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Supplementary Figure 1. Crystal packing of type II p53-DNA complexes. View along 
the crystallographic b axis (based on complex 3). The protein is shown in green, the DNA 
in blue. The asymmetric unit containing a p53 dimer and a double-stranded DNA half-
site is shown in magenta and the unit-cell axes in red. The view highlights the pseudo-
translational symmetry along the c axis. The packing of complex 3 is very similar to that 
of complexes 1 and 2 where the asymmetric unit contains a p53 monomer and a single-
stranded DNA half-site (see Methods for detailed description).   
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Supplementary Figure 2.  Stereo views of the inter-dimer protein-protein interface in 
type II complexes (a and b). The two p53 monomers are shown in green and cyan. Water 
molecules are shown as red spheres. Secondary structure elements are labeled in 
boldface. (c) Amino acid sequence and secondary structure of the p53 core domain used 
in the present study. 
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Supplementary Figure 3. DNA conformations in type I and type II complexes.  
The decameric half-sites are separated by two base pairs in type I complexes (a) and are 
contiguous in type II complexes (b). The global helix axis was calculated by Curves1 (see 
Methods) for type I complex2 and by an in-house version of Curves adapted for 
Hoogsteen base pairs for the type II complex. The view highlights the large deformation 
at the junction between half-sites in type I helix. 
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Supplementary Figure 4. Comparison between Watson-Crick (a,b) and Hoogsteen base 
pairs (c,d) of the two refined models of the mouse p53 tetramer cross-linked to DNA 
binding site3. Electron density map, 2Fo–Fc at 1σ level, is shown in cyan. Difference 
map, Fo–Fc at 3σ level, is shown in magenta (positive) and in red (negative). See detailed 
description in Supplementary Methods. 
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Supplementary Figure 5. Minor-groove hydration and interactions with Arg248 side 
chains. (a) View down to the minor groove of the DNA half-site and (b) View 
perpendicular to the first one. Only the central eight base pairs of the half-site are shown 
(GGCATGCC). Nucleotide numbering (5'-3' direction) is from 3 to 10 for each strand. 
Arg248 residues (shown in green) interact with the minor-groove hydration of the DNA 
represented by red spheres and dotted lines. Only the first hydration shell and some water 
molecules from the second hydration shell around Arg248 residues are shown. (c) 
Phosphate backbone of five nucleotides of each strand and protein backbone (residues 
240-248) are shown in gray and cyan, respectively. Amino acids Ser241, Asn247 (in 
cyan) and Arg248 (in green) are shown. Nucleotide numbering (5'-3' direction) is from 6 
to 10 for each strand. Only the second hydration shell and some water molecules from the 
first hydration shell near the phosphate backbone are shown. 
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Supplementary Figure 6. Decomposition of the electrostatic potential in the minor 
groove. The electrostatic potential of DNA is caused by charged atoms of (a) the 
phosphates, (b) the sugar moieties, and (c) the bases. Based on the linear Poisson-
Boltzmann equation, the effect of these different chemical entities on the overall potential 
is estimated. As illustrated in the figure, the phosphates are the main origin of the 
enhanced negative electrostatic potential at the Arg248 binding sites. 
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Supplementary Figure 7. Conformation of the L1 recognition loop. (a) Superposition of 
p53 core domains from type I and type II complexes, in magenta (based on PDB ID 
2AC02) and in cyan (based on complex 1), respectively, showing the different 
conformations of the L1 loops from the two complexes. α-helices and loops are labeled. 
(b) Close-up views of the different stabilizing interactions in each complex, showing the 
side chains of residues Ser116, Lys120, Thr125, Arg282 and Arg283 and the backbone of 
residues 114–120 and 124. Water atoms are shown as transparent spheres. 
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Supplementary Table 1  Direct inter-dimer polar and charged interactions  
 
2d element of 
1st molecule 

Contacts 2d element of 
2nd molecule 

Distance 
(Å) 

S5/S6 OE2 Glu198  OG1 Thr170 L2 2.6 
S5/S6 O Gly199  N Ser96 N-ter 2.9 
S5/S6 OD1 Asn200  N Ser94 N-ter 3.3 
S5/S6 N Leu201  O Ser94 N-ter 2.9 
S7/S8 OE2 Glu221  N Ser95 N-ter 3.1 
S7/S8 OE1 Glu224  OG Ser99 N-ter 2.7 
S7/S8 OE2 Glu224  NH1 Arg267 S10 3.5 

 
 
 
Supplementary Discussion    
A new conformational variant of the L1 recognition loop  

The reported crystal structures of the core domain in its free and DNA-bound 

forms have shown that, upon binding,  the L1 loop undergoes a conformational change so 

as to allow the formation of hydrogen-bond interactions between Lys120 side chains and 

the second and third base pairs from each end of the decameric half-sites2,4-6. The specific 

pattern of contacts made by Lys120 is sequence dependent and accommodated by 

adjustments in the lysine side chain2.  In several cases, mainly in the free state, the L1 

loop was found to be disordered reflecting its high flexibility7,8. In the p53 dimers and 

tetramers that were cross-linked to their DNA targets, this loop was shown to be either 

disordered or to display a dramatically different conformation in comparison to self-

assembled tetrameric p53–DNA complexes. This feature is probably a result of steric 

hindrance caused by the covalent linkers between the two molecules3. 

In type II complexes, however, the L1 loop is well defined exhibiting a new 

conformational variant in complexes 1 and 2 whereas complex 3 shows the previously 

observed L1 conformation2. A significant change between the two conformations is 

observed at the five amino acid region 115–119 that includes a central glycine residue 

(HSGTA) whereas the L1 regions flanking this pentamer are essentially identical and 

similarly stabilized by direct and water-mediated hydrogen bonds. Comparisons between 

the DNA-bound L1 conformations and the corresponding intra-molecular interactions are 

shown in Supplementary Fig. 7. 
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The role of the L1 loop and its highly conserved K120 residue in recognizing 

different response elements is uncertain in view of several recent studies. Site-directed 

mutagenesis studies of L19,10 suggest that the flexibility of this loop and hence its effect 

on p53 function can be significantly altered by modifications in its sequence. Other 

studies have shown  that K120 acetylation is essential for p53-mediated activation of 

proapoptotic target genes11,12. Computational analysis indicated that the energy required 

for desolvation of lysine side chains residues is greater than that of arginines, explaining 

why lysines are less likely to engage in protein-DNA base contacts compared to 

arginines13. The role of the single lysine residue at the p53-DNA interface may well 

depend on the specific DNA response element and/or protein co-factors involved in the 

particular signaling event. 

 
 
Supplementary Methods 
Revised analysis of the published crystal structure of the mouse p53-DNA complex  

We reanalyzed the crystal structure of the mouse p53 core-domain tetramer covalently 

cross-linked to two 23-mer DNA strands from Malecka et al.3 using the deposited 

coordinates and structure factors (PDB code 3EXJ).  

 In order to check the original refinement, we first used the CNS package14,15 and 

calculated a sigmaa composite annealed omit map using the deposited data. Then, we 

submitted the model to refinement with CNS including simulated annealing with slow-

cooling protocol starting from 4000°C, followed by energy minimization steps, 

individual B-factor minimization and electron density maps calculation (sigma 2mFo–DFc 

and mFo–DFc), without NCS restraints between the two protein molecules in the 

asymmetric unit. In accord with the maps from the Electron Density Server of Uppsala 

University (http://eds.bmc.uu.se/eds/)16, the three CNS maps exhibited several errors in 

the deposited model. Moreover, the composite omit map revealed that the adenine bases 

of the central A-T doublet of the consensus half-site sequence (GAGCATGCTC) could 

be better fitted into the map with a syn conformation (rotation of 180º around the 

glycosidic bond) which is compatible with a Hoogsteen geometry. We therefore decided 

to independently solve and refine the structure. We solved the structure with Phaser17 

using the deposited structure factors and molecule A from the high-resolution structure of 
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mouse p53 core domain (PDB code 2I0I)18 as a search model. We then refined the model 

following the protocol used for the human p53–DNA complexes as described above. In 

particular, we traced manually the DNA, nucleotide by nucleotide, into the electron 

density maps. We further refined the whole model with the exclusion of the central two 

A-T base pairs. At the last stage of the refinement, we refined two independent models, 

one with Watson-Crick (WC) geometry and the other with Hoogsteen geometry for the 

central A-T base pairs of each half-site. No geometrical constraints between the bases 

were used. The final refinement statistics (resolution range 28.7–2.0 Å and the inclusion 

of 420 water molecules) was similar for the two models with Rwork and Rfree being 19 and 

26% respectively, and r.m.s. deviations of 0.02 Å and 2º for bond length and bond angles, 

respectively. The final electron density maps of the A-T base pairs calculated for the two 

models are shown in Supplementary Fig. 4.  

 The hydrogen-bond distances between the adenine and thymine bases in the WC 

model differ by more than 0.8 Å from each other as a result of a deviation of the adenine 

base from a regular WC geometry, whereas the values for the Hoogsteen base pairs are 

similar to each other. As a result, the relative position of the glycosidic bonds and the 

attached sugar rings (based on N1-N9 and C1’-C1’ distances across strands) in the WC 

model are on average shorter by 1 Å than the expected values observed in the high-

resolution crystal structures of type I complexes2 (7.9 and 9.0 Å compared to 8.7 and 10.2 

Å, respectively), whereas the corresponding distances in the Hoogsteen model are on 

average only 0.4 Å longer than the expected values based on the current crystal structures 

(7.0 and 8.8 Å compared to 6.7 and 8.3 Å, respectively). Also, the electron density maps 

(2Fo–Fc and Fo–Fc) indicate a better fitting to the Hoogsteen model than to the WC one 

(Supplementary Fig. 4). On the basis of the electron density maps as well as the 

geometry of the two alternative base pairings, we conclude that the dominant form 

adopted by the central A-T base pairs in this crystal structure is of the Hoogsteen 

geometry. 

The crystal structure of the second published complex of the same components 

(PDB code 3EXL) could not be used for a revised analysis as the authors used a pseudo 

unit-cell dimension with c’=34 Å instead of the correct unit cell, c=68 Å, as expected 

from the packing of 20 base-pair B-DNA helices stacked end-to-end along the c axis. 
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