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SUMMARY

Cytochrome ¢ has becn extracted and purified from five

species of invertebrates, Locusta gregaria, Macrobrachium

malcomsonii, Eisenia foetida, Astzrias rubers anrd Loligo

opalescens, and pilot extractions were carried out using Solaster

papposus and Aphrodite aculeata. The complete amino acid

sequences of Locusta, Macrobrachium, Eiseniza and Asterias have

been determined, and a preliminary sequence invecstigation was

carricd out on the cytochrome ¢ from Arenicola masr.ina. The

amino acid compositions viere determined Cor Arenicola, Nexeis

virens and Lolico. The sequence data ohtained in this study
showed that the cytochromes ¢ from invertcbrates are clearly
homologous witlh ether cukaryotic mitochondrial cyiochromes c.
A comparison of the sequences of invertebrate cytochrome ¢ with
those of vertebrates, including horse-heart and bonito, for
which the three-dimensional structure has bheen determined,
demonstrated the conservative nature of the majoraty of the
amino acid changes and indicated that the tertiary structures
were essentially similar. Invertebrate cytochromes ¢ showed
high variabaility at certain positions in particular regions of
the molecule, and these differed from the regions of high
variabailaity characteristic for the vertebrates and those
characteristic for the plants and fung:a.

Sequence comparisons of forty species, including ten
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invertebrates, were used to estimate the times of divergence
of the major invertebrate phyla from the vertehrate line of
descent. Molecular phylogenies were constructed by the
application of an ancestral scquence method and a numeraical
matrix method using the invertebrate sequence data. Selacted
fungal, algal and lower vertcbrate sequences were used to £1x
the invertebrates in the phylogenies with regard o tbe major
kingdoms of organisme, The molecula.s phylogen.es constructed
using the ancestral sequence method agreed, within thec
estimated limits of error, with the broead view of clascical
phylogeny. Illowever, they lacked the resolution required Ln
establish definite conclusions regarding the relationships

of the major invertebrate phyla. The numerical matraix
mcihod constructed phylogenies less in agreement with the
classical view. It was concluded that the small size of the
data set was responsible for the estimated errors in the
phylogenies, the poor resolution in certain areas of particrular
phylogenies and the problems encountered with the computai-on

of sequences of unequal length.
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ABBREV.IATL1ONS

The abbreviations used in this thesis are as recommendnd

in "Instructions to Authors", Biochemical J. 131, 1 (1973),

with the following additaions:-

CySO3 : Cysteac acad.

MeS : Methionine sulphone,

(oX : Cytochrome ¢ (oxidised).
Cc24 : Cytochrome c (reduced).

Amino acids are referred to using the recommended

abbreviationc, and the single letter code shoim « low:-

Amino Acid. Abbreviations. Code Letter.
Alanine Ala A
Arginine Arg R
Asparagine Asp D
Aspartic acid Asn N
Cysteine Cys C
Glutamic acad Glu E
Glutamine Gln Q
Glycine Gly G
Histidine Has H
Isoleucine Ile I
Leucine Leu L
Lysine Lys K
¢ -N-trimethyllysine Me ,Lys J
Methionine Met M
Phenylalanine Phe F
Prolaine Pro P
Serine Ser S
Threonine Thr T
Tryptophan Trp w
Tyrosine Tyxr Y
Val.ine val \'4



INTRODUCTION

Systems of classification have been devised in a number
of ways, but taxonomists have never agreed as to whether the
maln task of a classaficatory schewme Ls to group organisms
possessing a maximum similarity of classification character.,
or to ercct a scheme that reflects the evolutionary relation-
shaips of the organisms., The qualities of these phenetic and
phyletic classifications have been widely discussed (sce
Sokal & Sneath, 1963; Cronquist, 1968), but whichever view
1s taken, the classification of a given organicm must depend
on the quantlty and quality of the information available to
the taxonomast.

At present, the only sure way of establishing a well-
documented phylogenetic relationship within a group of
organisms, 15 the study of aﬁ adequate fossil record. This
approach has been extensaively applied to the sub-phylum
Vertebrata of the anaimal kingdom, for which lines cf descent
and divergence have been determined (Romer, 1966; Colbert,
1969). The divergence of the major invertebrate phyla dates
from a time for which an adequate fossil record is absent,
in the Cambrian period and earlaier. Thus, current views on
anvertebrate phylogeny depend as much on the morphology and
embryology of extant species as on palaeontological evidence.
A similar problem exists with the flowering plants because by

the time the flowering plant fossils become abundant ain the
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Upper Cretaceous, many of the present-day orders were already
represented (Walton, 1953).

Biochemical information may be used for the construction
of phylogenetic schemes, but care must be taken to select
suitable information in order that any derived taxonomy does
not have similar limitaetions to schemes based on morphological
data, where distortions dve to convergeunce and variable rates
of evolution are possible. Initially, biochemical profiles
of organisms were constructed using presence or absence data
for particvlar micromolecules, but more recently wacromolecules
have been widely investigated to provide information on, what
may be broadly termed, comparative biochemistry and physiology.

When DNA was shown to be the genetic material 1t was
clear that particular base pair sequencces i1n DNA determined,
through the production of specific messenger RNA, the amino
acid sequcnces of particular proteins, and that all these
sequences contained within their structures a record of the
evolutionary history of the organism concerned. Zuckerkandl
& Pauling (1965) recognised that the total chemical content
of any species was a docuwment of i1ts evolutionary history,
and they classified molecules on the relative amounts of
information they contained. The first class, the semantides,
consist of molecules which carry the genetic information or
a transcraipt of that information either in the form of

nucleic acids or proteins. The second class are the



episemantic molecules, which are synthesized under the control
of semantides, and the third class are the asemantides whose
molecules are not produced by the orgsanism and do not, except
by presence or absence, express any information about the
organism. Zuckerkandl & Pauling (1965) inferred that the
amount of evolulLionary history preserved in a molecule would
be the greater, the greater the complexity of the molecule

and the smaller the parts oi the molecule that have 1o be
affected to braing about a significant change. Thus the
largest information content lies wathan the semantides and
these may be divided ainto the primary semantides, which are
the genes of an organism, the secondary semantides, compris.ng
messenger and transfer RNAs, and the tcrliary semantides
comprising the synthesired polypeptides.

Clearly, as with morphological characters, a study of
biochemical characters towards the establishment of @
phylogeny can have weak or strong taxonomic significance (see
Davis & Heywood, 1963). Many epasemantic molecules are
formed by multi-enzyme controlled pathways, providing the
potential for a convergence of structure and function which
may mply false phylcgenetic relations. Swmilarly, more
than one biosynthetic pathway may form a particular
metabolite, but the possession of that metabolite need not
imply a phyletic relationship berween organisms (see Bartnickai-

Garcia, 1970). In the plants, many episemantides have been



used in taxoromic studies (see Swain, 1963) and ain the algae,
lipid metabolism and the occurrence of a variecy of pigments
have been used to infer phyletic relationships (Nichols, 1970;
Stanier, 1974). Among the invertebrates, studies on the
distribution of sterols and phosphagens have been reported,
but the results are rather inconclusive (seec Kexkuvt, 1960).

In general, the study of cpisemantides may provide as iuch
conflicting information as more classical invesligations of
morphology, palaeontology, physiology and embryology.

In providing the primary genet.ic link between successive
generations, the semantides must contain within thear
structures the best account of evolntionary history at the
molecular level. The characterization and analysis of
primary and secondary semantides 1s becoming less of a
technical problem (see Dayhoff, 1972; Dayhoff, 1973; Wu
et al., 1974), but the main stumbling block to phylogenetrsc
studies remains in the preparatioan of homologous portions of
DNA from a range of species. Nucleic acaid hybradizataion
techniques are the only methods currently available for
obtaining phylogenetic information from these categories of
molecule (see Kohne, 1968; Gillespie, 1968; Bgvre &
Szybalski, 1971), but the methods have practical difficulties,
and the interpretation of results 1is complicated by the
occurrence of inversions, translocations and vepetitions of

DNA base sequences during evolution.



Investigations into the tertiary semantides, or proteins,
appear to offer the best approach for the phylogenetic study
of macromolecules at present. The use of serology, compatrative
enzymology, amino acid composition and eclectrophoretic and
chromatographic characteraistics, have all bcen used for such
comparisons (Bryson & Vogel, 1965; Boulter et al., 19066;
Hawkes, 1968; Nolan & Margoliash, 1968; Vaughan, 1968a and
b). Serological methods are rapid, systematically valuable,
and can distinguish between antigenic substances industinguishahle
by other chemical means. Serology in plant taxonomy was
pioneered by Mez in the 1920s (see Chestei, 1937), and the
application of modern serological techniques to certain
taxonomic problems has proved successful (Vaughan, 1968a and b).
In the vertebrates, widespread work has been done, including
phylogenetic studies on immunoglobulins (Hill et al., 1966),
and lens extracts in fish (Manski et al., 1967), but in the
invertebrates the work is limited, although some work has
been reported on the phylogeny of immune responsiveness
(Hildeman, 1974),

Comparative biochemical studies on enzymes and functional
proteins provide a further approach to taxonomic problems,
and have the advantage that test systems are likely to have
changed laittle duraing evolution and, consequently, retain

the properties of the systems 1n ancestral organisms. Clearly

it 1s preferable for the components of such test systems to



occur widely ain livaing organisms, and to thas end Lhe
oxidative electron transport mechanism of aerovbic organisms
has received much attention, particulerly cytochrome ¢, an
elecktron carr.ier in such a system. Yamanaka and co-workers
(Yamanaka, 1966) established phylogenetic relationchaips on
the basas of the relative actuivities of cytochrome ¢ purificd

from a variety of spec.ies with Pseudomonas and bovine

cytochrome oxidases. They asgcuamed that the closcr an

organism was, in evolutionary terms, to the oxidase source
organzem, then the more reactive 1ts cytochrome ¢ would Dbe 1n

a test system (Yamanaka & Okunuki, 1963). The method reguires
only small quantities of cytochrome ¢ and Yamanaka's work is ol
interest because of the use of invertebrate material and the
demonstration of the low yields of cytochrome ¢ to be cxpected
from thesc animals (Yamanaka et al., 1963; Yamanaka et al.,
1964a and b).

At present, the greatest insights into molecular evolution
could be expected to come from the primary structure determai-
nations of tertiary semantides, but two points arise from
this approach. The genetic code 1s degenerate in the respect
that changes 1n base sequences of allelic stretches of a gene
need not result ain amino acid differences in the resulting
polypeptide, and also many regions of the DNA for a
particular organism are not expressed in terms of polypeptide

product. However, these losses of information are not



sufficient to preclude the use of prontein sequence
determinations for the study of evolutionary history.

The 'Atlas of Protein Sequence and Structure' for 1966
(Dayhoff & Eck, 1966) listed 184 complete sequences of proteins
and related macromolecules, and the same publication for 1972
(Dayhoff, 1972) lists 356 sequences, to which have been added
150 more in a supplement for 1973 (payhoff, 1973). Thus,
the elucidation of protein primary structures has now become
relatively straightforward with the development of techniques
to overcome the majority of practical problems (see Needleman,
1970). The determination of the praimary structure of the
same protein from a variety of organiswms can provide
information on the hastory of che gene specifying that protein,
and a phylogeny relating tnose specilies can be constructed
(Fitch & Margoliash, 1967a and b; McLaughlin & Dayhoff, 1973),
as has been done for certain ferredoxins, fibrinopeptides,
myoglobins, haemoglobins and cytochromes ¢ (see Dayhoff,

1972). The vast majority of proteins examined have been
purified from vertebrate sources and although these studies
have not led to any great evolutionary ainsights, the agreement
of derived phylogenies with classical morphological and
palaeontological evidence (Romer, 1966; Colbert, 1969) has
demonstrated the value of the method.

The choice of a suitable protcin for such a method is

important. It should have a molecular weight of less than



20,000, 1n order to simplify the sequence deterwination, and
properties of thermal and pH stability, good solubility and
ease of assay are all advantageous to the purification. The
protein must be evenly distributed throughout the rangec of
species under study, performing an identical Efunction in each
case, and must be accepting mutations at a rate which provides
a suitable differentiation between those species. Cytochreone
¢ has proved to be a good choicc for studies in the vertebrates,
higher plants and fungi (Dayhoff, 1972), and the auimn of thas
vork was to purify and sequence cytochrome ¢ from invertebrate
sources.

Cytochrome ¢ consists of a single polypertads chain of
molecular weight 13,000 with a covalently bound haem group,
and 1s found on the inner mitochondrial membranes of aerobic
eukaryotes functioning as an electron carr.er wikthan the
terminal oxidation chain (Bachmann et al., 196G). The prote.n
1s relatavely stable duraing purification and the haistory of the
refinement of puraification methods, together with a history
of the early work on cytochrome ¢, has been reviewed (Keilain,
1966; Lemberg & Barrett, 1973). The availability of pure
preparations has cnabled the physical and chemical characterai-
sation of the protein from animal, piant, bacteraial,
protozoan and fungal sources (Margoliash & Schejter, 1966;
Lemberg & Barrett, 1973), and a large number of cytochromes c

have been sequenccd (Dayhoff, 1972; 1973).



A major use of protein taxonomy has been the application
of the method to a study of the plant kingdom where no
continuous fossil record exists comparable to that for the
vertebrates. Boulter and co-workers (Boulter et al., 1972;
Boulter, 1973) have constructed a phylogenetic tree relating
planl species on the basis of the computer analysis of their
cytochrome ¢ amino acid sequences.

The 1uvertebrates are well represented ain the fossil
record, but the major phyla were established before the end
of the Caukrian per1od sc that only radiation withain the
invertebrate phyla 1s well documented. Evidence for the
proposed evolutionary relationsh.ps within the wvertebrates
has come from the morphology and embryology of extant species
as well as palaeontology, and a number of phylogenetic schemes
have been proposed to account for the evidence (see Hym=an,
1950; Hadzi, 1953; 1963; Marcus, 1958; Illanson, 1961;
Appendices IV-XIT). For example, doubts exist over the
relationshps within the lower metazoa, the mono- or multai-
phyletic origins of the arthropods and the origin of the
chordates, The o%]ect of thas study was to purify and
sequence the cytochromes ¢ from representative species of
invertebrates and to use the sequence data to construct a
phylogeny relating the invertebrates, thus adding to the
published phylogenies for the cytochromes c¢ of vertebrates,

higher plants, fungi and micro-organisms (Dayhoff, 1972;
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McLaughlain & Dayhoff, 1973). Figure 1 demonstrates Low

the majority of cytochrome ¢ sequences determined to date
have been taken from vertebrate and higher plant sources,
Thus, 75% of the published data has been obtained from groups
that, in terms of numbers of species, reprcsent less than
35% of Lhe known species of living organisms.

A representastive sample of invertebrate cytochrome ¢
sequences, after compucer analysis, would provide a molecular
phylogeny relating the species from which an estimate could
be made of the times of divergence nf the major groups within
the sample., However, the choice of stariing material could
not be made entircly on the basis of evolubiwonary interest
because, assuming a minimum of 1-2 pmol of protein for a
sequence determination, the majority of invertebrates would
be expected to give such low cytochrome c yi'elds that only
large-scale extractions could possibly provide sufficiLent pure
protein for sequence analysais. The cytochrome ¢ content
of an organism 1s related to the amcunt of active muscle
tissue 1t possesses, so that only the flying insects and
certain crustaceans could be expected to match the yields
of cytochrome ¢ reported for vertebrate heart muscle (see
for example, Margoliash et al., 1962; Chan et al., 1967;
Augusteyn et al., 1973). In additxon, the nature of the
organisms under study made necessary the extractaion of the total

organism rather than a selected tiscue, such as heart muscle
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from which the majority of vertebrate cytochromes c have been
purified (Lewmberg & Barrett, 1973), This approach led to

the release of gut proteases 1nto the anitial purification
stages and was thought to account, in part, for the low yields
of cytochrome ¢ recorded during the experiments with echinoderm,
mollusc and annelad materials.

A large-scale approach to the purifaication was adopted
usaing similar stratcgies to Lhe methods developed fnr cytochzome
¢ purification from higher plants (Richardson et al., 1970;
1971a). This erablad the purification of cytochrore ¢ from

the echinoderm, Asterias xrubens; the crustacean, Macrobvachiwn

malcolmsonii; +the annelaid, Eisenia Foetiqa; and the insect,

Locusta migratoria, in sufficient guantities to allow the

determination of the amino acid sequences. Palot extractaion

experiments using the echinoderms, Holotharia forgkali and

Solaster papposus, the annelids Nereis virens, Arenicold laarima

and Aphrodite aculeata, and the mollusc Mytilus edulais,

demonstrated that the quantities of starting matersal requaired
and the time factors involved would preclude the use of these

species in the investigataion.
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MATERIALS__AND _METIODS

I. GENERAL

l. Biological materaials

Eisenia fockida (Savigny) {(comnon brandling worm) was

obtained from the Worm Farm, Bulwell, WNottingham.

Asterias rubens L. (common starfish) was collected

from the estuary at Burnham-on-Crouch.

Macrobrachinm malgcuwsonili (k. M. Edwards) (Freshvater

prawn) originated from the Calcutta region, and was obtained
through a London fishmonger.

Locusta migratoria L. (common locust) wes obrasned

from the British Museum (Netural History).

Loligo opalescens (Berry 1911) (common squid) origineted

from Monterey an California, and was obtasined through a Loudon
fishmonger,

Solaster papposus L. (common sunstar) was collected

from the estuary at Burnham-on-Crouch.

Aphrodite aculeata L., (sea mouse) was colleccted from

the estuary at Buruham-on-Crouch.
The ainvertebrate material was supplied through the Braitash
Museum (Natural History) by Dr. R. P. S. Jefferies,

Pseudomonas fluorescens was obtained as a lyophilised

sample from Cyclo Chemicals, Los Angeles, through Cambrian
Chemicals, Croydon, England.

Ox hearts were obtained from a local slaughtarhouse.
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2. Chemicnls _and Reagents

With the exception of those listed below, all chemicals
and reagents were obtained from Br.cish Drug Jiouses Ltd., Poole,
Dorset, and were of analytical reagent grade whenever available.

Hel 1x aspersa (Maller) (garden snail) cytochrome ¢ was

a grft Erow Dr. R. H. Brown.

Arenicola marina L. (lugwormj and Nereis virens L. (king

ragworm) cytochromes c were the qgift of Dr. M, Richaxrdson.
Bovine cytochrome ¢ was prepared by the method desciribed
in Sectaon TT1.
Trypsin E,C.3.4.4.4 (twice recrystallized, sali Ifrec)
a-Chymotrypsin E.C.3.4.4.5 (three times recrystallized)
were obtained from the Worthington Biochemical Corpeoration,

Freehold, New Jersey, U.S.A.

Carboxypeptidase-A, E.C.3.4.2.1 (di-i1sopropylphosphoro-
fluoridate-treated; crystalline suspension in water) was

obtained from the Sigma Chemical Co. Ltd., St. Louis, Mo., U.S.A.

Amberlite C.G.50 (l00-200 mesh Type 1)
Amberlite M.B.1l

was obtained from Rohn and Haas Co,, Philadelphia, U.S.A.

Sephadex G-10
Sephadex G-15
Sephadex G-75

Sephadex G-200
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CM-Sephadex C-50
Blue Dextran 2000

were obtained from Pharmacia Ltd., Uppsala, Sweden.

Whatman CM-52 Cellulose
was obtained Lrom W. and R. Balston (ModLrEfied Cellulose Ltd.),

Maidstone, Kent.

Biogel P-2
Biogel P-30

were obtained from BiroRad Laboratories Ltd., London.

Horse-hearc cytochrome c (Type VI)
Standard amino acid mixture

EDTA (free acid)
p-Daimethylaminobenzaldehyde
Protamine sulphate

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

Hydrazine sulphate
Tris-(hydroxymethyl)-methylamine

were obtained from Hopkain & Williams Ltd.,, Chadwell Heath, Essex.

Hydrazine (95%+)

was obtained from Eastman Chemicals Ltd.

Arganylarginine

L-Pyrrolidone carboxylyl-L-alanine

was obtained from Cyclo Chemical Corp., Los Angeles, Cal., U.S.A.



9,10-Phenanthraquinonea
Thiodiglycol (TDG)
2-Pyrrolidone

was obtained from Koch Light Labs. Ltd., Colnbrook, Bucks.

Methyl oxitol

was obtained from Shell Chemicals, UK. 1td.

Ascorhic acad

was obtained from Roche Products (U.K.) Ltd., London.

Traiethylamine
was obtainced from Prerce Chemical Co., Rockfe:d, Tllinois, U.S.A.
Sequencer kits, compraising Anhydrous n-heptafluorobutyric
acid
Quadrol-TFA buffer
Ethyl acetale
1-Chlorobutane
Benzene
5% (v/v) Phenylisothiocyanate in heptane
were obtained as sequencer grade reagents from Pierce Chemical

Cco., Rockford, Illinois, U.S.A.

Pyridine (no-ninhydrin grade)
was obtained from Rathburn Chemicals, Walkerburn, Peebleshire,
All chemicals were used as supplied except for phenyliso-

thiocyanate, which was vacuuvm distilled once before use.
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3. Other Mater~rals

Polyamide sheeis were obtained from the Cheng Chin
Trading Co. Ltd., Tapei, Taiwan, through BDII Chemicals Ltd.

Visking tubing was obtained from Scientific
Instrument Centre Ltd., Leeke Street, TLondon, W.C.l.

20 cm x 20 cm Kieselgel 60T254 (D.C. Alufolien) TLC

plates were obtained from Merck/Darnstadt.

4. Preparation of Soluliong

(a) Buffer solutions

(1) 10 mM~aluminiuvm sulphate, pHd 4.5 for the extraction

of cytochrome c.

5.0 g Alz(SO4)3 « 12H_O per litre was adjusted to

2

pH 4.5 with 2 M—HZSO4 solution,

(11) 50 mM-sodium phosphate, pH 8.0 for dialysis and
CM-50 Sephadex chromatography.
7.80 g NaH2P04. 2H20 per litre was adjusted to

pH 8.0 with 2 M-NaOH solut.ion.

(111) 300 mM-sodium phosphate, pH 7.2 for gradient elution

during CM-52 cellulose chromatography.

NaZHPO4.12H20 77.40 g
NaH, PO, .2H.0 13.10 g
wWaterxr made to 1000 ml

(v) 200 mM-sodium phosphate, pH 7.2 for the phenyl-

acethldehyde reagent and elution of CM-52 cellulose.
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300 mM-sodivim phosphate, pH 7.2, buffer was diluted

l1.5-fold and the pH adjusted as necessary.,

(v) 10 mM~sodium phosphate, pH 7.2 for gradient elution
during CM-52 cellulose chromatography, gel filtrxation with
biogel P-30 and general dialysis.

300 m-sodium phosphate, pH 7.2, buffer was diluted

30--Lold and the pH adjusted as necessary.

(v1i) 10 mM-sodium phosphate, pH 11.5 for grad:ient elution
dur.ing CM-52 cellulose chromatography.

4.40 g Na,P.0..l0H

4 20, 2O per latre was adjusted to

Pl L1.5 waith 6 M~-NaOH soluticn.

(vii) 75 mM-Tras-KClL, pH 7.5 for molecular exzslusion
chromatography on Sephadex G-75.
Potassium chloraide 7.46 g
Tris (hydroxymethyl) methylamine 6.06 g
Water made to 1000 ml and

adjusted to pH 7.5 with 6 M-HCl.

(vii1) 200 mM-sodium citrate, pH 3.0 for acetyl group

determination.
Citraic acid.H,0 3.44 g
Tri-sodium citrate.2H,O 1.06 g

2
Water made to 100 ml
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(1x) 50 mM-sodium pnosphate, pH 7.3 for ihe extraction '

of L-pyrrolidone carboxylyl pcptidase from Pseuadomonas

fluorescens and molecular exclusion chromatography on Sephadex

G-200.
10 mM-2-mercaptoethanol 1.56 g (1.40 ml)
1 mM~-EDTA 0.74 ¢
100 mM~-2-pyrrolaidone 17.20 g (15.30 ml)

50 mM~sodium phosphate, pH 7.3 made to 2000 ml
and the pH adjusted as nececssary.

The 50 mM-sodium phosphate was prepared from 12.9 g
Na HPO,.12H,.O and 2.18 g NaH_PO .2H20 made to 1NCO ml sith

2 4 2 2" 4
distilled water.

(x) 50 mM~-sodium phosphate, pll 7.3 for dialysis of L-
pyrrol rdonecarboxylyl peptidase preparations prior to enzyme
assays and preoceolytic digestions.

The buffer was prepared as in (ix) withoult the

0.1 M-2-pyrrolaidone,

(x1) 200 mM-N-ethyl morpholine, pH 8.5 for proteolytic

digestions of peptides and proteins.

N-ethyl morpholine 25 ml
Acetic acad 1l ml
Water made to 1000 ml

and the pH adjusted as necessary.



(x11) 200 mM—~ammonium hydrogen carbonate, pH 8.5 for
proteolytic digestions of peptides and proteius.
17.0 g NH4HCO3 was dissolved in 1000 ml of distilled

water, and the pH adjusted as necessary.

(x%x112) 200 mM-citratc buffer, pH 5.5 for the ninhydrain

analysis of amino acids and proteins.

Citric ac1d.H20 21.0 g
NaOH 8.0 g
Water made to 500 ml

The solvtion was mixed with ocne concaining 20 g ninhydriu in

500 ml methyl ccllosolve immediately before use,

(b) Electrophoresis Solutions

(r) pH 6.5
Pyradine 250 mi
Acetic acad 10 ml
Water 2250 ml

The pH was adjusted as necessary before use,

(1) pH 1.9

Glacial acetic acad 200 ml
Formic acid (98-100%) 50 ml
Water 2250 ml

The pH was adjusted as necessary before use.




(L11) Electrophoresise standardc solution
Arginylarginine was dissolved tn 1 M-sodium
hydrogen carbonate to gyive a 0.1 ! solution and this was
trcated with an equal volume of 0.2 M-dansyl chloride in
acetone, After incubaking at 37OC for 1 h, the s»lution was
dilvted 1000-fold and ethanol.c dansyl-aiginine added to gave

a concentr .tion of 0.1 MM,

(¢) Papcr chromsiography soluwions

(1) BAWP solvent

Butan-1-0l 150 ml
Acetic acad 30 ml
Pyridine 100 ml
Water 120 ml

The solvent was freshly prepared for each experiment.

(11) Chromnatography marker solution

A 0.1 mM-solution of dansyl-argininc ethanol

was used.

(d) Polyamide sheet chromatography solut:ions

(1) Solvent I : 1.5% (v/v) formic acid (Woods & Wang,
1967)
(1) Solvent II : Toluene-acetate acid (9:1 by volume)

(111) Solvent 1II: Butyl acetate-methanol-acetic acid
(90:60:1 by volume)

(2v) Dansyl-standard solutions

Dansyl-arginine, dansyl-glutamic ac:id, daasyl-
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glycine, dansyl-isoleucine, dansyl-phenylalanine, dansyl-
proline and dansyl-serine were dissolved in 95% (v/v) ethanol

at a concentrataion of 0.1 mg/ml.

(e) Thin-layer chromatography solutions

(L) Solvent I

N—heptane—prop:1on1c acid-~l,2-

dichloroethane (58:17:25 by volume)

(11) Solvent IT : N-heptane-~butanol-formic ac.d
(50:3C:9 by volume)

(£) Electrophoretic and chromatographic location reagents

Guide strips were cut 1in the direction of the
separation on the electrvophoretogram or chromatogram, represeln-
ting about 5-10% of the width, 1.e. about 5 to 10% of the

material on the paper was used for location purposes,

(1) cadmium-ninhydrin reagent (Heilmann et al., 1957)

A solution of Cadmium acetate 100 mg
Acetic acid 5 ml
water 10 ml
Acetone 100 ml

was used to prepare a fresh 1% (w/v) nainhydrin solution through
which the paper was passed. After drying in a draught at room
temperature the paper was heated under observataion at 80°C.
Positive reactions were shown as characteristically coloured
regions against a white background; some regions developing

colour more slowly than others,



(11) Phenanthraquinone reagent (Yamada & Itano., 1966)

Solution A : 5 mg, 9,10-phenanthraquinone in

25 ml 95% (v/v) ethanol

Solution B : 2.5 g sodium hydroxide dissolved

in 70% (v/v) ethanol
The solutions A and B wecre mixed immediatel y before use,
Guide strips were dipped through the mixiure and dried ain a
draught at room temperature. PosiLtive reactions were observed

as fluorescent regions under u.v. light (350 nm), indacating

the presence of arginine,

(111) Phenanthraguinone-ninhydrin reagent

A solution of Cadmium acetate 100 mqg
Acetic acid 20 ml
Water 5 ml
Acetone 80 mi

was used to prepare a fresb 1% (w/v) ninhydrain solution through
which the paper was passed, Development and the recordang of

positive reactions was as in (i).

(1v) Ehrl.ch reagent

A solution of 2% (v/v) HCl in acetone was used to
prepare a fresh 2% (w/v) solution of p-dimethylaminobenzaldehyde
through which the paper was passed. The paper was dried in a
draught at room temperature and positive reactions, indicating
the presence of tryptophan, showed as transient purple regions

against a white background.
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(v) Pauly reagent
The following solutions were freshly prepared and
chillecd separately in an 1ce bath,

Solution A : 1 g sulphanilic acid daissolved in

100 ml of 10% (v/v) hydrochloric acaid

Solution B : 100 ml of 5% {(w/v) sodium nitraite

Solution C : 100 ml of 10% (w/v) sodium carbonate
Equal volumes of A and B were mixed and lighily sprayed
onto the paper, The paper was then lightly sprayed with
solution C vntal the colours formed. Histidine-containing
pept.des were positively identified 3s orange-red zoies on a

yellow background.

(vi) Phenylacetaldehyde reagent
Solution A : Phenylacetaldehyde 0.18 g
Nainhydrin 0,09 g

95% (v/v) ethanol made to 100 ml

Solution B . 0.2 M sodium phosphate, pH 7.2

The paper was sprayed with solution A and draied 1in a
draught at room temperature. The paper was then sprayed
with solution B and heated at 60°C for 15 minutes. Positaive
reactions were observed on the paper under u.v. light (350 nm)
as brightly fluorescent regions.

The reagents were used in the order and combinations
recommended by Easley (1965). In addition, 1t was found that

reagents (1r), (2111) and (iv) could be used in order and
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reagent (vi) was suitable for experiments requiring increased

sensitaivity.

(g) Amino acid autoanalyser solutions

(1) 4 M-sodium acetate buffer, pH 5.5

Anhydrous sodium acetate 655.85 g
Acetic acaid 200 ml
Deionised water (50°C) made to 2000 mil

The pH of the solution was adjusted as necessary.

(11) Ninhydrin solution

Methyl cellosolve 3125 nl
Sodium acetate bulfer 1250 1l
Deionised water 625 ml

The solution was deoxygenated by bubhling through oxygen-
free nitrogen before adding 60 g ninhydrin and stirring for
2 hours under nitrogen. 1.667 g of stanrous chlovidce was then
dissolved in the solution, which was stored in the dark under
nitrogen.

(111) BRIJ 35 solution

50 g BRIJ was dissolved in 150 ml deionised

water (50°C).

(iv) pH 2.2 buffer

Citrac acad 21.0 g
Sodium hydroxide 8.4 g
Conc. hydrochloric acaid 16 ml

Thiodiglycol 5 ml



(v)

-2R/=

Sodium octanoate

Water

pH 3.25 buffer

Citric acid

Sodium hydroxide

Conc. hydrochloric acid
Thiodiglycol

BRIJ 35

Sodium octanocate

Waterxr

0.1 g

made to 1000 mi

105.0 g
41.25 g
53.25 ml

2.5 mwl
13.5 ml
0.5 g

made to 5000 ml

The pH was adjusted to pH 3.25 with ccne. hydrochlorac acuid.

(va)

{(vii)

PH 4.25 buffer

Citrac acad

Sodium hydroxide

Conc. hydrochloric acid
BRIJ 35

Sodium octanoate

Water

pH 6.65 buffer

Sodium citrate
Conc. hydrochloric acid
BRTJ 35

Sodium octanoate

Water

7.2 ml

13.5 ml

made to 5000 ml
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(viix) ©pH 3.2 loading buffer

P 3.2 buffler 70 ml

Methanol 30 ml

(1x) Standard amino acid mixlure

Standard amino aci.d mixture

(2.5 pmole/ml) 100 ul
Nor-leucine (2.5 pmole/ml) 100 ul
Cystelc acid (2.5 pmole/ml) loo pl
PH 2.2 buffer made to 5 ml

5. Preparation L-pyrrolidone carboxylyl peptidase

The method was based on a small scale version of
Doolittle & Armentrout (1968) and Armentrout & Doolittle (1969).
(a) Preparation

1 g of lyophailized Pseudomonas fluorescens cells wcre

sonified in 4 ml of 50 mM-sodium phosphate buffer, pH 7.3
containing 10 mM-2-mercaptoethanol, 1 mM-EDTA and 100 mM-2-
pyrrolidone using a Dawe Soniprobe (Type 1130A, Dawe Instruments,
London) equipped with an ice jacket. The homogenate was
centrifuged at 30,000 g for 30 min at 2°c, the supernatant was
recentrifuged and both pellets discarded. Protamine sulphate
was added to give a 0.14% solution (w/v) which was stirred on
1ce for 30 min and then centrifuged at 15,000 g for 30 min at
2%, The supernatant was slowly taken to 42% saturation

with ammonium sulphate, using the nomogram of Dixon (1953),

and stirred for 1 h on i1ce before centrifugation at 39,000 g
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for 30 min at 2°cC. The pellet was resuspended in 0.5 ml of
the 50 mM-phosphate buffer at pH 7.3 and lovadcd on to a G~200
Sephadex column (1 cm x 30 cm), freshly packed and equi.librated
in the phosphate buffer, The column was developed at a flow
rate of 40 ml/h and the eluate monitored, using an Isco Modcl
222 recording ultraviclet analyser set for 280 nm. The
‘crude cnzyme' peak eluted hehind the larger 280-absorpt.on of
the main protein peak and well i1n Efront of the ammonium salt
peak, The enzyme peak was 1solated by incubating samples of
the eluace with L-pyrrolidone carboxylyl-l-alaninc (pyr-cla)
and analysis by the dansyl chloride or ninhydrain meihods
(sce assay details).

Tne G-200 enuyme peak waos suitable for use in sequence
analysis and was precapitated using a 60% saturation of
ammonium sulphate, Centrifugation at 39,000 g for 30 min

gave a slurry that could be stored at ~20°C for up to 3 monchs.

(b)  Enzyme assays

The enzyme slurry was dissolved in about 1 ml of 50 mM-
sodium phosphate buffer, pH 7.3, containing 10 mM-2--
mercaptoethanol and 1 mM-EDTA, and dialysed against 5 latres
of the same buffer for 3 h at 2°c. 50 pl of the enzyme
preparation, or: 50 pl taken from the G-200 eluate fractions,

was mixed wath 25 pl of 0.5% (w/v) pyr-ala in a stoppered

glass centrafuge tube. Incubation was for 1 h at 37°C and

/
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terminated by the addition of 2 wl 95% (v/v) eLhanol. After
standing for 30 'un the sample was centrifuged at 1000 g for
10 min and the supernatant rctained.

Free alanine vas estiwuatzed semi-quantitaetively using
50 ul aliquots of the supernalant using the dansyl chloride
method of Gray & Hartley (1263a) (see Materials and Metliods
IIT.7(a)). Substrate and enzyme control experiments were
conducted and the daneyl dejivatives identified using polyamide
shect chromatogrophy (see Matcrials and Methods IITI.7(b)).

Free alanine was csiimated quantitativel y using a aodafired
method of Hirs (L956) and enzyme activity was ectimated ficom
the appropriate ninhydrain-alanine calibration curve, One
unit of enzyme activity was defined as that amount of enzyme
producing 1 pmole of free alanine per minute, Relative
protein concentration was measured as the optical dens.ty of
280 nm and the specific actaivity of the enzyme was expressed
as 1000 times the amount of alanine produced per minute (nmol)
under the assay conditions divided by the 0.D. of the

280
enzyme solution (Armentrout & Doolittle, 1969).
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1. CYTOCHROME ¢ PURIF1CATION METHODS

A generalised purafication scheme 1s shown in Figure 2.

1. Cytochrome ¢ assay

Cytochrome ¢ was assayed qualitatively in solution
by Lhe addition of a trace of ascorbic acid and the observation
of the a-band absorption at 550 nm using a low dispersion,
direct vision hand spectroscope (R. & J. Beck Ltd., London).

Quantification of cytochrome ¢ was by a spectiophotometric
method using silica cells of 1 cm lighi: path on a Unicam
SPBOOA or SP1800, or a Perkin Elmer 402 recording spectru-—
photometer. Assuming a molccular weight of 13,000 and the
mammalian cytochrome ¢ extinction coefficrent of 27,7 mM-lcmnl,
cytochrome ¢ concentrations were estimated from the a-
absorption at 550 nm (Margoliash & Frohwairt, 1959).

The pur.ity of samples was estimated spectrophotometrically
from the ratios of the 280 nm, Soret (), 410 nm) and B-band
(550 nm) absorption for the protein in the oxidised and
reduced states, reduction being effected by the addition of
a trace of ascorbic acid or sodium dithionite. The rataios
were compared with those of cytochromes c of known structure
and purity (Keilin, 1966; Margoliash & Schejter, 1966).

2. Cytochrome ¢ extractions
§

All stages of extraction were carried out at 0-4°C.
Animals were extracted in separate batches of 3-30 kg,

each batch being rapidly thawed at 4°C and carefully washed



FIGURE 2.
A generalised scheme for the purification of Invertebrate

cytochrome c.

Frozen materaial rapidly thawed at 4%,
Blended with 10 mM-aluminium sulphate and ice.
Stirred at pH 4.5 for 2 h.

Filtered through muslin/basket centrifuge,
Adjusted to pH 8.0 - re~-filtered as necessary.
Adsorbed on Amberlite CG-50 resin.

Eluted with 2 M-NacCl.

Dialysed.

Concentrated on CM-Sephadex resin.

Eluted with 0.5 M-NaCl.

Ammonium sulphate fractionation.
Gel-filtration on Biogel P-30,

Chromatography on CM-52 cellulose,

Desalted on G-10 Sephadex/Amberlite MB-1.

Pure cytochrome lyophilised.
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with running tapwater. One volume of animal:s was blended
with 2 vol of chilled 10 mM-aluminium sulphate (Margoliash &
Walasek, 1967) and 1 vol of 1ce crystals in a 5 litre War.ing
blendor set at maximum speed for 5 man. The pH of the total
homogenate (30-300 litres) was adjusted to pH 4.5 vith 2 M-
sulpburic acid and the extract lcft to scix for 2 h at 2-4%
before being stirred through two layers of muslin, The
resulting cake was re-~extracted whilst thc crude filtrate was
passed through a Terylene bag (Type 1l48ly, Samuel Hill Ltd.,
Rochdale, Lencs.) fitted 1n a o1" perforated basket certrifuge
(Type 86, Thomas DBroadbent and Sous Ltd., Huadersf.cld). The
filtrate was adjustcd to pH 8.0 with 2 M-Tri- and any fuither
prccipitation removed by kaskel centrifugation or filtration
under vacuum through Whatman No. 6 paper on 27 cm Buchner

funncls.

3. Ton-exchange chromatography on Ambcrlite CG-50 resan

(a) Regeneration and preparation of resin.

The resin was prepared for use in the ammonium form. New
or used resin was stirred overnight in 4-5 vol of acetone and
washed on a sintered glass funnel with 20 vol of distilled water,
before conversion to the sodium form by vigorous stirring in
4-5 vol of 2 M-NaOH at 80°C for 5-6 h, After extecnsive
washing with 20 vol of dastilled water, the resin slurry wats
maintained at pH 1.0 for 3-4 h waith conc. H,SO, before washing

2774

with a further 20 vol. of dastilled watcr. The resin was
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suspended in 5 vol of distilled water and stirred at pII 10
with concentrated ammonia solution for 2 h before a final
wash.ng with 20 vol of distilled water. The regenerated resan

was kept as a slurry at 2-4°C.

(b) Adsorption.

Ion~exchange chromatography was carried out in a number
of ways in order to cope with the variable quality of the
PH 8.0 filtrate. Clean filtrates were easily handled but those
extracts whach filtered poorly were treated batchwise, whilst
those showaing signs of bacterial contamination were treated
specedily using pressure methods.

(1) Funnel method

An 18 cm x 10 cm sintered glass funnel was packed
with Amberlite CG-50 and the pH 8.0 filtrate was pumped
through the res.n at f£low rates of 15-20 1/h at 2-4%. The

resin capacity was judged to be 20-30 litres.

(11) Column method

Filtrate at pH 8.0 was passed through 6 cm x 15 cm
columns of Anberlite CG-50 at 2-4°C at flow rates of 500 ml-
1500 ml/h. Column adsorption capacity was judged to be 15-20

litres of filtrate.

(111) Columns under pressure

These were run as in (11) but under a negatave

pressure of 5-10 wm Hg. The columns were repacked frequently
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to maintain the flow rates,

(1v) Batch method

1l vol of Amberliie CG-50 was stirred with 50 vol

pH 8.0 filtrate for 2 h at 2-4°Cc. The resin was allowed

o)
tn

to settle out and was rcclaimed by decantation, the treatwmenct
being repeated on the supernatant. In situations where the
resin would not settle out, 1t was reclaimed by the passage of
the suspension through an M.S.E. continuous action rotor fitted
to an M.S.E. High Speed 18 refraigerated centrifuge operating

at 18,000 g and a flow rate of 30 1/h.

(c¢) Elution.

The resin was exhaustively washed with distilled water
until the washings became clear and then eluted batchwaise.
The resin was suspended in 2 vol of 2 M~-NaCl and starred at
0-4°C for one hour maintained at PH 8.0 waith 2 M~-NaCH. The
resin was drained on & sintered glass funnel and washed wath
2 M-NaCl until the washings, after reduction with a trace of
ascorbic acid, showed no 550 nm absorption using a direct

vision, low dispersion hand spectroscope.

4, Chromatography on CM-Sephadex

The eluate from (3) (5-15 1) was adjusted to pH 8.0
and dialysed against running tap water for 8 h and 60 1
50 mM~-sodium phosphate buffer at pH 8.0 and 2-4°C for a further

8 h. The dialysis residue was centrifuged as necessary and



passed through a 6 cm x 10 ¢m cnlumn of CM-5C Sephadex
equilibrated in %0 mM-sodium pnoaphate, pH 8.0 at 2-4°C, with
a flow rate of 200-400 ml/h. The column was washed with
1 litre of dialysis buffer and the cytochrome eluted as a
single fraction (100-1000 ml) with 0.5 M~NaCl in 50 mM-sodium-
phosphate buffer at pll 8.0.

After a diralysais step, the chromatography step wac
repeated using a 2 cm x 8 om column of CM-50 Sephadex and a
flow rate of 100-200 ml/h, Elution with 0.5 M-NaCl in

50 mM-sodium phosphate, pH 8.0, gave a volume of 10-40 ml.

5. Ammonium sulphate fractionation

The cytochrome ¢ (10-40 ml) was rediced with a trace
of ascorbic acid and maintained at pH 8.0 anu 2-4%c. FFainely
ground ammonium sulphate was slowly added to give a 50%
saturated solution, the degree of ssturation heing determined
from the nomogram of Dixon (1953) aignoring the presence of
any salt originally in the solutaion. The solut.ion was
stirred at pH 8.0 and 2-4°C for 2 h, or overnight where
possible, and then centrifuged at 30,000 g for 20 min. The
pellet was discarded. The saltcomxnbanxwas slowly increased
in 10% steps up to 80% with the appropriate centrifugations.
Pellets were examined for precipitated cytochrome ¢ and
washed with a minimal volume of distilled water as necessary.

The increases 1in saturation were stopped when precipitaticn

ceased and the supernatant containing the cytochrome ¢ was
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retained.,

6. Concenkration step

The supernatant was diluted twice and exhaustively
dialysed against 10 mM-sodium phosphate, pH 7.2, and concentrated
onalocmx 5 cm column of CM-52 cellulose equilibrated in
the same buffer, The sample was eluted waith 200 mM~-sodium

phosphate, pH 7.2, to give a volume of 2-5 ml.

7. Gel faltration on Biogel P-30

Biogel P-30 resin was edquilibrated in 10 mM-sodiuvm
phosphate buffer, pH 7.2, and 2-4°C and packed into a column
(3 cm x 90 em or 2 cm X 90 cm) with a hydrecstatic head of
about 20 c¢m. The sample was loaded in a volume of 2-5 ml and

the column developed at a flow rate of 40-60 ml/h.

8. CM-52 Cellulose chromatography

The column (1 cm x 15 cm, 2 cm ¥ 10 cm or L om x

30 cm) was packed from a slurry of CM-52 Cellulose equilibrated
in 10 mM-sodium phosphate, pH 7.2, by pumping through buffer
using an LKB Varaioperspex peristaltic pump (12000) at a flow
rate of 20-40 ml/h. The cytochrome ¢ solution was diluted

to an appropriate i1onic strength and pumped on to the column
followed by 15 ml of 5 mM-potassium ferricyanide dissolved

in starting buffer, The layer of adsorbed cytochrome ¢ on

top of the column was stirred carefully to prevent "panning"

and the column washed free of ferricyanide with a further



20 ml of 10 mM-sodium phosphate, pl 7.2. The column was
eluted under a linear i1onic gradient from 10 mM to 300 mM-
sodium phosphate at pH 7.2, or under a lincar pH gradient
from pH 7.2 to pH 11.5 using 10 mM-sodium phosphate buffers.
The gradients were constructed using a device as described

by Bock & Ling (1954).

9. Concertration step

The cytochrome ¢ solution was adjusted with regard
to i1onic strength or pH and pumped onto a 1 om x 15 cm column
of Ci1-52 cellulosc equilibrated in 1O mii-sodium phosphate
buffer, pH 7,2, The sample was eluted with 200 mM-sodiuam

phosphate, pH 7.2, to gaive a volume of 2-5 ml,

10. Gel filtrat.ion on Sephadex G-75

The column (3 cm x 100 cm) was packed using a slurry
of G-75 Sephadex equilibrated in 75 mM-Trais-KCl buffer at
PH 7.5. The sample was pumped on in a volume of 2-5 ml and
the column developed in an ascending direction at a flow rate

of 30 ml/h.

11. Desalting by gel filtration

Pure cytochrome c preparations werce concentrated
by freeze-drying over NaOH and conc. HZSO4. The lyophilised
sample was taken up in a minimal volume of dastilled water
and desalted in 1 ml batches on a 1 c¢m x 10 cm column of G-10
Sephadex or Biogel P-2 equilibrated in distilled water, The

salt-free cytochrome ¢ was lyophilised and stored at ~20%c.
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12, Desalting by an 1on-exchange method

Pure cytochrome ¢ preparations were concentrated

by freeze-dryaing over NaOl and conc. H_SO

2774°

sample was taken uvp in a miniral volume of dastilled water and

The lyophilised

desalted in 1 ml batches on a 1 em x 15 cm column of Amberlaite
MB-1 resin equilibrated ain dastilled waler. Salt-free

cytochrome ¢ samples were lyorhilised and stored at -ZOOC.
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I71. METHODS OF PROTEIN SDQUDNCE DETERMINATTON

1. Denaturation of cytochrome c

The method was based on that of Margoliash et al.
(1962). The salt-free cytochrome ¢ was dissolved 1n distilled
water (5 wmg/200 pl) and oxidised by the addition of 1 pl saturated
potassium ferricyanide solution. The solution was madec to
95% ethanol (v/v) by the addition of absolute ethanol and left
to stand at room temperature for 4-5 h, the precipitate beaing
resuspended hourly. The precipitate was separated by

centrifugation, washed three times in 95% ethanol and after

a final centrifugation dried 1n vacuo.

2. Protecolytic digestion

Denatured cytochrome ¢ (0.5 pmol) was suspended 1in
1 ml water and adjusted to pH 8.0 with 50 mM-ammonia solutaion,
The protein solution (1-2 ml) was equilibrated at pH 8.0 and
37°C on a Radiometer TVTlc Autotitrator fitted with a temperacure
compensator, 25 mM-sodium hydroxide was used to maintain the
pH at 8.0 and the solution was kept under a stream of oxygen-
free nitrogen,

(a) Chymotryptic digestion,

The chymotrypsin was dissolved in diastilled water and
added to the equilaibrated cytochrome ¢ solution to give a
concentration of 2% (w/w) at zero time. A furthex 2% was
added at 60-90 min and the digestion terminated at 60-120 man

by adjusting the pH to 4.5 with 50~100 pl of acetic acad.
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The digest was then frozen and lyophil ised.

(b) Tryptic digestion.

The digest conditions and enzyme concentrations were as
for the chymotryptic digestion, except that the trypsin was
dissolved in 1 mM-hydrochlor.ic acid.

Rates of digesction were recorded in both cases on a

Radiometer EDBR2C recorder connected to the autotl Ltrator.

3. Cyanogen bromide cleavage

Lyophilised cytochrome ¢ was dissolved in 200-400 ul
of 70% (v/v) formic acad, A 150 molar excess of cyanogcen
bromide was added ain 200-400 pl of 70% (v/v) formic acid ard
incubation was for 24 h at 26°C in the dark. The reaction was
terminated by lyophilisation and the products were sepsrated by
passage through a 1 cm ¥ 100 cm column of G-50 Sephadex

equilibrated and eluted with 70% (v/v) formic acid.

4. Peptide purification

(a) Electrophoresis,

Peptides were separated by high-voltage electrophoresais
at pH 6.5 on a flat-plate apparatus (106 cm x 15 cm; +the Locarte
Co., London SW3, U.K.) using a pyridine-acetic acid-water buffer
(25:1:225 by vol.) and Whatman 3MM paper (15 ). The applied
voltage was 9 Kv to give a current of 30-50 mA for 90-120 min
at 7 p.s.1. pressure, Peptides requiraing further purification

were treated to electrophoresis at pH 1.9 using an acetic acid-
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formic acid-water buffer (4:1:45 by vol.). The applied
voltage was 9 Kv to give a current of 50-60 mA for 60-90 main

at 7 p.s.1. pressure.

(b) Paper chromatography.

Peptides were separated on Whatman 3MM chromatography
paper (55 cm x 46 cm). The mixtures were loaded at 8 cm
streaks at the origin and separated in a descending manner
using the BAWP solvent system (butanol-acetic acid-water-
pyridine, 15:3:12:10 by vol.) and Gallenkemp chromatography
frames and bags. The samples were chromatographed for 18 h
at 24°C, and the papers dricd at 45°¢. Vhere necessavy, dried

papers were rechromatographed for a further 18 h,

(c) Peptide location.

Peptides werc located using lO% straips of the electro-
phoretogram or chromatogram, The detection reagents were
used in the orders and comkinations recommended by Easley

(1965), except 1t was found that the phenanthraquinone reagent

could be used before the modified ninhydrin and Ehrlich reagents.

The phenylacetaldehyde reagent was used where increased

sensiatavity was requaired.

(d) Peptide mobilities.
(1) Electrophoresais

Peptide mobilities at pH 6.5 were measured 1in

positive and negative directions from a true neutral point
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and expressed relative to the true neutral co dansyl-arginyl-
arginine diLstance, Zones were measured from their mid-point.
The true neutral position was a point estimated to be 4/11 of
the dansyl-arginylarginine to the l-dimethyl-aminonaphthalene-
5-sulphonic acid distance measured from the dansyl-arginyl-
arginine.

At pH 1.9, the mobilities were measured from the 1-
dimethylaminonaphthal ene~5-~sulphonic acid and expressed relative

to the daistance of the dansyl-arginine standard.

(1) Chromatography

Peptide mobilities were measured for the oriqgan
and cxpressed relative to the distance movcd by the dansyl-

arginine standard.

(e) Peptide clutrons.

After localisation of the peptides as described, Lhe
chromatograms and electrophoretograms were cut into the
appropriate strips and eluted for 4 h into Pyrex screw-cap
tubes (1 em x 5 cm) using 20% (v/v) pyridine to give a volume
of 200-500 ul. The strips were dried at room temperature and
re-eluted for a further 4 h. The eluted samples were

lyophilised and stored at -20°cC.

(£f) Heme peptide purification.

Heme peptides were treated normally. No precipitation

at pH 4.5 or differential elution with water at 2°c and 20%
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(v/v) pyridine alk room tcmperature, was possible (see Ramshaw,
1972), Paper chromatography proved to be the most effective
final puraification step, tending to minimize the streaking of
the heme zone.

5. Quantitative amino acid composition of
proteins and peptides

The amino acid compositions of proteins and peptides
were determined quantitatively using a Locarte automacic amino
acid analyser,

Protein (50-200 ug), or peptide (0.025-0.25 umol)., was
hydrolysed with 0.5 ml constant boiling 5.7 M-HCl in evacuated
Pyrex tubes (Moore & Stein, 1963). ProteLn samples were
hydrolysed for 24, 48 and 72 h in ordex to obtain zero time
values for serine and threonine and maximum values for wvaline,
isoleucine and leucine (Moore & Stein, 1963). Peptide samples
were hydrolysed for 24 h. No special arrangements were made
for the recovery of tryptophan (see Matsubara & Sasaki, 1969).
After hydrolysis the ampoules were dried in vacuo over NaOH to
remove the HCl and stored at —20°C until analysed.

6. Semi-quantitative amino acid and composition
of peptides

A 10-50 nmol peptide aliquot was dried 1n vacuo over
NaOH and conc. H2504 in a Durham tube (30 mm x 4 mm; A,
Gallenkamp Ltd., London E.C.2), previously cleaned by acad

washing or baking at 550°C for 12 h (Gray & Smith, 1970).
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50 pl of constant boiling 5.7 M-HCl was added co the sample

and the tube sealed under a partial vacuum, The tubes were
heated for 18 h at 110°C and the acid was removed by drying

Ain vacuo over NaOH at 60°c. The free amino acids were labelled
by the dansyl method of Gray & Hartley (1963a), omitting the
final hydrolysis step and the dansyl amino acids were identifbied
by chromatography on polyamide sheets (scc Materials and

Methods I1I.7(a),(b)).

7. Peptide sequencing methods

Peptides were seguenced by the N-terwinal dansy -
Edman procedure of Gray & Hartley (1963b) using 5-20% of the
peplide starting matersal (20-500 nmol) to aidentify the -
terminal amino acid at each step of the Edman degradation.
C-terminal sequences were determined from the results of
variously timed dagestions with carboxypeptidase-A. Amino
acids thus liberated were identified as their dansyl derivatives
usaing the dansyl procedure (Gray & Hartley, 1963a) without
acid hydrolysis. Similarly, the free amino acid encouncered
following the final Edman degradation for a particular pcptaide,
and those amino acids "carried o;er" from previous Edman
degradation steps, were 1dentified as their dansyl derivat;vés,
enploying the dansyl procedure without the final hydrolysas
step.
(a) The dansyl method (Gray & Hartley, 1963a).

5-100 nmol of peptide sample was dried 1n vacuo over
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NaOH and conc. HZSO4 in a clean Durham tube (tubes were
silylised by steeping them in 5% (v/v) dimethyldichlorosilane
in toluene for one hour followed by extensive washing in dry
methanol). The peptide residue was dissolved in 10 pl of
0.2 M-sodium bicarbonate and dried over NaOH and conc. HZSO4.
Equal volumes of water and a solution containing 5 mg daasyl
chloride per ml acetone were mixed and 10 pl of the solution
was addecd Lo the dry sample. The tube was sealed with
Parafilm and incubated at 45°C for 1 h, the reaction being
terminated by drying 1n vacuvo over NaOH and conc. stoéu
Alternatively, the pcptide sample was dried down in a Durham
tube and mived with 10 pl of a 1.1 mixture of a =solution
containing 5 mg dansyl-chloride per ml acetone and a solut.ion
of 0.1 M-N-ethylamine, The incubation and termination of the
reaction was then carried out as above. Aficr the dansylation
step, 50 pl of constant boiling 5.7 M~-ACL was added to the
residue in the Durham tube and sealed under a partial vacuum,

The tube was hydrol ysed at 105-110°c for 4-18 h and the

hydrolysate dried in vacuo over NaOH at 60°c.

(b) Chromatography of dansyl deraivatives.

The chromatography of dansyl derivatives was carried out
on two dirfferent sizes of polyamide sheets (Woods & Wang,
1967). 15 cm x 15 om sheets were supported during chroma-
tography in frames of the type described by Smaith (1958),

whilst the 5 cm x 5 cm sheets were supported in specirally
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designed l2-seat racks (Figure 3). The dansylated sample

was dassolved in 5 ml of 50% (v/v) pyridine and spotted onto an
origin, common to both sides of the sheet, 1n a 4:1 ratio with
the majority of the sample on the Eronc. A 0.2-1 pl aliquot
of the dansyl-amino acid standard solution (see Materials and
Methods 1I1.4(d)) was spotted onto the back of the sheet.
Spotting was best carried out beneath a u.v. larp and a hot
draught, using an Eppendorf micro-pipette. When dry, the
larger chromatograms were developed in two dimensions using
first the solvent I for 50 min and secondly solvent IT for

45 min, the sheets being dried in a hot droaught after each run.
The results ol the two dimensional separation were recorded by
1lluminating the polyamide sheets under a u.v. lamp (350 nm)
before the sheets were run in solvent III for 45 min in the
second dimension. After drying 1n 3 hot draught, the sheets
were examined for any further recolution of the dansyl spots
(see Faigures 4 and 5)., The small shcets (5 cm x 5 cm) were
chromatographed in a similar fashion for 10 min in each
dimensaion, and 1t was found that repeating the run with solvent
II before the use of solvent III aimproved the resolution of

d ansyl-derivat.ives. Co-chromatography of the samples on

the front of the sheet and the standard mixture plus the
sample trace on the back was used to identaify the dansyl-
deraivataives. Polyamide sheets were washed after each

experiment in an acetone-l M-ammonia solution (1:1, by vol.)
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for 1 h. The sheets could be re-used up to fifty times.

(c) The Edman degradation method. .

150 pl of 5% (v/v) redistilled phenylisothiocyanate was
added to 0.1-0.5 jmol of peptide dissolved in 150 pl of 20%
(v/v) pyraidine in an Edman tube (1 cm x 5 cm). The tube was
flushed for 15 sec with oxygen-free nitrogen (Ilse & Edman,
1963), capped and incubated at 45°C for 1 n before excess
reagent and volatile reaccion by-products were removed by 1in
vacuo drying over NaOH and on5 at 60°¢C. When the sample
was completely dry, the tube vvas flushed again with nitrogen
(Percy & Buchwald, 1972) and 200 pl of anhydrous triflucsro-
acetic acid was added (Elmore & Toscland, 1956)., The tube
was sealed with Parafilm and incubated at 45°C for 30 min
before excess reagent was removed by drying in vacuo over NaOH
at 60°c, The degraded peptide was dissolved in 200 ul of
distilled water and extracted once with 3 ml of butylacetate
(Gray, 1967) and after decantataon of the organic phase,
the aqueous phase was dried 1n vacuo over NaOH and conc.

H,.SO, at GOOC. The degraded peptide was dissolved in 150 ul

2 4

20% pyraidine for further manipulation.

(d) Proteolytic dagestion.
(i) Chymotrypsain and trypsin

Peptides were digested with 5% (w/w) a-

chymotrypsin and 5% (w/w) trypsin dissolved in 0,2 M—NH4HCO3

buffer at pH 8,5 and 37°c for 30-60 min. The reaction was
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terminated by freezing and lyophilisation.
Alternatavely, the digestions were carried out in 0.2 M-

N-ethyl morpholine-acetic acid buffer at pH 8.5.

(1) Carboxypeptidase-A

Peptide samples were digested in Durham tubes
with 0.2-0.5 mg carboxypeptidase~-A/mol 1in 0,2 M—NI—I4HCO3 buffex
at pH 8.4 and 379C for times designed to maximize information,
The reaclion was terminated by drying 1n vacuo over NaOH.
Alternatively, 5 pl of a carboxypeptidase-A suspension (80-120 ug)
was washed three times 1n distilled weter, suspended in 150 pl
0.2 M—NaHCO3 and dissolved usaing 100-150 pl 0.1 lN~NaOH, the
solution being made neutral with 100~-150 pul 0.1 M-HCl. The
solution was made up to 1.5 ml with 0.2 M-N-ethylmorpholine-

acetic acid buffer at pH 8.5 and 20 pl aliquots were used forxr

each digest.ion,

(111) Pyrrolidone carboxylyl peptidase

The G-200 enzyme 60% ammonia sulphate pellet
was dissolved in 1 ml of 50 mM-sodium phosphate buffer, pH 7.3
containing 10 mM-2-mercaptoethanol and 1 mM-EDTA and diralysed
against the same buffer (5 1) for 3 h at 2-4%¢, The enzyme
for a particular preparation (see Materials and Methods I.5(a),
(b)) had a specific activity of 300-600 and an 0.D0.280 of about
2.0. Digestion was with 5 units of enzyme on 0.1-0.5pmol
of peptide at 37°C for 3 h 1in a total volume of 500 pl 50 mM~

sodium phosphate at pH 7.3. The reaction was terminated by
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the addaition of 2 ml of absolute ethanol and after standing
at room temperature for 30 min, the protein precipitate was
centrifuged at 1000 g for 1O min. The supernatant was
retained and dried 1n vacuo over NaOH. The degraded peptide

was then subjected to dansyl-Edman analysis,

(e) Removal of heme moiety from heme peptides
prior to sequence analysais.

(1) Performic oxidation method (Nolan & Margoliash,
1966)

The heme peptide (0.1-0.5 pmol) was dissolved 1n
200 pl of 90% (v/v) formic acid at 0°C and 5 pl portions of
30% (w/v) hydrogen peroxide were added at houvrly aintervals to
performic oxidise the thio-ether link, The reactica coantinuved
at 0°C unt1l the red colour in the solution had been discharged.
The reaction was terminated by freezing after dilution, and

drying in vacuo over NaOH.

(1) Mercuric chloride method (Ambler, 1963)

The heme peptide (0.1-0.5 pmol) was dissolved in
500 pl 5% (v/v) formic acid and 5 mg of mercuric chloride was
added. The suspension was stirred at 37°C for 6 h before the
reaction was terminated by the addition of 500 ul acetone.
The solution was extracted five times with 2 ml portions of
ether, made peroxide-free by shaking with a 5% (w/v) solution
of ferrous sulphate. The aqueous phase was dried 1n vacuo
and dissolved in 50 pl of 98-100% (v/v) formaic acid to which

was added 100 pl 1ice-cold performic acid preformed in the
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manner of Hirs (1956) (0.5 ml 30% (v/v) H + 4.5 ml 88% (v/v)

202
formic acid at SODC for 3 min). The oxidal.ion was continued
for 1 h at 0°C Lefore the solution was frozen after dilution
and dr:ed 1in vacuo over NaOIl, The residue was extracted
with 500 pl of 0.1 M-ammonia solution and tlie extract dried

an vacuo before being dissolved in 150 pl of 20% (v/v)

pyradine for sequence analysis,

8. Protcin sequencing methods

(a) Manual sequencing methods.

(1) N-terminal analysais

Froteains were analysed by a modi1fied method of
Gray (1972). 25-100 pmol of protein was dricd 1n vacuo over
NaOll i1n a glass centrifuge tube and to this was added 50 ul
of 1% (w/v) SDS solution. The tube was stoppered and placed
an a heating block at 100°C for 5 min. When cool, 50 pl
of N-ethyl morpholine was added, together with 75 pl of a
solution of dansyl chloride in anhydrous dimethyl-formamide (25
mg/wl). The tube was stoppered and incubated at 45°C for 1 h
before the labelled protein was precipitated by standing with
500 pl acetone for 40 win, The sample was centrifuged at
1000 g for 10 min and the pellet washed three times wath
80% (v/v) acetone. After drying in vacuo over NaOH, the
sample was hydrolysed for 18 h at 105-110°C with 5.7 M

constant boiling HCl and the dansyl derivataives identified

by polyamide sheet chromatography (see Materials and Methods
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ITL.7(b)).

Alternstaively, 25-100 nmol of protein was denatured by
standing 1n 50 pl of 90% (v/v) ethanol for 4 h and then
labelled, using the normal dansyl method (see Materials and
Methods II1.7(a)). After the hydrolysis step, the sample was
dried 1in vacuo over NaOH at 60°C and transferred to an Edman
tube (Pyrex screw-cap L cm x 5 cm) with 1 ml of dilute HCl
at pH 3.5. The solution was extracted with 3 x 250 pul
aliquots of diethyl ether and the ether extract, containing
the N-terminal dansyl-amino acid, was dried down and 1deantified
by polyamide sheet chromatography. The N-terminal analysais
of proteins was also carried out using a modified method of
Gros & Labouesse (1969). 10-100 nmol of protein was dissolved
in 200 ul of water to which was added 250 mg of ammonia-free
urea and the volume was made up to 500 pl with water, 150 pl
of 400 mM-sodium phosphate buffer at pH 8.2, 250 pl of
dimethyl formamide and 100 pl of 0.2 M-dansyl chloride in
acetonitrile were added and the solution incubated at 20°%¢c
for 60 main. The labelled protein was precipitated by the
addition of chilled 10% (v/v) traichloroacetic acid, followed
by centrifugation at 1200 g for 15 min, The precipitate
was washed with 2M-hydrochloric acid and hydrolysed for
4-16 h at 110°C in 500 Hl of 5.7 M constant boiling HCl.
Dansyl deravataives were identified by polyamide sheet

chromatography (see Materials and Methods III.7(Db)).



(11) C-terminal analysis
25-100 nmol of protein was denatured by heating
at 100°C for 5 min in 50 pl of 1% (w/v) SDS solution. The
protein was precipitated wtn 500 pl of acetone. washed three
times with 80% (v/v) acctone, and dried in vacuo over NaOH,
C-terminal sequecnces were determined from digestions with
carboxypeptidase~-A using the peptidc melhod (see Moterials

and Methods TI1.7(4)(11)).

(111) Edman degradation
50-150 uvncl of protein was degraded sequential.y
by the Edman procedure (Gray & Hartley, 1903b) following
denaturation by the method of Gray (1972). Amino acids were
1dent tfi1ed as their dansyl-amino acids using polyamide sheet
chromatography.
Alternatively, a modified method of Weiner et al. (1972)
was applied. 50 nmol of cytochrome ¢ was dissolved in 200 pl

of 0.5 M-NaHCO, and adjusted to pH 9.8 wilh 2 M-NaOH. 75 pl

3
of 10% (w/v) SDS was added, together with 10 pl of redistilled
phenylisothiocyanate. The solution was incubated at 45°C

for 1 h under nitrogen waith mixing at 15 min intervals. 2.5 ml
of acetone was added and the precipitate centrifuged at

1000 g for 10 min and washed with a further 2 ml of acetone.

The proteain precipitated was spread around the wall of the

reaction tube and dried in vacuo over NaOH at 60°c. 200 ul

of anhydrous trifluoroacetic acid was added and the sample was
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incubated under naitrogen for 30 min. The trifluoroacetic

acid was then removed by in vacuo drying over NaOIl at 600C.

The residue was redissclved in the coupling buffer, together
with 75 pl of 10% (w/v) SDS at 50°C. A 10% aliquot was taken
for dansyl-analysis and the cycle was then repeated. Half a
volume of a 5 mg/ml solution of dansyl-chloride 1n acetone

was added to the 10% aliquot in a Durham tube and the solution
was 1incubated at 45°c for 30 man. Precipaitation and hydrolysis
of the labelled protein was by the method of Gros & Laboucsse
(L977) (see Materials and Methods IIT.8(a)(1)). Dansyl-

derivatives were i1dentified by polyamide sheet cnromatography.

(b) Automatic sequencing methods.

A Beckman 890¢ sequencer operating on a quadrol fast
protein double cleavage program was used as recommended in
the Beckman (1972) operation manual, The amino acid released
at each degradation step was collected as the phenylthiazolinone
deravataive 1n a refraigerated fraction collector, and blown to
dryness under a stream oi nitrogen. This was converted to
the more stable phenylthiohydantoin (PTH) derivative by reacting
the dried fraction with 0.2 ml of 1 M-hydrochlorine acid
containing ethanethiol (1 pl/ml) for 1O min at 80°C under
nitrogen. The PTH deraivatives were then extracted twice using
0.7 ml portions of peroxide-free ethylacetate. Both the
organic phase, which would contain the majoraty of the PTH~

amino acids, and the aqueous phase, which would contain the
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PTH-derivatives of arginine, histidine and cysteic acid,
were dried down and retained.

PTH amino acid derivatives were .dentified by gas
chromatography on 10% SP400 AW Chromosorb W (100-200 mesh)
using a Varian Aerograph 1400 gas chromatograph (Beckman
Manual, 1972; Pisano et al., 1972). They were also i1dentified
by than-layer chromatography on silica plates incorporating a
fluorescent indicator and located by their fluorescent
quenching under 260 nm light (Jeppsson & Squulst, 1.967).
Alternatively, the hydriodic acid procedure of Inglis et al.
(1971) was used to regenerate Lhe parent amino acid from mhe
PTH derivative which was then identified by conversion to the
dansyl deravative and subsequent chromatography on polyamide

sheets (see Materaials and Methods ITIT.7(a),(b)).

9. Acetyl group determaination

Acetyl groups were determined as their l-acelyl-
2~dansyl hydrazine derivatives (Schmer & Kreil, 1969). The
peptide sample (50-150 nmol) was dried in vacuo in a Durham
tube before 25 pl of 0,1 M-HCl was added and redried in vacuo
over HaOH at 60°C. 20 ul 95% + (v/v) hydrazine was added and
the tube sealed to give a partial vacuum before heating at
105°C for 18 h, The sample was dried 1n vacuo over NaOH at
60°C before heing dissolved in 0.2 M-sodium citrate buffer
at pH 3.0. 5 ul of a solution containing 5 mg dansyl-chloraide

per ml acetone was added, the tube capped with Parafilm and
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incubated at 45°C for 18 h. The sample was dried and compared
during chromatography on polyamide sheets with standard l-acetyl-

2-dansyl hydrazine derivatives.

10. Amide determinations

Amide residues were determined from seguence data
and pH 6.5 electrophoretic mobilities using the method of
Offord (1966). A graph was constructed from peptide data
givaing peptide charges from mobilities expressed relative to
the dansyl markers used (see Faigures 6 and 7).

Alternalively, amide residues were determined from the
PH 6.5 mobilaities of the intact peptide and of samples of the
peptide taken at the appropriate stages of degradation. Iin
this case, allowances were made for the partial cr complete
blockage of the £ -amino functions of lysine by phenylthiocarbamyl
groups due to exposure to PITC during the Edman degradation

steps.

11. Nomenclature used to describe sequence analysis data

Peptides are numbered on the basis of their occurrence
in the complete sequence startaing at the N-terminus of the
proteain, Peptides prefixed by C refer to the chymotryptic
peptides and those by T to the tryptic peptides. Peptides
resulting from partial cleavage within a major peptide are gaiven
a letter subscript to the major peptide. Peptides derived by

further cleavage are given a subscraipt to the parent peptide
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with regard to the nature of the cleavage, as above, and thear
order in the parent peptide. All residue numbetring 1S given
in the apprepriate figures, Arrows (—= )} indicote positions
confirmed by dansyl-Ldman analysis, and aerrows ( <) aindicate
positions confiimed by carboxypeptidasc-A digestion followed
by dansyl-analys.i<s. Resudnes underlained (X) sre those

:__'.';7
confirmed os peptide C-terwinals by dansylaticn without
hydrolysis following the final Eamd. deyradaetion step.
Residues shown in brackets are pleced from evidence other

than dansyl-Ldwen wnalys. .



IV, CALCULATIONS DBASLD ON AMINO ACSD SLEQULNCE DATA

l. Amino acid difference matrix construction

Sequence alignments were made relative to the
cysteinyl resadues to which the heme grouvp i1s attached,
Differences due to deletions and blanks due to non-determinal 1ons

were nornally considered as single changes.

2. Phvlogenetic tree construction; ancestral
sequence method

, Phylogenetic trees were constructed by an ancestral
sequence method based on that of Dayhoff & Eck (1966) and
Dayhoff (L969; 1972), using a prograw written by A. A. Younyg.
Comput.ing Laboratory, University of Durham, in PLl. Jobhs
were executed on the Cambridge IBM 370 computer svstem,

The computing strategy was divided into three main
procedures (Boulter et al., 1972; DaylhofL, 1972). The
construction commences with any three sequences which can only
be relatecd by a single tree, A fourth sequence was then added
to the tree at all possible points, and the best topology was
selected for further tree constructaion. Additional sequences
were added successively to the best trcece obtained at the
previous step, until a final tree 1s obtained.

The second computer procedure evaluated the topologies
obtained during the building and shuffling procedures. The
"ancestral sequence" was inferred for each node and each

position along the sequences was considered in turn, three
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lists being made of the residves found in the position along
the three branches associated with that node. If, for a given
node and a given position, only one residuc was found occurring
on more branch lists than any other, then 1t was selected as
the nodal amino acaid. Less clear-cut nodal positions were
left blank. When all the nodes were assigned an amino acid
or a blank for every position in the sequence, the situations
at the blank positions were reassessed. Thus, 1f a blank had
at least two of i1ts three adjacent neirghbours (eirther node or
-sequence) the same, then this was assigned to that nodal
position. This process was repeated until no further addivions
could be made, whereupon the nodal sequences were checked

so that an amino acid at the node not identical to at least

two of 1ts adjacent neighbours, was changed to a blank. This
process gave a definitc assignment of the ancestral sequence
residues whenever one choice was clearly preferable, but left
blanks where reasonable doubt existed. The tree was then
evaluated by counting the number of amino acid changes along
evexry branch of the tree at each position in the sequences to
give a total relating the whole tree. In terms of the overall
evaluation, the choice of amino acid for a position left

blank i1n the assignment of ancestral sequences was 1mmaterial
because, unless two parallel changes existed at adjacent nodes,
the total number of changes relating the final phylogeny

remained constant, When the branch-lengths were evaluated
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for the final tree, the minimum number of changes counted
around a blank, or a series of blanks, was divided equally
amonqg all the independent branches.

The third procedure evaluated the branches in alternative
positions, bhranch by hranch. This was necessary, bhecause
once fixed to a tree during the building strategy, a sequence
would not change 1ts relative position. No account was made
of the remaining sequences still tc be added, when each new
sequence was fixed during building, so that the final tree
may have been only a close approximat.on to the "best" possible
tree relating the data. The procedure evaivated the positiun
of all the branches selecting better alternatives as they
arose.

3. Phylogenetic tree construcktion; numerical
matrix method

Phylogeunetic trees were constructed using a numerical
matrix method of Fitch & Margoliash (1967a) modified by the

"additive hypothesis" of Moore et al. (1973).
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RESULTS

1. The Purification of Locusta cytochrome c

3 kg of frozen locusts were homogenised with 1ce in 10 mM-
aluminium sulphate solution and stairred four 2 h at pH 4.5 and
4°C. The homogenate filtered easily using a 21" basket
centrifuge and no significant precipitation was obscrved after
raising the pH to 8,0 using 2 M-Tris, The 40 1 of filtiate
was passed through a sintered glass funnel (18 cm x 10 cm)
filled with Amberlite CG-50 resin regenerated in the NH4+ form.
Application of a reduced pressure, using a water-punp, gave
a flow rate of 15 1l/h. The resin capacity wvas juuged Lo
be 20 1, The filtrate from this step was then passed over-
night through 6 cm x 10 ¢cm columns of Amberlite CG-50 resin
before being discarded. Both batches of resin were washed
with dastilled water and eluted batchwisec with 2 M-NaCl
maintained at pH 8.0 with 2 M-NaOH. Cytochrome ¢ was
assayed for in the eluate using a direct vasion hand spectro-
scope, following reduction with a trace of ascorkic acid,

A small quantity of cytochrome ¢ was observed in the column
eluate and was combined with the main fraction to gave a
total volume of 8 1 of partially purified cytochrome c.

This was dialysed against running tap water for 8 h and then
against 60 1 of 50 mM~sodium phosphate buffer at pH 8.0 and

4°%c for a further 8 h, No filtration step was required

before the concentration of the cytochrome on a 6 ecm x 10 cm



~-59-

column of CM- 50 Sephadex equilibrated in 50 mM-sodium phosphate

buffer at pH 8.0. After loading, the column was washed with

a litre of buffer before elution of the cytochrome ¢ using

500 mM~NaCl in 50 mM-sodium phosphate buffer at pH £.0.

500 ml of eluatc was dialysed for 8 h against 60 1 of 50 mM-

sodium phosphate buffer at pH 8.0 before fuither concentrat.on

using a 2 cm x 5 ocm column of CM-50 Sephadex. The protein

was eluted as before and represented a 50-Lold concentration

of the partially purified cytochrome c. The ammonium

sulphate fractaionation was carried out at pII 8.0 and 4%c,

No prec.pitation of the cytochrome ¢ was observed at saturactious

up to 80%, at which point the fractiocnation was terminated,

but quantities of a white prec.pitate were discarded following

centrifugataion. The cytochrome ¢ 1n 80 ml of 80% saturated

ammonium sulphate was diluted twice and exhaustively dialysed

against changes of 10 mM-sodium phosphate buifer at pH 7,2

before concentration on a 1 cm x 5 cm column of CM-52 cellulose

and elution i1n a volume of 4 ml using 200 mM-sodium phosphate
C3+ , C3+

E

buffer at pH 7.2. The cytochrome ¢, whaich had a E4lo/ 280

spectral ratio of 2.6, was chromatogréjphed on Biogel P,30

Cc3+ ,_C3+

(Figure 8) and fractions having E410/E280

values greater than
3.0 were pooled. The eluate was pumped through a 1 cm x 10 cm
column of CM-52 cellulose equilibrated in 10 mM-sodium
phosphate buffer at pH 7.2, The cytochrome ¢ adsorbed to

the top of the resin bed and was elated using a linear ionic
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gradient (Figure 9),. The eluate was split into parts A and B.

C3+ ,_C3+
D ) nJ
Pool A had a E /b280

410 value of 3.4 and was presumed to contain

deamidated fractions together with a certain amount of native
cytochrome ¢ as a result of "column overload". The pool was
diluted appropriately and re-run using a 1 cm ¥ 30 cm colun
oft CM-52 celluluse and an identical loading and elution scheme
C3+

to that outlined above (Figure 1l0). Pool B had an E4]O/E

c3+
280

value of 4.0 and was considered to be pare, Sanples of
Locusta cytochrome ¢ were desalted by passage through a

1 om x 15 cm column of Amberlite MB-1l resin equilibrated and

eluted in distilled water. Desalted csamples were lyophilised
o . C3+ , C3+
and stored at ~-20C. Details of the yields andg L410/E?80

purity ratios of the cytochrome ¢ during the various stasges
of purification are shown in Table 1 and the final spectral
ratios of the pure cytochrome ¢ are given ian Table 2, The
elution profiles of the chromatograpnic fractionetivns are

shown in Fagures 8-10,

2. Purification of Macrobrachium cytochrome c

The cytochrome ¢ from Macrobrachium was purified fiom two

batches of starting materaial.

Batch I

13 kg of frozen abdomens of Macrobrachium were rapidly

thawed at 4°C and homogenated waith 1ce in 10 mM-aluminium
sulphate. The homogenate was adjusted to pH 4.5 and stirred

for 2 h at 40C. Filtration using a 21" basket centrifuge



TABLE 1.

The Purification of Locusta Cytochrome c

Yield Purity Ratio
mg cytochrome/ C3+ ,_C3+
Step kg starting 410" %280
material
Amberlite CG-~50 - 0.6
CM~-50 Sephadex 41 1.2
Ammonium sulphate 36 2.6
fractionation
Biogel P-30 26 3.7
CM-52 Cellulose. Ionic 20 4.0

Gradient

Amberlite MB-1 20 4,0



TABLE 2.

The Spectral Ratios of Purified Locusta
Cytochrome c

Ratio
o
S
S
w52t/

The f£inal mass was 60.5 mg salt-
free
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was slow because of the slimy nature of the extract, but the
PH 4.5 filtrate was very clear, Raising the pH to 8.0 with
2 M-Tr.s caused the formation of a white precipitate which
could only be partially removed by filtration on Bﬁchner
funnels using Whatman 54 filtex paper. 40 1 of filtrate was
passed through a sintered glass funnel (18 cm x 10 cm)
containing Amberlite CG-50 resin regenerated in the NH4+ form.,
T"he flow rate was 15 1/h and the resin capacity was fixed at
20 1. The failtrate from this step was then passed overnight
through 6 em x 10 cm Amberlite CG-50 columns before being
discarded. Both batches of resin were washed and eluted by
the method described far the Locusta preparaticn. Cytochrome
¢ was assayed for in the eluate using a direct vision hand
spectroscope following reduction with a trace amount of
ascorbic acid. Significant amounts were observed in the
funnel eluate, but none in that from the columns, and this
was discarded. Six litres of eluate was dialysed under the
conditions described for the Locusta preparation. The
lowering of the 1ionic concentration as a result of dialysas
caused the formation of a heavy white precipitate, and thas
was removed by centrifugation at 1500 g for 30 min. The
supernatant was concentrated on a 6 cm x 10 cm column of
CM-50 Sephadex equilibrated in 50 mM-sodium phosphate buffer
at pH 8.0, A white precipitate collected on the top of the

resin bed and interfered with the elution step. The volume
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of eluate was 650 ml and this was concentrated using a Diafle
ultra-filtration unit equipped with a UM-10 membrane operating
at 70 p.s.1. and a fiow rate of 30 ml/h at 4%c. The councen-
trated cytochrome ¢ in 20 ml of sclution was taken in 10%
stages to 80% saturation with ammonium sulphate at pH 8.0 and
4°C, but no precipitation of cytochrome was cbservaed, although
large quantities of a copious white preclpitate were rewmoved
by centrifugation at saturat.ons greater than 40%, and these
were discarded. The cytochrome ¢ 1n 70 ml of 80% saturated
amnon.tum sulphate was diluted twice and exhaustively dialysed
againsli changes of 10 mM-sodium phosphate buffer at pi 7.2,
200 ml of dialysais residue was concentrated on a shoct coluun
of CM-52 cellulose as described for the Locusta preparation
and further purified by chromatography on Biogel P-30
(Figure 11). Partial separation into oxidised and reduced
forms was observed and a yellow band was seen trailing the
cytochrome bands, but this was not distinguished on
spectrophotometric analysis of the eluted fractions, Those
C3-+ C3+

E spectral purity ratio of

fractions having an E 410/ 280

greater than 1.4 were pooled and the cytochrome c adsorbed
to the top of a 1 cm x 10 cm column of CM-52 cellulose

equilibrated in 10 mM-sodium phosphate buffer pH 7.2, The
sample was eluted using a linear ionic gradient (Figure 12)

and this step led to the collection of 15 mg of cytochrome ¢

C3+ , _C3+

with an E410/E280

value of 4,1, Samples of cytochrome ¢ were
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concentrated on a 1 cm x 2 cm column of CM-52 cellulose
equilibrated in 10 mM-sodium phosphate and eluted with 200 mM-
sodium phosphate at plI 7.2, Samples were desalted on a

1 cm x 10 om column 0of Sephadex G-10, freeze-draied and stored

C3+

at -20°c. Details of the yields and E4lo

3+
/Eg80 purity ratios

of Macrobrachium cytochrome ¢ during the various stages of

the purification of Batch I are shown in Table 3, and the final
spectral rat.ios obtained for the pure protein are given in
Table 4. The elution profiles of the chromatographic

fracricnation steps are shown in Figurec 11 and 12,

Batch ITI

The second extraction was from 26 kg of froren Macrobrachium

abdomens, and this gave 120 1 of homogenate which was treated

in a similar manner to Batch I. At the Amberlite stage, the
pressure eluale contained cytochrome ¢ but nonc was seen 1in

the column eluate, and this was discarded. Concentration after
dialysis was on CM-50 Sephadex, the dilution of which was compli-
cated by a thick white precaipatate on the resin bed. The

300 ml of eluate was concentrated, after a dialysis step, on

a2 cmx 6 cm column of CM-52 cellulose equilibrated in 10 mM-
sodium phosphate, pH 7.2, and eluted in a volume of 15 ml

with 200 mM-sodium phosphate buffer. Large quantities of a
thick white precipitate were removed by the ammonium sulphate
fractionation, but precipitation of c¢ytochrome ¢ was not

observed at saturations up to 80%. The dialysis and gel



TABLE 3.

The Purification of Macrobrachium
Cytochrome ¢ (Batch I)

Yield Purity Ratio
mg cytochrome/
Step C3+ ,_ C3+
kg starting E, 10”5280
materaial
Amberlite CG-50
109_201 0.4
CM-50 Sephadex
Ammon%um Sulphate 1.8 0.6
Fractionation
Biogel P-30 1.6 2.6
CM-52 Cellulose, 1.1 4,1

Ionic Gradient

G-10 Sephadex 1.0 4,1




TABLE 4.

The Spectral Ratios of Purified Macrobrachium
Cytochrome ¢ (Batch I)

Ratio
S
S
S
S

The mass was 13.5 mg salt-free.
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filtrataion steps were carried out as described for the

C3+ ,_C3+

Locusta preparation to give pooled fractions with an E410/E280

ratio of 2.6 {Faigure 13). Ion-exchange chromatography on
CM-52 cellulosc, vsing a Jinear 1onic gradient from 10 mM-
to 300 mM-phosphate at pIl 7.2 on a 1 cm x 10 cm column only
improved this purity ratio to 3.6 (Faigure 14), and a gel
filtration step using Sephadex G-75 was employed to further
purify the protean. A 3 om x 100 cm column of Sephadex G-75
equilibrated and eluted in 75 mM-Tris-KC] buffer at pH 7.5
was used. The ficw rate was 30 ml/h ir an upward direction
and the pool of fractions selected frow the elution profile
C3+ , C3+

410/E value of 4.3. Samples were desaltced using

gave an E 280

al cm x 10 cm of Sephadex G-10, freeze-dried and stored at

-20°c.

+ +
C3 EC3

Details of the yields and E410/ 280

purity ratros of

Macrobrachium cytochrome ¢ during the various stages of

purification of Batch II are shown in Table 5 and the fainal
spectral ratios obtained for the pure protein are gaiven in
Table 6. The elution profiles of the chromatographic

fractionation steps are shown in Figures 13 and 14.

3. Puraification of Eisenia cytochrome ¢

The cytochrome c¢ from Eisenia was purified from three

batches of starting materaial.



TABLE 5.

The Purification of Macrobrachium
Cytochrome c (Batch I.I)

Yield Purity Ratio
mg cytochrome/

Step C3+ , C3+
kg starting E410/E280
materaial

Amberlite CG-50 2.7 0.8
CM~-50 Sephadex 2,2 1.1
Ammonium Sulphate 2.0 1.6
Fractionation

Biogel P-30 1.2 2.0
CM-52 Cellulose,

Ionic Gradient .8 3.6
G-75 Sephadex 0.6 4.3

G-10 Sephadex 0.5 4.1



TABLE 6.

Spectral Rabtios of Purified Macrobrachium
Cytochrome ¢ (Batch IT)

Ratio
Ee50/ 200 L.o
210/ 260 4.1
Eare/ a0 .1
Ea16/ 550 4.9

The mass was 13.1 mg salt-free.
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Batch T

27 kg of live worms were separated from Sphagnum moss by
light avoidance and washed with tap water before homogenisation
with 1ce 1n 10 mM-aluminium sulphate solution. The 90 1 of
homogenate wos adjusted to pH 4.5 with 2 M—-HZSO4 and stirred
at 4°C for 2 h. Centrifugation using a 21" basket centrifuge
was slow due to the slimy nature of the extract. The besc
results were obtained using a 30 min run followed by the
replacement of the centrifuge bag, and this was repcated until
the {:ltrate ran clean. The rzs.dves collected :in th.s way
were re-extracted as a precaution with 10 1, of 10 mM-olumnium
sulphate. lurther puraifaication of the re~extracted fi1ltrac:e
yielded only a small quantity of cytochrome ¢ and this was
discarded.

The filtrate obtained from the first centrifugation was
taken to pII 8,0 with 2 M-Tris and centrisfuged to remove fresh
precipitation, Eighty laitres of filtrate was then passed
through an 18 cm x 10 cm saintered glass funnel packed with
Amberlite CG~50 resin regenerated in the NH4+ form. The
flow rate was 15 1/h and the resin capacity judged to be
20 1, The filtrate from this step was then passed overnight
through 10 cm x 56 cm columns of Amberlaite CG-50, before
being discarded. Both batches of resin were washed well

with distilled water, and eluted by the method described for

the Locustapreparation, The eluates from both Amberlaite



-66-

adsorption procedures were found to contain cytochrome ¢

and were combined 10 give a total volume of 10 1. Dialysis
and concentration on CM-50 Sephadex were carried out as
described for the Locusta preparat.on, D thick precaipatate
interfered with the Sephadex elution which gave a volume of
800 ml. This was concentrated uvsing a Diaflo ultrafiltration
unit equipped with a UM-2 membrane under a pressure of 75 p.sS.l.
maintaining a flow rate of 40 ml/h. The residue from thtis
step was taken by 1l0% increases to 80% saturation with
ammonium sulphate at pH 8,0. No cytochrome ¢ precipitation
was observed, although large quantities of a creamy-white
precipirtate were removed by centraifugation, The sample in
80% saturated ammonium sulphate was diralysed and concentrated
on a short column of CM-52 cellulose as described for the
Locusta preparation, The partially purified cytochrome ¢
was passed through a 2 cm x 90 cm column of Biogel P-30

equilibrated in 10 mM-sodium phosphate at pH 7.2 (Figure 15)

C3+ ,_C3+

and the pooled fractions from this step had an E410/E280

purity ratio of less than 0.5. The cytochrome was then
adsorbed onto a 1 cm x 15 cm column of CM-52 cellulose
equilibrated in 10 mM-sodium phosphate bhuffer at pH 7.2,

and eluted using a lainear ionic gradient (Figure 16). The

C3+ , C3+

410/E280 value of

pooled fractions from this step gave an E
2.1, After an appropriate dilution, the cytochrome c was

adosrbed onto another 1 cm X 15 cm column of CM-52 cellulose
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equilibrated i1in 10 mM-sodium phosphate buffer at pH 7.2 and
oxidised and washed as before. The sample was eluted using
a linear pH gradient (Figure 17) and fractions were collected
into tubes conltaining 0.5 ml of 50 mM-sodium phosphate buffer
at pH 7.2 1in order to minimize the time of exposure to pH

values greater than pH 10.0. The fractions selected from

C3+ , C3+

this purification step had a pooled E410/E280 purity ratio of

4,0 and these samples were desalted on a 1 cm x 15 cm column

of Sephadex G-~10, freeze-dried and stored at -ZOOC.

C3+/FC3+

Details of the yields and E_J /F_

purity ratiros of
Eisenxa cytochrome ¢ during the varaous stages of the purifi-
cation of Batch I are shown in Table 7 and the f£inal speccral
ratios obtained from the pure protein are given in Table 8.

The elution profiles of the chromatographic fractionation

steps are shown in Figures 15, 16 and 17.

Batch IT

22 kg of live worms in a rather poor condition were
sepairated from Sphagnum moss by light avoidance and washed an
tap water. The treatment was i1dentical to Batch I except for
a number of points:-

(1) The concentration step following the CM-50 Sephadex
chromatography was by means of a 2 em Xx 5 cm column of CM~50
Sephadex equilaibrated in 50 mM-sodium phosphate at pH 8.0 and
eluted with 500 wM-NaCl in 50 mM-sodium phosphate at pH 8.0.

(2) The pH gradient on CM-52 cellulose was applied before



TABLE 7.

The Purification of Eisenia Cytochrome ¢

(Batch I)
Yield Purity Ratio
et
g J 410" F280
material

Amberlite CG-50
CM~-50 Sephadex 1.0 0.2
Ammonium Sulphate
Fractionation
Biogel P-30 0.6 0.5
CM-52 Cellulose,
Ionic Gradient 0.4 2.1
CM-52 Cellulose, 0.3 3.9

PH Gradient

G-10 Sephadex 0.3 4,0



TABLE 8.

The Spectral Ratios of Purified Eisenia
Cytochrome ¢ (Batch I)

Ratio
B 50”5280 1.1
Bg10” 280 4.0
Bg26/%410 1.2
E 416" F550 4.6

|
I C2+ , C2+

The mass was 6.3 mg salt-free.
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the 1opice ygradient in order to avoid Lhe adjusting of i1ounic
strengths between steps.

Pure samples were desalted on a 1 cm x 10 c¢m column of

Sephadex G-10, freeze-dried and stored at —ZOOC.

C3+
410

c3+
/E380

Detai1ils of the yields and E purity ratios during
the various stages of the purification of Batch II are shown
in Table 9 and the final spectral ratios obtained frowa the
pure proteain are given iin Table 10, The elut.on profiles of

the chromatographic fractionation steps are shown in Figures

18, 19 and 20,

Batch TITI

22 kg of live worms ain good conditidon wer? separxated
from Sphagnum moss by light avoidance and washed in tap water.
Extraction was by the normal procedure. Filtration using the
basket centrifuge was very slow and gave a poor filtrate buc
because of the time factor the extract was not filtered again
at pH 8.0. 400 g of Amberlite CG-50 resin regenerated 1in

+
the NH4 form, was stirred with the extract (50 1) for 2 h at

4°C, allowed to settle out by standing, and reclaimed by

decantation. The slimy supernatant was then passed through
a sintered glass funnel (18 cm x 10 cm) packed with Amberlite
CG-50. The flow rate was 5 1/h and the resin capacity was

fixed at 10 1. After extensive washing with distilled watex,

the total Amberlite was eluted batchwise, using the method



TABLE 9.

The Purification of Eisenia Cytochrome ¢

Step

Amberlate CG-50
CM~-50 Sephadex

Ammonium Sulphate
Fractionation

Biogel P-30

CM-52 Cellulose,
PH Gradient

CM~-52 Cellulose,
Jonic Gradaient

G-10 Sephadex

(Batch II)
Yield Purity Ratio
mg cytochrome/

C3+ , C3+
kg starting E410/E280
materaial

2.0 0.8
1.5 lﬂo
1.0 1l.4
0.8 2.6
0.6 4.0
0.6 4.0




TABLE 1JoO,

The Spectral Ratios of Purified Eisenia
Cytochrome ¢ (Batch II)

Ratio
S
S
s/
S

The mass was 13 mg salt-free.
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described for the Locusta preparation. S1x laitres of eluate
was dialysed and concentrated on CM-50 Sephadex as described
for the Locusta preparataion, to give a volume of 10 ml.

The partially purified cytochrome c was taken by 10%
stages to 80% saturation with ammonium sulphate. Large amounts
of a white precipitate were discarded after centrifugation but
no precipitation of the cytochrome was observed. The solution
was dialysed and concentiated on a short column of CM-52
cellulose as described for the Locusta preparation.

A gel f-ltration step using Biogel P-30 (Figure 21) was
followed by concentration of the cytochrome ¢ on a L cm x 15 cm
column of CM-52 cellulose equilibrated .in 10 uM-sodium
phosphate at pH 7.2. After oxidation and washing, the column
was eluted using a linear ionic gradient of 10 mM to 300 mM-
sodium phosphate at pH 7.2 (Figure 22). The best EZ?S/ESSS
purity ratios for this step were less than 2.5 and after an
appropriate dilution the chromatography was repeated using
al om x 30 cm column of CM-52 cellulose. This gave a pool
of 8 mg of partially puraified cytochrome ¢ with a puraty ratio
of 3.6, In view of the expected losses from a further
purification step, the cytochrome ¢ was desalted on a 1 cm X

10 cm column of Amberlite MB-1l equilibrated ain distilled

water, freeze-dried and stored at —ZOOC.

C3+ ,_C3+

Details of the yields and E410/E280

purity ratios during

the various purification stages of Batch III are shown 1n
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Table 11, and the final spectral ratios obtained for the
protein are given in Table 12, The elution profiles of the
chromatographic fractionation steps are shown in Figures 21,

22 and 23. .

4, Purification of Asterias cytochrome ¢

The purification of Astecrias cytochrome ¢ was carried out

in three batches.

Baktch I

20 kg of frozen starfish were rapidly thawed at 4OC and
homogenised as whole animals with i1ce i1n 10 mM-alurinium
sulphate using a Waring blender, The homogenate was stirred
for 2 h at pH 6.5 and 4°c before filtration through two layers
of muslin to give 150 1 of crude filtrate. The large amount
of residue was discarded on the evidence of a test run, where
re—-extraction at this stage was shown to produce negligible
quantities of cytochrome c. The filtrate was adjusted to
pH 8.0 with 2 M-Tris and filtered using a 21" basket centrifuge
fitted with a Terylene bag. Filtration was very slow,
despite frequent changes of the centrifuge bag, and the
processing of the total extract took 48 h, The filtrate was
passed through 6 cm x 30 cm columns of Amberlite CG-50,
regenerated ain the NH4+ form, Constant repacking of the

columns, together with the application of a partial wvacuum,

gave a flow rate of 2 1/h. The resin was well wvashed wilh



TABLE 1l.

The Purification of Eisenia cytochrome ¢
(Batch III)

Yield Purity Ratio
mg cytochrome /

Step C3+ , C3+
kg startaing E410/E280
material

Amberlite CG-50

CM-50 Sephadex 1.0 0.5
Ammonium Sulphate

Fractionation

Biogel P-30 0.8 1.0
CM-52 Cellulose,

Short Column 0.5 2.0
CM-52 Cellulose, 0.4 3.6

Long Column



TABLE _12.

The Spectral Ratios of Purified Eisenia
Cytochrome ¢ (Batch IIT)

Ratio

, AV 0.5
Par0 Pa00 3.5
Bere/Eat0 1.1
P16/ B350 5.1

The mass was 6.4 mg salt-free,
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distilled water and eluted batchwise using the method described
for the Locusta preparation. Seven laitres of eluate were
dialysed against 120 1 of 10 mM-sodium phosphate at pH 8.0 for
8 h and against 50 mM~sodium phosphate buffer at pH 8.0 for a
further 8 h, After centrifugation at 2000 g for 30 min to
remove a white precipitate, the cytochrome ¢ was concentrated
by passage through a 6 cm x 15 cm column of CM-50 Sephadex
equilibrated in 50 mM-sodium phosphate at pH 8.0. EIlution

of the main fraction was with 0.5 M-NaCl in 50 mM-sod.ium
rhosphate buffer at pH 8.0, but examination of the column

using a direct-vaision, hand spectroscope, revealed that a
substantial amount of cytochrome ¢ remained bound to a white
fat-like depositt that had collected on the top of the resain.
The cytochrome was found to dissociate and eluate using

1 M-NacCl. Two litres of eluate were dialysed and concen-
trated on a short column of CM-50 Sephadex, as descr.ibed for
the Locusta preparation, to give a volume of 40 ml, Thas
solution was taken in 10% stages to 80% saturation with
ammonium sulphate at pH 8.0. Large amounts of a grey-white
precipitate were removed by centrafugation but no precipitation
of cytochrome ¢ was observed. The solution was dialysed

and concentrated on a short column of CM-52 cellulose, as
described for the Locusta preparation, giving a volume of 5 ml.
A gel filtration step with Biogel P-30 (Figqure 24) was

followed by the adsorption of the cytochrome ¢ to a 1 ecm x 10 cm
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column of CM-%2 cellulouoe equilibratved in 10 mM-sodiuvm
phosphate buffer at pH 7.2, The sample was eluted using a
linear pH gradient between pH 7.2 and 11.5 (Figure 25).
Fractions were collected in test-tubes containing 0.5 ml of

10 mM-sodium phosphate buffer at pH 7.2. The selected elution

C3+ ,_C3+4

pool had a E4lO/E280

purity ratio of 2,1. After an appropraiate
PH adjustuwenl, the sample was adsorbed onto a further

l cm x 10 cm column of CM-52 cellulose and eluted using a

linear 1onic gradient (Figure 26). The selected elution pool

Cc3+ , C3+

contained 11 mg of cytochrome ¢ with an E /Eq80
4

-) t
410 puraty ratio

of 3.8. The sample was desalted using a 1 2om x 10 cm column
of Sephadex G-1l0 equilibrated ain daistilled water, freeze-
dried and stored at -20°C.

C3+ , _C3+t+
410/E?8O purity ratios at the

Details of the yields and E
various purification stages are shown in Table 13, and the
final spectral ratios obteined for the protein arc given in

Table 14. The elution profiles of the chromatographic

fractionation steps are shown 1in Figures 24, 25 and 26,

Batch TI
27 kg of frozen starfish were rapidly thawed at 4°C and
homogenated in an identical manner to Batch I to give a volume
of 150 1. Faltration was by two lavers of muslin at pH 6.5
and the 21" basket centrifuge at pH 8.0. The filtrate was
passed through a sintered glass funnel (18 cm x 10 cm) packed
+

with Amberlite CG-50 regenerated in the NH4 form. The flow
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The Purification of Asterias Cytochrome ¢

(Batch I)
Yield Puraty Ratio
mg cytochrome/

Step C3+, C3+
kg start.ing E 10’ E280
material

Amberlite CG-50 - -

CM~50 Sephadex 2.0 0.5
Ammon.ium Sulphate 1.8 0.7
Fractaionation

Biogel P-30 1.1 0.9
CM-52 Cellulose,

pPH Gradient ©-8 21
CM-52 Cellulose, 0.6 3.8

Ionic Gradient



TABIJE ] 4 L]

The Spectral Ratios of Purified Asterias
Cytochrome ¢ (Batch T)

Ratio
e
S
S
WS,

The mass was 8.4 mg salt-free,
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rate was 15 1/h and the resin capacity was fixed at 20 1.
Theeflluent fiom this step was then passed through three

6 cm x 30 cm columns of Amberlite CG-50 resin, Application
of a partial vacuum gave a flow rate of 5 1/h. The columns
were repacked every 2 h to maintain this rate. The Amberlaite
resin was washed and eluted and Lhe eluate was dialysed and
concentrated on CM-50 Sephadex as described for the Locusta
pPreparation,

Extensive precipitation of impurities was observed during
the ammonium sulphate Eractionation., but no precaipitation of
cytochrome ¢ occurred up to 80% saturation, The part:ally
purified cytochrome ¢ i1n 80% saturated ammoniwa sulphate was
dialysed exhaustaively, and concentrated on a short column of
CM-52 cellulose as descraibed for the Locusta preparation.

Gel-filtration using a 2 cm x 100 cm column of Biogel P-30

C3+ , C3+

was found to only marginally aincrease the E410/L280

purity
ratio of the sample to 0.6, but an 1onic gradient applied to
CM~52 cellulose served to increase the ratio seven-fold.

The sample was adsorbed to the top of a 1 cm x 30 cm column
of CM~-52 cellulose and was eluted using a linear ionic

gradient (Figure 27). The selected elution pool contained

C3+ ,_C3+

410/E280 purity ratio of 4.l.

24 mg of cytochrome ¢ with an E
The sample was desalted using a 1L cm x 10 cm column of G-1O

Sephadex, freeze-dried and stored at —ZOOC.

C3+ , C3+

Details of the yields and E410/E280

purity ratios at
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the various purification stages are shown in Table 15 and the
final spectral ratios obtained for the protein are given in
Table 16. The elution profile of the fractionation using

CM-52 cellulose with an i1onic gradient is shown in Figure 21,

Batch IIT
20 kg of frozen starfish were thawed rap.dly at 4°C.
The homogenisation and filtration procedures were identical
to Batch T. One hundred litres of filtrate at pH 8.0 were
passed through an 18 cm x 10 cm sintered glass funnel packed
with Amberlite CG-50 resin ain the NH4+ form. The flow rate
was 15 1/h and the i1esin capacity wes faxed at 20 1, The
effluent from this step was dripped through 6 cm x 15 cm columns
of Amberlite CG-50 at 2 1/h, The resin was eluted as before
to gaive a volume of 6 1 whaich was dialysed aga.nst running
tap water for 8 h and against 60 1 of 5C mM~sodium phosphate
at pH 8.0 for a further 8 h. A thick white preciprtate was
removed from the dialysis residue by centrafugation at
2000 g for 30 min and the supernatant was concentrated on
CM-50 Sephadex as described for the Locusta preparation.
The ammonium sulphate fractionation removed large quantities
of a white precaipitate but no cytochrome ¢ was precipitated
at saturations up to 80%.
The fainal purifaication step involved the use of a

l om x 15 cm column of CM-52 cellulose. The adsorption and

elution procedures were as described for the Locusta pceparation



TABLE _ 15.

The Puraification of Asterias Cytochrome ¢

(Batch II)
Yield Purity Ratio
mg cytochrome
Step C3+ ,_C3+

kg starting 410/E280
materaial

Amberlite CG-50

CM-50 Sephadex 2.0 0.4

Ammonaium Sulphate

Fractionation

CM-52 Cellulose, 0.8 4.1

Ionic Gradient

G-10 Sephadex 0.6 3.8



TABLE 16,

The Spectral Ratios of Purified Asterias
Cytochrome ¢ (Batch 1I)

Ratio
B350/ P200 0.8
2107 %500 3.8
Z416/%ar0 1.1

Bgr6/ %550 5.6

The mass was 24 mg salt-free,
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C3+ ,_C3+
and the pooled eluate had an E410/E280

purity ratio of 3.8.
The sample was desalted using a 1 cm x 15 cm column of

Amberlite MB-1 resin, freeze-dried and stored at —ZOOC.

C3+,_C3+

Details of the yields and E410/E280

puraity ratios at
the various purification stages are shown in Table 17 and the
£inal spectral ratios obtained for the protein are given in

Table 18. The elut.ion profiles of the chromatographic

fractionation steps are shown in Figures 28 and 29,

5. Farification of Loligo Cytochiome C

11 kg of frozen squid were rapidly thawed at 4°c ana
washed 1n tap water. The animals were homogeniscd 1n a Waring
blender with 10 mM-aluminium sulphate and ice to give a total
volume of 35 1 whaich was stairred at pH 4.5 and 4°c for 2 h.

The filtrat.on flow rate was only 2 1/h using the 21" basket
centrifuge, despite hourly changes of the centrifuge bag.
The filtrate at pH 8.0 was passed through a sintered glass
funnel packed with Amberlite CG-50 regenerated in the NH4+
form, The flow rate was 15 1/h and the resain capacaity was
fixed at 20 1.

The effluent from this step was recycled and then discarded.
The Amberlite resin was extensively washed with distilled water
and eluted batchwise with 2 M-NaCl maintained at pH 8.0 with

2 M-NaOH.

The 4 1 of eluate was dialysed against running tap water



TABLE 17.

The Puraification of Asterias Cytochrome c

(Batch [II)
Yield Puraity Ratio
mg cytochrome/

Step C3+ , C3+
kg starting E410/E280
material

Amberlite CG-50

CM-50 Sephadex 1.0 0.2
Ammonium Sulphate

Fractionation

Biogel P-30 0.5 0.4
CM-52 Cellulose, 0.3 3.8

Ionic Gradient

Amberlite MB-1 0.2 4.0



TABLE 18.

The Spectral Ratios of Purified Asteraias
Cytochrome ¢ (Batch III)

Ratio
S
S
S
S

The mass was 3.8 mg salt-free.
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for 8 h and against 60 1 of 50 mM-sodium phosphate buffer at
PH 8.0 plus 4°C for a further 8 h, A white precaipitate was
partially removed from the diralysis residue by centrifugation
at 2000 g for 30 min, and the cytochrome ¢ was concentrated on
CM~50 Sephadex as described for the Locusta preparation.

20 ml of partially purified cytochrome c was taken by 10%
stages to 60% saturation with ammonium sulphate at pH 8.0.
No precipitation of cytochrome ¢ was observed but quantities
of a white precipitate were removed by centrifugataion, At
saturations above 60% precipitation of cytochrome ¢ occurred,
but at 80% saturation a good deal of cytochrome ¢ was sti1ll aun
solution despite overnight stirring at 4OC and prolonged
centraifugation, The sample was diluted twice to redassolve the
precapitated protein and dialysed exhaustively against changes
of 10 mM-sodium phosphate buffer at pil 7.2. 300 ml of dialysas
residue was then pumped through a 1 cm x 30 cm of CM-52
cellulose equilibrated in 10 mM-sodium phosphate buffer at
pPH 7.2. The cytochrome ¢ adsorbed to the column and was
eluted using a linear ionic gradient (Figure 30).

C3+ , _C3+

E280 purity ratios from the eluted fractions

The best E410/

had values of 3.7 to 4.2 and these were taken for desalting
using a 1 cm x 10 cm column of Amberlite MB-~1l resin equilibrated
and eluated waith distilled water. Salt-free samples were

frceze-dried and stored at —20°C.

C3+ , C3+

Details of the yields and E410/L280

purity ratios at
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the various stages of purification are shown in 'Table 19
and the final spectral ratios obtained for thc protein are
given in Table 20, The elution profile of the CM-52 cellulose

step 1s shown in Figure 30,

6. Extraction of Cytochrome ¢ from Solaster

11l kg of Solaster were rapidly thawed at 4°c and homo-
genised in the normal manner with i1ce and 10 mM-aluminiun
sulphate. The homogenate was stirred at pH 6.5 for 2 h and
filtered using a 21" basket centrifuge. The frltrate was
adjusted to pIil 8.0 with 2 M-Tris without any Lfurther precipr-
tation. The filtrate was pasced through an 18 cm x 10 cm
sintered glass fuunel packed with Amberlite and the resin was
washed and eluted batchwise 1in the usual way. After the
addartion of a trace of ascorbic acid no cytochrome ¢ could he
seen in the eluate using the direct-vision hand spectroscope.
The sample was dialysed against 50 mM-sodium phosphate at
pH 8.0 and passed through a CM-50 Sephadex column. Only a
faint trace of cytochrome ¢ was found to be bound to the top
of the column and the purification was terminated at thais

point due to the lack of material.

7. Extraction of Cytochrome ¢ from Aphrodite

9 kg of Aphrodite were thawed at 4°c and washed thoroughly

in tap water. The normal homogenisation procedure was


http://preci.pi-

TABLE 19.

The Purification of Lol.igo Cytochrome ¢

Yield Purity Rat10
step et LN
| 9 d 410”280
material

Amberlite CG-50

CM-50 Sephadex 1.5 0.4

Ammonium Sulphate

Fractionation

CM-52 Cellulose, 0.4 3.9

Ionic Gradient

Amberlite MB-1 0.3 3.8



TABLE 20.

The Spectral Ratios of Purified Loligo
Cytochrome ¢

Ratio
B0 F200 0.9
Bg10/ 280 3.8
Bere/%at0 1.1
Bg16/Fs50 4.6

The mass was 3.2 mg salt-free.
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followed, although the anaimals proved resistant to blenduing.
The extract was filtered after stirring in the normal way

and treated to the usual Amberl:ite, dialysis and CM-50 Sephadex
purification steps, but no cytochrome ¢ was observed at any
stage. The purifaication was terminated at this point due

to the lack of material,

8. The Amino Acid Sequence of Locusta Cytochrome ¢

The amino acid sequence of Locusta cytochrome c was
determined from the evidence cof twe chymotryptic digestions,
one treyptic digestion and data obtained from thz use of a
Beckman Automatic Sequencer, using a total of 3 pmol (36 mg)
of protein. The sequence 1s shown in Fig. 31 giving the
points of enzyme cleavage together with the overlapping peptides
from which the sequence was deduced. A list of chywmotryptic
peptides together with electroghoretic mobility and secguence
data 1s gaven in Table 21 and a similar last of tryptic
peptides 1s given ain Table 22, The amino acid composition
was obtained from three duplicate 50 pg samples hydrolysed
for 24, 48 and 72 h respectaively, and this 1is shown in Table

23.

Digestion

The oxidised protein readily denatured in 80% ethanol
at room temperature and was adequately digested by both trypsin

and chymotrypsin,



FIGURE 3l.

The Amino Acid Sequence of Locusta Cytochrome c .
Residues which were identified by dansyl-Edman analysis
are indicated by —; those identified by other means,
e.g. by amino acid composition data, are indicated by --=+;
those i1dentified by digestion with carboxypeptidase-A are
indicated by ~—; arrows ==» 1ndicate that the C-terminal
residue was 1dentified as the free amino acid. The
arrows l T indicate points of complete enzymic cleavage,

upwards for trypsin and downwards for chymotrypsain;

- >

indicates points of partial cleavage, and 1L
indicates points of cleavage using chymotrypsin to digest
the heme peptaides. Residues -4 to 37, excluding 14 and

17, were determined using an automatic sequencer,
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TABLE 21,

Chymotryptic Peptides from Locusta Cytochrome ¢

Peptide/ M M RADEg'
Positaion (pH 6.5) (pH 1.9) BAWD
Cl 0.50 0.90

(-4-+10

Cc2 o] 0.54 0.16
(11-26)

C2cCA 0.32

(11-18)

C2CB 0.1l5 0.85 0.05
(19-26)

(27-36)

C3A 1.48 1.01

(27-33)

C3B 0 0.57 0.92
(34-36)

c4 1.21 0.85

(37-46)

C5 0] 0.62 0.58
(47-48)

Cc6 0.53 0.77

(49-59)

(60-65)

c8 0] 0.57 0.57
(66-67)

C8A 0,81 0.76

(66-74)

Cco 0.79 0.93

(68-74)

Clo 0.91 0.81

(75-80)

Dansyl-Edman Results

Gly-vVal-Pro-Glx-Gly-Asx--Val-
Glx-Lys-Gly-Lys-Lys~I1le~Phe

Val- (Heme peptide; sec text)

Val-Glx-Arg-CySO3-Ala-Glx-
CyS0, -His
Y203 EAS

Thr—Val Glx-Ala—Gly—Gly—LySu

HiS
f——d

Lys—-Thr- G]XrPro—Asx—Leu-(Hla,
Gly)- Leu Phe

Lys-Thr—G]y—Pro—Asx~Lca-Hlu

7 T==p

Gly-Leu-Phe

Gly—Arg—Lvs—Thr-Glv—Gix—Ala—

Pro—Glx—Phe
—

Thr—Asx—Ala Asx—Lys Ser— Lys-
Gly- le Thr—Trp

Asx-Glx—Asx—Thr—Leu—Phe

7 S

Ile-Tyr-Lou—-GlX-Asx~-Pro-Lys-
7 rd rd i rd rd

Lzs—TZf
Leu-Glx—Asx—Pro—Lzs—Lzs-Tzr

Il ro-__x—Thr—Lys—Met




TABLE 21 (Cont'd.)

ClOoA 0.82 0.58 Ile-Pro~-Gly-Thr-Lys-Met-Val-

(75—82) Phé rd 7 7 7 re r'd
'—:?

Cll 0 0.62 0.98 Val-Phe

(81-82) 7

Ccl2 0 0.57 0.77 Ala—Glg—Leu

(83-85) i

Ccl3 0 0.94 Lys-Lys-Pro-Glx-Glx-Arg-Ala-

(86-94) Asx-Leu -’ § - °
—_— —

(95-97) SESES

Cl5 0.85 1.08 Leu-Lys-Glx-Ser-Thr-Lys

(98-103) ’ T =

Cl5A 0.94 1.08 Lyi-Gl§—Sey—ThE—Lxs

(99-103)



TABLE _22.

Tryptic Peptides from Locusta Cytochrome c

RDNS-
Peptide/ M M
Position (pH 6.5) (pH 1.9) Bi;g Dansyl-Edman Results

T1
(=4—+5)

T1A
(-4-+7)

T2
(6-7)

T3
(9-12)

T4
(14-25)

TACA
(14-18)

T4CB
(19-25)

TS5
(26-27)

T6
(28-38)

T6A
(28-39)

T7
(40-53)

T8
(54-55)

T9
(56-73)

T9A
(56-65)

-0.67

1.90

-0.20

1.86

-0.90

0.60

Glg—Val Pro u]x—Gly—Agx—Val—

Glx- Lys

Gly—Val Pro—Glx Gly— B—Val—

Glx—Lys—Gl —Lys
=

I]e—Phe—Val—Glx—Arg

(Heme peptide; see text)

CySO3—A1a—GlX—CySO -His
rd ’ rd 7 - _?

Thr-Val-Glx-Ala-Gly-Gly-Lys

E&s—LZS

Thr Gly—Pro—Asx—Leu HLS—G_¥—

Leu—Phe—Gly—Arq

=
Thr- Gly—Pro—Asx—Leu—Hls-GlV

(Leu,Phe,cly,Arqg,Lys)

Tbr—Gly-Glx-Ala Pro—Gly—Phe-
Ser— yxr —Thr—Asx—Ala-Asx— ys

Gly—Ile—Thr-(Trp)—Asx—Glx-Asx—

Thr—Leu—Phe—Ile Tyr Leu—(Glx,

Asx,Pro, Lyo,Lys)

Gly—Ile-Thr—(Trp)—Asx—Glx—

Asx-Thr—Leu—Phe




TOB
(66-72)

T9C
(66-73)

T10
(74-79)

T1ll
(80-86)

T1lA
(80-82)

T11B
(83-86)

T12
(87-91)

T13
(92-99)

T13A
(92-97)

T13B
(98-99)

Tl4

(L00-103)

1.32

-0.85

1.74

TABLE 22 (cont'd.)

Ile-Tyr-Leu-Glx-Asx—Pro-Lvys

Ile-Tyr-Leu-Glx-Asx-Pro-Lys—
7 rd 7 rd r I I d
Lys

Tyr-Ile-Pro-~-Gly-Thr-Lys
4 [ rd [ 4 rd 7

Met—Val—Phe-Ala—GLy—Leq—Lzs
Met-Val-Phe
—_—7 7 =P

Alg-Glg—Leg—LZs

Lys-Pro-Glx~Glx~Arg
P d 7 i -———-{

Ala—Asx-Leu-Ile—Ala—Tzr

Leu—LZS

Glx-Ser-Thr—LZs
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The chymotryptic digestions were performed on a 10 mg
and a 12 mg sample of oxidised and denatured cytochrome c
equil ibrated at pH 8.0 and 37°C, under nitrogen. In both
cases 2% (w/w) enzyme was added at zero time, a further 2%
after 60 min and the digestion was terminated afier 100 nun.
The tryptic digestion was performed on 10 mg of oxidised and
denatured protein, 2% enzyme (w/w) was added at zero taime,
a further 2% after 80 min and the digestion was terminated
after 100 min, The automatic sequencer data was obtained
using 4 mg of oxidised cytochrome ¢ denatured in 70% (v/v)

formic acid.

Chymotryptic Peptides

Pepntide Cl (-4-+10) (Gly-Val-Pro-Gln~Gly-Asp-val-~
Glu-Gly-Lys-Lys-Ile-Phe)

Digestion with carboxypeptidase-A at 3700 and pH 8.0
for 3 h yielded phenylalanine as judged by dansyl analysis.
Similar analysis after a 9 h digestion yrelded the dansyl
deraivatives of i1soleucine and phenylalanine. The pH 6.5
electrophoretic mobility indicated the presence of two acidic
residues, and these were placed at positions 2 and 4 from

evidence obtained from the automatic sequencer.

Peptade C2 (11-26) (Heme peptide)

Valine was shown to be the N-terminal amino acid
of the hewme peptide, which was dehemed in two ways. The first

chywotryptic heme peptide was treated after the manner of
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Ambler (1963) and the sccond chymotcyptic hewme peptide was
midly oxidised using performic acid as previously described.
The product of both methods was digested with 5% chymotrypsin
at pH 8.0 and 37°C for 30 min to yield peptides C2CA and C2CB

which were separated on electrophoresis at pH 1.9.

Pept1de C2CA (11-18) (Val—Gln—Arg—CySO3-Ala—Gln-
CYSO3—H:LS)

The peptide gave a positive reaction with the phenanthra
guinone reagent and arginine was placed at position-13 from
the dansyl-Edman analysis. Digestion with carboxypeptidase-A
for 3 h yielded bis-dansyl-histidine after dansyl analysis, as
did dansylation withiout hydrolysis after seveu Ldman
degradation steps. Residues 12 and 16 were both placed as
glutamine from the data obtained using the automatic sequencer.
Residue-12 could also be placed from the pH 6.5 electrophoretic
mobility of peptide T3, although no such determinations could
be made using the mobility data of C2CA because of the presence

of hastidine and cysteic acad.

Peptide C2CB (19-26) (Thr-val-Glu-Ala-Gly-Gly-Lys-His)

Digestion with carboxypeptidase~A for 3 h yielded
bis-dansyl-histidine after dansyl analysis as did dansylation
without hydrolysis after seven Edman degradation steps. A
sample of the peptide had a mobilaity of 0.15 on pH 6.5
electrophoresis which indicated that residue-21 was glutamic

acid, assuming that histidine carried a charge of less than +1
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at that pIl, This result was confirmed by the data obtained

from the automatic sequence:x.

Peptide C3 (27-36 (Lys-Thr-Gly~-Pro-Asn-Leu-His-
Gly-Leu-Phe)

The dansyl-Edman analysis was inconclusive beyond
five degradation steps and residues-33 and 34 were placed from
the semi-quantitative amino acid composition data of C3 and
the sequence data of C3A. Residues~35 and 36 were placed
from dansyl analysis of carboxypeptidase-A digestions for
3 and 24 h, together with the sequence evidence for C3B. A
semi-quantitative amino acid compos.ition of C3 after six
degradation steps contained bis-dansyl-histidine, but this was
absent 1n a similar analys.is after a further degradation step.
Histidine and glycine were not identified in the N-terminal
analysis following these two degradations. A consideration
of the pi 6.5 electrophoretic mobility indicated that residue-
31 was asparagine, assuming that huistidine carried a charge
of less than +1 at that pH. This conclusion was supported

by the evidence from the automatic sequencer.

-Peptide C3A (27-33) {Lys-Thr-Gly-Pro-Asn-Leu-His)

Digestion with carboxypeptidase-A for 3 h, followed
by dansyl analysis, yielded bis-dansyl-~-histidine, as dad
dansylation without hydrolysis after six Edman degradation
steps. The pH 6.5 electrophoretic mobility indicated that
residue-31 was asparagine, assuming that histidine carried a

charge of less than +1 at that pH. This conclusion was



supported by the evidence of the autcmaicic sequencer data.

Peptide C3B (34-36) (Gly-Lcu-Phe)

Dansylalion without hydrolysis afrer two Edman degra-

dation steps yielded dansyl-phenylalanine.

Peptide C4 (37-46 (Gly-Arg-Lys-Thr-Gly-GLn-Ala-
Pro~Gly-Phe)

The peptide gave a positive resuit with the phenanthra-
gquinone reagent and arginine was placed at position-38 from
the dansyl-Edman analysis. Dansylation without hydeolysas
after nine Edman degradation steps yielded dansyl-phenylalanine.
The pH 6.5 electrophoretic mobilily was lower than expected,

but i1ndicated that residue 42 was an amide,

Peptide C5 (47-48) (Ser-Tyx)

Dansylation without hydrolysis after a single Edman

degradation step yielded bis-dansyl-tyrosine.

Peptide C6 (49-59) (Thr-Asp-Ala-Asn-Lys-Ser-Lys-
Gly-Ile-Thr-Trp)

The peptide gave a positive reaction with the Ehrlach
reagent and showed a pink ;oloratlon during the traifluoroacetic
acid stage of the first Edman degradataion, aindicating the
presence of tryptophan (Uphaus et al., 1959). Digestaion,
with carboxypeptidase-A for 3 h followed by dansyl analysais,
yielded dansyl-tryptophan, and a saimilar analysis after a
9 h digestion yielded the dansyl deraivatives of tryptophan and

threonaine, The pH 6.5 electrophoretic mobility of C6 was

lower than expected, possibly due to the presence of tryptophan,
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but still indicated the presence of a single acidic residue.
A sample of the peptide after two Edwan degradation steps
gave two ninhydrin positive zones on pH 6.5 clectrophoresis
at mobilities 0.62 and 1,15, This was interpreted to be due
to the incomplete blockingof the ¢ -amino function of the two
lysine residues by phenylthiocarbamyl groups as a result of
their exposutre to PITC. The mobility data was consistont

with residue-50 being aspartic acid.

Peptirde C7 (60-65) (Asp-Glu-Asn-Thr-Leu-Phe)

Digestion with carboxypeptidase-A for 3 and 9 h
yielded phenylalanine and phenylalanine and leucine respectively,
as judged by dansyl analysas,

The pH 6.5 electrophoretic mobility of the intact peptide
andicated that two acidaic residues were present and samples
taken for pH 6.5 electrophoresis after one and two Edman
degradation steps gave mobilities of -1.09 and zero
respectaively. This data was consistent with residues-60 and
61 being aspartic acid and glutamic acid respectively, and

with residue-62 being asparagine.

Peptide C8 (66-67) (Ile-Tyr)

Dansylation without hydrolysis after a single Edman

degradation step yielded bais-dansyl-tyrosine.

Peptide 8A (66~74) (Ile-Tyr-Leu-Glu-Asn-Pro-Lys-Lys-Tyr)

Dansylation without hydrolysis after exight Edman

degradations yielded bis-dansyl-tyrosine. The pH 6.5



electrophoretic mobility was yreater than expected but indicated
that a single acaidic residue was present. This was placed

from the evidence of C9 at position-69.

Peptide C9 (68-74) (Leu-Glu-Asn-Lys-Lys-=Tyr)

Dansylation without hydroliysis following six Edman
degradation steps yielded bis-dansyl-tyrosine. The pH 6.5
eleckrophorevic mobil ity of the intact peptide indicated the
presence of one acidic residue and this was placed from the
mobility evidence of the partially degraded peptaide, After
two Ldman degradation steps, the peptide yeve tnree ninhydrin
posLtive zones on pH 6.5 electrophoresis of mobilities zero,
0.95 and 1.90 and this was interpreted as beilg due to the
incomplete blocking of the £-aminno funciion of the two lysine
residues by phenylthiocarbamyl groups due to their exposure 1o
PITC. The evidence was consistent with restdues~69 and 70

being glutamic acid and asparagine respectively.

Peptide ClO (75-80) (Ile-Pro-Gly-Thr-Lys-Met)

The peptide gave a pink coloration during the
trifluoroacetic acid stage of the first Edman degradation
step, but no other evidence for the presence of tryptophan

could be found (see Uphaus et al., 1959).

Peptide CLOA (75-82) (Ile-Pro-Gly-Thr-Lys-Met-Val-Phe)

Digestaion with carboxypeptidase-A for 3 h followed
by dansyl analysis yielded dansyl-phenylalanine together with

some dansyl-valinec. Dansylation without hydrolysis after
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seven Edman degradation steps yielded dansyl-phenylalanine.

Peptide Cll (81-82) (Val-Phe)

Dansylacion without hydrolysis after a single Edman

degradation step yielded dansyl-phenylalanine,

Peptide Cl2 (83~-85) (Ala-Gly-Leu)

Dansylation without hydrolysis after a single Edman

degradation step yiclded dansyl-leucine,

Peptide C13 (86-91) (Lys-Lys-Pro-Glu-Glu-Arg-Ala-Asp-Len)

The peptide gave a positive reaction with the phenan-
thraquinone reagent and arginine was placed as residue-91 from
the dansyl-Ediman analysis, The pH 6.5 electrophoretic mobility

indicated that residues-89, 90 and 93 wecre all acidic.

Peptade Cl4 (95-97) (Ile-Ala-Tyr)

Dansylation waithout hydrolysis after two LEdman

degradataion steps yielded bis-dansyl-tyrosinc.

Peptide Cl5 (98-103) (Leu-Lys-Glu-Ser-Thr-Lys)

Dansylation without hydrolysis after faive Edman
degradation steps yielded a-dansyl-£-PTC lysine., The pH 6.5
electrophoretic mobality of Cl5 indicated that residue-l1l00

was glutamic acaid.

Peptide C15A (99-103) (Lys-Glu-Ser-Thr-Lys)

The pH 6.5 electrophoretic mobility was consistent

with residue-l100 being glutamic acaid.
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Tryptic Feptides

Peptide Tl (-4-+5) (Gly-vVal-Pro-Gln-Gly-Asp-~Val-Glu~-Lys)

The pH 6.5 electrophoretic mobility indicated that
two acidic residues were present and these were placed. from the
data obtained from the automatic sequencer, at positions 2 and
4, Glutamine was positively i1dentified at position -1 during

the automatic sequencer analysas.

Peptide T1A (~4~+7) (Gly-vVal-Pro~Gln-Gly-Asp-val-Glu-
Lys-Cly-Lys)

Dansylation without hydrolys.is after ten Edman degra-
dation steps yielded a~dansyl-£-PTC-lysine. The pH 6.5
electrophoretic mobilaity of T1A was consistent waith the
automatic sequence data regarding the presence of fwo acidic

residues,

Peptaide T2 (6-7) {Gly-Lys)

Dansylation without hydrolysis after a single Edman

degradation step yielded bas-dansyl-lysine.

Peptide T3 (9-12) (Ile-Phe-~Val-Gln-Arg)

The peptide gave a positive result with the phenan-
thraquinone reagent and argainine was placed in posaition 12
from the results of the dansyl-Edman analysais, and dansylation

without hydrolysis after four Edman degradation steps.

Peptide T4 (14-25) (Hewe peptide)

The heme peptide underwent a mild performic oxidation

and was then digested with 5% (w/w) chymotrypsin at pH 8.0



-5

and 37°C for 30 min, yielding peptides T4CA and T4CB which

were purified by pll 1.9 electrophoresis.

Peptide T4CA (14-~-18) (CysSO —Ala—Gln—CySOB—Hls)

3
Dansylation without hydrolysis after four Edman

degradation steps yielded bis-dansyl-histidine. The presence
of cysteic acid and histidine res.idues made the placing of
amide residues from electrophoretic mobility data impossible,
but residue-16 was fixed as glutamine from a positive ident.i-

fication during the automatic seguencer analysis.

Peptide T4CB (19~25) (Thr-val-Glu-Ala-Gly-Gly-Lys)

The dansyl- Edman analysis wds 1aconclusive beyond
five deoradation steps but dansylation withont hydrolysais
after the sixth degradation gave a-dansyl-£-PTC-lysine despite
the lack of a positive result from the N-terminal analysis at
this point. Irsufficient material made the pH 6.5 elcctro-
phoretic mobility determination of T4CB impossible so that
residue-21 was placed as glutamic acad from the evidence of

peptide C2CB and the automatic sequencer data.

Peptide T5 (26-27) (His-Lys)

Histidine was i1dentified at residue-26 as 1ts a-dansyl-
deraivalive on N~terminal analysis of the intact peptaide. The
semi—quantitative amino acid composition of the intact peptide
contained histidine as judged by the dansyl analysis of the

hydrolysate, but this was absent 1n a similar analysis

following a single Edman degradation step. Dansylat.ion
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without hydrolysis at this point yieldced bis-dansyl-lysine.

Peptide T6 (28-38) (Thr-Gly-Pro-Asn-Leu-His-Gly-
Leu-Phe~GCly-Arg)

The peptide gave a positive reaction with the phenan-
thraquinone reagent and arginine was placed in position 38 from
the dansyl-Edman analysis, and dansylation without hydrolysis
after ten LEdman degradation steps. Histidine was i1dentified
as 1ts a-dansyl derivative on N-terminal analys;s after the
fi1fth Edman degradation step. It was also fixed in position
33 by the presence of histidine in a semi-quantitative amino
acid composition conducted after five degradat.ion steps and
the absence after six Edman degradataions. The pH 6.5
electrophoretic mobility was consistent with the ouvcurrence
of asparagine in position 31, assuming that histadine carried
a charge of less than +1 1in that pH.

A peptide of identical seguence was 1solated with a
mobility of 0.20 on pH 6.5 electrophoresais. It was assumed
that this was a deamidated form of T6 rather than a real

alternative to the sequence.

Peptide T6A (28-39) (Thr-Gly-Pro-Asn-Leu-His-Gly-
Leu-Phe-Gly-Arg-Lys)

The dansyl-Edman evidence was inconclusive beyond
s1x Edman degradation steps and residues 35-39 were placed
from amino acid composition data, the pH 1.9 electrophoretaic
mobality data which was consistent with a change of +3 for

T6A at this pill and the sequence analysis of T6. The pIl 6.5
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electrophoretic mobility indicated that residue-31 was
asparagine assuming that histidine carried a charge cf less

than +1 at that pH,

Peptide T7 (40-53) (Thr-Gly-Gln-Ala-Pro-Gly-Phe-
Scr-Tyr-Thr-Asp~Ala-Asn-Lys)

Dansylation withoul hydrolysis after thirteen Edman
degradation steps yielded a-dansyl-£-PTC-~lysine, The pH 6.5
electrophoretic wobilaity 1nd;cated the presence of one acadic
residue and thas was placed as aspartic acid-50 from the
mobility evidence of the intact and partially degraded forms
of peptide C6. Residue-42 was also placed as glutamine frcm

the evidence of pept.de C4,

Peptide T8 (54-55) (Ser-Lys)

Dansylation without hydrolysis after a single Edman

degradation step yielded bis-dansyl-lysine.

Peptide T9 (56-73) (Gly-Ile-Thr-Trp-Asp~-Glu-Asn-Thr-
Leuv-Phe-1le-Tyr-Leu~Glu-Asn-Pro-
Lys-Lys)

The peptide gave a positive reaction with the Ehrlich
reagent and showed a rose-pink coloration during the trifluoro-
acetic acid stage of the first Edman degradation step,
andicative of tryptophan (Uphaus et al., 1959). However,
tryptophan was not identified by N-terminal analysais after
three Edman degradation sieps due to the acid destruction of
the dansyl deraivatives, and it was therefore placed from

peptide C6, The dansyl-Edman analysis was anconclusive
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beyond thirteen Edman degradavion steps and residues 69-73
werce placed from the semi~guantitative amino acid compositaion
data of T9, and the sequence analysis of T9B. Both
electrophoretic mobilities were poor, possibly due to a
combination of the presence of cvryptophan and the molecular
weight 1n excess of 2,000, and this made the fixing of acidic
residues difficult. Positions 60, 61l and 69 werc placed as
acidic residues and 62 and 70 as amides from the mobility

evidence of peptides T9A, T9B, C7 and C9.

Peptide T9A (56-65) (Gly-Tle-Thr-Trp-Asp-Glu-Asn-
Thr-Leu-Phe)

The peptide gave a positaive reaction wiilh the Lhrlich
reagent and gave a pink coloralion during the trifluorcacetic
acid stage of the first Edman degradation step, indicative of
tryptophan (Uphaus et al., 1959), but tryptophan was not
1dentified on N-termainal analysis after three degradatiion
steps because of the acid destruction of dansyl-tryptophan.
Digestion with carboxypeptidase~A for three hours yielded
dansyl-phenylalanine, whilst a similar analysis after 9 h
of digestaion yielded the dansyl derivatives of phenylalanine,
leucine and threonaine. The pH 6.5 mobility was less aéldlc
than expected, possibly due to the presence of tryptophan,
but 1t still indicated a charge of -2 consistent with the
mobility evidence of the intact peptide C7. Positions 60

and 61 were fixed as aspartic acid and glutamic acid, and

position 62 as asparagine from the mobility evidence of
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partially degraded samples of C7,

Peptaide T9B (66-72) (Ile-Tyr-Leu-Glu-Asn-Pro-Lys)

Residues 66 and 70 were placed as glutamic acid and

asparaglne respectively, Erowm the evidence of C9.

Peptide T9C (66-73) (Tle-Tyr-Leu-Glu-Asn-Pro-Lys-Lys)

The pH 1.9 electrophoretic mobility indicated the
presence of the two lysine residues and the pH 6.5 mobility
was consistent with the placing of residues 69 and 70 as

glutamic acid and asparagine as outlined in the evidence for C9.

Peptide T1O (74-79) (Tyr-Ile-Pro~-Gly-Thr-Lys)

Peptide Tll (80-86) (Met-Val-Phc-Ala-Gly-Leu-Lys)

Peptide T11lA (80-82) (Met-Val-Phe)

Digestion with carboxypeptidase-A for 3 h yvielded
the dansyl deraivative of phenylalanine together with some
valine after dansyl analysis, whilst dansylation without
hydrolysis after two Edman degradation steps yielded dansyl-

phenylalanine,

Peptide T11lB (83-86) (Ala-Gly-Leu-Lys)

Dansylation without hydrolysais after three Edman

degradation steps yielded a-dansyl-¢-PTC-lysine.

Peptide T12 (87-91) (Lys-Pro-Glu-Glu-Arg)

The peptide gave a positive reaction with the
phenanthraquinone reagent and arginine was fixed in position

91 from the dansyl-Edman analysis and dansylation without



hydrolysis after four Edman degradation steps, The pH 6.5
electrophoretic mobility indicated that residues 89 and 90
were both glutamic acid and samples of the peptide after two
and three Edman degradations had pH 6.5 mobilities of -1.25
and zero. This data was consistent with the mobility evidence

from Cl3,

Peptide T1l3 (92-99)

The expected tryptic peptide T1l3 was not isolated.

Peptide T13A (92-97) (Ala-Asp-Leu-Ile-Ala-Tyx)

Digestion with carboxypeptidase A for 2 h yielded
bis-dansyl-tyrosine after densyl analysis as did densylation
without hydrolysis after five Edman deqgradation sleps. The
PH 6.5 electrophoretic mobilaity indicated that residue-93

was aspartaic acad.

Peptide T13B (98-99) (Leu-Lys)

Dansylation without hydrolysis after a single Edman

degradation step yielded bis-dansyl-lysine,

Peptide T14 (1l00-103) (Glu-Ser-Thi-Lys)

Dansylation without hydrolysis after three Edman
degradation steps yielded o-dansyl-g-PTC-lysine. The pH 6.5
electrophoretic mobility indicated that residue —100 was

glutamic acad.
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Automatic Sequence Analysis

-4 1 1o
Gly-Val-Pro-Gln-Gly-Asp~-Val~Glu~-Lys-Gly~Lys-Lys-Ile-The-

20
vVal-Gln-Arg- * -Ala-Gln- * -Ilis-Thr-vVal-Glu-Ala-Gly-Gly-

30
Lys-His-Lys=-Thr-Gly-Pro-Asn-Leu-His-Gly-Leu~Phe-Gly

Residues -4-+37 were determined using a Beckman 890c
sequencer operating on the quadrol fast protein double cleavage
programme,

The glutamic acid residues at positions 4 and 21, the
glutamines at -1, 12 and 16, the aspartic acid at 2 and the
asparagine at position 31, were .dentified as their PTH-
derivatives by thin-layer chromatography (TLC) énd by gas
chromatography (GLC) after "on column" tramethylsilylation
using a 200—27000, 6° per min temperature progsamme, The
1soleucine residue at position 9 and the leucine ressdues at
positions 32 and 34 were identified as their PTH-derivatives
on TLC, and from GLC of the traimethylsilyl derivatives formed
"on column" using an isothermal development at 200°%¢. The
glycine residues at posaitions 29 and 37 and the proline at
30 were i1dentified as the.r PTH-deraivatives on TLC and direct
GLC, together with the dansyl analysis of the regenerated
parent amino acaid. The lysine residues in positaions 5, 7,
8, 25 and 27 were identified as theair PTH-deraivatives on TLC
and by dansyl-analysis of the regenerated parent amino acad.

The PTII-derivatives of arginine and hastidine were not soluble
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in ethylacetate but remained in the aqueous layer following

the acid conversion of the 2-anilino-5-thiazolinone derivakives
to the PTH-derivataves and their subsequent exkraction with
ethyl acetate. Arginine was fixed in position 13 from the
regeneration of such an aqueous phase followed by dansyl
analysis, together with a spot test using the phenonthraguinone
reagent. The agqueous phases for positions 18, 26 and 33,
where histidine was suspected, were split inlo two parts.

The parent amino acid was regenerated normally from the first
rart, whilst the second part was taken to pH 12.5 with ammcnia
before extraction with ethyl acetate. The unprolonated
histidine was more soluble under these conditions, and the
ethyl acetate extract could be regenerated in the normal manner.
Both methods yielded bis~dansyl-histidine after dansyl
analysis. The cysteine residues at 14 and 17 were not
1dentified as such, and were placed frowm the manual sequeace
analysis. The cytochrome ¢ was not dehemed before analysis,
so that the cysteine remained bound covalently to the heme
after the eighteenth degradation, and the two cysteine residues
were released bound to the heme after the twenty first
degradation step. The analysis of the eighteenth and twenty
first fractions was inconclusive, but the latter did exhibat

a pink coloration due to the presence of the heme-~cysteine
complex.

The remaining residues fixed by the automatic sequencer

were identified as theair PTH deraivatives on TLC, and direct
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GLC using a temperature programme of 160-270°¢ at 8° Fer nuin,

Amino Ac.d Sequence

The overlapping chymotryptic + tryptic peptides gave the
sequence of Locusta cytochrome ¢ as shown in Figure 3l. The
sequence data agreed with the amino acid composilion data
shown in Table 23 with a nuwmber of exceptions. The values
obtained for serine and lysine were routinely high ain all
determinations, but no evidence for an impurity responsible
for such discrepancies could be seen 1n the sequence analysis.
Tryptophan was not determined as part of the amino acid
composition, but the best spectral ratios of the purifaied
Locusta cytochrome ¢ indicated that one residue was present.

From Figure 31 it can be seen that all the vresidues were
positively identified in both chymotryptic and tryptic
digestions except for those in positions 8, 39 and 59. These
could be placed Erom positive i1dentifications by automalic
sequence danalysis for positions 8 and 39, or by the sequence
analysis in only one of the digestions, from amino acad
composition data or a combination of these last two. The
lysine residues at positions 8 and 39 were not identified in
the tryptic digest because of the nature of the enzyme
cleavage at X-Lys-Lys-X and X-Arg-Lys-X sequecnces, and
tryptophan was not identified in the appropriate tryptaic
peptide because of the destruction of the dansyl deravative

duraing the acaid hydrolysas stage of dansyl analysais.
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Residues -4 to +37 were positively identified, waith the
exception of 14 and l7,using the automated sequence data. No
residues were placed wathout positive identification fLrom at
lcast one digestion,

All posaitaive overlaps between chymotryptic and tryptic
peptldes were obscrved except in the region Cl4, Cl5/T13A,
T13B, where an anomalous tryptic break duplicated the chymo-
tryptic digestion, However, the order.ng of peptaides is
clear from the overlaps obtained at Cl3, Cl4/TL3A and C15,
Cl5A/T138, Tl4.

All the acidic and amide residues 1ndicaced in the
sequence were placed, with the exception of posaitions -1, +2,
4, 16, 21 and 31, from the pH 6.5 electrophoretic mobilaities
of antact or partially degraded peptides taken from either,
or both, of the chymotryptic and tryptic digestions. The
residues in positions -1, +2, 4, 21 and 31 were placed from
a combaination of the above, together with determinations
associated waith the automatic sequence analysas. Glutamine-
16 was placed from the automatic sequence data alone.

The observed electrophoretic alternative to peptide T6
was assumed to be due to deamidation during preparation rather
than to represent a real alternative to the sequence.

The observed enzyme specificities were consistent with
those expected (Smyth, 1967), except that only partial

chymotryptic cleavage was observed at tyrosine-67. In additaion,
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full chynmotryptic cleavage was observed at histidine-26,
leucaine-85 and leucine--94, und partial chymotryptic cleavage

at histidine~32, methionine-80 and leucine-98. Partial tryptic
cleavage was observed at lysine-5, arginine-38 and lysine-72,
togethexr watbh Mguahnmc—65 and phenylalanine-82, Full tryptic

cleavage was observed at tysosine-97,

9. The Amino Acid Sequence of Macrobrachium
Cytochrome ¢

The amino acid sequence of Macxrobrachium cytochrome ¢

was determined from the evidence of two chymotryptic digestions
and tvo tryptic digestions using a total of 2 pmol (24 mgs) of
proteuin, The sequence 1sgiven in Figure 32 showing the

poants of enzyme cleavage together with the overlapping
peptides frem whaich 1t was deduced, A list of chymotryptic
peptides, together with mwobility and sequence data, 15 given

in Table 24, and a similar list of tryptic peptides 1s given

in Table 25, The amino acid composition of Macrobrachium

cytochrome c was obtained from three duplicate 50 ug samples
hydrolysed for 24, 48 and 72 hours respectively, and this as
given in Table 26, The amino acid composition of certain

peptides i1s gaven 1in Table 27.

Digestion

The oxidised protein denatured easily in 80% ethancl and

was adequately digested by both trypsin and chymotrypsin.



FIGURE 32.

The Amino Acid Sequence of Macrobrachium Cytochrome c.

Residues whaich were identified by dansyl-Edman analysis
are indicated by —7; those identified by other means,
e.g. by amino acid composition data, are indicated by _-7;
those i1dentified by digestion with carboxypeptidase-A are
indicated by s—; arrows ==y indicate that the C-terminal
residue was 1dentified as the free amino acad. The

arrows 'lT indicate points of complete enzymic cleavage,
A
[}
|

upwards for trypsin and downwards for chymotrypsain;
indicate points of partial cleavage, and lL indicates
points of cleavage using chymotrypsin to digest the heme
peptides. The amino acid composition of peptides marked

* is given in Table 27.
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TABLE 24

cytochrome ¢

Chymotryptic peptides from Macrobrachium

Peptide/ M M Rgt;g—
position (pH 6.5) (pH 1.9) BAWP
Cl 0] 0.80

(1-10)

c2 0.20 0.39 0.14
(11-26)

C2CA 0.28

(11-18)

C2CB 1.10 1.15

(19-26)

c2cc 0] 0.46

(19-24)

C2CD 1.76

(25-26)

C3 0.67 0.53 0.39
(27-36)

C3A

(27-32) 0.95 0.77

C3B 0 0.54 0.11
(33-36)

C3C 0.88 0.72

(27-33)

C3D 0 0.55 0.85
(34-36)

c4 0.65 0.53 0.03
(37-46)

C4A 0 0.47

(37-48)

C5 (o] 0.59 0.89
(47-48)

cé 0.65 0.79

(49-59)

Dansyl-Edman Results

(X-Gly,Asx,val,Glx,Lys,Gly,
Lys)-Lys-Ile-Phe
Y ~ <

val- (Heme peptide; see text)
——7

val- Glx—Arg—CySO3 (Ala,Glx,
CySO3) ZHis

Ser—Ala Glx—Ala—A°x (Leu,Lys)
His
218

Ser—Ala—Glx—Ala—Asx-Leu
7 =3

Lys-H
ys-His

Lys- Thr—Gly—Pro—Asx—Leu-on—
Gl —Leu—Phe

Lys-Thr-Gly-Pro-Asx-Leu
yl 7 yr r 7 ===

Asx—Gly—Leu—Phe
I8 Iv—_1

Lys-Thr-Gly-Pro-Asx-Leu-Asx -
7 7 7 7 L4 /H

Gly~Leu-Phe
r 75—

Gly—Arg—Glx—Thr—Gly—Glx-Ala—
Ser—Gl Tyr

Glx—Arg—Glx—Thr Gly—Glx-Ala—
Ser-Gl -Tyr —Val— Z

gg;—Tgr

Thr-Asx—Ala—Asx—Lys—Ala— ys-

Gly-(1ile)-Thr-Trp




c7
(60-67)

c7a
(60-64)

C7B
(65-67)

c8
(68-74)

Cc9
(75-80)

CcoA
(75-82)

C9B
(75-85)

Clo
(81-82)

Cll
(83-85)

Cl2
(86-94)

Cl2A
(86-97)

Cl3
(95-97)

Cl3A
(95-98)

Cl4
(98-104)

Cl4a
(99-104)

1.53

-1.92

TABLE

24 (cont'd.)

(Glx)-Ala-Asx-Thr-(Leu)-Asx~
l_T r rd rd N ‘

lEL.vX;

Glx-Ala-Asx-Thr-Leu-Asx-Val-

Tyx
Asx—Val—Tgr

Leu-Glx-Asx-Pro~-Lys-Lys-Tvyr
[4 7 [ 4 L4 I4 7 ——r

Ile-Pro-Gly-Thr-Lys~Met

Ile—Pro-Gly—Thr—Lys—Met—Val—
Phe

7

lle—Pzg—Gly—Thr—Lxs—(Met,
Vval,Phe,Ala)-Gly-Leu

Val-Phe
'_'7-———-?

Ala—GleLeu

Lys—Lys—Ala Asx—Glx-Arg—Ala—
Asx-Leu
_——7 7

Lys Lys-Ala-Asx-Glx—Arg—Ala—
(Asx,Léu, Ile)—Ala-vx_

Ile-Ala—TZr

Ile-Ala—Tyr—Leu
e 4

Leu-Lys-Glx-Ala-Thr-Asx-Leu
7 4 7 [4 7 N\ 7/ N 7

Lys-Glx-Ala-Thr-Asx-Leu




TABLE _ 25.

Tryptic Peptides from Macrobrachium Cytochrome ¢

Peptide/ M M Rzgg_
Position (pH 6.5) (pH 1.9) BAWP
Tl ~-2.00 0.40

(1-5)

T2 l.93 1l.45 0.17
(6-7)

T2A 2,73 1.61 0.07
(6-8)

T3 0.86 0.73 0.55
(9-13)

T4 0.29 0.4l

(14-25)

T4CA 0.38

(14-18)

T4CB 0.82 0.67

(19-25)

T5 2.38 1.60 0.08
(26-27)

T6 0.69 0.53

(28~38)

T7 (0} 0.43

(39-53)

T 2.08 1.45 0.24
(54-55)

T9

(56-73) Not isolated.

TO9A -0.90 0.15

(56-67)

TOB o} 0.90

(68-72)

Dansyl-Edman Results

X-Glx,Asx,Val,Clx)-Lys

Gly-Lys

Gly-Lys-Lys
L4 4 __—{

Ile~-Phe-Val-Glx~Arqgq
7 I 7 7 7
{Hewe peptide; see text)
- -G1x- -
CySO;-Ala-G1x (CySO3) His

Ser-Ala-Glx-Ala-Asx-(Leu,Lvs)
I d 7 , ' I

His-Lys

Thr—Gly—Pro—Asx—Leu—Asx—G]y—
Leu-Phe—Gl¥—Arg

Glx—Thr—Gly—Glx-Ala Ser—Gly-
Tzr-Val Tzr Thr—Asx (Ala Asx,
Lys)

Glg—Ile—Thr—(Trp)—G]x-Ala—

Asx-—_gi Leu Asx)—vgz—vx_

Lev-glx-Asx-Fro-Lys



T1l0
(74-79)

T10A
(73-79)

Tll
(80~86)

T1lA
(80-82)

T1lB
(83-86)

T12
(87-91)

T12A
(88-91)

T13
(92-99)

T13A
(92-97)

T13B
(98-99)

T1l4

(100-104)

TABLE

25 (cont‘'d.)

0.45

0.26

Tyg—tle—Prg—Glx-Egg-Lxs

Lzs—Ty{—Ilg—Prg—Glzﬁghg—Lxs

Met—Val-Phe-Ala-Glz—Leu-Lxs
rd 7 rd rd 7 ——

Met-Val-Phe

Ala—Glx—Leu—LZs

Lys~- ~ASxX~ A
ys-Alg-Asx-Gly-Jrg

Ala-Asx-Glx-Arqg
7 7 g

Ala-Asx-Leu-Ile~Ala-Tyr-leu-
L S d 4 7

Ala—Asx—Leu—Ile—Ala—Tzr

Glx-Ala-Thr-Asx-Leu
rd Vd 7 4 ——-/
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Si1x mg of cytochrome ¢ was oxidised and denatured, and
equilabrated at 37OC and pH 8.0 for both of the chymotryptaic
digestions. 2% (w/w) enzyme was added at zero time, a further
2% after 50 min and the digestion was terminated after 90 min.
Six wmg of protein was used for both of the tryptic digestions,
After denaturation and equilibration at 37°C and pll 8.0,

2% (w/w) trypsain was added at zero time, a further 2% at 80 min

and the digestion was terminated after 120 min.

Chymotryvptic Peptides

Pcptide Cl (1-10) (Gly-Asp-vVal-Glu-Lys-Gly-Lys-
Lys-Ile~Phe)

The peptide failed to give an N-terminal resulbt with
the dansyl method and would not undergo any degradation waith
the Edman method, indicating that the peptide had a blocked N-
t exminus, NDigestion with carboxypeptidase-N at 37°C and
pH 8.5 for 3 h yielded dansyl-phenylalanine after dansyl
analysis, whilst 24 h of digestion yielded quantities of i1so-
leucine and phenylalanine together with a significant amount
of lysaine. Duplicate samples of Cl were taken and hydrolysed
for 24 h to obtain quantitative amino acid composition data
for the peptide. The following mean values were obtained:
Asp (l1.3), Glu (0.8), Gly (2.3), val (0.7), Ile (0.8),

Phe (0.8), and Lys (3.3). These were 1in accord with the
proposed sequence of peptide Cl. Residues 5-10 can be more

dairectly placed from the sequence evidence of peptides T2



and T3 and the C-terminal detexrminations of peptide Tl.
Residues l1-4 were placed from the quantitative amino acid
composition data of Cl and T1 together with the evidence of the
corresponding residues of cytochromes ¢ publashed to date
(Dayhoff, 1272).

Acetyl determinations on samples of peptide Cl proved

inconclusive.

Peptide C2 (l1l-26) (Heme peptide)

The heme peptide was purified by electrophoresis and
paper chromatography. Valine was shown to be the N-terminal
residue using the dansyl method, After a mild perforarc
oxidation, the peptide was digested with 5% chymotrypsin
(w/w) at pH 8.0 and 37% to yreld peptides C2ChA, C2CB, C2CC

and C2CD which were separated by electrophocesis at pH 1.9.

Peptide C2CA (11-18) (val-Gln-Axrg-CySO

3—A]a—G1n~CySO3—HLq)
The peptide gave a positsve result with both Pauly
and phenanthraquinone reagents, and digestion with carboxy-
peptidase~A followed by dansyl analysis indicated that histadine
was the C-terminal amino acid. The dansyl-Edman analysis
was 1inconclusive beyond four degradation steps so that residues
15-17 were placed from T4CA and amino acid composition data.
Residue-12 was fixed as glutamine from the pH 6.5 electro-
phoretic mobilaity of peptide T3, and a comparison with the

mobilaity of the equivalent chymotryptic peptaide in Locusta

cytochrome ¢ indicated that position 16 was occupred by
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glutaminc. The method of Offord (1966) for the placement
of amide residues from electrophorelic mobilities was not
applicable, due to the presence of histidine and cysteic acid

residues.

Peptide C2CB (19-26) (Ser-Ala-Gln-Ala~Asn-Leu-Lys-His)

The peptide gave a positive reaction with the Pauly
reagent and digestions with carboxypeptidase-A for 3 h and
9 h followed by dansyl analysis confirmed histidine as the
C-terminal residue. Dansyl-Edman analysis was inconclusive
beyond five degradations and residues-24 and 25 were placed
from the semi-quantitalive amino acid comgosit.on data of CZCR
and from the sequence analysis of C2CC. The mobility on
PH 6.5 electrophoresis indicated that residues-21 and 23 were
amides. A peptide with an identical sequence to C2B was
i1solated in low yield havaing a zero mobilaty on piII 6,5 electro-
phores.is, It was assumed to have been deamidated during
preparation, rather than to be a real alternative form of the

sequence.

Peptide c2C¢C (19-26) (Ser-Ala-Gln-Ala-Asn-Leu)

Dansylation without hydrolysis after five Edman
degradation steps confirmed leucine as the C-terminal residue.
A consideration of the pH 6.5 electrophoretic mobility placed

resadues-21 and 23 as amides.

Peptide €2CD (27-28) (Lys-His)

Dansylation without hydrolysis after one Edman
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degradation step yielded bis-dansyl-histidine.

Peptide C3 (27-36) (Lys-Thr-Gly-Pro-Asn-Leu-Asn-~
Gly-Leu-Phe)

Digestion with carboxypeptidase~A for 3 h followed
by dansylation yielded an excess of dansyl-~phenyalanine, whilst
a similar 9 h digestion and analysis yielded excesses oF phenyl-
alanine and leucine together with a significant quantaity of
glycane. The pH 6.5 electrophoretic mobility indicated that

residues~-31 and 33 were amides.

Peptide C3A (27-32) (Lys-Thr-Gly-Pro-Asn-Leu)

Dansylation without hydrolysis after five Edman

degradations confirmed leucine as the C-terminal residue.

Residue-31 was fixed as asparagine from the pll 6.5 electrophoretic

mobilaity.

Peptide C3B (33-36) (Asn-Gly-Leu-Phe)

Digestion with carboxypeptidase-A for 3 h followed
by dansyl analysis yielded dansyl-phenylalanine together with
some dansyl-leucine, and dansylation without hydrolysis after
three Edman degradations confirmed phenylalanine as the C-
terminus of C3B. The pH 6.5 electrophoretic mobility andicated

that residue-33 was asparagine,

Peptide C3C (27-33) (Lys-Thr-Gly-Pro-Asn-Leu-Asn)

Dansylation without hydrolysis after six Edman
degradations yielded dansyl derivatives which co-chromatographed

with dansyl-asparagine and dansyl-aspartic acid on polyamide

/\:_Ar -,
(/f' bl V]
£
R VER

~ sy {
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layers. The pH 6.5 electrophoret.ic mobility indaicated that

residues-31 and 33 were amides.

Peptaide C3D (34-36) (Gly-Leu-Phe)

Dansylakion without hydrolyecis after two Edman
degradation steps confiimed phenylalanine as the C-termainal

residue.

Peptide C4 (37-46) (Gly-Arg-Gln-Thr-Gly-Gln-Ala-
Ser-~-Gly-Tyr)

The peptide gave a positive reaction with the phenan-
thraguinone reagent, indicating the presence of arginine, and
this was confirmed at position 38 by dansyl-Edran analysis,
Digestion with carboxypeptidase-A for 3 h followed by dansyl
analysis yielded an excess of bis-dansyl-tyrosine together
with some dansyl-glycine, Dansyl analysis after 9 h digestion
yielded similar quantaities of the dansyl derivatives of
tyrosine, glycine and seraine as judged by an assessment of the
fluorescence of these dansyl deraivatives on polyamide sheets.
The electrophoretic mobility at pH 6.5 of C4 indicated that

residues-39 and 42 were amides.

Peptaide C4A (37-48) (Gly-Arg-Gln-Thr-Gly-Gln-Ala-
Ser-Gly-Tyr-val-Tyr)

Dansylation without hydrolysis after eleven Edman
degradation steps confirmed tyrosine as the C-terminal residue.
From a comparison of the pH 6,5 electrophoretic mobilaties
of ¢4 and C4A 1t was assumed that C4CA was a deamidated form

of ¢4 and as such, a preparation artefact, rather than a real
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alternative from the sequence.

Peptide C5 (47-48) (val-Tyr)
Dansylation without hydrolysis after a single Edman

degradation step confirmed tyrcsine as the C-terminal residue.

Peptide C6 (49-59) (Thr-Asp-Ala-Asn-Lys-Nla-Lys-—
Gly-Ile-Thr-Trp)

The peptide gave a positive result with the Ehrlich
reagent and digestion with carboxypeptidase for 3 h followed by
dansyl analysis yielded dansyl~-tryptophan, whilst a similar
analysis after 9 h of digestion yielded quantities of dansyl-
threonine and dansyl-tryptophan. The dansyl~Edman analysis
was 1nconclusive beyond eight degradations, but a semi~
gquantitative amino acid composition taken at this point showed
significant amounts of isoleucine and threonine. The pH 6.5
electrophoretic mobaility indicated the presence cf one acidic
residue and this was placed as aspartic acLd-50 from a
consaideration of the pH 6.5 mobility after twc Edman degradations.
After this particular electrophoresis, three ninhydrin pcsitive
zones were detected with wmobilities of 0, 0.66 and 1l.24 and
these were assumed to represent degrees of blocking of the
lysine & -amino groups in the peptide by the phenylthiocarbamyl
group as a result of their exposure to PITC during two Edman
degradations, The three mobility values were consistent

with residue--50 being aspartic acaid.
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Pcptide C7 (60-67) (Gln-Ala-Asp-Thr-Leu-Asp-Val-Tyr)

The peptide gave a positive result with the ninhydrin
reagent but failed to give an N-terminsl result after the normal
dansyl analysis and would not undergo any degradation with
the Edman method, aindicatirg that the peptide had no free N-
terminal group. Digestion with carboxypeptidase-A for 3 h
followed by dansyl analysis yielded an excess of bis-dansyl-
tyrosine, whilst digestion for 6 h gave dansyl-valine and
dansyl-tyrosine, A 24 h digest yielded equivalent amounts of
dansyl-valine and dansyl-tyrosine after dansyl analysis
together with a gquautity of dansyl-aspartic ac.d, as judged
by their fluorescence on polyamide sheecs under v.v. light.
Analysis of duplicate samples of C7 on a Locarte amino acad
analyser gave the following values: Asp (2.4), Thr (0.7).,

Glu (0.8), Ala (1.2), val (0.9), Leu (1.3), Tyr (0.9).
Digestion of the peptide for 30 min with pyrrolidonyl

peptidase prepared from Pseudomonas fluorescens, followed by

protein precipaitation with absolute ethanol, gave a peptaide

in the supernatant with alanine as the N-terminus and containing
tyrosine as shown by dansyl analysis, Dansyl-Edman analysis

of this new peptide was inconclusive beycnd two degradation
steps which placed residues-62 and 63. It was concluded from
the evidence that the loss of a free N-terminal group had
occurred after the peptide had been eluted from the pH 1.9

electrophoresis paper, and that this loss was due to the


http://amj.no
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cyclisation of glutamine to pyrrolidone-carboxylic acad. The
pPH 1.9 electrophorectaic mobilaity of 0.30 indicated a charge of
+1 which would be due to the N-~-terminal amino group, and the
electrophoretic mobility of pH 6.5 indicated the presence of
two acidic residues. Aspartic acid~65 could be independently
placed from C7B and residue-60 was placed as glutamine £from

the observed susceptibility to cyclisation and the subsequent
atfinity for pyrrolidonyl-peplidase. Residue-62 was therefore
placed as aspartic acid and this was compatible with the

evidence of C7A,

Peptide C7A (60-64) (Gln-Ala-Asp-Thrc-Leu)

Digestion of the peptide wilh carboxypeptidase-A
followed by dansyl analysis gave dansyl-leucine after 3 h and
quantities of the dansyl-derivatives of leucine, threonine
and aspartic acid after 24 h., The pH 6.5 electrophoretzic
mobility indicated the presence of two acid residues but
residue-60 was fixed as an amide from the evidence outlined in
c7. It was assumed that this peptide represented an example
of deamidation at residue-60 rather than an alternative form

of the sequence.

Peptide C7B (65-67) (Asp-Val-Tyr)

Digestion with carboxypeptidase-A for 3 h yielded bis-
dansyl-tyrosine after dansyl analysis, and tyrosine was
confirmed as the C-terminal residue by dansylation without

hydrolysis after two Edman degradation steps. The pH 6.5
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electrophoretic mobilily placed residue-G5 as aspartic acid.

Peptide C8 (68-74) (Leu-Glu-Asn-Pro-Lys-Lys-Tyr)

Digestion with carboxypeptidasc-A for 3 h yielded
bis-dansyl-Lyrosine after dansyl analysis and tyrosine was
confirmed as the C-terminal residue by dansylation after six
Edman degradation steps. A consideration of the pH 6.5
electrophoretic mobility indicated the presence of one amide
residue and this was placed at position 70 from the pH 6.5

mobilaity after two Edman degradation s teps.

Peptide C9 (75-80) (Ile-Pro-Gly-Thr-Lys-Met)

Peptide C9A (75-82?) (Ile-Pro~Gly-Thr~Lys-Met-Val-Phe)

Digestion with carboxypeptidase-A for 3 and 24 h
follovwed by dansyl analysis yielded dansyl-phenylalanine and

dansyl-phenylalanine and dansyl- valine respectively.

Peptide CO9B (75-8») (Ile-Pro-Gly-Thr--Lys-Met~Val-
Phe-Ala-Gly-Leu)

Digestion with carboxypeptidase-A for 3 and 9 h
yielded dansyl-leucine and the dansyl deravatives of leucine
and glycine respectively after dansyl analysas. The dansyl-
Edman analysis was inconclusive beyond five degradation steps
and residues 80-83 were placed from composition data and the

sequences of C9, ClO and Cll.

Peptide ClO (81-82) (Val-Phe)

Dansylation without hydrolysis after a single Edman
degradation step confirmed phenylalanine as the C-terminal

residue,
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Peptide Cll (83-85) (Ala-Gly-Leu)

Dansylation without hydrolysis after two Edman

degradataions yielded dansyl-leucine.

Peptide Cl2 (86-94) (Lys-Lys-Ala-Asn-Glu-Arg-Ala-Asp-Leu)

The peptide gave a positive result with the phenan-
thiagquinone reagent and digestion for 3 h with carboxypeptidase-A
followed by dansyl-analysis indicated that leucine was the
C~terminal residue. The pH 6.5 electrophoretic mobaility
indicated the presence of two acidic residues and these were
placed as glutamic acid-%0 and aspartic acid-93 from the

tryptic peptades T1l2 and T1l3 respectively,

Peptide Cl2A (86-97) (Lys-Lys-Ala-Asn-Glu-Arg-Ala-
Asp-Leu-Ile-Ala-Tyr)

The peptide gave a positive reaction with the phenan-
thraquinore reagent and digest.ons with carboxypeptidase-A for
3 and 9 h gave bis-dansyl-tyrosine, and birf-dansyl-tyrosine
together with dansyl-~alanine respectively, after dansyl analysais.
The dansyl-Edman analysis was 1inconclusive beyond seven
degradation steps and residues 93-95 were placed from the semi-
quantitative amino acaid analysis of Cl2A together waith the
sequence evidence for peptides Cl2 and Cl3, The pH 6.5
electrophoretic mobility was consistent with peptide Cl2 with
regard to the placement of the acidic residues at positions

90 and 93.
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Peptide Cl13 (95-97) (lle-Ala-Tyr)

Dansylation without hydrolysis after two dansyl-

Edman degradation steps confirmed tyrosine as the C-terminal

residue.

Peptide Cl3A (95-98) (Ile-Ala~Tyr-Leu)

Dansylation without hydrolysis after three dansyl-

Edman degradations yielded dansyl-~leucine,

Peptaide Cl4 (98-104) (Leu-Lys-Gln-Ala-Thr-Asn-Leu)

Digestion with carboxypeptidase-A for 3 h followed
by dansyl analysis yielded darsyl-leucine, vhilst similar
analysis after 9 h of digestion gave guancscies of dansyl-
leucine and dansyl-asparagline. The pH 6.5 clecirophoretic
mobility of Cl4 indicated that residues-100 and 103 were both
amides. A peptaide of identical sequence to Cl4 was isolated
from the neutral zone of a pH 6.5 electrophoresis, bul this
was placed as a deamidated form of Cl4 rather than a real

sequence alternative,

Peptide Cl4A (99-104) (Lys-Gln-Ala-Thr-Asn-Leu)

The pH 6.5 electrophoretic mobility indicated that
residues-100 and 103 were both amides. A peptide of i1dentical
sequence but with a neutral pH 6.5 mobility was isolated and

attributed to deamidation in a samilar fashion to Cl4.

Tryptic Peptides

Peptide T1 (l-5) {(Gly-Asp--Val-Glu-Lys)

The peptide gave a posilive result with the ninnydran
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reagent but failed to react with PITC or dansyl-chloride 1in
the Edman and dansyl procedures, indicating a blocked N-terminus.
Digestaion for 24 h waith carboxypeptidase-A followed by dansyl
analysis yielded a small amount of bis-dansyl-lysine,

A quant.itative amino acid analysis conducted on Tl gave
the following values. Asp (1l.1l), Glu (1.0), Gly (1.1),
val (0.8), Lys (0.8). Residues 1l-4 were placced from the
quantitative amino acid compositions of T] and Cl together
with a consideration of the corresponding residues in the
cytochromes ¢ poblished to date (see Duyhoff, 1972). The
PH 6.5 electrophorelic mobility of Tl indicated that resaidues
2 and 4 were both acidic amino acaids.

Acetyl determinations on samples of peptide Tl proved

inconclusive.

Peptide T2 (6-7) (Gly-Lys)

Dansylation without hydrolysis after one Edman

degradation yielded bis-dansyl-lysine.

Peptide T2A (6-8) (Gly-Lys-Lys)

Dansylation waithout hydrolysis after a single Edman
degradation yielded a fluorescent zone which did not co-
chromatography with bis-dansyl-lysine but which had similar
Rf in all three solvent systems. This was assumed to be
bis-dansyl-lysyl-%-dansyl-lysine, Dansylation without
hydrolysis after two Edman degradation steps yielded bis-dansyl-

lysine.
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Peptide T3 (9-13) (Ile-Phe-Val-Gln-Axg)

The peptide gave a positive reaction with the
phenanthraquinone reagent and dansylation without hydrolysis
after four Edman degradation steps vyielded dansyl-arginine.
The pIl ¢.5 electrophoretic mobilaity of T3 placed residue-12

as glutamine.

Peptide T4 (14-25) (Heme peptide)

The heme peptide was purified by electrophores.s,
dehemed by means of a mild performic oxidation and re-digested
with 5% chymotrypsin at pH 8.0 and 37°C for 30 min. The
products of this digesktion were separated by electrophoresis

at plf 1.9,

Peptide T4CA (14-18) (CySO_-Ala-Gln-CySO_-His)

3 3
Digestion with carboxypeptidase for 3 h yielded bis-

dansyl-histidine after dansyl analys.s. The dansyl-Edman
analysis was unclear beyond three degradation steps, but a
seml-quantitative amino acid composition of the peptide residue
at this point contained cysteic acid and histidine. Residue-
17 was placed from composition data and glutamine-16 was fixed
from the evidence of C2CA. The pH 6.5 electrophoretic
mobilaity could not be used to place amide residues due to the

presence of cysteic acid and histidaine.

Peptide T4CB (19-25) (Ser-Ala-Gln-Ala-Asn-Leu-Lys)

The dansyl-Edman analysis was unclear beyond four

degradation steps and residues 23-25 were placed from composition
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data and the evidence of peptides C2CC and C2CD. A sample
of the peptide had a mobility of 0.82 on pIl 6.5 electrophoresis

indicating that residues-21 and 23 were amides.

Peptide T5 (26-27) (His~Lys)

The peptide gave a positive reaction with the Pauly
reagent and an amino acid compos.ition containing histidine and
lysine. The N-terminal residuc was observed as a-dansyl-
histidine after dansylation and hydrolysis of the peptide, and
dansylation without hydrolysis after a single Edman degradation
yielded bis-dansyl-lysine. The amino acid compousition a:

this point contained no histidine.

Peptide T6 (28-38) (Thr-Gly-Pro-Asn-Leu-Asn-Gly-
Leu~Phe~Gly-Arg)

The peptide gave a positive reaction with the phenan-
thraquinone reagent and dansylation without hydrolysis afler
ten Edman degradation steps gave dansyl-arginine. A dquan-
titative amino acid analysis on a sample of T6 gave the
followaing values: Asp (2.1), Thr (0.6), Pro (1.0), Gly (2.8),
Leu (1.7), Phe (0.8), Arg (0.9). The pH 6.5 electrophoretic
mobility of T6 indicated that residues-31 and 33 were amides,
although a peptide of identical sequence was isolated from
the neutral zone of a pH 6.5 electrophoresis, This example
was assumed to be a deamidated form of T6 rather than a real

alternative to the sequence.
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Peptaide T7 (39-53) (Gln-Thr-Gly-Gln-Ala-Ser-Gly-Tyr-
Val-Tyr-Thr-Asp-Ala-Asn-Lys)

A quantitative amino acid composition of the peptide
gave the following values: Asp (2.1), Thr (2.1), Ser (1l.2),
Glu (2.0), Cly (2.2), Ala (2.0), val (1.0), Tyr (1.6), Lys (l.0).
The dansyl-Edman analysis was unclear beyond twelve degradataion
steps and residues 51-53 were placed from the composition data
and from the seuvuence of peptide T6. The pll 6.5 electrophoretic
mobility indicated the presence of a single acidic residue,
Residues-39 and 42 were placed as amides from peptide C4 and
residues-50 and 52 as aspartic acid and asparagine respectively

from the evidence of peptide C6,.

Peptide T8 (54-55) (Ala-Lys)

A guantatative amino acad composition gave the
following values: Ala (1.0) and Lys (0.7). Dansylation without
hydrolys.is after a single Edman degradation step gave bis-

dansyl-lysine,

Peptide T9 (56-72)

The expected peptide was not isolated.

Peptide T9A (56-67) (Gly-Ile-Thr-Trp-Gln-Ala-Asp-
Thr-Leu-Asp-Val-Tyr)

The peptide gave a positive reaction with the Ehrlich
reagent and showed a rose-pink coloration during the trifluoro-
acetic acad stage of the first Edman degradation step,
indicative of tryptophan (Uphaus et al., 1959). A gquantaitative

amino acid composition gave the following values:Asp (2.4),
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Thr (1.7), Glu (1.1), Gly (0.7), Ala (1.2), val (C.8), Ilc (0.9),
Leu (1.3), Tyr (0.6). Tryptophan was not determined.

Digestion with carboxypeptidase-A for 3 and 9 h gave bis-dansyl-
tyrosine and bis-dansyl-tyrcsine togcther with dansyl-valine
respectively, followaing dansyl analysis, The dansyl-Edman
analysis was inconclusive beyound seven degradation steps and
residues 63-67 were placed from the amino acid compos ition data

and the sequence of peptides C8, C8A and C8B.

Peptide T9B (68-72) (Leu-Glu-Asn-Pro-Lys)

Dansylation without hydrolysis after four Edman
degradation steps yielded bis-dansyl-lysine, The pH 6.5
electrophoretic mobilities of the purified peptide aud tho
peptide after two degradation steps indicated that residue-
69 was glutamic acid and residue-70 was asparagine, The
degraded peptide gave two ninhydrin positive spots with
mobilities equal to zero and 1.45 as a result of only a
proportion of the ¢£-amino group of lysine having reacted waith

PITC.

Peptide T10 (74-79) (Tyr-Ile-Pro-Gly-Thr-Lys)

Dansylation without hydrolysis after five Edman

degradation steps yielded a-dansyl-t-PTC-lysine.

Peptide T10A (73-79) (Lys-Tyr-Ile-Pro-Gly-Thr-Lys)

Dansylation without hydrolysis after six Edman

degradations yielded a-dansyl-f-PTC-lysine.
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Peptide T1l (80-86) (Met-vVal-Phe-Ala-Gly-Leu-Lys)

Dansylation without hydrolysis after six Edman

degradations yielded a~dansyl-f-PTC-lysine.

Peptide T11A (80-82) (Met-vVal-PhLe)

Digestion with carboxypeptidase-N for 3 h followed by
dansyl analysis yiclded dansyl-phenylalanine whailst both
phenylalanine and valine were present as their dansyl deri-
vatives after similar analysis of a 9 h digestion. Dansylation
without hydrolysis after two Edman degradation steps yielded

dansyl-phenylalanine.

Peptide T11B (83-86) (Ala-Gly-Leu-Lys)

Dansylation without hydrolysis after three Edman

degradation steps yielded a-dansyl-£-PTC-lysine.

Peptide T12 (87-91) (Lys-Ala-Asn-Glu-Arg)

The peptide gave a positive result with the phenan-
thraquinone reagent, and dansylation without hydrolysis after
four Edman degradation steps fixed arginine as residue-91l and
the C-terminus of Tl2. A quantitative amino acid composition
gave the following values: Asp (l.4), Glu (0.9), Ala (0.6),
Lys (1.4), Axg (0.6). The peptide had a 6.5 electrophoretac
mobility of 0,99 indicating the presence of one acid and one
amide resaidue. The pl 6.5 mobility of the peptide after
three Edman degradations was zero indicating that residue-90
was glutamic acid, and residue-89 was accordangly fixed as

asparagine.
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Peptide T12A (88-91) (Ala-Asn-Glu-Arqg)

The peptide gave a positive reaction with the
phenanthraquinone reagent and dansylation without hydrolysais
after three LEdman degradationsteps yielded densyl-arginine.
The pH 6.5 mobility indicated that the peptide conta.ned one

acidic residue and this was placed at residue-90 fiom T1l2.

Peptade Tl3 (92-99) (Ala-Asp-Leu-Ile-Ala-Tyr-Lou~-Lys)

Dansylation without hydrolysis after seven LEdman
degradations yielded a-dansyl-f-PTC-lysine and consideration
of the zero pH 6.5 electrophoretic mobality fixed residue-9°3

as aspart.ic acad.

Peptide T13A (92-97) (Ala-Asp-Leu-Ile-Ala-Tyr)

Digestion with carboxypeptidase-A for 3 h followed
by dansyl analysis yielded bis-dansyl-tyrosine and dansyl -
alanine, whilst dansylation without hydrolysis after five
Edman degradations gave bis-dansyl-tyrosine. The pH 6.5
electrophoretic mobilaity of - 0.86 £fixed residue-93 as

aspartic acid,

Peptide T13B (98-99) (Leu-Lys)

Dansylation without hydrolysis after a single Edman

degradation step gave bis-dansyl-lysine.

Peptide T14 (100-104) (Gln-Ala-Thr-Asn~Leu)

Digestion with carboxypeptidase-A for 3 h followed
by dansyl analysis and dansylation without hydrolysis after

four Edman degradations both yielded dansyl-leucine. The
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PH 6.5 electrophoretic mobility indicated that residues-100
and 103 were both amides, although a peptide of identaical

sequence was 1solated with a pll 6.5 mobility equal to -1.90.
This was attributed to deamidation during preparation rather

than a real alternative to the sequence.

Amino Acid Sequence

The overlapping chymotryptic and tryptic peptides gave

the sequence of Macrobrachium cytochrome ¢ as shown in Faigure

32. The sequence agreed with the amino acid composition data
shown in Table 26 with a number of exceptions., In all
determinations the values obtained for serine and lysine were
routinely high, but no evidence for an impurity responsible
for these discrepancies could be found from the sequence
analysais. Tryptophan was not deterimined as part of the amino
acid composition, but the best spectral ratios of puraified

Macrobrachium cytochrome ¢ indicated that one residue was

present.

From Faigure 32 1t can be seen that all the residues were
positively identified by sequence analysis in both chymotrypt:c
and tryptic digestions with the exception of positions 1-7,
15-17, 24, 25, 51-53, 57, 59 and 63-65, These wexre placed
from positive identification by sequence analysis from only
one of the digestions, from amino acid composition data or
from a combination of the two. Tryptophan~59 could not be

positively i1dentified in the appropraiate tryptic peptade
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because of the destruction of dansyl-tryptophan duraing the
acid hydrolysis stage of dansyl analysis. Res.itdues -4 and
cysteine-17 were not seen in eirther digestion and could only

be placed from composition data. The naturc of the N-terminal
blocking group was not determained.

All possible overlaps betwveen chymotryptic and tryptaic
peptides were observed except in the regicn Cl/T1-T2, T2A where
the peptide order i1s clear from the position of the blocked N-
terminus, and in the region C7, C7B-C8/T9A-T9B where the point
of cleavage duplicates the chymotryptic evidence due to an
anomalous tryptic break at tyrosine-67. In this case the
peptide orderis made clear from a consideration of thec appropriate
region in other cytochromes c.

All the acid and amide residues indicated in the sequence
were placed, with the exception of glulamine-16, from the
PH 6.5 electrophoretic mobilities of intact or partrally degraded
peptides taken from either, or both, of the chymotryptic and
tryptaic digestaions. Glutamine-~16 was placed from a comparison
of mobilities with the equivalent peptides in Locusta cytochrome
¢ where the amide content of the heme region was unequivocally
determined. The electrophoretic alternatives of peptides
c2CB, c4a, c7a, cl4, cl4a, T6 and Tl4 that were isolated were
attributed to the deamidation of amide groups during preparation
of the peptides.

The observed enzyme specificities were consistent with

those expected (Smyth, 1967) except that only partial chymotryptic
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cleavage was obscrved at tyrocine-46, phenylalanine-82

and tyrosine-97, In addition, full chynotryptic cleavage
occurred at hastidine-26 and leucine-85, whilst partial cleavage
occurred at leucine-24, leucine-32, asparagine-33, leucine-64,
methionine-80, leucine-94 and leucine-97, Partial tryptic
cleavage was observed at lysine residues-7, 72 and 87

together with phenylalanine~82 and tyrosine-97, Full tryptaic

cleavage was observed at tyrosine-67,

10, The Amino Acid Sequence of Eirsenia Cvtochrome ¢

o9

The amino acid sequence of Eisenia cytochrome ¢ was
determined from the evidence of two chymotryptiec drgestions
and two tryptic digestions using a total of 2 pmol (24 mg)
of protean, The sequence 1s shown in Figure 33 giving the
points of enzyme cleavage together with the overlapping peptidess
from which the sequence was deduced. A list of chymotryptic
peptides, together with electrophoretic mobility and sequence
data, 1s given in Table 28, and a similar list of tryptic
peptides 1s given in Table 29, The amino acid compos.ition
of Eisenia cytochrome ¢ was obtained from two duplicate 50 pg
samples hydrolysed for 24, 48 and 72 h respectavely, and this

1s given in Table 30,

Digestion
The oxidised protein readily denatured in 80% ethanol
and was adequately digested by both trypsin and chymotrypsin.

The first chymotryptic digest was performed on 8 mg of



FIGURE 33,

The Amino Acid Sequence of Eisenia Cytochrome c.
Residues which were identified by dansyl-Edman analysas
are indicated by —7; those identified by other means, e.q.
by amino acid composition data, are indicated by --7;
those 1dentified by digestion with carboxypeptidase~A are
indicated by ~—; arrows == 1indicate that the C-terminal
residue was identified as the free amino acid. The arrows
lT indicate points of complete enzymic cleavage,

upwards for trypsin and downwards for chymotrypsin;

--->

'
'
i

v

indicate points of partial cleavage, and JL indaicates
points of cleavage using chymotrypsin to digest the heme

peptides.
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TABLE 28,

Chymotryptic Peptides from Eisenia Cytochrome ¢

Peptide/ M M Rigg-
Position (pH 6.5) (pH 1.9) BAWP
Cl (0] 0.70

(-5-10)

c2 0.44 0.49

(11-26)

C2CA 0.58

(11-18)

C2CB 0.44 0.94

(19-26)

C3 1.09 0,93

(27-36)

c3a

(27-33) Not i1isolated.

C3B o) 0.56

(34-36)

c4 0.79 0.66

(37-46)

C5 0 0.59 0.61
(47-48)

Cc6 0.56 0.68

(49-59)

c7 0 0.63 0.55
(60-65)

(66-67)

C8A 0 0.76 0.44
(66-74)

Cc9 0.79 0.93

(68-74)

Dansyl-Edman Recsults

Gly-Gly-Tle-Pro~-Ala-Glx-Asx-

7 7 4 —7 7 T T<7
Val-Glx-Lys-Gly-T.ys—-Thr-Ile—
Phe A
7

Lys- (Heme peptide; see
text)

Lys-Glx-Arg-CySO.,-Ala-(Glx,
CySO3)-Hls
R ELs

Thr—Va%—Asx—Lys—Gly—Gly—Pro—
His
——

Lys~Thr-Gly-Pro-Asx-TLeu-His-
Gly-Ile-Phe

Glg—Ile—Phe

Gly-Axg-Ala-Thr-Gly-Glx-Ala-
Ala-Gly-Phe ’

7 =

Thr-Asx-Ala~-Asx=-Lys-Ser-Lys- -
(GIy,Ife,Tﬁr)—frE 7

ThE—Ly§-As§—?h§—PeQ—Tzr

Glx-Tyr-Leu-Glx-Asx-Pro-Lys—

Leu-Glx~Asx-Pro-(Lys,Lys, Tyr)
7 rd 7 rd




Clo 0.92
(75-80)

CcloA 0.75
(75-82)

Cll o)
(81-82)

Cl2 0]
(83-85)

Cl3 1.31
(86-94)

Cl3a 0.44
(86-103)

Cl4 o
(95-97)

Cl5 -0.83

(98-103)

28

TABLE

(Cont'd.)

Ile~Pro-Gly-Thr-Lys-Met
7 (4 4 7 7 ==

Ile-Pro—Gly Thr—Lys-Met-Val—

Phe 7

Val-Phe
_7—:

Ala—Glg—Leu

Lys—Asx—Glx— 4 —Glx—Arg-Ala-

Asn—Leu
—_— —

Lgs—Asw—GlY—Lys-Gly—Arc -Ala-

Asn—Leu—Ile—Ala-(Tyr Leu Glx,

Glx,Glx,Thr,Lys)

Ile—Ala-Tyr

7 et

Leu-Glx-Glx-Glx-Thr-Lys
V4 4 B4 7 7 ———



TABLE 29,

Tryptic Peptides from Eisenia Cytochrome c

RDNS-
Peptaide/ M M
Position (pH 6.5) (pH 1.9) ARG Dansyl-Edman Results
BAWP
TL -0.67 0.61 Glz—&lx—lle—Pro—Ala— ;—Asx—
(-5-5) val- Glx—Lys
T1A 0 0.65 Gly—Gly-Ile—Pro—Ala—Gly—Asx-
(-5-7) Val Glx—L $~Gly-Lvys
(6-7)
T3 1.03 0.89 Thr-Ile-Phe-Lys
(8—11) _— 7 7 7
T4 1.54 1.16 0.21 Glx—Arg
(12-13)
T5 0.20 0.35 (Heme peptide; see text)
(14-22)
T5A 0.42 CySO -Ala-GClx- Cy503
(14-22) Val,Asx,Lys)” -
T6
(23-27) Not aisolated
T7 l1.03 0.69 Thr—Gly—Pro Asx—Leu—Hls— ly-
(28-38) Ile—Phe—Gly—Arg
T8 0 0.47 Ala—Thr—Glx—Glx—Ala—Ala-Gly—_
(39-53) Phe-Ala-Tyr-Thr-Asx~AL é—As;lc—
Lys -
T8A (o] 0.24 Ala—Thr—GLy—Glx—Ala—Ala-Gly-
(39-48) Phe—Ala—Tzr
T8B 0 0.97 Thr-Asx-Ala-Asx-Lys
(49_53) 7 7 7 rd 7
T9 1.98 1.47 Ser-Lzs
(54-55)
T1l0 0.83 0.71 0.33

(56-61)

(His,Thr,

Gl;—Ile-Thr-(Trp)-Thr-Lzs



711
(62-72)

T12
(73-79)

T12A
(74-79)

T13
(80-86)

T14
(87-89)

T14A
(87-91)

T15
(90-91)

T16
(92-103)

T16A
(92-97)

T16B
(98-103)

-1.02

1.47

1.50

~0.62

TABLE 29 (Cont'd.)

1.19

0.46

0.21

0.41

Asx—Thr—Leu-Tyr Glx—Tyr Leu—

Glx-Asx—Pro-Lys

Lys-Tyr-Ile"Pro—Glz—Thr—Lxs

7 ==

Tyr-Ile-Pro-Gly-Thr-Lys
I 4 7/ 7 4 [ 7

MeE—Va%—Phg-Ale—Glgﬁgggngxg

Asx-Glx-Lys

Asx-Glx-Lys-Glx-Arg

Glx—éE%

Ala- Abx—Leu—Ile—Ala—Tyr—Leu—

Glx—Glx—blx—Thr—_i§

Ala-Asx~Leu-Ile-~-Ala-Tyr
I d 7 7 rd

/-——/

Leu-Glx~Glx-Glx-Thr-Lvs
7 rd rd Fd

S —
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oxidised and denatured cytochrome ¢ cquilibrated at pll 8.0 and
37°C under nitrogen, 2% (w/w) enzyme was addcd at zero time,
a further 2% at 60 min, and the digestion was terminated

after 150 min. The digest was separoted into two EraclLwons
efter passage through a 1 cm x 110 cm column of G-15 Sephadex
equilibraced and eluted in l0% acetic acid, The peptides

in these two fractirons were then separately purified in the
normal wmanner. The second chymotryptic digest was performed

on 4 mg of oxidised and denatured cytochrome c eqguilibrated

as before, 2% (w/w) enzyme was added at zero time and after
45 min, and the digestion was terminated after 60 man. The
peptides were then purified in the normal way. The two

tryptic digestions were performed on 4 mg and 8 mg of
cytochrome ¢ respectively under identical conditions to the
chymotryptic work, In the first instance 2% (v/w) enzyme was
added at zero time and 90 min, and the digestiovon was terminated
aFter 120 min, and in the second, 2% (w/w) enzyme was added

at zero time and after 20 min, and the digestion was terminated

after 50 min of incubataion.

Chymotryptic Peptides

Peptide Cl (-5-+10) (Gly-Gly-Ile-Pro-Ala-~-Gly-Asp-Val-
Glu-Lys-Gly-Lys-Thr-Ile-Phe)

Digestion with carboxypeptidase-A for 3 h at 37°C
and pH 8.5, followed by dansyl analysis, yielded dansyl-

phenylalanine, whilst a similar 9 h digestion yielded the
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dansyl der.vataives of phenylalanine and Lsoleucire aftes
analysais, A consideration of the pH 6.5 electrophoretic
mobility fixed residues-2 and 4 as aspartic acid and glutamac

acid respectively.

Peptide C2 (11-20) (Heme peptide)

Lysine was shown to be the N-termainal amino ac:d
of the heme peptide. After a mild performic oxidatron, the
peptide was digesied with 5% (w/w) chymotrypsin at 37% and
pH 8.0 for 30 min and the products were separated by pH 1.9

electreophoresis as pepcides C2CA and C2CB,

Peptide C2CA (11-18) (Lys~Gln—Arg—CySO3—Ala-Gln*CySO3-Hl&)
The peptide gave a positive reaction with the phenan-~

thragquinone reagent and arginine was fixed at position 13 by
sequence analysis, Digestion with carboxypept.dase-A for 3 h
yielded bis-dansyl-histidine after dansyl analys:s. The
dansyl-Edman analysis was inconclusive beyond five degradation
steps and residues-16 and 17 were placed from the semi-
quantitative amino acid compositions of the intact peptade
and the peptide after five degradations. Residue-12 was
placed as glutamine from the pH 6,5 electrophoretic mobility
of peptide 14, and residue-l1l6 as glutamine from the pH 6.5

mobilaty of TS.

Peptide C2CB (19-26) (Thr-val-Asp-Lys-Gly-Gly-Pro-His)

Digestion with carboxyvpeptidase-A for 9 h yielded

bas- dansyl-histidine after dansyl analysis and dansylation
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without hydrolysis after seven Edman degradations faixed
histaidine as the C-terminus of C2CB. A consideration of the
PH 6.5 electrophcretic mobility indicated that residue-2l1 was
aspartic acid, assuming that hastidine would carry a change of

less than +1 at pH 6.5,

Peptide C3 (27-36) (Lys-Thr-Gly-Pro-Asn-Leu-His-Gly-
Ile-Phe)

Digestion with carboxypevtidase~-A followed by dansyl-
analysis yielded dansyl-phenylalanine after 3 h and dansyl-
phenylalanine, together with dansyl-isoleucine after 9 h,
Histidine was fixed as residue-33 from the i1dentification of
o-dansyl-~histidine on N-terminal analysis after six Edman
degradations and from semi-quantitative amino acid compusition
determinations atter six and seven Edman degradation steps.

The pH 6.5 electrophoretic mobility indicated that recadue-31
was an amide assuming that histadine carried a charge of less

than +1 at pH 6.5 (see C2CB).

Peptide C3A (27-33)

The peptide was not isolated.

Peptide C3B (34-36) (Gly-Ile-Phe)

Dansylation without hydrolysis gave dansyl-phenyl-

alanine after two Edman degradation steps.

Peptide C4 (37-46) (Gly-Arg-Ala-Thr-Gly-Gln-Ala-
Ala-Gly-'f% )

The peptide gave a positive reaction with the

phenanthraquinone reagent and arginine was fixed as residue-38
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from the dansyl-Edqaan analysis. Dansylation without hydrolys.is
after naine Edman degradation steps gave dansyl- ﬂuulahmme
The pH 6.5 electrophoretic mobilaty of C4 indicated that

residue-42 was glutamine.

Peptide C5 (47-48) (Ala-Tyr)

Dansylation without hydrolysis atfter a single Edman

degradation yielded bis-dansyl-tyrosina.

Peptide C6 (49-59) (Thr-Asp-Ala-Asn-Lys-Ser--Lys-— \
Gly-TIle-Thr-Txp)

The peptide gave a positive reaction with the Ehrlich
reagent and showed a pink coloration duraing the trifluoroacet.ic
acid stage of the first Edman degradation, iandscating the
presence of tryptophan (Uphaus et al., 1959). Digest.on with
carboxypeptidase~A for 3 h followed by dansyl analysis yielded
dansyl~txryptophan, A consideration of the PH 6,5 electro-
phoretic mobilaity indicated the presenre of one acidic
residue and this was placed as aspartic acid-50 from the pH 6.5
mobility of a peptide sample after three Edman degradations,
This sample yielded three ninhydrin posaitive zones of
mobilities zero, 0.72 and 1.35, due to the incomplete blocking
of the £ -amino function of the lysine residues by phenyl-
thiocarbamyl groups, as a result of their exposure to PITC.
These values are consistent with residues-50 and 52 being

aspartic acid and asparagine respectively.



-123-

Pepktide C7 (60-68) (Thr-Lys-Asp-Thr-Leu-Tyr)

Digestion with carboxypeptidase-A for 3, 9 and 24 h,
followed by dansyl analysis, fixed the sequence of residues-—
66-68 and this was confirmed by the dansyl-Edman analysis.
The pH 6.5 electrophoretic mobility indicated that residue-02

was aspartic acid.

Peptide C8 (66-67) (Glu-Tyr)

Dansylation without hydrolysis after a single Edman
degradation gave bis~dansyl-tyrosaine. The pH 6.5 electrophoretic

mobility of C8 indicated that residue~66-as glutamic acad.

Peptide C9 (68~74) (Leu-Glu-Asn-Pro-Lys~-TLys-Tyr)

The dansyl-Edman analysis was unclear beyond Four
degradation steps and residues 72-74 were placed from the
composaition data of C9 and the sequence evidence for UBA, A
sample of the peptide residue after two Edman degradations had
a maxaimum pH 6.5 electrophoretic mobilaity of 1.92 indicating
that residues-69 and 70 were glutamic acid and asparagine

respectively.

Peptide CLO (75-80) (Ile-Pro~Gly-Thr-Lys-Met)

Dansylataion without hydrolysis after five Edman
degradation steps confirmed methionine as the C-terminal

residue of CloO,

Peptide ClOA (75-82) (Ile-Pro-Gly-Thr-Lys-Met-Val-Phe)

Digestion with carboxypeptidase~A followed by dansyl
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analysis yielded dansyl-phenylalanine after 1 h and dansyl-
phenylalanine together with a significant amount of dansyl-

valine after 3 h,

Peptaide Cll (81-82) (Val-Phe)

Dansylation without hydrolysis after a single Edman

degradation yielded dansyl-phenylalanine.

Peptide C12 (83-85) (Ala-GCly-Leu)

Dansylation without hydrolysis after two Edman

degradation steps confirmed leucine as the C-terminus of Cl2,.

Peptide Cl3 (86-94) (Lys-Asn-Glu-Lys-Gln-Arg-
Ala-Asn-Leu)

The peptide gave a positive react.on with the phenan-
thragquinone reagent and dansylalion without hydrclysis after
eight Edman degradation steps yielded dansyl-leucine, The
PH 6,5 electrophoretic mobilaity indicated Lhe pre<ence of ona
acidic residue and this was placed as glutamic acid-88 from
the evidence of T1l4. A peptide of identical sequence was
isolated with a pH 6.5 electrophoretic mobility of 0.77 and
this was assumed to be a deamidated form of Cl1l3 rather than a

real alternative to the sequence.

Peptide Cl3A (86-103) (Lys-Asn-Glu-Lys-Arg-Ala-Asn-Leu-Ile-
Ala~Tyr~Leu-Clu-Gln-Glu-Thr-Lys)

The dansyl-Edman analysis was unclear beyond eleven
degradation steps and residues 97-103 were placed from the semi-
quantitative amino acid composition of Cl3A, the electrophoretic

mobilities of Cl3A and the sequence evidence for peptides Cl4
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and Cl5.

Pept.de Cld (95-97) (ile-Ala-Tyr)

Dansylation without hydrolysis after two Edman

degradation steps yielded bis-dansyl-tyrosine.

Peptide Cl5 (98-103) (Leu-Glu-Gln-Glu-Thr-Lys)

Dansylation without hydrolysis after five Edman
degradations yielded bis-dansyl-lysine. A considerat.on of
the pH 6,5 electrophoretic mobility indicated the presence of
two acaid residues and these were placed at positions 99 and
101 from the mobility evidence of partially degraded samplces.
A sample of Cl5 after two degradation steps gave twvo ninhydrin
positive zones of mobilities zero and -1.20, E.xing residue-
101 as glutamic acad, The placing of glutamic acid-%9 and
glutamine-100 1s consistent with the evidence, as an amide
at position 99 would have led to an additional more acadic
spot in the mobility determination of the peptide after two

degradation steps.

Trygtic Pegtldes

Peptide Tl (~5-+5) (Gly-Gly-Ile-Pro-Ala-Gly-Asp-Val-
Glu-Lys)

The pH 6.5 electrophoretic mobility indicated that
residues-2 and 4 were aspartic acid and glutamic acid

respectaively.
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Peptide T20 (=5-17) (Gly-Gly-Tle~Pro-Ala-Gly-Asp-
Val-Glu-Lys~Gly-Ly.s3)

Dansylation without hydrolysais alter eleven Edman
degradation steps yielded a-dansyl-§ -PTC-lys.ine. The pH 6.5
electrophoretic mobility indicated that residues-2 and 4 were

aspartic acid aud glutamic acid respectaively,
Peptide T2 (6-7) (Gly-Lys)

Peptide T3 (8~1ll) (Thr-Ile-Phe-Lys)

Peptide T4 (12-13) (Glu-Arg)

The peptide gave a positive result with the phenan-
thraquinone reagent and dansylatlion without hydrolysie after
a singlc Edman degradation step placed arginine as the C-termansl
residuc of T4. The pH 6.5 electrophoretic mobility indicated

that residue-12 was glutamine.

Peptide T5 (14-22) (Heme peptide)

The peptide was dehemed by a mild performic oxidation

and purified on pH 1.9 electrophoresis as peptide T5A,

Peptide T5A (14-22) (CySO —Ala—Gln—CySOB—Hls—Thr—
Val-Asp-Lys)

The dansyl-Edman analysis was unclear beyond four
Edman degradation steps and residues 18-22 were placed from
composition data for T5A and the sequence evidence of C2CA
and C2CB., The electrophoretic mobility could not be used
for the fixing of amide residues due to the presence of

cysteic acid and histidine residves, but the aspartic acid



at positiun 21 could be placed from the evidence of C2CR.

A comparison of the mobilities of the tryptic heme peptides

of Aslerids and Ersenia, which were identical in the sequence
except for Asterias having glutamic acid at postition 21 anstead
of the a.partic acid of Lisenia, indicated that position 16 uin

Eisenia was glutamine,

Pept ruze T6 (23-27)

The expected tryptic peptide TG was not i1solated.

Peptide T7 (28-38) (Thr-Cly-Pro-Asn-Leu-Il1s~-Gly-Ile~
Phe-Cly~Arqg)

The peptide gave positive reactions with both the
phenanthragquinone and Pauly reagents. Histidine at: posiilicn
33 was i1dentified as the a-dansyl-derivative cn N-terminal
analysis of thec pertide after five degradation steps, and as
the bais-dansyl-derivative i1n a semi-gnantirtalve amino acid
composition conducted at thss poaint. Bis-dancyl histadane
was absent from a semi~quantitative composition conducted after
s1x Edman degradation steps. Dansylation waithout hydrolysais
after ten Edman degradations yielded dansyl-arginine, Despaite
the presence of histidine, the pH 6.5 electrophoretic mobuility
indicated that residue-31 was an amide. A peptide of
1dentical sequence was 1solated with a pH 6.5 electrophoretic
mobilaty of 0.30, It was assumed to be a deamidated form
of T7 resulting from the prcparation, rather than a real

alternative to the sequence.
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Peptide T8 (39-53) (Ala-Thr-Gly-Gln-Ala-Ala-Gly-
Phe-Ala-Tyyr~Thr-Asp~-Ala-Asn-Lys)

The pH 6.5 electrophoretic mobility indicated that one
acidic residue was present and this was placed as aspartac
ac1d-5C from the mobhirlity evidence of C6. Residues-42 and
52 were therefore placed as amides agreeing with the evidence

of peptides C4 and C6.

PeptLde T8A (39-48) (Ala-Thr-Gly-Gln-Ala-Ala-
Gly-Phe-Ala-Tyxr)

Dansylation without hydrolysis after nine Edman
degradaticn steps yielded bis-dausyl-tyrosine, The zero

pH 6.5 electrophoretic mobility fixed res:idue-42 as glutamine,

Peptide T8B (49-53) (Thr-Asp-Ala-Asn-Lys)

A sample of the peptide gave two ninhydrin positaive
zones of mobilaities zero and 1.30 on pH 6.5 electrorhoresis
after havaing undergone two Edman degradation sleps, This
evidence, together with pH 6,5 mobility of the intackt peptide,

fixed residue-50 as aspartic acad.

Peptide T9 (54-55) (Ser-Lys)

Dansylation without hydrolysis after a single Edman

degradation yielded bis~dansyl-lysine,

Peptide T10 (56-61l) (Gly-Ile-Thr-Trp-Thr-Lys)

The peptide gave a positive result with the Ehrlich
reagent but tryptophan was not positively identified as the
N-temminus following three Edman degradation steps due to the

acid destructaion of the dansyl-deraivative in the N-terminal



method. The residue-59 was therefore placed from the chymo-
tryptic cvidence, Dansylation without hydrolysis after fave

Edman degradations yielded a-dansyl-{-PTC-lysine.

Pcptide T1ll (62-72) (Asp-Thr-Leu-Tyr-Clu-Tyr~Leu-
Glu-Asn-Pro-Lys)

Dansylation without hydrolysis after ten Edman
degracation steps yielded a-dansyl-¢-lysine. A considexration
of the pH 6.5 electrophoretic mobility indacated that three
acidic resaidues were present and these were placed al positions
62, 66, and 69 from the evidence of peptides C7, C8 and C9

respectively.

Peptide TL2 (73-79) (Lys-Tyr-Ilc-Pro-Cly-'Chr~Lys)

Peplide T12A (74-79) (Tyr-Ile-~Pro-Gly-Thr~Lys)

Peptide T12 (80-86) (Met-Val-Phe-Ala-Cly-Leu-Lys)

Peptide T1l4 (87-89) (Asn-Glu-Lys)

The pH 6.5 electrophoretic mobility of Lhe intact
peptide indicated that a single acid residue is present.
A sample of the peptide taken after a single Edman degradation
gave two ninhydrin positive zones on pH 6.5 electrophoresis of
mobilities zero and -1.62 due to the incomplete blocking of
the ¢ -~amino function of lysine by a phenylthiocarbamyl group
after exposure to PITC, This evidence was consistent with

residue-88 being glutamic acid.

Peptide T14A (88-9)) (Asn-Clu-Lys-Ala-Arqg)

The peptide gave a positive reaction with the
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phenanthraquinone reagent and dansylation without hydrolysis
confirmed arginine as the C-terminus of TL4A, The pH 6.5
electrophoretic mobuility of T14A indicaled the presence of a
single acidic residue and this was placcd as glutamic acid-
89 from the evidence of Tl4., A peptide of identical sequence
to T14A was i1solated having a neutral pH 6.5 elestrophorctic
mobality and this was assumed to be a deamidated form of

Tl4A rather than a real alternakive to the sequence,

Peptide T1l5 (90-91) (Gln-Axrg)

The peptide gave a positive reaction with the
phenanthraquinone reagent, and dansyla-ion without hyduclysis
after a single Edman degradaticn confirmecd argininc as the
C~terminus of T15. The pH 6.5 electrophoretic mobility
indicated that residue-90 was glutamine although, as with
Tl4A, a small proportion of the peptide appeared to be deamidated
as judged by the isclation of a peptide i1n Jow y.eld having a

PH 6.5 mobilaty of zero.

Peptide T16 (92-103) (Ala-Asn-lLeu-Ile-Ala-Tyr-Leu-Glu-
Gln-Glu-Thr-Lys)

Dansylation without hydrolysis after eleven Edman
degradation steps yielded a~dansyl-¢-PTC-lysine. The pH 6.5
electrophoretic mobility of T1l6 indicated the presence cf two
acid residues and these were placed from the evidence of Cl5
at positions 99 and 101. Residue-93 was placed as asparagine

from peptide T16A.
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Peptide T16A (92-97) (Ala-Asn-Leu~Ile-ala-Tyr)

Dansylaticn without hydrolysis after Eive Edman
degradataion steps yielded bis-dansyl-tyrosine. The pH 6.5
electrophoretic mobility indicated that residue-93 was

asparagine.

Peptide T16B (98-103) (Leu-Glu~Gln-Gln-Thr-Lys)

Dansylation waithout hydrolysis after five Edman
degradation steps gave a-dansyl-E&-PTC-lysinc, The pH 6.5
electrophoretic mobility 1ndicated the presence of two acidic
residues and these were placed from the evidence of peptide

Cl5.

Amino acid seguence

The overlapping chymotryptic and tryptic peptides gave
the sequence of Eisenia cytochrome ¢ as shown in Faigure 33,
The sequence agreed with the amino acid composition daiza shown
in Table 30 with a number of exceplaions, In all the determi-
nations the values obtained for serine, lysine and arginine
were routinely high, although no evsdence for an aimpurity
responsible for such discrepancies could be found from the
sequence analysas, Tryptophan was not determined as part of
the amino acid composition, but the best spectral ratios of
the purified Lisenia cytochrome ¢ indicated that one residue
was present.

From Figure 33 it can be seen that all the residues were

positively identified by sequence analysis in both chymotryptic
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and tryptic digestions, with the exception of positions 16-27
and 56-59, These were placed from the positive identification
by sequence analys.is in only one of the digestions, from amino
acid composition data or from a combination of the two.
Tryptophan was not i1dentified in the appropriate tryptic peptide
because of the destruction of dansyl tryptophan during the
acid hydrolysis stage of dansyl analysis. No residues were
placed without positive 1dentification from at least one
digestion,

All possible overlaps between chvmotryptic and tryptic
peptides were observed except in the rcgion C2CB, C?/T53, T7,
due to the non-isolation of the expected tryptic peptice TG,

In this case the peptide order was made clear from a consideration
of the appropriate region in other cytochromes c.

All the acidic and amide residues indicated in the
sequence wcre placed, with the exception of glutamine-16,
from the pl 6.5 electrophoretic mobilities of intact or
partially degraded peptides taken from either, or both, of
the chymotryptic and tryptic dagestaions. Glutamine-16 was
placed from a comparison of the mobilities of the equivalent
tryptic peptide from the Asterias sequence and indirectly
Erom the Locusta heme region, where the amide content was
unequivocally determined. The electrophoretic alternatives
of peptides Cl13, T7, T1l4A and T15 that were isolated were
attributed to the deamidation of amide groups duraing the

preparation of the peptides.
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The observed enzyme specillicities were consisktent with
those expected (Smyth, 1967) except that only partial chymo-
tryptic cleavage was observed at tyrosine-67 and tyrosine-97.
In addaition, full chymotryptic cleavage was observed at
histidine-26 and leucine-85 and partial chymotryptic cleavage
at haistidine~33, methionine-80 and leucine-94. Partial
tryptic cleavage was observed at lysine-5, and lysine-~73,

together with tyrosine-48 and tyrosine-97.

11. The Aminc Acid Sequence of Asterias Cytochromc ¢

The amino acid sequence of Asteriacs cytochrowme ¢ was
determined from the evidence of a chymotryptic and a tryptic
digestion, together with a chymotryptic digestion of cyanogen
bromide fragments, using a total of 2 pmol (24 mg) of protein,
The sequence 1s given inh Figure 34 showing the points of
enzyme cleavage together with the oveilapping pewtides from
which 1t was deduced. A list of the chymotryptic peptides,
together waith mobilaity and sequence data, 1s given 1in Table
31 and a similar list of tryptic peptides a1s given in Table
32. The amino acid composition of Asterias cytochrome ¢
was obtained from three duplicate 50 pg samples hydrolysed for

24, 48 and 72 h respectively, and this is shown in Table 33.

Digestion

The oxidised protein was readily denatured by 80% ethanol

(v/v) and adequately digestced by bhoth trypsin and chymotrypsin,



FIGURE 34.

The Amino Acid Sequence of Asterias Cytochrome c.

Residues which were identified by dansyl-Edman analysas
are indicated by —7; those identified by other means, e.g.
by amino acid composition data, are indicated by --»; those
identified by digestion with carboxypeptidase-A are
indicated by =—; arrows == 1indicate that the C-terminal

amino acid was i1dentified as the free amino acid. The

arrows iT indircate points of complete enzymic cleavage,
P A

upwards for trypsin and downwards for chymotrypsin; $E

indicate points of partial cleavage, and.,u indicates

points of cleavage using chymotrypsin to digest the heme

peptides.
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TABLE 31,

Chymotryptic Peptides for Asterias Cytochrome ¢

Peptide/ M M Rigg_
Posaition (pH 6.5) (pH 1.9) BAWD
Cl o] 0.85

(1-10)

c2 0.20 0.47 0.15
(11-26)

C2CA 0.38

(11-18)

C2CB

(19-26) 1.10 l.08

C3

(27-36) Not aisolated.

C3A 0.95 0.76

(27-32)

C3B o 0.46

(33-36)

c4 l.10 0.85

(37-46)

c4an o 0.37 0.50
(40-46)

C5 0 0.70

(47-48)

C5A 0.56 0.73 0.24
(47-59)

cé 0.56 0.73

(49-59)

c7 0 0.73 0.15
(60-65)

(66-67)

Dansyl-Edman Results

Gly—Glx—Val—Glx—Lzs—Glx—
Lys-Lys-Ile-Phé

Val- (Heme peptide; see text,
val-Glx- Arg-CySO —Ala Glx—

>3
(Cyso3f His

Ehz-gii-Glx— ys -Ala—Glz—
2YE~E22

—Thr-C -— DY - -
Lys~Thx Glx .rg Asg Leu

Agg—Glx—llg—Leu

Glz—AggrLjs—Thr Gly—Glx-
Ala—Ala Glf—Phe

Thr— g—Glx—A]a-Ala— ¥-
Phe
=

Ser-Tyr -

Ser-Tyr-Thl-Asx-Ala—Asw-Arg-
Asx— Lys s-Gl —Ile-Thr-Trp

Thr-Asx-Ala-Asx-A g~Asx-Lz
Gl -Ile—Thr—’Trp)

Lys-Asx-Glx—-Thr-Leu-Phe
rd 7 7 7 N\ 7 N\ 7




Cc8A
(66-74)

Co
(68-74)

Clo
(75-80)

Cloa
(75-82)

Cll
(81-82)

Clla
(81-85)

Cl2
(83-85)

Cl3
(86-94)

Cl3A
(86-97)

Cl4
(95-97

Cl5
(98-103)

Cl5A
(99-103)

1.20

1 .09

31 (Cont'd)

TABLE

0.46

Glx—Tzr—Leg—Glg—As§—Pr9—Ly§—
Lys-Tyxr

Leg—Glg—Asg—PrgeLyé-Lzs—Tzr

Ile-Pro-Gly-Thr-Lys—Met
4 7 I rd P4 /

Ile Pro-Gly—Thr—Lys—Met Val—
Phe

Val-Phe
- <=7

Val-Phe~Ala-Gly-Leu
rd rd 7 I’ d

Ala-Gly-Leu
rd 7 N /

Lzs—Lys—Glx-Lys—Glx—Arg Glx—
Asx-Leu
sS—7 7

Lys—Lys Glx Lys—Glx—Arq-G1x—
Asx—Leu—Ile—Ala— Tyr

Ile-Ala-Tyr

Leu-Glx-Ala-Ala-Thr-Lvys
7 7 7 7 7 =

Glx-Ala-Ala-Thr~Lvys
rd V4 rd 7 7



TABLE 32.

Tryptic Peptides from Asterias Cytochrome ¢

(60-72)

Not 1isolated.

Peptide/ M M Rggg”
Position (pH 6.5) (pH 1.9) BAWP
Tl 0 0.77 0.44
(1-5)

T2 2.05 1.55

(6-7)

T3 0.87 0.75 0.46
(9-13)

T4 o] 0.30 0.23
(14-22)

T4CA 0.41

(14-18)

T4CB 0.96

(19-22)

T5 1.60 1.25 0.36
(23-25)

T6 2.30 1.62

(26-27)

T7 0.54 0.49 0.58
(28-38)

T8 o 0.56 0.23
"(40-53)

T9 1.78 1.28

(54-55)

T10 0.35 0.72 0.43
(56-59)

(60~73)

T11A

Dansyl-Edman results

Gly-Glx~-vVal-Glx-Lys
7 7 7 7 ——

Ile-Phe-Val-Glx-Arg
rd I4 4 I _—’

(Heme peptide:; see text)
CySQ3-Ala-(Glx,CySO,) ~His

Thr-val-Glx- (Lys)
7 rd rd

Ala—Glg—Lzs

His-Lys
——

Thr- Gly—Pro—Asx—Leu—Asx—Gly—
Ile—Leu-(GIy,Arg)

Thr—GLy—Glx-Ala—Ala Gly—PFe-
Ser- yr ASX—Ald Asx—(Arg)

-Asx—LZs

Gly-Ile-Thr-(Trp)-Lys

Asx-Glx—Thr-Leu—Phe-Glx—Txr-
Leu-Glx- (ASx,Pro,Lys,Lys)
_— — 7




T12
(74-79)

T12A
(73-79)

T13
(80-86)

T14
(88~89)

T15
(90-91)

T15A
(90~103)

T15B
(90-97)

T16
(92~103)

T16A
(92-97)

T16B
(98-103)

_0.54

~-0.83

0.66

1.26

1.15

TABLE 32 (Cont'd.)

0.24

Tyr-Ile-Pro-Gly-Thr-Lys
7 r Vd 7 rd V4

Lzs—Ty{—Ile—Prg—Glz—Thr—Lzs

Met~val-Phe-Ala-Gly-Leu-Lys
4 / V4 rd /7 A e

Qiﬁ‘LZS

gl;—Arg

Glx-Arg-Glx-Asx-Teu-Jle-Ala-
7 7 7’ 7
Tyr-Leﬁ-Glx—(AIa,AIa,Thr.Lys)

Glx~Arg-Glx—-4Lsx- Leu-Ile~Ala-
7 4 7 L 7 7 7

Tgr

Glx-Asx-Leu-Ile-Ala-Tyr- Leu—

Glx—Ala—Ala—(Tﬁr Lys)

-Asx-Leu-Ile-Ala-Ty
Gl§ As§ Ieg Ilg Ala r

Leu—Glx—A]a—Ala-Thr ~-Lys
rd 7 ———-77
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FFexr the chymotryptic digests, 8 mg of cytochrome ¢ was
oxidised and denatured and equilibrated at 37°c and pH 8,0
under nitrogen. 2% (w/w) enzyme was added ar zero time;

a further 2% (w/w) after 60 min and the digestion wvas terminated
after 80 min had elapsed. 8 mg of cytochrome ¢ was similarly
treated prior to diyestion wikth trypsin, After equilibration
at 370C and pH 8.0, 2% (w/w) trypsin was added at zero time;

a further 2% at 40 min and the digestion was terminated axrtcr
70 min. A cyanoqgen bromide cleavage was performed on 8 mg

of cytochrome c. The oxidised protein was dissolved in 200 pl
of 70% (v/v) formic acitd and a 150 molar excess oL cyanogen
bromide was added in 400 pl of 70% (v/v) formic acid.
Incubation was for 24 h in the dark at 26°c and the two
resulting protein fragments were separated by passage through

a column (1 cm x 100 cm) of Sephadex G-50 equilibvated in 70%
(v/v) formic acid. The two fragments vere lyophnnlised and
each digested with 5% chymotrypsin at 3/° anad pH 8.0 for

1 h.

Chzgotrygtlc Peptides

Peptide Cl (1-10 (Gly-Gln-val-Glu-Lys-Gly-Lys-Lys-Ile-Phe)

The peptide was initially purified as part of a larger
fragment as judged by the amino acid cowmposition and electro-
phoretic mobilaitaies. Digestion with 5% chymotrypsin for
30 min at pH 8.0 and 37°C produced a peptide whose sequence

1s gaven above and whose pH 1.9 electrophoretic mobility was
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1.05. A peptide aliquot taken after three Edinan degradalicns
had an electrophoretic mobil Lty at pH 6.5 of -0.72, and this
information, together with that from Peptide T1l, placed

position 2 as glutamine and posaition 4 as glutamnic acid.

Peptide C2 (11~26) (Heme peptide)

The heme peptide was purified by electrophoresis
and paper chromatography and was shown to have valine as its
N-terminal amino acaid. Aftcer mild performic oxidation 1t was
d:gesilior with 5% chymotrypsin at pH 8.0 and 37°C to produce
peptides C2CA and C2CB which were separakbed by electrophoces:s

at pH 1.9.

Peptide C2CA (11-18) (Val—Gln—Arg-CySO3~Dla-CJn-
CySO3-His)

The pH 1.9 guide-strips gave positive Pauly and
phenanthragquinone reactions indicating the presence of argmnine
and histidaine, and digestion of a 109% peptide aliquot wiin
carboxypeptidase-A for 9 h fcllowed by dansyl analysais
indicated histidine as the C-terminal amino acid. The
dansyl-Edman analysis gave only the farst six positions of
the peptide; the cysteic acid at position 17 was placed from
the scmi-quantitative amino acid composition. The placement
of amides was not possible from the electrophoretic mobilitaies
of C2CA due to the presence of cysteic acid and histidine,
but position 12 could be placed as glutamine from the evidence

of peptide T3 and e comparison with the mobility of the
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equivalent peptide in the Locusta sequence indicated that

position 16 was also glutamine.

Peptide C2CB (19-26) (Thr-vVal-Glu-Lys-Ala--Gly-Lys-His)

The peptide gave a posLtive Pauly reaction and a 24 h
digestion of a sample with carboxypeptidase-A yielded bis-dansyl-
histadine after dansyl analysais. A further sample of the
peptide had an electrophoretic mobility at pH 6.5 of 1.10 and
together with the mobility evidence from peptide T4CB places

residue-21 as glutamic acad.

Peptide C3A (27-32) (Thr-Gly-Pro-Asn-Leu)

A 3 h digestion with carboxypepiirdasze-A OF a 10%
aliquot of C3A gave dansyl-leucine after dansyl 2snalys.is, and
the C-terminus was confirmed as leucine by dansylation without
hydrolysis after the fifth Edman degradation. The eleci.co-

phoretic mobility at pH 6.5 fixed residue~3l as asparaginc.

Peptide C3B (34-36) (Asn-Gly-Ile-IL.eu)

Digestion with carboxypeptidase~-A for 3 h gave dansyl—_

leucaine after dansyl analysas. The peptide was neutral during

PH 6.5 electrophoresis indicating position 34 to be asparagine.

Peptide C4 (37-46) (Gly-Arg-Lys-Thr-Gly-Gln-Ala-Ala-Phe)

The presence of arginine was indicated using the
phenanthraquinone reagent and confirmed during the sequence
analysais. A 3 h digestion with carboxypeptidase-A followed

by dansyl analysis produced dansyl-phenylalanine whilst saimilar



treatment of a 24 h digestion producecd large amourts of dansyl-
phenylalanine and dansyl-glycine, togetber with significant
amounts of dansyl-alanine. The clectrophoretic mobilaity at
pH 6.5, although slaightly lowexr than expected, indicated that

position 42 was glutamine.,

Peptitde CAA (40-46) (Thr-Gly-Gln-Ala-Ala-Gly-Phe)

This peptide was obtained in good yield and could
only have resulted f£rom ancmalous chymolryptic cleavage at
arginine —38, Digestion for 3 h with cerboxypeptidase-A
followed by dansyl anulysis i1ndicated that phenylalanirz was
the C-terminal amino acid and this was confirmed by dansylat .on
without hydrclysis following the sixth Ddman degradation ctep.
Positaion 42 was placed as glutamine from the elecirophoretic

mobility at pH 6.5.

Peptide C5 (47-48) (Ser-Tyr)

Dansylation waithout hydrolysis follcocwing the Earst
Edman degradation step confirmed tyrosine as the C-termuinal

amino acid.

Peptide C5A (47-59) (Ser-Tyr-Thr-Asp-Ala-Asn-Arg-Asn-
Lys—-Gly-Ile-Thr-Trp)

The peptide was purified by electrophoresis and paper
chromatography and gave positive results with the Ehrlaich and
phenanthraquinone reagents. Digestion of a sample with
carboxypept 21dase-A for 3 h, followed by dansyl analysas,

andicated tryptophan to be the C-terminal residue. A similar
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9 h digestaion yielded significani amounts of threonine, together
with the tryptophan, as judged by dansyl analysis. During

the trifluoroacetic acid stage of the first Edman degradation,
the sample exhibated a pink coloration, indicating the presence
of tryptophan (Uphaus et al., 1959). The electrophoretic
mobility of piI 6.5 of the purified peptide, and of samples

of the peptide after four and six Edman degradation skeps,

ind.cated that residue-50 was aspartic acid,

Peptide C6 (49-59) (Thr-Asp-Ala-Asn--Arg-Asn-Lys-
Gly-Tle~Thr-Trp!

The peptide gave a positive result with both the
Ehrlich and phenanthraquinone reagents indicatirg tne presence
of tryptophan and arginine. The presence of tryploghan as
the C-termunus could not be confirmed although mobility
considerations demanded that this was so, togethexr with the
evidence of peptide CHA, The placing of aspartic acud at

positicn 50 was from the evidence for peptide C5A.

Peptade C7 (60-65) (Lys—Asn—Glu—ThF—Leu-Phe)

Digestion with carboxypeptidase~A followed by dansyl
analysis gave dansyl-phenylalanine after 3 h and both dansyl-
phenylalanine and dansyl-leucine after 9 h, The pH 6,5
electrophoretic mobility indicates the presence of one acid
residue and the mobality of a peptide aliquot at pH 6.5 after
two steps of the Edman degraodation was -1.15 placing position

62 as glutamic acad.
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Peptide C8 (66-67) (Glu-Tyr)

The peptide had a pIl 6.5 electrophoretic mobility of
-1.52 1ndicating position 66 to be glutamic acid. Dansylation
of a peptide aliquot after a single Edman degradation yielded
bis-dansyl-tyrosine, confirming tyrosine as the C-terminal

aminoc acaid,

Peptide 8A (66-74) (Glu-Tyr-Leu-Glu-Asn-Pro-Lys-Lys~Tyr)

The peptide was neutral during pH 6.5 electrophorcsis
indicating the presence of two acidic residues placed at
position 66 from peptide C7 and position 69 from peptide C9,
Digestion with carboxypeptidase for 3 h followed by dansyl

analysis confirmed tyrosine as the C-terminal amino acuid.

Peptide C9 (68-74) (Leu-Glu-Asn-Pro-Lys-Lys-Tyr)

The electrophoretic mobilities at pH 6.5 after
purification, and afteritwo Edman degradation steps, placed

residue-69 as glutamic acuad.

Peptide ClO (75-80) (Ile-Pro-Gly-Thr-Lys-Met)

During the traifluoroacetic acid stage of the fairst
Edman degradation, the peptide showed a rose-pink coloration
characteraistic of tryptophan (Uphaus et al., 1959). No other

evidence could be found to support this observation.

Peptide Cl0A (75-82) (Ile-Pro-Gly-Thr-Lys-Met-Val-Phe)

Digestion with carboxypeptidase-A for 3 h gave phenyl-

alanine as the C~terminal amino acid after dansyl analysis.
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Peptide CLlL (81-82) (val=-Phe)

Carboxypeptidase~-A digestion for 3 h yielded dansyl-
phenylalanine after dansylation and this was confirmed as
the C-terminal residue by dansylation wirthout hydrolysais

following the first Edman degradation step.

Peptide CllA (81-85) (val-Phe~Ala-Gly-Leu)

Peptide CL2 (83-85) (Ala-Gly-Leu)

Digestion with carboxypeptidase-A for 3 h followed

by dansyl analysis placed leucine as the C~terminal amino acid.

Peptide Cl3 (86-94) (Lys-Lys-Gln-Lys-Glu-Arg-Cla-Asp-Leu)

The peptide gave a posiktive reaction witth the phenan-
thraquinone reagent and digestion with carboxypeptidase-A
followed by dansyl analysis fixed leucine as the C-terminal
amino acid. The two acidic residues expected from the pH 6.5
elecktrophoretic mobility data were placed from the wobilailies
of tryptic peptides with Tl4 fixing residue-88 as glutamine,

T1l5 residue-90 as glutamiq acid, and T15B residue-92 as glutamine

and residue-93 as aspartic acad.

Peptide Cl3A (86-97) (Lys-Lys-Gln-Lys-Glu~Arg-Gln-
Asp-Leu-Ile-Ala-Tyr)

The peptide gave a positive reaction with the phenan-
thraquinone reagent. Digestion with carboxypeptidase-A
yielded tyrosine after 3 h, and tyrosine together with signi-
ficant amounts of alanine and isoleucine after 24 h incubation,

as shown by dansyl analysais,. The pH 6.5 electrophoretic
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mobility indicated the presence of two acidic residues and
these were placed as in Cl3 from the appropraate tryptaic

peptides.

Peptide Cl4 (95-97) (Ile-Ala-Tyr)

Digestion with carboxypeptidase-A for 3 h followed

by dansyl analysis indicated that tyrosine was the C-tcerminal

amino acid.

Peptide Cl5 (98-103) (Leu-Glu-Ala-Ala-Thr--Lys)

Dansylation without hydrolysis after five Edman
degradatinns gave vis-dansyl-lysine confirm.ng lysine as the
C-terminal amino acid. The mobilaity of Cl5 on pH 6.5

electrophoresis indicated that residue-©9 was glutamic acad.

Peptide Cl5A (99-103) (Glu-Ala-Ala-Thr-Lys)

The peptide was neutral on pH 6.5 electrophores.is

confirming residue-99 asglutamic acid,

Tryptic Peptaides

Peptide Tl (1-5) (Gly-Gln-Val-Glu-Lys)

Dansylation without hydrolysis after four Edman
degradations yielded bis-dansyl-lysine. Consideration of the
PH 6.5 electrophoretic mobility of Tl indicates the presence
of a single acad residue and this was placed as glutamic acid
at position 4 from the pH 6.5 mobility of a peptide sample
after three Edman degradations which was equal to -1.40, A

peptide with a similar sequence was purified in low yield
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having a pll 6.5 electrophoretic mokility equal to -0.96.
This was assumed to be a deamidated form rathexr than an

alternative Eorm of peptide T1.

Peptade T2 (6-7) (Gly-Lys)

Dansylation without hydrolysis after the first Edman

degradation confirmed position 7 as lys.ine.

Peptide T3 (9-13) (Ile-Pne-vVal-Gln-Arg)

The peptide gave a positive reaction with the phenan-
thraquainone reagent and although the result of the final dansyl-
Edman step was uanclear, dansylation without hydrolysis ac
this stage confirmed arginine as the C-terminal omuno acid.

The pH 6.5 electrophoresis mobility data places residue-12

as glutamine,

Peptide T4 (14-22) (Heme peptide)

The heme peptide was purificd by clectrophoresis and
paper chromatography, dehemed using a mild performic oxidation,
and digested with 5% chymotrypsin at 37°%c and pPH 8.0 for 1 h,

The two products, T4CA and T4CB, were separated by electrophore51g

at pH 1.9.

-His)

Peptide T4CA (14-18) (CySO3—Ala—Gln—CySO3

Digestion with carboxypeptidase-A followed by dansyl
analysis indicated that histidinewas the C-terminal residue,
The dansyl-Edman evidence beyond the second Edman degradation
was inconclusive and residues-16 and 17 were placed from a

semi-quantitative amino acid composition conducted at this
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stage. Position 16 was placed as glutamine f{rom the evidence

of peptide C2CA.

Peptide T4CB (19-22) (Thx-val-Glu-Lys)

The third dansyl-Edman step proved inconclusaive but
the lysine was placed from the results of dansylation wituout
hydrolysis after three Edman degradations, A sample of the
purified peptide was neutral on pH 6.5 electrophoresie indicating

that position 21 must be glutamic acad.

Pepcide T5 (23-25) (Ala-Gly-Lys)

Dansylation of T5 after two Tdman degiadations yieided

bis-dansyl-lysine.

Peptide T6 (26-27) (His-Lys)

Identification of a~N-dansyl-histidine during che
determination of the N-terminus of T6 proved intonclasive, but
the presence of bis--dansyl-histidine was ocbserved during the
semi—~gquantLtative determination of the amino acid compositinn
of T6. The composition of T6 showed an abscnce of any
histidine after the first Edman degradation, thus fixing
residue~26 as histidine. Dansylation without hydrolysis at

this point yielded bis-dansyl-lysaine,

Peptide T7 (28-37) (Thr-Gly-Pro-Asn-Leu-Asn-Gly-
Tle-Leu-Gly-Arg)

The peptide reacted positively with the phenan-
thraquinone reagent 1indicating the presence of arginine. The

dansyl-Edman evidence was inconclusive after nine degradations,
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but A semi-quantitative amino acid composition conducted on the
peptide residue at this stage indicated the presence of glycine
and arginine, The pIl 6.5 electrophoretic mobil:ty was lowex
than expected but still i1ndicated that residues-32 and 33 were

both asparagine.

Peptide TB (40-53) (Thr-Gly-Gln-Ala-Ala-Gly--Phe-
Ser-Tyr~Thr~Asp-Ala-Asn-Arg)

The peptide gave a positive result with the phenan-
thraquinone reagent. The dansyl-Edman results were inconclusive
beyond thirteen degradation steps but residue-53 was placed
from amino acid composition data. The presence of a single acidrc
residue was indicated by the pH 6.5 electrovhoretic moonility
and this was placed at position 50 as aspartic acid from the

evadence of peptide C5A,

Peptide T9 (54-55) (Asn-Lys)

Dansylation without hydrolysis after the first Edman
degradation step yielded bis-dansyl-lys.ine. Position 55 was
placed as asparagine from consideration of the pH 6,5 electro-

phoretic mob.lity.

Peptide T10 (56-60) (Gly-Tle- Thr-Trp-Lys)

The peptaide gave a positive reaction with the Ehrlich
reagent indicating the presence of tryptophan, which was placed
at position 59 from the evidence of a blank dansyl-Edman analy-
si1s at degradation step three between positive analyses at

degradation steps two and [our. The tryptophan could also be
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placed as residue-59 from the evidence of peptide C5A.
Dansylation without hydrolysis after four Edman degradaiion

steps confirmed Llysine as the C-~termiunus of T10.

Peptide TLll (61-73) (Asn-Glu-Thr-Leu-Phe-GlLu-Tyr—
Leu-Glu-Asn-Pro-Lys-Lys)

The dansyl-Edman evidence was inconclusive beyond
nine degradation steps, but a semi-quantitative amino acid
composition at this stage yielded significant quantities of
proline, aspartic acid and lysine. Residues-71 to 73 were
placed from amino acid composition data and from the evidence
of C8A and C9. The pH 6.5 electrophoretic mohility of Tll
indicated that three acid residues were presenkt and these wore
placed at positions 62, 66 and 692 from the mobility cvidence

of peptides C7, C8, C8A and C9.

Peptide T1l2 (74-79) (Tyr-Ile-Pro-Gly-Thr-Lys)

Peptide T12A (73-79 (Lys-Tyr-lle-Pro-Gly-Thr-Lys)

Peptide T13 (80-86) (Met-Val-Phe-Ala-Gly-Leu-Lys)

Donsylation without hydrolysis after six Edman

degradation steps yielded a-dansyl-&-PTC-lysine.

Peptide Tl4 (88-89) (Gln-Lys)

Dansylation without hydrolysis after the first Edman
degradation confirmed residue-89 as lysine whilst a consid-
eration of the pH 6.5 electrophoretic mobility fixed residue-88

as glutamine.
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Peptide T15 (90-91) (Clu-Airg)

The peptide reacted positively with the phenan-
' thraquinone reagent and arginine was confirmed in position 91
by dansylation without hydrolysis after a single Edman
degradation step, T15 was neutral on pll 6.5 electrophoresis,

indicating that residue-90 was glutamic acid.

Peptide T15A (20-103) (Glu-Arg-Cln-Asp-Leu-Ile-Ala-
Tyr-Leu~-Glu-Ala-Ala-Thr-Lys)

The peptide gave a posaitive reaction with the phenan-
thraquinone reagent., The dansyl-Edman evidencc was 1incon-
clusive beyond ten degradations, and residues 100-103 were
pPlaced from semi-quantitative amino acid compositions conducted
on the puraified peptide and the peptide rtesidue after ten
degradation steps. Consideration of the pH 6.5 electrophoretic
mobility indicated the presence of three acid jesidues and
these were placed as glutamw acid-90, aspartic acid-23 and

glutamic acid-99 from peptides T15, T1l5B and T1l6B respectively.

Peptide T15B (90-97) (Glu-Arg-Gln-Asp-Leu-Ile-Ala-Tyr)

Digestion of the peptide for three hours with
carboxypeptidase-A followed by dansyl analysis yielded bis-
dansyl-tyrosine, indicataing that T15B arose from an anomalous
tryptic cleavage at tyrosine-97, The mobilaity of the
purified peptide on pH 6.5 electrophoresis was -0.83 and this
became -1.0 after three Edman degradation steps indicating
residue-93 to be aspartic acid, given that residue-90 was

glutamic acid from the evidence of peptide T15.
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Peptide T16 (92-103) (Gln-Asp-Leu-Ile-Ala-Tyr-Leu-Glu-
Ala-Ala-Thr-Lys)

The dansyl-Ldman analysis was inconclusive beyond
ten degradation steps so that residues-102 and 103 were placed
from amino acid composition data and from peptides TI6B, Cl6
and Cl6B, The two acidic residues expected from mobility
considerations were placed at positions 93 and 99 from the

evidence of peptides T15B and T16B respectively.

Peptide TL6A (92-97) (Gln-Asp-Leu~Ile-Ala-Tyr)

Digestion with carboxypeptidase-A for 3 h followed
by dansyl analysis yielded bis~-dansyl-~tyrosinc indicating chat
T16A resulted from anomalous tryptic cleavage al tyiosine-97,
Consideration of the pH 6.5 electrophoretic mobslity indicated
the presence of a single acidic residue and this was placed

as aspartic acaid at position 93 from the evidence of T15R.

Peptide T16B (98-103) (Leu-Glu-Ala-Ala-Thxr-Lys)

Dansylation without hydrolysis after five Edman
degradation steps confirmed lysine as the C-terminal residue
of T16B, The peptide was neutral on pH 6.5 electrophoresais

indicating that position 99 was occupied by glutamic acid.

Amino acid Sequence

The overlapping chymotryptic and tryptic peptides gave
the sequence of Asterias cytochrome ¢ as shown an Figure 34,
The sequence agreed with the amino acid composition data

shown 1n Table 33 with a number of exceptions. In all
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determinations, values obtained for aspartic acid, seraine and
lysine were routainely high but no evidence for an impurity
associated with the purified cytochrome could be found from

the seguence analysis. The low value for glutamic acid may
have been due to the 1incomplete deamidation of glutamine under
the conditions of the acid hydrolysis. Tryptoplhan was not
determined as part of the amino acad composition, but the

best spectral rates of purified Asterias cytochrowe ¢ indicated
that one residue was present.

From Figure 34 1t can be seen that all the residues were
posiLtively identirfied by sequence analysis 1in both chymotryptic
and tryptic digests, except at posaitions 16, 17, 22, 37, 38,
53, 70, 71 and 72. These residues were placed from only one
of the digestions, from amino acid compesition data, or from
a combination of the two. The lysine residuce at posiilions
8, 39 and 84 could not be positively adentified in che trypiic
digest because of the course of tryptic cleavage at
(-X-Lys-Lys-X-) sequences, and tryptophan-59 was not observed
in the tryptic digest because of the destruction of dansyl-
tryptophan during the acaid hydrolysis stage of dansyl
analysis. Only cysteine-17 was not positively identified
in either the chymotryptic or tryptic digest and this residue
could only be placed from amino composition data.

All possible overlaps between chymotryptic and tryptaic

peptides were observed except in the regiocn C3B-C4/T7-T8
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where the placement of peptides .s unambiguous {row an
inspection of the sequences of C3B and T7 and C4, C4A and T8.

All the amides indicated in the sequence could be placed,
with the exception of glutamine-l16, from the electrophoretic
mobilities at pH 6.5 of the complekte, or parcially degraded,
peptides taken from either, or both, of the chymotryptic and
tryptic digests. Glutamine~16 1s placed from a comparison
of mobilitaes with the equivalent peptide i1n Locusta cytochrowme
c where the amade content of the heme region was unequivocally
determined. Evidence for a proportion of Tl, having a more
acaidic pld 6.5 electrophoretic mobility, was attribuied rto
deamidation of glutamine-2 during peptide preparation, rather
than heterogeneity at residue-2, No alternative forms of
peptade Cl were observed.

The observed enzyme specificities were consistent with
those expected (Smyth, 1967) except that only partial cleavage
was observed at phenylalanine-46, tyrosine-48 and tyrosine-67.
In addition, full chymotryptic cleavage was observed at
histidine-26, leucine-32, leucine-36 and leucine-86, whilst
partaial cleavage was observed at methionine-80, leucine-94
and leucine-98. Partial tryptic cleavage was observed at
lysine-72 and lysine-73, and arginine-91, together with

tyrosine-97.
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12, Prel iminary Seqguence Invesitigation of
Arenicola Cytochrome c

Approximately 3 mg (0.25 pmol) of oxidised and denatured
Arcnicola cytochrome ¢ was equilibrated at 37°C and PH 8.0
under nitrogen. At zero time 2% (w/w) chymotrypsin was added,
and a further 1% (w/w) was added after 60 min. The digestion
was terminatced at 90 man,

The peptides were separated on pH 6.5 electrophoresis,
but gave only weak reactions with the nainhydrin reagent. A
small number of the stronger peptides were further purified on
pPH 1.9 electrophoresis. Overall, the digestion was very paor.
Only a fraction of the sequence was chacacterised, and thes:z
peptides were placed from comparisons with other cytochromes ¢.
The peptides, together with mobility and sequence data, and

) tentative placements, are shown in Table 34,
l Chymotryptic Peptides

Peptide Cl (11-26) (Heme peptide)

The heme peptide showed characterastic streaking on
PH 6.5 electrophoresis, having an overall mobility of about
zZero, 1in common with other invertebrate chymotryptic heme
peptides. Determination of the N-terminal amino acid by dansyl

analysis proved inconclusive through lack of materaial.

Peptide C2 (47-48) (Ala-Tyr)

Peptide C3 (49-59)

*

The peptide gave a positive result with the Ehrlich




34.

TABLE

Chymotryptaic Peptides from Arenicola Cytochrome c

Peptide/ M M
Position (pH 6.5) (pH 1.9)
Cl 0 0.40
(11-26)

c2 (o] 0.68
(47-48)

C3 0.62 0.68
(49-59)

c4 0] 0.86
(66-74)

C5 0.86

(68-74)

C6 1.10

(75-80)

Cc? 0 0.62
(81-82)

Cc8 0] 0.60

(83-85)

Dansyl-Edman results

(Heme peptide; see text)

Ala-Tyr

Thr- (Trp peptide; see text)

Glx-Tyr-Leu-Glx-Asx-Pro-(Lys,
Lyg,Tyf) ’

Leg—Gl¥—As§—Pr9—Ly§—gz§—Tzr

Ilg—Prg—Gly—ThE—Lzs-Mg;

Val-Phe
~Jelmine

Ala—Glx—Leu



reagent and digestion of a 40% alaiquot of C3 with carboxy-
peptidase~-A for 6 h yielded tryptophan as judged by dansyl
analysis. The N-terminal amino acid was determined to be
threonine by dansyl analysis, but the dansyl-Edman analysis
was 1hconclusive heyond the N-terminus because of lack of

material.

Peptide C4 (66-74) (Glu-Tyr-Leu-Glu-Asn-Pro--Lys~Lys-Tyr)

The dansyl-Edman analysis was inconclusive beyond
five degradation steps and residues 72-~74 werc placed from the
semi-quantitative amino acid composition. The pH 6.5
electrophoretic mobility of C4 indicaced that two acidic
residues were present and these were placed at posst.ons 66
and 69 from the assumed homology of Arenicola cytochrome ¢

with other invertebrate cytochromes c.

Peptade C5 (68-74) (Leu-Glu-Asn-Pro-Lys-Lys-Tyr)

The pH 6.5 electrophoretic mobility tndicated that
a single acidic resaidue was present and this was placedat
position 69 from the assumed homology of Arenicola cytochrome

¢ with other invertebrate cytochromes c.

Peptaide C6 (75-80) (Ile-Pro-Gly-Thr-Lys-Met)

Peptide C7 (81-82) (Val-Phe)

Peptaide C8 (83-85) (Ala-Gly-Leu)
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13. The Amino Acid Composition of Arenicola
Cytochrome ¢

The amino ac%d composition of Arenicola cytochrome ¢ was
determined from three duplicate 50 pg samples hydrolysed €Eor
24, 48, and 72 h respectively, and is shown in Table 35.

The molar ratios of the amino acid residues were based on an
arbitrary sequence length of 106 residues. Tryptophan was
not determined, but the best spectral ratios of the purified

cytochrome ¢ indicated that one residue was present.

14, The Amino Aci1d Composition of Nereis
Cvtochrome ¢

The amino acid compousition of£ Nexrcis cytonhrome ¢ was
determined from three duplicate 50 pg samples hydrelysed for
24, 48 and 72 h respectively, and i1s shown in Table 36, The
molar ratios of the amino acid residues were baccd on an
arbitrary scquence length of 106 res.dues. Tryoptophan was
not determined, but the best spectral ratios of the purified

cytochrome c indicated that one residue was present.

15. The Amino Acid Composition of Loligo
Cytochrome ¢

The amino acid composition of Loligo cytochrome ¢ was
determined from three duplicate 50 pg samples hydrolysed for
24, 48 and 72 h respectively, and i1s shown i1n Table 37. The
molar ratios of the amino acid residues were based on the

assumption of two histidine residues 1n the sequence.
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Tryptophan was not detecrmined, but the best spectral ratios of
the purified cytochrome ¢ indicated that one residue was

present.

16, Calculations based on a matrix of Amino Aecid Differences

The numhcrs of amino acid differences between a phylo-
genetically representative sample of forty out of seventy
deterxmined sequences of cytochrome ¢, are given 1n Appendux I
and the sequences are shown in Appendices I and T1lI, The
mean variations between the mewbers of certain taxonomic groups
arc given in Table 38,

The "unit evolutionary period" (UkP), has been defined
as the average time caken for a single variation to arisc
between two diverging lines of descent (Zuckerkandl & Paul ing,
1965; Margoliash & Swmith, 1265). Us1ing a palaeontological
estimated time period of 280 million years for the divergence
of the mammalian and avian lines of descent (Simpson, 1964)
together with the matrix of dirfferences (Appendix I), the UEP
has been calculated to be equal to 26.9 million years for a
single amino acid substaitution. Linear extrapolation from
a fixed time point, corrected for the probability of multaple
changes at the same codon (Feller, 1950; Margoliash & Smith,
1965), provide estimates for the times of divergence of the
major invertebrate phyla from the vertebrate line of descent,
and for the divergence of the major kingdoms of organisms

(see Whittaker, 1969).
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Faiguxre 35 and Table 38 show the Echinodermata to be the

most recent invertebrate phylum and the Annelida to be the
most praimitive, with reference to the species used in thus
study. The difference in times of divergence of the classes
Insecta and Crustacea from the vertebrate line may not be
indicative of a diphyletic origin of the Arthropoda, 1n view
of the small number of Vertebrate-Crustacea comparisons

available,

17. Molecular Phylogenies constructed using
Ancestral Sequence Methods

The ancestral sequence method produvzed tcrelegies which
could be assessed by the total number of suhstitutrons requiced
to relate the amino acid sequences included in a partaicular
topology. From the phylogenetic point of view, the best
topology was considered to be that for which this total was
a mainimum but, because the number of substitutions was an
integral value, 1t was possible that no unique minimum ex1sted,
i.e., several phylogenies may be obtained having a particular
minimum value,

The time required to build a phylogeny relating the
seventy known cytochrome c sequences makes such a computation
unjustified. A better approach was to compute phylogenies
on the basis of intra-kingdom differences and to relate the
kingdoms in a similar fashion using representative sequences

from each kingdom (see Whattaker, 1969; Davhoff, 1972;
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McLaughlain & Dayhoff, 1973).

The aim of the present study was to relate the known
invertebrate cytochromes c with each other, and with selected
"fixing" species taken from the Fungi, Plantae and vertebrate
members of the Animalia. A total of ten complete invertebrate
cytochrone ¢ sequences were used in the study, together with a
sequence fron cach of the Fungi and Algae and four sequences
from the Vertebrata. These are lasted in Table 39. The
txcatment of the differences in length, due to the N-termanal
"tails" in the standard cytochrome ¢ alignment was not always
the same (see below, Faigures 3€-39), Absent residves at
the C-terminus of the alignment were rcgarded as deleticns,
and were computed as differences.

Figure 36 shows the best phylogeny obtained relating the
amino acid sequences listed in Table 39 and Appendaix I1IT. Tre
minimum of amino acid substitutions relating the segquences was
228 and no equal alternatives to this figure were found. All
the insect sequences were grouped together on a single line of
descent diverging from the main vertebrate laine. The arrange-

ment of the Orders Diptera (Ilaematobia, Ceratitis and

Drosophila), Lepidoptera (Samia and Manduca) and Orthoptera

(Locusta) was clear-cut, but the position of the cruvstacean,

Macrobrachium, was suggestive of at least a diphyletic origin

of the Arthropoda. The position cf the Eisenia sequence
indicated that the Annelida were the most praimitive of the

invertebrate phyla used in this study. The grouping of the
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sequences of Ilelix and Aster3ias on a common node was unexpected,
being members of the phyla Mollusca and Echinodermata,
respectaively, However, this may have been due to the lack of
sequence information from these phyla.

Figure 37 shows an overall phylogcny relating the cytochrome
¢ sequences listed in Appendix II. The tree relating the
invertebrates (Figure 36) was grafted on toc a tree constructed
by Meatyard (1974) using the intra-kaingdom/inter-kingdom
approach previously described (see above). Similar trees
have beer produced by Dayhoff (1972) and McLaugklin & Dayhoff
(1973).

Figure 38 shows the best phylogeny cbtained re¢lating the
sixteen cytochrome c sequences listed in Table 39, taking no
account during the computer analysis, of the residues and/or
blank positions i1in the sequences occurring prior to the
invariant glycine-l in the standard alignment. The minimum
number of amino acid substitutions relating the sequences 1in
thas phylogeny was 207 and no equal alternatives to thas
figure were found. A comparison with Figure 36 demonstrates
that the N~termainal "tail" was critical only in the fixing

of the Macrobrachium sequence to the tree and that the clear-

cut grouping of the annelid and insect sequences 1in Figure
36 was not merely due to the possession of similar N-terminal
“tails", The computer analysis of regrons of the cytochrome

c molecule common to all the species, also served to reduce
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the majority of the branch-lengths shown in Figure 38 as
compared to Figure 36, Because of the nature of the data
input which gave raise to Figure 36, Asterias was considered

to be ten amino acid substitutions away from Enteromorpha

Just because of the latter's N-terminal tail, and this may
represent a distortion of the truc relationship between these
two sequences (see Discussion V).

Figure 39 shows a phylogeny relating the sixteen complete

sequences listed ain Table 39 and Appendax II, together with

the partial sequence of Loligo opalescens cytochrome ¢
(Boulter, M. E., unpublished experiments). The undetermincd
portion of tne Loligo sequence was computed as awmLno acid
differences (see Appendik ITI). The phyleogeny shown was
related by a minimum of 252 amino acid substitutions, but
Eive other equal alternatives were obtained aiffe-ing only in

the arrangement of Helix, Macrobrachium, Asierias and Lol 1igo

sequences and the nodes A-D in Figure 39. The alternataives
are summarised in Figure 40. The arrangement of the sequences
in Figure 39 was essentially identical to that obtained
without the Loligo sequence and shown in Figure 36, The

Loligo sequence unexpectedly shared a node with Macrobrachium

and not with the other mollusc, Helix, the Helix-Asterias

group remaining constant throughout all the ancestral sequence
methods (Figures 36-40). A consideration of the large

branch-lengths and the small number of common residues upon
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vhich the method selected thi1s phylogeny, suggested that the
lack of wmollusc and echinoderm sequence data, together with
the computation as dirfferences of the undetermined Loligo
residues, may well account for the ainstability of this area
of the tree.

The sixteen cytochrome c sequences listed in Table 39
and Appendix II, were used to investigate the efficiency of
the shuffiing procedure of the ancestral sequence computer
method (procedure 3, see Materials and Methods 1IV,2.). A
number of topologies were built using different orders of
sequences and they were asscssed in iLne usual manner it che
end of procedures 1 and 2 and at the end of proceduie 3, The
efficiency of procedure 3 was judged by 1ts ability to sort
out the best phylogeny (1.e. that for which the number of amino
acid substitutions was a minimum), regardless of the building
order of the original phylogeny. The results sho'm in Table
40 1ndaicate that procedure 3 was at least 60% efficient in
obtaining the best phylogeny relating a particular group of —

sequences of cytochrome c.

18. Molecular Phylogenies constructed using
Numerical Methods

Phylogenies were constructed from a matrix of amino acid
differences using the cytochrome c sequences listed in Table

39 and Appendix II, together with a partial sequence of

Loligo cytochrome c (see Appendix III). The method usad was



TABLE 40.

The Building Orders of Sequencesused to Estimate the
Efficiency of Computer Procedure 3 of the Ancestral

Sequence Method.

Buzild
order

O O 9 0 0o W+

e e A i o e =
N 6 U d W N O

*Tm 1,2
*Tm 3

ENT
SCC
BNT
WMN
STF
SNL

PRN
LMP
DGF
BLF
FRT
SMN
SCR
TBC
LCS
CER

Sequence bhuild oxrder
(8 expts.)

ENT
SccC
WMN
LCS
CER
FRT
SCR
TBC
SMN
SQD
SNL
LMP
DGF
BLF
BNT
PRN
STF

CER
SQD
BNT
WMN
TBC
DGI
ENT
FRT
SNL
PRN
LCS
SMN
BLF
SCC
SCR
LMP
STF

TBC

LCS
CER
BLF
WMN
DGF
PRN
FRT
ENT
LMP
STF
BNT
SCC
TBC
SCR
SMN
SNL
SOD

CER
DGF
ENT
LMP
SNL
TBC
PRN
BNT
FRT
BLF
LCS
SCC
SCR
SMN
SQD
STF
WMN

Z
DGF
STF
SMN
BLF
ENT
TBC
LCS
PRN
BNT
SNL

LMP
SCR
CER
FRT
SCC
SOD

8
scc
ENT
SQD

252
252

252
252

264
252

253
252

253
252

256
255

257
254

Abbreviations

ENT = Enteromoi pha

SCC = Saccharomyces

WMN = Ei1senia
TBC = Manduca
SMN = Samia

FRT = Drosophila

SCR = llaematobaia

CER = Ceratitais
LCS = Locusta

PWN = Macrobrachium

SNL = Helax
SOD = Lol ago

STF = Asterias
LMP = Entosphenon

DGF = Squalus
BNT = Katsuwonas

BLF = Rana

*Tm 1,2, ™Tm 3 refcr to the total minimum number

of amino acid substaitutions relating the phylogenics

produced by the building and shuffling procedures.

" AL

- e -
4 = = —

- m————

haden W



-159-

that of Moore et al. (1973) developed from the approaches of

Faitch & Margoliash (1967a) and phylogenies were selected for
which the Moore Residual Coefficient (MRC) was a minimum
(Moore et al., 1973). Differences in the length of sequences,
due to the N-terminal "tails" in the standard alignment, were
treated in two ways (see below), whilst absent residues at
the C-terminus of the alignment were regarded as delet.ons
and were computed as differences., An advantage of the matrix
method over the ancestral sequence method, 1s that sequences
are conputed regarding undetermined residues as unknowns,
of whach no account 1s taken, rather Lhan as blanks which
are computed as diEferences., The undetermined yortion of
the Loligo saquence was treated in this manner.

Figure 41 shows a minimum phylogeny relating the
s1xteen sequences and the partial sequence of l.oliqo. 'the
grouping of the 1insect sequences and those of Jlelix and
Asterias were i1dentaical to that cons.stently obtained using
the ancestral sequence method (see Figqures 36-40), but

Macrobrachium was fixed more distantly from the insects than

in the ancestral sequence method. The matrix method failed
to group the mollusc sequences Helix and Loligo and placed
Eisenia as being less pramaitive than the insect line of
divergence,

Figure 42 shows a minimum phylogeny relating the sixteen

sequences Jisted in Table 39, together with the partial secquence
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of Loligo cytochrome c. No account was made of the residues
and/or blank positions occurring prior to the invariant glycane-1
in the standard alignment (see Appendices II and III). The
phylogeny showed a distinctive invertebrate line of descent

with only the Eisenia sequence standing apart. The positions

of Macrobrachium in Figures 41 and 42 paralleled those obta.ned

from the ancestral sequence method treating the N-termainal
"tails" 1n the same way (see Figures 36 and 38). The sequences
of Helax and Asteraias were related by a common node, and the
Loligo sequence was fixed close to the Arthropod line of

descent,

19, A Summary of the Results of Phylogenetic Analysis

The cesults obtained from the various approaches arvre
summarised in Figure 43, Only the Diptcra and Lepidoptera

of the insect sequences and the Helix-Askerias grouping

maintained stable relationships throughout all of the analy-
tical procedures, The relative merits of these treatments
and the selection of the most significant phylogenies are

discussed later (see Discussion V-VII).
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DISCUSSION

I. The Methods of Extraction and Purification
of Invertebrate Cytochrome c

Pilot experiments with Holochur.ia, Mytilus, Arenicola

and Nereis using the extraction procedure of Richardson et al.
(1270; 1971), showed that the yields of cytochrome c obtainable
from the majority of inveritebrate sources were likely to be as
low as those reported for germinating seed] tngs (Richardson, M.,
personal communication).

Previously, cytochromes ¢ from invertebrate sources have
been extracted by a number of different methods. Ghirretta

(1956; 1959) studied the terminal respiration chain in the

squid, Aplysia, and the octopus, Octopus vulgarais, by obtaining

a particulate preparation using a dilute salt extraction.
Yamanaka and co-workers purified cytochrome ¢ from the proto-

chordate, Styela plicata, from the larvae, pupae and adults

of the housefly, Musca domcstica, from the molluscs, oyster

and squid, from the crustacean, king prawn, and the marine

worm, Dendrostomum zostericolum, by using a method that included

homogenisation in phosphate buffer, followed by ammonium
sulphate fractionation and 1on-exchange chromatography (see
Yamanaka, 1966).

Claims of yields of 3 mg from 15 g of Dendrostomum, 2-3

mg/kg for oyster, squid and prawn muscle, 4 mg/kg for Styela

internal organs, and 128 mg/kg for Musca domestica were made,
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but no evidence was given of the purity of the preparataions
(Yamanaka et al., 1963; 1964a,b; Yamanaka & Kamen, 1967),
Pettigrew (1972) and Hill et al. (1971) purified cytochrome ¢
from species of protozoan trypanosomatids and the nematode

Ascarls lumbr.coides, by using a method which included homo-

genisation in dilute sall solution, preccipitation waith ammon.ium

sulphate and gel filtration on Sephadex G-75. This method

gave yields of 5-40 mg/kg wet weight of starting material.
Chain & Margoliash (1966) reported an extraction of

cytochrome ¢ from the moth, Samia c¢ynthia, by using hcomogenisation

in aluminium sulphate, adsorption on »amberlite IRC-5) resgin

and ammonium sulphate fractionation whiclh gave a yvield of

2+ +
E;O/EC3 ratio of 1.25. Brown et al.

220 mg/kg with an E 280

(1972) applied the method developed for germinating seedlings

(Richardson et al,, 197la) to the snarl, Helix aspexrca, and

C2+ , C3+
550/E ratio of l.14,

obtained a yield of 20 mg/kg with an E 280

Margoliash & Walasek (1967) homogenised moth thoraxes,

Drosophila and screw-worm flies in aluminium sulphate, -

concentrated the cytochrome c on Amberlite resins, precipitated
it waith ammonium sulphate and further purified the protein by
1on-exchange chromatography and crystallisation. Diano &
Martinez (1971) purif:ied cytochrome c directly from animal
mitochondria isolated using zonal centrifugation.

The methods outlined above generally used less than
5 kg of starting material, but for thisstudy it was necessary

to design methods that could best handle the large amounts of

- ot o o et cmt—————— e e W8 S ta w e e et 7 e s stamm = % e A e ——————— - et e e - PR
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starting material and homogenate generated in the early gtages
of the puraifacation. Viewing the reduced spectrum of cyto-
chrome ¢ with a hand, direct-vision spectroscope is only a
sensitive assay at concentrations gireaber than 1 mg/l, and
this fact, together wich a consideration of the time factor.
made the reduction of batch sizes impraccicable. In the end,
a compromise was made between batch sive and time factors 1n
the application of a method which combined points taken Erom
those of Margoliash & Walasek (1967) and Richardscn et al.
(1970: 1971a). Speed of handling and reduced temperatures
were recomnended by Margoliash & Walasck (1567) as the becst
practical precautions to mitigate against yield rvrcductions
due to thermal instability and the action of degradative
enzymes, so that the major problems encountered with 5-30 kg
batches of material duraing this study were largely
technological.

Previous investigations of cytochrome ¢ have involved
rather drastic methods of protein extraction, including the
use of organic solvents (Goddard, 1944; Hagihara et al.,
1958; 1959; Wasserman et al., 1963; Fridman et al., 1968)
or with hot acid (Goddard, 1944), and the majorities of
inhomogeneities in preparations have been shown to result from
such treatments (Margoliash, 1954a,b; Yamanaka et al., 1959).
The use of organic solvents can cause denaturation (Kaminsky

& Davaison, 1969), extrcmes of pH and temperature may lead to

denaturation, deamidation and polymer formation and, gencrally



-164-~

speaking, cytochrome ¢ has been shown to be less stable than
was previously thought (Margoliash & Schejter, 196G; Lemberg
& Barrett, 1973). The howrogenisation of plant material in
dilute phosphate buffer has been shown to give an efLficient
extraction of cytochrome ¢ (Morita & Ida, 1968; Richardson
et al., 1970), and this method has been applied to invertebrate
matertals (Brown et al,, 1972), The method employed in thas
study was to homogenisc the material in LO mM-aluminium sulphete
solution (after Margoliash & Walasek, 1967) and generally this
producsd a less slimy extiract than *est extractions using
dilute phosphate buffer.

The point frequently overlooked in a discussion cf Lthe
relative advantages of extraction medira, is the degrce of
tissue comminution and cell breakage obtacned. Meatyard (1974)

reported that microscopic examination of the green alga

Enteromorpha after homogenisation in a 5 L Waraing blcudos,

run at maximum speed for 3 min, showed less than 5% cell
breakage. A similar investigation in this study gave a wvalue
of less than 20% cell breakage in an Eisenia homogenate, It
was thought that the exoskeletons of the arthropods and
echinoderms would be advantageous 1n acting as an abrasive
agent, as had been reported for the snail shells during that
cytochrome ¢ extraction (Brown, R. H., personal communication),
and to thais end the material was homogeniscd in two volumes

of aluminium sulphate and one volume of ice, which was to act

as an abrasive agent and a buffer against localised temperature
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increases due to prolonged running of the Waring blendor,

Except for Macrobrachium, the whole organ.sm was homogenised

because of the practical difficulties involved in selectaing
and dissecting out particular tissues. The extraction of

Macrobrachium was performed on the muscular tailsy The

larger specimens such as the starfish were not pre-minced or
cut up i1n any way because cf the size of the batches, and the
Waraing blendor wes capable of prodacing a £2i1rly standard
homogenate, regardless of the size of the starting materaal.
The majority of the materials were stored at -ZOOC after
collection, but contrary to the view of Margeoliach & Walasck
(1967), 1t was found that the more quickly fio:ien mevrerial
was used, the better the yield of cytochrome c. The freering
of materaial led to a thawing problem prior to homoyenisation.
For example, a 20 kg batch of frozen Eisenia thaved over a
period of 8 h at room temperature, and then suvbsequenily
extracted, contained only negligible quantities of cytochrome
C. This low yield was attributed in part to the prolonged
thawang period, during which the proteases of these animals
would be expected to be active, and subsequently, extractions
of cytochrome c¢ were performed using fresh, unfrozen samples
of Eisenia. It 1s felt to be signaficant that the only non-
insect invertebrate to yield more than 20 mg/kg in thas

laboratory was lel 1x aspersa, where the extraction was

performed on fresh, unfrozen materials (Brown et al., 1972).
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The startaing materaial for the other extractions consisted of
blocks of frozen animals which were broken into small pieces
with a hammer and chisel and thawed rapidly over warm water

at 4%c.

All the homogenates, except those of Asterias, were stirred
at pH 4.5 and 4°c For 2 h, before filtration through two layers
of muslin and refiltered by using a Broadbent 21" certrifrge.
Because of the high concentration of calcium carbonate, the
acid extraction of Asterias was avoided, and the extraction
was perfoirmed at pH 6.5, Tests showed that the re-extraction
of residues obtained from these steps was not wvorthwhile in
terms of yield increase. In general, all but the Locusta and

Macrobrachium extracts filtered very slowly on the Broadbent

centraifuge, the slimy extracts having a 'waterproofing' effect

on the Terylene centrifuge bag, such that only freguent bag

changes could maintain the filtration rates. The exiracts of

Asterias and Eisenia required further centrifugation at pH 8.0.
The large volumes and low cytochrome c content of the. o

extracts caused a major problem of concentration in the early

stages of the purification. Yamanaka et al. (1964a) showed that

the abaility of cation exchangers to adsorb cytochrome ¢

provided an efficient method of concentrating very dilute

cytochrome ¢ solutions obtained from low yield sources.

Amberlite CG-50 resan in the NH ¥ form was used both in columns

4

and batchwise in this study; the method chosen being dependent
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on the efficiency of the previous {i1ltration step. The

most efficient and rapid method was to pack a sintered glass
funnel with Amberlite CC-50 and to pull the soulution through
this bed of resin using the suction ofjwater pump. Tests on
the filtrate of an ox heart homogenate gave estimates oL 95%
retention oI cytochrome ¢ by this method at flow rates of 5 1
per h, Clearly, there .s a danger of impurity competition

an total organism preparations, and this was shown to occur

by the use of the batch method, where a second bhatch performed
on an extract was found to yield more cytochrome c than the
first batch. To offset these dirfficulties, filtrates were
routinely recycled through fresh Amberlite rasin, It was
observed that precipitation of materials occurred on and with.n
the resin, so that the elution step was performed batchwise
following extensive washing of the resain waith distilled water
The screening of these washings showed that they contained
negligible quantities of cytochrome c. The pH was mwaintained
at a value of 8.0 durang the elution to prevent airreversible
binding of the cytochrome ¢ to the resin (Bcardman & Partraidge,
1953; 1954; 1955), and it was found that a concentration of

2 M-sodium chloride was necessary to elute the majoraity of

the cytochrome ¢ from the resin, although 0.5 M-salt was
considered sufficiently strong enough for plant cytochromes ¢
(Richardson et al., 1970; 197la). The use of such a strong

eluant created a dialysis problem, but no side effects were
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apparent from using running tap warter for the first 8 h,
followed by the appropriaite pH 8.0 buffer. Dialysis residues
generally collected a heavy white precipitate as the Lonic
strength decreased, and this was removed by centrifugation.
Batchwise elution of the cation-exchange res.in still gave
rclatively large velures of eluate, and CM-Sephadex proved the
most satisfactory method of coacentration, giving a gquod
adsorption efficrency at good flow rates, The invertebrate
preparactions invariably formed a thick white precipitate on
the top of the CM-50 Sephadex columns and cytochrome c was
occasionally seen to be associated with this deposit, Elukion
and dissociation of the cytochrome ¢ was slow using 0.5 M-
sodium chloraide, but stronger salt tended to break up the
column of resan, The step was repeated with a smaller column
to produce a manageable volume of cytochirome ¢ solution.
Ammonium sulphate fractionation procedures have been
applied at some stage in the preparations of invertebrate,
vertebrate and plant cytochrome c¢ (Brown & Boulter, 1966;
Yamanaka, 1966; Margoliash & Walasek, 1967), although early
workers had considered that the method may cause deamidation
(rFlatmark, 1966). Margoliash & Schejter (1966) suggested
that the inhomogeneities attributed to such methods were due
to poor pH control during the step, or too drastic initaial
extraction procedures. The use of ammonium sulphate

fractionation i1n this study gave a substantial purafication
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of cytochrome ¢ as judged by the quantity of a whaite copious
precipitate discarded during the method, and no evidence of
large-scale deamidation or modification resulting from the
method were observed in the later purificaltion stages. All

the invertebrate cytochromes ¢ purified for sequence aunalysis
have been reported to precipitatc 1n 60-L00% saturated ammonium
sulphate solution (Tuppy, 1957; Chan & Margoliash, 1966;

Chan, 1970; Brown et al., 1972; Fernandez-Sousa ct al.,, 19/4).
Yamanaka (1966) reported the precipitation of prawn, housefly
and Styela cytochromes ¢ and the non-precipitation of

Dendrostomum, oyster and squid, together with certain vertelbrate

cytaochromes ¢ reported to precipitate in saturated armonium
sulphate solution (Margoliash & Walasek, 1967). Of the
cytochromes ¢ purified during this study, all excepl Lgcligo
showed no precipitation at salurations of ammonium snlphate up
to 100%, so that fractionations were terminated at aboui: 80%
saturation when the precipitation of impurities ceased.
Lolaigo cytochrome ¢ was soluble in 60% saturated ammonium
sulphate and showed partial precipitation at 100% saturation.
The supernatant from the ammonium sulphate fractionation was
exhaustively dialysed, and concentrated on a short column of
CM-52 cellulose,

From this point in the purification method, concentration
steps were performed using CM-52 cellulose or ultra-filtrataion,
and dialysis was avoided because at high concentrations,

cytochrome ¢ has a tendency to bind to dialysis tubaing in low
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1onic strength buffers (Laycock, M. V., unpublished experiments,
cited in Meatyard, 1974). Cytochrome ¢ was routinely handled
in 10 mM-phosphate buifer as Wasserman et al. (1963) reported
that wheatgerm cytochrome ¢ was unstable at low 1onic strengths
and only Lthe purest fractions from a particular step were
selected for further purification. Less pure fractions were
pooled for recycling.

Molecular cxclusion chromatography was shown by Flatmark
(1964) to provide further purification of protein preparostions
and the technique was applied to this study. Howecver, a
consideracion of the purity ratios in Table 41 show that the
step rarely increased the purity ratio by very wmuch, but that
this increase was cratical to the purifaicataion. The evidence
suggested that this method was more applicable Lo purification
vielding larger quantities of protein than were obtained in this
study.

Final purification was achieved by adsorbing the cytochrone
c to a column of CM-52 cellulose, oxidising the sample with
potassium ferricyanide and eluting the protein by means of
Jinear 1onic or pH gradients. Some of the preparations of
Asteraias and Eisenia required both types of gradient. The
PH gradient was applied with a constant cation concentration
(Boardman, 1959; Margoliash, 1962; Margoliash & Lustgarten,
1962), and fractions were collected in tubes containing

pH 7.2 buffer to minimise the time of exposure to conditions

of high pH. The linear i1onic gradient was applied at a
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constant pH (Margoliash, 1962; Margoliash & Lustgarten, 1962),
and this technique was capable of resolving deamidated and
modified forms from native cytochrome c. The quantaties of
observed dcamidaled and modified forms of the protein were
smell, Novotny (1971) concluded that fractionations were not
always improved by the use of a shallower gradieni, especially
when the protein elutes at a low poaint in the gradient, 1his
oconclusion was confirmed by the results of varying the steepness
of the gradient and the column length, the most i1deal
combination being a 1 cm ¥ 30 cm column with a gradient of
0.5 mmol/ml.

The ampholaine 1isoelectric focusing method veed by Flalwark
& Vesterberg (1966) for the purification of beef hearc
cytochrome ¢, was not investigated during this study. The
recent availability of commercial ampholine carriers in the
pH range 9-11 may well overcome difficulties experienced with
this method as a result of the generally high IpH values for
cytochrome ¢ (see Richardson et al., 1970). - —

The crystallisation of cytochrome ¢ was not attempted,
although this has been reported for invertebrate, vertebrate
and plant cytochromes (see Lemberg & Barrett, 1973). Crystalla-
sation is not reliable evidence for purity, e.g. crystalline
whale heart cytochrome ¢ has been reported to contain myoglobin
(Minikami et al., 1958) and crystalline beef heart cytochrome ¢

has been reported to contain deamidated forms of the protein
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(Flatmark, 1964).
The invertebrate cytochromes ¢ used in this study are

spectrally related tn other mitochondrial cytochromes ¢ and

C2+ , C2+

although the E416/E550

spectral ratio i1s reported to be higher

for plants and alyae than for animals (Meatyard, 1974), values
obtained for invertebrate samples are comparable with the

plant tigures (see Teble 42). Aprarently equally pure samples
of the same cytochrome ¢ have been shown to vary in thear

spectral ratios possibly due to phenolic impuritires, demonskrating
that caution 1s required when applying this method to assess
purity. Differences 1n the tryptophar, phenylalanine and
tyrosine content can cause variations in the 780 nm absoxbance anc
the soret band (410 nm) is particularly susceptible Lo wodifi-
cations in tertiary structure, increasing as the protein

unfolds (Stellwagen, 1968), so that no absolunte purity criter:ia
based on spectral ratios can be established Eo; all species,

The use of iron content as an estimate of puraity has inconsis-
tencies because the method cannot distinguish between most
modified forms and the native protein. Analytical column
chromatography on weak cation exchanges, in combination wath

the 1inability of cytochrome ¢ fractions to band carbon

monoxide, 15 considered a good criteria for purity (Margoliash,
1962; Margoliash & Schejter, 1966) as 1is analytical and

polyacrylamide gel electrophoresis, but these methods were

not investigated.
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The 1ncreasing range of cytochromes from a variety of
structures 1s making apparent the great rangc of structures
and properties within the mitochondrial cytochrome ¢ group,
and this means that a single set of purity criteria cannot be
devised to cover the entire group. Similarly, no single
purification method can be applied to obtain cytochrome ¢ ficm
the variety of sources available, The best approach appears
to be the establishment of a basic method to iollow in principle
and modi1fy as necessary, together with an excess of starting

material to be handled i1n 5-10 kg bhalches.

II. 7The Methods of Protein Sequence Determjnation

Previous sequence determinations of cytochrome ¢ have
tended to use large gquantities of protein starting mater:ial,

e.g. Samia cynthia, 1.30 g (Chan & Margoliash, 1966); rabbat,

1.70 g (Needleman & Margoliash, 1966): dog, 0.82 g (McDowall
& Smith, 1965) and wheat, 0.26 g (Stevens et al., 1967).

The gqguantities of pure cytochrome c available in this study,
were generally less than 30 mg and required a micro-sequencaing
method different as opposed to the direct or subtractive Edman
methods previously applied. The method chosen was bascd on
that used by Boulter and his co-workers for sequence studies
on higher plant cytochrome ¢ where only limited amounts of
protein were also available, e.g. Abutilon and cotton (12 mg
each) (Thorpson et al., 1971) and sesame and castor (18 mg)

(Thompson et al., 1970). The method was devised by Gray &
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Hartley (1963b) and involves the proteolytic enzyme digestion
of the protein, the separation and purificatron of the resulting
peptides by high~voltage paper electrophoresis, and their
sequence analysis by the dansyl-Edman method.

The proteolytic enzymes used in this investigation were
chymotrypsin and trypsin, being the most specific of those
available and having been used successfully in the structural
analysis of other cytochromes c (sec Chan & Margoliash, 1966;
Stevens et al., 1967; Boulter et al., 1970). The set of
peptides obtained from the digestion of cytochrome ¢ by each oI
these enzymes normally gives sufficient overlapping peptide
sequences after analysis to logically establish the tolal
protein sequence by inspection.

The invertebrate cytochromes c were readily denatured 1in
95% ethanol and were normally adequately digested with chymo--
trypsin and trypsin. However, similar digests vevre difficuvlt
to obtain, particularly those using chymotrypsin, despite the
standardisation of conditions. The degree of digestion was
estimated from the titration curve of added alkali required
to maintain the pH at a value of 8.0 using an autotitrator
fitted with a recorder. The specificities shown by the
enzymes were those expected (see Smyth, 1967; Kasper, 1970).
In addition to the major points of cleavage, a-chymotrypsin
showed some activity at peptide bonds involving the carbonyl

groups of methionine, histidine and asparagine, and in a
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chymotryptic digestion of Asterias cylkochrome ¢ cleavage at
lysine-39 was observed. The aclivity of trypsin was much

more specific, but i1n all digests cleavage of the peptide bond
involving the carboxyl group of tyrosine-97 was observed, and
occasionil cleavage was observed at the tyrosine residues 1in
positions 38 and 67, and the phenylalanine at 82. The activaity
of trypsin at tyrosyl peptide bonds has been reported

(Carpenter & Baum, 1962; Matsubara et al., 1967; Ramshaw,
1972) and was thought to be due to a chymotrypsin contamination,
but lnagami & Sturtevant (1260) demonstrated that trypsin
preparations could hydrolyse N-acetyl-L-tyrosine ethyl cscer
(ATEE) and that this activity was due to intrinsic tryptic
activity. Kostka & Carpenter (1964) claimed that TPCK-
treated trypsin showed a small degree of activity towards

ATEE but not against tyrosyl peptide bonds, and Keil-Dlouha

et al. (1971) showed that only TPCK-treatment and exiensive
SE-Sephadex chromatography could remove the 'chymotryptic-like'
activaity from trypsin preparations. There are no reports of
TPCK-treated trypsin cleaving phenylalanyl peptide bonds

(see Kasper, 1970; 1nagami, 1972).

Cyanogen bromide cleavage, used in the determinaticn of
several protein sequences, has been applied previously to
cytochrome ¢ (Heller & Smith, 1966; Kasper, 1970; Brown et al.,
1972). The technique owes 1ts success to the specificaty

of cyanogen bromide for methionyl-peptide bonds and the xrarity
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of methionine in proteins, thercby increasing the probab.ility
of obtaining large peptide fragments. These may provide
valuable information on the correct sequence of peplLides from
enzyme digests, and also confirm sequences already establashed,
A 96% cleavage oF susceptible bonds has been reporred using
a 30-100-{old molar excess of cyanogen bhromide dissolved in
70% (v/v) Cormuic acad (Steers et al., 1965), In thais study, a
cyaaogen brouwide cleavage was performed on a preparation of
Aster.as cytochrome ¢ apparently contaminated with a "glycine
Lich" ampur.ty. After tbe reaction, the products and
impurities were separated by molecular exclusion chromatography
and the two fragments of cytochrome ¢ were digested normally
with chymotrypsin.

Pepcides derived from enzymic digestions were routinely
separated using high-voltage electrophoresis at pH 6.5 and
pH 1.9 and paper chromatography. Resolution of chrowatograms
was i1mproved by running the paper in the same dimension twice
with a drying step at room temperature in between, and this
approach was particularly effective for purifying heme peptides.
1t was found that the elution of electrophoresis and chroma-
tography papers was more efficient when carried out twice,
with a drying step at room temperature in-between.

The inclusion of the phenanthraquinone reagent in the
scheme of location agents for electirophoresis and chromatography

guide straips provided valuable i1information for the sequencing
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of arginine-conta-ning peptides, and it was found that the
argininc test could be performed before the ninhydrain and
Ehrlaich tests. The Pauly reagent was also useful but was
best applied on its own, rather than in the comb.inalions
recommended by Easley (1956).

The dansyl-Edman method for sequencing peptides 1s an
extremely sensitive technique and has been used in a micro-
form to determine the sequence of as little as 10 pmol of
peptide (Bruton & Hartley, 1970). When the technique was
combined with the method of Woods & Wang (1967) to separate
the dansyl-derivatives of amino acids using polyamide chroma-
tography, 1t had the advantage of precviding an excellent
resolution of all normally occurring protein amino acid
derivataives. Resolution of the dansyl-derivatives of more
unusual amino acids such as hydroxy-proline and & ~N-iriumethyl-
lysine, the separation of dansyl-isoleucine and dansyl-leucine,
and the resolution of the dansyl derivataves of the basic
amino acids, can also be achieved. The main difficulty
associated with this and other end group techniques was the
identaification of amino acids whose dansyl derivatives were
labile duraing the acid hydrolysis of the dansylated peptide.
Asparagine and glutamine were deamidated to the corresponding
acids and bis-dansyl-histidine was degraded to a-N-dansyl-
histidaine. The ainternal lysine residues of a peptide, after
a number of Edman degradation steps, react their £ -amino

function with PITC to form ¢ -PTC-lysine, the dansyl derivataive
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of which was rather unstable to acid hydrolysis, although o-
dansyl-E-PTC-lysine could be resolved with care from dansyl-
leucine and dansyl-pnenylalanine. Dansyl-proline was degraded
on prolonged acid hydrolysis so that when a proline residue

was suspected at the N-terminus of an intact or partially
degraded peptide, the dansylated peptide was hydrolysed for only
6 h,. The use of the 5 cm x 5 cm polyamide sheets allowcd the
rapid analysis of samples and resolution of the dansyl
derivatives of proline, isoleucine, leucine, § -DTC-lys.ine,
phenylalanine, and various dipeptides was improved greatly by
repeating the second dimension step. The method allowed an
accurate chrcmatographic analysis of a hydrolysate in less than
50 main. The dansyl method can only be qualitative when used
at each step of the Edman degradation, but the dansylation of

a peptide hydrolysate can provide a semi-quantitative estimate
of the amino acid composition of the peptide by an assessment
of the relative intensities of the spot fluorescence under

u.v. light following polyamide sheet chromatography. During
the degradation of a peptide, re-dansylation of the sample,
following hydrolysis of the labelled peptide 1n the normal way,
provided information on the composition of the degraded peptaide
and was useful for confirming histidine i1n a sequence by the
presence or absence of bis-dansyl-histidine. Dansylation
without hydrolysis was capable of identifying free amino acids
as impurities, the free C-~terminal amino acid of a fully

-degraded peptide and amino acids released from a peptide by
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timed dagestions with carboxypeptidases,

In the Edman method, i1t was found that the use of nitrogen
at the PITC and TPA stages improved the degradastion yields
(Percy & Buchwald, 19272), and only one extraction wath butyl
acetate, instead of the three recommended by Thompson et al.
(1970), served to cut down peptide losses, When sequencing
small quantities of peptides, 1t was fornd chat the sailylacion
of Durham tubes allowed a minaimum aliquot to be taken foc
dansyl-analysis after each degradative step as the sample was
prevented from sticking around the glass surrounds of the tube.

The purification of a peptide from Macrobrachium cytochrome

c with a cyclised glutamine residue as the N-terminus
demonstrated the ease with which peptides may become modified
whilst undergoing manipulation, and the usefulness of the
pyrrolidonyl-peptidase preparation of Armentrout & Doolittle
(1969) for removaing such residues.

In the dansyl-Edman method, the identificataion of amide
residues presented the major problem. The method of Offord
(1966) using the pH 6.5 electrophoretic mobility could assign
the majority of amide residues, but certain residues could
not be placed unambiguously, e.g. 1n sequences of mixed acids
and amides. Limited use was made of the pH 6.5 electrophoretic
mobilities of partially degraded peptides, but care had to
be exercised when analysing lysine-containing peptides because

of the formation of ¢ -PTC derivatives on exposure to PITC
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and the loss of positive charges at pH 6.5.

The problems encountered with the sequencing of tlic heme
peptide were similar to those reported by Meatyard (1974).
Both chymotryptic and tryptic heme peptides were Erequently
purified i1n low yield only, and 1t has been suggested that the
hewe moiety may interfere with nearby susceptible bonds, thereby
decreasing the yieclds of this and adjacent peptades (Margoliash
& Schejter, 1966), This was supported in part by the obser-
vation in thuis study of apparently undigested heme-coloured
material, bound irreversibly to the origin during electro-
phoresis at pH 6.5. Neither the direct performic oxidation
or mercuric chloride methods were found to be satisfactory
fox the removal of the heme morety for, even follow.ng the
mildest treatments, the subsequent sequence analysis was
generally poor. The de-hering of the total protein prior to
digestion would have surmounted this problem, but the small
quantities of cytochrome c available for this study would not
allow this approach. The ideal solution to thais problem for
cytochromes ¢ without an N-terminal blocking group 1s to use
an automatic sequencer which can degrade the protein with the

~heme moiety intact, as was demonstrated with the information
obtained for Locusta cytochrome c¢. The automatic sequencer
is an i1deal tool for the sequence determination of unblocked
cytochromes c when used in conjunction with manual methods,

for it can analyse the troublesome heme region where manual
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analysis frequently breaks down. The 1dentification systems
for the phenylthiohydantoin (PTH)-derivatives of amino ac.ids
obtained by the sequencer has been developed such that the
application of gas chromatography, thain-layer chromatography
and conversion to the parent emino acid and subsecguent analysis
allows at least two independent methods for identifying a
particular residue (see Niall, 1973).

The technical problems associated with the sequence
determination of proteins and the likely sources of inaccuracy
and error when using limited quantities of protein, have been

discussed by Ambler & Wynn (1973).

III. Comparaisons of Cytochrome ¢ Sequences

The amino acid sequences of the i1nvertebrate cytochromes
c show several characteristics which can be considered as being
typical of the cytochrome ¢ grxoup. All consist ol a sangle
polypeptide chain of 103-108 residues with a covalently bound
heme group. They are generally longer than vertebrate
cytochromes ¢ (103-104 residues) but are shorter than higher
plant, fungal, algal and protozoan cytochromes c¢ (111-113,
1l08-111, 112-114 and 103-110 residues respectively), whose
amino acid sequences have been determined.

It 1s possible to align the cytochrome ¢ sequences with
reference to the two cysteine residues involved in the

thioether linkages with the heme prosthetic group, except for
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the Euglena and Crithidi«a sequences which have a common -Ala-Ala-
Gln-Cys~ scquence ain this region. 1t 15 common practice to
number the residues i1n the sequence from the invariant glycuine
which 1s the N-terminus of the vertebrate cytlochromes ¢, so
that the cysteine residues occupy positions 14 and 17. The
alignment also demonstrates that the differences in length of
various cytochromes ¢ are due almost entairely to additional
residues occurring at the N terwminus prioxr to the invariant
glycine desaignated residue-l in the standard al;gn&ent. These
N-terminal tails vary from 1-10 residues in length, whilst
differences in length at the C-terminus are restricted to 1-3
residues. The vertebrate cytochrome ¢ sequ&nces commence

with an acetylated glycine residue at the N-terminus, whilstil

higher plants and the green alga, Enteromorpha, have an 8-

residue N-acetylated "tail". The fungal cytochromes ¢ have
an N-terminal "tail" of 1-8 residucs, whilst, of tha proiLozoan

species, Euglena has no tail and glycine-l 1s not acetylated

and Crathidia carries an 8-residue "tail". All the invertehrate _

cytochromes ¢ analysed, prior to and during this study, have

a free a-amino group at the N-terminus except for Macrobrachium,

where the nature of the blocking group was not determined.
All the insects have a similar 4-resadue "tail" differaing
only at the minus-l position, and Eisenia has a 5-residue
N-termainal "tail", which 1s clearly related to the N-terminal

region of the insect cytochromes c. N-terminal determinations
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on the cytochromes ¢ of the annelids, Arenicola and Nereis,
and the mollusc, Loligo, showed them all to be unblocked and
all to possess a glycine N-terminus, but no determination was
made of the presence or absence of an N-terminal "tail".

The cylochromes ¢ of Asterias, Macrobrachium and Helaix

all have the invariant glyvcine-l of the standard alignment as
their N-terminus. All the higher plant cytochromes ¢ analysed
to date carry § -N-trimethyllysine ain positions 72 and 86,

whilst this residue occurs in position 72 1n Epnteromorpha and

1s either absent or occurs at either position 72 or 86 in the
funga. Crystallographic studies with vertebrate cytochrowmes
¢ have shown thal residues occupying positicns 72 and 86
cccur at the surface of the molecule (Dickerson el al., 1971)
and 1t 1s thought that ¢ -N-traiwethyllysine residues result from
the post-protein synthesis methylation of lysine residuves
(Scott & Mitchell, 1969). No vertebrate or invertebrate
cytochrome c sequences have been found to contain £ -N-traimethyl-
lysine, although 1t has been reported in the sequences proposed
for Euglena and Craithidia cytochromes ¢ (Pettigrew, 1972; 1973)
and also in the amino acid compositions of cytochrome ¢ from
various protozoan trypanosomatids (Hill et al., 1971).

The absence of ¢ -N-trimethyllysine in vertebrate and
invertebrate cytochromes ¢ may be due either to the absence of
the lysine-methylating enzymes, or to conformational changes

resulting from amino acid substitutions affecting the

specificity of these enzymes. However, the latter cause 1s
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not indicated as Neurospora crassa cytochrome c contains

§-N-traimethyllysine at position 72, whilst the surrounding
amino acids are identical to those found in this normally
invariant region in animal cytochromes ¢ (Delange ct al., 1969).
It would appear, therefore, that che methylating enzywes of
plants and the fungi are not present in anaimals,

The determination of furcther invertebrate cytochrome c
sequences has not veduced the namber of invariant residues
found in all the known cytochromes c. If no distinction 1s
made between lysine and ¢£-N-trimethyllysine because of the
post-synthesis origins of the latter, twenty eight residues
are found to be invariant throughout seventy known cytochrome
€ sequences. Boulter & Ramshaw (1972) reported thirty three
anvariant residues, and suggested that because only three of
these residves were not specifically correlaled wath a
structural aspect of horse~heart cytochrome ¢ (Dickecrson_et zl.,
1971), the statistical estimate of thirty two invaraiant
residues (Fitch & Markowitz, 1970) was expected to be very
close to the numbers expected from structural considerataions.
The publishing of further data has, however, reduced the
number of observed invariant residues to twenty eight
(Brown et al., 1972; Pettigrew, 1972; 1973) and the difference
between this figure and statistical and structural estimates

(Fitch & Markowitz, 1970) may be due to the occurrence of

conservative amino acid substitutions, These may fulfil
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structural constraints whilst reducing the level of residue
invariance.

No positive evidence for heterogenerty i1n the inverte-
brate cytochromes ¢ understudy was obtained, although this has
not always been the case, For example, heterogeneity at a
small number of residues has been observed in the cycochromes
¢ from castor and sesame (Thompson et al., 197l), from rape
(Richardson et al., 1971b) and from carp (Gutler & Horstmann,
1970), but ain all cases predominant forms were observed for
each resaidue. Observed heterogeneity in a protein sequence
may be due to heterozygosity at one or more loci, polymorphism
due to inter-castronic differences of the gene specifying the
protein either within or between popuiations, translational
ambiguity at the messenger RNA template (Carbon et al., 1966;
Rifkin et al., 1966) or merely as an artefact due to modifi-
cation of the protein during extraction, purifiscation or
sequencing procedures, The heterogeneity reported for carp
and plant cytochromes ¢ was probably a result of polymorphism.
Duraing this study a number of peptides were isolated from a
given source, and found to possess i1dentical sequences except
for acid/amide differences at particular residues. Such
observations wereattributed to deamidation during protein
and peptide purifications, and where an amide-containing foim

of the peptide was 1solated, 1t was considered to represent

the in vivo s-.tuation. With the exception of the iso-
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cytochromes c¢-1 and -2 aisolated from Baker's yeast (Slonimski
et al., 1965), little evidence has been found for dlfferént
forms of cytochromes ¢ within an indivadual, although mules
and hinnies carry 50% horse and 50% donkey cytochrome c
which differ by a single residue (Walasek & Margoliash, 19692).
Matsubara & Smith (1962) reported that using a mixed population
of seventy individuals, 1l0% were found to carry leucine instead
of methionine at position 65 in human cytochrome c. However,
attempts to demonstrate polymorphism in cytochrome ¢ from
populations of horses and humans proved unsuccessful
(Margoliash, 1969%9a) and Stewart & Margoliash (1965) showed
that cytochrome ¢ preparations from differcnt organs of the
same species were i1dentaical, Margoliash (1969b) estimated
that the sequence methods employed in his work could detect
no less than 5% heterogeneity for a gaiven residue. JIn view
of the small quantities of starting material and the naturec
of the dansyl-Edman method, it 1s clear that the invertebrate
cytochromes ¢ investigated in thais study would have to carry
more than 25% heterogeneity for a given residue 1in order to
be detected and recorded as significant.

The sequences of invertebrate cytochromes ¢ show remarkable
similarities among themselves and with other cytochromes ¢
from eukaryotic sources. The mitochondrial cytochromes ¢

are all chemically and physically similar, functioning as

electron carriers in the mitochondrial respairatory electron
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transport chain (sec Keilin, 1966; Margoliash & Schejter,
1966; Lemberg & Barrett, 1973). These saimilarities are
underl.ired by the reports that cyrvochromes ¢ from other species
can successfully replace the cytochrome ¢ of a given speciles

in the aintra-mitochondrial xeaction with the cytochrome ¢
oxidase oL that spec.ies (Jacobs & Sanadi, 1S60; Margoliaczh

et al., 1971). However, thuis interchangeability 1s not
unlimited,., Yamanaka and others (Yamanaka & Kamen, 1965;
Yamanaka, 1966; 1967; Yoshida, 1966; Yamanaka et al., 1969)
have attempted to make evolutionary deductions from the relative
rates of interactions of a variety of cytochromes ¢ with

mammalian and Pseudomonas cytochrome oxidaces, The results

obtained for invertebrate cytochromes ¢ as compared to Lhose
obtained for vertebrates, plants, fungi and mictoordganisms,
were generally as expected from classical phylogenetic
considerations. However, the degree of resolution of such a
method is rather poor, and even the apparent resolution of the
various cytochromes c reported (Yamanaka, 1966; 1969) is
probably due to the use of photosynthetic c-type cytochromes
for the algae, rather than the mitochondrial c~type cytochromes
-homologous with those applied for higher organisms.

Little 1s known of the relations of mitochondraial
cytochrome ¢ with the cytochromes which function in anaerobic
energy-yielding reactions and which occur in chemosynthetic
bacteria, not of those which function in the photoreduction

processes of photosynthetic organisms (Kamen et al., 1971).
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All these proteins contain heme-c¢ as the prosthetic greoup. but
sequence analysis has been largely confuined to eukaryotic
mitochondrial cytochrome ¢ (see Lemberg & Barrett, 1973).

The data of Dus ¢t al. (1968) for the cytochromes gg'

&, of Chromativm and Rhodospiritlum respectively, show strong

evidence for homology with eukaryotric mitochondrial cytochrome
Ce. Also, Dickerson (1971) has found strong ev.idence foi
homology of Pseudomonas cytochrome ¢~-551 with horse-heart
cytochrome ¢, 1f a deletion of sixteen residues ir a haicpin
loop of the sequence 1s assumed. A photosynthetic cytochrome

¢ from the alga, Monocystis lutheri, hes also heen shown to

have some sequence homology with mitochondrial cyteochrome ¢
(Laycock, 1972). A review of the various c-type cytochroues

has been given by Lemberg & Barrett (1973).

IV. Structure and Function in Invertebrate Cytochrome ¢

The structure of crystalline horse-heart and bonito
cytochromes ¢ has been determined by x-ray methods to a
resolution of 2-8 X (Dickerson et al., 1971). The tertiary
structure of both molecules was i1dentical, apart from minor
changes associated with the side-chain substitutions shown in
the differences of primary structure, This invited the
conclusion that the essential structure of the protein had

been conserved for at least four hundred million years

(Dackerson et al., 1971).
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Cytochrome ¢ 1s a gonod example of the oil-drop model of
a protein having buried hydrophoblLc side-chains, and polar
si1de~chains at the surface of the molecule, The main features
of the molecule, as described by Dickerson et al. (lL971), are
the binding of the heme together with i1ts interactions with the
polypeptide chain; the hydrophobic environment around the heme
group; the two hydrophobic channels ainto the interior on
eirther side of the heme group; the role of the aromatic side-
chains and the basic surface patches; the ainvolvement of
residues 1n hydrogen bonding and the importance of the i1invariant
glycine resadues, Such features are seen to be broadly
representative of all the eukaryotic mitochondrial cytochromwes
¢, as judged by the amino acid sequences published to date,
and are implicated in the functional ainteractions of cytochrome
¢ with cytochrome oxidase, cytochrome reductase and the
mitochondrial membranes,

Boulter & Ramshaw (1972) used the a-carbon diagrams of
Dickerson et al. (1971) to construct a three-dimensional model
of horse-heart cytochrome ¢ and applying the amino acid sequences
of fourteen plant cytochromes ¢ together with that of horse-
heart cytochrome c to the model, they were able to make
predictions regarding the structure and function of higher
plant cytochrome c. In the absence of x-~ray crystallography
data for plant cytochrome ¢, this is the only approach that

can provide information on the protein three-dimensional
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structure. This similarity of both the primary and textiary
structures suggests that these cytochromes ¢ are homologous
and provides a sound basis for the use of sequence data Erom
higher plant cytochrome ¢ in molecular phylogenies.

In a similar fashion, predictions may be made about the
structure of invertebrate cytochrome ¢ using the ten amino
acid sequences now known from thais mult:--phyletic group.
Invertebrate cytochromes ¢, in common with the majority of other
cytochromes ¢, have the residves cysteine-1l4 and cysteine-17
covalently linked to the heme prosthetic group wvia the vinyl
side-chains of its a-carbon atoms. Evidence that histidine-18
and methionine-80 are liganded to the heme, as shown for the
horse-~heart molecule (Dickecson et al., 1971), follows Lrom

the .invariance of these residues 1n all invertebrate cytochromes

c, and from the similarities of absorption spectra shared with

those of horse-heart cytochrome c.

Horse~heart cytochrome ¢ has sixteen hydrophobic residues
which point in towards, and pack around, the heme group.
Invertebrate cytochromes ¢ carry identical residues in these
positions, or replacements which are chemically and sterically
very similar. Such replacements have been observed 1in
vertebrate, plant and fungal cytochromes c. In horse-heart
cytochrome g.the hydrophobic channel to the right of the heme

is bordered hy residues 6-20 and the a-helix of residues

92-101 (see Figure 44) and in the invertebrates, a similar
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arrangemenl probably exists involving isoleucine or leucine

in position 9, phenylalanine-l0, leucine-94, isoleucine-95,
tyrosine-97 and leucine-98, these last five residues being
invavriant in invertebrate and all other known cytochromes ¢,
with the exception of certain funga. The ainvertebrates, in
common with the vertebrates and hagher plants, have an ainvar.iant
leucine at position 32, and at position 35 they may carry
leucine, i1soleucine or phenylalanine. The side~chains of the
residues 1n these two positions point inwards towards the heme
cavity. In horse-heart cytochrome ¢, the hydrophobic channel
to the left of the heme 1s enclosed by residues 52-74 and

the i1nvertebrate sequences have invariant residues 1soleucine-
57, tryptophan-59, leucine-64, tyrosine-~67 and leucine--68,

an a samilar fashion to the vertebrates. In particular, the
region 63-68 appears to require a certain hydrophobic stabilzity
in invertebrates. For example, all the insects have a sequonce
~Thr-Leu-Phe-Glu-Tyr-Leu~ except for Locusta which has

~Thr-Leu-Phe-Ile-Tyr-Leu-; Macrobrachium has -Thr-Leu-Asp-

Val-Tyr-Leu-, whilst Eisenia has ~Thr-Leu-Tyr-Glu-Tyr-Leu-,
Thus, there are always at least four hydrophobic residues 1in
this short sequence.

In horse-heart cytochrome c there are nine aromatic
residues and only those 1n positions 36 and 46 show any
variability in the other vertebrate sequences (phenylalanine/

isoleucine and phenylalanine/tyrosine, respectively). In
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the invertebrates there are eight i1nwvariant aromatic residues
1in addition to which residues 35-36 are either Leu-Phe

(Macrobrachium), Phe-Tyr (Samia), Phe-Phe (Manduca) and Ilc-Leu

(Asterias), whilst phenylalanine or tyrosine occuples position

65, except in Macrobrachium which has aspartic acid in this

peosition. Thus, the invertebrate tyrosine/phenylalanine ratio

6
varies from /4 (Manduca) to 5/5 (Samia), 4/4 (Macrobrachium

and Helix), and 5/4 (Locusta) .

In horse-heart cytochrome ¢, the basic residues are non-
randomly distributed and their side-chains generally point
outwards. On the left-hand side of the molecule, residues
86, 87 and 88, 72, 73 and 79, 53, 39 and 55 form three basic
straps at the surface of the molecule and these groups arce
shown in part within the invertebrate sequences. Residue-~39
1s not always basic 1in invertebrate sequences (e.g. Eicenia

and Macrobrachium) and no invertebrate sequence to date carries

a basic residue-88, although the region 86-91, with the excep-
tion of Helix, always contains three basic residues.
Resadue-~-86 is an invariant-lysine in invertebrate cytochrome
c. On the right-hand side of the horse-hecart molecule,
residues 5, 7, 8, 13, 22, 25, 27, 99 and 100 are all basic
and in invertebrates residues 5, 7, 13 and 27 are invaraiantly
basic, whilst residues 8, 22, 25, 99 and 100 are basic in
certain cases. In general, the invertebrate sequences are

more similar to the vertebrates, rather than the fungi and



-193-

higher plants, with regard to the basic amino acid content and
the degree of base excess, Brown et al. (1972) reported that
Helix cytochrome ¢ had a greater electrophoretic mobality at

pPH 8.7 than horse-heart cytochrome ¢, and 1t has been generally
observed, in this study and elsewhere, thet animal cytochromes
c require a stronger 1onic concentration to effect their elution
from cation exchangers than do plant cytochromes c. Thus,

the pI of invertebrate cytochrome ¢ may lie more closely to

the value of pH 10.0 determined for mammalian cytochrome ¢
(Barlow & Margoliash, 1966) than that of pH 9.5 determined fer
mungbean cytochrome ¢ (Laycock, 1971). All cytochromes c
sequenced to date have contained 2-3 histidine residues and

in addition, vertebrate sequences contain sixteen invariant
basic residues (arginine and lysine) and five invariant acadic
residues, whilst invertebrate sequences contain ten anvariant
basic residues and two invariant acidic residues. In general,
vertebrate cytochrome ¢ contains an 8-10 basic residue excess,
invertebrate cytochrome ¢ a 7-9 basic residue excess, and
plant cytochrome c a 4-6 basic residue excess,

The acidic residues in horse-heart cytochrome ¢ are also
not randomly distributed (Dickerson et al., 1971), and the
acidic patch at residues 2-4 1s duplicated in six of the ten
invertebrate cytochromes c. Residue-21 is an invariant
acidic amino acid in all the vertebrates and higher plants
and in all the invertebrates, with the exception of Macro-

Jbrachium. Groups of acidic residues occur in vertebrate
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cytochrome ¢ in the regions 60-69 and 89-93, and these are also
seen in invertebrates, plants and fung:. Acaidic residues are
not normally found elsewhere ain the sequenccs, with the
exception of aspartic acid-50 1in six of the ten invertebrate
sequences and the glutamic acid residues close to the C-
terminus (see Figure 45),

Invertebrate cytochrome ¢ has fewer residues capable of
forming hydrogen bonds than 1s the case for higher plant
cytochrome ¢ (Boulter & Ramshaw, 1972) and generally appears
more close to the vertebrate condilion. Many of the important
hydrogen bonding residues tend to be invariant and a considei-
ation of hydrogen-bonding potential shows fourteen such
invariant residues in the hagher plants, ten in the vertebrates
and eleven in the invertebrates. In horse-heart cytochrome ¢,
the & nitrogen atom of histidine~18 1s hydrogen-honded to
the carbonyl oxygen of proline-30; tLhe hydroxyl of tyrosine-~
67 1s hydrogen bonded to threonine-78; and hydrogen bonding
occurs between tyrosine-48, tryptophan-59 and the carbonyl
group of threonine-40 with the buried prop:10n1c group of the
heme, whilst the other heme prop:}onlc group 1s probably hydrogen-
bonded to threonine-49 (Dickerson et al., 1971). All these
residues are invariant in invertebrate cytochrome ¢, except
for residue-49 which can be either serine or threonine, and
1t would seem likely that the hydrogen-bonding 1s simailar in

both vertebrates and invertebrates. Threonine-40 in horse-



FIGURE 45.

A summary of the varaiabailaity in the sequences of
vertebrate, inveriebrate, plant and fungal cytochromes
¢ discussed i1n the text (see Diascussion 1IV). The data
1s taken from the sequences L.3.aed .n aAppendices 11 and
IIT.

The si1ngle-lekter abbrevietions for amino acids
are gaven on page 1v; dashes indicate true delelions
and undetermined residues,

The figures 1n parentheses represent the number
of sequences compared and tlic number of invariant
residues i1n those sequences respectively. *In Lhe
overall invariance no difference .Ls made between lysine

and {~-N~trimethyllysine.
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heart cytochrome ¢ connects two polypeptide chains by hydrogen
bonding with the main chain carbonyl group of residue-55, a
state likely to be duplicated in the invertebrates, where
residue-40 can be threonine or glutamine 2nd residue-55 1s

an invariant lysine. In horse-heart, only a single amide
residue (asparagine-52) i1s not situated at the surface of the
molecule, and this 1s thought to hydrogen bond with threonine-
49 and the outer heme prop:1on1c group (Dackerson et al., 1271).
Residue-52 1s an 1invariant asparagine in the invertebrate
sequences, Dickerson et al. (1271) reported that the glutamine-
16 side~chain pointed outwards in horse-heart cytochrome ¢,

and that the glutamine resaidues at positions 12 and 42 interact
with arginine residues at positions 91 and 38 respectively,

thus closing the top and bottom of the heme crevice (see

Fagure 44). These glutamine and arginine residues occur
invariantly an the invertebrate sequences dand are presumed to
form identical ainteractaions,

In the known vertebrate cytochromes ¢, there are eleven
glycine residues, cight of which occur in the farst fafty
residues of the protein, and in most cases the steric reasons
for their occurrence have been made clear (Dickerson et al.,
1971). In the invertebrate sequences, ten glycines are
anvariant, all in identical positions to those in the
vertebrates. The only exception is residue-24 which 1is

glycine in all the 1invertebrates except for Macrobrachium,
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where residue-24 1i1s leucine.

Estamations of o-helical regions in cytochrome ¢ have not
been very satisfactory. In horse-heart, only residues 91-101
exist in an o-helical conformation, largely due to the distor-
tion of the rest of the molecule by the dominance of the heme
prosthetic group (Dickerson et al., 1971). It 1s likely that
similar conditions would affect potential a-~-helical regions
in invertebrate cytochrome ¢ 1n the same manner.

A consideration of all the known sequences of cytochrome
c. shows that twenty nine vertebrate sequences have sixty six
invariant residues, ten i1nvertebrate sequences have sixty
invariant residues, twenty three haghexr plant sequences have
eighty five invariant residues, seven fungal sequences have
fifty one invariant residues and the two protozoan sequences
have fifty five ainvariant residues,. Overall, the cytochromes
c published to date show common possession of twenty eight
invariant residues (see Faigure 45 and Appendices II and III).

Fagure 45 1ndicates a number of differences in the -
construction of cytochrome ¢ molecules from vertebrates,
invertebrates, higher plants, fungi and protozoa. The
vertebrates show much variability at residues 33, 44, 67, 89,
92, 100, 103 and 104, and this variability is not always
represented by conservative amino acid substitutions. The
invertebrates show a similar variabilaity at residues 89, 92

and 100, but in addition show a characteristic extensive wvariance
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at resaidues 36, 60, 61 and 68. Regions of var.ance at
residues 60-66 and 100-104 are similar in both vertebrates

and invertebrates, but the latter approach more the
characteristics of the fungal sequences in the variability
observed at residues 19-25 and 88-93 whaich are less variable

in plant and vertebrate sequences. In general, however,

the invertebrate structure 1s close to that of the vertebratces
than to any other group.

At first saght, 1t may appear that there has been a
progressive shortening of the cytochrome ¢ molecule from the
N-terminus of the standard alignment during evolution (Smith,
1968). However, there i1s strong evidence for the synthesis
of mammalian and fungal cytochrome ¢ on 80S cytoplasmic
ribosomes (Boulter, 1970) and it has been demonstrated that
the inatiation mechanism for synthesis on these particles
involves tRNA?ET (Smith & Marcker, 1270). This amplies that
the N-terminus of all proteins so synthesised 1s N-formyl-
methionine and that proteins are "trimmed" by a hydrolytaic
enzyme(s), to give the active forms normally observed. This
postulated enzyme system has yet to be 1solated, but the
observed differences in length of known cytochromes ¢ reflect
the specificity of the postulated enzyme rather than the
length of the gene responsible for coding for cytochrome c.
The invariance of glycine at the N-terminus of vertebrate
cytochromes ¢ and the fact that these are the shortest

cytochromes ¢ found, may also reflect the specificities of
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the postulated enzyme. The variable length at the C-terminus
of the staundard alignment, however, 1s almost certainly due

to the occurrence of deletions and/or mutations to a chain
terminating triplet. Thus, Ginkgo cytochrome ¢ terminates
with glutamic acid at position 105, whilst Crathidara terminates
with a lysine at position 102 in the alignment,

The limited variation in the invertebrate sequences
substantiates the view that cytochrome ¢ has been a conservative
molecule during evolution (Dayhoff, 1969; 1972) and an overall
consideration of the amino acid segquences suggests that the
essential three-dimensional structure of cytochcoma ¢ has been
conserved since the divergence of the major invertebrate phylia

from the main vertebrate line of dascent.

Ve Aspects of Molecular Evolution

Similaraities between amino acid seqgquences could have acisen
in a number of ways. They could have araisen by chance as the
result of parallel or coincidental changes, by the convergence
of proteins related by a common biological function (analogy).
as a result of the energy constraints on the folding of poly-
peptides or by the descent from a common ancestor (homology).
The sequence evidence available points to a common ancestor
for all mitochondrial cytochromes ¢ and thus a divergent,
homologous evolution is inferred rather than a convergent,

analogous process. Investigations into the molecular evolution
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of animal cytochrome ¢ have been carried out by Margol.i.ash and
coworkers (Margolaiash, 1963; 1964; Margoliash & Smith, 1965;
Margoliash & Fitch, 1968) and a similar approach to higher
plant cytochrome c has been made by Boulter and his colleagues
(Boulter, 1972; 1973; Ramshaw et al., 1972). The whole field
of the evolut.ionary aspects of protein praimary structure has
been reviewed by Nolan & Margoliash (1968), and more recently
by Lemberg & Barrett (1973).

Faitch (1970) and others (Fitch, 1966a,b; Cantor & Jukes,
1966) demonstrated a statistical approach that was capable of
distinguishing between similarities resulting by chance, and
those resulting f£rom analogous or homologous processes. The
method 1involved a comparaison of peplide segments of a fixed
length (usually thirty residues) throughout pairs of protein
sequences, and the frequency of the minimum mutation distances
relating these segments was compared to that expected from a
purely random situation. Dickerson (1971) pointed out
the inbuilt error in basing a method of evolutionary homology
determination on minimum mutation distance data, resulting from
the degeneracy of the genetic code. A change 1in the third
nucleotide base of a particular codon changes the amino acid
coded for in only about half the possible cases. Changes in
the first and second nucleotide bases of a codon are most
influential in changing the amino acid coded for, although

those resulting from first-base changes are frequently of a
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chemically and stcrically conservative type (see Cr.ck et al.,
1961; Craick, 1966).

When a departure from the random situation for pairs of
sequences has been shown (Margoliash et al., 1969), 1t staill
remains to distinguish between convergence and homology.
Fitch & Margoliash (1967b) presented an approach for use with
a set of proteins containing a number of invariant residues
statistically deteimining the dcgree of invariance expected
to remain, irrespective of the number of sequences determined.
Two sequences were considered to be ancestrally related 1f the
number of shared identical residues exceeded the statu.stical
estimate of invar.ance, for the protein set Lo which the pair
belonged. Faitch & Margoliash (1967b) calculated the expected
invaraiance for eukaryotic cytochromes ¢ to be 27-2S5 residues,
although more recently, Faitch & Markowitz (1970) have calculated
an expected 1nvariance of 32 residues, The observed invariance
in cytochrome ¢ became twenty eight residues as a result of
the publication of the sequences of Helix (Brown et al., 1972)
and Craithidira and Euglena (Pettigrew, 1972; 1973). The sequences
determined in this study have not changed this figure. The
observed degree of similaraity between any pair of the known
cytochrome ¢ sequences is always greater than the calculated
and observed invariance (see Appendices I-III), and it 1s
thus concluded that they are ancestrally related.

A further problem with sequence comparisons arises where

additions and/or deletions of residues have occurred, but a
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number of methods are capable of demonstrating a departure from
randomness without the need to consider such events (Fitch,
1969; 1970; Gabbs & McIntyre, 1970). In the mitochondrial
cytochromes ¢, the numbers and sizes of these are small and
may be readily identified. Thus, the additional residues in
the plant, fungal, protozocan and certain of the invertebrate
sequences are clearly located at the N-terminus, when the two
cysteine resaidues involved in the covalcent heme linkage are
aligned (see Appendices II and III; Dayhoff, 1972),. Even
the protozoan Crathidia and Euglena cytochromes ¢, which have
only one cysteine involved in the bindxing of the heme
(Pettirgrew, 1972; 1973), align at the Gln-Cys sequence of the
heme attachment region, and this places the extra residues at
the N-terminus. In a comparison of more distantly related
c-type cytochromes, however, the aligning of sequences and
thus the i1dentification of additions and deletions 1s more

diffaicult, The sequence of Pseudomonas fluorescens c-551

(Ambler, 1963) and Rhodospirillum rubrum c-2 (Dus et al., 1968)

have been aligned with mitochondrial cytochrome ¢ sequences,
but the proposed arrangements disagree (see Cantor & Jukes,
"1966; Dus et al., 1968; Needleman & Blair, 1969;
Dickerson, 1971). In addition, Ambler and co-workers have
aligned various bacterial cytochrome sequences demonstrating

some similaraty in this group (see Ambler et al. in Dayhoff,

1972; Ambler, 1971; Ambler & Wynn, 1973).

The validity of such comparisons can only be rigorously
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tested by x-ray crystallographic analysis of the three-
dimensional structure of the proteins under study, and thas
approach offers solutions to the differentiation between
convergence and homology, The demonstration of samilarity of
three-~-dimensional structure points to homologous origains,
although 1t 1s clear that the minimal sequence constraints
necessary for function may not require an identical tertiary
structure throughout the molecules under study. It should be
noted, however, that tertiary structural similarities may
reflect only the energetic constraints associated with poly-
peptide chain folding rather than a true homology, although
th s seems unlikely for cytochrome ¢ as judged by the degrze
of sequence and structural similarities.

Dickerson et al. (1971) have determined the three-
dimensional structure of horse-heart and bonitc cytochromes ¢
and similar studies have been undertaken on the cytochromes ¢
of spinach and rice (Morita & Tda, 1972; Morita et al., 1973).\
The data obtained indicates that these cytochromes ¢ are
very similar in terms of their tertiary structure. The useful-
ness of tertiary studies has been shown by Dickerson (1971) in
justifying the postulated location of deletions in the sequence

of Pseudomonas fluorescens c-551 necessary to align this

protein with other cytochromes c. Despite only 25% similaraity

between the sequences of Pseudomonas c-551 and horse-heart

cytochrome ¢, a comparative x-ray crystallographic study
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clearly just:f1es the proposed areas of deletion.

The invertebrate cytochromes ¢, 1n company with other
eukaryotic cytochromes ¢, show a clear resemblance to the
structural constraints determained for the horse-hecart and bonito
proteins. Thus, many points of similarity existing between
the sequences have been shown to be basic structural or func-
tional requirements for horse-heart cytochrome ¢ (Dickerson,
1971). These similarities manifest themselves as identical
residues or residues linked by chemical and steric similarity
in structurally important regions of the molecule. A seml-
rigorous analysis of the structure of invertebrate cytochrome
c has been carried out by comparing Lhe sequences to that of
horse-heart cytochrome c, noting the identical residues and
investigacing the chemical, physical and steric nature of the
observed substitutions (see Discussion IV). From this, a1t
1s concluded that the tertiary structures of invertebrate and
vertebrate cytochromes ¢ are essentially identical and that
this 1s due to a common ancestry for the two groups. A simailar
conclusion has been made for the higher plant cytochromes ¢
(Boulter & Ramshaw, 1972), for algal cytochromes c (Meatyard,
1974), and could be made for cytochromes c from the fungi.

Despite the large quantities of evidence, 1t is stall
necessary to make an assumption of homology between invertebrate
and other eukaryotic cytochromes ¢, since it 1s impossible
to rigorously rule out the possibility of convergence,

However, assuming that homology has been sufficiently demon-

strated, 1t is then possible to examine the evolution of the
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cytochrome ¢ molecule and thus by inference, the evolution

of the gene coding for cytochrome c. Such an analys.is could
relate directly to the relationships between the species from
which the cytochromes ¢ of known sequence have been purified,
as well as the kingdors to which these species belong.

The early seguence data for cytochrome ¢ was mainly
collected f{rom vertebrate sources (see Dayhoff, 1972) and
showed that the number of amino acid differences between
sequences from members of a taxonomic class was less than
those between sequences taken frcm members of different
taxonomic classes, the number of differences increasing with
the remoteness of the class relatiroaships. Withain a given
class, the number of amino acid differeaces between the
sequences of members lies within a range, contrasting wath
the more or less constant differences found s>n 1nterclass
comparisons, 1rrespective of which members of the classes are
compared (see Appendix I). The constancy of difference 1in
interclass comparisons 1s interpreted to imply that elapsed
time 1s the important parameter in determining the number of
mutations which accumulate in the cytochrome c structural gene
along a line of evolutionary descent (Zuckerkandl & Pauling,
1965; Nolan & Margoliash, 1968). Thus, over a long period
of evolutionary history, such as the minimum of 1500 million
years suggested for cytochrome ¢, other factors relating to
the rate of fixation of amino acid subst:itutions in a population

have either cancelled or averaged themselves out. No account
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need to be made of the mechanisms through which the differences
may have arisen (Margoliash & Schejter, 1966) and on acceptance
of the relationship enables a direct correlat.on to be made
between elapsed time and the rate of change wilhin cytochrome
c (Margoliash, 1963).

Times of divergence of the major classes of vertebrates
have been established from the fossil record (see Romer, L966;
Colbert, 1969) and may be used to estimate the average time
for a single difference to become fixed between the sequences
of different laines of descent. This taime 1s called the "unit
evolutionary period" and refers to a given protein set for
which homology has been demonstralted (Nolan & Margoliash, 1968).
Fitch & Margoliash (1970) distinguashed between "parologous"
and "orthologous" genes when establishing gene or species
phylogenzies, Both classes of genes are homologous, but
parologous genes, although originally identical, may have
duplicated and subsequently diverged to the extent that they
code for proteins waith different functions, The parologous
condition may relate the mitochondrial cytochrome c group
and some cytochromes f (56) 1n examples where multiples of
molecular weight and the numbers of heme groups clearly relate
to those of cytochrome c. Orthologous genes, however, are
those which have remained identical in function during
evolution, All the cytochrome ¢ sequences constitute an

homologous set with regard to the calculations of Fitch &

Margoliash (1967b) and, apart from isocytochromes <, and.g2
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of Saccharomyccs, there i1s no evidence for gene dupl.ication in
the cytochrome ¢ gene. The cytochromes c are thus both
homologous and orthologous in the sense discussed by Fitch &
Margoliash (1270) and may be used legitaimately to calculate
"unit evolut.,onary periods”.

The documentation of the emergence of the invertebrate
phyla in the fossil record is inferior to that for the various
classes of vortebrates, largely as a result of the age
dirfferences of the deposits involved (see Shrock & Twenhofel,
1953; Cowie, 1967). Estimates of the times of divergence of
the major invertebrate phyla from the main vertebrate line of
descent have been made using a "unait evolutionary peraiod"
calculated from the fossil-based dating of the Mammalia-Aves
divergence and the matraix of amino acid differences (see
Figure 35, Table 38 and Appendix I). Linear extrapolation of
such calculations will always give an underestimate of time
values because of the occurrence of multiple mutations at a
single codon and parallel and back mutations, but these may
be partially corrected for using the statistical method of
Feller (1950) (see Margoliash & Fitch, 1968; Faigure 35).

A further correction is possible by using a matrix of minimum
mutation distances rather than amino acid differences, but was
not applied to this study. Using this correction, an account
may be taken of multiple mutations at a single codon
(Margoliash et al., 1963; Fitch & Margoliash, 1967a), but not

of parallel and back mutations which have been estimated at
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20-30% and 1-6% rcspectively in cytochrome ¢ (Fitch &
Margoliash, 1969; Boulter et al., 1972). Statistical
corrections assuming the acceptance of amino acid substitutions
at all variable sites 1n a protein molecule (Margoliash &
Smith, 1965) are not strictly applicable to cytochrome ¢ where
many positions in the sequence are clearly not randomly
variable (see Fitch & Margoliash, 19G7b; Duiscussion 1IV).

The justifaication of using a "unit evolutionary period"
derived from a specific, recent animal example with more remote
problems of divergence is largely theoretical, but the method
has proved itself when applied to the vertebrate divergence
as judged by the evidence of the fossil record (Young, 1962;
Romer, 1966; Colbert, 1969). Estamates of the times of
divergence obtained for the invertebrate phyla from the main
vertebrate line of descent, largely agrec with whau is known
from Pre-Cambrian and Cambrian fossils (Shrock & Twenhofel,
1953; Harland et al., 1967). All the groups in this study
were shown to diverge in Pre-Cambrian times, the Annelida
havaing the most primitive and the Echinodermata the most
recent origins, assuming that a single sequence 1s sufficiently
representative of i1ts group. Withain the errors of the
estimated mean number of variant residues within the groups,
both the Mollusca and Arthropoda diverged from the main
vertebrate line about 710 million years ago, Similarly, the

estimates obtained for the Insecta and Crustacea neither

directly supports nor refutes a multi-phyletic origin for the
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Arthropoda.

The corcelation of estimated times of divergence with
the evidence of 700 million years of the fossil record provides
support for an approximately constant rate of acceptance and
fixation of amino acid substitutions in cytochrome c. The
estimated "unit evolutionary period" indicates that cytochrome
¢ has accepted changes more slowly than most other known proteins
possibly as a result of the severe structural constraints
evident from tertiary studies and the minimum of three inter-
acting functions with oxidases, reductases, and the mito-
chondrial membranes (see Dickerson et al., 1971; Dayhoff,
1972; McLaughlin & Dayhoff, 1973).

From the evolutionary point of view, the potentially most
useful application of homologous protein sequence data 1is 1in
a computer analysis leading to the construction of molecular
phylogenies. The major problem in this approach i1s the
evaluation of all possible phylogenies relating a given group
of sequences and methods must be found to reduce the number
of evaluations whilst obtaining an optamum solution. An
example of this i1s the intra-kingdom, inter-kingdom phylogeny
method used by Dayhoff and others (see Dayhoff, 1972;
McLaughlin & Dayhoff, 1973; Meatyard, 1974), and applied
to thais s tudy. Two types of approach to molecular phylogeny
construction were used in this study; the "ancestral sequence"
method (Dayhoff & Eck, 1966; Dayhoff, 1972) and a numerical

matrix method (see Lance & Williams, 1966;1967; Fitch &
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Margoliash, 1967a; Gibbs & McIntyre, 1970; Moore et al.,
1973).

Molecular phylogenies constructed by the "ancestral
sequence" method consists of nodes, each of which has three
branches which lead to determin=d amino acid sequences or to
adjacent nodes for which the meihod constructs the most probable
sequences, The phylogeny, therefore, contains the determined
sequences of extant species together with computed ancestral
sequences, However, the poant of earliest time for the
phylogeny may not be established from sequence and must be
f ixed from biological considerations, Sequence data was taken
from the sources described in Appendices IL and III and the
computer strategy has been described (see Materials and
Methods 1V,2,).

The "ancestral sequence"” method involves two assumptions,
Farstly, evolution is considered to have taken place by a
minimum number of amino acid substitutions, and secondly, the
final phylogeny accepted is that for which the number of
amino acid substitutions relating the phylogeny 1s a mainimum
for all possible phylogenies.

With regard to the first assumption, 1t is clear that
convergent changes (parallel and back mutations) have occurred
during the evolution of cytochrome c. Boulter et al. (1972)
detected 27% parallel and 6% back mutations during the evolution
of higher plant cytochrome ¢, and Fitch & Margoliash (1969)

reported 20% and 1% respectively, for the same processes
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duraing the evolution of animal (largely vertebrate) cytochrome
c. The "ancoestral sequence" method has provided estimates of 28%
parallel mutation and lJess than 5% back mutation in the known
invertebrate cytochromes ¢, but there 1s no certain way of
estimating the extent of undetected convergent changes, parti-
cularly when the number of sequences in a given taxonomic unit
i1s small, The characteristically slow acceptance of amino
acid substitutions in the cytochrome ¢ molecule (Dayhoff, 1972)
reduces the number of convergent changes, and the likelihood
of relating similar sequences as a consequence of these rather
than common ancestry is small, saince all positions in the
sequences are considered at each comparison.

With regard to the second assumption outlined above, 1t
1s clear that there 1s no certainty that the selected phylogeny
1s related by the absolute minimum number of amino acad
substitutions assumed to relate the true phylogeny. Computer
procedure 3 (see Materials and Methods 1V,2.) was designed
specifically to reduce the number of comparisons necessary to
obtain, with reasonable certainty, the absolute minimum tree.
An estimation of the efficiency of this procedure was made
using a phylogeny relating seventeen sequences for which a
minimum number of substitutions had been determined with
reasonable certainty. Using different orders of the sequences,
a number of phylogenies were built in the normal way and

assessed at the end of the building and shuffling procedures.
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It was clear that the bullding order was crucital to the
phylogeny produced by the building strategy. Thus, a building
order based on biological grounds (e.g. Protista-Fungi-Plants-
Animals) gave a phylogeny close to the final minamum, whilst
more random orders produced phylogenies related by a greater
number of amino acid substitutions (see Table 40). However,
procedure 3 was shown to be 60% efficient in obtaining an
absolute minimum phylogeny regardless of the "original build",
when applied to cytochrome ¢ data. Similar analysis of the
amino acid sequences of plastocyanin which, overall, are known
to carry 50% convergent changes, has been shown tc be less
than 10% efficient (Peacock, D., unpublished experiments) .
Phylogenies constructed as a result of the application
of the "ancestral sequence" method to taxonomically represen-
tative samples of known cytochromes ¢, have all shown a grouping
of the sequences that parallels the kingdoms of organisms
proposed by Whittaker (1969) (see Dayhoff, 1972; McLaughlin
& Dayhoff, 1973; Meatyard, 1974). Differences between
phylogenies have centred on the degrees of remoteness of these
kaingdoms, demonstrated by the application of the "unit
evolutionary period" to the proposed branch-lengths.
Discrepancies are attributed to differences in the assignment
of values to blank residues 1in the ancestral node sequences,
the numbers of which increase when few sequences are available

to establish kingdom ancestral nodes. Where a blank exists,
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the minimum number of changes that must have occuired is
averaged out along the branches concerned, so that the existence
of several blanks 1n one area of the tree may favour the over-
estimation of inter-node distances, The blanks assigned to
ancestral node sequences are frequently due to deletions or
additirons of more than one amino acid in the sequences used

to compute the nodes, and these are considered as multaiple
mutational events by the ancestral sequence method. No wethod
can determine whether these are multiple events, single events
affecting a larger region of the cytochrome ¢ gene, oxr, with
regard to the N-terminal "tail" region, deletions of residnes
resulting from the differing specificities ofthe enzyme
responsible for removing the N-formyl-methionine region following
protein synthesis (see Discussion IV). Thus, the values
assigned to branch-lengths involvaing the evaluation of blanks
at the N-~terminus of the ancestral sequences may be responsible
for the large inter-node distances between the ma)jor kingdoms
(see McLaughlin & Dayhoff, 1973). Durang this study, a

number of strategies were adopted to attempt to reduce branch-
length distortion resulting from particular treatments of the
N-terminal "tails" (see Results 17 and 18; Figures 36-40).

The occurrence of blanks within ancestral node sequences
is almost entirely due to the lack of sequence data from the
nmore remote areas of the phylogeny.

The branch~lengths ain Figures 36-39 are expressed in

"accepted point mutations", or PAMs, calculated by the method
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of Dayhoff (1972), and elapsed time may be calculated on the
basis of 3 PAMs:100 million years (Dayhoff, 1972),

Molecular phylogenies were also constructed using a
numerical matrix method. The simplest measuvre relating two
sequences 15 the number of amino acad differences between them,
and the branch-lengths of resulting phylogenies have a numerical
meaning, clearly related to the sequences. A similar measure,
using minimum mutation distances has been applied (Fatch,
1966a; Faitch & Margolaash, 1967a) but other similaraty methods
lack numeraical links with the sequence data (Gibbs & McIntyre,
1970; sSackain, 1971), Despite hidden assumptions, amino
acid dirfference or minimum mutation distance measures provide
molecular phylogenies for vertebrate proteins in close agree-
ment with trees based on biological and fossil data (Fitch &
Margoliash, 1967a; Dayhoff, 1972),

Phylogenies are constructed using a species dissimilaraty
matrix and Ramshaw (1972) and Boulter et al. (1972) applied
the fusion strategies of Fitch & Margoliash (1967a) and the
"flexible" strategy of Lance & Williams (1967) 1in the
construction of molecular phylogenies relating fifteen higher
plant cytochromes c. Using both amino acaid difference and
minimum mutation distance they obtained similar trees to the
absolute minimum obtained from ancestral sequence methods.

The iterative approach of Moore et al. (1973) was applied

in this study, using a dissamilarity matrix of amino acad

differences (see Results 17.). The method assumes the




ancestral relationchips bekwcen amino acid sequences are
proportional to their present-day dassamilarity (see Fatch,
1967) and has been tesced with simulated data (Moore et al.,
1973; Peacock & Boultex, 1975). Numerical methods assume
evolution to have occurred as a minimum number of changes and
take no account of parallel and back mutations (see Fitch &
Margoliash, 1969). In addation, a phylogeny based on present
sequences can only approach true evolutionary relationsh.ps,
1f the rate of change has been relatively constant along all
lines of descent (Jardine et al., 1969). Boulter et al.
(1972) concluded that for periods in excess of 200 millaion
years, this was correct for mitochondrial cytochrome ¢ so that
numerical methods are of value for relating distant species,
but less so for more recently diverged groups such as the
higher plants. Peacock & Boulter (1975) used model data to
demonstrate a decrease 1in accuracy of the numerical method

of Moore et al. (1972) wath an increase of present-day sequence -
nearest ancestor sequence distance. They concluded that the
ancestral sequence method was 3-4 times better than the
numerical method over small distances (less than 7 amino acid
substitutions/100 residues), but over larger distances the
numerical method was slightly better. On the basis of this,
it was felt that the numerical method would deal more
efficiently with the large branch-lengths shown for certain

of the more remote invertebrate sequences by the ancestral

sequence method. The results were rather unsatasfactory,
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possibly because the rates of change observed in invertebrate
cytochrome ¢ were clearly unequal as shown by the branch-
lengths obtained in the ancestral sequence method (see
Figures 36-39), Given an estimate of the earliest point of
time on the phylogenies occurring on the branch lankaing the

Eisenia and Enteromorpha nearest ancestral nodes, it appears

that the Annelida have accepted changes at a much lower rate
than the Insecta, which in turn have shown a lower rate of
change than the other invertebrate cytochromes ¢ (see

Discussion VII).

VI. Assumptions and Errors in Computed Phylogenies

Dayhoff (1972) and McLachlan (1971) have estimated the
relative frequencies by which one amino acid 1s substituted
for any other, and Grantham (1974) applied the data to show
a strong correlation of the substitution frequencies with
chemical similaraities. No similar correlation could be made
with the minimum number of base substitutions required to
change the amino acid, and i1t was inferred that amino acid
substitution 1s largely controlled by the rate of selection
and fixation of mutational events into a population, rather
than by the rate of nucleotide changes. Peacock & Boulter
(1975) used the substitution frequencies of Davhoff (1972) in
a computer model to control the rate of randomly generated

mutations. The data for the model contained high numbers

of convergent (parallel and back) substitutions, and was thus
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an accurate reflection of real data. The degree of difference
between calculated and true topologies was estimated as the
total number of one step, nearest neighbour changes (ISNNC)
needed for a conversion from one to another, Errors
introduced into the methods as a result of increasaing ancestral
distance, the assumption of parsimony and the underestimation
of convergent changes were all estimated from the true figures
recorded ain the computer data. Peacock & Boulter (1975)

found that for a mean distance over four generations of 10
amino acid substitutions per 100 residues, the error in the
calculated topology was less than 7%. In comparison with

the numerical matrix methods, the ancestral sequence methods
was 3-4 times better over small distances (less than 7 amino
acid substaitutions per 100 resaidues), but rather worse over
larger distances. Boulter (1974) estimated 33% convergent
changes 1n a data set of twenty four sequences of higher plant
cytochrome ¢, but Peacock & Boulter (1975) showed that an
accurate estimate of phylogeny may still be made, despaite

this high level of convergence. This 1s because the computer
will choose a false topology only when the number of
convergent residues exceeds that of linking residues in the
ancestral sequence method. Peacock & Boulter (1975) concluded
that the ancestral sequence method 1s capable of great
accuracy over distances of 1-3 amino acid substitutions per

100 residues, whilst the matrix method achieves its greatest

accuracy over larger distances (greater than 30 amino acid
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substitutions per 100 residues).

Thus, care must be taken during the interpretation of
the phylogenies produced duraing this study, An estimate of
less than 30% convergent changes was made for the invertebrate
data set so that 1t 1s unlikely that false phylogenies have
been accepted becauvse this only becomes likely at greater than
37% convergence. Using the error estimates of Peacock &
Boulter (1975) and the branch-lengths observed in the
phylogenies obtained (Figures 36-42), the expected error in
these phylogenies was in the range 3-6 ISNNC. Generally
speaking, the phylogenies represent a reasonable reflection
of current views on invertebrate phylogeny but while the
discrepancies fall withain the estimated errors, no phylogenetic

significance can be attached to them.

VII. Classical and Molecular Phylogenies

There have been numerous reviews of proposed phylogenies
relating the invertebrates (see Hyman, 1940-1959; Kerkut,
1960; Dougherty et al., 1963; Hadzi, 1963; Clark, 1964;
Barrangton, 1965; Jagersten, 1972). The following 1s an
account of the common ground between these and the molecular
phylogenies constructed during this study, and as such ignores
any consideration of the lower Metazoa (see Hadzi, 1953;
Hardy, 1953; Jagersten, 1955; 1959; Marcus, 1958; Dougherty
et al., 1963). The main points of discussion are the

relationships among the Arthropoda, Annelida and Mollusca,



the proposed polyphyletic origins of the Arthropoda and the
relationships between the Echinoderwm and Chordate lines of
descent.

Grobben (1908) proposed a scheme to relate the invertebratces
whaich divided the major phyla into two groups, the Protostomia
and the Deuterostomia, based on the fate of the blastophore
in the developing embryo and subsequent embryological and
larval characteristics (see Appendix 1V). In the Protostomian
enbryo, the blastophore forms the mouth and anus, whilst in
the Deuterostomia 1t forms the anus and the mouth develops in
another position. Such a dichotomous phylogeny 1s not at all
clear-cut (Kerkut, 1960), but the approach i1s still acceptable.
Three of the principal phyla placed in the Prolostomia are
the Mollusca, Annelida and Arthropoda and the relationships
between these have been discussed {(Marcus, 1958; Lemeche,
1959; vVvagvolgyi, 1967). Vagvolgyi (1967) suggested that the
Annelida and Mollusca shared a common ancestor as judged by
ontogeny, and that this ancestor was a non-segmented,
acoelomate organism similar to a pramitaive flatworm, He
concluded that the molluscs developed their characteraistic
shell, mantle, radula and ctenidium, and the annelids thear
characteristic coelomic segmentation following the divergence
of the two phyla (Yonge, 1960; Morton & Yonge, 1964).

Lemeche (1959), commenting on the true segmentation observed

in the mollusc Neopilina galatheae, concluded that the

Mollusca and Annelida were closely related and, together with
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the Arthropoda, could be derived from a generalaised
turberllaraian ancestor. Spiral cleavage occurs widely in the
embryos of molluscs and annelids and to a lesser extent in
arthropods, and Yonge (1957) has svggested a common ancestry
for these three phyla based upon the proposed homology of the
giLlls of Neopolina, polycheate parapodia and the generalised
arthropod limb. Marcus (1958) suggested a common ancestry
of the Annelida and Mollusca, but derived the Arthropoda from
the Annelida, placing these two in the super-phylum Artaiculata
(see Appendix V). Hadzi (1953; 1963) disregarded a
Protostomia-Deuterostomia bifurcation and divided the metazoa
into four phyla arranged in a straight line of descent. The
most primitive of these was the Armeria (aincluding the
molluscs and turberllaria) followed by the Polymeria (e.g.
arthropods and annelids), the Oligomeris (e.g. echinoderms,
hermichordates, pogonophora) and the Chordonia (e.g.
vertebrates and urochordates), and thus the molluscs were
regarded as being more praimitive than the annelids (see
Appendix VI). Carter (1954) took issue with the straight
line of descent proposed by Hadzi (1953), notaing that evolution
has normally been observed to follow a pattern of radiation.
He disagreed with the view of Hadzi (1953) regarding the
Protostomia-Deutoerostomia dichotomy and attacked his use

of metamerism and the necessity of proposing a reduction of

segmentation in the Oligomeraia. Carter (1954) concluded
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that the major i1nvertebrate phyla arose more or less
simultaneously during the course of radtation from primitive
melazoan stocks, and that the characteristics of the Protostomila
and Deuterostomia werc established prior to this radiation.

Two other phylogenies, proposed by Hanson (1961) and Hyman
(1940), are shown i1in Appendices VIl and VIII.

The estimated times of divergence of the relevant phyla
from the vertebrate line of descent obtained during this
study were in accord with the views expressed above; waith
the exception of those of Hadzi (1963). The divergence of
the arthropods and molluscs from the vertebrate line were
similarly placed in the Pre-Cambrian more than 700 million
years ago, although the divergence of the annelaid line was
placed rather earlier than this (see Figure 35, Table 38).
All the ancestral sequence methods suggested a shared common
ancestry for the Annelida and Arthropoda, but the numerical
methods fixed the annelid-vertekbrate common ancestor more
recently than the insect-vertebrate ancestor (see Figures
36-42). All of the methods showed a grouping of the cyto-

chromes c of Helix and Asterias, despite the addition to the

input data set of a partial sequence of the mollusc, Loligo

opalescens, for certain of the computer strategies (Figures

39, 41 and 42). None of the classical phylogenies entertain
such a mollusc-echinoderm relationship, and although the point
of divergence of Asterias from the vertebrate line was correctly

pPlaced from classical considerations, the addition of the
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Helix sequence proposed a far more recent origan for the
mollusces than has been suggested previously and from the
estimates of times of divergence ain this study (see Table 38).
However, the branch-lengths in this area of the molecular
phylogenies were generally large, and Peacock & Boulter (1975)
have pointed out certain errors associated with the ancestral
sequence method when comparing sequences showing variation
greater than 7 amino acid differences/l00 residues. Both

the ancestral sequence method, which treated undetermined
residues as differences, and the numerical method, which
treated undetermined residues as unknowns (1.e., no difference),

maintained the Asterias-Helix grouping because thc number of

common residues between the sequences, although relataively
small, was greater than that between Helix and the partial
sequence of Loligo. The undetermined C-terminal residues of
Loligo cytochrome ¢ may well have been sufficiently similar
to the equivalent region in Helix to provide strong enough
positive evidence to alter the final phylogeny. Thus, because
incomplete sequences can only yvield negative or neutral
evidence where positive evidence is required, the Loligo

data was omitted from the building and assessment of other
phylogenies (see Figures 36, 37 and 38). Only the determi-
nation of further mollusc and echinoderm sequences resulting
in the reduction of branch-lengths between the sequences
compared will fully resolve this area of the phylogeny.

Manton (1973) has provided evidence from comparative
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functional morphology and functional embryology, that the
Arthropoda have polyphyletic origiLns (see Appendix IX,)
Arthropodisation 1s supposed to have occurred at least three
times giving raise to the Crustacea, Chelicerata and Uniramia,
the latter comprising the subphyla Onychophora, Myriapoda and
Hexapoda differentiated by theair jaw mechanisms, head structure
and limb bases, Manton (1973) pointed out that comparative
anatomical studies were frequently poorly conducted and caited
examples of attempts to relate insects and crabs through the
common possession of compound eyes, the proper investigation '
of which shows only a rough similarity. Manton (1973)
stressed the importance of the studies of functaional wmorphology
and embryology an the construction of an arthropod phylogeny,
and craticized the lack of functional considerations in the
speculations on arthropod rel ationships existing in the
literature. Dahl (1969), Tiegs & Manton (1958) and Cisne (1974)
have all proposed a polyphyletic oraigin for the Arthropods,
whailst the main opponents have been Siewing (1960) and Sharov
(1966), who attempted to derive the Arthropoda monophyletically
from the Annelaida in the manner of Marcus (1958) (see Appendix
v). Manton (1967) demonstrated the fundamental differences
between the annelid parapodium, with 1ts endoskeleton of

setae to which the musculature i1s attached, and the arthropod
limb with 1ts exoskeleton and internal muscle attachment,

and thus rejected the suggestion of Sharov (1966) that the

polychaete Spinther, or a similar form, was the forerunner
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of the Axrthropoda. Sharov (1966) derived the Insecta from
the Crustacea, but thais has been rejected by Dahl (1969) and
Manton (1973). Cisne (1974) performed x-ray studies on
Trailobite fossils and concluded that these extinct arthropods
had much in common with the Crustacea and Chelicerata. He
proposed that the arthropod exoskeleton had evolved twice
leading to a Trilobita, Crustacea, Chelicerata(TCC)-Uniramia
dichotomy within the Arthropoda. Embryological evidence
suggests that both these groups originated from the same soft-
bodied, segmented, worm-like creatures in Pre-Cambrian times
(Anderson, 1973), Further circumstantial evidence for a comnon
origin is that the TCC-Uniramia dichotowy falls (with one
exception) between the praimitively marine and pramitively
terrestrial arthropods, suggesting that the differences arose
during their divergent adaption to different environments.
Arthropodisation was proposed to occur during this adaption
and thus subsequent to the divergence of the two groups
(Cisne, 1974).

The molecular phylogenies broadly suggest at least a
diphyletic origwn for the arthropods. The degrees of error
outlined previously (see Discussion VI) were probably less
in the arthropod segment of the phylogeny than suggested for
elsewhere (see above), because of the shorter branch-lengths
involved. However, only the determination of further

cytochrome ¢ sequences from the Chelicerata and Crustacea can

provide a true indication of mono, di- or traiphyletic origins.
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Both the numerical and ancestral sequence methods placed

Macrobrachium apart from the Insecta when using ithe whole of

the cytochrome ¢ molecule as the data input, whilst both methods

placed Macrobrachium between the Orthoptera and the Diptera-

Lepidoptera node, within the Insecta, when the residues praior
to glycine-l of the standard alignment were 1gnored (see
Figures 36-42). It 1s clear that the absence of an N-terminal
"tail" together with the possession of a blocked N-terminus
sets the crustacean sequence apart from those of the Insecta.
However, 1t was not clear whether the absent residues at the
N-terminus of the alignment were due to a single or a multipie
mutational event, or due to the daffering specificities of

the enzymes proposed to cleave the N-formyl-methionine region
from the polypeptide chain following protein synthesis.

This last explanation involves no expression of the cytochrome
c gene and therefore precludes the use of those fragments of
the N-terminal sequence not common to all the sequences under
study. Until the exact reasons for the varaiations in

length at the N-terminus are determined, difficulties will
remain regarding the correct computer strategy to adopt for
the analysis of small samples of highly wvariant sequences.

The analyses with and without N-terminal "tails" applied in
this study have inherited certain distortions associated with
the ancestral sequence method. Thus, in Figure 36, the
branch-lengths around the Arthropoda and the vertebrate line

of descent must be distorted because of the computing of
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absent residues at the N-tecrminus as amino acid difierences,
The computation of only the "comuon" areas of the molecule
(Figure 38) ignores at least two real differences between

Macrobrachium and the Insecta with regard to N-terminal "tails"

and blocking groups. However, the sequences 1in this study
represented too small a sample to form a stable phylogeny from
both 1he "common" and "total" treatments, It 1s probable that
the addition of more sequences of cytochrome c representative
of each of the major invertebrate phyla, including the
Chelicerata and Crustacea, would vield 2 phylogeny which
would remain stable regardless of the treatments of the N-
terminal region, For this study, the most realistic approach
appears to have been the computation of the common region of
the molecule together with an acknowledgement of the presence
or absence of N-terminal "tails" and/or N-terminal blocking
groups.

The true phylogenetic significance of the Arthropod
sequences is, therefore, difficult to assess. Only the
determination and computation of further arthropod sequences
(as in other areas of the phylogeny) can reduce the relataive
importance of the choice of "tail" strategy together with the
degree of phylogenetic error,

A number of theories with regard to the invertebrate
origins of the vertebrates have been reviewed (Garstang, 1928;

Fell, 1948; Berril, 1955; Carter, 1957; Bone, 1957;

Whitear, 1957; Tarlo, 1960). The ascidians are often thought
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of as degenerate descendants of free-swimming ancestors close
to the vertebrate line of’descent (Gregory, 1951; Eaton,
1953), whilst another school, commencing with Garstang (1928)
and supported by Medawar (1951) and Berril (1955), considered
that the vertebrate line arose through neoteny from the tadpole
larvae of ascidian-like adult forms, Eaton (1970) and
Jefferies (1967; 1971; 1973) agreed that the stems of calci-
chordates are homologous with those of chordates, hemichordates
and crainoids. Jefferies (1967) removed the carpoids, a
class of Lower Paleozoic bilateral or asymmetrical animals
considered to be primitive echinoderms, and placed them
in the Chordata as the sub-phylum Calcichordata. He constructed
(Jefferies, 1968) from the skeletal structure of numerous
specimens the soft anatomies of species from the orders
Cornuta and Mitrata, and concluded that the combined chordate
and echainoderm stock originated from a detached, creeping
pterobranch of the Hermichordata, rather similar to Cephalodiscus
(see Appendices XI and XII). Jefferies (1973) defined the
Calcichordata as a primitive sub-phylum of fossil marine
chordates having a calcite skeleton of an echinoderm type.They
all have a stem and a flattish theca adapted to lie on one
side upon the sea floor. Various members of the group show
chordate features of dorsal nerve cord and natochord in a
post-anal tail, brachial slits in the thecal wall and a

fish-like arrangement of cranial nerves. The Calcichordata

were very asymmetrical animals and certain of these
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asymmetries resemble those of ecent, primitive chordates,
suggesting that the chordates are more closely related to the
echinoderms than to the hemichordates, which are thought to
form a separate, though related phylum (see Barrangton, 1965).,
The chordates and echainoderms are thought to have evolved from

a common ancestor resembling the hemichordate Cephalodiscus

which had taken to crawling, right-side down on the sea floox
and acquired a calcite skeleton (Jefferies, 1969). Of the
three living subphyla of chordates, only the vertebrates
possess a phosphatic skeleton, but Jefferies (1969) proposed
that a calcite skeleton was a primitive feature of the
Chordata and was lost ain the two lines leading towards the
Cephalochordata and the Vertebrata and Urochordata, possibly
due to the adoption of a swimming mode of life. Later, it
was proposed that the vertebrates only evolved a phosphatic
skeleton,

Only the relatively recent estimated time of divergence
for the Echinodermata (Table 38) from the vertebrate line of
descent obtained in this study, directly supports the 1deas
of Jefferies (1973) and Eaton (1970), There 1s a great
need for further representative sequences of cytochrome ¢
to be determined from echinoderm and lower chordate sources,
in order to help resolve the speculation with regard to the
origin of the chordates from the invertebrates.

The findings of the molecular phylogenies can thus be

summed up. The estimated times of divergence of the major
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invertebrate phyla, and the phylogenies constructed by the
ancestral sequence method, did not conflict with the broadly
accepted patterns of invertebrate phylogeny based upon the
classical studies of morphology, embryology and palaeontology.
However, it was clear that particular evolutionary theories
(e.g. Vagvolgyi, 1967; Manton, 1973; Jefferies, 1973;

Cisne, 1974) could not be raigorously tested using such a small
set of data as that applied during this study. The signi-
ficance of the phylogenies constructed by the ancestral

sequence method was difficult to assess, bcecause of the possible
errors associated with the treatment of a small data set of

such high varaiance. The observed disagreements with the
classical view were well within the estimated limits of error.
The application of the numerical method was less successful

1n coping with the large branch-lengths than was expected from
the evidence of model experaments (Peacock & Boulter, 1975).

The numerical method yielded phylogenies which disagreed waith
classical views and were outside the estimated limats of _
error. The small number of invertebrate sequences available, and
the large degree of variance between them, placed undue

emphasis on the computation chosen, particularly with regard

to the treatment of the N-terminal region of the standard
alignment of cytochrome ¢. It was concluded that a realistic

treatment of a small data set was tco compute only the common

regions of the molecule shared by the sequences, and to note

the presence or absence of N-terminal "tails" and/or blocking
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groups on the resulting phylogenies. Only the determination
of further sequences of cytochrome ¢ from all the major invertebrat
phyla will remove the need for such a restrictive approach.
However, 1t 1s clearly unrealistic to expect the purifi-
cation of quantities of cytochrome ¢ sufficient for sequence
determination, even on a micro-scale, from the more phylo~
genetically interesting genera. As notced above, a number of
conflicting theories have been put forward to account for the
invertebrate origins of the Chordata and the status of any of
these may be enhanced by the construction of molecular
phylogenies. Such studies would have to include the Echino--
dermata, the Cephalochordata (e.g. Amphioxos) and the

Urochordata (e.g. Ciona, Oikopleura). The yields of cytochrome

c and the negative result obtained with the echinoderm
Holuthuria (Richardson, M., personal communication) aindicate
that very large quantities of starting material would be
required, and to obtain, for example, more than six species
per phylum in these quantities would be very difficult. It
is possible that the investigation of a protein other than
cytochrome ¢ would be better suited to particular areas of
study. However, this would mean the neglect of good quality
data in the respect that cytochrome ¢ sequences have been
determined from all the major kingdoms of organisms and these
have shown a relatively slow rate of acceptance of amino acid

substitutions and a low level of convergent changes.
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The major exception to the low yields of cytochrome ¢
expected from invertebrates, lies in the phylum Arthropoda
whose members may be considered as the most muscularly active,
and thus the best cytochrome ¢ sources, withain this group of
animals, As noted earlier, the Arthropoda have excited
interest with regard to their origins and, the evidence of
the success of the insect molecular phylogeny constructed
in thas study, 1t would appear that the accumulation and
analysis of further, more representative arthropod data would
be both a realistic and phylogenetically rewarding course

of study.
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