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SUMMARY

p53 is dynamically regulated through various post-
translational modifications (PTMs), which differen-
tially modulate its function and stability. The dime-
thylated marks p53K370me2 and p53K382me2 are
associated with p53 activation or stabilization and
both are recognized by the tandem Tudor domain
(TTD) of 53BP1, a p53 cofactor. Here we detail
the molecular mechanisms for the recognition
of p53K370me2 and p53K382me2 by 53BP1. The
solution structures of TTD in complex with the
p53K370me2 and p53K382me2 peptides show a
remarkable plasticity of 53BP1 in accommodating
these diverse dimethyllysine-containing sequences.
We demonstrate that dimeric TTDs are capable
of interacting with the two PTMs on a single
p53K370me2K382me2 peptide, greatly strength-
ening the 53BP1-p53 interaction. Analysis of binding
affinities of TTD toward methylated p53 and histones
reveals strong preference of 53BP1 for p53K382me2,
H4K20me2, and H3K36me2 and suggests a possible
role of multivalent contacts of 53BP1 in p53 targeting
to and accumulation at the sites of DNA damage.

INTRODUCTION

The tumor suppressor p53 is mutated in nearly half of all human
cancers, and most of the remaining cancers are associated with
decreased p53 levels or alterations in p53-mediated signaling
pathways (Brosh and Rotter, 2009; Cheok et al., 2011; Levine
and Oren, 2009; Muller and Vousden, 2013). p53 is a transcrip-
tion factor involved in the regulation of over 100 genes essential
in cell cycle control, senescence, DNA damage repair, and
apoptosis (Vousden and Lane, 2007). Owing to its rapid degra-
dation, the constitutive concentration of p53 in resting cells is
maintained at a relatively low level. However, in response to
DNA damage or other stress signals, p53 becomes activated
and triggers growth arrest, followed by DNA damage repair or
induces apoptosis if the damage cannot be repaired. Transcrip-
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tional activity, nuclear accumulation, stability, and translocation
of p53 are mediated by multiple posttranslational modifications
(PTMs), including phosphorylation, acetylation, methylation,
ubiquitination, SUMOylation, and neddylation (Dai and Gu,
2010; Zhang et al., 2012). The PTMs are especially abundant in
the C-terminal regulatory domain (CTD) of p53, which contains
multiple modifiable lysine, serine, and threonine residues.

Four lysine residues, K370, K372, K373, and K382, in the p53
CTD tail are currently known to undergo methylation (Chuikov
et al., 2004; Huang and Berger, 2008; Huang et al., 2006,
2007, 2010; Kachirskaia et al., 2008; Shi et al., 2007) (Figure 1A).
Methylation was originally thought to influence p53 stability
and function by competing for the same lysine residues that
can be acetylated or ubiquitinated. It is now well established
that monoubiquitination of lysines leads to p53 translocation
from the nucleus to the cytoplasm, polyubiquitination targets
p53 for proteasomal degradation, and acetylation increases
p53 stability and occupancy at promoters of p53 target genes
(Dai and Gu, 2010). Several pioneering reports have demon-
strated that methylation marks in the CTD tail have an effect on
transcriptional and transcription-independent functions of p53
(Chuikov et al., 2004; Huang and Berger, 2008; Huang et al.,
2006, 2007, 2010; Kachirskaia et al., 2008; Shi et al., 2007).
These PTMs can alter the structure, dynamics, and ability of
p53 to interact with various binding partners and mediate p53
commitment to a particular pathway within a large p53-depen-
dent signaling network.

The biological outcome of CTD methylation can lead to p53
activation or suppression, depending on the PTM position and
the extent of methylation, i.e. the number of methyl groups
attached to the e-amino moiety of the lysine. Monomethylation
of K372 by the lysine methyltransferase 7 (KMT7), also known
as SET7/9, stabilizes p53 at chromatin and facilitates transcrip-
tion of p53 target genes (Chuikov et al., 2004). In contrast, mono-
methylation of either K370 by KMT3C (Smyd2) or K382 by
KMT5A (SET8/PR-SET7) suppresses p53 transactivation (Huang
et al., 2006, 2007; Shi et al., 2007; West et al., 2010), and dime-
thylation of K373 by homologous KMT1C/D (G9a/Glp) also
correlates with inactive p53 (Huang et al., 2010).

The dimethylated marks p53K370me2 and p53K382me2
have been identified in vivo and biochemically characterized
in vitro, although methyltransferases responsible for writing
these PTMs remain unknown (Huang et al., 2007; Kachirskaia
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Figure 1. The Solution Structure of the Tandem Tudor Domain (TTD)
of 53BP1 in Complex with a p53K370me2 Peptide

(A) Schematic representation of the domain architecture of p53 and 53BP1.
BRCT, BRCA1 carboxy-terminal repeats; CTD, C-terminal domain; DBD,
DNA-binding domain; Olig, oligomerization domain; TA, transactivation
domain; TET, tetramerization domain; TTD, tandem Tudor domain.

(B and C) The structure of the TTD-p53K370me2 complex. TTD is depicted as
a solid surface (B) and a ribbon diagram (C), with the peptide shown as a yellow
ribbon. The TTD residues that form an aromatic cage around dimethylated
K870 and those involved in the polar interactions with the peptide are colored
salmon and wheat, respectively. p53K370me2 residues are labeled in yellow
and TTD residues are labeled in black. Dashed lines represent intermolecular
hydrogen bonds, see also Figures S1-S3.

et al., 2008). Cellular levels of these PTMs increase in response
to DNA damage, and p53K370me2 and p53K382me2 have
been simultaneously detected in stressed and unstressed cells
by mass spectrometry, although it remains unclear whether
these marks are present on the same p53 molecule (DeHart
et al.,, 2014). p53K370me2 positively regulates p53 transcrip-
tional activity and can be demethylated to a repressive

p53K370me1 mark by lysine specific demethylase 1, whereas
p53K382me2 is associated with p53 stability and accumulation
at DNA double-strand breaks (DSBs) (Huang et al., 2007; Kachir-
skaia et al., 2008). Both p53K382me2 and p53K370me2 are
recognized by the tandem Tudor domain (TTD) of p53-binding
protein 1 (53BP1) (Figure 1A) (Huang et al., 2007; Kachirskaia
et al., 2008). Interaction of the TTD module with p53K382me2
plays a role in p53 stabilization at DSBs and binding to
p53K370me2 is essential for p53 transactivation upon DNA dam-
age (Huang et al., 2007; Kachirskaia et al., 2008). 53BP1 is a key
DNA damage response mediator and a coactivator of p53, which
also recognizes methylated histones, H4K20me2 particularly, as
well as dimethylated at K810 retinoblastoma protein and DNA
(Botuyan et al., 2006; Carr et al., 2014; Charier et al., 2004; Huyen
etal., 2004; Kim et al., 2006). Recent studies have shown that the
association of 53BP1 TTD with H4K20me?2 is necessary but not
sufficient to rapidly recruit 53BP1 to damaged DNA. Such
recruitment requires oligomerization of 53BP1 through its oligo-
merization domain, located upstream of the TTD (Fradet-Tur-
cotte et al., 2013; Ward et al., 2006; Zgheib et al., 2009), and
ubiquitination of histone H2A (Fradet-Turcotte et al., 2013). The
pairing of TTDs via 53BP1 oligomerization raises the possibility
for a mechanistic and functional crosstalk between multiple di-
methyllysine substrates, including PTMs on p53 and histones.

Here we describe the molecular basis for binding of the 53BP1
TTD module to p53K370me2 and p53K382me2. Nuclear mag-
netic resonance (NMR) structures of the complexes reveal a
remarkable plasticity of 53BP1 in accommodating these diverse
dimethyllysine-containing sequences. Analyses of binding affin-
ities and specificities indicate that 53BP1 can simultaneously
recognize dual K370me2/K382me2 marks on a single p53 sub-
strate and suggest a model for rapid accumulation of p53 at
DSBs that involves multiple interactions of oligomeric 53BP1
with p53, H4K20me2, and H3K36me2.

RESULTS AND DISCUSSION

p53K370me2 Is Bound in a Deep Cleft of 53BP1 TTD

To elucidate the mechanism for the recognition of p53K370me2,
we determined the solution structure of 53BP1 TTD in complex
with a p53K370me2 peptide (residues R363-T377 of p53). We
previously attempted to crystallize the p53K370me2-TTD com-
plex (Roy et al., 2010); however, electron density seen only for
the K870me2 residue of the peptide precluded analysis of the
binding mechanism and prompted us to obtain the structure us-
ing NMR spectroscopy. The solution structure of the
p53K370me2-bound TTD shows a canonical fold of the domain,
consisting of the tandem five-stranded B barrels linked by a
C-terminal o helix (Figures 1B and 1C; Table 1; Figures S1 and
S2 available online). The NMR assemble also reveals an exten-
sive protein—peptide interface of 707 + 43 Az,

The amino-terminal residues of the p53 peptide, H365-S371,
occupy a long, deep cleft at the Tudor1-Tudor2 border (Fig-
ure S1). From a total of 68 intermolecular nuclear Overhauser en-
hancements (NOEs), 66 signals involve these residues of p53.
The centrally positioned p53 L369 lies in a hydrophobic cavity
created by the Y1500, L1547, Y1520, M1554, and 11587 residues
of the protein (Figure S2). L369 contributes 31 intermolecular
NOEs (13 with Y1502, 6 with L1547, 5 with Y1500, 3 with
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Table 1. NMR and Refinement Statistics

NMR Distance and 53BP1 TTD- 53BP1 TTD-
Dihedral Restraints p53K370me2 p53K382me2
Distance Restraints
Total NOE 4,243 4,099
Intraresidue 889 848
Interresidue 3,286 3,212
Sequential (ji — j| = 1) 850 822
Medium range (ji — j| <5) 722 697
Long range()i — j| > 4) 1,714 1,693
Intermolecular 68 39
Hydrogen bonds 65 65
Total Dihedral Angle 226 226
Restraints
¢ 76 78
1 77 77
x1 73 71
Additional Distance Constraints
Crystallography-based 15 15
restraints®
Structure Statistics
Violations (mean + SD)
Distance constraints (;\) 0.10 = 0.02 0.08 + 0.04
Dihedral angle constraints (°) 2.67 + 0.96 1.82 £ 1.02
Maximum dihedral 4.46 3.77
angle violation (°)
Maximum distance 0.16 0.20

o

restraint violation (A)
Deviations from Idealized Geometry
A 0.0080 + 0.0001

Bond lengths (A) 0.0081 + 0.0001

Bond angles (°) 2.08 = 0.02 2.83 +0.24

Impropers (°) 0.23 + 0.01 1.67 + 0.33
Average Pairwise Root-Mean-Square Deviation (/f\)b

Heavy 0.94 + 0.09 1.11 £0.12

Backbone 0.50 + 0.07 0.64 + 0.11

@Additional distance restraints involving K870me2 and K382me2 were
derived from crystal structures of these complexes.

PCalculated from residues 1488-1603 of 53BP1, residues 365-371 of
p53K370me2, and residues 379-385 of p53K382me2.

M1584, 2 with 11587, 1 with E1549, and 1 with E1551). In the
crystal structure of p53K370me2-bound TTD, the side chain
of K8370me2 inserts in the aromatic cage formed by the four
aromatic residues, W1495, Y1502, F1519, and Y1523, and a
negatively charged aspartate, D1521 (Roy et al., 2010). The
aromatic moieties make favorable hydrophobic and cation-m
contacts with the dimethylammonium group of p53 K370, and
the carboxylate of D1521 forms a hydrogen bond with the
only amino proton and a salt bridge with the ion. Two NOEs
detected between K370me2 and the aromatic cage residues
and the chemical shift perturbations (CSPs) at the 53BP1-
p53K370me2 interface are fully consistent with K370me2
occupying the aromatic cage in the solution structure (see
Experimental Procedures; Figure S2B).

The side chains of p53 H368 and S371 are well restrained by
15 and 8 intermolecular NOEs, respectively. The tandem lysine
residues p53 K372 and p53 K373 are solvent exposed and
the carboxyl-terminal residues p53 G374-T377 are relatively
flexible (Figure S2). Overall, a number of polar, electrostatic,
and hydrophobic interactions of the TTD with p53K370me2
unambiguously position the p53 peptide in such a manner that
the N terminus of the peptide is bound near the $3-p4 loop of
Tudor1 and the B6-p7 loop of Tudor2, whereas the C terminus
of p53 is oriented toward the a. helix of the TTD.

We examined the contribution of the potential intermolecular
hydrogen bonding and hydrophobic contacts to complex forma-
tion by comparing CSPs in 'H,"®N heteronuclear single quantum
coherence (HSQC) spectra of *N-labeled TTD bound to
p53Ks370me2 peptides. In these peptides, K370 was replaced
with a dimethyllysine analog (N-dimethylated aminoethylcys-
teine, Kc370me2), whereas other residues were individually
substituted with a flexible glycine (Figure S3). Alterations in
CSPs induced by p53H365GK:370me2, p53H368GK:370me2,
and p53L369GK:370me2 peptides confirmed the important
role of the buried H365, H368, and L369 residues for the interac-
tion with TTD. However, the solvent-exposed K372 and K373
appear to be dispensable, as p53Ks370me2K372G  and
p53K:370me2K373G peptides caused the same CSPs as the
wild-type p53Ks382me2 peptide.

p53K382me2 Is Bound in a U-shape Conformation

To obtain molecular insight into the recognition of p53K382me2,
we determined the solution structure of 53BP1 TTD bound to the
p53K382me2 peptide (residues S376-T387 of p53) (Table 1). The
NMR assemble shows a large protein—peptide interface of 678 =
60 A2, Unexpectedly, we found that in the complex, the
p53K382me2 peptide adopts a U-shape conformation and binds
in the orientation that is opposite to the orientation of the
p53K370me2 peptide (Figure 2). In contrast to p53K370me2,
the N terminus of the p53K382me2 peptide is positioned near
the second f barrel, and we were unable to superimpose the
structures of the two peptides in the bound states.

Much like dimethylated K370 of the p53K370me2 peptide, di-
methylated K382 of p53K382me?2 lies in the aromatic cage of the
TTD; however, the rest of the peptide residues are bound differ-
ently (Figure 2A). The carboxyl group of TTD E1551 forms a salt
bridge with the guanidino group of p53 R379. Four intermolec-
ular NOEs position p53 H380 in the vicinity of Y1500, F1553,
L1547, and I1587. The conformation of p53 K381 is fixed through
four NOEs to Y1500 and three NOEs to Y1502. The side chains of
L383 and F385 contact a hydrophobic groove formed by the
Y1502, L1547, M1584, and 11587 residues of the TTD. Fifteen
NOEs are seen between these TTD residues and p53 L3883,
whereas the aromatic ring of F385 is constrained via seven inter-
molecular NOEs with the TTD residues L1547, 11587, M1584,
and Y1523 (Figure S2). The side chains of p53 M384 and p53
K386 appear to be unrestrained.

Comparative analysis of CSPs produced in the TTD by
glycine mutants of p53Ks382me2 peptide revealed the impor-
tant role of the p53 residues adjacent to the dimethyllysine,
such as R379, H380, K381, L383, and F385 (Figure S3).
NMR titration experiments showed that among eight mutant
peptides tested, p53R379GK:382me2, p53H380GK:382me2,
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Figure 2. The Solution Structure of the 53BP1 TTD in Complex with a
p53K382me2 Peptide

(A and B) TTD is depicted as a solid surface (A) and a ribbon diagram (B),
with the peptide shown as an orange ribbon. The TTD residues that form an
aromatic cage around dimethylated K382 and those involved in the polar
interactions with the peptide are colored salmon and wheat, respectively.
p53K382me2 residues are labeled in orange and TTD residues are labeled
in black. Dashed lines represent intermolecular hydrogen bonds, see also
Figures S2 and S3.

p53K381GK:382me2, p53K:382me2L383G, and p53K:382
me2F385G altered the pattern of CSPs caused by the wild-
type p53Kc382me2 peptide, indicating that the R379, H380,
K381, L383, and F385 residues significantly contribute to the
interaction with TTD. These data were in agreement with previ-
ous findings that the replacement of H380 and K381 with an
alanine reduces binding of the TTD ~16-fold and 11-fold,
respectively (Roy et al., 2010).

An alignment of methyllysine-containing p53 CTD and histone
tail sequences shows a high degree of similarity between
p53K382me2 and H4K20me2, which may imply a comparable
binding mechanism (Figure 3A). The overlaid NMR structures
of the peptides derived from the TTD-p53K382me2 and TTD-
H4K20me2 (Tang et al., 2013) complexes demonstrate that
although both peptides are oriented in a similar manner, the
overall binding modes differ (Figure 3B). Our results point to a
high plasticity of 53BP1 TTD in accommodating the dimethylly-
sine substrates. Furthermore, such an intricate recognition of
each of the p53K370me2, p53K382me2, and H4K20me2
sequences suggests that the TTD can distinguish between dime-
thyllysine marks (see below). It also suggests a possibility of

generating distinct mutations in 53BP1 TTD that impair binding
to a particular dimethyllysine ligand. Interestingly, the hybrid
Tudor domains of JMUD2A (KDM4A) have previously been found
to recognize histone H3K4me3 and H4K20me3 peptides using
different binding mechanisms (Lee et al., 2008).

We note that the same p53 peptide acetylated at K382
(p53K382ac) has been shown to bind in a remarkably similar
U-shape conformation to a bromodomain of CBP, a structurally
unrelated module (Mujtaba et al., 2004), implying that the
p53K382 region may prefer this bound-state conformation,
irrespective of the nature of PTM on K382 (Figure 3C).

The First but not the Second B Barrel of 53BP1

TTD Is Functional

A thorough mass spectrometry analysis of PTMs on p53 has
shown the coexistence of p53K370me2 and p53K382me2 in hu-
man foreskin fibroblasts treated with a DNA damage-inducing
agent, etoposide, as well as in the untreated cells (DeHart
et al., 2014). Although it remains unclear if both marks are
present on the same p53 molecule, previous observations that
cellular levels of these PTMs increase in response to DNA dam-
age suggest that they may (Huang et al., 2007; Kachirskaia et al.,
2008). Furthermore, the two sequential single Tudor domains of
PHF20 have been shown to form a dimer, which could associate
with the p53 CTD dimethylated at K370 and K382 (Cui et al.,
2012). We examined the ability of the 53BP1 TTD to bivalently
interact with p53K370me2K382me2. Structural analysis of the
53BP1 complexes reveals that the TTD folds into two almost
identical B barrels, with the dimethyllysine substrate being
bound in the aromatic cage of the first B barrel. As the second
B barrel also contains a cluster of aromatic residues, we
tested whether each B barrel is capable of accommodating
a dimethyllysine PTM. Of note, the distance (~20 A) between
the aromatic patches of the TTD is ideal for the interaction with
p53K370me2K382me2 (Figures 4A and 4B). We generated the
p53K370me2K382me2 peptide using solid-phase peptide syn-
thesis and tested it in NMR and fluorescence spectroscopy
assays.

Titration of the p53K370me2K382me2 peptide into '°N-
labeled 53BP1 TTD resulted in large CSPs in 'H,">N HSQC
spectra of the protein (Figure 4C). Plotting CSPs for each TTD
residue and mapping the most significant changes onto the
TTD structure revealed that the aromatic cage of the first  barrel
of TTD is substantially perturbed (Figures 4D and 4E). However,
the aromatic patch of the second B barrel was essentially unaf-
fected, implying that only the first but not the second B barrel
of the TTD is functional (Figures 4C—4E). This is in striking
contrast to the homodimeric Tudor domains of PHF20, each of
which associates with dimethylated p53 (Cui et al., 2012).

Notably, the binding pocket of the second B barrel of 53BP1
TTD is basic in nature, whereas the binding pocket of the first
B barrel is acidic (Figure S4). Electrostatic repulsion of a posi-
tively charged methyllysine may contribute to the inability of
the second B barrel to accommodate this PTM. The intermediate
exchange regime on the NMR chemical shift timescale for the
interaction of the TTD with p53K370me2K382me2 indicated a
stronger binding in comparison with binding to the singly modi-
fied peptides, due to an increase in local concentration of the
dimethyllysine ligand in p53K370me2K382me2 (Figure 4C).
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Figure 3. Recognition of the Dimethyllysine Sequences by the 53BP1 TTD
(A) Alignment of the p53 and histone H3 and H4 sequences with dimethylated lysine residues highlighted in orange. Moderately and weakly conserved residues

are colored green and blue.

(B) Structural overlay of the p53K382me2 peptide (orange) bound to TTD and the H4K20me2 peptide (gray) bound to TTD (PDB 2LVM). TTD is not shown.
(C) Structural overlay of the p53K382me2 peptide (orange) bound to TTD and the p53K382ac peptide (gray) bound to a bromodomain of CBP (PDB 1JSP). TTD

and the bromodomain are not shown.

Thus, we concluded that although the 53BP1 TTD binds better to
the proximate methylation PTMs on p583, it utilizes only the aro-
matic cage of the first  barrel to do so.

Dimeric TTDs Bind Robustly to p53K370me2K382me2
Oligomerization of 53BP1 links multiple TTDs, making it possible
for 53BP1 to simultaneously associate with several methyllysine
targets. To mimic the oligomerization-mediated pairing of TTDs
and to examine whether the linked modules are capable of
concurrent binding to p53K370me2K382me2, we generated a
longer 53BP1 construct, consisting of residues 1481-1603 and
incorporated a cysteine residue at the N terminus. In this
construct, native cysteine residues 1525 and 1535 were mutated
to alanines. The purified '®N-labeled protein was chemically
crosslinked to form an N terminus to N terminus homodimer
(CL-TTD) using bismaleimide and then separated from the
monomeric form by chromatography (Figure 5A; Figure S5). A
comparison of the "H,"®N HSQC spectrum of CL-TTD with that
of TTD revealed several additional peaks, likely belonging to
the linker residues, and a few resonance changes, most of which
were clustered around the points of alanine mutations of
the native cysteine residues (Figure 5B). The lack of significant
differences in chemical shifts and limited changes in the line
widths suggested a full flexibility of the crosslinked domains.
Addition of the singly modified p53K382me2 peptide to uni-
formly "®N-labeled CL-TTD caused substantial chemical shift
changes in the protein (Figure 5C). The pattern of CSPs indicated
that both crosslinked domains bind to the methylated peptide in
a manner similar to the binding of a single TTD. However, upon
titration of the doubly methylated p53K370me2K382me2 pep-
tide, many peaks in the "H,"®N HSQC spectra of CL-TTD broad-
ened and disappeared (Figure 5C, third panel). Particularly, the
CL-TTD residues located in and around the methyllysine-binding
pocket in the first B barrel showed a significant decrease in
intensity (Figure S5). The overall decrease in cross-peak intensity
implied a decrease in flexibility of the two TTDs and/or the
formation of a larger, slow tumbling complex, and thus sug-
gested that the CL-TTD associates with both PTMs on a single

p53K370me2K382me2 peptide. In agreement, binding of an
equimolar mixture of the p53K370me2 and p53K382me2
peptides to the CL-TTD failed to produce a large complex, as
no significant change in resonance intensities was observed
(Figure 5C, second panel).

The ability of CL-TTD to bivalently associate with the
p53K370me2K382me2 peptide was substantiated through
measuring binding affinities. Analysis of the binding curves of
CL-TTD in fluorescence assays required a two-site-binding
model and yielded Ky values of 0.1 uM and 17 pM, indicating
that both linked TTDs were involved in the interaction with the
peptide (Figure 6A; Figure S5). The increase in affinity of the
linked TTDs compared with binding affinities of the individual
TTDs is likely entropically driven, as both TTDs and dimethylated
PTMs are prealigned for the interaction. Furthermore, the
dimeric glutathione S-transferase (GST)-fused TTD, in which
the two TTD molecules are ideally oriented for concurring inter-
actions with the double PTMs, bound to the p53K370me
2K382me2 peptide stronger (Ky values of 0.01 uM and 2.6 puM)
(Figure S5E).

Models for the Bivalent Interactions of 53BP1 TTDs
Generally, oligo(di)merization of 53BP1 can promote binding of
the TTD either to multiple dimethyllysine marks on a single pep-
tide (in cis), or to dimethyllysine PTMs on multiple proteins
(in trans). Modeling of the p53K370me2-TTD and p53K382me2-
TTD complexes suggests that p53K370me2K382me2 can hold
a pair of TTDs in a sequential manner, with the avidity effect
enhancing this association (Figure 6B).

Alternatively, the linked TTDs could bridge dimethylated p53
with dimethylated histone tails. It was previously reported that
53BP1 TTD binds to H4K20me2 (Botuyan et al., 2006) and
weakly associates with some other dimethylated histones (Bo-
tuyan et al., 2006; Huyen et al., 2004; Kim et al., 2006); however,
a comprehensive analysis of the TTD substrates has not been
performed. To establish the 53BP1 TTD specificity, we designed
an extensive library of peptides containing known PTMs on
core and variant histones and on the p53 CTD (Table S1) and
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Figure 4. The First 3 Barrel of the 53BP1
TTD Is Functional

(A) Possible bivalent interactions of TTD.

(B) The 53BP1 TTD is shown as a ribbon diagram,
with the dimethyllysine (green) bound in the aro-
matic cage of the first B barrel. The aromatic
pockets of Tudor1 and Tudor2 are outlined.

(C) Superimposed 'H,"N HSQC spectra of TTD
collected upon titration with the indicated p53
peptides. Spectra are color coded according to
the protein/peptide molar ratio (see inset).

(D) The normalized chemical shift changes
observed in "H,"®N HSQC spectra of TTD upon
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examined binding of GST-tagged 53BP1 TTD (Figure 6C).
Screening GST-TTD against the library showed that among
the p53 peptides tested, the protein recognized primarily
p53K382me2, and to a lesser degree p53K370me2. These
data corroborated well the Ky values of 0.9 uM and 20 uM,
measured for the interactions of TTD with p53K382me2 and
p53K370me2, respectively (Roy et al., 2010) (Figure 6A). The
peptide library screening also confirmed a robust binding to his-
tone H4K20me2 (K4 = 1.3 uM) (Botuyan et al., 2006; Roy et al.,
2010) (Figure 6C). Unexpectedly, we detected a strong interac-
tion of the 53BP1 TTD with H3K36me2. Binding to H3K18me2
was weaker, and much weaker associations with other dimethyl-
lysine-containing histone peptides, including H3K79me2, were
observed. To further verify the peptide library data, we measured
the binding affinity of the TTD for H3K36me2 using tryptophan
fluorescence. The Ky value was found to be 1.5 uM, which
is comparable with the affinity of TTD for p53K382me2 and
H4K20me2 (Figure 6A). The pattern of CSPs in 'H,">N HSQC
spectra of the TTD induced by H3K36me2 peptide suggested
that dimethylated K36 occupies the aromatic cage (Figure S6).
These results demonstrate that the 53BP1 TTD module has a
strong preference toward the p53K382me2, H4K20me2, and
H3K36me2 sequences.

TTD

9.3
Concluding Remarks

The discovery of numerous PTMs on
p53 reveals a complex signaling network
that resembles the histone code phe-
nomenon (Strahl and Allis, 2000), yet the
biological significance of the p53 methyl-
lysine marks and their relationship with
histone PTMs remain largely unexplored.
In this study, we determined the mole-
cular mechanisms for the recognition
of p53K382me2 and p53K370me2 by
the TTD module of a p53 coactivator,
53BP1. 53BP1 is a mediator and effector
of the DSB response that plays a central
role in DNA damage repair (Panier and
Boulton, 2014). We also found that the
53BP1 TTD has a strong preference for
p53K382me2, H4K20me2, and H3K36me2, and this selectivity
suggests a possible role of multivalent contacts in 53BP1 local-
ization and activity.

DNA damage triggers an acute mobilization of 53BP1 to DSB
sites, and both oligomerization of 53BP1 and binding of the
TTD to H4K20me2 are required for the efficient recruitment of
53BP1 (Botuyan et al., 2006; Fernandez-Capetillo et al., 2002;
Fradet-Turcotte et al., 2013; Huyen et al., 2004; Kachirskaia
et al., 2008; Rappold et al., 2001; Roy et al., 2010; Zgheib
et al., 2009). However, H4K20me2 is a highly abundant PTM,
which is ubiquitously present in the majority (>80%) of nucleo-
somes in mammalian cells (Panier and Boulton, 2014).
H4K20me2 is generated independently of DNA damage and
therefore cannot instigate a specific focal recruitment of 53BP1
to DNA lesions (Panier and Boulton, 2014), whereas
H3K36me2 can. The H3K36me2 levels increase considerably
at the DSB sites following DNA damage (Fnu et al., 2011; Jha
and Strahl, 2014; Pai et al., 2014). H3K36me2 recruits and stabi-
lizes components of the DNA repair machinery, and installation
of this PTM has been shown to be a major immediate methylation
event at DSBs, which also correlates with the DNA repair effi-
ciency (Fnu et al., 2011; Musselman et al., 2012a). DNA damage
raises p53K382me2 levels as well (Kachirskaia et al., 2008).
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Figure 5. Crosslinked TTDs Bind
p53K370me2K382me2

(A) Possible oligomerization-mediated bivalent
interactions of TTD.

(B) An overlay of 'H,"®N HSQC spectra of TTD
(black) and CL-TTD (red).

(C) Superimposed 'H,"®N HSQC spectra of CL-
TTD collected upon titration with the indicated
p53 peptides, see also Figure S5.

to

reversed-phase chromatography, as reported
previously (Cui et al., 2009). The recombinant
peptides include three N-terminal expression
vector-encoded residues (Gly-His-Met). The
p53K370me2K382me2 peptide (residues S366—
K386) was synthesized by 9-fluorenylmethoxy-
carbonyl solid-phase peptide synthesis using
an Applied Biosystem 431A peptide synthesizer,
as described (Roy et al., 2010).

Solution Structures of the TTD-
p53K370me2 and TTD-p53K382me2
Complexes

The NMR experiments were recorded at 298 K
using a Bruker Avance 700 MHz spectrometer
equipped with a cryoprobe. Protein samples
were made in 25 mM sodium phosphate

Accordingly, oligomerized 53BP1 could concurrently associate
with p53K382me2 and H3K36me2, recruiting p53 to DSBs.
Binding of the TTD to the abundant H4K20me2 and the associ-
ation of a short neighboring region with H2A ubiquitinated at
K15 (Fradet-Turcotte et al., 2013) can stabilize 53BP1 at
damaged DNA, contributing to anchoring or retention of
53BP1. Other methyllysine marks, including p53K370me2,
which is also generated in response to DNA damage (Huang
et al., 2007), may aid in the p53-53BP1-chromatin assembly by
enhancing avidity of oligomeric 53BP1. This mechanism of rapid
accumulation and stabilization of 53BP1/p53 could be critical in
the early response to DNA damage; however, further studies will
be necessary to fully explore it.

EXPERIMENTAL PROCEDURES

Protein and Peptide Expression, Purification, and Crosslinking

The wild-type TTD of human 53BP1 (residues 1484-1603 and 1481-1603)
was expressed and purified as reported previously (Botuyan et al., 2006;
Roy et al., 2010). The C1525A/C1535A mutant of the 1481-1603 TTD was
generated by site-directed mutagenesis using the Stratagene QuikChange
Mutagenesis protocol. To generate a crosslinked TTD, a Cys residue
was added to the N terminus of the C1525A/C1535A construct. The TTD
was crosslinked at room temperature for 2 hr in PBS using bismaleimido-
ethane (Thermo Scientific Pierce). Monomer and crosslinked homodimer
were separated using a Superdex 75 10/300 GL Tricorn column (GE Life
Sciences).

The p53K370me2 (residues 363-377) and p53K382me2 (residues 376-
387) peptides were chemically synthesized and purified by reversed-phase
high-performance liquid chromatography. To allow 'C and '°N isotope
enrichment for NMR spectroscopy experiments, the p53 peptides were
also produced in Escherichia coli as a fusion to an N-terminal GB1-hexahis-
tidine tag cleavable by TEV protease, chemically modified to install a dime-
thylated lysine analog (Kc370me2 or Kc382me2 with and without '°C
enrichment of the two methyl groups) and purified by size exclusion and

(PH 7.5), 90% H,0/10% D,O or 100% D,O
and 1.5 mM NaNj;. Different samples were pre-
pared for complex resonance assignments and structure determination.
These are 2 mM '3C/'"®N-labeled 53BP1 TTD and 6 mM nonlabeled
p53K370me2 (or p53K382me2), and 2 mM '3C/'®N-labeled p53Kc370me2
and 5 mM nonlabeled 53BP1 TTD. Because of difficulties producing the
p53Kc382me2 peptide from expression in E. coli, a low concentration com-
plex of 0.5 mM "3C/'®N-labeled p53Kc382me2 and 2 mM nonlabeled 53BP1
TTD was prepared and used only to facilitate resonance assignment. No
intermolecular NOEs were measured from this sample. A combination of
2D 'H-'®N HSQC, 'H-"3C HSQC and 3D HNCA, HNCACB, CBCA(CO)NH,
HNCO, HN(CA)CO, (H)CC(CO)NH, H(CC)(CO)NH, HBHA(CO)NH, '°N-
TOCSY-HSQC, and (H)CCH-TOCSY experiments were used for 53BP1
TTD backbone and side-chain assignments. 2D 'H-'3C HSQC and 3D
3C-NOESY HSQC optimized for aromatic resonances as well as 2D (HB)
CB(CGCD)HD were collected to assign 53BP1 TTD aromatic ring reso-
nances. 2D 'H-'®C HSQC and 3D (H)CCH-TOCSY and '*C-NOESY HSQC
were recorded to assign p53Kc370me?2 resonances. '°C/'°N double-filtered
13C-edited 3D NOESY HSQC spectra (Zwahlen et al., 1997) were recorded
to identify intermolecular NOEs. The NOE signals were assigned through
several iterations of CYANA (version 2.1) (Giintert, 2004) and SANE (Duggan
et al., 2001) calculations. For the initial structure calculations, we used
only intermolecular NOEs corresponding to easily identifiable signals from
53BP1 TTD and the p53 peptides, such as NOEs involving the methyl
groups of 53BP1 TTD and p53 (Mer et al., 2000). Through multiple iterations,
we were able to manually assign a total of 68 intermolecular NOEs for
the 53BP1 TTD-p53K370me2complex. For the 53BP1 TTD-p53K382me2
complex, a total of 39 intermolecular NOEs were assigned. Because of
exchange broadening and signal disappearance for residues in the 53BP1
aromatic cage, only two NOEs involving p53 residue K370me2 were
detected (K370 HB# and 53BP1 Y1502 HD#) and none for p53K382me2.
For the structure calculation, we therefore included 15 distance restraints
derived from the crystal structures of 53BP1 TTD in complex with
p53K370me2 and p53K382me2 (Roy et al., 2010) to position the side
chain of K370me2 and K382me2. The NMR data were processed using
NMRPipe (Delaglio et al., 1995) and analyzed using NMRView (Johnson
and Blevins, 1994).
The interproton distances derived from signal integration of the NOESY
spectra were classified into five categories, corresponding to a lower
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Figure 6. Bivalent Interactions of the 53BP1
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(A) Affinities of TTD and CL-TTD as determined by
tryptophan fluorescence spectroscopy. *Taken
from (Roy et al., 2010).
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distance limit of 1.8 A and upper limits of 2.8, 3.5, 4.5, 5.5, and 7.5 A. The
upper limit of 7.5 A was used only for very weak signals, which could be
due to spin diffusion. Distance restraints corresponding to hydrogen bonds
identified from "H/?D exchange experiments were also included with upper
limits of 3.2 A and 2.2 A for N-O and HN-O, respectively. Dihedral angle
restraints ¢ and s were derived from TALOS (Cornilescu et al., 1999) and
chemical shift index (Wishart and Sykes, 1994) analysis and included in the
calculations with a tolerance of + 30°. %' angle restraints were based on
NOE intensity analysis and, likewise, were included in the calculations,
with a tolerance of +30°.

Two hundred structures were calculated using CYANA, of which the
100 structures with lowest energies were refined by simulated annealing
using AMBER (Case et al., 2005), with inclusion of the generalized Born
solvation model (Tsui and Case, 2000). The force constants were
20 kcal mol~" A2 for NOE-derived distance restraints, 40 kcal mol™
A2 for hydrogen bond-derived distance restraints, 50 kcal mol™" rad~2
for dihedral angle restraints, 100 kcal mol~" rad~? for chirality restraints,
and 150 kcal mol~' rad™2 for omega angle restraints. The 20 structures
with the lowest AMBER energies and lowest dihedral angle violations
were retained for the final analysis. The quality of the final structures
was assessed using PROCHECK-NMR. The structural statistics are pro-
vided in Table 1.

N

J  53BP1TTD

H4 (11-27)

p53K370me2 and the structure of p53 peptide.
(C) Effects of the indicated PTMs on the binding
of the 53BP1 TTD to histone and p53 peptides.
Results of four arrays are presented as normalized
mean intensities. Error bars represent SEM from
pooled averages. Dotted lines demarcate groups
of peptides with conserved sequence, see also
Figure S6 and Table S1.

NMR Titration Experiments

"H,"®N HSQC spectra were collected at 298 K on
0.1-0.2 mM uniformly ®N-labeled TTD or CL-TTD
on a Varian INOVA 600-MHz spectrometer equip-
ped with a cryogenic probe. Binding was charac-
terized by monitoring chemical shift changes as
differently modified p53 peptides or H3K36me2
peptide were added stepwise.

Fluorescence Spectroscopy

Tryptophan fluorescence measurements were re-
corded on a Fluoromax-3 spectrofluorometer
(HORIBA) at room temperature. The samples con-
taining 0.2-0.5 pM CL-TTD, GST-TTD, or TTD and
progressively increasing concentrations of the di-
methylated p53 or histone peptides were excited
at 295 nm. Emission spectra were recorded from
305 to 405 nm with a 0.5 nm step sizeanda 1s
integration time, averaged over three scans. The
Kq values were determined as described (Mussel-
man et al., 2009, 2012b). The K4 values were aver-
aged over three separate experiments, with the
error calculated as the SD between runs.

H4K20me1
H4K20me2
p53 (366-390)
p53K370me2
p53K372me2
p53K382me2

Peptide Microarray

Peptide synthesis and validation, microarray
fabrication, effector protein hybridization and
detection, and data analysis were performed as previously described
(Gatchalian et al., 2013).
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