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The origin of eukaryotic ubiquitin-conjugating enzymes (E2s) can be traced back to the Guillardia theta
nucleomorph about 2500 million years ago (Mya). E2s are largely vertically inherited over eukaryotic
evolution [Lespinet, O., Wolf, Y.I., Koonin, E.V., Aravind, L., 2002. The role of lineage-specific gene family
expansion in the evolution of eukaryotes. Genome Res. 1048–1059], while mammal E2s experienced
evolution of multigene families by gene duplications which have been accompanied by the increase in the
species complexity. Because of alternatively splicing, primate-specific expansions of E2s happened once
again at a transcriptional level. Both of them resulted in increasing genomic complexity and diversity of
primate E2 proteomic function. The evolutionary processes of human E2 gene structure during expansions
were accompanied by exon duplication and exonization of intronic sequences. Exonizations of Transposable
Elements (TEs) in UBE2D3, UBE2L3 and UBE2V1 genes from primates indicate that exaptation of TEs also
plays important roles in the structural innovation of primate-specific E2s and may create alternative splicing
isoforms at a transcriptional level. Estimates for the ratio of dN/dS suggest that a strong purifying selection
had acted upon protein-coding sequences of their orthologous UBE2D2, UBE2A, UBE2N, UBE2I and Rbx1
genes from animals, plants and fungi. The similar rates of synonymous substitutions are in accordance with
the neutral mutation–random drift hypothesis of molecular evolution. Systematic detection of the origin and
evolution of E2s, analyzing the evolution of E2 multigene families by gene duplications and the evolutionary
processes of E2s during expansions, and testing its evolutionary force using E2s from distant phylogenetic
lineages may advance our distinguishing of ancestral E2s from created E2s, and reveal previously unknown
relationships between E2s and metazoan complexity. Analysis of these conserved proteins provides strong
support for a close relationship between social amoeba and eukaryote, choanoflagellate and metazoan, and
for the central roles of social amoeba and choanoflagellate in the origin and evolution of eukaryote and
metazoan. Retracing the different stages of primate E2 exonization by monitoring genomic events over
63 Myr of primate evolution will advance our understanding of how TEs dynamically modified primate
transcriptome and proteome in the past, and continue to do so.

© 2009 Elsevier B.V. All rights reserved.
; E2s, ubiquitin-conjugating
ng enzymes; UPS, ubiquitin–
llion years; TEs, transposable
interspersed elements; SINE/

A, amino acids; SS, splice site;
; OWMs, Old World monkeys;

at the State Key Laboratory of
demy of Sciences, Datun Road,
7325; fax: +86 010 64807325.
te Key Laboratory of Genetic
, Chinese Academy of Sciences
871 5193137; fax: +86 871

, chendh@ioz.ac.cn (D. Chen).

ll rights reserved.
1. Introduction

The Ubiquitin–Proteasome System (UPS) is a major regulatory
system of normal cellular and physiological functions in eukaryotes
and metazoans and is responsible for the degradation of 80–90% bulk
proteins in the cell. Components of this system are essential to many
normal physiological processes such as spermatogenesis and male
fertility, immunity response and host defense; their dysregulation
have also been implicated in many diseases including X-linked
infantile spinal muscular atrophy, embryonic deaths, X-linked mental
retardation, Angelman syndrome and different forms of cancers (Sato
et al., 2004; Xu, 2005) (Table 1). The system has become a
pharmacological target, and the first drug target of the system
Bortezomib has been successfully used for the treatment of relapsed
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Table 1
General information of E1–E2, E2–E3 pairs and related outcome.

Genes Partners Outcome Reference

E1s UBA1 Ubiquitin and another
ubiquitin-like protein

X-linked infantile spinal muscular atrophy;
spermatogenesis and male fertility;
numerous cellular processes

(Ramser et al., 2008; Zhu et al., 2004)

UBA2 Nedd8 SUMO pathway (Lois and Lima 2005)
UBA3 APPBP1–UBA3–NEDD8 Activation of the E3 SCF (Bohnsack and Haas 2003; Souphron et al., 2008)
UBA6 Ubiquitin; FAT10 Embryonic lethality (Chiu et al., 2007)
UBA7 ISG15; UbcH8 PML/RARalpha degradation and apoptosis;

promyelocytic leukemia
(Durfee et al., 2008; Kim et al., 2004)

SAE Cul2/5-EloB/C-Roc1 SUMO pathway (Boggio et al., 2007; Bohnsack and Haas 2003)
E2s UBE2A SUMO P27 X-linked mental retardation Apoptosis (Nascimento et al., 2006; Pagano et al., 1995)

UBE2B β-catenin, RAD18 Breast cancer; male infertility (Shekhar et al., 2008; Suryavathi et al., 2008)
UBE2R2 SCFcomplex; VHL P27

D-type cyclins ICP0
Cell cycle (Gazdoiu et al., 2007; Hagglund and Roizman 2003)

UBE2D2 E6AP Angelman syndrome (Rolfe et al., 1995)
UBE2L3 RSP5; GP78; InsP3Rs ER-associated degradation (Jack et al., 2003)
UBE2E1 Parkin; Cbl; E6AP Parkinson's disease (Chen et al., 2006)
UBE2L6 ISG15 Immunity response (Hagglund and Roizman 2003; Nalepa et al., 2006;

Wheeler et al., 2002)Siah Neurodegenerative diseases
UBE2I RAP80; p14ARF; APC Cell cycle; cancer (Rizos et al., 2005; Yan et al., 2007)
UBE2C APC-complex Cell accumulation in mitosis; thyroid carcinomas (Pallante et al., 2005; Townsley et al., 1997)
UBE2D2 Esophageal adenocarcinoma
UBE2D3 P53; CONT4 Tumor cell growth (Saville et al., 2004)
UBE2M Nedd8 Activation of the E3 SCF complex (Semple 2003)
UBE2N Rnf8; Mms2 Foci formation (Shembade et al., 2007; Ashley et al., 2002;

Zhao et al., 2006)UBE2V1 Rads; Uev DSB repair
T-cell leukemia Activate NF-kB pathway

UBE2D1 SFT Hereditary hemochromatosis dissociation of Tβγ (Gehrke et al., 2003; Obin et al., 2002)
UBE2L3 Tβγ

DUBs USP9X E-cadherin; β-catenin Cell–cell adhesions; cell fate; (Al-Hakim et al., 2008; Li et al., 2002)
USP7 AF-6; p53-Hdm-HUASP Protein trafficking; tumor

NUAK1; MARK4 AMPK pathway
USP11 HPV-16E7; BRCA2; RanBPM;

Retinal disorders
Cervical cancer; DNA damage repair Nucleation
of microtubules

(Ideguchi et al., 2002; Lin et al., 2008;
Schoenfeld et al., 2004; Swanson et al., 1996)

USP26 Male reproduction (Stouffs et al., 2005)
OTUD5 TRAF3 Type I interferon; innate immune (Kayagaki et al., 2007)
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or refractorymultiple myeloma (Adams, 2004; Burger and Seth, 2004;
Richardson et al., 2005). Therefore, analysis on the components of this
system from the comparative and evolutionary genomic perspectives
will not only advance our further understanding of their functions, but
also potentially offer the necessary knowledge for the future medical
discovery.

Although evidence for the existence of the entire UPS in
prokaryotes is still lacking, several studies have discovered its
prokaryotic antecedents in bacteria (Catic et al., 2007; Iyer et al.,
2006; Burroughs et al., 2008a). Pup-conjugation of Mycobacterium
tuberculosis is analogous to ubiquitin modification in a eukaryote, in
which a pup is conjugated to the epsilon-amino groups of lysines in
target proteins for degradation (Iyer et al., 2008). The UPS may have
been ‘cobbled together’ from a variety of pre-existing parts and
pathways that had already undergone considerable diversification in
prokaryotes (Hochstrasser, 2009). Venancio et al. (2009) recon-
structed the first quantitative picture of how different subsystems
interact within the UPS, which for the first time offered us new
insights into the ubiquitin system as not merely in terms of
individual components but as a whole. As a key component in the
ubiquitin and ubiquitin-like protein ligation pathways and this
system, ubiquitin-conjugating enzymes (E2s) increase in abundance
with developmental complexity (Semple, 2003). In the genome of
Guillardia theta nucleomorph (as an endosymbiont, many genes
may have been lost due to its condition, and it is kept only while it
encodes something necessary for survival.), well-defined sequences
encoding E1s and E3s have yet to be found in the G. theta
nucleomorph, while three E2 protein-coding sequences can be
readily identified among its 632 reference protein-coding sequences
(Douglas et al., 2001). And the last eukaryotic common ancestor had
at least 6 E2s (Anantharaman et al., 2007). Human genome encodes
an estimated 60–70 E2s. The number of E2s increases with
developmental complexity of the organisms during evolution
(Jones et al., 2001) (Table S1). Indeed, eukaryotic evolution has
also been associated with an increase in the number and diversity
of E3s and DUBs (Semple, 2003). It is now generally believed that
genetic expansion and subsequent acquisition of novel molecular
functions are the fundamental processes to achieve biological
diversity (Yang et al., 2008).

Previously, phylogenetic analyses on E2 protein sequences in the
literature have been mainly performed on C. elegans and zebrafish
(Jones et al., 2001; Khut et al., 2007). Bioinformatic analyses on E2s
have also largely been based on the sequence and structural data,
and the electrostatic potentials (Winn et al., 2004). The data of
anatomy of the E2 ligase fold showed that E2s represent a rare
example in enzyme evolution of high structural diversity of the
active site and position of the catalytic residue despite all
characterized members catalyzing a similar reaction (Burroughs et
al., 2008b). Now, the availability of genomic sequences of different
species and the variety of analytical tools have greatly facilitated
comparative genomic analysis. To survey the origin and evolution of
E2s across eukaryotic organisms, in the present work, we performed
a large scale phylogenetic analysis on E2s using 143 protein
sequences from distant phylogenetic lineages including human,
fruit fly, choanoflagellate, social amoeba and G. theta nucleomorph.
We particularly focused on: 1) evolution of E2 multigene families
from mammal by gene duplications at DNA level and alternative
splicing at transcriptional level; 2) primate-specific expansions of
E2s at transcriptional level and evolutionary processes of primate E2
gene structure during expansions; and 3) selection pattern of
protein-coding sequences of orthologous UBE2D2, UBE2A, UBE2N,
UBE2I and Rbx1 from 18 species. To date, this study represents the
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most comprehensive survey of the origin and evolution of E2s
across eukaryotic organisms.

2. Materials and methods

2.1. Sequences

E2 protein sequences were retrieved from Genbank of National
Center for Biotechnology Information (NCBI), databases of Univer-
sity of California Santa Cruz (UCSC) (Kuhn et al., 2007) and
Ensemble (Flicek et al., 2008). The species we investigated included
human (Homo sapiens, Build 36.3), chimpanzee (Pan troglodytes,
Build 2.1), rhesus (Macaca mulatta, Build 1.1), mouse (Mus
musculus, Build 37.1), rat (Rattus norvegicus, RGSC v3.4), cow (Bos
Taurus, Btau_4.0), dog (Canis familiaris, Build 2.1), horse (Equus
caballus, EquCab2.0), chicken (Gallus gallus, Build 2.1), zebrafish
(Danio rerio, Zv7), nematode (Caenorhabditis elegans, WS190), fruit
fly (Drosophila melanogaster, Release 5.2), African malaria mosquito
(Anopheles gambiae, AgamP3.3), baker's yeast (Saccharomyces
cerevisiae, Build 2.1), social amoeba (Dictyostelium discoideum,
Build 2.1), choanoflagellate (Monosiga brevicollis, v1.0) (King et al.,
2008), rice (Oryza sativa, RAP Build 3), thale cress (Arabidopsis
thaliana, Build8.1), green alga (Chlamydomonas reinhardtii, Build
1.1), and a red algal nucleomorph (G. theta nucleomorph, Build 1.0).
In addition, WormBase, FlyBase, VectorBase, SGD, DictyBase, M.
brevicollis, v1.0 and Gramene Homepages were also searched by the
basic local alignment search tool (BLAST) (see reference database).
Sequences containing UBC protein motif (UBC in SMART, CD-search
in CDD, or Uq con in Pfam) were retained for further data analysis.

2.2. Phylogenetic analysis

E2s from human, fruit fly, choanoflagellate, social amoeba and
G. theta nucleomorph were retrieved by the following steps: i)
using the representative ubc4 (XP_001713335) protein sequence
from G. theta nucleomorph as query, a genome-wide search for
human E2s was performed; ii) using the default expect threshold
parameters, respective conserved UBC domains detected in UBE2D2
(NP_003330), UBE2Q2 (NP_775740), TSG101 (NP_006283) and
AKTIP (NP_071921) genes from human were further applied to
query the five separate genomic database for iterative E2 searches
by BLASTP, TBLASTN, and PSI-BLAST (Position-Specific Iterated
BLAST). Removing redundant and false positive sequences, one
hundred and forty three E2 protein sequences from human (50),
fruit fly (32), choanoflagellate (28) social amoeba (30) and G. theta
nucleomorph (3) were retained after five iterations. Conserved UBC
domains from these E2s were further analyzed by multi-sequence
alignment using MUSCLE (MUltiple Sequence Comparison by Log-
Expectation) (Robert, 2004) and manual adjustment. Phylogenetic
trees were constructed for analyzing evolution of E2 multigene
families by gene duplications using the program Molecular
Evolutionary Genetics Analysis (MEGA) package version 4.1
(Beta) (Kumar et al., 2008; Tamura et al., 2007), which is a
desktop application designed for comparative analysis of homologs
either from multigene families or from different species with a
special emphasis on inferring evolutionary relationships and
patterns of DNA and protein evolution. The evolutionary analysis
was inferred using Neighbor-Joining (NJ) method (Saitou and Nei,
1987). To assess the reliability of the phylogenetic tree, bootstrap
test (1000 replicates; random seed=34,000) were conducted. The
evolutionary distances were computed under the model of JTT
(Jones–Taylor–Thornton) matrix-based method (Jones et al., 1992)
and are in the units of the number of amino acid substitutions per
site. All sites containing alignment gaps and missing-information
were retained initially, excluding them as necessary using the
pairwise-deletion option. Substitution patterns among lineages
were allowed to vary among sites using gamma-distributed rates
(shape parameter=1).

2.3. Exonization of transposable elements

To identify the exonized TEs in E2s, we followed these steps: 1) we
acquired all human E2 exons and their corresponding genomic
sequences; 2) we detected and classified TEs in these E2 genomic
sequences with RepeatMasker server (primate TE database); 3) we
applied these TEs to construct a basic local primate TE database; 4)
using these E2 exons as queries, we identified the inserted and
partially exonized TEs in the basic local TE database by blastn; 5) using
human E2s containing exonized TEs as queries, we respectively
searched the databases of NCBI, Ensemble and UCSC for their
corresponding orthologs from chimpanzee, gorilla, orangutan, rhesus,
marmoset, tarsier and lemur; 6) to identify whether the splice sites of
orthologs from non-human primates exist, we aligned and compared
orthologs from non-human primates with protein-coding sequences
of corresponding human E2s containing exonized TEs, respectively; 7)
the identified splice sites were further confirmed by the ‘Analyzer
Splice Tool‘ (Dogan et al., 2007).

2.4. Analysis of the nucleotide sequences

61 highly similar protein-coding sequences within the UBE2D
subfamily were obtained from sixteen vertebrate species (human,
chimpanzee, rhesus, cow, dog, horse, mouse, rat, opossum, pig,
chicken, African clawed frog, tropic clawed frog, rainbow trout,
zebrafish), six insect species (fruit fly, African malaria mosquito,
honey bee, Aedes aegypti, red flour beetle, pea aphid), a nematode (C.
elegans), six plants (maize, rice, thale cress, green algae, moss) and
one fungus (rice blast fungus). Evolution analysis of these sequences
was implemented using the ratio of dN/dS as a measure by Maximum
Likelihood (PAML) package version 4.0 (Yang, 1997, 2007). Because of
the effect of rapid evolution of amino acid exchanges on individual
fitness, if the nonsynonymous substitution rate exceeded the
synonymous substitution rate, it is regarded as positive Darwinian
selection (ωN1). On the other hand, an excess of the synonymous
substitution rate (ωb1) indicates purifying selection of nonsynon-
ymous substitutions, owing to their detrimental effect on fitness.
Neutral evolution (ω=1) implicates that nonsynonymous substitu-
tions do not affect individual fitness. Two parallel Likelihood Ratio
Tests (LRTs), 1) the site-specific model or the presence of codon sites
with ωN1 (LRT I+II), and 2) the branch-specific model, or the
presence of lineage-specific branches withωN1 (LRT III), were carried
out by Codeml. Sites with ambiguous data were not removed from the
dataset (cleandata=0). The codon frequency was estimated from a
3×4 matrix. For each of the LRTs, twice the log likelihood difference
between the alternative and the null models was compared with
critical values from a χ2 distribution with degrees of freedom equal to
the difference in the number of free parameters (Table S2).

Transition (Ti)/Transversion (Tv) ratios (R) among nucleotides,
relative nucleotide and amino acid frequencies, the codon usage, the
number of synonymous (dS) and nonsynonymous (dN) substitutions
per site, and the Z-test (codon-based) for purifying selection were
analyzed by MEGA package version 4.1 (Beta) (Kumar et al., 2008;
Tamura et al., 2007). The program was run under the modified Nei–
Gojobori model (p-distance) (Nei and Gojobori, 1986) to determine
the difference of dN–dS, and the values were estimated by standard
errors (S.E.) using the bootstrap method (500 replicates;
seed=17,114). The rate variation among sites was modeled with a
gamma distribution (shape parameter=1). Codon positions were
analyzed by a combination of 1st+2nd+3rd+Noncoding, and all
positions containing alignment gaps and missing data were eliminat-
ed only in pairwise sequence comparisons (pairwise-deletion option).
The final dataset for analysis was comprised of protein-coding
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Fig. 1. Phylogenetic analysis of E2 species-specific expansions on the basis of the conserved UBC domains of 143 protein sequences from 5 species (human, fruit fly, choanoflagellate,
myxobacteria, nucleomorph). Species-specific duplications were indicated by a black dot. Only the bootstrap values more than 60 were shown at each node. E2s from UBE2V, AKTIP,
TSG101 and UEVLD four subfamilies have sequence similarity to other ubiquitin-conjugating enzymes but lack the conserved cysteine residue that is critical for the catalytic activity
of E2s. These subfamilies were indicated by a blue font for easier identification. NP_647959 (D. melanogaster) with the conserved cysteine in UBE2V subfamily were shadowed by
grey. Orthologs between Guillardia theta nucleomorph and social amoeba were indicated by blue branches (UBE2D and UBE2S Subfamilies) for easier identi fication.
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Table 2
Number of hits returned when human E2 exons were searched against databases in
BLAST and RepeatMasker.

Hits to
LINE

Hits to DNA
elements

Hits to SINE
(Alu, MIR)

1 hits 2 hits 3–10 hits 11–68 hits Total
exon

1 2 8 97 41 101 7 257
sequences of UBE2D2, UBE2A, UBE2N, UBE2I and Rbx1 orthologs from
18 species (see 2.1 Sequences).

3. Results and discussion

3.1. Evolution of E2 multigene families by gene duplications

Among three E2s in G. theta nucleomorph (Table S1), two
orthologs (XP_001713233 and XP_001713335) were defined in social
amoeba (XP_643940 and XP_635643) with Reciprocal Best Blast Hits
(RBBHs) (Altschul et al., 1990), and further confirmed by subsequent
analysis of lineage-specific expansions of E2s. Based on the timeline of
evolution and the number of social amoebal E2s (30), we estimated
that the average rate of E2 evolution was 1.5×10−2 per gene per
1million years (30/2/1000=1.5×10−2) in social amoeba during and
before the Proterozoic Era spanning the time between 2500–
570 million years ago (Mya). The rate was consistent with previous
report (Lynch and Conery, 2000), and was also comparable to that of
nucleotide substitution, which is 0.1–0.5 site per 100 million years
(Myr) in the vertebrate genomes (Zhang, 2003). Similar frequencies
of E2s between social amoeba (30) and choanoflagellate (28) may
indicate that a common ancestor of eukaryote and social amoeba had
finished their E2 expansion during evolution before their divergence
in the Proterozoic Era. The conclusion is supported by the fact that the
entire system has evolved and retained the high conservation among
their last universal common ancestor (data not shown). Similar
frequencies of E2s among social amoeba (30), choanoflagellate (28),
C. elegans (28), malaria mosquito (27) and fruit fly (32) offer direct
evidences for the notion that E2s are largely vertically inherited over
eukaryotic evolution (Lespinet et al., 2002).

Phylogenetic tree on the conserved UBC domains of 143 selected
E2s (Table S1), including those of human (mammal), fly (insect),
choanoflagellate (unicellular protozoan), social amoeba (protozoan)
and G. theta nucleomorph (cryptomonad), was established from
phylogenetic analysis by neighbor-joining (NJ) method for inferring
the intensity of E2 expansion and species evolution (Fig. 1). The
subfamilies were marked on the right based on tree topologies and
the subfamilies of human E2s. Phylogenetic analysis showed that two
orthologs previously detected by RBBHs between nucleomorph and
myxobacteria are respectively located in UBE2D and UBE2S Sub-
families. Both phylogenetic analysis and RBBHs showed that
XP_001713335 (G. theta nucleomorph) and human UBE2D4
(NP_057067) belong to orthologs, while respective orthologs of
human UBE2U (NP_689702) and UBE2S (NP_055316) identified in G.
theta nucleomorph (XP_001713395 and XP_001713233) by phyloge-
netic analysis could not be defined by RBBHs. E2s from UBE2V, AKTIP,
TSG101 and UEVLD four subfamilies belong to distinct subfamilies
within the E2 protein family. They have sequence similarity to other
ubiquitin-conjugating enzymes but lack the conserved cysteine
residue that is critical for the catalytic activity of E2s. Except for
UBE2T subfamily without corresponding orthologs in fruit fly, the
other subfamilies contain corresponding orthologs from human, fruit
fly, social amoeba and choanoflagellate. These observations all
support this notion that the highly complex ancestor had as many
paralogous families as the most complex of the extant genomes, and
that expansions of human E2s are mainly through the inheritance
from the common ancestor (Lespinet et al., 2002). Respective species-
specific duplication of E2s happened to these different subfamilies in
the four species. The typical example is the evolution of UBE2D
subfamily by gene duplications in human (mammal). UBE2D2 from
the subfamily is one of the precursors of ancestral orthologs found in
the five species. Successive duplications of the subfamily from G. theta
nucleomorph to human may be consistent with the ancient
origination of the subfamily, and possibly the presence of a set of
long-lived hyperactive ‘master’ genes within the subfamily that led to
rapid duplications with the increase of species complexity.
Genome-wide searches for E2s within the 20 species were
performed as above, and the results were shown in Table S1.
Comparisons of E2 gene numbers and E2 mRNA numbers within
intraspecies or between interspecies indicated that both gene
duplication and alternative splicing contributed to genomic complex-
ity and proteomic diversity of primate E2s. Alternative splicing can
generate more transcripts from a single gene than the number of
genes in an entire genome. With high percentages (human: 19/
50=38%; chimpanzee: 17/49=34.7%; rhesus: 14/50=28%) of
alternatively spliced transcript, primate E2s were highly expanded
once again at the transcriptional level. Previous studies (Su et al.,
2006) showed that duplicated genes have fewer alternative splicing
isoforms than single-copy genes, and that recent duplicates usually
lose alternative splicing isoforms, while the ancient duplicates could
evolve new alternative splicing isoforms during the evolutionary
process. We proposed that primate ancient E2s with alternative
splicing isoforms contributed to transcriptional expansions of primate
E2 subfamilies (for example, UBE2D, UBE2L and UBE2V subfamilies).
Further analysis showed that evolutionary processes of spliced
variants of UBE2D3 (NM_181893), UBE2L3 (NM_198157) and
UBE2V1 (NM_021988 and NM_022442) were involved in exoniza-
tions of TEs (see below).

3.2. The evolutionary processes of E2s during expansions

As the basic unit of genes, and footprints of origin, exons in genes
are highly suitable for studying origin and evolution of genes (Peng et
al., 2005). To further trace the origin of human E2 expansions, we
performed BLAST search using each exon of all investigated E2s
against human genome reference sequence; and also compared the
annotation of TEs available in RepeatMasker with those of exons as
Wang et al. (2005) have described in the reconstruction of origin and
evolution of new exons in rodents. One long interspersed element
(LINE), two DNA elements and eight Short Interspersed Elements
(SINEs) were identified to be involved in the exonization of human
E2s (Table S3). Although long terminal repeat (LTR) transposable
elements comprising nearly one-tenth of the human genome have
been implicated in the cis-regulatory evolution of a number of human
genes (Piriyapongsa et al., 2007), no LTR elements have yet been
traced to exonization in these E2s. Among a number of exons with no
homologous sequences in the databases, 97 (37%) obtained only one
hit, and 160 (58%) had several matches (Table 2). Parsimoniously,
those unmatched exons were mostly derived from unique intronic
sequences. With over 90% identity, exons among UBE2D1–4 genes
were likely derived from exon duplications (Fig. S1). Evidently,
evolutionary processes of these E2s during expansions were involved
in the exonization of TEs, the exonization of intronic sequence, and
the exon duplication. These observations offer direct evidences for the
Exon Theory of Genes and the evolution of exon (Brosius and Gould,
1992; Long et al., 2003; Wang et al., 2000).

3.3. Exonization of transposable elements in primate E2s

Huh et al. (2008) showed that cooperative exonization of MaLR
and AluJo elements contributed to an alternative promoter and novel
splice variants of human RNF19. The same TE present in different taxa
provides evidence of an integration event that took place in the
germline of a common ancestor. To obtain a more complete picture of
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Fig. 2. Exonized SINE/MIR in the UBE2D3 gene. (A) Structure of human UBE2D3 transcript variants 6 (NM_181890) and 9 (NM_181893). Protein-coding regions of exons are
illustrated by the thick gray boxes (marked with numbers). Untranslated regions were shown as light gray boxes. Introns are shown as black lines. Striped rectangle represents no-
coding sequence of SINE/MIR. White rectangle represents coding sequence of partially exonized SINE/MIR. A horizontal arrow indicates SINE/MIR orientation. (B) Phylogenetic
mapping of exonized SINE/MIR in the UBE2D3 gene. A black dot marks the time of insertion/fixation in different primate lineages based on comparative sequence analysis. The time
of main evolution events are marked by an arrow. (C) Sequence alignment of SINE/MIR (218–255) and exonized SINE/MIR in the primate UBE2D3. Abbreviations: Hs, human; pt,
chimpanzee; pp, orangutan; mm, rhesus; mar, marmoset. Based on comparison with the human sequence, the putative translation start site of a transcript variant detected in
exonized SINE/MIR among these species is shadowed by deep grey. Untranslation start sites are shadowed by light grey. Proximal T/A (exon−1) and A/G (intron+3) transitions at
respective positions 249 and 252 in the MIR consensus sequence are shown in bold face. (D) Example of repeat elements of conserved synteny of orthologous region flanking SINE/
MIR is inserted. ID%=Percentage of identity.
these TE exonization processes throughout evolution, we divided
human E2s with exonized TEs into two classes: i) human E2s
containing exonized TEs in 3′-untranslated regions (UTRs), including
UBE2B (NM_003337), UBE2G1 (NM_003342), UBE2G2 (NM_003343),
UBE2J1 (NM_016021) and UBE2U (NM_152489) (Table S3). Except
for the exonized Alu of UBE2G1 (NM_003342) in the antisense
orientation, the others are all located in the sense orientation. This
fact may be responsible for their lesser chance of exonization
mediated by alternative splicing (Sorek et al., 2002); ii) exonization
of TEs in a protein-coding region mediated by alternative splicing
including UBE2D3 (NM_181893) of Mammalian Short Interspersed
Repeat Element (SINE/MIR), UBE2L3 (NM_198157) of Long INter-
spersed Element (LINE/L2) and UBE2V1 (NM_021988 and
NM_022442) of SINE/MIR. Exonization of TEs has been primarily
studied by analysis of primate SINE/Alu (Krull et al., 2005; Singer et
al., 2004), but to date little evidence has been collected for SINE/MIR
and LINE/L2 (Zemojtel et al., 2007). In this study, we have assessed
their exonization in eight primates (human, chimpanzee, rhesus,
gorilla, orangutan, marmoset, tarsier and lemur), and retraced the
different stages of their separate exonization by monitoring genomic
events over 63 Myr of primate evolution and comparing orthologous
loci in these primates.

3.3.1. Exonization in the UBE2D3 gene
Human UBE2D3 gene is located on human chromosome 4q24 with

nine alternatively spliced transcripts encoding three protein isoforms
(147, 148 and 149 amino acids (AA) in length). Multiple spliced
transcript variants have been found for this gene but the properties of
the full-length sequences of some variants have not been determined.
UBE2D3 is a physiological E2 for Mdm2, which significantly
contributes to the maintenance of low levels of p53 and Mdm2 in
the physiology of normal cells without stresses (Saville et al., 2004).

Genomic sequence analysis showed that human UBE2D3 tran-
script variant 9 (NM_181893) (149AA) is an alternatively spliced
transcript created by exonization of SINE/MIR at the 5′-end (Fig. 2A).
Located proximal to the major transcript, the novel MIR-derived exon
is required to provide a functional ATG start codon and a 5′ splice site
(SS) linking it to the others via exon 2 as Singer et al. (2004) have
described. To trace back the generation of the first exon of this
transcript, we followed the process of the exonized TEs by
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Table 3
Summary of exonization in the UBE2D3, UBE2L3 and UBE2V1 genes.

Gene Events Time
(Mya)

Figure

UBE2D3 (SINE/MIR) i) C/T transition in potential
start site ii) Formation of 5′ SS

58–40 Fig. 2

i) ATG ii) ORF 25–14 Fig. 2
UBE2L3 (LINE/L2) i) L2 insertion ii) gg/ag

transition iii) T deletion
58–40 Fig. S2

UBE2V1 (SINE/MIR) i) Insertion of MIR ii) Insertion
of C-1 and C-2 iii) TAA/TGA
transition iv) AGG/ATG-1
transition v) GCA/ATG-2 transition

63 Fig. S3

i) Insertion of C-2 40–25 Fig. S3
comparative analysis of UBE2D3 genomic sequences from the eight
primates. The results showed that the MIR element was inserted in
New World monkeys (NWMs) and catarrhini but gorilla (without
UBE2D3 in the current gorGor1 version from Ensemble), while
exonization of MIR only took place in hominidae.

Therefore, a hypothetical multi-step process for the creation of
UBE2D3 transcript variant 9 (NM_181893) can be proposed as follows
(Figs. 2B–D, Table 3 and Table S3): 1) MIR integration in the upstream
of UBE2D3 in the common ancestor of anthropoids after the
divergence of tarsiers (58–40 Mya); 2) G/A and C/T transitions at
their respective positions 217 and 218 in the MIR consensus sequence
yielded the start codon ATG. The former took place in hominidae after
the divergence of Old World monkeys (OWMs) (rhesus) about
25 Mya, while the latter occurred before the divergence of NWMs
(marmosets) and OWMs (58–40 Mya); 3) before the divergence of
NWMs, OWMs and hominidae, T/A (exon −1) and A/G (intron +3)
transitions at their respective positions 249 and 252 in the MIR
consensus sequence may create an advantage situation for GT
alternative splice at 5′ SS (Koren et al., 2007), the positions of T/A
(exon −1) and A/G (intron +3) were numbered according to Sorek
et al. (2004); 4) the adjacent Adenine deletion; 5) two successive T/A
transitions in the exon region near the splice donor site GT in
hominidae (40–25 Mya) may be good for the alternative splicing
process by creating cis-acting regulatory elements or exonic splicing
silencers (Blencowe, 2000). The results revealed that MIR insertion
and a favorable splice site could be traced back to a common ancestor
of anthropoid primates. However, the formation of start codon by G/A
transition was not complete until the separation of OWMs and
hominidae along the lineage leading to hominidae. Therefore, the
isoform of UBE2D3 could not be generated until 25–14 Mya on the
hominidae lineage.

3.3.2. Exonization in the UBE2L3 gene
Human UBE2L3 gene is located on human chromosome 22q11.21

containing two alternatively spliced transcript variants encoding
distinct protein isoforms (154 and 121 AA in length) (Nuber et al.,
1996). UBE2L3 is a component of the endoplasmic reticulum-
associated degradation pathway and participates in the ubiquitination
of p53, c-Fos, and the NF-kB precursor p105 in vitro, and can be
inhibited by chelation of intracellular Zn2+ (Chen et al., 2006;
Ciechanover and Brundin, 2003; Jack et al., 2003). Genomic analysis
showed that human UBE2L3 transcript variant 2 (NM_198157)
(121AA) is an alternatively spliced transcript generated by exoniza-
tion of LINE/L2 element (Fig. S2A). The process of exonization was
described as follows (Figs. S2B–D, Table 3 and Table S3):

In human UBE2L3 transcript variant 2 (NM_198157), the LINE/L2-
derived exon is located distal (the fourth exon of protein-coding
sequence) to the major transcript. Thus, the exonization of originally
intronic LINE/L2 is required for the presence of 3′ SS and a stop codon.
Dinucleotide transitions at their respective positions 786 (gg/ag) and
788–789 (TG/AA) in the LINE/L2 consensus sequence created a strong
3′ SS. The deletion of a thymine at position 826 generated a frame-
shift mutation and the stop codon at position 842–844 in the LINE/L2
consensus sequence, therefore, the open reading frame (ORF) was not
fully read-through. From the viewpoint of phylogeny, orthologs of the
living primates represent different evolutionary stages along the way
to the human sequences. We reconstructed the evolution for the
fourth exon of UBE2L3 in the eight primates. Comparative sequence
analysis showed that LINE/L2 was inserted in orthologous loci of
human, chimpanzee, orangutan, rhesus and marmoset, but loss of
LINE/L2 in gorilla; all requirements for exonization existed immedi-
ately after integration in the anthropoid lineage during 58–40 Mya;
six nucleotides were deleted in LINE/L2 of marmoset. With oligo-
pyrimidine-rich tracts adjacent to 3′ SS, it may be an important
component as a potential 3′ SS, which induced exaptation of intronic
sequences as parts of alternative exon (Gilbert, 1978).

3.3.3. Exonization in the UBE2V1 gene
Human UBE2V1 gene is located on human chromosome 20q13.2

with four alternatively spliced transcript variants encoding 3 protein
isoforms (170, 103 and 147AA). Multiple alternatively spliced
transcripts encoding different isoforms have been described for this
gene (Syed et al., 2006). Because of lacking the conserved cysteine
residue that is critical for the catalytic activity of E2s, this gene belongs
to a distinct subfamily within the E2 family. The protein encoded by
this gene is located in the nucleus and can cause transcriptional
activation of the human Fos proto-oncogene (Petroski et al., 2007),
and it is also involved in the control of differentiation by altering cell
cycle behavior (Sancho et al., 1998).

Genomic sequence analysis showed that UBE2V1 transcript
variants 1 (NM_021988) (170AA) and 3 (NM_022442) (147AA) are
two alternatively spliced transcripts by exonization of SINE/MIR (Fig.
S3A). The first exon originated from exonized MIR provided an
alternative N-terminal protein-coding domain. Being proximal to the
major transcript, it provides the necessary functional ATG start codon
and a 5′ SS. Interestingly, exonized MIR delivered two distinct exons
by two ATG start codons but the same splice donor GT, and gave rise to
two novel UBE2V1 isoforms. To better understand this exonization
process, we explored its evolutionary events in these primates.
Sequence analysis showed the presence of the MIR element in
strepsirrhini, NWMs and catarrhini (without UBE2V1 in the current
gorGor1 and tarSyr1 version), while the process of the MIR
exonization in UBE2V1 was different among these primates.

Therefore, the process of the MIR exonization in the two UBE2V1
variants (NM_021988 and NM_022442) may be described as follows
(Figs. S3B–D, Table 3 and Table S3): i) MIR is first integrated in the
upstream of UBE2L3 in the common ancestor of primates about
63 Mya, then four transitions immediately occurred: insertions of C-1
and C-2 at the positions 106–105 and 79–78, respectively, in the MIR
consensus sequence; b) the formation of two start codons AGG/ATG-1
and GCA/ATG-2 at their respective positions 120–118 and 72–70 in
the MIR consensus sequence (63 Mya); c) the transitions of TAA/TGA.
ii) NWMs were separated from catarrhini, C-2/A transition occurred
in marmoset and C-2/G transition in lemur. iii) A thymine deletion at
the position 99 in the MIR consensus sequence in marmoset, resulting
in a premature termination of translation via the frame-shift mutation
from the ATG-1 start codon, therefore this transcript variant in
marmoset did not produce protein product. iv) On the one hand, as a
result of AGT-1/ATA translation, the first alternatively spliced
transcript variant of rhesus cannot be translated; on the other hand,
G/A transition at position −1 of the first exon made a strong 5′ SS
Ggtg to a weak 5′ SS Agtg (Sorek et al., 2004), and hence, we assumed
that rhesus has less chance of the two exonized events by alternative
splicing.

Using each exon of human UBE2D3 (NM_181893), UBE2L3
(NM_198157) and UBE2V1(NM_021988 and NM_022442) genes as
query, BLASTN search (Altschul et al., 1997) in reference genome
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Fig. 3. Purifying selection within E2s (UBE2D subfamily) phylogeny. The numbers above each branch indicate the branch length, and the numbers of nonsynonymous and
synonymous in the parentheses, a value of zero was omitted. Except for the branch of NM_127226 with ω (0.0595), the other ω values of branches are all equal to 0.0182.
sequence indicated the exon with partial exonized TEs had only one
hit, while the others had several hits with high homology. Analysis of
lineage-specific expansions also indicated they were involved in
multigene duplications. Both of them explain that the changes
required for creating the three genes at least include: i) exonization
of TEs; ii) exon duplication. Because protein-coding sequences and
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Table 4
Estimates of overall average variance and pattern of nucleotide substitution.

Gene name E2s UBE2D2 UBE2A UBE2N UBE2I Rbx1

dN–dS −0.5114 −0.4957 −0.4875 −0.4565 −0.4291 −0.4463
S. E. 0.0193 0.0183 0.0179 0.0202 0.0199 0.0241
R(Ti/Tv) 1.254 5.037 6.066 1.237 1.099 3.245

Notes. Standard Error (S. E.), Transition (Ti), Transversion (Tv).
Overall transition/transversion bias (R).
genomic mapping of non-human primate UBE2D3, UBE2L3 and
UBE2V1 orthologs are not available in public databases, they are
provided in Table S3. As to exonized Alu of E2s (UBE2B: NM_003337;
UBE2G1: NM_003342; UBE2G2: NM_003343 and UBE2J1:
NM_016021) in 3′ UTRs, their evolutionary states in these primates
were also followed (Fig. S4 and Table S3). Exonized SINEs of UBE2U
(NM_152489) in 3′ UTRs are different among these primates,
indicating that exonization may be an independent event after
separation of NWMs from OWMs. These researches suggested that
these elements dynamically modified primate transcriptome and
proteome in the past, but continue to do so. A comprehensive
knowledge will be good for understanding the horizontal and vertical
plasticity of exonization events in primates.

3.4. Estimate for dN–dS values

Because that i) most orthologous E2 protein sequences from
independent divergent species are quite conserved; ii) codons are
generally not randomly distributed; iii) genes usually display a low
evolution rate, we were interested in knowing whether there is any
functional constraint on the evolution of DNA sequences among
closely and distantly species over a long time.

3.4.1. Likelihood ratio tests
First, we used the maximum likelihood approach implemented by

PAML package version 4.0 with several site-specific and branch-
specific models to examine the selective pattern at individual sites
and different branches. According to LRT I and LRT II, the log likelihood
value of positive selection models M2a and beta&ωmodel M8 is equal
to or lower than the log likelihood value, inferred under assumption,
of nearly neutral model M1a and beta null model M7, respectively
(Table S2). Consequently, purifying selection can be assumed for all
the 61 E2 sites under study (UBE2D subfamily). Likewise, the free-
ratio model provided similar results without lineage-specificity
positive selection (LRT III in Table S2). The estimates of dN/dS (dN:
the rate of substitutions at non-silent sites; dS: the rate of
substitutions at silent sites) of the analyzed 119 branches are
characterized by ω (0.0182) values less than 1, and hence, purifying
selection (Fig. 3). To test this hypothesis, we applied Z-test, to
evaluate the overall average value of dN–dS (−0.5114), Standard
Error (0.0193) (Table 4), to confirm purifying selection.

3.4.2. Codon-based Z-tests
Protein-coding sequences of orthologous UBE2D2, UBE2A, UBE2N,

UBE2I and Rbx1 (E3) were sampled from 18 independent divergent
species (Materials and methods) to determine the extent of purifying
selection on protein-coding sequences of E2s among interspecies over
a long time period. Purifying selection was conducted directly in
sequence pairs and overall average by codon-based Z-test under the
model modified Nei–Gojobori (p-distance) using the bootstrap re-
sampling method, which resulted in values equal to zero, thus
rejecting the null hypothesis (dS=dN) and accepting the alternative
hypothesis (dNbdS) (Table S4). Using the same approach, we
calculated the variance of (dN−dS) and Standard Error on values of
overall sequences of the average number of synonymous (silent)
substitutions and the average number of nonsynonymous (non-
silent) substitutions (Table 4). The overall average variance of (dN
−dS) was less than zero, and Standard Error value was less than 0.05.
Synonymous substitutions were clearly predominant on protein-
coding sequences of UBE2D2, UBE2A, UBE2N and UBE2I (E2s) and
Rbx1 (E3), therefore indicating the occurrences of purifying selection.
With a mean ratio of R(Ti/Tv) of 5.037 (UBE2D2), 6.066 (UBE2A),
1.237 (UBE2N), 1.099 (UBE2I) and 3.245 (Rbx1), nucleotide substi-
tution patterns also revealed a predominance of transitions over
transversions (Table 4). The similar variance of (dN−dS) may
indicate that these involved genes underwent the similar selective
pressure, which is accordance with the neutral mutation–random
drift hypothesis of molecular evolution (Kimura, 1981).

4. Conclusions

Evidently, in the order of increasing genome size and general
biological complexity, E2s underwent a series of expansions, which
may be important genetic and developmental events in the
evolutionary transition of eukaryote from nucleomorph and social
amoeba, and metazoan from unicellular animal. Because of alterna-
tively splicing, primate-specific expansions of E2s happened once
again at transcriptional level, which may be also important genetic
and developmental events in the evolutionary transition of primate
from mammal. The same TE present in different taxa provides
evidence of an integration event that took place in the germline of a
common ancestor. Our work may offer a clue for understanding the
horizontal and vertical plasticity of exonization events and their fates
in the continuing remodeling of primate genomes, and advance our
understanding of how TEs dynamically modified primate transcrip-
tome and proteome.
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