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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
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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 precipita