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Abstract

Conformational and functional flexibility promote protein evolvability. High evolvability
allows related proteins to functionally diverge and perhaps to neostructuralize. p53 is a mul-
tifunctional protein frequently referred to as the Guardian of the Genome—a hub for e.qg.
incoming and outgoing signals in apoptosis and DNA repair. p53 has been found to be
structurally disordered, an extreme form of conformational flexibility. Here, p53, and its para-
logs p63 and p73, were studied for further insights into the evolutionary dynamics of struc-
tural disorder, secondary structure, and phosphorylation. This study is focused on the post
gene duplication phase for the p53 family in vertebrates, but also visits the origin of the pro-
tein family and the early domain loss and gain events. Functional divergence, measured by
rapid evolutionary dynamics of protein domains, structural properties, and phosphorylation
propensity, is inferred across vertebrate p53 proteins, in p63 and p73 from fish, and
between the three paralogs. In particular, structurally disordered regions are redistributed
among paralogs, but within clades redistribution of structural disorder also appears to be an
ongoing process. Despite its deemed importance as the Guardian of the Genome, p53 is
indeed a protein with high evolvability as seen not only in rearranged structural disorder, but
also in fluctuating domain sequence signatures among lineages.

Introduction

Proteins are dynamic, with a natural tendency to rearrange their conformational ensembles in
response to the local environment [1]. Conformational flexibility is associated with functional
promiscuity and together they promote evolvability [2]. Evolvability offers a route to functional
and structural divergence among related proteins, allowing related proteins to functionally
diversify and perhaps to neostructuralize [3] and could manifest as a fold transition, a domain
change, or a change in conformational flexibility. Conformational flexibility is enabled through

PLOS ONE | DOI:10.1371/journal.pone.0151961

March 22, 2016 1/27


http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0151961&domain=pdf
http://creativecommons.org/licenses/by/4.0/

@'PLOS ‘ ONE

Evolutionary Dynamics of Sequence, Structure, and Phosphorylation in the p53, p63, and p73 Paralogs

the interplay between amino acid residues in proteins and the degree of flexibility depends on
the nature of the amino acids. Similarly, structurally disordered protein regions are conforma-
tionally flexible. It follows that if the property of structural disorder is not evolutionarily con-
served for homologous sites in a protein family, conformational and functional divergence may
be inferred.

Recognized as the Guardian of the Genome, yet infamous for its frequent implication in
cancer; p53 is a versatile protein, known to perform numerous functions from DNA binding as
a transcription factor to a regulator of apoptosis and beyond [4]. With potential to interact
with multiple proteins, p53 has been coined a hub, forming an epicenter of incoming and out-
going signals, such as post-translational modifications and interactions with other biomole-
cules [5]. Conformational flexibility enables p53 to form specific interactions in a regulated
fashion [6]. Consequently, a majority of p53’s interactions are mediated through structurally
disordered regions, which are often enriched in post-translational modifications regulating bio-
molecular interactions, and p53 is no exception [7]. Many of the structurally disordered
regions transition to order upon binding [7], while others may endure a shift in the population
of the p53 conformational ensemble [8]. Not only is structural disorder essential for p53’s
broad functionality, it is accompanied by a complex fitness equation to be considered for every
amino acid substitution in this protein. It was recently reported that the structurally disordered
regions in the p53 family were highly diversified in amino acid sequence [9].

For every amino acid substitution, the conformational and functional ensemble may be
altered, with plausible scenarios ranging from no change to gain-or-loss of function. While
globular protein domains must fold to function, structurally disordered regions may be less
constrained, challenging the common concept of structure being more conserved than
sequence. Many possibilities to balance the fitness equation exist if some functions are benefit-
ted and others slightly impaired. This could result in an expanded nearly-neutral network that
would allow rapid sequence divergence [10]. However, for a protein with many extremely
important functions, fragility may narrow the nearly-neutral network ultimately resulting in
slow sequence divergence [11]. When a multifunctional, structurally disordered protein like
P53 accumulates substitutions on evolutionary time scales, does its functional ensemble
diverge? The complexity of this question is apparent; structurally disordered proteins are fre-
quently not found to have their complete structural ensemble experimentally determined, and
changes in multifunctionality, as seen for a protein hub, are difficult to conclusively deduce
experimentally on evolutionary time scales. Here, we take an evolutionary approach informed
by linear predictions to investigate the evolutionary dynamics of structural disorder, secondary
structure, functional domains, and phosphorylation, in addition to amino acid substitutions, to
gain further insights into the functional ensemble and its potential divergence in the p53
family.

Results

Origins

Reported sightings of a p53 protein and perhaps even a p63/p73 protein in choanoflagellates
and invertebrates, suggest that the evolutionary record of p53 predates the beginning of the
animal lineage, Metazoa [12]. Thus, a representative p53 family phylogeny including a selec-
tion of species ranging from choanoflagellates to primates was constructed for the p53 DNA
binding domain (p53 DBD) (Fig 1A). The phylogeny confirms that proteins containing the
p53 DBD are found across Metazoa and in choanoflagellates (Fig 1A). In addition to p53 DBD,
choanoflagellates and annelids also contain oligomerization domains (ODs) and Sterile Alpha
Motif domains (SAMs), while molluscs contain the transactivation domain (TAD), p53 DBD,
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Fig 1. p53 Origins. (A) Overview of the p53 family phylogeny including 74 representative species across Metazoa and in choanoflagellates, built based on
their p53 DBD domains. For the invertebrate part of the tree, support values at the nodes indicate posterior probabilities. Nodes with posterior probability <0.5
are unresolved. For detailed support values and for the vertebrate clade, see supplementary material (S1 Fig). (B) Pfam domain architectures showing the
multidomain context in which the p53 DBDs are found. (C) Heat map representation of the disorder propensities predicted by IUPred [15] based on the full-
length proteins. Rows correspond to protein sequences and columns to alignment sites; the color gradient from blue to white to red mirrors the disorder
propensity gradient from low (blue) to high (red), with white being the boundary between order and disorder (alignment gaps are colored in grey).

doi:10.1371/journal.pone.0151961.g001

OD, and SAM. Considering that the same four domain combination is recovered in early chor-
dates, this indicates that this four domain cassette was present prior to the emergence of Ecdy-
sozoa including arthropods (Fig 1B). In the ecdysozoan lineage the p53 ancestor has rapidly
diverged and at times regions have been lost, resulting in weak or obliterated traces of the other
domains. In hemichordates and early chordates, p53 DBD is found in combinations with OD,
TAD and/or SAM. Generally, in non-vertebrates, proteins that not only contain the p53 DBD
but additional parts of the four domain cassette tend to cluster, suggesting that more conserved
functional sequence motifs may indeed remain within their p53 DBD, compared to the others.
Further, cnidarian clusters with the multidomain proteins suggesting that they too may have
more of the original functionality left. Noteworthy is that the annelid and mollusc clade, con-
taining L. gigantea that comprises the four domain cassette, fall inside the hemichordate and
early chordate group. B. floridae has two copies; one (XP_002598770) has the p53 DBD and
OD and falls far from all vertebrate p53 domains in this phylogeny, the other (XP_002613954)
has the entire four domain cassette. This four domain cassette protein forms the closest out-
group to the entire vertebrate p53 family in this phylogeny and is considered the last common
ancestor of all p53, p63 and p73 proteins in vertebrates, in agreement with taxonomy and pre-
vious studies [13,14]. In vertebrates, the p53 family consists of two primary clades: one has all
p53 proteins, and the other is further split into the p63 and the p73 clades, indicating that p63
and p73 are more similar to each other than to p53.

Vertebrate expansion

The gene duplication pattern resulting in three vertebrate proteins from one ancestral protein
is consistent with two whole genome duplications that supposedly occurred at the time of early
vertebrates, after the divergence of B. floridae but before sharks diverged [13]. To further study
the p53 family in vertebrates, a larger vertebrate specific phylogeny was reconstructed. This
phylogeny was based on a full-length alignment of 301 sequences with 101, 102, and 98
sequences per p53, p63, and p73 clade, respectively (S2 Fig). The phylogeny shows three spe-
cific clades, in agreement with the invertebrate/vertebrate p53 DBD domain tree. Indeed, most
vertebrate genomes, from shark to man, seem to encode three genes that belong to the p53 pro-
tein family [16], but there are exceptions. Notably, p53 is missing from most of the avian
genomes (further discussed below). In addition, there are some lineage-specific small scale
duplications of p53. Compared to the ancestral p53 family protein from B. floridae, all verte-
brate proteins in the p53 family have lost domains, but no domains have been added. Proteins
in the p63 and p73 clades overall share the three domain composition of p53 DBD, OD, and
SAM. TAD is not identified by Pfam (S3 Fig). In the p53 clade, the evolutionary dynamics of
TAD is high. TAD is present in shark, but missing from several ray-finned fish, present in
lobe-finned fish and snakes, missing in alligators and birds, and present in most mammals (S3
Fig). For the proteins that lack TAD, the sequence may remain but the TAD signature is vague.
All p53 proteins lack SAM, thus, it was likely lost before sharks diverged. Rarely, SAM is lost
from p63 (P. sinensis and B. mutus) or p73 (U. maritimus), and OD is not found in two
sequences in the p53 clade. One is after a lineage-specific duplication in E. edwardii and the
second is from the only bird representative found in data derived from bird genome data, P.
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humilis. Lastly, the N-terminus and linkers between domains are variable in length, and in
some cases linkers are even absent.

Birds are not well represented in the p53 clade. Only two bird p53 sequences could be found
despite extensive efforts. Notably, the sequence for p53 from G. gallus [17] is not found in its
whole genome sequence [18,19]. The only avian genome that has remnants of p53 is P. humilis
[20], although this p53-like sequence only encodes the p53 DBD. G. gallus p53 has the p53
DBD and the OD but like many other reptiles, it lacks TAD. Further, these two bird sequences
fall outside the reptilian clade as the outgroup to mammals and thus, we cannot conclude that
these are the main p53 proteins in P. humilis or G. gallus. However, given that G. gallus and P.
humilis are distantly related birds and that they fall close to their expected location in the p53
family phylogeny (S2 Fig), it seems plausible that other bird genomes should still encode at
least a p53-like protein, but sequencing it from avian genomes appears challenging.

Domain losses or gains between related proteins are strong indications of functional diver-
gence. A domain loss can occur if the sequence diverges beyond recognition or if the region is
physically lost [21]. A domain (and a linker) can also appear lost, if different isoforms or partial
sequences are considered. Over time, the domain composition of the p53 family has been
altered, with high rate of domain loss in Ecdysozoa where many p53 DBD containing proteins
are too short to contain the other domains, but some also have highly divergent OD and SAM
domains that no longer generate a significant Pfam domain prediction. In early vertebrates, an
ancestral four domain cassette protein was duplicated and subdivided into different proteins,
P53, p63, and p73. The p53 clade lost SAM and experienced rapid change in the TAD signature
sequence. The p63/p73 clade appears to not change in its current domain organization, but the
sequence that once encoded the TAD domain (and may still be present in p63 and p73) has
faded beyond recognition, probably prior to the duplication that yielded p63 and p73. Thus, it
is possible that a subfunctionalization event followed the first duplication; p53 got most of the
TAD domain function, while the p63/p73 ancestor kept the SAM domain.

Sequence divergence: Rate changes at homologous sites

Following the gene duplication resulting in p63 and p73, p63 is much more constrained, mani-
fested by highly conserved sequences among different species, while the p73 clade is less con-
served in sequence. The phylogenies based on full-length protein sequence alignments and
their corresponding nucleotide sequence alignment reveal that the rate of sequence divergence
is greater in the p53 clade (S2 Fig).

A pairwise comparison (based on the full-length protein alignment) between human and
shark sequences in the p53, p63, and p73 clades respectively reveal 51.55%, 76.13% and 76.65%
sequence identity. Consequently, p63 and p73 are more similar, with 61.81% sequence identity
when comparing shark sequences and 59.24% sequence identity when comparing the human
sequences. Further, pairwise sequence identity for shark p53 vs. shark p63 and shark p73,
reveal 49.02% and 49.86% respectively. Interestingly, the same comparisons made with the
human proteins, p53 vs. p63 and p73, reveal 40.99% and 42.82% pairwise sequence identity,
respectively. In summary, the shark p53 family proteins have diverged less than the human
counterparts, in accordance with the significantly slower divergence rate found in sharks com-
pared to other vertebrates [22].

Evolutionary dynamics of structural disorder

Highly dependent on conformational flexibility, the proteins in the p53 family are known to
vary in stability; p63 is more stable than p73 and the least stable is p53 [23]. Limited studies of
p53 proteins from different species show variation in levels of stability also within the p53
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clade. Here, we predicted structural disorder propensity as an approximation for conforma-
tional flexibility. The disorder profile for the entire p53 family reveals that the predicted disor-
der propensity per site is highly variable across the entire length of the protein (Fig 2). Dividing
the p53 family into the p53, p63, and p73 clades, reveals that the p63 protein is conserved in
disorder propensity across the entire protein, while p53 and p73 show multiple regions with
varying disorder propensities across their clades (Fig 2). Classifying the sites into either disor-
der (if the structural disorder propensity is >0.4) or order (if the structural disorder propensity
is <0.4), reveals that, on average, predicted disorder fractions per protein are similar in p53
and p63 clades and higher in p73 clade (means: 0.62 and 0.60 and 0.69, with standard devia-
tions: 0.07, 0.03 and 0.05, respectively). Proteins in the p53 clade show a broader range of disor-
der, ranging from 0.40 to 0.78 (Fig 2C). However, since p53 has a different domain
composition than p63 and p73, comparing only the DBD offers further insights. DBDs in the
p53 clade are, on average, predicted to be more ordered than the DBDs in p63 and p73, with
P73 being more disordered than p63 (Fig 2C). The mean and standard deviations are 0.43 (s.d.
0.09), 0.54 (s.d. 0.03) and 0.58 (s.d. 0.08) in p53, p63 and p73 clades (differences in means
between them are significant based on non-parametric tests with p-values <0.05). In the p63
and p73 clades, a decrease in the fraction of disorder in DBD domains in ray-finned fish can be
observed (54 Fig). On the contrary, the p53 clade shows the opposite trend, with many ray-
finned fish being among the most disordered. It should also be noted that the lobe-finned fish
L. chalumnae have the most ordered DBD among the entire vertebrate p53 family (S4 Fig).
However, also considering the invertebrate p53 DBD, the fractions of disorder in the p53
DBDs are on average smaller than in vertebrates but also more variable within the group
(mean 0.23, s.d. 0.16). Single-domain proteins are predicted to be more ordered than those that
have contained more of the four domain cassette (S5 Fig).

Although the amount of structural disorder is important for the overall stability of a protein,
the location of the disordered and ordered regions, as well as the multidomain context, are cru-
cial. While p63 proteins are consistent for both disorder amount and location across species,
the disorder amount and location vary greatly in p53 and p73 proteins from different species,
clearly indicating that structural disorder is not conserved here (Fig 2). To address in which
regions structural disorder was not conserved, the transition rate of structural disorder-order
was examined across the p53 family and in the different clades. The continuous disorder pro-
pensity per residue of every protein in the p53 family was mapped onto its corresponding site
in the multiple sequence alignment. The resulting heat map, with the sequences arranged cor-
responding to the phylogenetic tree for the p53 family, reveal interesting patterns of regions
that are conserved or changing in disorder propensity (Fig 3A). To further quantify the evolu-
tionary dynamics of structural disorder, the site specific rate of disorder-to-order transition
(DOT) was inferred over the phylogeny based on a binary matrix converted from the disorder
propensity heat map matrix using the same cut-off as above.

Further, amino acid (sequence) substitution rates per site (SEQ) were inferred (Fig 3). For
all rates, throughout this study, positive rates evolve faster than average and negative rates
evolve slower than average. DOT is faster than average in most of the p53 spanning region,
except in the p53 DBD itself. For the part of the C-terminus that is missing in p53, but before
the SAM domain, the sequence is diverging fast, but DOT is slow. Towards the end of SAM
and in the C-terminus, p63 and p73 show rapid DOT.

Evolutionary dynamics of secondary structure elements

With a high degree and varying amount of disorder across the p53 family, an analysis of the
secondary structure elements propensities was suitable. Mapped in a heat map context, similar
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Fig 2. Disorder propensity across the p53 family in vertebrates. (A) Cartoon representation of the p53 family DNA-based phylogeny is shown (p53 clade,
grey; p63 clade, blue; p73 clade, green). The p53, p63, and p73 clades contain 101, 102, and 98 sequences, respectively, ranging from shark to human.
Horizontal width represents sequence divergence. (B) The profiles of disorder propensity predicted by IUPred [15] are plotted per site according to the
multiple sequence alignment. Profiles colored by clade (i) and by species according to the color guide for sequences in the p53 clade (i), p73 clade (iii), and
p63 clade (iv). The cut-off applied to assign structural disorder (>>0.4) or order (<0.4) is marked by the red line. (C) Boxplots showing the fraction of predicted
structural disorder for the 301 vertebrate proteins and for the p53 DBD domain for the same vertebrates and for 47 invertebrates separately (all differences in
means are statistically significant based on non-parametric tests with p-values <0.05 with the exception of p53-p63 disorder fractions in full length proteins

where p-value = 0.25).

doi:10.1371/journal.pone.0151961.9002

to that for the disorder propensity, reveal multiple regions with secondary structure transitions
between sequences in the same clade and in a clade-specific manner (Fig 3). To quantify the
evolutionary dynamics of secondary structure elements (alpha helix and beta strand) vs. loop
across the phylogeny, a binary matrix for these properties was used to infer rates for secondary
structure to loop transitions (SLT) (Fig 3). Sites with rapid SLT are found across the entire
length of the alignment. Remarkably, the mostly ordered p53 DBD shows several sites with
rapid SLT indicating that the structure is fluctuating among species. Also for the seemingly
highly similar p63 and p73, like for the DOT, SLT is rapid in the SAM domain.

Evolutionary dynamics of phosphorylation sites

Since phosphorylation frequently modulates the conformations of disordered regions in a reg-
ulatory fashion, an analysis of predicted phosphorylation sites was conducted. Here the heat
map shows the locations of predicted phosphorylation sites in a binary fashion. Since only Ser,
Thr, and Tyr can be phosphorylated, the amount of Ser, Thr, and Tyr may also be important
for how many phosphorylation sites are predicted. However, while there are significant differ-
ences in the fraction of Ser, Thr, and Tyr among the different clades (p53, mean 0.17, s.d. 0.01;
p63 mean 0.2, s.d. 0.01; p73, mean 0.18, s.d. 0.01) there is no significant difference in the frac-
tion of sites predicted to be phosphorylated when comparing p53, p63 and p73 mean values
(p53, mean 0.06, s.d. 0.01; p63, mean 0.06, s.d. 0.01; p73, mean 0.05, s.d. 0.01, significance
based non-parametric tests with p-value < 0.05). In all clades, about 5% of all sites are pre-
dicted to be phosphorylated (S6 Fig). To quantify the evolutionary dynamics of phosphoryla-
tion sites across the phylogeny, the binary matrix was used to infer rates for presence or
absence of phosphorylation sites (PT) (Fig 3). Sites with rapid PT are enriched in the linker
regions.

Functional divergence by changes in SEQ, DOT, SLT and PT rates

Regions that are rapidly changing in disorder, secondary structure, and phosphorylation are
likely less important for a conserved function. These rates are calculated for the entire verte-
brate p53 family and clade-specific patterns are therefore indistinct. To gain resolution on the
clade level, clade-specific rates were estimated (S7 and S8 Figs). Plotting the different rates in
an accumulative manner shows that gapped sites indeed have high rates (Fig 4). Since the mere
presence of an indel indicates functional change, or perhaps an alternative isoform or a poorly
aligned region, our attention is directed to the sites that have less than 10% gaps (Fig 4). For
these sites, quantifying the number of sites with rapid DOT, SLT, PT, and SEQ, plus the num-
ber of sites that are always fast or always slow for each linker and domain region across the
alignment informs which traits are diverging in the different regions (Fig 5A). Considering the
p53 family level, the greater fraction of rapid DOT is found in TAD, the greater fraction of
rapid SEQ is found in L1, and the greater fraction of rapid PT is found in L2. The greater frac-
tion of rapid SLT is in L3, however, since the proteins in the p53 clade are shorter than the pro-
teins in the p63 and p73 clades, comparisons beyond the OD domain should be made between
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Fig 3. Graphical representation of sequence-based predictions in vertebrates. Heat maps for structural traits plotted in the order of the p53 DNA-based
phylogenetic tree context, showing taxa names as boxes colored according to the color guide in Fig 2. The heat maps are showing sequence-based
predictions mapped to their corresponding residue sites on the multiple sequence alignment (gaps in the alignment are colored in grey): (A) continuous
structural disorder propensities by IUPred [15] colored according to the gradient in Fig 1, (B) secondary structure predictions by PSIPRED [24] displaying
loop (white), alpha helix (purple) and beta strand (yellow), and (C) sites predicted to be phosphorylated by NetPhos [25] using a 0.75 cut-off (red). Above the
heat maps, normalized evolutionary rates per site are shown for amino acid sequence (SEQ) in green [26] vs. binary traits [27] of disorder-order transitions
(DOT) in orange (upper left), secondary structure elements-loop transitions (SLT) in blue (upper center), and phosphorylation transitions (PT) in pink (upper
right). All evolutionary rates were normalized with a mean of zero and standard deviation of 1 (negative rates for slow evolving sites and positive rates for fast
evolving sites). Grey shaded areas delimitate Pfam domain regions. For greater detail on the p53 clade, see S9 Fig.

doi:10.1371/journal.pone.0151961.9003

p63 and p73 only. Considering the p53 clade (Fig 5B), TAD still has the greater fraction of
rapid DOT, and L2 is still high in PT, and L1 in SEQ, but SLT is rather slow. In the p73 clade
(Fig 5C), the C-terminus has the greater fraction of rapid DOT, but even the OD domain has
almost half of the sites undergoing rapid DOT. SEQ is rather rapid in all linkers, and SLT is
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doi:10.1371/journal.pone.0151961.g004

rapid for >40% of the 66 sites in the SAM domain. In the p63 clade (Fig 5D), few sites are
rapid. In this clade, we note many regions with >50% of sites with all rates slow. OD from p63
and p73 have similar patterns, but more sites are rapid in SLT and PT for p63. The pattern for
the OD in p53 is different. Further comparing the C-terminus of p63 to the C-terminus of p73,
p63 is more constrained.

Structural changes in regions important for molecular interactions

All prediction methods applied are intentionally based on linear sequences and not on 3D
structures since the repertoire of 3D structures, although quite impressive for the p53 family,
may only provide a limited set of snapshots of the conformational ensemble in which these
proteins exist. However, the structural context is valuable and site specific DOT as well as the
site specific fractions of predicted disorder were mapped onto structures for TAD, p53 DBD,
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and OD (all structures used were from human p53 or human p63, and only sites present in the
PDB structure were mapped) (Fig 6).

For TAD, the MDM2 binding site is shown (Fig 6A and 6E). Here, moderate DOT is
observed for the p53 family. On the clade level, the p53 clade shows rapid DOT (Fig 6B), p73
shows slow DOT (Fig 6C) and p63 has sites with a mixture of slow and rapid DOT (Fig 6D).
For disorder conservation in TAD, on the p53 family level and on the p53 clade level interme-
diate conservation of disorder is observed (Fig 6E and 6F). p73 shows high conservation of dis-
order (Fig 6G) and p63 shows low conservation of disorder (Fig 6H).

For p53 DBD, the tetrameric state with DNA bound is displayed for the p53 family, (Fig 6A
and 6E) but for each individual clade, only one of the monomers is shown (Fig 6B—-6D and 6F-
6H). In general, the region involved in forming the DNA binding p53 DBD dimer and in coor-
dinating Zn as cofactor, has rapid DOT in the p53 clade, as shown in the left circle (Fig 6B).
Here, p63 and p73 have slower DOT (Fig 6C and 6D) and conserved disorder (Fig 6G and 6H),
while p53 has less conserved disorder (Fig 6F). The p53 clade has rapid DOT at the end of beta
strand 4 (B4) and the following loop (Fig 6F, right circle). The end of the same beta strand
shows rapid DOT in p73, while p63 has rapid DOT in the loop. Further, for a second beta
strand (B1) in the right circle, p53 is ordered while both p63 and p73 are disordered. Lastly,
one of the long beta strands (B10) in the main beta sheet has conserved disorder in p53 while
p63 and p73 have conserved order.

For OD, the two different tetrameric states are displayed for the p53 family, (Fig 6A and 6E)
but for each individual clade, only one of the monomers is shown (Fig 6B-6D and 6F-6H).
Earlier studies of the tetramerization in p53 vs. p63 and p73 revealed that the latter two require
an additional alpha helix at the C-terminus of OD in order to form stable tetramers and that
heterotetramers between p63 and p73, but not p53, can form [28]. Thus, different PDB struc-
tures were used to map the functional tetrameric states for p53 and p63/p73, respectively. On
the p53 family level, the area around the central horizontal axis and the ends have rapid DOT,
while the rest has intermediate DOT. In the p53 clade, DOT is slow except around the horizon-
tal axis (Fig 6B). For p63 and p73, DOT is rapid, perhaps with a slower tendency at the hori-
zontal axis (Fig 6D and 6C). For disorder conservation in OD, p53 has conserved disorder,
with slightly less conservation around the horizontal axis (Fig 6F-6H). In p73, sites are more
conserved in disorder or lack of disorder, but some sites are not conserved in either property.
In p63, most sites are conserved in either disorder or complete lack of disorder.

Diverging regulation through phosphorylation

To investigate if phosphorylation may be one of the mechanisms utilized to differentiate the
regulatory pathways of p53, p63, and p73 from each other, shared and clade-specific phosphor-
ylation sites were identified using a 50% majority rule either within a clade or across the entire
p53 family. In total, 66 phosphorylation sites were identified (S3 Table). Of these 66 sites, only
two sites were predicted to be phosphorylated for all three clades. One, and three, sites were
shared across p53/p73 and p53/p63, respectively, while eight sites were shared across p63/p73.
The remaining 52 sites were clade-specific. In the p53, p63, and p73 clades, respectively, 12, 28,
and 12 sites were predicted to be phosphorylated in more than 50% of the sequences for each
clade. Since p53 proteins have been extensively studied, many experimental phosphorylation
sites are known. For nine out of the 12 p53 clade-specific sites identified here, the NetPhos pre-
dictions are in agreement with the experimental data in the PhosphoSite database (as of Dec.
2015) that includes conserved phosphorylation sites for p53 across human, mouse, rat, rabbit
and green monkey [32]. For two of the three remaining sites, the adjacent site has been experi-
mentally validated to be phosphorylated. None of the 12 p53 clade-specific sites have been
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experimentally reported to be phosphorylated in PhosphoSite for either p63 or p73 homologs.
For p63 and p73 clade-specific sites, no phosphorylations have been experimentally reported
in PhosphoSite for the corresponding site in the p53 homologs, in agreement with the NetPhos
predictions. Indeed, clade-specific positioning of phosphorylation sites in the different clades
in the p53 family seem to contribute to their specific regulatory pathways. Further, not only
does the phosphorylation site pattern differ between clades, but the p53 family also seem to
exploit another strategy for functional diversification through shifts in the type of post-transla-
tional modification in homologous sites across paralogs. In particular, for at least three of the
p63 and/or p73 clade-specific phosphorylation sites, p53 is also post-translationally modified,
but with a different modification (Fig 7 and S3 Table). Alignment site 253 (TAD region) is pre-
dicted to be phosphorylated in the p73 clade (526 in human p73). This site has Leu in most p63
sequences and Asn in some p53 sequences. For human p53, this site corresponds to Asn30 that
has been found to be methylated on the carboxyl by PIMT [33,34]. Similarly, alignment site
498 (p53 DBD region) is predicted to be phosphorylated in the p63 clade (S250 in human p63).
This site has Gly in all p73 sequences and Cys in some p53 sequences. For human p53, this site
corresponds to Cys182 that has been found to be glutathionylated [34]. Lastly, alignment site
744 (OD region) is predicted to be phosphorylated in the p63 clade (T410 in human p63). This
site has Asn in all p73 sequences and Arg in most p53 sequences. For human p53, this site cor-
responds to Arg337 that is known to be dimethylated [34]. Further, changes in amino acid
states with compensatory effects through negatively charged amino acids were observed, e.g.
alignment site 225 is phosphorylated in p53 and p63, but has Glu in p73, suggesting that p73
may resemble the phosphorylated state. Also other changes in amino acid among these sites
maintain the majority of the physicochemical properties, as in Tyr-Phe transitions, while
removing or adding a regulatory switch. Interestingly, some observed transitions are directly
involving Ser, Thr or Tyr residues. Phosphorylation transitions between Ser/Thr (e.g. align-
ment site 471) are, in general, expected to conserve kinase partner and thus, conserve the regu-
latory mechanism, while transitions from Ser/Thr phosphorylations to Tyr phosphorylations
suggest divergent mechanisms of regulation via different kinases. Alignment site 164 in p63
clade switches from Ser in ray-finned fish to Tyr in the rest of species (with shark as an excep-
tion), suggesting divergent regulation in ray-finned fish p63 proteins. Thus, differential regula-
tion within orthologs is implied. Also, alignment site 165 is known to be phosphorylated in
human p63 (Tyr36) in PhosphoSite, but this phosphorylation site is missing in all fish, where
shark has Cys and the others Phe or Leu.

Discussion

Using linear sequence predictors, properties of structural disorder (IUPred), secondary struc-
ture (PSIPRED), and phosphorylation sites (NetPhos) have been inferred. It is important to
remember that these are predictions and cannot be perfect given that they are (i) independently
aiming to predict traits that may depend on each other, (ii) using only the linear sequence con-
text without considering long-range sequence contacts, and (iii) based on experimental data
that may not reflect the dynamic nature of a protein sequence, e.g. one PDB structure is merely
a snapshot of a conformational ensemble [36]. The accuracy for PSIPRED is >80% compared
to actual experimentally determined protein structures [37]. For disordered proteins, fewer
proteins are experimentally determined to be disordered. For IUPred, comparing to IDEAL (a
small database of disordered proteins [number of proteins = 207]) [38] the accuracy is approxi-
mately 85%, but comparing to DisProt (a slightly larger database of disordered proteins [num-
ber of proteins = 794]) [39] the accuracy is approximately 62% [40]. However, it has been
found that IUPred is more accurate in predicting order vs. disorder for DisProt proteins if the
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doi:10.1371/journal.pone.0151961.9007

cut-off is set to 0.4 instead of the intended 0.5 [39,41]. In a different study, IUPred predictions
of 0.4 were frequently found for disordered residues in partially disordered proteins [42]).
Thus, we used the 0.4 cut-off to infer order vs. disorder. The sensitivity reported for NetPhos
predictions cover a range from 69-96% [25], partially due to the lack of insufficient data
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available to train phosphorylation predictors [43]. Still, these are all standard prediction meth-
ods, widely used in computational and molecular biology when experimental data is not
available.

By comparing approximately 300 protein sequences from the vertebrate p53 family and an
additional ~50 invertebrate p53 DBD domain sequences, we have investigated diverging prop-
erties from sequence to structure to regulation in the p53 family. From the invertebrate p53
DBD phylogeny, it appears that p53 DBD sequences primarily form clades based on the
domain content of the full-length protein. If the p53 DBD containing proteins from Fig 1 are
arranged by species in the order of taxonomy and with focus on their domain composition, a
picture of the main evolutionary events of the p53 family emerges (Fig 8). As previously
shown, a three domain p53 DBD containing protein is present in choanoflagellates [12]. The
shared precursor of this protein and the very first metazoan p53 protein must have had at least
three of the four domains found in present day vertebrate p53 family proteins. We observe pro-
teins with all four domains in gastropods, hemichordates, and early chordates. Since these
belong to Bilateria, it is clear that the bilaterian ancestor had all four domains. It should also be
noted that other species not included here, such as the placozoan, Trichoplax adhaerens, have
an MDM2 binding site [44]. Although Pfam does not classify this protein to have a TAD
domain, the MDM2 binding site indicates that it does, or at least that it used to have a TAD
domain. Thus, TAD predates the divergence of Bilateria and Placozoa. Further, TAD and the
other non-p53 DBD domains, are frequently lost (Fig 8). In Ecdysozoa, some of these domain
losses are due to actual sequence segment loss and others are due to the sequence signature
being depleted. Altogether, this clearly suggests that early metazoan, and perhaps even chano-
flagellates have p53 family proteins that diverged less than many of the ecdysozoan p53 family
proteins that have lost most domains and frequently only consist of the p53 DBD itself. There
may be other equally or more remote p53 DBD proteins in other invertebrates, like e.g. CEP-1
in Caenorhabditis elegans [44]. Lineage-specific gene duplications are frequent in invertebrates,
but a last common ancestor of all proteins in the vertebrate p53 family is shared with B. floridae
(Figs 1 and 8).

It is also clear that the p53 DBD is less structurally disordered in single domain invertebrate
proteins. In vertebrates, the three paralogs p53, p63, and p73, are diverging at different rates:
p63 is highly constrained while p53 is not. Ray-finned fish are demonstrating rapid lineage-
specific diversification among all three paralogs. Although this study is mostly focused on the
functional domains and their divergence, the inter-domain linkers vary in length and in disor-
der/order and secondary structure composition. Linkers are not just flexible spacers but impor-
tant for controlling the conformational ensemble [45]. The divergence in linker 1 between p53
and p63 and p73 is profound and suggests functional change. TAD is rapidly diverging
amongst p53 in different vertebrates, and has already diverged beyond Pfam’s domain detec-
tion ability in p63 and p73, even if some of TAD’s ancestral functionality may have remained.
For p53, MDM2 is a critical regulator [44]. When MDM2 binds to key residues F19, W23, and
126 in the human p53 TAD, it can further ubiquitinate p53 on Lys residues throughout the
P53 protein marking it for proteosomal degradation (reviewed in [46]). p73 was found to bind
MDM2 in the same region, and although binding of MDM2 prevented p73’s transcriptional
activity, it was not ubiquitinated [47]. Recently, a study found p73 to be ubiquitinated by
MDM2 but p73 was not degraded [48]. For p63, the MDM2 interaction is much weaker [49].
Thus, the differential disorder among paralogs in the MDM2 binding region amongst these
paralogs suggest and support divergent functional dependence on MDM2. The MDM2 binding
region is frequently lost among ray-finned fish p53 proteins, and the TAD Pfam domain in
general is not detected in p63 and p73, although the homologous sequence may still be there.
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Still, remnants of the MDM2 binding site have been found in p53 from early metazoans [44]
further supporting that this is an ancestral function.

Additional indications of clade-specific functional divergence emerges from the patterns of
phosphorylation. Indeed, functionally relevant phosphorylation transitions were identified and
present an interesting picture of how these three paralogs have diversified in the realm of phos-
pho-signaling. Since phosphorylation is performed by different kinases in response to various
signals these seemingly small changes can allow proteins to specialize after a gene duplication.
Of the three members of the p53 family, p63 is more constrained to diverge in sequence. The
p63 clade has 28 clade-specific predicted phosphorylation sites above 50% conservation, com-
pared to 12 in the p53 and p73 clades alike, suggesting that phosphorylation sites may be lost
on the latter two. For at least two of the clade-specific phosphorylation sites in p63, p53 is also
post-translationally modified but with a different modification, further enforcing distinct regu-
latory mechanisms acting on these three paralogs.

Null-mice of p63 or p73 are severely impacted and do not live long while null-mice of p53
survive to adulthood [50], suggesting that p53 is dispensable but p63 and p73 are not. The
functional overlap between p53, p63, and p73 is hampered by the complexity of the protein
family [51]. p53 presents lineage-specific changes and one can speculate that perhaps p53 is
rapidly diversifying in a near-neutral mode due to remaining functional redundancy with p63
and p73.
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p53 is a puzzling protein, known to cause and prevent cancer, prevalently mutated, in
cancerous and non-cancerous cells [52]. Regardless, it cannot be expected to be functionally
conserved amongst invertebrates with different domain composition, nor amongst vertebrates.
Interpreting the p53 family from a molecular evolution perspective, p63 and p73 are predomi-
nantly responsible for most of the ancient function as indicated by stronger conservation of
sequence and the properties here analyzed, but even in these two clades divergent regions sug-
gest ongoing functional divergence. From a systems biology perspective, diversification in
phosphorylation alters the signaling and interaction networks in which these different proteins
act. From a biophysical perspective, non-conserved disorder has been interpreted as non-func-
tional [53]. Here non-conserved disorder is found in the DNA binding region of p53, while
p63 and p73 both have conserved disorder. This suggests functional diversification of the DNA
binding region in p53 causing some species to become ordered in this region, perhaps bypass-
ing a regulatory step of DNA binding regulation. Thus, an alternative interpretation for non-
conserved disorder (rapid DOT) could be that it enables or disables fine-tuned signaling, rapid
rewiring, or gain and loss of function(s) in a lineage-specific manner, offering a boost to biolog-
ical diversity. In p53, all scenarios are possible. In the ray-finned fish clade, p53 is rapidly
changing compared to the rest of the vertebrates, with many changes from fish to fish in the
TAD domain. Also p63 and p73 have ray-finned fish specific changes. For p73, the p53 DBD is
more ordered in ray-finned fish than in the rest of the p73 clade. For p63, the OD domain is
more ordered in ray-finned fish than in the rest of the p63 clade. Co-evolution is probable. p53
from the lobe-finned fish, L. chalumnae has remarkably little disorder. Was the last common
ancestor of p53 more ordered than it is today or has disorder been lost in L. chalumnae? Given
that the rest of the vertebrate p53 family is more disordered, it is likely that L. chalumae has
lost disorder. Without disorder, is L. chalumnae’s p53 still a multifunctional protein, and does
it hold clues to critical, non-redundant, p53 functions, perhaps with simplified regulation? Fur-
ther, what is happening to p53 in the avian genomes?

p53 is an innovative protein. While many proteins simply lose function in response to a
mutation, many cancer causing mutations in p53 are thought to cause a gain-of-function [54],
perhaps through mutation-driven conformational selection effects [55]. If a mutation can
cause a gain-of-function, can controlled experimental conditions with wt-p53 in vitro have
similar effects? Some gain-of-function effects seen in cancer mutants may shift the conforma-
tional ensemble since structurally disordered proteins are prone to adapt to their environmen-
tal conditions (mutation-driven conformational selection [55] vs. allosteric conformational
selection [56]). Both of these effects could impact p53 in vitro, in vivo, and in a tumor cell
context.

Inevitably, ongoing functional divergence is present in the p53 family, and especially in the
p53 clade. The Guardian of the Genome gives the impression of still exploring its function and
does not fit the picture of a resilient Guardian. Perhaps, a more appropriate way to refer to p53
is as a Gambler of the Genome?

Methods
Sequence retrieval

Three datasets were constructed: (i) the p53 protein family at the whole protein level in verte-
brates, (ii) the p53 protein family at the nucleotide level in vertebrates, and (iii) the p53 protein
family at the DNA-binding domain level in a representative set of vertebrate sequences and
non-vertebrates. For (i), NCBI BLAST [57] was performed using the blastp algorithm with the
human p53 protein sequence (NCBI reference sequence: NP_000537.3) against vertebrates in
the RefSeq database [58]. To minimize redundancy, only the longest sequence from the same
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gene was chosen as the representative. Partial or much longer proteins were removed to main-
tain a high quality multiple sequence alignment. In some instances, sequences from key species
missing in the RefSeq database were instead identified by BLAST against the nr database. For
(ii), the corresponding nucleotide sequences for the amino acids sequences in (i) were retrieved
from NCBI. For the final dataset (iii), NCBI BLAST was performed using the blastp algorithm
with the human p53 protein DNA-binding domain excluding vertebrates in the RefSeq data-
base to get non-vertebrate sequences. Partial proteins with an incomplete p53 DBD were
removed to maintain a high quality multiple sequence alignment. To minimize redundancy
and to reduce the dataset a selection of sequences was used.

For major vertebrate taxonomic groups, a representative organism with sequence informa-
tion for all three paralogs in the p53 protein family was selected from (i). Vertebrate organisms
included in (iii) were: Homo sapiens, Bos taurus, Gallus gallus, Anolis carolinensis, Xenopus tro-
picalis, Latimeria chalumnae, Takifugu rubripes, Danio rerio, and Callorhinchus milii. Sequence
identifiers for all vertebrate sequences are given in S1 Table and protein identifiers are included
in the phylogenetic trees that show sequence names.

Phylogenetic reconstruction

Sequences for datasets (i) and (iii) were aligned with MAFFT v7.123-1 [59] using the L-INS-i
algorithm for a maximum of 1000 iterations. Sequences in dataset (ii) were aligned using
TranslatorX [60] to map corresponding codons to the amino acid alignment from (i). Phyloge-
netic trees for all datasets were constructed using MrBayes v3.2.2 [61]. For protein based phy-
logenies [(i) and (iii)], Bayesian MCMC analysis was performed using a mixed amino acid
model with gamma distributed rate variation among sites. The nucleotide based phylogeny (ii)
was estimated with Bayesian MCMC analysis using a GTR model with gamma distributed rate
variation among sites. For all trees, MrBayes ran two simultaneous analyses (each with four
chains: three heated and one cold) for 15 million generations with a sampling frequency of 100
generations. For dataset (i) the best tree was constructed with TBR branch swaps, while for (ii)
and (iii) the best trees were constructed with TBR branch swaps disabled. The final average
standard deviation of the split frequencies were 0.0060 (max. s.d. 0.051) for dataset (i), 0.0053
(max. s.d. 0.092) for dataset (ii), and 0.0023 (max. s.d. 0.016) for dataset (iii). Consensus trees
were built with the default burn-in phase (discarding the first 25% of trees) using the 50%
majority rule. The tree from the third dataset was rooted on a branch containing Monosiga bre-
vicollis and Salpingoeca rosetta. The resulting topology was used to guide rooting the trees from
the first two datasets by rooting on the branch containing both p63 and p73 clades and select-
ing the p53 clade as the outgroup.

Sequence-based predictions

To assess the characterization of the structural properties of the proteins included in our phy-
logenies, the amino acid sequence of each protein (unaligned sequence) was used as input for
different sequence-based predictors in order to predict structural disorder, secondary structure,
phosphorylation sites and domain regions. Thereafter, for each prediction method, the pre-
dicted value for each residue in each protein sequence was mapped onto its corresponding site
in the multiple sequence alignment. This resulted in three matrices for (i) structural disorder
prediction, (ii) secondary structure predictions, and (iii) predicted phosphorylation sites. For
(i) and (iii), the data predicted was continuous. For (ii), the data had three non-numerical cate-
gories. In order to analyze the transitions between order and disorder, between the presence of
secondary structure elements and loops, and for presence or absence of phosphorylation sites,
all matrices were represented as binary phyletic patterns (as described below). The phyletic
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patterns were individually analyzed in their phylogenetic context and transition rates were
calculated.

Structural disorder prediction

Structural disorder was predicted using IUPred [15,62] version 1.0 selecting the option for long
disordered regions. IUPred was specifically developed for predicting disorder in intrinsically
unfolded proteins using estimated energy content. The IUPred prediction generates a disorder
propensity for each residue in the protein. The disorder propensities range from 0 (indicating
no propensity of being disordered) to 1 (indicating strong propensity of being disordered).
While the method was developed to have scores above 0.5 indicating disorder, a cut-off of 0.4
was later demonstrated to give higher accuracy when predicting disorder on proteins from the
experimentally verified DisProt database [41,42]. The continuous disorder predictions were
mapped onto the multiple sequence alignment, and visualized in a heat map format using
iTOL [63]. Further, all sites with IUPred prediction values <0.4 were assigned order and all
sites >0.4 were assigned disorder. This binary matrix was used as a phyletic pattern for analyz-
ing the evolutionary dynamics of structural disorder to order transitions (DOT).

Secondary structure prediction

Secondary structure was predicted using PSIPRED [24,64] version 3.4 with default parameters
and the nr database (version March.30.2014), filtered to avoid low complexity regions, coiled-
coil regions and transmembrane regions, was selected to generate a sequence profile per pro-
tein. PSIPRED is a neural network program which performs an analysis on the sequence pro-
files obtained from PsiBlast (Position Specific Iterated-BLAST version 2.2.26, blastpgp) [65]
converting them to secondary structure propensities. The three states of secondary structure
propensity (alpha helix, beta strand, and loop) were visualized in a heat map. The PSIPRED
predictions were converted into binary data: alpha helix/beta strand residues were set to 1 and
loop residues were set to 0. This binary matrix was used as a phyletic pattern for analyzing the
evolutionary dynamics of secondary structure to loop transitions (SLT).

Phosphorylation site prediction

Phosphorylation sites for Serine, Threonine and Tyrosine residues were predicted using Net-
Phos [25] version 3.1, an artificial neural network method. Similar to the other predictions, two
states were defined: sites with values <0.75 were assigned not phosphorylated or 0 and all sites
>0.75 were assigned as sites predicted to be phosphorylated or 1. Sites predicted to be phos-
phorylated were visualized in a heat map. The resulting binary matrix was used for analyzing
the evolutionary dynamics of phosphorylation transitions (PT).

Protein domain prediction

Protein domains were predicted based on Pfam [66] version 27 by aligning each sequence to
their stored Hidden Markov Model (HMM) profiles using the available batch search scripts.
Sites in domains with significant bit scores based on pre-defined gathering thresholds, pre-
dicted to be part of a Pfam_A domain (based on the envelope coordinates), were visualized in a
heat map.

Evolutionary dynamics of sequence data

Rate4Site [67] was used to estimate the amino acid substitution rates (SEQ) by an empirical
Bayesian principle under the Jones, Taylor, and Thornton [68] amino acids substitution model
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(JTT) using a prior gamma distribution including 16 discrete categories. Rate4Site estimates
the site specific rates considering the topology and branch lengths of the phylogenetic tree. The
branch lengths were not optimized as the input trees were obtained by Bayesian inference. Nor-
malized evolutionary rates in Rate4Site are Z-scores, scaled such that the average across all sites
is equal to zero and standard deviation is equal to 1. This means that sites showing a normal-
ized evolutionary rate <0 are evolving slower than average, and those with a rate >0 are evolv-
ing faster than average.

Evolutionary dynamics of predicted data

To study the gain/loss transitions of structural properties in related proteins along their evolu-
tionary history, a protocol that includes the estimation of evolutionary rates per site based on
the phylogenetic trees and the binary matrices generated was adopted. GLOOME software [27]
was used to study the evolutionary dynamics of structural disorder (DOT rate; disorder-order
transitions), secondary structures (SLT rate; secondary structure-loop transitions), and phos-
phorylation sites (PT rate; phosphorylation transitions). GLOOME was originally developed to
study the gain/loss events across phylogenies. Here GLOOME was applied to analyze trends in
binary presence (1) and absence (0) patterns in predicted protein sequence features (disorder
vs. no-disorder, secondary structure vs. no secondary structure, phosphorylation site vs. no
phosphorylation site) with default equal substitution rates for transitions within the same state
(0to 0, 1 to 1) and default equal rates for substitutions form one state to another (0 to 1, 1 to 0)
and a rate distribution of 6 gamma categories. The outputs include the evolutionary rates per
alignment site normalized as a Z-score (the same way as for the sequence data in Rate4Site).
Lastly, for each of the evolutionary rates calculated (SEQ, DOT, SLT and PT) for the family
and the individual clades, we further analyzed those aligned sites with less than 10% of gaps per
alignment position.

Non-parametric tests

Inference methods implemented in R statistical software [69] were used for testing if differ-
ences in means across groups are statistically significant (p-value <0.05). According to the Sha-
piro-Wilk test [70], normality could not be assumed and non-parametric tests were performed.
For three or more samples the Kruskal-Wallis test [71] was applied, while the pairwise testing
involved the use of the Mann-Whitney U test with Bonferroni correction [72,73].

3D mapping of structural disorder conservation and disorder-to-order
transition rates

Conservation, here defined as the fraction of disorder per site from the binary matrices (gaps
included), was calculated for the p53 family and the individual clades. Site specific rates and
conservation of disorder were mapped onto representative PDB structures for the different
domains. S2 Table shows the details of the mapped regions. Figures were generated using
PYMOL [74].

Supporting Information

S1 Fig. p53 domain phylogeny for Metazoa and Choanoflagellates. Overview of the p53 fam-
ily phylogeny including 74 representative species across Metazoa and Choanoflagellates, built
based on their p53 DBD domains. Support values at the nodes indicate posterior probabilities.
Nodes with posterior probability < 0.5 are unresolved.

(PDF)
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S2 Fig. p53 Phylogenies for 301 Vertebrate Proteins. (A) Circular representations of p53
DNA-based phylogeny and (B) its corresponding full-protein-based phylogeny. These consen-
sus trees were obtained with MrBayes 3.2.2 after sampling trees for 15 million generations with
the default burn-in phase (discarding the first 25% of trees) and using the 50% majority rule.
Node circles show posterior probabilities ranging from 0.5 in red to 1 in white. Here proteins
were colored by clade (p53 in grey, p63 in blue and p73 in green) with tip labels following the
color guide from Fig 2. Figure generated with FigTree (http://tree.bio.ed.ac.uk/software/figtree/
).

(PDF)

$3 Fig. Domain Composition in Vertebrate Proteins. (A) Heat map showing Pfam domain
predictions per protein into their corresponding multiple sequence alignment sites (rows show
protein hits; columns show alignment positions; sites that belong to Pfam_A domains are col-
ored, green; linkers between domains, white; gaps in the alignment, grey), all in the context of
the p53 DNA-based phylogeny with tip labels colored according to the color guide. (B) In addi-
tion, individual domain architectures (labeled and colored as shown in Pfam domains box)
were also included to highlight their actual lengths enforcing missing or broken domains.
Figure generated with iTOL [63].

(PDF)

S4 Fig. Structural Disorder Fractions in Vertebrate Proteins. Distribution of structural dis-
order (grey) and order (blue) in full-length proteins and in p53 DBD domains sorted by p53
DNA-based phylogenetic tree with tip labels following the color guide. Furthermore, individual
domain architectures (labeled and colored as shown in Pfam domains box) were also included.
Figure generated with iTOL [63].

(PDF)

S5 Fig. p53 DBD Structural Disorder Content Increases with the Number of Domains.
Scatter plot of the p53 DBD structural disorder percentage vs. the number of Pfam domains
per protein from 74 hits, including invertebrates and vertebrates proteins. There is a positive
correlation between these two variables (Pearson correlation coefficient R = 0.64, R* = 0.41,
and p-value < 0.05, concluding that linear correlation different to 0 is statistically significant).
(PDF)

S6 Fig. Differential Distribution of Protein Phosphorylations per Clade. Boxplots showing
the fractions of serine, threonine and tyrosine residues per protein per clade compared to the
fractions of sites predicted to be phosphorylated by NetPhos [25] using a 0.75 cut-off. Signifi-
cance analysis was carried out using non-parametric tests (Kruskal Wallis test for the compari-
son of 3 or more samples and Mann-Whitney U test with Bonferroni correction for the
pairwise analysis). Differences in means are statistically significant (p-values << 0.05), except
for the p53-p63 comparison of predicted phosphorylation factions (p-value = 1).

(PDF)

S7 Fig. Comparison of SEQ, SLT and PT with DOT rates. Combined profiles of normalized
evolutionary rates per aligned site for family and clades (vertebrates set) comparing disorder-
order transitions (DOT) with (A) amino acid substitutions (SEQ), (B) secondary structure ele-
ments-loop transitions (SLT), and (C) phosphorylation transitions (PT). Grey shaded areas
delimitate Pfam domain regions.

(PDF)

S8 Fig. Comparison of SLT and PT with SEQ rates. Combined profiles of normalized evolu-
tionary rates per aligned site for family and clades (vertebrates set) comparing amino acid
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substitutions (SEQ) with (A) secondary structure elements-loop transitions (SLT) and (B)
phosphorylation transitions (PT). Grey shaded areas delimitate Pfam [66] domain regions.
(PDF)

S9 Fig. p53 clade in detail: graphical representation of sequence-based predictions. Heat
map for structural traits plotted in the order of the p53 DNA-based phylogenetic tree context,
showing p53 protein names as boxes colored according to the color guide in Fig 2. These heat
maps are showing sequence-based predictions mapped to their corresponding residue sites in
the multiple sequence alignment, after removing empty columns (i.e. columns fully gapped in
the p53 clade) for this subset: (A) continuous structural disorder propensities by IUPred
[15,62] with a color gradient from blue to white to red mirroring the disorder propensity gradi-
ent from low (blue) to high (red), with white being the boundary between order and disorder
(remaining alignment gaps are colored in grey). (B) secondary structure predictions by
PSIPRED [24,64] displaying 3 states loop (white), alpha helix (purple) and beta strand (yellow),
and C) sites predicted to be phosphorylated by NetPhos [25] using a 0.75 cut-off (red). On top
of these heat maps, normalized evolutionary rates per site are shown for amino acid sequence
(SEQ) in green [26] vs. binary traits [27] of disorder-order transitions (DOT) in orange (upper
left), secondary structure elements—loop transitions (SLT) in blue (upper center), and phos-
phorylation transitions (PT) in pink (upper right). All evolutionary rates were normalized with
a mean of zero and standard deviation of 1: negative rates for slow evolving sites and positive
rates for fast evolving sites. Grey shaded areas delimitate Pfam domain regions.

(PDF)

S1 Table. Accession numbers for the vertebrate datasets (i) and (ii).
(PDF)

S2 Table. PDB files and regions used for mapping DOT and disorder conservation into a
structural context.
(PDF)

S3 Table. Shared and clade specific predicted phosphorylation patterns. Alignment sites fol-
lowing a 50% majority rule of sequences with phosphorylation predictions based on NetPhos
phosphorylation prediction score cut-off = 0.75 (gaps included). Information displayed per
clade (specific) and per family (shared). Shaded areas correspond to the majority rule (phos-
phorylation predicted for more than 50% of taxa per clade or for the family). Corresponding
positions in the canonical human proteins (P53_human NP_000537.3, P63_human
NP_003713.3, and P73_human NP_005418.1) are shown.

(PDF)
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