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Abstract The origin of new structures and functions is an
important process in evolution. In the past decades, we have
obtained some preliminary knowledge of the origin and evo-
lution of new genes. However, as the basic unit of genes, the
origin and evolution of exons remain unclear. Because young
exons retain the footprints of origination, they can be good
materials for studying origin and evolution of new exons. In
this paper, we report two young exons in a zinc finger protein
gene of rodents. Since they are unique sequences in mouse
and rat genome and no homologous sequences were found in
the orthologous genes of human and pig, the young exons
might originate after the divergence of primates and rodents
through exonization of intronic sequences. Strong positive
selection was detected in the new exons between mouse and
rat, suggesting that these exons have undergone significant
functional divergence after the separation of the two species.
On the other hand, population genetics data of mouse dem-
onstrate that the new exons have been subject to functional
constraint, indicating an important function of the new exons
in mouse. Functional analyses suggest that these new exons
encode a nuclear localization signal peptide, which may me-
diate new ways of nuclear protein transport. To our knowl-
edge, this is the first example of the origin and evolution of
young exons.
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With rapid accumulation of genomic data, we have
known that there are great gene number variations among
organisms''. In the past decades, we have started to un-
derstand the molecular mechanisms of new gene origina-
tion and their evolutionary process'?. However, as the
basic unit of gene structure, exon’s origin and evolution
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remain largely unclear. It has been proposed that the fol-
lowing mechanisms are possibly involved in the creation
of new exons: exaptation of transposable elements™),
retroposition'*, exon duplication® and exonization of in-
tronic sequences!®. In 1994, Makalowski et al.l”) first re-
ported that the DAF gene of human contains an Alu se-
quence. Recently, Nekrutenko and Li®®! found that in hu-
man protein-coding genes, 4% of the exons are possibly
created by transposable elements. For exon duplication,
Letunic et al.”) estimated that 10% of genes include du-
plicated exons in human. Since the genomes of eukaryotes
have high proportional intronic sequence, it is conceivable
that exonization of intronic sequences could be an impor-
tant mechanism for creating new exons. In deed using
bacteria and yeast as outgroups, Kondrashov et al.* iden-
tified a number of exons in eukaryotes originating from
non-coding intronic sequences.

As we have demonstrated in the studies of origin of
new genes'”'%), in order to understand origin and evolution
of new exons in detail it is necessary to identify young
exons first. Here we shall report the first example of
young exons identified in the zinc finger protein 39 gene
(zfp39) in rodents. zfp39 belongs to KRAB-zfp gene fam-
ily that can be divided into four sub-families according to
different KRAB domains!'"'?), These genes code for tran-
scription repression factors that have important function in
gene regulation network!*!. We analyzed the origination,
evolution and function of these young exons in detail.

1 Materials and methods

1.1 Identification of new exons

To get the orthologous gene of KRAB-zfp in human,
mouse and rat, we performed the BLASTP search in the
Refseq datatbase (http://www.ncbi.nlm.nih.gov/RefSeq/)
by best reciprocal BLAST hit principle!"”. The best recip-
rocal BLAST hit principle is to blast the genomic se-
quence of specie Y using gene A in specie X as query se-
quence. If gene B in specie Y is the best match of gene X,
gene B is used to blast the genomic sequence of specie X.
If gene A is also identified as the best match of gene B,
then gene A and gene B are called the best reciprocal hits,
and they are considered to be orthologs. Comparing the
structures of the three orthologous genes, we found two
extra exons in the two rodent species. These two exons
have no homologous sequences either in the ESTs of pig,
suggesting that the two exons are newly evolved young
exons in rodents.

1.2 Population samples of mouse

Thirteen mice (Mus musculus) collected from Shannxi
(3), Henan (1), Shanxi (3), Hubei (3), Yunnan (3) prov-
inces of China were kindly provided by Prof. Zheng and
Dr. Jing of Kunming Institute of Zoology.
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1.3 PCR and sequencing

Genomic DNA was extracted from mouse liver with the
Gentra DNA isolation Kit (Gentra system Inc.). Primers
were designed for the second new exon of mouse from the
published sequences of zfp39 in mouse (GenBank acces-
sion number: NM_011758). Forward primer is 5'-GAAC-
GGAGTGCCAGCTCATC-3" and reverse primer is
5-TTTCCCCTAACATCGTAAAATCTC-3"  (Shanghai
Sangon). The following primers were used to amplify the
old fifth exon in this gene: forward primer is 5-ACG-
AAACCAGCCAGGACAAT-3' and reverse primer is
5'-GACATTCAGGTCCGACTTACAGTAG-3'. PCRs
were performed in 50 pL volume containing 5 puL 10x
Buffer, 1 uL 10 pmol/uL primer, 4 pL 2.5 nmol/uL. dNTP,
and 0.25 uL 100 U/uL r7ag DNA Polymerase. Amplifica-
tion was performed for 35 cycles (30 s at 94°C, 1 min at
56—58C, 1 min at 72°C). PCR products were purified
with Promega purification kit (Promega Corp.). All PCR
products were sequenced with the BigDye Terminator
Cycle Sequencing Ready Reaction kit (ABi Inc.) using
PCR primers.

1.4 Data analyses

Using the program Seqman 5.0 in DNAStar, we assem-
bled and manually checked the obtained sequences. With
MEGA 3.0!"°! we calculated nonsynonymous substitution
rate (Ka) and synonymous substitution rate (Ks) between
mouse and rat sequences using Modified Nei-Gojobori
method and performed Z test to test whether Ka/Ks ratio is

Table 1
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significantly apart from 1 (the neutrality). Ka/Ks signifi-
cantly being greater than 1 indicates that the exon is sub-
ject to strong positive selection; while Ka/Ks being less
than 1 suggests negative selection. Nucleotide diversity
(77) was estimated with DnaSP 3.99"°!. Tajima’s D Test!'”),
Fu and Li’s Test!"® were also performed with DnaSP
3.991" to test whether the sequences within population
have been evolving under neutrality. These two tests are
performed to detect whether a certain locus evolves under
nature selection using its population data. The general
principle is to estimate the population genetics parameter
6(0 = 4Neyu, Ne is the effective population size, and y is
the mutation rate of nucleotide per sequence per genera-
tion) using the segregation site numbers and the average
numbers of nucleotide difference between two sequences
randomly selected within population, respectively. If the
two estimators are equal, then the locus evolves neutrally;
if they differ from each other significantly, then the locus
evolves selectively!”.

2 Results and discussion

2.1 The structure and origin of new exons

The zfp39 and its orthologous genes are annotated as
zinc finger protein genes (Table 1). In the KRAB-zfp gene
family, KRAB and zinc finger protein domains are often
encoded by three exons!""). The zfp39 and its orthologous
genes are similar to this structure (Fig. 1). Comparing the
orthologous genes in human, we see that there are two
extra exons at the 5' terminal of the rodent zfp39. Exonl is

zfp39 and its orthologous genes in mouse, rat and human

Number of alternative

Species Gene feature Accession number Chromosome location Number of exons .
splicing forms
. Kruppel like zinc finger
Homo sapiens factor X17 XM_496648 3 3 1
Mus musculus Zinc Finger protein 39 NM_ 011758 11 3 2
. similar to Zinc Finger
Rattus norvegicus protein 11b (kox2) XM_220504 10 5 2
Intron1 2 3 4
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are shown with black boxes; blank boxes represent the UTR; hatched boxes indicate the new exons in rodents. Exons and introns are

marked by number index respectively.
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112 bp which only encodes the initiation amino acid, and
Exon2 is 165 bp which encodes a peptide of 55 amino
acids. Both the new exons have intact splicing sites. Since
they are unique sequences in the rodent genomes and no
homologous sequences were found in human and pig, we
speculate that the young exons must have originated after
the divergence of primates and rodents (80 Ma ago)*”! and
before the divergence of mouse and rat (16 Ma ago)?"
probably through exonization of intronic sequences. The
Repeatmasker  program  (http://repeatmasker.genome.
washington.edu/) was used to search the repeat sequences
in this gene. The repeat sequences amount to 34.69% and
48.76% in introns of mouse and rat zfp39 gene, respec-
tively. This high proportion of repeat sequences indicates
that the locus may be an insertion hot spot of repeat se-
quences. Therefore we cannot rule out the possibility that
transposable elements may be involved in forming these
new exons. Unfortunately we were unable to amplify the
orthologous exon in other rodents out of mouse and rat
because of too distant divergence. To reveal the detailed
origination process we need to clone zfp39 genes in other
primitive rodents in the future.

2.2 Subsequent evolution of new exons

Although many studies on new gene origination re-
vealed that positive selection is a common phenomenon
during evolution of new genes!"?, whether the origin of
new exons is also subject to positive selection remains
unclear. To shed light on the evolution of new exons in
zfp39, we calculated the Ka and Ks and performed Z test
on different exons between mouse and rat (Table 2).

Table 2 Ka, Ks and Ka/Ks values on exons between mouse and rat

Exon Coding length/bp Ka Ks Ka/Ks

Exonl 3 — — —

Exon2 165 0.180 0.068 2.647

Exon3 127 0.034 0.029 1.172

Exon4 93 0.090 0.154 0.584

Exon5 1765 0.099 0.230 0.430
a) p< 0.05.

Because Exonl only encodes initiation amino acid, we
calculated Ka/Ks values of the other four exons. For
Exon2, the Ka is significantly higher than the Ks at the
0.05 level, which suggests that this exon was subject to
positive selection and functional divergence between
mouse and rat. We further analyzed the population data of

Vus musculus

this new exon in mouse. First, we performed Tajima’s D,
Fu and Li’s test on this exon and its flanking intronic se-
quences. Because of geographic subdivision in mouse
population, we divided this population into north and
south populations (Table 3). The Tajima’s D, Fu and Li’s
test did not significantly deviate from neutral expectations,
indicating that mutations within species were selectively
neutral. We also calculated the average nonsynonymous
substitution rate and average synonymous substitution rate
on this exon. The Ka (0.006) was lower than the Ks
(0.010). But because there were only two polymorphism
sites on the new exon, it was difficult to get a meaningful
result. Then we compared the nucleotide diversities ()
between the new exon and introns. The 7 value in introns
(0.00735) was significantly higher than that in Exon2
(0.00179, p<0.001). x value (0.00373) in the partial se-
quences of Exon5 was significantly lower than that in the
introns (p<0.001) and significantly higher than that in
Exon2 (p<0.05). These results demonstrate that both
Exon2 and Exon5 are under strong negative selection. And
by comparing to the 7 value of Exon5, a stronger func-
tional constraint is detected in Exon2, implying that this
exon has an important function.

Table 3 Tajima’s D, Fu and Li’s test in mouse population

Tajima’s D FuandLi’s D  Fuand Li’s F
South population —0.9493 —0.6758 -0.9017
North population —-0.9081 0.1918 -0.2175

2.3 Function of new exons

The above results suggest that these new exons have
undergone functional constraint and functional divergence
after separation of mouse and rat. We want to know what
function of these new exons had, and what role they
played in the functional divergence of zfp39 between
mouse and rat. We analyzed the hypothetic peptides en-
coded by these two new exons. Interestingly by searching
the Prosite (http://www.expasy.org/prosite) and Pre-
dictNLS (http://cubic.bioc.columbia.edu/predictNLS/)
databases (Fig. 2)* we found the peptides contain nu-
clear localization signals (NLS). As we know, NLS plays a
key role in mediating the transportation of nuclear protein
into the nucleus'**, Two classes of NLS have been iden-
tified so far. The first class, named monopartite NLS, con-
sists of a short stretch of basic amino acids™. The second is
composed of two clusters of basic residues separated by

Rartus norvegicus
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Fig. 2. The NLS encoded by new exons in rodents.
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Table 4 The NLS in rodent ZFP39 and other similar NLS. Black font indicates basic amino acids of NLS,
and the number behind the NLS represent the location of NLS in the corresponding proteins

Name Structure feature

Name

Structure feature

ZFP39

RCLETRKRKRSYKKRPV 18
(Mus musculus)

ZFP39

(Rattus norvegicus) RRPETGKQKRSYKKKPV 18

hSlu7

(Homo sapicns)™ RKGACENCGAMTHKKK 133

HCDA

(Homo sapiens)™”! KRPACTLKPECVQQLLVCSQEAKK 27

Nucleoplasmin

(Xenopus laveis)™” KRPAATKKAGQAKKKK 171

ZFP39
(Mus musculus)

KRKRSYKKRPVTYSYWRRTQRNRARKHK 24

ZFP39
(Rattus norvegicus)

KQKRSYKKKPVTYSHWRWSQRNGARRHK 24

U2AF
(Mus musculus)

RRRRSQHLTRGAKEEQGGWIRSPCHEKKK 59

TP2A
(Mus musculus)

RKRKPSSSDSSDSDFERAISKGATSKKAK 1452

ATRX
(Mus musculus)

RKRKNSTSGSDFDTKKGKSTETSIISKKK 791

RB ZNP40

(Homo sapiens) ! KRSAEGSNPPKPLKKLR 77

(Homo sapiens)

KRKKIVAENHLKKIPKSPLRNPLQAKHK 48

spacer sequence of about 10 aa in length and is called bi-
partite NLS?"). Previous studies showed that all members
of KRAB-zfp family have NLS located in their ZFP do-
main®"), In the rodent zfp39 genes, there are two alterna-
tive splicing forms. One is lacking the new exons, as nu-
clear protein indicates that the protein should have NLS
within ZFP domain too. Both pieces of evidence remind us
that this new NLS encoded by these two new exons may
mediate in a new way the protein transport.

To understand functional divergence between the two
species, we also compared the NLS structure of mouse
and rat ZFP39. In mouse, the NLS includes basic residues
at 24—27 (KRKR), and 48—51 (RKHK) residues sepa-
rated by 20-aa spacer sequence, and in rat the NLS is
composed of basic residues at 18 —19 (RR) and 30—32
(KKK) residues separated by 9-aa spacer sequence. Ob-
viously they belong to different bipartite NLS forms (Ta-
ble 4).

Recently, numerous NLS proteins are described and
they are conservative in the basic amino acid motifs.
Many mutant NLS demonstrate that the basic amino acids
are important residues mediating the transport of nuclear
proteins into the nucleus®”. It has been found that the
different conformations of NLS can mediate three differ-
ent transporting patterns: (i) the efficiency of nuclear pro-
tein transporting can be regulated by different modifica-
tions of phosphate sites of NLS**!; (ii) the affinity differ-
ence of different NLS to their different receptors can in-
fluence the dosage of functional nuclear proteins; (iii)
NLS bind to specific receptors thus allowing proteins to
be selectively imported into nucleus®™. Because the
members of KRAB-ZFP can exhibit transcription repres-
sion effect at high dosages but activate transcription at low
dosages®™**, the divergence of these new exons between
mouse and rat might influence the functions of zfp39.
Both the study of Noce et al.’” and ESTs data of zfp39
show that this zfp39 expresses in spermatocytes, oocytes,
brain and other tissues. From the point of view of gene
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expression regulation network, the appearance of these
new exons might profoundly enhance the complexity of
gene expression regulation.

Although the concrete function of the new exons awaits
further investigation, our results suggest that these new
exons should play important roles in the evolution of
zfp39. We believe that by studying more young exons, we
could have a comprehensive and profound understanding
of the origin and evolution of exons.
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