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ABSTRACT: The p53 DNA binding domain (DBD) contains a single bound zinc ion that is essential for
activity. Zinc remains bound to wild-type DBD at temperatures belo®Ghowever, it rapidly dissociates

at physiological temperature. The resulting zinc-free protein (apoDBD) is folded and stable. NMR spectra
reveal that the DNA binding surface is altered in the absence &f. Zuorescence anisotropy studies
show that ZA" removal abolishes site-specific DNA binding activity, although full nonspecific DNA
binding affinity is retained. Surprisingly, the majority of tumorigenic mutations that destabilize DBD do
not appreciably destabilize apoDBD. The R175H mutation instead substantially accelerates the rate of
Zn?* loss. A considerable fraction of cellular p53 may therefore exist in the folded zinc-free form, especially
when tumorigenic mutations are present. ApoDBD appears to promote aggregation of zinc-bound DBD
via a nucleation-growth process. These data provide an explanation for the dominant negative phenotype
exhibited by many mutations. Through a combination of induced p53 aggregation and diminished site-
specific DNA binding activity, ZA* loss may represent a significant inactivation pathway for p53 in the
cell.

The transcription factor p53 (393 amino acids) regulates The DBD X-ray crystal structure reveals that ?Znis
expression of a host of genes involved in cell cycle control coordinated to C176 and H179 of the L2 loop and to C238
and apoptosis. Its function is to maintain the integrity of the and C242 of the L3 loop (Figure 1Y) The L3 loop binds
genome. It does so by preventing cells with damaged DNA the DNA minor groove. The L2 loop does not interact with
from replicating, either by pausing the cell cycle to allow DNA but makes extensive contacts with the L3 loop and
for necessary repairs or by promoting apoptosis if repairs the s-sheet scaffold. Zinc therefore appears to hold the L3
cannot be madel(-6). This activity ensures that excessive loop in the proper orientation for minor groove binding. A
mutations do not accumulate in daughter cells to the point number of studies support the idea thafZis necessary
where they may become cancerous. for transcriptional activation. The presence of metal chelating

p53 is mutated in over one-half of all tumors. The agents, the Zi-binding protein metallothionein, or Zh
overwhelming majority of these changes are found in the binding site mutations reduce DNA binding affinity in vitro
central DNA binding domain (DBB)comprised of residues ~ (14—17) and in vivo (L6—18). Moreover, some tumorigenic
94—-312 (7). While it is clear that tumorigenic DBD  DBD mutations enhance inactivation by chelating compounds
mutations act by diminishing p53's site-specific DNA (15), suggesting that they may increase the rate of*Zn
binding activity 8, 9), the mechanisms by which they do so release or decrease its overall binding affinity.
are not fully characterized. Some mutations (e.g., R273H) In this study, we characterize the structure, stability, and
decrease binding affinity simply by eliminating critical function of zinc-free DBD (apoDBD) in order to provide a
proteinr-DNA contacts {, 10, 11). Others (e.g., R175H)  comprehensive framework for interpreting the effects of
lower thermodynamic stability to the point where DBD is mutation on p53 activity. We have chosen to analyze five
predicted to be substantially unfolded at physiological of the six most prevalent tumorigenic mutations present in
temperature X2). A third mechanism is suggested by the general population7). These positions (R175, G245,
previous studies which report that some mutations appearR248, R249, R282; Figure 1) account for 22% of the 15000
to enhance loss of the single bound zinc id8)( The p53 mutations identified from human tumors and cell lines
purpose of this paper is to test the hypothesis that Zoss according to the database compiled by the Institut Curie
may represent a significant pathway of p53 inactivation.  (http://p53.curie.fr/). The fact that four of the five sites (all
except R282) are located in the Zrbinding L2 and L3
" This work was funded by U.S. Department of Defense Grant |oops emphasizes the need to understand the role tRat Zn
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312) containing a single bound Zn apoDBD, DBD with Zi* :
removed; PAR, 4-(2-pyridylazo)resorcinol; CD, circular dichroism; Gene Construction and Mutagenesike human p53 DBD

NMR, nuclear magnetic resonance; HSQC, heteronuclear single- 9€ne construct was cloned from plasmid pHP53B (American
quantum correlation. Type Culture Collection) with primers 8£CCCTCTGGC-
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Ficure 1: X-ray crystal structure of the wt DBD/DNA complex
(7) showing locations of mutations (dark gray). Helices and loops
near the ZA" and DNA binding sites are labeled; Znis
represented as a light gray sphere. W146 is also shown.

TATGTCATCTTCTGTCCCT-3and B-GCTGGGGAGA-
GTCGACTTAGGTGTTGTTGGGCAG-3Integrated DNA
Technologies). The cloned gene was cleaved Witled and
Sal (New England Biolabs) and inserted into plasmid
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were found by this assay to contain 400.05 equiv of
bound ZiA" immediately after purification (not shown), using
Aesgo = 6.6 x 10* M~ cm! (21). R175H contained only
0.854 0.05 mol of Zri*/mol of protein.

DNA Binding Assay9DNA binding affinities were deter-
mined by monitoring the change in fluorescence anisotropy
of 5'-fluorescein-labeled oligomers containing consensus
gaddt5 (B-AATATGGGAACATGTCTAAGCATGCTGT-
TG-3) (22) and nonconsensus'{BATATGGTTTGAAT-
AAAGAGTAAAGATTTG-3") (23) binding sequences (In-
tegrated DNA Technologies). DNA concentration was fixed
at 50 nM, and DBD concentration was varied from 0 to 30
uM. Solution conditions were 50 mN{-(2-hydroxyethyl)-
piperazineN'-2-ethanesulfonic acid (pH 6.8), 0.1 M NacCl,
and 5 mM dithiothreitol (DTT). Data were collected at 10
°C on a Jobin-Yvon/SPEX Fluoromax-3 fluorometer with
excitation and emission wavelengths of 490 and 525 nm,
respectively, and slit widths set to 5 nm band-pass. Dis-
sociation constants were calculated by fitting the data to a
simple one-site binding equation using the Origin program
(Microcal).

Equilibrium Folding ExperimentsTo minimize protein

pET23a (Novagen). Mutant p53 genes were constructed using-oncentration errors, samples were prepared by adding equal
the QuikChange site-directed mutagenesis kit (Stratagene)/0lumes of DBD to either 50 mM bis-tris propane (pH 6.8),

and fully sequenced.

Protein Expression and PurificatiorProteins were ex-
pressed in th&scherichia colstrain BL21(DE3) (Novagen).
Cultures were grown at 3T in Luria—Bertani media19)
until Absspo = 1.0, at which point the temperature was
lowered to 18C and 100 mg/L isopropy-p-thiogalactoside

was added to induce protein expression. Cells were harveste

by centrifugation 18 h later and purified as previously
described 10). Protein samples were judged to b&5%
pure by sodium dodecyl sulfatgolyacrylamide gel elec-
trophoresis with staining by Coomassie brilliant blue (not

shown). Protein concentration was determined by absorbanc

at 280 nm using a calculated extinction coefficient of 15930
M=t cm™t in 6 M guanidine hydrochloride20). NMR

0.1 M NaCl, and 5 mM DTT or to the same buffer containing
5 M urea (Sigma, ultrapure grade). The solutions were then
mixed in various ratios using a Hamilton Microlab 540B
dispenser to yield the final indicated urea concentrations.
Final protein concentrations were-2 uM. Urea concentra-
tions were determined by refractive index measuremedis (

dSamples were incubated for at least 12 h atCQprior to

data collection. Tryptophan fluorescence spectra were gener-
ated by exciting at 280 nm and recording emission from 300
to 425 nm (10°C). Both slits were set to 4 nm band-pass.
Emission spectra were integrated from 325 to 375 nm and

éalotted against urea concentration. Thermodynamic param-

eters were obtained by fitting these data to the linear
extrapolation equation using the Origin softwas)(

samples were prepared identically except cultures were Adgregation ExperimentSample conditions were 50 mM

grown in M9 media {9) containing 1 g/L {NH,),SO,
(Cambridge Isotope Laboratories).

ApoDBD was prepared by treating DBD with;z volume
of 10% acetic acid (final pH 4.3) anéh o volume of 0.5 M
EDTA and incubating for 1 min on ice. The pH was then
raised to 6.7 by addition of 1.5 volumes 0.5 M bis-tris
propane (Sigma) (pH 6.8). The resulting zinc-free protein

was then desalted into the indicated buffers using a PD-10

column (Pharmacia). Residual levels of’Znvere undetect-
able by assays employing the chromogenicZninding

reagent 4-(2-pyridylazo)resorcinol (PAR), as described be-

low.
Zinc Dissociation AssayBata were collected on a Varian

Cary-100 spectrophotometer equipped with a thermoelectri-

bis-tris propane (pH 6.8), 0.1 M NaCl, and 5 mM dithio-
threitol, 37°C, with protein and urea concentrations indicated
in the figure legends. To avoid protein aggregation prior to
the start of the experiment, samples were kept on ice and
added to a prewarmed cuvette, whereupon a 10-fold excess
of prewarmed buffer was immediately added and data
collection begun.

RESULTS AND DISCUSSION

Mutation and Eleated Temperature Enhance the Rate of
Zinc Releasekersht and colleagues have shown that, at 10
°C and micromolar DBD concentration, Zndoes not
appreciably dissociate from wild-type (wt) and mutant
proteins even when they are unfoldeda M urea (0). To

cally heated sample holder. Zinc release kinetics were more closely approximate cellular conditions, we monitored

performed in 50 mM bis-tris propane (pH 6.8), 0.5 M NaCl,
5 mM dithiothreitol, and 0.5 mM PAR at the temperatures
indicated in Figure 2. The fraction of Zh released was

Zn?* loss at higher temperatures and in the presence of the
chelating agent PAR. Two PAR molecules bind oné*Zn
with Kq1 = 0.25uM and K4, = 1.8 uM, and the resulting

calculated by normalizing the absorbance readings to thatcomplex absorbs at 500 nm. The rapid second-order rate

of an identical sample containing 628V methyl meth-

constant of 2< 10" M~* s~ for formation of the 1:1 species

anethiosulfonate (Sigma), which alkylates cysteine residuesensures that the observed reaction rate is not limited by PAR/

and fully liberates bound 2. All mutants except for R175H

Zn?* binding. Figure 2 shows that the rate ofZhoss from
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FiGURE 2: Kinetics of Zi#™ release from wt and R175H DBD

determined by PAR assays. DBD and PAR concentrations are 2
uM and 0.5 mM, respectively. Q

- 125
wt DBD increases dramatically with temperature. At°ZQ)
this rate is too slow to be measured in the presence of 0.5
mM PAR. In contrast~30% of Zr#* is lost within 5 min
of heating at 37C; the remainder appears to dissociate on
a slower time scale. There are at least two potential causes
of the biphasic kinetics. One is that there are two populations &
of DBD with different Zr?* dissociation rates. Alternately,
the fractional amplitude may reflect equilibrium partitioning 10 9 ' 8 ' 7
of Zn?" between DBD and PAR. We tested these models "H ppm
by repeating the experiment with 0.1 and 0.2 mM PAR. The Fgure 3: 600 MHz 15N/!H HSQC NMR spectra of zinc-bound
observed amplitudes decreased with decreasing PAR con-blue) and zinc-free (red) wt DBD. Sample conditions are 25D
centration (not shown), consistent with the equilibrium DBD, 80«M apoDBD, 50 mM bis-tris propane (pH 6.8), 0.1 M
partitioning model. Zinc dissociation constants, however, NaCl. 10 mM dithiothreitol, and 5%H.0 at 15°C.
could not be determined quantitatively by this method. EDTA. Native apoDBD is then regenerated by raising pH
ApoDBD readily aggregates at 3T, and the resulting light  t0 6.8 and passing the solution through a gel filtration column
scatter began to interfere with the absorbance measurementgy remove ZA&* and EDTA. Full removal of Z# was
beyond the 10 min time scale indicated in Figure 2. We also confirmed by subsequent PAR assays. DBD refolds revers-
attempted to measui€y values by titrating apoDBD with  jbly when pH is lowered and raised in the absence of EDTA
ZnCl, and monitoring liganetmetal charge-transfer absor-  (not shown). Any changes in structure are therefore due to
bance bands at 26@30 nm. These experiments failed zn2+ removal and not simply to exposure to acidic solution.
because addition of more thar-2 equiv of ZnC} led to To determine the effects of Zh removal on DBD
sample turbidity. This phenomenon has been observed withstructure, we recordeédN/*H heteronuclear single-quantum
other Zr¥*-binding proteins and was attributed to intermo- correlation (HSQC) NMR spectra of the zinc-bound and zinc-
lecular metal ion binding to surface cysteine and histidine free proteins (Figure 3). Since chemical shifts are extremely
residues 26, 27). As a result, wt and mutant Zhdissocia-  sensitive to structural changes, cross-peaks that shift by less
tion constants could not be directly compared. than 0.1 ppm*H) and 0.5 ppm*N) likely represent regions
Nevertheless, it is clear that the R175H mutant los€s Zn  of backbone structure that are similar in the two proteins.
more rapidly than does wt at all temperatures (Figure 2). These residues are colored blue on the X-ray crystal structure
Both the rate constant and amplitude of the initial phase are of DBD in Figure 4. Red areas indicate amino acids whose
greater for R175H at 2€C than they are for wt at 37C. In resonances appear to shift by more than those limits. It must
total, these data suggest that cellular p53 may lose #&n be pointed out that we could not obtain resonance assign-
other intracellular metal binding proteins on a functionally ments for apoDBD due to its limited solubility. Nevertheless,
relevant time scale. This phenomenon will be much more the pattern of chemical shift changes allows us to draw
pronounced in the case of R175H. several conclusions with reasonable confidence. Residues
Structure and Function of ApoDB[Figure 2 raises the  near the ZA" binding site (including those in the L2 and L3
possibility that a significant fraction of p53 may exist in the loops) exhibit widespread shifts. In contrast, many amino
zinc-free state under physiological conditions. It is therefore acids within thes-sheet scaffold do not shift, particularly
appropriate to characterize the structure and properties ofthose farther away from the Zhbinding site. This trend is
this form. To this end, we removed Znby lowering pH to consistent with the observation that the fluorescence emission
4.3 in the presence of 5 mM EDTA (4C). Circular spectra of W146, located on the opposite side of the
dichroism (CD) spectra reveal that DBD adopts an alternate -sandwich from the metal binding region (Figure 1), are
folded conformation below pH 5.5 (data not shown) which nearly identical for both DBD and apoDBD (not shown).
binds Zrt™ weakly, thus facilitating its rapid abstraction by Also unaffected are helix H2 and loop L1, which bind in

- 130
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Ficure 4: Effect of Zr#+ removal on DBD structure. DBD is shown
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molecules from binding nonspecifically to the flanking

sequences.

Surprisingly, DBD and apoDBD possess similar apparent
Kq values for the nonconsensus oligonucleotide £9.5uM
and 6.8+ 1 uM, respectively). DBD has an 11-fold higher
affinity for the gadd45 oligonuclotide K4 = 0.89+ 0.1uM),
in agreement with the previously reported value of @\
(23). ApoDBD, however, exhibits the sarig for thegadd5
(6.0 £ 1 uM) and nonconsensus oligonucleotides. We
conclude that the L3 loop is critical for site-specific DNA
binding. When its structure is disrupted by metal ion removal,
DNA can still interact with the remaining binding surface
but only in a weak, sequence-independent manner. Zinc loss

will therefore functionally inactivate p53.

in the same orientation as in Figure 1. Red regions represent residues Most Hot-Spot Mutants Do Not Affect the Stability of
whose®N/*H HSQC cross-peaks shifted by more than 0.1 ppm ApoDBD. According to the stability hypothesis of p53

(*H) and 0.5 ppm N). Blue indicates regions of structural
similarity where resonances shifted by less than those amounts
The zinc ion is colored green. No information is available for the
gray areas due to peak overlap or missing assignments.
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Ficure 5: DNA binding of wt DBD (closed symbols) and wt
apoDBD (open symbols) td-Bluorescein-labeledadd5 (squares)

and nonconsensus (circles) oligonucleotides. Lines are best fits of
the data to a one-site binding model.

the DNA major groove. The secondary structure elements
comprising the DNA binding surface thus appear to be
independently structured. Removal of the metal ion disrupts
the minor groove binding loop but not the major groove
binding motif.

To test the functional consequence of?Zrioss, we
measured DNA dissociation constants usihdg&orescein-

inactivation, mutations lower the free energy of folding to
the point where DBD is unstable. Our data demonstrate that
apoDBD is both thermodynamically stable and kinetically
accessible. Therefore, to understand how mutations shift the
balance of p53 conformational states, it is necessary to
generate a complete thermodynamic model that includes
parameters for the zinc-free form.

Urea unfolds apoDBD in a reversible and apparent two-
state manner, as evidenced by the following observations.
First, unfolding monitored by tryptophan fluorescence and
CD (10 °C) reveals isosbestic points at 318 and 231 nm,
respectively (not shown). Second, normalized unfolding
transitions obtained by the two methods are superimposable.
Third, as a test, we diluted unfolded apoDBDR & M urea)
10-fold into buffer and monitored refolding by Trp fluores-
cence. The spectra were identical to that of the native
apoDBD control after~10 h of refolding. These control
experiments validate the use of the linear extrapolation
equation 25) to obtain thermodynamic parameters.

We next compare stability parameters of apoDBD with
those of DBD. They can be directly compared because DBD,
like apoDBD, unfolds by a reversible, two-state mechanism
without measurable loss of boundZrat 10°C (10). This
result seems paradoxical, since Figure 2 shows that the metal
ion can be rapidly lost from native DBD. The paradox is
resolved by recognizing that the rate of?Zmlissociation is
highly temperature dependent. At 2C, the dissociation
half-time is much slower than the duration of the experiment,
even for unfolded DBD. Figure 6A presents unfolding curves
for hot-spot DBD variants, and Table 1 summarizes the
resulting stability parameters. Most mutations significantly
destabilize DBD, as witnessed by the spread in the transition

labeled 30-mer oligonucleotides bearing nonconsensus andnidpoints Cy). These results agree well with those reported

gadd45 binding sequences. DBDNA complex formation

is monitored by the increase in fluorescence anisotropy of
the fluorescein group (Figure 5). In all cases data are well-
fit by a simple one-site binding equation, as indicated by
the solid lines. The anisotropy of the complex, however, is
higher for the nonconsensus oligonucleotide than it is for
the gaddi5 sequence. This result suggests that more than
one protein molecule may bind to the former. A 30-mer
oligonucleotide can in principle accommodate multiple
nonspecific binding sites, since DBD interacts with base
pairs according to the crystal structui®.(In contrast, tight
binding of one DBD molecule to thgadd45 sequence in
the center of the oligonuclotide may sterically prevent other

earlier (L0, 12) with the exception of R248Q. This mutant
is more stable in our conditions, probably because of the
different pH and buffers used in the two studies.

The most dramatic difference observed for apoDBD is that
most mutations do not appreciably affect its stability. Wild-
type and mutant,, values generally cluster together (Figure
6B, Table 1). A particularly striking finding is that the R175H
alteration lowersAG of the zinc-bound protein by 50%,
making it one of the most debilitating mutations identified
to date. However, this mutation does not significantly
destabilize apoDBD. Zinc loss actually appears to stabilize
R175H; however, this effect is probably due to an artificially
low cooperativity parameten) that slightly underestimates
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Table 1: Stability Parameters of DBD Variants at °ID

AG m AAG?

variant (kcalFmol™1) (kcaFmol~1-M~1) Cm (M) (kcakmol™)
wit 9.35+ 0.086 3.30+0.14 2.83+ 0.026 not applicable
R175H 4.65+ 0.15 2.44+ 0.15 1.91+ 0.063 —4.70+ 0.17
G245S 8.40+ 0.12 3.26+ 0.25 2.58+ 0.037 —0.95+ 0.15
R248Q 10.4+0.23 3.43+ 0.26 3.04+ 0.068 1.08+ 0.24
R249S 7.34+0.031 3.02+ 0.18 2.43+0.010 —2.01+ 0.090
R282Q 7.23£0.11 2.90+ 0.19 2.34+ 0.035 —2.12+0.14
wt apoDBD 6.47+0.14 3.21+0.19 2.02+ 0.043 not applicable
R175H apoDBD 5.8240.11 2.90+ 0.34 2.02+ 0.039 —0.60+ 0.18
G245S apoDBD 5.9% 0.050 2.92+0.13 2.02+ 0.017 —0.56+ 0.15
R248Q apoDBD 7.23% 0.046 3.32:0.19 2.17+0.013 0.74+ 0.15
R249S apoDBD 6.8% 0.16 3.24+0.21 2.10+ 0.025 0.34+0.21
R282Q apoDBD 442 0.31 2.71+0.14 1.63+0.12 —2.05+0.34

aRelative to wt, within the same 2Zhbinding status.
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Ficure 6: Equilibrium denaturation curves of (A) DBD and (B)
apoDBD. Symbols are as follows: open squares, wt; open circles,
R175H; open triangles, G245S; filled squares, R248Q; filled circles,
R249S; filled triangles, R282Q. Lines are best fits of the data to
the linear extrapolation equatio25).

the stability of R175H DBD. We found that15% of the
R175H mutant was already in the zinc-free form immediately
after purification (all other variants contained 1400.05
equiv of Zr#t; see Materials and Methods). The small
population of apoDBD likely broadens the unfolding transi-
tion of R175H DBD, resulting in a loweAG value when
extrapolated to zero denaturant concentration.

Why do mutations affect DBD and apoDBD to such
different extents? Figure 4 provides a likely explanation. All
mutations except for R282Q are in regions of the protein
that exhibit widespread chemical shift changes upofi"Zn
removal. The fact that none of these substitutions ali&r
suggests that side chain packing interactions in these regions
are altered or diminished in apoDBD. R282Q is the only
mutation examined that significantly destabilizes the zinc-
free form. It is located in helix H2, which HSQC spectra
judge to be unperturbed. Side chain contacts apparently are
similar for R282 in both the zinc-bound and zinc-free
proteins.

Equilibrium denaturation studies were carried out at 10
°C because DBD is maximally stable at that temperatl@g (

We attempted to extrapolateG values to 37°C by van't

Hoff analysis. Above 15C, however, the unfolding transi-
tion for wt apoDBD deviates from two-state behavior. The
m value is 40% lower at 22C than its maximum value at

4 °C (3.5 kcaimol **M~1). This trend suggests that a
partially unfolded intermediate is populated at higher tem-
peratures and at intermediate urea concentrations. In fact,
above 22°C, visible aggregation occurs at urea concentra-
tions near the unfolding midpoint but not at higher or lower
concentrations (data not shown).

Two important conclusions from the thermodynamic and
structural analyses are as follows: (i) a subset of hot-spot
mutations destabilizes DBD but not apoDBD, thereby
increasing the population of the latter at the expense of the
former; (ii) members of this class can be predicted from
Figure 4. R175H is an extreme example. It is probable that
R175H exists in the cell primarily in the folded zinc-free
state, given its high stability and the rapid rate ofZtoss
(Figure 2). We consider the functional and physiological
implications of these findings below.

ApoDBD Nucleates Aggregation of DBDis now widely
recognized that many proteins can spontaneously assemble
into insoluble fibers both in vitro and in vivo2B). This
process is thought to be triggered by the conversion of the
soluble protein to an alternate, aggregation-prone conforma-
tion. These misfolded molecules can then associate to form
a nucleus from which the fiber grows. Fersht and colleagues
have previously noted that some destabilizing mutations
enhance the inherent tendency of wt DBD to aggregate at
elevated temperatures or at intermediate urea concentrations
(10, 12). We find that ZA* removal has a similar effect.
Therefore, we next consider the possibility that a key initial
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the 3.5uM apoDBD control. As a further test, we repeated
the experiment using R175H apoDBD and wt DBD in the
same 1:3 ratio. The R175H mutation does not appear to affect
the structure or stability of the zinc-free form (Table 1); it
only enhances the rate of Znloss (Figure 2). Wild-type
and R175H apoDBDs are thus expected to accelerate
precipitation to similar extents. Figure 7B shows that this is
indeed the case.

These findings strongly suggest that apoDBD can ef-
fectively convert soluble DBD to the aggregated form. A
critical test of this hypothesis is to monitor aggregation at a
urea concentration where DBD is folded and apoDBD is
unfolded. The model predicts that aggregation will be
inhibited under these conditions, since the putative nucleating
species is unstable. Aggregation of wt DBD and wt apoDBD
is largely abolished by 1.2 M urea (Figure 8A) and 0.8 M
urea (not shown), respectively. These values presumably
reflect the minimum concentrations required to destabilize
each species to the point where nucleation cannot occur. The
difference in [urea] is consistent with the higher thermody-
namic stability of the zinc-bound state (Table 1). To further
decrease the urea concentration needed to denature apoDBD,
we used the R282Q variant. Precipitation of R282Q apoDBD
is prevented by 0.4 M urea, again consistent with its lower
stability relative to wt (Figure 8B).

absorbance at 500 nm

0.02 a Lh Aggregation kinetics of a 1:3 mixture of R282Q apoDBD:

= s wt DBD are presented in Figure 8C; 0.5 M urea eliminates
" : the aggregation-enhancing effect of R282Q apoDBD. The
‘ : 1:3 mixture exhibits nearly identical aggregation kinetics as
0 20 40 60 80 100 120 the wt only control; it is as if R282Q is not present at alll.
t(m) These results prove that substoichiometric amounts of

FicurRe 7: ApoDBD induces aggregation of DBD at 3. apoDBD can efficiently nucleate aggregation of DBD at 37
Symbols are as follows: (A) filled squares, wt DBD (3/M); °C.

open squares, wt apoDBD (34M); closed circles, wt DBD (2.62 A Model for Zinc Loss-Mediated p53 Inagdition. We

’r;“i"x)t’uf’epﬁ? Vstlrgls(fbév[t) 6(18%%?,\% fﬁﬁavt’t')bgg'f(fg'_'ggﬂﬁﬁf’ have shown that the rate of Znloss is accelerated by
closed squares, wt DBD (3;6M); half-filled squares, mixture of  elevated temperatures and by the presence of the tumorigenic
wt apoDBD (0.8&:M) and wt DBD (2.62uM); circles, mixture of R175H mutation (Figure 2). Moreover, the majority of
R175H apoDBD (0.88:M) and wt DBD (2.62uM). mutations examined decrease the stability of the zinc-bound
) L ) state but not that of the zinc-free form (Table 1). An
step in p53 aggregation is loss of Znand that the zinc-  jneyitable consequence is that the population of apoDBD
free species can serve as a nucleus. will be elevated in cells harboring these mutant alleles. Zinc
Figure 7A shows that both DBD and apoDBD precipitate release by itself inactivates p53, as witnessed by the
at 37°C in the absence of urea, as monitored by 500 nm elimination of site-specific DNA binding activity (Figure 5).
light scatter. The appearance of turbidity follows classic The light scatter experiments (Figures 7 and 8), however,
nucleation-growth kinetics. It exhibits a pronounced lag reveal that the deleterious effect of zinc loss is amplified by
period that decreases with increasing protein concentrationan aggregation mechanism.
followed by an exponential growth phase. At equivalent  According to this model, metal ion release leads to a
concentration, the lag phase is much shorter for the zinc- conformational change centered around the L2 and L3 loops
free species. To test whether apoDBD can nucleate aggrega¢Figure 4). This new conformation is highly aggregation
tion of DBD, we mixed 0.8§M of the former with 2.62  prone. It readily precipitates on its own, but more impor-
uM of the latter. The 1:3 ratio was chosen to mimic the tantly, it facilitates conversion of active, soluble DBD to an
condition where one p53 monomer has lost it§*Z(full- insoluble aggregate via a nucleation-growth process similar
length p53 exists as a tetramer in the cell). If apoDBD and to that of amyloid fiber formation.
DBD do not interact, the observed curve will simply be the  perhaps the most physiologically significant aspect of the
sum of the two independent aggregation events. If they do model is that it provides a molecular explanation for the
interact, the increase in |Ight scatter should be similar to the dominant-nega‘[ive phenotype exhibited by many p53 muta-
3.5uM DBD control except with a reduced lag time. tions in vitro 29—31) and in vivo 82, 33). This effect has
The results clearly point to the second scenario (Figure been previously attributed to the cooperative nature of DNA
7A). Neither the 0.8&:M apoDBD nor the 2.62«M DBD binding which predicts that a mutant subunit that fails to
samples aggregate significantly over the course of the bind DNA will lower the overall affinity of the tetramer by
experiment. When they are mixed, turbidity appears much a disproportionate amour2®). Our data, however, suggest
faster than the 3.aM DBD control and nearly as fast as that p53 aggregation may be a contributing factor. We
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roblastoma cells that overexpress wt p53 accumulate the
protein in the form of discrete, punctuate structures in the
cytoplasm with no detectable staining in the nucleB4).(
Ultracentrifugation sedimentation analysis revealed these
structures to be large molecular weight aggregates. Chinese
hamster MTX M neuroblastoma cells, also overexpressing
wt p53, show similar puncate p53 staining patterns in the
cytoplasm only 85). These high molecular weight particles
were resistant to denaturation by sodium dodecyl sulfate and
dithiothreitol treatment, indicating that they are stable
aggregates. Hot-spot mutations have been found to increase
p53 accumulation in both the cytoplasm and nucleus,
suggesting that mutation can induce aggregation in both
compartments. Rat glioma cells expressing a temperature-
sensitive V135 mutant exhibit nuclear staining with dot-like
inclusions 86). Upon heating at 42C, a human pancreatic
cell line harboring a mutation at R273 displays dense p53
bodies that accumulate just outside the nuclegid. (A
systematic study of 75 colorectal cancer cell lines found that
the most aggressive tumors exhibited increased p53 staining
in both the nucleus and the cytoplas&8), These cell lines
contained mutations at R175. Finally, cell fusion experiments
support our mechanism of dominant-negative behavior.
When the MTX M cells (which sequester p53 in large
cytoplasmic bodies) were fused with Chinese hamster B7
neuroblastoma cells (which show normal nuclear p53
localization), p53 was found to accumulate exclusively in
the cytoplasm 35). Cytoplasmic localization is thus a
dominant phenotype. The authors suggested that formation
of stable p53 multimers was responsible for defective nuclear
localization.

The partitioning between active (soluble) and inactive
(insoluble) p53 will in large part depend on the relative
concentrations of p53 and free Znin the cell. Once the
metal ion is lost, there is a kinetic competition between
rebinding and aggregation. At high [Zf}.e, rebinding will
be rapid with respect to proteirprotein association and p53
will remain soluble and functional. If [Z1]see is low, the
aggregating nucleus is formed before?Zigan rebind. The
concentration of free ZA in mammalian cells is not
precisely known. It is, however, tightly regulated by metal
binding proteins such as metallothionein and has been
estimated to be 16—10'? M, depending on the cell type
and assay employe89). Overexpression of metallothionein
has been found to be an early marker of colorectal carcinoma

(40). The scarcity of free Z and the preponderance of
Zn**-dependent transcription factors have led to the specula-
tion that gene expression may be partially regulated 5y Zn
bioavailability @1).

Other factors may influence this kinetic competition as
well. The effective DBD concentration will be higher than
suggest that the process begins when a mutant monomer oéxpected if the DBD monomers are held close to one another
a wt/mutant heterotetramer loses its zinc ion. It then by the topology of the tetramer. The structure of the tetramer
associates with the remaining zinc-bound subunits, therebyhas not been solved; however, a model based on the crystal
inactivating the entire tetramer. Moreover, it is easily structure of monomeric DBD suggests that the DBD subunits
conceivable that the converted, inactive tetramer can furtherare close enough to interact with each other within the
recruit functional tetramers to form larger aggregates similar tetramer {). Finally, we note that, with ten cysteine and nine
to those seen in our light scattering studies. histidine residues in DBD, there is a realistic chance that

A critical question is to what extent our proposed ag- Zn** may misligate once it has been released. Until now,
gregation mechanism modulates p53 activity in vivo. If p53 most small molecule-based approaches for treating p53-
forms large inclusion bodies in the cell, then they should be related cancers have been directed at stabilizing mutant DBD.
detectable by immunohistological techniques. Human neu- Our results point to an alternate strategy of preventingf Zn

Ficure 8: Destabilizing apoDBD by urea inhibits aggregation at
37 °C. Urea concentrations are indicated in each panel. DBD
variants shown are as follows: (A) wt DBD (38/), (B) R282Q
apoDBD (2.3uM), and (C) mixture of R282Q apoDBD (0.381)

and wt DBD (2.62uM) (solid lines); wt DBD (2.62uM) (dashed
line).
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loss or, failing that, of inhibiting protein aggregation long
enough to allow Z#" to rebind.
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