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Abstract: 

Recently, the quest for the mythical fountain of youth has turned into specific research programs 

aiming to extend the healthy lifespan of humans. Despite advances in our understanding of the molecular 

processes underlying aging, the surprisingly extended lifespan of some animals remains unexplained. In 

this respect, the p53 protein plays a crucial role not only in tumor suppression but also in tissue 

homeostasis and healthy aging. However, the mechanism through which p53 maintains the function as a 

gatekeeper of healthy aging is not fully understood. Thus, we inspected TP53 gene sequences in individual 

species of phylogenetically related organisms that show different aging patterns. We discovered novel 

correlations between specific amino acid variations in p53 and lifespan across different animal species. In 

particular, we found that species with extended lifespan have characteristic amino acid substitutions 

mainly in the p53 DNA binding domain that change its function. Our findings show a direct association 

of specific amino acid residues in p53 protein with extended organismal lifespan and the importance of 

p53 protein in aging. 
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Introduction 

Stories about the fountain of youth promising eternal health have inspired research into this topic 

across many civilizations through the millennia since Herodotus mentioned it first in writing 2,500 years 

ago. Although the average human lifespan is increasing, our health span appears to be lagging. Several 

researchers argue that human lifespan is physiologically and genetically limited (Whittemore et al., 2019), 

while recently published studies have proposed a potentially unlimited increase of lifespan in the future 

(Hughes & Hekimi, 2017) and demographical data show that human death rates increase exponentially 

up to about age 80, then decelerate and plateau after age 105 (Barbi et al., 2018). There are several theories 

to explain aging, for example, the free radical theory, stating that organisms age because of the 

accumulation of damage inflicted by reactive oxygen species (Harraan, 1955; Sohal & Weindruch, 1996). 

There is also a common agreement that fidelity of DNA repair favors longevity (Storci et al., 2019).  

From the published studies, it becomes clear that the longevity of organisms undergoes complex 

regulatory challenges and that lifespan is a multi-nodal characteristic (Campisi, 2005). To date, several 

proteins have been described to play critical roles in aging. One crucial protein involved in human 

longevity is the p53 tumor suppressor, which is coded by the most often mutated gene in human cancers 

(Bennett et al., 1999; Kandoth et al., 2013; Levine & Oren, 2009; Petitjean et al., 2007). Cancer, together 

with heart diseases, is the main cause of human deaths worldwide, therefore it can be concluded that 

overall the TP53 gene is important for human lifespan (Bray et al., 2018; Timmis et al., 2018). On the 

other hand, when we consider the “lifespan“ of tumors and tumor cell lines, it is apparent that cancer cells 

often gain new functions, including “immortality”, at least partially attributed to mutation in the TP53 

gene and/or in its pathway (Schmidt-Kastner et al., 1998). As reviewed by Stiewe and Haran (2018), 

cancer-associated mutations alter p53 in three ways: loss of wild-type (wt) p53-DNA binding, dominant-

negative inhibition by the mutant p53 allele, and gain of new DNA interactions specific to the mutant 

protein. Loss of binding to canonical p53 target genes can be complete, but mutants can also show a 

variable degree of loss of binding resulting in attenuated or target-selective binding patterns (Stiewe and 

Haran, 2018). Multiple functions of p53 have been described and extensively reviewed (Levine, 1997; 

Rufini et al., 2013; Sabapathy & Lane, 2018). For example, the p53 protein plays roles in metabolism 

(Vousden & Lane, 2007), cell cycle arrest (Chen, 2016; Hafner et al., 2019), apoptosis (Aubrey et al., 

2018), angiogenesis (Pfaff et al., 2018), DNA repair (Nicolai et al., 2015) and cell senescence (Itahana et 

al., 2001; Rufini et al., 2013). As a DNA-binding protein, p53 functions as a transcription factor and 

recognizes and binds to multiple target genes (Brázda & Fojta, 2019; El-Deiry et al., 1992; Vyas et al., 

2017). Owing to its crucial role in protection against DNA damage, p53 is called “the guardian of the 

genome” (Lane, 1992; Toufektchan & Toledo, 2018).  
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From the evolutionary point of view, the TP53 gene is specific for the Holozoa branch and its ancestral 

p63/p73-like gene emerged approximately one billion years ago (Bartas et al., 2020; Belyi & Levine, 

2009). The p53/p63/p73 family plays key roles in several major molecular and biological processes 

including tumor suppression, fertility, mammalian embryonic development and aging (Vousden & Lane, 

2007). Some mutations in the TP53 gene drive tumor development and tumor progression and it has 

been demonstrated that all p53 family members take part in regulating aging (Nicolai et al., 2015; Rufini 

et al., 2013). The study by Tyner et al., using heterozygous mice having one p53 allele with deletion of 

the first six exons (p53+/m, Δ exon 1-6) showed for the first time the role of constitutively expressed 

(hyper-stable) p53 in aging. The mutant mice exhibited enhanced resistance to spontaneous tumors, but 

also displayed accelerated aging compared to p53+/+ mice (Tyner et al., 2002). On the other hand, the 

resulting idea that the constitutive expression of p53 accelerates aging was not confirmed in a follow-up 

study (García-Cao et al., 2002), in which the pro-aging phenotype was not seen in p53 “super-mice”, 

indicating that over-activated p53 per se is not the driver of accelerated aging nor of a replicative 

senescence, a process known to contribute to aging. It has been demonstrated that replicative senescence 

is facilitated by p53 mainly through activation of CDKN1A/p21. However, there are several other 

factors related to this process, including activation of E2F and mTOR as described elsewhere (Rufini et 

al., 2013). It can be concluded that p53 prevents cancer and protects from aging under physiological 

conditions, however, stress-activated p53 has a detrimental effect on healthy aging despite retaining its 

tumor suppression function. Thus, p53 can be either a pro-aging or a pro-longevity factor, depending on 

the physiological context (Keizer et al., 2010).  

In addition to full length p53, p53 isoforms may also play an important role in longevity 

modulation as it has been demonstrated that expression of certain short and long p53 isoforms might 

maintain a balance between tumor suppression and tissue regeneration (Maier et al., 2004).  

Considering the limited and conflicting information on the role of p53 in aging, in the present work 

we have employed currently available tools and analyzed p53 protein variations across the animal 

kingdom in correlation with the organisms’ lifespan. We found that, when compared to the majority of 

closely related organisms within their phylogenetic groups, animals with unusually long lifespans share 

atypical p53 sequence features, pointing to the important contribution of p53 in regulation of life 

expectancy.  

 

Results 

We inspected all currently available sequence data of long-lived animals to explore a link between 

longevity (maximal lifespan) and p53 protein sequences. For this, we used the longevity data from the 

AnAge Database (De Magalhaes & Costa, 2009). We downloaded all available p53 sequences from 
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RefSeq database and merged them with AnAge Database (for more detail refer to Materials and methods). 

The p53 sequence from 118 species and their lifespan data were catalogued and sorted according to their 

phylogenetic group (Supplementary Material 1).  

The longest living animal in our dataset is the bowhead whale (Balaena mysticetus) from 

Artiodactyla (subgroup Cetacea) with a maximal lifespan of 211 ± 35 years (Keane et al., 2015). 

Bowhead whales have significantly longer lifespan (about four times longer) compared with other whales. 

The comparison of p53 protein sequences showed that, in contrast to other Cetacea, Balaena mysticetus 

has a unique leucine substitution in the proline rich region, corresponding to amino acid residue 77 in 

human p53 (Figure 1). All other accessible p53 sequences of whales have the identical amino acid residue 

in this position as human p53.  

 

 

 

 

 

Figure 1. (A) Comparison of maximal cetacea lifespan in years. Bowhead whale (Baleana mysticetus) maximal 

lifespan is more than twice the maximal lifespan of the rest of cetacea (Wilcoxon one-sided signed rank test was 

used, p-value < 0.05). (B) Multiple sequence protein alignments of p53 proline-rich region, performed in 

MUSCLE with default parameters (Edgar, 2004), colors in “UGENE” style.  

A) 

B) 
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Most amphibian species live for less than 30 years (De Magalhaes & Costa, 2009), however, olm 

(Proteus anguinus, Batrachia, Amphibians), the only exclusively cave-dwelling chordate, has a maximal 

documented lifespan of 102 years. Comparison of the p53 protein sequences in amphibians showed a 

previously unrecognized insertion in Proteus anguinus. The p53 protein from this specie has additional 

serine and arginine residues in its core domain (corresponding to insertion after amino acid 188L in human 

p53) (Figure 2). 

 
 

 

 

 

 

Figure 2: (A) Comparison of amphibian lifespans in years. Olm´s (Proteus anguinus) maximal lifespan is more 

than three times higher than the maximal lifespan of other amphibians (Wilcoxon one-sided signed rank test, p-

value < 0.05). (B) Multiple protein alignments of the p53 dimerization region. Olm (Proteus anguinus) has a 

two-amino acid-residue long insertion following amino acid residue 188 (related to human p53 canonical 

sequence). The sequence of the p53 homolog from Proteus anguinus was determined using transcriptomic data 

from the SRA Archive (SRX2382497). Methods and color schemes are the same as in Figure 1B. 

 

Kakapo (Strigops habroptila) is a long-lived, large, flightless, nocturnal, ground-dwelling parrot 

endemic to New Zealand with a lifespan of around 95 years (Figure 3A, blue bar). Comparison of p53 

A) 

B) 
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protein sequence with other related species shows a change at positions 128 and 131, corresponding to 

human P128V and N131H (Figure 3B). Interestingly, N131H mutations in human p53 are found in 

pancreatic and colon cancers  (Deuter & Müller, 1998; Pellegata et al., 1994). This mutation most probably 

changes the structure of the p53 core domain and decreases the ability of p53 to bind DNA. According to 

PHANTM classifier, the N131H mutation decreases p53 transcriptional activity by 47.19% (Giacomelli 

et al., 2018). In addition, according to the PROVEAN tool, substitutions at position 128 are deleterious 

with the score -4.45. 

 

 

 

 

Figure 3: (A) Comparison of maximal Aves lifespan in years. Kakapo´s (Strigops habroptila) maximal lifespan 

is more than twice the maximal lifespan of other Aves (Wilcoxon one-sided signed rank test, p-value < 0.05). 

(B) Multiple protein alignments representing partial p53 core domain of the accessible Aves sequences. 

Sequences of all avian p53 homologs were determined using transcriptomic data from the SRA Archive, except 

from Strigops habroptilus, where the p53 sequence was known (XP_030330235.1. Methods and color schemes 

are the same as in Figure 1B. 

 

Next, our analysis identified alterations associated with long lifespan in the Chiroptera group. 

The Brandt's bat (Myotis Brandtii) is an extremely long-lived bat with a documented lifespan of 41 years 

(Wilkinson & South, 2002). Together with its close relative Myotis lucifugus they have significantly 

A) 

B) 
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longer lifespans than other bats (Figure 4 A, blue bars). These two species share a unique arrangement in 

the DNA binding region, with a seven amino acid residue insertion in the central DNA-binding region 

(following aa 295 in the human p53 canonical sequence) (Figure 4B). To test how this rearrangement in 

the DNA binding region changes the interaction of p53 with DNA, we modelled the p53 tetramer using 

SWISS-MODEL workflow. The insertion in the DNA binding domain of bats with long lifespan is present 

inside the DNA interaction cavity, suggesting decreased affinity of p53 for binding to DNA 

(Supplementary Material 2). Myotis Brandtii and Myotis lucifugus are very small bats (max 8 g 

bodyweight) and form a significant exception from the Max Kleiber’s law (Kleiber, 1932) (mouse-to-

elephant curve; their lifespan is extremely long in relation to their small body size).  

 

 

 

 

 

 

Figure 4: (A) Comparison of maximal Chiroptera lifespan in years. Brandt´s bat (Myotis brandtii) and Myotis 

lucifugus maximal lifespans are significantly longer compared with other sequenced bats (Wilcoxon one-sided 

signed rank test, p-value < 0.05). (B). Multiple protein alignments of the C-terminal part of the p53 core domain 

of accessible Chiroptera sequences. Methods and color schemes are the same as in Figure 1B. 

 

A) 

B) 
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 The above-mentioned analysis of long-lived organisms in various animal groups led us to  

hypothesize that the sequence of p53 domains is associated with organismal lifespan. Therefore, we 

continued the analysis by further correlating the p53 amino acid sequence with the lifespan across the 

animal kingdom. Due to low homology between p53 N-terminal and C-terminal domains across species 

and a significant role of mutations in the p53 DNA binding domain in cancer, we focused on the most 

conserved core domain of p53 and constructed the p53-based tree (Bartas et al., 2020). We then compared 

contemporary phylogenetic tree with the tree based on p53 protein sequence (Figure 5). Then, the dataset 

with p53 sequences and animal lifespans were divided into 12 groups based on their phylogenetic 

relationships. Interestingly, some p53 variations are not closely associated with the phylogenetic tree but 

point to several parallel evolutionary processes (Figure 5). Even closely related species in various groups 

have significantly different lifespans (Supplementary Material 1) and therefore, are suitable for correlation 

analyses according to the method introduced by Jensen and colleagues (Jessen et al., 2013).  
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Figure 5: Comparison of p53 protein tree (left) and the real phylogenetic tree (right). The protein tree was built 

using Phylogeny.fr platform. The real phylogenetic tree was reconstructed using PhyloT and visualized in iTOL 

(see Methods for details). The color background represents the same phylogenetic groups. 

 

The summary of the data for each group is visualized in Figure 6 and the total number of analyzed animals 

for each group with minimal and maximal values are shown in Supplementary Material 3. Only datasets 

with more than 5 members in the group were used in the correlation analyses.  

 

Figure 6: Box-plot representation of lifespans for all tested phylogenetic groups.  

 

The organisms with the longest lifespan in the Neopterygii dataset are the carp (Cyprinus carpio (47 

years)), followed by the goldfish (Carassius auratus (41 years)). Siamese fighting fish (Betta splendens) 

has the shortest lifespan in the group (2 years). The correlation analyses show that fifteen-amino acid-

residues in the p53 core domain are significantly associated with prolonged lifespan (Figure 7). We found 

that the most common variation in the long-lived Neopterygii is the presence of serine (at positions 

corresponding to 98, 128 and 211 of human p53) and the presence of valine (at positions 128, 150, 217, 

232). On other hand, in the short-lived organisms in Neoropterygii, we identified threonine (at positions 

98, 100, 141, 217, 260), glutamic acid (at positions 110, 128, 150 and 291) and serine (at positions - 141, 
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203, 235). It seems that the abundance of glutamic acid could relate to worse p53-DNA binding affinity 

due to the local change in the ionic charge at the site of the amino acid p53 variant. Indeed, the PROVEAN 

tool predicted a deleterious effect on p53 function for glutamic acid at position 128. In addition, according 

to PHANTM classifier, C141S substitution leads to a decrease of p53 transcription activity by 41.08% 

compared to wt-p53. 

 

Figure 7: Logo quantifying the strength of p53 core domain residue association (related to the human aa 94 – 

293 according to p53 canonical sequence) with the maximal lifespan in years in the Neopterygii group. Amino 

acid residues on the positive y-axis are significantly associated with the prolonged lifespan phenotype and 

residues on the negative y-axis are significantly associated with the shorter lifespan phenotype (significance 

threshold p-value ≤ 0.05). The height of each letter representing the strength of the statistical association between 

the residue and the data set-phenotype. The amino acids are colored according to their chemical properties as 

follows: Acidic [DE]: red, Basic [HKR]: blue, Hydrophobic [ACFILMPVW]: black and Neutral [GNQSTY]: 

green. 

 

The lifespan of species in Sauria is significantly variable. The organisms with the longest lifespan in this 

group are three-toed box turtle (Terrapene carolina triunguis (138 years)) and kakapo (Strigops 

habroptila (95 years)). Green anole (Anolis carolinensis) has the shortest lifespan in the group (7.2 years). 

The correlation analyses show that similarly to Neopterygii a specific fifteen amino acid residue fragment 

in the p53 core domain is associated with the prolonged lifespan (Figure 8). The most common p53 

variation for long-lived Sauria is similar to Neopterygii and it is the presence of serine (at positions 94, 

95, 149 and 227 – corresponding to human p53) and the presence of valine (at positions 97 and 232, 

identical to Neopterygii). When compared to human p53, in short-lived organisms we identified threonine 

at positions 94, 149, 159 and 227 and glutamic acid at positions 114, 192 and 228. In addition, deletions 

in the p53 sequence were found at positions 94-97 and 114 (Figure 7). Similar to Neopterygii, the most 

common p53 variation for short-lived Sauria is the presence of threonines and glutamic acid residues. 
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Figure 8: Logo quantifying the strength of p53 core domain residue association (related to the human aa 94 – 

293 according to p53 canonical sequence) with the maximal lifespan in years in the Sauria group. For details see 

Figure 7. 

 

The organisms with the longest lifespan in Primates group are human (Homo sapiens (122 years)) 

and western gorilla (Gorilla gorilla (60 years)). Tarsier (Carlito syrichta) has the shortest lifespan in the 

group (16 years). The correlation analyses show that the specific amino acid triad is significantly 

associated with a prolonged lifespan (Figure 9). Beside a serine residue at position 106, two others; 

glutamine at position 104 and leucine at position 289 are both hydrophobic. On the contrary, proline or 

histidine at position 104, asparagine at position 106 and phenylalanine, serine or tyrosine at position 289 

are associated with short-living primates. While studying human longevity, one needs to consider that 

prolonged lifespan of Homo sapiens is associated with the cultural and socio-economical advantages. 

Therefore, we have additionally performed analyses upon excluding Homo sapiens from the dataset. The 

same variations were observed in the correlation analyses. Taken together, our results show that the amino 

acid variations shown in Figure 9 are conserved in the following closely related species (Homo sapiens, 

Pan troglodytes and Gorilla gorilla).  
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Figure 9: Logo quantifying the strength of p53 core domain residue association (related to the human aa 94 – 

293 according to p53 canonical sequence) with the maximal lifespan in years in the Primates group. For details 

see Figure 7. 

 The dataset of Glires contains seventeen species with lifespans ranging from 3.8 to 31 years. The 

organisms with the longest lifespan in this group are Heterocephalus glaber (31 years) and Castor 

canadensis (23). The shortest lifespan in the group is Rattus norvegicus (3.8 years). The correlation 

analyses show that ten amino acid residues are significantly associated with prolonged lifespan (Figure 

10). Two threonine residue variations (positions 123 and 210) are present in long-lived Glires. Other 

animo acid changes occur only once. Interestingly, in short-lived Glires, there is a significant presence of 

threonine also at two other locations (positions 148 and 150). Similar variations are also observed in the 

methionine residues (at positions 123 and 201), tyrosine (positions 202 and 229) and proline (positions 

185 and 201). 
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Figure 10: Logo quantifying the strength of p53 core domain residue association (related to human aa 94 – 293 

according to p53 canonical sequence) with maximal lifespan in the Glires group. For details see Figure 7. 

The organisms with the longest lifespan in the dataset of Chiroptera are Brandt's bat (Myotis brandtii (41 

years)) and little brown bat (Myotis lucifugus (29 years)). Pale spear-nosed bat (Phyllostomus discolour) 

has the shortest lifespan (9 years). The correlation analyses show that nine amino acid residues are 

associated with significant prolonged lifespan association (Figure 11).  

 

 

Figure 11: Logo quantifying the strength of p53 core domain residue association (related to the human aa 94 – 

293 according to p53 canonical sequence) with the maximal lifespan in years in the Chiroptera group. For details 

see Figure 7. 

The organisms with the longest lifespan in Carnivora group are polar bear (Ursus maritimus) and panda 

(Ailuropoda melanoleuca). The shortest lifespan in the group is ferret (Mustela putorius furo). The 

correlation analyses show that two amino acids in the p53 core domain (positions 148 and 232) are 
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significantly associated with lifespan (Figure 12). While the presence of asparagine (at position148) and 

valine (at position 232) is associated with long lifespan, the presence of serine (at position 148) and 

isoleucine (at position 232) is associated with short lifespan. 

 

 

 

Figure 12: Logo quantifying the strength of p53 core domain residue association (related to the human aa 94 – 

293 according to p53 canonical sequence) with the maximal lifespan in years in the Carnivora group. For details 

see Figure 7. 

 

The organism with the longest lifespan in Artiodactyla group is bowhead whale (Balaena mysticetus (211 

years)) followed by orca (Orcinus orca (90 years)). Correlation analyses show that twelve amino acid 

residues in the p53 core domain are significantly associated with prolonged lifespan (Figure 13). Similar 

to Neopterygii and Sauria, the most common variation present in the long-lived organisms are associated 

with serine (at positions 106, 148 and 166 – corresponding to human p53). The variation of serine at 

positions 129, 182 and 222 is the most common variation for short-lived Artiodactyla, together with 

variation in the glutamic acid residues at positions 226 and 228.   
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Figure 13: Logo quantifying the strength of p53 core domain residue association (related to the human aa 94 – 

293 according to p53 canonical sequence) with the maximal lifespan in years in the Artiodactyla group. For 

details see Figure 7.. 

 

Next, we investigated all 118 RefSeq p53 sequences to evaluate associations between amino acid 

variations and maximal lifespan (Figure 14). When applying the Bonferroni correction (Figure 14A), only 

two significantly associated residues were revealed, corresponding to human serine 185 and asparagine 

210. Organisms that have serine at position 185 live statistically longer than organisms with another amino 

acid in this position. On other hand, organisms that contain glutamine instead of asparagine at position 

210 have significantly shorter maximal lifespan. Without Bonferroni correction, from the 200 analyzed 

positions of the aligned p53 core domains (related to human 94-293 aa), 64 positions were significantly 

associated with lifespan (Figure 14B). Positive correlations with longevity are shown by orange and red 

colors, green and blue show negative correlations.  
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Figure 14: Correlation analyses of p53 amino acid 

residues associated with the lifespan. (A) Logo 

quantifying the strength of p53 core domain residue 

association (related to the human aa 94 – 293 

according to p53 canonical sequence) with the 

maximal lifespan in years in all analyzed organisms. 

For details see Figure 7. (B) Heatmap visualisation of 

strength of residue association (without Bonferroni 

correction). The color-scale ranges from blue (z < -5) 

to red (z >5). Each column corresponds to one of the 

20 proteinogenic amino acids and each row to a 

position in the submitted multiple sequence alignment 

(Supplementary Material 4) 

 

 

 

 

To evaluate if the amino acid residues in the p53 core 

domains (aa 94 – 293 of the human p53 canonical 

sequence) share some relevant features in relation to the 

convergent evolution, we constructed a sequential 

circular representation of the multiple sequence 

alignments and the mutual information it contains 

(Figure 15). This figure shows that the amino acid residues significantly associated with aging (taken from 

Figure 14, heatmap, and highlighted in light green) very often coevolved together (represented by 

connected lines). This may be considered as a supportive evidence for the convergent evolution of p53 

proteins in organisms with extreme longevity. According to Passow and colleagues, taxa with evidence 
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of positive selection in the TP53 gene are those with the lowest incidences of cancer reported in amniotes 

(elephants, snakes and lizards, crocodiles and turtles) (Passow et al., 2019). 

 

Figure 15: Mutual information to infer convergent evolution of p53 core domains. Circos plot is a sequential 

circular representation of the multiple sequence alignment and the information it contains. Green boxes in the 

outer circle indicate amino acid residues significantly correlated with maximal lifespan. Lines connect pairs of 

positions with mutual information greater than 6.5 (Buslje et al., 2009). Red edges represent the top 5%, black 

are between 70% and 95%, and gray edges account for the remaining 70%. 

 

Table 1 summarizes the most relevant cases of p53 variations identified in our study. Apart from the 

unique substitutions (Strigops habroptila, Balaena mysticetus) and insertions (Myotis Brandtii, Myotis 

lucifugus, Proteus anguinus), a complete lack of TP53 mRNA expression was found in Turritopsis sp.. In 
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addition, a substitution in the nuclear localization signal (NLS) was observed in Balaena mysticetus, 

Heterocephalus glaber, Loxodonta africana and Strigops habroptila (Supplementary material 5). The 

NLS is required for transferring p53 from the cytoplasm into the nucleus, where p53 can bind DNA. It is 

well known that mutation of basic amino acid residues in the NLS compromises the transport of p53 to 

the nucleus (Addison et al., 1990; Shaulsky et al., 1990). Thus, organisms without a functional NLS will 

have only very limited or no p53 transcription activity. 

 

Tab. 1: Comparison of animals characterized by extreme longevity and their atypical p53 features, where 

significance of particular changes were predicted. Default PROVEAN threshold -2.5 was used, insertions and 

deletions were submitted in respect to the human canonical protein sequence (NP_001119584.1) “*” indicates 

significant PROVEAN values (<-2.5). 

 

Organism, 

classification 

Maximal 

lifespan [y] 

Adult 

weight [kg] 
P53 oddities Effect by PROVEAN 

Balaena mysticetus 

Mammalia, Cetacea 
211 100000 

Unique substitution in 

proline rich region; 

weakest NLS within 

Cetacea 

Neutral  

(P77L, Score = -0.993) 

Heterocephalus glaber 

Mammalia, Rodentia 
31 0.035 

p53 sequence more 

similar to human p53 

than mouse/rat; weak 

NLS 

Not applicable 

Loxodonta Africana 

Mammalia, 

Proboscidea 

 

65 4800 

Multiple copies of p53 

genes, inhibitory effect 

via non-functional 

tetramers (?) 

Not applicable 

Myotis Brandtii, Myotis 

lucifugus 

Mammalia, Chiroptera 

41 0.007 
Insertion in DNA binding 

domain 

Deleterious 

(P295_H296insPKQPPGS, 

Score = -2.526) 

* 

Strigops habroptila 

Aves, Psittaciformes 
95 111 

Substitution in core 

domain; abolished NLS 

Deleterious 

(N131H, 

Score = -3.162) 

* 

Proteus anguinus 

Amphibia, Urodela 

 

102 0.017 
Insertion nearby 

dimerization region 

Deleterious 

(L188_A189insSR, 

Score = -3.357) 

* 

Turritopsis sp. 

Cnidaria 

∞ 

rejuvenation 
0.001 

No p53/63/73 protein 

expressed (unprecedent 

phenomenon in the 

whole animal kingdom) 

Not applicable 

 

Taken together, our analyses have identified, for the first time, correlation between p53 sequence 

variations and longevity in the animal kingdom. 
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Discussion 

The p53 protein is a well-known tumor suppressor and TP53 is the most often mutated gene in 

human cancers. On the cellular level, decreased p53 functionality is essential for cellular immortalization 

and neoplastic transformation (Soussi & Wiman, 2015). However, the role of variations in the p53 amino 

acid sequence at the organism level has not been studied systematically. Here, we presented an in-depth 

correlation analysis manifesting the dependencies between p53 variations and organismal lifespan to 

address the role of p53 in longevity in the animal kingdom. To date, p53 expression has been detected in 

all sequenced animals from unicellular Holozoans to vertebrates (Bartas et al., 2020). The seminal work 

by Kubota provided important evidence demonstrating that immortality is not just a hypothetical 

phenomenon. In his work he demonstrated that Cnidarian species Turritopsis jellyfish is immortal and 

can repeatedly rejuvenate, reverse its life-cycle and, thus, was the first and only known “immortal“ animal 

on earth (Kubota, 2011). Here, we have inspected recently published data from the whole-transcriptome 

data of “immortal” Turritopsis sp. (Hasegawa et al., 2016) and surprisingly found that no expression of 

any of the p53 family members was detected in the pooled data from all individuals at all developmental 

stages (polyp, dumpling with a short stolon, dumpling and medusa). This pointed to the possibility that 

the absence of p53 in Turritopsis might be directly related to its unique ability of life cycle reversal and 

“immortality”.  

The results from Protein Variation Effect Analyzer (Choi & Chan, 2015) show that the variability 

in lifespan among closely related species correlates with specific p53 variations. Long-lived organisms 

are characterized by in-frame deletions/changes, insertions or specific substitutions in the p53 sequence. 

It is likely that the changes imposed on p53 in long-lived species enable p53 to interact with different 

multiple protein partners to induce gene expression programmes varying from those induced in species 

with relatively normal lifespan. We can anticipate that these gene expression programmes would enable 

following changes (Figure 16):  1. more efficient tissue repair through autophagy, 2. loss of senescence, 

3. enhanced clearance of senescent cells by the immune system, 4. enhanced regulation of intracellular 

ROS levels 5. improved resistance of mitochondria to ROS-induced damage or 6. loss of immune 

senescence that occurs in humans with age. All of the mentioned processes have been previously described 

as significantly contributing to longevity in humans (reviewed in (Rufini et al., 2013)). Intriguingly, a 

recent GWAS study on 1 million parent lifespans, identified only several variants influencing lifespan at 

genome-wide significance including CDKN2B-AS1 and IGF2R. The TP53 was not among the singled-out 

variants (Timmers et al., 2019) which, in accordance with our observations, indicate that no changes in 

human p53 might be attributing to longevity in humans. Thus, long-lived organisms apparently have a 

different mechanism of protection against cancer and their lifespan is not limited by somatic cell 

senescence caused by active p53 protein, which is the case for other species with shorter lifespan as 

mentioned above. 
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Figure 16.  Proposed p53-centric theory of extreme longevity. Cell damage caused by ROS, telomere 

shortening, or oncogene activation activates p53 to enable repair, resolution (repair/apoptosis) supports tissue 

integrity, while sustained pausing promotes senescence and via senescence-associated secretory phenotype 

(SASP) leads to degeneration and premature aging 

 

 The maximal lifespan according to the AnAge database is attributed to Greenland shark with an 

estimated maximal life span of 300–500 years. Unfortunately, no transcriptomic nor genomic data for the 

Greenland shark (Somniosus microcephalus) are available. Compared to other sharks (with life 

expectancy of up to seventy years), its lifespan is extremely exceptional. It will be thus very interesting 

to know the sequence of their p53 protein.  

Several experimental data support our hypothesis about specific p53 variation association with 

longevity. For example it has been found that the reduced expression of the Caenorhabditis elegans p53 

ortholog cep-1 results in increased longevity (Arum & Johnson, 2007). It has also been demonstrated that 

neuronal expression of p53 dominant-negative proteins in adult Drosophila melanogaster extends lifespan 

(Bauer et al., 2005). The same principle is most probably present in humans, where, for example, p53 

variants predisposing to cancer are present in healthy centenarians (Bonafè et al., 1999) and a meta-

analyses showed that the codon 72 polymorphic variant of p53 with proline  (compared to arginine) 

provides an increased cancer risk, but increased survival (van Heemst et al., 2005). In a recent study by 

Zhao et al., polymorphism at position 72 (P72 compared to R72) was reported to have a positive effect 

on lifespan and to delay the development of aging-related phenotypes in mice, supporting a role of p53 

activity in longevity (Zhao et al., 2018).  Another example of a long-lived vertebrate is the elephant, 

which has 20 copies of the TP53 gene (Sulak et al., 2016). In this species, part of the DNA-binding region 
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is deleted in all but one of the TP53 gene copies, which may result in the formation of dysfunctional p53 

tetramers, thus, presumably, modulating p53 transcriptional activity in response to stress (Sulak et al., 

2016).  

Despite high complexity of the p53/63/73 protein family, modern methods of comparative 

genomics provide useful tools to explore protein variations in closely related species, and to correlate the 

extracted molecular information with lifespan. According to Sahin and DePinho, the increased activity of 

p53 in the presence of accumulated ROS is one of the main causes of aging (Sahin & DePinho, 2012). 

This observation is in congruence with our hypothesis that organisms with atypical p53 sequences leading 

to changed p53 activity are extremely long-lived. Even if several p53 differences have been found in 

various animal groups, some variations developed in convergent evolutions in different groups of species. 

For example, the presence of threonine and glutamic acid was observed in short-lived organisms of 

different groups and richness of serine residues was typical for long-lived organisms in several groups 

and serine residue at position 285 is significantly associated with prolonged lifespan across all analyzed 

species.  

This study reveals a previously overlooked correlation between longevity and a potential change 

in p53 function due to p53 amino acid variations across the animal kingdom. Strikingly, several long-

lived species, including Myotis brandtii, Myotis lucifugus, Balaena mysticetus, Heterocephalus glaber, 

Strigops habroptila and Proteus anguinus display unique p53 sequence properties not shared with their 

close relatives that have a shorter lifespan. Altogether, our evidence suggests convergent evolution of p53 

sequences supporting a higher insensitivity to p53-mediated senescence in long-lived vertebrates. Our 

observations that specific variations of p53 protein are correlated with lifespan provide important grounds 

for further exploration of p53 sequences in species displaying extreme longevity. Most importantly, our 

data from a wide variety of vertebrates implies a general mechanism at work in all vertebrates leading to 

extended lifespan, which might be translated to studies on extension of the health span in humans.  

 

Materials and methods 
 

Searches of maximal lifespan  

 

To access data of longevity and maximal lifespan, we used AnAge Database 

(https://genomics.senescence.info/species/, AnAge currently contains data on longevity of more than four 

thousand animals.) (De Magalhaes & Costa, 2009). We have downloaded the whole dataset and selected 

species presented in NCBI RefSeq database.  

 

Protein homology searches 
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For protein homology searches we have downloaded all available p53 sequences from RefSeq database 

(https://www.ncbi.nlm.nih.gov/refseq/) and merged them with AnAge Database. We received the p53 

sequence information of 118 species with information about their lifespan and sorted them according to 

their phylogenetic group (Supplementary Material 1). In animals with extreme longevity, where the p53 

homologs were not present in NCBI, local blast searches (tblastn) applied on de novo assembled 

transcriptomes were used together with the default “BLAST+ make database” command and searching 

parameters within UGENE standalone program (Okonechnikov et al., 2012). 

 

Transcriptome assemblies 

 

Transcriptomic data for bowhead whale was obtained from http://www.bowhead-whale.org/ (Keane et 

al., 2015). When there were only raw seq reads from the RNA-seq experiments available (deposited in 

the NCBI SRA), we performed the de novo assembly first, using Trinity tool (Grabherr et al., 2011) from 

the Galaxy webserver (https://usegalaxy.eu/)(Afgan et al., 2018) with default settings. This was done for 

Proteus anguinus (SRX2382497) and Sphenodon punctatus (SRX4014663), resulting assemblies are 

enclosed in Supplementary Material 6. 

 

 

p53 protein tree and real phylogenetic tree construction 

 

The protein tree was built using Phylogeny.fr platform (http://www.phylogeny.fr/alacarte.cgi) (Dereeper 

et al., 2008, 2010) and comprised the following steps. First, the sequences were aligned with MUSCLE 

(v3.8.31) (Edgar, 2004) configured for the highest accuracy (MUSCLE with default settings). After 

alignment, ambiguous regions (i.e. containing gaps and/or poorly aligned) were removed with Gblocks 

(v0.91b) (Castresana, 2000) using the following parameters: -minimum length of a block after gap 

cleaning: 10; -no gap positions were allowed in the final alignment; -all segments with contiguous non-

conserved positions longer than 8 were rejected; -minimum number of sequences for a flank position: 

85%. The phylogenetic tree was constructed using the maximum likelihood method implemented in the 

PhyML program (v3.1/3.0 aLRT) (Anisimova & Gascuel, 2006; Guindon & Gascuel, 2003). The JTT 

substitution model was selected assuming an estimated proportion of invariant sites (of 0.204) and 4 

gamma-distributed rate categories to account for rate heterogeneity across sites. The gamma shape 

parameter was estimated directly from the data (gamma=0.657). Reliability for the internal branch was 

assessed using the bootstrapping method (100 bootstrap replicates). Graphical representation and edition 

of the phylogenetic tree were performed with TreeDyn (v198.3) (Chevenet et al., 2006). Real phylogenetic 

tree was reconstructed using PhyloT (https://phylot.biobyte.de/) and visualized in iTOL 

(https://itol.embl.de/) (Letunic & Bork, 2019). 
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Prediction and statistical evaluation by PROVEAN 

 

The effect of the p53 variations in long-lived organisms was predicted and statistically evaluated by 

Protein Variation Effect Analyzer web-based tool (PROVEAN; http://provean.jcvi.org/index.php) (Choi 

et al., 2012; Choi & Chan, 2015). PROVEAN is a software tool which predicts whether an amino acid 

substitution or in/del has an impact on the biological function of a protein (Choi & Chan, 2015). All 

inspected p53 variations in selected animals were statistically evaluated and numbered according to the 

human canonical p53 sequence (NP_000537.3). 

 

Modelling of 3D Protein Structures 

We used SWISS-MODEL template-based approach (https://www.swissmodel.expasy.org/interactive) 

(Waterhouse et al., 2018) to predict 3D structures using individual FASTA sequences and reference 

PDB:4mzr as the crystal structure of p53 tetramer from Homo sapiens with bound DNA (Emamzadah et 

al., 2014). All resulting PDB files are enclosed in Supplementary Material 7. Predicted structures of p53 

homologs were visualized in UCSF Chimera 1.12 (Pettersen et al., 2004).  

 

 

Scanning for nuclear localization signals 

The NucPred webserver in Batch mode was utilized to identify nuclear localization signals, 

(https://nucpred.bioinfo.se/nucpred/). NucPred is an ensemble of 100 sequence-based predictors. If the 

fraction of predictors giving a "yes" answer (also known as the NucPred score) exceeds nuclear 

localisation signal threshold, then the protein is predicted to have a nuclear role (Brameier et al., 2007). 

Complete predicted NLS scores for each species are in Supplementary Material 5. 

 

Correlation of maximal lifespan and alterations within the p53 core domain in vertebrates 

Residue level genotype/phenotype correlations in p53 multiple sequence alignment were performed using 

SigniSite 2.1 (http://www.cbs.dtu.dk/services/SigniSite/) (Jessen et al., 2013) with  significance threshold 

p-value ≤ 0.05. Bonferroni single-step correction for multiple testing was applied for the global correlation 

of all sequences, no correction was applied for smaller groups of taxonomically related animals. The 

manually curated set of 118 high-quality p53 protein sequences obtained from the NCBI 

(https://www.ncbi.nlm.nih.gov/) was used as input file. These sequences were taken from the RefSeq 

database and only the canonical isoform 1 was filtered for each vertebrate species. The resulting set of 

these 118 p53 sequences was aligned within UGENE workflow (Okonechnikov et al., 2012), MUSCLE 

algorithm (Edgar, 2004) with default parameters. All sequences were then manually trimmed to preserve 

only the core domain, which corresponds to human 94 – 293 aa. Then the numerical values of maximal 
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lifespan of each organism were added into the resulting FASTA file, based on the information in the 

reference AnAge database (http://genomics.senescence.info/species/) (De Magalhaes & Costa, 2009) 

 

Convergent evolution 

Multiple sequence alignment of p53 core domains from 118 species was uploaded to the MISTIC 

webserver (http://mistic.leloir.org.ar/index.php), with PDB 2ocj (A) as the reference and using default 

parameters (Simonetti et al., 2013). 

 

Gene gain and losses 

 

TP53 gene gain or losses were inspected using Ensembl Comparative Genomics toolshed (Herrero et al., 

2016) via Ensembl web pages and TP53 gene query ENSG00000141510: 

https://www.ensembl.org/Homo_sapiens/Gene/SpeciesTree?db=core;g=ENSG00000141510;r=17:7661

779-7687550 
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Supplementary materials: 

 

Supplementary material 1: Table of all analyzed organisms, their maximal lifespan and reference p53 

sequences 

 

Supplementary material 2: 3D structures of p53 core domains. (Left) Crystal structure of human p53 

mutant tetramer (S121F and V122G) bound to DNA (PDB: 4mzr) (Emamzadah et al., 2014). (Middle) 

Modelled structure of long-living bat (Myotis brandtii) p53 tetramer according to 4mzr template. (Right) 

Modelled structure of short-living bat (Phyllostomus discolor) p53 tetramer according to 4mzr template. 

Automatic modeling was done using SWISS-MODEL workflow (Waterhouse et al., 2018). 
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Supplementary material 3: The list of organisms with the longest and shortest lifespan in particular 

phylogenetic groups. Total number of analyzed animals for each group is depicted in column “Count”. 

Maximal lifespans in years are in the brackets.  

 

Supplementary material 4: Multiple sequence alignment of analyzed p53 sequences 

 

Supplementary material 5: Nuclear localization signals prediction for all analyzed p53 sequences. 

 

Supplementary material 6: Transcriptome assemblies of Proteus anguinus (SRX2382497) and 

Sphenodon punctatus (SRX4014663) 

 

Supplementary material 7: Predicted structures of p53 homologs in PDB format 
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