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Structure-based approaches towards 

identification of fragments for the low-

druggability ATAD2 bromodomain 

 

Apirat Chaikuada, Andrew M. Petrosc, Oleg Fedorovb, Jing Xuc, Stefan Knappa,b  

ABSTRACT: The transcriptional co-regulator ATAD2 is a prognostic marker for patient survival in 

many cancers. ATAD2 harbours a bromodomain which may offer an opportunity for pharmacological 

intervention, but its shallow, polar binding surface makes the development of inhibitors challenging. 

Here we optimized crystal transfer/soaking conditions enabling crystallographic fragment screening. 

We describe nine crystal structures of fragments including thymidine, a novel acetyl-lysine mimetic 

ligand and the evaluation of the binding properties of the identified fragments using NMR chemical shift 

perturbation experiments. The presented binding modes offer chemical starting points for the 

development of more potent ATAD2 inhibitors. 

 

Introduction 

ATAD2 (ATPases Associated with diverse cellular Activities), 
also called ANCCA (AAA+ nuclear co-regulator cancer 
associated) is a transcriptional regulator that harbours an AAA 
type ATPase domain and an acetyl-lysine protein interaction 
module of the bromodomain family. ATAD2 is highly 
expressed in testis1 as well as in many diverse cancer types 
where its high expression levels have been strongly correlated 
with short patient survival and disease progression1-4. ATAD2 
acts as a co-activator of several transcription factors that are 
key drivers of tumorigenesis including E2F family members5, 
oestrogen receptors6, the androgen-receptor7 as well as MYC8. 
The association with MYC is particularly noteworthy as 
ATAD2 has been closely associated with expression of genes 
known to be transcriptionally up-regulated by MYC9 leading to 
enhanced cell proliferation and resistance to apoptosis in an 
ATAD2-dependent manner. Taken together, the strong linkage 
of ATAD2 with cancer progression, its function as a co-
regulator of key oncogenic drivers and the remarkable 
association of ATAD2 over-expression with patient survival 
makes a compelling case targeting this transcriptional co-
activator for the treatment of cancer10. 
ATAD2 contains a single bromodomain, a protein interaction 
module that selectively recognizes acetyl-lysine containing 
sequence motifs. The human genome encodes 61 diverse 
bromodomains that are mainly present in chromatin associated 

proteins11. Interestingly, bromodomains have recently emerged 
as druggable protein interaction modules12 and the strong 
association of some bromodomain containing proteins with 
disease development spawned a large number of drug discovery 
projects13-15. However, currently inhibitor development efforts 
have mainly focused on the BET family of bromodomain 
containing proteins for which a number of highly potent and 
selective inhibitors have been developed16-21. Despite the key 
role in tumorigenesis and disease progression, no inhibitors 
have been developed for the bromodomain of ATAD2. The 
polar and shallow binding pocket of the ATAD2 bromodomain 
suggests poor druggability of this acetyl-lysine interaction 
module12. Indeed, screening of ATAD2 against an acetyl-lysine 
mimetic library of potential bromodomain inhibitors developed 
in our laboratory yielded no potent inhibitor hits. We therefore 
used a fragment-based approach for the identification of 
chemical starting points that can be used for the development of 
more potent inhibitors. Here we present acetyl-lysine mimetic 
fragments and their high resolution crystal structures in 
complexes with ATAD2 as well as the evaluation of the 
binding properties of the most interesting fragments using 
NMR chemical shift perturbation experiments.  
 
Results and discussion 

Using the apo-structure of ATAD211, we solved the structure of 
an acetyl-lysine (Kac)/ATAD2 bromodomain complex to 
understand the structural requirements of ATAD2 acetyl-lysine 
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recognition. An initial co-crystal structure showed only weak 
density for the Kac ligand, possibly due to the high salt 
concentration required for ATAD2 crystallization that 
weakened interaction with this ligand. However, we were 
unable to identify alternative crystallization conditions which 
prompted us to consider crystal transfers to low-salt stabilizing 
solutions containing either PEG 3350 (polyethylene glycol of 
average molecular weight 3350) or 2-methyl-2,4-pentanediol 
(MPD) for soaking experiments22. Both polyoles yielded 
conditions in which the transferred ATAD2 crystals remained 
stabled. Combining the crystal transfer with Kac soaking 
yielded the acetyl-lysine complex structure, in which the ligand 
was well defined by electron density (Figure 1a). The acetyl-
lysine binding mode was similar to the one observed in other 
bromodomain peptide or Kac complexes11,23,24 and revealed the 
canonical hydrogen bond of the acetyl-lysine carbonyl with  

Figure 1: Overview of ATAD2 bromodomain in complex 

with acetyl-lysine. a) Ribbon representation of ATAD2 with 
the bound acetyl-lysine (Kac) shown in stick representation. 

The electron density shown around the ligand is │2Fo│-│Fc│ 
omitted map contoured at 1σ. b) Details of the interactions of 
ATAD2 with Kac. A bound ethylene glycol molecule (EG, 

highlighted in cyan) and water molecules (in pink spheres) are 
shown. c) Electrostatic surface representation of the acetyl-
lysine binding pocket demonstrating its highly negatively-

charged and shallow binding pocket properties. 
 

a conserved asparagine (Asn1064) present in most 
bromodomains as well as a water-mediated hydrogen bond 
linking the Kac carbonyl with the ZA loop tyrosine (Tyr1021) 
and an intricate network of water molecules typically found at 
the bottom of the Kac binding pocket (Figure 1b). 
Interestingly, an ethylene glycol molecule that was present in 
the cryo-protectant bound adjacent the acetyl-lysine residue and 
interacted via a water-mediated hydrogen bond with the Kac 
amide suggesting that this moiety could guide growing the Kac 
fragment into more potent ligands (Figure 1b). As expected 
from the primary structure of ATAD2 the acetyl-lysine binding 
pocket and its flanking residues resulted in a highly polar 

binding site with largely negatively-charged ZA and BC loop 
regions (Figure 1c).  
The charged binding pocket of ATAD2 posed a problem 
identifying ligands for this unusual bromodomain. We therefore 
initially used small polar solvent molecules that have been 
described acting as acetyl-lysine mimetic fragments for soaking 
experiments. The fragment library was dissolved in DMSO 
resulting in multiple co-crystal structures with this solvent. The 
sulfoxide oxygen acted in all cases as an acetyl-lysine mimetic 
ligand. Also MPD bound to ATAD2 assuming two closely 
related binding modes forming two hydrogen bonds with 
Asn1064 and a water-mediated hydrogen bond with Tyr1021 
(Figure 2a and 2b). To avoid competition of the solvent with 
the binding of fragments we avoided therefore the use of MPD 
as a stabilizing agent during crystal transfer and used 
exclusively PEG-based stabilization solution. Other well-
established acetyl-lysine mimetic fragments were successfully 
soaked into the ATAD2 binding pocket including the NMP 
ligand in an undiluted form (N-methyl-2-pyrrolidone) and 1-
methylquinolin 2-one dissolved in 50:50 methanol:acetonitrile 
solvent (Figure 2c and 2d), which for the latter the DMSO-
dissolved compound failed to co-crystallize most likely due to 
binding competition for the pocket of the solvent molecule.  

Figure 2 Structural details of the interaction of solvents and 

small fragments. Interaction with a) DMSO, b) 2-methyl-2,4-
pentanediol (MPD, only main binding mode shown), c) N-
methyl-2-pyrrolidone (NMP) and d) the small fragment 1-

methylquinolin 2-one. All ligands are represented in yellow 
sticks with superimposed acetylated lysine highlighted by grey. 
Corresponding electron density maps (│2Fo│ -│Fc│ contoured 

at 1σ) and the ligand structures are shown in the insets.  
 

Ligand binding was associated with an ordering of some side 
chains increasing the level of enclosure of the binding site. 
Further screening of several addition acetyl-lysine mimetic 
ligands using compound concentrations in the range of 5-20 
mM did not result in interpretable electron density maps (data 
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not shown). The results prompted us to hypothesize that the 
ATAD2 binding pocket, which is highly negatively-charged, 
might feasibly favour hydrophilic ligands. 
Next, we further explored therefore a series of nucleosides and 
nucleobases in essence thymine, which contains a putative Kac 
mimetic moiety. This ligand is characterized by its excellent 
solubility in water allowing us to avoid the use of DMSO as 
solvent. Interestingly, thymine indeed bound to the ATAD2 
acetyl-lysine binding pocket, forming the canonical Kac 
mimetic hydrogen bond with Asn1064 and the conserved water 
mediated hydrogen bond with Tyr1021 (Figure 3a). This 
prompted us to assess the binding of the nucleoside thymidine,  

Figure 3: Binding of thymine and thymidine to the 

bromodomain of ATAD2. Structural details of the binding 
modes of thymine (a) and thymidine (b) represented as yellow 
stick models. The conserved network of water molecules are 

shown as pink sphere, while cyan spheres represent water 
molecules that are not part of the network and bridge 

interactions between the ligand and the protein ZA loop. The 
insets show electron density maps for the ligands (│2Fo│-
│Fc│ contoured at 1σ). c) NMR titration of ATAD2 with 

thymidine. Two selected sections of the 13C-HSQC spectra (500 
MHz) in the presence of thymidine at different concentrations 
are shown. Arrows highlight chemical shift changes of cross-
peaks as a result of ligand binding. d) Dose dependence of the 

chemical shift perturbations as a result of the binding of 
thymidine to ATAD2. e) Summary of the crystal 

transfer/soaking binding experiments and the estimated Kds for 
thymine and thymidine based on NMR titration experiments. 

 

which contains the deoxyribose decoration which, assuming 
that the thymine binding mode is conserved in the nucleoside 
complex, would protrude into pocket occupied by ethylene 

glycol in the Kac complex. The electron density map obtained 
from the ligand soaking experiment confirmed this hypothesis 
(Figure 3b). Interestingly, structural comparison with the Kac-
ATAD2 complex showed that the oxygen atom of the 
thymidine sugar ring was accommodated in the position of the 
water molecule that bridged the interaction between the bound 
ethylene glycol and Kac while the 5’-hydroxyl group was 
oriented towards the solvent exposed pocket occupied by the 
ethylene glycol. Here, the 5’-hydroxyl group formed 
interactions to the ZA loop mediated by two water molecules 
leading to hydrogen bond networks between the ligand and the 
main chain atoms of Lys1011 and Val1008 as well as Asp1014. 
One of these bridging water molecules was also observed in the 
thymine complex but was not linked to the ligand due to the 
lack of the sugar moiety (Figure 3a and 3b). The 3’-hydroxyl 
group was located adjacent to an acidic patch of the ZA loop 
(Asp1014, Asp1016 and Glu1017), however no contact 
between this moiety and the protein was observed with its high 
crystallographic B-values suggesting also its flexibility. With 
the success in obtaining the complex structures, we sought to 
determine the affinities of these two compounds using NMR 
chemical shift perturbation experiments monitoring the 
chemical shifts of 13C-methyl labeled ATAD2 (Figure 3c). 
Non-linear least squares fits of the dose dependency of the 
chemical shifts resulted in the Kd values of approximately 10 
mM for both thymine and thymidine ligands (Figure 3d and 
3e). 
Next we expanded the ligand series by examining the binding 
of other related, commercially available thymidine nucleoside 
analogues with diverse modifications at the sugar group. Of the 
seven compounds tested (Figure 4a), the crystal 
transfer/soaking approach identified the interactions of two 
further nucleosides: the 5-methyl uridine and 3’-
deoxythymidine, which exhibited full occupancy in the 
complex structures (Figure 4b and 4c). Interestingly, NMR 
titration experiments suggested the dissociation constants (Kd) 
of 21 and 18 mM for the 5-methyl uridine and 3’-
deoxythymidine nucleosides, respectively, which were slightly 
weaker than the interactions of thymine or thymidine to 
ATAD2. Analyses of the structures revealed that the contacts 
between these two nucleosides with the protein were 
remarkably similar to that of thymidine, albeit with the 
differences noted for the water-mediated interactions between 
the 5’-hydroxyl group and the ZA loop (Figure 4b and 4c). 
Unlike two bound water molecules observed for the thymidine 
complex, the 5-methyl uridine- and 3’-deoxythymidine-ATAD2 
complexes contained only one bound water molecule, and they 
were also positioned differently in these two structures. It is 
likely that the loss of water mediated interactions in the 5-
methyl uridine and 3’-deoxythymidine complexes resulted in 
slightly weaker interactions of these ligands. In addition, 
similar to the thymidine complex the 2’- and 3’-hydroxyl 
groups of 5-methyl uridine were oriented towards the ZA loop 
polar surface patches but did not form any specific interactions 
with any ATAD2 residues.  
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It is to note also that among the thymidine nucleoside analogues 
tested in the soaking experiments zudovidine was another 
compound that showed binding in the crystals, but the weak 
electron density map did not allow a confident, accurate 
placement of this ligand, thus without a final model. To verify 

Figure 4 Binding of thymidine nucleoside analogues to 

ATAD2. a) Summary of thymidine nucleoside analogues tested 
for binding to ATAD2 using fragment screening and 

quantitative NMR chemical shift perturbations. * denotes weak 
electron density map for the sugar ring for zudovidine and 

therefore no final structural model obtained; ND, not 
determined; NA, not applicable however binding detected but 
likely with the Kd values much larger than the highest tested 

concentration of 30 mM. Structural details of interactions 
between b) 5-methyl uridine and c) 3’-deoxythymidine (both 

depicted as yellow sticks) and the ATAD2 bromodomain. The 
conserved water network is displayed as pink spheres, while the 

water molecules that mediate the interactions between the 
bound ligand and the ZA loop are shown as cyan spheres. The 
insets show │2Fo│-│Fc│ electron density maps contoured at 

1σ for the bound nucleosides. d) Superimposition of the 
nucleobase-, nucleoside- and Kac-ATAD2 complexes revealed 

flexibility of the ZA loop upon binding to diverse ligands. 
 

if the crystal transfer and soaking experiment was to some 
extent reliable, 5-fluoro uridine, which was not expected to 
bind to the bromodomain due to the lack of an acetyl-lysine 
mimetic methyl group, was used as a negative control and 
indeed did not interact in the ATAD2 crystals. Furthermore, a 
nucleotide did also not bind to the ATAD2 bromodomain. This 
can be explained by the non-compatible charge and potentially 
the larger size of the phosphate extension that is feasibly 

repelled by acidic residues located in the ATAD2 bromodomain 
Kac binding site, essentially at the pockets around the ZA loop.  
In general, the NMR titrations were in good agreement with the 
crystal transfer/soaking experiments. We were however unable 
to obtain the complex structure of the 5-methyl 5’-deoxyamine 
uridine which showed a Kd of 17 mM. The 5’-amine should fit 
well into the ATAD2 binding site and we can therefore not 
explain why the structure determination of this complex has 
been unsuccessful. Superimposition of all ATAD2 complexes 
presented in this study revealed a rather rigid bromodomain 
binding site. However, flexibility of the ZA loop and different 
conformations of the acidic side chains within this region 
(Asp1014, Asp1016 and Glu1017) were observed, suggesting 
some degree of domain plasticity induced by the studied 
ligands (Figure 4d). Such structural feature may be taken into 
consideration upon further designs of more potent ATAD2 
inhibitors. The nucleobase thymine represents an attractive 
acetyl-lysine mimetic moiety for ATAD2 whereas extension of 
this fragment by a sugar moiety does not increase affinity 
further. Indeed, the ribose rings in the nucleoside complexes 
make little direct contact with the ATAD2 bromodomain. The 
binding surface of the acetyl-lysine peptide binding site of 
ATAD2 is highly negatively charged and it is likely that 
addition of basic or polar extension groups to the thymine 
scaffold will potentially be more beneficial for increasing 
binding affinity than the tested sugar substitutions.  

Conclusions 

The developed and optimized crystal transfer/soaking 
approaches for crystallographic studies together with the NMR 
screening technology presented here offer a possible platform 
for structure-based design of more potent ATAD2 inhibitors. 
This is exemplified by the identification of the nucleobase 
thymine, a novel acetyl-lysine mimetic, including its several 
analogues as the possible ATAD2 ligands. In addition, the 
complex structures enable understanding of the negatively-
charged, flexible nature of the ATAD2 pocket around the ZA 
loop, a region commonly targeted by bromodomain inhibitors. 
Although exhibiting only weak affinities, these fragments may 
offer starting points for synthetic efforts targeting this 
therapeutically-important bromodomain which is an ongoing 
activity in our laboratories.  
 
Experimental 

Protein purification and structure determination 

The recombinant ATAD2 protein was expressed, purified and 
crystallized in its apo-form as previously described11. For 
transfer/soaking experiments, the crystals were transferred into 
the stabilizing/soaking solution, containing either i) 45-50% 
MPD, 0.1 M bis-tris pH 5.5 and 0.1 M ammonium phosphate or 
ii) 28-32% PEG 3350, 50 mM bis-tris pH 5.5, 50 mM 
ammonium phosphate and 20% ethylene glycol. Fragments 
were supplemented in the soaking solution at 20-50 mM 
concentration (10% for NMP). Soaking time was varied from 4-
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9 hours. Diffraction data, collected in-house on Rigaku FR-E 
Superbright®, were processed and scaled with MOSFLM25 and 
Scala implemented in the CCP4 suite26, respectively. The 
structure determination was achieved by molecular replacement 
using Phaser27 and the ATAD2 apo coordinates as a search 
model11. All structures were subjected to manual model 
building in COOT28 and refinement using Refmac29 with 
optimized TLS groups defined by the TLSMD server30. The 
final models were verified for their geometric correctness with 
MOLPROBITY31. The data collection and refinement statistics 
are summarized in Supplementary Table 1.   

NMR Titrations 

The bromodomain from human ATAD2 (981-1108) was 
expressed in E. coli strain BL21 (DE3) using the pET28b 
vector. The recombinant protein which was 13C-labeled at the 
methyl groups of leucine, valine, isoleucine (δ only), and 
methionine was used for all NMR titrations. This labelling 
pattern was achieved by growing cells on minimal media which 
had been supplemented with 13C-labeled α-ketovalerate (100 
mg/L), 13C-labeled α-ketobutyrate (50 mg/L) and 13C-methyl-
labeled methionine (50 mg/L). Soluble protein was purified by 
Ni2+-affinity chromatography. All NMR spectra were collected 
at 25 ºC on a Bruker DRX500 spectrometer with a cryoprobe, 
on protein samples dissolved in 50 mM Tris pH 8.5, 1 mM 
TCEP, 100% 2H2O. For each NMR titration the ligand was first 
added as a dry powder to a 100 uM protein solution to give a 
final ligand concentration of 30 mM. This initial sample was 
then diluted with the protein solution to yield samples which all 
had 100 uM protein and 15, 7.5, 3.75, 1.875 and 0.9375 mM 
ligand. 13C-HSQC spectra were recorded on each of the 
protein/ligand solutions along with the apo protein as a 
reference. The chemical shift for a particular methyl cross-peak 
was then measured as a function of ligand concentration. 
Dissociation constants were calculated by fitting the change in 
chemical shift compared to the apo-protein versus added ligand 
to a simple two site (on/off) binding model. 
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