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Abstract

The C-terminal region of the tumor suppressor protein p53 contains three domains, nuclear
localization signal (NLS), tetramerization domain (TET), and C-terminal regulatory domain
(CTD), that are essential for p53 function. Characterization of the structure and interactions of
these domains within full-length p53 has been limited by the overall size and flexibility of the p53
tetramer. Using #rans-intein splicing, we have generated full-length p53 constructs in which the
C-terminal region is isotopically labeled with 1N for NMR analysis, allowing us to obtain atomic-
level information on the C-terminal domains in the context of the full-length protein. Resonances
of NLS and CTD residues have narrow linewidths, showing that these regions are largely solvent
exposed and dynamically disordered, whereas resonances from the folded tetramerization domain
are broadened beyond detection. Two regions of the CTD, spanning residues 369-374 and 381-388
and with high lysine content, make dynamic and sequence-independent interactions with DNA in
regions that flank the p53 recognition element. The population of DNA-bound states increases

as the length of the flanking regions is extended up to approximately 20 base pairs on either

side of the recognition element. Acetylation of K372, K373, and K382, using a construct of

the transcriptional coactivator CBP containing the TAZ2 and acetyltransferase domains, inhibits
interaction of the CTD with DNA. This work provides high resolution insights into the behavior
of the intrinsically disordered C-terminal regions of p53 within the full-length tetramer and the
molecular basis by which the CTD mediates DNA binding and specificity.
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Introduction

The master tumor suppressor p53 performs a crucial role in determining the response to
cellular stress and DNA damage.l2 p53 is a multi-domain transcription factor consisting

of an N-terminal transactivation domain (NTAD), Pro-rich domain (PRD), DNA-binding
domain (DBD), nuclear localization signal (NLS, residues 316-325), tetramerization domain
(TET, residues 326-356), and C-terminal regulatory domain (CTD, residues 364-393)2
(Figure 1). The DBD and TET are the only structured domains; the other regions of p53 are
intrinsically disordered. P53 is regulated by a plethora of post-translational modifications,
mostly within the disordered regions, that modulate p53 stability and its interactions with
other proteins and with DNA.4-8 All three of the C-terminal regions are essential for p53
function, with the NLS region driving nuclear import.%-11, the TET domain regulating
oligomeric state,12-14 and the CTD functioning in a multitude of roles.3:15

The CTD comprises the last 30 amino acids of p53 and is involved in protein

and DNA interactions and overall regulation of p53.3:1% This domain is intrinsically
disordered, but can fold upon binding to partner proteins to form localized structural
elements, including a-helices (seen in binding to the S100B protein1®), B-turns (seen

with the bromodomain of CBP/p30017), or stable conformations lacking defined secondary
structure (seen with 53BP1 18). The functional interactions of the CTD are modulated
through numerous post-translational modifications, including acetylation, ubiquitination,
phosphorylation, SUMOylation, and NEDDylation.1>19-22 The CTD is highly basic and
binds non-specifically to DNA both as an isolated peptide and within the full-length p53
tetramer.23 It stabilizes DNA binding, enhances binding to long genomic DNA sequences,
and enhances the specificity for different p53 response elements.24-26 The CTD is required
for rapid linear diffusion of p53 on DNA,27 mediating fast sliding to facilitate the search for
cognate p53 binding sites.28

Following DNA damage, p53 is activated by acetylation of multiple lysines in the CTD.29:30
The pattern of acetylation is directly involved in cell fate decisions. Differential acetylation
of p53 by CBP/p300 and PCAF (p300/CBP-associated factor) regulates different subsets

of target genes in response to cell stress. Under mild stress, p53 is acetylated at Lys320

by PCAF, which promotes activation of genes with high affinity p53 binding sites and

leads to cell cycle arrest and survival.3! In contrast, severe and irreparable DNA damage
results in CBP/p300-mediated acetylation of p53 at Lys373 and Lys382 and activation of
pro-apoptotic genes and cell death.39:32:33 Acetylation of lysine residues (K372/K373/K381/
K382) in an isolated CTD peptide results in decreased DNA-binding,34 consistent with the
important role played by these residues in modulating interactions between p53 and DNA.

The molecular mechanism by which the CTD mediates site-specific DNA binding remains
poorly understood. On the basis of biochemical experiments and molecular dynamics
simulations, it has been suggested that long-range interactions between the CTD and DBD
stabilize the tetramer and may promote conformational changes in the DBD that increase
the stability of DNA complexes.243%:36 |n contrast, other work has presented evidence that
the CTD binds directly to the N-terminal activation domain, 26 an interaction that has been
proposed as an organizing element of the p53 tetramer.3”
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High resolution studies of the CTD interactions have focused on isolated CTD peptides,3
leaving unanswered questions as to the nature of its interactions in full-length p53 both

free and bound to DNA. While NMR can potentially provide detailed structural and
dynamic information on the interactions of the CTD in full-length p53, such experiments
are hampered by spectral overlap and by the unfavorable relaxation properties of a protein
the size of the p53 tetramer.38:39 In the current work, we have used intein-based segmental
isotopic labeling to simplify the NMR spectra of full-length p53, thereby allowing direct
characterization of the structure and interactions of the C-terminal domain with atomic-level
resolution.

Materials and Methods

Protein expression and purification

All DBD-containing p53 constructs contained the quadruple M133L/V203A/N239Y/N268D
superstabilizing mutations.4? Hg-GB1 fusion proteins containing a TEV cleavage site were
expressed in BL21 (DE3) DNAY E. coli cells, while Hg-SUMO fusions were expressed

in BL21 (DES3) cells. For expression of Hg-GB1-p53(1-393) and Hg-GB1-p53(1-303)-Intn,
cells were grown in LB or M9 medium for 16-20 hours at 16-18°C following induction

with 0.5mM IPTG and addition of 150uM ZnSO,4 (ZnSO,4 was added only for constructs
containing the p53 DBD). For expression of Hg-GB1-p53(304-393), Hg-GB1-p53(363-393),
Hg-GB1-Intc-p53(304-393), and Hg-SUMO-Intc-p53(304-393), cells were grown for 4-5
hours at 37°C following induction with 0.1mM IPTG. 15N- and 1°N/2H- labeled samples
were prepared by growing cells in M9 medium containing 2°N ammonium sulfate in H,O or
D,0. Cell cultures were harvested by centrifugation and cell pellets were stored at —20°C.
Cells were lysed by sonication in 40-60mL of 40mM Tris, pH 8.0, 1M NaCl, 5mM DTT
(lysis buffer), with 1 EDTA-free protease tablet (Roche). The Hg-GB1-tagged proteins were
initially purified on His cOmplete Ni resin (Roche) and the fusion tag was removed by
incubation with TEV protease as described previously.#! Full-length p53(1-393) was further
purified by previously described methods.#! Following TEV cleavage, the p53(363-393) and
p53(304-393) constructs were purified via HiTrap SP using a gradient from 40-700mM,
eluting at ~350mM NaCl and ~450mM NaCl, respectively. The purified proteins were
dialyzed into NMR buffer (see below) and concentrated to 150-300uM using Millipore
Centriprep concentrators. For NMR assignments, a sample of 2H/3C/15N p53(304-393) was
obtained by growing cells in M9 medium containing 1°N ammonium sulfate and 13C glucose
in D,0.

For segmental labeling of the C-terminal domains the p53 N-split, p53(1-303), was
expressed as a fusion protein attached at the N-terminus to His-tagged GB1 and at the
C-terminus to the Inty fragment (Figure S1B). The C-split construct, p53(304-393), was
expressed as a fusion to either an H6-GB1-Int: or H6-SUMO-Int; sequence (Figure

S1B). After initial splicing attempts, the SUMO-fusion variant was used over the H6-GB1
construct as it gave a better yield of spliced protein. Splicing reactions were performed using
a ratio of 1.2- to 1.4-fold excess Hg-GB1-p53(1-303)-Intn precursor relative to 1°N-labeled
Hg-SUMO-Intc-p53(304-393) precursor following a previously described protocol in which
splicing and SUMO tag cleavage were performed simultaneously.#! After purification and
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TEV cleavage of the N-terminal Hg-GB1 tag, the full-length protein, segmentally labeled
with 15N at residues 304-393 (termed 1°N(304.393)-p53) was dialyzed against NMR buffer
overnight at 4°C and then concentrated to 150-300uM for use. Purified proteins were stored
at —80°C after rapid freezing with liquid nitrogen. Purity was assessed by SDS-PAGE and
identities of the purified products were confirmed by LC-MS or MALDI.

The CBP construct used in acetylation experiments (residues 1079-1855, spanning the BRD-
PHD-RING-HAT-ZZ-TAZ2 domains) was expressed in a pET21 vector in £. coliBL21
(DE3) DNAY cells with a TEV-cleavable N-terminal Hg tag. Cells were grown to an OD

of 0.6-0.8 before induction with ImM IPTG at 15°C overnight. The expressed protein was
purified as described previously*2 and was used in acetylation reactions immediately after
the final purification step.

Preparation of Duplex DNA

DNA was purchased from Integrated DNA Technologies. The DNA-S duplex used in NMR
experiments was a palindromic sequence (5’-GAACATGTTCGAACATGTTC-3’) that
contained an engineered p53 consensus site?%. The DNA-L construct contained this same
recognition element, with random base-pair extensions on both the 5” and 3’ sides (5°-
GCCTACAGAATCGCTCTACAGAACATGTTCGAACATGTTCGGGGACTGATGCTGG
GGACT-3’). The 30-80 base-pair DNA duplexes contained a central 20 base-pair
recognition element (the DNA-S sequence) flanked on either side with (ATG),, repeats. The
60-bp p21 DNA duplex contained the 20-bp recognition element found within the p21 gene
and was flanked on either side by the native nucleotides. All DNA sequences are listed in
Table S1.

Oligonucleotides were dissolved in 20 mM Tris, pH 7.0, and 150 mM NaCl before being
mixed 1:1 with the complementary strand. After mixing, the DNA duplex was annealed by
heating to 95°C for 5-10 minutes followed by cooling to room temperature over several
hours. The annealed DNA constructs were then exchanged into NMR buffer.

NMR data collection, assignments, and analysis

All NMR data were collected in 20 mM Tris, pH 7.0, 150 mM NaCl, 2 mM DTT, and

5% D,0 (NMR buffer) at 25°C. H-15N HSQC and H-1°N TROSY-HSQC spectra were
acquired on Bruker Avance 900MHz, DRX 800MHz, DRX 600MHz, and Avance 500MHz
spectrometers. Spectra were processed using NMRPipe, and analyzed and visualized using
NMR View.4344 TROSY-HSQC*> experiments were performed on 2H labeled protein,
while samples used in standard HSQC experiments were not 2H labeled. For all NMR
experiments, protein concentrations ranged from 30-150 pM. All experiments involving the
20-80 base-pair DNA constructs used 30 uM protein. p53:DNA complexes were formed
using a 4:1 ratio of p53 protomer to DNA, which represents a 1:1 tetramer:DNA ratio.

Backbone resonances of 2H/13C/15N-labeled p53(304-393) peptide were assigned using
standard three-dimensional HNCACB and HN(CO)CACB“6 experiments aided by
comparisons to previously-published assignments.3* Backbone resonance assignments of
p53(304-393) were readily transferable to 15N(304_393)—p53 as cross-peaks for residues in
both constructs appear at similar chemical shifts. This was not the case for resonances
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from the TET domain, which are broadened beyond detection in the full-length protein. A
1H-15N TROSY spectrum of the isolated p53(304-393) peptide is shown in Figure S2 and
assignments have been deposited in the BMRB under accession humber 51613.

Acetylation of 15N(304.393)-p53

Results

15N(3o4_393)—p53 was acetylated by adding CBP(1079-1855) directly to a p53 sample at
a100:1 (p53:CBP) molar ratio with addition of 1 mM acetyl-CoA (Ac-CoA). Typical
acetylation reactions contained 50-100 uM p53 in NMR buffer. The progress of the reaction
was monitored by recording sequential 1H-1°N SOFAST HMQC spectra over the course of
~20 hours. Changes in chemical shift were observed for residues neighboring acetylation
sites. The sites of acetylation in the CTD were confirmed by Western blot using antibodies
specific for acetylation at K372 (Assay Biotech), K373 (Abcam), and K382 (BioLegend).
Following acetylation, the reaction mixture was exchanged into fresh NMR buffer to remove
the Ac-CoA and was either used directly in NMR experiments or frozen rapidly in liquid N»
for storage at —80°C.

Segmental labeling of the C-terminal domain of tetrameric p53 by trans-intein splicing

The Npu DnaE trans-intein system*7:48 was used for segmental labeling of full length p53
as previously described.*! The splice site for segmental labeling of the C-terminal region
was placed in a disordered region approximately at the midpoint between the end of the
C-terminal a-helix of the DBD and the start of the nuclear localization signal. The final
spliced construct contains the non-native residues CFNG between S303/T304 (Figure S1A).

Production and purification of TET-CTD labeled p53

After completion of the ligation reaction, the mixture contained the desired product (full-
length p53), unreacted precursors, and the IntN and IntC fragment byproducts. Separation
of the ligated protein initially proved problematic due to the oligomeric nature of p53. At
the protein concentrations required for efficient ligation (20-30uM), the tetrameric state of
p53 was the predominant species in solution, #9590 with negligible amounts remaining in

the dimer and monomer form. However, the desired full-length p53 readily oligomerized
with TET domain containing unreacted precursors resulting in a hetero-tetramer containing
full-length p53 and the IntC-p53(304-393) construct (the N-terminal H6-SUMO on this
construct having already been removed). In addition, the large excess of correctly-ligated
p53 over other components meant that any unreacted precursors containing the TET
domain, and therefore capable of oligomer formation, were much more likely to exist in

a tetramer with full-length p53, as opposed to a tetramer containing only the undesired
construct. These “3:1” tetramers, comprising 3 ligated full-length p53 and 1 precursor
molecules, decreased overall yield and increased the complexity of the purification process.
Although the homo-tetrameric and the 3:1 hetero-tetrameric species are similar in size

and electrostatic properties, the proteins could be successfully separated through high-
resolution anion-exchange chromatography, where the hetero-tetramer eluted at lower salt
concentrations. Using this method, full-length p53, labeled segmentally in residues 304-393
with 15N, was obtained on the milligram scale with a purity of over 95%. This construct
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will be referred to as $°N(304-393)-p53. A comparison of *H-1N TROSY-HSQC spectra of
uniformly-labeled full-length p53 and $°N(304-393)-p53 is shown in Figure S3.

The NLS and CTD are disordered in full-length p53

1H-15N TROSY-HSQC spectra of deuterated 19N 304.393)-p53 were recorded and compared
with those of the isolated 1°N/2H labeled peptide (residues 304-393, termed p53(304-393))
(Figure 2). The cross-peaks for residues 326 to 356, corresponding to the TET domain,
14,51-54 are unobservable in the HSQC spectrum of the segmentally labeled p53 tetramer

but are visible and well dispersed in the spectrum of the p53,304-393) peptide (Figure 2B).
The broadening and disappearance of TET resonances arises from the slow tumbling of

the TET domain in the full-length p53 tetramer/3° Resonances arising from many of the
residues in the disordered NLS (residues 304-325) and CTD (residues 357-393) domains are
visible in the 1H-1°N TROSY-HSQC spectrum of the segmentally labeled 1°N(304-393)-p53,
at similar chemical shifts as in the spectrum of an isolated p53(304-393) peptide. These data
indicate that the NLS and CTD domains remain largely disordered in the full-length protein.
A substantial number of the Ser and Thr residues within these regions do not have visible
cross-peaks in TH-15N spectra at pH 7.0, likely due to exchange of amide protons with H,0.

Despite the overall similarity of the spectra of the NLS and CTD domains in the isolated
P53304-393) Peptide and full-length 15N(304_393)-p53, there are substantial chemical shift
differences for residues adjacent to the splice site (S303/T304 in the native protein) (Figure
2C). These differences likely arise from the insertion of four non-native residues at the
splice site. Several residues within the CTD of full-length p53 display small chemical shift
differences relative to the p53(304-393) peptide that likely arise from transient intramolecular
interactions within the p53 tetramer. Resonances of both the NLS and CTD are sharp,
showing that these domains remain highly dynamic in the full-length protein.

The CTD contacts DNA outside the p53 recognition element

Complexes were formed between 15N/2H segmentally labeled p53 (*°N(304-393)-p53) and
either a 20 base-pair p53 target DNA (an engineered p53 consensus site>%) or a 60 base-pair
DNA that contained the same 20 base-pair consensus site flanked by 20 random base-pairs
on each side (DNA-S and DNA-L respectively, sequences shown in Table S1). Upon binding
to the DNA-S construct, only small chemical shift perturbations are observed in NLS and
CTD cross peaks (Figure 3A). There is a substantial decrease in cross-peak intensity for
residues 304-325 (NLS), suggesting that binding to DNA affects this region of p53, likely
through increased motional restriction of the neighboring DBD and TET domains (Figure
3B). The loss of intensity is greatest for residues close to either the TET domain or the
DBD. Cross peaks associated with CTD residues experience only minor intensity change
upon binding to the DNA-S oligonucleotide (Figure 3B) which, coupled with the lack of
chemical shift change, strongly suggests that the CTD interacts only weakly, if at all, with
DNA within the p53 recognition element itself.

In contrast to DNA-S, binding to the longer DNA-L oligonucleotide results in substantial
chemical shift changes for cross peaks associated with residues 369-374 and 381-388 in the
CTD (Figure 3), suggesting that these regions are involved in interaction with the additional
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nucleotides in DNA-L that flank the consensus recognition element. These regions contain
most of the positively charged lysine residues within the CTD, consistent with a role in DNA
binding, and include acetylation sites (K372/K373/K381/K382) that are critical for p53
function.21:34.56 The chemical shift perturbations observed in these regions upon binding of
p53 to DNA-L, but not to DNA-S, demonstrates that the CTD forms contacts outside the
p53 recognition element, not with the same 20 base-pair binding site as the p53 DBD. Small
chemical shift changes are also observed at K320, a PCAF acetylation site, at the center of a
lysine cluster in the NLS.

Binding of the CTD to DNA is enhanced by increasing DNA length

The experiments described in the previous section show clearly that the p53 CTD binds

to regions of the DNA that lie outside of the p53 recognition element. However, these
experiments are unable to provide information as to how far from the recognition element
the interactions occur. CTD interactions were mapped by monitoring chemical shift changes
upon binding to DNA constructs that ranged in length from 20 to 80 base-pairs. In each
DNA, the central 20 nucleotides were the consensus p53 recognition element present in the
DNA-S sequence, with (ATG),, repeats extending from this in both directions. These (ATG),
extensions resulted in “‘overhang’ sequences of 0, 5, 10, 15, 20, and 30 base-pairs for the 20,
30, 40, 50, 60, and 80 nucleotide-long sequences respectively (Figure 4A, Table S1). 1H-15N
HSQC spectra were collected for full-length 15N(304_393)-p53 bound to each of the DNA
sequences (Figure 4B). Addition of the 20 base-pair DNA results in an HSQC spectrum
similar to the H-15N TROSY-HSQC spectrum of 1°N(304.393)-p53 bound to DNA-S (Figure
3). As the length of the flanking regions increases, the chemical shift perturbations of

CTD resonances relative to the unbound p53 tetramer increase proportionally (Figure 4C),
but level off beyond ~20 flanking base-pairs (in the 60 and 80 base-pair oligonucleotides)
(Figure 4C). Additionally, the CTD cross-peaks are sharp and clearly visible, even when

the p53 is bound to the 80 base-pair DNA. These observations suggest that the CTD:DNA
interactions are highly dynamic and that the population of bound states increases as the
flanking regions are extended to ~20 base-pairs from the p53 recognition element. The
gradual increase in chemical shift perturbations with increasing DNA length shows that the
CTD does not interact with DNA at a specific distance from the recognition element, but
transiently samples multiple sites on the DNA helix.

DNA binding by the CTD is sequence independent

Complexes were formed with three different 60 base-pair DNA sequences. Two of these
contained the same 20 base-pair p53 recognition element, but with flanking regions
comprised of (ATG), repeats or a random nucleotide sequence (Table S1, ’60-bp’ and DNA-
L, respectively). The other DNA contained a high affinity p21 recognition element flanked
on either side by 20 base-pairs of the native p21 sequence. Similar changes in the chemical
shifts of CTD resonances were observed upon binding of full-length 15N(304_393)-p53 to each
of the DNA sequences (Figure 5), suggesting that the CTD:DNA interactions are sequence
independent, in accord with prior reports of non-specific interactions between the CTD and
DNA.23
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Multi-site acetylation of TET-CTD labeled p53

Acetylation plays a critical role in stabilization of p53 and modulation of DNA
binding.24:34.56 The CTD of p53 is acetylated at multiple sites by CBP/p300.2%:56-59 To
probe how acetylation affects the CTD:DNA interaction within full-length p53, a CBP
construct (residues 1079 to 1855, comprising the bromodomain, PHD, RING, ZZ, and TAZ2
domains) was used to acetylate 15N(304_393)—p53 in vitro. This construct contains both the
TAZ2 domain, which recruits p53 through the disordered NTAD, and the acetyltransferase
domain. Acetylation by shorter constructs lacking the TAZ2 domain is inefficient (Figure
S4). Using 1H-15N SOFAST-HMQC experiments®® we were able to monitor the acetylation
reaction in real time (Figure 6A). Acetylation of 15N(304_393)-p53 results in chemical shift
changes for several resonances, and the progress of the reaction could be monitored by
measuring the loss of peak intensity for resonances corresponding to the unmodified state as
a function of time (Figure 6B). Additional chemical shift changes following acetylation were
observed outside the CTD, near K305, which suggests this residue is also acetylated (Figure
6C). As acetylation results in the addition of an acetyl group onto the end of the lysine
side-chain, the chemical shift difference observed for the backbone amides of the modified
and neighboring residues are relatively small.81 Acetylation of K372, K373, and K382 was
confirmed by western blot using site-specific antibodies (Figure 6D).

Acetylation of the p53 CTD inhibits interactions of the CTD with DNA

1H-15N HSQC spectra were acquired for the acetylated 1°N(304.393)-p53 tetramer in the
presence and absence of DNA-L. In contrast to the non-acetylated p53, which exhibits
substantial chemical shift changes within the CTD upon addition of DNA-L, spectra of
the acetylated protein bound to the same 60 base-pair DNA largely resemble those of the
unbound protein (Figure S5). The changes in CTD chemical shifts upon DNA binding

are substantially smaller than those for the non-acetylated protein (Figure 7), showing that
acetylation of the CTD in the full-length p53 tetramer impairs but does not completely
abrogate its interaction with DNA. Acetylation removes the positive charge of the Lys side
chain, disrupting electrostatic interactions that are important for DNA binding.

Discussion

The C-terminal domains in the context of full-length p53

The NMR experiments on full-length p53 were carried out with protein concentrations

of at least 30 pM, far above the K, for p53 tetramerization (50 nM).50.62 |n 1H-15N
TROSY-HSQC spectra of the segmentally 15N/2H labeled full-length p53 (*N304-393)-
p53), backbone amide resonances are not observed for residues Y327 to G356, which
correspond to the TET domain boundaries in structures determined previously by both X-ray
crystallography and NMR spectroscopy. 14:°1-54 While the TET cross-peaks are present in
spectra of the tetrameric p53(304-393) peptide, they are broadened in spectra of p53 due to
slow tumbling of the TET domain within the full-length tetramer.5°

In contrast to the broadened resonances of the TET domain, the narrow linewidths for
residues in the NLS and CTD (Figure 2), and also residues in the N-terminal activation
domain,53 show that these domains are highly dynamic in the full-length p53 tetramer. Apart
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from residues near the splice site, the backbone amide cross peaks of NLS and CTD residues
occur at very similar *H and $°N chemical shifts in spectra of full-length 1®N(304.393)-p53
and the isolated p53304-393) peptide. Small chemical shift differences are observed for K369
and K386 (Figure 2B) that might arise from transient interdomain interactions of the CTD
within the p53 tetramer. Indeed, weak interactions between the C-terminal region of the
CTD and the DBD have been reported previously®® and it has been suggested that the

CTD modulates DNA binding by stabilizing interactions between the DBDs within the p53
tetramer.15:24

The observation that NTAD#!, NLS, and CTD resonances are narrow in spectra of full-
length p53 and are shifted only slightly from their chemical shifts in isolated peptides is
inconsistent with an oligomerization model proposed on the basis of low-resolution (13.7

A) cryo-electron microscopy data, in which the TET adopts a radically different structure
compared to its isolated state and forms stable 3-helix bundle with the NTAD.37:64 In the
event of a long-lived interaction between these the NTAD and TET domains, similar spectral
qualities (/.e. strongly broadened cross-peaks) would be expected for both. Therefore, the
sharp resonances of the NTAD, coupled with the extremely broad resonances of the TET,
argues strongly against the NTAD:TET interactions proposed by Okorokov et al.37

Probing the CTD:DNA interaction with enhanced resolution

Through its interactions with DNA, the CTD mediates binding of p53 to non-specific DNA
sites, enables rapid diffusion on DNA to facilitate the search for cognate target sites, and
enhances the specificity for specific p53 recognition elements.15:27.28.65-67 The enhanced
resolution of the NMR spectrum of the full-length p53 tetramer afforded by segmental 1°N
labeling provided new insights into the interaction of the CTD with DNA. Our experiments
confirm that interactions between the CTD and DNA are sequence independent; the CTD
binds equally well to a random nucleotide sequence, ATG repeats, and genomic DNA
flanking the p21 recognition element (Figure 5). Binding occurs through two neighboring
regions of the CTD, centered on residues 370 and 385, that contain multiple positively
charged lysine residues (Figure 3). These regions have been identified previously in studies
focused on binding of isolated CTD peptides to DNA,23:34 and in molecular simulations of
full-length p53.65

Interestingly, our data show that the CTD makes only minimal interactions within the 20
base-pair p53 recognition element, but instead undergoes dynamic interactions with flanking
nucleotides. Binding of full-length p53 to a 20 base-pair consensus site produces only small
changes in backbone amide resonances of the CTD but leads to broadening of cross-peaks
corresponding to residues 304-326, with residues closest to the DBD and TET domains the
most affected (Figure 3B). This broadening most likely reflects restricted motions of the
neighboring DBD and TET domains as the tetramer assembles onto DNA. In contrast to the
20 base-pair DNA, binding to the longer 60 base-pair oligonucleotide leads to changes in
chemical shift for several residues within the CTD (Figure 3C). These results suggest that
upon binding of the DBDs to the recognition element, the DNA is occluded in such a way
as to impair direct interactions with the CTD, which instead binds to flanking regions of the
double helix. By systematically extending the length of the flanking sequence, we showed
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that the CTD:DNA interactions primarily occur over approximately 20 base-pairs (~70A) on
either side of the p53 recognition element (Figure 4). Increasing the length of the flanking
regions further, to 30 base-pairs, causes little further change in the chemical shifts. As the
CTD resonances remain sharp for all DNA lengths tested, the CTD-DNA interaction must
be highly dynamic. Our data are consistent with electron microscopy and single molecule
FRET studies which show that the p53 tetramer can adopt a closed conformation on DNA in
which the CTD and DBD approach more closely than in the unbound state.%6 They are also
consistent with long time scale molecular dynamics simulations of full-length p53 bound to
p21 and Puma promoter sequences, in which K370, K372, K373, R379, K381, K382, and
K386, located in the regions of the CTD that exhibit above average chemical shift changes
(Figure 3), interact dynamically with DNA backbone atoms flanking the cognate recognition
elements.55

Overall, our work supports a model in which the four DBDs anchor the p53 tetramer to

the recognition element through base-specific contacts while positively charged residues in
the CTD make secondary, non-specific contacts with flanking DNA. Neutralization of the
positive charge by acetylation of K372, K373, and K382 impairs, but does not completely
abrogate, the interaction of the CTD with the flanking DNA (Figure 7). Inhibition of binding
by acetylation of short peptides derived from the CTD has been reported previously;34
however, it is noteworthy that even in the full-length protein, where binding of the DBD to a
cognate recognition element anchors p53 tightly to the DNA and thus brings the CTD close
to the DNA, acetylation still has a strong inhibitory effect on CTD interactions with DNA.

As backbone amide resonances of the TET domain (residues 326-356) are broadened
beyond detection in the full-length p53 tetramer, we are unable to comment on potential
interactions of this domain with DNA. While the TET domain is expected to be positioned
on the opposite side of the DNA relative to the four DBDs,%°:66:68 the nature of any potential
TET:DNA interactions remains uncharacterized. The larger than average chemical shift
perturbation experienced by K320 upon binding to DNA (Figure 3), which is substantially
diminished by acetylation of K305 and lysine residues in the CTD (Figure 7), likely arises
from transient interactions of the DBD-TET linker with the DNA backbone. Acetylation
of K320 modulates the activity of p53 and its interactions with DNA.3! and non-specific
contacts between the DBD-TET linker and DNA have been identified previously in single
molecule fluorescence experiments.59

Role of disordered N- and C-terminal regions in p53 target site search

The CTD plays an essential role in facilitating the search for p53 target sites by

promoting rapid one-dimensional sliding along the DNA helix and fast intersegmental
transfer.28:67.70.71 1n search mode, the DBDs interact with the DNA via repetitive
dissociation and association steps, while the CTD loosely tethers the p53 to the DNA
through weak and highly dynamic contacts with the phosphate backbone. A schematic
model summarizing the role of the disordered NTAD and CTD regions in target site search
is shown in Figure 8. The CTD makes only minimal contact with the DNA within or
immediately adjacent to the 20-basepair site occupied by the DBD, but makes optimal
contacts over a span of 20-30 base pairs away from the DBD binding site (Figure 4).
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Binding of the DBDs to non-specific DNA, but not to cognate recognition elements, is
autoinhibited by dynamic intramolecular interactions between the N-terminal activation
domain (NTAD) and the DNA binding surface (Figure 8A).41.72.73 The NTAD thus
functions synergistically with the CTD to facilitate diffusion by weakening binding of the
DBDs to non-specific DNA sites. Once a cognate sequence is encountered during target
search, favorable interactions between the DBD and the DNA would displace the NTAD and
enhance the specificity for p53 recognition elements in the promoters of p53-mediated genes
(Figure 8B). Subsequent acetylation of lysine residues in the CTD by recruitment of CBP or
p300 to the promoter would impair competing interactions between the CTD and flanking
DNA sequences that could cause p53 to diffuse away from the recognition element (Figure
8C).

Indeed, single molecule fluorescence studies in living cells show that acetylation of the CTD
stabilizes p53 binding by increasing the residence time at cognate sites.’# Acetylation of the
p53 CTD has been linked to differential gene activation.12:24:31.56 Specifically, acetylation

at K372/K373 is required for activation of lower affinity p53 promoters that regulate
pro-apoptotic genes.3! Our data show that within full-length p53, the dominant CTD
interactions with DNA are mediated by this region and are impaired by lysine acetylation
(Figure 7). By inhibiting the CTD:DNA interaction, acetylation at K372 and K373 would
increase the lifetime of p53:DNA complexes with weak apoptotic promoters, leading to their
activation.”#
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Figurel.
Domain structure of the p53 protomer, showing the N-terminal domain (NTAD), proline-

rich domain (PRD), DNA-binding domain, region containing the nuclear localization
signal (NLS), tetramerization domain (TET), and the C-terminal regulatory domain (CTD).
Intrinsically disordered domains are shown in yellow.

Biochemistry. Author manuscript; available in PMC 2023 December 06.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Page 17

A | NTAD l PRD I DNA-Binding Domain _

G356
B 63618325 @

110k 6360.\» ®

o @Pc3o
* G374

e '
115 L 6334 “Log ng * (’

- %_/5371
E349
N345_E339 Q354 @
g_ T NN310|S3E7Y, Cg
o E336 \ /‘ {LE:‘) 5 344
= E3d6 @ A \. 5
- D391
P 120 F328 q 4

125 °
1332 R3§ Q331

L]
A307 D393
L

L330
130F R33

95 9.0 8.5 8.0 7.5 7.0 6.5
H (ppm)

012
0.10 - .
S 008 @307

- 0.06 _.305 TET domain

(P

Q
<1 0.04 [

002 eo @ ® ° ®
° @
%) @ ' ()

000, | ’ R 1‘ 1 ' [
310 320 330 340 350 360 370 380 390

Residue Number

Figure2.
A. Schematic representation of the isolated p53(304-393) peptide (top) and segmentally 15N-

labeled full-length p53 (bottom, labeled at 304-393 through intein splicing) used for NMR
experiments. B. 800MHz tH-15N TROSY-HSQC spectra of isolated $°N/2H p53(304-393)
peptide (black) and 1°N/2H segmentally labeled tetrameric p53 (**N(304-393)-p53, red).
Resonances appearing in the center of the spectra arise from the disordered NLS and

CTD residues, while more dispersed cross-peaks in the spectrum of the p53(304-393) peptide
correspond to the folded TET domain. Assignments labeled in black were obtained from
triple resonance spectra of p53(304.393); assignments labeled in blue were mapped from
published data for the isolated TET domain.5® Resonances of the TET domain residues

are unobservable in segmentally labeled full-length p53 and do not give observable
connectivities in triple resonance spectra of the p53(304-393) peptide. Cross peaks of residues
389 and 391-393 are split due to isomerism of Pro390. All samples were in 20mM Tris,
pH7.0, 150mM NacCl, 5% D,0, and 2mM DTT and NMR spectra were acquired at 25°C. C.
Weighted average H, 1N chemical shift differences between isolated p53(304-393) peptide
and the full-length segmentally labeled p53 tetramer. Resonances of residues 305, 307,

and 308 are shifted due to their proximity to the intein splice site. Residues in the CTD

that exhibit significant chemical shift changes between spectra of 15N(3o4_393)—p53 and the
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P53304-393) Peptide are labeled. Weighted average chemical shift differences were calculated

) . 2 Ady,
using the equation: A5, = /A8y + (—)
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Figure 3.

A. 800MHz 1H-15N TROSY-HSQC spectra of 1N/2H segmentally labeled 15N 304-393)-p53
without DNA (black) and bound to the DNA-S (red) or the DNA-L (gold) constructs.
Differences between the black and red spectra are difficult to discern as the two overlay
closely. B. Intensity differences of 15N(304_393)—p53 cross peaks upon addition of DNA-S.
C. Weighted average *H,15N chemical shift differences upon addition of DNA-L. Dashed
lines in (B) and (C) represent no change in intensity and average chemical shift difference,
respectively. Spectra were recorded in NMR buffer (containing 150 mM NaCl) at 25°C. All
p53:DNA complexes were at a ratio of 4:1, and as four p53 monomers bind 1 DNA, this
represents a 1:1 DNA:p53 tetramer complex.
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Figure 4.

DNA extension experiment. A. Schematic representation of DNA used in NMR experiments
with 5’ and 3’ extensions consisting of ATG repeats. B. Superposition of 500MHz 1H-15N
HSQC spectra of 1°N(304.393)-p53 (black) with 20-bp (red), 30-bp (orange), 40-bp (yellow),
50-bp (green), 60-bp (blue), and 80-bp (violet) DNA constructs (sequences in Table S1).
Selected resonances displaying readily observable shifts from the free form are labeled. C.
Weighted average H, 1°N chemical shift differences for resonances showing substantial
changes in the presence of DNA of various lengths. D. Average chemical shift differences
at each DNA extension length. The average was calculated from the A4 values for

the residues underlined in panel E. E. Amino acid sequence of the p53 CTD (residues
363-393) with residues included in the analysis in C and D underlined (only assigned and
well-resolved resonances were used). Spectra were recorded in NMR buffer (containing 150
mM NaCl) at 25°C. All protein concentrations were fixed to 30 pM monomer concentration

and all samples used a protein:DNA ratio of 4:1.
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Figureb.
Selected regions of IH-15N TROSY-HSQC (left) and 1H-1N HSQC (right) spectra of

full-length 15N(304_3g3)—p53 free (black) and bound to a 60-bp DNA with random nucleotide
overhangs (violet, DNA-L sequence), with (ATG),, repeat overhangs (red) and with p21-
native sequence overhangs (gold). Differences in cross-peak lineshapes between the left and
right spectra are due to differences in experimental setup (TROSY vs non-TROSY) and
different isotopic labeling schemes (H labeling in TROSY-HSQC, 1H in HSQC). Spectra
were recorded in NMR buffer (containing 150 mM NacCl) at 25°C, and all samples used a
protein-DNA ratio of 4:1.
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Figure 6.

Acetylation of full-length 15N (304.393)-p53. A. 500 MHz *H-15N SOFAST HMQC spectra
of unmodified 15N(304_393)—p53 (black) and ~2 hours (red), ~6 hours (orange), ~10 hours
(green), ~13 hours (blue) and ~17 hours (violet) after mixing with CBP. Cross peaks

used to determine rates of acetylation are labeled. Upon acetylation, these resonances
decrease in intensity and reappear at new locations (indicated by arrows). Spectra were
recorded in NMR buffer (containing 150 mM NacCl) at 25°C. B. Time-resolved intensity
changes for resonances reporting on acetylation. Loss of intensity for M384 reports on
K382/383 acetylation, G374 on K372/373 acetylation, A307 on K305 acetylation, and the
increase in intensity for the acetyl-Lys resonance reports on overall modification. C. 1H,
15N weighted average chemical shift differences A8,yg between free 15N(3o4_393)—p53 and
following acetylation of the indicated residues. D. Western blot confirming acetylation of
p53 using acetylated-residue specific antibodies for K372Ac, K373Ac or K382Ac.
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DNA binding to acetylated p53. 'H and 15N weighted average chemical shift change (ASayg)
upon addition of DNA-L to 15N(304_393)—p53 with (orange circles) and without (black

circles) multi-site acetylation. The dashed line represents the average chemical shift change
for the unacetylated protein after addition of DNA.
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Figure 8.
Schematic representation of the interaction of p53 with DNA. A. Interaction with non-

specific DNA. The NTAD interacts with the DBD,*! lowering the affinity of p53 for the
DNA. Only two NTADs are shown for clarity. The CTD makes contact with DNA outside
the immediate vicinity of the DBD, maintaining proximity to the DNA while allowing
sliding and hopping for target site search. B. When p53 encounters a recognition element,
the NTAD is competed off the DBD and acts to recruit transcriptional coactivators such as
CBP/p300. The CTD continues to interact with the DNA flanking the recognition element.
C. The CTD is acetylated by the coactivator, weakening its interactions with flanking DNA
and thereby removing competing interactions that could cause p53 to diffuse away from the
cognate recognition site.
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