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The tumour suppressor protein p53 is a sequence-specific transcription factor that
coordinates one molecule of zinc in the core domain. In our recent study, magnesium
can also bind to the p53DBD and enhance its DNA-binding activity. In this study,
a systematic analysis of the conformation and stability changes induced by these two
metal ions was reported. The spectra of protein intrinsic fluorescence were used to
measure the equilibrium unfolding of the p53DBD protein. The stability against
chemical denaturation increased in the order apo < Mg?* <Zn?*. The thermal stability
monitored by DSC scans showed that the binding of metal ions to p53DBD increased
the thermal stability of the protein. To explore additional information of structural
changes after the binding of metal ions, we used the fluorescent probes to evaluate
the hydrophobic surface exposure. The results established that metal ions binding
increased hydrophobic exposure on the surface of p53DBD. Analysis of acrylamide
quenching experiments revealed that the binding of metal ions to p53DBD induced a
structural modification of the protein and this change provided significant protec-
tion against acrylamide quenching. Overall, the present results indicated that
p53DBD underwent a conformational change upon the binding of metal ions,
which was characterized by an increased stability of the protein.

Key words: equilibrium unfolding, denature, fluorescence, conformational change,
stability.

Abbreviations: ANS, 1l-anilino-8-naphthalene sulphonate; DBD, DNA-binding domain; DSC, differential
scanning calorimetry; DTT, dithiothreitol; GAmHCI, guanidinium hydrochloride; SDS, sodium dodecyl

sulphate.

The tumour suppressor protein p53 is a sequence-specific
transcription factor that functions to maintain the integ-
rity of the genome (1-3). It acts as a potent transcription
factor which is activated in response to a variety of DNA-
damaging agents, and may lead to cell-cycle arrest at the
G1/S phase checkpoint or induction of apoptosis (4-10).
In addition, p53 also negatively regulates the transcrip-
tion of genes containing TATA box-initiated promoters
by binding to the protein components of the basal tran-
scription machinery and thus is thought to be directly
involved in checking DNA replication (11-13). Many
studies have shown that all of these presently known
biological functions of p53 depend critically upon its
DNA-binding properties (14-16). Wild-type p53 binds
DNA through a sequence-specific DNA-binding domain
(p53DBD) extending from amino acid residues 96-308
(17). The high number of mutations is found in the
sequence-specific DNA-binding domain and consequently
cannot activate transcription (4, 18). This fact strongly
suggests that sequence-specific DNA binding and trans-
activation are the key activities that control the biologi-
cal functions of p53 (4, 19).

The crystal structure of p53DBD reveals that the p53
core domain structure consists of a beta sandwich that
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serves as a scaffold for two large loops (L2 and L3) and a
loop—sheet-helix motif (L1) (Fig. 1) (20-22). Zn%** is coor-
dinated to C176 and H179 of the L2 loop and C238 and
C242 of the L3 loop (20). The L1 loop forms the DNA-
binding surface of p53. Zinc coordination is thought to be
necessary for the proper folding of the p53 core domain
in vitro and disruption of this interaction greatly reduces
or abrogates p53 DNA binding and transactivation
of target genes (23-25). NMR spectra reveal that the
DNA-binding surface is altered by removing zinc ion
and fluorescence anisotropy studies show that zinc ion
removal abolishes site-specific DNA-binding activity,
although full non-specific DNA-binding affinity is
retained (26). Nevertheless, recombinant p53 polypeptide
can specifically bind copper ions, results in disrupting
the p53 conformation and its DNA-binding activity
(27-28). These opposite effects of different metal ions
on p53 support the notion that additional metal ions or
cellular factors can affect the specific recognition. In our
recent study (29), we found that magnesium ions could
bind to the p53DBD protein and enhanced the DNA-
binding affinity of p53DBD in a non-specific manner,
which is different from that of zinc ions in a sequence-
specific manner. We are thus interested in determining
whether the binding of magnesium ions influence the
structural stability of p53DBD.

In the present work, we examined the effect of these
two metal ions on the structural stability of the p53DBD.
We demonstrate that the stability of p53DBD is
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Fig. 1. X-ray crystal structure of p53DBD (20). Residues
coordinated zinc ion are labeled and shown as stick models.
Trp-146 is also shown, which was used as a fluorescent probe
for denaturation assays.

enhanced after binding the two metal ions by using
denaturation assays and fluorescence spectroscopy. The
data represent here and, together with previous studies
(23-26, 29), demonstrate that metal ions play a dual
modulatory role in p53DBD. The metal ions not only sup-
port the DNA-binding affinity of p53DBD, but also stabi-
lize the structure of the protein.

MATERIALS AND METHODS

Expression and Purification of p53DBD—The p53DBD
cDNA encoding amino acid residues 96-308 was cloned
in the pET32a expression vector (Novagen). The recom-
binant plasmids were transformed into Escherichia coli
BL21 (DE3) trx B™. The cells were incubated in LB
medium at 37°C and induced by 0.25mM isopropyl
B-p-thiogalactoside (IPTG) and then cultured at 25°C
for 7h. The cells were harvested by centrifugation and
lysed by osmotic shock method. The recombinant pro-
teins were purified by two chromatographic steps: affin-
ity chromatography and gel filtration chromatography.
The pooled fractions from the gel filtration column were
digested with enterokinase at 25°C for 7h. The digested
protein was further purified further on a Sephadex G-75
gel filtration column in buffer G (50mM Tris-HCI,
pH 7.5, 100mM NaCl, 1mM DTT). The final purified
p53DBD was checked on an SDS—polyacrylamide gel
for purity. The protein concentration was determined
by the Bradford method with bovine serum albumin
as the standard. Apo-DBD was prepared by treating
p53DBD with 2.5mM EDTA, and then passed through
a column of Sephadex G-75, which equilibrated in
buffer G.

Equilibrium  Unfolding Experiments—Denaturation
assays were performed on a Hitachi F-4500 fluores-
cence spectrophotometer using an excitation wavelength
of 295nm at 10°C. Emission spectra were recorded
from 310 to 450nm. The excitation and the emission
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bandwidths were both set at 5nm. Each data point
reported was an average of three determinations. The
protein concentration was adjusted to 1.8uM in buffer
G (60mM Tris-HCl, pH 7.5, 100mM NaCl, 1mM DTT)
(apo-DBD) containing 100uM MgCl, (MgZ*-DBD), or
100pM ZnCl, (Zn**-DBD).The protein solutions were
then denatured with various concentrations of GdmHCI
for 5h at 10°C. All spectra were corrected by subtracting
the signals from buffer containing the appropriate quan-
tity of substrate.

The parameter AGu can be described in Equation (1),

AGy = —RT In K, 1)

where AGu is the apparent free energy of unfolding in
the presence of denaturant, R is the gas constant and T
is the absolute temperature in kelvins. For a two-state
unfolding process, from moderate to high denaturant
concentrations the apparent free energy of unfolding
(AGY) is linearly dependent on the molar concentration
of the denaturant according to Equation (2),

AG, = AG? — m[GdmHC]] (2)

where AGY is the free energy of unfolding in the absence
of denaturant and m is the cooperativity of unfolding.
AG? and m will be derived from the intercept and
slope of a linear plot of AG, versus [GdmHCI] based on
Equation (2).

Differential Scanning Calorimetry (DSC)
Measurement—DSC measurements were carried out on
a NETZSCH DSC-204 differential scanning calorimeter
(NETZSCH). Temperatures from 4 to 55°C were scanned
at a rate of 1°C/min. The p53DBD (35uM) in buffer G
(50mM Tris-HCI, pH 7.5, 100mM NaCl, 1mM DTT)
(apo-DBD) incubated with 100puM Mg?* (Mg**-DBD)
and Zn?* (Zn%*-DBD) for 30min on ice. The buffer was
used for baseline scans and the system was allowed to
equilibrate at 4°C for 20 min before scanning. The appar-
ent T, values of p53DBD with and without metal ions
were determined.

1-Anilino-8-Naphthalenesulphonate (ANS)-Binding
Measurements—Binding of 1l-anilino-8-naphthalenesul-
phonate (ANS) to the protein was accessed by measuring
the fluorescence enhancement of ANS. The excitation
wavelength was set at 380nm, and the emission spectra
were scanned from 400 to 600nm. All measurements
were corrected by subtracting the fluorescence intensity
of the buffer.

Quenching of p53DBD by Acrylamide—Quenching
experiments were performed at 10°C by continuously
adding aliquots of the concentrated acrylamide stock solu-
tion (10 M, pH 7.5) to the protein solution. The excitation
wavelength was set at 295 nm and the fluorescence emis-
sion spectra were scanned from 310 to 400 nm. The inte-
gration area between 330 and 360 nm was used for data
analysis. The fluorescence quenching data in the presence
of acrylamide was analysed according to the Stern—
Volmer equation shown in Equation (3) (30-32),

B ik @ &)
where F, and F are the fluorescence intensities in the
absence and presence of the quencher, respectively. K, is
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the dynamic Stern—Volmer quenching constant, and [Q]
is the quencher concentration.

When the Stern—Volmer plot displayed an upward cur-
vature, the static quenching concept was used and the
experimental data were fitted to a revised Stern—Volmer
equation shown in Equation (4) (30-33),

F
7 = 1+ Ko - [Q) exp(VIQ)) @
where V is the static quenching constant measuring
the complex formation between acrylamide and the
protein.

RESULTS

Expression, Purification and Intrinsic Fluorescence
Properties of the p53DBD Protein—To evaluate the role
of metal ions on the structural stability of p53DBD, a
truncated form of p53DBD encoding amino acid residues
96-308 was expressed and purified (34-36). SDS-PAGE
analysis showed that the 24-kDa p53DBD protein was
the predominant polypeptide in the purified fractions
(Fig. 2A). The intrinsic fluorescence of the tryptophan
residue can be used as a sensitive probe to monitor the
conformational change of p53DBD. The fluorescence
properties of the purified apo-DBD in buffer G at room
temperature were shown in Fig. 2B. Analysis of the back-
ground-corrected fluorescence emission spectra of apo-
DBD showed that the recombinant protein exhibited
a fluorescence spectrum with a maximum at 340nm
when excited at 295nm. After denaturing with 4.2M
GdmHC1 for 5h, there was a distinct red shifting
of the maximum emission fluorescence to 352nm and
the fluorescence intensity decreased at the same time.
The fluorescence signals thus provide direct method in
monitoring the conformational changes of p53DBD
during the unfolding process.

A B
—— 94.0kDa i
—— 66.2KDa

£

e

— 50§

E

@

o2

c

— ®00

g

[=]

: 2

W —xow.  ©

—— 20. 0kDa

Fig. 2. Expression, purification and intrinsic fluorescence
properties of p53DBD. (A) The purified p53DBD was analysed
by electrophoresis through a 12.5% polyacrylamide gel containing
0.1% SDS and visualized with Coomassie blue dye. The positions
and sizes (in kilodalton) of the size markers are indicated
on the right. (B) Background-corrected fluorescence emission
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GdmHCI-Induced Equilibrium Unfolding of p53DBD—
The effect of metal ions on the p53DBD structural sta-
bility was evaluated by GdmHCIl-induced equilibrium
unfolding assays performed at 10°C. The maximum fluo-
rescence emission wavelength of the apo-DBD shifted
from 340 to 352nm upon an increase of the GdmHCI
concentration (Fig. 2B), reflecting tryptophan residues
transferred to a more polar environment. The structure
of the apo-DBD was very sensitive to the small concen-
tration changes of GAmHCI in the lower concentration
range between 1.0 and 3.0 M and the strongest effects
on emission changes were observed in this range
(Fig. 3A). No changes could be observed at GAmHCI con-
centrations higher than 3.0 M. The C,, value (midpoint
concentration of denaturant required to unfold half of the
protein) was 1.79 M. The Mg?*-DBD and Zn%*-DBD were
also analysed by similar equilibrium unfolding assays.
The equilibrium unfolding data in Fig. 3A were fitted
to the two-state model. The plots of AG, versus
[GdmHC!] are shown in Fig. 3B. The complete thermo-
dynamic unfolding parameters were determined, and the
values were presented in Table 1. The present data
(Table 1) showed a dependence of Cp, and AG.’ on the
presence of the metal ions. Midpoint concentrations (Cy,)
of GdmHCI were found to increase from apoDBD to ion-
bound forms. The free energy of unfolding (AG.’) of
Mg?*-DBD and Zn%*-DBD increased by 1.74 and 4.60kJ
mol™, respectively. These results suggested that the
binding of metal ions increased the stability of p53DBD.

Effects of Metal Ions on Apparent T,, of p53DBD—The
effects of metal binding on the thermal stability of
p53DBD were also assessed by DSC scans (Fig. 4).
Thermal denaturation of apo-DBD revealed a midpoint
of thermal transition (7,) of 39.6°C. The addition of
Zn%* resulted in a shift of the 7., value to 43.1°C.
Similarly, the addition of Mg?* was found to raise the
T, value to 40.7°C. These results demonstrated that

Wavelength (nm)

spectrum of the apo-DBD. The upper curve: 1.8 uM apo-DBD in
50mM Tris—HCl, pH 7.5, 100mM NaCl, 1mM dithiothreitol
at room temperature. The lower curve: 1.8uM apo-DBD was
treated with 4.2-M GdmHC] for 1h at room temperature.
Fluorescence spectrum was recorded at an excitation wavelength
of 295 nm.
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Fig. 3. GdmHCl-induced unfolding equilibrium of the and Zn?-DBD (open triangle). (B) The linear plot of AG
pP53DBD protein. (A) Transition curves for GdmHCl-induced versus [GdmHCI] based on Equation (2).

unfolding of apo-DBD (filled square), Mg?*-DBD (open circle)

Table 1. Thermodynamic unfolding parameters deter-
mined by equilibrium GdmHCI denaturation.

Protein Cn AC, m AGY AAGY
M M kdmol'M™? kJmol? kJmol™
apo-DBD 1.79  0.00 10.90 19.77 0.00
Mg?*-DBD 2.19 0.40 9.69 21.51 1.74
Zn**-DBD 251 0.72 9.63 24.37 4.60

The parameters AGS (Gibbs free energy of unfolding in the absence
of denaturant), m (cooperativity of unfolding) and C,, (midpoint
concentration of denaturant required to unfold half of the protein)
were determined by GdmHC! denaturation. The differences in Cy, and
AAGY values compared with the free pS3DBD protein are also
shown (AC,, and AAGY, respectively).
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Fig. 4. Apparent melting temperatures of p53DBD in the
absence and presence of metal ions.

the binding of metal ions to p53DBD increased the ther-
mal stability of the protein.

Binding of Metal Ions Increases Hydrophobic Exposure
of p563DBD—To obtain additional information of struc-
tural changes after the binding of metal ions, we inves-
tigated the binding of structural fluorescent probes to the
p53DBD protein. The exposure of the hydrophobic area
of the p53DBD protein was accessed by measuring the
ANS binding. The aromatic chromophore ANS is weakly

fluorescent in aqueous buffer but exhibits a marked
increase in emission upon binding to hydrophobic
domains in proteins. Thus, ANS can be used as a probe
to measure exposed hydrophobic surfaces on proteins
(37, 38). Analysis of the fluorescent spectra in Fig. 5A
revealed that the apo-DBD bound to ANS very weakly,
which suggested that there were limited hydrophobic
regions at the surface of the protein. Nevertheless,
when p53DBD was incubated with 100 uM Mg?*/Zn?*,
there was a significant enhancement of ANS fluores-
cence. This implied that the hydrophobic exposure of
p53DBD was increased upon metal ions binding.

It is interesting to further explore the hydrophobic
exposure of the p53DBD protein during urea denatura-
tion. As can be seen in Fig. 5B, when the apo-DBD incu-
bated with increasing concentrations of urea, the
fluorescence emission intensity of ANS had little
change. However, there was a distinct decrease of the
emission intensity when ion-bound forms treated with
increasing concentrations of urea. It was due to that
Mg?*- or Zn**-bound form became unfolded under the
effect of the denaturant. Overall, all of these results indi-
cated that the binding of metal ions enhanced hydropho-
bic exposure on the p53DBD surface.

Conformational Changes of p53DBD upon the Binding
of Metal Ions during Urea Denaturation—To further
characterize the conformational changes upon the bind-
ing of metal ions, the intrinsic fluorescence of the protein
was examined by quenching it with acrylamide.
Acrylamide is an efficient quencher of tryptophan fluo-
rescence in proteins, which can penetrate into the inte-
rior of the protein matrix (39). According to Equation (4),
the increasing rate of Fo/F could represent the accessibil-
ity to acrylamide. In the absence of urea, Fo/F of apo-
DBD was increasing much faster than Mg®**-DBD or
Zn**-DBD (Fig. 6A), which means that the apo-DBD
displayed greater accessibility for acrylamide than
Mg?*-DBD or Zn?"-DBD. In other words, acrylamide
exhibited a decreased access to the interior of ions-
bound forms. It suggested that the binding of metal
ions to the p53DBD induced a structure modification of
the protein and provided significant protection against
acrylamide quenching. The various quenching constants
are summarized in Table 2.
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Fig. 5. Binding of ANS to p53DBD during urea denatura-
tion. (A) ANS fluorescence spectra of apo-DBD, Mg?*-DBD and
7Zn?*-DBD, as indicated on the curves. (B) The apo-DBD (filled
square), MgZ*-DBD (open triangle) and Zn?"-DBD (open circle)

The acrylamide quenching experiments were then per-
formed in the presence of increasing urea concentrations.
Because of the effect of increasing amount of denaturant,
tryptophan in unfolded p53DBD was more exposed to the
solvent molecules and to quencher; F¢/F was increasing
much faster (Fig. 6) and the values of V and Kgy became
bigger (Table 2) when the concentration quencher
increased. When the concentration of urea more than
6 M, the upward curvature and the values of Kgy were
no more changed (data not shown), which suggested that
the value of 8.0-8.7 (K,,) means the fully accessibility to
Trp. At lower concentration of urea (Fig. 6A—C), the bind-
ing of metal ions provided significant protection against
acrylamide quenching. This protection was reduced at
higher concentration of urea (Fig. 6D and E). The acryl-
amide quenching assays indicated that the binding of
metal ions to the p53DBD increased the structural sta-
bility of the protein.

DISCUSSION

Metal ions are needed by at least one-quarter of all pro-
teins (40—42). Metal ions perform a variety of tasks in
cells from structural stabilization to enzyme catalysis
(43, 44). The tumour suppressor protein p53 is a zinc-
bound transcription factor (20-22). Nevertheless, the
binding of other metal ions can affect the structure and
DNA-binding activity of p53 (27-28). In our recent study,
we found that magnesium ions could bind to the p53DBD
protein and enhanced the DNA-binding affinity of
p53DBD in a non-specific manner (29).

In this study, a systematic analysis of the conformation
and stability changes induced by these two metal ions
was reported. The denaturation assays clearly demon-
strated that the protein exhibited an increased structural
stability in the presence of metal ions, compared with the
apo-DBD (Fig. 3). The stability against chemical dena-
turation increased in the order apo<Mg?*<Zn?*. The
DSC scans showed that the binding of metal ions also
increased the thermal stability of p53DBD (Fig. 4). The
enhancement of Mg®* on the structural stability of
p53DBD is weaker than that of Zn2*. ‘Soft’ ions, such
as Cd®* and Hg?*, have a high polarizability and they
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were incubated with various concentrations of urea at 10°C
for 5h. Fluorescence emission was monitored after the addition
of 50pM ANS at an excitation wavelength of 380nm. The inte-
grated fluorescence area between 420 and 560 nm was evaluated.

form stable bonds with polarizable ligands such as
sulfur. In contrast, ‘Hard’ ions, such as Mg?" and Ca?*,
possess a low polarizability but a high positive charge,
and they interact with ligands through -electrostatic
forces. Zn%* possesses intermediate properties between
‘hard’ and ‘soft’ (45). Zinc-binding site is composed of
three Cys and one His residues in p563DBD. It is appre-
hensible that zinc is easier to bind the protein than mag-
nesium. Actually, the binding affinity of Zn?" to p53DBD
is 9-fold greater than that of Mg?* (29)]. It is understand-
able that Mg®* confers a weaker stability contribution
than Zn®*.

Previous studies have shown that a conformational
change induced by metal ions is required to support the
DNA-binding activity (23-26). The NMR spectra showed
that residues near the Zn?*-binding site exhibited wide-
spread shifts and the minor-groove-binding loop formed
upon the binding of metal ions (26). Binding of the metal
ion induced rearrangement at the DNA-binding surface
and thus changed DNA-binding affinity (26). Our study
clearly showed that the binding of metal ions induced a
conformational change that was characterized by an
increased exposure of hydrophobic regions (Fig. 5). This
conformational modification may lead to DNA-binding
surface rearrangements, which influence the DNA-
binding activity of p53DBD. The coordination polyhedron
of catalytic zinc is usually dominated by histidine side
chains, while the coordination polyhedron of structural
zinc is almost exclusively dominated by cysteine thiolates
(45). In p53DBD, Zn?* is coordinated by cysteines 176,
238 and 242 and His179 (20). Zinc coordination keeps the
L2 and the DNA binding L3 loops together and holds the
L3 loop in the proper orientation for the DNA minor
groove binding. At the same time, zinc coordination
enhances the structural stability of p53DBD (26). For
Mg?*, competitive binding assays displayed that Mg®*
bind to the same active site of Zn%* on the protein (29).
Mg**-mediated binding of p53DBD to the DNA sites is
through allosteric activation that the binding of Mg**
induces conformational changes in p53DBD. On the
other hand, Mg®* binds to DNA that makes it a suitable
substrate and enhances the DNA-binding affinity of
p53DBD in a sequence-independent manner (29).
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Fig. 6. Stern-Volmer plots for the quenching of the intrin-
sic fluorescence of the p53DBD protein by acrylamide. The
apo-DBD (filled square), MgZ*-DBD (open circle) and Zn%*-DBD
(open triangle) were denatured with 0M (A), 1M (B), 2M (C), 4 M
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(D) and 6 M (E) urea at 10°C for 5h. The denatured protein was
then titrated with various amounts of acrylamide. Excitation was
set at 295nm, and the emission of the fluorescence-integrated
area between 330 and 360 nm was calculated.

Table 2. Quenching of the intrinsic fluorescence of apo-DBD, Mg?*-DBD and Zn?*-DBD by acrylamide.

Urea concentration 1% Koy
apo-DBD Mg?*-DBD Zn**-DBD apo-DBD Mg?*-DBD Zn**-DBD
M M1 Mt
0 1.119 1.068 1.023 4.818 4.536 4.297
1 1.258 1.216 1.062 4.833 4.377 4.182
2 1.267 1.233 1.085 4.958 4.463 4.226
4 1.322 0.892 1.262 6.961 7.214 6.535
6 1.287 1.063 1.145 8.073 8.342 8.746

Fluorescence spectroscopy assays were performed to evaluate the dynamic Stern—Volmer quenching constant (Ksy) and the static quenching

constant (V).
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In this work, we discovered that the binding of Mg?*
could enhance the structural stability of p53DBD. Over
all, these results suggests that the metal ion-induced
conformational change is necessary to support for its
DNA-binding activity by rearranging the side chains of
residues located in the active site of protein, while at the
same time contributing to the stabilization of the protein
architecture. Therefore, we propose that metal ions play
a dual modulatory role in the process of p53DBD func-
tioning as a transcription factor.

CONCLUSION

The novel aspect of the current study is that we demon-
strate the structural roles of metal ions in the p53DBD
protein. The p53DBD protein undergoes a conformational
change upon the binding of metal ions, which is charac-
terized by an increased stability of the protein. The data
represent here and, together with previous studies
(23-26, 29), demonstrate that metal ions play a dual
modulatory role in p53DBD. The metal ions not only sup-
port the DNA-binding affinity of p53DBD, but also sta-
bilize the structure of the protein.
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