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Abstract-The ammo acid sequence of Entrromorpha cytochrome c has been added to an affimty tree relating 
the cytochrome L sequences of animals, plants, fungi. protozoans and one bactermm, cytochrome c2 from Rhodo- 
~pudlurn The En~rtomorphu sequence lies on the lme of descent of the higher plant sequences, it 1s not closely 
related to the cytochrome L of the photosynthetlc protozoan, Euglenu The dlstrlbutlon of e-N-trlmethyllysme 
m cytochrome c 1s discussed 

INTRODUCTION 

THE AMINO acid sequences of numerous higher plant cytochromes c have been determined 
and used to construct an affinity tree relating these sequences.‘*’ Recently, Meatyard and 
Boulter3 have determmed the amino acid sequence of Enteromorpha cytochrome c, a green 
alga. This paper reports on the evolutionary posltion 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 ammo acid sequence 
method of Dayhoff and Eck.4 The sequences used were Enteromorpha mtestinala and a 
representatlve sample from animals, fungi, higher plants, the two published protozoan 
sequences, I.e. cytochrome c558 from Euglrna grach and cytochrome cs5, from Crlchidla 
oncopeltz, and that of cytochrome c2 from Rhodospirillurn rubrum.$. The resulting tree 
agrees with the topology published by McLaughlm and Dayhoff,’ the minor differences 

* Present address Department of Inorgamc Chemistry, Umversity of Sydney. N SW 2006 
t To whom reprint requests should be sent 
$ References to literature sources, see legend of Fig 1 
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Tree constructed usmg the ancestral sequence method of Dayholl and Eck ‘The lengths of the brdnchcs 
are m PAMs or Accepted Pomt Mutations estimated to have occurred on these brdnches Most of the 
sequence data are as from DayholT”2 3J In addltlon, dre the recently reported seq~ux~ccs of Euql~ru I4 
L’rttl~cqo.‘” snad,34 spmach 3i elder,‘” Ntger (.I A M Ramshau unpuhllshed), correctlou of Carp&& 3q 
COI rectlon of hiker’s yeast (.%cc~clruio~ir 1’~ c s) iB correctton 0i \‘w ~,5~‘0! tf.“’ an3 correction of lfurrwoiu 30 

between the two topologies ;~re probably related to the selection of’dlfferent cqu;~lly prob- 
able solutions m th:+t area of the topology 

The data used to construct Fig 1 have been redrawn m Fig 2. u here the branch lengths 
have been converted to elapsed time smce divergence. assuming an approximately con- 
stant rate of evolution ” The tmie-scale ttsclf IS based on the values given in Dtckerson,’ 
I e 20 million years for a change of 1 PAM The results HI Fig 2 show that the tnne of 
divergence of E~rtrr~~~phtr from the mam plant line of descent w;ts about 750 m11hn 
years ago This finding, based upon calculations from the anccstml sequence method, 15 
similar to the figure of 700 mllllon years calculated from ;L direct comparison of the 
sequences themselves ’ The line to C’r.rth/tlrrr and E~/lr~r diverged 1300 mllllon years ago 
at approximately the same tlmc as the three cukaryotlc phyln 

MoSt botanists regard the Chloroph~ta ~1s the group tihlch gag rise to higher 
plants.“~“’ However, recent ultrastructural conslderatlons Indicate that the Chlorophyceae 

’ NOLAX C’ md MARGOLIASH. E ( 1968) 4~ Rer BK~C~WJ~I 37, 727 
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W and Bwtr~ K D (1977) liri< &u&x/r\/ 71, 773 

’ tiLtI\ R M and C‘ROhC)LlSl. 11 l i’)h:l C)II<III Rr’r Rioi 32, 105 
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Time in million years 
before the present 

FIG 2 CLADOGRAM OF CYTOCHROME c SEQUENCXS 

Data as m Fig 1 redrawn to a time-scale based on Dickerson’ For each kmgdom, the average 
branch lengths from the kmgdom node to each taxa m that kingdom were calculated (these values 
are shown m PAMs with then standard errors) The mean distance m PAMs that the kingdoms have 
evolved from the lowest node (le Monera,IProtlsta) was calculated from these values This value IS 
represented m the Figure as the present day or 0 time lme The distance of each pomt of divergence 
from ttus datum hne LS converted mto elapsed time since divergence, using the estimate of Dxkerson7 
(20 million per PAM corrected to 28 million to account for the fact that on average the distances on 
the ancestral tree are 1 4 tlmesgreater than the dxectly measured ammo acid changes between sequences) 

are a more dlvergent 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 hne of descent of the green plants.” In Fig. I, Enttwrnorp/w appears 
as the most “prlmltlve” sequence on the green plant lme of descent, which IS m accord 
with the other evidence mentloned above. 

The Euglenophyceae (Euglenophyta) are considered by many authors to be closely 
related to the Chlorophyta, e.g Scagel et a/ ,I’ since both groups, m common with all land 
plants (Bryophytes to Angiosperms). contam both chlorophyll a and b The cytochrome 
data, however, do not support this suggestion and place E~y/t~r~a closer to Crhdia, a non- 
photosynthetic protozoan Also, both the protozoan cytochromes have m common an un- 
usual haem linkage m which the haem IS attached through only a single cysteine resi- 
due 13.14 Thus, the sequence data suggest that the protozoans are “primitive” and well 
separated from the other mam eukaryotlc phyla. 1.e. fungi. animals and plants. A similar 
placement was given to Euglerur by Fitch” using the matrix method for tree construc- 
tion.” 

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

I1 PICKFTT-HEAPS. J D and MARCHA~?, H J (1972) C’ytohlos 6, 255 
I2 S~.~CXL, R~ F, B,wr>n~~.~I~ 1, ROIJSL,~G E, S~_HOEI~ IA W B Smh. J R and TAYLOR. T M C: t.1965) An 

Ecolutrot~u~ 4 Surocy of thr Pht K~~yr/orn Blncklc, London 
I3 PL.TTIGREW, G W (1972) FEBS Letters 22, 64 
” P~TTIGREW, G W (1973) Nature 241, 531 
I’ FITCH. W M (1973)5 Mel Euol 2, 123 
” FITCH, W M and MARGOLIASH, E (1967) Sclrnte 155, 279 
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All of the fifteen posslblr configurdtlons of the hve hmgdoms were exdmmed b-. Fungi A. 4mmal1a. 
P. Plantae, U Protlstn (unrcellular), M. Monera. T\“,,, total number ofam~no awl substltutronc 

of the origin of the chloroplast I7 Ifthis were so. the results ofphotosynthetlc c\perlmcnts. 
m which mrxed components from both EII~ICJIIU and higher green plants arc used. would 
need to bc mterpreted with care 

McLaughlin and Dayhoff’ derived a tree m which the order of derlkatron of the mam 
kmgdoms dlffcrs from that of Fitch ” In both trees the branch lengths separatmg the ~unc- 
tions of the mam krngdoms were large. In a previous paper.” It was calculated that the 
mam eukaryotlc phyla had orlgmated more or less simultaneously. We have now repcatcd 
the calculations. Including E~qlc~~a. amongst the lower organism group (see Fig 3). and 

find that the results are substantially the same as before. This findmg can be mterpreted 
to mean that the branch lengths between the Junctions of the main phyla arc small. ,md 
that the large branch lengths found by McLaughlm and Dayhoff’ and 1~~ Fitch’ ’ may be 
artefacts due to the methods ol calculation which the) used In the Fitch’ ’ method. nu- 
merlcal residuals accumulate m this area of the dendrogram and m the McLaughlm and 
Dayhoffs method. smce there arc a considerable number of blanks at the level of the anccs- 
tral nodes. substltutlons are averaged over the branches equally In FIN 1. therefore. for 
the nodes between the phyla, the known substltutlons are given as a mmm~um number 
(m brackets), and unassigned substltutlons. which have not been mcluded m these values. 

have been averaged and added to give the larger values. When addltlonal data reduce 
the number of blanks m the ancestral nodes associated with the Junctions between animals 

Enteromorpha 3 -Leu-Tyr-Asp-Tyr-Leu-Leu-Asn-Pro-TML-Lys-Tyr-ILe - Pro- 

Higher plants’ -Leu -Tyr - gsi -Tyr-Leu-Leu-Asn-Pro-TML-Lys-Tyr-lle-Pro- 

Crithi dia ’ 3 -Leu-Asp-VaL-Tyr-Leu-GLu-Asn-Pro-TML-Lys-Phe-Met-Pro- 

Euglena l4 -Leu-His-Lys-Phe-Leu-Glu-Asn-Pro-Lys-Lys-Tyr-Val-Pro- 

Afeurospora 22. 28 -Leu-Phe-Glu-Tyr-Leu-Glu-Asn-Pro-TML-Lys-Tyr-l~e-Pro- 

Ustilago 2Q -Phe-Leu-Glu-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr-~le-Pro- 

Humico/a 24 -Leu-Phe-Glu-Tyr-Leu-GLu-Asn-Pro-TML-Lys-Phe-ILe-Pro- 

Debaryomyces 3Q -Leu-Ser-Asp-Tyr-Leu-Glu-Asn-Pro-TML-Lys-Tyr-fle-Pro- 

Sacchoromyces’8S 23S 3’ - Met-Ser-GLu-Tyr-Leu-Thr-Asn-Pro-TML-Lys-Tyr-ILe-Pro- 
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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 it is expected that the unassigned substltu- 
tions will be distributed along the lines of descent. 

The distribution of methylated lysme residues m cytochrome c is of Interest (see Table 
1). All higher plants contam two residues of E-N-tnmethyllysine m poslhons 80 and 94. 
Enteromorpha contains only one residue of E-N-tnmethyllysme m posltlon 80. Anunals, 
on the other hand, do not contain any methylated lysines. The situation m fungi IS even 
more complex, since several fungi have one E-N-tnmethyllysine residue m the p&Ion 
equivalent to 80, while U&ago does not contam any methylated lysmes, and Hurn~ola 
has a c-N-trimethylated residue m the position equivalent to 94 and a dlmethylated resl- 
due in the position equivalent to 80. In Saccharontyces, Foucher et ul I8 have shown that 
a small quantity, l-2%, of the Iso-I-cytochrome IS also present in a non-trimethylated 
form. Crithdia contains two residues of E-N-trlmethyllysme, one in the position equival- 
ent to 80, the other at the N-terminal region of the protein in position 2 Euglem contains 
only one residue of E-N-trlmethyllysme in the position equivalent to 94 

In Neurospora cytochrome c, Scott and Mitchell’” have shown that the methylatlon of 
the lysine residue occurs after the initial synthesis of the protein and crystallographic 
studies with horse heart cytochrome c 2o have shown that both the lysme posmons m- 
volved are on the surface of the molecule and to that extent available. 

The sequence around the E-N-trlmethyllysine residue m position 80 in E/lteromorpha 
IS identical with that of the higher plants. In the case of position 94 m which lysme IS meth- 
ylated m the higher plants but not m Enteromorpha, .there 1s a substitution of alanme m 
Enteromorpha for proline m position 91 (see Table 1). Since prolme IS important structur- 
ally,21 it 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,22’23 this could be due to either 
the absence of the enzymes, or to conformatlonal changes resulting from ammo acid sub- 

” FOUCHER. M., VERDIERE, J , LEDERER, F and SLOMINSKI, P P (1972) Europearl J B~WWI 31, 139 
l9 SCOTT, W A and MITCHELL, H K (1969) B~ochrm~stry 8, 4282 
2” DICKEKXIN R E , TAKANO, T, EISENBERG, D, KALLAI. 0 B, SAMSON, L , COOPER. A and MARCIOLIASH, E 

(1971)5 Bh Chern 246, 1511 
” DICKERSON R E and GEIS, I (1969) The Structurr atid /Ict~on of Protums Harper & Row. New York 
” DFLANG+ d J , GLAZER, A N and SMITH, E L (1969) J Blol Chm 244, 1385 
23 DFLANGE, R J, GLAZER, A N and SMITH, E L (1970) J Bd Chm 245,3325 

TRIMETHYLLYSINE RESIDUES IN CYTOCHROME C 

85 90 95 100 

GLy-Thr-Lys-Met-Val-Phe-A~a-GLy-Leu-Lys-Lys-Pro-Glx-Asx-Arg-ALa-Asp-Leu- 

Gl,y-Thr-Lys-Met-Val-Phe-Pro-GLy-Leu-TML-Lys-Pro-Glx-~~~-Arg-ALa-Asp-Leu- 

GLy-Thr-Lys-Met-Ser-Phe-A~a-Gly-Ile-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-ILe- 

GLy -Thr-Lys-Met-Ala-Phe-GLy-Gly-Leu-Lys-Lys-Asp-Lys-Asp-Arg-Asn-Asp-ILe- 
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- 



2788 J A M RAMS~[AW D PIACOCK. B T MTATYARII and D Boc 1.1.FK 

stltutlons, affecting enzyme spcclficlty However. as pointed out by Delange c’t t~l.~~ the lat- 
ter possibllrty 1s not Indicated. as Neulospora CYLISSC~ cytochrome c 1s trlmethylated m pos- 
ItIon 80, yet the sequence around this residue is identical wrth that of the animal sequences. 
In the protozoans’3 I4 the Phe-Met sequence around posltlon 80 m C’r.rth~/rcl IS substituted 
by a Tyr-Val sequence in Eu~/le~a, whereas the sequence around positron 94 IS the same 
m both protozoans. Yet Ly+XO m Eugk/zn and Lys-94 m Cr.rthrtl~ ate non-methylated, 

whereas Lys-X0 111 C’rlfll~d~ and Lys-94 m EuyIr/xr are trlmethylated 
Morgan et ul 24 <abe isolated two proterns from Mttrl~~~lti The major component con- 

tamed one residue of E-N-dlmethyllyslne and one reslduc of E-.~‘-trlmethyllysln~. whereas 
the minor protein contamed one residue of E-N-dlmethyllysme and trace amounts of E-N- 
trimethyllysme. both contamed trace amounts of c-N-monomethyllysme. These authors 
suggest that the trlmethylatlon may be accompanied by a slgnlticant conformatlonal 
change as the two components, both with the same overall charge. are readily separated 
by ion-exchange chromatography A slmllar sltuatlon 1s thought to cxl?t m the two com- 
ponents of ISO- 1 xytochrome from S~~ccha~or~~~~~c~s ” Morgan or a/ ” consider the hetero- 
geneit) of the methylated lysme population m Hun?&cr to have arisen, m part. by Incorn- 
plete methylatlon of the lysme residues However. various E-,V-mono- and -dlmethyliy- 
sines have been reported 111 other protems, e g histones” ” and flagellar protems,” which 
suggest that their occurrence IS not due to mcomplete methylatlon m all cases Smce Scott 
and Mitchell “) did not find E-!V-mono- or -demethyllysrne derivatives 111 ;k’c~o\porr~. the 
posslblllty of d~methylat~on occurring during extraction of H~rnrcol~ cytochromc C’ has to 
be considered Whilst no pattern can be observed III the prunary sequences which might 
suggest the specificity of the methylating enzymes. It must bc remembered that comparl- 
sons betueen related parts of sequences disregard more distant parts of the sequence which 
may nevertheless be adjacent in the three-dunenslonal structure, and important for confor- 
mation 

The actual locatlon of the methylatmg enzymes relatlvc to the protein to he mcthylated. 
may also be important Thus, N htlst the functional slgnlfkance 01 meth) latmn IS not clear. 
Scott and Mitchell’” have suggested that m Neurx~poru It may be involved 111 the bmdmg 
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of the protein to the mltochondrial matrix. It is possible, therefore, that the methylatmg 
enzyme itself may be part of the mitochondrlal membrane, and as a consequence only 
some lysmes are methylated. 
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