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53 Unfolding Detected by CD but Not
y Tryptophan Fluorescence1
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Full-length human p53 protein was examined using
ryptophan fluorescence and circular dichroism spec-
roscopy (CD) to monitor unfolding. No significant al-
eration in tryptophan fluorescence for the tetrameric
rotein was detectable over a wide range of either
rea or guanidine hydrochloride concentrations, in
ontrast to results with the isolated DNA binding do-
ain [Bullock et al. (1997) Proc. Natl. Acad. Sci. USA

4, 14338]. Under similar denaturant conditions, CD
emonstrated significant protein unfolding for the
ull-length wild-type protein, with increased apparent
tructure loss compared to that detected during ther-
al denaturation [Nichols and Matthews (2001) Bio-

hemistry 40, 3847]. Examination of X-ray structures
ontaining two of the four tryptophan residues of a
53 monomer suggested local environments consistent
ith quenched fluorophores. Exploration of p53 fluo-

escence using potassium iodide as a quencher
onfirmed that these fluorophores are already sub-
tantially quenched in the native structure, and
his quenching is not relieved during protein
nfolding. © 2001 Academic Press

Key Words: p53 protein; fluorescence; stability; un-
olding; quenching; circular dichroism.

The ability of the homotetrameric tumor suppressor
rotein p53 to protect against uncontrolled cellular
rowth depends on its ability to recognize cognate
sDNA sequences, as reflected in the loss of this activ-
ty in a large percentage of humor tumors (reviewed in
, 2). Low cellular levels, maintained through MDM2-
ediated ubiquitination and associated degradation,

nsure that p53 action is limited under normal condi-

1 This work was supported by grants from the G. Harold and Leila
. Mathers Foundation and from the Robert A. Welch Foundation

C-576) to K.S.M. N.M.N. was supported by an NIH Molecular Bio-
hysics Training Grant (GM-08280). Spectroscopic facilities were
rovided by the Keck Center for Computational Biology and the
ucille P. Markey Charitable Trust.

2 To whom correspondence and reprint requests should be ad-
ressed. Fax: 713-348-6149. E-mail: ksm@rice.edu.
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53 degradation is decreased, with a consequent in-
rease in p53 levels, and posttranslational modifica-
ions occur that further affect degradation and alter
unctional properties of p53 (reviewed in 3–8).

Each full-length p53 monomer contains four trypto-
hans, all located in the N-terminal half of the protein
Fig. 1) (9, 10). Three of the tryptophan residues are in
he N-terminal transactivation and SH2 signaling do-
ains, whereas the remaining tryptophan is located in

he DNA binding domain (9, 10) and serves as the
ignal for core domain unfolding analysis (11). Trypto-
han fluorescence is highly sensitive to surrounding
nvironment and can be used to monitor structural
lterations in response to protein unfolding (12).
hemically induced unfolding of the monomeric core
omain of p53 can be monitored by fluorescence of the
ole tryptophan at position 146 in this fragment (11).
he core domain unfolding process is reversible and
ccurs at relatively low denaturant concentrations
11). A contrasting view of the core domain within the
ull-length tetrameric protein is provided by monitor-
ng loss of secondary structure using circular dichroism
CD) spectroscopy as a function of temperature (13).
-Sheet (corresponding to the core DNA binding do-
ain) and a-helical structures as well as the DNA

inding function of isolated full-length p53 protein ex-
ibit significant thermal stability (13). Because chem-

cal and thermal unfolding often occur via distinct
athways and intermediates, these methods can pro-
ide complementary information (14). To explore the
ifferences observed between the full-length, tet-
americ p53 protein and the monomeric core DNA
inding domain, we have examined chemically induced
nfolding of the full-length protein using both fluores-
ence and CD spectroscopy. Interestingly, we find no
ffect on tryptophan fluorescence for the full-length
rotein even at high denaturant concentrations. The
ryptophan residues in the native p53 protein are
ound to be highly quenched and are unsusceptible to
urther quenching by iodide. Thus, the indole side
hains are ineffective tools for monitoring structural
0006-291X/01 $35.00
Copyright © 2001 by Academic Press
All rights of reproduction in any form reserved.
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ntegrity in the full-length protein. In contrast, CD
pectroscopic measurements indicate substantial al-
erations in secondary structure in response to
uanidine–HCl (GuHCl).

ATERIALS AND METHODS

Expression and purification of p53 protein. Cell growth and pro-
ein purification were performed as described previously (13). p53
rotein eluted from the final phosphocellulose column approximately
idway through a 0.2–0.5 M KPB (potassium phosphate buffer, pH

.5, 5 mM DTT, 10% (v/v) glycerol, 5% (w/v) glucose) gradient. Pro-
ein purity was determined by SDS–PAGE analysis and densitome-
ry of the stained protein bands and ranged from ;80 to 90% per
reparation.

Chemical denaturants. Stock solutions of guanidine hydrochlo-
ide (GuHCl) and urea were made from ultra-pure chemicals (Fluka)
n buffer stocks at 2- to 5-fold final concentration. Concentration was
etermined after dilution to final concentration and filtration accord-
ng to refractive index measurements using the following equations:

MGuHCl 5 57.147~DN! 1 38.68~DN 2! 2 91.60~DN 3! [1]

Murea 5 117.66~DN! 1 29.753~DN 2! 1 185.56~DN 3!, [2]

here DN is the difference in the index of refraction between the
tock GuHCl or urea sample and the corresponding buffer at the
odium D line (14). Stock solutions of urea were made fresh daily to
revent the formation of cyanate ions (14).

Fluorescence measurements. Spectra were measured on either a
odular SLM Aminco fluorometer or an SLM Amino-Bowman Series
luminescence spectrometer. Protein concentration was 5 3 1027

tet in ;0.33 M potassium phosphate buffer, pH 7.5, and samples
ere scanned at room temperature from 310 to 370 nm at 2 nm/s
ith an excitation wavelength of 285 nm. A Corning filter 7-54 was
sed in the excitation pathway to allow light of wavelengths 240
hrough 420 nm to pass to the sample. For comparative studies with
-acetyl-L-tryptophanamide, p53 protein concentration was con-

erted to molar tryptophan concentrations. For chemical denatur-
tion measurements, samples of 3 3 1027 Mtet p53 protein were
llowed to incubate in varying concentrations of denaturant from 2
o 24 h before spectra were collected from 310 to 370 nm at room
emperature. Varying the potassium phosphate concentration for the
easurements from 0.1 to 0.35 M did not alter results obtained.

Iodide quenching. Potassium iodide quenching experiments were
erformed on a modular SLM Aminco Fluorometer fitted with a
tirring motor. A stock solution of 5 M KI, 1 mM sodium thiosulfate

FIG. 1. Location of tryptophan residues on the linear amino ac
orresponding amino acid residue numbers (9, 10). Filled regions i
unctions for specific domains of the protein are labeled (reviewed in
ave been determined (16, 17, 19, 20). Trp146 is the only tryptophan
onserved region II of the core DNA binding domain.
112
to prevent I2 formation) was made to allow very small volume
dditions (5 ml into 1.0 ml protein sample) via Hamilton syringe,
fter which the solution was mixed for 25 s before spectra were
ollected. The experiment was repeated with buffer additions to a
rotein solution to provide correction values for noniodide sources of
uenching. The Stern–Volmer constant, KSV, was determined from
hese data (12).

Circular dichroism measurements. Data were collected on an
VIV Model 62A DS circular dichroism spectrometer. Circular di-
hroism intensity for wild-type p53 was monitored at 218 nm at 22°C
t various concentrations of urea. For GuHCl experiments, the CD
pectrometer was fitted with a stir motor and a double Hamilton
yringe pump titrator accessory. Unfolded protein stock solutions
ere generated by incubation of the protein for 30 min in the pres-
nce of denaturant. Incubations from 10 min to 4 h indicated that
nfolding occurs within 10 min of denaturant addition, and 30 min
as selected for experimental measurements. p53 protein [0.1 mg/ml

8.0 3 1027 Mtet) in 0.4 M KPB, 0 M GuHCl] was monitored at 218 nm
n the sample compartment in a 1 3 1-cm quartz cuvette while a
tock of unfolded protein [0.1 mg/ml (8.0 3 1027 Mtet) in 0.4 M KPB,
M GuHCl] was controlled by the syringe pump system. Samples
ere also examined at ;0.3 M KPB with no alteration in results
bserved. Reverse experiments were conducted to monitor the refold-
ng of p53 to ensure reversibility, and data points from both folding
nd unfolding experiments overlapped. Measurements at each dena-
urant concentration were averaged over a 10-s collection window.
dentical results were achieved by mixing the samples for various
imes (120–360 s) after each denaturant addition, verifying that data
ere collected under equilibrium conditions.

ESULTS

Tryptophan fluorescence. To assess the relative sol-
ent exposure and chemical environment of the tryp-
ophans in p53, the protein fluorescence spectrum was
ompared to that for N-acetyltryptophanamide at a
omparable molar concentration of tryptophan fluoro-
hores (Fig. 2). N-Acetyltryptophanamide can be used
o approximate the spectrum of a protein tryptophan
uorophore fully exposed to solvent, because its fluoro-
hore is fully exposed in solution and the amino and
arboxyl groups are blocked. The intensity of the spec-
rum for p53 was substantially diminished compared
o N-acetyltryptophanamide, suggesting substantial
uenching of all four tryptophans in the native envi-
onment of p53.

sequence of p53. Vertical bars represent tryptophan locations and
tified by Roman numerals indicate highly conserved regions, and

4, 5). Bars below the sequence indicate regions for which structures
cated outside of the N-terminal activation/SH2 signaling domain in
id
den
2,
lo
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Iodide quenching of tryptophan fluorescence. p53
ryptophan accessibility was probed by potassium io-
ide quenching experiments to determine whether the
uorescence of any of the four tryptophans of p53 could
e decreased by collisional quenching. Iodide is a po-
ent fluorescence quencher whose charge and large size
revents it from approaching tryptophans located
ithin the hydrophobic core of a protein. Iodide
uenching can therefore be correlated to the accessibil-
ty of the residues, providing information about their
nvironment (12). Iodide quenching effectiveness is
easured as the Stern–Volmer quenching constant,
SV, where a KSV # 0.2 represents essentially no

uenching (12). The Stern–Volmer constant derived
rom these experiments was 0.15 6 0.11 M21, indicat-
ng that none of the four tryptophans can be quenched
ffectively by KI.

Chemical denaturation monitored by fluorescence.
luorescence of full-length p53 protein was examined
s a function of chemical denaturant concentration. No
ignificant change in fluorescence was observed for the
ull-length wild-type protein, even at concentrations of

M urea (Fig. 3A). Previous experiments with the
solated, monomeric DNA binding domain had demon-
trated that ;2.7 M urea was sufficient to unfold 50%
f this monomeric polypeptide at 25°C (11). GuHCl
enerally unfolds proteins at lower concentrations
han urea and generates 50% unfolding of the DNA
inding domain at 1.1 M at 10°C (15). This reagent was
lso employed in our fluorescence experiments, and up
o 5 M GuHCl we observed no alteration in fluores-
ence signal (Fig. 3B). Samples were monitored for up
o 24 h to exclude the possibility that slow unfolding
inetics were responsible for the unchanged fluores-

FIG. 2. Fluorescence spectra for wild-type p53 protein and
-acetyltryptophanamide at the same molar tryptophan concentra-

ion. N-Acetyltryptophanamide is commonly used as a tryptophan
uorescence standard that exhibits a wavelength of maximum emis-
ion and quantum yield characteristic of a solvent-exposed trypto-
han (;350 nm). Samples were excited at 285 nm, and emission
pectra were collected from 310 to 370 nm at 2 nm/s.
113
erved. Two possible explanations can account for the
bsence of any significant change in p53 fluorescence
ignal as a function of chemical denaturant. Either no
ignificant change in tryptophan environment takes
lace in the intact protein, i.e., full-length, tetrameric
53 cannot be unfolded by high concentrations of urea
r GuHCl, or there is a change in structure that the
ryptophans do not report. Because of the different
bservations for the DNA binding domain in the iso-
ated core polypeptide (11, 15) and the full-length pro-
ein (minimal fluorescence change at high denaturant
oncentrations as well as very high thermal stability)
13), circular dichroism was used to monitor response
f secondary structure within the full-length protein to
hemical denaturants.

Circular dichroism measurements of unfolding. CD
pectra were collected at 22°C as a function of both
rea and GuHCl concentrations to assess the folded
tate of p53 protein. The stability of p53 tetramer is
eflected in the low level of structure disruption ob-
erved up to 4 M urea (Fig. 4). Clearly the full-length
rotein stability exceeds that observed for the isolated
NA binding domain which is 50% unfolded at 2.7 M
rea at 25°C (11). Higher concentrations of urea were

FIG. 3. p53 tryptophan fluorescence as a function of denaturant
oncentration. Relative fluorescence intensity of wild-type p53 re-
orted at 340 nm was measured as a function of (A) urea or (B)
uHCl concentration as described under Materials and Methods.
elative fluorescence was measured by normalizing the fluorescence

ntensity at 340 nm to that displayed by a protein sample in the
bsence of denaturant.
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recluded by limitations of protein concentration. Gu-
Cl, which is a stronger chemical denaturant, was
tilized to determine whether this compound could
ffect complete unfolding, and the spectral changes
bserved clearly reflect loss of a-helical and b-sheet
tructure (13). Even at 4.8 M GuHCl, the protein did
ot appear to be completely unfolded, as reflected in
he absence of a lower plateau in Fig. 4. Requisite
uffer conditions and limitations on protein concentra-
ion that could be obtained prevented the use of higher
enaturant concentrations. At 4.8 M GuHCl, approxi-
ately 30% of the starting structure signal remained.
o ensure that slow unfolding was not responsible for
he absence of complete denaturation, samples were
onitored for a period of many hours. Equilibrium

onditions were reached on the order of several min-
tes, well within the incubation times of the measure-
ents. Renaturation experiments were conducted to

erify the reversibility of protein unfolding, and results
ere identical to those from GuHCl denaturation ex-
eriments over the entire range investigated (Fig. 4).

ISCUSSION

Monomeric DNA binding domains from tumor-
erived p53 mutants have been reported to exhibit
iminished stability that may account for their de-
reased DNA binding (11, 15). Determining the ther-
odynamics of full-length, tetrameric p53 folding has

herefore gained importance. Significant thermal sta-
ility of both structure and function has been demon-

FIG. 4. Circular dichroism intensity as a function of denaturant.
ignal was monitored at 218 nm at 22°C and reported as a fractional
ignal relative to the intensity observed in the absence of denatur-
nt. Data from duplicate experiments for urea (triangles) and trip-
icate experiments for GuHCl (circles) are shown. Data from rena-
uration experiments for GuHCl were similar to those collected from
enaturation experiments. These data are included in the figure and
ere designed to overlap denaturation data points between 3 and 4

GuHCl. Higher concentrations of GuHCl to achieve the lower
lateau necessary for thermodynamic analysis could not be obtained
ue to experimental constraints.
114
ost-translational modifications from bacterial cells
13); however, the unfolding observed with increased
emperature is irreversible, precluding thermody-
amic analysis of this process. To initiate an explora-
ion of thermodynamic parameters for the full-length,
etrameric p53 protein and establish baseline informa-
ion on this system, we employed fluorescence spectros-
opy to monitor protein unfolding. Fluorescence anal-
sis was selected based on the success of this technique
n monitoring monomeric p53 DNA binding domain
nfolding (11, 15). Despite four potential fluorophores
er monomer, comparable experiments with the full-
ength p53 protein gave extremely low fluorescence
ignal that was unaltered over a wide range of dena-
urant concentrations. Thus, comparable fluorescence
ehavior is not observed in the intact protein as for the
NA binding domain alone.
Iodide, which accesses exposed or only partially bur-

ed fluorophores, was used to determine whether tryp-
ophans in full-length p53 protein were susceptible to
dditional quenching. Iodide did not elicit any addi-
ional diminution in the fluorescence signal for p53
rotein. The absence of significant quenching in p53
ould arise from either inaccessibility of tryptophan
esidues to the quencher or from intrinsic quenching of
he tryptophan residues.

The environments of two of the four tryptophans of
53 can be examined using the X-ray structures of p53
omains (16, 17). Trp146 is located in the N-terminal
nd of the DNA binding core domain in a b-sheet in
onserved region II (Fig. 1). Residues surrounding
rp146 include Arg110, Asp228, Cys229, and Gln144

17), all capable of quenching tryptophan fluorescence
12). The location of Trp146 in this charged pocket
ccounts for its low fluorescence, but this arrangement
oes not account for differential fluorescence behavior
or Trp146 between the isolated DNA binding domain
nd the intact protein. Additional interactions of the N-
nd C-terminal regions within the full-length protein
s well as contact between subunits may alter substan-
ially the environment to which this tryptophan is ex-
osed in the native and partially unfolded states.
Three of the four tryptophans of p53 are located in

he loosely structured N-terminal domain (18). The
nvironment of one of these, Trp23, can be inferred
rom the crystallographic structure of a small,
-terminal peptide that was reported to form a com-
lex with an MDM2 fragment (16). Residues Phe19,
eu26, Pro27 combine with Trp23 to form a hydropho-
ic surface that is recognized by MDM2. When MDM2
s not bound to p53, the helical structure is unlikely to
orm, and these residues are presumably solvent ex-
osed. Such an environment for Trp23 would also be
onsistent with low fluorescence intensity. Further
ork will be necessary to establish unequivocally the
asis for the diminished fluorescence quantum yield for
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he less structured N-terminal domain suggests that
olvent exposure may also account for their behavior.
To confirm that the p53 protein unfolds over the

ange of denaturant concentrations where no alter-
tion in fluorescence could be detected, circular dichro-
sm spectroscopy was utilized to monitor the secondary
tructure of the protein. These experiments demon-
trate that full-length wild-type p53 protein is not sub-
tantially unfolded by urea in the concentrations ac-
essible experimentally, in contrast to the isolated core
omain (11). However, the full-length protein can be
ignificantly unfolded (loss of ;70% signal) by the
tronger denaturant, GuHCl. Denaturation of full-
ength p53 protein with GuHCl is a reversible and
elatively rapid kinetic process that is complete within
–2 min. However, the inability to attain a lower pla-
eau, coupled with lack of knowledge regarding inter-
ediate structures, precludes thermodynamic analysis

f these data.
Differences in fluorescence during denaturation of

he isolated, monomeric core DNA binding domain ver-
us the full-length tetrameric protein suggest signifi-
ant effects of other domains and assembly on unfold-
ng for p53 protein. In addition to enhancing stability,
he native state of the protein may engage a variety of
ntratetrameric interactions that result in quenching
f intrinsic tryptophan fluorescence. Since no detect-
ble change in fluorescence is observed over a range of
enaturant concentrations in which substantial
hanges in secondary structure are observed by CD,
he quenched state of the tryptophan fluorophores
ust be maintained throughout the course of the un-

olding reaction even as disruption of secondary struc-
ure occurs. Further study is required to decipher the
rigins of these effects and to generate a complete
hermodynamic analysis of unfolding processes for this
omplex and interesting protein.
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