










upon p53DBD binding (Supplementary Table S1). In
addition, these r0 values were substantially larger than
the corresponding rcrystal distances obtained from other
crystal structures (4–6). Taken together, the data indicated
that in solution the CWWG core conformation in the
bound REs likely differed from conformations captured
in the crystal (see ‘Discussion’). At this point, however,
extensive protein–DNA contacts involved in the CWWG
regions severely limited our ability to measure informative
distances to derive an EPR-based model, and bound con-
formations of the CWWG core regions of the REs could
not be deduced with certainty.

Distinct conformational changes at the central region of
the REs on p53DBD binding

The unbound p21-RE conformation derived from the
EPR-MC pipeline differed from the bound DNA
reported in the crystal structure with an RMSDstruct of
2.6 Å, which was beyond variations among the top-20
models (Figure 2C, Supplementary Figure S7A). We
modeled the unbound DNAs into the tetrameric
complex by aligning half-site 1 (i.e. nucleotides A3-C10/
G31-T38; Figure 1A). This half-site could be aligned rea-
sonably well between the bound and unbound DNAs,
with an RMSD of 1.4 Å between heavy atoms of the
aligned nucleotides (Figure 3A). However, with half-site
1 aligned, the bound and unbound DNAs deviated at half-
site 2 (i.e. C11–T18/A23–G30) with an RMSD of 8.4 Å
(Figure 3A). Apparently, if the protein tetramer were
maintained, the unbound DNA conformation would not
allow proper protein–DNA contacts (e.g. R280 to G7,
G17, G27 and G37, Figure 3A) to form simultaneously at
both half-sites. This likely caused a deformation at the
central region of the bound p21-RE, resulting in a previ-
ously noted displacement between the helix axes of the two
half-sites (Supplementary Figure S8) (8).
For the BAX-RE, the RMSDstruct between the unbound

and bound DNA was 2.1 Å (Figure 2F). This is smaller
than that of the p21-RE, and indicated that the BAX-RE
underwent a more subtle p53-induced conformational
change (Figure 3). When we aligned the unbound and
bound BAX-RE based on half-site 1 (i.e. nucleotides
A3-A10/T33-T40), the bound DNA was superimposed
by the ensemble of top-20 unbound RE models
(Supplementary Figure S7B), and half-site 2 (i.e. nucleo-
tides A12-C19/G24-T31) of the top-ranked unbound BAX-
RE deviated from the corresponding segment of the
bound DNA with an RMSD of 3.9 Å (Figure 3B). These
observations were consistent with the small distance
changes observed at the central region of BAX-RE on
p53 binding (Supplementary Table S1), and might
suggest that the unbound BAX-RE was poised to
interact with the p53 tetramer due to its sequence-depend-
ent shape (Figure 3B). Most noticeably, for the 9-bp
central region spanning G7/C36 and C15/G28

(Figure 1A), the unbound BAX-RE was under-wound
by � 15� compared with a generic B-DNA. This facilitated
the transition into the p53 bound form, in which further
unwinding at the central region has been observed (9).

DISCUSSION

We established a new SDSL-MC approach to study con-
formations of two prototypic p53 REs in solution. The
unbound RE conformations, obtained using multiple
measured nanometer distances as constraints, were within
the B-DNA family while exhibiting sequence-dependent
structural properties distinct from a uniform B-DNA. In
both REs, p53-induced DNA deformations were detected
at the central region between the two half-sites. The results
indicate that sequence-dependent shapes of the unbound
RE influence the mode of DNA conformational changes
upon interacting with p53, which thereby may serve as a
mechanism to achieve p53-RE binding specificity.

Sequence-dependent conformational changes of REs on
p53DBD binding

Previous biochemical and computational studies have sug-
gested changes of RE conformations upon p53 binding
(31–33). However, the molecular details of the DNA con-
formational changes and their relationship to individual
RE sequences remained rather unclear. Earlier work sug-
gested that the bound REs undergo bending at the
CWWG region (31). However, recent structural (4–9)
and biochemical (33) studies of p53DBD bound REs

Figure 3. Conformational changes in REs upon p53 binding. In each
panel, shown on the left is the superimposition of the SDSL-MC-
derived unbound RE onto the corresponding co-crystal structure of
the complex, with the blue sticks representing the Arg280 residues;
and the CPK representation denoting the G7, G17, G27 and G37 nu-
cleotides in the RE. Shown on the right are schematic representations
of the bound and unbound REs. (A) p21-RE, with DNAs aligned at
nucleotides A3-C10/G31-T38 (dashed box). In this work, the p53 con-
struct included only the wild-type DBD, whereas the co-crystal struc-
ture of the complex (PDB ID 3TS8) included the DBD covalently
linked to the oligomerization domain without the wild-type linker
present, but with mutations in both domains (7,8). (B) BAX-RE,
with the DNAs aligned at nucleotides A3-A10/T33-T40 (dashed box).
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showed generally rather small bending. Instead, in a
number of crystal structures, deviations from canonical
B-DNA characteristics were noted at a confined location
between the two half-sites (i.e. the central region) (4,6–9).

In this work, SDSL measured distances unambiguously
demonstrated that in solution p53DBD binding induces
conformational changes at the central region of the p21-
and BAX-RE (Figure 1C, Supplementary Table S1).
Perhaps unexpectedly, the degree of p53 induced DNA
alteration was more subtle in the 1-bp-spacer BAX-RE as
compared with that in the 0-bp-spacer p21-RE (Figure 3),
whereas the p53DBD bound complexes exhibited a similar
tetrameric scaffold for both REs (9). This provides a hint
that sequence-dependent structural properties encoded in a
particular DNA target are exploited by p53 to achieve the
energetically most favorable mode of deformation. This hy-
pothesis is further supported by structural analyses of
unbound REs, which were enabled by the all-atom
models provided by the new SDSL-MC method. The
analyses revealed RE shape variations and suggested
tangible connections between structural features in the
unbound and bound DNA (Figure 4). For the BAX-RE,
larger positive Roll of the T9pA10 base pair step was
already apparent in the unbound DNA (Figure 4C). Such
intrinsic property of the TpA step facilitated widening of
the minor groove (10), which was observed in the bound
form (Figure 4A). In addition, the unbound BAX-RE was
under-wound at the central region (Figures 3B and 4), thus
facilitating further unwinding to accommodate the 9-bp

central region into the same volume occupied by 8 bp in
other REs with 0-bp spacers (9). On the other hand, in the
unbound p21-RE the relative positioning of the two
CWWG cores deviated significantly from the bound
form, necessitating a shift of the helix axis at a ‘hinge’
located at the interface between two half-sites (Figure 3).
Further analyses indicated that conformational changes at
the central region of the REs occurred to facilitate proper
protein–DNA interactions, while at the same time main-
taining the intra- and inter-dimer protein contacts (Figure
3). As the collective protein–DNA and protein–protein
contacts give rise to cooperative binding, sequence-depend-
ent conformational changes at the central region of REs
thus may modulate cooperativity in p53-RE interactions,
thereby contributing to specific RE recognition.
For both bound p21- and BAX-RE, the SDSL data

indicated that solution-state conformations of the
CWWG cores deviated to a certain degree compared
with the corresponding crystal structures despite the
good agreement in the central regions (Supplementary
Table S6). Although we cannot rule out the possibility
that this discrepancy might be due to the fact that the
CWWG cores and the central region were differentially
impacted by differences in experimental conditions (e.g.
frozen solution versus crystal; difference in constructs,
see Figure 3 caption), the SDSL data may also reflect an
intrinsic variability of the CWWG core as suggested by
previous studies (4–6,9,31,33). In particularly, the ApT
steps within the CWWG cores have been reported in

Figure 4. Analyses of p53 RE structures. The DNA shape parameters (A) minor groove width, (B) helix twist and (C) roll are shown for the p21-RE
(left panel) and the BAX-RE (right panel). Structural features were derived from the crystal structures of the complexes (red), the top-ranked MC
models (green) and the averages of the top-20 MC models (blue). The error bars indicate the standard deviations of structural parameters among the
top-20 models, demonstrating an efficient conformational sampling. The structural parameters indicate that the conformations observed in the crystal
structures of the bound forms were partially apparent in the intrinsic DNA shape of the unbound forms. Examples for this observation are the low
helix twist values at the C10pC11 step of the p21-RE and the A10pG11 step of the BAX-RE, as well as the negative Roll at the A12pA13 step of the
p21-RE and the positive Roll at the T9pA10 step of the BAX-RE.
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either Watson–Crick (6) or Hoogsteen configuration (4).
Transitions between Watson–Crick and Hoogsteen
geometry, which are associated with base flipping (34),
may account for the longer distances measured in
solution as reported here. Furthermore, whereas
p53DBD binding induced a larger degree of deformation
at the central region of p21-RE as compared with that of
the BAX-RE, the p21-RE is known to bind tighter to p53
(35). One of the possible explanations for this apparently
puzzling observation is that the respective CWWG cores
responded differently to p53 binding. Further investiga-
tion of the CWWG core, particularly in the bound state,
is therefore required.
Finally, p53/DNA interactions can be impacted by

regions beyond the DBD and RE (3). Whereas biophysical
studies focusing on folded p53 fragments have provided a
wealth of information regarding p53 structure and
function, expanding beyond these ‘truncated’ systems is
highly desirable. The SDSL-MC approach, which is
capable of providing molecular details in large
non-crystalline complexes, is particularly suited for these
studies.

Mapping sequence-dependent DNA shape using the
SDSL-MC approach

Whereas early SDSL studies used DNA duplexes as model
systems (21,36,37), recent reports have emerged in which
SDSL measured distances were used to study DNA duplex
conformation in response to base lesion (38), mismatches
(39) and protein binding (40). In addition, SDSL has also
been used to study higher order DNA structures such as
quadruplexes (41) and four-way junctions (42). In this
work, using the R5 probe that can be attached to any nu-
cleotide within a target sequence, multiple distances were
readily measured, and they directly revealed conform-
ational changes between the bound and unbound DNA.
In addition, synergistic integration with MC sampling
allowed us to derive atomic models of the target DNA
with sequence-dependent shape. In each top-20 ensemble
of unbound REs, the models are: (i) structurally highly
similar; and (ii) clearly different from a uniform B-DNA
(Figures 2 and 4). This demonstrates that the SDSL-MC
pipeline has the ability to provide detailed structural infor-
mation of DNA duplexes. The bound p21-RE structure
differed from the top-ranked model of the unbound
DNA by an RMSDstruct of 2.6 Å and from uniform B-
DNA by only 1.8 Å. As such, obtaining the sequence-de-
pendent shape of the unbound DNA has a profound
impact on properly assessing protein induced deformations
of DNA targets. Furthermore, intrinsic DNA shape
features revealed by the SDSL-MC approach will benefit
a broad range of efforts, such as prediction of transcription
factor binding specificities based on regression models that
combine DNA sequence and shape (43–45).
Nevertheless, further studies are needed to explore the

utility and limitation of the SDSL-MC method. For
example, the ‘resolution’ that can be achieved by this
approach remains to be investigated. In addition, DEER
measures distances in a frozen solution state, whereas MC
simulations target solution-state equilibrium at ambient

temperature. It is not clear how unique aspects of each
methodology impact the interpretation of the resulting
DNA shape.

In summary, results reported here clearly demonstrate
that the SDSL-MC approach reveals sequence-dependent
shapes of p53 REs that advance our understanding of p53/
DNA recognition. The method is not limited by the size of
the system and allows parallel examination of DNA shape
in both the unbound and protein-bound states. This is a
step forward toward uncovering the role of intrinsic
DNA shape on protein–DNA recognition on a general
basis.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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