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ABSTRACT: The ATPase family, AAA" domain-containing protein 2B (ATAD2B) is a nuclear protein
that may play a role in the development of neuronal tissues and tumorigenesis. The ATAD2B protein
contains a C-terminal bromodomain that is highly homologous to the ATAD2 bromodomain, with 74.7%
sequence identity and 94.4% similarity. The ATAD2 bromodomain is an attractive drug target because
overexpression of ATAD2 is positively correlated with the progression of multiple cancer types, and poor
patient outcomes. Although ATAD2 and ATAD2B are highly conserved, little is known about the
function of ATAD2B, or its role in oncogenesis. We hypothesized that the ATAD2B bromodomain
would likely be involved in recognition of di-acetyllysine modifications on the histone tail, similarly to its
ATAD?2 paralog. We identified the acetylated histone ligands of the ATAD2B bromodomain using a
combination of isothermal titration calorimetry and nuclear magnetic resonance techniques. Interestingly,
the ATAD2B bromodomain has different substrate specificity than the ATAD2 bromodomain,
preferentially selecting for the histone H4K5acK8ac ligand. NMR chemical shift perturbation assays and
site-directed mutagenesis were used to map out the acetyllysine binding pocket, enabling characterization
of residues involved in coordination of mono- and di-acetylated histone ligands by the ATAD2B
bromodomain. In addition, the X-ray crystal structure of the ATAD2B bromodomain in complex with an
ATAD2 bromodomain inhibitor was solved at 2.2 A resolution. This structure revealed that critical
contacts required for bromodomain inhibitor coordination are conserved between the ATAD2/B
bromodomains, and many of these residues play a dual role in acetyllysine recognition.

HIGHLIGHTS:
* The ATAD2B bromodomain recognizes mono- and di-acetylated histone ligands.
*  Chemical shift maps outline the ATAD2B bromodomain acetyllysine binding pocket.
* An ATAD2B bromodomain-inhibitor complex reveals important binding contacts.

KEYWORDS: Acetyllysine; bromodomain; chromatin reader domain; epigenetics; histone; post-
translational modification

ABREVIATIONS:

ATAD2-ATPase family AAA" domain containing 2
ATAD2B-ATPase family AAA" domain containing 2B
BRD-bromodomain
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BRPF1/3-Bromodomain and PHD finger containing protein 1/3
CD-circular dichroism

GST- glutathione-S-transferase

HSQC- heteronuclear single quantum coherence
ITC-isothermal titration calorimetry

NMR-nuclear magnetic resonance

PHD- plant homeodomain

PTMs-post-translational modifications

INTRODUCTION: The ATPase family, AAA" domain-containing protein 2B (ATAD2B, also known as
KIAA1240), is a nuclear protein that contains two conserved domains: an AAA" ATPase domain and a
bromodomain (Fig. 1A) [1]. Little is known about the biological function of the ATAD2B protein, but a
study by Leachman et al., 2010 [1] indicates that ATAD2B is primarily found in neuronal tissue and may
play a role in tumor progression. The AAA" or ‘ATPases associated with diverse cellular activities’
domain is found in a large superfamily of proteins that typically form a hexameric complex, able to
recognize ATP, in order to drive molecular remodeling reactions [2]. Bromodomains are chromatin reader
modules that are known to recognize acetylated lysine on the N-terminal tails of histone proteins [3], and
function to bridge the associated bromodomain-containing protein or associated protein complexes, to
specific genomic locations. Thus, recognition of acetyllysine modifications is an important epigenetic
signaling pathway that often regulates global cellular processes including chromatin remodeling, gene
expression, DNA replication, cellular growth and proliferation [4-9].

In humans, there are 61 known bromodomains that are found in 46 different proteins [10]. These
bromodomains are divided into eight sub-families based on sequence and structural features [10]. The
ATAD2B bromodomain falls into sub-family IV, which also includes the bromodomain-containing
proteins ATAD2, BRPF1, BRD1, BRPF3, BRD7 and BRDO9. The acetyllysine binding activity of many of
the family IV bromodomain-containing proteins has been at least partially characterized through high
throughput histone peptide arrays and biochemical and biophysical approaches (see Lloyd et al., 2017
[11] for a recent review) [10-17]. The bromodomains in subfamily I'V recognize mono- and di-
acetyllysines on histones H2A, H3 and H4 (Fig. 1B). Interestingly, the BRD9 bromodomain is also able
to bind to larger acyl groups including propionylated and butyrylated lysine residues [12]. The C-terminal
bromodomain of ATAD2B is highly homologous to the ATAD2 bromodomain, with 74.7% sequence
identity and 94.4% similarity [1]. The ATAD2 bromodomain binds to acetylated histones at H4K5ac and
H4K12ac, and X-ray crystal structures have elucidated essential features of the binding pocket that are
important for ligand coordination [15, 16]. Recently, the ATAD2 bromodomain was shown to recognize
di-acetylated histones, and it associates with H4K5acK12ac modifications found on newly synthesized
histones following DNA replication [17]. However, the acetylated histone ligands of the ATAD2B
bromodomain have yet to be determined, and the molecular mechanism(s) underlying acetyllysine
recognition are currently unclear.

Understanding the similarities and differences between the ATAD2 and ATAD2B (ATAD2/B)
bromodomains is very important because ATAD?2 is considered to be a critical transcription factor in
malignant cells that up-regulates anti-apoptotic activity in both prostate and breast cancer cells [18, 19].
ATAD?2 has become an exciting new epigenetic target due to its over-expression and association with
multiple cancers, including breast and prostate cancer, ovarian and endometrial carcinoma, as well as
gastric, colorectal and cervical cancers [20-24]. Bromodomain inhibitors for ATAD?2 are currently being
developed [15, 25-27], and to further progress the research being done on ATAD2 bromodomain
inhibitors it will be vital to fully characterize the closely related ATAD2B bromodomain paralog. This
information will ultimately contribute to the development of more potent and selective inhibitors targeting
these bromodomains.
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We hypothesized that the ATAD2B bromodomain would likely be involved in recognition of di-
acetyllysine modifications on the histone tail, similarly to its ATAD?2 paralog [17]. In order to outline the
function of the ATAD2B bromodomain, we used isothermal titration calorimetry (ITC) and nuclear
magnetic resonance (NMR) to screen the purified bromodomain against a large number of acetylated
histone tail peptides in vitro. We discovered that the ATAD2B bromodomain recognizes acetylated lysine
residues on the N-terminal tails of histones H4 and H2A. ITC was used to characterize the binding
affinities of the ATAD2B bromodomain with histone peptide ligands, and we found that the di-acetylated
histone H4K5acK8ac was the strongest binder. Since the molecular details of di-acetyllysine recognition
had not been determined, we used NMR chemical shift perturbation experiments to map out the
acetyllysine binding pocket on the apo ATAD2B bromodomain structure. This allowed us to identify
amino acid residues outside of the canonical acetyllysine binding site that are altered in the presence of
di-acetyllysine ligands. Site directed mutagenesis coupled to ITC experiments confirmed the role of
residues in the bromodomain-binding pocket in ligand coordination. X-ray crystallography was used to
solve the structure the ATAD2B bromodomain in complex with compound 38, an ATAD2 bromodomain
inhibitor developed by GlaxoSmithKline [25]. From this structure we outlined the molecular contacts
important for inhibitor coordination that are conserved between the ATAD2/B bromodomains, and many
of these residues play a role in acetyllysine recognition. Our research supports a model whereby inherent
flexibility in the ATAD2/B bromodomain ZA and BC loop regions is important for recruiting acetyllysine
ligands into the bromodomain binding pocket. Our results establish key differences in the histone binding
specificity of the ATAD2/B bromodomains, suggesting that these proteins carry out divergent functions
within the cell. These data advance our understanding of how the ATAD2B bromodomain recognizes and
selects for specific acetyllysine modifications, and provides new information that will inform the design
of small molecule compounds to specifically select for the ATAD2/B bromodomains.

RESULTS:

The ATAD2B bromodomain recognizes mono- and di-acetylated histones

Bromodomains are known as acetyllysine reader domains [3], however, the histone ligands of the
ATAD2B bromodomain have yet to be determined. We used a combination of NMR and ITC methods to
identify the acetyllysine modifications recognized by the ATAD2B bromodomain. We screened the
ATAD2B bromodomain against a large number of unmodified, mono-acetylated and di-acetylated histone
ligands to test its binding activity (Table 1 and Fig. 2). Interestingly, the ATAD2B bromodomain
appears to be a di-acetyllysine reader and binds to the histone H4K5acK8ac (res 1-10) peptide with the
strongest affinity (Kp=28.1 £ 1.6 uM) [17]. Listed from strongest to weakest binding, the ATAD2B
bromodomain is able to recognize H4K5acK8ac (1-10), H4KS5ac (1-10), H2AKS5ac (1-12), H4K5acK12ac
(1-15), H4K12ac (4-17), H4K12acK16ac (10-20), H4K12ac (1-15) and H4K8ac (1-10). The H4K8ac (1-
10) ligand binds to the ATAD2B bromodomain very weakly (Kp=1164.2 + 28.5 uM) by ITC (Fig. 2C),
but this interaction was confirmed by NMR chemical shift perturbation experiments (Fig. 3A). The
ATAD2B bromodomain appears to use a large reading frame to interpret the histone code since specific
coordination of the histone H4K5acK12ac peptide spans a section of at least nine amino acid residues.
Also, recognition of acetylation modifications at position 5 and 8 on the histone H4 tail is significantly
altered by removal of the first three residues of the histone tail (compare Fig. 2B-C with Fig. 2M-N).
Together our data show that the ATAD2B bromodomain preferentially selects for the di-acetylated
histone ligand H4K5acK8ac, and has the ability to read epigenetic signaling information from an 8-10
residue region on the N-terminal histone tails.

Mapping of the ATAD2B bromodomain binding pocket

The X-ray crystal structure of the apo ATAD2B bromodomain has been solved (PDB: 3LX]J), but there
are no data available on the molecular mechanism of histone recognition. To obtain specific information
on how the ATAD2B bromodomain recognizes histone ligands at the molecular level we first completed
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the NMR backbone assignment of the >N, "C-labeled ATAD2B bromodomain (Fig. 3B). Then, we
mapped the acetyllysine binding pocket by plotting the NMR chemical shift perturbations observed in the
'H-""N HSQC NMR spectra upon addition of mono- and di-acetylated histone ligands, including H4K 5ac
(1-10), H4K8ac (1-10), H4K5acK8ac (1-10), H4KS5ac (1-15) and H4K5acK12ac (1-15) (Fig. 4).
Chemical shifts are a powerful way to probe protein-ligand binding interactions due to the high sensitivity
of this method over a broad affinity range, and the ability to link chemical shift changes to specific amino
acid residues. Chemical shift perturbations occur due to changes in the magnetic environment of the
amino acid residue that may occur due to a direct interaction of the residue with the ligand, a
conformational change in the residue(s), or neighboring residue(s) [28]. The NMR chemical shifts were
normalized in parts per million (ppm) across all histone ligands and then plotted in bar graphs to identify
residues whose signals moved the most with the addition of each histone ligand. Chemical shift
perturbations greater than 0.4 ppm are shown in red and indicate the most movement, while shifts greater
than 0.3 ppm are shown in orange, and shifts greater than 0.2 ppm are shown in yellow (Fig. 4). Six
residues in the ATAD2B bromodomain consistently demonstrated chemical shift changes greater than 0.4
ppm upon addition of the histone ligands. Residues Val 987, Tyr 1007, Asn 1038, Asp 1042, Asp 1045,
and Arg 1051 were large movers with the majority of the histone ligands tested. Two regions of the
ATAD2B bromodomain backbone are involved in most of the chemical shift perturbations observed upon
addition of the histone ligands. These regions span residues 976-1007 and 1031-1056, which are
highlighted in green and magenta, respectively, in Figure 4F. This area significantly overlaps the variable
ZA and BC loop regions that include residues 977-1004 and 1037-1042, respectively, although we
observe significant chemical shift changes in the aB and aC helices on either side of the BC loop
(magenta coloring in Fig. 4F). Thus, our data indicate that significant chemical shift perturbations are
induced in the ZA and BC loops of the ATAD2B bromodomain upon ligand binding. Previously, large
conformational changes were observed in these regions of the ATAD2 bromodomain structure reported
by Poncet-Montange, ef al., 2015 [15]. Our NMR data show that larger chemical shift perturbations occur
in the BC loop than in the ZA loop region in the ATAD2B bromodomain. Also of note is that many of the
conserved residues involved in ligand coordination for the ATAD2 bromodomain, such as the RVF shelf
residues (ATAD2 1007-1009, ATAD2B 981-983) and gatekeeper residue (Ile 1074/Ile 1048), do not
demonstrate significant (above 0.2 ppm) chemical shift perturbations upon ligand binding. Residues that
are likely to be involved directly in histone ligand coordination and show large chemical shifts in the
ATAD2B bromodomain include the universally conserved asparagine, Asn 1038, which coordinates the
acetyllysine moiety, and Val 987, which lines the hydrophobic binding pocket. From these data we
hypothesize that acetyllysine ligand recognition is initiated by structural changes in the flexible loop
regions that recruit the histone ligands to the bromodomain binding pocket, resulting in specific hydrogen
bond and hydrophobic interactions that occur upon ligand docking.

The observed chemical shift perturbations were mapped onto the surface of the apo ATAD2B
bromodomain X-ray crystal structure (PDBID: 3LXJ [10]) to further outline the acetyllysine binding
pocket, and to infer differences between coordination of mono- versus di-acetylated histone ligands. The
most notable difference in the chemical shift perturbation patterns includes an induced shift in residue
Arg 979, which only occurs with addition of the H4K5acK8ac and H4K5acK12ac histone ligands. Thus,
it is likely that amino acids in this region are involved in coordinating the second acetylation group.
However, since it is quite possible that the formation of specific hydrogen bond and hydrophobic contacts
with di-acetylated histone ligands do not result directly in changes in the chemical shift perturbation
pattern, further investigation is still required to determine the specific molecular interactions driving di-
acetyllysine recognition.

Bromodomain binding pocket residues important for histone ligand recognition
As mentioned above specific residues showed large chemical shift perturbations upon histone ligand
binding. To elucidate the role of individual amino acids we used site directed mutagenesis coupled to ITC
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binding assays to confirm the importance of these residues in histone recognition. We introduced three
different mutations into the ATAD2B bromodomain: Y995A, Y1037A and N1038A. Each mutation was
chosen based on its predicted role in the binding pocket. For example Tyr 995, which correlates to Tyr
1021 in ATAD2, coordinates the histone ligand via a water-mediated hydrogen bond [29]. Tyr 1037
corresponds to Tyr 1063 in the ATAD2 bromodomain, which forms one side of the acetyllysine binding
pocket and creates hydrophobic contacts to the lysine side chain. Tyr 1063 also forms a hydrogen bond to
the peptide backbone on the N-terminus of the histone ligand. Lastly, Asn 1038 is the universally
conserved asparagine residue found in nearly all bromodomain binding pockets, including the ATAD2/B
bromodomains [30]. The locations of each of these mutations are mapped onto the ATAD2B
bromodomain binding pocket in Figure SA. We tested the effect of each of these mutations on histone
ligand recognition with the H2AK5ac (1-12), H4K5ac (1-10), H4K12ac (4-17) and H4K5acK8ac (1-10)
peptides, as well as histone H4 unmodified (4-17) as a control (Table 2 and Supplemental Fig. 1).
Mutation of residues Tyr 995 and Tyr 1037 to alanine resulted in no binding to the mono- or di-acetylated
histone ligands. Surprisingly however, the ATAD2B N1038A mutant still showed very weak binding
activity for the H2AK5ac, H4K5ac, and H4K5acK8ac histone ligands with Kps of 1697.0 + 524.0 uM,
1153.3 £170.0 uM, and 1429.2 + 172.0 uM, respectively (Table 2). To verify that the loss of histone
ligand binding was not due to protein misfolding after the insertion of the mutation, we used circular
dichroism (CD) to analyze the secondary structures of all of the ATAD2B mutants (Fig. SB). As seen in
Table 3 and Figure 5B, the three ATAD2B mutant bromodomain proteins maintained alpha helical
content similar to the wild-type ATAD2B bromodomain. Taken together, our data indicate that residues
Tyr 995 and Tyr 1037 are crucial for histone ligand coordination and binding, while residue Asn 1038
also plays an important role, but possibly to a lesser extent.

Recognition of the ATAD2 bromodomain inhibitor compound 38
The search for potent ATAD2 bromodomain inhibitors has been an intense area of research because the
overexpression of ATAD?2 is strongly correlated with cancer progression [31-33]. In 2015 Poncet-
Montange et al., [15] identified dimethylisoxazole-containing ligands as the first ATAD2 binders,
followed by the discovery and optimization of naphthyridones into the first potent ATAD2 bromodomain
inhibitors with nanomolar binding affinity [15, 25]. In these studies, compound 38 (C-38) was developed
as the first small molecule possessing significant binding selectivity for the ATAD2 bromodomain over
the BRD4 BD1 bromodomain in the BET bromodomain subfamily [25]. C-38 demonstrated a binding Kp
for the ATAD2 bromodomain of 90 nM by surface plasmon resonance assays; however, the BROMOscan
panel revealed that the closely related compound 46 (with a better permeability profile) had strong
activity against the ATAD2B bromodomain and the second bromodomains of TAF1 and TAF1L [25]. C-
38 was synthesized and provided to us by our collaborator Dr. James Bradner. We tested the activity of C-
38 against the ATAD2B bromodomain by ITC and confirmed that this ATAD2 bromodomain inhibitor
also interacts with the ATAD2B bromodomain in the nanomolar range with a Kp of 160.6 + 12.3 nM
(Table 1). In comparison, C-38 was shown to bind to the ATAD2 bromodomain with a Kp of 90 nM [25].
Since the binding affinity of the ATAD2B bromodomain for C-38 is almost 2-fold lower than the
ATAD?2 bromodomain [25], we solved the X-ray structure of this compound in complex with the
ATAD2B bromodomain to investigate the molecular details of the inhibitor interaction (Table 4 and
Figure 6). As seen in Figure 6A and 6C, the ATAD2B bromodomain coordinates C-38 through a
combination of hydrogen bonds and hydrophobic interactions. The guanidinium group of Arg 1051
makes specific hydrogen bond contacts to the sulfone oxygen atoms of ring E in C-38, while the OD1
carboxyl group of Asp 1045 contacts the piperdine nitrogen in ring D. The universally conserved Asn
1038 makes a number of hydrogen bonds to C-38. Asn 1038 binds the exocyclic amino group between
the D and B rings, and forms H-bonds with both the nitrogen and oxygen atoms in the lactam ring C. The
hydroxyl group of Tyr 995 also coordinates the oxygen atom of the lactam ring C through an ordered
water molecule. Lastly, the backbone nitrogen of Asp 988 makes an H-bond contact with the nitrogen
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atom of pyridine ring A in C-38. Weaker electron density was observed for ring E near C16 and ring D
near C10 in C-38 than for compound C-42 with the ATAD2 bromodomain [25], which is likely related to
the lower affinity for C-38 by the ATAD2B bromodomain. Electron density was observed for the sulfone
group in coordination with Arg 1051 and for the piperdine nitrogen, which is oriented to interact with Asp
1045.

Important hydrophobic interactions occur between C-38 and the side chains of the gatekeeper residue
Ile 1048 and Ile 982 in the NIF shelf in the ATAD2B bromodomain (RVF shelfin ATAD?2). Val 992 and
Tyr 1037 also contribute to the hydrophobic coordination of C-38 by forming part of the ATAD2B
bromodomain binding pocket wall. The conserved Asn 1038 seems to play a large role, especially deeper
in the binding pocket, and is likely the driving force maneuvering the inhibitor into the bromodomain
binding pocket in a favorable alignment. Notably, many of the residues that are involved in coordination
of the C-38 inhibitor also make conserved contacts to the acetylated histone ligands as demonstrated by
our NMR chemical shift perturbation and mutagenesis experiments (Fig. 4 and Table 2). Thus, further
optimization of new inhibitors to take better advantage of the small differences between the ATAD2/B
bromodomains will be necessary to improve the binding specificity of new therapeutic compounds.
Overall the ATAD2/B bromodomain acetyllysine binding pockets are very highly conserved, and finding
inhibitors that will differentiate between these two bromodomains will be challenging. However, one
region with significant differences between the ATAD2/B bromodomains is at the RVF shelf motif found
in ATAD?2 (residues Arg 1007, Val 1008 and Phe 1009), which forms an NIF shelf in the ATAD2B
bromodomain (residues Asn 981, Ile 982 and Phe 983) (Fig 6A and 6B). Thus, this area of the
bromodomain binding pockets may provide an opportunity for enhancing inhibitor interactions.

DISCUSSION: This study is the first to describe the histone ligands recognized by the ATAD2B
bromodomain. We determined that the ATAD2B bromodomain is a di-acetyllysine reader domain that
preferentially binds to histone H4K5acK8ac with a Kp of 28.1 + 1.6 pM. We also found that the
ATAD2B bromodomain is able to recognize the di-acetylated histone ligands H4K5acK12ac and
H4K12acK16ac with weaker affinity, as well as a number of mono-acetylated histone ligands including
H2AKS5ac, H4K5ac, H4K12ac and H4K8ac. Importantly, the binding affinities derived from our ITC
experiments are well within the affinity ranges previously reported for other closely related
bromodomains in subfamily IV [13, 15-17]. NMR titration experiments confirmed the interaction of the
ATAD2B bromodomain with the mono- and di-acetylated histone ligands. We also compared the
chemical shift perturbations observed in the NMR N-'"H-HSQC spectra to outline the ATAD2B
bromodomain acetyllysine binding pocket, and identify amino acid residues that are important for ligand
coordination. Site-directed mutagenesis studies coupled to ITC experiments confirmed the importance of
the universally conserved asparagine residue Asn 1038, as well as two tyrosine residues that comprise
part of the acetyllysine binding pocket wall, as mutation of these residues to alanine dramatically reduce
or completely inhibit binding of the H2AK5ac, H4K5ac, H4K12ac and H4K5acK8ac ligands.
Surprisingly, we only observed one difference in the ATAD2B chemical perturbation maps when
comparing recognition of the mono and di-acetylated histone ligands. The chemical shifts seen with
residue Arg 979 upon addition of the H4K5acK8ac and H4K5acK12ac ligands suggests that this residue,
which is located distal to the canonical bromodomain binding pocket, may play an important role in
recognition of larger regions of the histone H4 tail. Lastly, we solved the structure of the ATAD2B
bromodomain with an ATAD2 bromodomain inhibitor, and identified molecular contacts that are
important for inhibitor coordination. Collectively, these studies allowed us to elucidate differences in the
bromodomain binding pockets for the closely related ATAD2/B paralogs that can potentially be utilized
to improve the selectivity of future bromodomain inhibitors. Our experimental evidence indicates that
although the ATAD2/B bromodomains are highly conserved, they do exhibit different histone ligand
binding activities, and likely play different roles in the cell.

Prior to this study, Leachman et a/., 2010 [1] published one of the only sources of information on the


https://doi.org/10.1101/263624
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/263624; this version posted February 11, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Recognition of acetyllysine by the ATAD2B bromodomain

ATAD2B protein. They studied the expression of ATAD2B in chicken embryos and human tumors with a
polyclonal antibody raised against a fragment of the human ATAD2B recombinant protein. ATAD2B
was found transiently expressed during the development of neuronal cells, and was also found in
glioblastoma, oligodendroglioma and human breast carcinoma [1]. In 2012, the X-ray crystal structure of
the ATAD2B (KIAA1240) bromodomain was deposited as an apo structure in the Protein Data Bank
(PDBID: 3LX]J) as part of a large-scale structural analysis of human bromodomains [10]. In the SPOT
peptide array, ATAD2B demonstrated very strong interactions with acetylated histone peptides
H2AK36ac, H2BK43ac, H2BK85ac, H3K56ac, H4K5ac, and H4K59ac [10]. It is clear from our
experience determining the histone ligands of the BRPF1 bromodomain that high-throughput methods are
important for identifying potential ligands, but more traditional biochemical and biophysical methods are
necessary to validate the interactions and measure the binding affinities [13]. It is not certain if acetylated
lysine found outside of the N-terminal histone tail region (usually defined as the first 30 amino acid
residues) would be sterically available for bromodomain recognition since they are located in the globular
core domain of the histone proteins. Unfortunately, more specific follow up assays were not performed on
the ATAD2B bromodomain to confirm these interactions.

However, the ATAD2 bromodomain, which is 74.7% identical and 94.4% similar to the ATAD2B
bromodomain, has been studied much more extensively due to its association with the development of
multiple human cancers. X-ray crystal structures of the ATAD2 bromodomain in complex with the
H4K5ac and H4K12ac histone ligands have been solved [15, 16], and the ATAD2 bromodomain binds to
the H4K 5ac (1-20) with an affinity of 22 uM as measured by ITC [15]. Poncet-Montange et al., 2015 [15]
also used an AlphaScreen assay to identify other potential ligands for the ATAD2 bromodomain and
observed interactions with the H4K12ac peptide in addition to the H4K5ac ligand [15]. More recently
Koo et al., 2016 [17] tested the interaction of the GST-tagged wild-type ATAD2 bromodomain with
various histone peptide ligands using TR-FRET (Time-Resolved Fluorescence Energy Transfer) [17].
This assay demonstrated that the strongest interactions of the ATAD2 bromodomain occurred with the
H4K12ac (1-15), H4K5acK12ac (1-25), H4K5ac (1-25), H4K5acK8acK12acK16ac (1-25), and H4K8ac
(1-25) histone peptides. They measured the dissociation constant of the ATAD2-H4K 12ac interaction to
be 3.3 £ 0.2 uM by microscale thermophoresis (MST), 2.5 pM by ITC and 7.9 + 1.5 uM by surface
plasmon resonance (SPR) [17]. NMR chemical shift perturbation experiments carried out in the presence
of the H4K12ac (1-25) ligand indicate that, consistent with our data, a large number of residues in the
acetyllysine binding pocket of the ATAD2 bromodomain shift upon peptide binding [17]. However, the
specific residues involved were not labeled, and there is no binding affinity data reported for the
interaction of the di-acetylated H4K5acK12ac ligand with the ATAD2 bromodomain. Thus, although
recognition of the di-acetylated H4K5acK12ac ligand was shown to be important for the biological
function of the ATAD2 bromodomain on newly synthesized histones during DNA replication, this ligand
does not appear to be the strongest binding acetylated histone ligand for ATAD2 as observed in the TR-
FRET assay [17]. The interaction of the ATAD2 bromodomain with an H4K5acK8ac histone ligand was
not tested. However, the previous studies carried out on the ATAD2 bromodomain are in-line with our
observed results for the histone binding partners of the ATAD2B bromodomain, and together our data
indicate that the ATAD2/B bromodomains possess slightly different histone binding specificities despite
being highly conserved paralogs.

Flexibility of the bromodomain reader module is a key factor in the selection and recruitment of
histone ligands. Using a molecular dynamics (MD) approach Langini et al., 2017 [34] simulated the
ATAD?2 bromodomain binding trajectories of the H4K5acK12ac (1-16) ligand with either a buried K5ac,
K12ac, or just the bromodomain in the apo state [34]. Their models showed that the ATAD2
bromodomain module is mostly rigid in its apo and holo states, but the binding interface appears to
remain in a partially disordered state [34]. They observed that the ZA loop of ATAD2 bromodomain (res
1003-1030) is a major site of disorder, as well as expanded region around the BC loop, which includes
residues 1056-1074 [34]. Addition of histone ligands to the ATAD2B bromodomain in our NMR
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chemical shift experiments induced chemical shift perturbations in the ZA loop of ATAD2B
bromodomain (res 977-1004), but the BC loop residues (1031-1055) displayed even larger chemical shifts
(Fig. 4), which suggests either direct ligand interactions or conformational changes are occurring in this
region. Interestingly, our previous NMR studies on the BRPF1 bromodomain showed a similar magnitude
of chemical shifts in both the ZA and BC loop regions [13]. Thus, inherent mobility in the ZA and BC
loop regions could be a common feature of the bromodomain binding pockets, and they may retain
unordered properties even when a ligand is bound. The MD simulations of the ATAD2 bromodomain
also detected molecular contacts between the histone ligand and a patch of negatively charged residues on
the ZA loop. These residues included Glu 1017 and Asp 1020, which correspond to residues Glu 991 and
Asp 994 in the ATAD2B bromodomain. As seen in Figure 4, Glu 991 shows a significant chemical shift
upon addition of nearly all histone ligands tested. Glu 991 corresponds to residue Asp 36 in the BRPF1
bromodomain, which also demonstrated one of the largest chemical shift perturbations upon ligand
binding [13]. Mutation of Asp 36 to alanine in the BRPF1 bromodomain resulted in a modest reduction in
the binding activity for the H4K12 and H2AKS5ac histone ligands, reducing the affinity from 48 pM to 89
uM (1.9-fold), and 77 uM to 205 uM (2.6-fold), respectively, when compared to the wild-type protein
[14]. Thus, this residue appears to interact as a peripheral contact to the acetylated histone ligands, and it
may play an important role in the initial recruitment of the acetylated ligand into the bromodomain
binding pocket. Overall, our data supports the suggestion by Langini et al., 2017 [34] that dynamic
motions in the binding pocket loops are likely important for the initial selection of the histone ligand,
while ligand specificity is conferred by conserved amino acids that do not demonstrate large
conformational changes upon ligand binding [34]. Thus, flexibility in the ZA and BC loop regions allow
for rapid on/off rates of the histone ligand, and cooperative coordination of adjacent acetyllysine marks,
but the universally conserved asparagine, the gatekeeper, and the NIF/RVF shelf motif residues in the
ATAD2/B bromodomains drive histone ligand recognition at the molecular level.

Our ITC binding data on the interaction of the ATAD2B bromodomain with the GlaxoSmithKline
ATAD2 bromodomain inhibitor C-38 (Fig. 2P) is in-line with the previously published observation that
C-38 binds well to both the ATAD2/B bromodomains in the nanomolar range [25]. The X-ray crystal
structure of the ATAD2B bromodomain in complex with C-38 (PDBID: 6BSO) is highly conserved with
the structure of the ATAD2 bromodomain in complex with the bromodomain inhibitor compound 42 (C-
42, PDBID: 5A83). C-42 was also developed by GlaxoSmithKline as a derivative of C-38 with increased
cell membrane permeability [25]. C-38 differs from C-42 only by the presence of one nitrogen atom in the
lactam ring B, which is a carbon in C-42. The coordination of C-42 in the ATAD2 bromodomain is nearly
identical to the coordination of C-38 by the ATAD2B bromodomain (compare Fig. 6A-B and Fig. 6C-D,
and see Supplemental Fig. 2). The hydrogen bonding pattern of the ATAD2/B bromodomains with these
two bromodomain inhibitors is completely conserved with important H-bonds formed to the universally
conserved asparagine Asn 1038 and Asn 1064 in the ATAD2/B bromodomains, respectively. In the
ATAD2-C-42 structure there are also H-bonds to the backbone nitrogen of Asp 1014, and the side chains
of Asp 1071 and Arg 1077. The only apparent difference between the two bromodomain proteins in the
coordination of these inhibitor molecules occurs through an increased hydrophobic contact between Val
1008 in the RVF shelf motif of the ATAD2 bromodomain and the lactam ring B caused by replacing the
nitrogen in C-38 with carbon in C-42. The RVF shelf motif in the ATAD2 bromodomain is also the only
region in the acetyllysine binding pocket that differs between the ATAD2/B bromodomains, which is an
NIF shelf motif in ATAD2B. The highly conserved nature of the ATAD2/B bromodomain paralog poses
a challenge to develop inhibitor molecules that will selectively inhibit one of these two bromodomains
and not also retain activity toward the other. This is a particularly important problem to solve considering
the differences in the biological roles of the ATAD2/B bromodomains, and the prominent involvement of
ATAD?2 in cancer progression. Surprisingly, a recent inhibitor discovered by Bayer Pharmaceuticals
(BAY-850) exclusively hit the ATAD2 bromodomain, but not the ATAD2B bromodomain in the
BROMOscan panel [27]. This breakthrough discovery of ‘unprecedented isoform selectivity’ towards the
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ATAD2 bromodomain was also confirmed by thermal shift assays and ITC. Interestingly, binding of
BAY-850 to the ATAD2 bromodomain induces dimerization of two bromodomain modules, which then
prevents their interaction with acetylated histone peptide ligands [27]. It will be particularly interesting to
see the molecular details of the BAY-850 ligand interaction with the ATAD2 bromodomain. Hopefully,
this information will provide some insight on how to also specifically target the ATAD2B bromodomain
in the future. Our data suggests that the NIF shelf motif in the ATAD2B bromodomain may be an
important region to focus on, unless there is a unique site in the ATAD2B bromodomain that could also
be targeted to induce dimerization to prevent histone interactions.

Collectively, the results from this study describe the histone ligands of the ATAD2B bromodomain,
and outline many important features of the bromodomain binding pocket that contribute to ligand
selection and specificity. This information will be valuable for the development of selective ATAD2B
bromodomain inhibitors or tool compounds that can be used to further investigate the biological function
of the ATAD2B protein, which has yet to be elucidated. We discovered that the ATAD2B bromodomain
is a di-acetyllysine reader module, however the significance of histone H4K5acK8ac ligand binding has
yet to be determined. Linking the recognition of histone H4K5acK8ac to particular cellular outcomes will
be essential for understanding the unique role of the ATAD2B bromodomain, and how it functions
differently from the ATAD2 protein. Our NMR chemical shift perturbation experiments identified one
amino acid residue that differed between coordination of mono- and di-acetylated histone ligands. Thus, it
will be essential to solve the structure of the ATAD2B bromodomain with di-acetylated histones in order
to discover the molecular details of the binding mechanism. However, our results demonstrate that
although the ATAD2/B bromodomain modules are highly conserved paralogs, they preferentially
recognize different subsets of acetylated histone ligands, which suggests they are involved in divergent
biological pathways.

It is important to note that while the ITC and NMR experiments were robust, the X-ray crystal
structure of the ATAD2B bromodomain in complex with C-38 was derived from a molecular replacement
solution using the ATAD2B bromodomain, and the structure of the C-38 compound was built from the
initial configuration of C-42 in complex with the ATAD2 bromodomain. The overall resolution of our
structural model of the ATAD2B-C-38 complex was lower than that observed for the ATAD2
bromodomain in complex with C-42, thus the density observed for C-38 was less robust, although it did
provide an unambiguous view of the inhibitor conformation in the binding pocket. We were still able to
observe many of the same characteristic features involved in the coordination of C-38 by the ATAD2B
bromodomain that were observed in the ATAD2 coordination of C-42, which provide an additional level
of confidence in our structural model of this interaction. Also, while our biochemical and biophysical
analysis provides a clear characterization of the histone ligands preferentially selected for by the
ATAD2B bromodomain, this information may not be directly translated to the cell, where in vivo the
abundance of the H4K5acK8ac ligand may be relatively small compared to either the H4K5ac or
H4K12ac ligands, which also bind strongly to the ATAD2B bromodomain. Thus, further experimentation
will be necessary to fully appreciate the biological significance of these interactions.

In conclusion, we describe here the novel histone binding specificity of the ATAD2B bromodomain.
Our study outlines the important residues involved in mono- and di-acetylated histone ligand recognition,
as well as in coordination of the small molecule bromodomain inhibitor C-38. These data provide insight
into how they may be specifically inhibited to further advance our understanding of differences in the
roles of the ATAD2/B bromodomains in normal biological processes and in the development of disease.

EXPERIMENTAL PROCEEDURES:

Plasmid Construction:

Human ATAD2B (UniProt code QOULIO) cDNA was generously provided by AddGene. The
bromodomain region (residues 953-1085) was PCR-amplified and cloned into the pDEST15 vector
encoding an N-terminus GST tag using the Gateway Cloning Technology (Invitrogen) [13]. ATAD2B
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bromodomain mutants N1038A, Y995A and Y1037A were generated using the

QuikChange” mutagenesis procedure (Stratagene) [35]. The DNA sequence of each was verified
(University of Vermont Cancer Center Advanced Genome Technologies Core) and then transformed into
Escherichia coli Rosetta 2(DE3)pLysS competent cells (Novagen).

Protein Expression and Purification:

E. coli cells containing the GST-tagged ATAD2B wild-type or mutant bromodomain were grown in 4 L
Terrific broth (TB) at 37°C. The culture temperature was dropped to 20°C for 1-hour when the

ODgo reached 1. The culture was then induced by the addition of 0.25 mM isopropyl B-D-1-
thiogalactopyranoside (IPTG), and the cells were harvested by pelleting after 16 h of incubation at 20°C
with shaking at 225 rev min . The bacterial pellet was re-suspended in 100 mL lysis buffer (50 mM Tris—
HCI pH 7.5, 150 mM NacCl, 0.05% Nonidet P-40, 1 mM DTT) containing 1 mL lysozyme and the cells
were lysed by sonication. The cell lysate was cleared by centrifugation (10,000 rev min~' for 20 min). The
supernatant was added to 15 mL of glutathione agarose resin (which binds up to 40 mg of purified
recombinant GST protein per milliliter of resin) (Thermo Scientific) and incubated on ice (4°C) while
agitating for 120 minutes. After incubation, the suspension was centrifuged for 5 min at 500 x g to collect
the beads. The collected beads were poured into a 25 mL Econo-Column Chromatography Column (Bio-
Rad) and washed with four column volumes of wash buffer (20 mM Tris—HCI pH 8.0, 150 mM NaCl, 1
mM DTT). The GST tag was cleaved overnight at 4°C by the addition of PreScission Protease (~100 puL
at 76 mg/mL) (GE Healthcare) and the eluted ATAD2B bromodomain protein was concentrated to a total
volume of approximately 3 mL. For Isothermal Titration Calorimetry (ITC) or circular dichroism (CD)
experiments protein was concentrated and dialyzed into buffers consisting of 20 mM NaH,PO, pH 7.0
and 150 mM NaCl, or 50 mM NaH,PO,4 pH 7.0 and 50 mM NacCl, respectively. For X-ray crystallography
the protein was further purified using fast-protein liquid chromatography on an AKTA Purifier UPC 10
(GE Healthcare) over a HiPrep 16/60 Sephacryl S-100 high resolution gel filtration column (GE
Healthcare) equilibrated with crystallography buffer (25 mM HEPES pH 7.5, 150 mM NaCl and 1 mM
DTT). Eluted fractions corresponding to the ATAD2B bromodomain were pooled and concentrated to 30
mg mL™" at 4°C. The protein concentration was determined using the Pierce BCA Protein Assay Kit
(Thermo Scientific) and was calculated from the absorption at 550 nm and the ATAD2B bromodomain
extinction coefficient of 4470 M ' cm™'. The purity of the ATAD2B bromodomain was verified by SDS—
PAGE gels stained with GelCode Blue Safe protein stain (Thermo Scientific).

Histone Peptide and Bromodomain Inhibitor Synthesis:

Histone peptides were synthesized by the Peptide Core Facility at the University of Colorado Denver as
unmodified histones, or designed to contain a specific acetyllysine modification(s). Each peptide has a
free N-terminus and an amidated C-terminus. The peptides, supplied as the TFA salt, were purified to
greater than 98% pure via HPLC, and their chemical identities were confirmed by mass spectroscopy
before use. Sequence information for each of the peptides used in this study is shown in Table 1.
Compound 38 (C-38) is a potent ATAD2 bromodomain inhibitor developed by GlaxoSmithKline in 2015
[25]. C-38 was synthesized for us by Jay Bradner’s laboratory according to the previously published
procedure and isolated as the TFA salt [25].

Isothermal Titration Calorimetry:

ITC experiments were carried out at 5°C with a MicroCal ITC200 instrument (GE Healthcare). Each of
the ATAD2B bromodomain proteins and histone peptide samples were dialyzed into a NaPO4 (pH 7.0)
and 150 mM NacCl buffer. Calorimetric titration was performed by titrating each histone tail ligand (5
mM) into 0.2 mM of the ATAD2B bromodomain protein in the sample cell in a series of 19 individual
injections of 2 pL, at time intervals of 150 seconds. These were preceded by a preliminary injection of 0.5
uL of the 5 mM peptide sample, which was excluded from the data integration and calculation of Kps. To
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determine the heat of dilution of the titrant peptides in the experimental buffer, control experiments were
conducted under identical conditions. As part of data analysis, this was deducted from the experimental
data. The obtained change-in-heat peaks were then analyzed by the Origin 7.0 program (OriginLab
Corporation) and used to calculate binding affinities. Experiments in which binding occurred were
performed in triplicate, while non-binding experiments were performed in duplicate.

NMR Spectroscopy:

Chemical shift perturbation experiments were conducted using uniformly "N-labeled ATAD2B
bromodomain prepared at 0.500 mM in buffer containing 20 mM Tris-HCI pH 6.8, 150 mM NacCl, 10
mM DTT and 10% D,0O. 35 pL titration mixtures of the protein and peptide were made at concentration
ratios of 1:0, 1:0.25, 1:0.5, 1:1.1, 1:2.5, and 1:5 for the unlabeled histone tail peptides containing specific
acetyllysine modifications. 2D "N HSQC (heteronuclear single quantum coherence) experiments for all
samples were run at 25°C on a 600 MHz Bruker AVANCE III spectrometer equipped with a z-gradient
1.7 mm TCI probe at the National Magnetic Resonance Facility at Madison (NMRFAM). The NMR data
were collected with 'H and "N radio-frequency pulses applied at 4.745 parts per million (ppm) and 116
ppm, respectively. 1024 x 128 complex data points with spectral widths of 16 ppm and 30 ppm,
respectively, were collected along the "H and '°N dimensions, with 32 scans per FID and an inter-scan
delay of 1.0 sec, resulting in a total experimental time of about 160 min for each HSQC spectrum.
Transformed spectra at each titration point were overlaid and analyzed to characterize the relevant
residues affected by the interaction between the ATAD2B bromodomain and the histone

peptides. Normalized chemical shift changes were calculated using the equation:

AS =(ASH ) +(AN/5)
where ASH and AON are the proton and nitrogen change in chemical shift in ppm, respectively. The
chemical shift values in ppm were normalized across all NMR HSQC spectra.

To obtain the backbone resonance assignments, the °N, C double labeled ATAD2B bromodomain
was prepared at about 1 mM in buffer containing 20 mM Tris-HCI pH 6.8, 150 mM NaCl, 10 mM DTT
and 10% D,O. The Bruker version of ADAPT-NMR (Assignment-directed Data collection Algorithm
utilizing a Probabilistic Toolkit in NMR) was used to optimize simultaneous fast data collection and
automated NMR assignment of the HNCO, HN(CA)CB, HNCA, HN(CO)CA, HN(CA)CO,
CBCA(CO)NH, and C(CCO)NH spectra by achieving reduced dimensionality (2D) [36]. These
experiments were run at 25 °C on a 600 MHz Agilent INOVA spectrometer equipped with a 5 mm Z-axis
pulsed field gradient triple resonance cold probe. The NMR data for all experiments were collected with
the universal carrier position of 'H, "N, *C* (shaped pulse), *C**" (3C*® or °C®, shaped pulse), *C’
(shaped pulse) applied at 4.76 ppm (H,O frequency), 118 ppm, 56 ppm, 45 ppm, and 176 ppm
respectively. 1024, 32, 64, 64, and 64 complex data points with spectral widths of 16 ppm, 36 ppm, 32
ppm, 70 ppm, and 22 ppm, respectively, were collected along the 'H, "N, *C? B and °C>
dimensions. Processing and analysis for all data was conducted automatically with ADAPT-NMR [36,
37]. After one day of the ADAPT-NMR run, an 84.7% assignment level was achieved. To generate
visualized assignment labels on the 2D 'H-""N HSQC spectra, PINE-SPARKY and SPARKY were used
[38, 39].

Circular Dichroism Spectroscopy:

Circular Dichroism (CD) spectra were recorded on a JASCO J-815 CD Spectrometer (JASCO, Japan) at
25°Cina 1.6 cm cell. ATAD2B bromodomain wild type (WT) or mutant proteins were dialyzed in 50
mM NaPO, pH 7.0 and 50 mM NacCl buffer and diluted to between 0.1 uM and 0.5 pM in concentration.
CD spectra were measured from 199-260 nm. Two spectra were measured and averaged for each mutant
bromodomain protein sample and the wild-type protein. Spectra were analyzed using the K2D3 structure
prediction software to determine the percent a-helical and B-sheet content [40].
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X-Ray Crystallography:

The purified ATAD2B bromodomain protein at a concentration of 1.9 mM was mixed with 1 mM of C-
38 in a 1.5 mL microcentrifuge tube. Crystallization screens were set up using the sitting-drop method in
96-well VDX plates (Hampton Research), with drops consisting of 1 pL protein—peptide mixture plus 1
uL reservoir solution and a reservoir volume of 100 pl. The ATAD2B bromodomain co-crystallized with
the C-38 inhibitor in Index Screen condition No. 66 [0.2 M ammonium sulfate, 0.1 M Bis-Tris pH 5.5,
25%(w/v) polyethylene glycol 3,350] at 4°C. The C-38 crystals from Index Screen condition No. 66 were
reproduced in hanging drops (1 pL protein solution plus 1 pL mother liquor) using 24-well VDX plates
(Hampton Research) containing 500 uL mother liquor in the reservoir. The crystals were cryoprotected by
adding 15% glycerol to the drop and immediately flash-cooled into liquid nitrogen at 100 K as described
by Garman et al., 1999 [41]. Data for the C-38 crystals was collected at the Argonne National Laboratory
Advanced Photon Source, GM/CA Sector 23, beamline 23IDD set to a wavelength of 1.033 A with a
Pilatus 6M detector. The diffraction data were processed using the Proteum3 suite (Bruker). The structure
was solved by molecular replacement using Phaser with the apo ATAD2B bromodomain structure
(PDBID: 3LX]J) as the starting model [42]. The model was built using COOT to add the C-38 inhibitor,
and PHENIX and COOT were used for iterative rounds of refinement, density modification and model
building [43, 44]. The final structure at 2.2 A resolution was validated using MolProbity and Polygon [45,
46].
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interaction of histone tail peptides with the ATAD2B bromodomain measured by ITC titration
experiments. Sequences of the acetylated histone peptides are also indicated.

Histone peptide Sequence ATAD2BITC | ATAD2A
Kp (uM) Reported Kpy
H2AKS5ac (res 1-12)* SGRGKacQGGKARA 57.1£2.5 ---
H4K5ac (res 4-17)* GKacGGKGLGKGGAKR No Binding NA
H4KS5ac (res 1-10)* SGRGKacGGKGL 48.0 £4.7 22 uM
(res 1-20) [15]
H4KS8ac (res 1-10)* SGRGKGGKacGL 1164.2 +28.5 NA, interaction
shown [17]
H4KS8ac (res 4-17)* GKGGKacGLGKGGAKR No Binding NA
H4K12ac (res 4-17)* GKGGKGLGKacGGAKR 135.9+9.0 2.5uM
(res 1-25) [17]
H4K12ac (res 1-15) SGRGKGGKGLGKacGGA 685.3+91.7 NA
H4K16ac (res 10-20) LGKGGAKacRHRK No Binding NA
H4K5acK8ac (res 1-10)* SGRGKacGGKacGL 28.1£1.6 ---
H4K8acK12ac (res 6-15) GGKacGLGKacGGA No Binding ---
H4K12acK16ac (res 10-20) | LGKacGGAKacRHRK 213.9+7.0 ---
H4K5acK12ac (res 1-15) SGRGKacGGKGLGKacGGA | 66.1 £7.0 NA, interaction
shown [17]
H4 unmodified (res 4-17)* | GKGGKGLGKGGAKRHRK | No Binding NA
H3K9ac (res 1-12) ARTKQTARKacSTG No Binding NA
H3K14ac (res 8-19)* RKSTGGKacAPRKQ No Binding No binding
(res 1-21) [15]
Compound 38 160.6 £12.3 90 (nM) [25]
(nM)
*indicates peptides tested in NMR chemical shift perturbation experiments

Table 2. Binding of ATAD2B bromodomain mutant proteins with acetylated histones. Dissociation
constants of the wild-type and mutant ATAD2B bromodomain proteins with histone ligands as measured

by ITC experiments. Kp value units are in pM.

ATAD2B bromo | H2AKSac H4KSac H4K12ac | H4KSacK8ac | H4 unmodified
(1-12) (1-10) 4-17) (1-10)

Wild type 57.1+£25 48.0+4.7 1359+£9.0 | 28.1£1.6 No binding

N1038A 1697.0 +£524.0 | 1153.3 +£170.0 | No binding | 1429.2 + 172.0 | No binding

Y995A No binding No binding No binding | No binding No binding

Y1037A No binding No binding No binding | No binding No binding
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Table 3. Secondary structure of ATAD2B bromodomain mutant proteins. Analysis of the secondary
structure composition of the wild-type and mutant ATAD2B bromodomain proteins by circular dichroism.

ATAD2B bromodomain | % Alpha-helix | % Beta-strand
WT 91.36% 0.46%
N1037A 91.38% 0.50%
Y995A 91.39% 0.49%
Y1037A 91.39% 0.49%

Table 4. Summary of the data collection and refinement statistics for the ATAD2B
bromodomain in complex with C-38.

(collection on a single crystal) ATAD2B / compound 38
PDB code 6BSO

Data collection

Space group P6,22
Cell dimensions

a, b, c(A) 78.422,78.422, 111.672

a, B,y () 90, 90, 120
Resolution (A) 43-2.2 (2.28-2.2%)
R-pim (%) 3.6 (24.9)
CCin 0.93 (0.825)
Mean I/6(I) 49.9 (1.6)
Completeness (%) 97.6 (98.8)
Redundancy 3.9 (3.9)
Refinement
Resolution (A) 43-2.2
No. unique reflections 10600
Ryork/Rree 19.2/23.1
No. atoms:

Protein 1062

Ligand/ion 47

Waters 21
Average B-factors (A?)

Protein 60.2

Ions 73.1

Water 56.8

Ligand C-38 57.3
R.M.S deviations:

Bond lengths (A) 0.009

Bond angles (°) 1.05
Ramachandran plot (%)

Favored 97

Allowed 3

Outliers 0
Clash score 5.1

*Highest resolution shell is shown in parenthese.
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FIGURE LEGENDS

Figure 1. The ATAD2B bromodomain recognizes acetylated histones. (A) A schematic representation
of the domain modules within the ATAD2B protein. (B) The family IV bromodomain containing proteins
and the histone acetylation marks they are known to recognize.

Figure 2. ITC measurements of the interaction between acetylated histone ligands and the ATAD2B
bromodomain. (A-P) Exothermic ITC enthalpy plots for the binding of the ATAD2B bromodomain to
unmodified, mono- and di-acetylated histone ligands, as well as the ATAD2 bromodomain inhibitor
compound 38. The calculated binding constants are indicated.

Figure 3. Interaction of the ATAD2B bromodomain with acetylated histone ligands. (A)
Superimposed 'H-">N HSQC spectra of the ATAD2B bromodomain, collected during titration with the
indicated histone peptides. The spectra are color-coded according to the protein/peptide ratio. (B) 2D 'H-
N HSQC spectra of *N-labelled ATAD2B bromodomain annotated with the complete HSQC
assignments.

Figure 4. Mapping of the mono- and di-acetylated histone ligand binding interfaces on the ATAD2B
bromodomain. (A-E) The histograms show the normalized 'H-""N chemical shift changes in the
backbone amides of the ATAD2B bromodomain upon addition of peptides H4K5ac (1-10) (A), H4K8ac
(1-10) (B), H4K5acK8ac (1-10) (C), H4K5ac (1-15) (D), and H4K5acK12ac (1-15) (E). Chemical shift
changes from 0.2-0.3 ppm are colored yellow, while changes from 0.3-0.4 ppm are colored orange, and
changes greater than 0.4 ppm are colored in red on the surface representation of the apo ATAD2B
bromodomain structure (PDBID: 3LXJ). (F) Cartoon representation of the ATAD2B bromodomain with
the ZA loop region (residues 977-1004) colored in green while the extended region around the BC loop
(residues 1031-1055) involved in chemical shift perturbations are colored magenta. The six amino acids
residues exhibiting the largest chemical shift changes are labeled and shown in stick representation.

Figure 5. Proper protein folding of the mutant ATAD2B bromodomain. (A) Surface representation of
the apo ATAD2B bromodomain showing the location of specific point mutations introduced into the
binding pocket by site-directed mutagenesis. (B) Circular dichroism spectra in the far-UV region of the
ATAD2B bromodomain wild-type and mutant proteins. The percent alpha-helical content of each protein
is listed in the insert.

Figure 6. Coordination of bromodomain inhibitor molecules by the ATAD2 and ATAD2B
bromodomains. (A) The ATAD2B bromodomain in complex with compound 38. (B) The ATAD2
bromodomain in complex with compound 42. Hydrogen bonds are indicated by a red dashed line, weaker
contacts based on electron density are shown in grey. (C) Ligplot representation of the ATAD2B
bromodomain binding pocket coordination of inhibitor compound 38. (D) Ligplot representation of the
ATAD2 bromodomain binding pocket coordination of inhibitor compound 42. A red dashed line indicates
hydrogen bonds while a red spiked semicircle marks hydrophobic interactions. Plots were generated using
the LigPlus software [47]. (E) The simulated annealing composite omit map (yellow) representing the
bound compound 38 (grey) in complex with the ATAD2B bromodomain (cyan) contoured at 1c. (F)
Isolated image of the simulated annealing composite omit map (yellow) around compound 38 (grey)
contoured at 1o. The simulated annealing composite omit map shown in (E) and (F) was calculated prior
to building the ligand into the structure.
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Figure 4
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Figure 6
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