
S T RU C TUR E NOT E

Disulfide bridge formation influences ligand recognition by the
ATAD2 bromodomain

Jamie C. Gay1 | Brian E. Eckenroth2 | Chiara M. Evans1 | Cassiano Langini3 |

Samuel Carlson1 | Jonathan T. Lloyd1 | Amedeo Caflisch3 | Karen C. Glass1

1Department of Pharmaceutical Sciences,

Albany College of Pharmacy and Health

Sciences, Colchester, Vermont

2Department of Microbiology and Molecular

Genetics, University of Vermont, Burlington,

Vermont

3Department of Biochemistry, University of

Zurich, Zurich, Switzerland

Correspondence

Karen C. Glass, Department of Pharmaceutical

Sciences, Albany College of Pharmacy and

Health Sciences, 261 Mountain View Dr.,

Colchester, Vermont 05446.

Email: karen.glass@acphs.edu

Funding information

National Institute of General Medical Sciences,

National Institutes of Health, Grant/Award

Number: R15GM104865; Swiss National

Science Foundation, Grant/Award Number:

31003A-169007; National Cancer Institute,

National Institutes of Health, Grant/Award

Numbers: R01CA52040, P01CA098993

Abstract
The ATPase family, AAA domain-containing protein 2 (ATAD2) has a C-terminal bromodomain,

which functions as a chromatin reader domain recognizing acetylated lysine on the histone tails

within the nucleosome. ATAD2 is overexpressed in many cancers and its expression is corre-

lated with poor patient outcomes, making it an attractive therapeutic target and potential bio-

marker. We solved the crystal structure of the ATAD2 bromodomain and found that it contains

a disulfide bridge near the base of the acetyllysine binding pocket (Cys1057-Cys1079). Site-

directed mutagenesis revealed that removal of a free C-terminal cysteine (C1101) residue

greatly improved the solubility of the ATAD2 bromodomain in vitro. Isothermal titration calorim-

etry experiments in combination with the Ellman's assay demonstrated that formation of an

intramolecular disulfide bridge negatively impacts the ligand binding affinities and alters the

thermodynamic parameters of the ATAD2 bromodomain interaction with a histone H4K5ac

peptide as well as a small molecule bromodomain ligand. Molecular dynamics simulations indi-

cate that the formation of the disulfide bridge in the ATAD2 bromodomain does not alter the

structure of the folded state or flexibility of the acetyllysine binding pocket. However, consider-

ation of this unique structural feature should be taken into account when examining ligand-

binding affinity, or in the design of new bromodomain inhibitor compounds that interact with

this acetyllysine reader module.
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1 | INTRODUCTION

Eukaryotic DNA is packaged for gene regulation and nuclear organiza-

tion into nucleosomal units consisting of approximately 146 base pairs

of DNA wrapped around an octamer of histones.1 Residues on the

N-terminal tails protruding from the histone core are targeted by

post-translational modifications, which contribute to gene regulation

by supporting or inhibiting access to the genetic information. These

heritable modifications are collectively called the “histone code,” and

they can propagate alternative phenotypes without any changes to

the DNA sequence.2,3 Aberrant changes in the epigenome are linked

to the development of disease, and have been shown to be one of the

major mechanisms contributing to oncogenesis.4–6

The ε-N-lysine acetylation motif is one of the most common post-

translational modifications found in proteins.7 Addition of an acetyl

group neutralizes the positive charge on the lysine side-chain, and

interrupts the interaction of histone proteins with the negatively-

charged DNA, resulting in opening of the chromatin structure to

increase gene expression.7 Acetylation levels are tightly controlled by

histone acetyl transferases (HATs; which create acetylation marks)

and histone deacetylases (HDACs; which remove acetylation marks).8

Histone acetylation is generally associated with euchromatin and gene

active transcription, and these marks can also be important for DNA

repair and replication.9 Inappropriate histone acetylation has been

linked to the abnormal expression of disease-promoting genes, partic-

ularly in cancer.10
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Bromodomains (BRDs) are well-characterized “reader” modules

that recognize ε-N-acetylated lysines found on the histone tails

through a conserved asparagine residue in their hydrophobic binding

pocket.11 Bromodomains are comprised of four α-helices (αZ, αA, αB,

αC) that are connected by highly variable loop regions (ZA and BC

loops), which form the rim of the histone binding pocket.11 In addition,

bromodomain structures frequently contain three stabilizing hydro-

phobic residues near the core of their helical bundle, as well as a tyro-

sine in the short αAZ helix, and an aspartate capping the αA helix,

which forms a hydrogen bond with a backbone amide.12 In the bromo-

domain and extra terminal domain (BET) subfamily of bromodomains

a “WPF shelf” motif and a conserved gatekeeper residue were found

to make hydrophobic contacts important for the selection of histone

ligands13 As an evolutionarily conserved domain, bromodomains func-

tion to guide the bromodomain-containing protein and any associated

subunits to the chromatin.14 Due to their presence in many transcrip-

tional complexes, aberrant expression of bromodomain-containing

proteins is increasingly recognized as a contributing factor in cancer

cell proliferation and survival.15

One such bromodomain-containing protein is the ATPase family,

AAA domain-containing protein 2 (ATAD2, UniProtKB Q6PL18, also

called ANCCA/PRO 2000).16 ATAD2 has been shown to recognize his-

tone H4 that is acetylated at lysine 5 (H4K5ac) and lysine

12 (H4K12ac),17,18 and has recently been proposed to function as a

reader of newly synthesized H4K5acK12ac di-acetyllysine marks during

DNA replication.19 Several studies suggest a role for ATAD2 in the

pathogenesis of cancer where it functions as a co-regulator of onco-

genic transcription factors including E2F,20,21 the estrogen receptor-

α,16 the androgen receptor22, and MYC.23,24 Once initiated, ATAD2

expression leads to several positive feedback loops, dependent on tis-

sue type, the products of which will further upregulate ATAD2,16 cell

proliferation, and survival genes. ATAD2 overexpression is associated

with a myriad of unrelated cancers, including breast,20,23,25–28

colorectal,29–31 endometrial32–34 gastric,31,35,36 hepatocellular

carcinoma,37–40 lung,25,41,42 ovarian,43,44 and prostate.16,45,46 Up regu-

lation of ATAD2 is often correlated with poor patient outcomes, and

can be used as prognostic marker.25,26,30,35,43 This pattern across multi-

ple cancers makes the ATAD2 bromodomain an attractive target for

cancer therapy, and several inhibitors are currently in

development.17,47–50

To further investigate structural features of the ATAD2 bromo-

domain that contribute to histone ligand and small molecule inhibitor

recognition we optimized the expression and solubility of this pro-

tein. Crystallographic studies coupled with site-directed mutagenesis

and isothermal titration calorimetry binding assays revealed that for-

mation of a disulfide bridge near the base of the ATAD2 bromodo-

main binding pocket impacts protein solubility, histone ligand, and

small molecule inhibitor binding. Molecular dynamics simulations

provide evidence that the overall rigidity of the four-helix bundle

and flexibility of the binding site loops are not affected by the disul-

fide bridge. This study highlights an additional structural element to

be taken into consideration when examining ligand binding affinity

and working to develop new therapeutics targeting the ATAD2

bromodomain.

2 | MATERIALS AND METHODS

2.1 | Plasmid construction

The human ATAD2 bromodomain plasmid was a gift from Dr. Nicola

Burgess-Brown (Addgene plasmid # 38916). Residues 981-1108

encoding the 128 amino acid ATAD2 bromodomain were PCR ampli-

fied and recloned into the pDEST15 vector (Invitrogen) with an N-

terminal GST (glutathione transferase) tag followed by a PreScission

Protease site (GE Healthcare) using the Gateway Cloning technology

(Invitrogen). The DNA sequence was verified and the plasmid was

transformed into Escherichia coli Rosetta 2 (DE3) pLysS competent

cells (Novagen), which supply tRNAs for rare codons to express the

wild-type ATAD2 bromodomain (WT ATAD2). To further improve

protein expression of the human ATAD2 bromodomain in E. coli the

ATAD2 bromodomain gene sequence was codon-optimized by DAP-

CEL, synthesized (Bio Basic Inc.) and recloned into the pDEST15 vec-

tor containing an N-terminal GST tag and PreScission Protease site as

described above. The codon optimized ATAD2 bromodomain DNA

sequence was verified (sequence provided in Supporting Information

figure S1), and then transformed into E. coli One Shot BL21 Star (DE3;

Invitrogen) cells (ATAD2 CO). An ATAD2 bromodomain C1101A

mutant protein was created using site-directed mutagenesis with the

QuikChange II kit (Agilent). Primers were designed to introduce the

C1101A mutation using standard PCR from the pDEST15 plasmid

containing the codon optimized ATAD2 bromodomain as a template.

The ATAD2 C1057A, C1079A, and C1101A triple cysteine mutant

was made in the same way from the codon-optimized plasmid. The

DNA sequences for all mutants were verified before transformation

into E. coli One Shot BL21 Star (DE3; Invitrogen) cells (ATAD2 CO

C1101A and ATAD2 CO C1057A/C1079A/C1101A).

2.2 | ATAD2 bromodomain expression and
purification

The wild-type and codon optimized mutant versions of the ATAD2 bro-

modomain protein were expressed from E. coli Rosetta 2 (DE3) pLysS

or BL21 Star (DE3) cells grown in TB (Terrific Broth) at 37�C. Once the

culture OD600 reached 1.2, the temperature was reduced to 20�C for

1 hour before induction with 0.5 mM isopropyl β-D-

1-thiogalactopyranoside (IPTG), and incubated for 16 hours at 20�C.

The cells were harvested by centrifugation and soniciated in lysis buffer

containing 50 mM Tris pH 7.5, 500 mM NaCl, 0.05% Nonidet P-40, 5%

glycerol, and 1 mM EDTA. The ATAD2 bromodomain protein was puri-

fied using glutathione agarose resin (Thermo Scientific) in a 2.5 × 5 cm

BioRad econo-column with wash buffer (50 mM Tris pH 7.5, 500 mM

NaCl, 5% glycerol and 1 mM EDTA). The GST tag was cleaved over-

night at 4�C by addition of PreScission Protease (GE Healthcare), and

the ATAD2 bromodomain was eluted with wash buffer, and the eluted

fractions were pooled, concentrated and dialyzed into the appropriate

buffers described below. The ATAD2 bromodomain total protein con-

centration was determined from its absorbance at 280 nm using the

extinction coefficient of 7450 M−1 cm−1. Thermo Scientific Pierce Ell-

man's Reagent (DTNB, 5,50-dithio-bis-[2-nitrobenzoic acid]) was used to

calculate the free sulfhydryl groups in the purified ATAD2
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bromodomain proteins by measuring their absorbance at 405 nm on a

Eppendorf BioPhotometer-plus and using the molar extinction coeffi-

cient of TNB (2-nitro-5-thiobenzoic acid) 14 050 M−1 cm−1 at 25�C in

ITC buffer (20 mMNaH2PO4 pH 7.0, 150 mMNaCl).51 The absorbance

of the measured TNB product was used to calculate the millimolar con-

centration of free sulfhydryl groups in each ATAD2 bromodomain sam-

ple according to the reagent instructions. The following formula was

used to assess the percentage of ATAD2 bromodomain protein with a

formed disulfide bridge. First, we multiplied the ATAD2 bromodomain

total protein concentration by a factor of 2 or 3 for the ATAD2 CO

C1101A bromodomain or the ATAD2 WT bromodomain, respectively,

to obtain the potential concentration of free Cys residues found in each

sample. Then the concentration of free cysteine's measured in the Ell-

man's assay was subtracted from the total Cys concentration possible

([Total Cys]-[Free Cys]) in order to detect the concentration of Cys resi-

dues that are bound in disulfide bonds, ([Bound Cys]). The concentra-

tion of bound Cys was divided by two to account for the two Cys

residues in the ATAD2 bromodomain that can participate in the intra-

molecular disulfide bridge. Then we used the ratio of [bound Cys] to

[total protein] to determine the percentage of disulfide bridge formed.

However, this is an approximation for the WT ATAD2 bromodomain

sample as we expect the C-terminal C1101 residue (or even C1079/

C1057) to form intermolecular disulfide bonds between other bromo-

domain proteins in solution.

To remove any bromodomains that did not have a fully formed

disulfide bridge we further purified the ATAD2 CO C1101A bromodo-

main protein sample by incubating it with activated thiol sepharose 4B

resin (GE Healthcare), which binds to any free cysteine residues, at 4�C

for 2 hours. The suspension was applied to a 2.5 × 20 cm BioRad

econo-column and the free bromodomain protein (containing the disul-

fide bridge) was eluted with wash buffer. The eluted ATAD2 CO

C1101A bromodomain sample containing protein with a fully formed

disulfide bridge was concentrated to 1 mL total volume and applied to

a HiPrep 16/60 Sephacryl S-100 size exclusion column

(GE Healthcare), equilibrated with wash buffer, to remove any free

2-thiopyridone from the sample. The ATAD2 CO C1101A bromodo-

main protein was concentrated to approximately 0.2 mM and dialyzed

for 48 hours at 4�C into ITC Buffer (20 mM NaPO4 pH 7.0, 150 mM

NaCl). The final percentage of disulfide bridges in the sample was con-

firmed using the Ellman's reagent assay described above immediately

before ITC experiments.

2.3 | X-ray crystallography

The WT ATAD2 bromodomain protein was purified using the lysis

and wash buffers as described above that were supplemented with

1 mM dithiothreitol (DTT). Once the protein was eluted from the GST

column it was concentrated and further purified by gel filtration chro-

matography using a HiPrep 16/60 Sephacryl S-100 High Resolution

column (GE Healthcare) equilibrated with crystallization buffer

(25 mM HEPES-HCl pH 7.5, 150 mM NaCl, and 1 mM DTT). Eluted

fractions corresponding to the WT ATAD2 bromodomain were pooled

and concentrated, and the purity of the sample was checked on an

SDS-PAGE gel. 0.517 mM of the purified 131-residue WT ATAD2

bromodomain protein (containing 128 residues from the

bromodomain and -GPL from the N-terminal GST tag) was mixed with

1.637 mM of the H2AK5ac peptide ligand (residues 1-12,

SGRGKacQGGKARA) and incubated in a microcentrifuge tube for

1 hour prior to tray setup. Crystallization screens were performed

using the sitting-drop method in 96-well CrystalEX plates with drops

consisting of 0.8 μL of the protein-peptide mixture plus 0.8 μL reser-

voir solution and a reservoir volume of 50 μL.

Crystals of the ATAD2 bromodomain in complex with the

H2AK5ac ligand grew at 4�C in condition number 16 of the Hampton

Crystal Screen 1 (0.1 M HEPES sodium pH 7.5, 1.5 M Lithium sulfate

monohydrate). Optimizations were performed using the hanging-drop

method (1 μL protein solution plus 1 μL mother liquor) in 24-well VDX

plates (Hampton Research) containing 500 μL mother liquor in the res-

ervoir. After screening against pH and precipitant concentrations, the

optimal crystallization condition for the ATAD2 bromo:H2AK5ac com-

plex was found to be 0.1 M HEPES sodium pH 7.5 and 1.6 M lithium

sulfate at 277 K. Crystals were cryoprotected by soaking for 60 seconds

in a solution containing 2.0 M lithium sulfate and 0.1 M HEPES sodium

pH 7.5 before flash-cooling in liquid nitrogen at 100 K. Crystal screen-

ing and data collection was carried out at the Center for X-ray Crystal-

lography at the University of Vermont on a Bruker D8 Quest generator

equipped with a PHOTON II detector at a wavelength of 1.5418 Å.

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: 3DAI) as the starting

model.52 The model was built using COOT.53 Notably, isomorphous dif-

ference maps did not support placement of the H2AK5ac peptide.

Instead, the anomalous difference map indicated a HEPES molecule

from the crystallization buffer bound into the ATAD2 bromodomain

binding pocket (Supporting Information figure S2). PHENIX and COOT

were used for iterative rounds of refinement, density modification and

model building.53,54 The final structure at 1.93 Å resolution was vali-

dated using MolProbity and Polygon.55,56

2.4 | Isothermal titration calorimetry

ITC measurements were performed using a MicroCal iTC200

(GE Healthcare) as described previously.57 The WT and the mutant bro-

modomain proteins were prepared in a 20 mM NaH2PO4 pH 7.0,

150 mM NaCl ITC buffer by dialysis for 48 hours. The histone H4K5ac

peptide (residues 1-10, SGRGKacGGKGL) was synthesized by the Pep-

tide Core Facility at the University of Colorado Denver. Both the his-

tone peptide and the Compound 38 (C-38) ligand were prepared in the

ITC dialysis buffer. Titration experiments with the histone H4K5ac pep-

tide were set up for optimal heat of binding reactions at 5�C over

20 injections, with one preliminary injection of 0.5 μL, followed by 19

2.0 μL injections, using 200 μM ATAD2 bromodomain protein in the

sample cell, and 5 mM of histone peptide in the injection syringe.

Reverse titration experiments were used to measure the nanomolar

binding affinities of the C-38 ligand with the ATAD2 CO C1101A bro-

modomain protein. In this case 300 μM of ATAD2 CO C1101A bromo-

domain was loaded in the injection syringe, while 20 μM of the C-38

ligand was in the sample cell. ITC experiments with the C-38 ligand

were carried out at 25�C over 20 injections, with one preliminary injec-

tion of 0.5 μL, followed by 19 2.0 μL injections. For all samples each
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injection was spaced apart by time intervals of 150 seconds after an ini-

tial delay of 60 seconds and the titration cell was continuously stirred

at 750 RPM. The preliminary injection was excluded from integration

and calculation of the KDs. The raw data were integrated, corrected for

nonspecific heats of dilution, and analyzed according to a 1:1 binding

model assuming a single set of identical binding sites to calculate the

binding affinity, stoichiometry (N), and the thermodynamic values. Data

were analyzed using the software ORIGIN 7.0 (OriginLab Corporation).

All experiments where binding occurred were performed in triplicate,

while nonbinding experiments were performed in duplicate and stan-

dard errors are reported as standard deviations.

2.5 | Molecular dynamics simulations

Molecular dynamics simulations were used to investigate the structural

flexibility, on the sub-μs time scale, of the ATAD2 bromodomain in the

presence or absence of the disulfide bridge between residues C1057

and C1079. The starting coordinates of two independent runs were

taken from the solved crystal structure (PDBID: 6CPS) and the two

alternate rotameric states of C1079 were used to model the presence

or absence of the disulfide bridge. The structures were prepared with

the CAMPARI v3 software package (http://campari.sourceforge.net) as

follows. We added hydrogens and missing side chains, removed the

expression tags and capped the N- and C-terminus with acetyl and N-

methylamide groups respectively. To reproduce neutral pH conditions

we set the protonation states of the side chains of D/E (negatively

charged), K/R (positively charged) and H (neutral, ε-N protonated).

HEPES and buffer ions were removed. We solvated the system in a

cubic box with 85 Å side length and added K+ and Cl− ions to neutralize

the system and approximate an ionic strength of 150 mM. A short

relaxation with molecular dynamics in torsional space58 was run to

reduce major clashes in the structure. The equilibration and production

simulations were run with GROMACS 201659 using the CHARMM36

force field60 with modified TIP3P water.61 An equilibration of 1 ns in

the NPT ensemble (constant number of molecules, pressure and tem-

perature) at 1 bar and 310 K was run to let the box volume adapt to

the correct density of the system. The average box side length of

84.04 Å calculated from this run was set for the following equilibration

(0.5 ns) and production runs in the NVT ensemble (constant number of

molecules, volume and temperature) at 310 K with velocity rescaling

thermostat62 with a coupling time of 2 ps. The electrostatic interactions

were evaluated with the generalized reaction field63 and we used a

threshold of 12 Å for truncating all non-bonded interactions. All cova-

lent bonds were constrained with LINCS64 and the integration time was

set to 2 fs. The two production simulations (with and without disulfide

bridge) were run for 300 ns with saving frequency of 10 ps.

3 | RESULTS AND DISCUSSION

3.1 | The ATAD2 bromodomain contains
a disulfide bridge

We determined the crystal structure of the wild-type human ATAD2

bromodomain with a HEPES molecule from the crystallization buffer

located in the acetyllysine-binding pocket (PDBID: 6CPS). The crystal-

lographic data collection details and the refinement statistics are sum-

marized in Table 1. As expected, the ATAD2 bromodomain contains

the canonical bromodomain protein-fold consisting of a left-handed

four-helix bundle (αZ, αA, αB, and αC), with an extended C-terminal

αC kinked helix (Figure 1A,B). The arrangement of the helical bundle

creates a deep binding pocket that is surrounded by two variable loop

regions that contribute to histone ligand binding specificity. Figure 1A,

B shows the overall structure of the ATAD2 bromodomain from the

front and back. Residues and structural features known to be impor-

tant for coordination of H4K5ac18 are labeled. These include the con-

served asparagine N1064 that is responsible for co-ordinating the

acetylated lysine group, Y1021, which coordinates an ordered water

in the binding pocket, the RVF shelf motif (res 1007-1009, corre-

sponding to the WPF shelf in BET bromodomains) and the gatekeeper

residue I1074, both of which make important hydrophobic contacts

with the histone ligand. Labeled in yellow are the positions of three

cysteine residues in the ATAD2 bromodomain. There is one free C-

terminal cysteine located after the kink in the extended αC helical

TABLE 1 Summary of the data collection and refinement statistics

for the ATAD2 bromodomain in complex with HEPES

Collection on a single crystal ATAD2 / HEPES
PDB code 6CPS

Data collection

Space group P6522

Cell dimensions

a, b, c (Å) 79.359, 79.359, 138.96

α, β,γ (�) 90, 90, 120

Resolution (Å) 39.68-1.93 (1.99-1.93)

R-pim (%) 2.6 (58.7)

CC1/2 0.999 (0.545)

Mean I/σ(I) 20.0 (1.32)

Completeness (%) 99.37 (97.0)

Redundancy 16.4 (6.9)

Refinement

Resolution (Å) 38.68-1.93

No. unique reflections 36 485

Rwork/Rfree 18.33 / 21.46

No. atoms:

Protein 1108

Ligand/ion 25

Waters 238

Average B-factors (Å2)

Protein 25.35

Water 38.25

Ligand (HEPES) 37.74

R.M.S deviations:

Bond lengths (Å) 0.008

Bond angles (�) 1.27

Ramachandran plot (%)

Favored 100

Allowed 0

Outliers 0
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region at position C1101. There are also two cysteine residues in the

αB and αC helices at positions C1057 and C1079, respectively, which

are located on the opposite the RVF shelf motif in the histone binding

pocket. One unique feature of our ATAD2 bromodomain structure is

the clear presence of continuous electron density connecting the two

cysteine residues in a disulfide bridge, with anomalous signal corre-

sponding to the location of the sulfur atoms (Figure 1C,D, and Support-

ing Information figure S2). The C1079 residue adopts one alternate

conformation; one rotamer participates in the disulfide bridge, and a

second conformation is rotated out of the disulfide bond, and each con-

former is refined to 50% occupancy. At this time there are over

30 structures of the ATAD2 bromodomain deposited in the Protein

Data Bank representing the apo state12, as well as the ATAD2 bromo-

domain in complex with histone ligands,17,18 and numerous small mole-

cules.49,65,66 However, this is currently the only deposited structure of

the ATAD2 bromodomain with clear electron density supporting forma-

tion of a disulfide bridge near the base of the bromodomain binding

pocket. Previous structural studies on the ATAD2 bromodomain used

higher concentrations of DTT (10 mM, compared to our 1 mM) during

the purification17,49,66 and/or storage steps,12,18 which likely abrogated

formation of the disulfide bridge. As this is a unique structural feature

of a bromodomain module we wanted to investigate if it has a role in

histone ligand recognition, which could also potentially be important

for current drug discovery efforts.

3.2 | Free sulfhydryl groups contribute to ATAD2
bromodomain aggregation in vitro

We used Ellman's reagent to estimate the number of free sulfhydryl

groups available in the ATAD2 bromodomain samples by monitoring

the formation of 2-nitro-5-thiobenzoic acid (TNB) by UV-Vis at

405 nm.51 We estimated that the WT ATAD2 bromodomain protein

expressed from Rosetta 2 cells has on average, 56% disulfide bridge

formation (Table 2). As the crystal structure of the ATAD2 bromodo-

main also indicates that the disulfide bridge is partially formed, we

concluded that when each of the three sulfhydryl groups is free, they

are likely forming intermolecular disulfide bridges. Free thiol groups

within protein structures are known to be highly reactive and can

interact with other proteins in the solution creating intermolecular

disulfide bridges linking two or more proteins together, or cause

FIGURE 1 Disulfide bridge formation in the ATAD2 bromodomain. A and B, Three-dimensional structure of the human ATAD2 bromodomain

(slate), showing the front and back (180� rotation) with secondary structural elements labeled. Residues known to be important for histone ligand
coordination are shown as sticks, and include the conserved Asn1064, which coordinates the acetyllysine, the gatekeeper residue Ile1074,
Tyr1021 that coordinates ordered water in the binding pocket, and “RVF shelf” motif residues Arg1007, Val1008 and Phe1009, which are
important for ligand selectivity. The residues forming the disulfide bridge include Cys1079 and Cys1057, and link the αB-αC helices near the base
of the bromodomain binding pocket. The location of the C-terminal Cys1101 is also labeled. C, The 2Fo-Fc electron density map contoured at 1 σ
around the ATAD2 bromodomain disulfide bridge region. D, The anomalous difference map contoured at 3 σ around the ATAD2 bromodomain
disulfide bridge region. E, Structural alignment comparing ATAD2 proteins with and without an intact disulfide bridge. The apo structure of the
ATAD2 bromodomain with no disulfide bridge (3DAI, orange) was taken from the Protein Data Bank and aligned to our ATAD2 structure with a
50% formed disulfide bridge (6CPS, slate) in PyMOL.80 All figures were generated using PyMOL80

GAY ET AL. 161



biologically active disulfide bridges to become mixed. Both of these

scenarios can result in protein mis-folding, aggregation of protein olig-

omers, and precipitation.67 In our experience, the WT ATAD2 bromo-

domain protein begins to become insoluble and precipitate out of

solution when it reaches a concentration of approximately

0.2-0.5 mM. Codon optimization of human proteins for heterologous

expression in bacterial systems is well known to improve protein

production,68,69 folding70–72 and stability73, and is a strategy that has

been used to improve expression of other bromodomain-containing

proteins.74 In order to enhance the expression and co-translational

folding of the WT human ATAD2 bromodomain protein in E. coli BL21

cell strains we developed a codon-optimized version of the ATAD2

bromodomain gene sequence (WT/CO ATAD2).

Codon-optimization of the ATAD2 bromodomain improved its

expression, but did not improve overall solubility. Thus, we hypothe-

sized that as the ATAD2 bromodomain proteins come in close contact

with each other in solution, the availability of free sulfhydryl groups at

positions C1057 and C1079 and C1101 allow for the formation of

disulfide bridges between adjacent ATAD2 bromodomains causing

them to aggregate. We believe this phenomenon makes it difficult to

obtain a highly concentrated solution of the ATAD2 bromodomain

protein in vitro, as we are only routinely able to reach concentrations

slightly between 0.5 and 0.6 mM with the WT ATAD2 bromodomain,

even in the presence of reducing agents such as DTT or TCEP. To cir-

cumvent aggregation we designed a C1101A mutant of the codon

optimized ATAD2 bromodomain construct (ATAD2 CO C1101A) and

tested its histone binding activity after expression in BL21 Star (DE3)

cells. The ATAD2 bromodomain has been reported to bind to histone

H4 that is acetylated at lysine 5 (H4K5ac).17 As seen in Table 3, and

Supporting Information figure S3A the purified WT ATAD2 bromodo-

main protein with 56% bridge formation binds to histone H4K5ac

(residues 1-10) with a dissociation constant of 91.4 � 6.1 μM using

ITC. Comparably, the ATAD2 CO C1101A mutant bromodomain pro-

tein has 49% disulfide bridge formation, and ITC titrations

TABLE 2 Expression and solubility of ATAD2 bromodomain proteins. The ATAD2 bromodomain protein from the native wild-type ATAD2 gene

sequence (ATAD2 WT), the codon optimized ATAD2 C1101A mutant gene sequence (ATAD2 CO C1101A), and the codon optimized ATAD2
triple cysteine mutant (ATAD2 CO C1057A/C1079A/C1101A) were expressed and purified from E. coli host cell strains to optimize the protein
production and solubility. The status of disulfide bridge formation for each protein sample calculated using absorbance measurements at 405 nm
with the Ellman's reagent is also indicated

ATAD2 construct

E. coli host
expression
strain

Total protein,
mM (in ITC
buffer) A405

Total Cys,
mM
Possiblea

Free
Cys,
mMb

Bound Cys, mM
(total
Cys-free Cys)

Bound Cys,
mMc/
protein, mM

%
Disulfide
bridge

ATAD2 WT Rosetta2
(DE3)
pLysS

0.589 0.139 1.767 1.108 0.659 0.559 56%

ATAD2 CO C1101A BL21 star
(DE3)

0.410 0.052 0.820 0.415 0.405 0.493 49%

ATAD2 CO C1101A,
after thiol sepharose
purification

BL21 star
(DE3)

0.197 0 0.394 0 0 0 100%

ATAD2 CO C1057A/
C1079A/C1101A

BL21 star
(DE3)

0.443 0 0 0 0 0 0%

a Calculated by multiplying the protein concentration by the number of Cys residues (3 for ATAD2 WT and 2 for ATAD2 CO C1101A).
b Measured using the Ellman's assay.
c The mM of bound Cys is divided by 2 to account for the number of Cys residues participating in disulfide bridge formation (then this number is divided
by the total protein concentration).

TABLE 3 Effect of disulfide bridge formation on ligand binding by the ATAD2 bromodomain. Solution binding constants, binding stoichiometry

(N; ligand-to-bromodomain ratio), and thermodynamic parameters (enthalpy, ΔH and entropy, ΔS) of the interaction of the wild type (WT) and
codon optimized (CO) mutant ATAD2 bromodomain proteins with the histone H4K5ac peptide (res 1-10) and GlaxoSmithKline inhibitor
Compound 38 as measured by ITC

Complex % DSB formed KD N ΔH cal/Mol ΔS cal/Mol/deg

ATAD2 WT
H4K5ac

56% 91.4 � 6.1 μM 0.93 � 0.08 −8297.3 � 947.8 −11.6 � 3.6

ATAD2 CO C1057A/C1079A/C1101A
H4K5ac

No DSB 112.8 � 14.7 μM 0.84 � 0.03 −4203.7 � 795.7 3.0 � 3.2

ATAD2 CO C1101A
H4K5ac

49% 96.5 � 2.1 μM 1.22 � 0.17 −5839.3 � 767.5 −2.0 � 2.42

ATAD2 CO C1101A
H4K5ac

100% 209.6 � 21.0 μM 1.26 � 0.47 −3569.3 � 148.0 3.0 � 1.26

ATAD2 CO C1057A/C1079A/C1101A
C-38

No DSB 223.4 � 33.2 nM 1.14 � 0.08 −6894.3 � 1609.8 7.31 � 5.9

ATAD2 CO C1101A
C-38

49% 249.2 � 27.1 nM 1.10 � 0.02 −8016.0 � 351.4 3.3 � 1.05

ATAD2 CO C1101A
C-38

100% 875.1 � 96.3 nM 1.09 � 0.84 −11746.0 � 6804.0 −20.2 � 11.0
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demonstrated it binds to the histone H4K5ac ligand with a KD of

96.5 � 2.1 μM (Tables 2 and 3 and Supporting Information figure

S3C), in-line with what we observed for the WT ATAD2 bromodo-

main protein. However, the ATAD2 CO C1101A mutant bromodo-

main is significantly more soluble, as we were able to concentrate it to

above 1.4 mM without any observable protein aggregation. Thus,

removal of the free C-terminal cysteine greatly improved the solubility

of this protein, likely by reducing the formation of unwanted intermo-

lecular disulfide bridges.

3.3 | Disulfide bridge formation impacts ligand
binding affinity

The two cysteine residues that form a disulfide bridge in the ATAD2

bromodomain are located near the base of the bromodomain binding

pocket, opposite from the RVF shelf motif. Disulfide bridges play

many important roles in protein structure. Formation of disulfide

bonds is known to increase protein rigidity, thermal stability and con-

tribute to folding of protein modules.75 We postulated that disulfide

bridge formation could contribute to the overall conformation of the

bromodomain acetyllysine binding pocket, and play a role in the rec-

ognition of histone ligands.

As free sulfhydryl groups also negatively impact the ATAD2 bro-

modomain stability in solution we aimed to develop a method to iso-

late the ATAD2 bromodomain protein with 100% of the disulfide

bridges formed. To do this, we expressed the ATAD2 CO C1101A

mutant bromodomain protein in BL21 Star (DE3) cells, and added an

additional purification step after elution from the glutathione agarose

column. By applying the ATAD2 CO C1101A protein to an activated

agarose 4B column that binds to any solutes containing free thiol

groups, we were able to recover the fraction of the ATAD2 CO

C1101A bromodomain sample that contains a fully formed disulfide

bridge in the eluted protein. This protein was then further purified by

size exclusion chromatography to desalt the sample prior to ITC

experiments to test its histone-binding activity. The Ellman's assay

confirmed we were able to isolate the ATAD2 CO C1101A bromodo-

main with a 100% formed disulfide bridge (Table 2). Also, removal of

any free cysteines improved the protein solubility significantly as we

were able to concentrate it up to 1.9 mM without any signs of precipi-

tation. Interestingly, the presence of the fully formed disulfide bridge

reduces the binding affinity of the ATAD2 CO C1101A bromodomain

for histone H4K5ac to 209.6 � 21.0 μM, from the 96.5 � 2.1 μM

affinity observed with the ATAD2 CO C1101A bromodomain contain-

ing a 49% formed disulfide bridge (Table 3 and Supporting Information

figure 3C-D). Similarly, when we tested the binding affinity of Com-

pound 38 (C-38), a small molecule inhibitor of the ATAD2 bromodo-

main developed by GlaxoSmithKline49, we observed a binding affinity

of 249.2 � 27.1 nM when the protein has 49% disulfide bridge for-

mation, but this is reduced to 875.1 � 96.3 nM when the disulfide

bridge is fully formed (Tables 2 and 3. and Supporting Information fig-

ure 2F-G).

The presence or absence of an intact disulfide bridge may be a

regulatory element for the ATAD2 bromodomain. For example, disul-

fide bridges are an important feature of the signal transducer and acti-

vator of transcription protein 3 (STAT3). Unphosphorylated STAT3

contains two disulfide bridges that are essential for the formation of

STAT3 dimers that can shuttle into the nucleus and interact with

DNA. Mutation of the four cysteine residues needed for the formation

of intermolecular disulfide bridges in dimerization completely abol-

ishes the DNA-binding activity of STAT3.76 Expression of the ATAD2

protein is tightly regulated, and it is predominantly found in the

nucleus during S phase where it is associated with DNA replication

sites.19 To investigate how complete removal of the disulfide bridge

from the ATAD2 binding pocket would affect ligand binding we gen-

erated a triple cysteine mutant with residues C1057, C1079, and

C1101 changed to alanine (ATAD2 CO C1057A/C1079A/C1101A).

As seen in Table 3 (and Supporting Information figure S3) ITC titration

experiments with the H4K5ac and C-38 inhibitor compound showed

they bound to the ATAD2 triple cysteine mutant with an affinity of

112.8 � 14.7 μM and 223.4 � 32.2 nM, respectively. Together our

binding data demonstrate that removal of the disulfide bridge does

not have a significant impact on the binding activity of the ATAD2

bromodomain, but increasing the amount of disulfide bridge formed

weakens ligand interactions. In support of this, a previously reported

KD value for the ATAD2 bromodomain with the histone H4K5ac pep-

tide ligand of 22 μM was lower than our KD for the WT protein

(91 μM), likely due to strong reducing conditions with the addition of

10 mM DTT in the ITC experiment, and possibly from the use of a lon-

ger peptide spanning residues 1-20.17 Thus, in vitro it appears there is

interplay between disulfide bridge formation in the ATAD2 bromodo-

main and its ligand binding affinity. The bromodomain alpha helical

bundle is quite stable, and other parts of the bromodomain structure

likely compensate for complete loss of the disulfide bridge, while

higher percentages of disulfide bridge formation may limit ligand inter-

actions. In the cell, redox regulation in the nucleus may be a mecha-

nism used to influence the biological activity of a subset of

bromodomain-containing proteins including ATAD2A. A similar sce-

nario was recently observed for the plant homeodomain (PHD finger)

of the protein partner of Sans-fille (PPS), where interaction with its

H3K4me3 histone ligand is regulated by pH, and high pH values were

shown to increase the ligand interaction.77

3.4 | Effect of disulfide bridge formation on the
thermodynamics of ATAD2 bromodomain ligand
binding

Comparison of our ATAD2 bromodomain crystal structure with a 50%

formed disulfide bridge (PDBID: 6CPS), to the previously deposited

apo structure of the ATAD2 bromodomain with no disulfide bridge

(PDBID: 3DAI) by structural alignment (RMSD = 0.209 Å over 109 Cα

atoms), revealed that no major structural/conformational changes are

induced by formation of the disulfide bridge (Figure 1E). The bridge

forms in a region between the αB and αC helices, which is already

structurally rigid. This is supported by the molecular dynamics simula-

tions (see below).

Our ITC binding assays also indicate that the formation of the

disulfide bridge does not lead to dramatic changes in the structure of

the binding site. The data fits for the ligand binding to the ATAD2 bro-

modomain samples containing two fractions of the protein, with and

without the formed disulfide bridge (ATAD2 WT and ATAD2 CO
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C1101A before thiol sepharose purification) indicate that only one

type of binding sites are present in both the bridged and unbridged

forms (Table 3, N ~ 1). The ITC measurements do show a two-fold to

three-fold decrease in affinity for the histone H4K5ac ligand and C-38

small molecule inhibitor, respectively, when the ATAD2 bromodomain

contains a 100% formed disulfide bridge.

Analysis of the thermodynamic parameters from the ITC titration

experiments (Table 3) shows that all studied ATAD2 bromodomain-

ligand interactions are enthalpy-driven. Enthalpy-dominated binding

has been reported recently for small-molecule ligands of the BRPF1

bromodomain78, which belongs to the same subfamily IV as the

ATAD2 bromodomain. When the disulfide bridge is 100% formed in

the ATAD2 CO C1101A bromodomain, the binding affinity for the

H4K5ac peptide is lower and there is a smaller change in enthalpy

(−3569.3 � 148.0 cal/mol) compared to the same ATAD2 bromodo-

mains with 49% bridge formation (−5839.3 � 767.5 cal/mol). The

change in enthalpy observed upon C-38 binding with the ATAD2 CO

C1101A bromodomain possessing a fully formed disulfide bridge is

−11746.0 � 6804.0 cal/mol, compared to −8016.0 � 351.4 cal/mol

with 49% bridge formation. When the disulfide bridge could not be

formed in the ATAD2 bromodomain triple Cys mutant the enthalpy

change was −4203.7 � 795.7 cal/mol for the H4K5ac ligand and −

6894.3 � 1609.8 cal/mol for C-38. Overall, the largest change in

enthalpy values were observed for the ATAD2 bromodomain in com-

plex with the C-38 ligand.

The entropy changes observed with the disulfide bridge forma-

tion are contradictory. There is an increase in (ΔS) with more disulfide

bridge formation for the ATAD2 CO C1101A bromodomains upon

binding to the histone H4K5ac ligand. When the same ATAD2 bromo-

domain proteins bind to the C-38 ligand the entropy change induced

by ligand binding becomes more negative with the percentage of

disulfide bridge formed.

3.5 | Atomistic simulations reveal similar flexibility
of ATAD2 bromodomain with and without disulfide
bridge

To examine how formation of the disulfide bridge might influence the

flexibility of the bromodomain binding pocket and the ZA and BC loop

regions we performed a molecular dynamics (MD) simulation on the

ATAD2 bromodomain structure containing the disulfide bridge and

compared it to a simulation of the structure with free cysteines

C1057 and C1079. As starting coordinates of the runs we used the

two conformations of C1079 that were fitted in the electron density

and are present in our crystal structure (PDBID: 6CPS). We simulated

both systems in the canonical ensemble, each for 300 ns (see Mate-

rials and Methods). The MD simulations show that the presence of

the disulfide bridge does not influence the flexibility of the bromodo-

main. The time traces of the RMSD of the Cα atoms (Figure 2A, slate

and orange solid line and dots) with respect to the crystal structure

span a similar range, and the difference between the average values

along the two trajectories is only 0.03 Å. For the Cα atoms of C1057

and C1079 and the two residues up- and downstream of them

(10 atoms in total), the RMSD is almost always below 1 Å regardless

of the presence of the disulfide bridge (Figure 2A, magenta and dark

yellow line and dots). A possible explanation for the similar structural

stability is the fact that the disulfide bond connects the middle of the

αB and αC helices; hence it joins two segments of the protein that are

already rigid. Moreover, in the run without the disulfide bridge, the

average distance between the two sulfur atoms of C1057 and C1079

is 4.61 Å, which reflects an optimal van der Waals contact (Supporting

Information figure S4). The root mean square fluctuation (RMSF) pro-

file of the Cα atoms (Figure 2B), averaged over 2 ns intervals, confirms

that the presence of the disulfide bridge does not alter the flexibility

of the protein and particularly does not hinder the motion of the

loops. This simulation result is not surprising as the two cysteines

involved in the disulfide bridge are at a distance of more than 12 Å

from the residues in the ZA and BC loops. In addition, the helical sec-

tions do not show any relevant motions at the backbone level with

FIGURE 2 Molecular dynamics analysis of ATAD2 bromodomain

flexibility. A, Temporal evolution of the RMSD. We compared the
RMSD of the system with (slate and magenta lines and dots) and
without the disulfide bridge (orange and dark yellow lines and dots).
Two different RMSD metrics were employed; the slate and orange
colors represent the RMSD of all Cα except three terminal residues
(122 atoms in total) after alignment on the same set. The magenta and
dark yellow colors encode the RMSD of the Cα of C1057, C1079 and
two residues up- and downstream of them (10 atoms in total) after
alignment on the four α-helices forming the bromodomain bundle. For
each case all data points (dots) and a moving average (with a window of

100 data points) are reported. B, Root mean square fluctuations of the
Cα atoms as a function of residue for the trajectory interval between
100 and 300 ns, averaged over stretches of 2 ns. The RMSF values
were calculated by first aligning the trajectory to the crystal structure
by using all Cα atoms. Then, we divided the trajectory into intervals of
2 ns and calculated the average structure for each interval. Finally, for
each interval and residue we calculated the standard deviation (SD) of
the coordinates of the Cα atom. The solid lines are the average over all
the 100 intervals and the shaded envelope is at one SD distance. The
calculation was carried out separately for the run with (slate) and
without (orange) disulfide bridge. The vertical dashed lines mark the
position of C1057 and C1079. A structural annotation of helical and
loop (ZA and BC) regions is added at the bottom of the plot
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RMSF values around 0.5 Å for all but the C-terminal helix. The highest

fluctuations are observed for the ZA loop in agreement with previous

simulation studies.79

Differences in binding affinity could also originate from different

rotameric states of the residues in the binding site. Thus, we investi-

gated two residues in the ATAD2 bromodomain binding site that are

involved in hydrophobic interactions with natural and synthetic

ligands. The statistical weights of the rotameric states of the gate-

keeper residue I1074 and “RVF” shelf residue V1008 are not affected

by the presence of the disulfide bridge (Supporting Information figure

S5). Overall, the very similar behavior observed in the molecular

dynamics simulations with and without disulfide bridge is consistent

with the relatively small difference in binding affinity as measured by

ITC (less than 1 kcal/mol).

3.6 | Disulfide bridges are found in a select number
of human bromodomain-containing proteins

Our results indicate that formation of the disulfide bridge between

residues C1057 and C1079 in the ATAD2 bromodomain negatively

impacts its acetylated histone binding ability. We examined the struc-

ture based sequence alignment of the human bromodomain family

published by Filippakopoulos et al.,12 to determine if any other bro-

modomain proteins have a cysteine pair similar to the ATAD2 bromo-

domain, with one Cys in each of the αB and αC helices. Based on

previous phylogenetic analysis, the ATAD2 bromodomain is a member

of the human bromodomain subfamily IV.12 Within this subfamily, the

other subfamily IV bromodomain proteins contain an Ile, Val, or Cys

residue at position 1057 in helix αB, while in the αC helix at position

1079, a Val or Lys residue is usually found. Only the ATAD2 and

ATAD2B bromodomains possess a Cys residue at position 1079. Thus,

ATAD2 and its paralog ATAD2B are the only two bromodomains

within the subfamily IV bromodomain-proteins with the ability to form

a disulfide bridge. Inspection of the sequences for all of the other bro-

modomain subfamilies reveals that many others do have a Cys residue

in either the αB or αC helix, but Cys residues are not commonly found

in both helices. Only the subfamily I bromodomain proteins were

found to have Cys residues in both the αB and αC helices. For exam-

ple, the GCN5 bromodomain has a Cys residue in helices αB and αC.

In the X-ray crystal structure of the GCN5 bromodomain these two

Cys residues are in close enough proximity to form a disulfide bridge,

but a reduced state with no bridge formed is observed (PDBID:

3D7C). In the structures of the PCAF and BPTF bromodomains

(PDBID: 3GG3 and 3UV2), the two cysteine residues are not posi-

tioned in the correct geometry to form a disulfide bridge, but with

modest conformational changes to the side chains of these residues it

may be possible for bridge formation to occur. The subfamily I bromo-

domain in the CECR2 protein, also contains two cysteine residues, but

they are located too far apart from each other in the αB and αC heli-

ces to be able to form a disulfide bridge (PDBID: 3NXB). The only

other two bromodomain proteins that contain a Cys residue in each

of the αB and αC helices include the TRIM66 bromodomain in

subfamily V, and the PRKCBP1 bromodomain in subfamily VII. The

structure of the TRIM66 bromodomain has not been solved, but there

is a structure available for the human PRKCBP1 bromodomain as a

PHD-Bromo-PWWP cassette (PDBID: 4COS). However, in this struc-

ture the Cys residues in the αB and αC helices are on distal ends of

the helices, and are not positioned close enough to form a disulfide

bridge. Thus, formation of a disulfide bridge appears to be a unique

structural feature of the ATAD2 and ATAD2B bromodomains, but it

may also form in the GCN5, PCAF, and BPTF subfamily I bromodo-

mains within the human bromodomain-containing proteins.

In summary, formation of a disulfide bridge near the ATAD2 bind-

ing pocket is a unique structural feature of this bromodomain that

should be taken into consideration when examining ligand binding

affinity, or in drug discovery efforts to develop new therapeutic com-

pounds that interact with this module.
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