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ABSTRACT 

Most bromodomain inhibitors mimic the interactions of the natural acetylated lysine (KAc) 

histone substrate through key interactions with conserved asparagine and tyrosine residues within 

the binding pocket. Herein we report the optimisation of a series of phenyl sulfonamides which 

exhibit a novel mode of binding to non-Bromodomain and Extra Terminal Domain (non-BET) 

bromodomains through displacement of a normally conserved network of four water molecules. 

Starting from an initial hit molecule we report its divergent optimisation towards the ATPase 
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family AAA domain containing 2 (ATAD2) and Cats Eye Syndrome Chromosome Region, 

Candidate 2 (CECR2) domains. This work concludes with the identification of (R)-55 (GSK232), 

a highly selective, cellularly penetrant CECR2 inhibitor with excellent physicochemical 

properties.  

 

 

INTRODUCTION 

The Bromodomain and Extra-Terminal Domain (BET) family of bromodomain containing 

proteins is a well-established therapeutic target for small molecule inhibition, leading to efficacy 

in both oncology and immuno-inflammation indications.1-3 It has been shown that BET proteins 

organise on superenhancer and enhancer regions and profoundly regulate gene expression relevant 

to a range of diseases.4-5 Indeed, many small molecule BET bromodomain inhibitors, which block 

the interaction of BET with histones and chromatin, are currently progressing through clinical 

trials.6 However, the BET family represent just 8 of the 61 known human bromodomains, 

therefore, it is logical to propose that other bromodomains may control the expression of genes 

crucial to other diseases.7-9 Despite this promising hypothesis, the pharmacological relevance of 

inhibiting these bromodomains using small molecules is still largely unknown. Therefore, before 

investment in a full drug discovery programme, these targets need to be fully validated.8-13 Work 

in our group has recently been focused on developing tool molecules for the ATPase family AAA 
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domain containing 2 (ATAD2) and Cats Eye Syndrome Chromosome region, candidate 2 

(CECR2) bromodomains, with a particular focus on novel chemotypes.14-16  

ATAD2 is a promising oncogene which is overexpressed in multiple, unrelated human 

cancers.17-18 Protein knockdown experiments have linked ATAD2 to cell survival, proliferation 

and migration pathways.19 CECR2 is a bromodomain containing transcription factor which is 

involved in neurulation through the chromatin remodeling complex SNF2L.20 It has also been 

implicated in oncology using a functional genomics approach and is involved in the formation of 

γ-H2AX foci in response to DNA double strand breaks.21-22  

The ATAD2 and CECR2 bromodomains are exciting targets for drug discovery and, 

consequently, inhibitors for both bromodomains are starting to appear in the literature. 

Computational modelling had previously predicted the ATAD2 bromodomain to be amongst the 

least tractable of the bromodomain family, however, work by our group amongst others has shown 

that the optimisation of sub-micromolar inhibitors is possible.23-25 The first small molecule 

inhibitor (Fig. 1) published by our group was naphthyridone 1.26 Despite showing relatively 

modest activity compared to the leading BET inhibitors (ATAD2 pIC50 = 5.9) this was a significant 

step forward against what was predicted to be one of the least tractable bromodomains.23 

Naphthyridone 1 was optimized to afford 2 (GSK8814), a cell-permeable and selective tool 

molecule.27-28 Recently, an isoform selective ATAD2 inhibitor, 3 (BAY-850) was published.29 

This showed excellent ATAD2 potency and no measurable inhibition of other bromodomains. The 

compound displayed a unique binding mode whereby it bound to a dimer of ATAD2 as determined 

by mass spectrometry.  

There are currently three reported small molecule inhibitors of CECR2 (Fig. 1). The first, 

4 (NVS-CECR2-1) is a highly selective tool molecule.30 It has nanomolar activity in an isothermal 
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calorimetry (ITC) assay (pKd = 7.1) and displays robust activity in cellular fluorescence recovery 

after photobleaching (FRAP) and nano bioluminescence resonance energy tranfer (nanoBRET) 

assays. However, the authors describe the compound as being poorly soluble. The poor solubility 

of this chemotype was addressed through a collaborative effort between the SGC and Takeda 

which delivered 5 (TP-238) as a dual CECR2/bromodomain PHD finger transcription factor 

(BTPF) tool compound.31 The other available chemical probe is 6 (GNE-886), which has a CECR2 

TR-FRET pIC50 of 7.8 equating to a 100-fold selectivity window over the closest bromodomains.32 

The authors demonstrated cellular permeability and target engagement, identifying it as a suitable 

tool molecule.  

 

 

Fig. 1. Small molecule inhibitors of ATAD2 and CECR2 with KAc mimetics shown in blue. 
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Whilst tool molecules have been identified for these bromodomains, fully validating any 

results observed with these tools will rely on the availability of additional molecules which have 

differentiated chemotypes.13-14 We recently disclosed the output of a high throughput screen (HTS) 

which identified a series of phenyl sulfonamides as ATAD2 inhibitors.33 Phenyl sulfonamide 

(rac)-7 was identified as a suitable starting point for optimisation into a chemical tool for both 

ATAD2 and CECR2 (Table 1). It showed activity against ATAD2 (pIC50 = 6.3) and CECR2 (pIC50 

= 5.6) using TR-FRET assays. As in our earlier work on the naphthyridone series, we moved from 

a peptide, to a ligand displacement TR-FRET assay due to improved assay robustness.27 Since the 

data was concordant (e.g. (rac)-7: 6.5 vs. 6.3), the ligand displacement assay will be used herein. 

Importantly, (rac)-7 showed little affinity for either bromodomain of BRD4 (pIC50 ≤4.7), used in 

this work as a representitive example of the BET family due to the high sequence homology 

between family members (for full BET data on (rac)-7, (S,S)-32, and (R)-55 see Supporting 

Information). High BET selectivity (>100-fold) is desirable due to the strong phenotype observed 

with BET inhibitors. Phenyl sulfonamide (rac)-7 was in a good physicochemical space as defined 

by ChromLogD (a chromatographic measure of lipophilicity measured at 4.8), the Property 

Forecast Index (PFI (ChromLogD + #Ar), 5.8) and clogP (2.8).34-36 The series had high kinetic 

solubility as measured by chemiluminescence nitrogen detection (CLND) solubility (93 μg mL-1) 

and good permeability through an artificial lipid membrane (200 nm s-1).37-39 Charged aerosol 

detection (CAD) solubility was also used in this work and an internal analysis has shown that this 

is equivalent to CLND (see Supporting Information).40  
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Table 1. Hit phenyl sulfonamide identified from a HTS against ATAD2. 

 

(rac)-7 

ATAD2 (peptide) pIC50 (n) 6.5(8) 

ATAD2 (ligand) pIC50 (n) 6.3(5) 

LE / LLEat 0.25 / 0.26 

CECR2 pIC50 (n) / Sel. 5.6(2) / 5x 

BRD4 BD1 pIC50 (n) / Sel. 4.3(1)a / 100x 

BRD4 BD2 pIC50 (n) / Sel. 4.7(3) / 40x 

ChromLogD / PFI / clogP 4.8 / 5.8 / 2.8 

CLND (μg mL-1) 93 

AMP (nm s-1)  200 

       aData is <4.3 on 2/3 test occasions. 

 

The phenyl sulfonamides, such as (rac)-8 bound to the bromodomain of ATAD2 in a non-

canonical fashion, completely displacing the normally conserved water network from the base of 

the binding pocket (Fig 2. A). One of the sulfonamide oxygens replaces the interactions of W1 and 

makes a H-bond to Y1021. Additionally, the characteristic 110.5° angle of the sulfonamide, 

positions the piperidine into a lipophilic pocket formed by the BC loop. An ortho substituent on 

the aromatic ring overlays with W2. Initial SAR studies revealed that a halide substituent on the 
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aromatic ring was optimal for potency. A bromide was typically 5-fold more potent than a chloride. 

Truncation of the hydantoin back to an ethylamide showed a 50-fold drop in potency (data not 

shown) suggesting a significant binding contribution from this moiety.33  This can be rationalised 

by the two binding interactions of the hydantoin carbonyl groups with R1007 and the backbone 

NH of D1014 (Fig 2. B). However, it should be noted that multiple R1007 conformations were 

observed in different structures, indicating a degree of flexibility for this residue. Furthermore, the 

hydantoin NH did not appear to pick up any specific interactions with the protein.  

  

 

 

Fig. 2. A) X-ray crystal structure of (rac)-8 (pdb6S55) overlaid with KAc binding in ATAD2 

(pdb4QSP). The density fitted the S-enantiomer better and so this was modelled. The conserved 

network of waters (W1–4) shown in the base of the binding pocket are displaced by the phenyl 

sulfonamide ligand. B) Key contacts between the ligand ((rac)-8) and ATAD2 are shown as 
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yellow dashes, A halogen bond between the aryl bromide and the backbone carbonyl group of 

I1056 is present at the base of the KAc recognition site. One of the sulfonamide oxygens makes a 

H-bond to Y1021 and the two carbonyl groups of the hydantoin make H-bonds to R1007 and 

D1014. 

 

The potency of (rac)-7 against ATAD2 and its selectivity over the BET family (>40-fold), 

combined with the good physicochemical properties of this molecule and the novel binding mode 

of the phenyl sulfonamides, made it an attractive starting point for our investigation. Additionally, 

potency for CECR2 presented the opportunity for divergent optimisation. Within this manuscript 

we report the optimisation of (rac)-7 into potent inhibitors of ATAD2 and CECR2 respectively. 

 

RESULTS AND DISCUSSION 

Optimisation towards an ATAD2 inhibitor: 

As previously disclosed during the discovery of this template, preliminary SAR generation 

efforts had focused on the aryl substituent and the hydantoin vector. The binding contribution of 

the sulfonamide substituent was not evaluated at this stage.33 As a starting point for SAR expansion 

towards ATAD2 potency and selectivity, piperidine 10 was either truncated or expanded to the 5- 

and 7-membered analogues (9 and 11 respectively, Table 2). For synthetic feasibility, these were 

prepared with a chloro-aryl substituent and an unfunctionalised hydantoin. Pyrrolidine 9 was the 

most potent (pIC50 = 6.0) and ligand efficient of the three heterocycles against ATAD2, which was 

attributed to a good shape complementarity of the substituent with the lipophilic pocket (formed 

by the BC loop) of the protein. Truncation of the heterocycle to dimethyl sulfonamide 12 led to a 

significant decrease in potency (pIC50 = 4.9) against ATAD2, a trend mirrored in CECR2 (pIC50 = 
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4.2). As the pyrrolidine was the optimal size, functionalisation of the ring was then investigated. 

A methyl substituent at the 3- position of the pyrrolidine (13) was tolerated but no increase in 

ATAD2 potency or selectivity over CECR2 was observed for either enantiomer. Whilst both 

enantiomers of the 3-methyl substituent were well tolerated, gem-dimethyl 14 showed a 0.5 log 

unit decrease in potency, suggesting the steric demands of this analogue are not accommodated by 

the binding pocket. Interestingly, cyclopropyl 15 was comparable with the des- and mono- methyl 

analogues (9  and (S)-13), however, it had a slightly lower ligand efficiency. Bis-substitution at 

the 3- and 4- position was then investigated. The trans-configuration ((rac)-16) gave a 0.5 log unit 

increase in potency compared to (S)-13. This included a slight increase in LE but a small decrease 

in LLEat. Conversely, the cis-configuration 17 was poorly tolerated and less potent (pIC50 = 5.7) 

than the monomethyl examples. Extending the 3-position substituent to ethyl (rac)-18 or ether 

(rac)-19, was tolerated, but neither offered any improvements in terms of potency or ligand 

efficiency compared to 9  and (S)-13. Cyclopropyl (rac)-20 was notable for its increased CECR2 

potency vs. (S)-13, and was now equipotent against the two proteins. Substitution at the 2-position 

to afford pyrrolidine (R)-21 was less well tolerated, with a drop in pIC50 to 5.6. The more 

substantive change of a sulfonamide to a cyclohexyl sulfone (22, entry 7, pIC50 <4.0) was not 

tolerated in accordance with the predicted importance of the directionality confered by the 

sulfonamide (vide supra). Likewise, sulfonyl-imidazole 23 (entry 8) was inactive against ATAD2 

and CECR2 at the concentrations tested. All of the examples tested showed no appreciable affinity 

for BRD4 BD1, maintained a moderate bias for ATAD2 over CECR2, and showed desirable levels 

of solubility (≥116 μg mL-1). Whilst no increases in ATAD2 selectivity were observed, 

pyrrolidines 9, (S)-13 and (rac)-16 were identified as the optimal sulfonamides due to their potency 

and ligand efficiency. 
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Table 2. Exploration of the sulfonamide vector. 

  

 R 

ATAD2 

pIC50 (n)  

ATAD2 

LE / 

LLEat 

CECR2 

pIC50 (n) 

/ Sel. 

BRD4 

BD1 

pIC50 (n) 

Chrom

LogD 

CLND 

sol. 

(μg mL-1) 

9 
 

6.0(4) 
0.32 / 

0.38 

5.4(4) / 

4x 
<4.3(4) 2.6 ≥259 

10 
 

5.6(6) 
0.28 / 

0.32 

4.5(4) / 

13x 
<4.3(2) 3.5 ≥176 

11 

 

5.9(6) 
0.29 / 

0.30 

4.9(4) / 

10x 
<4.3(4) 3.7 ≥174 

12 
 

4.9(6) 
0.28 / 

0.37 

4.1(4)a / 

6x 
4.4(2) 2.2 ≥129 

(S)-13 

 

6.1(8) 
0.31 / 

0.35 

5.5(8) / 

4x 
<4.3(2) 3.2 ≥153 

(R)-13 

 

6.0(6) 
0.30/ 

0.34 

5.3(2) / 

5x 
<4.3(4) 3.2 175 

14 

 

5.5(6) 
0.27 / 

0.28 

4.6(3) / 

8x 
<4.3(2) 3.8 ≥153c 
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15 

 

6.0(8) 
0.29 / 

0.34 

5.4(4) / 

4x 
<4.3(2) 3.3 ≥158 

(rac)-

16  

6.6(6) 
0.32 / 

0.34 

5.7(2) / 

8x 
4.7(1)b 3.8 167 

17 

 

5.7(6) 
0.28 / 

0.29 

4.7(2) / 

10x 
<4.3(2) 3.7 156 

(rac)-

18  

6.2(8) 
0.30 / 

0.32 

5.9(4) / 

2x 
<4.3(4) 3.8 ≥175 

(rac)-

19 
 

6.0(4) 
0.28 / 

0.38 

5.4(2) / 

4x 
<4.3(2) 2.6 ≥352 

(rac)-

20 
 

6.3(4) 
0.30 / 

0.32 
6.3(3) / - <4.3(2) 4.0 ≥169c 

(R)-21 
 

5.6(6) 
0.28 / 

0.32 

5.1(4) / 

3x 
4.5(1)b 3.1 ≥201 

22 
 

<4.0(2) 
0.20 / 

0.21 

<4.0(6) / 

- 
<4.3(2) 3.6 116 

23 
 

<4.0(4) 
0.21 / 

0.29 

<4.0(6) / 

- 
<4.3(2) 2.1 ≥155 

aData is <4.0 on 1/5 test occasions; bData is <4.3 on 2/3 test occasions; cCAD solubility. 

 

Attention then turned to the amide vector, which directed the hydantoin moiety towards 

R1007 and D1014 (Fig 2). The HTS had identified the hydantoin as an effective substituent but 
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it was important to fully explore the SAR of this region to further elicidate the differences in 

ATAD2 and CECR2 binding (Table 3).33 As before, the aryl chloride was used for synthetic 

feasibility and the more optimal pyrrolidine sulfonamide was employed. As expected, the 

unsubstituted hydantoin 9 showed good potency (pIC50 = 6.0), though, it was characterised by 

a low artificial membrane permeability (AMP <3 nm s-1). This is most likely due to the low 

lipophilicity of this molecule. Although AMP does not neccessarily correlate with cell 

penetration, this was a high throughput metric which helped guide design. The methyl (rac-24) 

and dimethyl (25) analogues increased permeability further and maintained a similar ATAD2 

potency (pIC50 = 5.9 and 5.8 respectively). Here, alpha substitution of the H-bond donor NH 

increases lipophilicity by 0.4–0.8 log units allowing it to more easily pass though the 

hydrophobic portion of membranes. The geminally substituted (rac)-26 further raised the 

predicted permeability achieving a desirable value of 100 nm s-1 and also maintained potency 

at ATAD2. Interestingly, 2,4-oxazolidinedione 27 (pIC50 = 5.9) was also well tolerated, 

supporting the crystallographic observation that the hydantoin NH wasn’t making any specific 

interactions. This was further supported by pyrrolidinedione 28, which also maintained a 

similar potency of 5.8 (c.f. hydantoins 9, 24–26). However, further simplification of the 

hydantoin substituent to 2-pyrrolidinone 29 saw a large decrease in potency (pIC50 = 4.3). This 

shows, in accord with the crystallography (Fig. 2), that both carbonyl groups are important for 

binding to ATAD2. In fact, 2-pyrrolidinone 29 offered little difference in potency compared to 

truncated acetamide 30 (pIC50 = 4.5). Pleasingly, 24–30 maintained good solubility (>94 µg 

mL-1), and, none of the compounds tested showed any appreciable affinity for the BET family. 

Unfortunately, potency for CECR2, largely tracked with ATAD2 and selectivity between the 
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two bromodomains was not forthcoming. In summary, hydantoin (rac)-26 offered the highest 

potency for ATAD2 combined with the best balance of physicochemical properties. 

 

Table 3. Investigation of the Hydantoin substituent. 

 

 R 
ATAD2 

pIC50 (n) 

ATAD2 

LE / 

LLEat 

CECR2 

pIC50 (n) 

/  Sel.a 

BRD4 

BD1 

pIC50 (n) 

Chrom

LogD / 

PFI 

CAD 

Sol. 

(μg 

mL-1) 

AMP 

(nm 

s-1) 

9 

 

6.0(4)  
0.32 / 

0.38 

5.4(2) / 

4x 
<4.3(4) 2.6 ≥343 <3 

(rac)

-24  

5.9(6) 

0.30 / 

0.34 

5.2(4) / 

5x  
<4.3(2) 3.0 ≥259e 12 

25 

 

5.8(4) 

0.28 / 

0.30 

5.3(4) / 

3x 
<4.3(2) 3.4 ≥158 18 

(rac)

-26  

6.0(4) 

0.27 / 

0.28 

5.8(2) / 

2x 
<3.3(2)c 4.2 148e 100 

27 

 

5.9(2) 

0.31 / 

0.37 

5.8(4) / 

1x 
<4.3(2) 3.6 94 54 

28 

 

5.9(6) 

0.31 / 

0.35 

5.4(4) / 

3x 
<4.3(2) 3.3 ≥106 42 
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29 
 

4.3(6) 
0.24 / 

0.25 

4.7(2) / 

3x(C) 
<4.3(2) 3.4 181e 120 

30 H 4.5(4) 
0.32 / 

0.29 

4.1(4)b / 

3x 
3.7(2)d 3.4 ≥122 270 

a(C) denotes selectivity for CECR2; bData is <4.0 on 2/6 test occasions; cData is <4.3 on 1/3 test 

occasions; dData is <4.3 on 4/6 test occasions; eCLND solubility;  

 

If the SAR of the sulfonamide and amide groups were addidive, the combination of the 

three most potent sulfonamide groups (Table 2), the 3-methyl-3-cyclopropyl hydantoin (Table 3) 

and bromide should afford optimal ATAD2 inhibitors (Table 4). Unfortunately, (S)-31 did not 

show the expected increase in potency when the pyrrolidine was combined with the other 

substituents. However, addition of the 3-methyl substituent increased potency by 0.3–0.5 log units 

leading to a pIC50 of 7.2 for the most potent diastereomer ((S,S)-32). Phenyl sulfonamide (S,S)-32 

maintained the excellent solubility and physico-chemical profile of the starting hit and had a 5-

fold bias for ATAD2 over CECR2. This profile was a marginal improvement over the hydantoin 

epimer (R,S)-32, and consequently, (S,S)-32 was nominated for further profiling. In agreement 

with previous SAR, trans 3,4-dimethyl pyrrolidine 33 increased affinity for ATAD2 (pIC50 = 7.6). 

However, 33 was less soluble (49 µg mL-1), potentially driven by the increased lipophilicity of this 

analogue.  

 

 

Table 4. Combination of hydantoin substituent and sulfonamide vector. 
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 R 

ATAD2 

pIC50 

(n) 

ATAD2 

LE / 

LLEat 

CECR2 

pIC50 (n) 

/ Sel. 

BRD4 

BD1 

pIC50 (n) 

Chrom

LogD 

CLND 

sol. 

(μg mL-1) 

(S)-31 
 

6.6(8) 
0.30 / 

0.31 

6.4(6) / 

2x 
<4.3(2) 4.1 >195b 

(S,S)- 

32  

7.2(6) 
0.32 / 

0.30 

6.5(2) / 

5x 
<4.3(2) 4.7 129 

(R,S)- 

32  

7.0(8) 
0.31 / 

0.30 

6.9(4) / 

1x 
<4.3(4) 4.8 146 

33a 

 

7.6(2) 
0.30 / 

0.29 

6.9(2) / 

5x 
4.4(2) 5.2 47 

aTested as a diastereomeric mixture of hydantoin epimers with unknown trans-stereochemistry of 

the pyrrolidine substituents; bCAD solubility. 

 

A crystal structure of (R,S)-32, was resolved in ATAD2 (Fig. 3. A–B). The binding mode 

of (R,S)-32 was consistent with that of the initial hit (Fig 2). The aromatic bromide sits deep within 

the binding pocket and displaces the conserved water molecules in ATAD2. The (S)-methyl 

pyrrolidine group occupies a lipophilic pocket surrounded by the conserved Y1021, N1064 and 

the gatekeeper I1074 residues. The hydantoin carbonyl groups can then be seen making the 

previously observed H-bonding interactions with the backbone NH of D1014 and R1007. The 
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methyl and cyclopropyl groups, which were added to improve permeability, do not appear to pick 

up any specific contacts, in agreement with the biochemical data generated. 

 

 

Fig. 3. X-ray crystal structure (pdbXXXX) of  (S,R)-32 (teal) in ATAD2 (silver) and a docking 

model of (S,S)-32 (lime) in CECR2 (lilac, pdb3NXB): A) Pose showing (S,R)-32 sitting deep 

within the binding pocket, where the ligand displaces the normally conserved water network in 

the KAc recognition site; B) Rotated pose showing the hydantoin carbonyl groups make H-bonds 

to both R1007 and D1014 and one of the sulfonamide oxygens makes a H-bond to Y1021; C) 

pose showing there is space for (S,S)-32 to displace that waters in CECR2 and make key 
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contacts with M506 and Y471. D) Rotated pose showing that (S,S)-32 makes a H-bond to D464 

but does not make any specific interactions with the WPF shelf in CECR2. 

 

(S,S)-32 represented the most optimised ATAD2 inhibitor to date, boasting excellent potency and 

a novel mode of binding. To assess the inherent selectivity of this series of inhibitors, the wider 

bromodomain selectivity of (S,S)-32 was investigated, firstly, using in house TR-FRET assays and 

then DiscoverX’s full BROMOscan panel (Fig. 4). Pleasingly, (S,S)-32 was >200-fold selectivity 

over the BET family of bromodomains, using BRD4 as a representitive example. The high potency 

of (S,S)-32 was confirmed in the BROMOscan ATAD2A (pKd = 8.0) and ATAD2B (pKd = 7.6) 

assays. Significant potency was observed for seven other bromodomains: Bromodomain adjacent 

to zinc finger domain protein 2A (BAZ2A, pKd = 7.8), BRD1 (pKd = 6.9), Bromodomain and PHD 

finger-containing protein 3 (BRPF3, pKd = 6.9), CECR2 (pKd = 7.6), general control 

nonderepressible 5 (GCN5L2, pKd = 6.6), TATA-binding protein-associated factor 1 (TAF1(2), 

pKd = 7.8) and TAF1-like (TAF1L(2), pKd = 7.6) bromodomains. Greater than 30-fold selectivity 

was observed for all other bromodomains tested against. Interestingly, the stability of the water 

network in these bromodomains has previously been predicted to vary greatly, therefore, this level 

of off-target activity was suprising.41 It may suggest that displacement of the canonical waters is a 

viable approach for multiple targets in the future. Cellular target engagement was demonstrated 

using a CECR2 nanoBRET assay, in which a fluorescent bromosporine ligand was competitively 

displaced from CECR2 in HEK293 cells.42 (S,S)-32 showed activity (pIC50 = 6.5) in concordance 

with it’s CECR2 potency, demonstrating its ability to engage a cellular target. Overall (S,S)-32 

was identified as a potent ATAD2 inhibitor with good physicochemical profile and evidence of 

cellular target engagement. Given the historical difficulties with achieving highly potent ATAD2 
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inhibitors, the unique binding mode and novel chemotype will make (S,S)-32 (GSK388) an 

important addition to the ATAD2 chemical toolbox.  

 

Table 5. Profile of (S,S)-32 

 

 

GSK388 

(S,S)-32 

ATAD2 pIC50 (n) 

LE / LLEat 

7.2(6) 

0.31 / 0.30 

BRD4 BD1 pIC50 (n) / Sel. <4.3(2) / >630x 

BRD4 BD2 pIC50 (n) / Sel. 4.9(2) / 200x 

DiscoverX 

BROMOscan 

ATAD2 pKd 8.0 

ATAD2B pKd / Sel. 7.7 / 2x 

BAZ2A pKd / Sel. 7.8 / 2x 

BRD1 pKd / Sel. 6.9 / 13x 

BRPF3 pKd / Sel. 6.9 / 13x 

CECR2 pKd / Sel. 7.6 / 3x 

GCN5L2 pKd / Sel. 6.6 / 25x 

TAF1(2) pKd / Sel. 7.8 / 2x 

TAF1L(2) pKd / Sel. 7.6 / 3x 

CECR2 nanoBRET pIC50 (n) 6.6(4) 
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Fig. 4. DiscoverX’s BROMOscan results of (S)-32. 
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Optimisation towards a CECR2 selective inhibitor: 

Having optimised our phenyl sulfonamide series for ATAD2 potency, it was intriguing that 

potency at CECR2 (and indeed 7 other bromodomains) had not been reduced more significantly. 

A docking of (S,S)-32 in the apo structure of CECR2 (pdb3NXB) was solved to aid understanding 

of the differences between the two proteins (Fig. 3. C–D).43 Despite computational evidence that 

the water network in CECR2 is more stable than in ATAD2,41 the binding pocket of CECR2 still 

appears able to accommodate (S,S)-32. Indeed, considering the trends in SAR observed 

previously, we were confident that the phenyl sulfonamide ligands were binding to both 

bromodomains through displacement of the canonical waters. The sulfonamide is positioned so 

that one of the sulfonamide oxygens can make a H-bond interaction with Y471 and the aryl 

bromide can make a halogen bond to the carbonyl group of M506 (the CECR2 residue analogous 

to I1056 in ATAD2). The (S)-methyl pyrrolidine then occupies a lipophilic pocket formed of 

Y471, N514 and Y520. When compared with the crystal structure of ATAD2, several notable 

residue changes were apparent (Fig. 5). Firstly, the I1074 gatekeeper residue in ATAD2 is replaced 

by Y520 in CECR2. In ATAD2 the (RVF) shelf region is formed from R1007, V1008 and F1009, 

compared to W457, P458 and F459 in CECR2 which form a WPF shelf. It was hypothesised that 

these residue changes could be exploited to obtain enhanced CECR2 potency and selectivity.  

 



21 

 

 

Fig. 4. A docking model of (S,R)-32 (lime) in the apo crystal structure of CECR2 with point 

changes between the CECR2 (lilac) and ATAD2 (grey) domains annotated. 

 

In ATAD2, the hydantoin makes H-bonds using both carbonyl groups; one to the backbone 

NH of D1014 and the other to the flexible sidechain of R1007 on the RVF shelf (Fig. 3. A–B). In 

CECR2, according to the model, one of the hydantoin carbonyl groups can still make a H-bond to 

the backbone NH of D464. However, there is no suitable donor for the other carbonyl group on 

the WPF region due to the residue change from R1007 to W457. SAR work had shown that the 

two carbonyl groups were vital for ATAD2 potency and that moderate selectivity for CECR2 could 

be gained through removal of one of them, albeit with a significant reduction in potency (Table 3). 

Therefore, a strategy was adopted which aimed to build out towards the WPF residues with a 

substituent which could interact favourably with W457 in CECR2. 

Aromatic rings have been shown to form π-stacking interactions with the WPF shelf in the 

BET family.44 Whilst the shelf in CECR2 is blocked by the gatekeeper Y520, it was hypothesised 

that substituents such as benzimidazolinone (S)-34 (Table 6) might still interact with W457 whilst 
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maintaining a H-bond with the backbone NH of D464. This would also remove one of the carbonyl 

groups which had appeared crucial for ATAD2 activity, hopefully leading to an increase in 

selectivity. Pleasingly, benzimidazolinone (S)-34 maintained potency at CECR2 (pIC50 = 6.4) 

relative to hydantoin (S,S)-32 whilst activity at ATAD2 dropped 20-fold. The corresponding 

benzoxazolidine (S)-35 showed a further 10-fold increase in potency towards CECR2 (pIC50 = 

7.4) and 5-fold selectivity over ATAD2. There was only a marginal increase in LLEat for (S)-35 

relative to (S,S)-32, due to the raised lipophilicity of this analogue. Compound (S)-35 was also 

more potent at BRD4 BD1 (pIC50 = 5.0) although it still maintained a 250-fold selectivity window. 

Based on previously discussed ATAD2 crystallography and CECR2 modelling (vide supra), it was 

hypothesised that the carbamate in (S,R)-35 retained a H-bonding interaction with both proteins. 

Benzotriazole (S)-36 and benzisoxazole (S)-37 were designed to explore whether this interaction 

could be maintained when the H-bond acceptor was located within an aromatic ring. Both 

compounds showed good potency for CECR2 (pIC50 = 6.7 and 6.6 respectively) and maintained a 

bias over ATAD2 and high selectivity over BRD4 BD1. Removal of one of the heteroatoms to 

give benzofuran (S)-38 showed a 32-fold drop-off in CECR2 potency, suggesting that a H-bond 

acceptor at the 2-position was crucial. Unfortunately, compounds 34-38 showed reduced solubility 

( ≤25 μg mL-1), most likely due to their greater lipophilicity and aromaticity. As a result, none of 

the compounds tested were ideal tool molecules. 
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Table 6. Targeting the WPF shelf of CECR2. 

 

 R 
CECR2 

pIC50 (n) 

CECR2 

LE / 

LLEat 

ATAD2 

pIC50 (n) 

/ Sel.a 

BRD4 

BD1 

pIC50 

(n) 

Chrom

LogD 

CAD 

Sol. 

(μg 

mL-1) 

(S,S)

- 32  

6.5(2) 
0.30 / 

0.28 

7.2(6) / 

5x(A) 
<4.3(2) 4.7 129c 

(S)-

34  

6.3(4) 
0.29 / 

0.23 

5.9(6) / 

3x 
<4.3(3) 4.6 25 

(S)-

35  

7.2(4) 
0.34 / 

0.29 

5.7(4) / 

32x 
5.0(2) 5.7 21 

(S)-

36  
6.7(4) 

0.32 / 

0.26 

5.7(4) / 

10x 
4.8(1)b 5.3 18 

(S)-

37  
6.6(6) 

0.31 / 

0.26 

6.0(4) / 

4x 
4.6(1)b 6.2 3c 

(S)-

38  
5.1(5) 

0.24 / 

0.14 

5.6(2) / 

3x(A) 
<4.3(2) 6.7 0c.d 

a(A) denotes selectivity for ATAD2 over CECR2; bData is <4.3 on 1/2 test occasions; cCLND 

solubility; dData is <0 on 1/2 test occasions. 
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 Whilst the use of an aromatic amide substituent increased potency and selectivity at 

CECR2 it was unclear whether this was indeed the optimal substituent. To investigate the 

requirement for the phenyl ring of the benzotriazole (S)-36 was truncated. Unsubstituted triazole 

(S)-39 (Table 7) showed weak CECR2 potency (c.f. benzotriazole (S)-36) but maintained ligand 

efficiency compared to the leading biaryls (34–37). It was therefore logical to investigate alternate 

substituents to look for improved physicochemical properties whilst maintaining the potency of 

benzotriazole (S)-36. Dimethyltriazole (S)-40 showed increased CECR2 inhibition (pIC50 = 6.0) 

whilst maintaining the ligand efficiency and ATAD2 selectivity of (S)-39. This suggested that the 

aromatic ring could be replaced by sp3 groups with similar overall efficiency. A diversity 

orientated approach which initially looked at range of substitution at the 4-position was undertaken 

and the key examples are discussed herein. Neither a propyl or ether group increased affinity for 

CECR2 ((S)-41 and (S)-42), but, the installation of a methylene linked dimethylamine afforded 

(S)-43 (pIC50 = 6.6), a potent CECR2 inhibitor which was 5-fold selective over ATAD2. (S)-43 

was equipotent with benzotriazole (S)-36 but significantly less lipophilic and highly soluble (≥234 

µg mL-1). The same substituents at the 5-position were then prepared and interestingly, all three 

analogues (44–46) showed increased potency for CECR2 and improved selectivity over ATAD2. 

In particular, dimethylamine (S)-46 displayed 50-fold selectivity for CECR2 (pIC50 = 7.1). 

Importantly, it was also soluble (≥219 µg mL-1) and therefore demonstrated, for the first time, that 

desirable CECR2 potency and selectivity were possible with compounds with a suitable 

physicochemical profile. 
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Table 7. Investigating triazole substitution. 

 

 R 
CECR2 

pIC50 (n)  

CECR2 

LE / 

LLEat 

ATAD2 

pIC50 (n) 

/ Sel.a 

BRD4 

BD1 

pIC50 (n) 

Chrom

LogD 

CAD 

Sol. 

(μg mL-1) 

(S)-

39  
5.4(6) 

0.30 / 

0.30 

5.4(6) /  

- 
<4.3(2) 3.9  ≥166 

(S)-

40   

6.0(6) 
0.30 / 

0.30 

5.2(6) / 

6x 
<4.3(2) 4.4  ≥181 

(S)-

41  
5.8(6) 

0.28 / 

0.24 

5.8(6) /  

- 
4.4(2) 5.1 

48 

(S)-

42  
5.8(6) 

0.28 / 

0.31 

5.6(8) / 

2x 
<4.3(2) 4.1 ≥235 

(S)-

43  
6.6(4) 

0.31 / 

0.34 

5.9(6) / 

5x 
<4.3(2) 3.1 ≥234 

(S)-

44 
  

7.1(5) 
0.35 / 

0.30 

5.5(6) / 

40x 
5.0(1) 5.1 

19 

(S)-

45 
  

6.6(6) 
0.32 / 

0.35 

6.0(6) / 

4x 
<4.3(1)a 4.3 ≥216 
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(S)-

46 
 

7.1(5) 
0.34 / 

0.37 

5.4(6) / 

50x 
<4.3(2) 4.5 ≥219 

aData is <4.3 on 1/2 test occasions. 

  

Building on the success of the secondary amine derivatives, and the tolerance of substitution at 

both the 4- and 5- positions, we wanted to explore the effect of conformationally restricting the 

dimethylamine group. To do this, a range of triazolopiperidines (47–53, Table 8) were prepared. 

(S)-46 had afforded higher potency relative to its regioisomer, (S)-43 (Table 7). Therefore, 

conformational restriction of this amine was investigated first. Interestingly, triazolopiperidine (S)-

47 was 0.4 log units less potent at CECR2 (pIC50 = 6.7) relative to dimethylamine (S)-46 

suggesting that conformational restriction did not maintain the dimethylamine in its favoured 

binding conformation. Regioisomeric triazolopiperidine (S)-48 was prepared and pleasingly, was 

both highly potent (CECR2 pIC50 = 7.3) and 40-fold selective for CECR2. Additionally, (S)-48 

had a low ChromLogD (3.7) and was highly soluble (≥211 µg mL-1). The methyl group could be 

extended to give ethylamine (S)-49 which had a comparable profile to (S)-48 albeit with a slight 

increase in ChromLogD. Branching of the alkyl group gave isopropyl amine (S)-50 which was 

also highly potent at CECR2 (pIC50 = 7.6), equating to 79-fold selectivity over ATAD2. Despite 

the increased lipophilicity compared to (S)-48, (S)-49 and (S)-50 were still highly soluble (>238 

µg mL-1). In an effort to further understand the tolerated substitution of the amine, 

trifluoroethylamine (S)-51 was tested. A 0.5 log unit reduction in CECR2 potency was observed 

relative to ethylamine (S)-49. The increased lipophilicity of (S)-51 was also detrimental to the 

solubility (49 µg mL-1). Acylation of the amine gave acetamide (S)-52 which was potent at CECR2 

(pIC50 = 7.0) but was only 16-fold selective over ATAD2. The unsubstituted triazolopiperidine 
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(S)-53 was poorly tolerated in CECR2 (pIC50 = 6.6) but still maintained a 10-fold selectivity 

window. Overall, whilst there seemed scope to extend from the -NMe to larger substituents, (S)-

48 already exhibited a highly promising profile worthy of further investigation. 

 

Table 8. Investigation the SAR of triazolopiperidines. 

 

 R 
CECR2 

pIC50 (n)  

CECR2 

LE / 

LLEat 

ATAD2 

pIC50 (n) 

/ Sel.a 

BRD4 

BD1 

pIC50 

(n) 

Chrom

LogD 

CAD 

Sol. 

(μg 

mL-1) 

(S)- 

47 
 

6.6(4) 
0.31 / 

0.34 

5.7(4) / 

8x 
<4.3(2) 3.9 ≥186 

(S)- 

48  
7.3(8) 

0.33 / 

0.37 

5.7(10) / 

40x 
4.3(4) 3.7  ≥211 

(S)- 

49  
7.3(8) 

0.33 / 

0.35 

5.6(10) / 

50x 
4.5(3)a 4.1  569 

(S)- 

50  

7.5(3) 
0.33 / 

0.32 

5.7(2) / 

63x 
4.3(1)b 4.5  238 

(S)- 

51  
6.8(3) 

0.28 / 

0.29 

5.6(4) / 

16x 
4.5(2) 5.3  49 
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(S)- 

52  

7.0(3) 
0.30 / 

0.41 

5.8(4) / 

16x 
<4.3(2) 3.4 182 

(S)- 

53  
6.6(5) 

0.31 / 

0.37 

5.6(6) / 

10x 
4.8(2) 2.9 ≥233 

aData is <4.3 on 1/4 test occasions; bData is <4.3 on 1/2 test occasions. 

 

 Having identified triazolopiperidines as suitable CECR2 selective inhibitors, the 

sulfonamide vector was revisited with respect to CECR2. As discussed previously, 3-cyclopropyl 

pyrrolidine (rac)-20 was 6-fold more potent at CECR2 relative to (S)-methyl pyrrolidine (S)-13 

(Table 2). This sulfonamide was therefore prepared with the optimised triazolopiperidine. Due to 

the predicted increase in both potency and lipophilicity, both the chloride and bromide aryl 

substituents were prepared (Table 9). The enantiomers were separated by preparative chiral HPLC 

and identified by vibrational circular dichroism. As predicted, the switch from methyl to 

cyclopropyl led to a 0.9 log unit increase in potency for the most active enantiomer ((R)-54) 

relative to (S)-48. Interestingly, the opposite enantiomer was 20-fold less potent at CECR2, a trend 

which was also observed for (R)-55 vs. (S)-55. This is significant as both enantiomers of methyl 

pyrrolidine ((R)-13 and (S)-13) were equipotent at CECR2 (Table 2). It is likely that the increased 

size of the cyclopropyl group means that the pocket is more accommodating to one enantiomer 

than the other. Pleasingly, despite the increased lipophilicity (ChromLogD = 4.4), (R)-54 

maintained high solubility (177 µg mL-1). In line with previous SAR,33 the chloride analogue was 

0.5 log units less potent than the bromide. However, in combination with the cyclopropyl 

pyrrolidine, (R)-55 had a high CECR2 pIC50 of 7.7, was 160-fold selective over ATAD2, 1300-

fold selective over BRD4 BD1 and highly soluble (207 µg mL-1). Both (R)-54 and (R)-55 were 
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therefore nominated for further profiling of their wider bromodomain selectivity and cellular target 

engagement (vida infra). 

 

Table 9. Combining sulfonamide SAR with an optimised triazolopiperidine. 

 

Cmpd 

No. 
X 

CECR2 

pIC50 (n)  

CECR2 

LE / 

LLEat 

ATAD2 

pIC50 (n) 

/ Sel.a 

BRD4 

BD1 

pIC50 (n) 

Chrom 

LogD 

CAD 

Sol. 

(μg mL-1) 

(R)-54 

Br 

8.2(3) 0.36 / 0.38 
5.7(4) / 

320x 
4.9(2) 4.4 177 

(S)-54 7.4(3) 0.32 / 0.35 
5.5(4) / 

79x 
4.6(2) 4.4 248 

(R)-55  

Cl 

 

7.7(4) 0.35 / 0.38 
5.5(2) / 

160x 
4.6(4) 4.3 207 

(S)-55 6.9(3) 0.30 / 0.32 
5.2(4) / 

50x 
4.4(2) 4.3 ≥312 

 

Chemistry: 

The phenyl sulfonamides were typically constructed using the chemistry detailed in scheme 

1 which shows the synthesis of (S,S)-32. The commercially available sulfonyl chloride 56 was 

reacted with (S)-methyl pyrrolidine under basic conditions to afford sulfonamide (S)-57 in 90% 
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yield. The nitro group was reduced to aniline (S)-58 using iron and ammonium chloride in 98% 

yield. An amide coupling with the commercially available racemic carboxylic acid then introduced 

the hydantoin substituent to give (S,S)-32 after separation of the two diastereoisomers. 

 

Scheme 1. Synthesis of (S,S)-32 

 

Reagents and conditions: a) (S)-methylpyrrolidine hydrochloride (1.0 eq.), DIPEA (2.2 eq.), 

CH2Cl2, 0 °C, 1 h, 90%; b) iron (5.0 eq.), NH4Cl (1.5 eq.), EtOH:water (3:1), 70 °C, 2 h, 98%; c) 

(±)-2-(4-cyclopropyl-4-methyl-2,5-dioxoimidazolidin-1-yl)acetic acid (1.1 eq.), DIPEA (3.0 eq.), 

T3P (50% w/w in EtOAc, 1.0 eq.), CH2Cl2, rt, 2 h, 73% then chiral purification. 

 

High throughput array chemistry was utilised to explore the sulfonamide vector. In this case 

sulfonyl chloride 64 was synthesised as a late stage intermediate (Scheme 2). The aromatic nitro 

group of 59 was reduced using iron and ammonium chloride to afford aniline 60 in 88% yield. 

This was then acylated using 2-chloroacetyl chloride to afford alkyl chloride 61 in 88% yield. 

Subsequent alkylation using the commercial hydantoin under basic conditions gave 62 as a single 

regioisomer. A palladium (Pd2dba3, xantphos) catalysed thioetherification with benzylthiol gave 

sulfide 63 in good yield,45 which was then oxidised using 1,3-dichloro-5,5-dimethylimidazolidine-

2,4-dione to afford sulfonyl chloride 64 in 5-steps with 16% overall yield.46 This could then be 

used in a series of DIPEA mediated sulfonamidations to synthesise the desired products (9–21, 

23). 
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Scheme 2. Synthesis of a late stage sulfonyl chloride for use in a sulfonamide array. 

 

Reagents and conditions: a) iron (3.0 eq.), NH4Cl (1.5 eq.), EtOH:water (3:1), 70 °C, 16 h, 88%; 

b) 2-chloroacetyl chloride (1.0 eq.), DIPEA (1.0 eq.), CH2Cl2, rt, 1 h, 88%; c) hydantoin (1.2 eq.), 

K2CO3 (3.0 eq.), DMF, 70 °C, 1 h, 79%; d) benzylthiol (1.5 eq.), xantphos (20 mol%), Pd2dba3 

(10 mol%), DIPEA (3.0 eq.), 1,4-dioxane:DMF (3:2), 100 °C, 1 h, 77%; e) 1,3-dichloro-5,5-

dimethylimidazolidine-2,4-dione (2.0 eq.), water, AcOH, MeCN, rt, 2 h, 35%; f) amine (2.0 eq.), 

DIPEA (3.0 eq.), CH2Cl2, rt, 4 h, 10–87%. 

 

In our exploration of the triazole template, click chemistry was employed to 

regioselectively synthesise the desired analogues (Scheme 3). Late-stage azide (S)-65 was 

prepared from aniline (S)-58 and 2-azidoacetic acid using a HATU mediated amide coupling in 

94% yield. A copper catalysed click reaction with the desired alkyne gave 4-substituted triazoles 

41–43 in up to 59% yield.47 Alternatively, a ruthenium catalysed click reaction gave the 5-

substituted triazoles 40 and 44–46 in up to 62% yield.48 
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Scheme 3. Synthesis of triazoles 40–46 using either copper or ruthenium catalysed click 

chemistry. 

 

Reagents and conditions: a) 2-Azidoacetic acid (1.0 eq.), HATU (1.2 eq.), DIPEA (3.0 eq.), 

CH2Cl2, rt, 2 h, 94%; b) alkyne (1.5 eq.), Cp*RuCl(PPh3)2 (3 mol%), THF, 65 °C, 2 h, 22–82%. 

c) alkyne (1.1 eq.), CuSO4·5H2O (5 mol%), sodium ascorbate (0.15 eq.), CH2Cl2:water (1:1), rt, 

16 h, 49–59%; d) alkyne (2.0 eq.), Cu(OAc)2·H2O  (10 mol%), sodium ascorbate (0.15 eq.), 

MeOH, 100 °C, mw, 30 min, 42%; 

 

The chemistry to generate the CECR2 selective triazolopiperidine (R)-55 was more 

complex, as it involved synthesis of the triazolopyridine coupling partner 69 in the first instance 

(Scheme 4). Starting from the commercially available pyridine 66, an SNAr using tert-butyl 

glycinate gave ester 67. Reduction of the nitro group to the aniline was facilitated using the 

conditions outlined previously (c.f. schemes 1 and 2) and reaction of 68 with sodium nitrite under 
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acidic conditions gave the desired triazolopyridine 69 in 37% yield.49 This was hydrolysed under 

acidic (HCl, 4M in 1,4-dioxane) conditions and coupled to aniline (rac)-72 using HATU and 

DIPEA to afford intermediate (rac)-73. Aniline (rac)-72 was prepared from sulfonyl chloride 70 

using chemistry discussed previously (vide supra). The pyridine nitrogen was quaternised using 

methyl iodide before the intermediate pyridinium ion was reduced using sodium borohydride to 

afford (R)-55.50 

 

Scheme 4. Synthesis of (R)-55. 

 

Reagents and conditions: a) tert-butyl glycinate (1.1 eq.), TEA (1.0 eq.), EtOH, reflux, 6 h, 33%; 

b) iron (5.0 eq.), NH4Cl (1.5 eq.), EtOH:water (3:1), 70 °C, 2 h, 91%; c) NaNO2 (1.2 eq.), 

AcOH:water (1:1), 0 °C-80 °C, 37%; d) 3-cyclopropylpyrrolidine (1.0 eq.), DIPEA (2.2 eq.), 

CH2Cl2, 0 °C, 2 h, 90%; e) iron (3.0 eq.), NH4Cl (1.5 eq.), 3:1 EtOH:water, 70 °C, 2 h, 98%; f) 

HCl (4 M in dioxane, 8.3 eq.), 40 °C, overnight then HATU (1.2 eq.), DIPEA (3.0 eq.), CH2Cl2, 

rt, 2 h, 79%; g) MeI (1.0 eq.), MeCN, 80 °C, 2 h, then NaBH4 (2.2 eq.), 1:1 MeOH:water, rt, 73%. 
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Profiling of the Lead compounds: 

Phenyl sulfonamides (R)-54 and (R)-55 had been identified for further profiling as the most potent 

and ATAD2 selective CECR2 analogues. Cellular target engagement was again demonstrated 

using a CECR2 nanoBRET assay.42 Both  (R)-54 and (R)-55 showed nanomolar activity (pIC50 = 

7.4 and 7.3 respectively). Their wider bromodomain selectivity was then investigated. Both (R)-

54 and (R)-55 displayed excellent selectivity over BRD4 BD1 (>1300-fold) and BD2 (>500-fold). 

They were then initially submitted to DiscoverX’s BROMOscan panel at a single 10 µM 

concentration. This identified GCN5L2 and TAF1(2) as potential off-targets. Therefore, 

concentration-response curves were generated for these bromodomains along with CECR2. A 

TAF1(2) TR-FRET assay had previously been established in our laboratories and data was 

generated for both compounds. (R)-54 retained CECR2 potency in the DiscoverX assay (pKd = 

8.0) however, showed <30-fold selectivity over both GCN5L2 and TAF1(2). Interestingly, the 

TAF1(2) TR-FRET data showed 130-fold selectivity for CECR2, a marked discrepency between 

the 2 data sources (see Supporting Information). Encouragingly, (R)-55 showed an improved 

selectivity profile against both GCN5L2 (63-fold) and TAF1(2) (25-fold). The TR-FRET data 

generated also showed an increased window for CECR2 over TAF1(2) (50-fold). Due to the 

excellent selectivity profile of (R)-55 (GSK232) against key off-target bromodomains and 

confirmed cellular target engagement, it was nominated as a chemical tool for the CECR2 

bromodomain and was assessed in the full BROMOscan panel which is visualised on the 

phylogenetic tree (Fig 6). As identified throughout this work the closest off-targets were ATAD2 

(79-fold selective), ATAD2B (63-fold selective), GCN5L2 (63-fold selective), TAF1(2) (25-fold 

selective), and TAF1L(2) (40-fold selective). Pleasingly >100-fold selectivity (pKd <6.1) was 
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observed against all other bromodomains tested (for a full table of Kds see Table S2, Supporting 

Information). 

Table 10. Profiles of CECR2 tools (R)-54 and (R)-55. 

 

 

 

 (R)-54 

 

(GSK232) 

 (R)-55 

CECR2 pIC50 

LE / LLEat 

8.2(3) 

0.35 / 0.38 

7.7(4) 

0.33 / 0.36 

BRD4 BD1 pIC50 (n) / Sel. 4.9 (2) / 2000x 4.6(4) / 1300x 

BRD4 BD2 pIC50 (n) / Sel. 5.3 / 790x 5.0(4) / 500x  

DiscoverX 

BROMO 

-scan 

CECR2 pKd 8.0 8.1 

GCN5L2 pKd / Sel. 6.8 / 20x 6.3 / 63x 

TAF1(2) pKd / Sel. 7.2 / 8x 6.7 / 25x 

TAF1(2) pIC50 (n) / Sel. 6.1(3) / 130x 6.0(3) / 50x 

CECR2 nanoBRET pIC50 (n) 7.4(3) 7.3(3) 
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Fig. 6. DiscoverX’s BROMOscan results of (R)-55. 
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CONCLUSION 

In summary, we have optimised a series of phenyl sulfonamide bromodomain inhibitors, 

initially identified from a HTS against ATAD2, which displace the conserved water network from 

the KAc binding site. Optimisation of this template for ATAD2 potency/selectivity was achieved 

through an iterative medicinal chemistry approach, aided by crystallography, to deliver (S,S)-32 

(GSK388) as a potent ATAD2 inhibitor with >200-fold selectivity over the BET family, which 

will be a valuable addition to the ATAD2 literature. Interestingly, (S,S)-32 not only inhibited 

ATAD2, where the stability of the water network is predicted to be amongst the least stable, but 

also CECR2, where the water network is predicted to be more stable. Differences in the RVF/WPF 

shelf regions of ATAD2 and CECR2 were then exploited to secure high CECR2 selectivity, 

culminating in (R)-55 (GSK232). This was a highly potent ligand with >30-fold selectivity over 

all other bromodomains tested and >500-fold selectivity over the BET family. (R)-55 had an 

excellent physicochemical profile and was highly soluble. Cellular target engagement was 

demonstrated using a nanoBRET assay and as such (R)-55 is a high quality chemical probe. 

 

EXPERIMENTAL SECTION 

General Experimental 

Unless otherwise stated, all reactions were carried out under an atmosphere of nitrogen in 

heat or oven dried glassware and anhydrous solvent. Solvents and reagents were purchased from 

commercial suppliers and used as received. Reactions were monitored by thin layer 

chromatography (TLC) or liquid chromatography-mass spectrometry (LC-MS). TLC was carried 

out on glass or aluminium-backed 60 silica plates coated with UV254 fluorescent indicator. Spots 

were visualized using UV light (254 or 365 nm) or alkaline KMnO4 solution, followed by gentle 
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heating. LCMS analysis was carried out on a Waters Acquity UPLC instrument equipped with a 

BEH column (50 mm x 2.1 mm, 1.7 µm packing diameter) and Waters micromass ZQ MS using 

alternate-scan positive and negative electrospray. Analytes were detected as a summed UV 

wavelength of 210 – 350 nm. Flash column chromatography was carried out using Biotage SP4 or 

Isolera One apparatus with SNAP silica cartridges. Mass directed automatic purification (MDAP) 

was carried out using a Waters ZQ MS using alternate-scan positive and negative electrospray and 

a summed UV wavelength of 210 – 350 nm. NMR spectra were recorded at ambient temperature 

(unless otherwise stated) using standard pulse methods on any of the following spectrometers and 

signal frequencies: Bruker AV-400 (1H = 400 MHz, 13C = 101 MHz,), Bruker AV-600 (1H = 600 

MHz, 13C = 150 MHz,), Bruker DPX-250 spectrometer at 250 MHz, Varian INOVA spectrometer 

at 300 MHz. Chemical shifts are referenced to trimethylsilane (TMS) or the residual solvent peak, 

and are reported in ppm. Coupling constants are quoted to the nearest 0.1 Hz and multiplicities are 

given by the following abbreviations and combinations thereof: s (singlet), δ (doublet), t (triplet), 

q (quartet), quin (quintet), sxt (sextet), m (multiplet), br. (broad). IR spectra were obtained on a 

Perkin Elmer Spectrum 1 machine. Optical rotation of chiral products was measured using a Jasco 

P1030 polarimeter. Melting point analysis was carried out using a Stuart SMP40 melting point 

apparatus. Liquid chromatography high resolution mass spectra (HRMS) were recorded on a 

Micromass Q-Tof Ultima hybrid quadrupole time-of-flight mass spectrometer, with analytes 

separated on an Agilent 1100 Liquid Chromatograph equipped with a Phenomenex Luna C18(2) 

reversed phase column (100 mm x 2.1 mm, 3 µm packing diameter). Purity of synthesized 

compounds was determined by LCMS analysis. All compounds for biological testing were >95% 

pure.  

Synthesis of (S,S)-32: 
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(S)-1-((2-Bromo-5-nitrophenyl)sulfonyl)-3-methylpyrrolidine ((S)-57): 2-Bromo-5-nitrobenzene-

1-sulfonyl chloride 56 (1.70 g, 5.66 mmol) was taken up in CH2Cl2 (5 mL) under nitrogen and 

cooled in an ice bath. DIPEA (2.17 mL, 12.45 mmol) was added and the reaction stirred for 5 min 

before (S)-3-methylpyrrolidine hydrochloride (0.69 g, 5.66 mmol) was added. The reaction was 

stirred for 1 h before warming to rt. The reaction mixture was quenched with sat. aq. NaHCO3 (10 

mL) and extracted with CH2Cl2 (2 x 20 mL). The combined organics were washed with 2M HCl 

aq. (10 mL), filtered through a hydrophobic frit and concentrated in vacuo to give the crude 

product. The crude product was purified by silica chromatography, eluting with 0-40% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford (S)-1-((2-bromo-5-

nitrophenyl)sulfonyl)-3-methylpyrrolidine (S)-57 (1.77 g, 5.08 mmol, 90% yield) as a yellow 

solid. LCMS (Formic, ES+) tR = 1.17 min, m/z = 349.1, 351.1; 1H NMR (CDCl3-d, 400 MHz): δ 

(ppm) 8.89 (d, J=2.7 Hz, 1H), 8.21 (dd, J=8.8, 2.7 Hz, 1H), 7.95 (d, J=8.8 Hz, 1H), 3.56–3.67 (m, 

2H), 3.45 (ddd, J=9.5, 8.6, 7.1 Hz, 1H), 2.98 (dd, J=9.4, 7.9 Hz, 1H), 2.28–2.43 (m, 1H), 2.09 (dtd, 

J=12.7, 6.6, 3.9 Hz, 1H), 1.53–1.67 (m, 1H), 1.07 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 

MHz): δ (ppm) 146.8, 141.2, 127.7, 127.2, 126.6, 126.1, 59.6, 54.8, 47.9, 33.7, 17.4; IR νmax (cm-

1) 3000, 1595, 1528, 1331, 1153, 1125, 1057, 1022, 880, 842, 774, 739, 697, 670. 

(S)-4-Bromo-3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline ((S)-58): (S)-1-((2-Bromo-5-

nitrophenyl)sulfonyl)-3-methylpyrrolidine (S)-57 (2.92 g, 8.36 mmol), ammonium chloride (0.67 

g, 12.54 mmol) and iron (2.36 g, 41.8 mmol) were dissolved in a 3:1 mixture of EtOH (20 mL) 

and water (7 mL). The resulting solution was heated to 70 °C for 2 h. The reaction was allowed to 

cool then filtered through a plug of Celite, washing with MeOH (50 mL). The resulting solution 

was concentrated in vacuo and then partitioned with sat. aq. NaHCO3 (20 mL) and CH2Cl2 (20 

mL). The layers were separated and the aq. extracted with CH2Cl2 (2 x 20 mL). The combined 
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organics were passed through a hydrophobic frit and concentrated in vacuo to afford (S)-4-bromo-

3-((3-methylpyrrolidin-1-yl)sulfonyl)aniline (S)-58 (2.62 g, 8.21 mmol, 98% yield) as an orange 

gum. LCMS (formic, ES+) tR = 1.00 min, m/z = 319.1, 321.1; HRMS (C11H15BrN2O2S): [M+H]+ 

calculated 319.0116, found 319.0114; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 7.41–7.49 (m, 2H), 

6.67 (dd, J=8.4, 2.8 Hz, 1H), 3.92 (br. s., 2H), 3.51-3.62 (m, 2H), 3.33-3.44 (m, J=9.5, 8.6, 7.1 Hz, 

1H), 2.88-2.96 (m, 1H), 2.26-2.38 (m, J=14.9, 8.5, 6.8, 6.8 Hz, 1H), 1.99-2.09 (m, 1H), 1.50-1.57 

(m, 1H), 1.05 (d, J=6.6 Hz, 3H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 146.0, 138.8, 136.0, 

119.4, 118.4, 106.8, 54.4, 47.5, 33.8, 33.6, 17.5; IR νmax (cm-1) 3467, 3371, 1591, 1468, 1328, 

1142, 584. 

(S,S)-N-(4-Bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-((S)-4-cyclopropyl-4-

methyl-2,5-dioxoimidazolidin-1-yl)acetamide ((S,S)-32): (S)-4-Bromo-3-((3-methylpyrrolidin-1-

yl)sulfonyl)aniline (S)-58  (265 mg, 0.830 mmol) was taken up in CH2Cl2 (3 mL). (rac)-2-(4-

Cyclopropyl-4-methyl-2,5-dioxoimidazolidin-1-yl)acetic acid (194 mg, 0.913 mmol) and DIPEA 

(0.435 mL, 2.490 mmol) were added. T3P (50% w/w in EtOAc, 1.438 mL, 0.830 mmol) was then 

added and the reaction stirred at rt for 2 h. The reaction was concentrated in vacuo and the residue 

was partitioned between CH2Cl2 and sat. aq. NaHCO3 (15 mL each). The  aqueous layer was re-

extracted with CH2Cl2 (15 mL) and the combined organics eluted through a hydrophobic frit then 

concentrated in vacuo to afford the crude product. The crude product was purified by silica 

chromatography eluting with 5-50% (3:1 EtOAc:EtOH)/cyclohexane. The pure fractions were 

concentrated in vacuo to give the N-(4-bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-

2-(4-cyclopropyl-4-methyl-2,5-diox oimidazolidin-1-yl)acetamide (326 mg, 0.604 mmol, 73%) as 

a (1:1) mixture of diastereomers. The pure fractions were concentrated in vacuo to afford the 

racemic product. The racemate was was dissolved in EtOH (5 mL) and injected onto the column 
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(column: 250 mm x 20 mm Chiralcpak AD-H, 5 μm), eluting with 20% (EtOH + 0.2% 

isopropylamine)/(Heptane + 0.2% isopropylamine), flow rate = 42.5 mL min-1, detection 

wavelength 280 nm. The pure fractions from peak 2 were concentrated in vacuo to afford N-(4-

Bromo-3-(((S)-3-methylpyrrolidin-1-yl)sulfonyl)phenyl)-2-((S)-4-cyclopropyl-4-methyl-2,5-

dioxoimidazolidin-1-yl)acetamide (129 mg, 0.238 mmol, 29%) (S,S)-32 as a cream solid. LCMS 

(Formic, ES+) tR = 1.04 min, m/z = 513.2, 515.2 (100% pure); HRMS (C20H25BrN4O5S): [M+H]+ 

calculated 513.0807, found 513.0804; 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 10.70 (s, 1H), 

8.28 (d, J=2.7 Hz, 1H), 8.16 (s, 1H), 7.80 (d, J=8.7, 1H), 7.70 (dd, J=8.7, 2.6 Hz, 1H), 4.19 (s, 

2H), 3.40-3.52 (m, 2H), 3.31-3.35 (m, 1H), 2.84 (dd, J=9.4, 7.7 Hz, 1H), 2.22-2.35 (m, 1H), 1.95-

2.07 (m, 1H), 1.52 (dq, J=12.3, 8.3 Hz, 1H), 1.40 (s, 3H), 1.10-1.20 (m, 1H), 0.93-1.01 (m, 3H), 

0.40-0.49 (m, 2H), 0.26-0.39 (m, 2H); 13C NMR (DMSO-d6, 101 MHz): δ (ppm) 176.8, 165.8, 

156.0, 138.8, 138.8, 136.7, 124.2, 121.5, 112.6, 61.0, 54.7, 47.9, 41.1, 33.6, 33.4, 23.6, 17.6, 17.4, 

0.9, 0.4; IR νmax (cm-1) 3295, 1712, 1601, 1536, 1457, 1307; m.p. 218.8 – 220.5 °C; Chiral LC: 

4.6 mm x 250 mm Chiralpak AD-H column, 20% (EtOH + 0.2% isopropylamine)/(Heptane + 

0.2% isopropylamine), tR = 23.301 min; er 95:1. 

Synthesis of (R)-55: 

(rac)-1-((2-Chloro-5-nitrophenyl)sulfonyl)-3-cyclopropylpyrrolidine ((rac)-71): 2-Chloro-5-

nitrobenzenesulfonyl chloride 70 (1.10 g, 4.30 mmol) was taken up in CH2Cl2 (50 mL) under 

nitrogen and cooled to 0 °C. DIPEA (1.65 mL, 9.45 mmol) was added and the reaction stirred for 

5 min before (rac)-3-cyclopropylpyrrolidine (0.48 g, 4.30 mmol)  was added. The reaction was 

stirred at 0 °C for 2 h. The reaction mixture was quenched with sat. NaHCO3 (50 mL) and extracted 

with CH2Cl2 (2 x 50 mL). The combined organics were filtered through a hydrophobic frit and 

concentrated in vacuo to give the crude product. The crude product was purified by silica 
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chromatography, eluting with 0-40% cyclohexane/EtOAc. The pure fractions were concentrated 

in vacuo to afford (rac)-1-((2-chloro-5-nitrophenyl)sulfonyl)-3-cyclopropylpyrrolidine (rac)-71 

(1.28 g, 3.87 mmol, 90% yield)  as a yellow gum. LCMS (formic, ES+) tR = 1.23 min, m/z = 331.2; 

HRMS (C13H15ClN2O4S): [M+H]+ calculated 331.0519, found 331.0510; 1H NMR (CDCl3-d, 400 

MHz): δ (ppm) 8.92 (d, J=2.7 Hz, 1H), 8.33 (dd, J=8.8, 2.7 Hz, 1H), 7.71 (d, J=8.8 Hz, 1H), 3.58–

3.69 (m, 2H), 3.45 (ddd, J=9.7, 8.3, 7.2 Hz, 1H), 3.21 (dd, J=9.5, 7.8 Hz, 1H), 2.03–2.15 (m, 1H), 

1.80 (dq, J=12.5, 8.3 Hz, 1H), 1.60–1.69 (m, 1H), 0.63–0.76 (m, 1H), 0.43–0.55 (m, 2H), 0.08–

0.22 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 146.2, 139.4, 139.0, 133.2, 127.4, 126.7, 

52.9, 47.8, 44.4, 31.5, 13.0, 3.7, 3.4; IR νmax (cm-1) 3098, 1601, 1524, 1344, 1162, 884. 

(rac)-4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline ((rac)-72): (rac)-1-((2-Chloro-

5-nitrophenyl)sulfonyl)-3-cyclopropylpyrrolidine (rac)-71 (1.25 g, 3.78 mmol), ammonium 

chloride (0.30 g, 5.67 mmol) and iron (0.63 g, 11.34 mmol) were dissolved in EtOH (5.0 mL) and 

water (1.7 mL). The resulting solution was heated to 70 °C for 2 h. The reaction was allowed to 

cool then filtered through a plug of Celite, washing with MeOH (20 mL). The resulting solution 

was concentrated in vacuo and then partitioned between sat. aq. NaHCO3 (20 mL) and CH2Cl2 (20 

mL). The layers were separated and the aq. layer extracted with CH2Cl2 (2 x 20 mL). The combined 

organics were passed through a hydrophobic frit and concentrated in vacuo to afford (rac)-4-

chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline (rac)-72 (1.11 g, 3.69 mmol, 98% yield) 

as a yellow gum. LCMS (formic, ES+) tR = 1.07 min, m/z = 301.1; HRMS (C13H17ClN2O2S): 

[M+H]+ calculated 301.0778, found 301.0771; 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 7.41 (d, 

J=2.7 Hz, 1H), 7.26 (d, J=8.5 Hz, 1H), 6.75 (dd, J=8.5, 2.7 Hz, 1H), 3.91 (br. s., 2H), 3.53–3.63 

(m, 2H), 3.39 (ddd, J=9.5, 8.3, 7.1 Hz, 1H), 3.15 (dd, J=9.5, 7.7 Hz, 1H), 1.98–2.09 (m, 1H), 1.74 

(dq, J=12.3, 8.4 Hz, 1H), 1.56–1.61 (m, 1H), 0.60–0.74 (m, 1H), 0.41–0.52 (m, 2H), 0.08–0.18 
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(m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 145.4, 137.1, 132.5, 120.1, 119.2, 118.0, 52.5, 

47.4, 44.3, 31.5, 13.1, 3.6, 3.3; IR νmax (cm-1) 3375, 1596, 1468, 1323, 1159, 590. 

(rac)-2-(1H-[1,2,3]Triazolo[4,5-c]pyridin-1-yl)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-yl) 

sulfonyl)phenyl)acetamide ((rac)-73): tert-Butyl 2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetate 

69 (187 mg, 0.798 mmol) was dissolved in HCl (4 M in dioxane, 1.66 mL, 6.65 mmol) and stirred 

at rt for 16 h. The reaction mixture was concentrated in vacuo to afford the crude acid. (rac)-4-

Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)aniline (rac)-73 (200 mg, 0.665 mmol), and 

HATU (303 mg, 0.798 mmol) were added and the mixture dissolved in CH2Cl2 (10 mL). DIPEA 

(0.348 mL, 1.995 mmol) was added and the resulting solution was stirred at rt for 2 h. The reaction 

was quenched with sat. aq. NaHCO3 (10 mL) and extracted with CH2Cl2 (3 x 10 mL). The 

combined organics were passed through a hydrophobic frit and concentrated in vacuo to afford the 

crude product. The crude product was purified by silica chromatography, eluting with 0-100% 

EtOAc/cyclohexane. The pure fractions were concentrated in vacuo to afford (rac)-2-(1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-1-

yl)sulfonyl)phenyl)acetamide (rac)-73 (241 mg, 0.523 mmol, 79% yield) as a cream solid. LCMS 

(formic, ES+) tR = 0.98 min, m/z = 461.3; HRMS (C20H21ClN6O3S): [M+H]+ calculated 461.1163, 

found 461.1161; 1H 1H NMR (CDCl3-d, 400 MHz): δ (ppm) 9.45 (d, J=1.1 Hz, 1H), 9.16 (s, 1H), 

8.58 (d, J=6.0 Hz, 1H), 8.25 (d, J=2.7 Hz, 1H), 7.82 (dd, J=8.8, 2.7 Hz, 1H), 7.65 (dd, J=6.0, 1.1 

Hz, 1H), 7.43 (d, J=8.8 Hz, 1H), 5.67 (s, 2H), 3.51–3.58 (m, 2H), 3.30–3.39 (m, 1H), 3.12 (dd, 

J=9.7, 7.7 Hz, 1H), 1.97–2.06 (m, 1H), 1.73 (dd, J=12.5, 8.6 Hz, 1H), 1.51–1.63 (m, 1H), 0.55–

0.67 (m, 1H), 0.37–0.48 (m, 2H), 0.05–0.12 (m, 2H); m.p. 63.7 – 68.8 °C; IR νmax (cm-1) 3008, 

1590, 1465, 1156, 839, 556. 
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(rac)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((rac)-55): Iodomethane (0.16 mL, 

2.169 mmol) was added to (rac)-2-(1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)-N-(4-chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)acetamide (rac)-73 (1.00 g, 2.169 mmol) in MeCN 

(20 mL) at rt under air. The resulting solution was refluxed at 80 °C for 2 h. The reaction was 

allowed to cool and concentrated in vacuo to afford the methyl pyridinium intermediate. The 

residue was dissolved in MeOH (10 mL) and water (10 mL), before NaBH4 (0.18 g, 4.77 mmol) 

was added and the resulting solution stirred at rt for 30 min. The reaction was quenched with water 

(20 mL) and extracted with CH2Cl2 (3 x 20 mL). The combined organics were passed through a 

hydrophobic frit and concentrated in vacuo to afford (rac)-N-(4-chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-1H-[1,2,3]triazol 

o[4,5-c]pyridin-1-yl)acetamide (rac)-55 (762 mg, 1.591 mmol, 73% yield) as a white solid.  LCMS 

(formic, ES+) tR = 0.68 min, m/z = 479.3; HRMS (C21H27ClN6O3S): [M+H]+ calculated 479.1632, 

found 479.1629; 1H NMR (CDCl3-d, 400 MHz): d (ppm) 8.98 (s, 1H), 8.13 (d, J=2.7 Hz, 1H), 

7.91 (dd, J=8.8, 2.7 Hz, 1H), 7.46 (d, J=8.8 Hz, 1H), 5.16 (s, 2H), 3.70 (s, 2H), 3.53–3.62 (m, 2H), 

3.39 (ddd, J=9.5, 8.3, 7.2 Hz, 1H), 3.15 (dd, J=9.5, 7.8 Hz, 1H), 2.80–2.89 (m, 4H), 2.56 (s, 3H), 

1.99–2.10 (m, 1H), 1.76 (dq, J=12.2, 8.4 Hz, 1H), 1.56–1.66 (m, 1H), 0.60–0.71 (m, 1H), 0.41–

0.52 (m, 2H), 0.09–0.18 (m, 2H); 13C NMR (CDCl3-d, 101 MHz): δ (ppm) 163.6, 143.0, 137.3, 

136.1, 132.6, 132.2, 127.3, 124.7, 123.1, 77.2, 52.7, 51.4, 51.4, 47.6, 45.1, 44.3, 31.4, 20.6, 13.0, 

3.7, 3.3; m.p. 91.8 – 97.8 °C; IR νmax (cm-1) 2950, 1705, 1535, 1464, 1157, 591. 

(R)-N-(4-Chloro-3-((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-

tetrahydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((R)-55) and (S)-N-(4-chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-1H-
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[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide ((S)-55): (rac)-N-(4-Chloro-3-((3-

cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5  -methyl-4,5,6,7-tetra hydro-1H-

[1,2,3]triazolo[4,5-c]pyridin-1-yl)acetamide (rac)-55 was dissolved in EtOH (1 mL) and injected 

onto the column (column: 250 mm x 20 mm Chiralpak IG, 5 μm), eluting with 50% (EtOH + 0.2% 

isopropylamine)/(heptane +0.2% isopropylamine), flow rate = 15 mL min-1, detection wavelength 

215 nm. The pure fractions from peak 1 were concentrated in vacuo to afford (S*)-N-(4-chloro-3-

((3-cyclopropylpyrrolidin-1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetrahydro-1H-[1,2,3]triazol 

o[4,5-c]pyridin-1-yl) acetamide (R)-55 (16 mg, 0.033 mmol) as a white solid and the pure fractions 

from peak 2 were concentrated in vacuo to afford (R*)-N-(4-chloro-3-((3-cyclopropylpyrrolidin-

1-yl)sulfonyl)phenyl)-2-(5-methyl-4,5,6,7-tetra hydro-1H-[1,2,3]triazolo[4,5-c]pyridin-1-

yl)acetamide (S)-55 (15 mg, 0.031 mmol) as a white solid. Data consistent with racemate ((rac)-

3.127); Chiral LC: 4.6 mm x 250 mm Chiralpak IG column, 80% (EtOH + 2% 

isopropylamine)/heptane, (R)-55: tR = 17.354 min; er >99:1; (S)-55: tR = 23.739 min; er >99:1. 

ATAD2 Synthetic Ligand Competition TR-FRET Binding Assay 

Compounds were titrated from 10 mM in 100% DMSO, and 100 nL was transferred to a 

low-volume black 384-well microtiter plate using a Labcyte Echo 555. A Thermo Scientific 

Multidrop Micro was used to dispense 5 μL of 5 nM FLAG-6His-Tev-ATAD2(981−1121) in 50 

mM Hepes, 150 mM NaCl, 5% Glycerol, 1 mM CHAPS, and 1 mM DTT, pH 7.4, in the presence 

of 100 nM Alexa Fluor 488-labeled ligand. After equilibrating for 30 min in the dark at rt, the 

ATAD2 protein−fluorescent ligand interaction was  detected using TR-FRET following a 5 μL 

addition of 1.5 nM Lanthascreen Elite Tb-anti His antibody (Invitrogen, PV5863) in assay buffer. 

Time-resolved fluorescence (TRF) was then detected on a TRF laser equipped PerkinElmer 

Envision multimode plate reader (excitation = 337 nm; emission 1 = 520 nm; emission 2 = 495 
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nm; dual wavelength bias dichroic = 400, 505 nm). TR-FRET ratio was calculated using the 

following equation: ratio = ((acceptor  fluorescence at 520 nm)/(donor fluorescence at 495 nm)) × 

1000. TR FRET ratio data was normalized to a mean of 16 replicates per microtiter plate of both 

10 μM GSK3190320 and 100% DMSO controls. IC50 values were determined for each of the 

compounds tested by fitting the fluorescence ratio data to a four parameter curve fit of the 

following form was then applied. 

𝑦 =  𝑎 − 𝑑1 + (𝑥 𝑐⁄ )𝑏 + 𝑑 

Where ‘a’ is the minimum, ‘b’ is the Hill slope, ‘c’ is the pIC50 and‘d’ is the maximum. 

CECR2 Synthetic Ligand Competition TR-FRET Binding Assay 

Compounds were titrated from 10 mM in 100% DMSO, and 100 nL was transferred to a 

low-volume black 384-well microtiter plate using a Labcyte Echo 555. A Thermo Scientific 

Multidrop Micro was used to dispense 5 μL of 6H-FLAG-tev-CECR2 (424-543) in 50 mM Hepes, 

150 mM NaCl, 5% Glycerol, 1 mM CHAPS, and 1 mM DTT, pH 7.4, in the presence of 200 nM 

Alexa Fluor 647-labeled ligand (GSK3103956A). After equilibrating for 15 min at rt, the CECR2 

protein−fluorescent ligand interaction was  detected using TR-FRET following a 5 μL addition of 

3 nM Eu-W1024-labeled Anti-6xHis antibody in assay buffer. Time-resolved fluorescence (TRF) 

was then detected on a TRF laser equipped PerkinElmer Envision multimode plate reader 

(excitation = 315 nm; emission 1 = 665 nm; emission 2 = 615 nm). TR-FRET ratio was calculated 

using the following equation: ratio = ((acceptor  fluorescence at 665 nm)/(donor fluorescence at 

615 nm)) × 1000. TR FRET ratio data was normalized to a mean of 16 replicates per microtiter 

plate of both no protein and 100% DMSO controls. IC50 values were determined for each of the 

compounds tested by fitting the fluorescence ratio data to a four parameter curve fit of the 

following form was then applied. 
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𝑦 =  𝑎 − 𝑑1 + (𝑥 𝑐⁄ )𝑏 + 𝑑 

Where ‘a’ is the minimum, ‘b’ is the Hill slope, ‘c’ is the pIC50 and‘d’ is the maximum. 

BRD4 Mutant TR-FRET ASSAY51 

The binding of the compounds to BRD4 was assessed using a mutated protein to detect 

differential binding to Binding Domain 1 (BD1) on the bromodomain containing protein. The 

single residue mutation in the Binding Domain 2 (BD2) acetyl lysine binding pocket (Y390A) 

greatly lowers the affinity of the fluoroligand for the mutated BD2 domain (>1000 fold selective 

for the non-mutated domain). Therefore in the final assay conditions, binding of the fluoroligand 

to the mutated BD2 domain cannot be detected and subsequently the assay is suitable to determine 

the binding of compounds to the single non-mutated BD1 bromodomain. 

Protocol for BRD4 BD1 ligand FRET assay 

All assay components were dissolved in buffer composition of 50 mM HEPES pH 7.4, 50 

mM NaCl, 5% Glycerol, 1 mM DTT and 1 mM CHAPS. The final concentration of BRD4 protein 

(1-477, Y390A) was at 10 nM and the Alexa Fluor647 ligand was at Kd (~50 nM for BRD4). 

These components were premixed and 5 μL of this reaction mixture was added to all wells 

containing 50 nL of various concentrations of test compound or DMSO vehicle (0.5% DMSO 

final) in Greiner 384 well black low volume microtitre plates and incubated in dark for 30 min at 

rt. Detection reagents were prepared in assay buffer by diluting Eu-W1024 Anti- 6xHis Antibody 

(AD0111 PerkinElmer) to 1.5 nM FAC. 5 μl of this solution was then added to all wells. The plates 

were read on the Envision reader and the donor and acceptor counts were determined. From this, 

the ratio of acceptor/donor was calculated (λex = 337 nm, λem donor = 615 nm, em acceptor = 

665 nm) and used for data analysis. All data was normalized to the robust mean of 16 high and 16 

low control wells on each plate. A four parameter curve fit of the following form was then applied. 
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𝑦 =  𝑎 − 𝑑1 + (𝑥 𝑐⁄ )𝑏 + 𝑑 

Where ‘a’ is the minimum, ‘b’ is the Hill slope, ‘c’ is the pIC50 and‘d’ is the maximum. 

Physicochemical Properties 

Permeability across a lipid membrane, chromatographic logD at pH 7.4, and solubility by 

precipitation into saline were measured using published protocols.28, 52-54 
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BD1, first (N-terminal) bromodomain; BD2, second (C-terminal) bromodomain; BET, 

bromodomain and extra-terminal domain; BRD2/3/4, bromodomain-containing protein 2/3/4; 

BTPF, bromodomain PHD finger transcription factor; CAD, charged aerosol detection; CECR2, 
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charged luminescence nitrogen detection; DMSO, dimethyl sulfoxide; HRMS, high-resolution 

mass spectra; KAc, acetylated lysine; LE, Ligand Efficiency; LLEat, Lipophilic Ligand Efficiency, 

Astex; MDAP, mass directed automatic purification; RVF. Arginine-valine-phenylalanine; Sel., 

selectivity; TR-FRET, time resolved-fluorescence resonance energy transfer, WPF, tryptophan-

proline-phenylalanine. 
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