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Identification of p53 as a Sequence-Specific 
DNA-Binding Protein 

Thc tumor-mppmmm garc p53 is altered by missease mutation in numemw humau 
mal@mciw. However, the biochemical praperties of p53 d the &kt of mutation 
on these ptoperties are unclear. A A DNA scqacnct was identified that binds 
speci6callyto'wild-type human p53 pmttin invitro. As &w zs 33 basc pairs were 
d a e n t  to confw speci6c binding. Certaia panines within this 33-base pair region 
wm critical, as mahyiation of these guanine8 or their substitntion with thymine- 
abrogated binding. Human p53 proteins containing citha oftwo misscnse mutations 
commody h d  in human tumors were unable to bind sigdicaudy to this soqacnec. 
These data suggest that a function of $3 may be mediated by its ability to bind to 
q e d k  DNA sequences in the human genome, and that this activity is altmd by 
mutations that & in human tumors. 

T HE GENE FOR THE NUCLEAR PHOS- 

phoprotein p53 is the most com- 
monly mutated gcnc yet identified in 

human cancers (1); missense mutations oc- 
cur in tumors of the colon, lung, breast, 
ovary, bladder, and several other organs (2, 
3). One of the important challtngcs ofcur- 
rent cancer mearch is the elucidation of the 
biochemical properties of the p53 gene 
product and the way in which mutations of 
the p53 gcnc &cct these properties. Al- 
though some biological c h a r a e c s  of 
p53 have been defined, such as its ability to 
suppress the growth of in vitm-mmformed 
murine cells (4) or human cancer cells (S), 
the biochemical basis of this suppression 
remains unknown. 

As a step toward un- such 
properties, we have attempted to determine 
whether p53 binds to specific DNA se- 
quences within the human genome. Two 
previous lines of evidence stimulated these 
studies. F i  p53 can provide a mmaip 
tional activation function when fused to a 

S.E.Kaa,'IbcOncobgyCcnmandDcpvmvmof 
University School of Medi- 

K W  KimlaaodB.V-IheOnco Ccaa, 
Ihe )ohm H kins Univa&y YM d%d~cinc, 
Baltimore. MD31231. 
A. B N S ~ ~  and D. Juosz, Applied B h d u d o g y ,  Cam- 

T o  whom should k a d d d  

DNA-binding polypeptide such as GAL4 
(6). Sccond, p53 can bind nonspecifically to 
DNA (7), and such nonspecific binding was 
altered in each of 15 human tumor-derived 
or murine-transfon&g forms of mutant 
p53 tested (8, 9). Because many proteins 
with a specific DNA-binding function also 
bind nonspecifically to DNA (lo), we have 
Suggested that a sequence-specific binding 
ability ofp53 might exist and be a functional 
target of p53 mutations (9). 

To identify a sequence-specific binding 
site, cloned DNA sequences were screened 
by means of an immunopnxipitation tech- 
nique (11, 12)" Two classes of dona  were 
tested. Thefirstconsistedof400dones 
containing inserts of 300 to loo0 bp ob- 
tained randomly from the human genome. 
The second class consisted of cosmid and 
plasmid clones chosen bccause they con- 
tained sequences that might be important in 
nonnal growd~ control (12). Each done was 
digestad with an appropriate restriction 
endonudease, end-labeled with 32P, and in- 
cubated with p53 fiom a lysate of & 
infected with a recombinant vaccinia virus 
expressing p53 (1 1). Labeled DNA frag- 
ments that bound to p53 were then recov- 
ered by immunopnxipitation with m o m  
clonal antibodies against p53 (anti-p53). Of 
the more than 1400 restriction fragments 
~ o n l y t w o , b o t h ~ m t h e s e c o n d d a s s  
of clones, bound reproducibly to p53 under 
the eqerhental conditions used: a 259-bp 

Hinf I Eragment ( w e n t  A) of done 772 
G, (Fig. lA, panel 2), and a 190-bp Hinf 
I w e n t  (hgment B) of done A 5R (Fig. 
lA, panel 3); these fragments bound to a far 
greater extent (at least tentbld more) than 
any of the other labeled fhpents of larger 
or smaller size present in the same assay 
mixes. 

Subsequent &m were 'concentrated on 
fragment A First, it was demonstrated that 
detection of the binding of fragment A was 
dependent on both p53 protein and anti- 
p53. Lysates fiom cells i n f d  with wild- 
type vaccinia virus (devoid of p53) were not 
able to specifically immunoprecipitate frag- 
ment A (Fig. 1B). Similarly, the precipita- 
tion of fragment A was dependent on the 
presence of anti-p53 (Fig. 1B). The binding 
was evident in lysates prepared from either 
human HeLa cells or monkey BSCQO cells 

1 

F 
Host l 

153: - 
IAb: + 

Fig. 1. (A )Suemhgfbr~ tsboundbyp53  
by an imrnunoprrcipitation assay (11). Clones 
(12) wac dcavcd by a restriction cndonuclcasc, 
end-hbekd, and incubatcd . . with lysates ofvaccini? 
v m s h a e d  cells synthesizing wild-type p53. 
After immunopracipitation with anti-p53 (17), 
bound DNA hgments were recovered and sepa- 
rated on a nondenaturing polyaaylamide gel. 
Panel 1 contains the hFosAva2 done; paml 2, 
772 Cg,; panel 3, A SR, panel 4, a pool of doms 
with inserrs of randomly doned human genomic 
saquemcs. The 772 G, and A 5R contain Hinf I 
hgments (259 and 190 bp, respectively) that 
bound p53 relatively saongly (arrowheads). C, 
control lam, containing 2% of the labeled DNA 
used in the biding d o n s .  B, bound DNA 
raxwered from the immunoprccipitate. (B) Tcsts 
for dependence on p53 and spcafic antibody. Cell 
lysates wcre produced by infection with Mcdnia 
virus that did (+) or did not (-) comain an insert 
of wild-type p53 cDNA. Imrnunopmipitation 
was performed with anti-p53 (+) or n d  
mow immunoglobulin G (-). 
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i n f d  with vaccinia virus and expressing 
wild-type p53 (Fig. 1B). Second, we wished to 
determine whether p53 bi* was depen- 
dent on factors other than p53 that might be 
present in the vaccinia virus-infected cell lysates. 
&ty-puri6ed, baculovirus-produced, wild- 
type p53 (11) was therefore tested and found 
to bind fragment A strongly (Fig. 2). This 
suggested that the bin* to fragment A was 
an intrinsic property of the p53 polypeptide. 

Next, we asked whether mutations of p53 
altered the ability of the protein to bind to 
fragment A. Thd of fragment A 
bound to wild-type p53 increased in tandem 
with the amount of p53 added to the assay 
mixture (Fig. 2A). 1n contrast, fragment A 
did not specifically bind to a mutant form of 
p53 (273b) even at the highest protein con- 
centration used. The 273& mutation is the 
mast common p53 mutant identified in human 
tumors (1-3). Another p53 mutant (175"") 
commonly found in human tumors also was 
unable to bind to fragment A (Fig. 2B). 

We then attempted to define the se- 
quences within fragment A that allowed it to 
bind to wild-type p53. Fragment A was 
subcloned, and the 259-bp insert from sub- 
clone 10d (Fig. 3A) bound to p53 as expea- 
ed. A strategy based on the polymerase 
chain reaction (PCR) and restriction endo- 
nuclease digestion was used to generate sub- 
fragments of this clone (13). ~ubftagment 3, 
including bp 106 to 294 (Fig. 4B, panel 2) 
bound well to p53 as did subfragment 4, 
containing bp 1 to 141 (Fig. 4B, panel 3). 
This localized the critical sequences to bp 
106 to 141. This segment contained three 
repeats of the sequence TGCCT (Fig. 3A). 
Digestion of subfragment 3 with Hae 111 
(cleaving between bp 125 and 126 and re- 
moving two of the repeats) greatly reduced 
this binding (Fig. 4B, subfragment 3A) sug- 
gesting that a critical sequence lay at or near 
this restriction site and that a single TGCCT 
repeat was not suilicient for binding. Addi- 
tional subfragments were tested (#5, Figs. 
4A and 5B; #6, Figs. 4A and 4B, panel 4), 
and established that a 33-bp subfragment (bp 
106 to 138) provided biding capability. 

We then studied the requirements for 
binding at the single nucleotide level by 
means of a methylation interference assay 
(14). Subfragment 5, demonstrating &- 
cient binding (Figs. 4A and 5B), was meth- 
ylated in vitro and imrnunoprecipitated after 
binding to p53. The bound DNA was then 
cleaved with piperidine at methylated resi- 
dues and sep&ted by electrophoresis on a 
sequencing gel. Assay of one strand (Fig. 
5A, right) demonstrated that methylation at 
the G at bp 120 significantly interfered with 
binding. On the opposite strand (Fig. 5 4  
left), the most effective interference was 
produced by methylation at G residues at bp 

Fig. 2. Relative abilities of wild-type and mutant 
p53 to precipitate fragment A. C, control lane, 
containing 2% of the labeled DNA used in the 
binding reaction, other lanes contained bound 
DNA recovered from the immunoprecipitate. (A) 
Increasing quantities (amount indicated in micro- 
grams) of wild-type and mutant 273h" p53, &- 
ity-purified from a baculovirus expression system 
(1 I), were used to precipitate labeled GE frag- 
ments. An overexposure (OE) of a representative 
lane containing mutant-bound fragment shows 
that, of the small amount of DNA that is bound 
by 273his, the 259-bp fragment (fragment A) was 
not significantly favored. (B) Lysates from a 
vaccinia virus system (Vac) producing the wild- 
type (wt), mutant (175h"), or no p53 protein (-), 
were used to immunoprecipitate labeled CBE kag- 
ments. Equivalent quantities of p53 were present 
in the wild-type and mutant p53 lysates, as as- 
sessed by immunoblot. In the Bac lane, &ty- 
purified wild-type p53 produced in baculovirus- 
infected insect cells (1 1) was used in place of the 
vaccinia-infected lysates. 

Vac Bac 
1 7 5 ~ ~ ~  wt 

117, 121, and 122. Partial interference was 
also produced by methylation at nearby G 
sites (bp 110 to 112, 114, and 115). Thus, 
the methylation interference assay pinpoint- 
ed one of the repeats (centered at bp 121) 
and adjacent residues as critical for binding. 

To obtain independent evidence of the spec- 
ificity for the G residues identified by methyl- 
ation interference, in vitro mumgenesis was 
used. A DNA fragment was generated that was 
identical to subfi-agment 5 except for the sub  
stitution of G at bp 120,121, and 122 with T 
residues. This mutant subfi-agment (5mut2) 
bound poorly to p53 (Fig. 5B). A fragment 
identical to subfkgment 5 except for a slngle 
base pair (T substituted for G at bp 120) was 
then tested. This fragment (5mutl) also did 
not bind appreciably (Fig. 5B). 

Fially, we turned our attention to the set- 
ond fragment that bound to p53 in the initial 
assay (Fig. 1A). The b i  fragment was 
subcloned (Fig. 3B). This fragment had two 
v t s  of the TGCCT motif (centered at bp 

135 and 152). A PCR strategy similar to that 
used for fragment A was used to demonstrate 
that a 95-bp subfi-agment (bp 104 to 198), 
which contained both of these repeats, was 
sufiiaent for bin* (Fig. 4B, panel 5). 

The two clones found to contain p53 
binding sequences have both been associat- 
ed with replication origins. They were cho- 
sen for examination because previous studies 
had demonstrated that wild-type p53 .. - 

expression can inhibit the entry into or 
continuation of DNA synthesis in trans- 
feaed cells (5). Fragment A contains se- 
quences near a replication origin of 
the ribosomal gene cluster (IS), while frag- 
ment B contains sequences that may allow 
adjacent sequences to replicate as ex&chro- 
mosomal circles in HeLa cells (12). The 
TGCCT repeat present in the DNA binding 
region of both of these clones has been 
observed in other potential replication ori- 
gins (16). At present, we do not know 
whether the p53 binding ability of frag- 

Fig. 3. (A) Fragment A A 
and adjacent vector se- --7r 
quences in the 10d sub- hi?#&~?i+&~&!d#$#m?&i~mi?na&8i%+G 
clone of 772 CBE. This 1y rr KO differs from the pub- # # B ~ W M & E M $ ~ W G E & ~ ; ~ ! ~ ~ & ~ $ ~  

and in the presence of A 370 380 410 420 

instead of c at bp 116. ACCGCGGTGGGGCTCCAK"'TTGTTC CTTTAGTGAGG6TTAAT 
~ ~ ~ C M C ~ ~ C ~ C G G G G T C ~ C M G ~ T C A C T C C ~ T T A  

(B) Fragment B and ad- B 
jacent vector sequences -%ma- 
in a subclone of Lambda ~ E 8 ~ i 8 1 R ~ ~ H u ~ a H E i & 8 g g f g w E & 8 i ~ + i # &  5R. A related sequence 
(GenBank X05913) var- gG~~#ia~a&~wig<i#~w~&X8xx{i8~ 
ied somewhat from the 2 0 0 ~ 2 1 0  

5R subclone %iu%au~~:i%n~:#*iai!~a?8 studied (12). 
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the capacity to specifically bind these frag- 
ments will aid in analyzing the putative 
target sequences that mediate the biologic 
actions of p53 in tumor suppression. 
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Fig. 4. Binding of subfr: 
rncnts of fragments A anc 
to p53 from vaccinia-infe 
ed cell Iysates. (A) Subfrag- 
rnents of fragment A were 
assayed by immunoprecip- 
itation for their abilitv to 
bind wild-type p53.  ind ding 
of at least 2% of the DNA 
added to the reaction was ic - 
judged as a positive (+) re- 
sult; lesser but significant 6a - - 
binding was recorded as 1 2 3 4 +/-. Double lines denote 

5 

fragment A sequences. Single lines denote plylinker sequences of the vector, not originally present in 
fragment A (Fig. 1). Construction of the fracgments is described in (13). Fragment Smut1 had a G to 
T cransvenion at bp 120; 5mut2 had G to T transversions at bp 120 to 122. (6) Fracpent A (panels 
1 to 4) and fragment B (panel 5) subfragments are labeled to the left of the bands and illustrated in Fig. 
4A. The v band in panel 4 corresponds to the 2.9-kb vector into which subfragment 6 was cloned. 
Subfragment 8 (panel 5) contained bp 104 to 238 of fragment R. Control lanes (C) contained 2% of 
the labeled fragments used in the binding assavs ( R ) .  

Fig. 5. Effxts of methylation and point mutations A 
in fragment A on DNA-binding. (A) Methylation 
interference assay. PCR was used to generate a 
55-bp subfragment of fragment A (fragment #5, 
Fig. 4 4  bp 87 to 141), which was end-labeled on 
either of the two strands. The subfragment was 
partially methylated at guanine residues by dime- ii G 5 X 
thyl-sulfate. Fragments retaining p53-binding Ac T~ 
ability were selected by immunoprecipitation with 8 0 

0 
C ~ .  

purified baculovirus-produced wild-type p53 T 
T 

(Bac) or vaccinia virus-infected cell lysates of C t o  -- - A B S M  cells expressing wild-type p53 (Vac). B; G 0 0 

bound DNA recovered fmm the immunoprecip- - a - G 0 m 

itate. C; equivalent amount of control DNA c T 
C 

fragments, not subject to binding reaction. Bound C C 
and control DNA samples were cleaved at meth- a . m G 0 

yiated Gs and equal amounts separated by electro- A 
T 

phoresis on a 6% denaturing gel. Dots represent A 
T 

methylation-sensitive sites (open for partial, solid C* C .. C 
for strong interference); some variation in band G - 

intensities occurred between assays, and only the G m T 
reproducible changes are marked. (B) Binding of A 
mutant subfragmenn of fEagment A (5mutl and C 

T 

5mut2) to purified baculovirus-produced p53 is C 
I 

compared to that of the normal subfragment 5 G 
sequence. The Smut1 contains a T instead of G at 
bp 120, and 5mut2 contains Ts in place of Gs at 
bp 120,121, and 122. 

Vac 
- 

GCCTGGACTTGCCTC CGGACCT5AACCiiAC 
0 0 

- .  . 
GAA 

5rnutl 
C B C B C  

mats A and B is related to the possible 
participation of these sequences in &e initi- 
ation of DNA synthesis, or simply coinci- 
dental. ~owev&, the data some 
inmesting avenues for fiuther research. 

In summ;uy, p53 binds specifically to lose this speci6c DNA-biding ability. The 
DNA sequences, and G residues of a 5-bp hgments identified in this work will almost 
repeat within these quemes appear aitical m t a h l y  not be the only ones in the human 
for this interaction. The proteins encoded by genome with the capacity to b i d  p53. 
p53 mutants h d  in human tumor cells However, the demonstration that p53 has 
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Mapping of DNA Instability at the Fragile X to a 
Trinucleotide Repeat Sequence p(CCG)n 

The sequence of a Pst I restriction fragment was determined that demonstrates 
instability in fiagile X syndrome pedigrees. The region of instability was localized to a 
trinucleotide repeat p(CCG)n. The sequences flanking this repeat were identical in 
normal and affected individuals. The breakpoints in two somatic cell hybrids construct- 
ed to break at the fragile site also mapped to this repeat sequence. The repeat exhibits 
instability both when cloned in a nonhomologous host and after amplification by the 
polymerase chain reaction. These results suggest variation in the trinucleotide repeat 
copy number as the molecular basis for the instability and possibly the fragile site. This 
would account for the observed properties of this region in vivo and in vitro. 

F RAGILE X SYNDROME IS THE MOST 

common form of familial mental re- 
tardation (1).  In addition to charac- 

teristic clinical symptoms the disorder has an 
associated chromosomal abnormality at 
Xq27.3 in the form of a rare fragile site. We 
and others (2, 3) have isolated large frag- 
ments of human DNA in the form of yeast 
artificial chromosomes (YACs) that span the 
fragile X region. Previously we localized the 
fragile X region within this cloned DNA by 
in situ hybridization and'identified the loca- 
tion of breakpoints of two somatic cell hy- 
brids, constructed to break at the fragile X 
(4), to a common 5-kb Eco RI restriction 
fragment (pfxal). This restriction fragment 
was found to be unstable in fragile X pedi- 
grees, the instability segregating with geno- 
type (5). The unstable sequences were fur- 
ther localized to a l-kb  st I restriction 
fragment . (pfxa2) (Fig. 1A). A search 
through the GenBank DNA sequence col- 
lection revealed limited identity with a func- 
tionally heterogenous group of proteins en- 
coded by genes which all contain p(CCG), 
sequences. This identity ranged from 60% 
for a 433-nucleotide sequence of the chicken 
protarnine gene to 85% for a 105-nucleotide 
sequence of the human androgen receptor. 
Other notable proteins within this range 
were several fish antifreeze proteins and 
mammalian keratins. The functional signifi- 
cance, if any, of these sequence identities is 

that contains seven recognition sites for 
CpG-dependent, infrequently cutting re- 
striction endonucleases (positions 1 to 357). 
Three of these sites have been demonstrated 
(6, 7) to be targets for methylation in fragile 
X-affected individuals. CpG-rich regions are 
also noteworthy in that they frequently 
identify the promoter regions of eukaryotic 
genes (8). The second outstanding feature of 
pfxa2 is the p(CCG), repeat (position 358 
to 476). This sequence also contains CpG 
and may itself be the subject of methylation. 

To  ascertain which region of pfxa2 gave 
rise to the observed instability, oligodeoxy- 
ribonucleotide primers suitable for polymer- 
ase chain reaction (PCR) analysis of the 
1-kb Pst I restriction fragment were de- 
signed (Fig. 2B). Lymphocyte DNA from 
normal and affected individuals was used as 
template for the reaction. While the reac- 
tions primed by the oligos 201 and 204 and 
209 and 214 gave constant products from 
both normal and fragile X-genotype indi- 
viduals, the reaction primed by oligos 203 
and 213 did not produce product in any 
reaction except for one that contained high 
molar concentrations of the subcloned 
XTY26 YAC from a fragile X genotype 
individual (5) as template (9). The compo- 
sition of the sequence between the 203 and 
213 primers in XTY26 is 92% GC, which 
presents a formidable problem to the PCR. 
A variety of PCR conditions and additives 

not clear. (including trimethylammonium chloride, 
The pfxa2 sequence contains two regions dirnethyl sulfoxide, formamide, and glycer- 

of particular note. One is a CpG-rich region ol) have been utilized unsuccessfully in at- 
tempts to facilitate amplification across this 
reg&. The generated from 

E. J. Kremer, M. ~ritchard, M. ~ynch ,  S. YU, K. XTY26 were also noted to be heterogeneous 
Holman, E. Baker, G. R. Sutherland, R. I. Richards, 
Department of Cytogenetics and Molecular Genetics, (9)' 
Adelaide Children's Hosoital. North Adelaide. South In attempts to obtain seauence data for 

L ,  

Australia, Australia. 
S. T. Warren, Departments of Biochemisuy and Pediat- 

this region from normal individuals and 
rics, Emory University School of Medicine, Atlanta, GA. additional fragile X genotype individuals, 
D. Schlessinger, Center for Genetics in Medicine, Wash- two approaches were ~h~ first 
ington University School of Medicine, St. Louis, MO. 

used two-stage PCR. Starting material was 
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