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Abstract. Ubiquitylation of lysine residues in proteins serves 
a pivotal role in the efficient removal of misfolded or unused 
proteins and in the control of various regulatory pathways 
by monitoring protein activity that may lead to protein 
degradation. The loss of ubiquitylated lysines may affect 
the ubiquitin‑mediated regulatory network and result in the 
emergence of novel phenotypes. The present study analyzed 
mouse ubiquitylation data and orthologous proteins from 
62 mammals to identify 193 conserved ubiquitylation sites from 
169 proteins that were lost in the Euarchonta lineage leading 
to humans. A total of 8 proteins, including betaine homo-
cysteine S‑methyltransferase, clin and CBS domain divalent 
metal cation transport mediator 3, ribosome‑binding protein 
1 and solute carrier family 37 member 4, lost 1 conserved 
lysine residue, which was ubiquitylated in the mouse ortholog, 
following the human‑chimpanzee divergence. A total of 17 
of the lost ubiquitylated lysines are also known to be modi-
fied by acetylation and/or succinylation in mice. In 8 cases, a 
novel lysine evolved at positions flanking the lost conserved 
lysine residues, potentially as a method of compensation. We 
hypothesize that the loss of ubiquitylation sites during evolu-
tion may lead to the development of advantageous phenotypes, 
which are then fixed by selection. The ancestral ubiquitylation 
sites identified in the present study may be a useful resource 
for investigating the association between loss of ubiquitylation 
sites and the emergence of novel phenotypes during evolution 
towards modern humans.

Introduction

Ubiquitylation, in which the highly conserved 76‑residue poly-
peptide ubiquitin is covalently attached to a lysine residue of 
substrate proteins, mediates the targeted destruction of ubiq-
uitylated proteins by the ubiquitin‑proteasome system (1‑4). 
The ubiquitin‑mediated protein degradation pathway serves a 
crucial role in the efficient and specific removal of misfolded 
proteins and certain key regulatory proteins (5,6). Ubiquitin 
and other ubiquitin‑like proteins, including autophagy‑related 
protein 8, Ubiquitin‑like protein ISG15, NEDD8 conjugating 
enzyme UBE2F and SUMO‑conjugating enzyme UBC9, may 
all be targeted to the same lysine residue, and in this way 
they are involved in regulating a number of cellular processes 
including transcription, the cell cycle and signal transduction 
pathways (1,3,7,8). Modified lysine residues, covalently attached 
not only to ubiquitin but also to other ubiquitin‑like proteins, 
may be identified by high‑throughput techniques (9,10). In 
the present study, the term ‘ubiquitylation’ is used to refer to 
ubiquitin and other ubiquitin‑like protein modifications.

The lysine residues that are targeted for ubiquitylation may 
also be modified by acetylation, and so cross‑talk between 
ubiquitylation and acetylation may control the stability 
of target proteins (11). It is also known that the cross‑talk 
between ubiquitylation and phosphorylation may modulate 
various regulatory networks (12). For example, ubiquitylation 
may positively or negatively regulate various protein kinases, 
either with or without their subsequent degradation (12‑14).

A large number of genetic changes have accumulated 
during human evolution and are responsible for the acquisi-
tion of different human phenotypes  (15,16). These genetic 
modifications include the de novo generation of genes (17), 
emergence of novel transcript isoforms (18) and loss of gene 
function (19‑21). The gain of novel phosphorylation sites in 
proteins may result in the reorganization of the regulatory 
circuits (22,23). The gain of lysine residues that are subject to 
ubiquitylation during human evolution may alter the timing 
of protein degradation, subcellular localization and the 
activity of the target proteins (24). Similarly, the gain or loss 
of N‑glycosylation modification sites in conserved proteins 
may have an effect on protein folding and trafficking, and on 
adhesion and cell signaling (25,26).

In the present study, we hypothesized that the loss of conserved 
ubiquitylation sites in highly conserved proteins during evolution 
may modify the ubiquitin‑mediated regulatory network, which 
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potentially results in the acquisition of novel phenotypes. Mouse 
ubiquitylation data compiled in the Mammalian Ubiquitination 
Site Database (mUbiSiDa) (27) and multiple sequence align-
ments of orthologous proteins from 62 mammalian species were 
analyzed to identify the lost conserved ubiquitylation sites in the 
Euarchonta lineage leading to humans. The timepoint during 
evolution when the ancestral ubiquitylated lysine residues may 
have disappeared was then determined.

Materials and methods

Mouse ubiquitylation site data. The mouse ubiquitylation site 
data were obtained from the mUbiSiDa database (http://reprod.
njmu.edu.cn/mUbiSiDa) to create a non‑human ubiquitylation 
site dataset (27). The database file ‘data_2013_10_22.txt’ was 
parsed to extract the mouse ubiquitylation data entries; in 
total, there were 5,168 entries for mouse proteins (Fig. 1). Each 
entry contained one or more ubiquitylation sites from a protein 
isoform sequence, which made the dataset highly redundant. 
Unique ubiquitylation sites were obtained by comparing 
13‑amino acid (aa)‑long peptide sequences with the ubiquity-
lation site at the center. Consequently, 17,303 non‑redundant 
ubiquitylation sites were identified from 4,531 mouse proteins.

Mammalian orthologous proteins. Multiple sequence align-
ments of mammalian proteins, including from humans, 
were obtained from the University of California Santa Cruz 
Genome Browser Database (http://genome.ucsc.edu)  (28). 
The ‘CDS FASTA alignment from multiple alignment’ data 
of the human hg38 genome track were downloaded using the 
Table Browser tool. These alignment datasets were derived 
from the ‘multiz100way’ alignments (http://hgdownload.cse.
ucsc.edu/goldenPath/hg38/multiz100way) (29), and included 
62 mammalian species: Humans (Homo sapiens) and 12 
other Euarchonta [chimpanzees (Pan troglodytes), gorillas 
(Gorilla gorilla gorilla), orangutans (Pongo pygmaeus abelii), 
gibbons (Nomascus leucogenys), rhesus macaques (Macaca 
mulatta), crab‑eating macaques (Macaca fascicularis), 
baboons (Papio hamadryas), green monkeys (Chlorocebus 
sabaeus), marmosets (Callithrix jacchus), squirrel monkeys 
(Saimiri boliviensis), bush babies (Otolemur garnettii) and 
Chinese treeshrews (Tupaia chinensis)], 13 Glires [squirrels 
(Spermophilus tridecemlineatus), lesser Egyptian jerboas 
(Jaculus jaculus), prairie voles (Microtus ochrogaster), Chinese 
hamsters (Cricetulus griseus), golden hamsters (Mesocricetus 
auratus), mice (Mus musculus), rats (Rattus norvegicus), 
naked mole‑rats (Heterocephalus glaber), guinea pigs (Cavia 
porcellus), chinchillas (Chinchilla lanigera), brush‑tailed rats 
(Octodon degus), rabbits (Oryctolagus cuniculus) and pikas 
(Ochotona princeps)], 25 Laurasiatheria [pigs (Sus scrofa), 
alpacas (Vicugna pacos), Bactrian camels (Camelus ferus), 
dolphins (Tursiops truncatus), killer whales (Orcinus orca), 
Tibetan antelopes (Pantholops hodgsonii), cows (Bos taurus), 
sheep (Ovis aries), domestic goats (Capra hircus), horses 
(Equus caballus), white rhinoceroses (Ceratotherium simum), 
cats (Felis catus), dogs (Canis lupus familiaris), ferrets 
(Mustela putorius furo), pandas (Ailuropoda melanoleuca), 
Pacific walruses (Odobenus rosmarus divergens), Weddell 
seals (Leptonychotes weddellii), black flying‑foxes (Pteropus 
alecto), megabats (Pteropus vampyrus), David's myotis bats 

(Myotis davidii), microbats (Myotis lucifugus), big brown bats 
(Eptesicus fuscus), hedgehogs (Erinaceus europaeus), shrews 
(Sorex araneus) and star‑nosed moles (Condylura cristata)], 
6 Afrotheria [elephants (Loxodonta africana), cape elephant 
shrews (Elephantulus edwardii), manatees (Trichechus 
manatus latirostris), cape golden moles (Chrysochloris 
asiatica), tenrecs (Echinops telfairi) and aardvarks 
(Orycteropus afer afer)], 1 Xenarthra [armadillos (Dasypus 
novemcinctus)], 3 Marsupialia [opossums (Monodelphis 
domestica), Tasmanian devils (Sarcophilus harrisii) and 
wallabies (Macropus eugenii)], and 1 Monotremata [platy-
puses (Ornithorhynchus anatinus)]. Consequently, a total of 
40,424 sequence alignments were downloaded.

Identification of lost ubiquitylation sites and timing of loss. The 
13‑aa sequences of the 17,303 unique mouse ubiquitylation sites 
obtained from the mUbiSiDa database were mapped to the mouse 
sequences within the 40,424 mammalian protein sequence 
alignments; 15,354 sites were identified in 4,027 proteins. 
Each position that aligned with a mouse ubiquitylation site was 
examined using a series of custom scripts in Perl programming 
language (version 5.22.1) (https://www.perl.org/). Firstly, sites 
where the human protein contained a non‑lysine residue were 
collected, as it indicated that the modifiable lysine residue was 
lost in the lineage leading to humans. Following this, puta-
tive ancestral ubiquitylation sites where ≥70% of Glires and 
non‑Euarchontoglires species contained a lysine residue were 
obtained; this condition allowed independent losses in up to 
30% of Glires or non‑Euarchontoglires species. As a result, a 
total of 193 sites from 169 proteins were identified to be lost in 
the Euarchonta lineage leading to humans following its diver-
gence from the Glires lineage. The timing of the loss of the 
ubiquitylated lysine residue was determined by examining the 
multiple sequence alignment and the phylogenetic tree of the 
mammals included in the present study.

Examination of human single nucleotide polymorphisms. The 
dbSNP data (build 150) track available in the UCSC Genome 
Browser was examined to identify potential polymorphisms at 
the lost ubiquitylation sites of human proteins. Allele frequency 
information was obtained from dbSNP (https://www.ncbi.nlm.
nih.gov/snp) and Exome Aggregation Consortium (ExAC; 
http://exac.broadinstitute.org) databases.

Examination of multiple modification sites. Lysine resi-
dues may be mutually exclusively modified by multiple 
post‑translational modifications (PTMs), including ubiquity-
lation, ubiquitin‑like protein modification, acetylation, and 
succinylation. To examine whether the mouse ubiquitylation 
sites may be modified by other PTMs, UniProt database 
(https://www.uniprot.org) records of mouse proteins were 
analyzed. When a ubiquitylation site is associated with the 
term ‘MOD_RES’ in the feature table, it was considered that 
the site may be also modified by other PTMs.

Results and Discussion

Identification of ancestral ubiquitylation sites that are 
lost in the Euarchonta lineage leading to humans. It was 
identified that 193 ancestral ubiquitylation sites were lost in 
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169 human proteins since the Euarchonta lineage diverged 
from the Glires lineage. A total of 19 proteins lost >1 
putative ancestral ubiquitylation sites: The protein Titin, 
which is the largest known protein, lost 5 sites; 2 proteins 
[achaete‑scute homolog 1 and ribosome‑binding protein 1 
(RRBP1)] lost 3 sites each; 16 proteins [acetyl‑CoA 
acetyltransferase, mitochondrial, cytoplasmic aconitate 
hydratase, long‑chain‑fatty‑acid‑CoA ligase 5, cytosolic 
10‑formyltetrahydrofolate dehydrogenase, bifunctional 
purine biosynthesis protein PURH, complement compo-
nent 3, carbonic anhydrase 3, clustered mitochondria 
protein homolog, dimethylani l ine monooxygenase 
(N‑oxide‑forming) 1, nebulin, PDZ domain containing 1 
(PDZK1), short‑chain dehydrogenase/reductase family 
42E member 1 (SDR42E1), protein SEC13 homolog, solute 
carrier family 12 member 1, multidrug and toxin extrusion 
protein 1, and urocanate hydratase] lost 2 sites each; and the 
remaining 151 proteins lost 1 site each.

The number of conserved ubiquitylation sites that were 
lost in each branch is demonstrated in Fig. 2, and were as 
follows: Humans, 8; Hominini (humans and chimpanzees), 3; 
African great apes, 16; great apes, 6; apes, 15; catarrhines, 33; 
simians, 75; primates, 26; and Euarchonta, 11. Of the 193 
sites that were lost in the lineage leading to humans, 9 events 
occurred in human proteins following the human‑chimpanzee 
divergence.

A total of 2 human‑specific lost ubiquitylation sites are 
polymorphic in humans. Each of the 8 proteins [betaine 
homocysteine S‑methyltransferase (BHMT), cyclin and CBS 
domain divalent metal cation transport mediator 3 (CNNM3), 
epoxide hydrolase 2 (EPHX2), hydroxy‑δ‑5‑steroid dehydro-
genase, 3 β‑ and steroid δ‑isomerase 7 (HSD3B7), PDZK1, 
RRBP1, SDR42E1, and solute carrier family 37 member 4 
(SLC37A4)] that lost 1 conserved ubiquitylated lysine residue 
following the human‑chimpanzee divergence are summarized 
in Table I. Examination of the human variant data in dbSNP 
and ExAC databases indicated that the loss of the ubiquitylated 
lysine was fixed in 6 of these 8 proteins; the 6 proteins were 
BHMT, CNNM3, EPHX2, HSD3B7, SDR42E1, and SLC37A4.

For 2 of these proteins, PDZK1 and RRBP1, the amino 
acid position where the ubiquitylated lysine was lost indicated 
a polymorphism. In the case of PDZK1, the lost ubiquitylation 
site (amino acid position 171) was polymorphic (dbSNP acces-
sion number rs138296787): The ancestral allele (AAA codon 
for lysine) and the derived allele (AGA codon for arginine) were 
identified. The frequencies of the 2 alleles demonstrated that 
the human‑specific derived allele forms the majority (96.70%) 
and this allele is, therefore, almost fixed in modern humans. 
Notably, the derived G allele demonstrated slight differences 
in frequency distribution across the human populations, with 
the lowest frequency in Africans (92.63%) and the highest in 
South Asians (99.04%). It is not known whether the differ-
ence in frequency of the derived allele is associated with the 
adaptation of human populations to local environments.

Similarly, for the RRBP1 protein, position 936 also indi-
cated a polymorphism at the ubiquitylation site (rs2229887): 
The derived allele (AGA codon for arginine) is the major 
allele with a frequency of 99.70% compared to the ancestral 
allele (AAA codon for lysine) and is, therefore, almost fixed 
in modern humans. The frequency of the derived G allele was 
lowest in Africans (97.01%), while it was 99.81‑100.00% in 
other populations.

Therefore, human‑specific losses of ubiquitylation sites 
are fixed or almost fixed in modern humans. Presently, to the 
best of our knowledge, there are no studies describing the 
phenotypes associated with these polymorphisms in PDZK1 
or RRBP1.

Representative cases of human‑specific loss of a ubiquitylation 
site. Among the 8 cases in which a conserved ubiquitylated 
lysine was lost in humans following the human‑chimpanzee 
divergence, 4 representative cases are demonstrated in Fig. 3. 
These are BHMT, CNNM3, RRBP1 and SLC37A4.

The human BHMT protein (NCBI accession number 
NP_001704.2) lost a conserved lysine at aa position 98 (case 
no.  34) subsequent to the human‑chimpanzee divergence 
(Fig. 3A). Of the 62 mammalian species analyzed in the present 
study, the lysine residue that was demonstrated to be ubiqui-
tylated in mice was identified to be conserved in 60 species. 
A high level of sequence conservation of the lysine residue 
and surrounding region suggests that the ubiquitylation modi-
fication may be shared by other mammals. Humans exhibit a 
glutamic acid residue at this position. Wallabies (M. eugenii), 
members of the Marsupial family, have a glycine residue, 
implying that they lost the lysine independently. Notably, 
the same lysine residue was identified to be succinylated 

Figure 1. Schematic of the procedure used for the identification of the lost 
ancestral ubiquitylated lysines during human evolution. A bioinformatics 
procedure was designed and employed to identify the lost ancestral ubiquity-
lation sites in the Euarchonta lineage leading to humans. A total of 193 sites 
from 169 proteins were identified as being lost in the human lineage during 
evolution. Lys, lysine.
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in mice (30). Therefore, if the modification at this lysine is 
conserved among mammals, the human BHMT protein would 
have lost 2 types of modifications concomitantly. The BHMT 
protein is a betaine‑homocysteine S‑methyltransferase that 
converts homocysteine to methionine using betaine (trimeth-
ylglycine) and S‑methylmethionine (31,32). The enzyme has 
been demonstrated to be crucial for a wide range of biological 
processes, including inner cell mass development in embryo-
genesis (33) and normal brain development and function (34). 
At present, to the best of our knowledge, there have been no 
studies examining the molecular functions directly associ-
ated with this modifiable lysine in the mouse BHMT protein. 
However, due to the high level of sequence conservation of 
the lysine sequence in mammals and the 2 known alternative 
modifications in the mouse protein, it is highly likely that the 
loss of lysine in the human BHMT protein may be implicated 
in the acquisition of a novel phenotype in humans.

The human CNNM3 (NP_060093.3) protein specifically 
lost the lysine residue at aa position 491 (case no. 49), compared 
with its mouse counterpart, which possesses a lysine known 
to be a target for ubiquitylation (Fig. 3B). Instead, humans 
exhibit a threonine residue at this position, whereas the other 
60 mammalian species have a conserved lysine residue. Pikas 
(O. princeps) are the only other species without this lysine 
as shown in Fig. 3B. CNNM3 is a member of a family of 
membrane‑bound metal transporters that serve a critical role 

in magnesium homeostasis (35,36). CNNM3 interacts with 
members of the protein tyrosine phosphatases 4A family of 
proteins, also known as the phosphatase of regenerating liver 
family, namely PTP4A2 (PRL2) and PTP4A3 (PRL3), via its 
CBS domain (36,37). This interaction has been implicated 
in the promotion of tumor formation and invasiveness in 
animals (38,39). It would be valuable to investigate whether 
the loss of the conserved ubiquitylation site at aa position 491, 
which, according to the Pfam domain database, follows the 
CBS domain at 382‑446, affects the interaction between the 
CNNM3 and PTP4A proteins.

During evolution, the human RRBP1 (NP_001036041.1) 
lost 3 lysine residues that are ubiquitylated in mice: The loss at 
aa position 936 (case no. 143) is human‑specific, whereas those 
at the other 2 positions are shared with other primates (case 
nos. 141 and 142). With respect to aa position 936, humans 
have an arginine residue instead of a lysine (Fig. 3C). The 
lysine residue is conserved in all 56 mammalian species in 
which the RRBP1 protein sequence is present; the remaining 
5 species did not contain an RRBP1 sequence, potentially due 
to the incompleteness of their genomic sequences. RRBP1 is 
a membrane‑bound ribosome‑binding protein identified on the 
rough endoplasmic reticulum (ER) (40) and is implicated in 
the regulation of the unfolded protein response (UPR) (41,42). 
Overexpression of the RRBP1 protein has been demonstrated 
in numerous types of cancer and is correlated with the 

Figure 2. Timing of the loss of ubiquitylation sites in the lineage leading to humans. The number of lost ubiquitylation sites is indicated on the clade branches. 
Myr, million years; K‑Pg, Cretaceous‑Paleogene extinction event.
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progression and survival of these types of cancer (41,43‑45). 
A molecular functional study focusing on the loss of this 
ubiquitylation site in human RRBP1 may provide a means of 
identifying potential human‑specific traits associated with the 
UPR and tumorigenesis.

During evolution, following the human‑chimpanzee 
divergence, the human protein SLC37A4 (NP_001157751.1) 
lost a ubiquitylation site at aa position 132 (case no. 159; 
(Fig.  3D). At this position, humans have a glutamic acid, 
whereas 58 other mammals have a conserved lysine. Black 

Figure 3. Examples of human‑specific loss of ubiquitylation sites. The ancestral ubiquitylation sites and the surrounding regions of (A) BHMT, (B) CNNM3, 
(C) RRBP1 and (D) SLC37A4 are indicated. Lysine and non‑lysine residues are marked by a gray and black background, respectively. Note that certain 
sequences are missing due to incomplete sequencing or low‑quality sequence data. K, lysine; BHMT, betaine homocysteine S‑methyltransferase; CNNM3, 
metal transporter CNNM3; RRBP1, ribosome‑binding protein 1; SLC37A4, solute carrier family 37 member 4.
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flying foxes (P. alecto) and megabats (P. vampyrus) have also 
independently lost this lysine and have an arginine residue 
instead. SLC37A4 is the glucose 6‑phosphate transporter 
localized in the ER membrane, and is responsible for trans-
porting glucose‑6‑phosphate from the cytoplasm into the ER 
lumen (46). SLC37A4 serves a key role in the maintenance 
of blood glucose homeostasis, and its inactivation causes 
glycogen storage disease types Ib and Ic (47,48). It has also 
been identified as being a key regulator in the initiation step for 
autophagy (49). It would be valuable to explore if the loss of this 
conserved ubiquitylation site in the human SLC37A4 protein 
is involved with the emergence of a novel human‑specific trait 
associated with glucose homeostasis.

Certain lost ubiquitylated lysines are target sites for other 
PTMs. Lysine residues are target sites for other PTMs, 
including acetylation, methylation, succinylation and malonyl-
ation (50). Therefore, the loss of a lysine residue may affect 
regulation not only by ubiquitylation, but also by other modi-
fications. To determine whether the ubiquitylation sites lost in 
human proteins were potential targets for other modifications, 
the mouse sequences in the UniProt database were addition-
ally examined. This analysis revealed that 17 ubiquitylated 
lysines were identified to be also modified by acetylation or 
succinylation in mice (Table  II): 4 sites were modified by 
either acetylation or succinylation; 5 sites by acetylation alone; 
and 8 sites by succinylation alone.

Although it must be confirmed experimentally, it is 
highly likely that the same PTMs may occur in other species, 
as the lysine residues are highly conserved. Therefore, these 
lysines may be target sites for multiple alternative PTMs, 
which may be involved in refining the molecular functions 
of the target proteins so that they modulate a wide range of 
biological processes. Loss of these multiple modification sites 

may result in rewiring of the associated protein regulatory 
networks.

Of the 17 sites identified as being targets for multiple PTMs, 
2 sites were lost in the human protein [BHMT (case no. 34) and 
EPHX2 (case no. 68)] following the divergence of humans and 
chimpanzees. These are the human BMHT protein aa posi-
tion 98 (NP_001704.2, case no. 34) and the EPHX2 protein aa 
position 505 (NP_001970.2, case no. 68). The corresponding 
positions in the mouse proteins were demonstrated to be 
subject to succinylation (30). Molecular functional studies of 
these 2 cases may reveal instances of rearrangement of the 
protein regulatory networks during human evolution.

Certain lost ubiquitylation sites may be compensated for by 
novel sites. A previous study indicated that ubiquitylation sites 
may move from their original position to a nearby lysine that 
appears during the evolutionary process (51). This means that 
the existence of a ubiquitylation site within a segment, rather 
than the exact position, is important for the regulation of protein 
function. Therefore, a modification site may move around 
over time, within a small window of the peptide sequence. 
This phenomenon has been commonly identified to occur for 
sites modified by phosphorylation (52). A previous study on 
the gain of novel ubiquitylation sites during human evolution 
have indicated that certain conserved lysines disappeared and 
novel ubiquitylated sites appeared along the human lineage, 
suggesting that the ubiquitylation site may have shifted during 
human evolution (24).

To assess if a potential turnover event occurred along 
with the loss of a ubiquitylation site, a 13‑aa window with the 
lost site at the center was used in the present study. When a 
novel lysine residue appeared at a nearby flanking site, it was 
considered a turnover event. There were 8 such cases, in which 
a novel lysine was identified in the human protein at a site up 

Table II. Other modifications at the mouse ubiquitylated lysine residues that were lost during human evolution.

Case			   Human		  Mouse	 Mouse
no.	 Gene	 Human RefSeq	 position	 Clade	 UniProt	 position	 Modification

7	 ACADM	 NP_001120800.1	 83	 Simians	 P45952	 79	 Acetylation
8	 ACAT1	 NP_000010.1	 245	 Catarrhines	 Q8QZT1	 242	 Acetylation, Succinylation
12	 ACO2	 NP_001089.1	 517	 Catarrhines	 Q99KI0	 517	 Acetylation, Succinylation
23	 ALDH2	 NP_000681.2	 441	 Simians	 P47738	 443	 Acetylation
31	 ATP5J	 NP_001003696.1	 84	 Great apes	 P97450	 84	 Acetylation, Succinylation
33	 BAAT	 NP_001692.1	 40	 Catarrhines	 Q91X34	 40	 Succinylation
34	 BHMT	 NP_001704.2	 98	 Humans	 O35490	 98	 Succinylation
40	 CAT	 NP_001743.1	 13	 African great apes	 P24270	 13	 Succinylation
51	 CPS1	 NP_001866.2	 603	 Primates	 Q8C196	 603	 Acetylation, Succinylation
53	 CYB5R3	 NP_001123291.1	 27	 Simians	 Q9DCN2	 50	 Acetylation
63	 EHHADH	 NP_001957.2	 331	 Euarchonta	 Q9DBM2	 329	 Succinylation
65	 ENO3	 NP_443739.3	 71	 African great apes	 P21550	 71	 Acetylation
68	 EPHX2	 NP_001970.2	 505	 Humans	 P34914	 504	 Succinylation
77	 GLYCTK	 NP_660305.2	 200	 Catarrhines	 Q8QZY2	 200	 Acetylation
82	 GOT1	 NP_002070.1	 318	 Catarrhines	 P05201	 318	 Succinylation
86	 HADHA	 NP_000173.2	 620	 Simians	 Q8BMS1	 620	 Succinylation
147	 SCP2	 NP_002970.2	 40	 Simians	 P32020	 40	 Succinylation
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to 6 residues away from the lost site: These were case nos. 83, 
85, 98, 100, 119, 138, 147 and 162.

In 3 cases (nos. 83, 100 and 119), the gain of the novel 
lysine coincided with the loss of the ancestral lysine, mark-
edly implying a turnover of the ubiquitylation site. The 
G‑protein coupled receptor 39 protein lost an ancestral 
lysine at the position corresponding to the human protein aa 
position 253 (NP_001499.1) in catarrhines, but a novel lysine 
appeared at the next position (+1 position) in the same clade 
(case no. 83). At aa position 146 (NP_005359.1) in the human 
MB protein, a lysine disappeared in apes, but a novel lysine 
appeared at the ‑5 position concomitantly (case no. 100). The 
human nitric oxide synthase, brain protein lacked a lysine at 
aa position 221 (NP_001191147.1) that was lost in simians, 
but a novel lysine was present at the +3 position in all simians 
(case no. 119). The coincidence of the loss and gain of lysines 
in these cases suggests that the novel lysine may compensate 
for the lost one.

In two cases (nos. 138 and 162), the gain of a novel lysine 
residue preceded the loss of the ancestral lysine. The ape 
regulator of microtubule dynamics protein 2 proteins lacked 
an ancestral lysine at the position corresponding to aa posi-
tion 41 in the human protein (NP_001164263.1), but a novel 
lysine at the ‑3 position appeared in the ancestral catarrhine, 
which preceded this loss (case no. 138). At aa position 495 
in the human sodium/glucose cotransporter 1 protein 
(NP_001243243.1), the ancestral lysine was lost in catarrhines, 
but a new lysine at +4 position was present in all simians (case 
no. 162). Therefore, it is possible that these proteins gained 
a novel ubiquitylation site that replaced the function of the 
ancestral site and was subsequently lost.

In the remaining 3 cases (nos.  85, 98, and  147), the 
emergence of the novel lysine appeared to occur much later, 
following the loss of the ancestral lysine. For example, the 
primate 3‑hydroxyanthranilate 3,4‑dioxygenase protein 
lacked an ancestral lysine at the position corresponding 
to aa position 8 in the human protein (NP_036337.2), but 
humans exhibited a novel lysine residue at the +4 position 
(case no. 85). Concurrently, in the catarrhine ancestor, the 
plastin‑2 protein lost a lysine at the position corresponding 
to aa position 530 in the human protein (NP_002289.2), but 
humans gained a novel lysine at the +3 position (case no. 98). 
As these 2 sites in these human proteins were not shared with 
other primates, these events cannot be considered as a timely 
turnover event. However, it is possible that humans restored 
a ubiquitylation site in the corresponding segments of these 
proteins. In the case of the non‑specific lipid‑transfer protein, 
the ancestral lysine at the position corresponding to aa posi-
tion 40 in the human protein (NP_002970.2) was absent in 
simians, but a novel lysine was present in apes at the +4 posi-
tion (case no. 147).

Loss of ubiquitylation sites may lead to the development of 
novel phenotypes. The gain or loss of PTM sites in proteins 
may lead to changes in the activity of a protein and may 
contribute to the development to a novel phenotype (53,54). 
In this regard, certain novel ubiquitylation sites that have 
evolved during human evolution have been suggested to be 
associated with the development of novel beneficial traits (24). 
For example, a novel ubiquitylation site in the human general 

transcription and DNA repair factor IIH helicase subunit XPD 
protein is associated with enhanced DNA repair activity in 
humans, which may have developed to provide extra protec-
tion for skin cells from ultraviolet light‑induced DNA damages 
when ancestral humans lost their body hair and started to live 
in open plains (55).

Ubiquitylation serves crucial roles in numerous biological 
processes, including innate and adaptive immune responses, 
by regulating pattern‑recognition receptor signaling and acti-
vating dendritic cells (56‑58). Mutations of ubiquitin ligases 
and disruption of ubiquitylation modifications of proteins have 
frequently been observed in immune disorders, cancer, and 
neurodegenerative diseases including Parkinson's disease and 
Huntington's disease (7,59‑62). There are numerous previous 
studies indicating that natural or experimental mutations of 
lysines within PTMs may disrupt normal protein function, 
which results in disease phenotypes (63‑67). However, the 
present study demonstrated that the 8 ubiquitylation sites that 
were lost during human evolution were completely or almost 
fixed in modern humans, and the remaining 185 cases were 
shared in humans and other primates, implying that these 
losses do not confer a disease phenotype in extant primates. 
The loss of a ubiquitylation site may be compensated for by 
other genetic changes or be selected for when it increases the 
fitness of the species.

Therefore, the loss of a ubiquitylation site during organ-
ismal evolution may lead to the emergence of an advantageous 
phenotype and may be fixed by selection. Molecular func-
tional studies of the conserved mammalian ubiquitylation sites 
that are lost in human proteins may reveal potential beneficial 
phenotypes associated with the loss. The ancestral ubiquity-
lation sites identified in the present study may serve as a good 
resource for investigating the association between the loss of 
ubiquitylation sites and the emergence of novel phenotypes 
during the evolution towards modern humans.
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