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Abstract. We sequenced three argininosuccinate-pseudogenes were relieved of selection on their coding
synthetase-processed pseudoged&&S-Al, WAS-A3,  functions only around 30-40 million years ago. We sus-
WAS-3) and their noncoding flanking sequences in hu-pect that relatively more mutable sites maintained un-
man, orangutan, baboon, and colobus. Our data showethanged during the evolution of the argininosuccinate
that these pseudogenes were incorporated into the ggene are able to change in the pseudogenes, such sites
nome of the Old World monkeys after the divergence ofbeing eliminated or rare in the flanking regions which
the Old World and New World monkey lineages. Thesehave been void of strong selective constraints over a
pseudogene flanking regions show variable mutatiormuch longer period. Our results shed light on (1) the
rates and patterns. The variation in the G/C to A/T mu-multiplicity of factors that tune the spontaneous mutation
tation rate (1) can account for the unequal GC contents atrate and (2) the impact of the genomic position of a
equilibrium: 34.9, 36.9, and 41.7% in the pseudogenesequence on its evolution.

WAS-Al, YAS-A3, and VAS-3 flanking regions, re-

spectively. The A/T to G/C mutation rate/)(seems Key words: Mutation pattern — Mutation rate — Re-
stable and theu/v ratios equal 1.9, 1.7, and 1.4 in the gional effect — Sequence effect — Pseudogenes
flanking regions ofPAS-Al, WAS-A3, andVAS-3, re-
spectively. These “regional” variations of the mutation
rate affect the evolution of the pseudogenes, too. Th
ratio u/v being greater than 1.0 in each case, the overa
mutation rate in the GC-rich pseudogenes is, as expected,

higher than in their GC-poor flanking regions. Moreover, Because of its importance in molecular evolution, the
a “sequence effect” has been found. In the three casefattern of point mutation has long been a subject of
examinedu andv are higher (at least 20%) in the pseu- interest to molecular evolutionists (Vogel andrRioorn
dogene than in its flanking region—i.e., the pseudogend 966; Fitch 1967; Zuckerkand! et al. 1971; Gojobori et
appears as mutation “hot” spots embedded in “cold” al. 1982; Li et al. 1984). Early on it was noted that point
regions. This observation could be partly linked to themutation is not random and a nucleotide does not mutate
fact that the pseudogene f|anking regions are |0ngIO the three others with equal probabilities. Indeed, the

standing unconstrained DNA sequences, whereas théansition rate is higher than the transversion rate, though
there are two types of transversion and only one type of
transition, and the G/C to A/T mutation raté (s higher
than the A/T to G/C mutation rate)(
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genome, which are long (>300 kb) DNA segments ho- ®© @ 6 @
mogeneous in base composition (Bernardi et al. 1985 A c G T
1988; Bernardi 1995). Bernardi et al. (1985, 1988) pro-
posed that GC-rich isochores arose because of functioni
(i.e., selective) advantages. This “selectionist hypoth- A EI
esis” is based on some puzzling observations: (1) The
gene density is much higher in GC-rich isochores than ir
GC-poor isochores, and (2) GC-rich isochores exist only A c T G
in the genome of warm-blooded vertebrates (mammal:
and birds) but not in the genome of cold-blooded verte-
brates. The opposing view is that GC-rich isochores @ c T A
arose because of variation in mutational pressure ove
regions (Filipski 1987; Sueoka 1988, 1992; Wolfe et al. A>G C>G 7 ?

1989; Holmquist and Filipski 1994). In particular, the Fig. 2. Mutation pattern inference. For each polymorphic site the
mutationist hypothesis proposed by Wolfe et al. stipu-direction of the mutation and the ancestral nucleotide state were in-

lates that isochores arose from mutational biases becaugéred, assuming that the ancestral nucleotide is the one that requires
he minimum number of substitutions to account for the nucleotide

of the changes in the composition of the nucleotide pootiifferences at the site among the four sequencBsTlfe most parsi-

during replication of germ-line DNA. monious explanation is a mutation from A to G (or from T to C on the
Wolfe et al. (1989) showed that the rate of silent other strand) in theolobusbranch. 2) The most parsimonious expla-
substitution varies among genes, depending on the bagegtion is a mutation from C to G (or from G to C on the other strand)
composition of the gene and its fIanking DNA. An in- in .the orqngutanbranch. 8) gnd @) The ancestral states canno't be
verted—V-shaped distribution of mutation rates with re- uniquely inferred ahd such S|_tes were excluded from the analysis. We
~ also excluded deletions and insertions.
spect to GC content was found and a model for explain-
ing the observation was developed by Gu and Li (1994);
see also Wolfe (1991) and Eyre-Walker (1992). How- The above studies were based on comparison of ho-
ever, analyses of more extensive data did not support thisiologous protein-coding genes between a single pair of
relation (Bulmer et al. 1991; Bernardi et al. 1993; Wolfe species, but there are some drawbacks to using such data.
and Sharp 1993). Indeed, although the rate of synonyFirst, they only allow the estimation of the variation of
mous substitution appeared to peak at approximatelyhe overall mutation rate and give no information on the
60% GC, the GC content variation did not seem to bevariation of the mutation pattern. Second, the spontane-
sufficient to explain the substitution rate variation. ous mutation rate is estimated under the assumption that
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(@) pseudogene YAS-A1 + Alu
Human —-mee—— AAATGAAGAGTCA I AAATGAAGAGTCT  CTTGAAAAAG
Orangutan  .......... T e i it it e e e
Baboon AAAAACAATTTT ...... Goevvtr iiiiiias Ao,
Colobus  .......... 1T ..., G...... N
Squirrel Monkey TAAACCTATTTA —-—----mmmmmm i it e,
Fig. 3. Pseudogene insertion sites.
pseudogen&”AS-Al + Alu insertion site;B
®) pseudogene WAS-3 pseudogen&AS-3 insertion site. The
pseudogenes are each flanked by direct repeats
(boldfaced sequencedNo pseudogene or Alu
Human AAACCTGCT CTTAG | CTTAA  TTTGGACAGTAAACT sequence and only one of the two flanking
Orangutan  ......... ..... e G repeats were found in the squirrel monkey. A
Baboon ... ..., B dot (.) indicates identity to the human
Colgbus .............. G sequencegashes (-)ndicate insertion or
Squirrel Monkey .G.-..... ----- LGl TG...... C deletion required for the alignment.

it is equal to the substitution rate at synonymous sitesenzyme and separated by electrophoresis through a 0.9% agarose gel.

This assumes that synonymous sites are completely nefgestriction fragments with a size close to those of the fragments which
hybridized with the probe were excised from the gel and purified. A

tral. This assumption may not hold because there may bgértial library inA ZAP Il (Stratagene) was constructed according to

bias in codon usage and th('_:‘re may be compositionghanutacturer's specifications. The library was screened with the probe
patterns of synonymous positions in homologous mamsprepared in the previous step.

malian genes (Cacciet al. 1995; Zoubak et al. 1995).

Third, the GC content of the DNA region in which the  pcr Amplification.Overlapping sequences corresponding to the
gene is embedded is estimated using the GC content ateudogenes and flanking regions were amplified in each species. The
the silent sites. However, this estimate may not accusedquences were amplified fromu of genomic DNA by a regime of

: : 94°C (1 min), 55°C (1 min), and 72°C (2 min) for a total of 35 cycles
rately reflect the GC content of the flanklng regions. on a Perkin-Elmer/Cetus DNA thermal cycler in a reaction mix con-

To avoid these prOb_lemS we Sequ?n_ced three_ p_rot'aining 10 mu Tris-HCI (pH 9.0), 50 nw KCI, 1.5 mm MgCl,, 0.1%
cessed pseudogenes with the same origin (the arginingriton X-100, 200 nm dNTPs, 1 unit of Tag DNA polymerase, and 1
succinate synthetase gene) and their flanking regionsw of each appropriate primer.

(Fig. 1) in human, orangutan, baboon, and colobus. Us-

ing these data, we have addressed the issues discussedcCloning. Purified PCR products were ligated into pBluescript I

above. SK+ (Stratagene) digested with EcoRV and tailed with a dTTP. The
ligation mixtures were used to transform competéntoli XL1/blue
cells and single recombinant colonies were isolated.

Materials and Methods . )
Sequencingror each sequence, three clones, each derived from an

independant PCR and cloning reaction, were sequenced enzymatically
Sources of Sample$senomic DNA was isolated from 250 mg of with Sequenase version 2.0 sequencing kit (United States Biochemical)
baboon Papio cynocephalys orangutan Rongo pygmaegsand  on double-stranded templates purified with Wizard Miniprep kits (Pro-
squirrel monkey aimiri boliviensisa New World monkey) liver and  mega). The sequences of the clones were determined on both strands.

human blood by the method of Ellsworth et al. (1993). The genomic|nternal sequencing primers were designed as sequence information
DNA of Colobus angolensigan Old World monkey) was a gift from  gccumulated.
Dr. Carol-Beth Stewart, the State University of New York at Albany.

Sequence Alignment and AnalyskAiltiple sequence alignments

Southern Blot Analysistive micrograms of genomic DNA was were made with the Pileup program (Devereux et al. 1984). The gap
digested with 20 units of each restriction enzyme and separated bweight equals 5 and the gap length weight equals 0.3. Distance esti-
electrophoresis through 0.9% agarose gels. Gels were processed anthtion was performed by Kimura’s (1980) two-parameter method,
DNA was transferred to a nylon membrane (Hybond N+, Amersham)using the MEGA package (Kumar et al. 1993).
according to the Southern method. The DNA was immobilized by
baking at 80°C for 2 h. Membranes were prehybridized at 62°C for 2
h in hybridization buffer (6 x SSC5 x Denhardt, 0.1% SDS). The
probes were generated by PCR and labeled by random priming witl
(a-*2P)dCTP. Hybridization was conducted overnight at 62°C. The
membranes were washed twice at 62°Chwitx SSC/0.1% SDS and
twice with 0.5 x SSC/0.1% SDS.

Nucleotide Substitution Pattern Inferendéhe well-known phylo-
igenetic relationships among the four species allow the inference of the
mutation pattern as proposed by Gojobori et al. (1982). We included in
the analysis the sites at which two and only two states exist, one state
being present in one species and the other in the three other species. We
assumed that the ancestral state was the one shared by the three species
and that the mutation occurred in the other species (the most parsimo-

Partial Library Construction and Screenindrive micrograms of  nious inference). We excluded from the comparison the sites at which
orangutan genomic DNA was digested with 20 units of restriction we could not decide the direction of the change (Fig. 2).
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Table 1. Sequence lengths and base compositions

Flanking regions Pseudogenes
Functional
PAS-Al WAS-A3 WAS-3 WAS-AL WAS-A3 WAS-3 AS gene

Length (bp) 1,619 2,109 1,992 1,592 1,630 1,630 1,527
%A 34.0 31.1 275 25.9 25.3 25.0 24.0
%T 31.2 31.6 30.8 20.4 20.5 21.1 19.5
%C 19.7 20.0 19.5 27.7 27.2 27.2 28.2
%G 15.2 16.9 22.2 26.1 26.9 26.7 28.2
%GC 34.9 36.9 41.7 53.8 54.1 53.9 56.4
Table 2. Indel size distribution (Freytag et al. 1984; Nomiyama et al. 1986). We con-

structed three probes (pr. A1, pr. A3, and pr. 3) by using
PCR-amplified fragments of a 5lanking region and a

6 7 10 22 27Total  short sequence of each of pseudogefids-Al, VAS-

A3, andVAS-3 (Fig. 1). Orangutan genomic DNA was

Indel size (bp)

Sequence 1 2 3

N
a1

$ﬁ§:ﬁé 13 i g g cl) 1 1 ! 1 12 digested by a set of restriction enzymes that cut #AP
WAS-3 6 1 01 0 2 10 Il vector, and the digested DNA was electrophoresed in
FL PAS-A1 3 3 2 1 1 10 an agarose gel, Southern blotted, and hybridized with
FLWAS-A3 10 2 32 2 3 1 23 probes pr. Al, pr. A3, and pr. 3. Three DNA fragments
FLWAS3 7 2 2 1 2 1 15 ; i . . . .

Total 4313 156 6 7 1 1 1 1 94 were identified Sacl: 3.5 kb; Sacl: 5 kb Spel:6 kb), all

of which contain long stretches of the pseudog@#es-
aAS: argininosuccinate synthetase pseudogeneVRS: flanking ~ Al, WAS-A3, andWAS-3 flanking regions, respectively
region of an argininosuccinate synthetase pseudogene (Fig. 1). A ZAP |l partial libraries of these fragments
were constructed and screened with probes pr. Al, pr.
A3, and pr. 3, respectively. Phages bearing DNA frag-
50 ments of interest were isolated and plasmid excision was
performed in order to sequence about 2 kb of the 5
flanking region of each pseudogene.

Human, orangutan, baboon, and colobus overlapping
fragments of DNA covering a pseudogene and its flank-
30 ing regions were PCR amplified and sequenced. In the 5
flanking region of #?AS-Al, an Alu sequence was iden-
tified. Other transposable sequences or long open reading
frames (ORFs) were not observed.

Two DNA fragments in a squirrel monkey were am-
10 plified with primers flanking pseudogendsAS-Al and
WAS-3, respectively, and sequenced. The pseudogenes
were absent in each DNA fragment, and only a single
copy of the two repeated sequences flanking a pseudo-
gene in the other species were found. Moreover, no Alu
Fig. 4. Indel size distribution. Open bars: Indel size distributions sequence was found (Fig. 3). These results indicate that
based on 78 human processed pseudogenes (Gu and Li BI9i8).  ha jnsertions of the pseudogenes and the Alu sequences
_bars:ln_del size distribution from the three pseudogenes and thelrflank-happened after the split of the New World and the Old
ing regions (present study).

World monkey lineages 35-40 million years (Myr) ago
but before the emergence of the ape lineage 25-30 Myr
Results ago.

The WAS-Al pseudogene, the two Alu sequences,
and the flanking regions sequenced constitute an unin-
terrupted DNA segment of 3,794 bp (the thick and thin
In humans, in addition to the argininosuccinate synthe-dashed lines in Fig. 1A). The lengths of tHeAS-Al
tase (AS) gene, 14 AS pseudogenes are dispersed on pseudogene and the flanking region are 1,592 bp and
different chromosomes, including the X and Y chromo- 1,619 bp, respectively (Table 1). THeAS-A3 pseudo-
somes (Su et al. 1984). Seven AS pseudogenes and payene, the Alu sequence, and the flanking regions se-
tial 5’ and 3 flanking sequences had been sequencediuenced constitute an uninterrupted DNA segment of

40

percentage

20

1 2 3 4 5 6 7 8 9 10 >10
Indel length (bp)

Pseudogene and Flanking Region Sequences
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Table 3. Mutation patterns in pseudogenes and their flanking redions

Flanking region

WAS-Al WAS-A3 VAS-3
G-A 17 18 18
G-T 2 2 3
G-C 2 4 4
A-G 12 19 24
A-T 8 4 4
A-C 1 10 4
T-G 4 6 9
T-A 2 5 2
T-C 21 14 15
C-G 3 9 3
C-A 6 4 3
C-T 17 26 20
Total 95 121 109
Ts number 67 77 77
% Ts (s.e.) 70 (4.6) 64 (4.4) 71 (4.3)

n | p n | p n | p

GIC-AIT 42 2,260 185 50 3,113 160 44 3,323 123
AIT - GIC 38 4,216 90 49 5,323 92 52 4,645 111
GIC-CIG 5 2,260 22 13 3,113 42 7 3,323 21
AIT - TIA 10 4,216 24 9 5,323 17 6 4,645 13
Total 321 311 277

#n: mutation numbert: number of G+C (or A+T) nucleotides screened for mutations i.e., sequencé kedgk %GC / 100 (osequence length
x 4 x (1 —%GC) / 100);p (number of mutations normalized by the sequence length and the GC contertl0% Ts: transition number; Values
in parentheses were obtained by excluding all CG dinucleotides from comparisons.

3,987 bp (Fig. 1B). The lengths of thEAS-A3 pseudo-  (%T: 20.4, 20.5, 21.1), (%C: 27.7, 27.2, 27.2), and (%G:
gene and the flanking regions are 1,630 bp and 2,109 b26.1, 26.9, 26.7) inPAS-Al, WAS-A3, and VAS-3,

respectively (Table 1). Th&#?AS-3 pseudogene (1,630 respectively. The base composition in the AS functional
bp) and the flanking regions (1,992 bp) sequenced congene is 24.0% A, 19.5% T, 28.2% C, and 28.2% G. The
stitute a 3,622-bp uninterrupted DNA fragment (Fig. pseudogenes, like the functional genes, are relatively

10). GC-rich ((b4%). In contrast, the base compositions of
their flanking regions are heterogeneous: (%A: 34.0,
Indel Distribution 31.1, 27.5), (%T: 31.2, 31.6, 30.8), (%C: 19.7, 20.0,

In the alignment of the sequences from the four specie

studied, deletions and insertions (indels) of various size

; ; tents range fromB5 to [42% but are considerably
are scattered along the pseudogenes and their flanki n
regions (Table 2). The size distribution of indels (Fig. 4)!’1%Ower than the GC contents of the pseudogenes (Table 1).

is very similar to the one obtained from a large sample of
pseudogenes (Gu and Li 1995)—that is, small indels 0Cjy
cur much more frequently than large indels. The indel
events are found in both the internal and the externa{Ne excluded the Alu sequences in the analysis. In the
branches of the phylogenetic trees, an observation thgﬁ

9.5), and (%G: 15.2, 16.9, 22.2) in tHAS-A1, VAS-
3, andVAS-3 flanking regions, respectively. The GC

utation Patterns in Flanking Regions

indi he lack of f . f th d anking region of each of the three pseudogenkA$-
N |_cates t € lack o unction of the pseudogenes an 1, WAS-A3, and WAS-3), the number of mutations
their flanking regions.

from G/C to A/T (42, 50, 44) is not statistically different
from the number of mutations from A/T to G/C (38, 49,
52) (x*test:P = 0.65,P = 0.94,P = 0.41) (Table 3).
The GC contents in these flanking regions are thus at
The pseudogenes show very similar base compositionstatistical equilibrium. If no selection is assumed (see
(the average of four species): (%A: 25.9, 25.3, 25.0)/Jater for a discussion of this assumption), the GC content

Base Compositions in Pseudogenes and
Flanking Regions
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Table 3. Continued

Pseudogene
WAS-Al WAS-A3 WAS-3 Total
31(22) 32(29) 17 (11)
6 3 6 (5)
7 4 6 (4)
20 15 (13) 20 (19)
2 4 2
5 5 3
3 2 0
10 3 2
16 (15) 15 (14) 14 (13)
7(6) 4(3) 6 (4)
5(4) 4 3
25 (22) 35 (29) 33 (23)
137 126 112 700
91 97 84
66 (4.2) 77 (3.7) 75(4.1)
n | p n | p n | p
67 3,426 196 74 3,527 210 59 3,514 168 336
(53) (3,096) (171) (64) (3,200) (200) (38) (3,184) (119)
44 2,942 150 37 2,993 124 37 3,006 123 257
(43) (146) (34) (113) (35) (116)
14 3,426 40 8 3,527 23 12 3,514 34 59
(3,096) (45) (3,200) (25) (3,184) (38)
12 2,942 41 7 2,993 23 4 3,006 13 48
427 380 338
(403) (361) (286)

at equilibrium €) allows the estimation of tha/vratio  pends on the DNA region studied—that is, it decreases
(Sueoka 1962): with increasing GC content.

uv = (1-c¢)c
Mutation Patterns in Pseudogenes
We obtainu/v = 1.9, 1.7, and 1.4 in the flanking regions
of WAS-A1, WAS-A3, andWVAS-3, respectively. The GC contents (54%) of the pseudogenes are higher

The substitution pattern in each pseudogene flankinghan those observed in the flanking regions (Table 1). In
region is reported (Table 3). After normalization by the contrast to the flanking regions, in each of the three
sequence length and GC content, the G/C to A/T mutapseudogenes\(AS-Al, WAS-A3, and VAS-3), the
tion number in theWAS-A1l flanking region is higher number of mutations from G/C to A/T (67, 74, 59) is
than those in tha?’AS-A3 andWAS-3 flanking regions  statistically higher than the number of mutations from
(not statistically significant). The A/T to G/C mutation A/T to G/C (44, 37, 37)x* test:P = 0.03,P < 0.001,P
numbers are similar among the three pseudogene flank= 0.02) (Table 3), implying that the GC contents of
ing regions (Fig. 5A). these pseudogenes are decreasing with time.

Kimura's (1980) two-parameter distances in the The substitution patterns in the peudogenes seem to
flanking regions between the four species are reported ifollow the same trends as that observed in their flanking
Table 4b, d, and f. All the other methods of distanceregions (Table 3 and Fig. 5A). However, a systematically
estimation available with the software MEGA gave very higher normalized mutation number than in the corre-
similar estimates, as expected when distances are smaponding flanking region is observed in each pseudogene
(<10%). Under the assumption of rate constancy amondpr every type of mutation considered. The difference in
lineages, the four distancétsa/Pcy, Hsa/Can, Ppy/Pcy, the normalized G/C to A/T mutation number in pseudo-
and Ppy/Canmust be equalHsa, human;Ppy, orang- geneWAS-Al and its flanking region (196 vs 185) is the
utan; Pcy, baboon; andCan, colobus). Indeed, in the only one that is not statistically significant.
flanking regions these distances are very close to each Forty-one CG dinucleotide sites in the common an-
other. It is worth noting that the distance estimate de-cestral sequence of the pseudogenes and the functional
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O G, C -> A, T in the flanking region

® G, C -> A, T in the pseudogene

O A, T -> G, C in the flanking region

B A, T -> G, C in the pseudogene

<> Sum of mutations (normalized) in the flanking region
@ Sum of mutations (normalized) in the pseudogene

500 500

450 CpG excluded

400 +\
N\
N,
N
\\
350 +\\
\\
~

~
~
~
~
~
300 N
>

250

450

350

300

250

200 200

Number of mutations (normalized)
Number of mutations (normalized)

150 150

100

50 50

35 37 41 35 37 41
% GC in the flanking region % GC in the flanking region

Fig. 5. Substitution rate variations. Plot of the number of substitutions (normalized) in pseudogenes and flanking regions versus flanking regi
GC content. See Table 3 for data normalization by sequence length and GC céntdhtucleotide sites included GC dinucleotide sites
excluded.

gene were inferred. These sites were excluded and thBiscussion
mutation rates and patterns revised as in Li et al. (1984).
The new estimates of G/C to A/T substitution rates areAn ideal experimental situation for studying the factors
only slightly lower in WAS-Al and WAS-A3 but sub- that affect the rate and pattern of spontaneous mutation
stantially lower inWAS-3. The general trends are not would result from inserting identical neutral sequences in
changed by the exclusion of the CG dinucleotides (Tablalifferent regions of the genome and monitoring their
3 and Fig. 5b). evolution through time. Such an experiment is not fea-
Kimura’'s two-parameter distances between the foursible because evolution proceeds extremely slowly, but a
species are reported in Table 4a, ¢ and e. The four dignolecular evolutionary process can mimic such a situa-
tancesHsa/Pcy, Hsa/Can, Ppy/PcgndPpy/Canare re-  tion. Processed pseudogenes of a functional gene may be
ported in Fig. 6b. The distances from the pseudogenéserted into multiple sites in the genome. Because pro-
data are longer than those estimated from the flankingessed pseudogenes are likely to be devoid of function
regions. In addition, thePAS-A1 distances are longer from the moment they are incorporated into the genome,
than theWAS-3 distances, as is the case for the correthey are useful for studying the rate and pattern of spon-
sponding flanking region (Fig. 6A). Th# AS-A3 dis-  taneous mutation. In particular, 14 argininosuccinate
tances are similar to those of tHeAS-3 ones. Moreover, synthetase pseudogenes were found on 11 different hu-
the four estimates folVAS-A3 are quite different, man chromosomes. We chose three of tham$-Al,
largely due to a particularly low number of mutations in WAS-A3, andWAS-3) that seem to have appeared dur-
the terminal branch leading to human and a particularlying a short period of time and that might be found in all
high number of mutations in the terminal branch leadingmonkey genomes (Nomiyama et al. 1986). Four higher
to the baboon. primate sequences of each pseudogene and their flanking
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Table 4. Means (below diagonal) and standard errors (above diagonal) of the numbers of nucleotide substitutions per 100 sites between seque

a) b)
Pseudogend@AS-Al WAS-AL1 flanking region
(53.8 %GC) (34.9 %GC)
Hsa Ppy Pcy Can Hsa Ppy Pcy Can
Hsa 0.57 0.91 0.90 Hsa 0.46 0.72 0.74
Ppy 4.6 0.94 0.92 Ppy 3.1 0.70 0.73
Pcy 10.9 11.6 0.65 Pcy 7.1 6.9 0.51
Can 10.7 11.2 6.1 Can 7.7 7.5 3.8
c) d)
Pseudogend@AS-A3 WAS-A3 flanking region
(54.1 %GC) (36.9 %GC)
Hsa Ppy Pcy Can Hsa Ppy Pcy Can
Hsa 0.54 0.80 0.74 Hsa 0.41 0.61 0.59
Ppy 4.3 0.86 0.81 Ppy 3.2 0.60 0.59
Pcy 8.9 9.9 0.57 Pcy 6.7 6.6 0.43
Can 7.7 9.0 4.8 Can 6.4 6.3 35
e) f)
Pseudogen&AS-3 WAS-3 flanking region
(53.9 %GC) (41.7 %GC)
Hsa Ppy Pcy Can Hsa Ppy Pcy Can
Hsa 0.56 0.81 0.85 Hsa 0.40 0.59 0.57
Ppy 4.6 0.81 0.85 Ppy 2.9 0.57 0.56
Pcy 9.0 9.1 0.52 Pcy 6.3 5.9 0.43
Can 9.9 10.0 4.1 Can 5.8 5.7 3.4

regions allowed us to analyze the pseudogene evolutiof in the flanking regions of all the pseudogenes. Equal
in parallel with the flanking region evolution. Some “re- frequencies of A and T on the one hand and G and C on
gional” and “sequence” effects on mutation rates havethe other hand are expected at equilibrium in noncoding
been revealed. sequences if no-strand mutation biases are involved (the
type 2 parity rule) (Lobry 1995; Sueoka 1995). The vio-
lation of the type 2 parity rule is expected in coding
sequences because there are asymmetrical constraints on
the coding strand vs its complementary strand. Indeed,
The flanking regions of the three pseudogenes havé&e found such a deviation in the pseudogenes, which
reached different GC content equilibria. In the absence oféeflects the coding function of the sequence from which
selection on the GC content, this means variation of théhey originated. The violation of the type 2 parity rule in
ratio u/vwhereu is the rate of mutation from G/C to A/T noncoding sequences is more likely due to strand muta-
andv is the rate of mutation from A/T to G/G.is rather  tion biases. It could mean that not only the site of inser-
stable in the three regions huitlecreases with increasing tion of a sequence but also its position relative to the
GC content (Fig. 5A). These results suggest that the Ga@eplication origin of the DNA segment in which it is
content variation among regions is mainly due to theembedded can affect its molecular evolution (Wu and
variation of the mutation rate from G/C to A/T. fis ~ Maeda 1987).
constant, thenuz/u,, = 1.4/1.9 = 0.74, whereu; and
Uaz are.the mutation rates from G/C to A/T _in the flapk- “Regional” Effects on the Rate and Pattern of
ing regions ofPAS-3 and\IfAS-Al, resfpgctlv'ely. Th|§ Mutation in the Pseudogenes
shows the importance of regional variation in mutation
rate. The comparison of the mutation patterns in different
It is worth noting that the frequency of A is not equal pseudogenes that were derived from the same functional
to that of T in the flanking regions of?AS-Al and gene is particularly interesting if their insertions into the
WAS-3 and that the frequency of G is not equal to that ofgenome occurred in a short period in the evolutionary

“Regional” Effects on the Rate and Pattern of
Mutation in the Flanking Regions
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T+ T+ Fig. 7. Argininosuccinate synthetase pseudogene phylogeny. Human,
T + orangutan, baboon, and colobus argininosuccinate synthetase pseudo-
oL oL gene VAS-Al, WAS-A3, and WAS-3 sequences have been aligned
Flanking region Pseudogene with the argininosuccinate cDNA sequence and a phylogenetic tree
inferred using the neighbor-joining method (Saitou and Nei 1987) and
Kimura’'s two-parameter distances (the number of substitutions per
o Hsa /Pcy d_istance site). Bootstrap values (based on 500 replications) are reported at each
« Hsa /Can distance node. The highly mutable poly-A tails have been excluded from the

o Ppy/Pcy distance
» Ppy/Can distance
# Mean distance

analysis.

Fig. 6. Distance variations. Plot of Kimura’'s two-parameter distances . . . . . .
between human and babodtis@/Pcy, human and colobusisa/Can), tances in their flanking regions (Fig. 6). Estimatesibf
orangutan and baboorP|fy/Pcy, orangutan and colobus®gy/Car) > 1.0 in the three regions could account for this obser-

using three argininosuccinate synthetase pseudogene sequences or thgiftion. Indeed, if the mutation rates of G and C are
flanking regions. Species abbreviations dfisa, quo sapiens; Ppy, higher than those of A and T, one can expect that the
the orangutafPongo pygmaeus; Pethe baboorPapio cyanocephalus; number of mutations is positively correlated with the GC
Can, the colobusColobus angolensis.

content. HoweverVAS-Al andWAS-3 have evolved at

different rates, even though these sequences have the
scale so that the pseudogenes allow the analysis of thegme GC content (Fig. 6B). As with their flanking re-
evolution of the same sequence in different genomic eNgions the?AS-A1 distances are longer than tHeAS-3
vironments. Our data show that the pseudogenes wergnes (Fig. 6A,B). This result confirms that the G and C
incorporated into the genome between the separation ghytation rates are lower in thBAS-3 region than in the
New World/Old World monkeys 35-40 Myr ago and the wAS-A1 region. TheWAS-A3 distances were thus ex-
emergence of the ape lineage 25-30 Myr ago. Thigected to be somewhere between those indtHes-Al
means a period of 10 million years at most between theyndwAS-3, as with the flanking region sequences. They
first (WAS-Al) and the last insertionl(AS-A3) accord-  are actually lower than expected (Fig. 6B), but this may
ing to the phylogenic tree shown in Fig. 7. An examina-pe due to sampling effects (a short human terminal

tion of the phylogenic tree of the pseudogenes (Fig. 7hranch and a long colobus terminal branch).
also suggests that the three insertions occurred at very

similar times because the two internal branches that link

the root of the tree to the node where the pseudogengSequence” Effects on the Mutation Rate and Pattern

WAS-A3 separates from the functional gene are very

short. Note also that even now the nucleotide compositt is well known thatu is greater thawv (Li et al. 1984),

tions of the pseudogenes are very similar (Table 1)So more mutations are expected in GC-rich sequences

Therefore, the set of three pseudogenes we chose isthan in GC-poor sequences. Indeed, longer distances be-

good approximation of the ideal simultaneous insertiontween sequences are obtained with GC-rich pseudogenes

of three identical sequences in a common ancestor of ththan with GC-poor flanking regions (Fig. 6A,B).

four species. A more striking point is that estimates of the mutation
The pseudogene distances are longer than the disatesu andv and the overall mutation rate are higher in
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a pseudogene than in its flanking region (Fig. 5). This Second, a more quantitative argument can be found in
suggests that all nucleotide types in the pseudogenes mour analyses. If we assume that the poor GC content in
tate more rapidly than expected on the basis of the muthe flanking regions is controlled by selection, then we
tation rate pattern in their flanking regions. must observe an excess of substitutions of G and C to-
The ratios of the sum of the normalized mutationward A and T and a deficit of substitutions of A and T
numbers inNPAS-Al, WAS-A3, andWVAS-3 and in the toward G and C in the GC-rich pseudogenes. An excess
flanking regions, respectively, are 427/321 (1.32), 380/of mutation toward A and T is indeed observed, but there
311 (1.22), and 338/277 (1.22). This result shows a conis also an excess of mutation toward G and C, which is
stant greater mutation rate (20% or higher) in the pseuincompatible with the selectionist hypothesis.
dogenes than in the flanking regions (Fig. 5A). Third, the GC content decreases very slowly in the
It is worth noting that the flanking regions have pseudogenes. The GC content is 56.4% in the human
reached the GC content equilibrium, which is a slowargininosuccinate mRNA (excluding the poly-A tail) and
process (Li and Graur 1991), because these regions haabout 54% in the pseudogenes. This means only a 2.4%
not been subject to significant selective pressures (ndecrease after at least 30 million years; thus, it will take
coding sequences) for a very long time. Conversely, sea very long time to reach the flanking-region GC-poor
lection has been strong on the nonsynonymous sites agquilibrium state. Under such weak selection, it is quite
the gene that gave rise to the pseudogenes. For about 3%conceivable how the equilibrium state could be main-
million years the pseudogene sequences have been ri&ined in genomic regions with recurrent insertions. It is
lieved of this constraint and the GC content has desimpler to assume that the flanking regions of the pseu-
creased slightly (from 56.4% to 54% GC) as expecteddogenes are selectively neutral and have reached differ-
under GC mutation pressure. Moreover, it is known thatent GC-content equilibria under local mutation patterns.
the mutation rate of a nucleotide depends on the neigh-
boring nucleotides (lzuta et al. 1995; Mendel_mar_1 et a"BioIogicaI and Evolutionary Implications
1989). We propose that more mutable combinations of
nucleotides have been conserved during evolution of th@he variations in the G and C spontaneous mutation rates
gene because of the selection pressure on the codingill need further investigation. One explanation is linked
sequence. These more mutable sites may elevate the mi@ potential methylation of C residues. The transition
tation rate in pseudogenes because pseudogenes are froim C to T can arise from conversion of methylated C
subject to functional contraints. Of course, the higherresidues to T residues upon deamination; about 90% of
mutation rates in these pseudogenes should be mainipethylated C residues in vertebrate DNA occur at 5
due to their high GC content rather than due to someCG-3 dinucleotides (Coulombre et al. 1978).
particular nucleotide combinations. A higher C mutation rate is expected in CG dinucleo-
Because of the higher GC content and probably thdide-rich regions. When the CG dinucleotides are ex-
existence of more mutable nucleotide combinationscluded from the analysis, the substitution rate in the
these pseudogenes then appear as “hot” spots of mutgseudogene is somewhat less conspicuous (Fig. 5B). The
tion embedded in “cold” regions. When the GC content maintenance of CG dinucleotides in the coding sequence
decreases and the highly mutable sites are consumed, than thus partially explain the higher substitution rate in
mutation rates will slow down to those observed in thethe pseudogenes than in the flanking regions. Another
flanking regions. A comparison of the substitution ratesexplanation is suggested by the finding of a high level of
in older pseudogenes and their flanking regions may alorganization of the genome in the nucleus and the asso-
low one to test this hypothesis. ciation of replication and repair complexes with the
nuclear matrix (Berezney and Jeon 1995). DNA se-
guence position in the nucleus might affect its replication
timing and accuracy and repair efficiency (Holmquist
The above discussion assumes that there is no selecti@nd Filipski 1994).
on the GC content. Evidence for this assumption in the Variations in the mutation pattern among regions may
three regions studied can be derived from our data. Firsigxplain the poor fit of the model developed by Gu and Li
if the different GC content equilibria in the flanking re- (1994) to a large data set. This model could be true but
gions are maintained by selection (the mutation patterronly locally; a set of curves instead of only one could
being the same), this selection is very efficient in elimi- describe the relation between mutation rate and GC con-
nating excess of A and T or G and C, because the obtent for the whole genome. If all the data are analyzed
served numbers of mutations toward G or C and towardogether, no clear picture may thus appear.
A or T are very similar. In other words, there is strong As homologous genes can move from one region of
selection for maintaining the optimal GC percentage valthe genome to another, it may be interesting to investi-
ues. Then it is paradoxical to observe the maintenance ajate whether the effects of the local mutation pattern on
pseudogenes and Alu sequences, which have very diflistance estimation can introduce bias that affects the
ferent GC contents. accuracy of a phylogenetic method.

No Selection on GC Content
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