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Unlocking p53 response elements: DNA shape is the key
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ABSTRACT

For recognition of specific regulatory sequences in the genome (i.e., response elements, REs), the tumor
suppressor protein 53 kDa (p53) exhibits dose-dependent selectivity. In general, binding to REs linked to
target genes involved in the positive regulation of cell death requires higher levels of p53 than those
connected to cell survival. Our recent findings provide a mechanistic explanation for this phenomenon.
Specifically, we demonstrate that subtle differences in DNA shape, encoded in RE DNA sequence,
determine the utilization of two biochemically distinct DNA-binding modes, ultimately connected to

different biological outcomes.

Cellular adaptation is essential to survival in a changing envir-
onment. Among the most potent mechanisms of adaptation is
the reprogramming of gene expression patterns. This process is
typically orchestrated by the signal-induced activation of var-
ious transcription factors, most of which are idiosyncratic and
can only induce the induction of a single transcriptional pro-
gram, and hence, a single phenotypic change. However, some
transcription factors can interpret an array of upstream signals
and selectively activate one of several gene expression pro-
grams, leading to distinct cell fates. For example, the sex
determining region Y-box 2 transcription factor (SOX2) can
drive either pluripotency or neuronal differentiation, depend-
ing on the context" Similarly, the MYC proto-oncogene, and
bHLH transcription factor can induce either cell cycle progres-
sion or cell death.” Even more complex is the tumor suppressor
protein 53 kDa (p53), which, in response to different stress
signals can induce any of several biological pathways (e.g., cell
cycle arrest, apoptosis, senescence, etc.).” Each of these path-
ways is regulated by a distinct set of direct p53 transcriptional
targets. For functionally promiscuous transcription factors like
SOX2, MYC, and p53, a fundamental question is: How can
a single, sequence-specific transcription factor selectively con-
trol the expression of distinct sets of target genes? For p53
specifically, the most prominent theory holds that it exhibits
dose-dependent target gene activation, with response elements
(REs) linked to pro-survival targets having a higher affinity for
p53, and those connected to genes involved in activation of
apoptosis having a lower affinity.* Our recent studies provide
an explanation for this phenomenon by uncovering an RE code
which enforces different mechanisms of p53 binding at distinct
classes of genomic targets.’

p53 target gene selectivity has been linked to the status of
the lysine amino acid at position 120 (Lys120),*” which resides
in the first highly flexible loop (L1). Specifically, activation of
cell stress pathways results in acetylation of this residue,® which
in turn correlates with the induction of apoptosis.
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Furthermore, a conservative lysine-to-arginine (Arg) mutation
(K120R) negatively impacts induction of this process, while
preserving all the other p53 biological functions.*”* However,
the mechanism explaining this selectivity remained unknown.
Based on the flexibility of Lys120 within the L1 loop, as well as
degeneracy at RE positions contacting this residue, we
hypothesized that the Lys120-dependent selectivity is linked
to an RE code. To elucidate common sequence features of
Lys120-dependent binding sites, we analyzed genome-wide
binding of the wild-type (WT)- and K120R-p53.> Chromatin
immunoprecipitation followed by sequencing (ChIP-seq)
revealed that over half of the WT-p53 binding sites in the
genome were deficient in K120R-p53 binding. Not surpris-
ingly, the group of K120R-unbound sites included the vast
majority of REs linked to target genes involved in apoptosis.
Computational analysis of the DNA sequence of REs revealed
that the major sequence disparity between sites sensitive or
insensitive to K120R mutation was in positions 3, 8, 13, and 18
in the 20-bp RE. More specifically, it demonstrated that
K120R-unbound REs were enriched for G/C bps at those
positions, while there was a preference for A/T bps in the
K120R-bound sites. Most importantly, this distinction sepa-
rated sites connected to different p53 effector pathways, by
showing that most prominent “pro-survival” targets (e.g.,
p21/CDKNIA, PLK2, GDFI15) are linked to A/T-rich, K120R-
bound REs, while most “pro-apoptotic” targets (e.g., BAX, FAS,
NOXA) have G/C-rich, K120R-unbound REs.

In vitro DNA-binding analysis confirmed this newly derived
RE code, once again showing that the enrichment in G/C bps at
positions 3, 8, 13, and 18 was connected to K120R-sensitivity
and lower affinity*. In vitro DNA-binding experiments also
lead us to a more significant advance - the discovery of two
distinct p53 DNA-binding modes (Figure 1). Performing these
experiments under two different salt concentrations (200 mM
NaCl and 275 mM NacCl) allowed us to gain insight into the
nature of the p53 binding mechanism utilized at different REs.
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Figure 1. Differential recognition of high-affinity (“pro-survival”) and low-affinity (“pro-apoptotic”) responsive elements by p53. Differences in DNA shape guide distinct
Arg248 conformations and interactions with distinct binding sites, ultimately regulating the DNA-binding mode utilized by p53.

Essentially, we found that p53 uses a non-electrostatic binding
mode at A/T-rich, high-affinity REs (Figure 1, left) and an
electrostatic binding mode at G/C-rich, low-affinity binding
sites (Figure 1, right). Examining structural data, revealed the
mechanistic explanation for this observation. Compering crys-
tal structures of p53 in a complex with different DNA mole-
cules showed that A/T vs. G/C content at positions 3, 8, 13, and
18 impacts the DNA shape. Enrichment in A/T bps leads to
a narrower minor and a wider major groove, while G/C-rich
REs are characterized by a wider minor and a narrower major
groove. Structural analysis also showed that the Arg248 residue
senses differences in the minor groove width, adapts different
conformations, and makes biophysically different interactions
with two groups of binding sites. Specifically, Arg248 makes
hydrophobic interactions with A/T-rich REs and electrostatic
interactions with G/C-rich sites. At the same time, the Lys120
residue senses the major groove width, explaining the inability
of K120R-p53 mutant to bind the narrow major groove of G/
C-rich, low-affinity REs. We confirmed our findings in vitro
and in vivo by performing targeted mutations of a panel of
natural and artificial REs. Remarkably, by changing the geno-
mic BAX RE from G/C-rich to A/T-rich (using the CRISPR/
Cas9 system in human cells), we transformed this RE to
a higher affinity and K120R-bound site, while subsequently
altering cell fate.

In summary, our findings offer a mechanistic explanation to
a previously raised question — how can the p53 protein induce
diverse gene expression programs in a dose-dependent

manner? We show that the key player in this process is, unex-
pectedly, the DNA shape. To our knowledge, there have not
been previous studies that identify the roles of local DNA shape
recognition and differential arginine-minor groove interac-
tions as essential regulators of sequence-specific transcription
factor target gene selectivity. Our findings may represent
a single example of a biophysical mechanism that may be
used by other DNA-binding proteins to control cell fate
decisions.
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