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Synopsis 

 
Ursodeoxycholic acid (UDCA) is used increasingly for the treatment of cholestatic liver 
diseases.  Among other cytoprotective effects, this endogenous bile acid is a potent 
inhibitor of apoptosis, interfering with both intrinsic and extrinsic apoptotic pathways.  
In previous studies, we have demonstrated that transforming growth factor β1-induced 
E2F-1/Mdm-2/p53 apoptotic pathway was an upstream molecular target of UDCA.  In 
agreement with this, we have recently established p53 as a key molecular target in 
UDCA prevention of cell death.  The tumor suppressor p53 is a well described 
transcription factor that induces the expression of multiple different proapoptotic gene 
products.  Its regulation involves a variety of signalling proteins and small molecules, 
and occurs at multiple levels, including transcription, translation, and posttranslation 
levels.  In this study, by using different biophysical techniques, we have investigated the 
possibility of a direct interaction between the p53 core domain, also referred to as the 
DNA binding domain, and UDCA.  Our in vitro analysis did not provide any evidence 
for direct binding between the bile acid UDCA and the p53 core domain. 
 

 

Keywords: Apoptosis – Binding – Circular dichroism – Mdm-2 – p53 – UDCA  

 

Abbreviations: CD, circular dichroism; DBD, DNA binding domain; DTT, 
dithiothereitol; FITC, fluorescein isothiocyanate ; IPTG, isopropyl-β-D-thiogalactoside; 
Mdm-2, mouse double minute 2; NSR, nuclear steroid receptors; TAD, transactivation 
domain; TGF-β1, transforming growth factor β1; Tm, temperature of melting; UDCA, 
ursodeoxycholic acid. 
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INTRODUCTION 

 
The tumor suppressor protein p53 is a transcription factor that functions to maintain 
genome integrity.  It exerts its role by inducing or repressing the expression of a 
network of genes involved in cell cycle control, senescence, and apoptosis, in response 
to diverse stress stimuli [1].  Although there is evidence that p53 can mediate apoptosis 
by transcription-independent mechanisms [2-4], numerous apoptotic genes are 
transcriptionally activated by this tumor suppressor.  These include members of the Bcl-
2 family, such as Bax, or the BH3-only proteins Noxa and Puma [5-7].  The  regulatory 
functions of p53 are usually under tight control.  In normal cells, due to p53 constitutive 
ubiquitination by Mdm-2, an E3 ligase that targets p53 to proteasomal degradation its 
levels are almost undetectable [8].  Posttranslational modifications, such as 
phosphorylation, acetylation, sumoylation, among others are also important mechanisms 
for p53 regulation [9]. 

p53 complexity starts in its structure.  The protein is only active when it forms a 
tetramer and the structure and dynamics of this oligomeric form is crucial to understand 
its function.  In addition, the monomer itself is already complex. It has 393 aminoacid 
residues that can be divided into 3 functional domains: the N-terminal domain (1-93), 
an intrinsically disordered region that includes the transactivation domain (TAD) and 
the proline-rich region, the DNA-binding domain (DBD) (102-292), a structured region 
that constitutes the proteins core, and finally the C-terminal domain that includes two 
small domains, a tetramerization domain that regulates the oligomerization state of p53 
(320-356), and a natively unfolded regulatory domain (363-393) that binds DNA non-
specifically [10]. 

Ursodeoxycholic acid (UDCA) is an endogenous hydrophilic bile acid, widely 
used in the treatment of certain cholestatic disorders of the liver.  The therapeutic effects 
of UDCA may result, in part, from its ability to inhibit liver cell apoptosis.  It has been 
demonstrated that this bile acid plays a unique role in modulating the apoptotic 
threshold in both hepatic and nonhepatic cells, in response to a variety of agents acting 
through different apoptotic pathways [11].  The precise mechanism(s) by which UDCA 
prevents cell death remains speculative and involves molecular targets other than 
mitochondria.  Previous studies indicated that UDCA inhibits the E2F-1/Mdm-2/p53 
apoptotic cascade induced by transforming growth factor β1 (TGF-β1) [12, 13].  The 
ability of E2F-1 to induce apoptosis involves stabilization of p53 via transcription of 
p14ARF, which markedly inhibits the p53 repressor, Mdm-2 [14].  UDCA, in turn, 
counteracts TGF-β1 effect modulating the expression of apoptosis-related p53 target 
genes.  Further, we demonstrated that UDCA protects hepatocytes from p53-mediated 
apoptosis, by reducing p53 transcriptional and DNA-binding activities, possibly through 
mechanisms involving Mdm-2 [15].  Importantly, UDCA can reach the nucleus where it 
may interfere with several nuclear proteins, such as E2F-1 or p53 itself, a mechanism 
that appears to be dependent on nuclear steroid receptors (NSR) [16].  In fact, we and 
others have shown that UDCA and its taurine-conjugated derivative, 
tauroursodeoxycholic acid, interact with NSR [16-18].  More importantly, these bile 
acids promote dissociation of NSR from their cytosolic chaperone, Hsp90, and 
translocate into the nucleus as a ligand-receptor complex to reduce apoptosis. 

In the present study, we have used complementary biophysical techniques to 
determine whether UDCA binds to or alters the structural stability and folding 
properties of the p53 DBD.  UDCA could compromise p53 function either by 
destabilizing its structure or by inducing structural fluctuations that could inhibit its 
DNA-binding specificity.  Previously, this approach has been successfully used to 
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establish the effect of small peptides (CDB3) on p53 oncogenic mutants [19]; 
biophysical techniques such as fluorescence anisotropy and differential scanning 
calorimetry were used to establish that CDB3 binds to p53 DBD rescuing p53 
oncogenic mutants.  Here we aim to investigate whether UDCA binds to p53 DBD and 
if so if this alters the stability or conformation of this p53 domain. 
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EXPERIMENTAL 

 
Materials and plasmids 
 
Chemicals, reagents and enzymes were of the highest purity grade commercially 
available.  Chromatography materials were from Amersham Pharmacia Biotech 
(Uppsala, Sweden).  For protein expression, p53 DBD plasmid coding for amino acids 
94-312 of human wild-type p53 was transformed into E.coli BL21 competent cells. 
 
Gene expression and protein 
 
The DBD of p53 was expressed as soluble protein as described by Bell et al. [20].  In 
brief, bacteria were grown in Luria-Bertani medium supplemented with 100 μg/ml 
ampicilin, at 37ºC, to an A600 of 0.5 followed by overnight induction at 22ºC with 1 mM 
isopropyl-β-D-thiogalactoside (IPTG).  After induction, cells were harvested by 
centrifugation, resuspended in 50 mM Tris-HCl, pH 6.8, 5 mM dithiothereitol (DTT), 1 
mM benzamidine, complete protease inhibitor tablets (CompleteTM; Roche Applied 
Science, Mannheim, Germany), 200 units of benzonase (Merck, Darmstadt, Germany), 
and disrupted by high-pressure dispersion using a Thermo IEC French Press (Needham 
Heights, MA).  Purification of p53 DBD was performed at 4ºC using a combination of 
cation exchange chromatography on a HiTrap SP Fast Flow column and affinity 
chromatography on a Heparin HiTrap column (GE Healthcare Life Sciences, Freiburg, 
Germany) in 50 mM sodium phosphate, pH 7,0, 150 mM KCl, and 5 mM DTT.  The 
purity of the protein was confirmed by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (Figure 1).  p53 DBD was found to be stable in solution and maintained 
its spectroscopic properties and melting temperature after flash-freezing in liquid 
nitrogen.  Protein concentration was determined spectrophotometrically by using the 
extinction coefficient of 0.649 for p53 DBD calculated for a 1 mg/ml solution in a 1 cm 
cuvette at 280 nm.  
 
Spectroscopic methods 
 
Anisotropy measurements were performed at 10ºC, using a SLM Aminco 
spectrofluorimeter (Spectronic Instruments, Inc., Rochester, NY) with cell stirring.  Far-
UV circular dichroism (CD) spectra were recorded typically at 0.2 nm resolution on a 
Jasco J-815 spectropolarimeter (Jasco, Tokyo, Japan) fitted with a cell holder 
thermostatically controlled by a Peltier. 
 
Thermal denaturation 
 
Thermal unfolding was followed by monitoring the intrinsic tryptophan fluorescence 
(λem = 340) and the ellipticity (Δεmrw at 222 nm) variations.  In all experiments, a 
heating rate of 1ºC/min was used, and the temperature was changed from 10 to 90ºC.  
Data were analyzed according to a two-state model described by the following equation:  
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where y is the spectroscopic signal observed, mf and mu are the slopes of the pre- and 
post-transition baselines, yf and yu correspond to the value of y for folded and unfolded 
forms, Tm is the midpoint of the thermal unfolding curve, and ΔHm is the enthalpy 
change for unfolding at Tm.  The fits to the unfolding transitions were made using 
Origin (MicroCal Software Inc, Northampton, MA) 
 
Binding studies 
 
All measurements were performed with fluorescein isothiocyanate (FITC)-tagged 
UDCA.   The interaction between p53 DBD and FITC-UDCA was evaluated by using 
both far-UV CD and fluorescence anisotropy spectroscopy, at a constant temperature of 
10ºC, in buffer containing 20 mM NaP, 50 mM NaCl, and 2 mM DTT, pH 7.5.  Far-UV 
CD measurements were performed with 100 µM p53 DBD, before and after the addition 
of the bile acid at stoichiometric ratio 1:1, using a 1 mm cell path length (bandwidth 2 
nm).  The spectra were recorded from 260 to 190 nm and accumulated 10 times.  For 
titration experiments, aliquots of 3 µl of titrant (500 µM FITC-UDCA) were 
sequentially added to p53 DBD peptide in solution (0.22 mg/ml), until the concentration 
reached p53 DBD 1:54 UDCA.  All spectra were corrected for buffer contributions and 
protein concentration.  Ellipticities were followed at 208 and 222 nm. 

For anisotropy experiments, p53 DBD (initial concentration 30 µM) was titrated 
with FITC-UDCA (500 µM) with increments of 5 µl, waiting ~ 5 min between each 
addition.  Similarly, FITC-UDCA (initial concentration 5 µM) was titrated with p53 
DBD (50 µM), additions of 10 µl every 5 min.  When the FITC-UDCA was titrated, 
fluorescence anisotropy was measured on excitation at 480 nm (bandwith 8 nm) and 
emission at 520 nm (bandwith 8 nm).  When the protein was titrated fluorescence 
anisotropy was measured on excitation at 280 nm (bandwith 8 nm) and emission at 340 
nm (bandwith 8 nm). 
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RESULTS 

 
Characterization of p53 DNA-binding domain 
 
p53 DBD was expressed in E.coli with a low yield of ~ 3 mg of purified protein per 3 g 
of wet culture (Figure 1).  The fold and the stability of the purified p53 DBD was 
evaluated by far-UV CD to confirm that the protein used in the binding assays was 
correctly folded.  The far-UV CD spectrum is shown in Figure 2A and is in agreement 
with previously published data by Klein et al. [21].  As expected, the far-UV CD 
spectrum of the DNA binding domain of p53 showed two negative peaks (208 and 222 
nm), which reflect its α-helical content.  As a result of the β-sheet contributions, the 208 
nm peak was broader and the 222 nm peak was less intense.  Thermal denaturation 
following far-UV CD signal at 222 nm, allowed to evaluate the p53 DBD stability 
(Figure 2B).  In agreement with previously published data [20], a melting temperature 
(Tm) of 41.5 ± 0.3ºC was determined. 
 
Evaluation of UDCA interaction with p53 DNA-binding domain 
 
To investigate a possible interaction between UDCA and p53 DBD, we used both far-
UV CD and fluorescence anisotropy to monitor structural changes that might occur as a 
consequence of bile acid presence.  First, we followed the titration of p53 DBD with 
FITC-UDCA by far-UV CD (208 nm and 222 nm).  Adding the bile acid has no effect 
on the protein spectrum, even for a stoichiometry of 1 p53 DBD to 54 FITC-UDCA 
(Figure 2A and 3A), meaning that FITC-UDCA does not affect the p53 DBD secondary 
structure.  Similarly, the thermal stability of p53 DBD is not significantly affected by 
the presence of FITC-UDCA.  In case of a specific interaction of UDCA with the native 
conformation of the p53 DBD, a positive Tm shift would be expected.  Our results 
indicate that the presence of this bile acid induces a ΔTm -3.3 ± 1ºC (Figure 2B), which 
may be considered negligible since FITC-UDCA also significantly reduces the 
signal/noise, thus increasing the uncertainty in the Tm determination.  Alternatively, this 
shift may result from weak unspecific interactions of UDCA with p53 DBD, given the 
mild detergent properties of UDCA.   
Similar titrations were performed following changes in fluorescence anisotropy. 
Initially, p53 DBD (30 µM) was titrated with FITC-UDCA (500 µM); however, no 
changes in p53 fluorescence anisotropy were detected (Figure 3B).  The same result was 
obtained when titrating FITC-UDCA with increasing amounts of p53 DBD (data not 
shown).   

Under the conditions used, it was not possible to detect a direct interaction 
between anti-apoptotic UDCA and the DNA-binding domain of human p53, in vitro. 
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DISCUSSION 

 
The mechanisms of bile acid effects on cell survival and apoptosis are not entirely 

understood.  We have previously reported that UDCA prevents apoptosis in several cell 
types by inhibiting the mitochondrial pathway [11, 22, 23] and modulating the E2F-
1/Mdm-2/p53 apoptotic cascade [12, 15].  In addition, bile acids have been detected in 
nuclei of several cell types [16, 24-26].  We have suggested that UDCA, as a 
cholesterol-derived molecule, could reach the nucleus through mechanisms similar to 
those used by steroid hormones.  It appears that NSR are specifically required for the 
nuclear trafficking of UDCA, ultimately protecting cells from undergoing apoptosis [16, 
18].  Therefore, it is conceivable that bile acids may act as molecular modulators of 
apoptosis-related gene expression, by interfering directly with DNA, or by interacting 
with transcription factors and other nuclear proteins involved in the apoptotic 
machinery. 

p53 has a multidomain structure comprising a folded region with DNA-binding 
and tetramerization domains, and natively unfolded regions with molecular recognition 
features that provide binding promiscuity [10].  Since specific binding to p53-
responsive genes occurs through the DNA-binding domain of p53, and based on our 
previous data indicating that UDCA is capable of reducing p53 transcriptional and 
DNA-binding activities [15], here we have focused on the effect of UDCA in the 
structure and conformation of p53 DBD. 

Two complementary biophysical techniques were used: far-UV CD and 
fluorescence anisotropy-Far-UV CD spectroscopy is widely used in the study of 
molecular interactions due to its remarkable sensitivity.  Far-UV CD bands derive 
mainly from peptide bond absorption, reflecting the secondary structure of the protein 
[27].  Fluorescence anisotropy, in turn, detects the rotational mobility of a fluorophore, 
which is also a reliable and sensitive spectroscopic method to locally evaluate the 
existence of physical interactions. Unbounded molecules can freely rotate in solution, 
while formation of binding structures restricts their motion, thereby increasing 
anisotropy [28]. 

Under the conditions tested, neither CD nor fluorescence anisotropy supported the 
hypothesis of a direct interaction between UDCA and the p53 DBD.  CD experiments 
have shown that the presence of UDCA does not induce changes on the secondary 
structure of p53 DBD.  Similarly, data on fluorescence anisotropy showed no alterations 
in the mobility of either p53, or UDCA, when together. 

UDCA could be interacting with other regions of p53. The N-terminal region of 
p53 contains the TAD, considered to be a binding site for a multitude of interacting 
proteins, such as components of the transcription machinery [29, 30], the transcriptional 
coactivators p300/CBP (CREB-binding protein) [31, 32], and the negative regulator 
Mdm-2 [33, 34].  Upon binding, intrinsically disordered regions of the p53 TAD 
rigidify and become fully folded.  This is the case for the p53 fragment comprising 
residues 15-29 after binding to a hydrophobic cleft in the N-terminus of Mdm-2 [35].  
Moreover, it has been reported that Mdm-2 also undergoes extensive conformational 
changes along its N-terminal region, upon binding to p53 [34].  Interestingly, the Mdm-
2 protein is the major repressor of p53, and UDCA has been shown to increase its levels 
in rat hepatocytes undergoing TGF-β1-induced apoptosis [12].  More importantly, the 
bile acid was shown to play a role in p53/Mdm-2 association during p53-induced 
hepatocyte apoptosis [15].  Thus, the N-terminus of p53, or more specifically, the TAD 
domain, could also be a potential target region for UDCA binding/interaction.  The bile 
acid may additionally interact with Mdm-2 itself, in the p53-binding cleft of bounded or 
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unbounded Mdm-2, to somehow stabilize the complex.  The p53-binding cleft is the 
most flexible region of the Mdm-2 protein, presenting enough plasticity to adapt to 
diverse topologies of incoming ligands [36].  In fact, the number of newly discovered 
small-molecules that bind the Mdm-2-p53 binding cleft is continuously increasing over 
the years [37-40]. 

Interaction between UDCA and the extreme C-terminus of p53 should also be 
analyzed.  The C-terminal region of p53, called regulatory domain, is subjected to 
extensive posttranslational modifications to regulate p53 function, including acetylation, 
ubiquitination, phosphorylation, and methylation.  Finally, three putative nuclear 
localization signals [41] and one nuclear export signal [42] sequences have been 
identified within the C-terminal region of p53.  Subcellular localization of p53 is 
determinant for its activity, since stabilized p53 remains active in the nucleus, whereas 
translocation to the cytoplasm is required for Mdm-2-mediated p53 degradation [43].  
Thus, UDCA could inhibit the p53 apoptotic pathway not by directly binding to p53 but 
by interfering with other proteins and molecular pathways involved in the regulation of 
this complex protein.   

The multifaceted network of p53 regulation opens the door for an endless world 
of hypothesis in which UDCA could participate and play a role.  Although, we could 
not detect direct binding between the p53 DBD and UDCA, our findings contributed to 
the characterization of the interaction between these two molecules. 
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FIGURE LEGENDS 

 

Figure 1 Purity of p53 DNA-binding domain.  p53 DBD purified from E.coli bacteria was 
subjected to electrophoresis on 12.5% polyacrylamide gels and stained with Coomassie brilliant 
blue. 

Figure 2 Effect of UDCA in the structural properties of p53 DNA-binding domain.  (A) Far-
UV CD spectra of p53 DBD (0.22 mg/ml), with or without UDCA.  (B) Far-UV CD analysis of 
thermal denaturation transitions of p53 DBD alone (■), or in the presence of UDCA (□).  See 
“Experimental” for details. 

Figure 3 Titration of p53 DBD with FITC-UDCA.  Titration of p53 DBD protein with increasing 
amounts of FITC-UDCA, analyzed by far-UV CD (A) or fluorescence anisotropy spectroscopy (B).  
See “Experimental” for details. 
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Figure 2 
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Figure 3 
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