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Abstract: An intramolecular interaction between the p53 transactivation and DNA binding domains
inhibits DNA binding. To study this autoinhibition, we used a fragment of p53, referred to as ND
WT, containing the N-terminal transactivation domains (TAD1 and TAD2), a proline rich region
(PRR), and the DNA binding domain (DBD). We mutated acidic, nonpolar, and aromatic amino acids
in TAD2 to disrupt the interaction with DBD and measured the effects on DNA binding affinity at
different ionic strengths using fluorescence anisotropy. We observed a large increase in DNA binding
affinity for the mutants consistent with reduced autoinhibition. The ∆∆G between DBD and ND
WT for binding a consensus DNA sequence is −3.0 kcal/mol at physiological ionic strength. ∆∆G
increased to −1.03 kcal/mol when acidic residues in TAD2 were changed to alanine (ND DE) and to
−1.13 kcal/mol when all the nonpolar residues, including W53/F54, were changed to alanine (ND
NP). These results indicate there is some cooperation between acidic, nonpolar, and aromatic residues
from TAD2 to inhibit DNA binding. The dependence of DNA binding affinity on ionic strength was
used to predict excess counterion release for binding both consensus and scrambled DNA sequences,
which was smaller for ND WT and ND NP with consensus DNA and smaller for scrambled DNA
overall. Using size exclusion chromatography, we show that the ND mutants have similar Stokes
radii to ND WT suggesting the mutants disrupt autoinhibition without changing the global structure.

Keywords: tumor suppressor p53; intrinsically disordered proteins; intramolecular interaction;
salt-dependent binding affinity; counterion condensation theory; DNA binding; fluorescence anisotropy;
van’t Hoff; hydrodynamic radius

1. Introduction

In response to cellular stress, the p53 tumor suppressor binds promoter response ele-
ment DNA, activating transcription by recruiting the general transcription machinery [1–3].
Transcribed genes control cell fate decisions including cell cycle arrest, senescence, and
apoptosis [4]. It is the most frequently mutated gene found in cancer, and mutations that
interfere with DNA binding are found in a large subset of solid tumors [5–7]. p53 DNA
binding and transcriptional activation is regulated by posttranslational modification, ac-
cumulation level, and association with other cellular factors [3,6–10]. p53 binds a 20 base
pair DNA sequence consisting of two inverted repeats with the degenerate consensus
sequence RRRCWWGYYY, where R is A/G, W is A/T, and Y is C/T [11,12]. p53 binds
DNA as a homodimer to one 10 base pair repeat. The binding of a dimer to one repeat
recruits a second dimer to the second repeat in a highly cooperative manner [13–15] and
this homotetramer is the functional form of p53 [16,17]. Binding affinity of p53 to promoter
DNA correlates with transactivation of genes, with dissociation constants (KD) ranging
over three orders of magnitude, from low nanomolar to low micromolar, and binding
affinity is higher for promoters that control cell cycle arrest and lower for promoters that
control apoptosis [12,17–21]. Like most DNA-binding proteins, p53 binds both specific and
nonspecific DNA [8,13].
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p53’s DNA binding affinity is regulated by an autoinhibitory intramolecular interac-
tion between the disordered N-terminal transactivation domain (TAD) and the ordered
DNA binding domain (DBD), resulting in a lowered DNA binding affinity and an increase
in specificity for target DNA [22,23]. As shown in Figure 1a,b, the domain structure of p53
is defined as a TAD that is further divided into TAD1 (1–39) and TAD2 (40–60), followed
by a proline rich region (PRR, residues 61–93), a DNA-binding or Core domain (94–292), a
linker (293–322), a tetramerization domain (TET, residues 323–355), and regulatory domain
(REG, residues 356–393).

Figure 1. p53’s disordered TAD2 interacts with DBD. (a) A domain map shows p53’s domains.
(b) IUPRED plot of full length p53 WT predicts regions of disorder based on sequence. The red
box defines the region containing TAD2. (c) Inset from red box in (b) of IUPRED plot of a region
containing TAD2 compares the disorder prediction of the wild type TAD2 and three mutants, where
residues above the 0.5 line are predicted to be disordered. (d) Agadir prediction of helical propensity
of the TAD2 region using wild type TAD2 and three mutants. (e) TAD2 sequences of the WT and
mutants used in this study; red boxes indicate negatively charged residues, green boxes indicate
polar residues, and gold boxes indicate nonpolar residues. (f) TAD2 interacts with DBD, inhibiting
DNA binding by a combination a charge-based and specific interactions.

The p53 intramolecular interaction primarily involves TAD2 and PRR [22] with a small
contribution from TAD1 [24]. TAD2 is acidic and phosphorylation of TAD2 modulates
DNA binding affinity [24]; additionally, the intramolecular interaction is neutralized at
high salt concentrations [23] which suggests a strong electrostatic component. However,
NMR data implicate several of TAD2’s noncharged residues in the interaction, pointing to
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a more complicated mechanism than merely the attraction of a negatively charged TAD
with a positively charged DBD [22]. It is notable that the TAD2-DBD interaction does not
confer a stable secondary structure to TAD2; it remains disordered even when bound to
DBD [22]. The persistent disorder of the bound state is common in intrinsically disordered
regions (IDRs) and is thought to decrease the entropic penalty of association [25,26]. A
dynamic bound state is also observed in other IDRs that autoinhibit DNA binding like
Ets-1 and HMGB1 [27,28]. The interaction between TAD2 and DBD is too weak in trans
to measure by ITC. NMR data suggests a KD in the micromolar to millimolar range [22].
Despite this weak interaction, when TAD2 is tethered to DBD by PRR, the free energy of
binding to a consensus DNA sequence is decreased by 3 kcal/mol. The tethering of TAD to
the DBD increases the effective concentration as is seen in other examples of disordered
regulatory regions, where in trans binding affinities range from the low micromolar to the
low millimolar and yet have large effects on DNA binding affinity [29,30]. There is some
evidence from our group and others that TAD2 from one subunit of the dimer contacts the
DBD from the other subunit [22,24] and the intramolecular interaction we observed for a
p53 monomer may become intermolecular in the dimer.

IDRs are enriched in transcription factors [31–33], and their contribution to promoter
selection is increasingly recognized [33–36]. The mechanism IDRs use to inhibit DNA
often appears to rely on negatively charged residues in the IDR screening the DNA bind-
ing pocket. This can result from a disordered acidic domain interacting with a posi-
tively charged DNA-binding domain, as observed for the FOXO transcription factors [36],
RFX1 [37], the HMG box family member UBF [38], HMGB1 [27], RBBP1 [30], the Sox
transcription factors [39], and p53 [22,23]. IDRs can also inhibit DNA binding when phos-
phorylated, as seen for B-Myb [40] while Ets-1 uses a combination of phosphorylated
serines and aromatic residues to tune inhibition [28,41].

Because the intramolecular interaction between TAD2 and DBD is weak in trans,
we assess the interaction in cis using DNA binding. We introduce mutations to TAD2
that are predicted to weaken the intramolecular interaction and lead to increased DNA
binding affinity. Because TAD2 lacks secondary structure in its apo and DBD-bound
states, we used predictive tools to assess our designed mutants. An IUPRED plot predicts
changes to disorder of TAD2 (Figure 1c) [42] and the Agadir plot of helical propensity
(Figure 1d) [43] shows predicted changes for the mutants. This study uses DBD (94–312), a
fragment containing the N-terminus and DBD (ND; 1–312), and mutants of ND (shown in
Figure 1e) with substitutions where 7 acidic residues were changed to alanine (ND DE),
where 7 nonpolar residues were changed to alanine (ND NP), and where W53/F54 were
changed to QS (ND QS). Figure 1f shows a model of the TAD2-DBD interaction with an
emphasis on charged and nonpolar interactions. Because the interaction is dynamic, there
not a single structure that corresponds to the autoinhibited state. However, we assume
charge-charge and nonpolar-nonpolar interactions occur even if there is multivalency [44].
Using high and low affinity DNA sequences, we compare the ability of the TAD2 mutants
to inhibit DNA binding across a range of ionic strength (IS) with the expectation that
electrostatic features of the TAD2-DBD interaction will be more sensitive to changes in salt
concentration than nonelectrostatic features.

2. Materials and Methods
2.1. Protein Expression

Synthetic cDNA fragments of p53 (Genscript, Piscataway, NY, USA) were ligated into
the pGEX-6P-1 plasmid (Sigma-Aldrich, Burlington, MA, USA) using BamHI and EcoRI
restriction sites. cDNA for the ND DE and ND NP mutants were synthesized and the
ND QS mutant was generated by site-directed mutagenesis starting with ND WT using
Agilent’s Quikchange II protocol and kit (Santa Clara, CA, USA). All p53 fragments contain
four stabilizing mutations in DBD: M133A, V203A, N239Y, and N268D [45]. Plasmids were
transformed and expressed in BL21 (DE3) E. coli using minimal media at 37 ◦C to an O.D.
of 0.5 at which point the media was supplemented with 20 µM ZnCl2, allowed to cool to
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15 ◦C, and induced with 1 mM IPTG for 20 h. Cells were centrifuged at 7168 rcf for 5 min
and frozen at−80 ◦C. To purify protein, one liter of pelleted cells was resuspended in 25 mL
lysis buffer containing 50 mM Tris (pH 7.4), 500 mM NaCl, 2 mM DTT, 0.02% NaN3 and a
fresh tablet of Pierce EDTA-free protease inhibitor (Thermo Fisher, Waltham, MA, USA).
Cells were lysed via French press at approximately 1000 psi and centrifuged at 38,000 rcf
for one hour. The supernatant was passed through a GST Fast-Flow Sepharose column
(Cytiva, Marlboro, MA, USA) and eluted with 10 mM reduced glutathione. The eluted
fractions containing the GST-tagged ND fragments were pooled and incubated with a
1:100 ratio of the HRV3C protease overnight at 4 ◦C to cleave the GST tag. The cleaved GST
tag was removed by passing the mixture over another GST column. Following separation
of p53 and the GST tag, fragments containing the TAD were dialyzed into a low-salt buffer
and passed through a Q Sepharose High Performance anion exchange column (Cytiva),
eluted in buffer containing 20 mM Tris at a pH of 7–8 depending on isoelectric point of
the protein, 0–1 M NaCl, 2 mM DTT, and 0.02% NaN3. All fragments were analyzed using
polyacrylamide gel electrophoresis and protein samples were pooled and concentrated
25–50 µM and loaded on a 16/600 mm Superdex 75 column (Cytiva) in a buffer composed
of 50 mM NaH2PO4 (pH 7), 300 mM NaCl, 1 mM DTT, and 0.02% NaN3. Protein purity was
evaluated via SDS-PAGE and concentration assessed using a Nanodrop 1000 Spectrometer
(Thermo Fisher).

2.2. Preparation of DNA

HPLC-purified, 6-Carboxyfluorescein (6-FAM) tagged DNA was obtained from IDTDNA
(Coralville, IA, USA) as single strands. Double-stranded DNA was annealed by boiling at
95 ◦C for 10 minutes and allowing to cool to room temperature. The sequences used are as
follows: consensus 5′ AGACATGCCTAGACATGCCT and scrambled 5′ TGCCGATCAAAAC-
CGATTCG. Annealing was confirmed using nondenaturing gel electrophoresis.

2.3. Fluorescence Anisotropy

Purified samples of DBD, ND WT, ND DE, ND NP, and ND QS were concentrated to
20–200 µM depending on the IS of the buffer and co-dialyzed with DNA twice against a
buffer containing 10 mM NaH2PO4 (pH 7.4), 30–200 mM NaCl, 5 mM DTT, 0.02% NaN3, and
0.01% Triton-X 100 for a total dilution factor of 1 × 106. 10 nM labeled DNA was aliquoted
into Corning™ COSTAR 96-Well Solid Black Polystyrene Microplates (Thermo Fisher)
and protein samples were added at increasing concentrations from 1 nM to saturation at
20–100 µM for a total volume of 100 µL. Fluorescence was measured using a Synergy H1
microplate reader from Biotek (Winooski, VT, USA) at 25 ◦C, and at 1.5◦ increments from
21–37 ◦C for van’t Hoff analysis. Excitation and emission wavelengths were 485 nm and
528 nm, respectively, with a sample height of 7 cm, gain of 50, and shake and delay steps of
30 s and 20 s, respectively.

Binding affinities were estimated using a cooperative binding model for p53’s interaction
with consensus DNA as described previously [13] where p53 is evaluated as a dimer:

∆A =
[p]2

KD + [p]2
(1)

Where ∆A is the normalized anisotropy change, [p] is p53 dimer concentration. Bind-
ing affinity to scrambled DNA was calculated using a one-to-one binding model [46]:

∆A =
[p] + [DNA] + KD −

√
([p] + [DNA] + KD)

2 − 4[p][DNA]

2[DNA]
(2)
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The Hill coefficient was evaluated using the following equation [46]:

∆A =
[p]h/KD

h

1 + [p]h/KD
h

(3)

where h is the Hill coefficient, indicating the cooperativity of the binding event where 1 is a
noncooperative event and greater than 1 is a cooperative event.

Enthalpy and entropy estimates were calculated from van’t Hoff plots. These were
generated by measuring anisotropy at physiological IS across a range of temperatures as
previously described [47].

2.4. Estimating Counterion Release

The counterion condensation theory developed by Record and colleagues expands
on the polyelectrolyte theory [48] to estimate ionic contacts and excess ion release for
protein-nucleic acid binding [49] using the following relationship:

log(KA) = log(K
′
A) − N*log[Salt] (4)

Where KA is the association constant, K
′
A is the nonelectrostatic component of bind-

ing, and N*log[Salt] is the electrostatic component of binding. N is the slope of a double
log plot of KA versus [Salt]. In this theory the electrostatic component of binding refers
to the positive entropy associated with ion release [49,50]. It is unclear if this approach
can quantitatively discriminate the salt-dependent entropic component of binding from
other components, but we think it provides a useful qualitative segregation of components
of binding affinity [51,52]. Because of this we refer to it these as the salt-dependent and
salt-independent components of binding rather than as the electrostatic and nonelectro-
static components. The salt-independent component is inferred from the y-intercept of a
log(KA) vs. log[Salt]. The slope of this plot, N, is further defined as:

N = ZΨ + β (5)

where Z is the number of protein-DNA backbone contacts made, Ψ is the fractional number
of ions bound by phosphate, 0.7 for short oligonucleotides [53], and β is the number of
excess ions released from protein. Our study utilizes only NaCl as the salt. Studies have
found that variation of the monovalent cation, which is condensed around and ultimately
released from DNA, is unimportant in evaluating ion release [50,54] although introduction
of a divalent cation can have complicated effects on apparent ion release [55]. Variation
of the anion may affect apparent ion release; however, the change in apparent ion release
based on anion identity may reflect on the size of the anion or its relative attraction to
water versus the protein side chains and thus varying the anion is not predicted to reveal
additional information about the protein’s DNA binding interface [50,56,57].

A reevaluation of the theory by Manning and colleagues resulted in the following
relationship [58]:

log(KA) = log(K0) + log V + 0.513Z − 0.434 − Z*log[Salt] (6)

where KA is the association constant, K0 is the salt-independent component of binding, V is
the reaction volume, and Z represents the number of charged molecules associated with
the binding event, which is interchangeable with N from Equation (2).

Both these approaches use the section of a double log plot where log(KA) versus
log[Salt] becomes linear, a range that is uniquely determined for a given protein. In this
case, while fluorescence anisotropy was conducted on DBD and ND WT over an IS range of
15–225 mM, Supplementary Table S1 , the double log plot is linear in the 125–225 mM range.
Thus, fluorescence anisotropy was only conducted on ND mutants in the 85–225 mM range
and these were evaluated using the counterion condensation theory from 125–225 mM IS.
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2.5. Size Exclusion Chromatography

Stokes radii (RH) of the p53 fragments were determined using size exclusion chro-
matography (SEC). The Cytiva Gel Filtration Calibration Kit LMW was used to generate
a calibration curve in a buffer of 50 mM NaH2PO4, pH 7.4, 300 mM NaCl, 0.02% NaN3
using a HiLoad 16/600 mm Superdex 75 column (Cytiva, Marlboro, MA, USA) at 4 ◦C. A
high ionic strength buffer was used to reduce binding to the sephadex beads and decrease
line broadening. The elution volume of each protein was taken as the average of three
injections, each of which contained 0.6–0.8 mg/mL of protein. The peak elution volume is
used to find the partition coefficient, Kav:

Kav = (Vt − Vo)/(Vc − Vo) (7)

Where Vc is the total column volume, Vo is the void volume, and Vt is the elution
volume. A plot of log(Kav) versus the known RH of calibration kit standards generates
a trendline from which RH of an unknown protein can be estimated [59,60]. Error of RH
values is determined by the average of three runs where the resolution of the elution
volume is 0.02 mL. We acknowledge previous work by Langridge and Whitten showing
that the hydrodynamic radius of TAD increases with decreasing temperature [61].

3. Results
3.1. Salt Dependence of p53 DBD Binding DNA

We conducted binding experiments using fluorescence anisotropy in buffers with IS
ranging from 15–225 mM. We used two DNA sequences. One is a high affinity sequence
taken from a consensus promoter sequence [62], which we refer to as consensus DNA. The
other is a scrambled version of this sequence that maintains the same GC content and is used
as a representative of nontarget DNA. Figure 2 shows the normalized anisotropy values of
fluorescently labeledDNA plotted as a function of DBD concentration. Dashed lines show
the fit to a cooperative binding model in the case of consensus DNA (Figure 2a), and a
single-site binding model was used to fit the data for scrambled DNA (Figure 2b). Both
models assume p53 binds DNA as a dimer of dimers [13]. As salt concentration increases,
binding affinity of DBD to DNA decreases. This is in accordance with observations of
p53 specifically [13] and of DNA-binding proteins in general [63,64]. Hill coefficients are
approximately 1.8 for DBD binding to consensus DNA and 1 for binding to scrambled DNA.
This supports previous studies showing that p53 binds its target DNA in a cooperative
manner and nontarget DNA in a noncooperative manner [13]. We observed the same trend
in cooperativity when ND WT and the mutants bind to DNA, but KD values are 5–200 times
larger (Table S1 and Figure S1). At 125 mM IS the KD for DBD binding consensus DNA
was 0.9 ± 0.07 nM and at 225 mM IS KD was 104.5 ± 5 nM. For binding to scrambled DNA,
KD ranges from 89.1 ± 5 nM to 1388 ± 44 nM over the same range of IS. These results are
in the same range as previously observed binding affinities of DBD to DNA [22,65]. Similar
trends are observed for ND WT, for which fluorescence anisotropy curves across a range
of IS are shown in Figure S2. The KD for ND WT binding to consensus DNA ranges from
43 ± 3.4 nM to 3861 ± 40 nM and binding to scrambled DNA ranges from 193 ± 8.2 nM to
3705 ± 230 nM. See Table S1 for full range of values. Error bars in Figure 2a,b represent
the standard deviation of three measurements at each IS and the fitting errors presented in
Table S2 are the standard error of estimate.
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Figure 2. DBD binds DNA across IS. Fluorescence anisotropy plots show the change in signal from
a fluorescently tagged DNA fragment as protein is added: an increase in the concentration of p53
needed to achieve saturation when DNA concentration is kept stable as buffer salt concentration
increases. (a) fluorescence anisotropy plots of DBD bound to consensus DNA at 125–225 mM IS;
(b) fluorescence anisotropy plots of DBD bound to scrambled DNA at 125–225 mM IS.

3.2. DBD, ND, and ND Mutants Binding to Consensus and Scrambled DNA at Physiological IS

To determine the contributions of charged and nonpolar interactions between TAD2
and DBD in the autoinhibition of DNA binding we designed three mutants where all
aspartic and glutamic acid residues in TAD2 were changed to alanine (ND DE), where all
the nonpolar residues from TAD2, including W53 and F54, were changed to alanine (ND
NP), and where W53 and F54, were changed to glutamine and serine (ND QS) (See Figure 1e
for sequences). The ND QS mutant is based on an early study of p53 in which this mutation
inhibited transactivation and apoptosis by inhibiting interactions with multiple domains of
CBP/p300 [66–68]. A decrease in the intramolecular interaction should lead to increased
DNA binding affinity. Figure 3a shows the binding curves of fluorescence anisotropy
experiments for DBD, ND WT, and the ND mutants at physiological IS (145 mM). The
ND mutants have a binding affinity for consensus DNA that is closer to DBD than ND
WT, indicating all the mutants disrupt the intramolecular interaction between TAD2 and
DBD. ND DE and ND NP have similar binding affinities to one another for consensus and
scrambled DNA, increasing the free energy of binding for consensus DNA relative to ND
WT by −1.99 and −1.89 kcal/mol, respectively (Table 1). The ND QS mutant has DNA
binding affinity between ND NP and ND WT and increases the free energy of consensus
DNA binding by −1.49 kcal/mol relative to ND WT.
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Figure 3. Binding of DBD and ND fragments to consensus and scrambled DNA at physiological
IS (145 mM). (a) Fluorescence anisotropy plots of p53 constructs binding consensus DNA, where

is DBD, is ND WT, is ND DE, is ND NP, is ND QS, (b) p53 constructs binding
scrambled DNA, where is DBD, is ND WT, is ND DE, DNA, is ND NP, is ND QS,
(c) ∆G of all fragments with consensus and scrambled DNA. Each data set represents three titrations.



Biomolecules 2022, 12, 1558 9 of 20

Table 1. ∆∆G (column-row) in kcal/mol at physiological IS.

Consensus DNA

DBD ND DE ND NP ND QS ND WT

DBD 0.00 1.03 1.13 1.49 3.02
ND DE −1.03 0.00 0.10 0.46 1.99
ND NP −1.13 −0.10 0.00 0.36 1.89
ND QS −1.49. −0.46 −0.36 0.00 1.53
ND WT −3.02 −1.99 −1.89 −1.53 0.00

Scrambled DNA

DBD ND DE ND NP ND QS ND WT

DBD 0.00 0.46 0.64 0.63 0.97
ND DE −0.46 0.00 0.18 0.17 0.51
ND NP −0.64 −0.18 0.00 −0.01 0.32
ND QS −0.63 −0.17 0.01 0.00 0.33
ND WT −0.97 −0.51 −0.32 −0.33 0.00

Figure 3b shows that binding affinities for the ND mutants with scrambled DNA are
in a similar order as we observe for consensus DNA. ND DE increases the free energy of
binding by−0.51 kcal/mol relative to ND WT; ND NP and ND QS both increase free energy
of binding by −0.32 and −0.33 kcal/mol, respectively (Table 1 and Figure 3c). The ND
fragments binding consensus DNA have a ∆∆G with DBD ranging from −1.03 kcal/mol
to −3.02 kcal/mol. ND fragments binding scrambled DNA have a ∆∆G with DBD ranging
from −0.46 kcal/mol to −1.04 kcal/mol. Similar to DBD, the ND fragments show coopera-
tive binding to consensus DNA and noncooperative binding to scrambled DNA, as seen in
Figure S1 where consensus DNA binding data points match a fit line with a Hill coefficient
of 2 and scrambled DNA binding data points match a fit line with a Hill coefficient of 1.
Thus, the intramolecular interaction does not affect cooperativity of DBD on target DNA.
In summary, we find that introduction of mutations to TAD2 decreases the intramolecular
interaction and increases DNA binding affinity. We find the ND DE mutant has the largest
change in autoinhibition, followed by ND NP, and then ND QS.

3.3. Effects of IS on Binding Specificity of DBD, ND WT, and the ND Mutants

Binding specificity is commonly estimated as ∆Gspecific − ∆Gnonspecific [69,70]. Figure 4
shows the ∆∆G values for DBD and ND WT at 55–225 mM IS, and the ND mutants at
85–225 mM IS. Below physiological ionic strength, ND WT has greater specificity than
DBD for consensus DNA than scrambled DNA as evidenced by the larger negative ∆∆G;
however, this trend reverses between 85–125 mM IS. Figure 4 also shows that at higher IS,
ND NP has a similar binding specificity to DBD and the binding specificity for ND DE
closer to ND WT. This is interesting because we expect the nonpolar interactions between
TAD2 and DBD to be more specific than the charged interactions and our data shows that
removing them increases DNA binding specificity while removing the charged interactions
between TAD2 and DBD reduces specificity. We think ND DE has lower binding specificity
because the strength of the hydrophobic effect between nonpolar residues in TAD2 and
DBD becomes stronger at higher IS [71,72]. In contrast, ∆∆G for ND NP tracks with DBD
at higher salt concentrations, indicating that the acidic residues in TAD2 are responsible
for inhibiting binding to nonspecific DNA. We expect residues W53 and F54 in TAD2
to play a role in forming specific interactions with DBD but introduction of Q53/S54
reduces DNA binding specificity, suggesting the introduction of these amino acids, and
not removal of W53/F54, is driving this effect. The ND WT fragment used in this study
lacks the tetramerization domain and only enhances DNA binding specificity at low ionic
strength even though it shows strong inhibition of DNA binding and maintains binding
cooperativity for specific DNA up to 225 mM IS. As shown in Figure 4, the DBD can bind
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DNA specifically in the absence of TAD2 and the TET, and Figure 3c shows that ND WT
inhibits binding to either consensus or scrambled DNA by a similar amount.

Figure 4. Binding specificity of DBD, ND WT, and ND mutants. For each p53 fragment,
∆∆G = ∆Gconsensus − ∆Gscrambled at a given IS indicates binding specificity.

In our previous work we showed the intramolecular interaction between TAD2 and
DBD in monomeric p53 became intermolecular when the tetramerization domain (TET)
was present [22]. In a related study, Wright and colleagues showed that adding TAD2 to a
p53 fragment containing the DBD and TET enhances DNA binding specificity by inhibit-
ing binding to nonspecific DNA but has no effect on binding to specific DNA [23]. The
binding studies by Wright and colleagues were conducted at an IS close to 165 mM using
similar specific and nonspecific sequences to ours. Using full length p53 with and without
TAD2, their KD ratio for binding was 1 for specific DNA and 5.7 for nonspecific DNA.
By comparison our KD ratios for ND WT and DBD binding to specific and nonspecific
DNA are 70 and 5.3, respectively. Taken together these data suggest that inhibition of DNA
binding to both specific and nonspecific sequences is driven by the intramolecular inter-
action between TAD2 and DBD and specificity enhancement depends on this interaction
becoming intermolecular when p53 is tetrameric. As mentioned, we think addition of
the tetramerization domain reduces the hydrophobic effect between TAD2 and DBD and
this could be happening due differences in the way TAD2 interacts with DBD when the
intramolecular interaction becomes intermolecular.

3.4. Estimating Ion Release Using Counterion Condensation Theory

To assess the sensitivity of the TAD2-DBD interaction to IS, we conducted fluorescence
anisotropy binding experiments on ND WT and the ND mutants from 125–225 mM IS.
Figures 5 and 6 show the linear region of log(KA) versus log[Salt] plots. Figure 5a shows
that the binding of consensus DNA to DBD is tighter than to ND WT at every IS and
that the presence of TAD2 in ND WT inhibits DNA binding at a level that corresponds
to increasing IS by 70–80 mM for DBD. Binding of DBD and ND WT to scrambled DNA
(Figure 5b) shows a similar trend in affinity where the inhibition of DNA binding by TAD2
corresponds to an increased IS of 40–60 mM for DBD.

Counterion condensation theory proposes that ions are uniformly condensed on
DNA at a concentration that is relatively independent of buffer conditions or the type of
protein binding. When a positively charged protein binds DNA, a number of counterions
equivalent (or fractionally equivalent) to the number of nonspecific ionic contacts made
between the protein and DNA backbone are released into solution [48]. The oligolysine
model developed by Record and colleagues as an extension of the counterion condensation
theory predicts that the observed decrease in DNA binding affinity as salt concentration
increases can be used to estimate the number of these nonspecific ionic contacts [49,73].
In Equation (5), the slope (N) of the double log plots in Figures 5 and 6 is proportional to
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the fractional number of counterions released from the DNA backbone (Ψ), approximately
0.7 per phosphate contact for short oligonucleotides [53], and any excess ions released from
the protein (β). According to this theory, a smaller slope corresponds to release of fewer
ions, whether they originate from backbone phosphates or from protein. As shown in
Table 2, DBD has a larger slope than ND WT when binding consensus DNA, corresponding
to greater predicted ion release.

Figure 5. Salt-dependent binding affinity of DBD and ND WT. Plot of log (KA) vs. log [Salt] from
125–225 mM IS of (a) DBD and ND WT binding to consensus DNA where is DBD, is ND WT,
(b) DBD and ND WT binding to scrambled DNA where is DBD, is ND WT. R2 values for all
fit lines are between 0.96 and 0.99.

Crystallographic studies show five DNA backbone contacts made by DBD when bound
to the p21 promoter [74,75]. We assume the same number of DNA backbone contacts are
made by DBD to consensus DNA because our consensus sequence is similar to the p21
sequence. We also assume ND WT and ND mutants make the same number of contacts
as DBD because TAD2 does not interact with DNA [22] or affect binding cooperativity
according to the Hill plots in Figure S1. The difference in the slopes between DBD and
ND WT when binding consensus DNA corresponds to a difference in the predicted release
of excess ions when binding DNA (Table 2) where DBD is predicted to release 3.9 excess
ions and ND WT is predicted to release 2.5 excess ions. This small difference in ion
release corresponds to a difference in salt sensitivity where DBD experiences a 117-fold
increase in KD versus ND WT’s 86-fold increase in KD over this range of IS. We also
observe that inhibition of DNA binding is greater for ND WT as IS decreases, indicating a
stronger intramolecular interaction at lower salt concentrations. A similar divergence of
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salt-dependent binding affinity was seen in a previous study of an autoinhibitory IDR-DBD
interaction [27], in which the addition of an acidic domain lowered both DNA binding
affinity and changed the slope of its double log plot. By contrast, ND WT binding to
scrambled DNA has a slope similar to that of DBD (Table 2). We assume the same number
of backbone contacts are made when p53 binds a nontarget sequence as is suggested by
structures of low affinity p53-DNA complexes [75]. Assuming five backbone contacts, the
slopes of ND WT and DBD when binding scrambled DNA correspond to predicted excess
ion release of 0.7 and 0.6, respectively.

Figure 6. Salt-dependent binding affinity of ND mutants. Plot of log (KA) vs. log[Salt] from
125–225 mM IS of (a) ND mutants binding consensus DNA, where is ND DE, is ND NP,
is ND QS (b) ND mutants binding scrambled DNA, where is ND DE, is ND QS. Inset shows
ND NP binding scrambled DNA, . R2 values for all fit lines are between 0.96 and 0.99.

Table 2. Slope of log (KA) versus log [Salt] predicts ion release.

Slope, N,
with Consensus DNA

Predicted Excess
Ions released

Slope, N,
with Scrambled DNA

Predicted Excess
Ions released

DBD −7.39 3.9 −4.09 0.6
ND DE −7.08 3.6 −3.89 0.5
ND NP −5.94 2.4 −6.91, −2.35 3.4, 0.0
ND QS −7.16 3.6 −3.90 0.4
ND WT −5.99 2.5 −4.15 0.7

Figure 6a shows ND DE, ND NP, and ND QS bind consensus DNA more tightly than
ND WT (also see Table S1). Slope values for ND DE and ND QS are close to DBD, while ND
NP has a slope close to ND WT (Table 2). From these results we can make three conclusions:
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(1) ion release after removal of acidic residues (ND DE) is similar to ion release of DBD,
(2) removal of several nonpolar residues in TAD2, including W53 and F54, (ND NP) has no
effect on ion release relative to ND WT, and (3) introduction of Q53 and S54, not removal of
W53 and F54, is responsible for changes in ion release of ND QS. The first two conclusions
were expected and the third suggests the Q53/S54 mutant may do more than interfere with
binding to CBP.

When binding scrambled DNA, the slopes are similar for DBD, ND WT, and the ND
DE and ND QS mutants (Figure 6b). We predict that ND DE and ND QS release 0.5 and
0.4 excess ions, respectively, when binding scrambled DNA, similar to DBD and ND WT.
ND NP does not have a single linear slope over the 125–225 mM range when binding
scrambled DNA. Instead, it appears to have a linear portion at 125–165 mM IS with a slope
of −6.91 and another linear portion at 185–225 mM IS with a slope of −2.35 as shown in the
inset in Figure 6b. Slopes and estimated excess ion release from these two states are shown
in Table 2 to be different from each other and from other p53 fragments. This suggests to us
that ND NP binds scrambled DNA in multiple states.

According to the oligolysine model, ∆G of binding can be separated into electrostatic
and nonelectrostatic components, where the slopes of the plots in Figures 5 and 6 multiplied
by log[Salt] is the salt-dependent entropy due to ions being released into solution from
the phosphate backbone [49,58]. As shown in Figure 7 and Table S3, the salt-dependent
entropy is predicted to be the energetic driver of the p53 fragments binding to consensus
DNA, ranging from 68–85% of the total energy. However, in an earlier binding study from
our group at an IS of 85 mM using isothermal titration calorimetry we observed a large
entropic penalty for DBD binding consensus DNA and a smaller penalty for ND WT and
both had a large enthalpy change upon binding [22]. Van’t Hoff plots using temperature-
dependent fluorescence anisotropy data also predict a large enthalpic component of binding
(Figure S4 and Table S5) [76]. This suggests to us that for p53 the salt-dependent component
of binding is not just made up of an entropic contribution from ion release. According to the
Record model, the salt-dependent and independent contributions to binding free energy for
DBD are predicted to be −9.30 kcal/mol and −2.77 kcal/mol, respectively, and for ND WT
they are −7.55 kcal/mol and −1.50 kcal/mol, respectively. For all the fragments except ND
NP, a smaller contribution for binding to scrambled DNA comes from the salt-dependent
component. For DBD, the salt-dependent and independent components of binding to
scrambled DNA are −5.14 kcal/mol and −4.32 kcal/mol, respectively, and for ND WT
are −5.22 kcal/mol and −3.28 kcal/mol, respectively. An analysis of these components
using Manning’s model, Equation (6), also predicts that salt-dependent entropy is a larger
component of binding to consensus DNA than to scrambled DNA (Table S4 and Figure S3).

Salt-dependent ion release is one of several mechanisms that proteins use to achieve
specificity in DNA binding. Studies have characterized systems in which the salt-dependent
component of binding is higher for specific than nonspecific DNA binding [77], in which
the salt-dependent component is similar for specific and nonspecific DNA binding [50,78],
in which the salt-dependent component is lower for specific than for nonspecific DNA
binding [57,79,80], in which the salt-dependent component is relatively low for both specific
and nonspecific binding [47,81,82], and in which the salt-dependent component follows no
clear trend between specific and nonspecific DNA binding [83,84]. It appears that our p53
fragments utilize salt-dependent components of the interaction for specific binding to a greater
degree than the salt-independent components, and this trend is reversed for nonspecific
DNA. Our mutants also follow this trend, with the exception of ND NP, which may switch
between two modes depending on the IS.

In summary, using the salt-dependent component of binding, we find that predicted
excess ion release upon protein-DNA binding is greater when our p53 fragments binding
consensus DNA than scrambled DNA. Whereas excess ion release varies by fragment when
binding consensus DNA, it is similar between all fragments when binding scrambled DNA
excepting ND NP. This salt-dependent component comprises a variable amount of the free
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energy of binding for each fragment and generally comprises a greater amount of the free
energy of binding for consensus DNA than scrambled DNA.

Figure 7. Salt-dependent and salt-independent components of Gibbs free energy at 145 mM IS from
Record’s model. Free energy is apportioned into categories by assuming complete inhibition of
salt-dependent components at 1M NaCl so the remainder of free energy is salt-independent. Slopes of
double log plot slopes are used to estimate binding affinity at 1M NaCl, where is the salt-dependent
component and is the salt-independent component for consensus DNA and is the salt-dependent
component and is the salt-independent component for scrambled DNA.

3.5. The Intramolecular Interaction Affects Stokes Radius and Apparent Molecular Weight

Using size exclusion chromatography (SEC) at high IS (410 mM), the elution volumes
of p53 constructs were compared to elution volumes of known standards (see methods) to
determine their Stokes radii and apparent molecular weights. As shown in Figure 8, ND
mutant constructs elute at a lower volume than ND WT, which elutes at a lower volume
than DBD. As shown in Table 3, we find the Stokes radius of DBD to be 2.74 ± 0.004 nm,
in agreement with a previously published Stokes radius of the same DBD fragment using
dynamic light scattering (2.74 nm) [85], whereas the radius of ND WT was found to be
3.55 ± 0.004 nm. The change in radius with the tethered TAD is relatively small given
that p53 residues 1–93, including TAD1, TAD2, and PRR, has a Stokes radius of 3.5 nm at
5 ◦C [61]. ND WT appears to be more compact than predicted for 93 disordered residues
attached to 219 ordered residues, but the ND WT is more expanded than predicted for
a folded protein of the same number of residues (2.51 ± 0.59 nm) [86]. Estimating the
hydrodynamic radius of a protein containing both ordered and disordered sections is an
ongoing challenge [86,87]. Both DBD and ND WT have an apparent molecular weight
greater than their actual molecular weight, as shown in Table 3. For DBD this is likely due
to a disordered segment near the C-terminus from residues 292–312 (PDB 4HJE) [75]. ND
WT and the ND mutants have apparent molecular weights almost twice as large as their
actual molecular weights using this technique.

We observe a small decrease in the elution volume of the ND mutants relative to ND
WT, but it is larger than the resolution error of the volume measurement (+/−0.02 mL). Small
changes in Stokes radii are evidence the mutants do not disrupt the global structure of ND,
which was unexpected given the increase in DNA binding affinity of the mutants relative to
ND WT. We suspect maintenance of the global structure is being driven by the PRR and will
test this hypothesis in the future. We also conducted SEC on ND WT at 150 mM IS to test
for changes in elution volume at low IS and compared this result to the elution volume at
410 mM IS. Shown in Figure S5, ND WT’s elution volume varies between these two conditions
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by <0.2 mL, a difference that corresponds to an approximately 0.03 nm difference in Stokes
radius and less than 1 kDa difference in apparent molecular weight.

Figure 8. Size exclusion chromatography is used to compare p53 constructs. Elution profiles of p53
constructs where lower elution volume indicates a larger hydrodynamic radius: DBD, ND
DE, ND NP, ND QS, ND WT.

Table 3. Stokes radii and apparent molecular weights of p53 constructs assessed by SEC.

Stokes Radius
(nm)

Elution Volume
(mL)

Apparent Molecular
Weight (kDa)

Actual Molecular
Weight (kDa)

DBD 2.74 ± 0.004 63.78 ± 0.05 34.76 ± 0.13 24.55
ND DE 3.71 ± 0.001 52.41 ±0.01 67.89 ± 0.07 34.23
ND NP 3.65 ± 0.004 52.90 ± 0.04 65.98 ± 0.17 34.13
ND QS 3.65 ± 0.004 52.90 ± 0.02 65.98 ± 0.17 34.45
ND WT 3.55 ± 0.004 53.82 ± 0.04 62.46 ± 0.19 34.57

4. Discussion

We find that the intramolecular interaction between the TAD2 and DBD domains of
p53 is disrupted by mutations targeting multiple types of interactions. Alanine substitutions
of TAD2’s negatively charged residues, ND DE, increased consensus DNA free energy
of binding by −1.99 kcal/mol relative to ND WT, suggesting that electrostatics play a
large role in the intramolecular interaction and autoinhibition of DNA binding. Alanine
substitutions of nonpolar residues, ND NP, increased DNA free energy of binding by
−1.89 kcal/mol, suggesting a nonelectrostatic component. A targeted substitution of
W53/F54 to Q53/S54, ND QS, chosen because of its established ability to disrupt other
important TAD2 interactions [66–68], increases consensus DNA free energy of binding
by −1.49 kcal/mol. The sum of the effects of the ND DE and ND NP mutants on the
autoinhibition of DNA binding is 1 kcal/mol greater than the effect of ND WT. This
indicates some cooperativity between the acidic, nonpolar, and aromatic residues of TAD2
to inhibit DNA binding.

A previous analysis of transcription factor-DNA complexes using the counterion con-
densation theory, notably HMG boxes and homeodomains, showed the salt-dependent com-
ponent of binding was similar for specific and nonspecific DNA and the salt-independent
components, attributed to hydrogen bonds and van der Waals interactions, were the drivers
of specificity [50]. By contrast, our study shows that p53 has a larger salt-dependent com-
ponent of binding for consensus DNA versus scrambled DNA; according to the counterion
condensation theory, this represents a dependency on entropy derived from ion release
when p53 binds consensus DNA that is not present when it binds the scrambled DNA
sequence. Critiques of the counterion condensation theory have noted that ion release is
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not the only energetic component of the salt-dependent binding affinity, nor is the salt-
dependent component entirely entropic [51,52,84,88]. Our data is discussed in the context
of entropy derived from predicted ion release; however, our van’t Hoff data and previous
ITC data [22] suggests a large enthalpic component, meaning the difference we see is a
combination of ion release and other energetic components that drive specificity.

Our results show how the presence of TAD2 decreases the apparent number of ions
released by DBD when binding consensus DNA. We propose that the interactions between
the positively charged residues in the DNA binding pocket and the negatively charged
residues of TAD2 reduce the need for ionic interactions between those same positive charges
of DBD and negatively charged solutes. This conclusion is consistent with the differences
in ion release we see between the ND DE and ND NP mutants. The ND DE mutant releases
almost the same number of ions as DBD. By eliminating the negative charges of TAD2 we
have eliminated the intramolecular screening and now ions from the solute reestablish
their positions around the positively charged amino acids of the DBD. The ND NP mutant
has the negatively charged residues of TAD2 present, and the ion release is almost identical
to that of ND WT. Thus, we show that the differences in ion release between DBD and
ND WT are primarily moderated by negatively charged residues in TAD2. We also think
the differences in the salt dependence of DNA binding between DBD and ND WT could
be relevant for p53 function. Prior to DNA damage TAD1 is primarily responsible for
the interaction with MDM2 that leads to p53 degradation [89]. However, following DNA
damage, posttranslational modifications regulate numerous interactions between TAD2 and
other cofactors [68,90–92]. It is reasonable to expect these other interactions will compete
with the autoinhibitory function of TAD2, resulting in increased DNA binding.

Supplementary Materials: Supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/biom12111558/s1: Table S1: KDs of p53 constructst binding consensus and
scrambled DNA at various ionic strengths; Table S2: Standard error of estimate; Table S3: Percentage
of Gibbs free energy originating from salt-dependent and salt-independent components estimated
using Record’s interpretation of the counterion condensation model; Table S4: Percentage of Gibbs
free energy originating from salt-dependent and salt-independent components estimated using
Manning’s interpretation of the counterion condensation model; Table S5: Van’t Hoff plot-derived
thermodynamics; Figure S1: Hill Coefficients of p53 constructs; Figure S2: ND WT binds DNA across
ionic strengths; Figure S3: Salt-dependent and salt-independent components of Gibbs free energy
at physiological ionic strength using Manning’s model; Figure S4: Van’t Hoff plots of DBD and ND
with consensus and scrambled DNA; Figure S6: Separation of ND WT in seize exclusion column in
low and high ionic strength buffer. References [76,93–98] are cited in Supplementary Materials.

Author Contributions: Conceptualization, E.G. and G.W.D.; methodology, G.W.D.; validation,
G.W.D.; formal analysis, E.G. and G.W.D.; investigation, E.G.; resources, G.W.D.; data curation,
E.G.; writing—original draft preparation, E.G.; writing—review and editing, E.G. and G.W.D.; visual-
ization, E.G.; supervision, G.W.D.; project administration, G.W.D.; funding acquisition, G.W.D. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by NIH grants R01CA141244, R01GM115556, and Florida
Department of Health Project 20B17.

Institutional Review board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors acknowledge support from the lab of Jianfeng Cai with the Uni-
versity of South Florida Chemistry Department for the use of and training with their equipment to
generate fluorescence anisotropy data.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

https://www.mdpi.com/article/10.3390/biom12111558/s1
https://www.mdpi.com/article/10.3390/biom12111558/s1


Biomolecules 2022, 12, 1558 17 of 20

References
1. Tishler, R.B.; Calderwood, S.K.; Coleman, C.N.; Price, B.D. Increases in sequence specific DNA binding by p53 following treatment

with chemotherapeutic and DNA damaging agents. Cancer Res. 1993, 53 (Suppl. 10), 2212–2216. [PubMed]
2. Zhan, Q.; Carrier, F.; Fornace, A.J., Jr. Induction of cellular p53 activity by DNA-damaging agents and growth arrest. Mol. Cell.

Biol. 1993, 13, 4242–4250. [PubMed]
3. Beckerman, R.; Prives, C. Transcriptional regulation by p53. Cold Spring Harb. Perspect. Biol. 2010, 2, a000935. [CrossRef]
4. Picksley, S.M.; Lane, D.P. p53 and Rb: Their cellular roles. Curr. Opin. Cell Biol. 1994, 6, 853–858. [CrossRef]
5. Hainaut, P.; Hollstein, M. p53 and human cancer: The first ten thousand mutations. Adv. Cancer Res. 2000, 77, 81–137. [PubMed]
6. Hupp, T.R.; Meek, D.; Midgley, C.; Lane, D. Regulation of the Specific DNA-Binding Function of P53. Cell 1992, 71, 875–886.

[CrossRef]
7. Kruse, J.P.; Gu, W. Modes of p53 Regulation. Cell 2009, 137, 609–622. [CrossRef]
8. Arbely, E.; Natan, E.; Brandt, T.; Allen, M.D.; Veprintsev, D.B.; Robinson, C.V.; Chin, J.W.; Joerger, A.C.; Fersht, A.R. Acetylation of

lysine 120 of p53 endows DNA-binding specificity at effective physiological salt concentration. Proc. Natl. Acad. Sci. USA 2011,
108, 8251–8256. [CrossRef]

9. Shaw, P.; Freeman, J.; Bovey, R.; Iggo, R. Regulation of specific DNA binding by p53: Evidence for a role for O-glycosylation and
charged residues at the carboxy-terminus. Oncogene 1996, 12, 921–930.

10. Riley, T.; Sontag, E.; Chen, P.A.; Levine, A. Transcriptional control of human p53-regulated genes. Nat. Rev. Mol. Cell Biol. 2008,
9, 402–412. [CrossRef]

11. El-Deiry, W.S.; Kern, S.E.; Pietenpol, J.A.; Kinzler, K.W.; Vogelstein, B. Definition of a consensus binding site for p53. Nat. Genet.
1992, 1, 45–49. [CrossRef] [PubMed]

12. Menendez, D.; Inga, A.; Resnick, M.A. The expanding universe of p53 targets. Nat. Rev. Cancer 2009, 9, 724–737. [CrossRef]
[PubMed]

13. Weinberg, R.L.; Veprintsev, D.B.; Fersht, A.R. Cooperative binding of tetrameric p53 to DNA. J. Mol. Biol. 2004, 341, 1145–1159.
[CrossRef] [PubMed]

14. Balagurumoorthy, P.; Sakamoto, H.; Lewis, M.S.; Zambrano, N.; Clore, G.M.; Gronenborn, A.M.; Appella, E.; Harrington, E.R.
4 P53 DNA-Binding Domain Peptides Bind Natural P53-Response Elements and Bend the DNA. Proc. Natl. Acad. Sci. USA 1995,
92, 8591–8595. [CrossRef]

15. McLure, K.G.; Lee, P.W.K. How p53 binds DNA as a tetramer. EMBO J. 1998, 17, 3342–3350. [CrossRef]
16. Jordan, J.J.; Menendez, D.; Inga, A.; Nourredine, M.; Bell, D.; Resnick, M.A. Noncanonical DNA motifs as transactivation targets

by wild type and mutant p53. PLoS Genet. 2008, 4, e1000104. [CrossRef]
17. Weinberg, R.L.; Veprintsev, D.B.; Bycroft, M.; Fersht, A.R. Comparative binding of p53 to its promoter and DNA recognition

elements. J. Mol. Biol. 2005, 348, 589–596. [CrossRef]
18. Vousden, K.H.; Lu, X. Live or let die: The cell’s response to p53. Nat. Rev. Cancer 2002, 2, 594–604. [CrossRef]
19. Chen, X.; Ko, L.J.; Jayaraman, L.; Prives, C. p53 levels, functional domains, and DNA damage determine the extent of the

apoptotic response of tumor cells. Genes Dev. 1996, 10, 2438–2451. [CrossRef]
20. Senitzki, A.; Safieh, J.; Sharma, V.; Golovenko, D.; Danin-Poleg, Y.; Inga, A.; Haran, E.T. The complex architecture of p53 binding

sites. Nucleic Acids Res. 2021, 49, 1364–1382. [CrossRef]
21. Szak, S.T.; Mays, D.; Pietenpol, J.A. Kinetics of p53 binding to promoter sites in vivo. Mol. Cell. Biol. 2001, 21, 3375–3386.

[CrossRef] [PubMed]
22. He, F.; Borcherds, W.; Song, T.; Wei, X.; Das, M.; Chen, L.; Daughdrill, G.W.; Chen, J. Interaction between p53 N terminus and core

domain regulates specific and nonspecific DNA binding. Proc. Natl. Acad. Sci. USA 2019, 116, 8859–8868. [CrossRef] [PubMed]
23. Krois, A.S.; Dyson, H.J.; Wright, P.E. Long-range regulation of p53 DNA binding by its intrinsically disordered N-terminal

transactivation domain. Proc. Natl. Acad. Sci. USA 2018, 115, E11302–E11310. [CrossRef]
24. Sun, X.; Dyson, H.J.; Wright, P.E. A phosphorylation-dependent switch in the disordered p53 transactivation domain regulates

DNA binding. Proc. Natl. Acad. Sci. USA 2021, 118, e2021456118. [CrossRef]
25. Tompa, P.; Fuxreiter, M. Fuzzy complexes: Polymorphism and structural disorder in protein-protein interactions. Trends Biochem.

Sci. 2008, 33, 2–8. [CrossRef] [PubMed]
26. Arbesu, M.; Iruela, G.; Fuentes, H.; Teixeira, J.M.C.; Pons, M. Intramolecular Fuzzy Interactions Involving Intrinsically Disordered

Domains. Front. Mol. Biosci. 2018, 5, 39. [CrossRef]
27. Wang, X.; Greenblatt, H.M.; Bigman, L.S.; Yu, B.; Pletka, C.C.; Levy, Y.; Iwahara, J. Dynamic Autoinhibition of the HMGB1 Protein

via Electrostatic Fuzzy Interactions of Intrinsically Disordered Regions. J. Mol. Biol. 2021, 433, 167122. [CrossRef]
28. Desjardins, G.; Meeker, C.A.; Bhachech, N.; Currie, S.L.; Okon, M.; Graves, B.J.; McIntosh, L.P. Synergy of aromatic residues and

phosphoserines within the intrinsically disordered DNA-binding inhibitory elements of the Ets-1 transcription factor. Proc. Natl.
Acad. Sci. USA 2014, 111, 11019–11024. [CrossRef]

29. Bourgeois, B.; Gui, T.; Hoogeboom, D.; Hocking, H.G.; Richter, G.; Spreitzer, E.; Viertler, M.; Richter, K.; Madl, T.; Burgering,
B.M. Multiple regulatory intrinsically disordered motifs control FOXO4 transcription factor binding and function. Cell Rep. 2021,
36, 109446. [CrossRef]

30. Gong, W.B.; Liang, Q.; Tong, Y.; Perrett, S.; Feng, Y. Structural Insight into Chromatin Recognition by Multiple Domains of the
Tumor Suppressor RBBP1. J. Mol. Biol. 2021, 433, 167224. [CrossRef]

http://www.ncbi.nlm.nih.gov/pubmed/8485705
http://www.ncbi.nlm.nih.gov/pubmed/8321226
http://doi.org/10.1101/cshperspect.a000935
http://doi.org/10.1016/0955-0674(94)90056-6
http://www.ncbi.nlm.nih.gov/pubmed/10549356
http://doi.org/10.1016/0092-8674(92)90562-Q
http://doi.org/10.1016/j.cell.2009.04.050
http://doi.org/10.1073/pnas.1105028108
http://doi.org/10.1038/nrm2395
http://doi.org/10.1038/ng0492-45
http://www.ncbi.nlm.nih.gov/pubmed/1301998
http://doi.org/10.1038/nrc2730
http://www.ncbi.nlm.nih.gov/pubmed/19776742
http://doi.org/10.1016/j.jmb.2004.06.071
http://www.ncbi.nlm.nih.gov/pubmed/15321712
http://doi.org/10.1073/pnas.92.19.8591
http://doi.org/10.1093/emboj/17.12.3342
http://doi.org/10.1371/annotation/f7fc9c28-14ae-480d-a69e-ee9cc4fba9a7
http://doi.org/10.1016/j.jmb.2005.03.014
http://doi.org/10.1038/nrc864
http://doi.org/10.1101/gad.10.19.2438
http://doi.org/10.1093/nar/gkaa1283
http://doi.org/10.1128/MCB.21.10.3375-3386.2001
http://www.ncbi.nlm.nih.gov/pubmed/11313463
http://doi.org/10.1073/pnas.1903077116
http://www.ncbi.nlm.nih.gov/pubmed/30988205
http://doi.org/10.1073/pnas.1814051115
http://doi.org/10.1073/pnas.2021456118
http://doi.org/10.1016/j.tibs.2007.10.003
http://www.ncbi.nlm.nih.gov/pubmed/18054235
http://doi.org/10.3389/fmolb.2018.00039
http://doi.org/10.1016/j.jmb.2021.167122
http://doi.org/10.1073/pnas.1401891111
http://doi.org/10.1016/j.celrep.2021.109446
http://doi.org/10.1016/j.jmb.2021.167224


Biomolecules 2022, 12, 1558 18 of 20

31. Liu, J.; Perumal, N.B.; Oldfield, C.J.; Su, E.W.; Uversky, V.N.; Dunker, A.K. Intrinsic disorder in transcription factors. Biochemistry
2006, 45, 6873–6888. [CrossRef] [PubMed]

32. Minezaki, Y.; Homma, K.; Kinjo, A.R.; Nishikawa, K. Human transcription factors contain a high fraction of intrinsically
disordered regions essential for transcriptional regulation. J. Mol. Biol. 2006, 359, 1137–1149. [CrossRef]

33. Singh, G.P.; Dash, D. Intrinsic disorder in yeast transcriptional regulatory network. Proteins 2007, 68, 602–605. [CrossRef]
[PubMed]

34. Liu, Y.; Matthews, K.S.; Bondos, S.E. Multiple intrinsically disordered sequences alter DNA binding by the homeodomain of the
Drosophila hox protein ultrabithorax. J. Biol. Chem. 2008, 283, 20874–20887. [CrossRef]

35. Brodsky, S.; Matthews, K.S.; Bondos, S.E. Intrinsically Disordered Regions Direct Transcription Factor In Vivo Binding Specificity.
Mol. Cell 2020, 79, 459–471.e4. [CrossRef] [PubMed]

36. Spreitzer, E.; Alderson, T.R.; Bourgeois, B.; Eggenreich, L.; Habacher, H.; Bramerdorfer, G.; Pritišanac, I.; Sánchez-Murcia, P.A.;
Madl, T. FOXO transcription factors differ in their dynamics and intra/intermolecular interactions. Curr. Res. Struct. Biol. 2022,
4, 118–133. [CrossRef]

37. Katan-Khaykovich, Y.; Shaul, Y. Nuclear import and DNA-binding activity of RFX1. Evidence for an autoinhibitory mechanism.
Eur. J. Biochem. 2001, 268, 3108–3116. [CrossRef]

38. Ueshima, S.; Nagata, K.; Okuwaki, M. Internal Associations of the Acidic Region of Upstream Binding Factor Control Its Nucleolar
Localization. Mol. Cell. Biol. 2017, 37, e00218-17. [CrossRef]

39. Wiebe, M.S.; Nowling, T.K.; Rizzino, A. Identification of novel domains within Sox-2 and Sox-11 involved in autoinhibition of
DNA binding and partnership specificity. J. Biol. Chem. 2003, 278, 17901–17911. [CrossRef]

40. Wijeratne, T.U.; Guiley, K.Z.; Lee, H.-W.; Müller, G.A.; Rubin, S.M. Cyclin-dependent kinase-mediated phosphorylation and the
negative regulatory domain of transcription factor B-Myb modulate its DNA binding. J. Biol. Chem. 2022, 298, 102319. [CrossRef]

41. Ning, S.; Chao, H.-J.; Li, S.; Zhou, R.; Zou, L.; Zhang, X.; Liu, J.; Yan, D.; Duan, M. The auto-inhibition mechanism of transcription
factor Ets-1 induced by phosphorylation on the intrinsically disordered region. Comput. Struct. Biotechnol. J. 2022, 20, 1132–1141.
[CrossRef] [PubMed]

42. Dosztanyi, Z.; Csizmok, V.; Tompa, P.; Simon, I. IUPred: Web server for the prediction of intrinsically unstructured regions of
proteins based on estimated energy content. Bioinformatics 2005, 21, 3433–3434. [CrossRef] [PubMed]

43. Munoz, V.; Serrano, L. Elucidating the folding problem of helical peptides using empirical parameters. Nat. Struct. Biol. 1994,
1, 399–409. [CrossRef] [PubMed]

44. Mittag, T.; Orlicky, S.; Choy, W.-Y.; Tang, X.; Lin, H.; Sicheri, F.; Kay, L.E.; Tyers, M.; Forman-Kay, J.D. Dynamic equilibrium
engagement of a polyvalent ligand with a single-site receptor. Proc. Natl. Acad. Sci. USA 2008, 105, 17772–17777. [CrossRef]

45. Nikolova, P.V.; Henckel, J.; Lane, D.; Fersht, A.R. Semirational design of active tumor suppressor p53 DNA binding domain with
enhanced stability. Proc. Natl. Acad. Sci. USA 1998, 95, 14675–14680. [CrossRef]

46. LiCata, V.J.; Wowor, A.J. Applications of fluorescence anisotropy to the study of protein-DNA interactions. Methods Cell Biol. 2008,
84, 243–262.

47. Zou, Y.; Bassett, H.; Walker, R.; Bishop, A.; Amin, S.; Geacintov, N.E.; Van Houten, B. Hydrophobic forces dominate the
thermodynamic characteristics of UvrA-DNA damage interactions. J. Mol. Biol. 1998, 281, 107–119. [CrossRef]

48. Manning, G.S. Limiting Laws and Counterion Condensation in Polyelectrolyte Solutions. 1. Colligative properties. J. Chem. Phys.
1969, 51, 922–934. [CrossRef]

49. Record, M.T., Jr.; Lohman, M.L.; De Haseth, P. Ion effects on ligand-nucleic acid interactions. J. Mol. Biol. 1976, 107, 145–158.
[CrossRef]

50. Privalov, P.L.; Dragan, A.I.; Crane-Robinson, C. Interpreting protein/DNA interactions: Distinguishing specific from non-specific
and electrostatic from non-electrostatic components. Nucleic Acids Res. 2011, 39, 2483–2491. [CrossRef]

51. Fogolari, F.; Elcock, A.; Esposito, G.; Viglino, P.; Briggs, J.; McCammon, J. Electrostatic effects in homeodomain-DNA interactions.
J. Mol. Biol. 1997, 267, 368–381. [CrossRef] [PubMed]

52. Sharp, K.A.; Friedman, R.A.; Misra, V.; Hecht, J.; Honig, B. Salt Effects on Polyelectrolyte-Ligand Binding—Comparison of
Poisson-Boltzmann, and Limiting Law Counterion Binding Models. Biopolymers 1995, 36, 245–262. [CrossRef] [PubMed]

53. Olmsted, M.C.; Bond, J.; Anderson, C.; Record, M. Grand-Canonical Monte-Carlo Molecular and Thermodynamic Predictions of
Ion Effects on Binding of an Oligocation (L(8+)) to the Center of DNA Oligomers. Biophys. J. 1995, 68, 634–647. [CrossRef]

54. Ha, J.H.; Capp, M.W.; Hohenwalter, M.D.; Baskerville, M.; Record, M.T., Jr. Thermodynamic stoichiometries of participation of
water, cations and anions in specific and non-specific binding of lac repressor to DNA. Possible thermodynamic origins of the
“glutamate effect” on protein-DNA interactions. J. Mol. Biol. 1992, 228, 252–264. [CrossRef]

55. Misra, V.K.; Hecht, J.L.; Yang, A.S.; Honig, B. Electrostatic contributions to the binding free energy of the lambdacI repressor to
DNA. Biophys. J. 1998, 75, 2262–2273. [CrossRef]

56. Grucza, R.A.; Bradshaw, J.M.; Mitaxov, V.; Waksman, G. Role of electrostatic interactions in SH2 domain recognition: Salt-
dependence of tyrosyl-phosphorylated peptide binding to the tandem SH2 domain of the Syk kinase and the single SH2 domain
of the Src kinase. Biochemistry 2000, 39, 10072–10081. [CrossRef]

57. Cravens, S.L.; Hobson, M.; Stivers, J.T. Electrostatic properties of complexes along a DNA glycosylase damage search pathway.
Biochemistry 2014, 53, 7680–7692. [CrossRef]

http://doi.org/10.1021/bi0602718
http://www.ncbi.nlm.nih.gov/pubmed/16734424
http://doi.org/10.1016/j.jmb.2006.04.016
http://doi.org/10.1002/prot.21497
http://www.ncbi.nlm.nih.gov/pubmed/17510967
http://doi.org/10.1074/jbc.M800375200
http://doi.org/10.1016/j.molcel.2020.05.032
http://www.ncbi.nlm.nih.gov/pubmed/32553192
http://doi.org/10.1016/j.crstbi.2022.04.001
http://doi.org/10.1046/j.1432-1327.2001.02211.x
http://doi.org/10.1128/MCB.00218-17
http://doi.org/10.1074/jbc.M212211200
http://doi.org/10.1016/j.jbc.2022.102319
http://doi.org/10.1016/j.csbj.2022.02.025
http://www.ncbi.nlm.nih.gov/pubmed/35317227
http://doi.org/10.1093/bioinformatics/bti541
http://www.ncbi.nlm.nih.gov/pubmed/15955779
http://doi.org/10.1038/nsb0694-399
http://www.ncbi.nlm.nih.gov/pubmed/7664054
http://doi.org/10.1073/pnas.0809222105
http://doi.org/10.1073/pnas.95.25.14675
http://doi.org/10.1006/jmbi.1998.1903
http://doi.org/10.1063/1.1672157
http://doi.org/10.1016/S0022-2836(76)80023-X
http://doi.org/10.1093/nar/gkq984
http://doi.org/10.1006/jmbi.1996.0842
http://www.ncbi.nlm.nih.gov/pubmed/9096232
http://doi.org/10.1002/bip.360360211
http://www.ncbi.nlm.nih.gov/pubmed/7492748
http://doi.org/10.1016/S0006-3495(95)80224-9
http://doi.org/10.1016/0022-2836(92)90504-D
http://doi.org/10.1016/S0006-3495(98)77671-4
http://doi.org/10.1021/bi000891n
http://doi.org/10.1021/bi501011m


Biomolecules 2022, 12, 1558 19 of 20

58. Fenley, M.O.; Russo, C.; Manning, G.S. Theoretical assessment of the oligolysine model for ionic interactions in protein-DNA
complexes. J. Phys. Chem. B 2011, 115, 9864–9872. [CrossRef]

59. Kunji, E.R.; Harding, M.; Butler, P.J.G.; Akamine, P. Determination of the molecular mass and dimensions of membrane proteins
by size exclusion chromatography. Methods 2008, 46, 62–72. [CrossRef]

60. Rodbard, D.; Chrambach, A. Unified theory for gel electrophoresis and gel filtration. Proc. Natl. Acad. Sci. USA 1970, 65, 970–977.
[CrossRef]

61. Langridge, T.D.; Tarver, M.J.; Whitten, S.T. Temperature effects on the hydrodynamic radius of the intrinsically disordered
N-terminal region of the p53 protein. Proteins 2014, 82, 668–678. [CrossRef] [PubMed]

62. Wang, Y.; Schwedes, J.F.; Parks, D.; Mann, K.; Tegtmeyer, P. Interaction of p53 with its consensus DNA-binding site. Mol. Cell.
Biol. 1995, 15, 2157–2165. [CrossRef]

63. Misra, V.K.; Honig, B. On the magnitude of the electrostatic contribution to ligand-DNA interactions. Proc. Natl. Acad. Sci. USA
1995, 92, 4691–4695. [CrossRef] [PubMed]

64. Record, M.T., Jr.; Ha, J.H.; Fisher, M.A. Analysis of equilibrium and kinetic measurements to determine thermodynamic origins
of stability and specificity and mechanism of formation of site-specific complexes between proteins and helical DNA. Methods
Enzym. 1991, 208, 291–343.

65. Beno, I.; Rosenthal, K.; Levitine, M.; Shaulov, L.; Haran, T.E. Sequence-dependent cooperative binding of p53 to DNA targets and
its relationship to the structural properties of the DNA targets. Nucleic Acids Res. 2011, 39, 1919–1932. [CrossRef]

66. Zhu, J.; Zhou, W.; Jiang, J.; Chen, X. Identification of a novel p53 functional domain that is necessary for mediating apoptosis. J.
Biol. Chem. 1998, 273, 13030–13036. [CrossRef]

67. Miller Jenkins, L.M.; Feng, H.; Durell, S.R.; Tagad, H.D.; Mazur, S.J.; Tropea, J.E.; Bai, Y.; Appella, E. Characterization of the p300
Taz2-p53 TAD2 complex and comparison with the p300 Taz2-p53 TAD1 complex. Biochemistry 2015, 54, 2001–2010. [CrossRef]
[PubMed]

68. Teufel, D.P.; Freund, S.M.; Bycroft, M.; Fersht, A.R. Four domains of p300 each bind tightly to a sequence spanning both
transactivation subdomains of p53. Proc. Natl. Acad. Sci. USA 2007, 104, 7009–7014. [CrossRef] [PubMed]

69. Von Hippel, P.H.; Berg, O.G. On the specificity of DNA-protein interactions. Proc. Natl. Acad. Sci. USA 1986, 83, 1608–1612.
[CrossRef]

70. Eaton, B.E.; Gold, L.; Zichi, D.A. Let’s get specific: The relationship between specificity and affinity. Chem. Biol. 1995, 2, 633–638.
[CrossRef]

71. Chen, J.; Sun, Y. Modeling of the salt effects on hydrophobic adsorption equilibrium of protein. J. Chromatogr. A 2003, 992, 29–40.
[CrossRef]

72. Zangi, R.; Hagen, M.; Berne, B.J. Effect of ions on the hydrophobic interaction between two plates. J. Am. Chem. Soc. 2007, 129,
4678–4686. [CrossRef] [PubMed]

73. Fried, M.G.; Stickle, D.F. Ion-exchange reactions of proteins during DNA binding. Eur. J. Biochem. 1993, 218, 469–475. [CrossRef]
[PubMed]

74. Kitayner, M.; Rozenberg, H.; Kessler, N.; Rabinovich, D.; Shaulov, L.; Haran, T.E.; Shakked, Z. Structural basis of DNA recognition
by p53 tetramers. Mol. Cell 2006, 22, 741–753. [CrossRef] [PubMed]

75. Chen, Y.; Zhang, X.; Machado, A.C.D.; Ding, Y.; Chen, Z.; Qin, P.Z.; Rohs, R.; Chen, L. Structure of p53 binding to the BAX response
element reveals DNA unwinding and compression to accommodate base-pair insertion. Nucleic Acids Res. 2013, 41, 8368–8376.
[CrossRef]

76. Zhukov, A.; Karlsson, R. Statistical aspects of van’t Hoff analysis: A simulation study. J. Mol. Recognit. 2007, 20, 379–385.
[CrossRef]

77. Moraitis, M.I.; Xu, H.; Matthews, K.S. Ion concentration and temperature dependence of DNA binding: Comparison of PurR and
LacI repressor proteins. Biochemistry 2001, 40, 8109–8117. [CrossRef]

78. Oda, M.; Furukawa, K.; Ogata, K.; Sarai, A.; Nakamura, H. Thermodynamics of specific and non-specific DNA binding by the
c-Myb DNA-binding domain. J. Mol. Biol. 1998, 276, 571–590. [CrossRef]

79. Winter, R.B.; von Hippel, P.H. Diffusion-driven mechanisms of protein translocation on nucleic acids. 2. The Escherichia coli
repressor–operator interaction: Equilibrium measurements. Biochemistry 1981, 20, 6948–6960. [CrossRef]

80. DeHaseth, P.L.; Lohman, T.M.; Record, M.T., Jr. Nonspecific interaction of lac repressor with DNA: An association reaction driven
by counterion release. Biochemistry 1977, 16, 4783–4790. [CrossRef]

81. Chakraborty, M.; Sengupta, A.; Bhattacharya, D.; Banerjee, S.; Chakrabarti, A. DNA binding domain of RFX5: Interactions with
X-box DNA and RFXANK. Biochim. Biophys. Acta 2010, 1804, 2016–2024. [CrossRef]

82. Poon, G.M.; Gross, P.; Macgregor, R.B., Jr. The sequence-specific association of the ETS domain of murine PU.1 with DNA exhibits
unusual energetics. Biochemistry 2002, 41, 2361–2371. [CrossRef] [PubMed]

83. Koblan, K.S.; Ackers, G.K. Site-specific enthalpic regulation of DNA transcription at bacteriophage lambda OR. Biochemistry 1992,
31, 57–65. [CrossRef] [PubMed]

84. Misra, V.K.; Hecht, J.L.; Sharp, K.A.; Friedman, R.A.; Honig, B. Salt effects on protein-DNA interactions. The lambda cI repressor
and EcoRI endonuclease. J. Mol. Biol. 1994, 238, 264–280. [CrossRef] [PubMed]

http://doi.org/10.1021/jp204915y
http://doi.org/10.1016/j.ymeth.2008.10.020
http://doi.org/10.1073/pnas.65.4.970
http://doi.org/10.1002/prot.24449
http://www.ncbi.nlm.nih.gov/pubmed/24150971
http://doi.org/10.1128/MCB.15.4.2157
http://doi.org/10.1073/pnas.92.10.4691
http://www.ncbi.nlm.nih.gov/pubmed/7753866
http://doi.org/10.1093/nar/gkq1044
http://doi.org/10.1074/jbc.273.21.13030
http://doi.org/10.1021/acs.biochem.5b00044
http://www.ncbi.nlm.nih.gov/pubmed/25753752
http://doi.org/10.1073/pnas.0702010104
http://www.ncbi.nlm.nih.gov/pubmed/17438265
http://doi.org/10.1073/pnas.83.6.1608
http://doi.org/10.1016/1074-5521(95)90023-3
http://doi.org/10.1016/S0021-9673(03)00277-2
http://doi.org/10.1021/ja068305m
http://www.ncbi.nlm.nih.gov/pubmed/17378564
http://doi.org/10.1111/j.1432-1033.1993.tb18398.x
http://www.ncbi.nlm.nih.gov/pubmed/8269936
http://doi.org/10.1016/j.molcel.2006.05.015
http://www.ncbi.nlm.nih.gov/pubmed/16793544
http://doi.org/10.1093/nar/gkt584
http://doi.org/10.1002/jmr.845
http://doi.org/10.1021/bi0028643
http://doi.org/10.1006/jmbi.1997.1564
http://doi.org/10.1021/bi00527a029
http://doi.org/10.1021/bi00641a004
http://doi.org/10.1016/j.bbapap.2010.07.009
http://doi.org/10.1021/bi015572q
http://www.ncbi.nlm.nih.gov/pubmed/11841229
http://doi.org/10.1021/bi00116a010
http://www.ncbi.nlm.nih.gov/pubmed/1531023
http://doi.org/10.1006/jmbi.1994.1286
http://www.ncbi.nlm.nih.gov/pubmed/8158653


Biomolecules 2022, 12, 1558 20 of 20

85. Klein, C.; Georges, G.; Künkele, K.-P.; Huber, R.; Engh, R.A.; Hansen, S. High thermostability and lack of cooperative DNA
binding distinguish the p63 core domain from the homologous tumor suppressor p53. J. Biol. Chem. 2001, 276, 37390–37401.
[CrossRef]

86. Wilkins, D.K.; Grimshaw, S.B.; Receveur, V.; Dobson, C.M.; Jones, J.A.; Smith, L.J. Hydrodynamic radii of native and denatured
proteins measured by pulse field gradient NMR techniques. Biochemistry 1999, 38, 16424–16431. [CrossRef]

87. Marsh, J.A.; Forman-Kay, J.D. Sequence Determinants of Compaction in Intrinsically Disordered Proteins. Biophys. J. 2010,
98, 2383–2390. [CrossRef]

88. Yu, B.; Pettitt, B.M.; Iwahara, J. Dynamics of Ionic Interactions at Protein-Nucleic Acid Interfaces. Acc. Chem. Res. 2020,
53, 1802–1810. [CrossRef]

89. Kussie, P.H.; Gorina, S.; Marechal, V.; Elenbaas, B.; Moreau, J.; Levine, A.J.; Pavletich, N.P. Structure of the MDM2 oncoprotein
bound to the p53 tumor suppressor transactivation domain. Science 1996, 274, 948–953. [CrossRef]

90. Ferreon, J.C.; Lee, C.W.; Arai, M.; Martinez-Yamout, M.A.; Dyson, H.J.; Wright, P.E. Cooperative regulation of p53 by modulation
of ternary complex formation with CBP/p300 and HDM2. Proc. Natl. Acad. Sci. USA 2009, 106, 6591–6596. [CrossRef]

91. Di Lello, P.; Jenkins, L.M.M.; Jones, T.N.; Nguyen, B.D.; Hara, T.; Yamaguchi, H.; Dikeakos, J.D.; Appella, E.; Legault, P.;
Omichinski, J.G. Structure of the Tfb1/p53 complex: Insights into the interaction between the p62/Tfb1 subunit of TFIIH and the
activation domain of p53. Mol. Cell 2006, 22, 731–740. [CrossRef] [PubMed]

92. Zhao, L.; Ouyang, Y.; Li, Q.; Zhang, Z. Modulation of p53 N-terminal transactivation domain 2 conformation ensemble and
kinetics by phosphorylation. J. Biomol. Struct. Dyn. 2020, 38, 2613–2623. [CrossRef] [PubMed]

93. Liu, Y.; Sturtevant, J.M. Significant discrepancies between van't Hoff and calorimetric enthalpies. II. Protein Sci. 1995, 4, 2559–2561.
94. Datta, K.; Wowor, A.J.; Richard, A.J.; LiCata, V.J. Temperature dependence and thermodynamics of Klenow polymerase binding

to primed-template DNA. Biophys. J. 2006, 90, 1739–1751.
95. Demir, O.; Ieong, P.U.; Amaro, R.E. Full-length p53 tetramer bound to DNA and its quaternary dynamics. Oncogene 2007,

36, 1451–1460.
96. Lambrughi, M.; De Gioia, L.; Gervasio, F.L.; Lindorff-Larsen, K.; Nussinov, R.; Urani, C.; Bruschi, M.; Papaleo, E. DNA-binding

protects p53 from interactions with cofactors involved in transcription-independent functions. Nucleic Acids Res. 2016, 44,
9096–9109.

97. Melero, R.; Rajagopalan, S.; Lázaro, M.; Joerger, A.C.; Brandt, T.; Veprintsev, D.B.; Lasso, G.; Gil, D.; Scheres, S.H.; Carazo, J.M.
Electron microscopy studies on the quaternary structure of p53 reveal different binding modes for p53 tetramers in complex with
DNA. Proc. Natl. Acad. Sci. USA 2011, 108, 557–562.

98. Takeda, Y.; Ross, P.D.; Mudd, C.P. Thermodynamics of Cro protein-DNA interactions. Proc. Natl. Acad. Sci. USA 1992,
89, 8180–8184.

http://doi.org/10.1074/jbc.M103801200
http://doi.org/10.1021/bi991765q
http://doi.org/10.1016/j.bpj.2010.02.006
http://doi.org/10.1021/acs.accounts.0c00212
http://doi.org/10.1126/science.274.5289.948
http://doi.org/10.1073/pnas.0811023106
http://doi.org/10.1016/j.molcel.2006.05.007
http://www.ncbi.nlm.nih.gov/pubmed/16793543
http://doi.org/10.1080/07391102.2019.1637784
http://www.ncbi.nlm.nih.gov/pubmed/31248328

	Introduction 
	Materials and Methods 
	Protein Expression 
	Preparation of DNA 
	Fluorescence Anisotropy 
	Estimating Counterion Release 
	Size Exclusion Chromatography 

	Results 
	Salt Dependence of p53 DBD Binding DNA 
	DBD, ND, and ND Mutants Binding to Consensus and Scrambled DNA at Physiological IS 
	Effects of IS on Binding Specificity of DBD, ND WT, and the ND Mutants 
	Estimating Ion Release Using Counterion Condensation Theory 
	The Intramolecular Interaction Affects Stokes Radius and Apparent Molecular Weight 

	Discussion 
	References

