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ABSTRACT: The pS3 tumor suppressor is a critical mediator of the
cellular response to stress. The N-terminal transactivation domain of pS3
makes protein interactions that promote its function as a transcription
factor. Among those cofactors is the histone acetyltransferase p300, which
both stabilizes pS3 and promotes local chromatin unwinding. Here, we
report the nuclear magnetic resonance solution structure of the Taz2
domain of p300 bound to the second transactivation subdomain of p53. In the complex, pS3 forms an a-helix between residues
47 and 5SS that interacts with the al—a2—a3 face of Taz2. Mutational analysis indicated several residues in both pS3 and Taz2
that are critical for stabilizing the interaction. Finally, further characterization of the complex by isothermal titration calorimetry
revealed that complex formation is pH-dependent and releases a bound chloride ion. This study highlights differences in the
structures of complexes formed by the two transactivation subdomains of pS3 that may be broadly observed and play critical roles
in p53 transcriptional activity.

he p53 tumor suppressor protein functions as a central lysine residues, thereby preventing their ubiquitination and

regulator in the response of mammalian cells to a variety subsequent protein degradation, and the recruitment of CBP/
of stresses. As a transcription factor, pS3 orchestrates responses p300 to promoter regions of pS3 target genes, resulting in the
that prevent neoplastic transformation: cell-cycle arrest, DNA acetylation of proximal histones and chromatin unwinding that
repair, senescence, and apoptosis.1 Although it is maintained at favors gene transcription.9_11’14’15
low levels in the basal state, the protein becomes stabilized and The p53 TAD can be subdivided into two subdomains,
extensively post-translationally modified in response to a termed TAD1 (residues 1—39) and TAD2 (residues 40—61),
number of stresses, including DNA damage, hypoxia, and both of which have been shown to be able to independently
heat shock (recently reviewed in ref 2). Both the initial activate gene transcription.’ Although the two subdomains do

accumulation of activated protein and specific functional
outcomes are regulated by the interactions of p53 with effector
proteins.” In particular, the N-terminal transactivation domain
(TAD) is a critical region for protein interactions that regulate
the stability of pS3, its activity as a transcription factor, and its
ability to effect transcription-independent programmed cell
death.*™”

Central to its activity as a transcription factor is the ability of
P53 to recruit the histone acetyltransferase p300 or its paralog
CREB- blndlng protem (CBP) to the promoter regions of its
target genes. ' In addition to the catalytic domain, CBP and
p300 are comprised of multiple globular domains joined by
disordered linkers.'> Through these domains, they interact with
components of the general transcription machinery and a large
number of transcription factors, functioning as hlghly
connected nodes in transcription-regulating networks.'> The
p53 TAD has been shown to interact with several domains of
CBP/p300, including Taz2, Tazl, NCBD, and KIX (ref 13 and Received: January 16, 2015
references therein). The binding of CBP/p300 to pS3 results in Revised: ~ March 4, 2015
both the stabilization of pS3 through acetylation of C-terminal Published: March 10, 2015

not exhibit recognizable sequence homology, both contain the
O-X-X-®-® motif common to many acidic activation domains
(where @ represents a hydrophobic amino acid and X
represents any amino acid). Studies of knock-in mice
demonstrated that TAD1 alone is generally sufficient for pS3-
dependent cell-cycle arrest and apoptotic responses to acute
DNA damage, whereas each transactivation domain can induce
senescence and suppress tumor initiation in response to
oncogenic signaling.'® Both p33 TAD1 and TAD2 are
intrinsically disordered protein domains that adopt a helical
conformation for at least part of their length when bound."
This inherent flexibility allows the TADs to adapt to and bind a
broad range of proteins.

To date, structures have been reported for the complex of a
p53 TAD with eight different binding partners: the negative
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regulators MDM2 and MDMX; the Taz2 and NCBD domains
of p300 and CBP, respectively; the PH domains of the yeast
transcription factor, tfbl, and its human homologue, p62; the
largest subunit of replication protein A (RPA70N); and the
high-mobility group B1 protein.'’~>* In most cases, the bound
p53 TAD forms an amphipathic a-helix, though the recent
complex of pS3 TAD2 bound to human p62 revealed that pS3
bound in an extended conformation.”* The complexes exhibit
varying degrees of interfacial burial of the conserved signature
motif residues and differences in the proportion of electrostatic
to hydrophobic interactions that stabilize the complexes. For
example, amino acids from p53 TADI interact with specific
binding pockets on MDM2 and MDMX, giving rise to high-
affinity and high-specificity interactions, consistent with their
role in negatively regulating pS3 stability. In contrast, pS3 binds
across broad surfaces, without binding to particular pockets, on
Taz2 and NCBD; these interactions are consistent with the
multiple interaction partners for both domains of CBP/p300.

In our previous examination of the binding of p53 TADI to
p300 Taz2, we found that both TADI1 and TAD2 can
independently interact with Taz2.”® Although the affinity of
p53 TAD2 for Taz2 was tighter than that of pS3 TADI1 for
Taz2, phosphorylation of specific serine/threonine residues in
p53 TADI increased its affinity for p300 Taz2 such that
binding of the two domains was comparable. In contrast,
binding of pS3 TAD2 to Taz2 was unaffected by phosphor-
ylation.”® To improve our understanding of the complex of p53
TAD2 with p300 Taz2 and further explore functional
differences between pS3 TADI1 and TAD2, we report here a
structural and biochemical characterization of the pS3 TAD2—
p300 Taz2 complex. This work completes the first structural
characterization of the two p53 TAD subdomains binding
independently to the same site of a transcriptional co-activator.
It provides a physical basis for ongoing efforts to understand
the different roles that TAD1 and TAD?2 play in the function of
pS3.

B EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant Proteins.
The cloning, expression, and purification of Taz2 (A1723-
K1812/C1738A, C1746A, C1789A, C1790A) have been
previously described;*® this protein contains alanine mutations
of four cysteine residues not involved in zinc coordination and
maintains secondary structure and p53 binding characteristics
similar to those of the wild-type protein. Site-directed
mutagenesis of Taz2 was performed using the QuikChange
Mutagenesis Kit (Stratagene). Uniformly (>98%) '“N-labeled
or *N- and "*C-labeled Taz2 was prepared in Celtone medium
(Cambridge Isotopes) supplemented with ['*N]ammonium
chloride and [13C6]—D—glucose as the sole nitrogen and carbon
sources, respectively.

The coding sequence for pS3(35—59) was amplified via
polymerase chain reaction from a mammalian vector and
subcloned into pGEX4T-1 (GE Healthcare) using the BamHI
and Notl restriction sites. GST-pS3(35—59) was grown in
Escherichia coli in LB medium or minimal medium containing
['*NJammonium chloride and [*C] glucose as the sole nitrogen
and carbon sources, respectively. *H- and '*N-labeled pS3 was
prepared in minimal medium containing ['*NJ]ammonium
chloride and *H,O. The cultures were grown at 37 °C to an
ODygq of 0.6 and induced with 0.5 mM IPTG for 3 h. The cells
were spun down and resuspended in SO mM Tris-HCl (pH 8),
120 mM NaCl, 0.5% NP-40 (EBC buffer), and protease
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inhibitors. The resuspended cells were lysed with a French
pressure cell followed by centrifugation at 13000g for 1 h to
clear the lysate. The supernatant was incubated with EBC
buffer-equilibrated glutathione sepharose for 16 h at 4 °C, and
the bound fusion protein was washed with EBC, re-equilibrated
in phosphate-buffered saline, and digested with 100 units of
thrombin for 4 h at 25 °C. The cleaved p53(35—59) was
further purified to >95% purity using reversed-phase high-
pressure liquid chromatography (RP-HPLC) on an Eclipse
XDB C-18 column (Agilent) with a 0.05% TFA/water/
acetonitrile mixture. The mass of the isotopically labeled
pS53(35—59) was confirmed by matrix-assisted laser desorption
jonization time-of-flight (MALDI-TOF) mass spectrometry
(Waters).

Peptide Synthesis. Unlabeled p53(35—59) peptide for
NMR and binding experiments, as well as all p53(35—59)
mutant peptides, was synthesized by the solid-phase method
with 9-fluorenylmethoxycarbonyl chemistry. The peptides were
cleaved with a solution of 82.5% trifluoroacetic acid (TFA), 5%
phenol, 5% thioanisole, 5% water, and 2.5% ethandithiol and
then purified to >95% purity by RP-HPLC on a BioAdvantage
Pro300 C-4 column (Thompson) with a 0.05% TFA/water/
acetonitrile mixture and masses confirmed by MALDI-TOF
mass spectrometry.

NMR Spectroscopy. All NMR experiments were per-
formed at 35 °C in 50 mM MES (pH 6.3), 200 mM NaCl, 0.1
mM ZnCl, and 1 mM dithiothreitol on a Bruker 500 or 700
MHz spectrometer equipped with pulsed-field gradient units
and triple-resonance probes. Chemical shifts (‘H, '*N, and "*C)
and NOEs of Taz2 and pS3(35—59) were determined by
performing standard triple-resonance experiments.”” Intermo-
lecular NOEs were obtained from '“N-edited nuclear Over-
hauser enhancement spectroscopy (NOESY) experiments on
N- and *H/'H-labeled pS3(35—59) complexed with
Taz2.**7° NMR data were processed with NMRPipe/
NMRDraw”' and analyzed with NMRView.>>

Structure Calculation. The NOE-derived restraints were
subdivided into four classes as strong (1.8—2.7 A), medium
(1.8—3.3 A), weak (1.8—5.0 A), and very weak (1.8—6.0 A) by
comparison with NOEs of protons separated by known
distances. An additional 0.5 A was added to the upper distance
limit for methyl protons, and 0.2 A was added to the upper
distance limit for NH protons if the NOEs were in the strong
and medium classes. Backbone dihedral angle restraints (¢ and
w angles) were obtained from analysis of 'Ha, HN, 3Ca,
BBCpB, BCO, and N chemical shifts using TALOS+.>* Two
constraints per hydrogen bond (dyi.o < 2.2 A, and dy o < 3.2
A) were added after initial secondary structure analysis.

Models of the protein—peptide complex were developed
from the constraints by a modified version of the methods used
for construction of the RECOORD Database of Recalculated
NMR-Determined Solution Structures.** This utilized version
1.3 of CNS*? to perform successive molecular dynamics
(MD) protocols. First, approximately 40000 unique structures
were produced from the extended chain conformation by
means of MD simulated annealing in vacuo, using the
“annealing.sh” script contained in the RECOORDscripts-
cnsl.3 archive available from http://www.ebi.ac.uk/msd/
recoord/. The script was modified to use the R-6 rather than
SUM method for NOE averaging in CNS, to provide greater
interpeptide distance averages and thus produce tighter
complexes. Of the resultant structures, the 500 with the lowest
total energy were then subjected to additional refinement in the

DOI: 10.1021/acs.biochem.5b00044
Biochemistry 2015, 54, 2001-2010


http://www.ebi.ac.uk/msd/recoord/
http://www.ebi.ac.uk/msd/recoord/
http://dx.doi.org/10.1021/acs.biochem.5b00044

Biochemistry

presence of explicit water molecules. This second MD protocol
was conducted with the “re h2o.sh” script using the same
averaging method and sets of distance and dihedral angle
constraints. From the resultant group, the final ensemble was
taken as the 15 structures that both lacked Ramachandran-
disallowed backbone conformations and best satisfied the
distance constraints (as determined by the lowest NOE
energy). The Ramachandran backbone angle statistics were
calculated with PROCHECK.?” Residue contacts among the
pS3 peptide and Taz2 protein chains in the complexes were
determined using MONSTER.*®

Isothermal Titration Calorimetry (ITC). ITC measure-
ments were performed using a VP-ITC calorimeter (MicroCal,
GE Healthcare). For experiments with pS3(35—59) or Taz2
mutant proteins, titrations were performed in 20 mM Tris-HCI
(pH 7.2), 100 mM NaCl, and 2 mM S-mercaptoethanol (ITC
buffer) at 35 °C. For analysis of the salt dependence of binding,
experiments were performed in ITC buffer with 50 or 200 mM
NaCl rather than 100 mM NaCl or in buffer containing 50, 100,
or 200 mM NaOAc in place of NaCl. In experiments to
determine the effect of pH on binding, titrations were
performed in 100 mM Tris, 100 mM Bis-Tris, and 100 mM
acetate at the stated pH value. In all experiments, the
concentrations of the injected peptides and proteins were
determined from the absorbance at 280 nm. The protein and
peptide solutions were degassed before each experiment. Heats
of dilution were subtracted from the raw data. ITC experiments
were fit with a 1:1 binding model using ORIGIN with the ITC
package. All experiments were performed at least twice.

B RESULTS

Determination of the Structure of the Taz2—p53(35—
59) Complex. Using NMR spectroscopy, we determined the
solution structure of the pS3 TAD2—Taz2 complex (Table 1).
The ensemble of lowest-energy structures is shown in Figure
1A. The structure of the Taz2 protein is well-defined for most
of its length. The few regions of greater variation are located
near the N-terminus (residues 1723—1734) and within two
segments near the C-terminus (residues 1795—1802 and
1810—1812). For the ensemble, the root-mean-square
deviations (rmsds) for the backbone and all heavy atoms of
Taz2 are 0.61 and 1.33 A, respectively (residues 1735—1809).
This conformation is very similar to that of the p300 Taz2
domain in complex with pS3 TADI and that of the free CBP
Taz2 domain.'”* For example, the backbone rmsd for the
p300 Taz2 components in the two p53 complexes is only 1.86
A (residues 1735—1809). The tertiary structure of Taz2
comprises four core helices in a characteristic arrangement
with a single helical turn in the linker between @2 and a3
(Figure 1B).

The bound p53(35—59) adopts a helical conformation for
part of its length, between Pro47 and Thr55. Comparison of
the p53 chemical shifts with random coil values® indicates that
the largest changes in the peptide occur between residues
Pro47 and GluS2 (Figure 1C). The pS3 helix lies across helices
a3, al, and a2 of Taz2. In the complex, the helical portion of
pS53(35—59) is more well-defined than the termini; the rmsds
for the backbone and all heavy atoms of this helix (residues
48—55) over the ensemble are 0.38 and 1.61 A, respectively.

Details of the Taz2—p53(35-59) Complex Interface.
The NMR solution structure demonstrates that the Taz2—
pS3(35—59) complex is stabilized by both hydrophobic and

electrostatic interactions. The side chain of Phe54 packs
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Table 1. Structural Statistics of the Taz2—p53(35—59)
Complex

Restraints Used for Structure Calculations

total no. of NOE distances 1986
intraresidue 531
sequential (li — jl = 1) 544
short-range (1 < li — jl < S) 595
long-range (S5 < li — jl) 276
interprotein 40
no. of hydrogen bond distances 88
no. of dihedral angles 180

Ensemble Statistics
mean standard deviation

restraint violations (rmsd)

NOE (A) 0.22 0.01
dihedral (deg) 4.96 0.21
deviations from idealized geometry (rmsd)
bonds (A) 0.03 0.00
angles (deg) 3.39 0.05
impropers (deg) 4.03 0.15
average pairwise rmsd (A)*
all heavy atoms 1.39
backbone atoms 0.64
Ramachandran analysis (%)
core 77.6 2.6
allowed 19.1 1.8
generously allowed 33 LS
disallowed 0.0 0.0

“The analysis was restricted to residues 1735—1809 of Taz2 and
residues 48—55 of pS3(35—59); 1S structures were used in the
calculation..

between the nonpolar part of the side chain of Taz2 Argl737
and the side chain of pS3 ThrSS (Figure 2A). An additional
stabilizing interaction occurs among partially positively charged
aromatic hydrogens of the phenyl ring of pS3 Phe54 and the
hydroxyl oxygen of Taz2 Ser1741. While the position of TrpS3
is also consistent within the ensemble of structures, the side
chain is found in two approximately equally populated
orientations. In the first orientation, the indole group packs
against the side chains of Taz2 Vall764, Ile1781, and the
nonpolar portion of Lys1760 (Figure 2A). In some of these
structures, the partially positively charged proton of the indole
forms a hydrogen bond with the acid group of pS3 Asp49. In
the alternate conformation, the pS3 TrpS3 indole ring is flipped
but still packs in the same hydrophobic pocket of Taz2 (Figure
2B). In some of these cases, the p5S3 Asp49 side chain rotates
and forms a hydrogen bond with Taz2 Gln1784.

Additional hydrophobic interactions that stabilize the
complex are represented in Figure 2C. Primary among these
is the packing of the pS3 IleSO0 side chain in a deep hydrophobic
pocket in the core of Taz2. Consistent throughout the
ensemble, this binding serves to anchor the middle region of
the bound pS3 helix. The pocket is formed by the side chains
and/or backbone portions of Alal738, Leul742, Metl761,
Vall764, 1le1781, GIn1784, Leul78S, and Leul788 of Taz2
(not labeled). The packing of the pS3 Pro47 ring in a
hydrophobic cleft formed by Ile1735 and the nonpolar portion
of the Arg1731 side chain of Taz2 anchors the N-terminus of
the bound pS3 helix in the majority of ensemble structures.
Additionally, the side chains of p53 Leu43 and Leu4$ bind to
nonpolar patches on the surface of Taz2 (Figure 2C). These
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Figure 1. Ensemble of structures and conformation of a representative
structure. (A) Overlay of the 15 lowest-energy NMR structures of the
complex between pS53(35—59) (blue-to-red rainbow) and the Taz2
domain of p300 (gray). The structures are shown as Ca traces. (B)
Cylinder model of the conformation of the complex. pS3(35—59) is
colored purple and Taz2 gray. The zinc ions in the Taz2 fingers are
modeled as green spheres. (C) Plot of the changes in the p53 Ca
chemical shift when p53 is in complex with Taz2 as compared with
random coil values.*

latter interactions represent one of several binding sites for
these residues of pS3 within the structural ensemble, reflecting
the higher degree of flexibility of the N-terminal segment of
pS53. Despite this variation, these hydrophobic interactions
serve to stabilize the winding of this end of the p53 peptide
around the core of Taz2.

Contributing to the electrostatic stabilization of the complex,
pS3(35—59) contains seven acidic residues that form a series of
salt bridges and hydrogen bonds with formal and partial
positively charged residues of Taz2. The most consistent of
these throughout the ensemble involve pS3 Asp48 and GluS1,
at the N-terminus and middle of the bound helix, respectively,
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Figure 2. Stabilizing interactions at the interface of the pS3(35—59)—
Taz2 complex. (A) Model of the Taz2—p53(35—59) interface showing
interactions of pS3 TrpS3 and PheS4. (B) Model of the Taz2—
pS3(35—59) complex showing the alternate conformation of TrpS3
observed in some members of the ensemble. (C) Model of the Taz2—
pS3(35—59) interface showing positions of other hydrophobic p53
residues. (D) Model of the Taz2—p53(35—59) complex showing
primary residues that make salt bridges and hydrogen bonds. In all
panels, contacting residues are labeled in black or white for Taz2 (gray
surface representation) and red for p53(35—59) (blue ribbon).

and pS3 GluS6 at the C-terminus (Figure 2D). In a majority of
structures, Asp48 interacts with Taz2 Argl731 and/or Ser1734,
GluS1 interacts with Taz2 S1734 and/or R1737, and GluS6
interacts with Taz2 Lys1760. A salt bridge between pS53 Asp42
and Taz2 Lys1794 also forms (Figure 2D). Finally, Asp41 can
interact with Taz2 Argl732 and His1795. Of interest in the
pS3(35—59) peptide are Ser46 and ThrSS, which are subject to
post-translational phosphorylation and bracket the ends of the
bound helix. These residues are mostly unbound in the
ensemble, consistent with our previous observation that
phosphorylation does not significantly affect binding,*°
although in some structures ThrSS hydrogen bonds to
Ser1757 of Taz2 and, to a lesser extent, Ser46 interacts with
GIn1784 of Taz2 (not shown).

Mutational Analysis of Critical Protein—Protein Con-
tacts. To improve our understanding of the importance of
specific residues in p53(35—59) and Taz2 for complex
formation, isothermal titration calorimetry (ITC) binding
experiments were performed using selected mutant forms.
First, pS3 TrpS3 was mutated to glutamine, as this mutation
maintains the presence of a bulky side chain but alters the
hydrophobic, aromatic nature of the side chain. Double
mutation of Trp53 to glutamine and PheS4 to serine has
previously been shown to have a deleterious effect on pS3
transcriptional activation.” Mutation of p$3 Trp33 to glutamine
resulted in the loss of detectable binding at 35 °C (Table 2 and
Figure S1 of the Supporting Information), consistent with the
importance of this highly conserved hydrophobic residue in
making critical contacts with Taz2. This result is also consistent
with our previous observation that the WS53A/F54A double
mutation of pS3(25—65) abrogated Taz2 binding,26 as well as
previous reports of the importance of these residues for TAD2-
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Table 2. Binding of p5S3(35—59) Mutant Peptides to Taz2

AS
K, (M) AH (kcal/mol)  (cal mol™ deg_l)

pS3 WT (114 + 0.13) x 10° —2.70 + 0.02 189 + 0.3

pS3 (1.32 + 0.05) x 10° —2.35 + 0.06 204 + 03
M40A

pS3 (0.91 + 0.04) x 10° —3.05 + 028 174 + 1.0
L4SA

pS3 (0.60 + 0.08) x 10° —3.13 £ 0.10 163 + 0.1
D48N

pS3 I1S0A (0.31 + 0.01) x 10° —2.66 + 0.18 16.5 + 0.6

ps3 (0.56 + 0.13) x 10° —2.19 + 0.52 192 + 1.3
ES1Q

ps3 (129 + 0.35) x 10° —2.07 + 0.03 212 + 05
QS2E

pS3 ND* ND* ND*
WS3Q

pS3 F54S (0.53 + 0.09) x 10° —1.59 + 0.63 21.0 + 1.7

pS3 (1.16 £ 0.10) x 10° —2.57 + 0.03 194 + 0.1
TSSA

ps3 (1.30 + 0.05) x 10° —1.9 + 0.46 218 + 1.6
pThrss

“No binding was detected.

dependent transactivation.*"** Interestingly, mutation of p53
Phe54 to serine affected Taz2 binding to a lesser extent.
Specifically, this mutation resulted in a 55% reduction in the
association constant compared with that of the wild-type pS3
peptide (Table 2). The greater importance of TrpS3 for
complex stability may be due to it being more buried within the
Taz2 surface than Phe54.

Similar to the effect of the pS3 PheS4 mutation, pS3(35—59)
ISOA bound to Taz2 3-fold more weakly than did the wild-type
protein. This reduction in binding strength is consistent with
burial of IleS0 in a deep hydrophobic pocket of Taz2, beneath
the TAD2 helix (Figure 2C). In contrast, the binding affinities
for the pS3(35—59) M40A and L45A mutant peptides were
similar to that of wild-type pS3(35—59), consistent with the
location of these residues in the flexible, N-terminal region of
the peptide. Twofold decreases in binding affinity were also
observed following mutation of pS3 Asp48 to asparagine and
mutation of pS3 GluS1 to glutamine (Table 2). As described
above and illustrated in Figure 2D, these negatively charged
residues form stabilizing, salt bridge bonds with formal and
partial positively charged Taz2 residues throughout most of the
structural ensemble. The importance of these electrostatic
interactions was further demonstrated by mutation of Taz2
Argl731 to alanine, which resulted in a 3-fold reduction in
binding affinity for pS3(35—59) (Table 3). Although Taz2
Argl737 interacts with pS3 Glu51 in some members of the

Table 3. Binding of pS3(35—59) to Mutant Forms of Taz2

AS
K, (M) AH (kcal/mol)  (cal mol™ deg™")

Taz2 WT (114 £ 0.13) X 10°  —=2.70 + 0.02 189 + 03

Taz2 (036 £ 0.06) X 10°  —1.05 + 0.18 220 + 05
R1731A

Taz2 (0.44 + 0.08) x 10°  —2.40 + 0.15 18.0 + 0.2
R1732A

Taz2 (110 £ 0.10) X 10°  —L115 + 0.15 239 + 0.7
R1737A

Taz2 (122 £ 030) X 10°  —1.59 + 0.13 205 £ 1.8
$1741D

Taz2 (0.65 + 0.08) x 10°  —2.33 + 0.30 200 + 1.3
S1757D
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structural ensemble, substitution of the Taz2 residue with
alanine did not significantly affect the binding affinity. The lack
of an effect is likely due to the presence of other proximal
residues in Tazl, such as Ser1734 and Argl731, that can form
alternative stabilizing interactions. In contrast, the Taz2
R1732A mutant caused a substantial reduction in binding
affinity (Table 3), even though it is only one of several
positively charged residues bound by pS3 Asp41 and Asp42 in
the structure. Finally, we observed that substitution of Taz2
Ser1757 with aspartate reduced the level of binding to pS3(35—
59) by 2-fold, whereas a similar substitution of Taz2 Ser1741
did not affect binding. The additional negative charge in the
Taz2 S1757D mutant may cause repulsion of p53 GluS6 and
AspS7 residues, leading to weaker binding, but the Ser1741
mutation may maintain the stabilizing interaction with the
partial positively charged ring protons of p53 PheS54.

Thermodynamic Analysis of Complex Formation. We
next used ITC to further characterize the p53(35—59)—Taz2
binding interaction. As detailed previously for the p300 Taz2—
p53 TADI complex,'” a decreased pH of 6.3 was necessary to
obtain sufficiently resolved NMR spectra. Because this is
significantly more acidic than the nuclear environment, ITC
studies were first performed to assess binding over a range of
pH values. For these studies, 100 mM Tris, 100 mM Bis-Tris,
100 mM acetate buffer was used to maintain a constant ionic
strength under all pH conditions. At 35 °C, all binding
reactions were exothermic, consistent with our previous
results’® and were described well by a single-site binding
model. As seen in Figure 3A, the binding affinity of pS3(35—
59) for Taz2 increases substantially with increasing pH between
pH 5.9 and 6.8; at higher pH values, the affinity does not
change further. At pH 6.8, the K, was approximately 8-fold
higher than at pH 5.9 (12.1 X 10° and 1.4 X 10° M at pH 6.8
and 5.9, respectively). This change is consistent with
deprotonation of a residue favoring binding. In contrast, the
affinity of pS3(1—39) for Taz2 was not dependent upon pH
between pH 5.9 and 6.8 (Figure 3A). Thus, there are critical
differences in the pH dependence of the binding of p53(1—39)
and p53(35—59) to Taz2.

Next, the salt dependence of the Taz2—p53(35—59)
interaction was examined. In the first set of experiments, the
concentration of NaCl was varied to examine ionic contribu-
tions to the binding of p53(35—59) to Taz2. At 50 mM NaCl,
the binding of p53(35—59) was 2-fold tighter than that
observed at 100 mM NaCl, and a similar corresponding
difference was observed when the salt concentration was further
increased to 200 mM (Figure 3B). A higher NaCl
concentration also resulted in decreased AH and AS values
for complex formation, resulting in a less favorable AG at the
higher concentrations (Figure 3C). The dependence of the
binding affinity on salt concentration can be related to the
number of thermodynamically involved ions bound or released
in complex formation. For the interaction of p53(35—59) with
Taz2, this analysis suggested that complex formation led to the
release of approximately one thermodynamically involved ion.
Furthermore, extrapolation of the binding constants at 1 M
NaCl provides an estimate of the binding affinity without the
contribution of the release of thermodynamically involved ions;
for this interaction, at 1 M NaCl, the K, was estimated to be 10
UM.
We observed that the affinity of pS3(35—59) for Taz2 was
significantly higher when it was measured in buffer containing
100 mM acetate as opposed to 100 mM NaCl at similar pH
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Figure 3. Thermodynamic characterization of the pH and salt
dependence of pS3—Taz2 interactions. (A) pH dependence of the
affinity of the complex formed between Taz2 and p53(1—39) (empty
symbols) or p53(35—59) (filled symbols) as measured by ITC at 35
°C. Binding experiments were performed as described in Experimental
Procedures, with pH values measured at 35 °C. (B) Salt dependence
of the binding affinity of the Taz2—p53(35—59) complex as measured
by ITC at 35 °C in buffer containing either NaCl (filled symbols) or
NaOAc (empty symbols). (C) Salt dependece of the thermodynamic
parameters of complexation of pS3(25—59) with Taz2 as measured by
ITC at 35 °C in buffer containing either NaCl (filled symbols) or
NaOAc (empty symbols). Squares, AH; triangles, —TAS; circles, AG.

values (compare panels A and B of Figure 3). To better
understand this difference, we next measured the salt
dependence of binding in the same buffer described above
but replaced the NaCl with NaOAc. At 50 mM NaOAc, the
binding of p5S3(35—59) to Taz2 was similar to that using SO
mM NaCl (Figure 3B). However, in contrast to the effects of
NaCl, increasing the NaOAc concentration did not alter the
binding affinity. An increased NaOAc concentration led to an
increase in AH, as observed for binding in NaCl-containing
buffer; however, the AS increased at higher NaOAc
concentrations (Figure 3C). These results suggest that in
NaCl-containing buffer, the dependence of binding was due to
net release of a chloride ion. As Taz2 is a basic protein, likely
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this displacement is related to a newly formed electrostatic
interaction with p53(35—59), such as those described above
(Figure 2D).

B DISCUSSION

The pS3 TAD is a flexible and intrinsically disordered domain
that is critical for many protein—protein interactions that affect
P53 activity and stability. Of the several domains of CBP/p300
that interact with the pS3 TAD, only structures of the pS3
TAD—-NCBD and p53 TAD1-Taz2 complexes have been
previously described. Here, we expand upon our understanding
of p53/CBP—p300 interactions by reporting the NMR solution
structure of the p5S3 TAD2—Taz2 complex. Upon binding,
pS3(35—59) forms an a-helix between Pro47 and ThrSS that
binds across helices a3, al, a2. The complex is stabilized
predominantly by hydrophobic interactions among p53 Ile50,
Trp53, and PheS4, with additional contributions from electro-
static bonds between the highly acidic pS3(35—59) and the
highly basic Taz2. The importance of these interactions was
further demonstrated by the decreased binding affinity
following mutation of specific residues of pS3(35—59) or Taz2.

Although p53 TAD1 and TAD?2 bind on the same face of
Taz2, the orientation of the two helices is very different. The
amphipathic helix of the bound p53 peptide is rotated
approximately 90° between the TAD1 and TAD2 complexes
(Figure 4A). The rotated orientations allow the conserved
phenylalanines of the two pS3 domains (Phel9 in TADI and
PheS4 in TAD2) to bind in similar pockets on the surface of
Taz2. The conserved tryptophan residues (Trp23 in TAD1 and
TrpS3 in TAD2) occupy similar but not identical pockets on
Taz2. The summarized interchain interactions in the two
complexes indicate that the TAD2—Taz2 complex has a greater
proportion of charge-based interactions than the TAD1—Taz2
complex, consistent with the greater number of acidic residues
in pS3 TAD2 (Figure 4B). There is also a slight shift in the
Taz2 residues that interact with the two pS3 subdomains,
though three of the Taz2 residues that interact with Phel9 in
the complex with TADI1 also interact with Phe54 in the
complex with TAD2. Likewise, two of the Taz2 residues that
interact with Trp23 in the TAD1—Taz2 complex also interact
with TrpS3 in the TAD2—Taz2 complex. Thus, the change in
orientation of the p53 helix in the two complexes reflects the
structural changes necessary to maintain these key hydrophobic
interactions given the different relative positions of the
conserved Phe and Trp residues in the two TADs. Interestingly,
a recent study of the binding of the pS3 TADs to the anti-
apoptotic Bcl-xL/Bcl-2 proteins, using an NMR spectroscopy-
based structural model, suggested a similar phenomenon, that
two TADs bind to the same surface of Bcl-xL/Bcl-2 but with
opposing orientations.*> This observation highlights the
importance of the conformational flexibility of the p5S3 TADs
and suggests that the reorientation of the helices may be a more
common phenomenon among complexes of the two domains.

Although both pS3 TADI1 and TAD2 are intrinsically
disordered when unbound and can form a-helices upon
binding, there are notable differences between the two
transactivation domains. Unlike the helical conformation of
TAD1, which can be observed to form transiently even in the
free state, the structured state of TAD2 is more dynamic.44 The
greater dynamic behavior of TAD2 can also be discerned in
plots of pS3 disorder, which show that TAD2 has a greater
propensity for disorder than TAD1.* Whereas both domains
can form extended complexes stabilized by hydrophobic
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Figure 4. Comparison of the complexes of Taz2 with the p53 TAD1 and TAD2 domains. (A) Comparison of the structures of the Taz2 complexes
with pS3 TAD1 (left) and TAD2 (right). While both pS3 peptides are shown in backbone ribbon format, with TAD1 colored purple and TAD2
cyan, the highly conserved side chains of F19 and W23 of TAD1 and W53 and F54 of TAD?2 are also represented. The Taz2 components, shown as
a gray surface representation, have the same orientations in both panels. The pS3 TAD1—Taz2 structure is from Protein Data Bank entry 2K8F. (B)
Schematic comparison of the intermolecular interactions in the pS3 TAD1—Taz2 (left) and pS3 TAD2—Tax2 (right) complexes. Interactions
indicated were detected in >60% of all members of the ensemble. Figures were generated with MONSTER.*® Taz2 residues are highlighted with a
pale yellow background in both panels, and the pS3 TADI1 residues are highlighted with a pale mauve background; the pS3 TAD2 residues are
highlighted with a pale blue background. The lines connect interacting residues, with the following color scheme: green, electrostatic; red, hydrogen
bonding; purple, salt bridge; gray, hydrophobic. The text colors indicate the type of residue: green, hydrophobic; blue, polar; magenta, charged.

interactions, such as observed in the TAD2—Taz2 structure
presented here, only TAD2 has also been reported to form
electrostatically dominated complexes in which it functions as a
single-stranded DNA mimic, such as when bound to
RPA70N."” Moreover, whereas all reported structures of pS3
TAD1 complexes exhibit the amphipathic a-helix, with only
minor variations in helix length, the structure of bound p53
TAD?2 is more variable, including an extended structure without
the formation of an a-helix when bound to TFIIH p62.>> These
two types of binding complexes suggest a critical, and divergent,
role for TAD2 within p53 as compared with TAD1.

Changes in orientation among different complexes have also
been observed for several other proteins. Ubiquitin binds to the
helical “ubiquitin interacting motif” and “motif interacting with
ubiquitin” ubiquitin-binding domains with opposite orienta-
tions.***” For example, two ubiquitin-binding domains of
Rabex-5 have been shown to interact with ubiquitin with
superimposable conformations but with opposite orienta-
tions.* Comparison of the interactions of calmodulin with
peptides from different interaction partners has suggested that
steric and electrostatic features prescribe the orientation of the
peptide with respect to the target binding channel formed by
the N- and C-terminal domains of calmodulin. Similar to our
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results presented here, formation of critical electrostatic
interactions and steric accessibility are important for determin-
ing the orientation of binding, and these features have been
used to make predictions about the complexes of interactors
without available structures.*’ Likewise, the PAH1 and PAH2
domains of the histone deacetylase mSin3a were shown to bind
to the same surface on SAP2S but with inverse orientations; the
two PAH domains share the same interaction motif, but it is
present in the amino acid sequences in reverse order.*

The Taz2 domain interacts with the acidic transactivation
domains of numerous transcription factors. In addition to the
p53 TAD1 and TAD2 complexes, the interactions of STAT1,%
the E1A oncoprotein,”" B-Myb,>> DNA-bound MEF2,** and
C/EBP&** with Taz2 have all been structurally characterized. In
each case, the acidic transactivation domain forms at least one
amphipathic o-helix that interacts with Taz2. STATI, pS3
TADI, and p53 TAD2 form single helices when they bind to
Taz2, whereas E1A forms a well-defined helix with two shorter
helical turns; C/EBPe forms two helices in an L conformation.
In all complexes, the conformation of Taz2 is similar to that of
the free form, with only small local changes observed, and the
interactors bind to various surfaces of Taz2. The binding site
for the C-terminus of STAT1 overlaps with that of C/EBPe,
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and the binding site for E1A is similar to that for pS3 TAD2
and, to a lesser extent, TAD1. Three MEF2 dimer—DNA
complexes are able to bind to Taz2, fully surrounding the
protein.> Thus, Taz2 is a relatively rigid unit that is able to
make surface interactions with numerous proteins in different
ways.

A recent study of the binding of pS3 TADI and TAD2 to
CBP Taz2 indicated, similar to our findings for p300 Taz2, that
both domains bind to the al, a2, a3 surface of Taz2 with high
affinity.>> Moreover, a second, lower-affinity binding site was
also proposed proximal to the first. Our interaction site for
p53(35—59) on Taz2 corresponds to the “high-affinity” site in
this study (Figure S2A of the Supporting Information).
Although we do not have evidence of binding to the “low-
affinity” site, in all but one structure of the ensemble, the N-
terminus of the pS3(35—59) peptide wraps around the core of
Taz2 and binds proximal to this second site (Figure S2B,C of
the Supporting Information). As the N-terminus of the peptide
corresponds to the linker between the TAD1 and TAD2
domains, our structure suggests a model in which the two TAD
subdomains could simultaneously interact on Taz2 through the
“high-affinity” and “low-affinity” sites. Such a complex, in which
p53 TAD would create a clamp around the Taz2 domain,
would have an overall affinity higher than that of either
interaction alone, as has already been demonstrated for binding
of p53(1—57) to Taz2,>*>® that would be further increased by
potential interactions of the four TADs presented in the p53
tetramer with different domains of CBP/p300. As they are
maintained at low levels in the cell, there is significant
competition among transcription factors for binding to CBP
and p300. The interaction of the full TAD of pS3 with the Taz2
domain, which has been shown to have increased aﬂinity,56
would help pS3 compete for binding to promote its
transcriptional effects. In addition, binding of TADI1 to the
secondary site on Taz2, promoted by tighter binding of TAD2
to the primary site, would protect this domain from interaction
with the E3 ubiquitin ligase MDM2, further stabilizing pS3 and
facilitating acetylation of its C-terminal regulatory domain by
CBP/p300, similar to the effects observed when cells are
treated with nutlin to inhibit binding of MDM2 to TAD1.>’

Although mutations in the p53 TAD are rare, both somatic
and germ-line mutations in TAD1 and TAD2 have been
observed, including mutation of residues important for Taz2
binding, such as Asp21 in TAD1 and Asp48 in TAD2.>® In the
case of these mutations, the presence of a second binding site
would still allow binding of co-activators. In addition, the two
transactivation domains have been shown to respond to
different stresses; for example, within the context of the
A40p53 isoform that lacks TAD1, TAD2 has been shown to be
particularly responsible for the response of p53 to ER stress.>
Thus, the two domains provide additional flexibility for pS3 to
respond to a variety of stress conditions.

Here, we have investigated the structure and thermody-
namics of the complex formed between pS3 TAD2 and p300
Taz2. We find that TAD2 binds Taz2 on the same interface as
TAD1, but with an alternate orientation. Although the two
transactivation domains are similar, there are critical differences
that give each distinct binding interactions and functions. The
results presented further support the importance of the two
domains and shed new light on differences in their interactions.
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