive agents due to its role in regulating spermatogenesis.1 The other BET 

bromodomains play a critical role in a number of pathologies.2 In particular, Brd4 regulates 

the transcription of the oncogene c-Myc.3 In the clinic, several pan-BET inhibitors are under 

study against various cancers including multiple myeloma, NUT-midline carcinoma and 

glioblastoma multiforme.3,4 Outside of cancer, Brd4 also plays a role in affecting viral 

activation and cardiac disease.3,5–7

Small molecules I-BET762 (1)8 and (+)-JQ1 (2)8,9, both based on a triazoloazepine scaffold, 

were the first described pan-BET inhibitors in the primary literature. Recently, compound 2 
related memory deficits in mice10 and drug resistance against both triazoloazepines11 have 

been described. These issues motivate the development of additional BET inhibitors. New 

chemotypes are therefore desirable for the optimization of the pharmaceutical properties of 

BET inhibitors as alternatives for clinical development. The first reported synthesis of 2 was 

completed in four steps, including three transformations carried out in one pot in the final 

step.9 Subsequently, a scalable synthesis of 2 that utilized less toxic reagents and the same 

number of steps was described.12 Several other scaffolds have been reported as pan-BET 

inhibitors.2,13–17 The most accessible inhibitor reported to date was synthesized in two steps, 

the first of which was a multicomponent reaction, highlighting the demand for rapid, facile 

syntheses.18
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In this report, we describe using a high-throughput virtual screen optimized for the first 

bromodomain of BrdT (hereafter referred to as BrdT(1)) to discover new binding scaffolds, 

followed by validation of these lead compounds (Figure 1). Structure-activity relationships 

(SAR), ligand deconstruction, and binding pose were subsequently explored for the most 

potent compound found from the virtual screen, compound 3, which is especially accessible 

due to its facile synthesis. Structure-guided attempts to access a new binding site on the 

protein surface of Brd4(1) based on the co-crystal structure with 3 led to additional gains in 

potency for analogs of 3. To facilitate future studies using 3 and subsequent analogs as 

chemical probes, a bromodomain selectivity screen was also carried out, demonstrating high 

selectivity for the BET class of bromodomains. Herein, we describe a facile synthesis of 

pan-BET inhibitors with submicromolar potency based on a novel dihydropyridopyrimidine 

scaffold.

Results

We chose to pursue inhibition of BrdT because of its role in spermatogenesis, making BrdT 

a promising target for male contraception. The high-throughput virtual screen was 

performed with a library of six million compounds from the ZINC database that were 

docked against BrdT(1) using the PDB structure 4FLP in a low-precision mode. The 

molecules scoring in the top 0.4% were selected, refining the list to 24,000 hits. Increasing 

precision and applying computational filters for removal of potential pan-assay interference 

compounds (PAINS) and non-druglike compounds ultimately refined the number of hits to 

200.19 A total of 22 commercially available compounds (Figure 2 and Figure S1) were 

selected from the 200 compounds for further testing. The choice of compounds was made 

qualitatively by visual inspection and applying multiple parameters, which included Lipinski 

and Weber rules, identification of toxicophores, scaffold novelty, and commercial 

availability at an affordable price. In addition, optimal shape complementarity in the binding 

pocket and the presence of multiple hits of the same scaffold were major factors in the 

selection of compounds for testing.

The selected compounds were initially tested by fluorescence anisotropy because of the 

assay’s modest requirements of material and ability to provide quantitative binding 

information. We recently reported a fluorescence anisotropy assay for the first bromodomain 

of Brd4 using BI-BODIPY, a fluorescently-labeled version of pan-BET inhibitor 13.20–22 In 

that study, we limited ourselves to compounds soluble in ethylene glycol because of 

concerns regarding the known binding interactions of DMSO with bromodomains as a 

potential source of assay interference.23 Although fluorescence anisotropy assays on BET 

bromodomains have been described by others,13,24–26 we sought to find optimal screening 

conditions for first bromodomains of both Brd4 and BrdT. To this end, we tested 

experimental conditions with respect to chemical additives, incubation time, and protein 

stability. A detailed description of the optimization can be found in the Supporting 

Information. Optimization led us to a standard set of conditions: 4 mM CHAPS as detergent, 

0.5% (v/v) DMSO, and a thirty min binding equilibration time.

Of the 22 compounds selected from the virtual screen for further testing by fluorescence 

anisotropy, nine showed unambiguous binding to BrdT(1) (Figure 2A and B). Six of the nine 
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hits contained a pyrimidine moiety; the remaining three hits were a diazocinone (compound 

5), a benzimidiazolone (compound 10), and a pyrrolopyrazolone (compound 11). 

Dihydropyridopyrimidine 3 was selected for further optimization due to its high binding 

potential for BrdT(1) (IC50 = 5.2 μM, Ki = 0.69 μM). For comparison, the known BET 

inhibitor 12 had an IC50 of 1.4 μM under these conditions. The S enantiomer of 3 was 

identified to bind in the virtual screen; however, in this study only racemates were tested 

based on commercial availability and synthetic accessibility. Although our starting point was 

a virtual screen against BrdT(1), we observed more potent binding to Brd4(1) with a Ki 

value of 0.37 μM.

Compound 3 binding was further verified by differential scanning fluorimetry (DSF), which 

yields an increase in protein melting temperature upon ligand binding.9,27 Compound 3 
caused a 4.8 °C increase of the melting temperature of BrdT(1), consistent with the binding 

of 3 to BrdT(1) being significantly stabilizing. Finally, a competitive alpha-screen assay 

carried out against the compound 2-BET bromodomain interaction yielded IC50 values of 

1.0 ± 0.2 μM and 2.3 ± 0.5 μM Brd4(1) and BrdT(1), respectively (Figure S2). Compound 3 
also bound competitively with the native acetylated histone substrate in a similar alpha-

screen assay (Figure S3), giving a comparable IC50 of 0.90 μM with Brd4 (1).

The structural effects of compound 3 on binding to BET bromodomains was verified by 

protein-observed 19F (PrOF) NMR, which is emerging as a structure-based technique for 

detecting binding events for small molecule discovery.21,28–31 PrOF NMR utilizes 19F NMR 

spectra of fluorine-labeled proteins, in this case 5-fluorotryptophan (5FW) labeled Brd4(1) 

and BrdT(1). Because of the high environmental sensitivity of the 19F protein resonances, 

perturbations to the 19F NMR spectrum of the protein, such as resonance broadening or 

shifting in the presence of ligand, correlate to ligand binding. Binding is minimally 

perturbed by the presence of the fluorinated residues, demonstrated by the similar affinities 

of 5FW-labeled Brd4(1) and unlabeled Brd4(1) for BI-BODIPY (0.055 μM and 0.11 μM, 

respectively).32 Similarly, the affinities of 5FW-BrdT(1) and BrdT(1) for BI-BODIPY (0.69 

μM and 0.32 μM, respectively) are within approximately two-fold of each other (Figure S4), 

supporting the minimally perturbing nature of the fluorinated protein for quantifying 

bromodomain-ligand interactions.

PrOF NMR corroborated the results from the fluorescence anisotropy assay, with compound 

3 exhibiting behavior consistent with slow to intermediate exchange (Figure 2C and 4A). 

Chemical exchange phenomenon in the slow to intermediate exchange regime, which is 

based on the residence time of the ligand bound to the protein and the relative frequency 

difference between the resonances for the bound and unbound states, is consistent with a low 

micromolar to submicromolar binding ligand.33,34 For both 5FW-BrdT(1) and 5FW-Brd4(1), 

the resonance corresponding to the tryptophan in the acetylated lysine binding pocket (W50 

and W81, respectively) broadens into baseline at or below 50 μM of compound 3, with a 

new resonance growing in upfield of the original peak at higher ligand concentrations. The 

presence of serum did not interfere with the binding of compound 3 to 5FW-Brd4(1) (Figure 

S5) and for cell-based studies that are discussed below.
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Neither compound 3 nor close structural analogs (as low as 70% similarity as defined by 

ChEMBL) have been reported as bioactive compounds for bromodomains. However, other 

dihydropyridopyrimidine scaffolds have been described as active against a variety of 

targets.35–38 While dihydropyridine moieties are prone to oxidation, they are commonly 

utilized in calcium channel blockers39 and the dihydropyridine moiety in 3 remains stable 

over several freeze-thaw cycles when stored as a DMSO solution at −20 °C as measured by 

ESI-MS (data not shown). After oxidation of compound 3 to a pyridine (3n) under forcing 

conditions with chloranil (Scheme 1), no binding was observed to BrdT(1) or Brd4(1) by 

fluorescence anisotropy.

Compound 3 is an especially attractive lead due to its synthesis in a single step from 

commercially available starting materials (Scheme 1). The synthesis was performed using 

the Hantzsch dihydropyridine three component cyclization based on the methods described 

by Tanifum and colleagues.35,40 Pure compounds (> 95% purity for 11 of the 12 synthesized 

compounds) were obtained by simply washing the product; no chromatography was 

necessary. Analogs were generated by varying the substituents on the 1,3-dicarbonyl, 

benzaldehyde, and uracil starting materials.

To optimize the potency of 3, the substitution on the para-position of the phenyl ring and 

N-1 (R3) and N-3 (R2) of the pyrimidine ring were varied (Table 1). Additionally, the lactone 

from tetronic acid was exchanged for a lactam or a ketone. The lactone is the most potent of 

these variants, with a ketone leading to loss of detectable potency. The substituent on N-1 of 

the pyrimidine ring was critical for potency, with an ethyl group proving optimal. A propyl 

group was also tolerated, albeit with a substantial decrease in potency compared to an ethyl 

group. No binding was observed with a cyclopropyl group at this position. We observed a 

mild loss in potency against BrdT(1) upon exchanging the ethyl on N-1 for a 2,2,2-

trifluoroethyl group. This compound, 3j, did not cause a positive change in melting 

temperature by DSF for BrdT(1) (Table 1 and Figure S7). Although tighter binding to 

Brd4(1) was measured in our fluorescence anisotropy assay (Ki = 0.16 μM for 3j vs 0.37 μM 

for 3), alpha-screen competition data did not reproduce this higher affinity and only showed 

higher micromolar inhibition (4.6 μM for 3j vs. 1.0 μM for 3) with a steeper Hill slope (−1.6 

for 3j vs. −1 for 3), suggesting potential non-specific binding (Figures S2 and S3). PrOF 

NMR of 3j with 5FW-Brd4(1) also shows slow to intermediate exchange kinetics (Figure 

S8).

Substitution of a methyl group at N-1 led to levels of binding too low (Ki > 40 μM) to be 

detected by fluorescence anisotropy. By comparison, varying the para-substituent on the 

phenyl ring had a smaller impact on potency, with chloro, methyl, trifluoromethyl, and no 

substituent all tolerated. Adding a methyl group at N-3 of the pyrimidine ring led to loss of 

detectable potency.

To determine the active pharmacophore of 3, this compound was deconstructed into its 

parent pyrimidine due to the high frequency of pyrimidine compounds binding to BrdT(1) in 

the virtual screen. A fragment corresponding to the pyrimidine moiety of 3, 6-amino-1-

ethyluracil, was tested for binding to 5FW-BrdT(1) and 5FW-Brd4(1) by PrOF NMR to 

determine the dissociation constants. Titration of 6-amino-1-ethyluracil with 5FW-Brd4(1) 
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yielded a Kd of 660 ± 60 μM and a ligand efficiency of 0.39 kcal/mol/non-hydrogen atom 

(Figure 3). W81, which is part of WPF shelf in the binding pocket (Figure 3), is perturbed 

significantly; the other 5FW resonances remain nearly unchanged, consistent with the 

binding mode of other known Brd4(1) ligands. 5FW-BrdT(1) binding was also detected with 

6-amino-1-ethyluracil, in this case perturbing the two 5FW resonances with similar affinity. 

Non-linear regression analysis of the chemical shift perturbation for W50, which is the 

residue located in the WPF shelf of BrdT(1), yielded a Kd of 1.5 ± 0.2 mM. Similarly, 

analysis of the chemical shift perturbation for the resonance corresponding to W44, the 

residue located beneath W50, also yielded a Kd of 1.5 ± 0.5 mM, resulting in a slightly 

lower ligand efficiency of 0.33 kcal/mol/non-hydrogen atom. No binding was observed to 

5FW-Brd4(1) when tetronic acid, a fragment corresponding to the lactone moiety of 3, was 

tested by PrOF NMR.

Other pyrimidine-containing compounds have been reported to bind bromodomains. 

ATAD2, a non-BET bromodomain-containing protein, binds to the pyrimidine thymine with 

10 mM affinity.41 Several higher affinity pyrimidine-containing dual kinase-bromodomain 

inhibitors have also been described.27,42 Based on these results, we postulated that uracil 

derivatives are broad-spectrum bromodomain binders. In support of this hypothesis, we 

found that 6-amino-1-ethyluracil bound non-BET bromodomain 5FW-BPTF, albeit weakly 

(Kd = 6.8 mM ± 1.8 mM) (Figure 3).

Chemical probe molecules must have both high functional activity and high selectivity to 

provide useful biological information. Based on the binding of 6-amino-1-ethyluracil to 

BPTF, we tested binding of compound 3 to non-BET bromodomain BPTF by PrOF NMR as 

a representative off target (Figure 4B). In this case no binding was detected, suggesting that 

while 6-amino-1-ethyluracil may bind to multiple bromodomains, elaboration of the uracil 

into the substituted dihydropyridopyrimidine scaffold generates selectivity towards BET 

bromodomains. PrOF NMR experiments on both 5FW-BrdT(1) (Figure 2C) and 5FW-

Brd4(1) (Figure 4A) are consistent with potent binding of 3. To test the selectivity of 

compound 3 against additional bromodomains, compound 3 was subjected to a selectivity 

screen against a panel of bromodomains in a bromodomain qPCR-based displacement assay 

(BromoScan, DiscoverX). Because Ki values are an indirect measure of dissociation 

constant, and may differ based on the protein’s interaction with the fluorescently labeled 

ligand and experimental conditions, a direct titration was first carried out. BromoScan 

titration of 3 against Brd4(1) and BrdT(1) provided attenuated but similar Kd values 

compared to Ki values determined by fluorescence anisotropy, within two-fold for BrdT(1) 

(Kd = 1.6 μM) and within three-fold for Brd4(1) (Kd = 0.84 μM) (Figure S10). Additionally, 

single point measurements at 20 μM showed that 3 is highly selective for BET 

bromodomains. Low levels of activity were observed against non-BET bromodomains, with 

the most significant binding observed to the WDR9(2) (72% inhibition), SMARCA2 (71% 

inhibition), CBP (68% inhibition), and p300 (66% inhibition) bromodomains (Figure 4C). 

We have yet to express the majority of these bromodomains for validating inhibition in 

complementary biophysical assays as described above for BPTF. Notably, the most 

significant inhibition apparent was for the second bromodomain of BrdT (BrdT(2)). To 

verify this inhibition, we further tested our fluorescence anisotropy conditions with BrdT(2). 
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For these experiments, the lowest Ki value that can be determined is equal to the Kd of the 

fluorescent tracer.43 This limit of resolvable detection was reached in the interaction of 3 and 

3j, yielding a Ki of 0.45 μM or less for 3 and 3j. Together these results support selective pan-

BET inhibition with 3 and its analogs.

The high selectivity for BET bromodomains guided our attempts to obtain a co-crystal 

structure of Brd4(1) with 3 at atomic resolution. Brd4(1) was co-crystallized with compound 

3 and the structure of the complex was determined at 1.5 Å resolution (Figure 5 and Table 

S2). Although the racemate of 3 was used for crystallization, only electron density 

corresponding to the S-stereoisomer was observed, consistent with our docking studies. The 

N-3 nitrogen and C-2 carbonyl oxygen directly interact with the conserved Asn140 side 

chain via H-bonds. Consequently, methylation at N-3 abolishes binding potential and 

renders compounds 3e, 3f, and 3m inactive. Additionally, water-mediated H-bonds are 

observed between the C-2 carbonyl oxygen and the side chain of Tyr97 and between N-9 

and the carbonyl oxygen of Pro82. Oxidation of 3 to 3n may lead to the loss of the latter 

interaction, resulting in loss of potency in 3n. Several hydrophobic van der Waals 

interactions exist between the inhibitor and acetylated lysine binding site residues. The 

pyrimidine N-1 ethyl side-chain interacts with the aromatic ring of Phe83 which serves as a 

backstop for binding further into the histone binding pocket of Brd4(1). Such an interaction 

would be missed with shorter methyl analogs. Finally, the tolyl group of 3 in the S-

configuration is 3.7 Å away from the indole of W81 at the WPF shelf, consistent with an 

offset pi-pi interaction. More extended aromatic ring systems may be able to capitalize on 

this interaction in future designs. This interaction may be responsible for the upfield shift of 

the W81 resonance in PrOF NMR spectra in the presence of 3, similar to that observed for 

12.29 Together, the noncovalent interactions from the co-crystal structure support the N-ethyl 

pyrimidine ring of 3 being the dominant pharmacophore and help rationalize the SAR trends 

observed in our related analogs.

The x-ray co-crystal structure led us to take initial steps towards optimization of 3, leading 

to a series of more potent inhibitors (Scheme S1, Table 2). To take advantage of the 

proximity of a channel near Trp81 in the ZA loop observed in the co-crystal structure of 3 
and Brd4(1), the N-methyl group of lactam 3l was extended to an allyl (3o), benzyl (3p), 

phenethyl (3q), phenethyl methoxy (3r), or phenethyl 4-hydroxyl (3s). These extensions 

capitalize on accessing potential interactions that extend into the channel beyond those of 2 
(Figure S11). We also explored a series of ring-opened lactones 3t, 3u, and 3v, but these 

compounds either did not show gains in potency or only showed partial inhibition so were 

not investigated further (Figure S12). Compounds 3p, 3q, and 3r, and 3s, each of which 

contain a phenyl ring, were substantially more potent than compound 3 in binding to both 

Brd4(1) and BrdT(1). Competitive alpha-screen data using 2 as a displaceable probe 

revealed similar trends in binding behavior (Table 2). PrOF NMR experiments corroborated 

the potent binding observed by fluorescence anisotropy, showing slow exchange upon 

titration of 3s into 5FW-Brd4(1) (Figure S13) and affected both W81 near the histone 

binding site and W75 outside the pocket, indicating a subtle conformational change. Slow 

exchange binding behavior is also consistent with a long resonance time of 3s bound to 

Brd4(1).
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We tested for cellular activity using the multiple myeloma cell line MM1.S, which is highly 

sensitive to Brd4 inhibition.3,44 Compound 2 strongly inhibited the growth of MM1.S cells 

with an IC50 value of 0.02 μM (Figure S14A), which was accompanied by a dose-dependent 

reduction of c-Myc levels and upregulation of p21Cip1 levels (Figure 6). Both lactone-

containing inhibitors 3 and 3j lacked growth inhibition activity and were ineffective in 

altering c-Myc or p21Cip1 levels, indicating poor cellular uptake or stability. However, the 

lactam series of compounds 3p, 3q, 3r, and 3s, all of which are both more potent and more 

lipophilic than 3 and 3j, showed cellular activity with low to submicromolar IC50 values 

(Figure S15, Table 2). This data is supported mechanistically with this series of compounds 

showing dose-dependent target engagement via decreasing c-Myc expression levels and 

concomitant increase in p21Cip1 via western blot analysis (Figure 6).

Discussion

The pan-BET inhibitor described here is based on a dihydropyridopyrimidine scaffold that is 

readily accessible through a one-step synthesis. Beyond BET bromodomains, our NMR 

studies show that uracil derivatives, including a deconstructed fragment of compound 3, can 

bind with bromodomains of wide sequence diversity. The uracil scaffold may therefore be a 

useful starting point for bromodomain inhibitor design. As we have shown in this work, 

elaboration upon this scaffold leads to the development of selectivity and potency. The 

dihydropyridopyrimidine compounds described herein maintain a molecular weight below 

500 g/mol (339 g/mol for 3 and 458 g/mol for 3s) and favorable cLogP values (2.1–3.6). We 

have shown that the substituent on the para position of the aromatic ring on the 

dihydropyridine is solvent exposed and binding is not substantially perturbed for a variety of 

substituents. Therefore, either solubilizing groups, affinity tags for future proteomic studies, 

bivalent inhibitor development,45 or protein degradation motifs46 can readily be appended 

starting from commercially available benzaldehyde derivatives, adding to the utility of this 

scaffold.

McKeown and colleagues described an imidazopyrazine pan-BET inhibitor with a facile 

synthesis consisting of two steps: a multicomponent reaction followed by a Suzuki 

coupling.18 The potency of their most potent compound via isothermal titration calorimetry 

for Brd4 is 0.55 μM at 15 °C. Compound 3 compares favorably to the most potent 

compound from McKeown and colleagues in overall yield (70% vs. 45%) and number of 

synthetic steps (1 vs. 2), and compound 3s shows improvements in potency over compound 

3. Although our compounds are selective for BET bromodomains, the imidazopyrazine also 

opens the door for targeting TAF1 if selectivity were optimized. Together, these two classes 

of compounds offer an opportunity for rapid structure-activity data to be generated against 

BET bromodomains using non-diazepine scaffolds.

Conclusions

Through performing a high-throughput virtual screen against bromodomain BrdT(1), we 

have discovered several new inhibitors, based on a dihydropyridopyrimidine scaffold from 3, 

that are highly selective for BET bromodomains with submicromolar affinity for the first and 

second bromodomains of BrdT. Although multiple BET inhibitors are known, compound 3 
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is already commercially available, and many analogs of 3 can be generated in a single step in 

a metal-free process. Diversity can be readily accomplished by varying the composition of 

the aldehyde, uracil, and 1,3-dicarbonyl compound starting materials. Compound 3 and 

related analogs such as molecules 3p to 3s can thus serve as starting points for improving 

potency, solubility, and cell permeability for future probe development.

The development of inhibitors selective for a particular member of the BET family 

represents a significant challenge due to the high sequence similarity between BET family 

members. Two domain 1 and one domain 2 BET bromodomain selective molecules have 

been reported.16,47,48 No potent, isoform selective inhibitor has yet been described, although 

a small molecule containing a uracil moiety with micromolar affinity for Brd4 has recently 

been reported.49 An optimized fluorescence anisotropy assay based on competition with a 

fluorescently labeled pan-BET inhibitor can be used to profile binding to multiple 

bromodomains, offering a path towards discovery and development of isoform-selective 

inhibitors.

EXPERIMENTAL SECTION

General Methods

Solvents and reagents were purchased from commercial suppliers and used without 

additional purification. 1H and 13C NMR spectra were recorded at 400 MHz and 100 MHz, 

respectively, in DMSO-d6. Chemical shifts, δ, are reported in ppm and coupling constants, J, 

are expressed in Hertz (Hz). Abbreviations for peaks are s = singlet, d = doublet, t = triplet, 

and m = multiplet. High-resolution mass spectrometry was performed using positive mode 

electrospray ionization methods (ESMS) with a Bruker BioTOF II spectrometer. The purity 

of compounds was determined by analytical reverse-phase high performance liquid 

chromatography (HPLC) analysis using Waters 2695 HPLC (column: Phenomenex Synergi 

Fusion-RP, 4.0 μm, 4.6 mm × 150 mm); mobile phase isocratic 50:50 0.1% TFA in 

H2O:MeOH; detector, Waters 2996; injector, automated injector; detection wavelength, 254 

nm; flow rate, 1.0 mL/min. Sample diluent 1:5 DMSO:MeOH. Compounds from the virtual 

screen predicted to bind (3–12, and compounds in Fig. S1), and 3b–3d, were purchased 

from Ambinter and fully characterized. All synthesized compounds and purchased analogs 

of 3 were > 95% pure except 3d, which was 93% pure, and 3l, which was 87% pure.

General Procedure for the Synthesis of the Dihydropyridopyrimidine Derivatives

Tetronic acid, cyclopentane-1,3-dione or 1-methylpyrrolidine-2.4-dione (0.50 mmol), the 

benzaldehyde (0.50 mmol), and the uracil (0.50 mmol) were added to a dry microwave vial 

(5 mL) and glacial AcOH (2 mL) was added. The vial was placed under N2 for 1 min and 

sealed. The vial was placed in an oil bath at 110 °C and stirred for 6 h, or until the solution 

solidified. The solution was allowed to cool to room temperature. AcOH was evaporated 

under N2 and the solid was washed with DCM (3 × 2 mL) to remove excess AcOH. The 

remaining solid was purified by washing with MeOH (8 × 1 mL) and dried to afford the 

dihydropyridopyrimidine.
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1-Ethyl-5-(p-tolyl)-5,9-dihydrofuro[3′,4′:5,6]pyrido[2,3-d]pyrimidine-2,4,6(1H,
3H,8H)-trione (3)—Yield (119 mg, 70%) as a white solid; m.p. 318–319 °C dec.; with a 

purity of 98%. 1H NMR (400 MHz, DMSO-d6) δ 11.07 (s, 1H), 10.12 (s, 1H), 7.12–7.10 (d, 

J = 8.0 Hz, 2H), 7.05–7.03 (d, J = 8.0 Hz, 2H), 4.97–4.93 (d, J = 16.5 Hz, 1H), 4.88–4.84 (d, 

J = 16.5 Hz, 1H), 4.63 (s, 1H), 3.98–3.87 (m, 2H), 2.22 (s, 3H), 1.21–1.17 (t, J = 7.0 Hz, 

3H). 13C NMR (100 MHz, DMSO-d6) δ 170.9, 161.6, 156.1, 149.8, 145.2, 142.0, 135.3, 

128.5, 127.5, 102.3, 90.1, 65.8, 37.0, 33.8, 20.6, 13.7. HRMS: calcd for C18H17NaN3O4 [M 

+ Na]+, 362.1111; found 362.1109.

5-(4-Methoxyphenyl)-1-methyl-5,9-dihydrofuro[3′,4′:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3a)—Yield (136 mg, 80%) as a white solid; m.p. 

306–307 °C dec.; with a purity of 98%. 1H NMR (400 MHz, DMSO-d6) δ 11.05 (s, 1H), 

10.15 (s, 1H), 7.17–7.15 (d, J = 8.3 Hz, 2H), 6.80–6.78 (d, J = 8.3 Hz, 2H), 4.96–4.91 (d, J = 

16.5 Hz, 1H), 4.86–4.81 (d, J = 16.5 Hz, 1H), 4.61 (s, 1H), 3.69 (s, 3H), 3.35 (s, 3H). 13C 

NMR (100 MHz, DMSO-d6) δ 171.0, 161.6, 157.8, 155.9, 150.1, 146.0, 137.2, 128.7, 113.3, 

102.5, 90.0, 65.8, 55.0, 33.4, 29.1. HRMS: calcd for C17H15NaN3O5 [M + Na]+, 364.0904; 

found 364.0904.

1-Methyl-5-phenyl-8,9-dihydrofuro[3',4':5,6]pyrido[2,3-d]pyrimidine-2,4,6(1H,
3H,5H)-trione (3b)—White solid; m.p. 308–309 °C dec.; with a purity 98%. 1H NMR 

(400 MHz, DMSO-d6) δ 11.07 (s, 1H), 10.19 (s, 1H), 7.28–7.25 (m, 4H), 7.17–7.12 (m, 

1H), 4.95 (d, J=16.6 Hz, 1H), 4.85 (d, J=16.7 Hz, 1H), 4.67 (s, 1H), 3.36 (s, 3H). 13C NMR 

(100 MHz, DMSO-d6) δ 170.9, 161.6, 156.2, 150.1, 146.2, 144.8, 127.9, 127.7, 126.3, 

102.3, 89.7, 65.8, 34.3, 29.1. HRMS: calcd for C16H13N3NaO4 [M + Na]+, 334.0798; found 

334.0798.

1-Ethyl-5-phenyl-8,9-dihydrofuro[3',4':5,6]pyrido[2,3-d]pyrimidine-2,4,6(1H,3H,
5H)-trione (3c)—White solid; m.p. 305–306 °C dec.; with a purity 98%. 1H NMR (400 

MHz, DMSO-d6) δ 11.09 (s, 1H), 10.15 (s, 1H), 7.27–7.21 (m, 4H), 7.18–7.12 (m, 1H), 

4.96 (d, J=16.6 Hz, 1H), 4.87 (d, J=16.6 Hz, 1H), 4.67 (s, 1H), 4.02–3.85 (m, 2H), 1.19 (t, 

J=7.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 170.9, 161.6, 156.2, 149.8, 145.3, 144.8, 

128.0, 127.6, 126.3, 102.2, 89.9, 65.8, 37.0, 34.2, 13.7. HRMS: calcd for C17H15N3NaO4 

[M + Na]+, 348.0955; found 348.0955.

5-Phenyl-1-propyl-8,9-dihydrofuro[3',4':5,6]pyrido[2,3-d]pyrimidine-2,4,6(1H,
3H,5H)-trione (3d)—White solid; m.p. 300–301 °C dec.; with a purity of 95%. 1H NMR 

(400 MHz, DMSO-d6) δ 11.09 (s, 1H), 10.07 (s, 1H), 7.28–7.21 (m, 4H), 7.18–7.12 (m, 

1H), 4.97 (d, J=16.5 Hz, 1H), 4.85 (d, J=16.5 Hz, 1H). 4.67 (s, 1H), 3.85 (t, J=7.4 Hz, 2H), 

1.66–1.55 (m, 2H), 0.91 (t, J=7.2 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 171.0, 161.5, 

156.3, 150.0, 145.5, 144.9, 128.0, 127.6, 126.3, 102.2, 89.9, 65.9, 42.9, 34.2, 21.2, 10.7. 

HRMS: calcd for C18H17N3NaO4 [M + Na]+, 362.1111; found 362.1111.

1,3-Dimethyl-5-(p-tolyl)-5,9-dihydrofuro[3′,4′:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3e)—Yield (115 mg, 68%) as white solid; m.p. 

294–296 °C dec.; with a purity of 99%. 1H NMR (400 MHz, DMSO-d6) δ 10.22 (s, 1H), 

7.14–7.12 (d, J = 7.2 Hz, 2H), 7.04–7.02 (d, J = 7.2 Hz, 2H), 4.96–4.82 (m, 2H), 4.65 (s, 
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1H), 3.42 (s, 3H), 3.08 (s, 3H), 2.22 (s, 3H). 13C NMR (100 MHz, DMSO-d6) δ 170.9, 

160.8, 155.7, 150.4, 144.8, 142.0, 135.3, 128.4, 127.7, 102.5, 89.3, 65.7, 34.5, 30.1, 27.6, 

20.6. HRMS: calcd for C18H17NaN3O4 [M + Na]+, 362.1111; found 362.1111.

5-(4-Methoxyphenyl)-1,3-dimethyl-5,9-dihydrofuro[3′,4′:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3f)—Yield (133 mg, 74%) as a white solid; m.p. 

329–330 °C dec.; with a purity of 98%. 1H NMR (400 MHz, DMSO-d6) δ 10.21 (s, 1H), 

7.17–7.15 (d, J = 8.6 Hz, 2H), 6.79–6.77 (d, J = 8.6 Hz, 2H), 4.97–4.93 (d, J = 16.6 Hz, 1H), 

4.86–4.82 (d, J = 16.6 Hz, 1H), 4.64 (s, 1H), 3.69 (s, 3H), 3.42 (s, 3H), 3.08 (s, 3H). 13C 

NMR (100 MHz, DMSO-d6) δ 170.9, 160.8, 157.8, 155.7, 150.4, 144.7, 137.1, 128.7, 113.3, 

102.6, 89.5, 65.7, 55.0, 34.0, 30.2, 27.6. HRMS: calcd for C18H17NaN3O5 [M + Na]+, 

378.1060; found 378.1060.

5-(4-Chlorophenyl)-1-ethyl-5,9-dihydrofuro[3′,4′:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3g)—Yield (146 mg, 81%) as a white solid; m.p. 

298–300 °C dec.; with a purity of 98%. 1H NMR (400 MHz, DMSO-d6) δ 11.11 (s, 1H), 

10.19 (s, 1H), 7.31–7.29 (d, J = 8.7 Hz, 2H), 7.27–7.25 (d, J = 8.7 Hz, 2H), 4.98–4.94 (d, J = 

16.6 Hz, 1H), 4.90–4.86 (d, J = 16.6 Hz, 1H), 4.67 (s, 1H), 4.00–3.84 (m, 2H), 1.21–1.17 (t, 

J = 7.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 170.9, 161.6, 156.5, 149.8, 145.5, 

143.7, 130.9, 129.6, 127.9, 101.7, 89.5, 65.9, 37.1, 34.0,13.7. HRMS: calcd for 

C17H14ClNaN3O4 [M + Na]+, 382.0565; found 382.0565.

1-Ethyl-5-(4-(trifluoromethyl)phenyl)-5,9-dihydrofuro[3',4':5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3h) Yield (140 mg, 71%) as a white solid; 
m.p—297–298 °C dec.; with a purity of 99%. 1H NMR (400 MHz, DMSO-d6) δ 11.13 (s, 

1H), 10.24 (s, 1H), 7.62–7.60 (d, J = 8.1 Hz, 2H), 7.49–7.47 (d, J = 8.1 Hz, 2H), 4.99–4.95 

(d, J = 16.7 Hz, 1H), 4.91–4.87 (d, J = 16.7 Hz, 1H), 4.78 (s, 1H), 4.02–3.85 (m, 2H), 1.22–

1.19 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 170.8, 161.6, 156.8, 149.8, 

149.2, 145.7, 128.6, 127.0, 124.89, 124.85, 124.82, 124.4, 101.4, 89.2, 66.0, 37.2, 34.6, 

13.7. HRMS: calcd for C18H14F3NaN3O4 [M + Na]+, 416.0829; found 416.0829.

1-Cyclopropyl-5-(p-tolyl)-5,9-dihydrofuro[3',4':5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3i)—Yield (125 mg, 71%) as a white solid; m.p. 

280–281 °C dec.; with a purity of 96%. 1H NMR (400 MHz, DMSO-d6) δ 10.91 (s, 1H), 

9.97 (s, 1H), 7.12–7.10 (d, J = 8.0 Hz, 2H), 7.04–7.02 (d, J = 8.0 Hz, 2H), 4.97–4.93 (d, J = 

16.7 Hz, 1H), 4.88–4.84 (d, J = 16.7 Hz, 1H), 4.60 (s, 1H), 2.74–2.69 (m, 1H), 2.22 (s, 3H), 

1.24–1.14 (m, 2H), 0.97–0.89 (m, 1H), 0.89–0.81 (m, 1H). 13C NMR (100 MHz, DMSO-d6) 

δ 171.0, 161.9, 156.0, 150.1, 146.9, 141.9, 135.3, 128.5, 127.5, 102.2, 90.0, 66.0, 33.8, 24.5, 

20.6, 10.1, 10.0. HRMS: calcd for C19H17NaN3O4 [M + Na]+, 374.1111; found 374.1110.

5-(p-Tolyl)-1-(2,2,2-trifluoroethyl)-5,9-dihydrofuro[3′,4′:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3j)—Yield (21 mg, 11%) as a white solid; m.p. 

305–306 °C dec.; with a purity of 99%. 1H NMR (400 MHz, DMSO-d6) δ 11.42 (s, 1H), 

10.34 (s, 1H), 7.11–7.09 (d, J = 8.1 Hz, 2H), 7.06–7.04 (d, J = 8.1 Hz, 2H), 5.03–4.99 (d, J = 

16.5 Hz, 1H), 4.88–4.75 (m, 3H), 4.64 (s, 1H), 2.23 (s, 3H). 13C NMR (100 MHz, DMSO-

d6) δ 170.7, 161.3, 155.6, 149.7, 144.8, 141.7, 135.6, 128.6, 127.4, 125.2, 122.4, 102.6, 
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90.9, 65.6, 33.8, 20.6. HRMS: calcd for C18H14F3NaN3O4 [M + Na]+, 416.0829; found 

416.0829.

1-Ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-cyclopenta[5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (3k)—Yield (66.0 mg, 59%) as a white solid; m.p. 308–

310 °C dec.; with a purity of 99%. 1H NMR (400 MHz, DMSO-d6) δ 11.02 (s, 1H), 9.92 (s, 

1H), 7.07–7.05 (d, J = 8.0 Hz, 2H), 7.00–6.98 (d, J = 8.0 Hz, 2H), 4.60 (s, 1H), 4.06–3.94 

(m, 2H), 2.76–2.64 (m, 2H), 2.30–2.27 (m, 2H), 2.20 (s, 3H), 1.20–1.17 (t, J = 7.0 Hz, 

3H). 13C NMR (100 MHz, DMSO-d6) δ 201.1, 164.1, 161.5, 149.9, 145.3, 142.6, 134.9, 

128.4, 127.4, 117.3, 90.7, 36.8, 33.7, 33.6, 24.6, 20.6, 13.8. HRMS: calcd for C19H19N3O3 

[M + Na]+, 360.1319; found 360.1319.

1-Ethyl-7-methyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3′,4′:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (3l)—Yield (88 mg, 50%) as a white solid; m.p. 293–

295 °C dec.; with a purity of 87%. 1H NMR (400 MHz, DMSO-d6) δ 10.93 (s, 1H), 9.70 (s, 

1H), 7.09–7.07 (d, J = 8.0 Hz, 2H), 7.01–6.99 (d, J = 8.0 Hz, 2H), 4.62 (s, 1H), 4.12–3.87 

(m, 4H), 2.80 (s, 3H), 2.21 (s, 3H), 1.19–1.15 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, 

DMSO-d6) δ 168.9, 161.7, 149.8, 146.4, 145.7, 142.9, 134.9, 128.3, 127.4, 109.3, 89.2, 

49.4, 36.8, 34.0, 28.3, 20.6, 13.6. HRMS: calcd for C19H20N4O3 [M + Na]+, 375.1428; 

found 375.1428.

1-Ethyl-3-methyl-5-(p-tolyl)-5,9-dihydrofuro[3′,4′:5,6]pyrido[2,3-
d]pyrimidine-2,4,6(1H,3H,8H)-trione (3m)—Yield (118.2 mg, 67%) as a white solid; 

m.p. 299–300 °C dec.; with a purity of 99%. 1H NMR (400 MHz, DMSO-d6) δ 10.18 (s, 

1H), 7.13–7.11 (d, J = 7.9 Hz, 2H), 7.04–7.02 (d, J = 7.9 Hz, 2H), 4.98–4.94 (d, J = 16.5 Hz, 

1H), 4.89–4.85 (d, J = 16.5 Hz, 1H), 4.66 (s, 1H), 4.06–3.92 (m, 2H), 3.08 (s, 3H), 2.22 (s, 

3H), 1.23–1.20 (t, J = 7.0 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 170.9, 160.8, 155.9, 

150.1, 143.9, 141.9, 135.4, 128.5, 127.6, 102.4, 89.6, 65.8, 38.1, 34.4, 27.5, 20.6, 13.6. 

HRMS: calcd for C19H19NaN3O4 [M + Na]+, 376.1268; found 376.1260.

1-Ethyl-5-(p-tolyl)furo[3′,4′:5,6]pyrido[2,3-d]pyrimidine-2,4,6(1H,3H,8H)-trione 
(3n)—Compound 3 (22.0 mg, 0.07 mmol, 1.0 equiv) and chloranil (32.1 mg, 0.13 mmol, 2.0 

equiv) were added to a dry microwave vial and DMSO (3 mL) was added. The vial was 

capped. The reaction was stirred at room temperature for 2 h. DMSO was then evaporated 

under N2. Purification by semi-automated silica gel chromatography (4:1 hexanes:EtOAc), 

yielded a white solid (19.0 mg, 87%); m.p. 278–279 °C dec.; with a purity of 99%. 1H NMR 

(400 MHz, DMSO-d6) δ 11.65 (s, 1H), 7.20–7.18 (d, J = 8.0 Hz, 2H), 7.15–7.13 (d, J = 8.0 

Hz, 2H), 5.39 (s, 2H), 4.29–4.27 (q, J = 6.9 Hz, 2H), 2.38 (s, 3H), 1.27–1.23 (t, J = 7.0 Hz, 

3H). 13C NMR (100 MHz, DMSO-d6) δ 170.9, 166.7, 159.7, 156.3, 154.3, 149.7, 137.3, 

130.4, 127.8, 127.7, 112.2, 109.4, 68.9, 37.4, 21.0, 12.8. HRMS: calcd for C18H15NaN3O4 

[M + Na]+, 360.0955; found 360.0948.

General Procedure for the Synthesis of the Dihydropyridopyrimidine Lactam Derivatives

Ethyl 7-(Chloromethyl)-1-ethyl-2,4-dioxo-5-(p-tolyl)-1,2,3,4,5,8-
hexahydropyrido[2,3-d]pyrimidine-6-carboxylate (S1)—6-Amino-1-
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ethylpyrimidine-2,4(1H,3H)-dione (12.90 mmol) and ethyl 4-chloro-2-(4-

methylbenzylidene)-3-oxobutanoate (6.45 mmol), which were synthesized according to the 

reported procedures,50,51 were placed into a round-bottom flask (250 mL). Magnesium 

sulfate was added and the mixture was heated to 45 °C for 48 h under a nitrogen atmosphere. 

After filtration, the solvent was removed in vacuo and the residue was purified by flash 

column chromatography on silica gel (40 g column, DCM + 1.5% MeOH) to furnish S1 as 

white solid (364 mg, 14%); m.p. 266–267 °C dec.; with a purity of 96%. 1H NMR (400 

MHz, DMSO-d6) δ 11.03 (s, 1H), 8.99 (s, 1H), 7.07 (d, J = 8.0 Hz, 2H), 7.02 (d, J = 8.0 Hz, 

2H), 5.17 (d, J = 11.0 Hz, 1H), 4.88 (s, 1H), 4.72 (d, J = 11.0 Hz, 1H), 4.07 (m, 3H), 3.96 - 

3.86 (m, 1H), 2.20 (s, 3H), 1.16 (q, J = 7.0 Hz, 6H). 13C NMR (100 MHz, DMSO-d6) δ 
165.2, 161.3, 149.8, 144.0, 143.2, 142.7, 135.5, 128.7, 127.1, 107.1, 89.8, 60.2, 48.6, 36.4, 

35.7, 20.6, 13.9, 13.5. HRMS: calcd for C20H22ClN3NaO4 [M + Na]+, 426.1191; found 

426.1199.

Compound S1 (0.05 mmol) and the substituted primary amine (0.05 mmol) were added into 

a dry microwave tube (2 mL) containing ethanol (1 mL). The mixture was heated to 150 °C 

for 1 h in a microwave reactor. The mixture was purified by flash column chromatography 

on silica gel (12 g column, DCM + 2.5% MeOH) to yield the target compound.

7-Allyl-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3',4':5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (3o)—Yield (6.92 mg, 31%) as a yellow solid; m.p. 246–

247 °C dec.; with a purity of 93%. 1H NMR (400 MHz, DMSO-d6) δ 10.39 (s, 1H), 8.89 (s, 

1H), 7.15 (d, J = 7.9 Hz, 2H), 7.00 (d, J = 7.8 Hz, 2H), 5.78 (ddd, J = 15.3, 9.9, 4.8 Hz, 1H), 

5.28 (d, J = 16.6 Hz, 1H), 5.09 (d, J = 16.6 Hz, 1H), 5.04 (d, J = 19.1 Hz, 1H), 4.93 (d, J = 

19.1 Hz, 1H), 4.89 (s, 1H), 4.01 (q, J = 6.8 Hz, 2H), 3.86 (s, 2H), 2.20 (s, 3H), 1.09 (t, J = 

6.8 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 175.4, 172.8, 162.0, 155.3, 150.9, 143.7, 

134.8, 133.6, 128.3, 127.1, 115.9, 93.4, 90.0, 75.1, 43.3, 35.7, 32.3, 20.6, 14.0. HRMS: 

calcd for C21H23N4O3 [M + H]+, 379.1765; found 379.1771.

7-Benzyl-1-ethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3',4':5,6]pyrido[2,3-
d]pyrimidine-2,4,6(3H)-trione (3p)—Yield (9.01 mg, 35%) as a yellow solid; m.p. 223–

224 °C dec.; with a purity of 97%. 1H NMR (400 MHz, DMSO-d6) δ 10.40 (s, 1H), 9.18 (s, 

1H), 7.26 (d, J = 6.8 Hz, 3H), 7.17 (d, J = 7.9 Hz, 2H), 7.08 (d, J = 6.1 Hz, 2H), 7.02 (d, J = 

7.9 Hz, 2H), 5.28 (d, J = 16.6 Hz, 1H), 5.12 (d, J = 16.6 Hz, 1H), 4.91 (s, 1H), 4.45 (d, J = 

5.7 Hz, 2H), 4.02 (q, J = 6.8, 2H), 2.23 (s, 3H), 1.09 (t, J = 6.8 Hz, 3H). 13C NMR (100 

MHz, DMSO-d6) δ 175.6, 172.8, 162.1, 155.3, 150.9, 143.7, 137.4, 134.9, 128.4, 128.4, 

127.3, 127.2, 126.8, 93.5, 90.0, 75.2, 44.5, 35.7, 32.4, 20.6, 14.0. HRMS: calcd for 

C25H25N4O3 [M + H]+, 429.1921; found 429.1929.

1-Ethyl-7-phenethyl-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3',4':
5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (3q)—Yield (6.61 mg, 25%) as a yellow 

solid; m.p. 252–253 °C dec.; with a purity of 93%. 1H NMR (400 MHz, DMSO-d6) δ 10.37 

(s, 1H), 8.76 (s, 1H), 7.17 (s, 3H), 7.12 (d, J = 7.8 Hz, 2H), 7.01 (d, J = 7.8 Hz, 4H), 5.13 (d, 

J = 16.5 Hz, 1H), 5.00 (d, J = 16.5 Hz, 1H), 4.85 (s, 1H), 4.00 (dd, J = 14.6, 7.5 Hz, 2H), 

3.46 (dd, J = 12.2, 6.1 Hz, 2H), 2.77 - 2.68 (m, 2H), 2.23 (s, 3H), 1.08 (t, J = 6.8 Hz, 

3H). 13C NMR (100 MHz, DMSO-d6) δ 175.1, 172.8, 162.1, 155.4, 150.9, 143.7, 138.3, 
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134.8, 128.7, 128.4, 128.2, 127.1, 126.2, 93.4, 89.9, 75.0, 43.0, 35.7, 35.2, 32.3, 20.6, 14.0. 

HRMS: calcd for C26H27N4O3 [M + H]+, 443.2078; found 443.2068.

1-Ethyl-7-(4-methoxyphenethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3',4':
5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (3r)—Yield (5.93 mg, 22%) as a yellow 

solid; m.p. 222–223 °C dec.; with a purity of 96%. 1H NMR (400 MHz, DMSO-d6) δ 10.37 

(s, 1H), 8.73 (s, 1H), 7.12 (d, J = 7.9 Hz, 2H), 7.02 (d, J = 7.9 Hz, 2H), 6.92 (d, J = 8.4 Hz, 

2H), 6.73 (d, J = 8.4 Hz, 2H), 5.17 (d, J = 16.5 Hz, 1H), 5.05 - 4.98 (d, J = 16.5 Hz, 1H), 

4.85 (s, 1H), 4.00 (q, J = 6.7 Hz, 2H), 3.70 (s, 3H), 3.41 (dd, J = 13.6, 6.8 Hz, 2H), 2.70 - 

2.62 (m, 2H), 2.23 (s, 3H), 1.08 (t, J = 6.7 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 
175.0, 172.8, 162.0, 157.7, 155.4, 150.9, 143.7, 134.8, 130.2, 129.7, 128.4, 127.1, 113.6, 

93.4, 89.8, 75.1, 54.9, 43.2, 35.7, 34.2, 32.3, 20.6, 14.0. HRMS: calcd for C27H29N4O4 [M + 

H]+, 473.2183; found 473.2180.

1-Ethyl-7-(4-hydroxyphenethyl)-5-(p-tolyl)-5,7,8,9-tetrahydro-1H-pyrrolo[3',4':
5,6]pyrido[2,3-d]pyrimidine-2,4,6(3H)-trione (3s)—Yield (5.94 mg, 22%) as a yellow 

solid; m.p. 261–262 °C dec.; with a purity of 92%. 1H NMR (400 MHz, DMSO-d6) δ 10.37 

(s, 1H), 9.16 (s, 1H), 8.73 (s, 1H), 7.12 (d, J = 7.9 Hz, 2H), 7.01 (d, J = 7.9 Hz, 2H), 6.79 (d, 

J = 8.2 Hz, 2H), 6.57 (d, J = 8.2 Hz, 2H), 5.15 (d, J = 16.4 Hz, 1H), 5.01 (d, J = 16.4 Hz, 

1H), 4.86 (s, 1H), 4.00 (q, J = 6.8 Hz, 2H), 3.41 - 3.33 (m, 2H), 2.59 (m, 2H), 2.23 (s, 3H), 

1.08 (t, J = 6.8 Hz, 3H). 13C NMR (100 MHz, DMSO-d6) δ 175.0, 172.8, 162.0, 155.7, 

155.4, 150.9, 143.7, 134.8, 129.6, 128.3, 127.1, 115.0, 93.4, 89.8, 75.0, 43.4, 35.6, 34.4, 

32.3, 20.6, 14.0. HRMS: calcd for C26H27N4O4 [M + H]+, 459.2027; found 459.2038.

Fluorescence anisotropy

All fluorescence anisotropy experiments were carried out in 50 mM Tris, 100 mM NaCl, pH 

= 7.4 on 384-well plates (Corning 4511). BrdT solutions also contained 3 mM DTT. 

Solutions for all experiments except those testing other detergents also contained 4 mM 

CHAPS. Other additives were present as described below. Stock solutions of fluorescent 

tracer BI-BODIPY in DMSO (25 μM) were diluted to 0.025 μM for these experiments. 

Plates were read on a Tecan Infinity 500 with an excitation wavelength at 485 nm and 

emission at 535 nm. For direct binding experiments, the protein was serially diluted across 

the plate, and the resulting anisotropy values were fit using Equation 1 in GraphPad Prism 6. 

In this equation, b and c are the maximum and minimum anisotropy values, respectively, a is 

the concentration of fluorescent tracer, x is the concentration of protein, and y is the 

observed anisotropy value.

(Equation 1)

The protein concentration for competition experiments was determined from the protein 

concentration in direct binding experiments at which the fluorescent tracer is 80% bound. 

Stock solutions of inhibitor molecules, which are 50 mM in DMSO, were serially diluted 

from 250 μM to subnanomolar concentrations, keeping the concentration of protein, BI-
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BODIPY, and other components constant. The DMSO concentration was held constant at 

0.5% (v/v). The anisotropy values were then fit using GraphPad Prism’s log(inhibitor) vs. 

response (four parameters) function. The IC50 values thus obtained were converted to Ki 

values using a variant of the Cheng-Prusoff equation, where the Ki is the indirectly 

determined dissociation constant of the competitor ligand (Equation 2).52 Reported errors 

were determined from three or more independent experiments. Direct binding with BI-

BODIPY and competition experiments with positive control 12 were carried out prior to 

each set of competition experiments to assess protein quality and assay stability.

(Equation 2)

Differential Scanning Fluorimetry

DSF experiments were carried out using a CFX384 Touch™ Real-Time PCR Detection 

System (Bio-Rad). The assay solution was composed of 10 μM BrdT(1) in a buffer of 50 

mM HEPES (pH = 7.5) and 100 mM NaCl with a 5x concentration of SYPRO Orange (Life 

Technologies) as a fluorescent reporter. Compounds were tested in an 8-point dose response 

assay at concentrations ranging from 1250 to 9 μM (final DMSO concentration of 2.5 %); 

experiments were performed in duplicate with average values reported. Protein denaturation 

was measured from 25 to 75 °C after a 5 min incubation at 25 °C, in 0.2 °C increments with 

a dwell time of 5 seconds (ramping rate of 2.4 °C per min). The fluorescent response of the 

protein unfolding was recorded and the peak of the negative first derivative of the resulting 

melting curve was used to identify the apparent melting temperature (Tm) of the samples; 

calculations were performed by the Bio-Rad CFX Manager software. The change in melting 

temperature (ΔTm) was determined by subtracting the Tm of the DMSO control (2.5 % final 

concentration) from the Tm of the compound treated samples. Additional controls include a 

constant concentration of compound 2 at 100 μM and an 8-point dose response of 2 from 

300 to 0.1 μM, included on each plate. A Z’ was calculated for each plate using 2 and 

DMSO controls; plates with a Z’ value less than 0.5 were excluded from analysis.

Virtual screen

A high throughput virtual screen (HTVS) was performed using the BrdT(1) X-ray crystal 

structure with (+)-JQ-1 (PDB code: 4FLP), using ~ 6,000,000 compounds from the ZINC 

clean drug-like molecules set.53 The crystal structure (4FLP) was retrieved from the Protein 

Data Bank, and downloaded into Schrodinger Maestro 9.3. The Protein Preparation Wizard 

in the Schrödinger suite was used to process the BrdT(1) structure. The protein structure was 

prepared by assigning bond orders, adding hydrogens, creating disulfide bonds and 

optimizing H-bonding networks with PROPKA. Missing side chains for some amino acids 

were found and added using Prime version 3.1. Energy minimization with root mean square 

deviation value of 0.30 was then applied using the Schrodinger OPLS_2005 force field. 

Compound 2 was removed and a receptor grid was generated. Subsets of ~100,000 

molecules of the ZINC clean drug-like commercially available molecules set were then 

docked using Glide 5.8.54,55 The ZINC clean drug-like commercially available molecules 

set consists of molecules with molecular weight <500 g/mol, logP < 5, fewer than 5 H-bond 
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donors, fewer than 10 H bond acceptors, fewer than 7 rotatable bonds, and polar surface area 

less than 150 Å2, and molecules with reactive groups, thiols and aldehydes were 

removed.56,57 The ligands were docked in low precision subsets of ~100,000. The best 

scoring 0.4% of each subset were retained and combined into one file, and then re-ordered. 

After re-ordering, the top 6,000 molecules were then re-docked using standard precision. 

The top 4,000 were re-docked with standard precision, with no significant change. The best 

200 compounds were then examined, and high molecular weight compounds, PAINS, and 

phenols were removed. Twenty currently available compounds including two examples from 

the best scoring scaffold were ordered from a commercial source.

PrOF NMR
19F NMR spectra were acquired on a 500 MHz Bruker Avance III HD equipped with a 5 

mM Prodigy TCI cryoprobe. Samples contained 40–50 μM 5FW-BrdT or 5FW-Brd4 in 50 

mM Tris, 100 mM NaCl, pH = 7.4 with 5% D2O. 5FW-BrdT samples also contained 3 mM 

DTT. Experimental parameters included a 90° flip angle, a relaxation delay of 0.7 seconds, 

an acquisition time of 0.1 seconds, and 500 transients. Spectra are referenced to TFA at 

−76.55 ppm. Small molecules were titrated in from concentrated DMSO stocks. DMSO 

concentration was kept below 1% because of its potential for bromodomain binding. Kd 

values were obtained using a one-site binding equation accounting for ligand depletion.

Brd4(1) and BrdT(1) AlphaScreen™

Assays were performed with minor modifications from the manufacturer’s protocol (Perkin 

Elmer, USA). All reagents were diluted in AlphaScreen™ buffer (50 mM HEPES, 150 mM 

NaCl, 0.01% v/v Tween-20, 0.1% w/v BSA, pH = 7.4). After addition of Alpha beads to 

master solutions, all subsequent steps were performed under low light conditions. A 2x 

solution of components with final concentrations of His-Brd4(1) or His-BrdT(1) at 0.020 

μM, Ni-coated Acceptor Bead at 10 μg/ml, and biotinylated compound 2 at 0.010 μM were 

added in 10 μL to 384-well plates (AlphaPlate-384, PerkinElmer) using an EL406 liquid 

handler (Biotek, USA). Plates were spun down at 1000 rpm. A 10-point 1:  serial 

dilution of compounds in DMSO was prepared at 200x the final concentration. 100 nL of 

compound from these stock plates were added by pin transfer using a Janus Workstation 

(PerkinElmer). A 2x solution of streptavidin-coated donor beads with a final concentration 

of 10 μg/ml was added in a 10 μL volume. The plates were spun down again at 1000 rpm 

and sealed with foil to prevent light exposure and evaporation. The plates were then 

incubated at room temperature for 1 h and read on an Envision 2104 (PerkinElmer) using the 

manufacturer’s protocol. IC50 values were calculated using a 4-parameter logistic curve in 

Prism 6 (GraphPad Software, USA) after normalization to DMSO-treated negative control 

wells (0.2% DMSO, v/v).

AlphaScreen™

Assays were performed by Reaction Biology using an acetylated Histone4 (1-21), against 

Brd4(1) with a constant DMSO concentration of 1% (v/v). Compound 2 was used as a 

positive control.
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Protein crystallography

Reagents for crystallographic experiments were purchased from Hampton Research. Brd4(1) 

was purified as described previously.27 Crystals of Brd4(1) were grown by vapor-diffusion 

in hanging drops using 0.2 M (NH4)2SO4, 0.1 M Tris/HCl (pH = 8.5) and 25 % (w/v) PEG 

3350 as precipitant supplemented with 5 mM compound 1 and 10% (v/v) DMSO. Crystals 

were harvested in cryoprotectant (3 parts precipitant including 0.5 mM compound 1 and 1 

part 100% (v/v) ethylene glycol) and flash frozen in a stream of nitrogen gas. X-ray 

diffraction data were recorded at −180 °C at the beamline 22-ID, SER-CAT, Advanced 

Photon Source, Argonne National Laboratories. Data were reduced and scaled with XDS.58 

PHENIX59 was employed for phasing and refinement, and model building was performed 

using Coot.60 The structure was solved by molecular replacement using Phaser61 with the 

monomer of PDB entry 4O7A as the search model. An initial model of the inhibitor was 

generated using MarvinSketch (ChemAxon, Cambridge, MA) with ligand restraints from 

eLBOW of the PHENIX suite. All structures were validated by MolProbity62 and 

phenix.model_vs_data63. Figures were prepared using PyMOL (Schrödinger, LLC). Atomic 

coordinates and structure factors have been deposited in the Protein Data Bank (PDB) under 

accession code 5KDH.

Cell Viability Assays

MM1.S cells were purchased from ATCC and maintained in RPMI-1640 medium (Life 

Technologies) containing 10% fetal bovine serum. Cells were grown and maintained at 

37 °C in a humidified atmosphere containing 5% CO2. Antibodies for c-MYC (#5605) and 

p21Cip1 (#2946) were purchased from Cell Signaling. Vinculin antibody (#V9131) was 

from Sigma-Aldrich. Peroxidase-conjugated secondary antibodies were purchased from 

Jackson ImmunoResearch, West Grove, PA. MM1.S cells were seeded in 96-well plates at 

approximately 20,000 cells per well and incubated with drugs or vehicle (0.1% DMSO) for 

72 h, with 6 replicates per drug concentration. After drug treatment, half volume of MTT 

reagent (Calbiochem) (2 mg/ml filtered PBS) was added to each well, followed by an 

incubation for 3 h at 37 °C. The supernatant was then aspirated and replaced with 100 μl 

DMSO to solubilize the formazan crystals. Plates were placed on an orbital shaker for 5 min, 

and absorbance at 540 nm was determined with a SpectraMax 340PC microplate reader 

(Molecular Devices) with SoftMax Pro 5.2 software. The data were analyzed with Prism 6 

(GraphPad) to determine IC50 values.

Immunoblotting

Cells were seeded in 6-well plates (2 × 105 adherent or 1 × 106 suspension cells per well) 

and incubated for 6 h with increasing inhibitor concentrations. Cells were harvested by 

centrifugation at 300 g for 5 min and resuspended in CelLytic M Cell Lysis Reagent (Sigma-

Aldrich) containing Halt Protease Inhibitor Cocktail and Halt Phosphatase Inhibitor Cocktail 

(Thermo Scientific) and 5 mM EDTA at 4 °C. Protein concentration was determined with 

Bio-Rad Protein Assay Reagent (Hercules, CA) and samples were diluted with 1/3 volume 

4X SDS sample buffer and heated at 95 °C for 5 min. Samples were subjected to 10 or 

12.5% SDS-PAGE and transferred to PVDF or nitrocellulose membranes. Western blots 

Ayoub et al. Page 17

J Med Chem. Author manuscript; available in PMC 2017 August 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were developed with the appropriate pairs of primary and secondary antibodies and signals 

were visualized using HyGLO Chemiluminescent reagent (Denville Scientific).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) BET bromodomain inhibitors 1, 2, BI2536 (12), and BI6727 (13). (B) Members of the 

BET branch of the bromodomain phylogenetic tree. Hits were identified by virtual 

screening, and binding potential of hits was assessed by fluorescence anisotropy (FA), 

differential scanning fluorimetry (DSF), and protein-observed 19F NMR (PrOF NMR). 

Structure-activity relationship (SAR) studies were subsequently conducted to probe the 

indicated dihydropyridopyrimidine hit compound. Optimization of compound 3 based on an 

x-ray co-crystal structure led to the development of compound 3s, with improved potency 

for both Brd4(1) and BrdT(1). The Ki values shown were determined by fluorescence 

anisotropy.
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Figure 2. 
Compounds from high-throughput virtual screen tested for binding to BrdT(1) in a 

fluorescence anisotropy assay. (A) Of the 22 compounds tested, the nine shown here bound 

to BrdT(1). (B) Fluorescence anisotropy binding of compounds 3–12 to BrdT(1). Compound 

3 (open circles), the tightest binder, was selected for further studies. (C) PrOF NMR titration 

of compound 3 into 5FW-BrdT(1). The dashed lines indicate the location of the unperturbed 

resonance.
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Figure 3. 
Binding isotherm showing chemical shift perturbation from a PrOF NMR titration of 6-

amino-1-ethyluracil into 50 μM 5FW-Brd4(1), -BrdT(1), and -BPTF. Perturbed resonances 

for each protein and their respective Kd values are shown. The ribbon structure for each 

protein is also shown with tryptophan residues labeled in red. Residue assignment for 5FW-

BrdT(1) is shown in Figure S9.
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Figure 4. 
(A) PrOF NMR confirms binding of compound 3 to 5FW-Brd4(1). W81 in Brd4 and W50 in 

BrdT are broadened at 25 μM 3, and a new resonance begins to grow in at higher 

concentrations. Dashed lines reference the position of the resonance in the absence of ligand. 

The protein concentration was 45 μM in all experiments. (B) Compound 3 does not bind to 

non-BET bromodomain BPTF, shown by the similar spectra in the presence and absence of 

ligand. Protein concentration was 50 μM in all experiments. (C) Selectivity of 3 against a 

panel of bromodomains. BET bromodomains are in bromodomain family II.
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Figure 5. Co-crystal structure of Brd4(1) with compound 3
(A) Direct hydrogen bonding interactions (black dotted lines) of compound 3 with Asn140 

and water-mediated interactions with Tyr97 and Pro82. The inhibitor is shown in yellow and 

the 2Fo−Fc electron density map (contoured at 1σ) is indicated as blue mesh. Water 

molecules are shown as cyan spheres. (B) Space filling model of the inhibitor bound to the 

acetylated lysine binding site. (C) Van der Waals interactions (green dotted lines) with 

mostly hydrophobic residues of the acetylated lysine binding site.
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Figure 6. 
Western blot analysis of the effect of compounds 3p, 3q, 3r, and 3s on c-Myc and p21Cip1 

levels. Compound 2 served as a positive control, and vinculin served as a loading control.
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Scheme 1. Synthesis of dihydropyridopyrimidines 3–3m and pyridine 3na

aReagents and reaction conditions: (a) Acetic acid, 110 °C, 6 h, N2, 11–81%; (b) Compound 

3, chloranil, DMSO, rt, 2 h, 87%.
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