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SUMMARY

Cytochrome ¢ has been extracted and purified from three

species of algae, Enteromorpha intestinalis, Rhodymenia palmata

and Porphyra umbilicalis, and from two fungi, mushroom (Psalliota

campestris) and Saprolegnia sp. Tha complete amino acid

sequence of the cytochrome ¢ from Enteromorpha and partial

sequences of the cytochromes ¢ from Rhodymenia and Porphyra

have been determined. Preliminary sequence investigations
were carried out on the cytochromes c from mushroom and

Saprolegnia. The sequence data obtained in this investigation

showed that the cytoc«romes ¢ from algae are clearly hecmologous
with other eukaryotic mitochondrial cytochromes c. Sequence
comparisons were used to examine the times of divergence of
various taxonomic groups and to determine the phylogenetic
relationships of the Chlorophyta and Rhodophyta. Phyvloagenetic
trees were constructed by the ancestral sequence method and

ah overall minimum tree relating thirty eight species was
obtained.

The results indicate that the Chlorophyta are on the
direct line of descent of the higher plants, and that the
Rhodophyta represent a more remotely diverging group on the
same line of descent.

Comparisons of the algal sequences'with the established

sequences of Euglena and Crithidia cytochromes ¢ placed the
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Euglenophyta as being more closely related to the Protozoa
than to the Chlorophyta, and this is held to suppoxrt the
division of living organisms into five kingdoms of egual
taxonomic status.

When the ancestral secquence method was appiied to the
currently available sequence déta for fungi, cextain groupings

became apparent. Neurospora and Humicola were joined to

one branch node and Candida and Debarvomyces to another.

Saccharomyces and Ustilago were placed on their own respective

hbranches. The minimum topology obtained was not in

accordance with current fungal taxonomy.
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ABBREVIATIONS

The abbreviations used in this thesis are as

recommended in "Instructions to Authoxrs", Biochem. J.

21, 1, with the following additions:-

CySO3 ¢+ Cysteic acid

MeS Methionine sulphone

Me,Lys : € -N-trimethyllysine

ox. oxidised (ferricytochrome)

reduced (ferrocytochirome)

red.



INTRODUCTION

Commeon to all of Man's activities is a desire and need
to classify. It is not surprising, therefore, that much
attention has been given to the ways in which systems of
classification are devised. From a practical standpoint
biologists must have a universal code by which they recognise
organisms by name. However, there is no major measure OF
agreement among taxonomists as to whether the main aim of a
classificatory scheme is to reflect the evolutionary
relationships of the organisms (phyletic clascsification),
or to give groupings of organisms which give the maximum
similarity of the characters used in the classification
(phenetic classification) (see Davis and Heywood, 1963).
Cronquist-(l968) for example, is strongly in favour cf the
former view, Sokal (Sokél.and Sneath, 1963) the latter.
Whichever view is taken the classification of a given organism
depends on the amount and quality of information with respect
to that organism, that is available to the taxzonomist.
Turrill (1938) regarded the development of taxonomy as a
gradient leading from 'alpha' to 'omega', the 'alpha taxonomy'
being based on morphology, and the 'omega' using a much
greater diversity of characters (see also the pioneer and

encyclopaedic taxonomies of Davis and Heywood (1963) ).
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With xegard to the algae, Dixon (1970) in a recent
review, regards the present taxonomy &s being very much in
the alpha stage and that the classification of algae is
designed for the identification of a particular species,
and it is thus phenetic rather than phyletic,‘ This situation
nmay partly be due to the fact that at this point of time
prébably tﬁe only sure way of establishing phylogenetic
relationships within a group, is a study of an adequate
fossil record. This approach has been extensively used fox
members of the animal kingdom, particularly vertecbrates,
for which many lines of descent and divexrgenc: are aow well
documented (see Colbert, 1969).

The fossil record for algae extends back into the Pre-
Cambrian era, although the greatest number of records is
from the Cretaceous to the present time (Tilden, 1935;

Round, 1965). Tilden (19235) suggested that the fossil algae
can be grouped int:» five 'Algal Periods' which reflected

the quality of illumination incident on ﬁhe earth at the
time, i.e. the groups are based on the evolution of different
pigment systems. However, little evidence is available

from the fossil record to satisfy the requirements of a
phyletic system and the phylogenetic relationships of

fossil algae are uncertain. In the absence of a fossil

record for algae the manner in whicl. the various classes



evolved must be conjectured on the basis of comparative
studies of extant species. At one time the organisms
referred to as 'algae' were grouped in one category. With
increasing knowledge resulting especially from studies of
bioghemistry and physiology, it is noQ appareﬁt that the
group 'algae' is extremely artificial. The algae are
generally considered to comprise several parallel lines of
evolution that are only distantly xrelated. Parallel
evolution of certain morphological traits is evident in
several classes of algae, and in several éivisions variations
seem to have occurred independently including rhizopodial,
flagellated, palmelloid, coccoid, filamentous and siphonous
forms. This parallelism is particularly well documented
with respect to the Chlorophyceae, Xanthophyceae and
Chrysophyceae (Smith, 1950; Fott, 1959; Rhodes and Stofan,
1967). Because of the high degree of parallelism and
convergence in the groups of extant algae, a classification
based on morphological. characters is largely superfluous
and in many groups taxonomic study .is becoming more and
more a comparative study of life histories (Bliding, 1963;
Van den Hoek, 1964). This is an application of the
ontogenic approach as defined by Davis and Heywood (1963).
The current conservative concept of the groups of

organisms which constitute the 'algae’' recognises the



following nine phyla:-~ (1) Chlorophyta; (2) Cyanophyta;
(3) Chrysophyta; (4) Euglenophyta; (5) Pyrrophyta;
(6) Rhodophyta; (7) Phaeophyta; (8) Cryptophyta:
(9) Chloromonadophyta (Prescott, 1964). This sytem is based
on the delineations of Pascher (193l) who, hoﬁever, placed
the Cyanophyta outside the general term 'alga'. The
position of this group has also bheen questioned more recently
by Van Oye (1961). Scagel et al. (1965) follow the same
general pattern as Prescott (l964) but place the Cryptophyta
as a class 'Cryptophyceae' in the Pyrrophyta and place the
Chloromonadophyta as the class 'Chloromonadophyccae’ in the
phylum Xanthophyta. The possible interrelaticuships and
phylogenetic arrangement of the classes of algae according
to Scagel et al. (1965) are shown in App. 2 (see also
Appendix 1). A broader approach is taken by Christensen
(1966) whereby the eukaryotic algae are divided into two
-groups, the Acontz (Rhodophyta only) and the Contophora,
which comprises all the other groups. |

Traditionally living organisms have heen divided into
two kingdoms -~ Plants and Animals, but many single-celled
algae and protozoa occupied uncertain positions in this
scheme, Taking this into consideration, Copeland {1938,
1947, 1956) invcked a four~kingdom systew {(Agp. S ).

However, the limitations of this scheme were realised by



Whittaker (1969), who revised Copeland's four kingdoms into

a five-kingdom system (Appendix 5). Whittaker based his
divisions on, (a) cell type, and (b) mode of nutrition.

For the algae, this scheme is in good agreement with that

of Scagel et al. (1965) (Appendix 2), kut, in addition, attempts
to indicate the relationships of algae with other groups.
Although these various schemes differ in certain areas, there
is a general agreement that the blue-green algae and the

red algae represent the earlier evolved forms (see also

" Skuja, 1938; Tilden, 1935; Allsop, 1969). Fritsch (1943),
Chapman (1962) and Boney (1966) are dubious of the strength
of the phylogenetic relationship between these grcups which
had been proposed as early as 1867 (Cochn, 1867), althcough
there is general acceptance that such a relationship exists
(Tilden, 1935; Kylin, 1943; Papenfuss, 1955; Chadefaud,
1960; Christensen, 1962, 1964, 1966).

The controversy and uncertainties that exist in
considering the classification of the algaé have been under-
lined by Prescott (1964), whose view is that because of the
uncertain phylogenetical relations in the algae it must be
recognised that the classification system should be fluid
and in the light of modern taxonomic data will change.

Steps towards the 'omega' classification condition for algae

are being taken and the relevant reseairch activities have



been grouped into nine areas by Prescott (1964). These
include physiology, ecology, microscopy and onﬁogeny, to
which in the last few years more specialist additions can be
made. Attempts to infer phyletic relationships between
algae independently of fossil evidence, have more recently
involved the use of comparative plant chemistry and biochemistry.
If Crcnquist's view that a classification scheme should be
phyletic is taken, then the taxonomy of tha algae must rely
on sophisticated considerations such as the above. These
considerations are largely biochemical and physiological and
based on criteria 3uch as pigment compositicw, structure of
the cell wall, the type of storage product and the number and
type of flagella present in the mobile stage of the life
cycle. These characters are summarised in Appandix 1

which represents the scheme on which Scagel et al. (1965)
have based their prhylogeny (Appendix 2).

In using specizlised biochemical data to establish a
phylogenetic scheme, care must be taken td select suitable
information. This is in order that the taxcnomy aimed at
does not have the same limitations as schemes based on
morphological data. Thus, as in classical morphological
taxonony, biochemical characters can be considered as either
having weak taxonomic significance, 0 strong taxonomic

significance (see Davis and Heywood, ..963), Zuckerkandl
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and Pauling (1965) distinguished between the semantides,
DNA, RNA and proteins, and the episemantides, intermediate
compounds of metabolism produced by the activity of the former,
and discussed the strength of the taxonomic data that a study
of each offered. A great deal of the biocheﬁical information
available belongs to the latter group of compounds and is
considered to be of weaker taxonomic significance than
information derived from the semantides,

The majority of episemantic molecules are of polygenic
origin. That is to say that they are formed by biochemical
pathways that are controlled by many enzymes. This can
allow varying degrees of convergence of structure and
function, which as previcusly discussed for the algae is a
disadvantage of using purely morphological features tc infex
phylogeny. Attempts to use episemantides in taxonomy axe
also complicated by the fact that there may pe more than
one biochemical pathway leading to theformation of the parti-
cular metabolite, as is the case with certain amino acids,
particularly lysine. This represents convergence of
metabolic pathways to produce a common end product, and the
common possession of, for example, lysine need not necessarily
imply a phyletic relationship between two organisms (see
Bartnicki-Garcia, 1970).

Of particular interest with respect to the Algae is a



proposed phylogenetic classification based on their lipid
metabolism (Nicholsz, 1970). This scheme considers the
significance of the fact that certain polyenoic acids can
also be synthesized by at least two biochemical routes. A
close relationsbhip between the Euglenophyta and Chlorophyta
is suggested and the Rhodophyta are placed as the ancestors
of the Phaeophyta, Bacillariophyta and Xanthophyta (see
Appendix 3 ). However, it is stressed that this scheme is
more a classification of algae based on the lipid composition
and metabolism of chloxroplasts than a definition of
evolutionary development. On the basis of studies of
polyglucan metabolism an evolutionary progression from the
Cyanophyta to the Rhodophyta to the Chlorophyta is suggested
by Frederick (1968).

The occurrence of phycobilin pigments in the Cyanophyta
and Rhodophyta and protoplasmic connections between cells
of certain representatives may indicate the common origin
of these two groups. Also, the simplicity of the chloroplast
structure in the Rhodophyta may be significant in showing
their close relationships to the Cyanophyta (Gikbs, 1970;
Klein, 1¢70). However, other cytological and morphologicai
details give the two groups an extremely divergent evolution
(Chapman, 1962). The presence of phycobilins is also

apparent in Cryptophycecae and may also inrdicate relationships



of the Pyrrophyta with the Cyanophyta and Rhecdophyta.
However, it appears that phycobilin pigmen*ts may have
developed independently in the Cryptophyceae, since the
latter, unlike the former two groups, do not have phycobilisomes
(Stanier, 1974). Also, many of this group péssess fiagella
which are lacking in the Cyanopnyta and Rhodophyta (Scagel
et al., 1965). The Cryptophyceae contain chlorophyll ¢

in addition to chlorophyll a and the phyccbilins. Fox

this reason they may have evolved from a form that also gave
rise to another line represented by the more typical Pyrrophyta,
the Dinophyceae (dinoflagellates). This latter class which
lacks phycobilins, has an abundance of caroténoid pigments
as well as chlorophyll ¢, which aiso occuxs in the Phaeopnyta
and some members of the Chrysophyta, particularxly the
diatoms (Bacillanophyceae). Also, in these two classes the
carotenoid fucoxanthin is abundant, & the storage product
'is laminarin or the clésely related chrysolaminarin, These
differ from the starch-like carbohydrates of the Rhodophyta,
Cyanophyta and Pyrrophyta in having g 1-3, 1-6 linkages
between the glucose molecules instead of the a 1-4, 1-6
linkages of the latter groups (Parker, 1970).

Another similarity of the Phaeophyta and Chrysophyta
is seen in the common occurrence of one vhiplash flagellum

and one tinsel flaygellum (Bouck, 1969). Whether all of
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these forms have evolved from a common ancestor is highly
debatable; although at least two groupings exist.

The algae that lack masking pigments are also morpho-
logically diverse, although possibly not as much as those
classes considered previously. Chlorophyll é is common to
all photosynthetic algae, and some only possess this one
ubiquitous pigment (Xanthophyta). In addition, the
Euglenophyta and Chlorophyta have chloxrcphyll b, (cf.
Christensen, 1962). These algae may have had a common
ancestry from which three distinct lines have resulted,

The Xanthophyceae store chrysolaminarin aund possibkbly diverged
from the Chrysophyta-Phaeophyta line fairly early. The
Euglenophyta have the same carbohydrate splitting enzymes
as the Phaeophyta and the main storage precduct of the
Euglenophyta is starch-like. Certain modern genera in the
Chlorophyceae illustrate features to support the hypothesis
that all green plants (vascular and non-vascular) evolved
rom some green algal .or green algal—liké precursor, For
this reason it has been suggested that the Chlorophyta
should be extended to inclpde all green plgnts as one
division which is then held to include the various classes
o £f both green algae and telom plants (Fott, 1965). The
Charophyceae represent a diverging evolutionary line from

Chlorophycean ancestry and are considered by some to



represent the ancestors of the Bryophytes (see Scagel et
al., 1965), although their evolutionary position is uncertain
(see Fott, 1965). Whilst it can be confidently asserted
that we know little of the affinities of the main algal
groups, wmost botanists regard the Chlorophyta.as the group
from which higher plants have most likely originated (see
Klein and Cronquist, 1967; Whittaker, 1269; Klein, 1970).
However, recent ultrastructural considerations place the
Charophyceae on the line of descent of the Bryophytes and
higher plants, and suggest that the Chlorophyceae are a more
divergent group (Pickett-Heaps and Marchant, 1972).

"It is thus evident that the biochemical data available
from studies of episemantides, provides as much conflicting
taxonomic information as does the data derived from moxpEho-
logical and cytological data. This may be due to the fact
that generally biochemical charaéters have been considered
in isolation and that a more detailed numerical analysis of
characters is required to clarify the situation. Numerical
analysis of a large set of characters has been applied to

members of the Chlorophyte genus Chlorococcum (McGuire, 1969),

but difficulty still arises in the definition of typical
operetional taxonomic units (species) due to the weighting
of characters. Such an analysis still does not infer

phyletic relationships between the members of a group.
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The semantides provide the primary genetic link between
successive generations, and it is, therefore, within these
molecules that the biochemical basis of evolution is
documented. A distinction can be made between primary
semantides - the DNA (and in some cases, RNA);that forms the
primary blue-print for the cell, the secondary semantides -
mostly messenger and transfer RNAs, that are formed according
to the DNA master template, and the tertiary semantides -
the proteins which are formed as a result of base sequences
in the messenger RNAs., The detailed chemical analysis and
characterization of primary and secondary semantides still
remains a difficult task, although the base sequences of a
limited number of relatively small tRNA molecules are known
(see Dayhoff, 1972). DNA hybridization techniques have
been applied to examine relationships between groups of
organisms (Kohne, 1968), but difficulties arise both in the
'technique and interpretation of this metbod. Of particular
relevance is the fact that during evolution, inversions,
translocations and repetitions of DNA base sequences have
occurred and these may make the results obtained from
hybridization techniques difficult to interpret.

The implication of tertiary semantides, proteins, in
taxonomic studies has fallen into three main areas of

research. These are serology, comparative biochemistry and
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analytical structural studies.

Serological methods are comparatively rapid and may be
systematically valuable. The main advantage of the serological
method is its ability to distinguish antigenic substances
which are indistinguishable by other chemical‘means. The
founder of serology as a tool in plant taxonomy, is held to
be Mez, who pioneered work in this field in the 1920's (see
Chester, 1937; Vaughan, 1968a). The application of modern
serological techniques to certain taxonomic problems has
proved successful (Vaughan, 1968a and b). However, the
method does invoive certain problems which cuilld cause
anomalies in results. Rabbits are commonly used to prepare
antiserum and their ability to react to antigens to produce
antibodies varies with their physiological condition, Also,
there may exist more than one antigenic site on a given
protein molecule, thus producing an antiserum of mixed
antibodies. However, these problems are largely technical
and the results of serological investiga£ions testify to the
technique as yielding much taxonomic information. For
the higher plants Vaughan showed that serolcgical methods
gave results in accordance with classically established
taxonomies for Solanum and Brassica species (Vaughan, 1968a)
and Brassica and Sinapis species (Vaughan, 1968Db). With

Preftes

respect to the algae, Bennett and Bogorad (1971) have
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shown a serological relationship between the biliproteins

of the Rhodophyta and Cyanophyta, but this is too limited

to permit the analysis of evolutionary relationships (Glazer

et al., 1971). Otherwise, it appears that there is very

little evidence that serology has been applied in a similar

vay to other algal groups. |
Comparative biochemical studies of enzymes and

functional proteins provide another approach to taxonomic

problems. It is advantageous in such studies that the

test systems be those which are likely to have changed little

during evolution, and consequently have retained the properties

%

of these systems in ancestral orgarisms. In addition, it i
preferable that the components involved in such systems
should occur widely throughout the plant, animal, funcal

and bacterial kingdoms. All aerobic organisms possess an
oxidative electron transport system involving cytochromes.
Cytochromes are also present in many anaerobic microorganisme.
In either case cytochromes function as fundamental components
in energy conversion mechanisms. Among the cytochromes,

most attention has been paid to cytochrome c. This has

the advantage of being relatively easy to purify, since it

is a small molecule of molecular weight about 13,000, is
highly hasic, relatively stable, and is a coiloured protein.

Comparative studies using cytochrome ¢ have involved two
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major approaches. The first involves a comparison of the
relative reactivities of the protein from different sources
with cytochrome oxidases, and the second involves comparisons
of the fine-structure of the molecule, alsc from differeﬁt
species. Yamanaka and his co-workers have established
evolutionary relationships of many organisms, based on the

relative reactivity of their cytochrome ¢ with Pseudomonas

and cow cytochrome oxidase (see Yamanaka, 1966). The
advantage of this method is that it is applicable to very
small amounts of cytochrome c and, therefore, can be used
in cases where other studies involving larger quantities of
profein are practically difficult oxr impossible. There is
a distinct biological specificity in the reaction of cytochrome
¢ with cytochrome oxidase (Yamanaka and Okunuki, 1963},
and this specificity can be used to detect differences between
cytochrome ¢ molecules. These differences, manifest as
" different rates of reaction, form the bagis on which
Yamanaka (1966) established his relationships.

In the last ten years, it has become possible to establish
the primary structure of many proteins. The "Atlas of
Protein Sequence and Structure" for 1966 (Dayhoff and Eck,
1966) listed 184 complete sequences of proteins and related
macromolecules. The same publication for 1972 (Dayhoff,

1972) lists 3556 sequences, to which have been added some



150 more in a supplement for 1973 (ﬁayhoff, 1973).

Protein sequence information can be utilised in
several ways. From the‘phylogenist's-viewpoint, the
elucidation of the primary structure of the saﬁe.protein
from different organisms can give information as to the
history of the gene specifying that protein. If a
virtually ubiquitous protein such as cytochrome c is
considercd, then a detailed study of the primary structures
of cytochromes c frowm apparently distantly related extant
species may give some indication of how the species have
diverged during evolution., When the amino acid sequences
of cytochromes ¢ from different species are compared there
is an apparent similarity of structure in the same molecule
from different sources (see Appendix 8; Dayhoff, 1972).

In attempting to establish phylogeny it is the differences
in the molecules that are of greater interest, as these
represent the degree to which the gene specifying the protein

has changed during evolution.
The sequence of cytochrome ¢ has been established for
many animal,; higher plant, bacterial and fungal species

(sec¢ for example, Davhoff, 1972), and to the list has
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recently been added two Protozoan species (Pettigrew,

1972 and 1973). Despite the number of cytochrome sequences

now known for many families of organisms, thexe are certain
groups that have been largely neglected in terms of secuence
data. These are particularly the 'lower' gréups of organisms
including the molluscs and invertebrates other than insects,
protozoa, algae and the lower groups of plants such as
Bryophytes and Pteridophytes. At the start of the present
investigation no cytochrome ¢ secuence from algae had been
reported, although the sequence of ferredoxin from the

green alga Scenedesmus, had been established {Sugeno and

Matsubara, 1968). The Scenedesmus sequence represenled

the only protein sequence then known for algae, to which has

recently been added the sequence of Chlorella fusca

plastocyanin (Kelly and Ambler, 1973).

If a study of protein sequence data can in fact be
"used to determine the ancestry of the cytochrome ¢ gene,
then it is pertinent to examine groups which are considered
to have a longer ancestry. These azre the groups which
classical taxonomists would consider to have diverged
earlier in time, and are largely represented by those groups
for which protein sequence data is lacking.

Daylo ££ and Eck (1.966) have demonstrated the use of

computer analysis of homologous protein sequences as an
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important indicator of taxcnomic relationships in the
animal kingdom. This approach was developed by Boulter
et al. (1972) for the known cytochrome ¢ sequences from
higher plants and certain of the fungi. The present work
demonstrates the application of these methods tc the algae.
The aim of the investigation was to isolate and detemmine
the amino acid sequerice of cytochrome ¢ from algal sources
in order to provide data from a wider range cf the plant
kingdom, on which to base a biochemical phylogeny.

Although the cytochrome ¢ sequence aata for algae is non-
existent, cytochrome ¢ sequences for several members of the
fungal kingdom are now known (see Dayhoff 1972, 1973).
However, within the fungi sequence data is lacking for the
Basidiomycetes, A preliminary investigation of the
cytochrome ¢ from a member of this group, and also from the

Phycomycete fungus, Saproleania, was also undertaken.
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MATERIALS AND METHODS

I. GENERAL

1. Biological Materials

Enteromorpha intestinalis (L.) was collected from a

freshwater stream at Eyemouth Harbour, Berwickshire.

Porphyra umbilicalis (J. E. Agardh) thalli were collected
at low tide from pure stands of the alga on rocks at St. Abbs
Head, Berwickshire.

Rhodymenia palmata (Grev.) was collected firstly from St.

Abbs and, subéequently, from Souter Point, Co. Durham; thalli
having epiphytic Bryozoans were rejected.

Nitella sp. was collected from Lake Crasmere using a
grapple from a boat as recommended by G. J. Thompson, Freshwater
Biological Association, Ferry Hcuse, Ruwbleside.

"Fucus serratus and Laminaria spp. were collected frowm

Souter Point, Co. Durham.

Mushrooms (Psalliota campestris), in the 'cup stage', were
obtained from Messrs. Crawfords Ltd., Durham City.

Saprolegnia sp. slope cultures were a kind gift from Dr.

Hudson of University of Cambridge. The fungal mycelium was
mass cultured in medical flats in the dark at 20°cC. The

rycelium was harvested after 70 h growth on two thicknesses
of Whatman 3 MM fiiter paper on a Buchner funnel and sucked

dry under mild vacuum. The mycelial cake was washed three
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times with distilled water and stored at -20°C.

2., Chemicals and Reagents

With the exceptions listed below, all chemicals were
obtained from British Drug Houses (BDH) Ltd., Poole, Dorset,

and were of analytical reagent grade when available.

a Chymotrypsin, E.C.3.4.4.5. (three times recrystallized)

Trypsin, E.C.3.4.4.4. (twice recrystallized,

salt free)
were obtained from.the Worthington Biochemical Corp., Freehcld,
N.J., U.S.A.
Carboxypeptidase-A, E.C.3.4.2.1. (di~isopropyl-
| phosphorofluoridate~-treated; crystalline
suspension in water)

was obtained from the Sigma Chemical Co., St. Louis, Mo.. U.3.A,

Sephadex G-10
Sephadex G-25
Sephadex G-50

CM-Sephadex C-50
DEAE Sephadex A-50
Blue Dextran 2000

were obtained from Pharmacia Ltd., Uppsala, Sweden.

Biogel P~30

was obtained from Bio-Rad Laboratocries Ltd., London.



CM-Cellulose {CM-52)
was obtained from W. and R. Balston (Modified Cellulose) Ltd.,

Maidstone, Kent. (Whatman) .

Amberlite CG-50 (100--200 mesh, type 1)
(Rohnland Haaw Co., Philadelphia, U.S.A.) was obtained through

BDH Chemicals Ltd.

E.D.T.A. (Free acid)
Horse Heart Cytochrome ¢ (Type VI)

. were obtained from Sigma Chemical Co. Ltd., London.

Hydrazine sulphate
Tris
were obtained from Hopkin and Williams Ltd., Chadwell Heath,

Essex.

Hydrazine (95%+)

was obtained from Eastman Chemicals Ltd.

Methyl Oxitol

-was obtained from Shell Chemicals U.K. Ltd.

Thiodiglycol

was obtained from Koch-Light Laboratories Ltd., Colnbrook.

Ascorbic acid
was obtained from Roche Products (U.XK.) Ltd., Manchester St.,

London.

All chemicals were used as supplied, except for phenyl-
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isothiocyanate, which was vacuum distilled once before use.

3. Other Materials

Polyamide sheets were obtained from the Cheng Chin
Trading Co. Ltd., Taipei, Taiwan.
Visking tubing was obtained from the Scientific Instrument

Centre Ltd., Leeke St., London, W.C.1l.

4, Preparation of Solutions

A. Buffer solutions:
(i) 0.05 M-Sodium phosphate, pH 8.0 for dialysis
7.80 g Nal,PO0,2H,0
6.00 g NaH2P04 anhydrous pes litre was

adjusted to pH 8.0 with 2 M-NaOH solution.

(ii) 300 mM-sodium phosphate, pH 7.2 for gradient

elution
NaZHPO4.12H20 38.70 g
NaH, PO ,2H,0 6.55 g
Waterxr - made to 500 ml.

(iii) 10 mM-sodium phosphate, pH 7.2 for gradient
elution.
300 mM-sodium phosphate, pH 7.2, buffer was

diluted 30-fold and the pH checked.

(iv) 0.2 M-sodium citrate, pH 3.0

0.2 M-citric acid (citric acid.Hzo, 42.0 g/litxe)

16.4 ml
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0.2 M-—Na3 citrate (Naq citrate. 2H2

58.8 g/litre) 3.6 ml

B. Chromatographic location reagents:
(i) Cadium - ninhydrin reagent (Heilman et al., 1957)

Solution A. 100 mg cadmium acetate
10 ml water
5 ml acetic acid
100 ml Aacetone
Solution A was used to prepare fresh 1% (w/v) ninhydrin

solution through which the paper was passed. After air-drying
the paper was heated at 60-80°C for 10 min. Coloured spocs
on a white background showed positive reaction. These were
marked and the paper heated further to locate more slowly

developing spots.

(ii) Ehrlich.reagent:
Solutioh A: 2% (w/v) p-dimethylaminobenzaldehyde
in 20% (v/v) HCl in acetone freshly prepared.
The paper was passed through Solution A. A positive
reaction, given by tryptophan, showed as a purple colour,
Greater sensitivity was obtained when this test followed nin-
hydrin staining (Easley, 1965). The pink ninhydrin spots
turned colourless and a positive reaction purple coloux

appeared.

(iii) Platinic Iodide reagyent:
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Solution A: 0.002 M-platinochloric acid (H,Pt
016.6H20 1 mg/ml in H,0) .

Solution B: 1.0 M-KI freshly made.

Solution C: 2 M-HCL,.

The reagents were mixed just before use in.the following
order and proportions: 4 ml of Sclution A, 0.25 ml of
Solution B, 0.4 ml of Solution C and 76 ml of acetone. The
paper was dipped and air-dried. A positive reaction, given
by reducing sulphur compounds, showed as bleached areas on a

purple background.

(iv) Sakaguchi reagent:
Solution A: 0.2% 8-hydroxyquinoline in
absolute ethanol.
Solution B: 0.02 ml bromine was added to 20 ml
5% (w/v) KOH (aqueous) just before using.
The paper was sprayed well with Solution A sevexral times
without soaking, and allowed to dry. It was then sprayed
with Solution B. A positive reaction, given by arginine,

showed as a transient pink colour.

c. Electrophoresis marker solution:

A 0.l M solution of arginylarginine in 1.0
M-NaHCO; was treated with an equal volume of 0.2 M-
dansyl chloride in acetone. After 1 h at 379, the
mixture was diluted 1000-fold and ethanolic dansyl

arginine added to a concentration of 0.1 mM.



D. Aminc acid autoanalyser sclutions:

(1) 0.05 M sodium citrate buffer, plf 2.875

Tri-sodium citrate. 2H;0 220.6 g
2.0 M-NaOH 375.0 ml
Thiodiglycol . 75.0 ml
Brij 35 solution 150.0 ml
Water 13,600.0 ml

Adjusted to pH 2.875 with HC1l, made up to 15 litres with
deionised water, and stored at 2°cC.
(ii) 0.05 M sodium citrate buffer, pH 2.875
with 10% (v/v) methanol
0.05 M sodium ciltrate buffe: 9 parts
Methanol 1 part

(iii) 0.05 M sodium citrate buffer, pH 3.8

(Hamilton, 1962)

Tri-sodium citrate 2H,0 117.7 g
2.0 M-NaOH 200.0 ml
Thiodiglycol . 40.0 ml
Brij 35 solution 80.0 ml
Water 7,200.0 ml

Adjusted to pH 3.8 with HCl, made up to 8 litres with
deionised water, and stored at ZOC.
(iv) 0.8 M sodium citrate/chloride buffer,
pH 5.0 (Hamilton, 1962)
Tri-sodium citrate. 2H,0 220.6 g

NacCl : 526.0 g
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2.0 M~-NaOH 375.0 ml
Brij 35 solution 150.0 ml
Water _ 13,500.0 ml

Adjusted to pH 5.0 with HCl, made up to 15 litres with

deicnised water, and stored at 2%.

(v) Brij 35 solution
Brij 35 (melted) 40.0 ml
Water ) 120.0 ml

(vi) 4.0 M-sodium acetate buffer, pH 5.5

(Technicoﬁ, 1963)

Sodium acetate (annydrous) 328.1 g
Acetic acid 12C.C ml
Water made to 1,200.0 ml

(vii) Ninhydrin (Techniccn, 1968)

Ninhydrin 80.0 g
Methyl oxitol 6,000.0 ml

Acetic acid 340.0 ml

4 M~-Sodium acetate buffer,
pH 5.5 1,200.0 ml

Water made to 12,000.0 ml
Prepared at least one day before use, and stored in a
dark bottle under nitrogen. Acetic acid oxr NaOH used to adjust

to pH 5.45-5.50.

(viii) Hydrazine sulphate solution (Technicon, 1968)

Hydvrazine sulphate 3.12 g
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Water 12,000 ml
Sulphuric acid trace (approx. 10 drops)
Stored in borosilicate bottle under nitrogen.

E. Polyamide sheet chromatography solvents:

Solvent 1A - 1.5% (v/v) formic acid
(Woods and Wang, 1.967)

Solvent 2A - Benzene-acetic acid (9:1, v/v)
(Woods and wang, 1967)

Solvent 2B - Toluene-acetic acid (9:1, v/v)
Solvent 3A -~ Ethyl acetate-methanol-acetic
acid (20:1:1, by vol.) (Crowshaw

et al., 1967)

Solvent 3B - Butyl acetate-methanol-acetic
acid (20:1:1, by vol.:!

Solvent 3C - Butyl acetate-methanol-acetic
acid (30:20:1, by vol.)

Solvent 3D - Ethanol-M-ammonia (l:1, by vol.)
F. Chromatography marker solution:

Dansyl—arginine, dansyl-glutamic acid,

dansyl-glycine, dansyl-isoleucine, dansyl-

phenylalanine, dansyl-proline and dansyl-

serine, all 0.1l mg/ml in 95% (v/v) ethanol.

G. Culture medium for Saproleqgnia:

Glucose ' 20 g
Yeast extract 'Difco’ 4 g
K,HPO, lg
MgSO4.H20 0.5 g

Water made up to 1 litre.
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H. Extraction medium for Saprolegnia cytochrome ¢

(i) sSolution A -~ 0.05 M-Scdium phosphate
buffer, pd 7.2

Na,HPO, .12H,0 50.0 g
Water to 4,000 ml

(ii) Extraction medium

Solution A 1,000 ml
NacCl 60 g
Ethyl acetate 100 ml

IT. PROTEIN PURIFICATION METHODS

1. Assay of Cytochrome c

(a) Qualitatively

The presence of cytochrome c in a solution was
detected after reduction by a trace of ascorbic acid, by
observatién of the a band absorption at 550 nm with a low
dispersion direct vision hand spectroscope (R. and J. Beck

Ltd., London).

(b) Quantitatively

The quantity of cytochrome ¢ was estimated
spectrophotometrically using silica cells of 1 cm light path
on either a Hilger & Watts Ultrascan, or a Perkin Elmer Model
402 recording spectrophotometer. Cytochrome ¢ content was

estimated from the g-absorption band by using the mammalian



cytochrome ¢ extinction ceefficient of 27.7 my~ cm"l, assuming

a molecular weight of 13,000 (Margoliiash and Frohwirt, 1959).

2. Criteria of Purity of Cytochrome ¢

The purity of cytochrome c preparations was estimated
spectrophotometrically from the ratios of the 280 nm, Scret
(¥) and a-band absorptions of the protein in the oxidised and
reduced states. These ratios were compared with those of
cytochromes of known structure and purity (see Keilin, 1966;

Margoliash and Schejter, 1966).

3. Dialysis

Unless otherwise stated, solutions of cytochrome ¢
were dialysed against 10-20 vol. 0.05 M-sodium phosphate

buffer, pH 8.0 for 16-40 h at 2-4°c.

4. Extraction of cytochrome ¢ from plant wmaterial

(a) Algal thalli

Washed thalli were extracted in separate batches
of 50-70 kg fresh weight. Each batch was blended in approximately
2-3 kg quantities in a Waring blendex for 3 min with 1 litre
of pre-chilled distilled water (2-4°C), 20 g ascorbic acid
and 1 g EDTA. The pH of the total homogenate was adjusted to
pH 8.0 with 1 M-tris, The homogenate (60--100 1.) was then
filtered at 2-4°C through Terylene bags (Type 1481, Samuel
Hill Ltd.., Rochdale, Lancs.), in a 21" perforated basket

centrifdge ('ype 86, Thos. Broadbent. and Sons Ltd., Huddersfield).
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Alternatively, filtration was achieved on 27 cm Buchner
funnels, using a mild vacuum (400 mm Hg) through Whatman No.
6 paper. In each case dry filter cakes were stirred with
sufficient distilled water to produce a stiff slurry which

was then re-filtered.

(b) Extraction of Saprolegnia cytochrome c

Approximately 100 g frozen weight of mycelium
were minced in a kitchen mincer. The mycelium was tﬁen
blended with sufficient extraction medium to give a final
volume of approximately 350 ml. The homogenate was then
stirred overnight at 2-49C with a top drive nmazcarator (Townson
and Mercer Ltd., Croydon, England). The macerate was then
filtered on a Buchner funnel through Whatman No. 6 filter paper
and the cake was washed with 1 M~-NaCl in 0.05 M-phosphate
buffer pH 7.2. The filtrate was allowed to settle and the
ethyl acetate layer removed in a separating funnel. A trace
of ascorbic acid was added to the aqueous extract and the
presence of cytochrome ¢ determined by 550 n absorption in
the direct vision hand spectroscope.

The dilute cytochrome ¢ solution was then dialysed
against 0.05 M-sodium phosphate buffer pH 8.0, for chromato-

graphy on CM-Sephadex.

(¢) Extraction of Cytochrcme c¢ from Mushroom

The procedure for preparing cytochrome £from

algal sources was used (see para. 4a), with the fellewing



modificaticns:

The fresh material (40 1lb batches) was deep frozen at
-20° and blended dry in a Hobart Blender (Type VCM 15-3,
Hobart Manufacturing, London, England). The dry powder thus
obtained was then blended with water, ascorbic acid and EDTA
and adjusted to pH 8 prior to filtering in the Broadbent

centrifuge. Subsequent steps were as in Fig. 1l.

5. Ion Exchange Chromatography on Amberlite
CG-50 resin

(a) Preparation of resin in the ammonium form

Resin was converted to the Kt form by stirring
in 3-4 vol. 2 M-KOH at 80°C for 3-4 h. The resin was washed
with 16—15 vol. distilled watexr on a sintered funnel, and then
resuspended in 3-4 vol. distilled water and taken to pH 1 with
conc. H,50,. After 1-2 h stirring, the resin was washed on
a sintered funnel with 10-15 vol. distilled water, re-
suspended in 3-4 vol. distilled water and adjusted to pH 1O
with conc. ammonia solution. After 1 h stirring at constant
pH, the resin was washed with 10-15 vol. distilled water and

resuspended as a slurry ready for use.

(h) Adsorption

(i) Column: Filtrate at pH 8.0 was passed
through columns (6.5 cm x 25 cm) of Amberlite C€G-50, at a
flow rate of 300-400 ml/h. Approximately 15-20 1. of

filtrate was passed through each individual column. The
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adscrption was carried out at 2Z-47C.

(ii) Batchwise: Amberlite CG-50 resin was
added to the filtrate at pH 8.0 (approx. 50 g wet resin/l.)

and stirred at 2-400 for 15-20 h.

(c)

=

Blution

———

This was achieved hy the batch method. The
resin was removed from the column and washed with distilled
water by stirring and decantation until the supernatant was
colourlass. Resin used as in k(ii) was similarly treated,
the filtrate having first been decanted. Ti: was then stirred
with approximately an equal volume of 0.5 M-Wa:l and 2 M-NaOH
added to maintain the pH at 8.0. After stirring for L h at
room temperature the suspended resin was poured back into the
colunns and the effluent collected. The resin was wadicd
through with 0.5 M-NaCl until the washings shcowed no further
absorptioﬁ at 550 nm when reduced with a trace of ascorbic
acid; absorption was determined with a direct vision low

dispersion hand spectroscope.

6. Chromatography on CM-Sephade:x

Following dialysis the cytochrome ¢ solution was
passed through a column (6.5 cm x 20 cm) of CM-50 Sephadex
equilibrated with 0.05 M--sodium phosphate buffer, pH 8.0 at
a flow rate of 150-250 wl/h. The colam: was then washed

with 1—? 1. of 0.05 M--zodium phosphate buffer., pH 8.0,
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containing C.1l g/l. ascorbic acid. The red cytochrome band

was eluted with 0.5 M-NaCl and collected as a single fraction
(200 ml). Following dialysis of the eluate, chromatography

was repeated using a 3 ocm x 12 cm column of CM~50 Sephadex.

The cytochrome ¢ was eluted as a singie fraction in approximately

30 ml 0.5 M-NacCl.

7. Ammonium Sulphate Fractionation

The cytochrxome ¢ was kept reduced by additions of a
trace of ascorbic acid and the solution maintained at pH 8.0
with dilute ammonia solution. Solid ammonium sulphate was
added slowly to give approximately 10% (w/v) increases in
saturation. The degree of saturation was determined using
the nomogram of Dixon (1953); +the effect of any salt
originally present in the solution, on the degree of saturation,
was ignored. Any precipitate which was formed between additions
of ammonium sulphate was removed by centrifuging at 10,000 x
g for 10 min (M.S.E. High-Speed 18 Centrifgge}. The pellet
was resuspended in a minimum volume of water and ezxamined
for the presence of cytochrome ¢ with the hand spectroscope;
if cytochrome c was absent, it was discarded. All pellets
containing cytochrome ¢ were kept and dissolved in a minimum
quantity of distilled water. The saturation of the solution

was increased until all the cytochrome ¢ had been precipitated.
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8. Gel filtration

The column was prepared by pouring a slurrxy of either
Biogel P-30 or Sephadex G~50 into the column and packing under
pressure, The hydrostatic head used for filtration was

o. Chromatography on CM-52 Cellulose

The column was packed by pouring a slurry of resin,
equilibrated in 10 mM-sodium phosphate buffer, pH 7.2, inté
the column and packing by pumping through starting buffer,

1O mM-sodium phosphate, pH 7.2 (DCL Micro Pump,.F. A. Hughes
and Co. Ltd., Epsom). The cytochrome ¢ sample solution,
either salt-free or dialysed against the starting buffer, was
then pumped onto the column followed by 2-5 ml of 1 mM-KjFe
(CN)6 in starting buffer. The column was washed by pumping
through 25-50 ml buffer and then developed with a linear
gradient from 10 mM—306 mM-sodium phosphate, pH 7.2, formed

by using the apparatus described by Bock and Ling (1954).

10. Desalting by Gel-filtration

‘Pure cytochrome ¢ preparations were concentrated on
a rotary evaporator and desalted by passage through a 1 cm x
10 cm column of either Sephadex G-25 or G-10. The
cytochrome ¢ soluticn was then lyophilized and stored at -20°C.
A summary c¢f the extraction and purification procedure

used forx the preparation of algal cytochrome ¢ is given in Fig. 1l.



FIGURE 1.

Generalized scheme for the preparation of
Cytochrome ¢ from Algae

Fresh thalli

Blended with ascorbic acid and EDTA

Extraction .

Adjusted tc pH 8.0

Filtered

Chromaﬁography on Amberlite CG-50

resin

Eluted with 0.5 M-NaCl
Concentration Dialysed

Concentrated on CM-Zephadex resin

Eluted with 0.5 M-NacCl

(NH4)ZSO4 fractionation
Purification Gel-filtration on Bio-gel P-30

Chromatography on CM-52 Cellulose
Desalted on G-25 Sephadex

Pure Cytochrome Lyophilised.

N.B. Impure cytochrome preparations were routinely

recycled to improve the purity.



III. PROTEIN SEQUENCE DETERMINATION K METHODS

l. Denaturation of Cvtochrome ¢

Cytochrome ¢ was denatured with ethanol, based on
the method of Margeliash et al. (1962). Cytochrome was
dissolved in water (10 mg/ml) and oxidised by the addition of
1 pl saturated K3Fe(CN)6 solution. The solution was made to
80% (v/v) ethanol by the addition of absolute ethanol, and
left at room temperature overnight. The denatured protein
precipitate was removed by centrifugation, washed three times

by suspending it in absolute ethanol and re-centrifuging, and

dried in vacuo.

2. Proteolytic Digestion of Cvtochrome ¢ by
Chymotrypsin or Trypsin

Denatured cytochrome c was resuspended in water and
adjusted to pH 8.0 with 25 mM-NaOH on a Radio meter TTTIC
autotitrator fitted with a femperature compensatoxr.

For cﬁymotryptic digestion, a chymotrypsin was dissclved
in water; and for tryptic digestion, trypsin was dissolved in
1 mM-HCl, immediately prior to their addition. Digestion was
carried out at 37°C, the rate recorded by the titrator
(Radiometer SBR2c), and digestion terminated by adjusting to

pH 4°+5 with acetic acid and freezing at -20°c.

3. Cyanogen bromide Cleavage of Cytochrome ¢

Freeze~dried cytochrome ¢ was taken up in 70% (v/v)

formic acid (5 mg/inl) . An approximately 50-fold excess (w/w)



of crystalline cyanogen bromide.(Eastman Organic
.Chemicals) was added, the reaction vessel sealed and the
reaction allowed to proceed for 16 h in the dark. After
cyanogen bromide cleavage, the reaction mixture was diluted
approximately 10-fold with distilled water, sheil frozen and

lyophilized to complete dryness.

4, Peptide Purification Methods

(a) Electrophoretic separation

Peptides were separated by high-voltage paper
electrophoresis at pH 6.5 (pyridine-acetic acid-watexr, 25:1:225
by vol.) on Whatman 3 MM paper (15 cm) in a flztu plate
apparatus (107 cm x 15 cm, The Locarte Co., London SE3, U.K.)
at 90 V/cm for 120-150 min. Peptides requiring further
separation were purified by electrophoresis at pH 1.9 (acetic

acid-formic acid-water, 4:1:45 by vol.).

(b) Location of peptides on paper electrophoretoqrams

Guide strips cut from papers were treated with
the detection reagents in the order and combinations recommended

by Easlev (1965).

(c) Electrophoretic mobilities of peptides

At pH 6.5 peptide mobilities were measured from
dansyl-arginine relative to dansyl-arginylarginine, and at
pH 1.9 from 1~dimethylaminophthaiene—S-sulphonic acid relative

to dansyl-arginine.



(d) Elution of peptides

Peptides were eluted with water into Pyrex

screw-cap tubes (10 mm x 50 mm) and freeze-dried.

(e) Separation of haem peptides

The majority of the haem peptide'was not eluted
by water from the electrophoretograms, but was eluted with

20% (v/v) pyridine from the dried, water-washed paper.

(£) Column chromatography cf peptides

(i) Sephadex G-50 chromatography: Sephadex
G-50 -resin was prepared by stirring in 70% (v/v) formic acid.
The column was prepared by pouring a slurry of resin into the
column and packing under a hydrostatic head of approximately
30 cm.

(ii) Sephadex G-10 chromatography: Sephadex

G~10 resin was prepared by stirring in 10% (v/v) acetic acid.

The column was prepared by pouring a sluxry of resin into the

column and packing under a hydrostatic pressure of approximately

30 om.

5. Quantitative Amino Acid Composition of Proteins

Quantitative amino acid analyses of proteins were
made using a Technicon automatic amino acid analyser, with a
133 cm column of Chromobead type A resin. The nine chamber
Autograd 18L elution system was used and the recorder had a

scale expander fitted. Protein (0.2-1.0 wmg) was hydrolyvsad
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at 110°C in evacuated tubes with constant boiling 5.7 M-HC1
(Moore and Stein, 1963).

6. Semi-quantitative Amino Acid Composition
of Peptides

An aliquot of peptide, 1-10 nmol, was ‘dried in vacuo
in an acid-washed Durham tube (30 x 6 mm, A. Gallenkamp ILtd.,
London, EC2). 50 ul of constant boiling 5.7 M-HCl was
added and the tube sealed and heated at 105°C for 20 h.

The acid was removed in vacuo over NaOH and the free peptide
amino acids labelled by the dansyl method (see section 7c¢)
but without final hydrolysis. The dansyl derivatives of
the amino acid were identified by chromatography on polyamide

layers (see Figs. 2 and 3).

7. Peptide Seguencing Methods

(a) N-terminal method

The dansyl-Edman procedure of Gray and Haritley
(1963a) was used. Approximately 10% of the peptide material
was used to identify the N-terminal amino acid at each step

of the Edman degradation.

(b) C-texrminal method

An aliquot of peptide was digested with carboxy-
peptidase-A and the amino acids liberated then identified as

their dansyl derivatives.

(¢) The dansyl procedure (Gray and Hartley, 1963b)

A L-10 nmol peptide sample was transferred to a



FIGURE 2.

Chromatography of dansyl-amino acids on polyamide
thin layers.

Development was by Solvent 1A in the first dimension

and Solvent 2A in the second dimension.
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"FIGURE _3.

Chromatograply of dansyl—amino‘acids on polyamide
thin.layers.

Development was by Solvent 1A in the first dimension
and Solvent 2A followed by Solvent 3B in the second

dimension.
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clean Durham tube and dried in vacuc over NaOH and conc. HZSC4.
(Durham tubes were cleaned prior to use by washing or by baking
at 550°C (Gray and Smith, 1970)). The residue was dissolved

in 10 ul of 0.1 M-NaHCO., and dried again. 5 pl of water and

3
5 pl of & solution containing 2.5 mg dansyl chlofide/ml acetone
were pre-mixed and added, the tube sealed by 'Parafilm' and

the reaction stopped after L h at 37°C by drying in vacuo over

NaCH and conc. H,S0 Then 50 pl of constant boiling

4-

-y

5.7 M~HCl was added, the tuhe sealed and the dansyl pepticde

hydrolysed at 105°C for 6-14 h and the hydrolysate dried in

(d) Chromatography of dansyl derivatives

Dansyl derivatives were identified by chromatography
on polyamide sheets (Woods and Wang, 1967). The sample was
dissolved first in 5 ul 95% (v/v) ethanol, and then in 5 pl
M-ammonia solution. The sample (1 pl aliquots, Drummond
Microcaps, Shandon Scientific Co. Ltd., Willesden, London) was
spotted on both sides of the sheet in & 4:1.ratio and dried
under a hot air draught. 1 pyl of chromatography marker
solution was apprlied to the ?everse sicle of the sheet. Frames
of the type described by Smith (19%58) were used tc support up
to five sheets for simultaneous chromatography.

Chromatograms were initially developed in two dimensions.
Solvent 1A was run for 46 min and the sheets dried foxr 20-30

min in a hot air draught. After cooling they were run in
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either solvent 24 or 2B for 40 min. -The results of the
two-dimensional separation were then recorded. Poorly resolved
groups of derivatives were identified by chromatography in a
third solvent either 3A, 3B or 3C, in the same direction as
the second dimension for 40 min. The separatidns achieved
are shown in Figs. 2 and 3. The chromatography of samples
and standards was used to help in the identification of close
pairs of derivatives.

' Chromatograms were run for 15 min in solvent 3D to
resolve DNS-CySO4 from the DNS-OH.

Polyamide sheets were reused after washing for 1 h in

acetone-M-ammonia solution (l:1, by vol.).

(e) The Edman deqgradation procedure (Edman,
1956; Blomback et al., 1966)

The peptide (0.1-0.5 pmol) was dissolved in
1506 pl of 5% (v/v) redistilled phenylisothiocyanate in
pyridine.- The tube was flushed with oxygen-free nitrogen
(flse and Edman, 1963), sealed with 'Parafilm' and heated at
45° for 1 h. The excess reagents and volatile reaction by-
products were then removed by drying in vacuo over NaOH and
P205 at 60°cC. When completely dry, 200 pl of anhydrous
trifluoroacetic acid was added (Elmore and Tcseland, 1956),
the tube rescaled with 'Parafilm' and heated at 45°C for
30 min. Excess reagent was removed by drying in vacuo over

NaOH at -60°C. The degraded peptide was dissolved in 200 pl



of distilled water and exiracted three times with 1.5 ml of
butyl acetate (Gray, 1967) and finally dried in vacuo over

conc. HZSO4 and NaOH.

(f) Proteolytic digestion of peptides

(i) Chymotryptic digestion: Peptides were
digested with 5% (w/w) a-chymotrypsin in 0.2 M-NH,HCO, buffer,
pPH 8.4 at 37%. Reaction was stopped by freezing and freeze-

drying.

(ii) Tryptic digestion: Peptides were digested
with 5% (w/w) trypsin in C.2 M-NH,HCO3 buffer, pH 8.4 at 37°c.

Reaction was stopped by freezing and freeze-drying.

(iii) Carboxypeptidase-~A digestion: - Peptides
were digested with 0.2-0.5 mg of carboxypeptidase-A/mol in
0.2 M-NH,HCO; buffer, pH 8.4 at 37°C (Potts et al., 1962).

Reaction was stopped by drying in vacuo.

(9) _Removal of the haem moiety from haem peptides
for sequence analysis,

The direct performic oxidaticn method of Nolan
and Margoliash (1966) was used.

The haem peptide was taken up in 200 pl of 90% (v/v)
formic acid, and either two cr three 5 pl portions of 30%
(w/v) Hy0, were added at 15 min intervals to performic
oxidise the thioether link. The reaction proceeded at
room temperature and was stopped, after all the red colour

had bheen discharged, by freezing and freeze-drying.



8. Determination of Amide Residues

Amide residues were determined where possible from
peptide mobilities at pH 6.5 using the method of Offord (1966).
A graph was constructed giving peptide charge from mobilities

relative to the dansyl markers used (Fig. 4).

9. Determination of Acetyl Group

N~terminal acetyl groups were determined as 1l-
acetyl-2-dansyl-hydrazine derivatives (Schmer and Kriel, 1969).
The sample was dried in a Durham tube. 25 pul of 0.1 M-HCl
were added and dried in vacuo over NaOH. 20 ul 95%+
hydraziﬁe were added, the tube sealed and then heated at
105°C for 16 h. The sample was dried in vacuo #nd dissolved
in 5 gl 0.2 M-sodium citrate buffer, pH 3.0. 5 ul of dansyl .
chloride (2.5 mg / ml in acetone) were added and the tube
sealed by 'Parafilm' and heated at 35°C for 16 h. After
drying the l-acetyk2-dansyl hydrazine derivative was identified

by chromatography on polyamide sheets.

10. Nomenclature used to Describe Sequence Analysis Data

Peptides are numbered on the basis of their occurrence
in the complete sequence starting at the N-terminus. Peptides
.prefixed by C refer to chymotryptic peptideg,and those by T
to tryptic peptides. Cyanogen bromide fragments are prefixed
CNBr. Peptides derived by further cleavage are given a

subscript to the parent peptide. All residue numbering is



FIGURE 4.

The electrophoretic mobilities of peptides
relative to dansyl-Arg-Arg at pH 6.5 is plotted against
thgir molecular weight and charge (E) at piH 6.5.
Peptides containing histidine or cysteic acid do not

conform to this diagram.
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given in the appropriate Figures.

Arrows (—2 ) indicate positions confirmed by dansyl-
Edman analysis; arrows (--» ) indicate positions tentatively
assigned by dansyl-Edman analysis; and arrows ( <) indicate
positions confirmed by carboxypeptidase digestion followed
by dansylation. Asterisks (*) indicate that no assignment
could be made for the position during the dansyl-Edman

analysis.

11. Protein Sequencer Method

A Beckman 890c¢ sequencer, wing the quadrol fast
protein double cleavase program, as recomuended in the Beckman
(1972) operation manual, was used. PTH~amino acid derivatives
were identified by gas chromatography on 10% SP400 AW
Chromosorb W 100-120 mesh (Pisano et al.., 1972; see also
Beckman Manual, 1972), and by thin-laver chromatography on
silica plates incorporating a fluorescent indicator and
located by their fluorescent quenching (Jeppsson and
Squuist, 1967). Alternatively, the hydriodic acid procedure
of Inglis et al. (1971) was used to regenerate the parent
amino acid from the PTH derivative which was then identified
by conversion to the dansyl derivative and subsequent

chromatography on polyamide sheets.

IV. CALCULATIONS BASED ON AMINO ACID SEQUENCE DATA

1. fatrix of Different Construction

(a) Amino acid differences

Sequence aligmnents were made relative toc the



el

two cysteinyl residues, to which the haem group is attached.
Differences due to deletions were considered as single

Ly

changes.

(b) Minimum mutation differences

The method of Fitch and Margoliash (1967a) was
used. Minimum mutation distarices were calculated from the

genetic code given by Dayhoff (1969).

2. Phylogenetic Tree Construction

Phylogenetic trees were constructed by the ancestral
sequence method of Dayhoff and Eck (see Dayhoff and Eck,
1966; Dayhoff, 1969 and 1972) using a program written by
A. A. Young, Computing Laboratory, University of Durham,
in PL 1. Jobs were executed on the Cambridge IBM 370

computer system.
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RESULTS

1. The purification of Enteromorpha Cytochrome c

(a) Preliminary Investigations

The method used initially for preparing cytochrome

¢ from Enteromorpha was modified from that used by Laycock

(1968) to extract cytochrome from mung bean seeds. Subse-
quently, the homogenate was adjusted directly to pH 8.0
before filtraticn, prior to adsorption on Amberlite resin.

After batchwise elution from the Amberlite resin and
dialysis, the crude cytochrome ¢ was concentrated on CM-
Sephadex and eluted in 80 ml 0.5 M-~NacCl. This was dialyssad
against 10 mm sodium phosphate buffer pH 7.2 for chrcmato-
graphy of CM-52 cellulose (Fig. 5). The cytochrome formed
a dense red band at the top of the resin preceded by a
lighter band and a yellowish band.

Fractions which showed an E4lo(ox)/E (ox) ratio

280
greater than 3 were pooled. All fractions containing

cytochrome ¢ of ratio E4lo(ox)/E (ox) 1.5 to 3 were also

280
pooled. Other fractions containing cytochrome ¢ were
pooled and designated 'tails'. The gel filtration method
of Flatmark (1964) using Sephadex G-50 was then used to
improve the purity ratios (Fig. 6). However, the highest

E4lo(ox)/E280(ox) ratios obtained were still only 3, showing

purification of the cytochrome to e incomplete. Further



FIGURE 5.

Chromatography of impure Egggrbmorphg cytochiome € on
CM-52 Cellulose.

A 2 cmx 14 cm column was used. The gradient was
formed using 500 ml of each buffer. The flow rate was 25 ml/h.

. " Absorption at 410 nm (E,. ).

410

----- Absorption at 280 nm (E__ ).

280
— Buffer concentration.

Fractions with extinction values too high to be measured

directly were diluted, and values assigned pro rata.

FIGURE 6.

Chromatography of partially pure Enteromorpha cytochrome

<€ on G-50 Sephadex.

A 2 cm x 95 am column was used. The resin was equili-
brated and the column washed with 0.1 M-sodium phosphate
buffer pH 7.2. The void volume (Vy) was 100 ml. Flow rate
was 180 ml/h.

(See Fig. 5 for notation used).
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chromatography on CM-52 cellulose gave purity ratios of
above 5, and pooled eluates of this purity were exhaustively

dialysed against distilled water.

(b) Subseguent Purification Procedure

An alternative method using ammonium sulphate
fractionation was developed. After concentration on CM-
Sephadex to give an approximately 0.5 mg/ml cytochrome ¢
solution, ammonium sulphate fractionation was used to further
concentrate and purify the cytochrome. Cytochrome ¢ was
present in the 65% saturation pellet and the bulk of the
cytochrome was precipitated at 75% saturation. The supernatant
remained pale pink up to l100% saturation and from this
solution cytochrome ¢ slowly precipitated overnight at 2--4° ¢,
The cytochrome residues were dissolved in a minimum quantity
of water and desalted and further purified on a column of
Biogel P-30 (see-Fig. 7). All fractions with an E410(°x)/

E2 o(ox) ratio of greater than 2.5 were pooled and adsorbed

8

onto a column of CM-52 cellulose, Approximately 2 ml of

1 mM—KBFe(CN)6 was pumped through the column to completely

oxidise the cytochrome. Fractions with an E4lo(ox)/

E280(ox) ratio greater than 5.5 were pooled, the volume

reduced by rotary evaporation, and the cytochrome desalted

using Sephadex G-25. During desalting the cytochrome

solution typically hecame cloudy and traces of the protein



FIGURE 7.

Chromatography of partially purified Enteromorpha

cytochrome c on Biogel P-30.
A 3 cm x 95 cm column was used; it was equilibrated
and eluted by water. The flow rate was 60 ml/h.

(See Fig. 5 for the notation used).

FIGURE 8.

Chromatography of partially purified Enteromorpha

cytochrome ¢ on CM-52 cellulose.
A 2 cm x 13 cm column was used. The gradient was
formed using 200 ml of each buffer. The flow rate was 30 ml/h.

(See FFig. 5 for the notation used).
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were left adhering to the sinter. -'These were dissolved

and eluted with the sait band. The E?80(ox)/E

. 550(red) ratio

of the clear cytochrome solution was typically 1l.2. Cyto-
chrome ¢ thus prepared was frozen in screw-cap tubes and
lyophilized. A summary of the procedure developed for the

extraction and purification of Enteromorpha cytochrome c is

given in Fig. 1 of Methods. This method formed the basis

of the procedure adopted for the preparation of c¢ytochrome

from other algal sources.

The yields and purities of Enteromorpha cytochrome ¢
at the various steps in the procedure are given in Table 1.
Impure cytochrome fractions were routinely recycled

through the appropriate stages to increase the purity.

2. The purification of Rhodymenia palmata cytochrome ¢

After dialysis of the Amberlite CG50 eluate the cytochrome
was further concentrated by chromatography on CM-Sephadex.
The columns were washed with 3 litres of buffer which caused
the cytochrome band to move down the column. Before the
cytochrome was eluted a white floccular precipitate that
had formed at the top of the resin was removed by stirring
and siphoning. Washing of the column with 0.5 M-NaCl
effected partial separation between the cytochrome band and
a yellowish impurity whichwas eluted separately and absorbed

strongly at 280 nm. The cytochrome fraction (50 ml, 1 mg/ml



TABLE 1.

The Purification of Enteromorpha Cytochrome ¢

Yield mg :
* . .
cytochrome/150 kg Purity ratio
Step - : Eaqa(0X) /Eqon (0X)
Fresh weight a10(0x)/ 280 \O%X!
starting material
Amberlite CG-50 1.0
CM~50 Sephadex 45 mg 1.2-2.0
(NH4)2504 frac-
y : Not calculated Not measured
tionation )
Biogel P30 30 mg 3.0-4.0
CM-52 Cellulose 22.5 mg 5.6-6.1
Desalting 20 mg 5.6-6.1

(G~-25 Sephadex)

*Approximately 15 kg dry weight.



cytochrome) was fractionated with awmonium sulphate. A
copious white precipitate formed at 50% saturation and traces
of cytochrome were precipitated at 55% saturation. The bulk
of the cytochrome precipitated at 70% saturation and a

clear cytochrome-free supernatant was obtained at 100%
saturation. The 70% and 100% residues were pooled in a
minimum volume of water and chromatographed on Biogel P-30

(Fig. 9). Fractions of ratio E410(OX)/E (ox) of greater

280

than 4.0 were pooled and concentrated on a rotary evaporator
for CM-52 cellulose chromatography (Fig. 10). Column

fractions with E (ox)/E

41C (ox) ratios of greater than 4.5

280
were pooled and concentrated by lyophilization. The residue
was redissolved in a minimum guantity of water and desalted

on G-25 Sephadex. The cytochrome thus prepared had an

Eygo(0¥) /Bggg

screw~cap tubes.

(red) ratio of 1.0 and was freeze-dried in

The yields'and purities of Rhodymenia cytochrome ¢ at

the various stages are given in Table 2. The table also

shows the seasonal variation in the yield of the protein.

3. Purification of Porphyra umbilicalis cytochrome ¢

On elution of the crude cytochrome extract from CM-

Sephadex by 0.5 M~NaCl the red cytochrome band was prededed

by a bright yellow impurity which was eluted from the column
as a separate fraction to the cytochrome. This fraction

adsorbed strongly at 280 nm. The cytochrcme fraction



FIGURE 9.

Chromatography of partially purified Rhodymenia

cytochrome ¢ on Biogel P-30 resin.

A column 2 cm x 93 c¢m was used; it was equilibrated
and eluted with Qater. Flow rate was 60 ml/h and the
void volume (V,) of the resin was 90 ml.

(See Fig. 5 for the notation used).

(.\

FIGURE 1l0.

Chromatography of partially purified Rhodymenia

cytochrome ¢ on CM-52 cellulose.
A column 2 cm X 12 cm was used; the gradient was

formed using 200 ml of each buffer. The flow rate was

45 ml/h.

(See Fig. 5 for the notation used).
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The Purification of Rhodymenia Cytochrome ¢

Yield Purit
Step mg/10 kg fresh B (ox)/EY (0%)
weight algae* 410 280 ' 9¥
- A B
Amberlite CG50 - 16.5 1.2-1.5
CM~Sephadex 5 15 1.6-1.8
(8H,) .80, frac- _ _ _
tionation
Biogel P-=30 4.0 l12.6 3.4-3.6
CM-52 Cellulose 3.2 10 4.5-5.0
Desalting 2.4 8 5.0

(G-25 Sephadex)

»

A -~ Thalli collected in May.

B = Thalli collected in September.

*Approximately 1.4 kg dry weight.
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(approx. 1 mg/ml cytochrome in 0.5 M~-NaCl) was fractionated
with ammonium sulphate. Copious white precipitates were
okbtained at saturations of up to 55%. The bulk of the
cytochrome was precipitated at 70% saturation. Cytochrome ¢
remaining in solution was precipitated by addiﬁg ammonium
sulphate to 100% saturation and leaving overnight at 2-4° c.
Cytochrome residues were redissolved in a minimum quantity

of water and chromatographed on Biogel P-30 (Fig. 1ll).

Fractions with E280(ox)/E (ox) ratios of greater than 1

410
were pooled and the total volume reduced by lyophilization.
The impure cytochrome was redissolved in a minimum volume of
10 mM-sodium phosphate buffer pH 7.2 and adsorbed on to a
CM-52 cellulose column (Fig. 12). Fractions with an

1 4 - t3 b
E4lo(ox)/E280(ox) ratio of greater than 4.6 were pooled,
frozen and lyophilized. The residue was taken vp in a

minimum volume of water and desalted on G-25 Sephadex. The

ESSO(red)/E

280(ox) ratio was 0.93. Cytochrome c of this

purity was freeze-dried in screw-cap tubes.
The yields and purities at the various stages in

preparation are given in Table 3,

4, Extraction of Cytochrome ¢ from Nitella sp.

Approximately 60 kg fresh weight of washed Nitella were
blended and filtered in the usual way and the extract passed

through Amberlite CG-~50 resin. Elution of the resin with



FIGURE 11.

Chromatography of partially purified Poxrphyra
cytochrome ¢ on Biogel_P—BO.

A 2 cmx 92 cm column was used; it was equilibrated
and eluted with water. The flow rate was 70 ml/h.

(See Fig. 5 for the notation used).

FIGURE 12.

Chromatography of partially purified Porphyra
cytochrome ¢ on CM-52 cellulose.

A column 2 cm x 12 ¢m was used. The gradient was
formed using 500 ml of each buffer. The flow rate was
25 ml/h.

(See Fig. 5 for the notation used).
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TABLE 3.

The Purification of Porphyra Cytochrome c

xield Purit
Step mg/10 kg fresh E (ox)/EY (o%)
weight algae” 410 280

Amberlite CG-50 4.5 0.1
CM-Sephadex 4,0 0.2-0.75
(§H4)2§O4 frac- _ _
tilonation
Biogel P-30 2.6-3.3 1.0-2.5
CM-52 Cellulose 1.06 4.7
Desalting 1.0 4.7

(G-25 Sephadex)

*
_Approximately l.5 kg dry weight.

Total cytochrome extracted from 150 kg fresh
material was 18 mg.



0.5 M-NaCl gave an eluate which showed no detectable 550 nm
absorption in the direct vision spectroscope. Further
concentration of the solution on CM-Sephadex alsoc gave no
detectable cytochrome in the 0.5 M~NaCl eluate using the

direct vision spectroscope.

5. Extraction of Cytochrome ¢ from Brown Alcae

Pilot extraction procedures were carried out on Fucus

serratus and Laminaria hyperborea thalli. In each case

much interference with slime was encountered and the Amberlite
eluates gave no detectable 550 nm abscrption. The Amherlite
eluate of the Fucus preparation was dialysed and passed
through a CM-Sephadex column, No 550 nm absorption was
detected with the direct vision spectroscope at the top of

the resin where typically the red cytochrome band was
concentrated.

6. Extraction and Purification of Sagrolc *nia
Cytochromc c

Pilot extractions were carried ocut at pH 6.0, pH 7.2
and pH 8.5, with and without the addition of 10% ethyl
acetate, on fresh, frozen and acetone powdered fungal
mycelium. The yields obtained from the various extractions
are shown in Tahle 4. In each case the cytochrome preparation

contained an impurity which absorbed strongly at 264 nm.



pH

7.2

TABLE 4.

Yields of Saproleqnia* Cytochrome ¢

Concen vield
Buffer tration per 100g fresh wt. g4lo§g§;/
of NacCl +10% Ethyl - Ethyl 280
Acetate Acetate
0.05 M- 1M 0.5 mg trace -
sodium
phosphate
0.05 M 1M 1.2 mg trace 1.0
Tris-HCl
0.05 M IM 2.5 mg 0.5 mg 1.5
sodium
phosphate
0.05 M 1M 0.3 mg trace -
Tris--HCl

* . .
Minced frozen mycelium.



FIGURE 13.

Chromatography of partially purified Suporolegnia
cytochrome ¢ on Biogel P-30.

A 2 om X 94 cm column was used; it was equilibrated
and eluted with water. The flow rate was 65 ml/h.

(See Fig. 5 for notation used).
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7. Purification of Mushroom cytochrome ¢

The eluates of the CM~-Sephadex columns obtained £from
160 1b. of fresh starting material were pooled and concen-
trated to give 50 ml of a 0.75 mg/ml cytochrome solution.
On ammonium sulphate fractionation a reddish Brown precipitate
was obtained at 50% saturation. Traces of cytochrome were
detected in the 55% saturation residue and the bulk of the
cytochrome was precipitated at 65% saturation. The cytochrome
remaining in solution was précipitated-by taking to 100%
saturation and leaving overnight at 2-4° c. Cytochrome
residues were taken up in a minimum veolumc of distilled

water (5 ml). Further purification was achieved by

chromatography on Biogel P-30 (Fig. 14). Three cytochrome

peaks were obtained. Peak 1 was furthex purified on CM-52
9 5 ] ) T

cellulose (Fig. 13)7 Fractions with E4lo(ox)/L280(ox)

ratios of greater than 3.5 were pooled and the cytochrome

- thus obtained subjected to cyanogen bromide¢ c¢leavage.

8. The Amino Acid Sequence of Enteromorpha
Cytochrome c

The amino acid composition of Enteromorpha cytochrome ¢

is given in Table 5. The values obtained were in reasonable
agreement with those calculated from the complete sequence
given in Fig. 16, although the values for aspartic acid

and alanine wexre both low, while the value for glutamic



FIGURE 14.

Chromatography of partially purified Mushroom

cytochrome ¢ on Biogel P-30.
A 2 om x 95 cm column was used; it was edquilibrated

and eluted with water. The flow rate was 65 ml/h.

Vo for the column was 25 ml.

(See Fig. 5 for notation used).

FIGURE 15.

Chromatography of peak 1 of Mushroom cytochrome ¢ from
the Biogel P-30 column on CM-52 cellulose. A 2cmzx 1l om
column was used. The gradient was formed ﬁsing 200 ml of
each buffer. - The flow rate was 25 ml/h.

(See Fig. 5 for notation used).
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TABLE 5.

Amino Acid Analvsis of Enteromorpha Cytochrome ¢

mino acia NG held hrslysis  Sequence
Asp 11 14 -
Thx
Ser
Glu
Pro 6
Gly 12 11
Ala 14 18
val 2 2
Cysteine 2 2
Met 1 L
Ile 3 3
Leu 7 7
Tyxr 4 4
Phe 6 6
Me3Lys' 1 1
Lys 11 12
His 2 2
Axg 2 2
Trp * . 1

The amino acid analysis was based on one 20 h
hydrolysis. The integral values were calculated
using the value for leucine as a standard.

*

Tryptophan was not determined; the best spectral
ratios obtained during the preparation indicate
one residue is present.



acid is high.

The protein was readily denatured by ethanol. For
chymotryptic digest approximately 6 mg of denatured cytochrome
was equilibrated at 40° ¢c; 2% (w/w) enzyme was added at =zero
time, an additional 1% (w/w) after 60 min. and-the digestion
terminated after 12C min, For tryptic digestion 5.0 mg
denatured-cytochrome was equilibrated at 37° c. 2% (w/w)
enzyme was added at zero time, an additional 1% after 90 min.,
and the digestion terminated after 150 mins.

The result of the sequence analysis on chymotryptic
peptides are showii in Table 6, and those of tuyptic peptides'

in Table 7.

Peptide Cl (Acetyl-Ser-Thr-Phe)

This peptide was ninhydrin negative and was detected by
the starch iodide method between peptides 1ll(a) and 11(b).
It was purified as the only neutral peptide at pH 1.9,
suggesting that the N-terminal amino group was blocked. Total
hydrolysis and subsequent dansylatiorn gave the composition
(Ser, Thr, Phe). Carboxypeptidase-2 digestion released
phenylalanine after 2 h and phenylalanine and threonine after

overnight digestion.

Peptide C2 (Ala-Asp-Ala~-Pro-Pro-Gly-hAsp-Pro-Ala(Lys,Gly,
Ala,Lys,Ile,Phe)

This peptide was recovered only in small yield, probably

dvue to incomplete cleavage at phenylalanine-3. The



TABLE 6.

Chymotryptic peptides of Enteromorpha Cytochrome ¢

Peptide

Cl
c2

C3
c4
C5
c6

c7

c8

Co
Cclo
Clla
Cllb
Cllc

cl2
Cl3
Cl4

Cl5

Cl6
Cl7a
Cl7b

Mobility at

pPH 6.5 pH 1.9
-1.50 0]
0 -
O -
0.80 0.75
) 0.60
1.5 -
o "0.65
0} 0.7
o 0.45
-1.2 0.28
-1.65 0.46
-1.4 0.43
l.68
1.1 .0.61
o 0.70
0] 0.68
0.7 1.00
0.58
o 0.82
o 0.45

Dansyl-Edman Results

Does not react.

Ala—Asg—Ala—Prd—Pro—Glg—Asx-Pro-
Ala (see text)
r——r
Haem peptide (see text)
Lzs—Glx—Glz—Pro—Asx~Leu—Asx
Glz—Ala—Phe
Glg—Arg—Thr—Seg—GLg—Th;—Ala-Ala—
Glz—Phe
Ser-Tyr
SegmAlq—Alq—Asg—Lzs—Asn

Lys~Thr-Ala-Asx-Trp
Asx-Glx-Asx-Thr--Leu-Tyr
Asp-Ivr

Asp-Tyr-Leu
Leu-Asx-Pro-Me;Lys-Lys-Tvr

Ile-Pro-Gly-Thr-Lys-Met
Val-Phe

Ala-Gly-Leu

Lxs—Lys—Pro—Glx—Asx—Arg-Alq—AsR-
Leu

Ile—Ala—Phg

Leu—Lzs—Asg—Alq-Thg—Alé

Ile—Alq_PheéLegfLys—Asnglg—Thr—
Ala
——




TABLE

Tryptic peptides of Entercmorpha Cytochrome ¢

Peptide

Tl

\ T1Cl

’ T1C2

T2

T3

T4

T6
T7
T8
T9
T10
T1ll
T12

T13

Mobility at

pPH 6.5 PH 1.9
_1.30 -
0.40
2.2 -

1.57 1.03

2.50 -

o 0.15
0.22

o

0]

l.01 0.75
0.70 0.68
0.70 1.15

0o 0.55
-1.7 -

Dansyl-Edman Results

Does not react. Digested with
chymotrypsin.

See text.

Alg—Asg—Alq—PrgePrq—Glg—Asg—Pro-
Ala-Lys

Gly-Ala-Lys
Ile-Phe-Lys
Ala-Lys

CyS0O3~Ala-Glx-CyS05~His-Thr-Val-
Asg—Alé—Glr-Alé—Glz—His—Lzs

See text.
See text.
See text.

Tyr—Il@—Pro—Glg—ThruLzs

Met-Val-Phe-Ala-Gly-Leu-Lys

Lys-Pro-Glx-Asx-Axrg

Alq—Asg—Leg—Ilg—Al§—Phe-Leu-Lxs

Asx-Ala-Thr--Ala
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positions in brackets were placed on the results of total

hydrolysis, but were confirmed by their tryptic counterparts.

Peptide C3 (Lys—Ala—Lys—CySO3wAla—Glx—CyS03—His—Thr—Val—
Asx(Ala,Gly,Ala)Gly-His)

This was obtained by elution from the electrophoretogram
by 20% (v/v) pyridine. The haem prosthetic group was
removed by performic oxidation. Total hydrolysis for semi-
quantitative composition analysis and N-terminal determination
were carxried out before dehaeming. Carboxypeptidase-A
yielded histidine on short digestion and histidine with
glycine on longer digestion. The glycine and alanine detected
by total hydrolysis were placed by homology in the brackets
as shown. Digestion of chymotryptic haem peptides with
chymotrypsin after dehaeming and subsequent electrophoresis
at pH 1.9 gave only weak peptide zones which gave inconclusive
dansyl-Edman results. Electrophoretic mobility could not
be used directly to give information on amide content because

of the histidine and cysteic acid residues present.

Peptide C4 (Lys-Glx-Gly-Pro-Asx-Leu-Asx)

The electrophoretic mobility at pH 6.5 indicated that

positions 36, 39 and 41 were all amides.

Peptide C5 (Gly-Ala-Phe)

This peptide gave a yellow colonr with cadmium-ninhydrin

reagent, suggesting the N-texrminal, glycine.



5 fme

Peptide C6 (Gly-Arg-Thr~Ser-Gly~Thr-Ala-Ala-Gly-Phe)

This peptide was purified from a separaté digest and was
purified from peptides Cll(c) and Cl2, with which it was
usually found contaminated. It gave a yelloﬁ coclour with

cadmium-ninhydrin reagent and was Sakaguchi positive.

Peptide C7 (Ser-Tyr)

This peptide was recovered in high yields from all

chymotryptic digests.

Peptide C8 (Ser-Ala-Ala-Asx-Lys-Asn)

The mobility of this peptide indicated that position 60
was aspartic acid, assuming chymotrvptic specificity for

cleavage at asparagine, position 62.

Peptide C9 (Lys-Thr-Ala-Asp-Trp)

This was neutral at pH 6.5 irdicating aspartic acid
in position 66. The peptide was Ehrlich positive and
carboxypeptidase-A digestion revealed tryptophan as the

C~terminus.

Peptide ClO (Asx-Glx-Asx-Thr-Leu-Tyx)
The mobility of this peptide at pH 6.5 indicates a
charge of -1 which indicated that two of positions 68, 69

and 70 were amides.

Pentide Cll

This peptide had the N-terminus aspartic acid ag

determined by the mobilities of pepntides ll(a) and 11l(b).



Asparagine in position 78 is indicated by the mobility of -

peptides 11(a), 1l(b) and 1il(c).

Peptide Cll(a) and 11l (b) (Asp-Tyr-Leu) and (Asp-Tyr)

The mobilities of both peptides 1ll(a) and 1l1(b) indicated

that position 74 was aspartic acid.

Peptide Cll(c) (Leu—Asn—Pro—Me3Lys—Lys—Tyr)

The mobility of this peptide at pH 6.5 indicated that
position 78 was asparagine. The presence of €-N-trimethyl-
lysine was observed in both total hydrolysis of the peptide

and during dansyl-Edman analysis.'

Peptide Cl2 (Ile-Pro-Gly-Thr-Lys-Met)

This platinic iodide positive peptide occurred in high

yields in all chymotryptic digests.

Peptide Cl3 (Val-Phe)

Peptide Cl4 (Ala-Gly-Leu)

Peptide Cl5 (Lys-Lys-Pro-Glx-Asx-Arg-Ala-Asp-Leu)

This peptide was Sakaguchi positive. The mobility at
pH 6.5 indicated a charge of +1, showing that two of positions

97, 98 and 10l were acidic.

Peptide Cl6 (Ile-Ala-Fhe)

Peptides Cl7(a) and 17(b) (Leu-Lys-Asp-Ala-Thr-Ala)

As both peptide Cl7(a) and Cl7(b) were neutral at pH 6.5

position 108 was aspaxrtic acid. The observed C-terminal
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amino acid, alanine, confirmed by dansylation without
subsequent hydrolysis at Edman position ~5 for pertide ll(a)
and -4 for peptide 1l1l(b), is not normally susceptible to
chymotryptic cleavage, indicating that this was the C-

terminal peptide for the protein.

Peptide Tl

This ninhydrin positive peptide gave no N-terminus by
the dansyl method. It was digested with chymotrypsin and

the two fragments Tlci and T1C2 separated at pH 1.9.

Peptide T1Cl

'Elution of the neutral zone gave this peptide which
was ninhydrin negative. No N-terminus was given by the
dansyl method but total hydrolysis revealed threonine, serine
and phenylalanine. Carboxypeptidase-A digestion yielded
phenylalanine on short digestion, and phenylalanine with
>threonine on longer digestion. Hydrazinplysis and subsequent
identification of the dansyl-acetyl-hydrazide confirmed the

N-terminal blocking group as acetyl.

Peptide TLC2

The mobility at pH 1.9 and of the parent peptide at
pH 6.5 indicated that positions 5 and 10 were both aspartic

acid.
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Peptide T2 (Gly-Ala-Lys)

This peptide gave a yellow colour with cadmium-ninhydrin

reagent.

Peptide T3 (Ile-~-Phe-Lys)

Peptide T4 (Ala-Lys)

Peptide T5 (CySO3—Ala~Glx—CySO3—His—Thr~Val—Asx—Ala—Gly-
Ala-Gly-His-Lys)

The haem peptide was recovered in low yield aftexr performic
oxidation to remove the haem prosthetic group. The amino
acid composition was determined before dehaesming. The amide
. content could not be determined by the electrophoretic mobility

because of the cysteic acid and histidine content.
?

Peptide T6 (Glx-Gly-Asxu-Leu-Asx-Gly-Ala-Phe-Gly-~Arqg)

This peptide gave the N~terminus as glutamyl and an
aliquot taken for Edman degradation revealed glycine as the
second residue. Digestion of the peptide with chymotrypsin
gave daughter peptides which were recovered in very low
yields and gave inconclusive dansyl-Edman results. The
sequence was based on the aminco acid composition as determined
by total hydrolysis and dansylation, and comparison with
the relevant chymotryptic peptides. The positions 36, 39 and

41 were all amides.

Peptide T7 (Thr-Ser-Gly-Thr-Ala-Ala-Gly-Phe-Ser~-Tyr-Ser-
Ala-Ala~-Asn-Lys-Asp-Lys)

This peptide wasz okbtained in low yield and was incompletely



purified at pH 1.9. Dansyl-Edman analysis gave the first
two amino acids as threonine and serine but further analysis
gave very weak fluorescent spots on chromatograms. No
information was obtained from chymotryptic digest of.this
peptide and the sequence was given by evidence.from the

corresponding chymotryptic peptides of the whole protein.

Peptide T8 (Thr-Ala-Asx~Trp-Asx-Glx-Thr~Leu-Tyr-Asp-Tyr-
Leu-Leu-Asx-Pro-Me;Lys-Lys)

A fluorescent Ehrlich positive zone was located in the
nevtral region at pH 6.5. On subsequeht electrophoresis at
PH 1.9, no Ehrlich pousitive zone was observed. Dansyl-
Edman analysis gave the sequence Thr-Ala-Asx~ and E€-N-
trimethyllysine was present in the total hydrolysis. The
sequence was assigned by the evidence from chymotryptic
peptides. The electrophoretic mobility indicated that

three of positions 66, 68, 69, 70, 74 and 78 were amides.

Peptide T9 (Tyr-lIle-Pro-Gly-Thr-Lys)

Peptide T10O (Met-Val-Phe-Ala-Gly-Leu-Lys)

This peptide was platinic iodide positive and gave the

N~terminus, methionine.

Peptide Tll (Lys-Pro-Glx-Asx~Axrg)

The electrophoretic mobility of this peptide indicated

that either position 97 or 98 was an amide,
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Peptide T12 (Ala—Asx~Leu~Ile—AlamPhe—Leu—Lys)

This peptide was neutral at pH 6.5, thus indicating that

position 10) was aspartic acid.

Peptide T13 (Asx~-Ala-Thr-ala)

This peptide was acidic, the mobility indicating aspartic
acid in position 108. No € -dansyl-lysine was observed during
dansyl analysis and dansylation without hydrolysis with
subsequent chromatoygraphy after three Edman degradations revealed
alanine as the C-terminus.

The overlapping chymotryptic and tryptic peptides give

‘the sequence of Enteromorpha cytochrowme ¢ shown in Fig. 16.

All residues were identified during the sequence analysis
except for cysteic acid in positions 22 and 25, which were
identified by peptide compositions and placed by houmology

with other plant and animal cytochromes ¢ (Dayhoff, 1969).

Determination of amide positions

Where possible the amide content was determined by the
electrophoretic mobilities of the peptides at pH 6.5, using
the method of Offord (1966). The presence of nine amide
residues is indicated in the sequence. of fhese, four can
be placed directly; these are asparagine in positions 39, 41
and 78, and glutamine in position 36.

fhe neutral chymotryptic haem peprtide (C3) indicated one
amide and one acidié residue in positions 24 and 29, Lederer

et al. (1972) has muggested thai the giutamyl residue in



FIGURE 16, The amino acid sequence of

Enteromorpha ~ytochrome ¢.




FIGURE 16,

The Amino Acid Sequence of Enteromorpha
Cytochrome ¢

! cl | Cc2
1 10
Acetyl~Ser-Thr-Phe-~Ala~-Asx-Ala~-Pro~-Pro-Gly~-Asx-Pro~
I Tl

— e e e e - o ] C3 —

: : o 20

Ala-Lys~Cly~Ala~-Lys-Ile--Phe-Lys-Ala~Lys-Cys~Ala-Glx-Cys~-His~
I T2 |—T3 |-T4 ]

| c4 {

30 ' 40
Thr-val-Asx-Ala-Gly~-Aia~Gly-His~-Lys-Gln-Gly-Pro-Asn-Leu-Asn-~
T5 I TG wmemm

: C5 | c6 ' | — C7——f

50
Gly-Ala-Phe-Gly-Arg~Thr-Ser-Gly-Thr-Ala-Ala-Gly-Phe-Ser~-Tyr-
| T7

I c8 | Cco | Cclo

60 . 70
Ser-Ala-Ala-Asp-Lys—-Asn-Lys-Thr-Ala~Asp-Trp-Asx-Glx-Asx-Thr-
_____ : T8 —

1 Ccll | Ccl2—

80
Leu—Tyr—Asp—Tyr—Leu—Leu—Asn—Pro—Me3Lys-Lys—Tyr—Ile—Pro—Gly—
| T9

I Cl3 [ Cl4

90 ' 100
Thr-Lys-Met-Val-Phe-Ala-Gly-Leu-Lys-Lys-Pro-Glx~-Asx~-Arg-Ala-
| 710 | T1ll [

~——————|—C15 I Cl6 —
110

Asp-Leu-Ile-Ala-Phe-Leuv-Lys-Asp-Ala-Thr-Ala-COOH

T12 - — T13-— -
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position 24 is an invariant glutamine, thus indicating

that pesition 29 is aspartic acid. Comparison of the

mobility of this peptide with the basic chymotryptic haem peptide
of horse heart cytochrome ¢ (Margoliash et al., 1¢6l1), of

which the amide content has been determined, gives further
evidence for the substitution of alanine for lysine in

position 39 as is also the case in wheat and some animal
cytochromes c (see Dayhoff, 1969).

Peptide C8 indicated that either position 60 or 62 is
an amide and this may represent deamidation cf one of these
residues as reported by Margoliash and Schejter (1966).

Two amides in positions 68, 69 and 70 are indicated by

the mobility of peptide Cl1l0. This peptide gave a yellow-
brown colour with cadmium-ninhydrin reagent sudgesting

an asparagine N~terminus in position 68. An asparagine
N-terminus may also enhance the mobility of a peptide by
approximately 10% (Offofd, 1966) and this is in agreement
with the observed mobility compared to the calculated
mobility of 1.0 assuming a charge of -1 for a peptide of
this molecular weight. An asparagine residue in position
78 and an aspartic acid residue in position 74 account for
the mobilities of peptides Cll, Cll(a), Cll(b)'and Cll(c).
One amide in position 97 or 98 is indicated by the mobilities
of peptides T1ll and T15. The observed mobility of peptide

C2 was not in agreement with the proposed sequence and would



be expected to have been neutral at pH 6.5 if positions 4
and 10 were both aspartic add. The sequence Lys-Gly-Ala-
Lys-Ile-Phe-Lys (positicns 13-19) is indicated by peptides
T2 and T3. Peptide C2 did not therefore give information
which could be used to assign amide positions.

In certain pH 6.5 electrophoretograms a great deal of
streaking of the peptide zones was observed, possibly due to
the presence of traces of buffer salt in the digest, and
this may have caused the apparent anomalies in certain of

the mobilities.

9. The Amino Acid dequence of Rhodymenia Cvtochrome g

The aminc acid composition of Rhodymenia cytochrome ¢

is given in Table 8. Tre values obtained are compared with

those calculated from the known fragments of the sequence.
For both tryptic and chymotryptic digests 7 mg protein

was used in each case. After denaturing, the samples were

transferred to the digest vessel and equilibrated at 36°

at pH 8.0. 2% (w/w) enzyme was added at zero time and

another 1% after 90 min., Digests were terminated after

120 min by the addition of 5% (v/v) acetic acid to bring

the pH to 4.0. The results of the sequence analysis on

chymotryptic peptides are shown in Table 9 and those of

the analysis of tryptic peptides in Table 10.



TABLE _8.

The Amino Acid Composition of Rhodymenia

Cytochrome ¢

Mean values Mean values
20 h 70 h
hydrolysis hydrolysis

Asp 1z.5 9.4
Thr 9.3 4.6
Ser 3.5 3.1
Glu 6.1 5.8
Pxo 8.0 8.6
Gly 9.4 11.4
Ala 17.3 : 11.8
Val 4.6 4.2
Cysteine 1.5 2.2
Met 2.8 1.2
Ile 7.4 | 4.0
Leu 8.7 5.3
Tyrxr 5.4 4.2
Phe 5.0 6.5
Me3Lys - ' .-
Lys 14.0 11.0
His OL8 0.7
Arg 2.3 2.7
Trp* - -

Amino acid
analysis
(integral
values)

1l
7

10
15

N oD

D 1 O W

Sequence
values

o U1 DG

1o
14

(2)

=

(w2 T S o) T & |

The 'mean values' were obtained from analysis of two
samples of 0.1 mg cytochrome at each hydrolysis time.
The integral values are obtained as an average of the
four determinations. The 'sequence values' refer only
the sequence and
of the haem region.

to amino acids definitely assigned to
do not include the projected sequence

*Trp was not determined, The besi:

of the cytochrome indicate two residues are present.

spectral ratios



TABLE 9.

Chymotryptic Peptides of Rhodymenia Cytochrome ¢

Mobility Mobility

Peptide at at Dansyl-Edman Results
pH 6.5 pPH 1.9
Cl 0 0.45 Ala-Pro—Ala-Aia~Ala—Tyr
c2 0 0.73 Ala-Asx-Leu-Lys-Gly-AsX-Pro-

Thf—Lyé—Gl§—Ala

C3 basic 0.3 Lys-Glx~-Gly-Pro~Asx-val (Trp)
ca 0.7 . - Glz—Arq-Thr—SegyGlx—Thrﬁygi—

Pro—Gl§—Phé
V4 rd rd

c5 _ 0 0.65 Ala-Tyx
: , _ _ _ e
c6 0.75 Lys: Ala-Gly-Pro-Trp
C7 0.92 Thr-Glx-Ser-Asx-Leu-Phe
c8 -1.4 Asp-Tyr-Leu
co . 1.66 Leu-Asn-Pro-Lys-Lys-Tyx
Clo 0.94 0.65 Ileﬁggg—GlX—ThE—Ly§—Met:Val—
Phe
——
Cll 0 0.70 Val-Phe
cl2 Not detected - identified

from cyanogen bromide fragment.

—

Cl3 0 0.73 Ileﬁgzg—Ala—Asx—Thr-Thr-Glu



TABLE _10.

Tryptic Peptides of Rhodymenia Cytochrome ¢

Mobility Mobility
Peptide at at Dansyl-Edman Results
pH 6.5 PH 1.9

T1 0] 0.61 Ald—Pro-Ala—Ala—Ala-T r-Ala-
' Asx—Leu—L s
—— e

T2 1.35 0.95 Gly-Asx~Pro-Thr-Lys
T3 1.83 }.27 | Glg—Ala—Lzs )
T4 1.75 Ile-Phe-Lys
P4 Cd 7
T5 0.51  0.47 Glx-Gly-Pro-Asx-val-(*) ~Gly-

LeumPh@—Glx— g

T6 0 0.47 AlanG%x—Pro - digested with
f2gf Y=t
chymotrypsin
TECL . 0.5 Ala-Gly-Pro-Trp
T6C2 0.35 Thr-Glx-Ser-Asx-Leu-Phe
T6C3 .. 0.8 Asx~Tyr-Leu~Leu-Asx-Pro-Lys
T7(a) 1.6 Lzs—Txr—Ile—Pro-gix—Thr—Lys
T7 (b) 0.96 0.79 Txr-Ile—ggg—Glx-Thr—Lzs
T8 0.75 Met-Val—Phe—Ala—Glg—Leu—Ile—.
> rd > > —_—
Lys
T9 1.00 1.15 Lys—Pro—Glwarg
T10 o] 0.70 Ala-Asx~-Leu-Ile-Ala-Phe-Ala~
——— e > e > > Cdl
Lys
T10(c) ~1.02 (Ala-Asx~Leu-Ile-Ala-Phe)

TL1 -1.03 Ala-Asx-Thr-Thr-Glx
L TR Sy sy ey T



Fragment

TABLE 11,

Cyanogen Bromide Fragments of Rhodymenia

Cytochrome ¢

G--50
Elution vol.

60 ml

Dansyl-Edman Results

Ala- (Digested with trypsin)

Val-Phe-Ala-Gly-Ile-Lys-Lys~

>

Pro-Glx-Glx-Arg~-Ala

——
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Cyanogen bromide cleavage of Rhodymenia cytochrome g

6 mg protein were used for cleavage. The freeze~dried
residue was taken up in 1 ml 70% (v/v) formic acid and
chromatographed on a 1 cm x 110 om Biogel G~-50 column. The
flow rate was 8 ml/h and fractions of veclume 3 ml were
collected. 50 ml aliquots were taken for N-terminal amino
acid analysis by dansylation. Two major fragments were
identified (Table 11), one with the N-terminus alanine, at
elution volume = 60 ml and one with N-terminus valine,
eluting after 78 ml.

The second fragment was subjected directly to dansyl-

. Edman analysis and gave the sequence Val--Phe~Ala-Gly-Ile-Lys-
Lys—-Pro~-Gly-Glx-Arg-( - ), placiﬁg it as position 27 et seq.
of fragment III of the sequence (Fig. 17).

The first fragment (N-terminus alanine) was digested |
with 5% (w/w) trypsin. Resulting tryptic fragments were
separated by paper chromatography.

Weakly cadmium-ninhydrin positive zones were eluted
but these gave no clear sedquence data on dansyl-Edman
analysis.

Sufficient information was obtained from overlapping
chymotryptic, tryptic and cyvanogen bromide peptides to give
three major fragments representing approximately 90% of
the total sequence. These are shown in Fig. 17,

The N-terminal regicn up to position 21 of Fragment
I was confirmed by data obtained from a Beckman

Automatic Sequencer, and this also gave position



FIGURE 17.

The partial amino acid sequence of Rhodymenia

cytochrome c.



FIGURE 17.

The Amino Acid Sequence of Three Fragments
of Rhodymenia Cytochrome ¢

Fragment I

t cl I c2
1l 10
Ala-Pro-Ala-Ala-Ala-Tyr-Ala-Asp-Leu-Lys-Gly-Asn-Pro-Thr-
I T1 | T2
——————— |
20 22
Lys-Gly-Ala-Lys-Ile-Phe-Lys-Thr-
| T3 I T4 i

Fragment JI

— C3 , --— f
1 10
Lys-Gln-Gly-Pro-Asn-vVal- (Trp)-Gly-Leu-Phe~Gly-Arg-Thr-Ser-
f T5 —
c4 |=—=C5~—
20

Gly-Thr-val-Pro-Gly-Phe-Ala-Tyr

Fragment III

t cé | c7 | Cc8 1
1 _ 10

Lys-Ala-Gly-Pro-Trp-Thr-Glu-Ser-Asp-Leu-Phe~-Asp-Tyr~Leu-

' I —— T6

I co9 | clo [—Cll—

20
Leu-Asn-Pro-Lys-Lys-Tyr-Ile-Pro-Gly-Thr-Lys-Met-Val-Phe-
| T7 :

30 40
Ala~-Gly-Ile-Lys-Lys~-Pro~Gln-Gln-Arg-Ala-Asp-Leu-Ile-Ala~-
T8 | T9 | —Tl0

F ClI3 |

50
Phe-Ile~Lys-Ala-Asp-Thr~-Thx~-Glu-COOH

| T1l1 1

The alignment of these Fragments by homology with
other cytochromes ¢ is shown in Appendix 8,
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22 as threonine.

Separation of peptides on Biogel G-10

Al om x 110 cm column of Biogel G-10 was used to
separate the peptides of a chymotryptic digest, The flow
rate was 8 ml/h and fractions were tested for peptide material
by removing samples for N-~terminal amino acid analysis by
the dansyl methbd. These results were used to pool the
fractions to give two samples which were then subjected to

electrophoresis in the usual way.

Peptide Cl (Ala-Pro-Ala-Ala-Ala-Tyr)

This neutral peptide was racovered in high yields from

all chymotryptic digests.

Peptide C2 (Ala-Asx-Leu-Lys-Gly-Asx-Pro-Thi-Lys-Gly-Ala
(Lys~Ila-Phe))

This peptidewas recovered from the ncecutral zone and was

purified at pH 1.9.

Peptide €3 (Lys-Glx-Gly-Pro-Asx~Val (Trp)

This weakly Ehrlich positive peptide was reacovered in
low yield from the zone of mobility 0.6-0.75 at pH 6.5,
this mobility indicating that positions 2 and 4 of Fragment

II are both amides.

Peptide C4 (Gly-Arqg--Thr--Ser~-Gly-Thr-Val-Pro-Gly-Phe)

This peptide was Sakaguchi positive.

Peptide C5 (Ala-Tyr)




Peptide CO (Liys-Ala-Gly-Pro-¥rp)

positive
This Ehulich /paptide was purified at pH 6.5. Carboxy-

peptidase-A digestion yielded tryptophan on shert digestion
and tryptophan with a trace of proline on prolonged (over-
night) digestion. Dansyl-Edman analysis gave the resi of

the sequence,

Peptide C7 (Thr-Glx-Ser-Asx-Leu-Phe)
The mobility of this peptide indicated that one of

positions 7 and 9 of Fragment III was an amnide.

Peptide C8. (Asp-Tyr-T.eun)

The mobility of this peptide indicated that position 12

f I'ragment III was aspartic acid.

Peptide C9 (Leu-Asn-Pro-Lys-Lys-Tyr)

The mobility of this peptide indicated that position

16 of Fragment III was an amide.

Peptide ClO (Ile-Pro-Gly-Thr-Lys-Met:)

This platinic iodide positive peptide was obtained in

high yields from all chymotryptic digests.

Peptide Cll (vVal-Phe)

Paptide Cl2

Only tentative evidence of this peptide was obtained.
The sequence was Jdetermined by the corresponding tryptic

peptidas and cyenogen browids Fragment IT.



Peptide Cl3

This peptide was purified at pH 1.9. Dansylation
w ithout subsequent hydrolysis after six Edman degradation
steps yvielded glutamic acid, showing this to bg the C-terminal
peptide of the protein. The mobility thus placed position

47 of Fragment III as asparagine.

Peptide Tl (Ala-Pro-Ala-Ala-Ala-Tyr-Ala-Asp-Leu-Lys)

This neutral peptide was purified at pH L.9.

Peptide T2 (Gly-Asx-Pro-Thr-Lys)

The mobility of this peptide at pH 6.5 indicated that

position 12 of Fragment I was an amide.

Peptide T3 (Gly-Ala-Lys)

Peptide T4 (Ile-Phe-Lys)

Peptide TS (Glx-Gly-Pro-Asx-val- (Trp) -Gly-Leu~Phe-Gly-Arg)
This peptide was Eﬁrlich positive and a tryptophan

residue was tentatively assigned as shown. The mobility of

this peptide indicated that both positions 2 and 6 of Fragment

II were amides.

Peptide T6 (Ala-Gly-Pro-(Trp))

This Ehrlich positive peptide was digested with a-

chymotrypsin. Three peptides were separated at pH 1.9:-

6Cl (Ala-Gly-Pro-Trpn). This was weakly Ehxlich

3
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positive. Carboxypeptidase-A released tryptophan and the
rest of the sequence was determined in the usual way.
T6C2 (Thr-Glx-Ser-Asx-Ieu-Phe).

T6C3 (Asx~Tyr-Leu-Leu-Asx-Pro-Lys) .

Peptide T7(a) and 7(b)

Dansyl--Edman analysis gave the two sequences.

Peptide T8

This platinic iodide positive peptide was purified at

pH 6.5.

Peptide T9 (Lys-Pro-Glx-Glx-Arg)

The mobility of this peptide indicated that one of

the two glutamyl residues was an amide.

Peptide T10 (Ala-Asx-Leu-~Ile-Ala-Phe-Ile-Iys)
The mobility of this peptide indicated that aspartyl

residue in position 39 of Fragment III was aspartic acid.

Peptide T10(c) (Ala-Asx-Leu-Jle-Ala-Phe) .

This peptide represented the only detectable trace of

chymotryptic activity in the tryptic digests.

Peptide Tll (Ala-Asx-Thr-Thr-Glu)

The only remaining amino acid aftex four Edman degradation
steps was found to be glutamic acid, indicating that this was
the C-terminal peptide. The mobility thus placed position

47 of Fragment IIJ as asparagine.



Additional Peptides. (a) (Gly-Leu-Ile-Asx-Ala-Tyx)

(b) (Gly-Leu-Ile-Asx)

These two peptides were detected and characterized in
several chymotryptic digests. They were neutral at pH 6.5,
indicating that the aspartyl residue was aspa?agine, also
shown by chymotryptic specificity, and had the mobility at
pH 1.9 of 0.45 and 0.50 respectively. No corresponding
overlapping tryptic peptides were detected and it was not

possible to assign these peptides to the Rhodymenia sequence.

The Haem Region

Despite the several methods employed to obtain and
purify peptides no clear information was obtained about the
haem region. Both tryptic and chymotryptic haem residues
were neutral at pH 6.5 as determined by their positions on
electrophoretograms. Total hydrolysis and subsequent
dansylaﬁion of chymotryptic haem zones gave the compositicn
.(Pro, Lys,His,Ala,Gly,Glu,Thr,Ser,Cys). - After dehaeming |
in the usual way dansyl-Edman analysis gave no definitive
results. N-terminus analysis of tryptic haem residues
showed alanine to be the N-terminal amino acid of the haem
peptide. Results obtained from the sequenator ,indicate
that threonine (position 22) would be expected as a tryptic

N-terminus.
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The sequenator data also gave no information as to the

sequence of the haem region.

10. The partial sequence of Porphyra cytochrome c

S e e ————— e i A S

The results of the amino acid analysis of Porphyra
cytochrome ¢ are given in Table 12.

Preliminary chymotryptic and tryptic digests were used
to determine approximately 50% of the total sequence.

The results of the dansyl-Edman analysis of chymotryptic
fragments are given in Table 13, and those of tryptic
fragments in Table 14.

. Where possible the sequence was determined by the
overlapping chymotryptic and tryptic fragments, otherwise
homology with other cytochromes c was used to determire the
position of the fragments in the sequence, shown in Fig. 18.

The alignment of the known sequence with other

'cytochrcmes c is shown in App. 8. N-terminus determination

of the native protein indicated the présence of alanine,
the prmtein therefore not possessing an N~terminal blocking
group.

An acidic chymotryptic peptide, mobility -0.79 at pH 6.5,
gave a strong alanine N-terminus and on further purification
at pH 1.9 mobility 0.34, gave the sequence Ala-Asx-(Pro)Asx-
but was recovered in insufficient yield to obtain further

data.
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Aminc Acid Analysis of Porphyra
Cytochrome ¢

Amino Acid Iszigzal
Asp 11
Thx 7
Ser _ ' 6
Glu ' 8
Pro 6
Gly 10
Ala 12
Val 3
Cys 1.5
Met 2.5
Ile 8
Leu 8
Tyr 5
Phe 5

- MejLys _
Lys 12
His 1.5
Arg 3
Trp 2*

*Trp was not determined; the best spectral ratios
indicate 2 residues present. The analysis was
based on one 20 h. hydrolysis and the integral values
obtained using the leucine valu= as a standard.



TABLE 13.

Chymotryptic Fragments of DPorphyra Cytochrome ¢

Mobility Mobility
Peptide at at Dansyl-Edman Results
pPH 6.5 pH 1.9

Cl 0 0.73 Gly-Leu-~Ph
Gly
c2 0.3-0.63 0.85 Gly -Arg-Thr-Sexr- ~-Ser-vVal
7 > (4 7 A — T
4
C3 0 0.67 .Ser-Tyr
—— T
c4 o) 0.63 Lys-Ala-Gly-Glx-Trp
C5 -2.22 Gly-Glx-Asx-'"hr~-Leu-Gly-Glx~Tyr
— T 7 4 4 g » 7
Cc6 1.8 Leu-Leu-Asx-Pro(Lys)-Lys)-Tyr
r 7 rd r —— ———p —
c? 1.06 0.79 Ile-Pro-Gly-Thr-Lys-Met
c8 1.06 0.82 Val-Phe-Pro~-Gly-Leu
) 0 0.50 Ile-Ala-Phe
T
Clo(a) 1.06 0.85 Leu-Lys-Gly-Ala-Thr-Ala
clo(b) 1.49 Lys-Gly-Ala-Thx-Ala

(4 7 L 7 Ld



TABLE 14.

Tryptic Fragments of Porphyra Cytochrome c

Mobility Mobility
Peptide at at Dansyl-Edman Results
PH 6.5 pH 1.9

Tl 1.02 Tyr-Ile~-Pro-Gly-Thr-Lys

T2 0.95 Lys~-Pro~Glx-Asx~Arg

T3 o 0.45 Ala-Asx-Leu-Ile-Ala~Phe-Leu-
Lys
-

T4 o 0.65 Gly-Ala-Thr-Ala

L4l Cal > (4




FIGURE 18.

- The partial amino acid sequence of Porpnyra

cytochrome c.



FIGURE 18.

The Partial Sequence of Porphyra Cytochrome c

Fragment 1

! Cl | c2
1 Gl 1o
Gly—Leu-Phe—Gly—Arg-Thr—Ser—Asi—Ser-Val—
Fragment IT
I c4 i C5 |
1 10

Lys-Ala-Gly~-Glu-Trp-Gly-Glu-Asp-Thr-Leu-Gly-Glu-Tyr-Leu-

cé | c7 | c8

20
Asn-Pro-Lys-Lys-Tyr~Ile~Pro-Gly-Thr-Lys~Met-vVal-Phe--Pro-
' k Tl -

——] —-~C9 4

30 40
Gly-Leu- (Lys) -Lys~Pro-Gln-Asn-Arg-Ala-Asp-Leu~Ile-Ala-Phe-
-T2 — T3

I Clo 4

Leu-Lys~Gly-Ala-Thr-Ala-COOH
| T4 —

(Peptide C3 (Ser-Tyr) could also be assigned to
the sequence by homclogy with other cytochromes

(Dayhoff, 1972) )



Haem Peptides

The chymotryptic haem zone was visible on the pH 6.5
electrophoretogram and had a mobility of 0.30. Tctal
hydrolysis revealed cysteic acid and histidine to the
present but no sequence information was obtaiﬁed.

The tryptic haem was neutral at pH 6.5. Elution of
the electrophoretogram with 20% (v/v) pyridine gave a red
solution which on dansyl analysis gave an N-terminus, glycine.
Total hydrolysis composition analysis showed the presence
of cysteic acid and histidine but no further sequence

information was obtained.

Chynmotryptic fragments (Table 13)

Peptide Cl (Gly-Leu-Phe)

This neutral peptide was purified at pH 1.9.

Peptide C2 (Gly-Arg-Thr-Ser-Gly-Ser-val-( - ))

This basic peptide was purified in low yield at pH 1.9.
Total hydrolysis analysis indicated that the C-terminus was
phenylalanine. At the fourth Edman position no distinction
could be made between glycine and aspartyl. The mobility
suggested that the latter would be an amidé. The peptide
was recovered in insufficient yield to obtain the complete

seqguence.

Peptide C3 (Sexr-Tyx)
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Peptide C4 (Lys~Ala-Gly-Glx-Trp)

This Ehrlich positive peptide was purified at pH 1.9.
Carboxypeptidase~A released tryptophan on short digestion
and tryptophan with glutamic acid on more prolonged digestion.

The mobility also placed the glutamyl residue as acidic.

Peptide C5 (Gly-Glx-Asx-Thr-Leu-Gly-Glx-Tyr)

The mobility of this acidic peptide indicated that bcth

the glutamyl residues and the aspartyl residue were acidic.

Peptide C6 (Leu-Leu-Asx-Pro-Lys-Lys-Tyr)

The mobility of this peptide indicated that the aspartyl

residue was an amide.

Peptide C7 (Ile-Pro-Gly-Thr-Lys-Met)

This platinic iodide positive peptide was recovered in

high yield and purified at pH 1.9.

ggég;gg_gg (Val—Phe-fro—Gly»Leu)

This peptide .rave an unambiguous sequence on dansyl-
Edman analysis but no explanation could be given for its
observed mobility which indicated the presence of one basic

amino acid.

Peptide C9 (Ile-Ala-Phe)

Peptide ClO(a) and 10(b)

These peptides were recovered and purified in good yield.

Dansylation without subsequent hydrolysis at the -5 Edman
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position for peptide 10(a) and the -4 Edman position for
peptide 10(b) showed the C-termipus to be alanine, thus

placing these peptides at the C-terminus of the protein.

Tryptic Fragments (Table 14)

Peptide Tl (Tyr-Ile-Pro~Gly-Thr-Lys)

This peptide was purified at pH 6.5.

Peptide T2 (Lys-Pro-Glx-Asx-Axqg)

The mobility of this peptide indicated that either of

the glutamyl or aspartyl residues was an amide.

Peptide T3 (Ala-Asx-Leu-Ile-Ala-Phe-Leu-Lys)

The mobility of this peptide indicated that the aspartvl

residue was acidic.

Peptide T4 (Gly-Ala-Thr-Ala)

This neutral peptide was purified at pH 1.9. No €-
dansyl-lysine was observed during sequence analysis and
dansylation withoui subsequent hydrolysis after three Edman
degradation steps placed this as the C—términal peptide of

the protein with the C-terminal amino acid alanine.

11. Preliminary Sequence investigations of Saprolegnia
cytochrome ¢

The pooled fractions of the P-30 column with the
highest purity ratios were lyophilized, taken up in a

minimum quantity of water and denatured with ethanol. The



protein was not as readily denatured as the cytochrome ¢
studied from algae, and was left overnight at 2-4°C before
centrifuging and washing.

The pellet dissolved readily in water and was transferred
to the digest vessel. On the addition of 5%-(w/w) chymo-
trypsin the autotitrator showed only a slight rise in the
base line, suggesting little or no digestion to be occurring.
After 100 min a further 2.5% (w/w) chymotrypsin was added
but no change in the base line was detected. The digest
vessel was then removed from the titrator and left over-
night at room temperature. Overnight the pH of the digest
fell to 7.0 and after readjustment to pH 8 a further 2.5% (w/w)
chymotrypsin produced no response on the titrator. An
aliquot taken for dansyl analysis revealed the presence of
valine, isoleucine, leucine, phenylalanine, tyrosine,
lysine, alanine and glycine in high quantity with glutamric
aid, aspartic acid, threonine and serine in lesser amounts,
as N-terminal amino acids. The presencé of trimethyl-
lysine in this respect was also indicated.

The digest was subjected to pH 6.5 electrophoresis.

The mobilities and N-terminal amino acids of the cadmium-
ninhydrin positive zones are shown in Table 15. The zone
at mobility 2.4, was strongly Ehriich positive. Digestion

with carboxypeptidasa-A gave only tentative evidence of a



Mobilities and N-terminal Amino Acids of
Saproleania Chymnotryptic Peptides

Mobility Mobility
Peptide at at
pH 6.5 FH 1.9

N-terminal amino acids
and dansyl-Edman analysis

Cl -1.60 Glu
———
Cc2 -1.00 AsxX~Glx~-Asx~-Pro-
c3 o 0] Lys~Ala-Asx-
—— ey et
c4 0] 0.65 Leu-Tyr
—_— T
C5 (0] 0.79 val-Asx-Ala-
Cc6 1.10 1.13 Lys-Pro-Glx

7 7 L4
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C-terminal tryptophan. Total hydrolysis analysis showed
only lysine and arginine to he present.

The haem zone was neutral and was eluted in the usual
way. Dansyl analysis indicated the N-terminus of the
chymotryptic haem peptide to be alanine. Seﬁi—quantitative
composition analysis showed the presence of proline, lysine,
histidine, alanine, glycine, threonine, serine and cysteic
acid, with glutamic acid and aspartic acid in lowexr amcunts.
N-terminal analysis of the total protein indicated that
there was no blocking group and that the N-t erminal amino
acid was alanine.

Many free amino acids were characterised on elcutro-
phoretograms, possibly resulting from the prolonged

digestion.

12, Cyanogen bromide cleavage of Mushroom cytochrome c

The material of E280(ex)/E (ex) rati::s of greater

410 '
than 3.5 was subjected to cleavage by cyanogen bromide.

The reaction mixture was chromatographed on a column
of G-50 Sephadex. The eluate was monitored by an Isco
model 222 u.v. spectrophotometer, and two peptide fragments,
one red and one colourless, were identified.

The non-haem fragment was shown to have the N-terminus,

valine, thus indicating a Met-Val sequence characteristic

of other cytochromes ¢ (Dayhoff, 1969).



FIGURE 19,

The overall phylogenetic tree relating thirty-eight
species, The branch lengths are expressed in 'Accepted
Point Mutations' (PAMs) (see Dayhoff, 1972).

Figures in brackets refer to PAM values calculated where

blanks occur in ancestral node sequences (see text).



*9+
(Z°L+)5S (D (y79+)S 0 .
unTiTITds0opOwy (9°S+) (b b+)€ .
. (8°2¢+)%T AT33TNnag
@. ATd wIom-maIds
(z) (%) (7ee+)€
(¥°L+)Sg . ) R @
(¥-L+)sE (z°Z+) (Log+) 1T
6
eydaoworaju .
ruoTENE FIPTUITIO (s) 1 e (9:21)21/ (7 E4)
(8°2+)
(T+)6 z1
T (s*
b YJIOW ULIOM
OIS (€°2Z+)T -uzoE 0DDRGOTL
o3euol,
TT=2US (¥°2+) og
(S°0+)
5 O G ‘
- . (8 2z+)
suesog z (8°T+)E (9°TH)Z 7T @
v ST < (D)—tez1h6 obeTTasn (19T (T+)L
/ yoeutds @ (z+)o
L (€°T+) (c+)8 Kozduet
x018®R) 9 0 (z-e+)e/ eTOOTMNY 6
. Jesymong e (v-1+)eT (7°0+) 2
4 @ (F°1+)
CTTINAY zT yst3boa
(€E°€+) exodsoxnen
\ (LTOH)E - (e4)IT L
@ ﬁ onu-_uv.v Am.N;—qu
£+)6 Lrod
IomoTIUNS
Z\ o9 z (L°0+)
5 . sasiwoixeqaq sT3Inl €
(£+) ,
T25TN ot ,
- UaNOTUd
g ¢ epTPURD (€ Mi | (L7009
(L°0+)T ) (L o+ \
adey I°p1d mmuheoum.nuumm . . eung o3TUOg o101 —
uragbuniy
e e




FIGURE 20 (A-D).

The trees obtained using the available sequence data

for the red algae.

Fig, 20A. The tree obtained when Rhodymenia was

added as a éingle sequence.

FFig, 20B and C, The trees obtained when Porphyra

was added as a single sedquence.

Fig. 20D. The tree obtained when Porphyra was

added to the tree as shown in Fig. 20A,
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FIGURE 21 (a, b, c).

The alternative ordinations of the tree kingdoms
when the sequence data is considered as four groups. The

Crithidia, Euglena and Rhodospirillum sequences comprise

the 'lower' group.
The mutation valies given are the scores obtained when

the three alternative trees were evaluated using the

ancestral sequence method.



Animals Fungi Plants Lower
a 533
Animals Plants Fungi Lower
b 534
Fungi Plants Animals Lower
c 537
|




FIGURE 22(a-o0).

The alternative ordination of the tree kingdoms
when the sequence data is divided into groups according
to the Whittaker system (see Appendix 4). The mutation
values given are the scores obtained when the fitteen

trees were evaluated by the ancestral sequence mathod.

A = Animals

P = Plants

F = Fungi

U = Protista (Unicells)
M = Monera.
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FIGURE 23.

Relations between amino acid differences (A) and
minimum mutation distances (B) of cytochrome ¢ from different
classes and phyla of organisms to elapsed time since

divergence of the lines of descent.

The straight lines were calculated on the basis of a
value of 280 million years since the time of divergence
of the mammalian and avian lines of descent. The curved
lines show the relation corrected for multiple changes
according to the formula r = n ln(n/n-x)} {feller, 1950).

The Rhodymenia data was calculated on the assumption that

the average number of changes in the undetermined part of
the sequence is the same as that in the known fragments.

The major group divergences indicated are:-

A Enteromorpha ~ Spermatophyta
B Rhédymenia-—Spermatophyta

C Animals - Plants

D Animals - Fungi

E '~ Plants - Fungi

F’ Protista - Spermatophyta




AMINO ACID DIFFERENCES

MINIMUM MUTATION DISTANCE

10

60

40

30

20

1

80

70

60

50

40

30 |

20

1000 2000 3000

TIME (million years)

A e A

1000 2000 3000

TIME (million years)




—74-

DISCUSSION

The Distribution and Characterization of
c-type Algal Cytochromes

Keilin (1925; 1927) showed that cytochrome c occurred
not only in members of the animal kingdom, as had been
demoﬁstrated previously by McMunn (1884; 1886; 1887), but
that it was also present in plants. Since Keilin's early
work, the preparation and characterization of cytochrome ¢
from a variety of higher plant sources has been accomplished
(see Richardson et al., 1970).

In 1935 Yakushiji described a c-type cyvtochrome sclukilised

from a red alga, Porphyra tenera (Yakushiji, 1935) and later

Katoh (1959) investigated the physical and chemical propexrties
of several algal cytochromes. Crystallization of algal
cytochrome was first reported from Porphyra by Katoh (1960)
and Yakushiji et al. k1960). Katoh (1959) found that this
cytochrome was localised in the chloroplast, had a high redox
potential similar to that of cytochrome.g; and, therefore,
conclﬁded that it belonged to the photosynthetic system.
Nishimura (1959) reported a similar cytochrome from Euglena
qracilis, which was only detectable in autoérophically—grown
cells.

Sugimura et al. (1968) characterized c-type cytochromes
from a variety of red, brown and green algae (see also Kamen

[ e e L)

et al., 1971). However, these cytochromes have their a band



absorption maxima at. 553 nm, are acidic proteins with no
appreciable oxidation by mammalian cytochrome oxidase (Yamanaka
and Okunuki, 1963), and hence do not participate in cell
respiration. Holton and Myers (1967a and b) demonstrated

the presence of c-type cytochromes in the blue;green alga,

Anacystis nidulans, and characterized two acidic c~types and

partially characterized a basic form which was obtained in
much lcwer yields. This latter cytochrome is presumably
homologous with the basic eukaryotic cytochromes c. Many
other c~type cytochromes of uncertain affinities are also
rcported from bacteria, fungi and yeasts (sze Kamen ct al.,
1971) .

Table 17 gives a summary of the occurrence and properties
of some of the presently recognised groups of c-type
cytochromes, i.e. those characterized by the possession of
the covalently bound haem c prosthetic group (see Keilin,
1966);:; however, variations in structure are found within the
various groups shown in Table 17. Many 6f the photosynthetic
bacterial cy-type cytochromes have been shown to have more
than one haem group molecule (Dus and Kamen{ 1963; Kamen
et al., 1971). Also, subtle differences in the haem environment
as well as a slightly highexr content of alpha helix in
cytochrome ¢, lead to the observed variations in the a band

ébsorp;ion peaks. In the case of the protozoan Crithidia,

which has the o band absorption at 557 nm, sequence determination
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has shown that only one cysteine residue is involved in the
binding of the haem (Pettigrew, 1972}6.

However, comparatively few of the bacterial c-type
cytochromes have been fully characterized and few sequences
are at present known (seec Table 17). The cytéchnbmes
investigated in this study are of the mitochondrial type and
were shown to be homologous with other eukaryotic mitochondrial
cytochromes ¢ from higher plants (Boulter, 1970) and animals
(Margoliash and Smithk, 1965; Margoliash and Schejter, 1966;
see also Dayhoff, 1972).

Technical Problems in the Purification and
Sequencing cf Algal Cytochrome ¢

Initial experiments with Enteromorpha thalli indicated

that the major problem would be the low yield of cytochrome
&, as compared with animal sources and those obtained from
germinating seeds (Richardson et al., 1970). The yields

obtained from Enteromorpha were of the same wrder as the

above authors reported for cytochrome extfacted from green
tissues of higher plants (Richardson et al., 1970). A
comparison of the yields obtained from other sources is
given in Table 18.

Whereas the material of Rhodymenia and Porphyra represented

the
single species,/Enteromorpha source probably represented a

mixture of several closely related species including E. linza,

E. flexuosa and E. intestinalis (P. R. Edwards, personal
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communication). Species of this genus are notoriously
difficult to identify except by details of their life cycles
(Bliding, 1963; Cook and Hoffman, 1971); however, a unique
sequence was obtained indicating that predominantly only one
species was present, or, alternatively, that the several species
of-the genus have identical cytochromes ¢ as has been reported
for Brassica spp. (Richardson et al., 1971 ; Thompson et al.,
1971c).

Because of the large mass of starting material required
to compensate for the low yields, the initial problems
encountered during the extraction were largely technological.
Speed-of handling in the initial extraction stages of
cytochrome ¢ is reported to mitigate against losses in yield
(Margol.iash and Walasek, 1967), which often result from
the action of degradative enzymes. The use of the Broadbent
centrifuge proved particularly useful in this respect fox
the bulk filtration of crude homogenates,.rather than Buchner
filters. The Terylene bag material chosen represented the
most efficient filtering agent, giving the best rate of
separation.

Various methods have been employed by Japanese workers
to prepare photosynthetic cytochromes ¢ from algae (see
Sugimura et al., 1968) and of these homogenization procedures

have led to problems with slimy substances. No problems
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were encountered in this respect with either Enteromorpha

or Porphyra; homogenization of Rhodymenia thalli gave an

oily sldrry which filtered satisfactorily in the Broadbent
centrifuge. Homogenization of Fucus and Laminaria gave very
slimy extracts, which filtered very slowly, and.necessitated
frequent removal of the filter cake.

It has been shown that many of the polysaccharides
extracted from algae have sulphonated side-chains (Drxrum, 1969;
Percival, 1968) and the cationic binding properties of poly-
saccharides from Rhodophycean and Phaeophycean sources has
al.so been reported (Springer and Abdelmessih, 1969). It is
suggested that the zero yields of cytochrome obtained f£rom
the species rich in these substances are attributable to these

processes., Microscopic investigation of Enteromorpha

homogenates revealed a very low percentage (estimated <5%)
of cell breakage, but in spite of this, extraction methods
involving mere soaking of thalli in the extraction medium
proved ineffectual. It is significant to.note that in the
case of Nitella where ~100% cell brealage could be guaranteed,
no detectable cytochrome was extracted; also, Lonsdale
(personal communication) failed to extract RNA from the same
material.

Previous investigations of cytochromes ¢ have often

involved rather drastic methods for the mitial extraction of
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the protein. These include treatments with organic solvents
(Goddard, 1944; Hagihara et al., 1958, 1959; Wasserman et al.,
1963; Fridman et al., 1968) or with hot acid (Goddard, 1944).
Inhomogeneities of most preparations have been shown to result
from such treatments (Margoliash, 1954 ; Yamaﬁaka_gg_gl.,
1959). The use of organic solvents can cause denaturation
(Kaminsky and Davison, 1969), while extremes of pH or high
temperature may lead to denaturation, deamidation or polymer
formation (see Margoliash and Scheijter, 1966).

The blending of plant material in dilute.phosphate
buffer was shown to give an efficient extruction of cytochrome
¢ (Morita and Ida, 1968; Ida and Morita; 1969). A similariy
mild technique was developed by Richardson et al. {1970) to
extract cytochrome ¢ from germinating seedlings. The
method used to prepare algal cytochromes was & modificaticn
of this technique. Algal thalli were extracted at pH
4,5-4.6 in the ﬁresence of ascorbic acid and EDTA to reduce
oxidative destruction of the cytochrome bf compounds produced
in the browning reaction (Wasserman et al., i963).
Initially the homogenate was filtered at this pH but no
apparent loss of yield or decrease in purity was observed
when the homogenate was adjusted directly to pH 8 prior to
filtering. Filtering at the acid pH precipitated many of

the storage proteins found in the germinating seed (Richardson
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et al., 1970) and this was considered an unnecessary step
with algal matexial, particularly as it was desirable to keep
the time that the vrotein was under acidic conditions to a
minimum to avoid modificatiocn.

The large volumes and low cytochrome content provided
major problems of concentration in the initial stages.
Yamanaka et al. (1964a) showed that the ability of cation
exchangers to absorb cytochrome ¢ from solution provided an
efficient method of concentrating very dilute cytochrome
solutions obtained from poor sovrces of the protein.

J. Ramshaw (personal communication) reported that with plant
material large quantities of material precipitated in and on
the resin, thus necessitating batchwise elution of the colunn.
Batchwise elution was also found to represent the best method
for algal sources, as much debris and extraneous material
(particularly for the red algae studied) accumulated on the
resin, The pHd was maintained at 8 during'elution since
pelow pH 6 the cytochrome bzcomes very strongly bound to the
resin (Boardman and Partridge, 1953; 1954; 1955).

The batchwise elution of the cation exchangers still
gave fairly large volumes of clualie, which necessitated a
furthexr concentration step. CM-~gSephadex had proved the mest
usefur way of affecting this (Richardson et al., 1270),

since impuritics which had a hicher affinity for the wresin
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part of the column after the cytochrome had migrated down-
wards during the washing procedure, thus giving rise to a
significant increase in purity. Also, the flow rates for
CM-Sephadex were better compared with those for CM-cellulose.
The use of CM-Sephadex still involved dialysis-of relatively
large volumes of eluates. Even after this concentraticn
step, care was still needed in order to avoid modifying the
protein, and for this reason ammonium sulphate was initially
avoided since Flatmark (1966) had suggested this led to
deamidation. Precipitation with ammonium sulphate has

been used as an alternative method for the initial concentration
of cytochrome ¢ from spinach leaves (Asada and Takahashi,
1971) and elder flowers (Brown and Boulter, 1973c).
Margoliash and Schejter (1966) had suggested that the
inhomogeneities attributed to ammonium sulphate fractionation
were due to poor pH control during the ammonium sulphate step,
or to the drastic extraction techniques. It was found

that carefully controlled ammonium sulpha£e fractionation

of algal cytochrome ¢ did not give rise to changed forms of
cytochrome ¢, possibly due to deamidated forms of the
protein. The subsequent inclusion of this step gave a
useful and substantial purification of the cytochrome
preparation as judged by the copious precipitates of protein
material obtained during fractionation. Subsequent

molecular exclusion chromatography using the method of



Flatmark (1964) provided further purification and removed
the remaining ammonium sulphate from the cytochrome residues.
At this stage selection of best fractions was used; in all
previous steps the total preparation was maintained. Final
purificatién was achieved by gradient elution from CM-cellulose.
The salt-free preparation after gel filtration was applied
directly to the resin and was oxidised by potassium ferri-~
cyanide. Elution was by a linearly increasing cation
concentration (Margoliash, 1962; Margoliash and Lustgarten,
1962), rather than the alternative of constant cation
concentration and increasing pH (Boardman, 1959; Margoliash,
1962; Margoliash and Lustgarten, 1962). This technique
will separate deamidated forms and modified forms which ére
not separated by gel-filtration. The results show that the
use of ammonium sulphate precipitation step did not lead to
any appreciable deamidation and the degree of modificatiocn
generally present was low. The ampholine icoelectric
focusing method used by Flatmark and Vesteiberg (1966) for
beef heart cytochrome ¢, has been shown to be unsuitable for
the preparation of plant cytochromes ¢ (Richardson et al.,
1970) and was not investigated for the algal-cytochromes c
studied.

Dialysis was avoided where possible, especially in the

later stages of purification and desalting, as at low salt
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concentrations plant cytochrome ¢ shows a tendency to bind
to the dialysis tubing (Laycock, unpublished experiments).
Wasserman et al. (1963) reported that wheatgerm cytochrome ¢
is unstable at low ionic strength and %t was routinely
observed that eluates of the desalting column appeared cloudy.
The crystallization of the cytochromes ¢ was not
attempted, although the crystallization of wheat cytochrome ¢
(Hagihara et al., 1958) and rice cytcchrome ¢ (Morita and
Ida, 1968; Ida and Morita, 1969) has been reported and this
appears to be easier than crystallization of cytochrome ¢
from animals (Ida and Morita, 19693). The crystallization
of acidic c-type cytochromes from algae is widely reported
(see Sugimura et al., 1968), and Mitsui and Tsushima (1968)

report the crystallization of Euglena ¢ cytochrome.,

552

With such a variety of sources of cytochrome ¢ available
no single method of preparation is ideal. However, it is
more convenient to establish a basic method wihich can be
followed inprinciple and modified to suit individual
requirements.

The cytochromes ¢ from the algal cytochromes used in
this study are spectrally related to other mitochondrial
cytochromes ¢, as shown in Table 18. "~ The spectral ratio

of E . nm(reduced)/_E.5 nm(reduced) obtained for higher

416 50

plants and algae is noticeably higher than that for animal

cytochromes.
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The Enteromorpha preparation was shown to be pure by

polyacrylamide gel electrophoresis (Valentine and Roberts,

1971). The Porphyra preparation separated with two cytochrome
bands of approximately equal density on electrophoresis at

both pl 4.3 and 8.3 and the isoelectric points.for each of

these were calculated (Valentine and Robexrts, 1971). No
evidence of inhomogeneity during the preparation of Porphyra
cytochrome ¢ was observed and the presence cof the two bands

is unexplained. The Porphyra preparation was shown also to
contain trace amounts of impurity. The apparént inhomogeneities

shown during the preparation of Enteromorpha cytochrome showm

in Fig. 5 were considered to be due to streaking of the column,
due to overloading and not to modified or deamidated forms
of the protein.

The purification methods which have been used for the
preparation of fungal cytochromes are basically the same as
those used for animal cytochromes (see Margoliash and
-Schejter, 1966). The major problems are-those associated
with the initial extraction of the protein. Egqrly work on
the fundamental properties of cytochromes involved the use
of delft yeast preparations (Hill and Keilin, 1930;

Keilin, 1930; Dixon et al., 1931). Extraction was by
boiling and sodium chloride treatmentto plasmolyse the cells
followed by precipitation by sulphur dioxide to extract the

protein, It was believed that theszs drastic procedures
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did not lead to modification of the protein, but this belief
was founded on the lack of sensitive criteria of purity.
However, because fungal cytochromes are generally more
difficult to extract, recent procedures have still required
drastic treatment, usually by organic solvent éutolysis

(Sherman et al., 1965; Shirasaka et al., 1968). Alkaline

extraction methods have been successfully used with cytochrome

c-rich strains of Neurospora mycelium preceded by various

freezing techniques (Heller and Smith, 1966a; Scott and
Mitchell, 1969). The method used for the preparation of

mushroom cytochrome was basically the same as that used to

prepare cytochrome from algal thalli. Mushrooms were obtzined

in the 'cup' stage, as it was considered that at this stage,
metabolic activity would be maximal. Freezing of the
mushrooms and grinding to a powder in the Hobart blender
prior to extraction gave a finer slurry than other methods
tried. Various extraction procedures were zssessed for the

extraction of Saprolegnia cytochrome, involving liquid

nitrogen freezing and acetone powdering to disrupt the
mycelium, followed by extraction with diffe;ent buffers of
varying pH, with and without the addition of ethyl acetate
as used by Sherman et al. (1965) and Sherman et al. (1.968) .
The method chosen was that which gave the hest yield of

cytochrome (sece Table 4).

1
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The ini.tial cytochrome yields of both mushroom and

Saprolegnia were higher than those obtained from algal sources,

but were considerably lower than those obtained from other

fungal sources; 1l00-400 mg/kg fresh cells for Neurnspora

(Heller and Smith, 1966a), 400 mg/kg wetl cells.for Candida,
and 100 mg/kg wet cells for Baker's yeast (Shirasaka et al.,
1968). However, in these cases the strain of the fungus,

the growth media and harvesting were all selected for maximal
yield of cytochrome. The high yields obtained allowed direct
elution from the amberlite which was used to initially
concentrate the extcact.

The mushroom preparation gave multiple bands on gel
filtration. The major band which contained the majority of
cytochrome extracted was cert%inly not a normal native
mitochondrial c~type cytochrome as judged by its lack of
reduction by ascorbic acid. Further purification of this
band using gradient eslution gave evidence of wmore inhomo-
geneity. Further purification of the other bands was not
attempted, owing to lack of material; however, the last
band to be eluted was considered from its spectral characteris-
tics to represent native cytochrome c. It is easy to
ascribe these results to denaturation; however, the extraction
method used was mild and caused no applarent inhomogeneities

in ihe cytochromes from algae. Also, the Saprolegnia
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cytochrome which had been subjected to an ethyl acetate
treatment, appeared as an homogeneous preparation, as judged
by its gel filtration properties. An alternative explanation
of the mushroom results is that the peaks may represent iso-

enzymes. Saccharomyces has been shown to possess two

different cytochromes which exist in the same cell (Slonimski

et al., 1965), although only one cytochrome is reported for

Debarvomyces (Narita and Sugeno, 1968). The Basjidiomycetes
appear to be a somewhat neglected group in terms of
cytochrome studies and a typical situation has yet to be
characterized. Much s«lection work on strains of yeasts
and antibiotic and food yielding fungi has been done duriag
the past ten years, and it is difficult to assess the effect
that this may have had on the genetic material. Amino acid
compositions or peptide maps would indicate fairly simply
if any differences between the various peaks existed but
would not prove them to be the same protein, e.g. the

cytochromes ¢ from Kloechera and Candida krusei have quite

different properties (Yamanaka et al., 1964b), presumably
as a result of sequence differences, yet give the same amino
acid compositions (Narita et al., 1964).

Apparently equally pure samples of the same cytochrome
have been shown to vary in their spectral ratioc (Paleus

and Neilands, 1950; Paleus, 1960), and this demonstrates
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the inadequacies of using this method alone to assess purity.

The E,. . /E

410 ratio for algal cytochromes as shown in Table 18

280
was generally similar to that quoted for higher plant
cytochromes ¢ (Richardson et al., 1970). The same authors

(ox) ratios for samples of

(red)/

also quote varying E E280

550
plant cytochrome shown to be pure by gel disc electrophoresis.
Differences in amino acid composition cause variaticns in

the absorbance at 280 nm, and this is particularly apparent
with changes in tryptophan content and also to a lesser extent,
phenylalanine and tyrosine. The absorbance of the soret
band is particularly susceptible to modifiications in tertiaxy
structure becoming larger as the protein unfolds (Stellwagen,
1968). Thus, no absolute purity criteria based on épectral
ratios can be established for all species. The use of iron
content as an esitimate of purity has also given apparent in-
consistencies (Paleus and Neilands,; 1950: Bodo, 1955; Paleus;
1960). This method will indicate protein purity but cannot
distinguish between native and modified pfotein. Anzalytical
column chromatography on weak cation exchangers in conjunction
with the inability of cytochrome ¢ fractions to bind carbon
monoxide, is considered a good criteria for purity

(Margoliash, 1962; Margoliash and Schejter, 1966). Similarly,

analytical electrophoresis on media such as starch gel or

polyacrylamide gel provides a good criterion of purity. The
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greater range of cytochrome sourcas now becoming available

is making apparent a greater range of structures and properties
within the mitochondrial cytochrome ¢ group, and this means

that a single set of purity criteria cannot be devised to cover
all of the group. Ideally,., any method that dées not involve
direct iron content should be used (see Keilin and Hartree,
1939; Van Gelder and Slater, 1962).

Previous sequence determinations of cytochrome ¢ have
often involved the use of large quantities of protein, e.g.
Samia Moth,1.30 g (Chan and Margoliash, 19€6):; Rabbit,

1.71 g (Needleman and Margoliash, 1966); iog, 0.82 g
(Mchowall énd Smith, 1965); Wheat, 0.26 g (Stevens et al..
1967). The wheat sequence was determined using only chymo-
tryptic peptides; thus, if the same quantitiss of algal
protein were to be prepared very considerable guantities of
starting material would be required. The quantities of
cytochrome ¢ available from the preparation:t undertaken
during this study, <30 mg, required a micro-method approach
to sequencing different to the direct or subtractive Edman
methods previously used in cytochiome ¢ sequence investi-
gations. A suitable method has been used successfully hy
Boulter and his co-workers for sequence studies on higher
plant cytochrome ¢ where only limited amounts of protein are

available, e.g. Rape (12 mg) (Richardson et al., 1971 ),
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Abutilon and cotton (12 mg each) (Thompson et al., 1971a),
and Sesame and Castor (18 mg each) (Thompson et al., 1970).
The method used was that devised by Gray and Hartley (1963a).
This involves the separation of peptides, derived from
proteolytic enzyme digestion of the protein, by high-voltage
paper electrophoresis and sequence analysis by the dansyl-
Edman method. In conjunction with using the homology
between sequences as little as 0.5 pmol (6 mg) cytochrome
was used in the determination of the seguence of Ginkgo
biloba cytochrome (Ramshaw et al., 1971) and 0.2 pmol (2.5 mq)
for the Nigella sequence (Brown and Boulter, 1%73a).

The proteolytic enzymes used in this investigation were
chymotrypsin and trypsin. These are the most specific of
the enzymes available and have been used successfully in the
analysis of other cytophromes (see for example, Chan and
Margoliash, 1966; Stevens et al., 1967; Boulter et al.,
1970). The two sets of peptides obtained‘from digestion
by each of these usually give sufficient overlapping peptides
to logically establish the sequence by inspection.

The algal cytochromes ¢ were readily digested with either
of these enzymes and with the specificities generally expected.
Chymotrypsin however, occasionally showed wider specificity

breaks, e.g. at asparagine residues. 'This was more common
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in large peptides and on more prolonéed digestion, indicating
that this probably represents secondary cleavage specificity.
Trypsin showed very few unexpected cleavages; that giving

the Rhodymenia peptide Tldc) being the most obvious. Anomalies

in tryptic specificity have been attributed to pseudotrypsin
in the enzyme preparations (Keil-Dlouha et al., 1971). No
tryptic activity was observed at €-N-trimethyllysine residues.

Cyanogen bromide cleavage has been used in the
determination of several protein sequences (see Kasper, 1970),
and this method has been applied previously to cytochrome ¢
(Heller and Smith, 1966b). The method owes its success to
its specificit& for methionyl residues and to the fact that
methioniné is relatively rare in proteins. This increases
the probability of obtaining large peptide fragments which
can provide valuable information important for either the
correct positioning of peptides derived from enzymic digests
or for the confirmation of previously established sequences.

been

Cleavage of 96% of the susceptible bonds has/achieved using
70% (v/v) formic acid as the solvent (Steers et al., 1965);
the method used was that described for p-Galactosidase
(Steers et al., 1965).

Cyanogen bromide cleavage of cytochrome ¢ was used as
2 method of obtaining two fragments of the protein which

could then be digested enzymically, thus wmaking subsequent
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separation of the peptides easier; also, where only small
amounts of protein were available, and the complete sequence
could not be determined by overlapping peptide data, this-
method would give stronger support to the assigning of
peptides to the sequence by homology with other-cytochromes
c (see for example, Brown and Boulter, 1973a). The cyanogen
bromide fragments were readily separated by gel filtration
but subsequent digestion and paper chromatography gave poox
yields of peptides. Direct dansvl-Edman analysis on the
smaller, non-haem fragment gave useful sequence data. The
use of this method is suggested in cases where only very limited
amounts of cytochrome of uncertain purity are available:
subsequent sequence analysis of the second ffagment by
sequenator methods could then give data on some 20% of the
sequence which could be used in comparative studies.
However, larger quantities of material than were used in this
investigation appear to be required to give full sequence
information. |

High~voltage paper electrophoresis was used to separate
peptides as this is preferable to column separation methods
when only small quantities of material are available.
Paper chromatography proved unsatisfactory probably due to
the lack of material and was not routinely used as electrophoresis

at pH 6.5 and pH 1.9 gave adequate separation of the peptides.
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The dansyl-Edman method for sequencing peptides is an
extremely sensitive one and has been used in a micro-form
to determine the sequence of as little as 10 pmol of peptide
(Bruton and Hartley, 1970). When the method of Woods and
Wang (1967) is used to separate the dansyl derivatives by
thin-layer chromatography, it also has the advantage of
excellent resolution of all normally occurring protein amino
acid derivatives, especially leucine and isoleucine.
Resolution of unusual amino acids such as €-N-trimethyllysine,
and good separation of the basic amino acids, can also be
achieved. The main difficulties of this &¢nd Sther 'end
group' techniques are those of identifying amino acids
whose derivatives are labile during the acid hydrolysis of
the labelled peptide. Both asparagine and glutamine are
destroyed to'their corresponding acids, and if trxyptophan
has not been previously destroyed during Edman degradation
its dansyl derivative is totally destroyeq. Bis~dansyl-~
histidine is degraded to a-N-dansyl-histidine and after
several Edman degradation steps lysine can also be difficult
td identify. Dansyl-proline is degraded on prolonged acid
hydrolysis and when proline was expected in the sedquence
the labelled peptide was hydrolysed for a shorter time (6 h).
The method is also only gualitative at each step of the

Edman degradation, although an indication of the peptide
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composition can be obtained from the intensity of the
fluorescence of the spots after chromatography of a dansylated
acid hydrolysate of the peptide.,

Of these difficulties the identification of amides
presents the major problem. The method of Offord (1966)
using the mobility at pH 6.5 often suffices to assign most
amide residues, and this is an added advantage of this
separation technique. However, certain residues cannot be
placed as amides by this method and, unless sufficient
peptide material is available to determine the mobilities of
degraded peptides at pH 6.5, amides can only bhe tentativély
assigned by homology with cytochromes where the amide residues
have been experimentally determined.

The difficulties encountered with haem peptides, parti-

cularly with those of Rhodymenia, lie in the fact that these

peptides were routinely recovered in only low yield. It

ié possible that the haem moiety interfered with nearby
susceptible bonds (Margoliash and Schejter, 1966) and that
this, coupled with the initial limited amount of material

and the performic oxidation of hasm peptides was responsible
for the lack of information obtained, The technical problems
involved in sequence determination and the likely sources of
inaccuracy, when using limited amounts of protein, have been

discussed by Ambler and Wynn (1973), and these problems were
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largely those encountered during this study and which

necessitated the analysis, in most cases, of repeated digests.

Sequence Comparisons

The sequences determined so far for higher plants show
sevefal characteristics which can be considered as being
typical of the group. All consist of a single polypeptide
chain of 111-113 residues with a covalently bouﬁd haem group.
They are longer than any of the other cytochromes c examined,
the additional residues being present as an acetylated N-

terminal 'tail'. Enteromorpha cytochrome ¢ is thus of the

'higher plant type', whereas the cytochromes ¢ of Rhodymenia

and Porphyra do not bear such a striking resemblance to this

group. Rhodymenia cytochrome ¢ has the longest N-terminal

tail yet found, consisting of 10 amino acids, the longest
previously being the 9 residue tail of Crijithidia (Pettigrew,

1972 ). The Enteromorpha sequence differs from higher

plant sequences in the possession of only'a single £-N-
trimethyllysine residue in position 80. This probably
represents a secondary modification cf the protein after
synthesis is complete, as has been shown for the single

residue of this amino acid in Neurospora cytochrome ¢ (Scott

and Mitchell, 1969). Enteromorpha ciffers from higher

plants in 12 of the 85 residues that have been shown to be

invariant in this group. These are Ser-1, Asp-5, Ala-20,
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Ala-43, Thr-47, Ala-51, Phe-54, Thr-64, Ala-55, Ala-91,

Lys-94 and Phe-105. However, alanine in position 51 is

also reported for Nigella (Brown and Bouiter, 1973a) and

leek (Brown and Boulter, 1973b). Lysine at position 94 is
included in the list since this is E—N;trimethyilysine in

the higher plant sequences. The number of 'invariant'
residues in all the mitochondrial cytochromes sc far determined
is now 28; the value of 34 (Boulter and Ramshaw, 1972) having
been previously increased to 29 by the publication of the
(Pettigrew, 1972) cytochromes c. The nunbar of proline

residues in the Enteromorpha sequence is similar to that in

the higher plant sequences. Proline also occurs more

frequently in both the algal and plant sequences than in the
animal sequences. The number of basic amino acids in both

the plant and algal sequences is lower than that for the

animal sequences, and this explains the lower observed pIl

values for plant cytochromes (Laycock, unpublished experiments;
Valentine and Roberts, 1971). The rétio of phenylalanine to
tyrosine residues also varies between different taxonomic groups.
In the higher plants the ratio is invariably 4 Phe-~6 Tyr,

as compared with 6 Phe~4 Tyr for Enteromorpha, as is also

the case in Neurospora (Heller and Smith, 1966b). In

Rhodymenia the ratio is apparently 6 Phe-4 Tyr.
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No positive evidence of heterogeneity in the algal
sequences studied was obtained. This has not always been
the case with the other plant cytochromes ¢ and heterogenecity
was observed in Castor and Sesame (Thompson et al., 1970),
Pumpkin (Thompson et al., 1971b) and Rape (Ricﬁardson_gg_gl.,
1971 ).

Heterogeneity may be due to any of four different
causes:~ (1) The gene specifying the polypeptide may exist
as a heterozygote at one or more loci; (2) polymorphism,
due to inter-cistionic differences of the gene specifying
the protein either within or between populatiocns; (3) Trans-
lational ambiguity of the messenger RNA template (Carbon
et al., 1966; Rifkin et al., 1966); or (4) as an artefact
caused by modification of the protein during extraction;
purification or sequgncing.

With the exception of the iso-cytochromes -1 and -2
of Baker's yeast (Slonimski et al., 1965), little evidence
has been found for different forms of cytochrome ¢ in an
individual. Mules and hinnies carry 50% horse and 50%
donkey cytochrome ¢, which differ by a single residue
(Walasek and Margoliash, 1969). Matsubara and Smith (1962)
report that using a mixed population of 70 individuals
leucine was found to replace methionine in position 65 in

10% of human cytcchrome c. Attempts to demonstrate poly-
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morphism in cytochrome preparation from 12 horses and 18
humans proved unsuccessful (Margoliash, 1969%a), and Stewart
and Margoliash (1965) showed that cytochrome ¢ preparations
from different organs of the same species were.identical.
The sequencing methods used by Margoliash (1969b) were
estimated to be able to detect 5% heterogeneity if it was
present as a single change. The dansyl-Edman method
requires a greater degree of heterogeneity than 5% for it
to be detectable, especially in cases where the minimum of

material is being used. The Enteromorpha source cextainly

represented a mixture of species yet the dansyl-Edman method
gave'a unigque sequence.

Certain specific points about the sequence determination
of the individual species studied desexrve commant.

Enteromorpha cytochrome ¢ was shown to have an acetyl

blockinq group at the N-terminus, indicating further its

homology with higher plant cytochromes. Rhodymenia

cytochrome ¢ is interesting in being the first plant
cytochrome to be sequenced without a blocking group and
also in its possession of the 10 residue N-terminal tail.
This may be characteristic of the red algae as Porphyra was
also shown to possess an unblocked N-terminal alanine.
Despite the investigation and purification of peptides

from several digests, several peptides of Rhodymenia were




clearly not detected. 1In the Porphyra sequence a
substitution of glycine for tyrosine in position 73 was
indicated. This position is invariably E&rosine in the
higher plants and more commonly methionine in the animals.

In Lamprey, the insects, snail and Neurospora, position 73

is phenylalanine, and Candida, Saccharomvces and Debaryomyces

have serine (see Dayhoff, 1972).
Strong evidence for the presence of two tryptophan

residues in the red algae was obtained. For bhoth Rhodymenia

and Porphyra cytochrome the best spectiai ratios of E”BO(OX)/
gsso(red) were found Lo be 1.05 and G.93, althougl: in the

case of Rhodymenia the protein was apparently pure as judged

by polyacrylamide gel electrophoresis. In Rhodymenia the

presence of two tryptophan positive trxyptic neptides was
indicated, although only Trp-5, Fragment TIL could be posi-
tively identified. The other tryptophan residue was present
in peptide T5 and has been tentatively assigned to Fragment
II, position 7. The corresponding chymogryptic zones gave nho
clear evidence for this assignment. Indirect evidence for
the occurrence of tryptophan in the same pecsition in the
Porphyra sequence is given by peptide Cl (Gly—-Leu~Phe).

This assignment of tryptophan places it as homologous with
position 41 of other cytochrome seguences (see Appendix 8),

in which position tryptophan bhas also baen recorded for
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Euglena, Bonitoq Tuna and Carp cytochromes c.

Two peptides were characterized in Rhodymenia chymo-~

tryptic digests, which could not be assigned to the sequence
either by corresponding overlapping tryptic peptides or by
homology. It is possikle that these peptides.may £ill the
'missing links' in the sequence.

No €-N-trimethyllysine residues were detected in the

Rhodymenia sequence either from amino acid analysis or

during sequence analysis. Porphyra cytochrome ¢ also appears
not to contain this amino acid. If, as has been shown by
Scott and Mitchell (1969), the methylation of lysine occurs
after the initial synthesis of the protein, then the absence
of E-N-trimethyllysine in the red algae implies a lack of

the methylating enzymes, and may imply a fundamental
biochemical differenqe between this group and the green

algae and higher plants. An indication of the specificity
of the methylating enzymes of cytochrome g nay be obtained

by a study of the Enteromorpha sedquence. The seguence

around the €~N-trimethyllysine residue in position 80 in

Enteromorpha is identical with that of the higher plants,

which also have position 80 as this amino acid, i.e.
-D-Y-L-L-N-P-J-K-Y-I-P-G~ (see Appendix 7 for cocde). For
position 94, in which the lysine is methylated in higher

plants, the sequence is M-V-F-P-G-L~J~K-P-Q-D, but in
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Enteromorpha a substitution of alanine for proline in position

91 is accompanied by nc methylation of the lysine at position
94. Crystallographic studies with animal cytochrome ¢ have

shown that both of these lysine residues are on the surface
of the molecule (Dickerson, 1971) and are, therefore, presumably

susceptible to modification by methylating enzymes in the
native protein. The three-dimensional shape of plant
cytochrome ¢ has been shown to be very similar to that of

the animal pfotein (Boulter and Ramshaw, 1972). Proline is
known to be important in affecting the tertiary structure of
cytochrome ¢ (Dickerson et al., 1971) and a proline substitution
is liable to permit modifications in the conformation of the
protein. No animal cytochrome ¢ sequence is reported to
contain €~N-trimethyllysine and this may be due to either,
(1) absence cf cytochrome c-lysine-methylating enzymes,

or (2) cornfcrmational changes due to amino acid substitutions
affecting enzyme specificity. The latter cause is not

indicated, as Neurospora crassa cytochrome ¢ has been shown

to contain E~N-trimethyllysine in position 80 and the
surrounding sequence is identical with the animal sequences
(Delange et al., 1969). It would therefore appear that
the enzymes responsible for the methylation of lysine in
plants and fungi are not present in animals. The case

for the absence of similar enzymes in the red algae is

] '
A rZERBI]'

-
1+ MOV .
\ d ﬁg‘{“f 914"

Lini ARY




-10z2~

strengthened by the identical sequenées of Rhodymenia,

Porphyra and higher plant cytcchromes ¢ around Lys-80 with

no methylation of this residue in either Rhodymenia or

Porphyra. Pettigrew (1972 & 1973) has shown that €-N-

trimethyllysine is also present in protozoan cytochromes c,

at position 80 in Crithidia and position 94 in Euglena, and

the situation appears to be.more complicated in these species.
in

Although a Phe-Met sequence/ Crithidia is substituted for

a Tyr-Val sequence in Euglena in positions 82 and 83 (see

Appendix 8), the sequences around position 94 are identical,

yet Lys-80 in Euglene and Lys-94 in Crithidia are ron-

methylated. The presence of €-N-dimethyllysine has been

observed in cytochrome ¢ from the thermophilic fungus,

Humicola lanuginosa, and this was considered to represent

incomplete methylation of the lysine residue (Morgan et al.,
1972). However, various €~N-methyllysines have been
observed to occur in othér proteins, e.g. histones (Hnilica,
1967; Paik and Kim, 1967) and flagellar proteins (Ambler
and Rees, 1959), and presumably do not represent incomplete
methylation in all cases. Scott and Mitchell (l§69)

report no f£inding of mono- or dimethyllysine derivatives

during the formation of €-N-trimethyllysine in Neurospora.

It is suggested that in Humicola the €-N-dimcthyllysine does
not represant an intermedizte stage in €-N~trimethyllysine

synthesis and that methylation of lysine dces not occur
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sequentially as this would involve a series of enzymes with
different charge and presumably steric specificities towards
the lysine residues. It thus appears that the occurrence
of €-N-trimethyllysine in cytochrome ¢ is more widespread
than only the higher plant and fungal cytochromes, as quoted
by Lemberg and Barrett (1973). The functional significance
of the methylation is, however, as yet unclear, although

Scott and Mitchell (1969) have suggested that for Neurospora

it may be involved in the binding of the protein to the
mitochondrial matrix.

The sequences 0" the cytochromes f£rom algae showed
remarkable similarities, both among themselves and with other
cytochromes ¢ from eukaryotic mitochondrial scurces. The
mitochondrial cytochromes ¢ are chemically and physically
all very similar, functioning as electron carriers in the
mitochondrial respiratory electron transport chain (see
Margoliash and Schejter, 1966; Keilin, 1966). This is
amplified by the reports that cytochromes ¢ of other species
can successfully replace the cytochrome ¢ of the same species
in its intra-mitochondrial reaction with its cytochrome
oxidase (Jacobs and Sanadi, 1960; see also Margoliash et al.,
1971). This interchangeability is however, not unlimited.
Yamanaka and others (Yamanaka and Kamen, 1965; Yamanaka

1966, 1967; Yoshioda, 1966; Yamanaka et al., 1969} have
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attempted to make evolutionary deductions from the relative
rates of interactions of the cytochromes with mammalian
cytochrome oxidase (cytochrome aa3) on the one hand, and

that of Pseudomonas, on the other. The results obtained

using c-type cytochromes from algae are probably due to the
use of photosynthetic c-types (26) and not the homologous
mitochondrial c-types as described in this study.

As yet little is known of the relationship of the
mitochondrial cytochromes ¢ with the cytochromes which
fanction in anaerobic energy-yielding reactions and which
occur in chemosynthetic bacteria, nor of thosc which function
in the photo-reduction processes of photosynthetic oirganisms
(Kamen et al., 1971). All these contain haem c as the

prosthetic group (Dickerson, 1971); however, with the

have been confined largely to eukaryotic mitochondrial
cytochrcmes c. The data of Dus et al. (1962) and particularly

1. (1968) for the cytochromes cc’ and ¢

those of Dus et al 2

of Chromatium and Rhodospirillum respectively showed strong

evidence for homology. Alsoc, Dickerson (1971) has found

strong evidence for homology of Pseudomonas cytochrome ¢

551

with horse heart cytochrome ¢ if a deletion of 16 residues
in a bairpin loop is assumed. A photosynthetic cytochrome ¢

from the algae Monochrysis lutheri has also been shown to
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have some sequence homology with mitochondrial cytochrome c

(Laycock, 1972).

Evolutionary Aspects

Similarities between sequences could have -arisen, (1)
by chance (parallel or coincident change); (2) by convergence
of correlated proteins during evolution, certain amino acid
sequences being more efficient for a common bioclogical
function (analogy): (3) by descent from a common ancestor
(homology) .

The evidence now available points to there having been a
common ancestor for all cytochromes ¢ and thus evidence for
a divergent homologous, rather than a convergent analogous
evolution having taken place. The major work in the study
of the evolution of mitochondrial cytochrome ¢ has bzen
carried out by Margoliash.and his co-workers (Margoliash,
1963; 1964; Margoliash and Smith, 1965; Margoliash and
Fitch, 1968) on animals, and by Boulter and his colleagues
(Boulter,.l972, 1973; Ramshaw et al., 1972) on plants.
The whole field of the evolutionary aspects of the primary
structure of proteins has been reviewed by Nolan and
Margoliash (1968) and more recently by Lemberg and Barrett
(1973).

Fitch (1970) and othexs (see Fitch, 1966a and b;
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Cantor and Jukes, 1966), by using a statistical approach;
showed it is possible to distinguish between the first
process quoted above and the other two possibilities. The
method involves the comparison of the frequency of occurrence
of the minimum mutation distances betwean various peptide
segments of determined length with those expected from a
purely random situation. However, Dickerson (1971) has
pointed out that the method of evolutionary homology based
on the 'minimmmutation distance' has an inbuilt error when
used for detecting otherwise invisible homologies. This

is due to the degeneracy of the genetic cocde. A change in
the third purine or pyrimidine base seldom changes the amino
acid coded for and alteration of the first base usually
converts one amino acid to another of similar chemical or
physical properties, the alteration of the second base baing
the most influential in changing the chemical character of
the amino ad.d residue (see for example, Crick et al.,

1961; cCrick, 1966).

However, even when a departure f:rom a random situation
has been shown for mitochondrial cytochromes c (Margoliash
et al., 1969), it is necessary to distinguish between
convergence and homology. Fitch and Margoliash (1967b) have
presented an approach for use with a set of proteins in

which many invariant residues exist. The method is to
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statistically determine the expected number of residues that
will be found to be invariant, irrespective of the number of
sequences determined; two seguences are then held to be
ancestrally reclated if the number of identical residues
between the two exceed the statistically determined value.
Fitch and Margoliash (1967) calculated the expected number
of invariant residues for eukaryotic cytochromes ¢ to be
27-29; and recent more sophisticated calculations (Fitch
and Markowitz, 1970) have given a value of 32 invariant
residues. The number of observed invariant residues between
the eukaryotic cytochromes c is presently 28 {see Brown

et al., 1973 ) and it is thus concluded that they are

all ancestrally related.

In the comparison of sequences a further difficulty
ises in the cases where additions or deletions of residues
have occurred. Certain methods to show departure from
randomness between sequences show the prqbability of
homology or convergence without the need to consider such
events (Fitch, 1969, 1970; Gibbs and McIntyre, 1970).

For the mitochondrial cytochromes ¢ the numbers and sizes
of these are small and may be readily identified. For
example, the additional residues in the plant sequences are
clearly located at the N~terminus when the two cysteine

residues are aligned (see Dayhoff, 1972). Even in the
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protozoan Crithidia cytochrome ¢ where only one cysteine is
involved in the binding of the haem (Pettigrew, 1972),
alignment of the Gln-Cys sequence at the haem attachment
point, which is now considered invariant (Lederer et al.,
1972), also places the extra residues at the N-terminus.

In attempting to compare the similarity of more distantly
related c-type cytochromes particular difficulties arise in
this correction, and especially when considering those not

bel onging to the same group. The sequences of Pseudomonas

fluorescens_gl351 (Ambler, 1963) and Rhodospirillum rubrum c

9
(Dus et al., 1968) have been aligned with the sequences cof
mitochondrial cytochromes ¢, but the prorosed alignments
disagree with one another (Cantor and Jukes, 1966; Dus et al..
1968; Needleman and Blair, 1969; Djickerson, 19271). Amblex
and his co-workers have aligned various bacterial cytochrome
sequences and some similgrity is evident within this group

(see Ambler et al. in Dayhoff (1972); BAmbler, 1971; Ambler
and Wynn, 1973).

The only certain way to test the validity of such
comparisons is by a study of x-ray crystallographic analysis
of the three-dimensional structure of the protein molecules.
An experimental approach of this nature offers a solution to
the differeniiiation between convergence and homology. If
the structure determination shows that the three-~dimensional

structure cf the two molecules is essentially the same, this
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is much more likely to have arisen by homology; however,
the minimal sequence constraints required by function would
not necessarily require the same tertiary structure over the
entire protein molecule.

So far the data obtained for cytcchromes é indicate
that they are closely related in terms cf their tertiary
structure. Dickerson et al. {1971) have determined the
three-dimensional structures of horse heart and bonito
cytochrome ¢ and studies are in progress on the tertiary
structures of spinach (Morita et al., 1973) and rice (Morita
and Ida, 1972) cytochzomes c.

Dickerson (1971) illustrates the usefulness of tertiary

structure determinations in postulating the location of

- cpe e 2
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when compared with ho;se heart cytochrome c. Despite only

25% similarity between the sequences the proposed alignment

is fairly clear. The plant and algal cytochrome sequences
show a clear fit with the structural constraints determined

for the horse heart and bonito proteins; many major points

of similarity exist between the sequences which have bheen

showﬁ to be basic structural or functional requirements in

the horse heart cytochrome (Dickerson, 1971). It is, therefore,
concluded that the tertiary structures of the cytochromes of

both plants (including the algae) and animals are essentially
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identical, indicating a common ancestry for both.

There are many features of the plant and algal cytochrome
¢ sequences which give a great deal of confidence in this
onclusion; however, only a complete x-ray investigation,
such as £hat being carried out for rice and spinach, will
verify the identities in tertiary structure.

Dickerson et al. (1971) showed the horse heart
cytochrome to be a classic example of the "oil drop" model
of a protein with a hydrophobic interior and pclar exterior,
The poliypeptide chain is wrapped around the heme group in
two halves, thus forming a hydrophobic crewics in which the
heme group is located. Two hydrophcbic "channels" filled
with hydrophobic side-chains lead right and left from the
heme to the surface of the molecule. where there are
specifically grouped charged residues. The horse heart,
bonito, plant and algal proteins show large stretches of
identical residues and where differences are found these are
generally of a chemically conservative nature. The
essential residues required by the heme group are the two
cysteine residues which are covalently bound to the porphyrin
ring. The heme is apparently the principal folding influence
on the molecule and the configuration is maintained such
that histidine~26 and methionine-88 rasidues provide the

fifth and si¥th ligands for the iron atom. Generally, the
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sequences of plant and algal cytochrcmes are identical to
heart
the horse/sequence in those regions and certain isolated
amino acids that are held to be important in maintaining
the tertiary structure. The number of invariant residues
in all mitochondrial cytochromes ¢ now sequences is 28 and
these are thé positions that have been cited as being
important for the maintenance of the three-dimensional
structure.

Despite the striking similarities several notable
differences in the properties of plant and animal cytochromes
still exist.

The stability of plant cytochromes during preparation
is less than that for animal cytochromes; they are more

readily denatured by ethanol and digested by proteolytic

enzymes, although the greater similarity of Saproledania

cytochrome ¢ to the animal protein in these respects was
apparent in this study. The ratio of the_absorbances at
416 nm(red)/550 nm(red) are higher and this possibly
suggests a more open tertiary structure (Stellwagen, 1968),
which may also account for the other cbservations.
Compared to other cytochromes the plant and algal

cytochromes are longer and Rhodymenia exhibits the longest

cytochrome ¢ yet studied. Thus, it would appear that the
cytochrome gene has shortened during evclutior (Smith,

1968). In animals and fungi there is strong evidence that
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cytochrome ¢ is synthesized on 80S cytoplasmic ribosomes
(scott and Mitchell, 1969; Boulter, 1970), and it has been
demonstrated that the mechanism of initiation of protein
synthesis on these particles involves tRNAFMet_(Smith and
Marcker, 1970). This would imply that the N-terminal amino
acid of cytochrome ¢ is initially methionine and that
subsequently a hydrolytic enzyme is responsible for the
cleavage of residues from the N-terminus. The specificity
of the postulated enzyme may thus be responsible for the
variations in sequence length at the N-terminus. The
presence of the acetyl group in many cytochromes mzy be
linked with this process, and it would appear that its
presence is not for removing the otherwise free amino group
from the heme environment (Dickerson et al., 1271), as had
been previously suggested (Margoliash and Smith, 1965).
Despite the large amount of evidence, it is still

necessary to assume homology between plant and algal and
other eukaryotic cytochrcmes, since it is still impossible
to rigorously rule out the possibility of convergence having
occurred. Assuming, however, that homology has been
sufficiently demonstrated, it is possible to examine the
molecular evolution of the cytochrome gene. As the cytochrome
c molecule is an expression of a small part of the genome

of the species from which it was obtained, then it fcllows



that relationships between the sequences could relate
directly to the relatiocnships between the species themselves.
It is thus possible to derive the relations bestween the
various kingdoms and also between the individual members of
each kingdom from the relationships which exist between
their cytochromes.

The first sequenced cytochromes ¢ were mainly from
animal species (Dayhoff, 1969). This data showed that when
the cytochromes ¢ of members of a taxonomic class are compared
with each other, the number of aminc acid differences between
them is less than thot found when cytochromes ¢ of members
of different taxonomic classes are compared. The number
of differences becomes greater the more distantly irelated
the organisms. Within a class the number of differences
between its members lies within a range. This contrasts
strongly with the more or less constant difference found in
each interclass compariéon, irrespective qf which members
from each of the classes are compared. This constancy of
difference in interclass comparisons is interpreted to imply
that elapsed time is an important parameter in determining
the number of mutations which accumulate in the structural
gene for cytochrome ¢ along any line of evolutionary descent
(Zuckerkandl and Pauling, 1962; Nolan and Margoliash, 1268).

It was suggested that over long periods cf evolutionary
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history, perhaps a minimum of 200 miilion years for cytochrome
&, other factors relating to the rate of fixation of agmino
aéid differences have either cancelled or averaged them-
selves out, leaving elapsed time as the variable most clearly
related to differences between primary structures. For
such an empirically derived relation however, it is
unnecessary to assume any of the mechanisms through which
the differences may have arisen (Margoliash and Schejter,
1966). Accepting-the relation enables a direct correlation
to be made between time and the rate of change of cytochrome
¢ (Margoliash, 1963).

The times of diverygyence of many of the major classes
of animals can be established from the fossil record (see
for example, Colbert, 1%69), and from these it is possible
to derive the time taken, on average, for a single
difference to become established between the sequences of
different lines of descent. This time is called the
'unit evolutionary period' and refers to a given protein
(Nolan and Margoliash, 1968).

Howevexr, before a set of sequences can be usad to derive
a unit evolutionrary period, it is necessary to demonstrate
that the proteins belong to an homologous set.

Fitch and Margoliash (1970) draw a distinct.ion between

"paroldgous" and "orthologous" genes, when establishing gene
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or species phylogenies. Both classes of genes are
homologous, but an important diffierence exists between the
two. Parologous genes are those which, although originally
identical, may, after duplication, have subsequently diverged
to the extent that they code feor proteins with different
functions. Orthologous genes, on the other hand, are those
which have remained identical in function throughout. When
the plant and algal proteins are included along with the
animal ones and the calculations described by Fitch and
Margoliash (1967b) applied, they can be shown in toto to
constitute an homoloqguus set. Furthermore, apart from iso-
cytochromes ¢y and cy of Baker's Yeast, there is no evidence
for gene duplication having occurred with the gene
responsible for specifying mitochondrial cytochrome c.
Therefore, these cytochromes c are not only homologous but
orthologous in the sense discussed by Fitch and Margoliash
(1970).  This means that all cytochrome ¢ data used in
this study that satisfied the requirements of Fitch and
Margoliash (l1970), can be used legitimately to calculate
unit evolutionary periods.

The parologous condition may exist between the mito-
chondrial cytochrome ¢ series and certain of the cytochromes
£ (c6) in cases where the molecular weight is known to be

a multiple of that of cytochrome ¢ and several heme groups
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per molecule are apparent; both however, share the homologous
function of electfon transfer.

In this investigation 'unit evolutionary pericds' have
been calculated using both amino acid differences and

minimum mutation distances. However, for Rhodymenia

cytochrome ¢ the data was calculated only on the amino acid
differences assuming that the amino acid substitutions in
the unknown fragments occur at the same frequency as those
in the known sequence of the protein.

Since the times of divergence of the major groups of
the plant kingdom car:not be established from fossil evidence,
'unit'evolutionary periods' have been calculated using
fossil datings_from the animal kingdom. The time value
which has been used to derive the results given in Tablelé,
is the point in time of the divergence of the mammalian
and avian lines of descent, which is believed to have
occurred 280 million years ago. When the_availabie sequences
of members, one from each of these groups, were compared
in all possible combinations the average amino acid difference
found was 9.9 and the average minimum mutation distance
was 13.7. These values gave 28.3 and 20.5 million years
respectively for the 'unit evolutionary periods' for
cytochrome c. These data have been extended linearly to

give diwvergence times for other taxonomic groups in the



plant and animal kingdoms (see Table 16). However, linear
extrapolation will always give an underestimate of the

time values since multiple mutations at a single codon,
parallel and back mutations occur. It is pos;ible to
correct partially for these events, however, by using the
statistical method of Feller (1950) and these corrected
values are also given in Table 16 (see also Fig. 23).

The use of minimum mutation distance partly corrects
for the probability of multiple mutations at a single codon
(Margoliash et al., 1963), but fails to take account of
back mutations or muliiplicities in pathways which exist,
Fitch'and Margoliash (1969) estimate that of the mutations
which have occurred in animal cytochromes 20% arc parallel
and 1% are back muations. A statistical correction has
been applied (Margoliash and Smith, 1965) but assumes that
all the variable sites are equally liable to effective amino
acid substitutions, and this certainly is not the case for
cytochrome ¢, in which certain positions are considerably
more variable than expected if a random situation existed
(Fitch and Margoliash, 1967b). However, these corrections
probably give a more accurate idea of the times of divergences.

The justifiication in applying the 'unit evolutionary
period’ de%ived from considerations of animal data to

calculate divergence lines for the plant kingdom, is largely
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theoretical. Using the 'unit eveclutionary period'
calculated from the bird-mammal fossil dating, the values
obtained by extrapolation for the times of divergence of
any two animal lines are approximately the same as those
based directly on the fossil record (Young, 1962; Colbert,
1969).

This correlation provides good support for an approxi-
mately constant rate of evolution of cytochrome ¢ {(linearity)
over at least the last 750 million years, during which
period the divexrgence and evolution of the higher plant
kingdom from its ancestral stock occurred. Since Lhe algal
sequences are homologous with those of higher plants,
animals, and fungi, it seems not unieasonable, in the
absence of plant fossil datings, to apply the 'unit
evolutionary period' calculated from the bird-mammal fossil
dating. However, Cronguist (1968) has pointed out
fundamental differences in the evelution of higher plants
and animals, particularly that evolutionary pressure on
vertebrates has been towards adaption to a niche, whereas
in the Angiosperms single families usually occupy a variety
of different ccological niches. Despite the great degree
of convergent morphological evolution apparent in the algae,
their present-day distribution would seem tc indicate that

their evolution has been niche-orientated to a higher
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degree than that of the Angiosperms. The importance of
these considerations to the present considerations cannot
be assessed, particularly since the mechanism of selection
and fixation of mutations at the biochemical level is
uncertain. |

Assuming the application of the animal data to the
plant kingdom is justified, the time of divergence of the
three eukaryotic kingdoms can be estimated at about 1500 x
lO6 years ago. Considerations of cytochrome and tRNA data
have led to the calculation of the divergence of prokaryotic
and eukaryotic lines as being 2.6 timez moxe vomete than
the divergence of the eukaryotic kingdoms (McLaughlin and
Davhoff, 1970). A similar value was obtained using only
tRNA data (Jukes, 1969).

The time of divergence of the Protistan branch from
the main eukaryotic line is estimated at 2900 x 106 years
ago. This estimate is 1000 x lO6 years more recent than
the estimate for the divergence of the eukaryotic/prokaryotic
lines of descent. Fossil records for this period are
unlikely to amplify our knowledge of these events and such
calculations are largely speculative. Fossil red algae
are well known from the Cretaceous and Triassic periods,
and a few questionaﬁle forms from the Ordeovician have keen

recorded (see Scagel et al., 1965). The estimate of



1760 x lO6 years ago places the divergence of the red algae
long before this in the middle Pre-Cambrian. The point of
divergence of the higher plants from the green algae is
placed at 700-800 x lO6 years ago, and this represents a
much earlier estimate than most authors who place the
origin of the flowering plants in the Jurassic. However,
Takhtajan (1969) has suggested an earlier origin.

The 'unit evolutionary periods' derived for cytochrome
c show that it is accepting mutations more slowly than
almost all other proteins so far examined (see Dayhoff,
1972). This would suggest that severe structural constraints
exist for the cytochrome ¢ molecule, and the reasors for
this are evident from the studies on tertiary structure
(Dickerson et al., 1971) and the minimum of three interacting
functions with oxidase, reductase and membrane (see also
McLaughlin and Dayhoff, 1973).

From the evolutionéry standpoint, thg potentially most
useful computation, based on quantitative comparisons of
the amino acid sequences of sets of homologous proteins, is
that which leads to the construction of phylogenetic trees.
The problems involved in the construction of such trees
is the enormous number of alternative trees which are possible
and ideally have to be evaluated. Even with a computer

the assessment of all trees is an almost impossible task;
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sixteen species for example, give rise to about 10

alternatives. Therefore, methods must be used which
drastically reduce the number of tirees to be evaluated,
while still finding the optimum solutiomn.

A simple reduction can be made if the available sequence
dta is split into kingdoms on the basis of biological
information. The tree for each kingdom can then be
constructed separately and then combined to give a final
tree. Even so, further reductions beyond the kingdom level
are necessary, e.g. the sequences may need to be grouped
into classes within the kingdoms.

There are basically two types of approach to this
problem that have been described; these are the 'numerical
matrix' method (see for example, Fitch and Margoliash, 1l%67a;
Gibbs and McIntyre, 1970), and the 'ancestral sequence'
method (Dayhoff and Eck, 1966).

The method used in this investigation was the 'ancestral
sequence' method. The basic tree used was that as computed
in Dayhoff (1972), and this was updated to include the
higher plant treegof Boulter et al. (1972), the protozoan
sequences (Pettigrew, 1972 & 1973), and the fungi, Humicola

lanuginosa (Morgan gt al., 1972) and Ustilago sphaerogena

(Bitar et al., 1972). Other fungal sequences were corrected

on the-data of Lederer (1972) and Lederer et al. (1972).
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The following account relies heavily on the simplified
explanation of tree construction given in Boulter et al. (1972).

The tree consists of branches, the junctions of which
are called nodes. Each node has three hranches which either
lead to an adjacent node or to a determined sequence. in
addition, by using the rules described below, it is possible
to reconstruct the most probable ancestral sequences of each
node, so that the tree contains not only the determined
sequences of extant species, bul also the computed ancestral
sequences. The point of earliest time on the tree cannot
be established from secjuence data and must be established
by biological. considerations.

The computing strategy employed was hased on that
described by Dayhoff (1972) and the program used iv calculating
the tree consisted of three main procedures. The initial
construction starts with any three sequences; only one tree
exists relating these. ‘The next sequence'is added to the
tree in all possible positions and the best resulitant topology
is selected and used for further tree construction.

Additional sequences are added successively to the best tree
obtained at the previous step until a final tree is obtained.
Alternatively, different species can be added singly to the

same tree tc check thé efifect of the position of one species

on another, The second computer procedure is the evaluation
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of the trees. It starts by inferring the 'ancestral
sequence' at each of the nodes which relate the sequences

to the tree. Each position along the sequences i8 considered
in turn, For each node three lists are made which consist
of the amino acids found in this position aloné the three
branches attached to the node. Thus, at each nodal position
all the sequences in the tree are considered. This is
repeated in turn fér all the positions in the sequence.

I£f, for a given node and at a given position in the sequence,
only one amino acid is found which occurs on more branch-
lists than any other, then it is selected as the nodal amino
acid; otherwise, at this stage the nodal position is left
blank. When all the nodes have been assigned an amino acid
or a blank for every position in the sequence, the situation
at each blank positiop is re-assessed. If a blank position
has at least two of its three adjacent neighbours (either
node or sequence) the same, then this amino acid is assigned
to the position. The process is repeated until no more
additions occur at any of the blank positions. Finally,

the nodal sequences are checked so that if the amino acid

at the node is not the same as at least two of its adjacent
neighbours, it is changed to a blank. This process gives

a definite assignmeﬁt of the ancestral amino acid whenever

one chopice is clearly preferable, but will leave blanks when
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reasonakle doubt exists.

When the ancestral sequences at all the nodes have been
determined, the tree is evaluated as follows: the numbers
of amino acid changes along every branch of the tree are
counted by comparing each sequence with each adjacent sequence,
position by position. All the branches are then totalled
to give the evaluation for the whole tree. This calculation
is, however, complicated by the existence of any blanks in
the ancestral sequences. The blank means that two or more
equally probable amino acids exist for that position. In
such cases it does not nmatter for the overall evaluaticn
vhich amino acid is chosen tc fill the blank, as the number
of total changes on the tree will be the same if any of
the alternatives is used, unless two parallel wmutations
exist at adjacent nodes. Because a minimum route is assuvmed
for evolution, in this case the same amino acid is chosen
for both blank nodal positions. When thg branch lengths
were evaluated for the final tree (Fig.l9 ) the minimum
number of mutations counted around a blank or series of
blanks was divided equally among all the independent branches
and the values thus assigned shown in brackets.

The third procedure evaluates the positions of branches
of the tree in alterﬁative positions., This is necessary

because a sequence, once fixed to the tree, dees not change



its relative position and therefore, the fusion strategy of
the initial procedure effectively limits the amount of
evaluation required. Because no account is made of the
remaining sequences still to be added when each new sequence
is fixed, this means that, in retrospect, a wirong decision
may be made at any step and the final tree may only be a
close approximation to the "best" tree. This procedure
then, evaluates the positioning of the various branches in
alternative arrangements to see i1f a better tree exists.

The ‘'ancestral sequence' method involves two assumptions:
first, that evclution has taken place by-the minimum number
of amino acid substitutions, and secondlyv, that the final
tree acceptaed is that which has the minimum number of amino
acid substitutions of gll possible trees. With regard tc the
first of these assumptions, it is evident that back- and
parallel-mutations have occurred during the evolution of
cytochrome ¢. Boﬁlter g; al. (1972) detected 27% parallel
and 6% back mutations during the evolution of the higher
plants, and Fitch and Margoliash (1969) estimated 20% and
1% respectively, for the same processes in the evolution of
animal cytochrome c. The problem lies in the fact that
there is no certain way cf knowing to what extent undetected
parallel and back mutations occur, especially when the

nunber of saguances in a given taxonomic unit is small.
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However, the likelihood of relating two sequences which

are similar as a consequence of parallel and/or back mutations,
rather than hecause of common ancestry, is limited, since

in each comparison all positions of the sequence are
considered.

With regard to the second assumption, because of the
large number of possible tree8, clearly it cannot be certain
that the selected tree has the fewest possible amino acid
substitutions. However, computer procedure three is
specifically designed to reduce the numker of comparisons
which have to be made in order to obtain, with reasonable
certainty, the absolute minimum tree.

The tree shown in Fig. 19 was the best overall tree
obtained by these methods. The species used in the computaticn
of the tree fell clearly into four groups:- plants, animals,
fungi and ‘'lower' organisms. The latter group comprised

only three species, Euglena, Crithidia and Rhodospirillum.

The three possible arrangements of these four groups were
evaluated (Fig. 21) and the chosen minimum topolcogy is that
shown in Fig. 19. However, the degree of difference between
the scores for these topologies indicates that no single
arrangement is clearly the best or absolute minimum tree.
Dividing the known sequences into the kingdoms as

posulated by Whittaker (1969) gives the same minimum topology.



There are f£ifteen possible combinations of trees involving
five groups, and these were evaluated as shown in Fig. 22,
The minimum tree is in agreement with that computed hy

McLaughlin and Dayhoff (1973), which does not include the

Euglena and Enteromorpha data.

The small degree of difference between the trees shown
in Figs. 2la and 21b and those shown in Figs. 22a and 224, and
would seem to indicate that the major groups, particularly
the fungi, plants and animals, diverged from each other
within a relatively short space of time. However, the kranch
lengths joining the major nodes of the tree at calculated
by McLaughlin and Davhoff (1973), indicate a much remoter
ancestry of these groups if the 'unit evolutionary period' is
applied to them. These high values are due to the
assignment of values to blank residues in the ancestral nodes;:
the number of blanks increase in number when not many
sequences are available to establish kingdom ancestral
nodes. Where a blank exists the minimum number of changes
that must have occurred is averaged out along the branches
concerned. This method probably does not give an accurate
assessment of blank areas and where several blanks exist
in one area of the tree may considerably over-estimate node
to node distances., The variation in distances between those

calculated during this investigation and thoss quoted by



McLaughlin and Dayhoff (1973), are presumably due to
differences in the 'weighting' of blank residues. The
blanks in the ancestral nodal seqguences are often due to
the deletion or addition of more than one amino acid in
the sequences used to compute the nodes. These are
considered as multiple mutational events by the ancestral
sequence method, However, there is no certain method of
determining if these are due to multiple events or single
events affecting a larger region of the cytochrome ¢ gene,
Alternatively, as many blanks exist at the N-terminus of
the protein, the deletion of residues in this »egion may be
due to a difference in the specificity of the hydrolytic
enzyme responsible for cleaving the methionine N-terminal
amino acid arfter the initial synthesis of the cytochrome ¢
polypeptide chain. These two alternatives may be
responsible for the unexpectedly high values for inter-
node distances between the major kingdoms. For this reason
the values assigned to branch lengths involving the
evaluation of blanks in ancestral sequences in this thesis,

are expressed in brackets after the actual real value

calculated from definitely assigned amino acids (see Fig. 19).

The occurrence of blanks arises largely due to the lack
of sequence information available to compute ancestral node

sequences. The addition of the Protozcan species .to the



list of known sequences has reduced the number of blanks

that have to e considered in aﬁcestral nodas, and it is
predicted that as more sequence information becomes available
the number will be further reduced. This is pgrticularly
necessary if an accuraye evaluation of the more remote nodes
is to be made.

The branch lengths in Fig. 19 are expressed in
'accepted point mutations' or PAMs. When pairs of sequences
are compared as in the ancestral sequence method, this
approach probably gives a more accurate estimate of evolu-
tionary distance thau do matrix methods. PAMs were
calculated by the method of Dayhoff (1972). For cytochrome
c elapsed time can be calculated from PAMs on the lkasis cf
3 PAMs : 10C million years (Dayhoff, 1972). However, at
the present time with insufficient sequence data for the
more remote nodes of the tree the matrix methods allow a
greater number of compafisons to be made and probably give
a more accurate estimate of evolutionary distance.

Having established the minimum tree as shown in Fig. 19
several trials were run to determine the position of the
red algae. The red algal sequences were added to the tree
shown in Fig.l9 as single species. The trees obtained
(Fig.20 ) show that two equally acceptable positions for

Porphyra were obtained (Figs. 20k andc ). This is almost
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certainly due to the lack of sequence information presently

available. Rhodymenia showed only one acceptable topology

(Fig. 20a ) and when Porphyra was added to this tree, only
one arrangement was found to give a minimum score (Fig.20d ).
Because incomplete sequence data was available the computing
strategy employed to compare the known sequence fragments
with the homologous sections of other sequences, was as
follows. For every unknown position in the Porphyra and

Rhodymenia sequences an amino acid, which has never occurred

in those positions, was substituted. The amino acid chosen
throughout for convenience for €E-N-trimachyllysine (J).

In this way the computer does not recognise this amino

acid as being one of the possible alternatives in these
positions and, therefore, makes no comparison with the
corresponding positions in other sequences. Because only
partial sequences for the red algae were used, they have
not been included in Fig. 19 as the branch lengths leading
to them cannot be accurately calculated. However, it is
possible to predict that the branch to the red algae occurs
approximately half-way between nodes 40 and 44, and that

the branch length to Rhodymenia from this point is 20 PAMs

(see Dayhoff, 1972).
The tree in Fig. 19 is drawn without regard for evolu-

tionary time. The branch lengths and overall topology



~13%~

remain the same whatever time considerations are given,

The fungal and animal kingdoms adjoin the same node which

is then indirectly linked to the plant, protistan and
bacterial kingdoms (see Fig. 22a ). The position of certain
individual groups on the tree is interesting. | The green

algae, represented by the Enteromorpha seguence, are placed

on the direct line of descent of the Spermatophyta, as is in
accordance with general biological opinion, However, +the
Euglenophyta, as represented by the one seguence, are given
a more remote ancestry from the green algal/hidgher plant

line and are grouped on a separate branch w.i.th the Protozoan,

H

Crithidia. This raises two points. The first is that
the close relationship of the Euglenophyta with the Chlorophyta
is questioned. This is postulated by, among others,
Christensen (1962, 1966); Fott (1965); Scagel et al. (1965);
and Nichols (1970). The second is that two lines of
divergence on the tree involving photosynthe:is are indicated.
The relationship of the euglencids with the Chlorophyta
has been questioned by Honigberg et al. (1964), and these
authors place the euglenoids as a class within the Protozoa.
The various modes of nutrition of the euglencid flagellates
have been reviewed by Leedale (1967). These include

obligate photo-autotrophy, saprctrophy and phagotrophy.

With such 2z variety of nutritional types involving methods
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other than photosynthesis, the linking of the euglenoids
with the green algal/higher plant line on the basis of
chlorophyl b occurring in some forms, would appear to be
largely conjectural. However, at this stage ;here is
insufficient protein sequence data to infer definite phylc-
genetic relationships between the euglenoids and other
Protozoa, although it would appear that such a relationship
may exist.

With the placing of Euglena and Crithidia on the same
branch the postulated ancestor of the eukaryotic kingdoms
proposed by McLaughlin and Dayhoff (1973), must now be
revised. This is held as being non-photosynthetic,
photosynthesis having evolved along the green plant line
and also along the prokaryotic bacterial line, The rresent
work suggests that this hypothetical ancestor may well have
been photosynthetic and that certain lines of descent
within the Protista lost this faculty to a greater or lesser
extent, providing the range of nutritional types presently
found within this group (see for example, Leedale, 1967).
The lines of descent leading to the animals and fungi
can thus be held to have lost the ability to photosynthesise
completely.

The position of Euglena on the tree can also be

considered with respect to the best topology found for the
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red algae. The chosen topology (see Fig. 20d) places the
red algae as a group on the line of descent of the green
algae and Spermatophyta. Previous phvlogenetic speculation
has indicated a more divergent relationship between the

red algae and the green algal line than is appafent from

the cytochrome ¢ data (see for example, Scagel et al., 1965;
Nichols, 1970; Christensen, 1964, in Appendices 2, 3 and 6
respectively) . The evolutionary relationship between the red
algae and the Basidiomycetes has been suggested on the basis
of similarities of life cycles (Gwynne-Vaughan and Barnes,
1937), but a direct relationship is not suppcrted by the
present work.

The addition of the sequences of the fungi Humicola

(Morgan et al., 1972) and Ustilago (Bitar'gg_gi;, 1972)

has made groupings within the fungi apparent. The mwinimom
configuration found after several trials in this investi-
gation, as shown in Fig. 19, does not agree with that of
McLaughlin and Dayhoff (1973). These authors found a
minimum score when Ustilago joined the main fungal branch

between the Humicola/Neurospora branch and the Candida/

Debaryomyces/Saccharomyces branch; this and the difference

in several of the branch lengths may be attributable to
the modifications in the method reported by the above
authors. Within the fungi however, cefinite groupings are

becoming apparent, although these do not correspond to the
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current taxonomy of the species involwved. The Basidiomycete,
Ustilaqo, appears on its own branch, but members of the
Ascomycetes and Deuteromycetes appear on both of the other
main branches. The classification of the Deu;eromycetes is
however, extremely artificial and the class largely
represents a convenient receptacle for grouping the imperfect
stages of fungi from other classes together. As more
sophisticated studies are made, it seems likely that the
term 'fungi imperfecti' will become cbsolete. However,
Scagel et al. (1965) argue that as the fungi are classified
on the basis of their sexual processes, then uhe term will
remain for those types which have lcst the ability to
reproduce sexually. It is suggested that work on other
aspects of the biology of the group, such as that involving
protein sequence data, may assist in clarifying its
relationships.

The most remote branch on the tree is that of the
single bacterial representative of the Moneran kingdom,

Rhodospirillum, This is in accordanrce with current

biological thought regarding the prokaryotic line of descent.
No blue-green algal cytochrome sequence is presently
available, and the addition of such information to the tree
should prove of interest.

Other iunvestigations involving similar treatment of



=135~

sequence data from other proteins are currently in progress
and a similar method has been applied to transfer RNA
sequence data (see for example, Dayhoff, 1972). The results
of these investigations may need to be considered togethexr
with the cytochrome ¢ data, in order that a greéter portion
of the genome can be compared in making phylogenetic
hypotheses,

In view of the problems associated with yields of
cytochrome ¢ from the algae and the apparent usefulness of
protein sequence data in determining evolutionary relationships,
it is probable that other lines of research involving cther
proteins may be more applicable to this group. In
particular, proteins associated with the photosynthetic
process may give more information as the yield of such
proteins is generally higher than that of vespiratory proteins
from green tissues (see for example, for algae, Sugimura
et al., 1968). Of particular value may be the studies
currently being made on higher plants usiné the copper
protein plastocyanin (Ramshaw et al., 1973). It is possible
that work of this nature could be extended to include algal
species.

Whilst at the present time it cannot be confidently
asserted that the ancestral sequence method for examining

the primary structure of proteins does give a true indication
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of the phylogenetic relationships of organisms, the results
to date suggest that further investigations on these lines

are urgently needed.
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1. The major characteristics of groups of

Algae (after Scagel et al., 1965).
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2. The possible interrelationships and phylo-
genetic arrangement of algal classes

(Scagel et al., 1965).
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3. A phylogenetic scheme for algal groups based
on certain aspects of lipid metabolism

(Nichols, 1970).
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4, The Whittaker five~Kingdom system based on three
levels of organization -~ prokaryotic, eukaryotic
uniceilular and eukaryotic multicellular and
multinucleate. On each level there is
divergence in relation to three principle modes
of nutrition - photosynthetic, absorptive and
ingestive. For clarity only selected phyla

have been included (see Whittaker, 1969).
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5. The Copeland four-Kingdom system, with the relation-
ships of selected phyla to kingdoms and levels
of organisation. Alternative treatments of the
Chlorophyta and Charophyta are indicated. These
are included in the Metaphyta by Copeland, but
in the Protista by other authors (see Copeland,

1956) .
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6. The generalized phylogenetic scheme of Christensen
(see Christensen, 1962;: 1264; 1565),
Relationships are drawn with regard to cell type,

pigmentation and type of flagellum.
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7. The single letter code for the nomenclature
of amino acids, as given in the tentative
rules of the IUPAC - IUB Commission on Bjochemical
Nomenclature.

J represents € ~N-trimethyllysine.



APPENDIX 7.

Table of Abbreviations and Symbols

for Amino Acids

2Amino Acid.

Alanine
Arginine
Asparagine
Aspartic acid
Cysteine
Glutamic acid
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine

€~N-trimethyl-
lysine

Methionine
Phenylalanine
Proline
Serine
Threonine
Tryptophan
Tyrosine

Valine

Abbreviations.

Ala
Arg
Asp
Asn
Cys
Glu
Gln
Gly
His
Ile
Leu

Lys
Me3Lys

Met
Phe
Pro
Ser
Thr
Trp
Tyx
Val

Code

Letter.
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8. Sequence alignment of cytochromes c. The
sequences are aligned relative to the cysteinyl residues
binding the haem group.

Sequence information is as cited in Dayhoff (1972;
1973); with the addition of Euglena (Pettigrew, 1973).

The sequences 0f certain ancestral nodes computed
during the compilation of the tree shown in Fig. 19, are
also given.

The sequence of Rhodospirillum rubrum cytochrome ¢

has been aligned by assigning deletions or insertions
so as to obtain maximum homology with other cytochromes c.
Insertions were not considered in constructing phylogenetic

trees.

(See Appendix 7 for single-letter amino acid code),
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o, Matrix cf amino acid differences.
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10. Matrix of minimum mutation distances.
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