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Abstract—The amino acid sequence of Enteromorpha cytochrome ¢ has been added to an affinity tree relating
the cytochrome ¢ sequences of amimals, plants, fungl, protozoans and one bacterium, cytochrome ¢, from Rhodo-
spiillum The Enteiomor pha sequence lies on the line of descent of the higher plant sequences, 1t 1s not closely
related to the cytochrome ¢ of the photosynthetic protozoan, Euglena The distribution of e-N-trimethyllysine
n cytochrome ¢ 1s discussed

INTRODUCTION
THE aAMINO acid sequences of numerous higher plant cytochromes ¢ have been determined
and used to construct an affinity tree relating these sequences.'** Recently, Meatyard and
Boulter® have determined the amino acid sequence of Enteromorpha cytochrome ¢, a green
alga. This paper reports on the evolutionary position of this sequence relative to those of
other organisms of the main phyla.

RESULTS AND DISCUSSION
An affinity tree (Fig. 1) has been constructed using the ancestral amino acid sequence
method of Dayhoff and Eck.* The sequences used were Enteromorpha ntestinalis and a
representative sample from animals, fungi, higher plants, the two published protozoan
sequences, 1.¢. cytochrome ¢ 54 from Euglena gracilis and cytochrome ¢+, from Crithida
oncopelti, and that of cytochrome ¢, from Rhodospirillum rubrum.} The resulting tree
agrees with the topology published by McLaughlin and Dayhoff,” the minor differences

* Present address Department of Inorganic Chemustry, University of Sydney, NS W 2006
+To whom reprint requests should be sent
1 References to hiterature sources, see legend of Fig 1
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Fio 1 AN AFEINITY TREE OF C YTOCHROME ¢

Tree constructed using the ancestral sequence method of Dayhofl and Eck * The lengths of the branches
are in PAMs or Accepted Point Mutations estimated to have occurred on these branches Most of the
sequence data are as from Dayhoff *? 3% In addition, are the recently reported sequences of Euglena '*
Ustilago.®® snail, ** spmach 3 clder** Niger (J A M Ramshaw unpublished), correction of Candida *”
correction of baker’s veast ( Succharontycc sy *® correction of Newrospora.’” and correction of Humicoly ¥°

between the two topologies are probably related to the selection of different cqually prob-
able solutions in that area of the topology

The data used to construct Fig [ have been redrawn in Fig 2. where the branch lengths
have been converted to elapsed tume since divergence, assuming an approximately con-
stant rate of evolution ® The time-scale 1tself 1s based on the values given in Dickerson.”
re 20 milhion years for a change of | PAM The results n Fig 2 show that the time of
drvergence of Enteromorpha from the main plant line of descent was about 750 milhion
years ago This finding, based upon calculations from the ancestral sequence method, 15
similar to the figure of 700 mullion vears calculated from a direct comparison of the
sequences themselves ® The hine to Crithidia and Euglena diverged 1300 million years ago
at approxmmately the same time as the three cukaryotic phyla

Most botanists regard the Chlorophita as the group which gave rise to higher
plants.”'® However, recent ultrastructural considerations mdicate that the Chlorophyceae
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Fic 2 CLADOGRAM OF CYTOCHROME ¢ SEQUENCES

Data as 1n Fig 1 redrawn to a time-scale based on Dickerson’ For each kingdom, the average
branch lengths from the kingdom node to each taxa n that kingdom were calculated (these values
are shown in PAMs with their standard errors) The mean distance in PAMs that the kingdoms have
evolved from the lowest node (1e Monera/Protista) was calculated from these values This value is
represented 1n the Figure as the present day or 0 time line The distance of each point of divergence
from this datum hine 1s converted nto elapsed time since divergence, using the estimate of Dickerson’
(20 mullion per PAM corrected to 28 million to account for the fact that on average the distances on
the ancestral tree are 1 4 tumes greater than the directly measured amino acid changes between sequences)

are a more divergent group than had previously been thought,'" and it would appear that
of the main groups or close relatives of the Chlorophyta, the Charophyceae (Charophyta)
are on the direct line of descent of the green plants.!' In Fig. |, Enteromorpha appears
as the most “primitive” sequence on the green plant line of descent, which 1s in accord
with the other evidence mentioned above.

The Euglenophyceae (Euglenophyta) are considered by many authors to be closely
related to the Chlorophyta, e.g Scagel et al ,'* since both groups, in common with all land
plants (Bryophytes to Angiosperms), contain both chlorophyll a and b The cytochrome
data, however, do not support this suggestion and place Euglena closer to Crithidia, a non-
photosynthetic protozoan Also, both the protozoan cytochromes have in common an un-
usual haem linkage in which the haem 1s attached through only a single cysteine resi-
due '3:'* Thus, the sequence data suggest that the protozoans are “primitive” and well
separated from the other main eukaryotic phyla. re. fungl. animals and plants. A similar
placement was given to Euglena by Fitch'® using the matrix method for tree construc-
tion.'®

This placement would imply that photosynthesis may have arisen more than once n
the course of evolution, a suggestion not incompatible with the endo-symbiont hypothesis

U1 pickrTT-HEAPS. J D and MArRcHANT, H J (1972) Cytobios 6, 255

12 geagel, R F _Banpon R L _Roust, G E_Scuornin,. W B Stuin, J R and TavLor, T M C (1965) An
Evolutionai y Survey of the Plant Kingdom Blackie, London

'3 PETTIGREW, G W (1972) FEBS Letters 22, 64
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1S FircH. W M (1973) J Mol Evol 2, 123

16 FitcH, W M and MARGOLIASH, E (1967) Science 155, 279
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Fic: 3 THE THRED MOSI PARSIMONIOUS CONFIGURATIONS OF THE LIVE KINGDOMS

All of the fifteen possible configurations of the five kingdoms were examined F. Fungi A, Animaha.
P. Plantae, U Protsta (unicellular), M. Monera. T, total number of amunoe acid substitutions

of the origin of the chloroplast ' 7 If this were so. the results of photosynthetic experiments.
in which mixed components from both Euglena and higher green plants are used. would
need to be interpreted with care

McLaughlin and Dayhoff” derived a tree in which the order of derivation of the man
kingdoms differs from that of Fitch ' 7 In both trees the branch lengths separating the junc-
tions of the man kingdoms were large. In a previous paper,® 1t was calculated that the
main eukaryotic phyla had originated more or less simultancously. We have now repeated
the calculations. including Euglena, amongst the lower organism group (sce Fig 3). and
find that the results are substantially the same as before. This finding can be nterpreted
to mean that the branch lengths between the junctions of the maimn phyla are small. and
that the large branch lengths found by McLaughlin and Dayhoff® and by Fitch!™ may be
artefacts due to the methods of calculation which they used In the Fitch'® method. nu-
merical residuals accumulate 1n this arca of the dendrogram and in the McLaughlin and
Dayhoff® method. since there arc a considerable number of blanks at the level of the ances-
tral nodes. substitutions are averaged over the branches cqually In Fig . thercfore. for
the nodes between the phyla, the known substitutions are grven as a punumum number
(1n brackets), and unassigned substitutions. which have not been mcluded 1n these values.
have been averaged and added to give the larger values, When additional data reduce
the number of blanks tn the ancestral nodes associated with the junctions hetween animals

Y MarGL LIS L (1970) Oty of Eukaryotic Cetls Yale University Press New Haven

TaBLt | SEQUINCES AROUND THI €-N-

72 75 80
Enteromorpha 3 -Leu~Tyr-Asp-Tyr-Leu-Leu-Asn-Pro-TML-Lys-Tyr-Ile-Pro~
Higher plants' ~Leu-Tyr- 2P -Tyr-Leu-Leu-Asn-Pro~-TML-Lys-Tyr-Ile -Pro-
Crithidia'? -Leu-Asp-Val-Tyr-Leu-Glu-Asn-Pro-TML-Lys~Phe-Met-Pro -
Euglena ~Leu-His-Lys-Phe-Leu-GlLu-Asn-Pro-Lys~-Lys-Tyr-Val-Pro-
Neurospora 22-28 -Leu-Phe-Glu-Tyr-Leu-Glu-Asn-Pro-TML-Lys-Tyr-1le-Pro-
Ustilago 2° ~Phe-Leu-Glu-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr-lle-Pro-
Humicola 2% ~Leu-Phe-Glu-Tyr-Leu-Glu~Asn-Pro-TML-Lys-Phe-lte~-Pro-
Debaryomyces 3° ~Leu-Ser-Asp-Tyr-Leu-Glu-Asn-Pro-TML-Lys-Tyr-Ite—-Pro-

Saccharomyces'®: 233 _Met-Ser—GLu-Tyr-Leu-Thr-Asn-Pro-TML-Lys-Tyr-Ile -Pro-

TML = e-N-trimethyllysine
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and fungi (A) and plants and lower organisms (B), the minimum value given between these
nodes will probably not increase greatly, since 1t is expected that the unassigned substitu-
tions will be distributed along the lines of descent.

The distribution of methylated lysine residues i cytochrome c is of mterest (see Table
1). All higher plants contain two residues of e-N-trimethyllysine 1n positions 80 and 94.
Enteromorpha contains only one residue of e-N-trimethyllysine 1n position 80. Animals,
on the other hand, do not contain any methylated lysines. The situation 1n fungi 1s even
more complex, since several fungi have one e-N-trimethyllysine residue 1n the position
equivalent to 80, while Ustilago does not contain any methylated lysines, and Humicola
has a e-N-trimethylated residue 1n the position equivalent to 94 and a dimethylated resi-
due in the position equivalent to 80. In Saccharomyces, Foucher et al '8 have shown that
a small quantity, 1-2%, of the iso-1-cytochrome 1s also present in a non-trimethylated
form. Crithidia contains two residues of e-N-trimethyllysine, one in the position equival-
ent to 80, the other at the N-termnal region of the protein in position 2 Euglena contains
only one residue of e-N-trimethyllysine in the position equivalent to 94 .

In Neurospora cytochrome c, Scott and Maitchell'® have shown that the methylation of
the lysine residue occurs after the initial synthesis of the protein and crystallographic
studies with horse heart cytochrome ¢*° have shown that both the lysine positions m-
volved are on the surface of the molecule and to that extent available.

The sequence around the e-N-trimethyllysine residue 1n position 80 in Enteromorpha
1s identical with that of the higher plants. In the case of position 94 1n which lysine 1s meth-
ylated n the higher plants but not in Enteromorpha, there 1s a substitution of alanme m
Enteromorpha for proline 1n position 91 (see Table 1). Since proline 1s important structur-
ally,?! 1t 1s possible that this change could have affected the conformation required for the
specificity of the methylating enzymes.

In the case of animals where no methylated lysines occur,??+%3 this could be due to either
the absence of the enzymes, or to conformational changes resulting from amino acid sub-

'8 FOUCHER, M., VERDIERE, J , LEDERER, F and SLoMminsky, P P (1972) European J Biochem 31, 139

19 ScotT, W A and MitcHeLL, H K (1969) Biochemustry 8, 4282

20 DickersSON, R E, Takano, T, E1sENBERG, D, Karral, O B, Samson, L, Cooper, A and MARGOLIASH, E
(1971) J Biol Chem 246, 1511

2t DICKERSON, R E and Ggis, 1 (1969) The Structure and Action of Proteins Harper & Row. New York

22 DpLANGE, R J, GLAZER, A N and SMiTH, E L (1969) J Biol Chem 244, 1385

23 DrLANGE, R 1, GLazer, A N and SmitH, E L (1970) J Biol Chem 245, 3325

TRIMETHYLLYSINE RESIDUES IN CYTOCHROME ¢

85 90 95 100

Gly-Thr-Lys-Met-Val-Phe-Ala-Gly-Leu-Lys-Lys-Pro-Glx-Asx-Arg-Ala-Asp-Leu-
Gly-Thr-Lys-Met-Val-Phe-Pro-Gly-Leu-TML-Lys-Pro-Glx-gix ~Arg-Ata-Asp-Leu-
Gly -Thr-Lys-Met-Ser-Phe-Ala-Gly-Ite-Lys-Lys-Pro-Gln-Glu-Arg-Ala-Asp-Leu-
Gly ~-Thr-Lys-Met-Ala-Phe~-Ala-Gly ~Ile -TML-Ala-Lys-Lys-Asp-Arg-Gln-Asp-lle-
Gly -Thr-Lys-Met-Ala-Phe-Gly-Gly ~Leu-Lys-Lys-Asp-Lys-Asp-Arg-Asn-Asp-lle-
Gly -Thr-Lys-Met-Ala-Phe-Gly-Gly -Leu~-Lys-Lys-Glu-Lys-Asp-Arg-Asn-Asp-Leu-
Gly -Thr-Lys-Met-Ala~Phe-Gly -Gly -Leu-TML-Lys-Asn-Lys~Asp-Arg-Asn-Asp-Leu-
Gly -Thr-Lys-Met-Ala-Phe-Gly~Gly-Leu-Lys~Lys-Ala-Lys-Asp-Arg-Asn-Asp-Leu-
Gly -Thr-Lys-Met-Ala~-Phe-Gly-Gly-Leu-Lys-Lys-Ala-Lys-Asp-Arg-Asn-Asp-Leu-
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stitutions, affecting enzyme specificity However, as pointed out by Delange et al >~ the lat-
ter possibility 1s not indicated. as Neurospora crassa cytochrome ¢ 1s trimethylated in pos-
itton 80, yet the sequence around this residue is 1dentical with that of the amimal sequences.
In the protozoans'® '# the Phe-Met sequence around position 80 in Crithidiu 1s substituted
by a Tyr-Val sequence in Euglena. whereas the sequence around position 94 s the same
in both protozoans. Yet Lys-80 in Euglena and Lys-94 i Crithidia are non-methylated,
whereas Lvs-80 in Crithidia and Lys-94 in Euglena arc trimethylated

Morgan et al *¥ have 1solated two proteins from Humicola The major component con-
tained onc residue of e-N-dimethylivsine and one residuc of e-N-trimethyllysine, whereas
the munor proten contained one residue of e-N-dimethyvilysine and trace amounts of e-N-

mmuhyllysmc. both contained trace amounts of e-N-monomethyllysine. These authors
suggest that the trimethylation may be accompanied by a significant conformational
change as the two components, both with the same overall charge. are readily separated
by 1on-exchange chromatography A simlar situation 1s thought to exist in the two com-
ponents of 1so-1-cytochrome from Succharomyees 18 Morgan et al 24 consider the hetero-

genetty of the methyldtcd lysine population in Hunucola to have arisen, in part. by incom-
plete methylation of the lysine residues However, various e-N-mono- and -dimethylly-
sines have been reported 1 other proteins. e g histones®” #® and flagellar proteins,”” which
suggest that theiwr occurrence 1s not due to incomplete methylation n all cases Since Scott

19 7 . hY .
and Mitchell'” did not find e-N-mono- or -demethyllysine dervatives m Neurospora. the

possibility of dimethylation occurring during extraction of Humicold cytochrome ¢ has to
be considered Whilst no pattern can be observed m the primary scqucnccs which might
suggest the specificity of the methylating enzymes. 1t must be remembered that compari-
sons between relatcd parts ofsequcnces disregard more dlstdm parts of the sequence which

tant “\r ~anfor-

yu noverthale 1 or
IR RIRAV ] L 10 IV7 \Illl\Jl

may nevertheless
mation

The actual location of the methylating enzymes relative to the protein to be methylated.
may also be important Thus, w hilst the functional sigmficance of methylation 1s not clear,
Scott and Mitchell'? have suggested that in Newrospora 1t may be mvolved in the binding
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of the protein to the mitochondrial matrix. It is possible, therefore, that the methylating

enzyme itself may be part of the mitochondrial membrane, and as a consequence only
some lysines are methylated.

Acknowledgements—We thank Mr G Bainbnidge, Mrs E Innes, Mrs L Mayo and Mrs L Colpin for invaluable
technical assistance, and the Nuffield Foundation and Science Research Council for financial support



