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1. Introduction

Amino acid sequences of cytochrome ¢ have been
applied extensively in the development and evaluation
of strategies for the construction of molecular
phylogenies [1—3]. The data accumulated shows a
strong bias towards vertebrate and higher plant
sources [4,5]. The present paper reports on the
primary structure of cytochrome ¢ of Eisenia foetida
(common brandling worm), as part of a study of the

molecular evolution of this protein from invertebrates.

2. Materials and methods

Brandling worms were obtained alive from Lime
Tree Worm Farm, Bullwell, Nottingham, and used
immediately. All other materials were as previously
described [6—8].

Cytochrome ¢ was isolated and purified as
previously described [9,10] with the following
modifications. (i) Fresh worms were homogenised
(25 kg batches) with 1 vol of ice in 2 vol 10 mM
A1,(50,); maintained at pH 4.5 with 2 M H,80,, and
stirred for 2 h at 2°C. Following centrifugations at
pH 4.5 and pH 8.0, the supernatant (90 litres) was
pumped through an 18 X 10 ¢m column of Amberlite
CG-50 at 15 litres per h and cytochrome ¢ was
cluted batchwise in 2 M NaCl maintained at pH 8.0
with 2 M NaOH. (ii) Eisenia cytochrome ¢ showed
no precipitation in 60—100% saturated solutions of
ammonium sulphate. 80% saturated solutions were
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centrifuged at 30 000 g (r,, 4.2 cm) for 20 min at
2°C, the supernatant was exhaustively dialysed
against 10 mM NaH,PO;—Na,HPQy, pH 7.2, and the
cytochrome ¢ concentrated on 2 1 X 5 cm column
of CM-52 cellulose, (iii} Following gel filtration on a
2 X 90 ¢m column of Biogel P-30, the purest
fractions were adsorbed onto a 1 X 30 cm column
of CM-52 cellulose and eluted in a linear pH gradient
from 10 mM NaH,PQ,4-NaH,PO,, pH 7.2, tc 10 mM
Na4P,0—NaQOH, pH 11.5. Fractions were collected
inte 1.0 ml of 10 mM phosphate buffer, pH 7.2.
The purest fractions were taken to pH 7.2 with 1 M
HCl and the chromatography repeated using a linear
ionic gradient from 10 mM to 300 mM NaH,PO,—
Na,HPO,, pH 7.2.

The amino acid sequence was determined by the
dansyl-phenylisothiocyanate method as previously
described [6-8].

3. Results

A total of 26 micytochrome ¢, having an absorp-
tion ratio EE_EB’/ESBD, equal to 1.1, was purified from
75 kg of Eisenia. N-terminal analysis of the total
protein [11,12] showed a single residue, glycine, as
the N-terminus. The amino acid composition was
determined from three duplicate 50 nmol samples
of protein hydrolysed for 24, 48 and 72 h respectively.
The values obtained for serine and lysine did not agree
with the sequence results, for which there was
redundant evidence. The amino acid sequence was
deduced from the sequence analysis of overlapping
peptides isolated from chymotryptic and tryptic
digestions and this is shown in fig.1, All residues
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Fig.1. The amino acid sequence of Eisenia cytochrome ¢. Residues were identified by dansyl-phenylisothiocyanate analysis
{(~——), amino acid composition data {(——-=)}, carboxypeptidase-A digestion (<——) and as the free C-terminal amino acid
following the final Edman degradation (==). Arrows (* |, 7 j,and ) indicate points of complete, partial and secondary
enzyme cleavage; up for trypsin and down for chymotrypsin. Prefixes T and C refer to tryptic and chymotryptic peptides
respectively, and peptides derived from partial cleavage have a letter subscript to the major peptide. Peptide C2 was digested with
chymotrypsin after removal of the heme moiety.
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were positively identified in both digestions with the
exception of residues 16—27 and 56—59 which were
placed from the evidence of one digestion and amino
acid composition data. All the required overlaps
between chymotryptic peptides were observed with
the exception of the region C2CB-C3/T5A-T7 where,
because of the non-isolation of T6, the order of
peptides was deduced from a consideration of the
appropriate region in other cytochromes ¢ [4]. All
acidic and amide residues were placed from the
electrophoretic mobilities of intact or partially
degraded peptides [13]. Observed enzyme specificities
were consistent with those expected [14,15] except
that partial tryptic cleavage was observed at tyrosine-
48 and tyrosine-97.

4. Discussion

Eisenia cytochrome ¢ consists of a single poly-
peptide, 108 residues in length, and is homologous
with other cytochromes ¢ when arranged in the
standard alignment [4]. The molecule has at the
N-terminal region a non-acetylated, five residue tail
relative to glycine-1 of the standard alignment [4].
The tail (Gly—Gly—Ile—Pro—Ala) is very similar to
the four residue tail of insect cytochrome ¢ (Gly—
Val—Pro— Ala or Gln) but less similar to the longer
structures found in higher plants and some fungi.

By comparison Helix (garden snail} cytochrome ¢,
has no N-terminal tail [16].

The amino acid sequence of Efseniz cytochrome c,
together with other invertebrate sequences [4,8,16,17]
and representative sequences from other taxonomic
groups [4,5,18] were used to construct a malecular
phylogeny relating 18 sequences using computer
programming based upon the ancestral sequence
method [4,19]. This is shown in fig.2. Two equal
alternatives were found for the position of bullfrog
cytochrome ¢, both of which had the same minimum
number of amino acid substitutions required to
relate all the sequences of the tree. No equal
alternatives were found for the invertebrate region of
the topology. A computation of the 103 residue
positions common to all the sequences produced an
identical topology, demonstrating the insect and
worm sequences to be related on similarities other
than the N-terminal tail regions.
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Fig.2. A phylogeny constructed by the ancestral sequence
method relating 18 amino acid sequences of cytochrome c.
Sequences were aligned relative to the cysteinyl residues;
absent residues at the N-terminus and C-terminus were com-
puted as amino acid differences. Two equal, alternative posi-
tions for bullfrog on the human-chicken and carp—bonito
branches are summarized.

The indication that the insects shared a more
recent common ancesiral cytochrome ¢ with the
vertebrates than that shared between FEisenia (Annelida)
and the vertebrates, agrees with the majority view
of classical phylogeny [20-22]. However, the position
of Helix (Mollusca) in fig.2 is less in agreement with
classical ideas. However, further sequence data is
required of mollusc and annelid cytochromes ¢ in
order to establish their position with certainty in a
molecular phylogeny.
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