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Abstract 

Endonuclease G (EndoG) is known to be involved in apoptotic degradation of nuclear DNA. It has also been 
proposed to carry out mRNA degradation in the cytoplasm of apoptotic cells. In the present work, predictive 
bioinformatics analysis and comparative homology modeling were used to reveal subfunctionalization of two EndoG 
isozymes (xtEndoG) in the Xenopus tropicalis western clawed frog. The analysis suggests that mitochondrial 
translocation of one of these proteins can be regulated by calcium-dependent phosphorylation in the region of its 
N-terminal signal sequence. Detailed comparison of modeled 3D structures of the two proteins reveals 
thermodynamic and structural differences that affect local protein stability. Our findings bring to light a novel 
mechanism that can possibly regulate mitochondrial translocation of EndoG and provide a rationale for the existence 
of two highly homologous xtEndoG proteins in Xenopus tropicalis. Here, we also discuss a probable involvement of 
the calcium-dependent mechanism of EndoG translocation in frog egg apoptosis. 
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Introduction 

Endonuclease G (EndoG) is a nuclear-encoded DNA/RNA nonspecific nuclease found in the mitochondria of 
eukaryotic cells. It is involved in the regulation of mitochondrial DNA (mtDNA) and has been associated with 
apoptosis (programmed cell death) and other cellular processes. The enzyme is released from mitochondria upon 
induction of apoptosis together with cytochrome c and other proapoptotic proteins (Parrish et al. (1), van Loo et al. (2)). 
After its release from mitochondria, EndoG is translocated into the nucleus, where it degrades chromosomal DNA 
(Parrish et al. (1), Li et al. (3)). In addition, it is suggested that EndoG may also cleave cytoplasmic mRNA (Del Prete 
et al. (4), Kalinowska et al. (5), Tokmakov et al. (6)). Crystal structures of several EndoG proteins from different species 
have been resolved and deposited in the Protein Data Bank (Loll et al. (7), Lin et al. (8), Park et al. (9)). They helped to 
clarify catalytic and regulatory mechanisms of the enzyme. The EndoG protein was found to possess an N-terminal 
mitochondrial targeting sequence or mitochondrial localization signal that directs the protein to mitochondria. The 
N-terminal mitochondrial targeting sequence is essential for proper localization and function of EndoG within this 
organelle (Schäfer et al. (10)). 

Multiple EndoG proteins have been identified in different species and different cell types. However, only limited 
information is currently available about the specific EndoG isoforms in the Western clawed frog Xenopus tropicalis. 
This animal represents a conventional experimental model for studies in developmental biology and reproduction. 
The complete genome of this species has been sequenced and annotated (Hellsten et al. (11)). 
In the present work, we investigated the presence of multiple isoforms of EndoG in Xenopus tropicalis and the extent 
to which these isoforms have undergone subfunctionalization, the process by which different isoforms of a gene or 
protein evolve distinct functions (Force et al. (12)). Considering predominantly mitochondrial localization of this 
protein, we have focused on probable regulation of EndoG translocation by phosphorylation. At present, the specific 
mechanisms governing mitochondrial translocation of EndoG have not been well-investigated, and the involvement 
of phosphorylation in its mitochondrial translocation has not been demonstrated. However, it is known that 
intracellular localization of multiple proteins can be regulated by phosphorylation (Schmidt et al. (13)). Particularly, 
phosphorylation of N-terminal mitochondrial targeting sequences can modulate their interaction with the cell 
membrane and/or import machinery, affecting the efficiency of protein import into mitochondria. 
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Our current study based on predictive bioinformatics analysis and comparative homology structural modeling 
reveals the existence of two EndoG isozymes in Xenopus tropicalis. Detailed comparison of their sequences and 
3D-structures provides a rationale for the existence of these highly homologous proteins and proposes a calcium- and 
phosphorylation-dependent mechanism of EndoG translocation, engaged, presumably, in frog egg apoptosis. 

 
Materials and methods 

 
Sequence retrieval and alignment 

Amino acid sequences of X. tropicalis endonuclease G (xtEndoG) were retrieved from the NCBI protein database 
(https://www.ncbi.nlm.nih.gov/). The annotated amino acid sequence of mouse EndoG (accession number NP_031957.1) 
was used as a query sequence to search a database of X. tropicalis proteins using the The Basic Local Alignment Search 
Tool, BLAST, (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Sequence alignments were performed using the pairwise Global 
Alignment BLAST tool and the CLUSTALW (Thompson et al. (14), http://www.ch.embnet.org/software/ClustalW.html).  
 
Prediction of secondary structure, signal peptides and phosphorylation sites 

Secondary structure predictions for the N-terminal regions of xtEndoG proteins were carried out using the GOR4 
tool (Kouza et al. (15), https://npsa-pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html). Signal 
sequences were identified with the SignalIP-4.1 tool that predicts the presence of signal peptides and location of 
cleavage sites (Nielsen (16), https://services.healthtech.dtu.dk/services/SignalP-4.1/). Phosphorylation sites were 
predicted using the sequence-based phosphorylation prediction server NetPhos-3.1 utilizing ensembles of neural 
networks (Blom et al. (17), https://services.healthtech.dtu.dk/services/NetPhos-3.1/).  
 
Homology modeling 

The three-dimensional structures of xtEndoG isozymes were built by homology modeling based on the crystal 
structure of a mammalian protein. The crystal structure of mouse EndoG at a resolution of 2.80 Å was used as a 
template structure to generate the 3D models of xtEndoGs (Park et al. (9)). The template protein was crystallized in a 
DNA-free form. The coordinate file of the template was retrieved from the Protein Data Bank (PDB: 6lyf2.A). 
Homology modeling was carried out using the protein structure homology modeling server SWISS-MODEL (Guex 
and Peitsch (18), Schwede et al. (19), http://swissmodel.expasy.org/). Visualization of the modeled xtEndoG structures 
was done with the commercial molecular graphics software Waals (Altif Laboratories, Tokyo, Japan) and 
DeepView/Swiss-Pdb Viewer (Guex and Peitsch (18), https://spdbv.unil.ch/). 
 
Other methods 

Energy computations were carried out with the GROMOS96 implementation of Swiss-Pdb Viewer. Superposition 
of the xtEndoG structures and calculation of superposition RMSDs was done using “Autofit” function of the Waals 
software. Discerning of ligand binding pockets in EndoG was conducted with the protein-ligand binding site 
prediction tool P2RANK (Jendele et al. (20), https://prankweb.cz/). 
 

Results and discussion 
 

The family of EndoG proteins in Xenopus tropicalis 
Several statistically significant BLAST hits were obtained using the published sequence of mouse Endo G protein 

as a bait. Out of them, the top two hits, NP_001017202.1 and KAE8584272.1, had the BLAST score above 200 and 
covered the full-length protein containing 293 amino acids. Starting from the third hit, exonuclease G and 
endonuclease domain-containing proteins of low sequence coverage and homology were pinpointed by BLAST. The 
distribution of the top BLAST hits on subject sequences is presented in Fig. 1. The identity of the top two hits as 
EndoG proteins was confirmed using the UniProt database (data not shown). Thus, we concluded that the complete 
family of EndoG proteins in Xenopus tropicalis consists of two members. Their sequences were aligned using 
ClustalW, and the alignment is presented in Fig. 2. The sequence differences included three amino acid substitutions 
in the N-terminal region and one substitution in the catalytic protein core. Potential implications of these differences 
for regulation and function of the two proteins were further investigated. 
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Fig 1. Graphic summary of the BLAST search for Xenopus tropicalis EndoG. Sequence coloring corresponds to 
different homology scores from high (red) to low (black). 
 

 

 
Fig 2. Sequence alignment of xtEndoGs. Non-identical amino acids are encircled. 

 
Secondary structure and signal peptide predictions for the N-terminal regions 

Amino acid sequences of the two xtEndoG isoforms differed in their N-terminal region. Secondary structure 
predictions performed with the use of the GOR4 prediction algorithm indicated the presence of alpha-helical 
structures in this region. Importantly, alpha-helical propensity of NP_001017202.1 was much higher than that of 
KAE8584272.1: alpha-helical conformation was predicted in 16 vs 6 residues of their respective N-terminals (Fig. 
3A,B). Apparently, the three N-terminal amino acid substitutions should be related to this structural difference. The 
next section of this paper identifies T25 as a key residue affecting formation of the helical structure and 
mitochondrial translocation of xtEndoG. As the N-terminal of EndoG is known to comprise the mitochondrial 
localization signal, next we determined the probability of a signal peptide sequence in this region using SignalP-4.0 
server. The isoform with a greater length of alpha-helical structure, NP_001017202.1, was predicted to contain the 
signal peptide and cleavage site between positions 20 and 21 with the high probability of 0.657. A much lower 
probability of the signal peptide and cleavage site (D=0.392) was predicted for KAE8584272.1 (Fig. 3C). These 
results suggest that the NP_001017202.1 protein is translocated and processed into the mitochondrial compartment, 
whereas KAE8584272.1 should be retained in the cytoplasm.  
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Fig 3. Prediction of secondary structure and signal peptides in xtEndoGs. Panels A and B show secondary structure 
predictions for the two xtEndoG proteins, where h denotes alpha-helix, e – beta-sheet, and c – random coil. 
Probability of a signal peptide is presented in panel C.  
 
Calcium-dependent translocation of KAE8584272.1 isoform 

Notably, the KAE8584272.1 isoform retained in the cytoplasmic compartment contains A25T substitution in its 
N-terminal (Fig. 2). It is well established that threonine is efficiently phosphorylated in different proteins by various 
protein kinases. Therefore, next we investigated whether T25 of KAE8584272.1 can be phosphorylated too. Several 
phosphorylation sites were predicted to reside within the N-terminal region of this protein, and among them T25 
displayed the highest potential for phosphorylation (Fig. 4A). The greatest probability of T25 phosphorylation 
(0.732) was predicted for PKC protein kinase (PKC) using the NetPhos-3.1 phosphorylation prediction server (Fig. 4B).         

 
Fig 4. Prediction of phosphorylation sites in the KAE8584272.1 protein. Phosphorylation sites were predicted using 
the internet-based NetPhos-3.1 tool. Panel A reveals the presence of phosphorylation sites in the N-terminal region 
of the protein, and panel B presents probability scores for T25 phosphorylation by different protein kinases. 
 

The value exceeded the prognostic threshold of 0.5, however, other protein kinases have also been identified that 
could phosphorylate this residue with a considerably lower probability. Among them, CaM-II (calcium/calmodulin- 
dependent kinase II) followed PKC by the probability score for T25 phosphorylation. Thus, the two top kinases that 
can phosphorylate T25 of the KAE8584272.1 protein with the highest probability, PKC and CaM-II, are 
calcium-dependent protein kinases. Remarkably, T25D mutant, which mimics T25-phosphorylated KAE8584272.1, 
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could phosphorylate this residue with a considerably lower probability. Among them, CaM-II (calcium/calmodulin- 
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was predicted to contain the signal peptide and cleavage site between positions 20 and 21 with the high probability 
of 0.663 (Fig. 3C) on par with NP_001017202.1. The results presented in this section suggest that KAE8584272.1 
protein can be efficiently translocated and processed into the mitochondrial compartment after calcium-dependent 
phosphorylation on T25. Probable involvement of calcium-dependent translocation in the apoptotic function of 
EndoG is further commented upon in the “Conclusions” section. 

 
Structural homology modeling of xtEndoG 

To estimate implications of L183V substitution in the catalytic core of xtEndoG (Fig. 2), homology modeling of 3D protein 
structures was carried out for the two isozymes using the SWISS MODEL server. The crystal structure of mouse EndoG (PDB 
entry, 6lyf), which covered 73.53% of X. tropicalis sequence, was used as a template for homology modeling. Notably, the 
N-terminal tail (first 44 amino acids) was truncated in the deposited crystal structure of the template protein, and the N-terminus 
of xtEndoG could not be modeled by this approach. The generated models of xtEndoG were validated using QMEAN, GMQE, 
and Ramachandran plots (Fig. 5). These methods verified folding integrities of the generated 3D models and confirmed their 
quality. The generated 3D structure of NP_001017202.1 is presented in Fig. 6A, and it has a good overall structural alignment 
with the modelled structure of KAE8584272.1 (see next section for details). The structure covers the entire catalytic core of the 
protein, lacking the long and largely unstructured N-terminal discussed in previous sections. Notably, a long amphipathic 
alpha-helix separates the site of L183V substitution from the DNA- and magnesium-binding catalytic center (Fig. 6). It appears, 
that the L183V substitution is located in the region of elevated spatial uncertainty, as judged from the representation of the 
SWISS MODEL stability factor, which reflects the atomic displacement parameter or B-factor (Fig. 6B). 

 

 
 

Fig 5. Validation of generated xtEndoG models using QMEAN analysis (A) and Ramachandran plot (B). 
 
Superimposition of xtEndoG structures 

Spatial superposition of the two protein molecules was performed using the AutoFit mode of the Waals molecular 
viewer. The modeled structures superimposed remarkably well, with an RMSD value of just 0.009Å over the whole 
218 residues of the molecular core (Fig. 7A, Table 1). In fact, only nine amino acids (179-184 and 189-191) located 
in the region of L183V substitution were displaced in the two proteins with the RMSD values ranging from 0.01 to 
0.07 Å (Table 1). The most affected amino acids with the highest RMSDs included hydrophobic residues Cys180 and 
Val190 located in the close vicinity of the substitution site (Table 1, Fig. 7B). 
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Fig 6. Modeled 3D structure of the NP_001017202.1 protein. Cartoon representation and stability factor coloring for 
the protein catalytic core are shown in panels A and B, respectively. 
 

 
 

Calculation of interaction energies in the region of L183V substitution revealed that Leu183 in NP_001017202.1 
has a lower total energy than Val183 in KAE8584272.1 (-54.373 vs -36.411 kJ/mol), mainly, due to the decrease in 
the non-Bonded energy component (Table 2). Moreover, Cys180 and Val190, as well as the whole region affected by 
the L183V substitution (residues 179-191), displayed lower interaction energies in NP_001017202.1 than in 
KAE8584272.1 (Table 2). Thus, it can be concluded that a longer aliphatic side chain of Leu183 promotes stronger 
hydrophobic interactions with the neighboring hydrophobic residues, such as Cys180 and Val190, than that of Val183 
(Fig. 7B). The stronger interactions reduce total interaction energy of this region, resulting in its increased stability 
and decreased flexibility. It is not apparent, however, how the decreased flexibility of this region can affect the 
remote catalytic site and enzymatic activity of xtEndoG. Moreover, the exceptionally low whole-length RMSD value 
(0.009A) points to the absence of a long-range impact of the core substitution on the positions of distant residues and, 
therefore, on the overall structure of the protein molecule (Table 1, Fig. 7A). Thus, it is highly unlikely that this 
substitution elicits any allosteric effects. 

 
The region of core substitution evades intermolecular interactions 

Regarding the improbable direct effect of the L183V substitution on the distant catalytic site of xtEndoG, we have 
sought other explanation for evolutionary conservation of this mutation and suggested that the substitution region 
might be involved in intermolecular interactions with small chemical ligands or large protein molecules.     
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Fig 7. Superposition of xtEndoG models. Superpositions of the complete modeled regions (A) and the region of 
L183V substitution (B) are shown. 
 
Bioinformatics prediction of ligand binding pockets using the P2RANK predictive tool revealed that the substitution 
site is located quite far from the closest identified ligand-binding pocket (Fig. 8A). Similarly, this site is not involved 
in the interaction of xtEndoG with a large inhibitor protein, as revealed by the resolved 3D structure of Drosophila 
EndoG complexed with the inhibitor domain of Ku 80 protein (Loll et al. (7), Fig. 8B). In fact, the side chain of 
homologous Leu201 in this structure faces the inner space of the EndoG molecule rather than the intermolecular 
niche. Thus, we conclude that it is unlikely that the L183V substitution site is involved in intermolecular interactions.  
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Fig. 8. Intermolecular interactions in the region of L183V substitution. Prediction of ligand binding pockets (A) and 
EndoG interaction with an inhibitor protein (B) are presented. 
 

Conclusions 
The complete EndoG family in Xenopus tropicalis consists of two highly homologous proteins. Their sequences 

differ by three amino acid substitutions in the N-terminal region and one substitution in the catalytic core. 
Bioinformatics analysis demonstrates that mitochondrial translocation of one of the isoforms can be regulated by 
calcium-dependent phosphorylation in the N-terminal mitochondrial targeting sequence. Considering that apoptosis 
is initiated in Xenopus eggs after the meiotic exit triggered by calcium signal (Tokmakov et al., (21) Iguchi et al. (22)), 
the revealed calcium-dependent and phosphorylation-mediated mechanism of EndoG translocation can be potentially 
involved in frog egg apoptosis. Enhanced translocation of EndoG into mitochondria at the initiation of the apoptotic 
process would allow accumulation of the processed and highly active form of the enzyme in the mitochondria before 
permeabilization of the mitochondrial outer membrane. This should increase the robustness of apoptosis when the 
enzyme is abundantly released from mitochondria. Furthermore, structural homology modeling reveals remarkably 
good superposition of the two modeled xtEndoG protein structures (RMSD=0.009Å) that display different local 
stability in the region of the core substitution L183V. However, it is unlikely that this substitution can affect the 
remote catalytic site and enzymatic activity of EndoG. In addition, it is improbable that the substitution region is 
involved in intermolecular interactions. Thus, the reason for evolutionary fixation of this mutation remains obscure 
and requires further investigation. 
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