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ABSTRACT: The tight control of transcriptional coactivators is a
fundamental aspect of gene expression in cells. The regulation of the
CREB-binding protein (CBP) and p300 coactivators, two paralog
multidomain proteins, involves an autoinhibitory loop (AIL) of the
histone acetyltransferase (HAT) domain. There is experimental evidence
for the AIL engaging with the HAT binding site, thus interrupting the
acetylation of histone tails or other proteins. Both CBP and p300 contain
a domain of about 110 residues (called the bromodomain) that recognizes
histone tails with one or more acetylated lysine side chains. Here, we
investigate by molecular dynamics simulations whether the AIL of CBP
(residues 1556—1618) acetylated at the side chain of Lys1595 can bind to
the bromodomain. The structural instability and fast unbinding kinetics of
the AIL from the bromodomain pocket suggest that the AIL is not a
ligand of the bromodomain on the same protein chain. This is further supported by the absence of strong and persistent contacts at
the binding interface. Furthermore, the simulations of unbinding show an initial fast detachment of the acetylated lysine and a slower
phase necessary for complete AIL dissociation. We provide further evidence for the instability of the AIL intramolecular binding by
comparison with a natural ligand, the histone peptide H3KS6ac, which shows higher stability in the pocket.
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Bl INTRODUCTION

Histone acetyltransferases (or HATs) are multidomain proteins
crucial to the regulation of gene expression. Experimental
evidence indicates that they cooperatively bind and coordinate
the assembly of multicomponent transcription factor complexes,
which include chromatin remodeling factors and proteins that
realize post-translational modifications on the DNA.'™* The
CBP/p300 proteins (or CREBBP/EP300; CREB-binding

HAT catalytic site and impair substrate binding.'”** Evidence
has accumulated for another regulatory mechanism by the
lysine-rich loop of the HAT domain (also called the auto-
inhibitory loop, or AIL).>' The AIL is a 63-residue-long
disordered region (residues 1556—1618 in human CBP) that
stems from the HAT domain (residues 1323—1700). Its primary
role is to bind an electronegative patch close to the HAT
catalytic site, thus blocking the entrance of substrates and further

protein/E1A binding protein p300) constitute a family of
HATSs® and are considered to be a central hub in the large
network of gene regulation. CBP and p300 are known to have up
to 400 different interacting partners,” and they are localized at
the regulatory region of more than 16 000 human genes.” To
date, several studies involving gene mutations or gene knockouts
of CBP/8p300 have tried to shed light on the role of these
proteins.”~'* CBP and p300 share high sequence identity and
structural similarity in the catalytic core. The folded functional
domains of the core are the bromodomain, which binds
acetylated lysines; the HAT domain, which catalyzes the acetyl
transfer to substrates; and the PHD and RING domains, both of
which possess regulatory functions.

Regulation of the catalytic activity of CBP/p300 has been
investigated, and it often involves protein interactions with
domains adjacent to the catalytic core."*™"® Furthermore, the
catalytic core itself possesses autoregulatory activity. It has been
proposed that the RING domain, which is connected to the rest
of the protein core by long flexible loops, can move close to the
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acetylation activity.”*>* However, as discussed by Park and co-
workers,'® the lysines of the AIL could also be acetylated,
making them possible ligands of the bromodomain. The authors
propose that the acetylated AIL of CBP can engage the
bromodomain intramolecularly and thus compete with histone
ligands. The negative regulation of bromodomain activity
through acetylation would allow the CBP catalytic core to
detach from chromatin or other binding partners.

The bromodomain binding pocket bears the characteristics of
a disordered binding site, due to the presence of flexible loops
(ZA and BC loops) that connect the rigid a-helices of the
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conserved bromodomain fold. The ZA loop is longer, and it
exhibits the most sequence variations and structural differences
across bromodomain families.”® In CBP, the ZA and BC loops
consist of residues 1103—1135 and 1167—1172, respectively.
Previous studies have employed molecular dynamics (MD)
simulations to identify the conformations adopted by
bromodomains in the apo state.”*~** The results have given
valuable insight into the structural flexibility of the binding site,
especially of the ZA loop, which can be applied to drug
discovery. Other studies have attempted to identify the preferred
binding motifs of bromodomains to their substrates, e.g., either
the acetzflated lysine or differently acetylated histone pep-
tides.””™>* These studies have contributed to our understanding
of which bromodomain residues are important for ligand
binding, information that can be further exploited to design
competitive inhibitors.*>~*’

As of now, MD simulations have not yet studied the
disordered AIL as a possible substrate of the CBP
bromodomain. Furthermore, there are no published crystal
structures of the CBP bromodomain in complex with AIL
peptides. Given the disordered nature of the AIL region and of
the bromodomain binding loops, MD simulations are certainly a
valuable tool to study the dynamic interplay between the two
and reveal the pattern of contacts at the atomic level of detail.
Two unanswered questions are whether the AIL can effectively
reach the bromodomain and whether there are persistent
contacts between specific residues of the AIL and residues in the
binding pocket of the acetylated lysine. We have employed
atomistic simulations of the CBP catalytic core to analyze the
AIL dynamics and potential binding to the bromodomain on the
same protein molecule. The size of the simulated system (620
residues) proves challenging in terms of computational
resources, and we have used an implicit solvent model, as was
done in the simulations of the AIL in the p300 catalytic core.”

B RESULTS

We first analyze the simulations of the CBP catalytic core with
the reconstructed AIL. This is followed by the results of the CBP
bromodomain complexes with AIL and histone peptides. Table
1 summarizes all the simulations.

AIL Detaches from the Bromodomain in the CBP
Catalytic Core. To identify whether the AIL remains bound to
the bromodomain, we measure the distance between the acetyl
oxygen of acetylated Lys1595 (K1595ac) and the buried
structural water molecule. Lys1595 was chosen for acetylation
to compare our results to the NMR data which proposed
intramolecular AIL binding to the bromodomain.'® Note that
the structural water molecule is involved in hydrogen bonds with
both the hydroxyl of the conserved Tyr residue (at the bottom of
the pocket) and the acetyl oxygen of acetylated lysines in the
crystal structures of bromodomains and histone peptides.”****

In 20 of 36 independent runs (of 100 ns each) the AIL
completely dissociates from the bromodomain pocket, reaching
a distance larger than 20 A (see Table 1 and Figure 2). In the
remaining 16 runs, there are two possible binding modes,
represented in Figure 1. The less populated state shows
K159Sac—water distances peaked at 3 A and can be defined as
the canonical bound state, in which the K1595ac is inserted in
the bromodomain pocket where it establishes the conserved
interactions seen in crystal structures. Unexpectedly, there is a
higher population of an intermediate state between bound and
fully dissociated AIL, in which K1595ac is solvent exposed, while
the AIL is still in contact with the bromodomain. The distance

Table 1. Overview of the Systems Simulated in This Study”

length of AIL K159S5ac
eachrun  unbindin: unbinding  unbinding
simulated system [ns] time” [ns% events events
whole catalytic core
C — N backbone 100 61 20 36
bromodomain—AIL
endecamer
C — N backbone 200 268 18 22
C — N backbone 100 156 16 24
C — N backbone 100 95 22 25
bromodomain—AIL
pentamer
C — N backbone 100 70 26 31
bromodomain—flipped
AIL
N — C backbone 500 52 33 33
bromodomain—histone
N — C backbone 500 1200 9 11

“The backbone N — C direction refers to the orientation of the
bound acetylated lysine relative to the bromodomain pocket. Each
system is simulated in 36 independent runs which differ in the
random assignment of the initial velocities. The three rows in the
bromodomain—AIL endecamer group include two iterations. For each
iteration, 36 starting structures were chosen among the structures
with acetylated Lys1595 (K1595ac) bound to the bromodomain in
the previous iteration. “The unbinding times are calculated by the
cumulative distribution function and refer to a complete detachment.

between K1595ac and the structural water fluctuates between 10
and 18 A. There are numerous contacts maintained between a
subset of AIL residues (including K1595ac) and the
bromodomain binding loops. One persistent contact is
established between K1595ac and the side chain of Leull20
in the ZA loop (Figure 1).

The individual time series of the K1595ac—water distance are
reported in Figure 2. Almost all replicas lose the canonical bound
state during the first 10 ns of the simulation. One observes either
full dissociation or an intermediate state prior to the complete
detachment of the AIL segment. The events of K1595ac
reinsertion in the binding pocket are extremely rare (clearly
visible only in replicas 19 and 21, for roughly 20 ns). These
simulation results suggest that the AIL does not occupy the
bromodomain pocket and thus does not compete for the
binding of histone peptides.

Upon detachment of the AIL we do not observe displacement
of the bromodomain with respect to the HAT domain (Figure
S1). This indicates that in our model the bromodomain is not
strained in its position closer to the HAT domain, when the AIL
is bound. We highlight that the RING domain, which is localized
approximately between the bromodomain and the HAT, is
absent in the crystal structure of the CBP core'® and in the
simulated model. Although the RING domain is connected to
the catalytic core by long and flexible loops, it might modulate
the relative position and orientation of the bromodomain and
HAT domain.

Kinetics of AIL Unbinding in the Catalytic Core. The
kinetics of AIL dissociation from the bromodomain are
measured with the cumulative distribution function of the
unbinding times.”> The cumulative distribution function is
expressed as

0= [ o) a
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Figure 1. Metastable state in the simulations of the whole catalytic core. (A) Distribution of distances between the K159Sac and two interacting
partners. The distance between the K1595ac and the water shows clearly the presence of two states, where the most populated is the intermediate
bound state (between 10 and 18 A). The K1595ac—Leu1120 distance is the center-of-mass distance between the side chains of the two residues, and
the peak at 5 A represents the intermediate bound state. Sampling of the unbound AIL state, above 20 A, is not shown. Representative snapshots of the
K159Sac (yellow, in sticks) in the (B) canonical and (C) intermediate bound states. The canonical state maintains the hydrogen bonds (yellow dashed
lines) to the acetyl oxygen of the K159Sac, while the intermediate state looses the hydrogen bonds and the K1595ac is solvent exposed. Representative
snapshots of the AIL in the (D) canonical bound state, (E) intermediate bound state, and (F) fully unbound AIL (overlap of 13 snapshots). In all the
snapshots, the HAT domain is colored in yellow, the bromodomain is in blue, and the PHD is in green.

where p is the probability distribution of the unbinding times
and 7 represents the characteristic unbinding time obtained from
fitting an exponential function. A threshold on the K1595ac
acetyl oxygen distance to the structural water is used to define an
unbinding event.

We use two distance thresholds to characterize the kinetics of
the canonical and the intermediate bound states. A distance
threshold of 30 A represents the complete detachment of the
AIL from the bromodomain. The kinetics are represented by a
single-exponential fit with a characteristic unbinding time of 61
ns (Figure 3A). A more stringent threshold of 8 A is used to
identify the loss of K1595ac from the bromodomain pocket. The
threshold at 8 A takes into account the thermal fluctuations of
the acetylated lysine—water distance (in Figure 1A, the
histogram of the K1595ac—water distance shows the first peak
until a distance of about 6 A, which corresponds to twice the
optimal hydrogen bond distance). The kinetics are represented
by a single-exponential fit with a characteristic unbinding time of
2 ns (Figure 3B), which is substantially faster than the full AIL
detachment. The unbinding times of the K1595ac are robust
with respect to the distance threshold in a range of distances
from 10 to 16 A (Table S1). Overall, the initial bound state of the
AIL is lost rapidly in all replicas of the catalytic core, while an
intermediate bound state is populated in 16 of the 36 replicas.

Contacts between the AIL and the Bromodomain. To
investigate the intramolecular contacts involved in binding the
AIL, we have calculated the contact map of the catalytic core.
The contacts are represented as two-dimensional histograms,
where the frequency of contact is colored as a heat map in a

linear color scale. The distance threshold to determine the
presence of a contact is set at S A between any pair of residue
atoms. Figure 4 shows the contacts between the AIL and the
bromodomain ZA and BC loops, relative to the canonical and
intermediate bound states. The distinction between the
canonical and intermediate states is based on the K1595ac—
water distance, and the frequency of contacts is normalized
between 0 and 1 for both states.

In the canonical bound state, the majority of contacts involves
the stretch of bromodomain residues from Val111S$ to Ile1122 in
the ZA loop. The bromodomain residues in this stretch are
mostly hydrophobic, and they contact K1595ac, the asparagines,
and the lysines in a short region of the AIL. In the BC loop, three
hydrophobic residues (Alal164, Tyr1167, and Vall1714) and
the conserved Asn1168 contact K1595ac. These interactions are
consistent with the contacts observed in crystal structures of the
CBP bromodomain with histone peptides.””*"** The inter-
mediate state shows a small core of contacts involving
hydrophobic residues on the ZA loop, while the interactions
necessary for the insertion of K1595ac in the binding pocket are
lost (e.g, interaction with Asn1168, Tyr112S, and Tyr1167). In
both states, the aspartate triad (Aspll16, Aspl124, and
Asp1127) of the ZA loop is not involved in persistent contacts
with the numerous lysines of the AIL. Only Aspl124 and
Lys1597 have a contact frequency of 75% in the canonical state.

To further investigate if the contacts of the AIL on the
bromodomain are specific to the AIL sequence, we analyze the
pattern of hydrogen bonds (H-bonds) at the interface. The H-
bonds are calculated with a 4.0 A distance cutoff between donor
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Figure 2. Temporal evolution of the AIL bound states. Time series of the K1595ac acetyl oxygen distance to the structural water (red line), and of the
K1595ac side chain center-of-mass distance to the Leul120 side chain (blue line). The replicas are placed in decreasing order of the average values of
the K1595ac—water distances, calculated in the second half of each individual run. The first 20 replicas show full detachment of the AIL, while the last

16 show the AIL in the intermediate state.

(nitrogen) and acceptor (oxygen) atoms of the residues
identified in the contact maps. Table 2 lists the atoms involved
in H-bonds and their frequencies relative to the canonical and
intermediate states. We identify H-bonds specific to the AIL
sequence, which involve the AIL side chains, and H-bonds not
specific to the AIL sequence, which involve the AIL backbone.
Overall, the majority of H-bonds are formed between the
backbone of the AIL and the backbone of the bromodomain, in
both the canonical and intermediate states. They are usually
present for more than half of the time spent in either the
canonical or intermediate state. The sequence-specific H-bonds
involving the AIL side chains are present for less than half of the
time spent in each state. The only exception is the H-bond
between the K1595ac acetyl oxygen and the Asn1168 side chain
nitrogen, which has a frequency of 84% in the canonical state.
This indicates that Asn1168 is the most relevant interaction for

K1595ac insertion in the pocket, consistent with the information
available from bromodomain crystal structures with histones.

We do not identify strong contacts between side chains of
polar or charged residues at the interface, with the exception of
the conserved Asn1168. Thus, the sequence of the AIL does not
seem to be a ligand of the CBP bromodomain. For other
bromodomains, it has been suggested that electrostatic
interactions of the ZA loop extending into solution play a role
in histone peptide recruitment.*>** On the other hand, the ZA
loop in CBP/p300 is mainly hydrophobic, a feature that is not
shared among the bromodomain families, which exhibit
heterogeneous electrostatic potentials on the binding site
surface.”

Peptides in Complex with the Bromodomain. We
decided to compare our results indicating AIL unbinding with
the behavior of a known peptide ligand. For this purpose we have
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Figure 3. Kinetics of AIL unbinding. The graphs show a two-parameter exponential fit with the characteristic unbinding times (). The number of
unbinding events is also reported (N, pouna)- (A) The full detachment of the AIL has a characteristic time of 61 ns. (B) The K159Sac exits the
bromodomain pocket in 2 ns. The fit with a one-parameter exponential, i.e., fixing the multiplicative constant to 1.0, yields characteristic times of 83 and
2 ns for the full detachment and exit of K1595ac from the pocket, respectively.
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Figure 4. Map of contacts between the AIL and the bromodomain. Panels

A and B include only the snapshots of the canonical bound state and

intermediate bound state, respectively. The linear color scale is normalized from 0 to 1, where 0 (white) indicates no contact and 1 (red) is 100%

frequency of contact. The bromodomain and AIL residues are labeled on the

x-axis and y-axis, respectively. The vertical dashed line separates the ZA

loop (first part) from the BC loop (second part). Highlighted in red are the conserved tyrosine and asparagine residues important for acetylated lysine

binding. These contacts are lost in the intermediate state.

carried out simulations of the bromodomain in complex with the
histone peptide and with different sequences of AIL peptides.
Given that the histone is the natural ligand of the CBP
bromodomain, it is expected to have a higher stability in the
binding pocket with respect to the AIL peptides.

The bromodomain with histone peptide was prepared from a
crystal structure (PDB SGH9) with monoacetylated H3KS6ac
peptide, a frequent acetylation mark for CBP.*' One residue at

the N-terminal and five residues at the C-terminal were added to
the histone manually by using PyMOL,* to have a peptide
length comparable to the AIL endecamer. The sequence of the
histone is IRRYQ(KS6ac)STELL.

Crystal structures of the bromodomain in complex with
peptides derived from the AIL sequence are not available, and
we prepared two different starting models of the complex (see
Table 1 for all bromodomain simulations). The sequence of the
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Table 2. List of Hydrogen Bonds between AIL and Bromodomain Residues”

Nonspecific to AIL sequence

canonical bound state

intermediate bound state

AIL backbone BRD backbone freq (%) AIL backbone BRD backbone freq (%)
Asnl1594 N Leulll9 O 70 Asnl594 N Leulll9 O 54
K1595ac N Leull20 O 77 K1595ac N Leull20 O 73
Asnl596 N Leull20 O 62 Asnl596 N Leull20 O 72
- - - Asnl1596 N Gly1121 O 39

canonical bound state intermediate bound state

AIL backbone BRD side chain freq (%) AIL backbone BRD side chain freq (%)
Asnl1590 N Gln1118 OE1 33 - - -
Lys1597 N Tyr1167 phenyl O 39 - - -

Specific to AIL sequence
canonical bound state intermediate bound state
AIL side chain BRD side chain freq (%) AIL side chain BRD side chain freq (%)

Lys1597 NZ Asp1124 OD1 35 Lys1597 NZ Asp1124 OD1 39

Lys1597 NZ Asp1124 OD2 37 Lys1597 NZ Asp1124 OD2 39

K1595ac acetyl N Tyr112S phenyl O 32 - - -

K1595ac acetyl O Asn1168 ND2 84 - - -

canonical bound state intermediate bound state

AIL side chain BRD backbone freq (%) AIL side chain BRD backbone freq (%)

Asn1590 ND2 GInl118 O 49 Asn1594 ND2 GIn1118 O 32

Asn1594 ND2 Leull20 O 31 - - -

“The residues selected have a contact frequency above 75% in the contact maps. The donor and acceptor atoms are the side chain and backbone
nitrogens and oxygens, respectively. The frequencies (%) are normalized to the canonical and intermediate states. Only the hydrogen bonds with a
frequency above 30% are listed. “BRD” is the abbreviation for bromodomain.

AIL endecamer is KKNTN(K1595ac)NKSSI. The first model is
taken from the CBP catalytic core with the AIL inserted in the
bromodomain. Here, the intermolecular distances are those
found in the catalytic core at the start of the simulations. For this
model, we have generated an AIL endecamer (simulated in two
additional iterations) and an AIL pentamer, to verify the effect of
peptide length. The second model uses the histone crystal
structure (PDB SGHY9) and mutates the histone sequence,
except for the acetylated lysine, to the AIL sequence. This model
is called “flipped” AIL, due to the N — C backbone direction.
Here, the position of the acetylated lysine is the same as that of
the histone crystal pose. Note that the backbone N — C
direction of the AIL peptide relative to the bromodomain pocket
is opposite in the two starting models (all backbone directions
are listed in Table 1). This does not influence the AIL peptide
behavior, as both models exhibit high unbinding rates. The
influence of the backbone N — C orientation of histone peptides
in bromodomains has been investiga'ced47’48 and it was observed
that crystal structures of some bromodomains may have
opposite histone peptide backbone directions, without con-
sequences to acetylated lysine binding.

AIL Peptide Detaches from the CBP Bromodomain. All
of the complexes with an AIL peptide show peptide detachment
in the majority of the replicas, while the histone peptide has the
lowest detachment rate (Table 1). The AIL endecamer shows
the highest degree of detachment in the last iteration (22 replicas
out of 36). Thus, the AIL endecamer is not stable in the
bromodomain pocket even after an extensive sampling of the
bound state, as the last iteration starts from the bound replicas of
the previous iterations. The AIL pentamer detaches more
frequently (26 replicas out of 36) than the AIL endecamer,
because it has fewer peptide residues interacting with the
bromodomain loops. Interestingly, the “flipped” AIL complex

shows the highest peptide unbinding rate (33 replicas out of 36),
suggesting that its N — C direction, which is identical to that of
the histone, is not favored in AIL binding.

Figure 5 shows the distributions of K1595ac to water
distances for all bromodomain—peptide complexes. The histone
samples the canonical bound state more than all other peptides.
All peptides show almost no occurrence of the intermediate state

Acetylated lysine-water distances

1.00
,g 0.75
= Peptide
g AIL endecamer
@ 0.50 == AIL pentamer
® == Flipped AlL
1S — Histone
o
- l&
0.00

0 2 4 6 8 10 12 14 16 18 20
Distance (A)

Figure S. Simulations of bromodomain/peptide complexes. Distribu-
tion of acetylated lysine (acetyl oxygen) distances to structural water.
The AIL endecamer iterations are pooled in the same distribution. The
intermediate state (between 10 and 18 A) is populated only negligibly
as the peptides fully dissociate rapidly upon exit of K1595ac from the
pocket. Sampling of the unbound peptide (distances higher than 20 A)
is not shown. The complexes have different simulation lengths. The
counts for each system are normalized with respect to the peak of the
histogram of the histone peptide.
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Figure 6. Unbinding kinetics of bromodomain complexes with AIL endecamer or histone peptide. The upper panels represent the (A) complete
detachment of the AIL endecamer and (B) loss of the canonical binding mode. All the AIL endecamer iterations were pooled together. The lower
panels represent (C) the complete detachment of the histone and (D) the loss of the canonical binding mode of the histone.

which was observed intramolecularly for the AIL, because they
are either canonically bound or completely detached.

Kinetics of Peptide Unbinding from the Bromodo-
main. As with the catalytic core, we use the K1595ac distance to
the structural water and a threshold of 30 A to represent a
complete unbinding event. The kinetics of AIL endecamer
detachment from the bromodomain are obtained from a single-
exponential fit on the cumulative distribution function (Figure
6A). The characteristic unbinding time of the AIL endecamer is
about 150 ns, which is 1 order of magnitude faster than the
complete detachment of the histone (about 1200 ns, Figure 6C).
This result indicates that the AIL endecamer is much less stable
in the CBP bromodomain binding site with respect to the
histone peptide. The unbinding kinetics for each bromodo-
main—peptide complex are shown in Figure S2. All the AIL
peptides are fit with a single-exponential function, except for the
flipped AIL peptide which requires a double-exponential fit. The
AIL peptides always unbind faster than the histone peptide by 1
or 2 orders of magnitude. Furthermore, we observe peptide
unbinding kinetics 1 order of magnitude slower than the AIL
unbinding in the catalytic core. This suggests that in solution the

AIL peptide, but not the full AIL, might have a longer residence
time in the bromodomain binding site.

A similar result is obtained for the unbinding of the acetylated
lysine from its buried state in the pocket. Using the distance
threshold of 8 A as previously, the characteristic unbinding time
is about 90 ns for the AIL endecamer (Figure 6B). The histone
peptide has an unbinding time of the acetylated lysine of about
1200 ns (Figure 6D), 2 orders of magnitude slower than the
K1595ac of the AIL. To validate the robustness of the acetylated
lysine kinetics, we have repeated the analysis at distance
thresholds between 10 and 16 A (Table S2). The unbinding
times of the K1595ac are always 1 order of magnitude faster than
those of the histone; thus the analysis with a threshold of 8 A is
robust.

Contacts between the AIL Peptide and the Bromodo-
main. Here the contacts between the bromodomain and bound
AIL peptide are analyzed. We measure all pairwise distances
between the bromodomain backbone nitrogens and the heavy
atoms of the bound peptide. Only the canonical and
intermediate states are included, i.e., the distance of the
K159Sac to the structural water up to 20 A. The counts of the
distances between backbone nitrogens and heavy atoms of the
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Figure 7. Contacts between the AIL endecamer and nitrogen atoms of the bromodomain. The threshold distance that defines a contact between any
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HSQC spectra (Figure S6 of ref 18). The secondary structure annotation (DSSP) is shown with the color scheme in the legend.

peptide below 8 A are summed, to have the contribution of each
bromodomain residue to peptide binding. Figure 7 shows the
contact frequency per residue for the AIL endecamer. Gly1121
has the highest frequency of contact (for 33% of the time that the
peptide is bound to the bromodomain), because it belongs to
the central and most flexible part of the ZA loop. The contacts
present for 10% or more of the sampling (i.e., values of 0.3 or
more in Figure 7) involve mainly hydrophobic residues, such as
Leulll9, Leul120, Ile1122, and Pro1123 of the ZA loop and
Val1174 and Tyr117S of the BC loop. As mentioned previously
for the catalytic core, the hydrophobic interactions are
predominant in both the canonical and intermediate states.

Our contact analysis can be compared to nuclear magnetic
resonance (NMR) experiments indicating AIL peptide binding
to the bromodomain,'® which use "*N-labeled CBP bromodo-
main with addition of the 63-residue AIL or the 7-residue AIL
peptide acetylated on Lys1595 (Lys1596 in the mouse sequence
used in the work). It was observed that residues with the
broadest shifts of cross-peaks in the 'H—'SN heteronuclear
single quantum coherence (HSQC) profiles are localized on the
acetylated lysine binding site, suggesting that the AIL with
K1595ac might bind to the bromodomain intramolecularly. In
Figure 7 we label the bromodomain residues identified as AIL
peptide binders through NMR.

Many labeled residues are in agreement with our analysis, for
example, Leul120, Argl169, and Vall174. However, we find
contacts of other bromodomain residues not reported in the
NMR spectra, such as Leul119,Ile1122, Asn1168, and Arg1173,
identified also in crystal structures. The partial agreement with
NMR data indicates that it is possible to observe engagement of
the AIL peptide to the CBP bromodomain, but the interaction is
not strong enough to keep the peptide bound. Figure S3 shows
the contact profile of the histone peptide calculated with the
same distance thresholds. The profile is similar to the AIL
endecamer, with the exception of the BC loop having more
contacts. Thus, we do not identify a binding pattern unique to
the AIL sequence, compared to the histone. To validate the
robustness of our results with respect to the distance definition
of a contact, we have repeated the analysis with threshold

distances between 10 and 14 A (Figure S4). The values of
contact frequencies increase with increasing threshold distances,
but the relative heights among residues remain similar. The
lower threshold of 8 A (Figure 7) is the most informative,
because it includes peptide heavy atoms that are in close
proximity to the backbone nitrogen atoms.

B CONCLUDING DISCUSSION

The AIL of CBP/p300 is a 63-residue disordered segment which
is rich in basic side chains (13 lysine residues). Its properties of
intrinsically disordered region allow the AIL to regulate the
acetyltransferase activity of CBP/p300. Lysine acetylation
brings the AIL to switch between functional states. In the
deacetylated state, the AIL occludes the HAT catalytic site,
interrupting the acetyl transfer to histone tails and other
proteins.”’ In the acetylated state, the AIL cannot engage with
the HAT and might become a substrate for other binders, e.g,
the bromodomain of the CBP/p300 catalytic core. While there
is structural information on the AIL contacts with the HAT
domain in p3>00,20 a detailed analysis of the interactions between
the AIL and the bromodomain is missing.

In this work, we have analyzed the atomic contacts and the
kinetics of the AIL engagement with the bromodomain in CBP.
We draw five main conclusions from the analysis of the
molecular dynamics trajectories.

(i) The reconstruction of the 63-residue AIL in the CBP
catalytic core reveals that a central acetylated loop lysine
(K1595ac) can potentially reach the bromodomain binding
pocket intramolecularly.

(ii) The bound AIL state is extremely unstable. The K1595ac
of the AIL remains inserted in the bromodomain pocket for
about 2 ns only. The unbinding of K1595ac is observed not only
intramolecularly, but also for a noncovalent complex of the
bromodomain and an 11-residue peptide derived from the AIL
sequence. The complete detachment of the AIL goes through an
intermediate bound state which is stabilized by hydrogen bonds
between the backbone amino groups of K1595ac and Asn1596
and the carbonyl of Leull20, while the acetyl moiety of
K1595ac is solvent exposed.
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(iii) The intramolecular unbinding kinetics of the AIL are at
least 1 order of magnitude faster than those of the AIL peptides.
Thus, while it is possible to observe intermolecular binding of
AIL peptides to the bromodomain in solution,'® the AIL
intramolecular binding to the bromodomain is less likely in the
context of the CBP catalytic core. It is important to note here
that, although any simulation is based on simplified models, the
approximations inherent to the (any) implicit model of the
solvent have a smaller influence on relative unbinding kinetics
than absolute ones.

(iv) From the analysis of contacts at the interface, the main
contributions to AIL binding come from nonpolar contacts,
given the hydrophobicity of the ZA loop, and backbone
hydrogen bonds, which are independent of the AIL sequence.
The absence of persistent hydrogen bonds with the AIL side
chains suggests that the AIL sequence does not engage the
bromodomain in a unique binding mode. The contact analysis
from MD simulations reveals a pattern of interactions between
the bromodomain and the AIL peptide similar to the one
identified with NMR spectroscopy.'® While the 'H—"*N HSQC
spectrum identifies a limited number of bromodomain residues
contacting the AIL peptide, our analysis adds quantitative
information on the contacts between all bromodomain residues
and the AIL endecamer.

(v) The MD simulations of a control histone peptide in the
bromodomain validate our analysis. The histone detachment is
always 1 or 2 orders of magnitude slower than that of the AIL
peptide, which provides evidence that it is more stable in the
bromodomain pocket.

In our study, we have focused on a single acetylation mark of
the AIL, to have a direct comparison with the results from
NMR."® The acetylation of all AIL lysines is expected to
influence the dynamics of the loop, and it remains to be
investigated if multiple acetylation marks on the AIL would
improve the interactions with the bromodomain pocket.
However, we did not identify persistent contacts between the
AIL lysines and the bromodomain, so it is likely that further
acetylation would not result in a significant occupancy of the
bromodomain pocket by the tip of the AIL. Furthermore, it will
be interesting to verify if similar conclusions can be drawn for
p300. Unbinding of the AIL in p300 is a likely hypothesis, given
the sequence similarity of the two proteins and the conserved
catalytic core structure. In agreement with our simulation results
for the AIL of CBP, Panne and co-workers reported a lack of
binding between triacetylated AIL peptides and the p300
bromodomain according to isothermal titration calorimetry
measurements.”’ In conclusion, the simulation results indicate
that the AIL of CBP cannot form favorable intramolecular
interactions with the acetyl-lysine recognition pocket of the
bromodomain.

B MATERIALS AND METHODS

Reconstruction of the Missing AIL. The stretch of 63
residues (1556—1618 in the human CBP sequence) correspond-
ing to the missing AIL was added to the crystal structure of the
CBP catalytic core (PDB SU7G) with MODELLER.* The
system contains 620 residues, including the reconstructed loop.
As the crystal was obtained with the mouse sequence of CBP, we
have mutated the residues to the human CBP sequence. The
mouse and human orthologs differ by few residues, as shown in
the sequence alignment in Figure SS. The lysine at position 1595
in human CBP was chosen for acetylation (called K1595ac), to
compare our results to previous NMR data.'® Using a harmonic

potential function, we have restrained the distances between
K1595ac and specific residues in the bromodomain, to insert the
K1595ac into the binding pocket. The analysis of contacts from
the available crystal structures of the CBP bromodomain with
histone peptides allowed generation of the optimal position of
the K1595ac in the bromodomain pocket. Importantly, there are
structural water molecules that are always present in the crystal
structures and are crucial to acetylated lysine binding.**>>>" We
have added one explicit water molecule to bridge the hydrogen
bond between the acetyl moiety of K1595ac and the Tyr1125 of
the bromodomain ZA loop (an interaction conserved among
bromodomains).

Molecular Dynamics Simulations. We have carried out
MD simulations of the catalytic core and of the CBP
bromodomain in complex with the AIL peptides and the
histone peptide. Each system was simulated in 36 replicas with
identical settings but different atomic velocities at the start. We
used the simulation software CAMPARI (http://campari.
sourceforge.net/V4/) with the CHARMM36 force field>* and
the ABSINTH implicit solvent model.>” We employed torsional
molecular dynamics which samples conformations of freely
rotatable dihedral angles.”* We used a spherical droplet of
solvent (implicit treatment of water and explicit ions), with a
radius of 200 A for the CBP catalytic core and 100 A for the CBP
bromodomain. The catalytic core system has one negative ion
(CI") necessary to neutralize the overall charge. The
bromodomain—AIL peptide complex has one positive counter-
ion (K*), and the bromodomain—histone complex has three
positive counterions (K*). All polypeptide chains were capped
with an acetyl group (Ace) and a methylamide group (Nme) at
the N- and C-terminals, respectively. The flexible regions of the
simulation system are indicated in Table 3. All other segments

Table 3. Flexible Components of the Solute during
Simulations

side chains of all residues

backbone of AIL (residues 1556—1618)

backbone of bromodomain loops (residues 1103—113S and 1167—1172)
backbone of hinges (residues 1197—1279, 1316—1322, and 1537—1543)

were kept rigid. The flexible segments are indicated in red on the
structure in Figure S1. To maintain the explicit structural water
in place, the following three distances from its oxygen atom were
restrained with a harmonic potential: distance to the Tyr1125-
(OH) <3 A; distance to the Met1180(0) <5 A; distance to the
Asn1183(0) <6 A. The harmonic restraints are necessary
because in implicit solvent the effect of bulk water (e.g., network
of hydrogen bonds and exchange between water molecules) is
not possible, and the single water molecule would drift away
from the binding site. The distance restraint between the water
oxygen and the K1595ac(acetyl O) of <3 A was used only
during the equilibration phase, to keep the AIL bound. The CBP
catalytic core was equilibrated for 40 ns. The first 4 ns were
discarded, and 36 structures sampled at 1 ns intervals were
chosen to start the 36 production runs. The trajectories were
analyzed with GROMACS and CAMPARI. Calculations and
final plots were generated with R.> Structures and trajectories
were visualized with VMD.*

Data and Software Availability. The CAMPARI software
necessary for running the MD simulations is publicly available at
http://campari.sourceforge.net/V4/. Usage instructions and
documentation are provided. The complete MD trajectories
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and the R scripts used (a) to plot the RMSD time series, (b) to
plot the distance distributions, (c) to plot the contact maps, (d)
to calculate the unbinding kinetics, and (e) to plot the
bromodomain nitrogen—peptide distances are available from
the author upon request.
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