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Abstract. We present an analysis of the evolutionary dase subunit Il (COIl) (Adkins and Honeycutt 1994;
rates of the cytochrome oxidase subunit | genes of Adkins et al. 1996) genes, both encoded in the mitochon-
primates and other mammals. Five primate genes werdrial genome, demonstrate an approximately twofold in-
sequenced, and this information was combined with puberease in their nonsynonymous substitution rate in sim-
lished data from other species. The sequences from siman primate species compared to other primate and
ian primates show approximately twofold increases innonprimate mammals. Such increases in nonsynonymous
their nonsynonymous substitution rate compared to thosevolutionary rate have prompted the suggestion that
from other primates and other mammals. The speciethese genes have undergone positive selection in simian
range and the overall magnitude of this rate increase argrimates (Andrews et al. 1998) and may imply that an
similar to those previously identified for the cytochrome episode of adaptive change has occurred to the ETC in
¢ oxidase subunit Il and cytochrontegenes. these species. Such a possibility is lent further support by
the finding that a number of nuclear-encoded compo-
Key words: Relative rates test — Electron transport nents of the electron transport chain also show rate
chain — Mitochondria — Cytochrome — Simian pri- anomalies that could be related to rate accelerations
mates — Positive selection — Maximum likelihood — among the mitochondrial genes. Nuclear-encoded cyto-
Base compositional heterogeneity chromec appears to have undergone a period of rapid
evolution of the lineage leading to humans, and by ex-
trapolation, potentially a similar rate increase may have
Introduction occurred in other primates (Baba et al. 1981; Evans and
Scarpulla 1988). More recent analysis of nuclear-
A number of the protein components of the electronencoded components of the cytochromexidase com-
transport chain (ETC) in simian primates exhibit accel-plex has also revealed that at least three of these subunits
erated evolutionary rates compared with those in othehave undergone nonsynonymous rate accelerations in
mammals, including nonsimian primates. The cyto-primates (subunits IV, Vla, and Vlla), and in two cases
chromeb (Andrews et al. 1998) and cytochromaeoxi-  (subunits IV and Vlla) these rate increases could be at-
tributed to nonneutral evolution (Wu et al. 1997; Schmidt
et al. 1997, 1999).
N . _ Cytochromec, COIll, and cytochroméb are closely
* Present addressCenter for Information Biology, National Institute . . .
of Genetics, 1111 Yata, Mishima, Shizuoka-ken 411-8540, Japan related funCtlona”y’ in that thEy operate In concert as
Correspondence toT. Daniel Andrews;e-mail: dandrews@lab.nig. COmponents of the ETC. Cytochrorh@nd COIl are key
ac.jp subunits of the final two complexes (lll and V) of the
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ETC. Cytochroma; interacts with both of these com- Table 1. Oligonucleotide primers used in the amplification and se-

plexes in its action of transporting electrons from com-auencing of COI genes

plex 11l to complex IV (Hatefi 1985). It has been shown

b .. . . Primef
that the reaction of simian cytochrongewith simian

Sequence (5-3)°

complex IV (of which COIl forms the cytochrome  “Universal” primers

H5783

binding site) is different in protein—protein binding char- L7453

acter from that of other mammals (Osheroff et al. 1983).50es geoffroyi

This information viewed collectively with the informa-  He179

GGCTICTTIGAATTTGCAATTCIA
TGIGGGTTCGATTCCTTCCTT

TAGCATTTCCACGAATGAATAA

tion on rate variation in these genes has led to specula- H6532 CTGACTGACCGTAATCTTAA
tion that these mitochondrial components may have co- :3222 {?gié;ﬂigggggﬂgglf
evolved (Cann et al.. 1984; Andrews et al. .199.8). L7085 AATAGTOGGAAICAGTGAA
From an analysis of nucleotide substitution rates | ggae TCCAGGGAGRATAAGGATA
across mammals in fully sequenced mitochondrial ge- 6283 CTAAGGGTGGGTAAACTGT
nomes, Janke et al. (1994) showed that a number ofolobus polykomos
mitochondrial encoded genes violated an assumption of a H6613‘71‘11 $$TCTTAGCACCAAGT éngATTGTAiiAA
uniform or clogk-llke e_volutlonary rate. These genes oo CACTTCACGGACGOAATAT
were shown to include, in decreasing degree of rat.e ViO- 7208 GACTACCCCGACGCTTA
lation, the COIl, cytochromé, and cytochromes oxi- L7100 TTAGAGTATAGCCTGAGAATA
dase subunit | (COI) genes. The recently solved crystal L6804 AAGTGAAATAGGCTCGTGTA
structure of the bovine heart cytochromexidase com- y '—63;24 . GGTTAAGTCTACAGAGGCT
H H apalemur griseus
plex (Tsukihara et al. 1996) shows that CQI binds to He107 ACAACATGAGCTTCTGACT
COll and transduces electrons passed to it from cyto- s-q7 TCAACACCTATTCTGATTCTT
chromec. Potentially, an episode of coordinated adaptive Heg7s CGACATTACATGGTGGCAA
evolution that involved COIl, cytochromntg cytochrome H7225 TCTGACTATCCAGATGCCT
c, and at least two nuclear-encoded subunits of cyto- tgggg ggﬁ:&ﬁgg'&%@é;m
chromec oxidase could also involve COI. . L6287 COTGOTAGAGGAGGATATA
Th|§ paper presentg new COI .nucleot|de SeqUeNCES,jago senegalensis
from five primate species along with a comparative in- Hg271 GGGACCGGATGAACCGT
vestigation of the evolutionary rate of this gene in simian Hé6667 CCACATCGTATCCTATTACT
primates and other mammals. H6973 GTCTTATCAAACTCCTCGTT
L7204 ACGACGAGGCATACCTGA
L6715 TTATTGCCCAGACTATTCCT
Materials and Methods L6353 GATACTCCTGCTAGGTGAA
Tarsius bancanus
. _ H6179 TAGCATTYCCTCGAATAAATAA
DNA Sources and Sequencirgver samples_ fronHapalemur griseus H6747 CTTCTTAGGTTTCATTGTCTG
(gray-gentle lemur) aqd;alago senegalens(tesser bushbaby) aqd a H7080 CTTCGTTCACTGATTCCCA
lung sample from'_rar3|_us ba_\ncanu$Bornean tarsier) were obtained H7227 CGACTACCCTGACGCATA
from the Duke University Primate Center. Blood plasma samples from | 7435 AATAGTGGGAAICAGTGAA
Atgles geoffroy(spider monkey) an€olobus polykomoéblack—gnd— L6636 as above
white colobus) were donated by the Royal Melbourne Zoological Gar- L6173 TTCGAGGGAATGCTATATCA

dens. DNA was phenol/chloroform extracted from either whole-plasma

samples or homogenates of tissue samples using standard protocel$iner numbers refer to the nucleotide at tHenst end of the

(ngbrook et al. 1989). The Col .gene was isplated Irom eackl Sp,eCieéequence and are numbered with reference to the scheme of Anderson
using the polymerase chain reaction (PCR) with the “universal” 0ligo- o 51 (1981). H and L refer to the strand to which the primer anneals.
nucleotide primers shown in Table 1. Nucleotide sequences of both | \onresents deoxyinosine; degenerate bases are represented by stan-
strands of each gene were determined directly from the PCR produc&ard notation

using dye-terminator cycle sequencing (Perkin) with the original PCRe jyersal primers were used for the first sequencing steps from both
primers and additional internal sequencing primers (Table 1) on aNands of all genes

ABI377 automated sequencer (Applied Biosystems). Additional COI
sequences were obtained from published sourBatenoptera phy-

salus[fin whale; X61145] (Arnason et al. 19915elis catusdomestic Data AnalysisThe base composition of each COIl gene was deter-
cat; U20753] (Lopez et al. 1996}jomo sapienghuman; J01415]  mined using the EComposition program of the GCG package (Genetics
(Anderson et al. 1981), aridus musculugmouse; J01420] (Bibb etal. Computer Group, Wisconsin) available via the Australian National
1981). COIlI sequences were also obtained from previously publishedGenomic Information Service (www.angis.org.au).

sourcesAlouatta palliatalmantled red howler monkey; L22774[ar- Base compositional heterogeneity among the COI sequences was
sius bancanugBornean tarsier; L22783Jzalago senegalensitesser assessed using the program, Distance, by L.S. Jermiin. Pai#vise
bushbaby; M80905]Lemur catta[ring-tail lemur; L22780] (Adkins  scores were calculated between all pairs of nucleotide sequences at
and Honeycutt 1994)Macaca mulatta[rhesus macaque; M74005] each codon position, and the magnitude and range of these graphed to
(Disotell et al. 1992)Balaenoptera physalusin whale; X61145] (Ar- determine which codon sites showed the least compositional heteroge-
nason et al. 1991)-elis catus[domestic cat; U20753] (Lopez et al. neity (see description in Andrews et al. 1998).

1996),Homo sapienfhuman; J01415] (Anderson et al. 1981), dnds Inferred COI and COIl amino acid sequences were aligned using

musculugmouse; J01420] (Bibb et al. 1981).

CLUSTAL W (Thompson et al. 1994) and did not require the insertion
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Table 2. Base compositions of COI genes at each codon position

First codon position Second codon position Third codon position

Species % A % T % G % C % A % T % G % C % A % T % G % C

Human 26.3 22.4 28.8 23.4 19.1 40.5 14.6 25.7 36.0 16.9 5.1 41.8
Colobus 26.7 24.5 27.8 21.0 18.7 41.4 14.6 25.1 35.0 26.7 5.3 32.9
Spider monkey 27.0 235 27.8 21.6 18.9 40.5 14.4 26.1 38.3 27.2 4.7 29.6
Tarsier 26.1 23.3 29.0 21.6 17.9 40.7 14.8 26.5 38.7 27.6 2.9 30.5
Hapalemur 26.3 25.5 30.0 18.3 18.5 40.5 14.8 26.1 40.7 321 4.7 22.4
Galago 26.3 24.5 29.2 20.0 17.9 40.9 14.8 26.3 38.1 27.6 6.4 27.6
Whale 27.0 23.7 29.0 20.0 17.9 40.9 15.0 26.1 40.9 21.4 4.7 32.9
Cat 26.7 24.7 29.2 19.5 18.1 40.9 14.8 26.1 34.8 29.2 10.1 25.7
Mouse 25.9 24.1 29.8 20.4 18.3 40.5 14.8 27.7 44.4 27.4 4.1 24.3

of gaps. Hence, the COI and COIl nucleotide sequences were alsdifferences (Table 2). Visual inspection of the table in-
atheqf W'”_‘t‘;”tfgapsl- " t otid dicates that the third codon positions are more composi-
niformity of evolutionary rates among nucleotide sequences was,. .
tested using the relative rates test of Muse and Weir(1992).Additionzjlona_"y hetemgeneous .tha'n the fIrSF and second Cc_)qon
relative rates tests were conducted using substitution rates estimated BOSItIONS. TO '?malyze th|s_ difference in base composition
the method of Wu and Li (1985), argistatistics for these tests were further, pairwise comparisons between sequences were
calculated as described by Muse and Weir (1992). Where Jukes—Cantggonducted to test the Compositional uniformity of each
corrected distances (1969) have been used to conduct relative rate tes&air of sequences. Figure 1 shows the frequency distri-
the variance ofK,sK,; was computed as described by Nei et al. . i g . }
(1985), using the method of Kimura and Ohta (1972) to calculateb,u,tlon ofZ stat|st|c§ Tor comparisons ,a‘t each codon p_o
var(K). sition. The compositional heterogeneity present at third
Ancestral COl amino acid sequences were estimated with the maxicodon positions, evidenced by the larger range and mag-

mum-likelihood method of Yang et al. (1995) using the codeml pro- nitude of Z values, makes these data a poor source of

gram of the PAML package [Version 1.3c (Yang 1997)]. information for analysis of substitution rates. Hence, in
the following analyses, where it is appropriate, third
Results codon positions have been excluded.

Primate COI Genes : .
Phylogenetic Assumptions

New primate COI nucleotide sequences were obtained
for Ateles geoffroyi, Colobus polykomos, Galago senegaPrevious analyses of the cytochromend COII genes
lensis, Hapalemur griseusand Tarsius bancanus from simian primates showed that these genes do not
(DDBJ/GenBank/EMBL database accession numbersdequately resolve the expected phylogenetic relation-
AB016730-AB016734). These five genes exhibit highships (Adkins and Honeycutt, 1994; Andrews et al.
levels of similarity among themselves and with other1998). This was also the case for the COIl sequences
previously published mammalian sequences. The neWdata not shown). In the following analyses, general pri-
nonsimian COI nucleotide sequences are 1512 base paimsate phylogenetic relationships implicitly required for
long and translate to a protein of 513 amino acids, thehe correct application of relative rate tests were derived
same length as the human sequence. The sequences étom Groves (1989) and Irwin et al. (1991).
tained for the colobus and spider monkey are longer than
the human and the other sequences at tHe#nd, by one ) )
and five codons, respectively. The extra codons and puR€lative Rates of Evolution
tative termination codon for the spider monkey sequenceT
intrude well into the downstream serine-tRNA gene, andh
r;[ts; db;hlfhgeggo;;ig:]ol;?b;ys);;'zz?rlzﬁtlp;or;?gyrtf;n; rate of simian COIl genes compared to those of other
mitochondrial genes (Anderson et al. 1981, 1982). Fixa_mammals. :

First, evolutionary rates of COIl sequences were com-

tion of a poly(A) tail following thymine at position 1542 . 7 . )
of the spider monkey gene forms a termination codon,pfégg u;'rr.]gﬂthiqute. lllheol(())d-rlfaktg'r:gzt(josfccl\)ﬂrgze 2?2 Vgir
and termination here makes the spider monkey and hu(— ). Briefly, multip g-likel  Were g

. . erated for groups of three sequences (two ingroups and
man proteins the same size. . .

their outgroups). Each score was calculated using a sub-

stitution model that assumed equal substitution rates be-
tween the genes of different species, and this was com-
The COI genes were examined at the first, second, angdared with the log-likelihood score calculated using a

third codon positions for possible base compositionalmodel that allowed substitution rates to vary between

wo kinds of relative rates test were employed to test the
ypothesis that there is an increase in the evolutionary

Base Composition
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Fig. 1. Frequency distribution of COIl base composition heterogeneity measured as pdistasistics. First codon positidfrstatistic frequencies
are represented bgquares,second codon positions asamonds,third codon positions asircles, and first and second positions combined as
triangles.

lineages. The log-likelihood ratios calculated from theseDiscussion
comparisons were tested for significance against®a
distribution with 2 degrees of freedom. Only first and Previous investigations of the evolutionary rates of pri-
second codon positions were used for these tests. Thmate mitochondrial genes have shown that the cyto-
results do not indicate the direction of any rate variationchromeb (Andrews et al. 1998) and COIl (Adkins and
detected. Honeycutt 1994) genes have increased rates of nonsyn-
Second, the method of Wu and Li (1985) was usedonymous substitution in simian primates. The analysis
This method treats substitutions differently depending orconducted here presents further evidence that these rate
whether they occur at nondegenerate, twofold degeneiincreases may be part of a multienzyme evolutionary
ate, or fourfold degenerate sites. The method allowed fophenomenon and had shown that COI sequences from
the direction of any difference in substitution rate to besimian primates have undergone an evolutionary rate ac-
identified. Furthermore, the division of sites into degen-celeration in the same species range as both the cyto-
eracy classes allowed an unbiased estimate of synonghromeb and the COII genes. Each of these three mito-
mous substitutions to be made. This can be obtainedhondrial genes shows a rate acceleration in simian
from transversion substitutions at fourfold degeneratgrimates of approximately the same magnitude, being
sites, since there is no indication of base compositionahbout a two- to threefold increase in nonsynonymous
heterogeneity at fourfold degenerate sites when bases asebstitution rates compared to that of other closely re-
combined into purine and pyrimidine classes. lated mammals. These increases in evolutionary rate also
There is a high degree of consistency between th@ppear not to be uniform among the simian primates—
results obtained using these two methods (Table 3). Botfor each gene the Old World monkeys (baboons, ma-
methods indicate a lack of rate difference between galacaques, colobine monkeys) show the greatest increase in
gos and tarsiers using cats as an outgroup, and both isubstitution rate.
dicate rate differences between simians and galagos/ The evidence does not rule out a relaxation of func-
tarsiers using cats/galagos as outgroups. Both method®nal constraint as a driving force for the rate accelera-
indicate relative rate uniformity between platyrrhinestions observed. However, given that the ETC is a vital
and catarrhines and a rate difference between Old Worldystem for all respiring cells, it is unlikely that whole
monkeys and humans. The difference between simiaparts of this pathway could become either fully or par-
and nonsimian primates is due to an approximately twodially functionally unconstrained. Hence it is of interest
to threefold elevation of substitution rate in simians.  to consider other possibilities—one of these is that func-
The phylogenetic range and the magnitude and directional changes have taken place in the simian ETC pro-
tion of the evolutionary rate acceleration are thus theteins and that these have been subjected to positive se-
same for COI as they are for COIl and cytochrome lection. Biochemical differences between the simian
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Table 3. Rate variation between COI sequences assessed

Wu and Li (1985) methdd

Muse and
Weir Nondegenerate subsitutions Fourfold degenerate transversions
Outgroup Species Species (1992)
3) 1) ) method K,*#SE K 5K,3+SE KyKe,® By, SE B,5By3+ SE  By,iBp,©
Cat Galago Hapalemur 451 2.83+05 0.35+0.69 0.752 101.7+£23.2 20.2+34.2 0.777
Tarsier 1.98 277+05 0.20+0.69 0.737 56.6 +8.9 6.6 +35.8 0.306
Spider monkey  4.35 594+0.8 -2.14+0.88 3.01 151.2£62.5 18.9+35.2 2.34
Colobus 16.30* 7.10+0.8 -3.67+0.97 3.53 123.2+35.9 20.5+346 1.24
Human 8.14 536+0.8 -2.04+0.86 2.34 84.6+17.0 3.7+£37.5 456
Galago Tarsier Spider monkey 13.61* 476+0.7 -3.16+0.85 2.00 91.5+186 -94.6+62.7 1.60
Colobus 20.78* 6.45+0.8 -4.32+094 3.14 134.8+452 -66.6+37.0 4.47
Human 9.64* 510+0.7 -2.58+0.84 2.53 92.1+188 -39.5+47.6.91%
Tarsier Spider monkey Human 0.06 466+0.7 -0.34+0.89 0.962 44.0+6.6 -0.68+23.6 0.319
Colobus Human 0.84 6.09+0.8 1.35+0.98 0.868 30.8+4.8 42.7+442 0.060
Colobus Spider monkey  0.74 766+09 169+101 1.68 63.2+10.4 43.4+46.6 0.121
Spider monkey Colobus Human 11.47* 6.09+0.8 3.00+x1.01 0.496 30.8+4.8 19.2+109 0.153

a Asterisks denote significance at a confidence levek of 0.05 assuming that the data resembleg aistribution with 2 degrees of freedom.

P Per 100 sites.

“Kor = (Kiz + Kiz = K29)/2, Koz = (Kyz + Kz = Ki9)/2, Bgy = (Bysz + By = Bo3)/2, andBy, = (Byo + Bps — Big)/2.

9 The pairwise comparison of the galago and human sequences at fourfold degenerate transversion sites resulted in a division by zero error in the
calculation of the value o (see Wu and Li 1985), and hence Jukes—Cantor (1969) corrected values are shown instead.

ETC and that of other mammals have now been knowrthe replacement of a positive with a negative residue at
for over a decade. It has been shown that the cytochromposition 129 (K - E) in some simians (apes and Old

¢ proteins from a large range of mammals are inter-World monkeys; in New World monkeys the change is
changeable with cytochromeoxidase from other spe- K - N, which just removes the positive change). Poten-
cies—except with simian primates. The reaction of sim-tially, the removal or shuffling of these charged residues
ian cytochrome with cytochromec oxidase from other in simian primates may partially explain the functional
nonsimian mammals proceeds with a greatly reducedlivergence of this interaction from that observed in other
Vmax (Osheroff et al. 1983). Present information derivedmammals.

from the more recent sequencing of the genes from the In addition to the evolutionary rate accelerations seen
simian primate ETC and the solved crystal structure offor the mitochondrial encoded subunits, three nuclear-
the cytochromec oxidase complex (Tsukihara et al. encoded components of cytochrorneoxidase display
1996) allow structural analysis of possible reasons fohigh nonsynonymous substitution rates in primate spe-
this enzymatic difference. Simian-specific amino acidcies (with the greatest nonsynonymous rates evident
changes to the COI and COIl genes were determinedlong catarrhine lineages) (Wu et al. 1997; Schmidt et al.
through ancestral reconstructions (data not shown) an@997, 1999). It is not obvious whether these events are
these changes superimposed on a stripped-down twaelated to evolutionary changes that have occurred
subunit model of cytochromeoxidase derived from the among the mitochondrial-encoded subunits. In the case
crystal structure (Fig. 2). Most of the simian-specific of COVla (Schmidt et al. 1997) and COVlla (Schmidt et
amino acid changes were found to be conservative andl. 1999), it appears that changes to these subunits are
are likely to be neutral. However, in the region of the related to the evolution of tissue specificity of these sub-
cytochromec oxidase complex believed to be respon- units (divergence of heart and liver isoforms) following
sible for cytochromec binding (the intermembrane gene duplication. The three nuclear-encoded subunits so
space-side extramembrane loop of COIl; see Fig. 2)far analyzed have each come into physical contact with
there was a concentration of changes that very possiblgither COI or COIl, and hence it is possible that the
could influence the nature of protein—protein interac-unusual evolutionary rates of these subunits may be re-
tions. Cytochrome binding to cytochrome oxidase is lated to the seemingly coordinated evolution if cyto-
thought to be mediated by interactions between posichromeb, cytochromec, COIl, and COIl. Potentially,
tively charged residues on cytochrom@nd a patch of some of the seven other nuclear-encoded subunits of cy-
negatively charged glutamates and aspartates on COtbchromec could also be involved and may display el-
(Lappalanien et al. 1995; Witt et al. 1998). On the lin- evated rates of nonsynonymous evolution in simian pri-
eage leading to simian primates, two changes (D127knates. Clearly, further investigation of the nuclear-
and E157Q) remove negatively charged residues fronencoded subunits of cytochronte oxidase would be
the edges of the region where cytochromeay bind.  valuable.

This loss of negative residues may be compensated for From the body of work that has now accumulated on
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