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Abstract. The polyubiquitin gene, encoding tandemly quency of concerted evolution in the mouse gene was
repeated multiple ubiquitins, constitutes a uniquitin geneunexpectedly low compared to that of other rodent genes.
subfamily. It has been demonstrated that polyubiquitin

genes are subject to concerted evolution; namely, th&ey words: Polyubiquitin gene — Orthologue —
individual ubiquitin coding units contained within a Synonymous substitution — Synonymous sequence dif-
polyubiquitin gene are more similar to one another tharference — Concerted evolution — Phylogenetic tree
they are to the ubiquitin coding units in the orthologous
gene from other species. However there has been no
comprehensive study on the concerted evolution of

Co ) . . Introduction
polyubiquitin genes in a wide range of species, because

the refationships (orthologous or paralogous) amongl’here are abundant repetitive DNA sequences in a eu-

multiple polyubiquitin genes from different species have ) i X
not been extensively analyzed vet. In this report, wekaryotic genome, either dispersed throughout the ge-

present the results of analyzing the nucleotide sequendd®me Or clustered in a chromosomal region. When units
of polyubiquitin genes of mammals, available in the of a repetitive family are compared, greater sequence

DDBJ/EMBL/GenBank nucleotide sequence databasesimilarity is often observed within a species than be-
in which we found that there are two groups of polyu- tween species, qnd the_mple_cular_pr_ocess Iea_dmg to this
biquitin genes in an orthologous relationship. Based orPccurrence of higher similarity within a species in re-

this result, we analyzed the concerted evolution of theP€litive sequences is called concerted evolution. It may
polyubiquitin gene in various species and compared th&e that concerted evolution acts to slow genetic and func-

frequency of concerted evolutionary events interspecifi-ional diversity of duplicated genes, especially it can be

cally by taking into consideration that the rate of syn- viewed as a form of quality control in the production of
onymous substitution at the polyubiquitin gene locusCompPonents for macromolecular machines, such as
may vary depending on species. We found that the contRNAS (Liao 1999). _

certed evolutionary events in polyubiquitin genes have YPiquitin is a highly conserved small protein of 76

been more frequent in rats and Chinese hamsters tha#{Mino acids functioning in a wide range of cellular pro-
those in humans, cows, and sheep. The guinea pig p0|ylf_esses by degrading physiologically important regulatory

biquitin gene was an intermediate example. The freproteins (Laney and Hochstrasser 1999). In all eukary-
otes examined so far, ubiquitin is encoded by a multiple

gene family. The polyubiquitin gene, encoding tandemly
repeated multiple ubiquitins, constitutes a ubiquitin gene
Correspondence toM. Nenoi subfamily. It has been demonstrated that polyubiquitin
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genes are subject to concerted evolution (Sharp and Lthologous relationships using neighbor-joining (Saitou and Nei 1987).
1987; Tan et al. 1993; Keeling and Doolittle 1995; VranaFor the eVO'“‘éotr}:aW dis‘ancle bitl’rvfe” a pair of two po'yugaf“iti”

. . . . . genes, we use € mean value of the synonymous sequence ditfference
a_nd Whe(_elei_’ _1996’ _NenOI_et al. 19_98)’ na_m_ely’ the Indl-calculated for every pair of ubiquitin coding units of the respective
V'_du'_a! ubiquitin coding units contained within a polyu- genes. we followed the calculation scheme of Nei (1987).
biquitin gene are more similar to one another than they
are to the ubiquitin coding units in the orthologous gene
from other species. An unequal crossing over is thoughResults and Discussion
to be one of major mechanisms for the concerted evolu-
tion of polyubiquitin genes. In fact, we observed a vari- o o
ability in the number of ubiquitin coding units (Nenoi et Classification of Polyubiquitin Genes
al. 1996, 1998). . .

By analyzing two orthologous polyubiquitin genes In the case of analyzing the concerted evolution of a gene
UbC from humans an@€HUB2 from Chinese hamsters " family, it is critical to distinguish the orthologous genes
it was demonstrated that the concerted evolutionar;’rom the paralogous genes. In humans, there are two

events have been much more frequent in Chinese ha _g:g/ijgiqgitli(n gendeT?;Ubl?j (iggt;hr\(/)\/mgzon:e lligéé'l_ d
sters than in humans, based on the observation that t (Baker and Boar » VWebb €t al. ) an

sequence homology within th€HUB2 gene is much bC on chromosome 12q24.3 (Wiborg et al. 1985;

higher than that within th&JbC gene (Nenoi et al. 1998). Board et al. 1992), encoding three and nine ubiquitins,

However, there has been no comprehensive study on tHgspegtwg!y. We have. demonstrated that the§e tW.O
lpolyub|qumn genes are independently conserved in Chi-

frequency of the concerted evolutionary events at th ) .
polyubiquitin gene locus in a wide range of species, bel©€ hamsters (Nenoi et al, 1992, 1994). As shown in

cause the relationships (orthologous or paralogousf'g' 1tth ftOlénd that tIEebpoI?/ubi.cf]'uiéir'\ ?e?es retrievei
among multiple polyubiquitin genes from different spe- rom the database could be classilied into two groups,

cies have not been extensively analyzed yet. ﬁ%?naorggs)ina?:ez 8_?§type), based on the sequence

In this report, we present the results of analyzing the It b that all polvubiauiti f |
nucleotide sequence of polyubiquitin genes of mammals, can be seen that all polyubiquitin genes of mammais

available in the DDBJ/EMBL/GenBank nucelotide se- |n.vestigated in thi_s study S.hOW an obvious homol_ogy 10
guence databases, in which we found that there are tw |therUb_B orUbCin the region a_r(_)und the poly A signal
groups of polyubiquitin genes in an orthologous relation- exceptin the sheep polyubiquitin gene, tHelBR of

ship. Based on this finding, we analyzed the concerte(y\’hICh has not'been sequenced yet), a!though th? degree
evolution of polyubiquitin genes from various SpeCiesof homolqu differs between groups. It is also notlce.able
and compared the relative frequency of concerted evofEhat the distance from t'he'stop codon to the poly A signal
lutionary events among a variety of species by taking's closely conserved within each of the groups. Fur'_[her-
into consideration that the rate of synonymous substitu!10€: s shown in Table 1, the sequence homology in the

tion at the polvubiquitin gene locus mav vary dependin coding region is higher within the group than that be-
c;n speciesp yubiquitin'g . y vary depend gtween groups. These facts strongly suggest that the

polyubiquitin genes in each of the groups are in an or-
thologous relationship. Therefore we analyzed the con-
certed evolution of polyubiquitin genes in group A and

Materials and Methods group B separately.

The nucleotide sequences of polyubiquitin genes used in this study are

from the following specieddomo sapienghuman; U49869 (Baker and  Evyidence for Concerted Evolution

Board 1987), D63791 (Nenoi et al. 1996), M17597 (Einspanier et al.

1987b)],Bos taurugcow; 218245 (Wempe and Scheit 1993), M62428 We calculated the synonymous sequence difference for

(Meyers et al. 1991)]Qvis aries[sheep; AF038129 (Hein et al. un- ir of the ubiquiti di its. Th |
published)],Cavia porcellus[guinea pig; D83208 (Tukagoshi unpub- every pair or the ubiquitin coding units. 1he mean values

lished)], Cricetulus griseugChinese hamster; X60390 (Nenoi et al. Of the synonymous sequence difference within a polyu-
1992), AB003731 (Nenoi et al. 1998)flus musculugmouse; X51703  biquitin gene are shown on the diagonal of Table 1, and
(Finch et al. 1990), S40697 (Finch et al. 199Bjttus norvegicupat;  those in a pair of separate genes are shown above the
D16554, D17296 (Hayashi et al. 1994)], afds scrofdPig; M18159 diagonal. Here the polyubiquitin genes whose Coding re-

(Einspanier et al. 1987a)]. ; t full d luded f th
The homology analysis between every pair of ubiquitin-coding gions are not 1ully sequenced were exciuded from the

units either within a polyubiquitin gene or in two separate genes wadable (cow E 3], pig [= 3], mouse E 1] in Fig. 1).
carried out by evaluating the synonymous sequence difference, whichWhen the synonymous sequence differences within each
is defined as the number of synonymous substitutions relative to thgyroup of the gene type are compared, it can be seen that
total number of synonymous sites (Miyata and Yasunaga 1980). Th(?t varies between 0.105 and 0.472 for tthtype genes
synonymous sequence difference was calculated as described by Mi- .

yata and Yasunaga (1980) and was corrected for multiple substitutio _nd 0.216 and 0'77_7 TOI’ thebC-type genes, ShOWIhg a
(Kimura and Ohta 1972). higher homology within theJbB-type genes consistent

Phylogenetic trees were constructed for polyubiquitin genes in or-with the observation of the homology in the 3TR (Fig.



163

(A)
UbB 1 :I:TTCTI'CAGTCATGGCATFCGCAGTGCCCAGT*GATGGCA'I'I'ACTCTGCACTATAGCCATTTGCCCCA 70
Cow(4) — % TCT—AT-A—TT—A* A—CCT: C A
Sheep(4)  :——————*-TCTG—AT-A—T—* CGT: C A
Mouse(4) : A—G——*—* C G6——-* C C
Rat (4) : *_k C-G-C-GG—C-* C C
CHUB1 : *_k C. GG—A-G A
71 :AC'ITAAG'I'I'I'AGAAATFACAAG'I'I'TCAGTAATAGCTGAACC:TGTT:CMAATGTTM&GTWCGT 141
. r A A —
T - A
=T A. TC AA T—
T *A T—
=T A-C *A T—
(B)
UbC : [TAAGTTTCCCCT***TT IAAGGTFTCAACAAATFFCATFGCACTTTCCTTTCM&WGTTGCATTC 70
Cow(=3) : —CT—***—C—G—T—C A
Pig(=3) : ———CT—** T
G.Pig(=4) : ATGC—C—TATCT CC G—C G C
Mouse(=1) : —GT TATCT: C-G-T- G G C
Rat(10) T —GT TATCT: C-G-T- G G C
CHUB2 : —T—A——ATCT: T-G-T- G G C

Fig. 1. Classification of polyubiquitin genes of mammals. The hamster genes encoding 5 and 11 ubiquitins, respectively. The genes
nucleotide sequence in thé 3TR is compared between various poly- cow (= 3), pig & 3), and mousez1) are only partially sequenced in
ubiquitin genes of mammals retrieved from DDBJ/EMBL/GenBank the 3 region. Nucleotide sequence of the human polyubiquitin gene is
nucleotide sequence databases. The genes homologous to the humgimen in full at the top, and in the sequence of other species, the
UbBandUbC are grouped into A and B, respectively. Each gene nameidentical base is indicated by a dash. A gap is indicated by an asterisk.
is described by the species name followed by the repeat number ofhe termination codon is hatched, and the poly A signal is boxed.
ubiquitin coding units in bracket€HUBlandCHUB2are the Chinese

Table 1. Synonymous sequence difference

UbB-type UbC-type

UbB Cow (4) Sheep (4) CHUBI Mouse (4) Rat (4) ubC G. pig (4) CHUB2 Rat (10)

UbB 0.187 0.304 0.325 0.472 0.434 0.456 0.969 0.689 0.689 0.636
Cow (4) 0.105 0.321 0.264 0.250 0.859 0.777 0.545 0.783
Sheep (4) 0.103 0.373 0.295 0.292 0.878 0.772 0.512 0.751
CHUBI 3.717 4.586 4.388 0.067 0.352 0.294 0.956 0.692 0.456 0.634
Mouse (4) 2.654 2.479 2.428 3.401 0.140 0.141 0.855 0.506 0.455 0.551
Rat (4) 3.663 3.704 3.539 4.558 1.396 0.062 0.930 0.563 0.442 0.600
UbC 0.362 0.677 0.602 0.777
G. pig (4) 0.091 0.489 0.439
CHUB2 3.127 0.023 0.216
Rat (10) 3914 6.968 7.448 0.035

The mean values of the synonymous sequence difference within a polyubiquitin gene are hatched on the diagonal, and those in a pair of separate
genes are above the diagonal. The ratio of (K, xx + K yy)/2 10 K, xy is boxed below the diagonal, where K  xx and K yy are the synonymous
sequence differences within the gene X and Y, respectively, and K sy is the synonymous sequence difference between these genes

1). However, the synonymous sequence differences be- (Ksxx + Ksyy)2 < Kg xy
tween groups are significantly higher, ranging between
0.442 and 0.969, which supports the idea that the polyuwhere K xx and Ky, are the synonymous sequence
biquitin genes in each of the groups are in an orthologouslifferences within the genes X and Y, respectively, and
relationship. Ksxy IS the synonymous sequence difference between
The evidence for concerted evolution can be obtainedhese genes. The ratio of (K. + Kqvv)/2 t0 Kq xy iS
from Table 1. When two polyubiquitin genes X and Y shown below the diagonal of Table 1. It can be seen that
from the same group of orthologous genes are examinedhe ratio exceeds one for every pair of polyubiquitin
one can consider that there must have been concertegknes in both of the orthologous gene groups, indicating
evolution at least in either of the two genes X or Y, on that concerted evolution has occurred in all polyubiquitin
the case that the following relation is held: genes investigated.
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(A) 0.22 UbB

0.033 s
UbC 0.73 AL 0.043 " Sheep(4)
CHUB1
0.034 | 0.064 Mouse(4)
o073 hat(4)

(B) Q.47 UbC

0.033
g.21 G.Pig(4)
UbB ==
0.46 —0.000 __ cHuB?
012 Rat(10)

Fig. 2. Phylogenetic tree constructed for each group of polyubiquitin genes in an orthologous relationship. ThéJb@aadUbB genes were
used as the outgroup for the group A gengbE-type) and the group B geneBl§C-type), respectively. The branch length is indicated for each
branch in the unit of the synonymous sequence difference.

Phylogenetic Tree tide substitution has been constant. Therefore the net
frequency of concerted evolution can be relatively mea-
Using the synonymous sequence differencex!§ as  sured by the ratio of the synonymous substitution rate to
the evolutionary distance between a pair of polyubiquitinthe synonymous sequence difference, although this ratio
genes X and Y, we constructed a phylogenetic tree fofs not in proportion to the actual frequency.
each group of orthologous genes separately (Fig. 2). The e first estimated the branch length for every polyu-
humanUbC and UbB genes were used as the outgrouppjquitin gene from the time of the man/rodent split until
for the group A genesUbB-type) and the group B genes he present from Fig. 2 (branch length in Table 2), and
(UbC-type), respectively. The branch length is indicatedye then used the branch length as the parameter for the
for each branch in Fig. 2 in the unit of the synonymousgynonymous substitution rate. We calculated the ratio of
sequence difference. In spite of the limited data on whichyna pranch length to the synonymous sequence difference

the phylogenetic tree was based, the deduced trees Wg$ measure the relative frequency of concerted evolution
topologically in accordance with the detailed analysis by(TabIe 2).

Kumar and Hedges (1998). It is interesting to note that

the brangh Igngth was Iong.est for human genes in bo”i]s obviously larger for rats and Chinese hamsters than for
groups, '|mp'l|cat|ng a relatl\(ely 'frequent SYNonymous qy, oo demonstrating a higher frequency of concerted
subsititution n hqman polyublqwtm genes. It_ can be S€€MLyolution in these species. This may not be attributable to
that all species investigated in this study diverged after,the very short generation time of rodents, because the

the time point of the man/rodent split, indicated by LK value for mice is comparable to that of other
closed circles. We compared the concerted evolution be-* " SXX P

o . .. species, and that for guinea pigs is only moderately
tween species in the period after the man/rodent split. higher than that of other species. We consider that the

guinea pig polyubiquitin gene may have been less con-
Interspecific Comparison of the Concerted Evolution —ductive to concerted evolution compared to otbdaC-

type genes of rodents because of its small number of
The synonymous sequence difference within a polyubigubiquitin units encoded. The IKg xy value for the
uitin gene X, K xx, Negatively depends on the frequency mouse gene was unexpectedly small compared to that of
of the concerted evolutionary event at the gene X locusther rodents. This result suggests a peculiar stability in
on one hand, and it positively depends on the synonyerganization of the polyubiquitin gene in the mouse ge-
mous substitution rate on the other. However, the connome. In this regard, it is interesting to note an observa-
tribution of the synonymous substitution rate to the syn-tion that sequences highly unstable in the human are
onymous sequence difference is considered to be aften stable in the mouse (Djian 1998). For example, it
simple linear relation, postulating that the rate of nucleo-has been reported that, in transgenic mice carrying ex-

It can be seen, in Table 2, that the value Qfg xx
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Table 2. Evaluation of the parameter representing the relative frequency of concerted evolution for polyubiquitin genes of UbB-type (A) and
UbC-type (B)

A

UbB Cow (4) Sheep (4) CHUB1 Mouse (4) Rat (4)
Branch length (L) 0.25 0.11 0.15 0.22 0.17 0.17
Ks. xx 0.187 0.073 0.103 0.067 0.14 0.062
L/Ks xx 1.3 15 15 3.3 1.2 2.7
B

UbC G. pig (4) CHUB2 Rat (10)
Branch length (L) 0.5 0.24 0.19 0.22
Ks, xx 0.362 0.091 0.023 0.035
L/Ks, xx 14 2.6 8.3 6.3

panded repeat human androgen receptor (AR) gene, ARumar S,_ Hedges SB (1998) A molecular timescale for vertebrate
cDNA showed no change in repeat length with transmis-  €volution. Nature 392:917-920
sion. unlike that in humans (Bingham et al 1995) Laney JD, Hochstrasser M (1999) Substrate targeting in the ubiquitin
’ . o Co system. Cell 97:427-430
In conclusion, the concerted evolutionary events in Y

L . (Iiiao D (1999) Concerted evolution: molecular mechanism and biologi-
polyubiquitin genes have been more frequent in rats and implications. Am J Hum Genet 64:24-30

Chinese hamsters than those in humans, cows, and shegRyers G, Tautz N, Dubovi EJ, Thiel H-J (1991) Viral cytopathoge-

The guinea pig polyubiquitin gene was an intermediate nicity correlated with integration of ubiquitin-coding sequences.

example. The frequency of concerted evolution in the Virology 180:602-616

mouse gene was unexpected'y low Compared to that d‘f'liyata T, \_(asu_nagaT(l_QBO) Molecular evolution of MRNA: amethoq

other rodent genes. for estimating evolutionary rates of synonymous and amino acid
substitutions from homologous nucleotide sequences and its appli-

cation. J Mol Evol 16:23-36
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