























ATAD2A binds acetyl-lysine marks on H4 in fuzzy complexes

Figure 8. Two-dimensional projections of the data. a, histograms in two distances measuring binding pocket aperture for the two sets of holo-simulations.
Black dotsindicate these values for all crystal structures of ATAD2A released until February 28, 2017. Overlaid color densities distinguish points from main
basins in Fig. 6 (see legend to Fig. 6). b, this panelis analogous to a except the histogram in the background is derived from apo-simulations alone and two
different basins were extracted. ¢, an overlay in the same 2D distance space asaand b of histogram density estimates split into the three simulation groups

together with three contour lines per histogram. Apo data are in blue, and holo data with Kac5 and Kac12 inserted are shown inmagentaand cyan, respectively.

d, from sine and cosine values of the ZA loop (residues Lys'®**~Asp'°3°), we calculated principal components, and the distribution of the first two is shown as
a density and contour plot as in c. Here, the circlesare the starting structures of all of the MD runs and use the same color conventioras Fig. 6.

k-opioid receptor with 32 uM affinity and with little influence
on loop conformation as inferred from NMR (63). It should be
pointed out that ATAD2A is, as expected, negatively charged
under physiological conditions but that the excess charge is
located largely at the opposite end of the domain (i.e. distal from
the binding site in the 25 C-terminal residues) (see Movie S1).
This hints at a role of the C-terminal helix in recruitment
and/or position of the domain relative to the histone core.

A second intriguing detail emerging from our study is the fact
that the histone tail remains disordered upon binding. If the tail
were to be bound rigidly to the bromodomain surface, the ori-
entational freedom required for assembling a stable complex
between histone, bromodomain, and either DNA or additional
proteins (e.g. the remainder of the ATAD2 gene product) may
be compromised. This is particularly relevant as the histone
tails are not that long (e.g. 20 —25 residues for H4).

Simulations are essential to understand the functional role of
disorder

Figs. 6 -8 raise the question of the representative value of
some crystal structures of ATAD2A, given the exposed nature
and high disorder of the ZA loop. Whereas the helix bundle
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deviates little from the experimental result in the simulations,
the ZA loop in the apo-state explores only “new territory.” It
appears as if the holo-simulations recur to the crystal struc-
tures, including apo ones, more often, and it can be argued that
crystal contacts are the primary determinants of ZA loop con-
formations in several ATAD2A crystals (see supplemental Fig.
S1 and Table 1). The MD simulations have the potential to go
beyond the description of the binding mode available from the
X-ray structures for three main reasons. First, coordinates are
reported only for the first five or six histone residues (i.e. 9-13,
3-7,and 1-6) for the complexes with H4(9 —16), H4(3-16), and
H4(1-20) (PDB codes 4QUT, 4QUU, and 4TT2, respectively).
This is expected and consistent with the flexibility observed in
the simulations (e.g. schematics in Fig. 2). Second, truncation of
constructs can also lead to spurious electrostatic interactions
because of charged N or C termini. As an example, in the struc-
ture of ATAD2A with the H4(9-16) peptide segment (PDB
code 4QUT), the salt bridges between the positively charged
amino group of G9 and the aspartate triad on the BC loop are
probably artifactual. Third, as shown in prior work, the Kac
mark can populate alternative binding modes, which differ in
insertion depth, hydrogen-bonded partners, the number of
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water molecules in the binding site, etc. We find this to be the
case also for ATAD2A as supplemental Fig. S7 documents. This
includes bound states where the Kac binding pocket itself is
severely, although reversibly, deformed. Thus, whereas the
large number of crystal structures lets Kac binding to bromodo-
mains appear as a homogeneous process with a well-conserved,
ordered reference state, the simulations highlight the critical
role that disorder plays in this binding, and we argue here that it
confers properties that are necessary for function.

Fuzzy interactions may promote cooperativity between
nearby marks

In the binding of histone tails to bromodomains, the imme-
diate sequence context can be similar or identical. For example,
in human histone H4, the sequence GKacG is encountered for
both positions 5 and 12 (and Kac8 would be the same). Given
that these motifs can occur multiple times along the sequence,
we conjecture here not only that they can bring two different
binding partners close to each other in a ternary complex, but
that they are also read and understood by a single domain
although only a single mark is bound at any given time. A quan-
titative understanding of the thermodynamic and kinetic impli-
cations of multiple acetylations, which are well-known experi-
mentally (e.g. for ATAD2A and histone H4 (44) or BAZ2A and
histone H2A (30)) will require a different simulation strategy,
most likely relying on enhanced sampling techniques. These are
required because the unbinding time exceeds 1 us, which
makes simulations of reversible dissociation and association
prohibitively expensive by conventional sampling. The high
prevalence of intrinsic disorder in proteins involved in tran-
scriptional regulation (64) makes it seem probable that the rec-
ognition of modified histone tails in fuzzy complexes is a gen-
eral mechanism for this cellular process.

Conclusions

The regulation of transcription (and many bromodomains
are thought or known to be involved in this) is a surprisingly
stochastic process due to the low copy numbers involved (see
Introduction). Nonetheless, proper cell function necessitates
outcomes that are highly predictable despite this stochasticity
(29). We have reported here the binding of histone tail peptides
in fuzzy complexes, which allude to three distinct roles that
disorder can play in achieving these predictable outcomes.
First, disorder can enable binding promiscuity, which leads to
functional redundancy in the regulatory network, and this pro-
vides robustness. Second, the similarity of average contact pat-
terns suggests a dynamic switching that would enable cooper-
ativity between nearby marks. Such cooperativity would allow
an ultrasensitive fine-tuning of the recruitment of bromodo-
mains to histones. Third, the absence of any disorder-to-order
transition during binding is likely to impart speed to complex
formation, and fast binding and unbinding rates avoid unnec-
essary lag during cellular responses to regulatory signals. It has
not been easy to understand the outcomes of interfering with
bromodomain function (31), and we believe that the results of
this study provide clues regarding the origins of this difficulty.
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Experimental procedures

The protocols for preparing the system, running the MD
simulations, and analyzing the data are described briefly here.
Additional methodological details are provided as supplemen-
tal material (supplemental Methods and Table S1).

Simulation protocols

The coordinates of the ATAD2A bromodomain in complex
with the histone peptides H4(3-16)K5ac and H4(9-16)K12ac
were downloaded from the Protein Data Bank (PDB codes
4QUU and 4QUT (37), respectively). The sequence of the
N-terminal residues 1-16 of the H4 peptide is SGRGKGGKGL-
GKGGAK (H4(1-16)). All MD simulations were carried out
with the diacetylated H4(1-16)K5acK12ac peptide, and the
C-terminal residue (i.e. Lys'®) was capped with N-methylamide
to emulate the linkage to the rest of the histone H4.

Starting from the X-ray structure, the peptide residues
that were not found in the crystal were manually built using
PyMOL (PyMOL Molecular Graphics System, version 1.7.4,
Schrodinger, LLC, New York) and relaxed through a broad com-
bination of Monte Carlo moves as implemented in the CAMPARI
software package (http://campari.sourceforge.net),” keeping the
bromodomain frozen and restraining the resolved peptide res-
idues in the binding pocket (see supplemental Methods and
Table S1 in the supplemental material). 10 evenly spaced snap-
shots were extracted from the run of 10° elementary moves. All
of the crystal waters not clashing with the added residues of the
peptide were kept. A short NPT and NVT water equilibration
was run before the actual production at 310 K in the NVT
ensemble.

For either Kac5 or Kac12 inserted, 10 peptide-bound (holo)
simulations were run for 0.55 ws each. Simulations of the free
(apo) ATAD2A bromodomain were started from the structure
with PDB code 3DALI (8). To generate somewhat diverse start-
ing conformations, we ran an initial simulation from the crystal
structure (after equilibration), from which, after the first 120 ns,
we selected one structure every 20 ns to be used as a starting
point for 10 additional independent runs of 0.37 us each. The
first simulation was run for 0.43 us and is included in the anal-
ysis. Last, simulations of the free peptide used a set of 10 starting
conformations diverse in size and shape and were run for 100 ns
each. Detailed settings are provided as supplemental material
(supplemental Methods), and a pictorial summary of all of the
MD runs carried out is shown in Fig. 1c.

Data analysis

Simple analyses are described in the figure legends, and addi-
tional details can be found in the supplemental material. To
generate a comprehensive view of the thermodynamics and
kinetics of the simulated system, we employed the so-called
progress index algorithm (49). In it, snapshots are arranged in
such a way that at each step the (geometrically) closest snapshot
to any of the prior snapshots in the sequence is added. We rely
on a scalable approximate implementation as published. This
requires a preorganization step by means of a tree-based clus-
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tering (65). The starting point was always picked as the centroid
representative of the largest cluster in this auxiliary clustering.
The idea behind the progress index is that geometrically homo-
geneous states are all resolved without overlap and that the
resolution is maximal (snapshot level).

Different annotations of the trajectory can be plotted per
snapshot as arranged by the progress index to obtain a SAP-
PHIRE plot (48), which helps in the interpretation of the dis-
covered basins. The cut function we show here for kinetic par-
titioning is the so-called local cut in the original publication
(49). It corresponds to the inverse of the mean first passage time
between two states defined as the 70,000 snapshots to the left or
right of the current position in the progress index. As plotted,
this annotation creates a pseudo-free energy profile (i.e. low
values within basins and high values at barriers). The particular
choice for the width of the two states is expected to be sufficient
aslong as no basins are significantly larger than twice this value.
As the distance function for generating the progress index, we
used either the RMSD of selected atoms along the ZA and BC
loops after alignment of the C_, atoms of a-helices or the dihe-
dral angle distance (65) of the ¢ and {y angles of the ZA loop (see
supplemental material).
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The ATAD2 bromodomain binds different acetylation marks on the histone H4 in similar fuzzy complexes.
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Fig. 6 and supplemental Fig. S12 were inadvertently duplicated. The correct Fig. 6 is shown here. This error does not affect the results or
conclusions of this work.
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