J Mol Evol (1998) 47:249-257

OURNAL OF DLEEUMR
e EVOLUTION

© Springer-Verlag New York Inc. 1998

Accelerated Evolution of Cytochromeb in Simian Primates: Adaptive
Evolution in Concert with Other Mitochondrial Proteins?

T. Daniel Andrews, Lars S. Jermiin, Simon Easteal

Human Genetics Group, John Curtin School of Medical Research, Australian National University, Canberra ACT 0200, Australia

Received: 15 December 1997 / Accepted: 24 February 1998

Abstract: We have sequenced the cytochromgene
of Horsfield's tarsier,Tarsius bancanusto complete
a data set of sequences for this gene from represent
tives of each primate infraorder. These primate cyto
chromeb sequences were combined with those from

representatives of three other mammalian orders (ca

whale, and rat) in an analysis of relative evolution-
ary rates. The nonsynonymous nucleotide substitu
tion rate of the cytochromé gene has increased ap-
proximately twofold along lineages leading to simian
primates compared to that of the tarsier and other pri
mate and nonprimate mammalian species. Howeve
the rate of transversional substitutions at fourfold
degenerate sites has remained uniform among all lin
eages. This increase in the evolutionary rate of cyto
chromeb is similar in character and magnitude to that
described previously for the cytochromexidase sub-
unit 1l gene. We propose that the evolutionary rate in-
crease observed for cytochron@nd cytochrome oxi-
dase subunit Il may underlie an episode of coadaptiv
evolution of these two proteins in the mitochondria of
simian primates.
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Introduction

i'nalysis of evolutionary rates can be a useful approach

for detecting genes and proteins that have undergone an
Fpisode of adaptive evolution or have been subjected to
positive natural selection. While rates of protein evolu-
tion may be increased by elevated mutation rates, this
can be distinguished from adaptive evolution through
analysis of the relative frequencies of synonymous and

nonsynonymous nucleotide changes. The hallmark of

adaptive evolution is an increased rate of nonsynony-
mous nucleotide change relative to synonymous change,
while increased mutation rates result in proportional in-

creases to both synonymous and nonsynonymous

nucleotide changes (Kreitman and Akashi 1995).
Analysis of the evolutionary rates of seven complete
mammalian mitochondrial genomes (rat, mouse, human,
seal, cow, whale, and opossum as outgroup) has shown
significant variation among these lineages for the cyto-
chromec oxidase subunit | and subunit Il genes and the
cytochromeb gene (Janke et al. 1994). More detailed
comparative analysis of the cytochroro@xidase sub-
unit Il gene from mammals has confirmed an evolution-
ary rate acceleration along lineages leading to simian
primates (apes including humans, Old and New World
monkeys) (Adkins and Honeycutt 1994; Adkins et al.
1996; Ramharack and Deeley 1987). It appears that cy-
tochromec oxidase has undergone a nearly twofold in-
crease in the rate of amino acid substitution relative to
other primates (Adkins and Honeycutt 1994), implying
an elevated rate of nonsynonymous nucleotide substitu-
tion. Related to this, the nuclear-encoded cytochr@ame
gene has undergone a period of rapid evolution in the
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lineage leading to humans (Evans and Scarpulla 1988)able 1. Oligonucleotide primer sequences
and cytochromes amino acid sequences demonstrate a .
higher number of replacements in lineages leading td"™®

Nucleotide sequence

simian primates than they do for other mammalian speH14581 3.CACTAAGGATCCATAAATAGGIGAAGG-3

cies (Baba et al. 1981). The nuclear-encoded cytochromg15132 3-TAGGCTAIGTICTCCCATGAGG-3

c oxidase subunit IV gene may have also undergone /15359 S-TCCAITAACCCATCAGGAAT:=3

brief eIevaFion of its nonsynonymous substitution rate inLllg’gfg g:?:gfﬁg:ggﬁ;%iﬁ%@ﬁ?igéﬁGGG_3

ancestral lineages leading to apes and Old World mong 556, 5. TCATTCTGGITTAATATGGGG-3

keys (Wu et al. 1997). 115379 5-GATTCCTGATGGGTTAITIGA3
Cytochromec functions by shuttling electrons be- L15186 8-TGGCGCCTCAIAATGATATTTG-3

tween the cytochrome reductase complex (cytochrome
b complex) and the cytochromeoxidase complex and,
in doing so, binds directly to subunit Il of cytochroroe
oxidase (Hatefi 1985). This intimate functional relation-
ship between cytochrome and cytochromec oxidase et al. 1981), Colobus guerezgblack-and-white colobus monkey;
subunit Il has led to the suggestion that their correlated/38264), Saimiri sciureus(squirrel monkey; U38273),.emur catta
increase in evolutionary rates could be due to coevolylring-tail lemur; U38271) (Collura and Stewart 1998 alago crassi-

. . . . audatus(thick-tailed bushbaby; U53579Nycticebus coucanslow
tion (Cann etal. 1984)' This suggestion Is Squorted b>foris; U53580) (Yoder et al. 1996felis catus(domestic cat; U20753)

kinetic studies ofin vitro recons_tituted reections of €Y~ (Lopez et al. 1996)Balaenoptera physalugin whale; X61145) (Ar-
tochromec with cytochromec oxidase, which show that nason et al. 1991)Rattus norvegicugrat; X14848) (Gadaleta et al.
the nature of the reaction in simian primates is different1989),Giraffa camelopardaliggiraffe; X56287),Dama damg(fallow

from that of other mammals, including strepsirhine pri- deer; X56290)Camelus dromedariuglromedary camel; X56281$us

scrofa(pig; X56295),Equus grevy(Grevy’'s zebra; X56282)5tenella
mates (Os_hemﬁ et al'_1983)' . . longirostris (spinner dolphin; X56292)Diceros bicornis(black rhi-
If adaptive coevolution has occurred in the mitochon-poceros; x56283) (Irwin et al. 1991)rsus maritimus(polar bear;

drial electron transport chain of simian primates, the ef-x82309), Phoca groenlandicaharp seal; X82303) (Arnason et al.
fects of this may not be restricted to cytochromand  1995),Dugong dugongdugong; U07564)0ryctolagus cuniculugab-

cytochromec oxidase subunit Il. The genes encoding b“?bIL_’Tif?))D(gz‘/@Ma;S gmaBsonk 19?4),d§%;5tauru5(cattle) (un-
other components of the electron transport chain ma)?u she enbank entry )

also exhibit unusual evolutionary rates as a result of
adaptive evolution. While not coming into direct contact ~PCR and Sequencinghe tarsier cytochromb gene was isolated

with either cytochrome or cytochromec oxidase, cy- by the polyme_rase chain reaetlon (PCR) using primers that anneal to
conserved regions upstream in the ND6 gene and downstream in the

tochromeb is a near neighbor' forming an impor.tant part tRNA-Pro gene (Table 1 and Fig. 1). Previously published primers
of the cytochromec reductase complex (Hatefi 1985). (irwin et al. 1991) proved to have a very short life span after synthesis,

Cytochromeb has been shown to have an acceleratedven when stored at —~70°C, possibly because they are homologous to

evolutionary rate in Iineages Ieading to humans (Irwin ettRNA regions and can easily self-anneal. PCR products were run on

0 g ) .
al. 1991: Ma et al. 1993)_ We have sequenced the CytOQ.SAalow melting temperature agarose (FMC Bloprodu_cts) gels and the
band of the correct size was excised and cleaned using Wizard Preps

chromeb gene ofTarsius bancanushus Completlng a (Promega). The sequences of both strands of products prepared in this
data set representing cytochromsequences from each way were determined using dye-terminator cycle sequencing (Perkin—
extant primate infraorder. The separation of tarsiers fronElmer) with the original PCR primers and a series of internal sequenc-
simian primates is the earliest divergence among extarif9d Primers (Table 1) on an ABI377 automated sequencer (Applied
haplorhine primates (Groves 1989, p105), and hence, thBoSYStems):

tarsier sequence is important in the phylogenetic map-

ping of any evolutionary rate change that may have oc- _Data Analysis.Cytochromeb nucleotide sequences were aligned
curred among the primates. Here we present an analys‘glng CLUSTAL W (Thompson et al. 1994), without the need to insert

f th lati t f Ut f cvtochrorh gaps. Two subsets of the aligned sequences were used. The first 10
0 € relative rates or evolulion or cytochrorbeécross sequencesHomo sapiens, Colobus guereza, Saimiri scuireus, Tarsius

the primate order in comparison to other mammals.  pancanus, Lemur catta, Galago crassicaudatus, Nycticebus coucang,
Felis catus, Balaenoptera physal@s)d Rattus norvegicyswvere used
to perform an exhaustive search of tree space, generate maximum-
likelihood trees, and conduct relative rate tests (see below). The second
subset of sequences was used to analyze the distribution of variation
along the length of an alignment that consisted of 19 mammalian spe-
DNA and Data SourcesA lung sample from Horsfield’s tarsier cies, these being representatives of mammalian orders and suborders
(Tarsius bancanysand a liver sample from the Philippine tarsiga(- for which complete cytochromie nucleotide sequences are present in
sius syrichta were provided by the Duke University Primate Center. the DDBJ/EMBL/GenBank database. The sequences are those listed in
Isolation of pure mitochondrial DNA was precluded by the limited the DNA and Data Sourcesection, including the three strepsirhine
quantity of primary tissue and therefore DNA was phenol/chloroform primate species anflarsius bancanusut excludingHomo sapiens,
extracted from homogenates of whole samples (Sambrook et al. 1989 olobus guerezaand Saimiri scuireus.
Other cytochromé nucleotide sequences were obtained from the fol-  The number of synonymou&() and nonsynonymousK() substi-
lowing published sourcesiomo sapienghuman; J01415) (Anderson tutions per site were calculated using the method of Wu and Li (1985),

2Primer numbers refer to the nucleotide position at thertd of the
oligonucleotide and are numbered after Anderson et al. (1981).

Materials and Methods
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i “ “ Cytochrome b II Fig. 1. Binding sites of primers (see Table 1)

M
\ \ \ \ used in the amplification and sequencing of the
L15186 L15379 L15562 L16016  Tarsius bancanusytochromeb gene.

as modified by Li (1993) and Pamilo and Bianchi (1993) and imple- an identical PCR fromTarsius syrichta.No deletions
mented by the NewDiverge program from the GCG package (Genetu:%vere found in the short region of thEarsius syrichta

Computer Group, Wi, USA). ene we sequenced, and a pairwise comparison between
Potential base compositional heterogeneity among the nucleotidéJ w qu ! pairwi pari w

sequences was assessed using the Distance program by L.S.J., wherdBg Tarsius bancanuand theTarsius syrichtassequences
pairwise comparisons of nucleotide sequences were conductegfand revealedK, and K values of 0.048 and 0.630 substitu-
values calculated to test the independence of each pair of sequencggns per site, respectively. These values are not charac-
with respect to base composition. Such calculations were conducted f‘ireristic of comparisons between diverged pseudogenes or

data sets consisting of first, second, and third codon positionsZand b d daf . | Additi
scores were calculated from the resultghtvalues (Smith 1986). The etween a pseudogene and a functional gene. ition-

Z scores calculated for each codon position were then graphed as ally, calculation ofK /K, ratios for comparisons of these
frequency distribution and used to identify the most compositionally sequences with those of other nonsimian primates and

homogeneous sites in the data. other mammals resulted in values with an average of

The exhaustive search of tree space for the maximum-likelihood13 19 and a standard deviation of 1.30. Hence. we con-
tree of the alignment of 10 nucleotide sequences was made using theI .d d that thararsius b T t,) ined
TrExXML program (Wolf et al. 1998), and a standardized, exponentiallyC uded that therarsius bancanusequence we obtaine

weighted majority-rule consensus tree was generated using the Tre®vas from a functional copy of cytochronie Due to the

Cons program (Jermiin et al. 1997). Relative-likelihood support for fact that the mitochondrial genome becomes progres-
internal edges in the consensus tree was compared with that for intern@;live|y damaged with age, usually due to extensive dele-
edges in the maximum-likelihood tree and the tree representing a C¥ion of semi-random segments (Linnane et al. 1992), we

ventional primate phylogeny. . . . .
Relative rate tests were conducted using the method of Wu and LF’J‘ttrlbuted our finding to being the result of deletions

(1985), with variances an@ scores calculated as by Muse and Weir from the “functional” gene of an aged animal. This is a
(1992) and implemented by the K2WuLi program by L.KJ,/Kos plausible explanation, as our source of DNA was the
values were calculated by the method described by Li (1997, p. 217)Dyke University Primate Center, where tissue samples
The spatial distribution of variability along the length of the mam- are obtained predominantly from aged animals that have
malian cytochromé protein was determined with the Sliding Window .
program by T.D.A. A sliding window of 20 residues was moved along died of natural causes.
the length of the alignment of 19 mammalian sequences and variability
was scored as the number of variable positions of the possible 20.
Ancestral amino acid sequences were predicted with the maximumA
likelihood method of Yang et al. (1995) and implemented through the
PAML package (Yang 1997).

nalysis of DNA

Heterogeneity of nucleotide composition has been ob-
served among the cytochrorbgyenes of mammals (Jer-
Results and Discussion miin et al. 1994), and this may affect both evolutionary
rates and their estimation. Therefore an analysis of evo-
lutionary rates among these genes must take steps to
Tarsier Cytochromé ensure that any results obtained are not compromised by
this factor. Table 2 shows the base composition at each
The nucleotide sequence of cytochrofmdrom Hors-  codon site of each gene analyzed in this study. At first
field’s tarsier Tarsius bancanysis 1140 base pairs in and second codon positions the base composition is simi-
length and translates to a protein of 379 residues. In thifar among the sequences, but at third codon positions the
respect it is like all other mammalian cytochrorbe variation in base composition is more pronounced. The
genes sequenced to date, with the exception of the gerdistribution of base compositional heterogeneity among
from the elephant (Irwin et al. 1991). codon positions can be visualized by plottidgscores
We sequenced parts of a number of independant  (Smith 1986) for pairwise sequence comparisons of each
sius bancanugytochromeb PCR products, and while codon position over the length of the gene (Fig. 2). The
the sequence obtained was identical in each case, varyingagnitude and range of tizescores are lower and tighter
regions were deleted. To investigate the possibility thafor first and second codon positions than for third codon
we had preferentially amplified a nuclear pseudogengositions. This implies a more homogeneous base
instead of the functional cytochromte gene, we se- composition among sequences at the first and second
guenced a short, 350-base pair region from the product afodon positions than among those at the third codon
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Table 2. Base compositions of cytochroniiegenes calculated for each codon position

First codon Second codon Third codon

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

Homo sapiens 29.6 235 19.3 27.7 20.5 40.1 12.9 26.9 36.4 12.1 3.7 47.8
Colobus guereza 31.7 23.2 17.7 27.4 19.8 40.1 12.7 27.4 39.3 18.0 3.7 39.0
Saimiri sciureus 32.7 21.6 18.7 26.9 20.1 39.6 12.7 27.7 38.3 21.6 4.7 35.4
Tarsius bancanus 30.6 23.2 20.8 25.3 20.3 42.0 13.5 24.2 41.2 17.2 1.6 40.1
Lemur catta 30.2 24.9 21.2 23.8 19.8 41.3 14.0 24.7 38.1 235 2.9 355
Galago crassicaudatus  28.3 23.0 20.9 27.8 20.6 40.2 13.2 26.0 34.9 16.1 4.0 45.0
Nycticebus coucang 28.0 23.2 22.4 26.4 20.1 41.2 135 25.3 39.1 195 4.5 36.9
Felis cattus 27.7 23.7 22.2 26.4 20.1 40.9 14.2 24.8 40.1 15.8 4.5 39.6
Balaenoptera physalus  28.8 21.4 22.7 27.2 20.1 41.7 13.7 245 41.4 13.7 2.6 42.2
Rattus norvegicus 28.2 24.0 21.4 26.4 20.1 42.2 14.0 23.7 42.2 15.6 2.6 39.6

Frequency

Fig. 2. Frequency distribution oZ scores for
. [ o  pairwise comparisons between cytochrome
< T . : e ., sequencesSquaresshow first codon sites;
3 25 2 s 1 05 0 05 1 L5 2 25 3 35 4 diamondssecond codon sites; amircles,
Z-score third codon sites.

position. Hence, the first and second codon positiongrom the maximum-likelihood tree. In addition, we found
provide a better data set for phylogenetic analysis andhat trees generated from the same data set using the
estimation of evolutionary rates than does the thirdneighbor-joining (Saitou and Nei 1987) and maximum-
codon position. parsimony (Fitch 1977) methods were also inconsistent
with currently accepted primate phylogeny (data not
shown). When the cytochronteoxidase subunit Il gene
Tree Generation (Adkins and Honeycutt 1994) is subjected to the same
phylogenetic analysis as described above for cytochrome
An exhaustive search of tree space (Wolf et al. 1998) byb, it is similarly unable to resolve the currently accepted
maximum-likelihood analysis was conducted using thephylogeny (data not shown).
alignment of the first and second codon positions of the Only two groupings of species are clearly resolved by
10 mammalian cytochromb nucleotide sequences as the cytochromeb data. These are the simian primates
described in théMaterials and MethodsThis analysis (Homo sapiens, Colobus guereaad Saimiri sciureuy
produced 1731 trees that were not significantly € and the lorisoid strepsirhine primateNy(cticebus cou-
0.05) different from the maximum-likelihood tree shown cangand Galago crassicaudatyis The branching order
in Fig. 3A. A consensus of the 1731 trees and the maxiof the other taxa, includingarsius bancanuandLemur
mume-likelihood tree is shown in Fig. 3B. The trees catta,cannot be determined from the data. However, it is
shown in Figs. 3A and B are congruent neither with eachevident from Fig. 3 that the simian primate lineage has
other nor with any generally accepted phylogeny of pri-undergone more evolutionary change (has longer branch
mates and other mammals. The tree that represents d@ngths) than all other lineages, including that of the
acceptable phylogeny is shown in Fig. 3C. This tree wagarsier, irrespective of which tree is correct. This phe-
among the 1731 trees that are not significantly differenthomenon is the same in character as that observed for the
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Rates

57.4 Homo sapiens

100 Colobus guereza

Saimiri sciureus

Lemur catta

Galago crassicaudatus
Nycticebus coucang
Balaenoptera physalus

Felis catus

Tarsius bancanus

Rattus norvegicus

574 Homo sapiens

100 Colobus guereza

Saimiri sciureus

156

Lemur catta
Nycticebus coucang
Gualago crassicaudatus

Baluenoptera physalus
Felis catus
Tarsius bancanus

Rattus norvegicus

Homo sapiens

Colobus guereza

Saimiri sciureus
Tarsius bancanus
Lemur catta
Galago crassicaudatus
Nycticebus coucang

Balaenoptera physalus
Felis catus

Rartus norvegicus

Fig. 3. A Maximum-likelihood tree found by exhaustive search of
tree space (log likelihood score —3420.10652)B Consensus of the
maximum-likelihood tree and the 1731 trees not significantly different
from it (log likelihood score= —3420.25773)C Tree most compatible
with currently accepted mammalian phylogenetic relationships (logprimates and, hence, that simian primate cytochrme

likelihood score= -3442.13304). Relative-likelihood support for each has undergone an episode of adaptive evolution.
branch node was determined as described by Jermiin et al. (1997).

1994).
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primates and other mammals. Focusing on this phenom-
enon, we performed successive tests using outgroups
separated from simian primates by progressively shorter
periods of evolutionKelis catus, Lemur cattagnd Tar-

sius bancanys In addition, rate differences among sim-
ian primates were analyzed usi8gimiri sciureusas the
outgroup. For all comparisons between simians and other
nonsimian mammals substantial increases in evolution-
ary rate were found for the simian species. Comparisons
between simian primates showed that little rate hetero-
geneity exists among these species. From these findings
we conclude that the cytochrontegene of simian pri-
mates has an elevated evolutionary rate compared to the
same gene from the other mammals we tesked/Ky,
ratios (Table 3) show that the magnitude of the rate ac-
celeration is about twofold compared to other, nonsimian
species. These findings are similar to those presented for
the cytochromec oxidase subunit 1l gene (Adkins and
Honeycutt 1994; Ramharack and Deeley 1987).

From these relative rate tests either of two conclusions
can be made about the evolution of simian primate cy-
tochromeb. First, the rate acceleration could be the result
of an increased mutation rate restricted to the simian
lineage, or second, an episode of adaptive evolution
could have taken place. To differentiate between these
possibilities, additional rate tests were undertaken using
a data set consisting of nucleotide substitutions at four-
fold degenerate sites (Table 3). However, to do this with-
out obtaining a result that was confounded by the AT/GC
compositional heterogeneity at third codon sites (Table
2), we compared only transversional substitution rates.
Following the same method of outgrouping as before, we
determined that little rate heterogeneity exists between
any of the nucleotide sequences we tested. When this
lack of rate heterogeneity at fourfold degenerate sites is
viewed in relation to the substantial rate heterogeneity
observed at nondegenerate sites between simian cyto-
chromeb sequences and those from other mammals, it is
evident that the evolutionary forces that have accelerated
the rate of substitution for simian cytochronbehave
resulted in an increase in nonsynonymous changes only.
This is strong evidence for positive natural selection hav-

ing acted on cytochromie in lineages leading to simian

The Nature of Amino Acid Replacements in Simian

cytochromec oxidase subunit Il gene (Adkins and Hon- Cytochromeb
eycutt

Perutz (1983) hypothesized that large modification or
refinement of the function of a protein can evolve
through changes to only a small number of key residues.
This has been found in a number of cases, such as croco-

Relative rate tests using a data set of nondegenerate suttle hemoglobin (Komiyama et al. 1995), stomach lyso-
stitutions is presented in Table 3. UsiRattus norvegi-
cusas an outgroup, sizable differences were detected imisual pigments (Asenjo et al. 1994; Yokoyama and Yo-
the rate of nondegenerate substitutions between simiakoyama 1990; Yokoyama 1995). If simian primate cy-

zymes (Kornegay et al. 1994; Stewart et al. 1987), and
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Fig. 4. Variability along the length of an alignment of 19 nonsimian-primate mammalian cytochamneno acid sequences, as counted in a
moving window of 20 residues. Also shown are the transmembrane regions from the crystal structure of beef-heart cybpdtapmesidue
changes between ancestral sequences (see text), redox centers, and heme-binding histidine residues.

tochromeb has acquired a new or altered biochemicalsuch as the Qand Q redox centers and the transmem-
function of character similar to that of simian cyto- brane domains (Fig. 4).
chromec and cytochrome oxidase subunit Il (Osheroff Twenty of the twenty-six sites that changed along the
et al. 1983), then it should be possible to identify the keyancestral lineage immediately preceding the simian pri-
residue changes that facilitated this. To this end, we remates are situated in regions of the protein that were
constructed ancestral cytochrorbesequences for the classified as nonconserved (defined as containing more
tree shown in Fig. 3C using the method of Yang et al.than 6 variant sites per window of 20 sites). The remain-
(1995) and identified amino acid changes that occurredng six amino acid changes, at positions 39, 42, 57, 60,
between the most recent common ancestral sequence 6%, and 70, are in conserved regions of the protein (de-
all haplorhine primates and the most recent common anfined as containing 6 or fewer variant sites per window of
cestral sequence of simian primates. Presuming that th20 sites). While some of the 20 residue changes that
altered function of simian cytochrontearose between occur in the nonconserved region of the protein could be
these two ancestral sequences, the amino acid changesportant for a modified function of simian cytochrome
that occurred along this lineage would include the keyb, it is more likely that the majority of the changes are
changes that caused any functional differentiationneutral or compensating changes. The six residue
Twenty-six amino acid changes between the ancestrathanges that occur in the conserved regions of the pro-
sequences were detected (Fig. 4). tein are more likely to be residues responsible for a
In an effort to determine which of these amino acid change in the function of simian cytochrorheas they
changes were functionally silent or, alternatively, whichare located in the region proposed to contain theu
occurred in important conserved regions of the cyto-part of the Q redox sites. As yet, the coordinates of the
chromeb protein, a variability plot (Fig. 4) along the crystal structure of the cytochronie; complex (Xia et
length of cytochromd was constructed using a sliding- al. 1997), of which cytochrombk forms a subunit, have
window approach (after that of Irwin et al. 1991). For not been released, and hence it is not possible to model
this analysis a larger alignment of 19 mammalian specieghe structural consequences of the change of this combi-
(seeMaterials and Methodswas used, including tarsier nation of six residues. However, the residues at positions
and strepsirhine primates but excluding simian species39 and 42 lie at the end of the; @dox site at the N
and the absolute number of variable sites in a window 2@erminus of the protein, in a region of the protein that has
residues in length was counted. Using this approachbeen found to lend resistance to inhibitors in bacterial
generally conserved and variable regions of the mammarespiratory chains (Brasseur et al. 1996). The other resi-
lian cytochromeb protein were identified and these dues, at positions 57, 60, 67, and 70, are not directly
showed correlations with postulated structural regionswithin regions associated with either of the redox sites,
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but they are on a loop region that is proposed to lie close cusmitochondrial genome: cryptic signals revealed by comparative
to the extramembranous-helix that forms the central ~ analysis between vertebrates. J Mol Evol 28:497-516
portion of the Q redox site. These six amino acid Groves CP (1989) A theory of human and primate evolution. Oxford

h that in th tei tral t tant si University Press, Oxford
changes that arose in the protein ancestral to extan SIrTI‘-Tatefi Y (1985) The mitochondrial electron transport and oxidative

ian primate cytochromé may be some of the key resi- phosphorylation system. Annu Rev Biochem 54:1015-1069
dues important in an alteration of cytochroim&nction  Irwin DM, Arnason U (1994) Cytochrome b gene of maritime mam-
that may have occurred in simian primates but not in mals: phylogeny and evolution. J Mammal Evol 2:37-55
other mammals. Irwin DM, Kocher TD, Wilson AC (1991) Evolution of the cytochrome
b gene of mammals. J Mol Evol 32:128-144

Janke A, Feldmaier-Fuchs G, Thomas WK, von Haessler Bb&®#&
(1994) The marsupial mitochondrial genome and the evolution of
placental mammals. Genetics 137:243-256
miin LS, Graur D, Lowe RM, Crozier RH (1994) Analysis of di-
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