


















patterns shown here highlight the role of this amino acid
in DNA recognition by p53.

SUMMARY AND CONCLUSIONS

The crystal structures of the DNA-contact mutants,
R273H and R273C, and of the reactivated proteins, dem-
onstrate that p53 inactivation results from the incapacity
of the mutated residues to form stabilizing interactions
with the DNA backbone, and that p53 rescue can be
achieved by alternative protein–DNA interactions
formed by the second-site suppressor mutations, T284R
and S240R. The high-resolution structural data demon-
strate the critical role played by R273 residues of wt p53
in supporting a DNA helix with Hoogsteen base pairs at

the center of each half-site, leading to minor-groove nar-
rowing and enhanced electrostatic stabilization of the
tetrameric complex. The unique DNA shape is not
retained in the rescued complexes, which exhibit the
common Watson–Crick base pairs interacting with p53
through direct and water-mediated hydrogen bonds at
the minor groove.
As shown here and by the crystal structures of the

thermostable core domain incorporating the same DNA-
contact mutations (21), the structure and stability of such
mutants are highly similar to that of their wt counterparts.
An interesting question is whether such mutants can be
rescued by small molecules designed to mimic the effect of
the DNA-contact suppressor mutations. A potential drug
molecule should be located at the protein–DNA interface

Figure 8. The A/T dinucleotide pairs at the center of the DNA half-site and their interactions with the wt and rescued p53. (A) In type I complex of
wt-DNA (PDB ID 2AC0), the A/T base pairs display the Watson–Crick geometry. R273 side chains interact with the DNA phosphate groups
(also shown in Figure 5A). The R248 residues interact occasionally with the backbone phosphates (shown here) or via water molecules (not shown).
(B and C) In type I complex of R273C/T284R-DNA, the two dinucleotide pairs display the Watson–Crick geometry. T284R side chains interact with
the backbone phosphate (also shown in Figure 5B). The R248 side chains at the minor groove are occasionally disordered and form water-mediated
hydrogen bonds with the N3 atoms of the adenine bases. (D) In type II complex of wt-DNA, the A/T base pairs display the Hoogsteen geometry.
R273 side chains interact with the phosphate groups. R248 residues do not interact directly with DNA, but rather with the minor-groove hydration
shell described previously (16). Only one dinucleotide pair is shown for type II complexes, as the other pair is related by crystal symmetry. (E) In type
II complex of R273H/T284R-DNA, the A/T base pairs display the Watson–Crick geometry. T284R side chains interact with the backbone phosphate
(also shown in Figure 5C). The R248 side chains form direct interactions with the N3 atoms of the adenine bases. (F) In type II complex of R273C/
S240R-DNA, the A/T base pairs display the Watson–Crick geometry. S240R side chains interact with the backbone phosphate (also shown in
Figure 5D). The R248 side chains form water-mediated interactions with the N3 atoms of the adenine bases.
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forming stabilizing interactions with both p53 and its
DNA target. This is undoubtedly a greater challenge
than the design of drug molecules for the rescue of
destabilized p53 mutants as a result of structural muta-
tions (39). However, as reported in recent years, other
stabilizing mechanisms by small molecules, yet to be
characterized, appear to be effective in the pharmaco-
logical reactivation of both DNA-contact and structural
mutants of p53 (40).

ACCESSION NUMBERS

4IBS, 4IJT, 4IBT, 4IBW, 4IBY, 4IBQ, 4IBZ, 4IBU, 4IBV.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.

ACKNOWLEDGEMENTS

The authors thank their colleagues Y. Halfon, A.
Kapitkovsky, A. Schwartz and M. Kitayner for help,
and L. Shimon for comments on the manuscript. They
also thank the staff at the ESRF (Grenoble, France) for
their assistance, in particular D. Flot and A. Popov. R.R.
is an Alfred P. Sloan Research Fellow. Z.S. holds the
Helena Rubinstein Professorial Chair in Structural
Biology.

FUNDING

German-Israeli Foundation for Scientific Research &
Development [927/2006]; Israel Science Foundation [954/
08 and 349/12]; Kimmelman Center for Biomolecular
Structure and Assembly; Minerva Foundation; EC (FP6)
program (to Z.S.); American Cancer Society [IRG-58-
007-51 to R.R.]. Funding for open access charge: ISF
[349/12].

Conflict of interest statement. None declared.

REFERENCES

1. Vogelstein,B., Lane,D. and Levine,A.J. (2000) Surfing the p53
network. Nature, 408, 307–310.

2. Oren,M. (2003) Decision making by p53: life, death and cancer.
Cell Death Differ., 10, 431–442.

3. Harris,S.L. and Levine,A.J. (2005) The p53 pathway: positive and
negative feedback loops. Oncogene, 24, 2899–2908.

4. Beckerman,R. and Prives,C. (2010) Transcriptional Regulation by
p53. Cold Spring Harb. Perspect Biol., 2, a000935.

5. El-Deiry,W.S., Kern,S.E., Pietenpol,J.A., Kinzler,K.W. and
Vogelstein,B. (1992) Definition of a consensus binding site for
p53. Nat. Gen., 1, 45–49.

6. Funk,W.D., Pak,D.T., Karas,R.H., Wright,W.E. and Shay,J.W.
(1992) A transcriptionally active DNA binding site for human
p53 protein complexes. Mol. Cell. Biol., 12, 2866–2871.

7. Wei,C.L., Wu,Q., Vega,V.B., Chiu,K.P., Ng,P., Zhang,T.,
Shahab,A., Yong,H.C., Fu,Y., Weng,Z. et al. (2006) A global
Map of p53 transcription-factor binding sites in the human
genome. Cell, 124, 207–219.

8. Olivier,M., Eeles,R., Hollstein,M., Khan,M.A., Harris,C.C. and
Hainaut,P. (2002) The IARC TP53 database: new online

mutation analysis and recommendations to users. Hum. Mutat.,
19, 607–614.

9. Petitjean,A., Mathe,E., Kato,S., Ishioka,C., Tavtigian,S.V.,
Hainaut,P. and Olivier,M. (2007) Impact of mutant p53
functional properties on TP53 mutation patterns and tumor
phenotype: lessons from recent developments in the IARC TP53
database. Hum. Mutat., 28, 622–629.

10. Olivier,M., Hollstein,M. and Hainaut,P. (2010) TP53 Mutations
in human cancers: origins, consequences, and clinical use. Cold
Spring Harb. Perspect Biol., 2, a001008.

11. Joerger,A.C. and Fersht,A.R. (2007) Structural biology of the
tumor suppressor p53 and cancer-associated mutants. Adv. Cancer
Res., 97, 1–23.

12. Cho,Y., Gorina,S., Jeffrey,P.D. and Pavletich,N.P. (1994) Crystal
structure of a p53 tumor suppressor-DNA complex:
understanding tumorigenic mutations. Science, 265, 346–355.

13. Kitayner,M., Rozenberg,H., Kessler,N., Rabinovich,D.,
Shaulov,L., Haran,T.E. and Shakked,Z. (2006) Structural basis of
DNA recognition by p53 tetramers. Mol. Cell, 22, 741–753.

14. Malecka,K.A., Ho,W.C. and Marmorstein,R. (2009) Crystal
structure of a p53 core tetramer bound to DNA. Oncogene, 28,
325–333.

15. Chen,Y., Dey,R. and Chen,L. (2010) Crystal structure of the p53
core domain bound to a full consensus site as a self-assembled
tetramer. Structure, 18, 246–256.

16. Kitayner,M., Rozenberg,H., Rohs,R., Suad,O., Rabinovich,D.,
Honig,B. and Shakked,Z. (2010) Diversity in DNA recognition by
p53 revealed by crystal structures with Hoogsteen base pairs. Nat.
Struct. Mol. Biol., 17, 423–429.

17. Petty,T.J., Emamzadah,S., Costantino,L., Petkova,I., Stavridi,E.S.,
Saven,J.G., Vauthey,E. and Halazonetis,T.D. (2011) An induced
fit mechanism regulates p53 DNA binding kinetics to confer
sequence specificity. EMBO J., 30, 2167–2176.

18. Bullock,A.N. and Fersht,A.R. (2001) Rescuing the function of
mutant p53. Nat. Rev. Cancer, 1, 68–76.

19. Wieczorek,A.M., Waterman,J.L., Waterman,M.J. and
Halazonetis,T.D. (1996) Structure-based rescue of common
tumor-derived p53 mutants. Nat. Med., 2, 1143–1146.

20. Baroni,T.E., Wang,T., Qian,H., Dearth,L.R., Truong,L.N.,
Zeng,J., Denes,A.E., Chen,S.W. and Brachmann,R.K. (2004) A
global suppressor motif for p53 cancer mutants. Proc. Natl Acad.
Sci. USA, 101, 4930–4935.

21. Joerger,A.C., Ang,H.C. and Fersht,A.R. (2006) Structural basis
for understanding oncogenic p53 mutations and designing rescue
drugs. Proc. Natl Acad. Sci. USA, 103, 15056–15061.

22. Otsuka,K., Kato,S., Kakudo,Y., Mashiko,S., Shibata,H. and
Ishioka,C. (2007) The screening of the second-site suppressor
mutations of the common p53 mutants. Int. J. Cancer, 121,
559–566.

23. Suad,O., Rozenberg,H., Brosh,R., Diskin-Posner,Y., Kessler,N.,
Shimon,L.J., Frolow,F., Liran,A., Rotter,V. and Shakked,Z.
(2009) Structural basis of restoring sequence-specific dna binding
and transactivation to mutant p53 by suppressor mutations.
J. Mol. Biol., 385, 249–265.

24. McPherson,A. (1982) Preparation and Analysis of Protein Crystals.
1st ed. Wiley, New York, p. 371.

25. Bourenkov,G.P. and Popov,A.N. (2006) A quantitative
approach to data-collection strategies. Acta. Crystallogr. Sec. D,
62, 58–64.

26. Otwinowski,Z. and Minor,W. (1997) Processing of X-ray
diffraction data collected in oscillation mode. In: Carter,C.W. Jr
and Sweet,R.M. (eds), Methods in Enzymology, Vol. 276.
Academic Press, New York, pp. 307–326.

27. Adams,P.D., Afonine,P.V., Bunkoczi,G., Chen,V.B., Davis,I.W.,
Echols,N., Headd,J.J., Hung,L.W., Kapral,G.J., Grosse-
Kunstleve,R.W. et al. (2010) PHENIX: a comprehensive Python-
based system for macromolecular structure solution. Acta
Crystallogr. D Biol. Crystallogr., 66, 213–221.

28. Wang,Y., Rosengarth,A. and Luecke,H. (2007) Structure of the
human p53 core domain in the absence of DNA. Acta
Crystallogr. D, 63, 276–281.

29. Bailey,S. (1994) The CCP4 suite - programs for protein
crystallography. Acta Crystallogr. D Biol. Crystallogr., 50,
760–763.

8758 Nucleic Acids Research, 2013, Vol. 41, No. 18

http://nar.oxfordjournals.org/lookup/suppl/doi:10.1093/nar/gkt630/-/DC1
This work was supported by grants from the 
(
grant no. 
)
(
grant nos. 
)
(
grant no. 
)


30. McCoy,A.J., Grosse-Kunstleve,R.W., Adams,P.D., Winn,M.D.,
Storoni,L.C. and Read,R.J. (2007) Phaser crystallographic
software. J. Appl. Crystallogr., 40, 658–674.

31. Emsley,P. and Cowtan,K. (2004) Coot: model-building tools for
molecular graphics. Acta Crystallogr. D, 60, 2126–2132.

32. Laskowski,R.A., Macarthur,M.W., Moss,D.S. and
Thornton,J.M. (1993) PROCHECK: a program to check the
stereochemical quality of protein structures. J. Appl.
Crystallogr., 26, 283–291.

33. Lavery,R. and Sklenar,H. (1989) Defining the structure of
irregular nucleic acids: conventions and principles. J. Biomol.
Struct. Dyn., 6, 655–667.

34. Rocchia,W., Sridharan,S., Nicholls,A., Alexov,E., Chiabrera,A.
and Honig,B. (2002) Rapid grid-based construction of the
molecular surface and the use of induced surface charge to
calculate reaction field energies: applications to the molecular
systems and geometric objects. J. Comput. Chem., 23, 128–137.

35. Rohs,R., West,S.M., Sosinsky,A., Liu,P., Mann,R.S. and
Honig,B. (2009) The role of DNA shape in protein-DNA
recognition. Nature, 461, 1248–1253.

36. Joerger,A.C., Ang,H.C., Veprintsev,D.B., Blair,C.M. and
Fersht,A.R. (2005) Structures of p53 cancer mutants and
mechanism of rescue by second-site suppressor mutations. J. Bio.
Chem., 280, 16030–16037.

37. Butler,J.S. and Loh,S.N. (2007) Zn2+-dependent misfolding of the
p53 DNA binding domain. Biochemistry, 46, 2630–2639.

38. Loh,S.N. (2010) The missing Zinc: p53 misfolding and cancer.
Metallomics, 2, 442–449.

39. Joerger,A.C. and Fersht,A.R. (2007) Structure-function-rescue: the
diverse nature of common p53 cancer mutants. Oncogene, 26,
2226–2242.

40. Wiman,K.G. (2010) Pharmacological reactivation of mutant p53:
from protein structure to the cancer patient. Oncogene, 29,
4245–4252.

Nucleic Acids Research, 2013, Vol. 41, No. 18 8759


