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The complex architecture of p53 binding sites
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ABSTRACT

Sequence-specific protein-DNA interactions are at
the heart of the response of the tumor-suppressor
p53 to numerous physiological and stress-related
signals. Large variability has been previously re-
ported in p53 binding to and transactivating from
p53 response elements (REs) due, at least in part,
to changes in direct (base) and indirect (shape) read-
outs of p53 REs. Here, we dissect p53 REs to de-
cipher the mechanism by which p53 optimizes this
highly regulated variable level of interaction with its
DNA binding sites. We show that hemi-specific bind-
ing is more prevalent in p53 REs than previously
envisioned. We reveal that sequences flanking the
REs modulate p53 binding and activity and show
that these effects extend to 4-5 bp from the REs.
Moreover, we show here that the arrangement of p53
half-sites within its REs, relative to transcription di-
rection, has been fine-tuned by selection pressure to
optimize and regulate the response levels from p53
REs. This directionality in the REs arrangement is at
least partly encoded in the structural properties of
the REs. Furthermore, we show here that in the p21-
5’ RE the orientation of the half-sites is such that the
effect of the flanking sequences is minimized and we
discuss its advantages.

INTRODUCTION

The current view on protein—-DNA interactions is that pro-
teins achieve DNA binding specificity by forming direct
contacts with the bases using hydrogen bonds, or hydropho-
bic interactions (‘direct’ or ‘base’ readout) that is comple-
mented by ‘indirect’ or ‘shape’ readout, which depends on
the structural and dynamical (conformational flexibility)
properties of the specific DNA targets (1). Both types of

recognition contribute to the interaction between p53 and
its response elements (REs) (2-8). p53 is one of the most
central regulatory hubs in human cells, connected to a com-
plex network in the living cell, activating numerous genes,
leading to diverse cellular outcomes (9-11). At the molec-
ular level p53 primarily functions as a transcription factor
(TF) that binds p53 REs in its target—gene promoters. The
importance of sequence-specific binding of p53 to its REs
is highlighted by the large number of mutations in p53 that
are observed in cancer (~50% of all cancers), most of which
occur in the p53 DNA binding domain (DBD) (~86% of tu-
morigenic mutations are in the DBD, 12,13). The consensus
binding site of p53 REs consists of two decameric repeats
of the form RRRCWWGYYY (R = A.GW = ATY =
C,T), separated by 0-18 bp (14). Full-length p53 as well as
shorter protein constructs that incorporate the DBD bind
to their DNA targets cooperatively as tetramers, composed
of a dimer of dimers (15). As the outcome of p53 acti-
vation depends on the function of the p53-induced target
genes, discrimination of its numerous target sites is crucial
for p53 to trigger specific cell-fate decisions. Two alterna-
tive models have been proposed (16,17): the selective binding
model assumes that p53 REs are not equal, and discrimina-
tion is achieved at the level of DNA binding through differ-
ences in binding affinity (and hence affected by p53 cellu-
lar level), in p53 post-translational modifications (PTMs),
or in the binding of other p53 co-regulators. The selective
context model assumes that p53 binds to all accessible ge-
nomic binding sites more or less equally, and selectivity is
conferred by the cellular and genomic ‘context’, i.e. bind-
ing of independent TFs, histone modifications, nucleosome
positioning, target gene core promoter architecture, or stim-
ulation of RNAPII activity at the initiation or the elonga-
tion steps (16,18-20), as well as dependent on other genes
expressed in the cell at the same time, the cell type, or
the stress signal (21). The truth is probably somewhere be-
tween these two alternative models, but the extent to which
each process contributes to p53 functional response is cur-
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rently unknown. p53 is currently considered to act only as a
transcription activator, following direct binding to its REs.
Transrepression by p53 is mediated by indirect transcrip-
tion, where p21 activation by p53 directs transrepression
through the p53-p21-DREAM pathway leading to down-
regulation of many cell-cycle genes (22-25).

In our previous publications, we have offered several rules
pertaining to p53 target discrimination and its dependence
on the structural characteristics of p5S3 REs (3,4,26,27). In
these studies we have shown experimentally that the ma-
jor structural change between consensus-like p53 REs, that
differ in the uncontacted WW motif at the center of each
decameric repeat (i.e. p53 half-site), is the torsional (twist)
flexibility (the ease of opening and closing of the DNA dou-
ble helix), and that it leads to significant changes in the
DNA binding affinity and especially the binding coopera-
tivity (3). In particular, we showed that p53 REs contain-
ing the CATG central motif are more torsionally flexible
than CAAG and CTAG containing REs. REs containing
the CATG motif are bound with high affinity and low co-
operativity by p53. The more torsionally rigid CTAG- and
CAAG-containing REs are bound with lower affinity and
higher cooperativity (3). Moreover, we found that torsional
flexibility of REs is the key determinant of gene activation
when p53 levels are low, whereas transactivation at high
pS3 levels correlates with binding affinity instead (4). Since
the prevalent p53 species at low protein concentration are
dimers of p53 (28-30), binding at such conditions can be
accomplished only when p53 dimers are kinetically stable
on the REs, to assure the continuous presence of the first
dimer on the DNA until a second dimer comes along and in-
teracts with the first dimer to form a stable transactivation-
capable tetramer. Such kinetic stability is provided by op-
timizing protein—protein interaction through re-orientation
of the two monomers within the bound dimer, facilitated
by DNA torsional flexibility (4). Furthermore, recently we
showed that p53 binds to REs containing long spacers in
two different modes: fully specific and hemi-specific. In the
latter, only one p53 dimer is specifically bound to a DNA
half-site, whereas the other dimer is bound to the spacer
DNA. Nonetheless, the two modes have comparable bind-
ing affinity and specificity, as well as similar in vivo transacti-
vation potential (27). Using computational and experimen-
tal methods we dissect here the role played by p53 full-sites,
half-sites, quarter-sites and flanking sequences in the mech-
anism of recognition between p53 and its target sites, and
its implication to transactivation from these sites. We show
the intricate ways in which apparent evolutionary selection
pressure has optimized the sequence and orientation of the
RE’s half and quarter sites to modulate the outcome of p53
binding to, and transactivation from, p53 target sites.

MATERIALS AND METHODS
Protein and DNA

Human p53 core domain (residues 94-293, referred to as
pS3DBD) was overexpressed and purified as described by
Kitayner et al. (2). Protein concentration was determined
spectroscopically, as previously described (3). Prior to the
binding studies, the fraction of pS3DBD molecules active
for DNA binding was determined as described previously

(3,31). All DNA sequences used in the electrophoretic mo-
bility shift assay (EMSA) (except Flex-RL+DAP, synthe-
sized by Sigma UK) were synthesized by Sigma Genosys
(Israel) and purified by a reverse-phase cartridge. The se-
quences were designed as intramolecular hairpin constructs
with 30 DNA bases in the stem and five cytosines in the
loop, as described previously (3). The DNA test sequences
for cyclization experiments (bottom PCR templates) were
synthesized by Sigma Genosys (Israel), and contained three
copies of the decameric half-site of the studied sequences
(Table 2), whereas the library DNA sequences (top PCR
templates) and the fluorescein- and tetramethylrhodamine
(TAMRA)-labeled oligonucleotide primers (32) were syn-
thesized by the Keck foundation Laboratory at Yale Uni-
versity, and purified as previously described (32).

Cyclization kinetics and simulation of cyclization data

Constructs were synthesized using the PCR scheme devel-
oped by Zhang and Crothers (32), as described previously
(3). In short, PCR reactions (50 pl) contained 1x PrimeS-
TAR buffer, 0.2 mM dNTP mix, 2 uM of each of the
primers, 30 nM of the top and bottom templates and 0.04
units of PrimeSTAR DNA polymerase (Takara, Japan).
Cyclization kinetics measurements were carried out as de-
scribed before (3,32). Ligase concentration was varied as
a function of phasing length (0.3 U/pl for the in-phase
156L.14 and 156L16 constructs and 1.2 U/l for all other
phasing constructs) and total length (from 0.2 U/l for
the 157 constructs, to 0.8 U/pl for the 154-155 and 158—
160 constructs and 2.2 U/l for the 150-153 constructs).
Quantitative data on the conformational properties of the
tested DNA molecules was derived by the simulation pro-
gram developed by Zhang and Crothers (33), as previously
described (3). The outcome of the simulations are the bend
angle, the twist angle, the roll and tilt fluctuations (defined
as the thermal fluctuations of the roll and tilt angle between
adjacent base pairs, 32,33), and the twist fluctuations (de-
fined as the thermal fluctuations of the twist angle between
adjacent bases, 32,33), per DNA sequence (p53 half-site).

Binding affinity and stability measurements

Binding affinity measurements were conducted as previ-
ously described (3,4). In short, radiolabeled and gel-purified
DNA hairpin duplexes (concentration < 0.1 nM) and in-
creasing amounts of pS3DBD were incubated on ice for
2 h in a buffer containing 50 mM Tris—HCI (pH 7.5), 10
mM MgCl,, 1| mM ATP, 25 ng/ml BSA, 13% glycerol, 10
mM DTT, 150 mM KCI and 0.05% Nonidet P-40. By con-
sidering the salts added to the reaction mix by adding the
protein with its protein dilution buffer (6 mM Tris—HCI
(pH 7.5) and 60 mM NaCl) the total ionic strength of the
binding buffer was 296 mM. Complexes were resolved from
free DNA by electrophoresis on 6% native gel (37.5:1 acry-
lamide: bisacrylamide ratio). Samples were loaded on run-
ning gels run at 550 V and 4°C in 1x TG running buffer
(25 mM Tris—HCI, 190 mM glycine, pH 8.3) and run un-
til the bromophenol blue dye migrated 8 cm. Dried gels
were quantified using a GE Typhoon7000 phosphoimager.
We analyzed the system separately for each bound band



using Cligs version 1.1 (TotalLab Ltd., UK). Association
binding constants were calculated using nonlinear least-
squares methods of parameter estimation (SigmaPlot, Jan-
del Scientific, CA, USA). The apparent basic binding unit
of pS3DBD to DNA is a dimer (3), and therefore we used a
regular two binding-site model for all p53 binding sites (34).
For gel patterns in which only the bound tetramer species
was observed, we add initial zeros to account for the unob-
served dimer band (3). Thus, the following equations were
used:

O =1/ (14 Kur # [P1+ Koo # [ PT’) (M)
O1 = Kat [P)/ (14 Kat #[P1+ K+ [PF) ()

02 = Ko % [PP/ (1+ Kat #[P1+ Ko <[PF)  (3)

®;, the fraction of DNA molecules with i protein molecules
bound, was calculated from the equation: ®; = (PSL —
bg);/ T (PSL — bg);, where PSL is the photostimulated lu-
minescence and bg = background, and the summation is
over all the bands in a given lane. P is the protein and the
macroscopic association binding constants are K,; and K,
for the dimeric and the tetrameric species, respectively. The
macroscopic binding constants are related to the intrinsic,
microscopic binding constant as follows:

Kig=k +k 4)

K = kikokis ®)

where k| and k; are the intrinsic microscopic binding con-
stants for each half-site and k1 is the cooperativity constant
(34). ki, measures the increase (or decrease) in the bind-
ing affinity of the second dimer relative to that of the first
dimer due to the cooperativity of the binding interaction.
For targets with identical half-sites (k| = k»), and assuming
equipartition of binding free energies, an apparent dimer-
equivalent association constant can be calculated by tak-
ing the square root of the K,; value. Even when k; is not
equal to k, this measure gives an estimation for an aver-
aged dimer equivalent tetramer Kp also for these sites. The
reported values (Table 3) are the dissociation binding con-
stants (Kp), which are the reciprocal of the association bind-
ing constants. The values in parentheses in all tables and text
are the standard error of the mean (SEM).

Binding stability (dissociation kinetics) measurements
were conducted as previously described (4,35,36). Radio-
labeled hairpin duplexes (0.4 nM) and p53DBD (160 nM
active protein) were incubated for 2 h at 4°C in the same
binding buffer used for Kp measurements (except for Non-
idet P-40), before adding unlabeled competitor DNA of the
same sequence (1.6 wM), in linear double-stranded DNA
form. F(¢), the fraction of bound tetrameric complex at the
different time points, was calculated from the equation: F(z)
= (PSL - bg)complex(¢)/[(PSL — bg) complex(?) + (PSL —
bg)free(t)], where PSL is the photostimulated luminescence
and bg is the background. In[F(¢)/F(0)] was plotted as a
function of time (¢) after the addition of the unlabeled com-
petitor. The data was fitted to a two-phase first-order kinetic
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equation: F(¢)/F(0) = Ae K" + Be*2"' where 4 and B are
fractions of molecules dissociating with rate constants k;
and k;, respectively. Half-life of complexes dissociating by
the B process was calculated from: #1o B =1In 2/k,.

Transactivation experiments of p21-5’ RE variants

A yeast-based functional assay was exploited, starting
from strain yYLFM-ICORE (37,38) that enables targeting
of single-stranded oligonucleotides containing the chosen
RE sequence at a chromosomal location containing a min-
imal promoter and the Firefly luciferase reporter gene. This
homology driven process is facilitated by the production of
a site-specific double-strand break and the oligonucleotide
targeting results in the replacement of the ICORE cassette,
an event that is identified exploiting the URA3 counter-
selectable gene (39). This approach enabled us to gener-
ate a panel of strains where the chosen REs are inserted
at the same site, i.e. flanked by the same surrounding se-
quence and located at the same distance from the transcrip-
tion start site (TSS). Correct targeting was confirmed by
colony PCR across the RE-containing sequence followed
by Sanger sequencing. The reporter strains were then trans-
formed with human wild type p53 expression plasmid based
on the pRS314 or pRS315 vectors (40) and containing the
GALI, 10 promoter to achieve regulatable transcription of
the p53 ¢cDNA by varying the amount of galactose in the
culture medium (41). Transformants were selected on glu-
cose plates and luciferase assays were performed in a 96-
well plate format (42). An empty expression vector was used
to measure and subtract out the p53-independent expres-
sion of the reporter at each condition. Each independent
experiment consisted of between five and seven replicates
and tested the entire panel of p215-derivative strains. Six
independent experiments were carried out.

A curated list of spacer-less pS3 REs associated with p53-
dependent up-regulated target genes

We assembled a set of p53 REs that contain sites validated
for binding in cellular context and for p53-dependent gene
expression. A flow chart (Supplementary Figure S1) de-
scribes the steps taken to assemble the list. We started with
the 943 p53 cistrome targets from the study by Nguyen ez al.
(43, Supplementary Table STS). First, we deleted REs near
target genes shown to be down-regulated by the adjacent
sites (down to 650 REs). We then deleted REs with more
than 20-bp (i.e. those having spacer sequences between the
two half-sites). However, it is known that p53 can regulate
its dependent genes from p53 RE clusters, that is several
consecutives pS3 REs (14,44). In such cases part of the clus-
ter can be REs with spacer sequences and some not. We
looked for such REs in another study that included p53 RE
sequence in the reported results (45), and ended up with 373
REs. From those we deleted REs found in front of pseudo-
genes, and REs located near ncRNA genes (thought to be
involve in p53 repressive functions, 46,47). REs that were
found to be potentially bidirectional were taken as pointing
to the more highly expressed gene, or twice (sense and anti-
sense strand sequences) if genes on both sides were equally
transcribed. We thus ended with 338 p53 REs. REs with
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cistrome score of 2 and above (i.e. those with occupancy and
differentially expressed genes in at least two cell types) were
all collected. REs with cistrome score of 1 (43, Supplemen-
tary Table ST8), were collected when they were supported
by an expression score in the recent meta-analysis of Fischer
(23,24), or appeared in Supplementary Tables ST2 and ST6
in Nguyen (43). We also added 41 non-cistrome REs, based
on similar considerations. The last step was pruning REs
that were located in intragenic regions, because for these
sites there is no meaning to being aligned with transcrip-
tion direction, and this reduced the 274 REs list to a final
dataset that comprises 250 REs (Supplementary Table S1).

Discrimination energy analysis to the curated p53 REs list

To evaluate the conservation properties of p53 REs within
our curated p53 REs list, we used discrimination energy
(DE) analysis. Berg and von Hippel (48,49) defined the
mononucleotide discrimination energy per base pair (g1, a
dimensionless positive number) as the reduction in binding
free energy (in units of k7)) when a consensus base pair (de-
noted by €jp and defined as the most commonly observed
base pair at position /) is replaced by another base pair. An
estimation for g5 is given by (48,49):

rerp =1n(fio/ fip) (6)

where 0 is the consensus base and B any other base, and thus
fu and fj are the frequencies of occurrence of the consen-
sus base, or any other base, in position / in the population
of all possible binding sites, respectively. The constant N is a
dimensionless scaling factor, which has values mostly near
1, that relate population of base-pair choices to binding free
energies. The g;g values are not usually known a priori, and
hence are estimated from equation (6). Thus, the total dis-
crimination energy for a specific DNA sequence, {B;_ |}
(where s is the site size) is given by:

VE(BN) =2y an=y. Wn(fo/fis) (O

where E expresses the reduction in favorable binding free
energy (in units of k7) from that of the consensus sequence.
To account for small sample properties, In (fjp/fig;) is usually
replaced by (49):

rerg = In[(ng, +0.5) / (3 + 0.5)] ®)

since f;p values are the base frequencies in the population
of all sequences that are recognized by a particular protein,
whereas the known sites constitute probably only a fraction
of this population.

Information score analysis to the studied sequences using the
curated p53 REs list

We used ‘information score’ (‘IS¢’) analysis (50,51) as a
measure for the calculated binding energy of the studied
sequences. To that end we calculated a mononucleotide
position-specific weight matrix from our set of 250 p53 REs:

w;p = In(fi5/ Pp) )]

where fIB is defined as in the previous section, and Py of
base B is the frequency in the whole genome, which is usu-

ally taken to be 0.25 for each base. The frequencies are cor-
rected for small sample errors, as described previously (48).
To score individual sequences, the weight matrix is multi-
plied element-wise by a matrix (s;3) containing only 0’s and
1’s, corresponding to sequences for which binding data was
experimentally determined in this study. The summation of
this multiplication yields an individual information score
(ISc¢) for each sequence (50-52):

N
W () = lel ZB wig i+ Co (10)

We scale the obtained sum by adding a constant (Cp),
chosen such that the best binding site scores zero and poorer
sites score positively.

To test for nearest-neighbor non-additive effects we need
to calculate dinucleotide information scores, for which we
need to add to mononucleotide information scores the fol-
lowing term (48,51,52):

s—1 JiBi+1B.,

_Z/: | ZBIH (m) SIB,I1+1By4, (11)
where the numerator is the observed frequencies of the dou-
blet BB+ in positions / and / + 1 and the denomina-
tor is the observed frequencies of its monomeric compo-
nents. Here again we correct for small sample errors in the
mononucleotide frequencies. The results were scaled by the
same Cj chosen for the mononucleotide term. When cal-
culating the information score for p21-5" RE variants it was
omitted from the 250 RE training set. Error bars for the ob-
tained individual information scores were derived by the n —
1 Jackknife method (53), where ISc for p21-5’ RE variants
was estimated by conducting 249 times the calculation of in-

formation scores using 248 REs, each time omitting one RE
of the 249 REs set and then calculating the variance from:

Var (%) = ”n: > G-x (12)

where X; is the information score estimated from each n — 1
subset, and X is the result when calculated from the whole
set.

Other computational and statistical tests

In testing the strength of relationships between variables, we
calculated Spearman’s rank correlation coefficient (denoted
by p) as a non-parametric measure of correlation. In these
tests we used ties whenever the values were within £SEM
of each other. In testing for statistically significant differ-
ences between means of sequence-conservation categories
we used Kruskal-Wallis test for non-parametric measures
of the different between ranked sums. We used the Steel-
Dwass method as a post-hoc test, which is adjusted for mul-
tiple comparisons, to determine the specific groups that sig-
nificantly differed from each other. All analyzes were con-
ducted using IMP®, Version 14 (SAS Institute Inc., Cary,
NC, 1989-2019). The values for the deformability (" in
units of °*A%) of each DNA base-pair step is from Balasub-
ramanian et al. (54, part viii of Supplementary Table S3).
Here we used the values derived only from DNA sequences
having the B-DNA conformation (¥(B) °3A?%).



RESULTS AND DISCUSSION

A curated list of spacer-less pS3 REs associated with p53-
dependent up-regulated target genes

To evaluate p53 REs for binding and structural properties
genome wide, one need first to assemble a set of p53 REs,
that contain sites that are validated for p53 binding and that
ends up in p53-dependent gene expression. Information on
binding and upregulation by p53 were based on a meta-
analysis by Nguyen et al. (43), carried out on data from 41
genome-wide ChIP-seq experiments, 16 of which included
also associated gene expression data, to establish a genome-
wide p53 cistrome. In addition, we used the meta-analysis of
Fischer (23,24), based on data from 20 genome-wide TP53-
dependent gene expression studies, and 15 genome-wide
TP53 ChIP-seq studies. Our gathered data set (Supplemen-
tary Table S1) included only p53 REs that transactivate a
nearby gene (excluding transrepressed nearby genes), based
on the indications that p53 acts in gene regulation mostly
as a direct transactivator protein, whereas p53-dependent
transrepression is mostly carried out indirectly (22,24,25).
Moreover, we excluded p53 REs containing spacers se-
quences between the two half-sites, because p53 half-sites
(HSs) separated by spacer sequences may have unique struc-
tural properties (Anna Zivan and T.E.H., unpublished re-
sults). Thus, the compiled data set (Supplementary Table
S1) consists of 250 p53 REs, with validated ChIP-seq peaks,
that also show differentially expressed genes (DEGs) that
are solely upregulated (see Material and Methods and Sup-
plementary Figure S1). The 250 RE sequences were aligned
with transcription direction (that is the 5" HS is upstream
and the 3’ HS is downstream in the strand being transcribed,
though not necessarily upstream to the transcription start
site (TSS), here they are termed ‘left’ and ‘right’ HS, respec-
tively, see below).

The buildup of our curated list of p53 REs is comprehen-
sive for REs with cistrome score of two and above (Supple-
mentary Figure S1). There are 156 REs with cistrome score
of 1in Nguyen et al. (43). Such REs can, on the one hand, be
a false positive signal (55), and on the other hand, indicate a
truly functional but weakly binding RE, that needs special
conditions to mediate p53-dependent transcriptional acti-
vation of the associated gene. To balance these two oppos-
ing possibilities, we inserted ~20% of cistrome score = 1
sites, where we chose both high expression scores as well
as low expression scores from Fischer (24), as well as low
and high values from p53 associated transcriptome DEG
(43, Supplementary Table ST6) and activated p53 peaks (43,
Supplementary Table ST2). This same procedure was taken
on 41 non-cistrome REs, with expression score of four and
above (24), most of which were validated in individual stud-
ies (Supplementary Table S1).

Hemi-conservation of pS3 response elements

The consensus sequence of p53 is extremely degenerate
(Figure 1, the sequence logo of our curated list of 250 p53
REs, and (14,56,57)). Nevertheless, most pS3 REs deviate
from this consensus in at least one position (14,56). To
study the conservation properties of p53 REs genome wide
(that is their likelihood to be near or far from the consen-
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sus), we calculated the discrimination energy (DE) of all
250 p53 REs in our curated list (Supplementary Table S1).
The discrimination energy per base pair denotes the change
in binding free energy when a consensus base pair is re-
placed by any other base pair (48,49), and this is summed
over the whole sequence. By convention, the consensus se-
quence has DE = 0 and those further away from the con-
sensus have positive values (48,49). When we sum the DE
values on p53 full-sites (FSs), we do not find any sequence
with FS DE = 0. This reiterate our previous finding that
sequences that resemble the consensus in both HSs [such
as (GGGCATGTCC)2, (4)], are supertransactivator (STA)
sequences, that transactivate p53 to high levels when there
are few p53 molecules around and are thus un-regulatable.
The range of DE values observed in p53 HSs spans from
0.00 (GGGCATGTCC, the 5 HS of TNFRSF10A, B, or
C, and the 3’ HS of ZFPM1) to 14.1 (CCTGAAGCCC, the
3’ HS of SERTADI). The mean DE value for the left and
right HSs is not significantly different from each other (3.60
+0.12 and 3.74 4 0.13, for the left HS and right HS, respec-
tively). Interestingly, as can be observed from Figure 2, the
DE of the two HSs are inversely correlated (o = —0.396,
P < 0.0001). When one HS is conserved (having low DE
values), the other HS is less conserved (having high DE val-
ues). All 250 REs, except 11, are within the 95% confidence
ellipse (Figure 2).

To be able to further discuss p53 REs that differ in their
conservation, we turned the DE data into categorical data,
where each HS can be either ‘conserved’ (C), or ‘degenerate’
(D). This is done by dividing the DE value of each decamer
HS by half of the mean value of all 250 full-sites (each be-
ing a 20-bp sequence), and noting whether its value now is
below 1 (C) or above 1 (D). Thus, we have created four cate-
gories: CC, DD, CD, and DC (colored differently in Figure
2). Using Chi-squared test for categories of data, we get x>
(3, N = 250) = 22.35 (P = 0.00006), rejecting the assump-
tion of random division to these four categories. Accord-
ingly, the conservation of p53 HSs is not random. More im-
portantly, the results show that full-sites (FSs) composed of
two degenerate HSs, category DD, are underrepresented (36
REs), whereas FSs belonging to the CD and DC categories
are overrepresented (85 and 74 REs, respectively, Figure 2).

This categorization of the REs data enables us to clearly
see that there are many p53 FSs where only one HS has
high enough sequence conservation to be contributing sig-
nificantly to specific binding. By our definition, all REs of
the DC and CD categories have one degenerate HS and one
conserved HS, but they are not necessarily very different in
their conservation level. However, by looking at ‘very’ de-
generate HSs from the CD or DC categories (HSs with DE
values > 5.89, which is the average DE value per HS plus
one SD), we note that above average degenerate HS from
these two groups are linked with above average conserved
second HS (Supplementary Figure S2). Altogether there are
60 such outlying sites, which are 38% of the combined CD
and DC category. This pattern, in which two HSs within one
FS differ significantly in their conservation level, resembles
the hemi-specific mode of binding that we observed previ-
ously, when we studied p53 REs that contain non-sequence
specific spacer sequences between HSs (27). Thus, the hemi-
specific mode of binding through spacer sequences may be
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Figure 2. Discrimination energy analysis to p53 half-sites. The discrimina-
tion energy (DE) of the left (5') half sites of p53 REs anticorrelate with
the discrimination energy of right (3") half sites. Analysis was conducted
on our curated set of 250 activating p53 REs without spacers. Blue, DC
category; green, CD category; red, CC category; orange, DD category. See
text for details.

an extreme case of the hemi-specificity phenomenon, which
as we show here, is prevalent to lesser degrees in many p53
REs.

Conservation properties of inner versus outer p53 quarter-
sites

p53 binds to a 20-bp sequence composed of four quarter-
sites (QSs), each 5-bp long (Figure 1). Crystallographic
studies of p53/DNA complexes (e.g. 2,5-7,58,59-61), show
that p53-DNA tetramer has a shape of a parallelogram,
because each monomeric subunit interacts with sequential
5-bps, and hence sequential p53 monomers interacts with
bases on opposite strands on the DNA double helix, re-
lated by a 2-fold symmetry to each other. p53 monomers
bound to the internal QSs (the ones closest to the center of
the parallelogram, QS2 and QS3 in Figure 1) are therefore
closer to each other, than those bound to the outer QSs,
and thus play an important role in stabilizing the tetramer
on the DNA, by providing the anchor or the nucleus of the
tetramer. This may be the reason why the internal G; and
C14 are more conserved than the outer C4 and Gy7, as sug-

gested by Nguyen et al. (43). This trend is clearly visible in
the logo presented in Figure 1, which is based on our cu-
rated list of 250 spacer-less REs, associated with upregula-
tion of p53-dependent target genes. Quantitating this ob-
servation by DE analysis (Supplementary Table S2) yields a
large and significant difference in conservation between the
inner and outer C/G bases (paired 1 = 4.15, P < 0.0001).
However, as can be appreciated from Figure 1, and Supple-
mentary Table S2, this difference in conservation level ex-
tends also to the bases on either side of the central C and
G bases. The difference in conservation between the outer
RRC/GYY motifs versus the inner ones is a bit lower but
significant (paired ¢ = 3.50, P = 0.0005). Moreover, the dif-
ference in conservation between external and internal quar-
ter sites extends also to the non-contacted WsWg positions,
and hence to entire quarter sites (paired t = 3.06, P = 0.002).
Surprisingly, here too, as we observed for the two HSs, the
conservation (DE values) of each QS is inversely correlated
to the neighboring QS within each HS (p = -0.33, 0.37, P
< 0.00001, for QSI1 to QS2 and QS3 to QS4, respectively),
and similar in strength to the correlation between HSs.

As for FSs, we have corroborated these observations by
turning the DE data into categorical data. When we turn
each HS into four categories (CC, DD, CD and DC), the
chi-squared test [x? (3, N = 250) = 31.0 for left HS and 30.9
for right HS, P < 0.0001] is not very informative, as the only
category that deviates from the expected (by being under-
represented) is the DD category. A more detailed picture
can be achieved when we calculate all possible combinations
between the four QSs in each FS leading to 16 categories
[x2 (15, N =250) = 89.6, P < 0.00001, Table 1]. Here three
categories are markedly overrepresented (>10%), CCCD
(30 FSs), DCCC (29 FSs) and DCCD (26 FSs), illustrat-
ing the tendency of outer QSs to be of a degenerate char-
acter, as discussed above. The notably (<1%) underrepre-
sented categories are DDDD (2 FS), DDCD (2 FSs), and
DCDD (5 FSs) where inner QSs are degenerate. Interest-
ingly, CCCQC, i.e. fully conserved sites, are markedly under-
represented (8 FSs only, Table 1). The conclusion emerg-
ing from the detailed QSs analysis is that the pattern of
FSs conservation is %CC%, but avoiding CCCC. Based on
the anticorrelation between QSs that are within the same
HS, we suggest that even though p53 monomers may en-
ter the nucleus linked by their tetramerization domain (62),
they form core-domain protein-protein contacts only on the



Table 1. Chi-squared analysis to p53 quarter site

DDDC DDDD

DDCD

DDCC

13

DCDD

DCDC

21

DCCD
26

DCCC
29

CDDD

CDDC

CCDD CDCC CDCD
22 23 23

CCDC

CCCD
30

CCCC

Category

12

20

Observed
counts

0.120 0.080 0.048 0.088 0.092 0.092 0.024 0.116 0.104 0.084 0.020 0.052 0.008 0.032 0.008

0.032

Estimated

probability
Expected
counts

15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6 15.6

15.6

3.7 11.9

11.9

0.8 2.6 3.5 3.5 5.9 11.5 6.9 1.9 7.2 0.4

1.2

13.2

3.7

(O-E)*/E

Bold values show over and under representation categories that extremely deviated from expected, (O — E)*/E > 6.9, P < 0.0001.
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DNA double helix and not prior to that. To control bind-
ing, the first p53 binds to the more conserved QS and the
second p53 monomer binds to the adjacent QS, facilitated
by core-domain protein-protein interactions. Hence, we call
this novel mode of binding the ‘Cherry pair’ model, to il-
lustrate that binding of monomers through their tetramer-
ization domain does not entail their preforming protein-
protein interactions through their DBDs.

Global conformation characteristics of naturally occurring
p53 REs

Here we experimentally determined, by cyclization kinetics
of DNA mini-circles, the global conformation of two parts
(p21-5 and p21-3’) of the well-known natural p53 binding
site, located in the promoter of the p21 gene (also known
as CDKNAI1, WAFI, or p21CIP1, ref. 63). As the sequence
of each half site in natural p53 sites is different, and to en-
hance the signal to noise ratio, the 30-bp test sequences were
designed as three repetitions of each half-site decamer, as
in our previous study on consensus-like sites (3). To avoid
confusion between the 5 and 3’ in the full-site name, and
those of the 5" and 3’ HSs, 5 HSs are here termed ‘left HS’,
and the 3" HSs are here termed ‘right HS’. Experimental J
factors were measured as previously described (3,27). The
relationship between the experimental J factors and DNA
structure was obtained by minimizing the differences be-
tween experimental J factors and calculated J factors, based
on a model for the structural properties of the tested se-
quences (Supplementary Figure S3), using the method of
Zhang and Crothers (33). The outcome of the simulations
are quantitative measures for DNA structure and flexibility
(Table 2). From Table 2, it is clear that the only significant
difference between the sequences of the HSs is the twist fluc-
tuations, indicative of twisting (torsional) flexibility, as ob-
served previously by us for p53-consensus sequences (3,27).
The differences in twist fluctuations between the different
HSs studied here appear to be small. However, as can be
noted from the last row of Table 2, they cover a range of
~60% of all twist fluctuations measurements made to date,
for DNA in any protein-DNA system, not only those of
p53 REs. The limited variation in the twist and bending (roll
and tilt) fluctuations, as a function of the base sequence, was
noted previously (64,65). It was estimated that the range of
variation of the torsional and bending force constants are 2-
and 4-fold, respectively (64,65). Moreover, from the range
of observed values for bend angles presented in the last row
of Table 2 [from other studies, (3,32,60)] it is clear that there
are no significant changes in global bend angles among the
sequences studied here.

Analyzing flexibility of pS3 REs genome-wide

Since cyclization kinetics is a laborious technique that is
time consuming, it is not feasible to experimentally measure
the flexibility properties of the entire set of 250 p53 REs.
Therefore, to assess the flexibility properties of our curated
set of p53 REs, we need to be able to calculate it, assum-
ing that we can represent DNA sequences based on nearest-
neighbor interactions only (i.e. base-pair steps have inde-
pendent structural properties). Previously we used ‘twist
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Table 2. Best-fit parameters from cyclization kinetics measurements for the sequences studied here

Torsional force

Roll and tilt Twist fluctuations constant
Name Sequence Bend angle (°)~P Twist angle (°)P fluctuations (°)P¢ (©)bd x 10 ergrcm®
p21-5" left HS GAACATGTCC 0.36 + 0.11 3433 £+ 0.13 440 £+ 0.12 443 £+ 0.11 2.31
p21-5' right HS CAACATGTTG —0.17 £ 0.07 34.22 + 0.08 4.51 + 0.09 5.45 + 0.08 1.53
p21-3' left HS GAAGAAGACT 0.23 £ 0.11 34.29 £+ 0.12 446 + 0.13 4.37 + 0.11 2.37
p21-3’ right HS GGGCATGTCT 0.80 £ 0.08 34.09 £+ 0.09 4.63 + 0.10 5.41 £ 0.08 1.55
Range of values —10.0t0 2.4 34.04 to 34.85 4.30 to 6.40 3.9105.80 2.98-1.34

observed!

All measurements were made at 21°C.

4Bending is by roll and its center is located at the fourth or fifth step of all sequences.

®The simulation errors (), were calculated as described in (33).

°Roll and tilt fluctuations are the thermal fluctuations of the roll and tilt angle between adjacent base pairs (32,33).
dTwist fluctuations are the thermal fluctuations of the twist angle between adjacent bases (32,33).

¢The torsional force constant, C, is given by C =
temperature and o, is the twist fluctuations in radians.

lkpT/o? (33), where /is the helical rise of one DNA base pair, kp is Boltzmann constant, T'is the Kelvin’s

fThese values denote the range of observed values for these parameters in other DNA sequences, determined by the same method used here (3,27,66).

disp’ values, which are the standard deviation of ‘twist an-
gle’ values derived from crystallographic studies of protein—
DNA complexes (67), to signify the ‘twist flexibility’ of
DNA molecules that have not been measured experimen-
tally (3). However, now that our data set of experimentally
measured p53 binding sites have grown, we find that the
twist fluctuations of the experimentally measured sites are
nicely correlated (p = 0.90, P < 0.000001, Supplementary
Figure S4) to a more rigorously defined parameter, termed
‘deformability’ (54,67). Deformability is a set of sequence-
dependent empirical ‘energy’ functions, derived from crys-
tal structures of protein-DNA complexes that denote the
volume of conformational space within common energy
contours (54,67). It is thus a measure of the cost of deform-
ing DNA molecules of a particular base sequence. As it is
derived from all six structural parameters that relate two
successive base-pairs (‘base-pair step’), it is a more compre-
hensive measure for base-pair steps flexibility. The observa-
tion that calculated deformability correlates well with our
experimentally measured twist-fluctuation values (Supple-
mentary Figure S4), may mean that indeed, as we have ob-
served previously, the main contribution to flexibility of pS3
binding sites is twist (torsional) flexibility.

The values of the deformability parameter (V(B)) ranged
from 0.96 °3A3 (left HS of p21-3) to 2.91 °3A3 (right HS of
CPE). When the sites are arranged with transcription direc-
tion, we find that the differences in the average deformabil-
ity between the HSs is not significant (2.14 & 0.02 °3A3, 2.12
+0.02°3A3 for left HS and right HS, respectively). The aver-
age value of V(B) for all FS REs is 220 + 0.02 °3A3, which
means that FS REs are on average more deformable than
each separate HS, indicating the contribution of the base-
pair step_ connectmg the two HSs (average V(B) value 3.3
+ 0.1 °3A3) to the increase in overall deformability of FS
REs. Indeed, the structural properties of the dinucleotide
connecting the two HSs have been shown to be unique, rel-
ative to those of the base-pair steps within the two HSs (5,6).

We then checked whether the conservation properties of
p53 full-site REs are related to the calculated deformabil-
ity of these sites. DE values of p53 full-sites have a weak
but significant negative correlation with their deformability
(p =-0.22, P = 0.0004, Supplementary Figure S5A). This

1.5 LR: 5/ .. TACATGAACATGTCUCAACATGTTGGCAGA...
pei-o Lh: . ATGTACTTGTACAGGGTTGTACAACCGTCT..
1.5’ RL: 57 ..TACATCAACATGTTAGAACATGTCGCAGA. .
pzi-> RL: ATGTAGTTGTACAAGCTTGTACAGGCGTCT..

5/ . TACATCAACATGTTGGGACATGTTCGCAGA...
...ATGTAFTTGTACAACICCTGTACAA GTCT...

p21-5’ RLminus:

Figure 3. Switching p53 half-sites of p21-5'. Horizontal (LR to RL) and
vertical (LR to RLminus) switching of p21-5’ half sites. Half sites are boxed
and color coded. The flanking sequences are those of the original plasmid
construct. See text for details.

means that full sites that are more conserved (low DE val-
ues) tend also to be more deformable. We then analyzed the
relationship between each QS DE and deformability (Sup-
plementary Figure SSB-E). A significant negative correla-
tion exists between DE and V(B) for QS1 and QS4 (Supple-
mentary Figure S5 B, C, p =-0.32 and -0.21, P < 0.0001,
and 0.0009, respectively), both being outer QSs (Figure 1),
but not for the two inner quarter sites (QS2 and QS3, Sup-
plementary Figure S5 D, E). This we suggest is due to the
outer QSs being more variable in their conservation level
than the inner QSs.

Transactivation from switched p53 half-sites of p21-5’

To experimentally probe the importance of HSs and QSs
conservation and orientation for p53 binding and transac-
tivation, we designed two binding sites with alternative se-
quence exchanges. The first switch, which preserved the in-
ner versus outer locations of the QSs, was made by changing
the transcribed strand to the antisense strand (termed here
‘vertical” switch), thus converting wild type p21-5" (hence-
forth called LR) to RLminus (Figure 3). In the second ex-
change the inside/outside location of the HSs were switched
within each strand (LR to RL, termed here ‘horizontal’
switch, Figure 3). Switching the strands, with respect to
the strand being transcribed (LR to RLminus), can also
assess whether there is directionality in p53 binding to its
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Figure 4. Transactivation level from variants of the p21-5' RE as a func-
tion of p53 protein levels. Raffinose (marked as 0% galactose) and in-
creasing concentrations of galactose were used to achieve variable cellular
concentration of p53. Transactivation is represented as relative light units
(RLU). Each value is an average of 4-6 independent experiments. Each in-
dependent experiment contained 5-7 replicas of each RE. Error bars are
SEM values. Cells were grown overnight in a glucose containing medium,
were washed and resuspended in a fresh medium containing raffinose (2%)
or increasing concentration of galactose (at time zero). Transactivation was
measured after 6 h.

REs, as this change should not matter for in vitro bind-
ing of a symmetric molecule such as p53, but could mat-
ter for ‘functional binding’, i.e. for transactivation from a
nearby reporter gene. Two scenarios can be envisioned here.
First, such a change in vivo could possibly change the di-
rection of transcription. This option is not considered here.
Second, the directionality (relative positioning) of QSs and
HSs, with respect to the TSS affect transactivation levels.
Moreover, since we are switching only the 20-bp RE, the
horizontal and vertical switches can also test whether the
flanking sequence matter for binding and transactivation,
as the sequence context of each half site is changed upon
these exchanges (i.e. after the exchanges the left HS is near
the 3’ flanks and the right HS is near the 5’ flanks).

We have used a tightly defined experimental system in
yeast to measure transactivation from LR, RL and RLmi-
nus (42). Using this system one can place by homologous
recombination a desired variant of the p53 RE at the same
chromosomal location that had previously been engineered
to contain a minimal promoter and the Firefly luciferase re-
porter gene (37). At low p53 level [0.002% galactose, corre-
sponding to ~440 p53 molecules, ~0.5 nM, per yeast cell,
(4)], there is a small but significant difference between LR
and RL (¢t = 3.32, P = 0.0015), which is significant also
when taking into account multiple comparisons (Figure 4,
Supplementary Tables S3 and S4). Relative to LR and RL,
the RLminus site has the highest transactivation level at all
p53 concentrations. The difference between LR and RLmi-
nus, and between RL and RLminus, is large, highly signif-
icant, and exists at all p53 concentration levels (Figure 4,
Supplementary Tables S3 and S4), though, as with LR ver-
sus RL, the difference is higher at low p53 concentration
(0.002% galactose, t = 10.99 and 6.92, for LR-R Lminus and
RL-RLminus, respectively, P < 0.000001).
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Effects of flanking sequences on p53 transactivation level

To explore the extent of the effect that the structural prop-
erties of the flanking sequences have on transactivation
level from p53 sites, we designed two 10-bp DNA mo-
tifs that differ in their deformability, as a measure for to-
tal flexibility of the DNA double helix. Thus, we designed
two DNA motifs having extreme deformability values:
AACTTTTCTT, termed ‘rigid flank’ (V(B) = 0.81°3A3) and
AGTAGTATAC, termed ‘flexible flank’ (V(B) = 2.72°3A%).
The 10-bp flanking sequences of the original reporter con-
struct is AATAATACAT (V(B) = 2.37°3A%). We inserted
these motifs only at the 5 side of the REs, since we did not
want to alter the distance of the REs from the TSS. When
comparing transactivation levels between REs with flanks
possessing opposing structural characteristics (‘Flex’ ver-
sus ‘Rig’ in Figure 4 and Supplementary Table S3), one ob-
serves that the differences within the RL series are larger
than within the LR series, and are especially high when
transactivation was measured at basal p53 concentration (at
2% raffinose, t = 7.9 and 4.8, P < 0.000001 and <0.0001, for
RL versus LR series, respectively, Supplementary Table S4).
Thus, at 2% raffinose there is a significant 232% change be-
tween Rig-RL and Flex-RL, but only 50% change between
Rig-LR and Flex-LR. Moreover, the influence of the flexi-
ble flank on transactivation from the two types of REs (RL
versus LR) is similar (Supplementary Table S3) and thus
not statistically different (Supplementary Table S4), but the
effect of the rigid flank on transactivation level is double in
Rig-RL than in Rig-LR at basal p53 concentrations (Sup-
plementary Table S3), and therefore highly statistically dif-
ferent (r = 6.7, P < 0.000001, at 2% raffinose, Supplemen-
tary Table S4). Surprisingly, none of the studied sites (except
LL at basal p53 levels) approached the level of transactiva-
tion level induced by the RLminus site (having the origi-
nal medium deformability flanks). The difference between
transactivation levels of the various p21-5 sites at highly
induced p53 levels (0.024% and 0.032% galactose) is signif-
icantly smaller than in basal levels, and resembles the small
range of binding affinity differences between p53 tetramers
(as discussed below). It should be noted that upon switching
the RE HSs, the dinucleotide bridging the RE to the flanks
has changed as well. The 5’ bridge nucleotide is very rigid in
Rig-RL and RL, versus very flex in Rig-LR and LR. This
can be another factor contributing to the higher transacti-
vation level in the RL series versus the LR series.

Effect of half-site doubling on p53 transactivating levels

Transactivation from a site composed of double left HS of
p21-%, in the original flexibility context (LL, Figure 4, Sup-
plementary Table S3), started as a site from which there was
high p53 transactivation level at basal p53 concentration,
similar in value to RLminus, but p53 transactivation level
from this site declined to about 40% relative to that from
RLminus from medium p53 levels onwards. On the other
hand, a site composed of double right HS of p21-5" with
the original flexibility flanks (RR, Figure 4, Supplementary
Table S3) started, at basal p53 concentration, as the site with
the lowest transactivation capacity from all studies REs, but
at the highest p53 concentration it reached a transactivation
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examples of six to eight experiments conducted with each site.

level comparable to some other sites studied here. These ob-
servations can be ascribed to interdimer core-domain inter-
actions in highly induced p53 levels in yeast cells [at least
0.024% galactose, estimated to be ~33 500 p53 molecules,
amounting to ~40 nM p53 (4)], leading to ecither rapid for-
mation of tetramers upon binding to DNA, or possibly to
pre-formation of tetramers prior to DNA binding. Hence,
these observations imply that when p53 levels are high, p53
sites devoid of even a single fully-canonical p53 HS (such as
those belonging to the DD category) can be transactivated
at a level comparable to transactivation from sites with at
least one consensus-like half-site. In human cells basal p53
levels range from 17 000 to 200 000 molecules, which is ~60—
500 nM p53 (68-70), and they can increase up to 20-fold
upon cellular damage signals (69,71), whereas in yeast cells,
induced p53 levels are defined as those where galactose lev-
els are >0.002% (<0.4 nM p53). Hence, the definition of
basal versus induced p53 levels are different in yeast versus
human cells.

Binding affinity and stability of switched p21-5’ variant sites

Differences in transactivation levels between REs studied
here were shown to be more pronounced at basal p53
concentrations (Figure 4, Supplementary Table S3), where
wild-type p53 exists mainly as dimers (4,28). To assess the
binding affinities of the same sites measured for transacti-
vation capacity, we used the pS3DBD construct and EMSA
experiments (Figure 5, Supplementary Figure S6). The use
of the pS3DBD construct is to facilitate the observation of
p53 dimers during EMSA, and their quantification. Tran-
siently bound dimers are important binding species for de-
ciphering the mechanism of p53 binding to its REs (28).
Only when using the isolated DBD, protein-protein inter-
actions originating from the tetramerization domain do
not obscure those originating from protein-protein con-
tacts within DBDs. Moreover, as shown previously, the rela-
tionship between transactivation and p53 tetramer binding

affinity is independent of the p53 construct used in the bind-
ing experiments (p53DBD versus p53CT, 4). The length of
the flanking region in sequences used for binding affinity
measurements were kept short, at 5-bp each (and identical
to the flanking sequences used in the transactivation assay),
to avoid the hemi-specific binding mode (27).

Measuring the binding parameters (Table 3) revealed that
the averaged dimer Kp (averaged over the two non-identical
HSs) is more variable than the averaged dimer equivalent
tetramer Kp values. The extreme values for both parame-
ters belong to the LL and RR sites. Considering the large
difference between the dimer K, values of LL and RR (371
nM and 1900 nM, respectively, Table 3, Supplementary Fig-
ure S6), it is reasonable to assume that the first dimer to bind
to the p21-5 site, or any of its variants, is the one with the
higher binding affinity, i.e. ‘left HS’. To assess whether LL
is also the site with the higher binding stability, we deter-
mined the kinetic off-rate of pS3DBD from LL and RR,
using EMSA (Supplementary Figure S7). Analysis of the
tetrameric band dissociation constant (Figure 6, Supple-
mentary Table S5) revealed that the dissociation of p53 from
both sites is biphasic, as previously observed (4). Analysis
of the slow and reproducible fraction (‘B’ in Supplementary
Table S5) showed that the LL site has a lower ko relative
to RR, and thus has a longer half-life (46 4+ 5 min versus
12.1 4 0.3 min, respectively). It is interesting to further com-
pare the binding of the RR site to that of the LL site. Both
sites contain the flexible CATG center, but their overall tor-
sional flexibility is significantly different (5.45° and 4.43°
for RR and LL respectively, Table 2). LL, the more rigid
RE, binds p53 with a significantly higher tetramer affinity
than RR (77 and 31 for RR and LL respectively, Table 3).
The only departure of the RR site from the consensus is
in the non-contacted bases at the first and last position of
each decameric HS. In our previous study (3), the varia-
tion between the studied p53 consensus sequences was at
the non-contacted WsWg step of the central CWWG re-
gion and then the observation was that the more flexible
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Figure 6. Kinetic off-rate analysis of p21-5" RE variants from p53DBD.
Shown is a plot of the fraction of molecules bound to pS3DBD at time
(t) divided by the fraction of molecules bound at time 0 as a function of
time. The lines are from the best fit to a double-exponential curve. Solid
squares, LL; solid circles, RR; open squares, Rig-RL; open circles, Flex-
RL. The shown experimental points are those from one experiment, out
of 3-5 independent experiments conducted with each DNA target. Hence,
they may deviate slightly from the averaged values presented in Supple-
mentary Table S5.

site bound with higher binding affinity. Here, the variation
is at the non-contacted R; and Y bases of p21-5' RE vari-
ants and now a more rigid site has higher binding affinity.
Hence, it seems that it matters where within the RE are the
flexible/rigid base-pair steps. One needs more such analyses
to reach a more detailed conclusion.

Comparing the pattern of changes observed in transacti-
vation levels, at basal p53 levels (2% raffinose, 0.002% galac-
tose, Figure 4, Supplementary Table S3) to those observed
in measuring binding parameters (Figure 5, Table 3) shows
several similarities. First, LL is the binding site with the
highest binding affinity and RR is the site with the lowest
binding affinity. Second, Rig-RL is the site with the low-
est dimer Kp (highest binding affinity) from the LR or RL
groups, comparable to that from 5'Nat-LR, as in the trans-
activation assays. Third, the influence of the flanks on dimer
binding affinity is similar to the transactivation capacity of
the LR versus the RL groups at basal p53 concentration.
There is ~70% change in dimer binding affinity between
Rig-RL and Flex-RL, but Rig-LR binding affinity is only
~18% higher than that of Flex-LR. Thus, the difference in
binding affinity between Rig-RL and Flex-RL is significant
(t =17.05, P < 0.0001), whereas that between Rig-LR and
Flex-LR is not significant (z = 1.82, P = 0.09).

Dimer Kp is strongly (o = 0.97, 0.98) and significantly
(P < 0.0001) correlated with transactivation at basal p53
concentrations (2% raffinose and 0.002% galactose, respec-
tively). Since here all REs are similar in that they all contain
a CATG center, transactivation is also significantly corre-
lated with dimer equivalent tetramer Kp, again only at basal
p53 concentration (p = 0.94, P < 0.0001, for both 2% raf-
finose and 0.002% galactose). Previously we showed that
transactivation at basal p53 concentration is linked to the
binding stability (off-rate kinetics), whereas here we show
that the correlation is between transactivation and dimer

binding affinity. Hence, we measured the binding kinetics
from Rig-RL and Flex-RL (Figure 6 and Supplementary
Figure S5). Analysis of the gel pattern shows that Rig-RL
is the site with a longer half-life than Flex-RL (24 &+ 2 min
versus 15 + 3 min, respectively, Supplementary Table S5).
This, together with kinetic off-rate measurements of LL and
RR, shows that the relationship between basal level trans-
activation and dimer binding affinity parallels that of basal
level transactivation and kinetic of-rate.

RLminus transactivation levels are the only exception to
the similarity observed when comparing transactivation ex-
periments to binding assays. RLminus reaches significantly
higher transactivation levels, relative to all other sites (ex-
cept LL at basal p53 concentrations). At basal p53 con-
centration the differences between R Lminus transactivation
level to all other sites (except LL) is the highest, but the dif-
ference remains significantly higher than for all other sites
also at the more induced p53 levels (including LL). This is in
contrast to the dimer binding affinity of R Lminus, which is
not significantly different from that of the other sites stud-
ied here.

Likewise, the dimer equivalent tetramer Kp of RLminus
does not have the lowest value from all sites studies here.
Differences in transactivation capacity between p53 REs at
highly induced levels were shown by us (4) to be linked to
p53 binding affinity, whereas differences at basal p53 lev-
els to binding stability (off-rate kinetics, here extended to
dimer binding affinity). The RLminus site show differences
in transactivation level at both ends of the transactivation
spectrum but does not show any linkage to either dimer
binding affinity or tetramer binding affinity. Possible ori-
gins for the transactivation pattern observed with RLmi-
nus site could be packing considerations within inner QSs,
which may be more favorable in the RLminus site than in
RL (but this cannot explain the difference to LR). Alterna-
tively, it may be related to more optimal interaction of the
p53/RLminus complex with other TFs binding nearby, or
some other currently unknown effect.

Information score analysis of p21-5’ RE variants

It is instructive to examine the binding potential of p21-
5" variants using information-theory matrix methods (48—
51). To that end, we used our curated set of 249 p53 nat-
ural REs as a training set (containing all but the studied
p21-5 RE) to construct a mononucleotide as well as din-
ucleotide position-specific information-content weight ma-
trix (denoted WM, see Materials and Methods). The ma-
trices elements are the maximum probability estimate for
the binding energy contribution of each base at each posi-
tion, assuming independent contribution of each position
to the binding energy for a mononucleotide WM, and non-
additive nearest-neighbor interactions for the dinucleotide
WM (50,51). When we multiply these matrices element-wise
by a matrix (containing only 0’s and I’s as its elements)
corresponding to each site studied here, and sum the re-
sultant elements, we get an ‘informational score’ (ISc) for
each site, which is the calculated total binding energy for
that sequence, either on the mononucleotide level, or on
the mononucleotide plus the dinucleotide level, termed ‘din-
ucleotide ISc’ (50,51). The 5 flanking sequences were in-
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Figure 7. Information score analysis to p21-5" RE variants as a function of flanking sequences length. Mononucleotide and dinucleotide information score

for (A) LR group, and (B) RL group and RLminus.

cluded, so that one can infer their indirect contribution to
the total calculated binding energy at any specific flanks
length. As the 3’ flanks are identical (except for 5’3’ natu-
ral LR), we did not include them in this calculation. The
mononucleotide ISc values were scaled such that LL RE
only, the best binding site, scored zero and poorer sites score
positively. Dinucleotide ISc values were scaled by mononu-
cleotide LL RE only as well, to maintain both sets on the
same scale.

Several observations can be made from the ISc values
calculated for p21-5 (Figure 7, Supplementary Table S6,
and Supplementary Figure S8). First, on the mononu-
cleotide level, and without the flanking sequences, LR,
RL and RLminus have approximately similar calculated
binding energies (4.18 £+ 0.07, 4.18 £ 0.05 and 3.98 £
0.06 bits, respectively, Supplementary Figure S8A). Sec-
ond, information score (calculated binding energy) is sig-
nificantly improved upon adding a dinucleotide term, which
accounts for non-additive nearest-neighbor interaction, to
the mononucleotide ISc of the RE itself of LR, RL, and
RLmin (3.22 £ 0.07, 1.61 £+ 0.04 and 1.57 £ 0.06, re-
spectively, Figure 7 and Supplementary Figure S8B). This
demonstrates that for the p21-5’ RE, non-additive effects,
which reflect the indirect readout (structural) component
of protein-DNA interactions (36,51), operating here at the
nearest-neighbor interaction level, improve binding energy
with p53. Interestingly, the reduction in calculated binding
energy is more significant for RL and R Lminus than for LR.
This means that the interaction energy of RL and R Lminus
variants of p21-5 is more affected by the structural prop-
erties of base-pair steps within the RE sequence itself than
within the LR variant (Figure 7). This seems counterintu-
itive, since all sites studied here have the same base-pair step
composition within the sequence of the RE itself (includ-
ing the base-pair step connecting the two HSs). However, it
should be noted that the weight matrix used here (like all
WMs) is a position-specific weight matrix, and thus deter-
mined by the frequency of base-pair steps as observed in the
training set of natural REs in specific positions, which may
not be the same in left (5") versus right (3") HSs. For example,

the TG step is about twice more frequently observed at po-
sition YoY o, as in RL, than the TG step in position Y9Y >
as in LR. Hence, the term for ToGy( in the WM will con-
tribute more favorably to the total calculated binding energy
of RL, than the term for T19Gj in LR. Likewise, C{A; (or
equivalently T19Gyo on the other strand) is twice more fre-
quent in RLminus than T;9Gyy (or equivalently C;A;, on
the other strand) is, as in LR. The same can be observed
for many other dinucleotide and triplets of pS3 REs. Berg
and von Hippel were the first to propose that changes in
base-pair frequency correlate with protein binding energy
(48,49). Here we show that the location within the RE (left
versus right HS) of these base-pair step frequencies matters
as well, and that base-pair doublets can have differing fre-
quencies, even when they are related by a 2-fold helical axis
in a binding site of an apparently symmetric protein. This
leads us to suggest that p5S3 REs have directional proper-
ties built into them, which are encoded, at least in part, in
the structural (indirect readout) properties of the REs. To
validate this suggestion, we randomly swapped the left HS
with the right HS (within the same RE) of 125 REs from
our 249 REs training set. This was carried out 10 000 times.
In each combination, of swapped and unswapped REs, we
ensured that at least 50 REs were different from any other
combination of swapped and unswapped 249 REs. Table
4 shows that the information score on the sequence level
(mononucleotide ISc) was not affected by these swapping,
whereas the information score on the dinucleotide level was
considerably changed, abolishing the significant difference
between LR and RL type of REs.

Upon adding flanking sequences to the mononucleotide
ISc sites, rigid flanks and the original reporter-construct
flanks (Figure 7, Supplementary Figure S8B) decrease
somewhat in favorable binding energy, whereas the flexi-
ble flanks remain unchanged, and the site with the natural
flanks increase in favorable binding energy (Figure 7, Sup-
plementary Figure S8B). These patterns in the flanks ob-
viously stem from the composite sequence characteristics
of the flanking sequences in the training set, and proba-
bly belong to those of other TFs, and other sequence sig-
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Table 4. Information score of p21-5 variants before and after horizontal
swapping of half sites

ISc full site
original data®

ISc full site after

Information score? swapping?®

LR mono —11.40 £+ 0.07 —11.480 £ 0.003
RL mono —11.40 £ 0.05 —11.407 £ 0.003
RLminus mono —11.60 £ 0.06 —11.170 £+ 0.003
LR dinuc — term 0.96 + 0.05 1.672 + 0.004
RL dinuc — term 2.56 + 0.04 1.878 £ 0.004
RLminus dinuc — term 241 + 0.03 1.584 + 0.004
LR dinuc - total —12.40 £+ 0.07 —13.15 £+ 0.01

RL dinuc — total —14.00 £ 0.04 —13.350 £+ 0.004
RLminus dinuc - total —14.00 £ 0.06 —12.75 £ 0.01

4Information score (ISc) represents the binding energy calculated from our
249 p53 REs training set for the indicated p21-5’ RE variants. ‘'mono’ is
ISc on the mononucleotide level; ’dinuc-term’ is the term added to the
mononucleotide ISc to yield the dinucleotide, total, ISc. See text for de-
tails.

®Values of ISc presented here are not scaled to the best binder sequence as
in Figure 7 and Supplementary Table S6. The =+ are the standard error of
the mean values, derived by the n — 1 Jackknife method (53). See text for
details.

nals surrounding p53 REs, that probably change between
the various REs of p53. Hence, at the mononucleotide level
these small pattern changes in the flanking sequences do not
necessarily mean much. However, when including nearest-
neighbor interactions, the features of the designed flanking
sequences used here can contain useful information on the
structural characteristics of p53 flanking sequences. For ex-
ample, only the rigid flanks do not interfere with p53 bind-
ing, when they are 5" to the LR (or RL) sites (Figure 7), even
though they are not the natural flanks of this RE. Moreover,
Rig-LR has a flank-dependent pattern that is the closest
one to the pattern shown by 5'Nat-LR site, the natural RE
(Figure 7A). The flexible and the reporter-construct origi-
nal flanks on the other hand, decrease the favorable binding
energy from the first flanking base onwards. Furthermore,
the ISc pattern of the RL site and that of the R Lminus site,
as a function of the flank length, are highly similar to each
other (Figure 7B), which agrees with the similarity in their
binding affinity, as measured by EMSA experiments (Table
3).

To gain knowledge on the length to which the flanks in-
fluence the properties of the REs, we analyzed the relation-
ship between our measured binding affinity and that calcu-
lated from dinucleotide ISc values, as a function of flank
length. Five flank lengths were used in the analysis (2-6 bp
step length) and three binding parameters (dimer Kp, dimer
equivalent tetramer Kp, and binding cooperativity). Thus,
a total of 15 relationships were analyzed, and hence the
minimal P value for statistical significance is 0.003. When
we used dinucleotide ISc values with 4-bp or 5-bp flanks
there was a strong and significant relationship to the mea-
sured dimer binding affinity (p = 0.96, P < 0.00001). How-
ever, the relationship of dinucleotide ISc to tetramer bind-
ing affinity is not significant (o = 0.69, P = 0.03), given
the multiple comparisons. The cooperativity of binding was
also significantly correlated to dinucleotide ISc calculated
with 4- or 5-bp flanks (o = 0.92, P = 0.0002). This demon-
strates the important role played by the (transient) bind-
ing of dimers in the mechanism of specific binding by p53

to its REs. Moreover, the relationship may mean that the
flanking-sequence influence extends also to the binding of
dimeric p53 molecules to HSs. Furthermore, as for the cor-
relation between dimer binding affinity and transactivation
at basal p53 levels, discussed above, there is a correlation
between calculated binding energy (ISc dinucleotide model)
and transactivation at basal p53 levels. When we include all
ten p21-5 variants studied here, a significant relationship is
observed when the flanks are 3-bp long (p = 0.83 and 0.85,
P = 0.003 and 0.002, for 2% raffinose and 0.002% galac-
tose, respectively). However, as noted above, R Lminus is an
unusual site. The transactivation level from this site is excep-
tionally high, whereas the binding affinity of p53 to this site
is average. When we exclude this p21-5’ variant, the signif-
icant relationship is again between information score with
either 4-bp or 5-bp flanks and transactivation levels (p =
0.88 and 0.92, P = 0.002 and 0.0005, for 2% raffinose and
0.002% galactose, respectively). These relationships suggest
that the effect of the flanks on RE properties and interac-
tions extends mainly to flanks that are 4-5 bp long. This
agrees with our previous study on the TATA-binding pro-
tein (TBP), where we observed that the extent of the influ-
ence of the flanks on TBP/TATA-box interactions is also
4-bp (35), where we explain it by the observation that 4-bp
long DNA is the minimal length for an independent coop-
eratively built DNA unit (72).

Torsional rigidity of flanking sequences improves p53/DNA
interactions

To further elucidate the relationship between rigid flanking
sequences and high binding affinity of p53 to these sites, we
synthesized a variant of the Flex-RL binding site (the site
with the lowest binding affinity in the RL group, the group
in which the flanks have a more noticeable effect on binding
affinity), where we replaced two T-A base-pair steps with a
sequence containing the modified base 2,6-diamino purine
(2,6-DAP), thus creating two T-DAP base-pair steps. DAP
containing sequences have an unusually long twist persis-
tence length, and thus are more torsionally rigid (73). In
addition, this substitution changed the number of hydrogen
bonds in these base-pair steps from two hydrogen bonds per
base-pair to three hydrogen bonds per base-pair. Figure 5
and Table 3 show that this conversion improved the bind-
ing affinity of both the dimeric as well as the tetrameric
p53/Flex-RL+DAP complex, relative to all sites with the
RL orientation, making it be the best binding sequence of
the RL group. This corroborates our observation that rigid
flanking sequences improve the binding affinity of p5S3 REs,
both on the dimer as well as the tetramer level. If the im-
provement in binding affinity is due to DAP-containing se-
quences having three instead of two hydrogen bonds, then
G,C-rich flanks may show a similar trend, as they contain
three hydrogen bonds as well. When we synthesized a vari-
ant of Flex-RL site with flanking sequences that are both
flexible and G,C-rich (Flex-RL&GC, Table 3, Supplemen-
tary Figure S6) we observed that the dimer binding affinity
somewhat improved relative to Flex-RL, but not as much
as in Flex-RL+DAP, whereas the tetramer binding affinity
did not improve (Table 3 and Supplementary Figure S6).
This is the case also for the flexible and G,C-rich variant



of Flex-LR (Flex-LR&GC, Table 3, Supplementary Figure
S6). This means that having three hydrogen bonds is ben-
eficial, however, it is the torsional rigidness of the flanking
sequences that is the more crucial structural aspect. More-
over, we determined the binding affinity of wild-type p21-5’
that contain the natural flanks both 5" as well as 3’ to the
RE (53 Nat-LR, Table 3, Figure 5). 5’3’ Nat-LR is the best
binding site of the whole LR series, for both the dimer and
the tetramer species. The constant 3’ flanks of the sequences
studied here are G,C-rich (3 out of 5 nucleotides are G or C),
but only the 3'-flank of 5’3’ Nat-LR, the fully natural site,
that is both G,C-rich and of low deformablhty (1.33°3A3 for
4-bp flanks) improves the binding affinity of both dimer and
tetramer complexes with p53, relative to 5 Nat-LR. Thus, it
seems that torsionally rigid flanks, whether 5’ or 3’ to p21-5/,
improves binding of p53 to this site.

Deformability of flanking sequences of natural p53 REs
genome wide

The observation above, that low deformability of flanking
sequences of p21-5 variants improve their binding to p53,
prompted us to look at the deformability of all p53 REs in
our curated dataset. The values for the 5 (upstream) and
3’ (downstream) flanks are shown in Supplementary Figure
S9, where no difference in the upstream versus the down-
stream flanking sequences deformability is observed, except
for few unique positions (8, 9, 21 and 23 bases from the RE
Supplementary Figure S9). We now ask whether the flanks
of conserved HSs have different structural properties than
those of degenerate HSs, and whether the 5’ flanks differ
from the 3’ flanks in that respect. To that end, we grouped
together p53 REs belonging to the CC and the CD cate-
gories, both having a conserved left HS, as well as the DC
and the DD categories, having a degenerate left HS, and
compared the grouping as a function of the 5" flanking se-
quence. There was a significant difference between these two
left HS groups (1 = 2.57, P = 0.01), when we took the av-
erage of three abutting upstream base-pair steps (four nu-
cleotides adjacent to the 5" end of the RE). Thus, 5 flanks
bordering a conserved p53 HS from the 5'-side (upstream)
are more flexible (V(B) = 2.18 £ 0.05 °3A3 for 3 bp steps)
than those bordering degenerate p53 HSs from this side
(V(B) = 1.96 + 0.07 >3A3 for 3 bp steps). No significant
pattern emerged from a similar analysis of sequences bor-
dering p53 REs from the 3’ side (downstream). As observed
for the bridge dinucleotide between HSs, the bridge dinu-
cleotide between the 5’ flanks and the 5 (left) HS and the 3’
(right) HS have averaged deformability values (2.4 £ 0.1 and
2.5+ 0.1 °3A3 for the 5 and 3’ bridge dinucleotide, respec-
tively, Supplementary Figure S9) that are above those of any
other base-pair step within the REs, except for the super de-
formable positions, CW and WG (3).

Relationship of sequence conservation to pS3 functionality in
cellular context

To validate the relevance of our RE conservation analy-
sis to in vivo p53 functionality, we first looked at the rela-
tionship between p53-level-specific reporter-gene assays in
yeast, from our previous study (4) and DE values. In that
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Figure 8. The number of ChIP-seq datasets (out of 41 datasets used in the
meta-analysis of Nguyen er al. (43)) with p53 peaks versus half-site con-
servation categories. The occupancy of p53 on fully-conserved REs (CC
category) is significantly higher than on partially conserved or fully degen-
erate p53 sites. P values are marked as follows: P = 0.037 *, P < 0.001 **,
P < 0.0001 ***,

study there were 12 natural p53 REs and six consensus-like
sequences without spacers. We added the six consensus se-
quences to the list of 250 p53 REs and then recalculated
the DE values, because the analysis is always relative to the
best binder of the whole set. Looking at the data in Sup-
plementary Table S7, we observe that the DE values of p53
FSs have a modest but statistically significant correlation
to expression level from a linked reporter, at most p53 lev-
els. Surprisingly, the DE value of p53 left HSs have a strong
and significant correlation at all p53 levels, starting from
the most induced level measured (0.024% galactose, p = —
0.83, P <0.0001) to the basal level of 0.002% galactose (p
= -0.72, P = 0.002). The DE values of p53 right HSs are
not significantly correlated to the expression level from the
linked reporter. This is another manifestation of direction-
ality in p53 REs, which is unrelated to the detrimental ef-
fects that flanking sequences can have on p53 functionality
(flanking sequences are the same in all sites in this study).
We next looked at p53 occupancy in cellular context, as
determined from ChIP-seq analyses and its distribution be-
tween different HS categorical groups (CC, CD, DC and
DD). To that end, we used the data from the meta-analysis
of Nguyen et al. (43, Supplementary Table ST2), in which
they enumerate activated ChIP-seq p53 peaks in 41 datasets,
and noted in how many datasets each ChIP-seq peak ap-
peared (Supplementary Table S1). We carried out one-way
non-parametric analysis on the distribution of ChIP-seq
peaks between HS conservation categories. The Kruskal-
Wallis Chi-squared value (also known as the H statistics)
that we get from the analysis of 239 REs that appear both
in Supplementary Table ST2 (43) and in our list of p53 REs
(Supplementary Table S1) was significant (x> (3, N = 239)
= 34.3, P < 0.0001). This result indicates that the division
of ChIP-seq occupancy data between HS categories is not
random (Figure 8). A post-hoc test established that the most
significant different categories are CC versus DC (z =—4.19,
P = 0.0002), CC versus CD (z = 4.27, P = 0.0001, and
CC versus DD (z = -5.11, P < 0.0001), CC appearing in
more binding events than any other category, and DD ap-
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pearing in the least number of binding events (Figure 8).
We then carried out the same analysis on the distribution
of activated ChIP-seq peaks between 16 QS conservation
categories. The Chi-square value was significant in this test
as well (x2 (3, N =239) = 51.85, P < 0.0001). However, the
post-hoc test did not show significant differences between
individual QSs categories due to the small number of REs
in each QS category.

GENERAL DISCUSSION

In this study, we have deconstructed the p53 RE, sequence-
wise and structure-wise. This enabled us to evaluate at high
resolution the involvement of each specific p5S3-RE region
in p53/DNA interactions, contributing to p53 functional
activity in the myriad functions that are regulated by p53.
The first conclusion from this study is that the hemi-specific
mode of p53 binding is much more prevalent than previ-
ously estimated. It now seems to be a plausible mechanism
for binding of at least ~24% of spacer-less REs from our
curated p53 REs list, those that are from the CD or DC
category and have one very degenerate HS. p21-5 right HS
(DE = 5.59) differs significantly from p21-5 left HS (DE
= 0.99). Thus, even though p21-5 right HS is not a very
degenerate HS (HSs where DE values are > 5.89), dimers
of p53 are only weakly bound to this site (Table 3). Hence,
even the p21-5" RE can be considered to be bound by p53
with somewhat of a hemi-specific character. Such RE pat-
tern explains why in many studies p53 looked as if it was
functioning from a single HS (74-80), an observation which
is at odds with the functional species of p53 being tetrameric
(28,81,82), and it re-enforces our previous suggestion (27)
that the hemi-specific mode of binding is a functional and
important mode of p53 activity.

The second conclusion reached from the present study is
that two half-sites within p53 full-site and two quarter-sites
within p53 half-sites behave in a mechanistically analogous
manner. In this study, we found that two HSs within p53
FS are anticorrelated in their sequence conservation level.
Similarly, two QSs within each HS are also anticorrelated,
and with similar strength to the correlation between HSs. It
has been demonstrated before that p53 tetramers are mostly
formed on the DNA after binding of the separated dimers
(28,83). p53 dimers have been shown to form concurrently
with translation (62), and hence two p53 monomers enter
the nucleus attached to each other though the tetrameriza-
tion domain. This does not contradict however our sugges-
tion here that p5S3 monomers form intra-dimer core-domain
protein-protein contacts only after they are bound to p53
HSs, starting with binding of one monomer to the more
conserved quarter site. We coin this model as the ‘Cherry-
pair’ model. Our novel model may explain the conflicting
results of Gaglia et al. (30) reporting that at rest 28% of p53
molecules are bound as monomers versus the idea of dimers
as the minimal p53 species at low p53 concentration.

Focusing on variants of p21-5’, we showed here that there
is a strong correlation between the calculated binding en-
ergy (dinucleotide ISc of p21-5 variants) and measured
binding affinity by EMSA when the flanks are 4 or 5-bp
long. Since transactivation levels at basal p53 concentration
also correlated well with calculated binding energy when the

flanks are 4 or 5-bp long, we conclude that the influence
of the flanks on REs interactions with p53 is limited to the
4- to 5-bp proximal to the RE. This is not a surprising re-
sult, since it is known that a 4-bp DNA element is the min-
imal unit of corporative DNA structure (72,84-86), and it
corresponds to the flank length shown by us to modulate
TBP/TATA box interactions (35). Thus, the sites used in
our in vitro binding assays and those inserted in the 5'-end
of the binding sites for transactivation assays capture the
entire effect of the flanks. It is the structural properties of
the flanks that modulate p53 binding to the REs and trans-
activation from them. In particular, torsional rigid flanking
sequences were demonstrated here to enhance binding affin-
ity and stability considerably. In addition, the dinucleotide
bridging the 5’ flanking sequences to the RE can also affect
binding and transactivation levels. Here again, it is the rigid
bridge dinucleotide that leads to enhanced binding affinity
and transactivation levels.

By switching the HSs of p21-5" (LR to RL) we demon-
strated, using a nearest-neighbor model for calculated
binding energy (i.e. structural recognition included in the
model), that RL has a lower free energy of binding (higher
binding affinity), regardless of sequence context (flanking
sequences). Using in vitro binding experiments and trans-
activation assays in yeast, we showed here that the effects of
the flanks are larger in the RL that in the LR group (that is
the difference between Rig-RL and Flex-RL is larger than
between Rig-LR and Flex-LR in binding and transactiva-
tion). Combining these two observations, we suggest that
HS positioning with respect to the transcription direction
(LR versus RL) may have been fine-tuned by an evolution-
ary selection pressure to regulate the extent of the effect of
RE structure on its activity, as well as to minimize the ef-
fect of the flanking sequences on the activity from the RE.
As pointed out by Berg and von Hippel (48) ‘the connec-
tion between sequence variability and binding affinity drives
from evolutionary selection constraints’. Thus, we empha-
size the apparent positive evolutionary selection pressure
that have shaped current p53 sites and brought them to their
current fitness state, able to optimally carry out their regu-
latory role. This is especially important with regard to the
effect that flanking sequences can have on the functional-
ity of p53 REs. The apparent evolution of p53 binding sites
was towards ‘minimizing the maximum loss of specificity’
(48), by selecting half-site orientation where the influence
of flanking sequences on RE activity is minimal, and hence
the DNA region where random mutations can influence RE
function is minimized.

It has been known for some time that flanking sequences
can influence binding and activity from TF binding sites
(35,87-92). Our novel finding here is that these effects of the
flanking sequences can be detrimental for p53 functionality,
and hence are minimized by a judicious use of the position-
ing of the HSs with respect to transcription direction. Thus,
by having directional preferences built into p53 REs several
different goals are achieved simultaneously: regulating the
level of effect that DNA structure has on RE activity; limit-
ing the influence of the flanks on RE activity; and regulat-
ing the effects of TFs bound nearby on activity of p53 REs.
Moreover, our observations that the upstream flanking se-
quences show differences in deformability as a function of



HS conservation, but not downstream flanks, as well as the
correlation between reporter gene assays in yeast with left
HS DE values, but not with right HS DE values, also point
to directionality built into p53 RE architecture.

It is now appreciated that even though p53 seems to be
able to regulate its target genes without cooperating with
additional sequence-specific TFs (93,94), they can nonethe-
less contribute to p53-dependent transcriptional activation
at some genomic binding sites (95). We suggest that the ef-
fect of nearby yeast cis-regulatory elements, and the TFs
that bind them, may be an answer to the question of the sig-
nificantly higher transactivation levels from RLminus rela-
tive to those from other p21-5’ variants studied here, when
its binding characteristics (measured and predicted) are not
different from those of the other variants.
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