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Chemical synthesis of the ATAD2 bromodomain
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Due to the emerging importance of the bromodomain binding
region in the study of epigenetic effectors and the vast implica-
tions for a wide variety of human disease, the bromodomain
region of human ATPase family AAA+ (ATPases associated with
diverse cellular activities) domain-containing protein 2 (ATAD2)
was targeted for chemical synthesis. The ATAD2 bromodomain
(130 aa) was divided into five strategic fragments to be assembled
using native chemical ligation with a focus on maximal conver-
gency and efficiency. The fragments were assembled with one
cysteine and three thioleucine ligations, unveiling the native ala-
nine and leucine amino acids at the ligation points following
metal-free dethiylation. Synthetic highlights of the study are a
photolabile dimethoxynitrobenzyl-protected glutamic acid side
chain used to impede hydrolysis of the C-terminal Glu-thioester,
a thiazolidine-protected thioleucine, and an efficient assembly of
three fragments in a single reaction vessel with dual-mode kinetic-
standard chemical ligation. With a focus on material throughput
and convergency, the five peptide fragments were assembled into
the native ATAD2 bromodomain region with a total of three HPLC
events in 8% overall yield from the fragments.

solid-phase peptide synthesis | desulfurization | peptide retrosynthesis

oncurrent with increased understanding of epigenetic regu-

lation of the proteome is the discovery of new modalities in
which aberrant epigenetic states can lead to disease. One such
example, the bromodomain—protein binding motif, is a family of
47 human epigenetic reader proteins that have been shown to
bind to the N-acetylated lysines of histones. The bromodomain
was named for the brahma gene in Drosophila, mutations of
which led to the discovery of the related peptide domain in
humans (1). As such, they have been increasingly implicated in
disease states as far reaching as cancer, HIV, and diabetes (2-5).
Given their effect on functions ranging from chromatin remod-
eling and transcriptional regulation, it is not surprising that
a great deal of effort has been focused on therapeutic in-
tervention at the level of bromodomain-containing proteins.
Much of this work has been focused on the bromodomain and
extraterminal family of proteins and has resulted in advancing
several chemical entities for clinical consideration (6-11). [For
a selection of relevant clinical trials: Constellation Pharmaceuticals,
CPI-0610; OncoEthix, OTX015 (NCT01713582); Resverlogix
Corp., RVX-208 (NCT00768274, NCT01067820, NCT01423188,
NCT01058018, NCT01728467, NCT01863225); GlaxoSmithKline,
GSK525762 (NCT01943851, NCT01587703).]

An additional bromodomain-containing protein that has been
identified as a potential target for therapeutic intervention is
ATPase family AAA+ (ATPases associated with diverse cellular
activities) domain-containing protein 2 (ATAD?2; also referred
to as ANCCA, AAA+ nuclear coactivator cancer—associated),
which is a human protein composed of two ATPase domains and
a bromodomain motif (Fig. 1; refs. 12, 13). In numerous cell
lines, ATAD?2 has been shown to be the driver of c-Myc-induced
cell growth. Although c-Myc is one of the best known oncogenes,
at present there has been no reported clinical progress based on
interventions at the level of c-Myc (14-16). ATAD?2 is also im-
plicated in estrogen-induced tumor growth in breast and ovarian
cancer cells and in androgen-induced growth of prostate cancer

Www.pnas.org/cgi/doi/10.,1073/pnas. 1400556 111

cells by acting as a target for the E2F family of transcription
factors (17-21). Furthermore, ATAD2 has been shown to induce
transcription of c-Myc, as well as the estrogen and androgen re-
ceptors. Indeed, ATAD2 has been identified as highly up-regulated
in a wide variety of tumor cell lines. For instance, it has been
found to be highly up-regulated in a genomic analysis of lung
cancers, ovarian cancers, and inflammatory breast cancer (the
most aggressive form of breast cancer; refs. 14-16, 22-25). More-
over, recent studies have served to correlate ATAD2 expression
with poor prognosis in a variety of tumor types (14, 15, 23, 24, 26).
Finally, RNA interference of ATAD2 has shown a variety of
promising outcomes, including inhibition of tumor growth and
induction of apoptosis (14, 16, 17, 19, 23, 24).

Chemical synthesis of the bromodomain motif could facilitate
numerous avenues for further study, including enabling access to
family members that have, thus far, not been accessible by
recombinant technology (27). Accordingly, current studies of the
bromodomain family have focused predominantly on regions
removed from the environment of the full protein. Access to
high-purity synthetic material would assist establishing in detail
that the truncated bromodomain regions serve as a reliable
model for binding of the full-length bromodomain-containing
proteins. In regards to ATAD2, contrasting histone binding sites
have been identified in full-length versus bromodomain motif
proteins. Immunoprecipitation experiments of cell lysates with
ectopic expression of full-length ATAD2 demonstrated that it
binds to histone H3 acetylated at lysine 14 (H3K14Ac) (14, 19).
In contrast, in a SPOT array of truncated bromodomain motifs
with histone mimics, the preferential site of binding was identi-
fied as H2AK36Ac, with H2BK85Ac binding more weakly (27).
Chemical synthesis would also provide access to D-proteins,
which are of potential use in mirror-image phage display for the
discovery of short p-peptide inhibitors (28, 29). Another appli-
cation of synthetic p-proteins could also involve their facilitation
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Significance

The bromodomain-histone binding motif has been shown to
read epigenetic marks on chromatin, and proteins with a bro-
modomain can have powerful effects on gene expression and
transcriptional regulation. ATAD2 is one such protein and has
been linked to a wide variety of cancers with expression of
ATAD2 correlating strongly with a poor tumor prognosis. We
have developed an efficient chemical synthesis of the ATAD2
bromodomain region using modern ligation methods to as-
semble peptide fragments. Lessons learned in this synthetic
exploration include a number of potentially general solutions
that expand the disconnection vocabulary, as well as lessons
that maximize the convergency and throughput in the chemical
synthesis of proteins.
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Human ATAD2

+ Shown to be driver of ¢c-Myc
induced cell growth in variety
of tumor lines

* Required for hormone-induced
growth of tumor lines via E2F
family of transcription factors

+« Among the most upregulated
pathways in a variety of tumor
cell lines, and identified as
biomarker for poor prognosis

Fig. 1. Crystal structure of the bromodomain region of ATAD2 (11).

of protein crystallization based on the observation that a racemic
mixture of L- and D-proteins has an increased probability of
crystallization (30, 31).

Results and Discussion

In devising our retrosynthetic strategy to arrive at the ATAD2
bromodomain (Ser979-Arg1108, 1), high priority was assigned to
optimal convergency. Another important consideration was the
adaptability of the general strategy for achieving diverse analogs,
such as histidine-tagged or fluorescently tagged analogs or bro-
modomain regions fused to a cell-penetrating peptide sequence.
It was envisioned that the 130-mer peptide target would be
“disconnected” into four or five fragments of reasonable size
(Fig. 2). Enabling the connecting of these fragments was the
pioneering work of Kent and coworkers, which resulted in the
discovery and development of native chemical ligation (NCL)
(32). Native chemical ligation has developed into a powerful
means for accessing proteins of reasonable size through synthetic
means. The possibility of extending the reach of NCL to include
alanine ligation was demonstrated by Dawson and coworker via
metal-induced dethiylation of the cysteine at the N terminus of
the ligation site (33). Subsequently, metal-free dethiylation
(MFD) (34) resulted in a major expansion of NCL by enabling

1

disconnection strategies of alanine, valine, leucine, threonine, and
proline, among others. In the convergent retrosynthesis as planned
in this work, the first disconnection was between the second and
third fragment (F2 and F3), so as to avoid the necessity of tandem
kinetic ligations (35) in the assembly of the first half. Thus, to
take advantage of the Leu22-Ala23 disconnection site for al-
anine ligation and obviate the construction an Ala22-Ile78
second fragment, the F2-F3 disconnection site we favored was
at Tyr65-Leu66. With the final ligation planned to be a thio-
leucine ligation (the necessity of desulfurization precludes the
cysteine ligation at Cys101 or Cys123), disconnections between
Asn86-Pro87, Arg94-Leu95, and Glull4-Leull5 were envi-
sioned. The reduction to practice of this line of thinking, resulting
in the chemical synthesis of the ATAD2 bromodomain, is de-
scribed below.

Fragment F1 thioester (Serl-Leu22, 2) was synthesized fol-
lowing standard solid-phase peptide synthesis (SPPS) protocols.
The protected peptide was cleaved, followed by C-terminal at-
tachment of the leucine thiophenyl thioester and global depro-
tection; thus, peptide 2, purified by reverse-phase (RP)-HPLC,
was in hand (33% yield). Under the same SPPS protocols,
fragment F2 (Cys23-Tyr65, 3) was isolated in only 9% yield due
to a high level of aspartimide formation. Application of the Asp
(OMpe) derivative (Fmoc-(O-3-methyl-pent-3-yl)aspartic acid,
commercially available) (36) and a strategically placed pseudo-
proline dipeptide at Ile57-Ser58 increased the isolated yield
following RP-HPLC to 35% (37, 38). Following subjection of
peptide fragments 2 and 3 to kinetic ligation buffer [6 M gua-
nidinium hydrochloride (Gnd), 200 mM phosphate buffer,
20 mM tris(2-carboxyethyl)phosphine (TCEP), pH 7.2] (34),
formation of the ligated product 4 was confirmed by liquid
chromatography-mass spectrometry (LC-MS) (Fig. 3). Further
reaction of 4 was observed with fragment 2, and an adduct 5 with
two equivalents of 2 per fragment 3 was also obtained (com-
pound 5) (Fig. 34). Subsequent addition of exogenous alkyl thiol
to the reaction mixture served to cleave the additional trans-
thioester and yield the desired 4 peptide upon RP-HPLC (55%)
(Fig. 3B).

The synthesis of the second target intermediate Leu66-Arg130
was pursued next (Fig. 4). To engage the third and fourth frag-
ments in a kinetic leucine ligation (39), it was necessary to protect
the N terminus of F3 as a thioleucine thiazolidine. In the event,
fragment 6 and fragment 7 with an N-terminal thioproline failed
to undergo kinetic ligation to form 8 with the predominant
products arising from hydrolysis of the thioester, 9 (40), and
macrocyclization of fragment 7 resulting in 10. It is possible that
both thioester hydrolysis and macrocyclization of fragment 7

F1: Ser1-Leu22

kinetic cysteine ligation
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Fig. 2. Retrosynthesis of the bromodomain region of ATAD2 [979-1108].
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Fig. 3. Kinetic ligation of fragments F1 and F2 for the synthesis of Ser1-Tyr65. (A) Under standard conditions, the desired product was observed to undergo further
transthioesterification to yield 5. (B) Side product 5 could be cleaved to the desired fragment 4 with the addition of exogenous alkyl thiol upon completion.

result from a reactive intermediate glutamic anhydride. In this We then probed the ligation between Arg94-Leu95. In gen-
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Fig. 4. First generation ligation of fragments F3 and F4 via thioproline ligation, with products predominantly resulting from thioester hydrolysis and
macrocyclization of fragment 7. Acm = acetamidomethyl.
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thioester hydrolysis, the glutamic acid side chain was protected
as a dimethoxynitrobenzyl ester (DMNB), which we imagined
could undergo photolytic cleavage without the requirement of an
additional RP-HPLC purification (Fig. 5; ref. 41). With the
previously stated goal of maximizing convergency and efficiency
of the synthetic route, it was hypothesized that the Leu66—Arg130
fragment could be formed in a one-pot, dual-ligation strategy. This
hope hinged on the observation that the N and C termini of the
targeted Leu66-Argl30 fragment 14 were both constitutionally
disarmed, lacking the opportunity for cross-reactivity that would
traditionally prevent such a strategy. In the event, a slight excess of

Acm 14
33% following RP-HPLC

I
N \(TVKDYLRDIDLICSNALEYNPDRDPGDRLIRHRACALRDTAYAIIKEELDEDFEQLCEEIQESR]
O

T T
Acm HS A(l,m

Fig. 5. Three-fragment, one-pot dual ligation strategy for the assembly of Leu66-Arg130 fragment from fragments F3, F4, and F5.

fragment 11 was joined with 12 in a kinetic ligation buffer, added
to fragment 13 predissolved in 4-mercaptophenylacetic acid
(MPAA) NCL buffer to switch the reaction mode from kinetic to
standard NCL. It is worth noting that the additional trans-
thioesterification to yield 5 in the kinetic cysteine ligation (see
above) was not observed in the kinetic thioleucine ligation
between 11 and 12, perhaps because of the increased steric bulk
of the thioleucine. Following RP-HPLC purification, Leu66—
Argl30 14 was isolated in 33% yield.

Before joining the penultimate fragments 4 and 14 of the
ATAD?2 bromodomain to realize the convergent synthesis, the
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ATAD2 Bromodomain [979-1108]
1
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Fig. 6. Convergent assembly of peptides Ser1-Tyr65 and Leu66-Arg130 for the completion of the ATAD2 bromodomain. DTT = DTT, VA-044 = 2,2"-azobis[2-
(2-imidazolin-2-yl)propaneldihydrochloride.
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Fig. 7. Spectral analysis of fully synthetic ATAD2 bromodomain 1. (A) LC-MS of 1 following purification. Calcd. for Cg79H1083N1890211S5 15430.55 Da (average
isotopes); observed 15430.54, average of molecular ion peaks as shown. (B) CD spectra of the chemically synthesized ATAD2 bromodomain in pH 7.0

phosphate buffer (red) and PBS buffer with 0.05% Tween-20 (blue).

Leu66-Argl130 fragment 14 required deprotection of both the
DMNB group and the thiazolidine (Fig. 6). Peptide function-
alities and side chains are known to be tolerant of the near-UV
365-nm irradiation that is required for deprotection (42, 43).
Photolysis of the Glu(DMNB) residue occurred rapidly and
cleanly in acetonitrile/water when subjected to 365-nm longwave
UV irradiation. It is worth noting that no special equipment was
necessary to induce photolysis, and a standard longwave TLC
lamp was used. Upon completion of the photolysis, the reaction
mixture was directly lyophilized without further workup or
handling. Subsequently, the N-terminal thioleucine was unveiled
smoothly as well, and subsequent ligation to fragment 4 resulted
in antepenultimate full-length intermediate 15. MFD of the li-
gation points revealed Ala23, Leu66, Leu95, and Leul15, and
Acm-deprotection led to the native ATAD2 bromodomain bind-
ing region [979-1108], 1.

The ATAD2 bromodomain is composed of a primarily a-helical
secondary structure with the helices arranged in a left-handed
bundle. In addition, the folded native protein lacks intramolecular
disulfide bonds to stabilize the ternary structure, so it was not
necessary to subject the synthetic peptide to the commonly ap-
plied redox folding buffers. Acquisition of the circular dichroism
(CD) spectrum of the synthetic bromodomain that was allowed
to equilibrate either in pH 7 phosphate buffer or PBS buffer
containing Tween detergent resulted in a spectrum with double
minima at 208 and 222 nm that is characteristic of primarily
a-helical structures (Fig. 7). The CD spectrum provided evidence
that the synthetic peptide was able to spontaneously fold into the
proposed native structure.

In conclusion, we have achieved a robust synthesis of the
ATAD?2 bromodomain-binding region. The governing logic in-
volved disconnection of the 130-mer peptide into five fragments,
which were assembled in a highly convergent manner with only
three total RP-HPLC events to maximize material throughput.
The chemical synthesis features several points of innovation,
including the first application of thiazolidine-protected thioleucine
and its deprotection, the rapid assembly of three fragments in one
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reaction vessel, and a photolabile DMNB-protected C-terminal
glutamic acid thioester to circumvent thioester hydrolysis during
the ligation event. It seems likely that this line of thinking and the
innovations resulting from its synthesis can find application to
other target polypeptides. Efforts are ongoing to quantify the
binding of the synthetic ATAD2 bromodomain with histone
mimics using a variety of assay techniques to rigorously establish
the ATAD2 binding interaction and the viability of using bro-
modomain fragments to reconstitute the binding interaction of
the full-length ATAD2.

Materials and Methods

All commercially available reagents were used without further purifi-
cation (see S/ Appendix for vendor list). Ligations were performed under a
degassed, argon atmosphere; all other reactions were performed under an
atmosphere of nitrogen. NMR spectra ("H and '3C) were recorded on a
Bruker Advance 1 600 MHz or Bruker Advance DRX-500 MHz. LC-MS analyses
and mass spectrometry data were collected with a Waters Micromass ZQ
mass spectrometer. Automated peptide synthesis was performed on an
Applied Biosystems Pioneer continuous flow peptide synthesizer under
standard Fmoc protocol, NovaSyn TGT resins, 1-[bis(dimethylamino)methylene]-
1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate (HATU) ac-
tivation, and 96:2:2 dimethylformamide/piperidine/1,8-diazabicyclo[5.4.0]
undec-7-ene (DBU) as deblock solution. Reaction progress was monitored
on a Waters Acquity UPLC equipped with photodiode detector and single
quadrupole mass detector. Preparative separations were performed using
a Waters HPLC system using Agilent Dynamax RP-250 x 21.4mm C8 or C4
columns. Buffers for ligation, deprotection, and dethiylation were prepared
to the concentrations described, adjusted to the appropriate pH with 5M
sodium hydroxide or 2M hydrogen chloride, and degassed with argon
sparge under sonication for 30 min. Whatman Integral Comparison Strip,
6.0-8.1 or 3.8-5.5 ranges were used to measure buffer pH.
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