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ABSTRACT  Comparisons of nucleotide sequences of several
pseudogenes described to date, including a- and B-globin and im-
munoglobulin «-type variable domain pseudogenes, with those of
functional counterparts revealed that pseudogenes accumulate
mutations at an extremely high rate uniformly over their entirety.
It is remarkable that the evolutionary rate exceeds the rate of
changes between synonymous codons, the highest known rate, in
functional genes. Because no pseudogenes appear to function, this
result strongly supports the neutral theory. In addition this result
apparently indicates the presence of selective pressure against
changes between synonymous codons in functional genes. Close
examinations of codon utilization patterns in pseudogenes and
functional genes revealed a significant correlation between the
rate of changes at synonymous codon sites and the strength of bias
in code word usage. This implies that even synonymous codon
changes are not completely free from selective pressure but are
constrained in part, although presumably weakly, depending on
the degree of bias in code word usage. We also reexamined align-
ment between mouse Bh3 (pseudogene) and Bmaj sequences and
found a unique structure of the Bh3 that is homologous in sequence
to the Bmaj gene overall but contains a long deletion (about 150
base pairs) in the middle of the gene.

Pseudogene is defined to be a region of DNA that shows sig-
nificant homology in sequence to a functional gene but has sev-
eral mutational changes that render it unable to produce a func-
tional product (1). Since the first report of 55 RNA pseudogene
in the 58 DNA repeat unit of Xenopus laevis oocytes (2), several
pseudogenes have been identified in other eukaryotic gene
clusters, including mammalian a- and B-globin gene families
(1, 3-9) and the human immunoglobulin k-type variable domain
gene cluster (10). Recently, more pseudogenes have been iden-
tified in Euglena gracilis chloroplast ribosomal RNA transcrip-
tion units (11) and the mouse 4.8S small nuclear RNA gene fam-
ily (Y. Ohshima, N. Okada, T. Tani, Y. Itoh, and M. Itoh, per-
sonal communication), which apparently are unable to encode
functional RNAs. Thus, the occurrence of pseudogenes appears
to be a common feature of eukaryotic gene clusters.

A pseudogene is considered to be a naturally occurring mu-
tant gene whose sequence resembles sequences of functional
genes. Comparison of a pseudogene with its functional coun-
terpart would therefore provide much insight into mechanism
by which genes evolve. A comparison of the DNA sequence of
mouse a-globin pseudogene to the sequences of normally func-
tioning a-globin genes from mouse and rabbit has shown a re-
markable feature of the pseudogene evolution (12): The loss of
functions enables it to escape the selective pressures that op-
erate to preserve the sequence almost completely throughout
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the entire region, thereby allowing accumulation of mutations
at an extremely high rate, 1.9 times as large as the rate of
changes between synonymous codons in functional genes which
is the most rapidly evolving component so far examined (for
review, see ref. 13). Kimura also obtained a similar result (14).
This characteristic feature is well understandable from the view-
point of neutral theory (15-17). In addition, these results ap-
parently indicate the presence of some unknown functional con-
straint against changes between synonymous codons in functional
genes (12).

In this report, we confirm the above results on the basis of
recently established pseudogene sequence data from a much
wider variety of sources. Furthermore, we show that there is
a significant correlation between the rate of evolutionary
changes between synonymous codons and the strength of bias
in'synonymous codon usage. This implies that, even at the syn-
onymous codon site, nucleotide changes are not completely free
from selective pressure but are constrained to some extent de-
pending on the degree of bias in code word usage.

METHODS

Sequence Alignment. The procedure was described else-
where (18).

Calculation of Sequence Difference (K). The procedures
have been described (18, 19). For each pair of genes, the se-
quence difference or simply “difference,” defined as the num-
ber of mismatches per nucleotide site, was calculated at every
functional or structural block such as intron, exon, 5’- and 3'-
noncoding regions, etc. (13). For coding regions, we carried out
calculations for the two types of difference, synonymous dif-
ference (K) and amino acid difference (K,). The K (K,) is de-
fined as the number of synonymous (amino acid) substitutions
relative to that of the synonymous (amino acid) sites, the sum
of fractions of nucleotide sites leading to synonymous (amino
acid) change by single nucleotide replacement per nucleotide
position of codon (19).

RESULTS AND DISCUSSION

Mouse B-Globin Pseudogene Bh3 Contains a Long Deletion
(About 150 Nucleotides) in the Middle of the Sequence. Jahn
et al. (5) described a mouse B-globin pseudogene Bh3 which is
closely related to adult B-globin genes in sequence beyond co-
don position 75. The second intron is present at a precise po-
sition. However, short deletions and insertions within the cod-
ing sequence put the amino acid sequence out of phase. In
addition, the alignment by Jahn et al demonstrates the loss of
continuity in the homology between the Bh3 and an adult B-
globin gene sequence at codon position 75. We found an ad-
ditional homology region between the two sequences before the
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Fic. 1. Alignment between mouse globin Bmaj (upper line) (20) and h3 (lower line) (5) sequences. The coding sequence is enclosed. *, Nu-
cleotides that are identical between the two; -, gap; INT and cAp, translation initiation and capping sites, respectively; E1, E2 and E3, first, second,

and third exons, respectively.

position. The revised alignment obtained by our method is
shown in Fig. 1. Clearly, Bh3 contains a sequence correspond-
ing to all regions of the adult B-globin gene. It is remarkable
that this gene has deleted from it a long stretch corresponding
to the region from around the last 20 nucleotides of the first
intron to the middle of the second exon. It therefore appears
to lack the putative splicing signals (21) for the first intron so
that no transcripts produced by this gene could be spliced cor-
rectly. Furthermore, it lacks the initiator ATG, changed by
mutation, to AGG. A similar change is found in the human a-
globin pseudogene gal (1). Due to lack of important signals
essential to globin function together with the presence of several
deletions and insertions within the coding sequence, Bh3 ap-
parently cannot produce a functional product.

Extraordinarily High Evolutionary Rate of Pseudogene.
Pseudogenes described to date, including a- and B-globin pseu-
dogenes and immunoglobulin «-type variable domain pseudo-
gene, are closely related in sequence to their respective func-
tional counterparts, suggesting that they were derived from
common ancestors by gene duplication (1, 3-6, 10). To reveal
the different modes of evolution between a pseudogene
(Apseudo-) and its functional counterpart (Ag,pc: ) from a compar-
ison of their temporal sequences, it may be effective to intro-
duce a third homologous gene (Bg,,. ), the common ancestor
of the three being far remote from that of the A, and the
Apeeudo, (Fig. 2). Since the divergence time ofagene pair A, eudo./
Byt is the same as that of another pair Ag,,. /Bgunet.» the se-
quence difference of the former [designated as K(A,eudo./
Bt )] can be compared directly with that of the latter [i.e.,
K(Agunet/Beunce)] Without using paleontological data which is
often subject to considerable uncertainty. Because both the
pairs contain the Bg,,, in common, the difference of values
between K(Apseudo./ Bfunct.) and K(Af\mct/ Bfunct.) is clea.rly re-
sponsible for the difference in the numbers of mutations ac-
cumulated in the respective lines to the temporal genes A ;e,do.
and Ag,,. —that is, the difference of evolutionary rates between
the pseudogene and the functional gene.

According to the above idea, we carried out analysis for the
evolutionary divergence of three distinct types of pseudogenes,
including @~ and B-globin pseudogenes from mouse and im-
munoglobulin k-type variable domain pseudogene from human
(Table 1)' An index R = K(A-pseudo./ Bfunct‘) - K(Afunct/ Bfunct.)’
reflecting the difference between evolutionary rates of the
pseudogene and its functional counterpart, was also introduced.
A characteristic pattern of nucleotide substitutions in several

mammalian genes, including a- and B-globin genes, insulin
genes, and growth hormone genes, has been found (13): with
respect to the extent of sequence divergence, each gene is di-
vided into two distinct blocks, the rapidly evolving blocks in-
cluding the synonymous codon sites, intron, and 5’ portion of
3’ noncoding region, and the slowly evolving blocks including
the 5" noncoding region, 3' portion of the 3’ noncoding region,
and amino acid alternating sites, where the sequences are
strongly conserved due to several functional requirements.
Immunoglobulin variable domain genes, however, show a
slightly different pattern in sequence variation (unpublished
data). The 5’ noncoding region shows considerable sequence
divergence, the value of K being almost comparable to that of
K;. This may be partially due to unusually large nucleotide-
length containing a less-constrained stretch in most of this re-
gion. The 3' flanking sequence shows strong sequence pres-
ervation due to a requirement for V-J recombination characteristic
for immunoglobulin genes (22-25). Table 1 also contains the
same classification for functional blocks. It is remarkable that
the R values in Table 1 are always larger than unity, even in the
rapidly evolving regions. Furthermore, the R values are always
larger in strongly constrained blocks than in less-constrained
blocks. These results imply that the loss of function enables the
pseudogenes to escape several selective pressures almost com-
pletely throughout the entire region, thereby allowing accu-
mulation of mutations uniformly over all the regions at a rate

Afunct. Amndo. Bfunct.

F1G. 2. Schematic representation of phylogenetic relationship
among three genes. A .1 8nd Agynct , 8 pseudogene and its functional
counterpart from the same species; B, -8 functional gene from dif-
ferent species, B. According to the phylogenetic relationship, the time
gince divergence between A ,u4. and By, is the same as that be-
tween Agnct. and Beunet,
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Table 1. Comparison of nucleotide sequence of pseudogene with
that of functional gene

Sequence difference (K)
per site
Functional block KD K R de.
a-Globin gene Mya/Ra Ma/Ra
Amino acid site 0.225 0.105 2.14
5’ Noncoding 0.273 0.212 1.29
(0.351) 0.297) (1.18)
3’ Noncoding:
3’ Portion 0.344 0.219 1.57 S
(0.344) (0.219) (1.57
5’ Portion 0.500 0.463 1.08 W
(0.510) (0.473) (1.08)
Synonymous site 0.530 0.486 1.09 w
B-Globin gene* MygB/RB MB/RB
Amino acid site 0.244 0.126 1.94
5’ Noncoding 0.362 0.236 1.53
0.474) (0.250) (1.90)
Intron* 0.448 0.319 1.40 W
(0.547) (0.415) (1.32)
Synonymous site 0.427 0.342 1.25 w
Ig x-type V gene Hyx100/Mx2 Hx101/Mk2
Amino acid site 0.281 0.202 1.39 S
5’ Flanking 0.355 0.339 1.05 W
(0.365) (0.349) (1.05)
Intron 0.396 0.322 1.23 W
(0.464) (0.360) (1.29)
3’ Flanking 0.444 0.259 1.71 s
(0.444) (0.259) 1.71)
Synonymous site 0.449 0.374 1.20 w

The pseudogenes include several deletions, insertions, or both rel-
ative to the functional counterparts. These alternations result in
frameshifts. When more than one gap site was found within nucleotide
positions of each codon, the corresponding codon was excluded from
calculations of Kg and K,. Two methods that differ in treating gaps
were applied for calculating K in noncoding regions. When gaps were
found in one of the sequences being compared, the corresponding sites
were excluded from comparison (method 1). In method 2, a gap was
counted as a “mismatch” (results are given in parenthesis). Nucleotide
sites with more than 10 consecutive gaps were ignored in the calcu-
lation for both methods. K(I) and K(II), sequence differences for pair
I (Apseudo/Brunct.) and pair II (Agpct /Brunct), respectively (see Fig. 2);
R = K(I)/K(II); d.c., degree of constraint; S, strong constraint; W, weak
constraint (for the classification, see text); Mya and My, mouse a-
globin ya30.5 and B-globin B3 pseudogenes, respectively; Maand Ra,
mouse and rabbit functional adult a-globin genes, respectively; M8
and R, adult S-globin genes from mouse (8maj) and rabbit, respec-
tively; Hyw100 and Hx101, human «-type pseudogene and functional
gene, respectively; Mx2, Mx41 and M«x21, x-type functional genes «2,
x41, and «21, respectively, from mouse. For references for these se-
quences, see footnote of Table 2. -

* Sequences of the region shown in Fig. 1 were compared among My;8,
MB, and RB.
t Value for short intron:

that is extraordinary, being higher than the rate of changes be-
tween synonymous codons in functioning genes which is the
most rapidly evolving component described to date (for refer-
ences, see ref. 13). These results also confirm a previous ar-
gument (12) on pseudogene evolution. .

Although the R values in Table 1 are consistently larger than
unity for all the cases examined, there is still a possibility that
this is only a result of statistical fluctuation. To avoid such effect,
we extended our analysis by using a- and B-globin genes from
the chicken as the Bg,,, and averaging the Kg and K, for all
pairs between mammalian genes and a chicken gene. For the
case of the immunoglobulin gene, two more genes from the
mouse were introduced for the Bg,,., one of which, k21, is
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distantly related in sequence to Hx101 from man.

Table 2 shows the R values of the synonymous sites and amino
acid sites for five pseudogene cases. The values of R are always
larger than unity except for a case of human yal, in which the
value of the synonymous sites is slightly lower than unity. Fur-
thermore, the R values are larger in amino acid sites than in
synonymous sites, without exception. These results are con-
sistent with the above argument. From the results of Tables 1
and 2 in addition to those of other workers (12, 14, 34), it is clear
that pseudogenes evolve at a higher rate than do synonymous
substitutions of functional genes but not at an equal rate (1, 6).
In previous work (12), the evolutionary rate of mouse a-globin
pseudogene Ya30.5 was estimated to be 12.6 X 107° per site
per yr, which corresponds to 1.9 times as large as the rate of
synonymous substitutions of functional genes, although one
should wait for a reliable estimate for elucidation of more pseu-
dogene sequences among which orthogonal comparisons (35)
are possible.

Comparison of Codon Usage Patterns Between Pseudo-
genes and Functional Genes. The fact that the evolutionary rate
of pseudogenes is much higher than that of changes between
synonymous codons in functional genes indicates that, in func-
tional genes, even the synonymous codon sites, the most rapidly
evolving component, are not completely free from selective
pressure but are subject to constraints against nucleotide
changes due to requirements for some functions. Nonrandom
use of degenerate codons found in many genes (e.g., see ref.
36) may be a candidate for such selective pressure by which the
rate of changes between synonymous codons is reduced. Sev-
eral arguments have already been noted on the primary factors
determining the bias of codon utilization (for review, see refs.
37 and 38). Although the functional significance of specific co-
don utilization is still not understood fully, it might be related
to selective pressure against changes between synonymous co-
dons, thereby reducing the evolutionary rate to some extent
(12, 13, 19). Conversely, if this is really so, then it is expected
that synonymous codons are found to be used more uniformly
in pseudogenes than in functional counterparts.

To elucidate the relationship between the degree of bias in

Table 2. Ratio of sequence difference (K) between pseudogene
and functional gene to that between two functional genes

Amino
Synonymous acid
site site
B-Globin gene
KR yB/CP):K (mammal B/CB) 1.12 1.27
KMyp/CP):K (mammal B/CB)* 1.19 1.33
a-Globin gene
KHya/Ca)K (mammal a/Ca) 0.99 1.61
K(Mya/Ca)K (mammal a/Ca) 1.06 1.33
Ig x-type V gene
K(Hyx100/Mx2):K(Hk101/M«x2) 1.20 1.39
K(Hyx100/Mx41):K(Hx101/M«41) 1.08 1.51
K(Hyx100/Mx21):K(Hx101/Mx21) 1.03 1.21

K(mammal B/CB), average of K(HB/CB), K(RB/CB), and K(MB/
CB); K(mammal a/Ca), average of K(Ha/Ca), K(Ra/Ca), and K(Ma/
Ca). HB, RB, MB, and CB are functional S-globin genes from man (26),.
rabbit (27), mouse (Bmaj)(20), and chicken (28), respectively. Ha, Ra,
Ma, and Ca are functional a-globin genes from man (a2) (1), rabbit
(29), mouse (30), and chicken (31), respectively. Ry, rabbit pseudo-
gene YB2(6); My, mouse pseudogene Bh3(5); Hya, human pseudo-
gene Yal(1); Ma, mouse pseudogene Ya30.5(4); Hyx100, human
pseudogene HK100 (10); Hx101, human functional gene HK101 (10);
Mx2, Mx41, and M«21, mouse functional genes «2 (32), k41 (24), and
«21 (33), respectively.

* Boxed regions in Fig. 1 were compared among the four sequences.
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the use of synonymous codon and the rate of changes between
them, we introduce an index, f, which is defined as the fre-
quency of a degenerate codon group ending with a particular
base divided by the expected frequency if all the degenerate
codons were used uniformly. By definition, it is apparent that
the mean of f; (f of U-ending codons), f, fi, and f; equals
unity. The standard deviation oyof the fs may be a good measure
representing the degree of bias in codon usage. oy is expected
to be larger in heavily biased genes than in less-biased genes.

Table 3 shows the values of f and oyfor a- and B-globin genes
and immunoglobulin variable domain genes from mammalian
species together with their pseudogene counterparts. It is re-
markable that the values of oy are consistently smaller in pseu-
dogenes than in their respective functional counterparts. That
is, in pseudogenes, there is an appreciable tendency to use syn-
onymous codons more uniformly than in functional genes.
Functional a- and B-globin genes avoid using A in the third
position of the codon, whereas a significant increase is found
in the values of f, for all the globin pseudogenes examined.
Functioral a-globin genes are distinguished from B-globin
genes in that they show a strong preference for the use of C-
ending codons, whereas the values of f. are decreased consid-
erably in the respective pseudogenes. Immunoglobulin variable
domain genes prefer to use all the codons more uniformly than
do globin genes. Even in such less-biased genes, the pseudo-
gene counterpart still appears to show a decreased value for oy.
These results together with the fact that pseudogenes evolve
at a higher rate than do changes between synonymous codons

Table 3. Relative frequency (f) of degenerate codons used in a-
globin, B-globin, and immunoglobulin «-type variable domain
genes

fu fc fa fo gr

a-Globin:
Functional gene
Human (a2) 0.41 2.12 0.09 1.39 0.80
Rabbit 0.40 2.16 0.14 1.30 0.79
Mouse (al) 1.01 1.76 0.29 0.95 0.52
~ Chicken 0.60 2.20 0.26 0.94 0.73
Pseudogene
Human (yal) 0.81 1.56 0.33 1.30 0.47
Mouse (4a30.5) 1.06 1.63 0.44 0.88 0.43
B-Globin:
Functional gene
Human 1.15 1.26 0.22 1.37 0.46
Rabbit 1.18 1.12 0.25 1.46 0.45
Mouse (Bmaj) 113 1.49 0.23 1.16 0.47
Chicken 0.60 2.07 0.17 1.16 0.71
Pseudogene
Rabbit (y82) 1.16 1.19 0.44 1.22 0.33
Mouse (Bh3) 0.81 1.28 0.64 1.28 0.28
Ig
Functional gene
Human (HK101) 1.07 1.29 0.75 0.89 0.20
Mouse («2) 1.42 0.76 0.98 0.84 0.25
Mouse («41) 149 1.10 0.78 0.64 0.33
Mouse («21) 1.36 1.03 0.77 0.84 0.23
Pseudogene

Human (HK100) 1.10 1.21 0.77 0.92 0.17

f, Frequency of degenerate codons ending with a specific base, di-
vided by the expected frequency if all the degenerate codons were used
uniformly. For human a-globin gene, for example, U-, C-, A-, and G-
ending codons appear 14, 73, 3, and 48 times, excluding nondegenerate
codons. Thus, fy is 14/[(14 + 73 + 3 + 48)/4] = 0.41. o, standard
deviation of fy, fc, f a, and f . For sources of sequence data used, see
legend of Table 2.
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in functional genes support an argument that nonrandom use
of synonymous codons affects the rate of changes between them.

Table 3 also reveals an interesting feature of codon utilization
pattern in functional a- and B-globin genes. With respect to the
value of o', a-globin genes from mammals and a bird are clearly
classified into two groups, a heavily biased group (all)including
a-globin genes from man, rabbit, and chicken and a less-biased
group (al) with mouse a-globin gene. A similar classification
is possible for B-globin genes. Human, rabbit, and mouse -
globin genes (BI) have different values of o; from chicken -
globin gene (B-I1). The all and BII groups are similar in codon
utilization pattern and o ; value (0.7-0.8) but they are quite
distinct from al and I w{'nich again are almost identical in o
value (~0.5). This indicates that, although globin genes coul({
be classified into two groups, the classification does not nec-
essarily correspond to gene types (i.e., a vs. B) but depends
rather on species.

Further Evidence for the Correlation Between Constraint
Against Synonymous Changes and Degree of Bias in Synony-
mous Codon Usage. More supporting evidence for the possi-
bility that bias in synonymous codon usage is responsible for a
selective pressure against changes between synonymous codons
comes from comparison of a- and B-globin gene sequences. The
above classification for globin genes with respect to o allows
us to compare the Kg values among three categories, heavily
biased pairs (i.e., aIl/BII), moderately biased pairs (al/BII
and all/BI), and less-biased pairs (al/BI). It should be noted
that, because a- and B-globin gene divergence is far remote
from the divergence of mammals and birds (39), all the pairs
have the same divergence time.

The results are shown in Table 4. A significant correlation
is found between K and the o ;. The heavily biased pairs show
the lowest K¢ values (the mean =SD within the category is 0.51
+ 0.02), and the less-biased pairs show the highest (0.66 =
0.00). For moderately biased pairs, the K¢ values (0.59 * 0.02)
lie between the other two. This result together with the results
that pseudogenes have a higher evolutionary rate and lower o
values than do the respective values of functional genes clearly
indicates that, in functional genes, even the synonymous sites
could not accumulate mutations freely but are subject to selec-
tive pressure which relates in part to bias in synonymous codon
utilization. This type of selective pressure, however, must be
weak compared with another type of selective pressure oper-
ating on the amino acid sites to preserve correct tertiary struc-
tures of encoded protein molecules because synonymous sites
are known to evolve at much higher rates than amino acid sites
(for references, see ref. 13).

Evolutionary Rate of Pseudogene May Correspond To a
Limiting Rate Predicted by Neutral Theory. The neutral the-
ory stresses that most evolutionary changes that result in nu-

Table 4. Correlation between sequence difference (Kg) and
degree of bias in code word usage in a- and B-globin genes

Sequence difference (Kg)
Bl gl
HB RB Mg CB

(0.46) (0.45) 047 0.71)

a Ma (0.52) 0.663 0.661 0.661 0.598
Ca 0.73) 0.617 0.633 0.601 0.537

ol Ra 0.79) 0.581 0.575 0.598 0.484
Ha (0.80) 0.569 0.553 0.563 0.505

of and all, Classification of a-globin genes from man (Ha), rabbit
(Ra), mouse (Ma), and chicken (Ca) with respect to o8 (the values
enclosed in parentheses). A similar classification was also made for 8-
globin genes. For sources of sequence data, see legend of Table 2.
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cleotide substitutions in functional genes are caused not by se-
lection but by random drift of mutant genes that are selectively
equivalent or neutral (15-17). The probability that a mutational
change is selectively neutral depends strongly on functional
constraints. That is, the weaker the constraint, the larger the
probability of random change being selectively neutral (16, 17).
According to this view, functionally less- important genes or
parts of genes are expected to evolve faster than are more im-
portant ones. Because no pseudogenes appear to have a func-
tion, the result that they evolve at a highest known rate is com-
pletely consistent with this argument. Furthermore, the neutral
theory reveals an remarkable feature on gene evolution. Kimura
(17) has already pointed out that a gene evolves at an upper rate
which is almost equivalent to the rate of mutations occurring
on the DNA sequence, when its functional constraint disappears
completely. It seems likely that the evolutionary rate of pseu-
dogenes is corresponding to this limiting rate (12). No gene
could evolve faster than this rate. Conversely, if genes or parts
of genes evolve at lower rate than the limiting rate, the neutral
theory suggests a possibility that their nucleotide sequences are
subject to constraints related to known or unknown biological
functions. This allows more detailed pictures about mechanisms
by which genes evolve. Under this viewpoint, we indeed have
shown that synonymous substitutions in functional genes are not
completely free from constraints but are subject to constraint
which is related to bias in synonymous codon usage to some
extent, although presumably weak compared with selection
pressure operating on protein tertiary structure.

Note Added in Proof. We have just learned that Edgell et al (40) ob-
tained an alignment similar to that in Fig. 1.
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