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ABSTRACT

The polyubiquitin gene is an evolutionarily conserved eukaryotic gene, encoding tandemly repeated
multiple ubiquitins, and is considered to be subject to concerted evolution. Here, we present the nucle-
otide sequences of new alleles of the polyubiquitin gene UbC in humans and CHUB2 in Chinese hamster,
which encode a different number of ubiquitin units from those of previously reported genes. And we ana-
lyze the concerted evolution of these genes on the basis of their orthologous relationship. That the mean
of the synonymous sequence difference K, which is defined as the number of synonymous substitution rel-
ative to the total number of synonymous sites, within the UbC and CHUB2 genes (0.192 + 0.096) is signifi-
cantly less than K between these genes (0.602 + 0.057) provides direct evidence for concerted evolution.
Moreover, it also appears that concerted evolutionary events have been much more frequent in CHUB2
than in UbC, because K within CHUB2 (0.022 *+ 0.018) is much less than that within UbC (0.362 = 0.192).
By a numerical simulation, postulating that the major mechanism of concerted evolution in polyubiquitin
genes is unequal crossing over, we estimated the frequency of concerted evolutionary events of CHUB2 at

3.3 X 1075 per year and that of UbC at no more than 5.0 X 107 per year.

BIQUITIN is a highly conserved small protein

of 76 amino acids functioning in the selective
proteolysis of a variety of cellular proteins at the 26S
proteasome (Hochstrasser 1996; Ciechanover and
Schwartz 1994). In addition, ubiquitin has been
shown to function in proteasome action-independent
processes such as DNA repair (Bregman et al. 1996),
endocytosis of cell surface proteins (Hicke and Riez-
man 1996), and NFkB signal transduction (Chen et al.
1996). In humans, ubiquitin is encoded by a multiple
gene family composed of UbA;,, UbAg,, UbB, and UbC
(Baker and Board 1991, 1987; Wiborg et al. 1985).
The UbB and UbC genes, located on chromosome 17
(17p11.1-17p12) (Webb et al. 1990) and chromosome
12 (12924.3) (Board et al. 1992), respectively, are
termed polyubiquitin genes because they encode tan-
demly repeated multiple ubiquitins with no interven-
ing spacer. The polyubiquitin genes are conserved also
in rodents, and we previously isolated and sequenced
the Chinese hamster polyubiquitin genes, CHUB1 and
CHUB2, which are the counterparts of the human UbB
and ULC, respectively (Nenoi et al. 1992; Nenoi et al.
1994). Due to unequal crossing over, the number of
ubiquitin units encoded by the UbC gene is variable
among individuals, with the most frequent allele en-
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coding nine units, and the other less frequent alleles
encoding eight or seven units (Baker and Board
1989). The nucleotide sequence GNNGTGGG, which
has been found to be the consensus marker sequence
for a variable number of tandem repeat (VNTR) loci in
humans (Nakamura et al. 1988), is preserved at the 3’
end of every ubiquitin-coding unit of the UbC. We have
actually observed that the UbC gene alleles of HelLa
cells (Nenoi et al. 1996) as well as the Chinese hamster
polyubiquitin gene CHUB2 of V79 fibroblasts (Nenoi et
al. 1994) are heterogeneous in the repeat number of
the ubiquitin units.

It has been suggested that the polyubiquitin genes
may show strong evidence of concerted evolution
(Sharp and Li 1987; Tan et al. 1993; Keeling and
Doolittle 1995; Vrana and Wheeler 1996). This is
consistent with observations of a high variability in the
number of the ubiquitin-coding units in the UbC and
CHUB2 genes because unequal crossing over is be-
lieved to be one of the major mechanisms for con-
certed evolution (Dover 1982; Darnell et al. 1990). A
greater degree of homology between repeat units
within a species as compared to orthologous repeat
units in different species is a diagnostic of concerted
evolution. However, in the case of the polyubiquitin
gene, data have not been available for all loci in each
species, and it has not been clear whether the loci com-
pared across species are orthologues or paralogues.

In this report, we will analyze the unequal crossover
events that are thought to have occurred on the human
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UbC gene and the Chinese hamster CHUB2 gene, and
we will analyze the concerted evolution of these genes
on the basis of their orthologous relationship. It will be
proposed that the UbC gene that encodes nine ubiqui-
tins was recently generated by an unequal crossover
event between a site in the seventh ubiquitin-coding
unit and the homologous site in the sixth unit of the
UbC gene that encodes eight ubiquitins. We will also
show a much higher homology between the ubiquitin-
coding units within the CHUB2 gene than within the
UbC gene, which could be explained by a higher fre-
guency of unequal crossover events during the evolu-
tion of the CHUB2.

MATERIALS AND METHODS

Isolation and sequencing of the polyubiquitin genes:
HeLa cells and V79 Chinese hamster lung fibroblasts were
cultured in Eagle’s MEM (Nissui, Tokyo, Japan) supple-
mented with 10% FBS (GIBCO BRL, Rockville, MD). Fresh
thymus from a Chinese hamster was generously provided by
Dr. Mitsuhiro Numata (National Institute of Health, Japan).
The method for isolation of the polyubiquitin genes has been
described (Nenoi et al. 1996). Briefly, the genomic DNA was
extracted from cell suspension, and the DNA fragment con-
taining the whole ubiquitin-coding region was amplified by
PCR using LA Taq polymerase (TAKARA, Otsu, Japan). Prim-
ers specific to the 5’ and 3’ flanking region of the UbC gene
were designed on the basis of the reported nucleotide se-
quences (Wiborg et al. 1985; Nenoi et al. 1996); P.Hul: 5’
TTGGGCAGTGCACCCGTACCTTTGG-3', P.Hu2: 5-GTGC
AATGAAATTTGTTGAAACCTTAAAAGGGG-3', and of the
CHUB2 gene (Nenoi et al. 1994); P.CH1: 5'-CCACGAATAT
TTGTCATTCCTGACCTG-3', P.CH2: 5-GCTAAAACGAGAT
CCAACACCTTTGGG-3' (indicated in Figure 2). A series of
deletion mutants was constructed by partially digesting the
PCR products either with Pvull (for UbC) or with Bglll (for
CHUB?2), followed by subcloning in the pUC18 and then se-
quencing with an automated DNA sequencer (model 373A;
Applied Biosystems, Foster City, CA).

Sequence analysis: The homology analysis between every
pair of ubiquitin-coding units in the UbC and CHUB2 was car-
ried out by evaluating the synonymous sequence difference
per site, K,, which is defined as the number of synonymous
substitution relative to the total number of synonymous sites
(Miyata and Yasunaga 1980). K, values were calculated as
described by Miyata and Yasunaga (1980) and were cor-
rected for multiple substitution (Kimura and Ohta 1972).

Numerical simulation for concerted evolution of the poly-
ubiquitin gene: The synonymous sequence difference be-
tween several mammalian species excluding rodents has been
estimated at 0.47 on average from 11 different genes (Kikuno
et al. 1985). Therefore, the mean evolutionary rate of synony-
mous substitution can be calculated to be 2.0 X 10-° per site
per year by assuming that the mammalian divergence is 120
MYA (Easteal et al. 1995). The synonymous sequence differ-
ence between rodents and other mammals has been esti-
mated at 0.66 on average from 35 different genes (Miyata et
al. 1987). Then the mean evolutionary rate of rodent genes
can be calculated to be 3.5 X 10-° per site per year. Applying
these values to polyubiquitin genes, and postulating that a
major mechanism of concerted evolution is unequal crossing
over (Black and Gibson 1974; Ohta 1976), we constructed a
Monte Carlo simulation model code in C-language on a Sun
Sparc Center2000 computer. This code simulates the evolu-

tionary change of K, between the ubiquitin-coding units within
a given polyubiquitin gene after the divergence of human and
rodents. Let K(i,j;t) be the synonymous sequence difference
between the i-th and j-th ubiquitin unit of a given polyubig-
uitin gene at a time t. By definition,

K(i, 5 =K((i,j;t) 1=i,j=N
K(i,i;t) =0 1=i=N

where N is the number of ubiquitin units encoded by the
polyubiquitin gene at the time of t. Random numbers were
generated to provide the dates of the unequal crossover
events. The event type (unit-duplication or unit-deletion) was
also determined randomly under the constraint that the unit
number is kept between one and the maximum number,
which was set at 20 in this study, and that the final unit num-
ber reaches that of the actual genes after the simulation. Dur-
ing a time interval, 8t, between the adjacent events, every syn-
onymous sequence difference increases by vdt, where v is the
evolutionary rate of synonymous substitution. Then,

K, ; t+3t) =K(i, i) +vdt 1=i,j=N

If a unit-duplication event occurs at the n-th unit at this mo-
ment,

Ky(i, j; t+0t) = K, j; t+0t)

K(i, J; t+3t) = K (i, j—1; t+3t)
K(i, j; t+0t) = K,(i—1, j; t+0t) n+
K(i, j; t+Ot) = K(i—-1,j-1;t+dt) n+

On the other hand, if a unit-deletion event occurs at the n-th
unit,

K(i, j; t+0t) = K(i, J; t+3t) 1=i,j=n-1
Ko(i, j; t+0t) =K (i, j+1;t+dt) 1=i=n-1,n=j=N-1
Kq(i, j; t+0t) = K (i +1, j; t+0t) N=i=N-1,1=j=n-1
K(i, j; t+0t) =K(i+1,j+1;t+dt) n=i,j=N-1

These calculations were repeated for the time from the man-
rodent split (t = 0) until the present (t = 1.2 X 108).

The sequence data presented in this article have been sub-
mitted to the DDBJ/EMBL/GenBank databases under acces-
sion numbers AB003730, AB003731, and AB003732.

RESULTS AND DISCUSSION

Polymorphism of UbC and CHUB2 produced by un-
equal crossing over: The UbC gene in Hela cells and
the CHUB2 gene in V79 cells and Chinese hamster thy-
mus were amplified by PCR (Figure 1). The 2.5-kb frag-
ments amplified from the HeLa DNA contain the previ-
ously reported UbC gene that encodes nine ubiquitins
(Wiborg et al. 1985; Einspanier et al. 1987; Nenoi et al.
1996). The 2.1-kb fragment amplified from the V79
DNA corresponds to the CHUB2 gene that encodes
eight ubiquitins, followed by an apparently deleted and
mutated ubiquitin-like polypeptide of 50-aa (Nenoi et
al. 1994). The other three products (the 2.3-kb frag-
ment from Hela, the 3.3-kb fragment from V79, and
the 2.8-kb fragment from the Chinese hamster thymus)
were isolated and sequenced. As shown in Figure 2, ev-
ery product encoded tandemly repeated ubiquitins, ex-
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Figure 1.—Heterogeneity in the PCR products. The poly-
ubiquitin gene UbC of HelLa cells (A), the CHUB2 of V79 Chi-
nese hamster cells (B), and the CHUB2 gene of the cells in
Chinese hamster thymus (C) were amplified by PCR with the
primer sets of P.Hul/P.Hu2 (for UbC) and of P.CH1/P.CH2
(for CHUB2) as described under materials and methods.

cept that an lle was substituted with Val at the 61st
amino acid position in the eighth unit of the 3.3-kb
fragment from V79 cells (wavy underline in Figure 2B).
Both of the 5’ and 3’ flanking regions precisely coin-
cided with those of the reported UbC (Wiborg et al.
1985; Einspanier et al. 1987; Nenoi et al. 1996) and
CHUB2 gene sequence (Nenoi et al. 1994), indicating
that these are the allele variants of the UbC and CHUB2
in the repeat number of the ubiquitin unit. Hereafter,
the polyubiquitin gene of HelLa cells encoding eight
ubiquitins (Figure 1A) is designated as UbC(8u), the
gene of the V79 cells encoding 13 ubiquitins (Figure
1B) is designated as CHUB2(13u), and the gene of the
Chinese hamster thymus encoding 11 ubiquitins (Fig-
ure 1C) is designated as CHUB2(11u). The previously
reported human UbC gene encoding nine ubiquitins
and the Chinese hamster CHUB2 gene encoding eight
ubiquitins are designated as UbC(9u) and CHUB2(8u),
respectively.

Comparing the nucleotide sequences of the UbC
gene isolated from their independent origins, Baker
and Board (1989) have identified an unequal cross-
over event site at 40-50 nt in the seventh and the ninth
unit of the UbC gene encoding nine ubiquitins, that
might have generated the UbC gene encoding seven
ubiquitins. The sequence data they have used for com-
parison, however, seem very likely to have been de-
duced by a misalignment of the subcloned Xhol frag-
ments (Nenoi et al. 1996). In fact, the region of 40-50
nt, which they marked coincides with the Xhol site
(Baker and Board 1989), where the discontinuity of
the sequence is thought to have been artificially intro-
duced by the possible misalignment of the Xhol frag-
ments. We compared the sequences of the UbC(8u)gene
and the UbC(9u) gene (Figure 3), showing the position
of the nucleotide discrepancy. The region from the first

through the seventh unit of the UbC(9u) gene matches
well with that of the UbC(8u) gene (Figure 3A). A con-
siderable number of discrepancies can be observed
from the 41 nt in the eighth unit of the UbC(9u) gene
(9u-8-41) to the 3’ end of the last unit. However, the re-
gion from the 220 nt in the sixth unit of the UbC(9u)
gene (9u-6-220) to the 3’ end of the last unit matches
well with the region from the 220 nt in the fifth unit of
the UbC(8u) gene (8u-5-220) to the last unit (Figure
3B). Therefore it appears that either the UbC(8u) gene
would have been generated by an unequal crossover re-
sulting in the deletion of one unit of the ubiquitin-cod-
ing sequence somewhere from (9u-5-220) to (9u-9-41)
in the UbC(9u) gene (Figure 3C), or that the UbC(9u)
gene was generated by the insertion of one unit of
ubiquitin-coding sequence somewhere from (8u-6-220)
to (8u-8-41) (Figure 3D). It is not clear which scenario
is more likely. However, Table 1A shows the extremely
low level of sequence difference between the seventh
and both the sixth and eighth units of the UbC(9u)
gene (0.059 and 0.019, respectively) compared with the
differences between the other units (0.362 on average).
This is what should be expected if the UbC(9u) gene was
recently generated by an unequal crossover event be-
tween a site in the seventh ubiquitin-coding unit and
the homologous site in the sixth unit of the UbC(8u)
gene (case in Figure 3D).

Additionally, a very low sequence difference between
the second and the fourth units of the UbC(9u) gene
was observed (Table 1A). Relatively low sequence dif-
ferences between the third and both the first and fifth
units were also observed. This also is to be expected if
two ubiquitin-coding units were inserted by an unequal
crossing over between a site in the third unit and the
homologous site in the first unit of the ancestral UbC
gene. This suggests that such an event must have oc-
curred before the UbC(9u) gene was ever generated.

In contrast to the human UbC gene, it seemed nearly
impossible to estimate the site of unequal crossover
events in the CHUB2 gene only by comparing the nu-
cleotide sequences of the CHUB2(8u), CHUB2(11u),
and CHUB2(13u) because of the extremely low level of
sequence differences among the ubiquitin-coding units
in each of these alleles (Table 1B, data not shown). The
small sequence differences within the CHUB2 alleles
seem to be caused by concerted evolution.

Evidence for the concerted evolution of polyubiqui-
tin genes: As multiple polyubiquitin gene loci have
been observed in mammals, distinguishing between
orthologous and paralogous homology is of great im-
portance when analyzing concerted evolution by com-
paring the degree of homology between repeats both
in different species and within a locus (Sharp and Li
1987; Vrana and Wheeler 1996). However, in previ-
ous studies dealing with the concerted evolution of the
polyubiquitin gene in mammals, only the presence of a
higher level of homology within a species than between
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species has been used as evidence of concerted evolu-
tion (Sharp and Li 1987; Tan et al. 1993; Keeling and
Doolittle 1995).

We have previously identified a high degree of ho-
mology in the 3" UTR between the UbC and the CHUB2
(74 matches out of 88 bp when gaps were introduced),

and showed also that they share a pair of inverted re-
peats of 10 bp in length at the same location with the
same sequence (Nenoi et al. 1994) (boxes designated
as IR in Figure 2). In addition, we isolated another Chi-
nese hamster polyubiquitin gene, CHUBL, which en-
codes five units, and showed both that its 3" UTR is
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Figure 3.—Comparison of the nucleotide sequences be-
tween the UbC(8u) and the UbC(9u), and plausible mecha-
nisms for unequal crossing over. Ubiquitin-coding units are
aligned one by one from the 5’ end (A) and from the 3’ end
(B). Sites of nucleotide discrepancies are marked by circles.
(©) Hlustration showing a possible mechanism for the genera-
tion of the UbC(8u) allele by an unequal crossing over be-
tween a pair of UbC(9u) alleles. The possible event is consid-
ered to have occurred at a site in the hatched region. (D)
Illustration showing a possible mechanism for the generation
of the UbC(9u) allele by an unequal crossing over between a
pair of UbC(8u) alleles.

highly homologous with that of the human polyubig-
uitin gene UbB (147 matches out of 165 bp when gaps
were introduced) and that a pair of inverted repeats is
conserved at a different location and with a different
nucleotide sequence from those of the UbC and the
CHUB2 (Nenoi et al. 1992). Based on these facts, it is
quite reasonable to assume that both the relationship
between the UbC and the CHUB2 and between the UbB
and the CHUB1 are orthologous. This assumption is
further supported by the data in Table 2, which shows
that the sequence differences between UbC and CHUB2
and those between UbB and CHUB1 are evidently
smaller than those between UbC and CHUBL as well as
those between UbB and CHUB2.

Consequently, the evidence for concerted evolution
can be directly shown by indicating that the mean of
the sequence difference within the UbC(9u) gene and
that within the CHUB2(11u) gene {[(0.362 * 0.192) +
(0.022 + 0.018)]/2 = 0.192 + 0.096 per site, Table 1, A
and B} is significantly less than the sequence difference
between these genes (0.602 = 0.057 per site, Table 2).
We used the alleles of the UbC(9u) and CHUB2(11u) for
the present analysis because these alleles are present in
individuals, and are thought to be least affected by arti-
ficial procedures such as cell culturing. This is the first

direct evidence for concerted evolution deduced from
a comparison between a pair of orthologous polyubig-
uitin genes in mammals. In addition, it is evident that
concerted evolutionary events have been much more
frequent in the CHUB2 gene than in the UbC gene be-
cause the sequence difference within the CHUB2(11u)
gene (0.022 = 0.018 per site) is much smaller than that
within the UbC(9u) gene (0.362 = 0.192 per site), in
spite of a higher rate of synonymous substitutions in ro-
dents than in man (Wu and Li 1985; Kikuno et al. 1985).

The sequence differences within the human UbB
and the Chinese hamster CHUBL1 were also estimated
(Table 3). Again, evidence of concerted evolution was
apparent {[(0.187 * 0.100) + (0.067 = 0.035)]/2 =
(0.127 + 0.053) < (0.472 = 0.061)}, and it appeared
that there was a higher frequency of concerted evolu-
tionary events in the CHUB1 gene than in the UbB gene
[(0.067 = 0.035) < (0.187 = 0.100)]. A similarly low
level of sequence difference is observed (K, = 0.035 =
0.042 per site) also within a rat polyubiquitin gene
(Hayashi et al. 1994), suggesting this is a common fea-
ture in rodents.

There are three possible reasons for such high se-
quence similarity within the Chinese hamster polyubig-
uitin genes, and possibly in other rodents as well. First,
there may be a strong evolutionary constraint on the
nucleotide sequence of the polyubiquitin genes in ro-
dents, and the polyubiquitin gene alleles harboring a
nucleotide substitution may have been removed from
the population. However it is unlikely that such con-
straints are imposed only on the genes in rodents be-
cause the polyubiquitin gene is commonly conserved
in all eukaryotes. In fact, the synonymous sequence dif-
ferences between the UbC gene and the CHUB2 gene
(0.602 = 0.057 per site) demonstrate that both genes
have evolved with a comparable rate of synonymous
substitution to that of other genes. Second, the con-
certed evolutionary events may have occurred very re-
cently in the polyubiquitin genes in rodents. However
the observed sequence similarity involving all units of
the CHUB2 has obviously required a series of events. It
is very unlikely that these multiple events occurred to-
gether at once. Third, the frequency of the concerted
evolutionary event in the polyubiquitin genes may have
been higher especially in rodents than in other mam-
mals. We tested this possibility for the CHUB2 gene with
the numerical simulation shown below.

Numerical simulation of the concerted evolution:
Generally, concerted evolution in tandemly repeated
genes is believed to occur by means of one of two
mechanisms: frequent unequal crossing over or gene
conversion (Darnell et al. 1990). Sharp and Li (1987)
have suggested the possible involvement of gene con-
version to explain a high sequence similarity between
the second and the eighth ubiquitin-coding unit in the
previously reported UbC gene sequence (Wiborg et al.
1985). However, again, their analysis was based on se-
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TABLE 1

Sequence difference K, between ubiquitin coding units within the human UbC(9u) gene (A)
and the Chinese hamster CHUB2(11u) gene (B)

A)
UbC(9u)
2 3 4 5 6 7 8 9
UbC(9u) 1 0357 0219 0357 0300 0270 0244 0218 0.397
2 0395 0.059 0428 0534 0494 0458 0.833
3 0428 0.149 0303 0332 0303 0.403
4 0464 0574 0534 0494  0.893
5 0275 0195 0171 0.632
6 0.059 0.080 0.368
7 0019  0.400
8 0.400
0.362 (0.192)2
(B)
CHUB2(11u)
2 3 4 5 6 7 8 9 10 11
CHUB2(11u) 1 0019 0039 0039 0039 0039 0039 0039 0019 0079 0.058
2 0019 0019 0019 0019 0019 0019 0 0059 0.039
3 0 0 0 0 0 0019 0039 0019
4 0 0 0 0 0019 0039 0019
5 0 0 0 0019 0039 0019
6 0 0 0019 0039 0019
7 0 0019 0039 0019
8 0.019 0.039 0.019
9 0.059  0.039
10 0.059

0.022 (0.018)?

a Mean value. The value in parentheses is standard deviation.

guence data derived from a probable misalignment of
the Xhol fragments. In the UbC gene sequence that we
determined, these units are located closely to each
other at the second and the fourth units (Nenoi et al.
1996). The difference between species in the repeat
number of ubiquitin-coding units per locus (Nenoi et
al. 1994; Nenoi et al. 1992), and evidence of within-
population polymorphism in repeat number (Baker
and Board 1989; Nenoi et al. 1996), point to a fre-
guent occurrence of unequal crossing over within these
loci.

By analogy to the analyses of concerted evolution in
multigene families carried out by Black and Gibson
(1974) and Ohta (1976), it can be considered that the
repeated duplication and deletion of the ubiquitin-cod-
ing units by unequal crossing over may have eventually
resulted in the high sequence homology observed in
the present CHUB2 gene. We have indicated this possi-
bility by numerically simulating K, assuming that un-
equal crossover events have occurred randomly among
all units and randomly in time, and that the duplica-
tion and deletion have occurred by one ubiquitin-cod-

ing unit, as supporsed by Ohta (1976). We used K, for
the present analysis because K is directly related to the
evolutionary distance between the species (or genes,
loci) being compared, irrespective of gene type and lo-
cation on the chromosome (Miyata et al. 1980).
Therefore, it is possible to apply the equal rate of syn-
onymous substitution to that derived from a variety of
rodent genes (3.5 X 109 per site per year) to the case
of CHUB2 gene evolution. This can be rationalized by
the observation that the sequence difference between
the CHUB2 and the UbC [0.602 + 0.057 per site (Table
2)] is very close to that estimated for other genes be-
tween rodents and human (0.66 = 0.13 per site). This
close correlation implies that most of the regions over
the ubiquitin-coding unit of the UbC and the CHUB2
genes have not been under any strong evolutionary
constraint since the divergence of man and rodents,
and that synonymous substitutions have been accumu-
lated at a rate common to that of other genes (2.0 X
109 per site per year for genes of mammals other than
rodents, 3.5 X 109 per site per year for rodent genes).
This is further supported by the observation of Mita et
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TABLE 2
Sequence difference K between ubiquitin coding units of the Chinese hamster polyubiquitin genes
(CHUBL1 and CHUB2) and the human polyubiquitin genes (UbB and UbC)

UbB UbC(9u)
1 2 3 1 2 3 4 5 6 7 8 9
CHUB1 1 0522 0412 0.381 0.840 0.866 0.934 1.071 1.079 1239 1.146 1.064 1.016
2 0559 0516 0.481 0.785 0.928 0.871 1.154 1.003 1.146 1.064 0.990 0.946
3 0485 0446 0.412 0.685 0.808 0.759 0.997 0.871 0.990 0.923 0.861 0.823
4 0559 0516 0.481 0.785 0.928 0.871 1.154 1.003 1.146 1.064 0.990 0.946
5 0522 0412 0.381 0.734 0.866 0.813 1.071 0.934 1.064 0.990 0.923 0.882
0.472 (0.061)? 0.956 (0.128)2
CHUB2 (11u) 1 0.789 0.682 0.682 0518 0.607 0.653 0.651 0.653 0.742 0.692 0.646 0.758
2 0.808 0.698 0.698 0563 0.569 0.616 0.611 0.616 0.700 0.653 0.609 0.715
3 0753 0652 0.652 0524 0530 0.574 0569 0574 0.653 0.609 0.567 0.667
4 0754 0.652 0.652 0524 0530 0.574 0.569 0.574 0.653 0.609 0.567 0.667
5 0754 0.652 0.652 0524 0530 0574 0569 0574 0.653 0.609 0567 0.667
6 0754 0652 0.652 0524 0530 0574 0569 0574 0.653 0.609 0567 0.667
7 0754 0652 0.652 0524 0530 0.574 0.569 0.574 0.653 0.609 0.567 0.667
8 0754 0652 0.652 0524 0530 0574 0.569 0.574 0.653 0.609 0.567 0.667
9 0.808 0.698 0.698 0563 0.569 0.616 0.611 0.616 0.700 0.653 0.609 0.715
10 0.658 0567 0.567 0524 0530 0574 0569 0574 0.653 0.609 0567 0.667
11 0.754 0652 0.652 0563 0.492 0.616 0.530 0.616 0.700 0.653 0.609 0.715

0.689 (0.061)2

0.602 (0.057)2

a Mean value for all unit combinations between each gene. The value in parentheses is the standard deviation.

al. (1991) that the codon choices among synonymous
codons in polyubiquitin genes generally follows the
G+C content of the overall coding regions in corre-
sponding organisms.

TABLE 3
Sequence difference K between ubiquitin coding units
within the human UbB gene (A) and the Chinese
hamster CHUBL1 gene (B)

)
UbB
2 3
UbB 1 0.167 0.295
2 0.099
0.187 (0.100)2
B)
CHUB1
2 3 4 5
CHUB1 1 0.099 0.058 0.103 0.079
2 0.038 0 0.099
3 0.038 0.058
4 0.099

0.067 (0.035)2

a Mean value. The value in parentheses is standard devia-
tion.

Our simulation code can provide an estimate of the
sequence difference within a polyubiquitin gene after
an arbitrary number of unequal crossover events since
the divergence of man and rodents [K(i,jit = 1.2 X
108)], provided that the repeat number and the se-
quence differences within the ancestral polyubiquitin
gene are given as the initial condition. We, however,
have no available data for such an initial condition.
The simulation was then carried out with the initial
unit number, N, = 1, 10, and 20, and the initial se-
quence differences, K,(i,j;0) = 0foralliandj (1 =i,
i = Ng). Adoption of a zero initial sequence difference
implies that this simulation should give the minimum
estimation for K,(i,j;t = 1.2 X 108), and therefore the
minimum estimation for the frequency of unequal cross-
over events. Independent simulations were carried out
100 times for all of the event numbers and initial condi-
tions. Figure 4A shows the sequence differences at t =
1.2 X 108, averaged for all unit combinations (desig-
nated as K (t = 1.2 X 108) in the figure). It is evident
that K (t = 1.2 X 108) decreases with an increase in the
event number N, and that K(t = 1.2 X 108) is not af-
fected by the initial unit number N, when N, = 200.
These results suggest that, to explain the extremely low
sequence differences within the present CHUB2(11u)
gene (0.022 = 0.018, the horizontal line in Figure 4A),
unequal crossover events must have occurred at least
4000 times in the CHUB2(11u) gene since the diver-
gence of human and rodents 120 MYA (3.3 X 107> per
year). Figure 4B shows the dependency of K (t = 1.2 X
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Figure 4—Simulation for the sequence difference within the CHUB2(11u) gene. (A) The sequence difference K (t = 1.2 X
108) after various number of unequal crossover events N, is plotted, when the rate of synonymous substitution v is assumed to be
3.5 X 1079 per site per year, and the sequence difference within the ancestral polyubiquitin gene K (t = 0) is postulated to be 0.
The unit number of the ancestral polyubiquitin gene N, is postulated as in the box. The level of the sequence difference observed
for the present CHUB2(11u) gene is indicated by a horizontal line. (B) The sequence difference after 3999 unequal crossover
events is plotted, when various sequence differences are postulated for the ancestral polyubiquitin gene. Error bars represent the

standard deviation.

108) on the initial sequence difference K (i,j;t = 0) (a
common number was postulated for all i and j (1 = i,
J = N,), designated as K (t = 0) in the figure), when N,
and N, were fixed to 10 and 3999, respectively. It can
be seen that K,(t = 1.2 X 108) is no longer affected by
K,(t = 0) after such frequent unequal crossing over as
Nt = 3999. Therefore it is reasonable to conclude
that the deduced value of 3.3 X 1075 per year is not the
minimum estimate, but is now the expected value for
the frequency of unequal crossover event that occurred
on the CHUB2(11u) gene.

The simulation was also carried out for the UbC(9u)
gene, postulating v = 2.0 X 10-9 with the same initial
conditions as those used for the CHUB2 gene [N, = 1,
10, 20, K (t = 0) = 0]. Figure 5A shows the averaged se-
guence difference deduced from 100 independent sim-
ulations. In this case, K,(t = 1.2 X 108) comes close to
the observed sequence difference for the present
UbC(9u) gene (0.362 * 0.192 per site) with an event
number N, of no more than 60 (5.0 X 10~7 per year)
even when the initial unit number N, was assumed to
be 20. The simulation of K(t = 1.2 X 108) does not sig-
nificantly depend on K (t = 0) if K(t = 0) is less than
one (Figure 5B), which is a reasonable assumption con-
sidering that polyubiquitin genes have been subject to
concerted evolution even before mammalian diver-
gence.

The frequency of unequal crossover events was also
numerically estimated for the human UbB gene and the

Chinese hamster CHUB1 gene (Figure 6). In this case,
the simulation was carried out under the constraint
that the unit number is kept between one and eight.
Again, it is evident that the frequency of unequal cross-
ing over was higher in the Chinese hamster CHUB1
(1.7 X 10-% per year) than in the human UbB (3.3 X
107 per year). Lower frequencies of unequal crossing
over in CHUB1 and UbB than those in CHUB2 and UbC
are considered to be due to a smaller number of ubig-
uitin-coding units in these genes.

Concerted evolution has been thoroughly investi-
gated for the family of rRNA genes. In humans, the 45S
pre-rRNA gene and 5S rRNA gene are present in ~250
and ~2000 copies, respectively, in tandem arrays (Dar-
nell et al. 1990). Strachan et al. (1985) have esti-
mated the frequency of unequal crossover events in the
rRNA genes of Drosophila at 10-2-10-4 per generation.
Compared with this value, together with the consider-
ation that our present simulation may have overesti-
mated the frequency of unequal crossing over in the
CHUB2(11u) gene because of neglecting the involve-
ment of gene conversion, it can be noted that the un-
equal crossover events have occurred much less fre-
qguently in the CHUB2(11u) gene than in the rRNA
genes. This agrees with the observation of Sharp and
Li (1987) that the rate of concerted evolution seems to
be higher in the rRNA gene family than in the ubig-
uitin genes of various eukaryotes although the organi-
zation of the rRNA gene array is considered to be less
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Figure 5.—Simulation for sequence differences within the UbC(9u) gene. (A) The sequence difference K (t = 1.2 X 108) after
various numbers of unequal crossover events N, i plotted, when the rate of synonymous substitution v is assumed to be 2.0 X
10-° per site per year. The level of sequence difference observed for the present UbC(9u) gene is indicated by a horizontal line. (B)
The dependence of K (t = 1.2 X 108) on K(t = 0) for various numbers of unequal crossover events. Error bars represent the 0.2 X
standard deviation.

conducive to concerted evolution than that of a poly- be a generation time effect on the frequency of un-
ubiquitin locus. equal crossover events. From the study of the human

A simple explanation for the different event-fre- minisatellite loci, it has been pointed out by Jeffrey et
quency between man and rodents is that there would al. (1988) that the large mutation events, involving the
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Figure 6.—Simulation for sequence differences within the Chinese hamster CHUB1 gene (A) and the human UbB gene (B).
The sequence difference K (t = 1.2 X 108) after various numbers of unequal crossover events N, is plotted, when the rate of syn-
onymous substitution v is assumed to be 3.5 X 109 per site per year for CHUB1 and 2.0 X 10-° per site per year for UbB. The level
of sequence difference observed for the present polyubiquitin gene is indicated by a horizontal line. Error bars represent the stan-
dard deviation.
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gain or loss of up to about 2 kb, appear to arise by
means of recombinational processes at meiosis. As the
generation time of rodents is considered to be 100
times shorter than that of human, it is reasonable to
speculate that rodents have been more susceptible to
unequal crossing over during meiosis since the diver-
gence of these species.

The authors thank Dr. Naruya Saitou of National Institute of
Genetics of Japan, for his helpful suggestions and comments on this
study.
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