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Abstract

The cancer-suppressing transcription factor p53 is regulated by a wide variety of cellular factors,
including many chaperones. The DNA-binding domain (DBD) of p53 is known to interact with the
chaperone Hsp90, but the role of other members of the chaperone network, including co-
chaperones such as p23 is unknown. Using a combination of NMR titration, isothermal titration
calorimetry, fluorescence anisotropy and native agarose gel electrophoresis, we have identified a
direct interaction between the p53 DBD and the Hsp90 co-chaperone p23 that occurs in the
absence of Hsp90. The affinity is relatively weak, and largely determined by electrostatic
interactions between the acidic C-terminal disordered tail of p23 and the two DNA binding regions
of p53 DBD. We show by NMR and native agarose gel electrophoresis that a p53-specific double-
stranded DNA sequence competes successfully with p23 for binding to the p53 DBD. The Hsp90-
independence of the interaction between p23 and p53 DBD, together with the p23-DNA
competition for p53, raise the intriguing possibility that p23, like other small charged proteins,
may affect the p53 in hitherto-unknown ways.
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Introduction

The transcription factor and tumor suppressor p53 plays a central role in the cell cycle and
functions as an important signaling hub for the cellular response to various stresses.}:2
Mutations in p53 are implicated in the progress of many cancers, and the majority of cancer-
causing p53 mutations are found in the central DNA binding domain (DBD) of the 393
amino-acid protein (Figure 1A). The p53 DBD is well folded; transcriptional activity is
mediated by binding of this domain to DNA. The remainder of the protein is largely
disordered (with the exception of the tetramerization domain in the tetrameric protein); these
disordered regions mediate signal-dependent interactions that modulate the function of p53.
The p53 DBD consists of a p-sandwich that includes two antiparallel B-sheets and a small -
hairpin, two large loops (L2 (residues 164-194) and L3 (residues 237-250)), and a loop-
sheet-helix motif containing loop L1 (residues 113-123), a p-hairpin (residues 124-136) and
a long C-terminal helix (H2, residues 278-289) (Figure 1B). The loop-sheet-helix motif and
L3 form two DNA binding sites, which contact the major and minor grooves of DNA
respectively34 L2 includes a short helix H1 that participates in protein-protein interaction
between the monomer units of p53 in the structure of the dimer of p53 complexed with
DNA

The interaction of the p53 DBD with the chaperone Hsp90 is important for the stability and
activity of p53 in vivo.”9 A number of previous studies have attempted to define the
structural state of the p53 DBD in the presence of Hsp90 - it has variously been described as
unfolded,1° folded® or in a molten-globule state.11 Hsp90, an essential molecular chaperone
in eukaryotes, uses a variety of co-chaperones in its interactions with many different
proteins. p23, a well-characterized 18 kDa co-chaperone, increases Hsp90 AMP-PNP
affinity and reduces the ATPase activity of Hsp90, thereby increasing its affinity for client
proteins.1? p23 interacts with the Hsp90 N-terminal and middle domains,3-1% and has been
observed as part of the complexes of Hsp90 with various clients, including progesterone
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receptor, Fes tyrosine kinase and the transcription factor Hsf.18 However, the role of p23 in
the interaction of Hsp90 with p53 is unclear. There are very few published results
implicating p23 in the p53-Hsp90 interaction, one showing the presence of p23 in the
coprecipitation of a p53 temperature-sensitive mutant in murine cells together with Hsp90,
Hsp70 and cyclophilin 40,8 and another showing the presence of p23 and p53 in an
immunoprecipitation experiment.1” Any effects of p23 on the folding and function of p53
remain unknown.

p23 consists of a N-terminal p-sandwich domain, with two opposing p-sheets, and a long C-
terminal unstructured tail (residues 110-160)® (Figure 1C). While the folded N-terminal
domain is responsible for Hsp90 interaction,14 the C-terminal tail is important for its
chaperone activity.13:15.18 |n addition, p23 has recently been shown to possess other
functions, independent of Hsp90. For example, yeast p23 is required for proper Golgi
function, ribosome biogenesis and efficient DNA repair.1? p23 has been found localized to
the chromatin of hormone-responsive genes, and can inhibit the binding of thyroid hormone
receptor (TR) to DNA in vitro, suggesting that it may have a role in transcription,
independent of its role as a co-chaperone.20:21

Here, we show by NMR titration, isothermal titration calorimetry (ITC) and native gel
electrophoresis that full-length p23 interacts with p53 DBD in the absence of Hsp90. The
regions of the two proteins that interact are identified by chemical shift perturbation
mapping of full-length and truncated proteins. We find that the primary interaction is
between areas near the two DNA-binding sites of p53 and the C-terminal acidic disordered
tail of p23. We also show that p23 and DNA compete for p53 binding, suggesting that, as
well as playing an important role in the Hsp90-client interaction, p23 could also affect
transcription by binding p53 directly, a function reminiscent of its role in the regulation of
DNA binding for at least two other proteins, intracellular receptor and Remodeler of
Structure of Chromatin (RSC).19:20

Materials and Methods

Protein Expression and Purification

Human p53 DBD (residues 88-312) and full length p23 were expressed and purified as
reported previously.1113.22 The gene for the superstable mutant? of full-length p53 was
cloned into a pET21 expression vector with a 6x His tag and a GB1 fusion protein followed
by a TEV cleavage site at the N-terminus. Cells were grown at 37 °C, and protein expression
was induced at 18 °C overnight with 0.7mM isopropy! B-D-thiogalactopyranoside (IPTG)
and 150 pM ZnSO4 when the absorbance at 600 nm reached 0.7-0.8. Cells were harvested
by centrifugation at 4000 x g at 4 °C for 30 min. The cell pellets were resuspended in 40
mM Tris, 1 M NaCl 5 mM DTT. Protease inhibitor (Calbiochem) was added before
ultrasonication. DNase | was added to the lysate and after centrifugation the supernatant was
applied onto a Ni2* column (Roche). The eluate at a high imidazole concentration was
collected and digested with TEV protease in dialysis at 4 °C overnight. Heparin and Q
columns (GE Healthcare) were further used in purification. Truncations of p23 were cloned
into pET28 expression vector with a 6x His tag and a SUMO fusion protein at the N-
terminus. The protein was expressed under similar conditions as for p53 and purified by a
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Ni2* column (Roche), a ULP1 digestion and a Q column (GE Healthcare). GB1-p23
(110-160) or GB1-p23 (120-160) were constructed by cloning the truncated p23 into a
PET21 expression vector with a 6x His tag and a GB1 fusion protein at the N-terminus. The
protein was expressed under similar conditions as for p53 and purified by a Ni2* column and
a Q column (GE Healthcare).

15N-labeled samples were expressed in M9 minimal medium in H,O supplemented with
15NH,4S04 (1 g/l). 13C-labeled samples were expressed in M9 minimal medium in D,O
supplemented with 13C-glucose (2 g/1). The expression and purification methods are similar
to those used for the unlabeled samples. The unlabeled samples used to perform each of the
titrations were protonated.

NMR spectroscopy

NMR titration experiments for protein-protein interaction were performed at 20 °C (!*N) or
25 °C (13C) on a Bruker DRX800 or Avance900 spectrometer. All samples were exchanged
for NMR into 25mM Tris (pH 7.0), 5 mM DTT in 90% H,0 and 10% D,0 with 50 mM or
150 mM NaCl. 2 mM AMP-PNP (Roche) was added to the 13C labeled p53 DBD sample for
HMQC experiments. Titration was performed with 1°N-labeled p53 DBD or p23 at
concentrations of 80-150 uM with binding partner at concentration ratios from 1.0:0.0 to
1.0:2.0 or 1.0:2.5. DNA binding was performed with 1°N-labeled p53 DBD titrated by a
duplex of 20-mer DNA [corresponding to the p21 binding sequence
(GAACATGTTCGAACATGTTC)?23 containing four p53 binding sites] at concentration
ratios (p53 DBD:DNA) of 1.0:0.08 and 1.0:0.2.

All NMR data were processed with NMRPipe24 and analyzed with NMRViewJ.2> Chemical
shift perturbation (CSP) was calculated using the formula:

CSP=/(AHN)*+0.2(AN)?

where AHN and AN are the changes in THN and 1°N chemical shifts, respectively.

The equilibrium dissociation constants (K ;) were estimated by fitting the observed CSPs to
the equation26:

2

CSP, { 1 r 1 r 1
CSP=—2 | | 14+7+K + — |14+ Ky | —+ — 4r
2 { < d ( Cpro Clig) ) \j < d (Cpro Clig > ) J

where CSPnax is the CSP at the theoretical saturated condition obtained from the fit; ris the
molar ratio of ligand to protein; Cpy, is the concentration of initial protein solution; and Cjjgy
is the stock concentration of ligand. The Ky value of 15N p53 DBD titrated by p23 is
obtained by averaging separate fits to three residues (V272, C277 and G293) of p53 DBD.

1D diffusion ordered spectroscopy (DOSY) experiments were performed at 20 °C on a
Bruker Avance900 spectrometer, with diffusion delay of 100 ms and 4.5 ms of gradient
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lengths. 11 1D DOSY experiments for varying gradient strengths were acquired for each
sample with a scan number of 256. The diffusion coefficient was measured by linear fitting
of a plot of logarithmical observed intensity versus gradient strengths. The values were
calculated by averaging three different peaks.

Native agarose gel electrophoresis

Protein-protein interactions were investigated by native agarose gel electrophoresis
following a published protocol:2” a 0.8% agarose gel was run in Tris-glycine (25 mM Tris
base, 192 mM glycine) native running buffer (pH 8.3) at 50 V for 0.5-1 hour. The gel was
stained by Coomassie blue for 5min then destained for detection. Typically, 50-100 uM
sample were mixed with binding partner at concentration ratios from 1.0:0.0 to 1.0:2.0 or
1.0:2.5. DNA binding to p53 DBD was performed by gradient concentration ratios (DNA:
p53 DBD) from 1.0:0.0 to 1.0:0.2.

Isothermal Titration Calorimetry (ITC)

Isothermal titration calorimetry was carried out on a VP-ITC 200 instrument (MicroCal,
Northampton, MA) at 283K. The samples were exchanged for ITC into a buffer containing
25 mM sodium phosphate (pH 7.0), 20 mM NaCl, 1 mM TCEP, 100 uM PMSF, and 1 uM
ZnS0y. Solutions of 100 pM p53 DBD in the cell were titrated by p23. The concentrations
of solutions in injection syringe were 1175 uM. The solutions for the cell and the syringe
were thoroughly degassed by stirring under vacuum. In total, 21 injections were performed
and each injection volume was 2 pl (first and second injection volumes were 1 pl), and
spacing between injections was 240 sec.

Fluorescence Anisotropy

Fluorescence anisotropy binding and competition assays were carried out in buffer 50 mM
Tris, pH 7.0, 50 MM NaCl, 5 mM DTT at 25 °C on an ISS-PC1 photon-counting steady-
state fluorimeter. The 20-mer DNA sequence shown above was labeled with Cy5 dye at the
5 end. A 5 nM solution of labeled DNA was titrated with p53 DBD in concentration ratios
from 1.0:0.0 to 1.0:10.0. The affinity of p53 DBD and DNA was measured by fitting to a
standard one-site binding model. The affinity of p23 binding to p53 DBD was determined by
a competition method.28:29 5 nM Cy5 dye labeled DNA was first mixed with 110 nM p53
DBD, then the pre-mixed sample was titrated by p23 in concentration ratios (p23:p53 DBD)
from 0.0:1.0 to 2000:1.0.

Pull-Down Assay

For in vitro pull-down assays, p53 (88-312) was subcloned into pET21a with a GST fusion
at the N-terminus. GST-p53 (88-312) was purified by a GST column followed by a Heparin
column (GE Healthcare). 0.2 mg of GST-p53 (88-312) was mixed with 10 pl of GST resin
(GE Healthcare) which had been washed with 25 mM Tris, pH 7.0, 50 mM NaCl, 5 mM
DTT, 0.1% NP-40. The protein was incubated with resin at room temperature for 2 hours,
then the resin was spun down and washed. 0.2 mg Hsp90 and/or p23 was added, and the
resin was washed and finally boiled for SDS-PAGE.
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Results

Detection of the Interaction Between p53 and p23

The interaction between p53 DBD and p23 was probed by NMR, using a slightly longer
construct of p53 DBD, residues 88-312 instead of 94-312 as used previously.11 The longer
construct was used to accommodate a possible cation-r interaction reported between R174
and W9123, As 15N labeled p53 DBD was titrated with increasing amounts of unlabeled p23,
the IH-1°N HSQC spectrum (Figure 2A, Figure S1) showed changes in cross peak position
(for example, for G279 and C277) and intensity (for example, for T211 and G154). The
NMR titration was used to obtain a dissociation constant K, for the interaction of the two
proteins. Averaging the K yvalues from separate fits for the three residues shown (V272,
C277, G293), yielded a K for interaction of the two proteins of 8 + 2 uM (Figure 2B).

Upon titration of 15N labeled p23 with unlabeled p53 DBD, we observe both chemical shift
changes and resonance broadening (Figure 2C, Figure S2). An increase of the salt
concentration in the buffer from 50mM to 150mM attenuates both the chemical shift change
(Figure 2D, Figure S3) and signal broadening (Figure S3), indicating that electrostatic
interactions play a major role in the interaction between these two proteins. Addition of full
length p53 (residues 1-393) to 1°N labeled p23 at 150 mM salt showed similar chemical shift
changes and signal broadening (Figure S3C), suggesting that the p53 DBD alone is
responsible for the interaction with p23.

Further evidence for the interaction between p53 DBD and p23 is provided by native agarose
gel electrophoresis and ITC. The native gel shows that the addition of p23 shifts the band
belonging to the p53 DBD in a concentration-dependent way (Figure 3A). ITC also shows
that p23 interacts with p53 DBD (Figure 3B), with a K of 7 + 2 uM (AH -1.9 + 100 kcal
mol~1; AS 17 cal mol~1 deg™1), which is consistent with the value obtained from the NMR
titration.

We conclude that p23, a co-chaperone for Hsp90, binds directly to the DNA binding domain
of p53, independent of the presence of Hsp90, with middle-to-low affinity, likely mediated
by electrostatic interactions.

Mapping of binding surfaces for p53 DBD and p23 by NMR

Using published backbone resonance assignments for both p53 DBD3C and p23,13 we have
delineated the interacting surfaces by mapping the sequence-dependent intensity decrease
and chemical shift perturbation (CSP) observed in the NMR titrations shown in Figures 2,
S1 and S2 onto the structures shown in Figure 1. For p53, cross peak intensity decreases are
observed with the addition of p23 throughout the sequence (Figure 4A). On the other hand,
p53 residues with significant chemical shift change upon addition of p23 are more localized
(Figure 4B). The perturbed residues map to two regions of the structure: the most significant
CSP is seen for the loop-sheet-helix motif, which includes loop 1 (L1), B-hairpin and helix 2
(H2), and smaller perturbations are seen in a local region near loop 2 (L2) and the zinc-
binding loop 3 (L3) (Figure 4C, D). In summary, the CSP results suggest that the loop-sheet-
helix motif region is most important for binding p23, with the L2-L3 region as a secondary
binding site. The loop-sheet-helix motif and L3 region are the same regions responsible for
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binding the major groove and minor groove of DNA respectively, indicating that p23 binding
may compete with DNA for binding to p53 DBD. The DNA binding sites in p53 have been
reported to be involved in interaction with other proteins like Hypoxia inducible factor-1
alpha (HIF-1a), Rad51, Bcl-X and others,3! suggesting that protein-protein interactions
may be important in regulation of DNA binding by p53.

For p23, most of the sequence shows a decrease in cross peak intensity upon interaction with
p53 DBD, with the most significant decrease for the N-terminal structured domain (Figure
5A). However, the most significant CSP is observed for the C-terminal disordered sequence,
with substantial chemical shift changes observed for only a few resonances of residues in the
N-terminal domain (Figure 5B, C). Interestingly, there is a large CSP for C75, the same
residue for which a substantial cross peak shift was observed between the 1-119 and 1-160
constructs of free p23.13 This likely reflects contact between the disordered tail and the C75
region in the free protein, a contact that is disrupted by the interaction of p53 DBD with the
C-terminal tail. Disruption of contact between the N-and C-terminal parts of p23 may be
responsible for much of the perturbation of the resonances of the folded N-terminal domain,
since these perturbations appear in the general vicinity of C75 (Figure 5C). Although these
results suggest that the C-terminal unstructured region of p23 alone is responsible for
binding p53, it remains possible that there is additional involvement of the N-terminal
domain.

To test whether the N-terminal domain plays a direct role in the interaction, truncations of
p23, comprising the N-terminal portion (residues 1-110) and the C-terminal portion
(residues 110-160) were used to detect the interaction with p53 DBD. Addition of
p23(110-160) to 15N-labeled p53 DBD shows changes in the NMR spectrum identical to
those seen with full length p23 (Figure S4A) and attenuation of the chemical shift change is
observed upon increasing the salt concentration from 50 mM NaCl to 150 mM NaCl (data
not shown). The addition of p23(1-110) does not affect the spectrum of p53 DBD in low salt
or high salt conditions (Figure S4B). Consistent results are shown in a native gel, where
p23(110-160) shifts p53 DBD, but p23(1-110) does not (Figure 6A). The affinity of the two
domains of p23 for p53 DBD was estimated by ITC. The N-terminal domain alone,
p23(1-110), shows no binding to the p53 DBD. The ITC measurement was not made for the
disordered C-terminal domain alone. Interestingly, the affinity of a construct with a slightly
shorter C-terminal tail (residues 120-160) fused at the N-terminus to an unrelated protein,
the B1 domain of protein G (GB1), showed a K yvalue of 24 + 15 uM. The NMR titration of
15N-labeled p53 DBD GB1-p23(110-160) (Figure S5) showed almost identical behavior to
that of the titration with p23(1-160) (Compare Figure S5 with Figure S1), and gave an
identical K yvalue (6 £ 4 uM; Figure S5).

The similarity in the affinity of the GB1-p23 fusion to that of the full-length p23 is also
demonstrated by a native gel (Figure 6B). No shift of the p53 band is seen in the native gel
with GB1 alone (data not shown). These results confirm that the C-terminal disordered tail
of p23 is the primary binding site for p53. On a qualitative level the similarity in the
behavior of p53 DBD in the native gel in the presence of p23(1-160) (Figure 3A) and in the
presence of p23(110-160) (Figure 6A), together with the nearly-identical behavior of p53
DBD in the NMR titrations withp23(1-160) (Figure 2A, S1) and p23(110-160) (Figure S4A)
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indicates that the presence of the N-terminal structured domain has little effect on the
affinity. This conclusion is further confirmed by the similarity of the behavior of p23(1-160),
p23(110-160) and the N-terminal GB1 fusion of p23(110-160) in the native gel
electrophoresis experiment (Figure 3A, 6A, 6B).

Effect of Hsp90 on the p53-p23 interaction

From the results shown in Figures 2-4, it appears that the co-chaperone p23 and the client
protein p53 interact in the absence of Hsp90. To test whether the interaction was modified in
the presence of Hsp90, a GST-pulldown experiment was performed with GST-tagged p53
DBD and p23(1-160) and full-length Hsp90 (Figure S6). The results showed weak binding
of either Hsp90 or p23 to p53 DBD, and attenuation of Hsp90 binding with both proteins
present. Native gel electrophoresis also showed binary interactions of both p23 and Hsp90
with p53, but little influence of Hsp90 on the binary interaction of p23 and p53 (Figure S7).
More specific information can be obtained from the NMR spectrum, but an examination by
NMR of the effects of Hsp90 on the p23-p53 interaction is problematic because of the size
of Hsp90. The effects of the addition of both p23 and Hsp90 on the NMR spectrum of p53
were assessed by comparison of the 1H-13C HMQC spectra of p53 DBD in the presence of
one or both of these binding partners. The results (Figure S8) show that p23 and Hsp90 bind
independently to p53, and that there is no major synergistic effect of the two binding
partners. These observations confirm that the p23-p53 interaction that we observe is
independent of Hsp90.

p23 competes with DNA for binding p53

Figure 4B suggests that the primary interaction site of p23 is close to the DNA-binding
regions of p53. We used NMR to investigate competition for p53 between p23 and a 20
base-pair fragment of the p21 gene, which contains four pentameric binding sites for p53.3
The 1H-1N HSQC spectrum of 1°N-labeled p23 was recorded in the presence of p53 DBD
or p53 DBD + DNA. As shown in Figure 5, the addition of p53 DBD to 1°N-p23 results in a
decrease in the signal intensity, most significantly for the N-terminal domain, while the CSP
shows the greatest change in the C-terminal tail. These results have been plotted as blue
squares in Figure 7. The results of addition of a mixture of p53 DBD with the 20bp DNA
fragment to 15N p23 have been plotted as red circles in Figure 7. The intensity decrease seen
for the N-terminal domain of p23 in the presence of p53 is reversed (Figure 7A), and the
large CSPs observed for the C-terminal domain disappear as DNA is added (Figure 7B),
suggesting that the presence of DNA interferes with the interaction between p23 and p53
DBD.

Further information on these interactions was provided by using diffusion-ordered
spectroscopy (DOSY) to determine the diffusion constant values of p23 in the presence and
absence of p53 and DNA. The results are shown in Table 1. The diffusion constants of all of
the samples are quite similar, indicating that no major changes in solution viscosity or
aggregation state have occurred as a result of the interactions of these proteins. The diffusion
constant of p23 decreases after adding p53 DBD, suggesting the formation of a complex
between these two proteins. Addition of the 20bp p21 DNA oligonucleotide to the complex
results in an increase in the p23 diffusion constant. Addition of p21 DNA alone does not
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affect the diffusion constant of p23. Since the diffusion constant of the p23:p53 complex is
significantly increased in the direction towards that of free p23 after addition of DNA, we
conclude that DNA successfully competes with p23 for binding to p53.

The competition was further characterized by native gel electrophoresis and fluorescence
anisotropy decay. The native gel (Figure 8A) shows that both DNA and p23 alone will shift
p53 DBD. The addition of increasing amounts of DNA to the p53 DBD-p23 complex results
in a shift of the band corresponding to the p53 DBD-p23 complex towards the position of
the p53 DBD-DNA complex band, consistent with successful competition by the DNA for
binding p53 DBD even in the presence of p23. Fluorescence anisotropy measurements were
made with p21 DNA labeled with the fluorescence tag Cy5. Titration of the labeled DNA
with p53 DBD results in an increase in the fluorescence anisotropy with a K value of 45 + 7
nM for the four independent p53-binding sites on the DNA, which is consistent with
previously-published values.32 The affinity of p23 for p53 DBD in the presence of DNA was
measured by titration of the Cy5 labeled p21 DNA-p53 DBD complex with p23. The
addition of saturating concentrations of p23 successfully competes for p53 DBD, releasing
DNA from p53 DBD and causing the anisotropy value to decrease (Figure 8B). The K4
value for p53 DBD and p23, obtained using a competition fluorescence anisotropy equation,
28 js 21 + 7 uM. This K yvalue is consistent with the NMR titration and ITC results (Figure
2A). In summary, the NMR, native gel and fluorescence anisotropy results all show that p23
and DNA compete for binding to p53.

Discussion

Nature of the Interaction between p53(88-312) and p23(1-160)

The NMR, electrophoresis, ITC and fluorescence data all confirm that an interaction occurs
between p53 and p23. This interaction is relatively weak, and highly dependent on the
presence of the disordered C-terminal tail of p23: the N-terminal folded domain contributes
little if anything to the affinity. Figures 4 and 5 show that both p23 and p53 undergo loss of
signal intensity, almost uniformly throughout the protein, when they are mixed. Signal
intensity loss has also been observed for p53 in the presence of isolated domains, 2-domain
constructs and full-length Hsp90.11 In the p53-Hsp90 system, a variety of spectroscopic and
biophysical results were consistent with the formation of a molten globule-like state in p53
as a result of the interaction with Hsp90. Such a structural loosening of p53 could also be
occurring in the presence of p23, giving rise to the lowered intensity ratios shown in Figure
4A. p23 also appears to undergo loss of signal intensity upon addition of p53, mostly in the
N-terminal folded domain. Interestingly, a similar loss of signal intensity is observed for p23
in the presence of Hsp90 or its domains.13 The most likely source for signal intensity loss is
resonance broadening associated with the formation of high-molecular-weight complexes,
which will affect the relaxation rates of the ordered regions of the two proteins to a greater
extent than the disordered regions. The difference in R, values between the ordered and
disordered components of the complex may also give rise to different relaxation losses
during the pulse sequence. It is noticeable from Figure 5A that the C-terminus of p23(1-160)
largely retains signal intensity in the presence of p53, seemingly indicating that the C-
terminal tail retains its disorder and independence from the large p53-p23 complex. This
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seems paradoxical in view of the observations in Figure 5B, but likely reflects the presence
of disorder in this region within the complex.

Information on the specificity of the interaction between p53 and p23 is provided by the
NMR chemical shift perturbation. Figure 5B shows that the majority of the CSP occurs in
the disordered C-terminus of p23, which is rich in acidic side chains. The marked salt-
dependence of the interaction (Figure 2D) indicates that it is primarily electrostatic. Figure
4B shows a general localization of the p23 binding site on p53 in the vicinity of the DNA-
binding loops, consistent with an electrostatic interaction mimicking that between the acidic
DNA and these areas of p53. Interestingly, the actual DNA contact loops in p53 are not
especially rich in lysine and arginine groups; these groups are concentrated on the periphery
of the site.>33

The chemical shift perturbation indicates that the primary binding event is an electrostatic
interaction between the C-terminal tail of p23 and the vicinity of the DNA-binding site of
p53. The intensity ratios indicate that the folded domain of p23 and the folded p53 DBD
influence each other in the complex. For a complex with Ky~ 7-21 uM, we would not
expect that the two component proteins would be so tightly coupled that their combined
molecular weight would broaden out the NMR signals, and besides, the effect is
concentration-dependent (Figure 2). The intensity ratio of the p23 C-terminus remains high.
If the intensity loss was due to resonance broadening from the formation of a high-molecular
weight complex, we would expect this region to show the most marked effect, since it
constitutes the primary binding site. These observations suggest that the interaction between
p53 and p23 is not the formation of a classical protein-protein complex.

Disordered proteins and domains are capable of forming tight and specific complexes with
partner proteins, which themselves may be disordered, ordered or partly ordered.34
Crucially, and perhaps counter-intuitively, the complexes themselves may not be fully
ordered: complexes with partially ordered or disordered elements have been termed “fuzzy
complexes”.3> Although these elements remain disordered in the complex, their presence
enhances and in some cases comprises the entirety of the affinity. The behavior of the p23-
p53 system is reminiscent of a fuzzy complex. The disordered C-terminus of p23 provides
the major affinity, but it apparently remains disordered in the complex. The behavior of the
ordered domains indicates that they too may be participating in a fuzzy interaction, possibly
through multiple non-specific contacts, although the intensity loss of resonances in the
ordered domains could also potentially be explained by differences in the relaxation
characteristics of the ordered and disordered domains. The widespread non-specific intensity
changes in the ordered domains could also possibly be a result of rapidly changing inter-
protein contacts that occur over most of the molecule, a model that has previously been
invoked to describe the observations on the p53-Hsp90 complex,! and could be applied also
to the p23-Hsp90 interaction.13 Such a non-specific but relatively high-affinity interaction
may well be typical of chaperones with their clients.

p23 interacts close to the DNA-binding surfaces of p53

Information from NMR chemical shifts and native gel electrophoresis show that the p23
interaction sites are close to the DNA-binding surfaces of p53. We further show that DNA
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competes successfully with p23 for p53 binding. Nucleic acid-binding proteins commonly
contain a preponderance of positively-charged amino acids in their DNA-binding sites. By
contrast, the DNA-binding surfaces of p53 consist mostly of small non-charged residues,
with positive charges at either end. Thus, the major groove binding site has the amino acid
sequence Arg-Val-Cys-Ala-Cys-Pro-Gly-Arg, spanning the loop between the last p-strand
and the last helix, while the minor groove binding site has the sequence Cys-Met-Gly-Gly-
Met-Asn-Arg and forms the C-terminus of a long loop.33 Areas just outside the DNA-
binding region are much more positively charged and it is these that appear to be the major
sites of p23 interaction. The C-terminal tail of p23 is predominantly acidic. The interaction
of these two oppositely-charged regions is consistent with the attenuation of the NMR CSPs
in the presence of higher salt concentrations (Figure 2D). Salt concentrations have also been
found to influence the hopping and sliding interactions of p53 with DNA, with higher-salt
conditions associated with faster diffusion (“hopping”) of the isolated DBD.36

p23 as a Chaperone for p53

Hsp90 is well-known as a chaperone for p53, with the interaction focused on the p53 DBD.
79 Other interactions of p53, particularly involving disease-related mutant forms, have also
been identified as having chaperone-like features. Binding of p53 DBD to a short peptide,
CDB3, from a p53 binding protein, was shown to stabilize the structure of unstable p53
mutants, and was termed a “chaperone strategy”37:38, The sequence of the peptide
(REDEDEIEW) is strongly reminiscent of that of the C-terminus of p23, raising the
possibility that the p23-p53 interaction may play a similar role in stabilizing the p53 DBD
before it finds and binds the appropriate DNA sequence.

Weak protein interactions play an indispensable role in cellular function.3%40 That the
binding constant between p23 and p53 DBD is weak is not inconsistent with a role for p23
in the regulation of DNA binding by p53. Other well-known p53 binding proteins, such as
BCL-xL, have comparable affinities for full length p53 (K,1 pM) and p53 DBD (K417 pM)
at a salt concentration of 40 mM.#! Like p23, the binding region of BCL-xL overlaps with
the DNA-binding site of p53, and charge interactions drive complex formation. The
interaction between BCL-xL and p53 was shown to have biological relevance.?! The close
proximity of the p23 and DNA binding sites, together with the observation that a specific
p53-binding DNA can successfully compete with p23 for p53, suggests that p23,
independent of its role as a co-chaperone for Hsp90, could act as a “holdase” for p53 DBD.
These observations illustrate the versatility of heterogeneous and relatively non-specific
protein-protein interactions, mediated in many cases by disordered regions, in the control of
cellular function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
A. Schematic diagram showing the domain structure of human p53. Residues 95-312

comprise the folded DNA-binding domain. TAD — trans-activation domain; P-rich — proline
rich domain; DBD — DNA-binding domain; NLS — nuclear localization sequence; TET —
tetramerization domain; REG — C-terminal regulatory domain. B. Cartoon representation of
the solution structure of the DBD of human p53 (2FEJ*)helices are shown in red, and the
strands of the two B-sheets are colored in blue and turquoise. C. Representation of the
structure of human p23. The folded domain (residues 1-109) is derived from the crystal
structure (1EJF®) and the disordered C-terminus (residues 110-160) is shown schematically
as a loop. The strands of the two B-sheets are colored in blue and turquoise.
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Figure 2.

A. Portion of a series of 1H-15N HSQC spectra of 15N-labeled p53(88-312) with increasing
mole ratios of p23(1-160). p53:p23 ratios: light blue — 1.0:0.0; dark blue — 1.0:0.17; light
green — 1.0:0.3; dark green — 1.0:0.5; pink — 1.0:0.7; red — 1.0:1.0; gold — 1.0:1.3; orange —
1.0:1.6; light purple — 1.0:2.0; purple — 1.0:2.5. The sample is in 25 mM Tris, pH 7.0, 50
mM NaCl, 5 mM DTT, 298K. B. Plots of p53 chemical shift perturbation (CSP) as a
function of added p23 for three shifted residues. Solid lines are calculated using the equation
shown in Materials and Methods. C. Portion of a series of 1H-15N HSQC spectra of 15N-
labeled p23(1-160) with increasing mole ratios of p53(88-312). p23:p53 ratios: red — 1.0:0.0;
purple — 1.0:0.5; orange — 1.0:1.0; green — 1.0:1.5; light blue: 1.0:2.0; dark blue: 1.0:2.5. D.
Part of the series shown in part C plotted at higher contour level (upper) in 25 mM Tris, pH
7.0, 50 mM NaCl, 5 mM DTT, 298K and (lower) in 25 mM Tris, pH 7.0, 150 mM NaCl, 5
mM DTT, 298K.
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A. Native 0.8% agarose gel run in Tris glycine buffer pH 8.3 and stained with Coomassie
blue, showing bands for p23 and p53 and for the complex formed between them. Note that
p53(88-312) has a pl of ~9.0 and therefore runs above the loading well. B. Isothermal
titration calorimetry of 100 uM p53(88-312) titrated with 2ul of a solution of 1,175 uM p23.
Both proteins were dissolved in 25 mM sodium phosphate (pH 7.0), 20 mM NaCl, 1 mM

TCEP, 100 uM PMSF, and 1 pM ZnSO,.
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Figure 4.
Effect of addition of p23(1-160) to p53 DBD. A. Ratio of the intensity of cross peaks in the

1H-15N HSQC spectrum of 1°N-labeled p53(88-312) free (light blue spectrum in Figure 2A)
and in the presence of a 1:1 molar ratio of p23(1-160) (red spectrum in Figure 2A).
Secondary structure elements are shown at the top of the figure (h indicates helix, otherwise
B-strand) and the DNA-binding sites are indicated. Vertical colored lines along the
horizontal axis indicate the presence of proline residues (magenta), residues for which cross
peaks are not seen or are overlapped in the spectrum of free p53 (blue) and residues for
which cross peaks are visible in the free spectrum but not in the 1:1 spectrum (true zero
intensity ratio) (orange). The horizontal black line indicates the mean intensity ratio
calculated including the orange points but not the blue or red points. B. Chemical shift
perturbation of cross peaks in the 1H-15N HSQC spectrum of 1°N-labeled p53(88-312)
between the free protein (light blue spectrum in Figure 2A) and in the presence of a 1:1
molar ratio of p23(1-160) (red spectrum in Figure 2A) calculated using the formula

CSp= \/(AHN)2+()~2<AN)2. Vertical colored lines along the horizontal axis are the same
as for Figure 4A. The horizontal black and red lines indicate the mean CSP and the standard
deviation above the mean, respectively, calculated including the orange points but not the
blue or red points. C. Backbone representation of the structure of p53 DBD (2FEJ#), colored
yellow where the intensity ratio shown in Figure 4A lies below the mean value. D. Backbone
representation of the structure of p53 DBD (2FEJ*), colored red where the CSP is greater
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than the mean + standard deviation (above the red line in Figure 4B) and green where mean
< value < mean + standard deviation.
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Effect of addition of p53 DBD to p23(1-160). A. Ratio of the intensity of cross peaks in the
1H-15N HSQC spectrum of 1°N-labeled p23(1-160) free (red spectrum in Figure 2C) and in
the presence of a 1:1 molar ratio of p53(88-312) (dark blue spectrum in Figure 2C).
Secondary structure elements are shown at the top of the figure. Vertical colored lines along
the horizontal axis are the same as in Figure 4A. The horizontal black line indicates the
mean intensity ratio calculated including the orange points but not the blue or red points. B.
Chemical shift perturbation of cross peaks in the 1H-15N HSQC spectrum of 1°N-labeled
p23(1-160) between the free protein (red spectrum in Figure 2C) and in the presence of a 1:1
molar ratio of p53(88-312) (dark blue spectrum in Figure 2C) calculated using the formula
used in Figure 4. Red data points indicate acidic residues (Asp or Glu). Vertical colored lines
along the horizontal axis are the same as for Figure 4A. The horizontal black and red lines
indicate the mean CSP and the standard deviation above the mean, respectively, calculated
including the orange points but not the blue or red points. C. Representation of the backbone
of p23, where the folded domain (residues 1-109) is derived from the crystal structure
(1EJF®) and the disordered C-terminus (residues 110-160) is shown schematically as a loop,
colored red where the CSP is greater than the mean + standard deviation (above the red line
in Figure 4B) and green where mean < value < mean + standard deviation.
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Figure 6.
A. Agarose native gel electrophoresis of the interaction of p53 DBD with fragments of p23,

residues 1-110 (left lanes) and 110-160 (right lanes). Note that the p23(110-160) construct
does not appear on the gel, likely because it is highly negatively charged and does not stain
well with Coomassie blue. B. Agarose native gel electrophoresis of the interaction of p53
DBD with a fusion of the B1 domain of protein G (GB1) with residues 110-160 of p23.
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Figure 7.
A. The ratio of the intensity of p23 cross peaks in the presence of p53 (concentration ratio

1:1) compared to those of the free protein (blue squares) (same data as Figure 5A). Intensity

ratio of p23 cross peaks in the presence of p53 and DNA (concentration ratio p23:p53:DNA

of 1:1:0.2) compared to those of the free protein (red circles). A schematic representation of

the two domains of p23 is shown at the top. B. CSP of p23 cross peaks from those of the free
protein, caused by the presence of p53 (concentration ratio 1:1) (blue squares) (same data as

Figure 5B)-r in the presence of p53 and DNA (concentration ratio p23:p53:DNA of 1:1:0.2)

(red circles).
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A. Agarose native gel electrophoresis of the interaction of p23(1-160), p53(88-312) and the

p21 DNA fragment. B. Fluorescence anisotropy competition of p23(1-160) added to a

complex of fluorescently-labeled p21 DNA and p53(88-312).
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Diffusion Constants of p23 with p53 DBD and p53 DBD + DNA

Sample ratio Diffusion Constant
(107 cm?s71)
15N p23 54+0.2
15N p23 + p53 DBD 1:0.5 51+0.1
11 42+01
15N p23 + p53 DBD + DNA | 1:1:0.08 47+0.1
1:1:0.2 50+01
15N p23 + DNA 1:0.2 53+0.2
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