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Plastocyanin has been purified from three species of green

algae: Chlorella pyrenoidosa, Chlorella fusca, and Scenedesmus
obliquus,

Two molecular forms of C.pyrencidosa plastocyanin (A & B)
and S.obliquus plastocyanin (A & B), were separated by ion-exchange
chromatography on DEAE-cellulose; the former proteins being found
in approximately equdl amounts, whilst the latter were found in
approximately a 5:l1 ratio. A single form of plastocyanin was
purified from C.fusca. Bach protein ran as a uingh band on
starch gel electrophoresis.

The amino scid sequence of C.pyrenoidoss *A' plastocyanin
has been determined and proved to be 2 single chain of 101 residues,
The partial smino acid sequences of C.pyrenoidosa '"B', and C.fusca
plastocyanins have been determined, and aligned with the C,gnmidup_
'A' plastocyanin sequence.

With the sequences so aligned 64% of the residues are in
an identical position. The sequences are discussed in relation to
plastocyanin from french bean, and to azurins which mt/’cl:‘:pper-
containing proteins found in bacteria.

The C-terminal regions of the algal and french bean
plastocyanins and the bacterial azurins appear to be at least

analogous, if not homologous,The most conserved sequence is that



around the single cysteine residue, which is of the type Tyr-X-(Tyr,
Phe)-Cys-. This is of interest since a sulphydryl group has beem
Mduonofmumimlmummm.£“
of both plastocyanin and lmi.n.
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CHAPTER I

INTRODUCTION

1. Examples of Comparative amino acid sequence studies
A. General Introduction

The comparison of amino acid sequences as a method for
determining the evolutionary relationships between organisms has been
widely applied. In general, the proteins which have been used for
such studies have been readily available (i.e. easily purified) and
of low molecular weight. This enables quick determination of the
primary structure of these proteins when one applies the modern
techniques of protein chemistry. Two proteins which are functionally
analagous and therefore, one hopes, are evolutionarily related, are
the bacterial azurins and plastocyanins, which are associated with
the chloroplast in plants. Comparison of the amino acid sequences
of these two small molecular weight proteins, therefore, may elucidate
the evolutionary connection between bacteria and chloroplasts, if any
should exist.

Amino acid sequences of proteins are directly related to the
mRNA and hence the DNA from which they are translated and transcribed,
and as such are more sensitive records of the evolutionary development
of an organism than are observations of gross morphological differences.
Care must be exercised in using primsry structure data for phylogenetic
purposes, since Zuckerhandl and Pauling (1962) pointed out that in
studying a protein, such as cytochrome ¢, one is only studying a part

of the evolutionary product of the gene. The study does not include
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7
the evolutionary precursors, protein(s) which eventually evolved
into cytochrome c, nor the products of genes that may have evolved

from cytochrome c.

B. Minimal Mutational Distance

From the determination of many amino acid sequences of
structurally and/or functionally similmr proteins, and the
translation back to the nucleotide sequence of the DNA coding for
the proteins, one is able to predict the possible alterations in
the DNA sequences involved in the evolution of the proteins.
Mutational events likely to occur in the DNA molecule during the
evolution of a protein, may include duplication of the whole gene
or part of the gene; deletion or insertion of one or more nucleotide
pairs; or point mutationms.

This approach to molecular evolution has been made more
complete by the work of Nirenberg & Leder (1964) and Nishimura &
Khorana (1965), in assigning triplet codons to each amino acid.
Using the genetic code the minimal mutatiomal distance between two
proteins, being the minimum number of nucleotide base changes
required to convert the gene for one sequence into that of the other,
can be calculated, Prior to this, comparisons between sequences
were incomplete, as there was no way of predicting how many
mutational events were involved in the substitution of one amino
acid for another.

The prediction of an evolutionary connection between

proteins based largely on minimal mutational distances must be
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treated in a sceptical mamner. Cantor & Jukes (1966) have scanned
peptide sequences in mammalian and bacterial cytochromes ¢ and in
globins, looking for cases where the number of base changes in the
DNA required to convert one sequence into that of another is
significantly less than that expected for random sequence
comparisons. But, the genetic dode is degenerate and so in
comparing two amino acid sequences the degeneracy is ignored to
give the minimal mutational distance. The minimal mutational
distance is therefore the lower limit as regards the actual number
of mutations which have occurred in going from one sequence to
another. Also, since the genetic code is of a conservative
nature, such that the triplet codons are strongly correlated with
the nature of the chemical side-chains of the amino acids, then
chemical or functional similarity between regions of two otherwise
unrelated proteins, will reveal a figure for the minimal mutational
distance which would indicate homology between the proteins. However,
determinations of minimal mutational distances is a useful method
for substantiating homology evidence between proteins from primary
or tertiary structural studies, but not as a method of detecting
an otherwise invisible homology between proteins.

If one assumes that the primary structure of a protein is a
major factor in determining its tertiary structure, it is pertinent
to ask to what extent the primary structure needs to be altered in

order to change the specificity of a protein; also, which is the
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more meaningful guide to an evolutionary homology between proteins,
amino acid sequence similarities or tertiary structure similarities,
or do both carry equal weight in discerning an evolutionary

homology?

C. Serine proteinases

Shotton & Hartley (1970) have studied the sequence homologies
between the mammalian serine proteinases, trypsin, chymotrypsin A and
B, and elastase. These serine proteinases have different specifici-
ties; trypsin is specific for basic residues, chymotrypsin for
aromatic side-chains, and elastase for non-aromatic side chains.

By aligning the sequences in a way that maximised the homologies
between the proteinases, a 35-42% identity between the sequences

was shown, Models of the elastase and trypsin molecules were built,
based on the assumption that the three-dimensional folding of the
two proteins was very similsr to that of a-chymotrypsin (Blow,
Birktoft & Hartley, 1969). These models suggested that the
differences in specificities of the serine proteinases were due

to relatively minor side-chain alterations on the enzyme surface.
X-ray data on the elastase molecule (Shotton & Watson, 1970) confirms
these findings.

Kendrew, Dickerson, Stranberg, Hart, Davies, Phillips and
Shore (1960) showed, from the X -ray structure of sperm whale
mycglobin, that nearly all the polar groups are found on the
surface of the molecule, while nearly all the non-polar groups

are found in the interior of the molecule. Shotton et al (1970)
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found a similar distribution of amino acid side-chains in the serine
proteinases, excepting that the hydrophobic amino acids are fairly
evenly distributed between the inside and outside of the molecules.
Of interest is that the hydrophobic residues on the surface of the
serine proteinases are mostly in non-homologous positions, while,
the ones in the interior are in similar, if not identical positions.
Thus, it does seem that hydrophobic residues could play an
important role in the maintenance of the very similar tertiary
structures of elastase, trypsin, and chymotrypsin,

Probably the conclusion to draw from these studies is that
a large number of changee in the primary structure of a protein can
be accommodated without changing its function, as long as the overall
tertiary structure is preserved.

Shotton et al (1970), also suggested that several families
of serine proteinases may exist. The mammalian serine proteinases
possess some homology, in terms of substrate kinetics and specificity,
with serine proteinases from organisms including the spiny Pacific
dogfish, the turtle, a sea anemone, a mould and a soil bacterium
Sorangium sp. They have an aspartyl-seryl-glycyl sequence at the
serine residue of the active site, suggesting a chymotrypsin-like
specificity. Thus, an evolutionary comnection between the two
groups of serine proteinases is highly probable. In contrast, a
group of bacterial extracellular proteinases, subtilisin BPN' from
Bacillus amyloliquofaciens and subtilisin Carlsberg from Bacillus

subtilis, which have a "threonine-serine-methionine” sequence at



the active serine residue, while showing homology with one another,
have no primary or tertiary structure homology with the mammalian
serine proteinases. It appears that their analagous enzymic

function must be due to convergent evolution.

D. Cytochromes ¢
Extensive comparative sequence studies have been performed

on 'mammalian-type' cytochromes c, including sequences from such
divergent eukaryotic organisms as the kangaroo and the yeast,
Candida krusei. A striking feature of the amino acid sequences
is the maintémance of the basic and acidic residues, clusters of
hydrophobic residues, and the cysteine-X-Y-cysteine-histidine haem
binding site with a methionine residue as the sixth naem ligand in
all the cytochromes ¢. A sequence homology of over fifty per cent
between all the cytochromes ¢, so far studied, suggested that the
tertiary structures might also be similar (Margoliash & Nolan, 1968).

Dickerson (1971) has just completed the X-ray structure of
horse and bonito oxidised cytochromes ¢ and proposed that the
folding for these two molecules is the same. Thus, it seems that
the vertebrate~type cytochromes ¢ constitute an homologous
family of proteins which presumably evolved from a common
precursoral gene.

Attempts have been made to show sequence homology between
the bacterium Pseudomonas aeruginosa P6009 cytochrome c551, and
the eukaryotic cytochromes c. They both have the typical haem-

binding pentapeptide "cyteine-X-Y-cysteine-histidine". Dus,
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Sletton & Kamen (1968) have proposed sequence homologies between
the photosynthetic bacterium Rhodospirillum fubrum and eukaryotic
cytochromes ¢. Dickerson (1971), has used this proposed homology
to produce a model for the P.aerugionosa cytochrome ¢551 molecule
based on the X-ray analyses of horse and fish cytochromes ¢, He
proposes that -oit of the changes between thi two classes of
cytochromes ¢ can be explained by the 1uctfion of a sixteen-
residue hair-pin loop into the horse cytochrome c. The proposed
homology is a structural hypothesis, and there is still no real
concrete evidence that P.seruginosa P6009 cytochrome ¢551 and

eukaryotic cytochrome ¢ shared a common origin.

E, Ferredoxins

ldat_suba:a. Sasaki & Chain (1967) have studied the
Sequence homology between bacterial and plant-type ferredoxins
in an attempt to esteblish 2 common precursoral gene for
ferredoxin, as has been proposed for algal, plant and animal
cytochromes ¢ (Margoliash, 1963). Ferredoxins are single-chain,
non-haem iron-containing proteins present in some nen-photosynthetic
anaerobic bacteria and in all photosynthetic organisms, They are
involved in electron-transfer processes.

From sequence data on five plant ferredoxins; spinach
(Matsubars et al, 1967), aifafa (Keresztes-Nagy, Perini and
Margoliash, 1969), L.glauca (Benson, Yasunobu, 1969),Scenedesmus

obliguus (Sugeno, Matsubara, 1969), Colocasia esculenta (Krishna Rao,
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Matsubara, 1970), there is 61% similarity in the primary structures.
There is the conservation of residues 35 to 50 in all the five
sequences, except for alanine-43 in Scenedesmus ferrodoxin, This
segment includes three cysteines and suggests the possibility of
the location of the functional groups in this segment. It is
likely that the plant-type ferrodoxins evolved from a common
ancestral gene,

The ferrodoxins from Chlostridium pasteurianum and butyricum,
anaerobic bacteria that usually live in soil without any exposure
to light, contain essentially a repeating sequence of a peptide
twenty-nine residues long. The best sequence alignment between
the bacterial and plant ferrodoxins is over a distance of nineteen
consecutive amino acids, between residues 9 to 27 in Chlostridium
and rescdues 42-60 in spinach, giving an average base difference
per codon of 0,79 for this region. This might suggest evolution
of the two types of ferrodoxins from a common ancestral gene by
perhaps a recombinational event involving lengthening of the ancestral
gene. But the bacterial and plant ferrodoxins have different
absorption spectra, redox potentials, and iron labile sulphur
contents, although in vitro experiments have shown that bacterial
ferrodoxins can replace the native plant ferrodoxin in the
photosynthetic reduction of NADP, by isolated spinach chloroplasts.
However, work on the active centre of spinach ferrodoxin

(Margoliash, Perini & Keresztes-Nagy, 1967), indicates very strongly
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that the electron transfer mechanism and the molecular structure
around the cysteine residues differs from those in the Chlostridial
ferrodoxins.

Thus, it would seem that both sequence and tertiary structure
homology is necessary before an evolutionary connection between two
proteins can be proposed with conviction.

Also, the primary structure of & mammalian non-haem iron-
containing protein, bovine adrenodoxin, shows no homology with the
bacterial and plant ferrodoxins nor with mammalian haem-containing
proteins. This may indicate the evolution of the mammalian non-haem
iron-containing protein from a separate gene, which has no
counterpart or has undergone so many mutations that the homology
is no longer evident in the bacteria and plants. But, adrenodoxin
containe a 'cysteine-X-Y-cysteine' segment which is also present
in many of the non-haem iron-containing proteins sequenced so far.
This might suggest that several families of non-haem iron-containing
proteins exist which have different ancestral origins, and which

may or may not show primary and tertiary structure homologies.

2. A comparative study of azurin and glutoczanin

A. Classes of copper-containing proteins
Another class of metallo-proteins that have been widely

studied, is the copper-containing proteins., They fall into three
main groups with respect to their biological function., They may
participate in electron-transfer reactions, in the transport of

oxygen, and in the transport or storage of the metal itself,
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A list of the main classes of copper-containing proteins is shown
in Table 1 (i). The storage and transport proteins play an
important metabolic role in mammals, since their impairment results
in a syndrome known as Wilson's disease, where excess copper ions
(Cuz’) are free to compete with metal-ions (e.g. llcz’) in other
metallo-proteins, camsing inhibition of these enzymes,

In all the above proteins s the copper is mainly present
as the cupric (Ouz’)ion-m- is the most stable valency state for
the copper in biological systems. Due to a gradual increase in
ionization potential with ionic charge, copper, along with other
transitional metals, exhibits a variable valency. Thus, Cuz*-Cuh
is a common oxidation-reduction system, an important feature in
the biological function of copper.

Electron paramagnetic resonance (EPR) studies on copper
complexes have classified three different forms of copper in
proteins; an EPR-detectable Cupric ion responsible for the intense
blue colour of some copper-containing proteins, an EPR-detectable
cupric ion that is termed "non-blue” in view of its low extinction
coefficient relative to the "blue" cupric ion, and copper in an

EPR non-detectable form.

B. Function and isolation of azurin and lastocyanin
M

Azurin and plastocyanin fall into the class of copper-containing
proteins that function as electron-transfer proteins, and contain

copper only in the "blue" cupric ion form.



TABLE i(i): Main classes of copper-containing proteins.

PROTEIN FUNCTION

Hemocyanin Oxygen carriers,

Erythrocuprein Storage or transport of
- Cerebrocuprein copper.

Hemocuprein .

Hepatocuprein

Azurin Electron carriers
Plastocyanin
Steilacyanin

Tyrosinase Mixed function oxidases
Dopamine-f~hydroxylase

Laccase 'Blue' oxidases'

f\uo:iatc oxidase
Ceruloplasain

Momoamine oxidase Other oxidases
Diamine oxidase

Galactose oxidase

Uricase

zCMcul ¢ oxidase _Teminal oxidase.

l‘l’ro_tcm with weak oxidase activity but unknown physiological fumction,

’cmun. haen 28 well a8 copper.v

From Malkin & Malstrom (1670).
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The precise rolc of azurin has not been clearly defined,
but it is widely accepted that it participates in a bacteriazl electron
transport chain. | periments with plastocyanin negative straine of

Chlamydomonas rheinhar: i (Gormen and Levine 1965) hav: placed

plastocyanin as an es ential component of the photosynthetic electron
transport chain, acting in series with cytochrome £, AleQ several
workers (including Arnon et al 1970), by isolating a number of
chloroplast fragmente, have shown that plastocyanin acts as an cessential
e€lectron donor between the two photochemical reaction centres, P51l and
P52, in plant and algal photosynthesis., The currently accepted electron
pathway in photosynthes=is is one in which the photosystems cooperate in
a sequential manner. | ~duction of NAD" is catalysed by PS-1, while

PS-2 is invoived in the oxidation of water.

Azurin was first found in Pseudomonas (Verhoeven and Takeda,

1956; Horio, 1958), and has since been isolated in several other genera,

including Bordetella, Alcaligenes and Agrobacterium (Sutherland and
Wilkinson, 1963;, Sutherland, 1968). The different azurins are monomers
with similar molecular weights (about 14,000) and all contai: one copper
atom per molecule.

Plastocyanin was first isolated from the green alga, Chlorella
ellipsoida, by Katoh (1960), and has subsequently been found in many

green plants and green algae. The plants from which it has been isolated
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include, spinach and parsley (Katoh, 1961), the sap of Phaseolus vulgaris
(french bean), (Wells, 1965), the leaves of Chénopodium album (Yekushi ji,
1960). Lightbody and Krogman (1967) isolated plastocyanin from the blue-
green alga, Anabaena variabilis, the first demonstration that plastocyanin
is present in a procarvctic cell. It has not been found in any photo-
synthetic bacteria, nor in any non-photosynthetic organism.

The molecular weight and copper content for the Aifferent
plastocyanins studied is variable. A figure of 21,000 is quoted for
the molecular weight of native spinach plastocyanin and a copper
content of 2 copper atoms/molecule (Katoh, 1961). However, the minimum
chemical molecular weight determined from amino acid analyses and
copper analyses gives » 'alue around 11,000. This suggesis that plasto-
cyanin might exist as 2 dimer under certain conditions. The molecular
weight of aplnach\ is contrasted with a molecular weight of 11,500 and a /"l
copper content of 2 atoms/molecule for Chenopodium album, and & molecular
weight of 10,090 and a copper content of 1 atom/molecule for french

bean plastocyanin,

C. Ptil:! structure studies on azurin

It is relevant here to consider the primary strudure information
on the bacterial azurins, and relate it to the physical studies that have
been performed on the nature of the copper binding to azurin and plasto-
cyanin, and on the elucidation of the nature of the environment around

the copper binding site.
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MALA,
L.S.A.
M.AA,
H.A.A,
I.A.A.
M.N.A,

M.ALA.

L.D.EK.N.

I.D.K.N,
I.D.K.N.
I.D.K.D,
L.D.N.U.
L.A.Q.D.
L.N.N.D,
L.D.N.K.

v.
L.
L.
Le
L.
V.
v.
Ve

D.G.
B. G.
E.G.
P.G.
A.Ge
A.G.
A.G.
K.D,

T.
T.
T.
s -
7.
T.
E,
A,

V.1,
v.I.
I.I.
v.I.
v.L.
v.I1.
v.x.
V.1,

K. L. I.
K.V.I.
K. I.I.
K. L.I.
K.V.L.
K.V.I.
s.v. I‘l
‘.v. I.

S.
A.
Ao
«

G.
..
G.
G.

K. v.
K. L.
T. V.
K. V.
S. v.
S. V.
T. v.
T. v.

F.
1.
P.
’.
F.
F.
'.
P.

Se
g,

K.A.G.
N.A.A

l.A.D.
T.A.G.
A.A.G,
T.P.G.
K. 5.G.
A.A.G.
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2.
3.
4.
5.
6.
7.
8.
9.

Azurin sequences snrt 2)

1 1 1

0 1 2
678901234567890123456789
E.Q.Y.M.F.F.C.T.F.P.G.H.S.A.L.M.K.G.T.L.T.L.K.
D.A. A.F. S. S.AM. K, T.LT. K.
E.K. G.F. S, I.S.M. K. T.V.T. K.
G.K. M.F, S. I.A.M, K. T.V.T. K.
B.S. BE.PF. S. N.S.M. K. A V,V. K,
D.b., T.F. S. G.A.L. K, T.L.K. V.D,
E.A. A.Y, K. T.L.KE. S.N.
E.D. A,P. S, W.S.I. T. E.IL.K. G.S,
B.D. A.Y. S. F.A.L. K. V.L.XK. V.D,

Pseudomonas inosa P6009.

Pseudomonas denitrificans NCIB 9496

Pseudomonas zlmm B.93 (ATCC 17467)
C~18 (ATCC 17400)
D-35 (ATCC 17414)

From Ambler, 1968;

communication (1971).

and personal
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The amino acid sequence of ninebacterial azurins, from
the genera Pseudomonas (three different strains), Bordetella, and
Alcaligines has been done (Ambler, 196&), in an attempt to elucidate
the nature of the copper-binding site. Although the azurine share
similar physical properties, it was apparent from peptide maps that
there would be differences in the amino acid sequences. Figure 1(i)
gives the amino acid sequences of the bacterial azurins. Approximately
70% similarities are found between azurins from different genera.
The percentage similarities between the azurins is higher than that
found between the penicillinases from Bacillus licheniformis and
Staphlococcus aureus, which have about 40% homology and (Ambler &
Meadway, 1969) is of the same order as that found between the
subtilisins from two different strains of Bacillus subtilis
(Smith, Markland, Kasper, Delange, Landon & Evans, 1966).

The most interesting features of the azurin sequences from
2 structural point of view are; the presence of a single cysteine
residue at position 112 with a strongly hydrophobic environment
around it, of the type - "tyrosineX¥-phenylalanine-cysteine" -
where X is a variable neutral amino acid and Y is tyrosine or
phenylalanine; the presence of two invariant tyrosine residues
at positions 72 and 108; a single residue of tryptophan is
found in all azurins, except Pseudomonas fluorescens B-63,

but it is not in an invariant position.



14,

It is found in position 48 in all the azurins that contain tryptophan,
except in Alcaligines faecalis, where it is in position 118, The
rest of the similarities and differences in the amino acid residues
are distributed throughout the protein. A large number of the changes
in the amino acid residues, in the highly variable positions are
conservative changes, that is the changed amino acids have similar
side-chains or net charge. Of great interest is that the amino zé&id
compeositions of the plastocyanin from both spinach snd french bean
indicate the presence of a single cysteine residue, the absence of
tryptophan, and a low tyroeine content compared with that of phenyl-

alanine.

D. Physical and chemical grogs:ties of azurin and plastocyanin

Azurins and plastocyanins exhibit very similar absorption
spectra. They both have three absorption bands in the visible region;
a band in the region of 450 mm., the major band responsible for the
intense blue colour at approximately ¢O00mm., and & band in the near
infra-red region. The ultraviolet spectra of azurins and plasto-
cyanins gives 2 major peak at 280 nm. and the occurrence of fine
structure pesks reflects a low tryptophan anc tyrosine content
compared with that of phenylalanine. This is consistent with the
amino acid sequence data for azurins, and the amino acid composition

data for plastocyanins.
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The reported oxidation-reduction potentials for azurins and

plastocyanins vary within the range of 0.32 to 0.39 volts, Table 1(ii)

gives the oxidation-reduction potentials for all the blue copper

containing proteins.

TABLE 1 (11) H Oxidation-reduction potentials of the "Biue" Cu2+ ion.

Protein B;(pﬂ) in volts Reference

Laccase 0.767 (6.25) Fee and MalmstrBam
(Polyporus versicolor) (19¢8)

Ceruloplasmin 0.5-0,6 (6.25) ~do-

(Human plasma)

Laccase
(Rhus vernicifera)

Plasjocyanin
(Spinach)

Vlastocyanin
(Chlorella ellipsoida)

Azurin
(Fseudomonas)

Azurin
(Bordetella)
Stellacyanin
(Rhus vermicifera)
From Malkin & Malstrom (1970)

0.415 (6.8)

0.37-0.39 (7.9)

0.39 (7.0)

0.328 (6.4)

0.385 (?)

0.3 (6.5)

Nakamura (1958)

Katoh, Shiratori &
Takamiya (1962),

Katoh, (1961)
Yamanaka (1966)
futherland and

Wilkinson (1963)

Omura (1961)




15.

Of interest is that the values of all the oxidation-reduction
potentiale listed are higher than the potential of the Cuz’/Cu’ couple
(0.148 volts) in dilute acid (James and Williams, 1061), Several
mechaniems have been proposed thet lead to high oxidation-reduction
potentials for Chz’ complexes including: the involvement of sulphur
or other reducing ligands, binding to unsatursted grouns, and
distortions in the Cuz0 site that do not allow 2 tetragonal symmetry
about the metal. (Brill & Bryce, 1964), The involvement of sulphur
as a ligand of conper in azurin is highly probable from the sequence
studies (Ambler, 1068),

Optical Rotary Dispersion (ORD) and Circular Dichroism (CD)
measurements have been used to some extent in describing the optical
activity of the “biue" conper ion. The ORD curves of stellacyanin
and nlastocyanin (Chenonodium album) both consiet of three Cotton
effects in the visible region, and these agree well with the
positions of the three absorption banda in the visible ontical
spectra. (Blumberg and Peisach, 1966). The ORD curves have been
resolved into only three Gaussian components, and the curves calculated
on the basis of these three comnonents fit the experimentally obtained
curves. The Cotton effects observed for the optical peaks indicate
the asymmetry of the copper chromophoric site (Blumberg =t al, 1966)
Similar experiments with azurin have also indicated asymmetry of

the copper binding site (Brill et al., 1067).
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The EPR parameters of a copper complex (g and A values)
are related to both the symmetry of the ligand atom arrangement
around the metal ion and the covalency of the Cu -iigand bonds.

The EPR spectrum for Chenopodium album niastocyanin (Blumberg and
Peisach, 1966) is similar to that rerorted for Pseudomonas blue
protein (Mason, 1963) and for Bordetella szurin (Bromsn et al. 1963).
Evidence from EPR studies confirms the ORD and €D work which
indicated that both, azurin and plastoovanin, exhibit distortion from
Square planar symmetry at the cunric ion site. However, the actual
geometry of the cupric ion site in there and other "blue" copper
proteins remains unknown, so that the relationship of (! optical
and magnetic properties to the bonding of the "blue" cupric ion, will
only be fully understood when the X-ray structure of a "blue"
copper-protein is obtained. X-ray crystallography is proceeding
slowly Decause of the difficulty in obtaining large encugh crystals
for analysis.

An important finding which ies almost certainly linked with their
biological function is that both azurin aznd plastocyanin undergo auto-
reduction. This was first studied by Katoh (1962), He showed that
ascorbate readily reduced spinach plastocvanin., This same phcno;cnon
has alsoc been observed in all the plastocyanins so far lsolated
(including the plastocyanine studied in this thesis) and in all the

ezurins so far studied, and in Polyporus laccase, This is interesting



17.

because laccase is a more complicated copper-protein than either azurin
or plastocyanin, with reepect to its copper content. It contains four
copper atoms per molecule; one is a “bfi?“ cupric ion, another is a
"non-blue" cupric ion, and two are "EPR-non-detectable", EPR
measurements have shown that the decolourization at high pH, in
azurin, is due to a reduction of the "blue” cupric ion (Brill et
al. 1967). With azurin, plastocvanin and lsccase little denaturation
occurs at high pH since the colour can be quantitatively recovered
by the addition of a suitable oxidising agent, e.g. potassium
ferricvanide.

The mechanism of the pH-dependent reaction is not clear.

From experiments with Pseudomonas aeruginosa and fluorescens azurin

(Brill et 21, 1967), it was suggested that a protein bound sulphydryl
group is responsible for the reduction of the cupric ion. The
sulphydryl grouning from the cysteine residue in position 112, in
the sequence of azurin, i the only reducing agent present on the
protein, and the pH effect would reflect a change in the redox
potential for sulphydryl oxidation upon ionization,

Thus, thereis suggestive evidence that sulphvdryl groups
may be involved in the copper binding site of azurin snd plastocyenin.
Further evidence for a copper-sulphydryl linkage in azurin and

plastocyanin has come from experiments with sulphydryl epecific
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reagents, The copper from azurin and plastocyanin can be removed
by extensive dialysis (Yamanaka et al. 1963) against cyanide, and
restored by titration with copper salts, EKatch (1964), showed that
this reversible binding of copper with the apo-protein can be
abolished by blocking the single =sulphydryl group of the protein
with a sulphydryl specific reagent such as mercuric ions or
p-mercuribenzoate. Blumberg et al. (1966) showed, by a proton
relaxation experiment, that the site of binding copper is not at
the surface of the molecule. A similar conclusion was reached
by Brill et al. (1967) for Bordetella azurin. Blumberg et al.
(1966) argued that since sulphur has been indicated as a 1igand
of copper in nlastocyanin and since sulphur has p and 4 electrons
which can participate in the bonding with copper, the Qectron
for reduction of plastocyanin could easily travel through these
sulphur ligands to the copper.

Evidence from thece studies suggests that the binding
of copper is uo.t as simple as a copper-sulphydryl linkage. Eatoh
(1964) , studying the copper binding site of spi;mch plastocyanin,
has proposed that two groups of amino acide are responsible for
maintaining the protein in a spatial conformation which allows the
copper to form a chelation complex.

Rotilio, Finazzi Agro, Avigliano, Lai, Conti, Franconi

and Mondovi (1970) using evidence from fluorescence, absorption
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and EPR spectra suggeste, that in Pseudomonas fluorescens ezurin,
there is present at least one strongly hydrophobic site for copper
binding, in addition to the very probable involvement of =z

sulphydryl group. They tentatively propose tryptophan as a ligand
for the copper. However, this seems fairly unlikely as tryptophan

is not found in all azurins sequenced so far, and is not in an
invariant position in the azurins that do contain it. (Alblct; 1969).
Also tryptophan appears to be absent from the plastocyanins so far
locked at.

High resolution nuclear magnetic resonance studies are in
progress as a further method for elucidating the nature of the
ligands binding the copper in azurin and plastocyanin.

The accumulative evidence from physical and chemical
studies is very indicative for azurin and plastocyanin belonging
to a particular family of "blue" copper-containing proteins. The
primary structure of azurin is highly characterised so it was
decided to study the primary structure of algal plastocyanins
both as a means of finding out more about the specific bonding of
copper to copper-containing proteins, and to see if there was any
sequence homology between plastocyanin and azurin and if so whether
it was significant enough teo predict an evolutionary connection
between the two proteins, Algal plastocyanins were considered to
be the simplest plastocyanins to study from an evolutionary point

of view.
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E. The origin of the chloroplast

It is of interest to consider the origin of the chloroplast
within photosynthetic organisms as being pertinent to postulating an
evolutionary connection between a bacterial and a chloroplaet
protein,

There are two main theories. The first, an episomal
theory of origin, proposes that chloroplast UNA arose from a piece
of nuclear DNA establishing and evolving in the cytoplasm of a cell.
The second theory suggests that the DNA originated from a prokaryotic
photosynthetic cell, e.g. a blue-green alga or photosynthetic bacteriua,
which established itself as an endosymbiont within a eukaryotic cell,
The evidence for both theories is largely circumstantial. DNA-DNA
and DNA-RNA hybridization experiments have shown that homologous base
Sequences do exist in nuclear and chloroplast UNA (Richards, 1967),
but further experisents need to be done before a common origin of
nuclear and chloroplast DNA can be suggested. Thue similarities
between chioroplast DNA with DNA of bacteria (and blue-green alga)
include; the similarity in appearance of DNA inages seen in electron
micrographs of chloroplasts, bacteria, and b uc-greenm algae, the
comparable amount of DNA in a c¢hloroplast and bacterium, and the
apparent absence of histones associated with DNA in chloroplasts
and bacteria. Also it has been found that chloroplast ribosomes

are similar to bacterial ribosomes. They both have a sedimentation
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coefficient in the ultracentrifuge of 708, share similar sensitivities
to magnesium ion concentration and antibiotics, and the RNA components
of the ribosomes are similar in size. However, reported figures for
the sizes of the chioroplast ribosomal RNA components is not
consistently the same from different laboratories and more detailed
studies need to be done. Actually, mounting genetic evidence

(Kirk, 1966) suggests that a large number of structural genes for
individual chloroplast proteins do reside in the nucleus. This

would make an endosymbiont theory of chloroplast origin more
difficult to uphold, But either theories is non-contradictory

to a possible evolut! nary connection between bacteriz and

eukaryotes.

However, if the nuclear DNA is found to code for plastocyanin
then one must consider the evolution of the whole eukaryotic cell from
a bacterial origin, while if it is found that the chloroplast DNA
codes for plastocyanin, then only the evolution of the chloroplast

within the eukaryotic cell requires to be considered.

F. Conclusions

Although bacteria do contain some enzymes whose activities
are analogous to those of enzymes in higher organisms, e.g. the
Pseudomonas cytochrome ¢-551 (Ambler, 1963), Rhodospirillum rubrum

cytochrome ¢ (Dus et al. 1968) with animal cytochromes ¢, Chlostridial
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ferredoxins with plant ferredoxine (Matsubara et al. 19%7), bacterial
subtilisins with the mammalisn serine proteinases, only in the case
of the soil bacterium, Sorangium 5p., and the mammalian serine
proteinases is it widely accepted that the bacterial protein and the
animal protein are homclogous (Smillie & Whitaker, 1967).

There remain many functionally analogous proteins common
to both bacteria and highcr organisms which have yetAto,bo compared.
Care must always be taken, however, when comparing proteins, to
congider the poseibility thctAanalogous chemical structures may have

arisen as a result of convergent evolution.
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CHAPTER 2

ABBRIVIATIONS & METHODS

1. Abbreviations

A. Chemicals

BAWP : Butan-l-ol: acetic acid: water: pyridine (15:3:12:10
by volume)

CPA: Carboxypeptidase A

C-t: C-terminus

DEAE 3 Diethylamino ethyl

DN! 3 2,4 - dinitrophenyl

DN: ¢ l-dimethyl aminonaphthalene-5-sulphonyl

DNS-PTC: Using PTC to degrade peptides and DNS-chloride to
label the N-termini.

DFCC~: Treated with diphenyl carbamyl chioride

HVPE: High voltage paper electrophoresis

E-DNP Lys: Epsilon 2,4-dinitrophenyl lysine

KCL3 Potassium chloride

N-t: N-terminus

PTC: Phenyl isothiocvanate

XCFF s Xylene cyanol FF

m: Electrophoretic mobility at pH 6.5

m'; Electrophoretic mobility at pH 3.5
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B. Amino acids
Two types of abbreviations have been used for amino acids, the
three letter and the single letter abbreviations Comaission on Biochem-

ical Nomenclature, 1967, and 1969, respectively).

Amino acid Three letter One letter
Lysinc Lyse k
Histidine His h
Arginine Arg r
Aspartic acid Asp d
Asparigine Asn n
Either Asp or Asn Asx b
Cysteic acid (Cysteine) Cys c
Methionine et m
Methionine Sulphone Mes m
Glutamic acid Glu 2
Glutamine Gln q
Either Glu or Gin Glx z
Proline Pro P
Glycine Gly g
Alanine » Ala a
Valine Val v
Isoleucine Ile i

Leucine Leu 1



25.

Aminc scid Three letter One letter
Threonine Thr t
Serine Ser s
Tyrosine Tyr

Phenylalanine Phe £
Tryptophan Trp w

Residues joined by hyphen are in sequence, whereas those bracketed

are in unknown order.

C. Feptide nomenclature

The first letter shows the nrimary digestion by which the
peptide was formed: T, trvpsing C, chymotrypsing S, subtilisin.

The second letter shows the mobility of the peptide at pH 6.5:
B, basic; A, acidic; N, neutral.

The peptides in each series are then distinguished by numbers.
Thus, CN1 is a neutral chymotryptic peptide,

Peptides produced by further digestion with snother protease
are distinguished by the rame system. Thus, TA6CBL is 2y basic.

chymotryptic peptide formed by chymotrynsin direstion of peptide TA6.

In the figures, peptides represented by a solid line (
were sequenced by the Dansyl Edman procedure, those represented by a
broken line ( =«~==-- ) were analysed for amino acid comnosition, and
those represented by a solid line and partly by a broken line ( —= coe o)
were partially sequenced. In the latter case the N-termini were usually

determined by the DNS-chloride method.
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2. Methods

A, Purification of plastocyanin
A(i) Detection of plastocyanin in solution

In crude extructs plastocyanin is present in the reduced form
and is brownish in colour. It is non-auto oxidisable, but can be
readily oxidised by the addition of 0.1 M potassium ferricyanide, On

oxidation plastocyanin is converted to a pronounced blue colour.

A(ii) Preparation of acetone powder

The algal cells were homogenised in a Waring blendor with cold
acetone, chilled for several hours in the deep-freeze. The cells were
fiitered free of excess acetone and dried in a dessicator using a

water-pump,

A(iil) Ion-exchange Chromatography

DEAE-cellulose (Whatman DEAE-11 and DEAE-52 grades) has been
used in the purification of plastocyanin., Both grades of DEAE-
cellulose were equilibrated with O.ol M K phosphate buffer pH 7.0
before use,

Elution of the proteins was achieved using both stepwise and
gradient methods of elution. These are described in the text where

appropriate (see Chapter 3).
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Gradients of increasing salt concentrations were generated
using a two bottle system, having a constant voiume with respect
to one another. The second resevoir contained the buffer of higher
salt concentration, and this flowed into the first resevoir, containing
the buffer of lower salt concentration, through a rubber tubing
connecting the two resevoirs. The buffer in the first resevoir
was stired magnetically and pumped on to the top of the column.

The extinciion of the effluent from columns at 254 mm was

recorded automatically on an ultraviolet spectrophotometer.

A(iv) Gel filtration

Sephadex consists of dextran macromolecules which are cross-
linked to give a three-dimensional array of ;olysaccharide chains.
It has 2 high degree of hydroxyl ions and is therefore strongly
hydrophilic,

The Sephadex types found in the G-series possess varying
degrees of cross-linkage and swelling properties in water.

The fephadex used in the purification of plastocyanin is
Sephadex G-50, which has a fractionation range for peptides and
globular proteins of between 1,500 and 30,000.

The Sephadex G-50 purification step described in the text
(Chapter 3), was not used as a chromatographic method for the

determination of the molecular weight of plastocyanin.
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A single Sephadex G-50 column (of dimensions 83 x 5 em.),
equilibrated in 0,01 M X Phosphate buffer pH 7.0, was used for all
the plastocyanins, and the extinction of the effluent at 254 nm,
was recorded automatically on an Ultraviolet Spectrophotometer.

Sephadex G-73 (column of dimensions 1.5 x 135 cam, and
pumped at 40 ml/hr), equilibrated in 5% formic acid, was used for
the fracticnation of protein digests. The digests (see later
chapters) were dissolved in 5% formic acid (about 2.0 ml.) and 50
drop fractions (2.9 ml.) were collected. The extinction of the
effluent at 254 nm. was recorded automatically on an Ultraviolet
spectrophotometer.

In one instance (see SA(ii)) Sephadex G-50 was used for
the separation of a peptide mixture. Sephadex G-50 (column of
dimensions 1.5 x 135 cm, and pumped at 40 ml./hr) equilibrated in
5% formic acid was used. The extinction of the effluent at 254 nm.
was recorded as described above.

In ali the gel fiitration separations E-DNP Lysine (2.5 mg./ml,)

was used as an external marker.

A(v) Protein determination.

Protein was determined by the Lowry (1951) method. The protein
samples were made up to 0.5 ml. with water, and 3 ml, of 2 freshly

made solution A was added, and the mixture shaken and left for 10 min.
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Solution A
100 m1. of 2% (w/v) Nazco3 in 0.1 M sodium hydroxide
1ml. of 2% (w/v) sodium potassium tartrate

1ml. of 1% (w/v) (-7\504 5820.

Then 0.3 ml, of Folin-Ciocalteau reagent (diluted with an equal volume
of water) was added, the tubes shaken, and left to stand for 30 min,
Standards were prepared containimg up to 0.5 mg. of bovine serum
albumin, and a standard curve drawn. The extinctions at 750 nm, were
read after § to 2 hr., and the protein determined from the standard

curve,

B. Criteria of purity of plastocyanins.

B(i) Starch Gel Blectrophoresis.
Horizontal gels were prepared by the method of Smithies (1959).

19.25 g. of starch (Connaught) was added to 175 ml. 0,02 M. sodium
cacodylate/HCL pH 6.5, made up to contain 1 mii. potessium ferricyanide,
in a 1 litre round bottomed flask. It was mixed and swirled over a
Bunsen flame until translucent, de-gassed, and poured into . perspex
tray (14.8 x 9.0 x 1.5 cm. internally, with a plate 0.6 cm. thick fitted
in the bottom). The gel was allowed to set, covered with polythene,

and stored at 4°.



A slit was cut with a razor blade 7 cm. from one end and
samples of protein, loaded on small pieces of 3 MM, Chromatography
paper, were inserted. One piece of paper was loaded with XCCP
(0.25 mg./ml) as an external marker. The protein was always run
in the blue oxidised form, so thet it was visible whilst running.

The electrode vessels were filled with 0.2 M sodium
cacodylate/HCL pH ¢.5, made up to 1mM potassium ferricyanide, and
30 m.amps. were allowed to flow through the gel ( 250 voits). The
run was ended when the XCCF had moved about 3 cm. from the origin
(approx. 4 hr.), and the gel left to cool. The distances moved by
ACCF and the blue protein bands from the origin were recorded.

The gel was sliced, usually into three, by inserting
increasing numbers of 0,lcm. thick spacer plates underneath the
gel and false bottom of the perspex tray. The gel was then sliced
with a piece of wire across the top of the tray,

The slices of gel were stained for protein by covering with
0.5% (w/v) Amido (Napthalene) Black in methanol: water:acetic acid
(5:5:1 v/v) for ten ningte.. The excess stain was removed by
repeated washing with the same solvent. This provided a permanent

record of the protein bands.
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B(ii) Absorption Index
The spectral purity of plant and aigal plastocyanins has

been expressed as the &, i ECC ratio (Katoh et al. (1962); Wells
(1965) and Gorman & Levine (1966)).

The plastocyanin content of protein samples is obtained by
measuring their ebsorbance at 3597 nm,, after ensuring complete
oxidation with 0.1 M potassium ferricyanide. This value is corrected
for absorption due to contaminating pigments, after dialysis of the
protein to remove the ferri- and ferro-cyanides, followed by
reduction with sodium ascorbate.

The criterion is that the absorbance at 278 nm. is assumed
to be an approximate measure of the total protein and the absorbance
at 597 nm. (oxidised minus reduced) a measure of the amount of
plastocyanin, The absorption index is therefore inversely related to

the purity of the plastocyanin.

C. lxgcrlnutl on glntoczuuu.
C(i) Carbohydrate determination

The method of Devor (1950) was used, which detects pentose
and hexose, but not amino-sugars, These were looked for on the long

column of the amino acid analyser.



Devor method

S mg./ml. soRutions of the algal plastocyanins were made up
in water and 0.2 ml. samples of each was hydrolysed with 6N HCL for
24 hrs. and analysed in order to quantitate the amount of protein
present. 0.1 ml, samples of each solution (including duplicates)
were taken in parallel with standards containing up to 0.1 mg,
glucose. The samples were diluted to 2 ml, with water,

A solution of 0.4 g, l-napthol/100 ml. conc.sulphuric acid
was kept in the dark for several hours before use, and 5 ml, was
added to each sample, After 10 mine. at 100°C the samples were
cooled and their extinctions at 575 nm. were measured.

The protein samples gave fant red colours.

Galactosamine and glucosamine were looked for on the long
column of the amino acid analyser (see section 2 D(x)). Using the
method of Spackman, Stein & Moore (1958), the amino sugars are
eluted approximately 2 hr., after the aromatic amino acids, tyrosine

and phenylalanine.

C(ii) Tryptophan determination

The tryptophan content of the whole protein was determined
by the Harrison & Hoffman (1961) modification of the method of
Spies & Chambers (1958), The reason for using this method is that
some proteins, instead of giving a blue colour (absorption maximum
390-600 nm.) like that given by free tryptophan, give a purple-pink

colour (absorption maximue 545-560 nm.). Thus, no reliable estimate
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of tryptophan content can be measured. However, stable blue
chromopheres, with essentially the same absorption as free
tryptophan, can be obtained if the protein is first denatured
and partially digested with pepsin,

S mg./ml. solutions of C.pyrenoidosa 'A", C.fusca, and
S.obliquus 'A', plastocyanins were made up in pH 2.0 buffer
(formic acid:acetic acidiwater 1:4:45 v/v). The protein solutions,
plus two water blanks, were boiled for 15 mins. 0.015 ml. pepsin
(10 mg./ml. solution) was added to each tube and incubated at
37°C for 5 hr. The digests were dried down and each one was taken
up in 0.5 ml, water. 0.1 ml. samples (including duplicates) and
0.2 ml. samples (including duplicates) were taken from each digest
and their volumes made up to 0.25 ml. with water. Standards
containing up to 0.5 pmole L-tryptophan were taken and these were
also made up to 0.25 ml, with water.

To each tube 2 ml. 65 % (v/v) H.‘,SO4 plus 0.25 ml. 3% (w/v)
p-dimethylamino-benzaldehyde in 2N HCL was. added. The solutions
were mixed thoroughly, left for 1 hr. in the dark, 0,025 ml, 0.04%
(w/v) sodium nitrite added, mixed, and finally left for 4 hr. in the
dark. The extinctions were read at 590 om, and the tryptophan
content determined from a standard tryptophan curve,

0.01 ml, samples (5 mg/ml.) of each plastocyanin solution

were hydrolysed in 6N HCL, and analysed for protein content.
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D. Determination of amino acid sequence.
D(i) Oxidation with performic acid.

The reagent was prepared, according to the method of Hirs
(1956), by adding together 9.5 ml concentrated formic acid and 0.5 ml,
30% (100 vel.) hydrogen peroxide. After 2 hr. at room temperature
it was ready for use,

The protein was dissolved in concentrated formic acid
(40 mg./ml.) and an equal volume of performic acid (equivalent to
a ten fold excess over that of methionine) was added. The mixture
was allowed to react for up to 2 hr. in an ice bucket, and then

diluted with 25 volumes of cold water and freeze-dried.

D(ii) Preparation of proteolytic enzymes.

Selutions of trypsin and chymotrypsin were stored at -20°,
whereas pepsin, subtilisin B, and carboxypeptidase A solutions were
prepared immediately before use.

Trypsin was treated with diphenyl carbamychloride (DPCC), an
inhibitor of chymotrypsin (Erlanger & Cohen, 1963). Trypsin was
dissolved at 10 mg,/ml. in 0.1 M tris-chloride, pH 8.0 containing
0.1 M CaCl,. 0.005 mi. of DPCC (25 pmoles/ml. in acetone) ml. of
trypsin solution was added and the mixture allowed to react for 30
min, at room temperature. If a precipitate formed it was

centrifuged off.
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Chymotrypsin (at 10 mg./ml.) was pre-incubated with soya-
bean trypsin inhibitor (1:10 w/w) in 0.2 M ammonium acetate pH 8.5
at 37° for 1 hr.

An aqueous solution of pepsin (at 10 mg./ml.), and subtilisin
B in 0.2 M ammonium acetate pH 8.5 were prepared just prior to using.

Carboxypeptidase A was prepared by the method of Fraenkel-
Conrat et al. (1955). 1.25 mg. CPA was washed with water and
centrifuged. The solution was decanted off and the enzyme
suspended in 0.1 ml. 1% sodium bicarbonate, and cooled in ice.

0. 1 M NaOH was added drop by drop until the enzyme dissolved and
then pH was btéught down to approximately 8.5 with 0.1 M HC1. If
the pH dropped lower than this the enzyme precipitated and had to
be discarded. The CPA solution was diluted to 1.25 ml., with 0.2 M
N-ethyl morpholine acetate pH 8.5, giving a 1 mg./ml. solution.
The solution was kept on ice and used as soon as possible.

For tryptic, chymotryptic subtilisin B, and peptic digestions
of plastocyanin, the enzyme to substrate ratio was 1340 parts by
weight, For digestion of peptides (0.02-0.05 pmole), 0,005-0.01 ml.
of afreshly made 1 mg./ml, solution of the enzyme was added, For
CPA digestion of peptides, 0.01-0.02 ml, from 1 mg./ml. solution
of enzyme was used per 0,02-0,05 umole peptide. The digestion

procedure was based on the methods described by Ambler (1963b).
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D(iii) Cyanogen Bromide Digestion
The method of Gross & Witkop (1961) was used. Cyanogen

bromide specifically cleaves the protein chain aﬁ’iec-tcmiml side
of methionine residues and the conditions used gemerally achieved
over 90% cleavage., The methionine residues are converted to
homoserine, which is in equilibrium with its lactone.

Unoxidised protein (20 mg.) was dissolved in 2 ml. 50%
(v/v) formic acid snd treated with an equal weight of cyanogen
bromide for 20 bhr. at room temperature. At the end of this time,
the reaction mixtuse, which had remained in solution, was diluted

with 10 volumes of water and freeze-dried.

P(iv) High-voltage paper electrophoresis.

A Michl (1951) Tank apparatus wss used. The paper (57 cm. long
and up to 46 cm. wide) is suspended in an organic solvent, cooled
with water passing through a coil at the top of the tank, The top
of the paper is held in a trough containing buffer and connected to
one electrode, and the bottom dipe into a layer of buffer at the
bottom of the tank connected to the other electrode.

The buffer systems were pyridine-acetic acid-water (25:1:225 v/v),
pH 6.5, pyridinc-acetic acid-water (1:10:89 v/v), pH 3.5, formic acid-
acetic acid-water (1:4:45 v/v), pH 2.0, Toluene (containing 8% pyridine
v/v) was the coclant with the pH 6.5 buffer, and White Spirit with the

pH 3.5 and pH 2.0 buffers.
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Whatman 3MM paper was used except for amino acid separation
and small quantities of peptides, when Whatman No.l paper was used.
At pH 6.5 the sample was loaded near the middle, and at pH 3.5 and
Pl 2.0 (preparative peptide separations) it was loaded 7 cm. from
the bottom of the paper. For amino acid separations at pH 2.0,
the sample was loaded 11 cm. from the bottom of the paper.

For preparative peptide separations and analytical peptide
maps at pH 6.5, 3.5 and 2.0, the sample was dissclved in an
appropriate volume of 0.1 N ammonia, and loaded on to the paper on
between 0.1-0.5 pmole/cm. (f@z 8 digest of the whole protein). For
separating small guantities of peptide, 0,02-0.1 umcle peptide/cm.
was loaded on to the paper. For all peptide separations 0.7 ca.
bands of peptide were placed 1 cm., from the main band on either side
of it. Also, 1 cm. bands of a standard amino acid mixture (approx.
0.005 ml.) was placed 1 cm. from the 0.7 cm. bands of peptide. When
it was necessary to load the peptide mixture on bands between 15
and 20 cm., in addition to the two 0.7 cm. peptide bandes on either
side of the main band, a 0.7 cm. band was marked in the middle of
it. After the paper had been run the 0.7 cm. bands of peptide and
1 cm. band of standard mixture were cut off and stained to locate
the peptides, and then the corresponding band was cut out from the

main band and the peptides eluted.
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Analytical "peptide maps' of protein digests, fractionated
on Sephadex G-25 were separated at pH 6.5 0.0l ml., samples from
each fraction tube were successively applied 0.6cm. apart on the
origin. The spote were dried with cold eir from 2 hair drier, and
the szamples applied until 0.05 mi. of each had been spotted. 1 cm.
bands of a standard amino scid mixture (about 0.01 ml.) were placed
on either side of the peptide mixture.

The standard mixture ("Wondernix") conteins 5 umele/ml. of
lysine, histidine, arginine, glycine, valine, glutamic acid, aspartic
acid, alanyl-glycine, . taurine, cysteic acid and the yellow marker
E-DNP lysine, and the blue marker ‘yleme cyamol-FF. At pH 6.5 a mark
of red pentol was placed on top of the standard mixture band and this
wae run to zbout 3 cm. from the bottom of the paper (about )| hr. at
3 Kvolts). At pH 3.5 a red pentol mark was put on the edge of both
sides of the paper about 7 cm. from the top, and the paper was run
until the red pentol mark reached E-DNP lysine (about 1 hr. at 3 kvolts).
At pH 2,0 E-DNF lysine was run to 12 cm. from the origin of the peptide
sample (about 50 mina. at 3 Kvolts). The conditions used for
separation of peptides are based on those described by Ambler (1963b).

For analytical amino acid separations at pi 2.0, the hydrolysed
peptides were dissolved in 0.01 ml.0.1 M ammonia, and loaded on to 1 cm.
bands (separated by 1 cm. from one another). Twe gtandard amino acid
mixtures (denoted 'R' and 'T') were loaded on 1 cm. bands, 'R' on one
side and 'T' on the other side of the samples, Mixture 'T' contains
E-DNP lysine, end this was rum to 10.5 cm. from the origin (about 15

mins., at 7 Kvolts).



Amino ecid markers for electrophoresis at pH 2.0

‘R
lysine
arginine
valine
leucine
proline
phenylalanine
tyrosine

methionine sulphone

cystelc acid

&
hictidino
glycine
alianine
serine
isoleucine
threonine
glutamic acid

aspartic acid

E-Dinitronrhenyl lysine

The order is the order of separation from cathode (-ve) to snode

(+ve) on electrophoresis at pH 2.0,

D(v) Paper Chromatography (B.A.W,.P.)(Waley & Watson, 1953).

Peptides were separated by descending chromatography, on Whatman

3MM paper with the solvent system butan-l-ol-acetic acid-water-pyridine

(15:3:12:10 v/v) for 15 hr. at 20°.

The sample wes loaded 7 cm, from

the top of the paper and the bottom edge of the paper was serrated.

The sample load/cm. of paper was the same as thst used for HVPE.
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Peptides which had been run on paper chromatography were
always purified by re-electrophoresis at pH 6.5 or pH 3.5, before
their amino acid compositions were determined, since the bands
obtained on paper chromatography were always very diffuse.

D(vi) Detection and elution of peptides

The paper was always examined for tryptophan-containing
peptides by viewing under ultraviolet (365 mm.) light, before
staining with—ninhydtin.

Ninhydrin dip

Peptides were located by dipping the paper in 0.2% (w/v)
ninhydrin in acetone, drying, and then heating at 60-100"¢ for a
few iinutes. The peptides mostly showed up as blue spots, but

brown and yellow spots were also observed.

Histidine stain (Dent 1947)

This works well after ninhydrin. The paper is first sprayed
on both sides with diazotised fulphanilic acid. This is prepared by
mixing 1 % (w/v) sulphenilic acid in N HCI with an equal volume of
ice-cold 5% (w/v) sodium nitrite, and leaving the mixture at 4° for
5 mins. to react. The paper is then Sprayed, whilst #till wet, with
i0% (w/v) sodium carbonate. Histidine-containing pentides show up

a8 cherry-red bands.
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Tyrosine stain (Jepson & fmith, 1953).

The reagent works well after uihhyattn. The paper is
dipped ina 0.1% (w/v) c-nitroso [-napthol in acetone, allowed to dry,
and then dipped in 10% (v/v) nitric acid in acetone. The paper is
dried, and then heated. Tyrosine-containing peptides show up as red
bands.,

Tryptophan stain (Bhrlich reaction - Dagliesh, 1952),

The paper is dipped in 10% (v/v), of 1% (w/v) p-amino dimethyl
benzaldehyde in acetone dnd conc. HC1l. The reagent is prepared fresh,
Tryptophan-containing neptides slowly show up as mauve spots. The
reagent works well after ninhydrin,

Elution of peptides

The peptides were eluted with 0.1 ¥ ammonia, by allowing the
ammonia to run down the strips for about 3 hr. The peptides were
collected in pyrex tubes (10 x 100 mm.) and dried under vacuum in
a conc. H2804/H10H dessicator. Caution was taken to ensure that
bumping did not occur.

Occasionally the peptide strips, after elution, were dried and
dipped in ninhydrin to check that all the peptide had been siuted, In

every case no remaining peptide material was detected.
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D{vii) Peptide mobilities.

The 'electrophoretic mobility' of peptides was measured at
pH 6.5(m) and pH 3.5 (m'). The values given are not absolute figures,
since different peptide mixtures were run on electrophoresis for:.
varying lengths of time, and in the system used the endosmotic.
movement of uncharged substances was quite appreciable. The positicr
of the ‘neutral’ (mono amino mono carboylic) amino acids, separated
in the standard amino acid mixture, run on every paper, was always
taken as the true origin of the sample.

At pH 6.5 the mobility of basic peptides were measured
relative to the distance moved by lysine from the origin, and
acidic peptides relative to the distance moved by aspartic acid
from the origin. Basic peptides were given a positive charge, and
acidic peptides a negative charge. The mobility of the same peptide
could alter between + 0.02 to 0.05, as measured in different digests,
but the mobility relative to adjacent peptides in the same digest
remained unaltered.

At pH 3.5 the mobility of all peptides was measured relative
to the distance moved by lysine from the origin. For some neutral
and acidic peptides, electrophoresis at pi 3.5 was run for an extended
length of time, when lysine was run off the top of the paper. Ian

these cases the mobilities of the peptides were not recorded in any way.
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D(viii) Acid hydrolysis.
Protein (usually 1 mg.) and peptide (0.02-0.05 umoles) samples

for quantitative amino acid analysis were hydrolysed in pyrex tubes
(12 x 100 mm.) with 0.2 ml. Analar conc. HCl plus 0.2 ml. water, and
the tubes were sealed under vacuum to prevent oxidation. The tube
was drawn out, to give a constriction of about 1 mm. diameter, the
contents frozen in a butanol/dry ice mixture, evacuated,usually
until the contents thawed, and finally the tube was sealed at the
constriction. The sample was hydrolysed at 105°C for 24 hr.
Occasionally protein and/or peptides were hydrolysed for a longer
time, e.g. 96 hr., to ensure complete hydrolysis of particularly
resistant peptide bonds, e.g. Val-Val bonds.

Peptide (0,005-0.01 pmole) samples for qualitative amino
acid analysis were dissolved in 0. 1 ml, 6 M HC1 in a Durham tube
(8 x 35 mn.). The tube was sealed and hydrolysed at 105°C for
12-24 hr,

For both quantitative and qualitative amino acid analysis
of peptides, the acid was removed in a vacuum dessicator over
sodium hydroxide pellets. Peptide samples for guantitative amino

acid analysis were stored, stoppered, at 4°c.
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D(ix) Qualitative amino acid analysis.

The acid hydrolysates were sub jected to electrophoresis at
pH 2.0 as described in Chapter 2 (section D(iv)). The paper was
heat dried and examined under U.V. light (365 mm.) for fluorescence,
characteristic of decomposition products of tryptophan.

The paper was dipped in 0.2 % (w/v) ninhydrin in acetone
to which, just before use, about 1% (v/v) collidine is added
(Levy and Chung, 1953). It was then dried and heated for about
L min, at 105°C. Characteristic bright, transient colours are
given by particular amino acids, e.g. proline is yellow, phenylalanine
is greenish-blue, tyrosine is greyish-brown, histidine is brown,
glycine is red, serine is grey, threonine is grey, and aspartic acid
is turquoise. On standing all amino ucids, except proline, give
2 uniform blue colour.

The amino acid compositions were recorded and the relative
amount of each amino acid in a peptide was estimated visually by
comparison of the colour intensities.

D(x) Quantitative amino acid anslysis

The quantitative amino acid composition of protein and peptides
was determined in acid hydrolysates by lon-exchange chromatography

using an sutomatic amino acid analyser (Spackman et al, 1958). Two
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amino acid analysers were used, an Evans Electroselcnium Ltd. (EEL)
model, where the columns were packed with pulverised and graded resin
(Beckman 50B), and the Beckman 120C model, where the columns were
packed with resin polymerised in beads (Beckman UR=30v PA-35,vy
Durrum Hi-Rez DC-1A) (Benson & Patterson, 1965). The two machines
differed in their sensitivity, measured in pmole amino acid for

0.01 absorbance peak height. For the EEL, the sensitivity was

0.001 (Proline 0.003), and for the Beckman, 0.003 (Prolime 0.012).

The samples were prepared for analysis as described in this
chapter. Bach sample was dissolved in 0.35 ml. citrate buffer pH 2.2,
containing 1 pmole/mi. of two amino acid standards, DL-Norleucine and
L-2-amino 3-guanido propionic acid (Walsh & Brown, 1962). Both the
short and long columns were loaded with 0.15 m1, samples, leaving
0.05 ml, of sample in case one of the columns had to be repeated.

The amino acids were identified, and the amount of each was
determined from the area of the peak and compared with a value for a
known amount of that amino acid.

For whole protein samples the amount of each amino acid was
expressed as umole/mg. protein (by weight).

Contsminating smino acids are given in tables of the amino
acid composition of peptides, when they are present in an amount of

0.2 mole/mole peptide or more.
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D(xi) The Dansyl-Chloride Method.(DNS method)

(Cray, Hartley, 1963a,b; Gray, 1967).

The DNS method was used both for the determinstion of peptide
N-termini and of the new N-@u“ clm in & peptide after the
removal of an amino acid residue by the PTC degradation method,

The peptide (0.005-0.01 pmole) was dried down in a Durhem
tube (6 x 30 mm,). 0.01 ml, of 0.1 M sodium dicarbonate was
added and the tube dried under vacuum. Then 0.01 ml, of water plus
0.01 ml. DNS chloride (2.5 mg./ml. in acetone) were added, the tube
covered and incubated at 37°C for 2 hr., after which time the mixture
was no longer ycuoi. The liquid was removed under vacuum, 0,05 ml,
6N HC1 added and the tube semled. The DNS-peptide was normally
hydrolysed at 105°C for about 12 br., but for longer (up to 96 hr.)
if a stable N-terminal residue was suspected or for shorter (4 hr.)

if N-terminal proline was suspected.

D(xii) Identification of DNS-amino acids,

DNS-amino acids were identified by Thin Layer Chromatography
(Woods &
on polyamide plates [Wang, 1967), using three solvent systems (sece

Table 2(i).

TABLE 2(i “olvent eystems for separation of DNS~amino acids.

lst dimension: Conc.formic acid:water (33200 v/v)

2nd dimension: Toluene: glacial acetic acid (9:1 v/v)

3zd dimension: FEthyl acetate:methanol:glacial acetic acid (20:1:1 v/v).
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The DNS-amino acids were dissolved in 0.004 ml. 50%
pyridine in water and applied to a spot on the plate marked 3.5cm.
along the diagonal from the bottom left-hand cormer of the plate.
0.002 mi. of a standard mixture of DNS-amino acids (1 pmole/ml.), was
applied on the opposite side of the plate in a coincident position
to the sample, The plates were placed in s support and run in the
1st solvent for 50 min., the 2nd solvent in & direction at right
angles to the lst dimension for about I hr., and in the 3rd solvent
(in the saue direction as the second)for about 1 hr. The pdates
were dried by gentle heating between runs,

The DNS-amino acids were identified as yellow fluorescent
spots under U.V. light, and thcl identification of the DNS-amino
acid was determined by direct comparison with the running positions
of the components of the standard mixture on the reverse side of
the plate. The relative running position of each DNS-amino acid
is shown in Figure 2(i).

This method enables one to identify unambiguously most
DNS-amino acids commonly found in proteins, except DNS-arginine,
DNS-histidine and -DNS-lysine which do not separate from one

another very well.
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D(xiii) Carbcxmgtldpe A treatment of peptides

The enzyme was prepared as described in this chapter.

The peptide (0.02-0,05 pmole) was dissolvediin about 0.1 ml.
0. 2 M N-ethylmorpholine adjusted to‘pn 8.5 with acetic acid, and
0.01-0.05 ni. of enzyme was added and the mixture incubated at
37°C for 4 hr. After incubation about 0.01 ml, 1 M acetic scid is
added to stop the reaction and the solution dried under vacuum,

The products of digestion (free amino acids, unchanged
peptide and residual peptides) were sepasrated on paper electrophoresies
either at pH 6.5, if the original peptide carried 2 net charge at
this pH, or at pH 3.5 if the original peptide was electrophoretically
neutral at pH 6.5,

After paper electrophoresis, at either pH, the neutral amino
acid band was not stained, but was cut out, sewn on to anotie r sheet
of paper and separated on electrophoresis at pH 2.0, aleng with
samples of 'R' and 'T' standard markers (see 2 D (iv)). The amino
acids were identified by staining with ninhydrin solution.containing
1% collidine (v/v).

The remaining pieces of the original paper were stained with
ninhydrin and the electrophoretic mobilities of the residual peptide

(or peptides) was recorddd.
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Water blanke were always carried through the procedure to
check on any self-digestion by the enzyme. Also, samplee of the
vwmm peplice were spotted on the same paper electrophoresis
as the digested peptides to obtain an accurate electrophoretic
mobility of the peptide,

D(xiv) Seguential degradation (DNS ~PTC method) of peptides.

The method described by Edman (1950, 1956) wae used. The peptide
(0.01 - 0,02 umole x number of cycles of degradation intended) was dried
in 2 screw cap tube (12 x 65 mm.). 0.2 ml. 50% pyridine (v/v) and 0.1 ml.
phenyl isothiocyznate solution (PTC) (5% v/v in pyridine) was added and
the tube passed with oxygen-free nitrogen, capped, and incubated at
37°C for 1 hr. The sclution was dried in a 60°C vacuum dessicator
over conc. sto‘, the peptide cooled, and then dissolved in 0.2 ml.
tri-fluorcacetic acid, gassed as befos, capped, and incubated at
37°C for } br, The solution was dried under vacuum over sodium
hydroxide pellets. 0.25 ml. of water was added and the PTC-amino
acid(s) extracted three times with 2 ml, butyl acetate, the tor  phase
being discarded after each extraction, and the solution was finally

dried under vacuum,
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The dried residue was dissolved in 0.2 mi, 50% (v/v)
pyridine, and a sample (0,01-0.02 pmole peptide) removed for
N-terminal group determination by the DNS-chloride method., The
volume of the remainder was made up to 0.2 ml. and the next
cycle of degradation performed.

In order to identify the position of asparigine and
glutamine residues in some peptides, additional samples were
taken out after the appropriate cycle of degtndatioé, and the
electrophoretic mobility of the residual peptide at pH 6.5

examined.
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CHAPTER 3

PURIFICATION OF PLASTOCYANIN

A, Strains ofjuen algae

The strain designations were as followe:

Chlorella gznnoidon: CHICK strain SOROKIN-MYERS Tx71105
Chlorella fusca: var.vacuolata (KRAUSS strain TOKUGAWA/TOKYO 27)
Scenedesmus obliquus: (TURB) KUTZ strain LHOTSKY 1966/67

B. Growth of algae
The algae were grown in large outdoor culture units, which

held a total volume of 40,000 litres. Such a unit required a massive
innoculum (by laboratory standards) to initiate the algal growth, and
to ensure & rapid and reliable population growth. The innoculum was
provided by an indoor culture unit, capable of continuous operation,
which working with an artificial radiation source, yields 0.5 kg, dry
weight of a2lgae per day. The daily yieids were stored at approximately
0°C, in a viable state, without appreciable damage, until some 20 kg.
of cells had been collected. The celis were then resuspended in media
and used to innoculate the outdoor culture unit.

The suspension of algae flows on a siightly inclined plane glass
surface, fitted with transverse baffles, which create a turbulent motion

favourable for growth. The suspension is collected in a trough at the
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bottom of the glase surface, and then pumped back up to the top.
Thus, a con''nuous flow is maintained. The suepension of algae is
kept circulating only during the hours of day when there is enough
incident radiation to promote & reasonable growth. During the night
hours the suspension is kept in 2 tank, where '+ 2 well aerated and
stirred.

The algae is harvested by centrifugation and then sub jected
to spray-drying.

Some control on the algae population was made by removing
samples from the outdoor culture unit, each day, for examination
under the 1light microscope. Thus, if e massive contamination of an
algal culture occurred it would be detected., But it is almost
impossible to prevent the algal powders, obtained from such an
outdoor culture unit, from being contaminated with a mixture of
symbiotic bacteriz and with material (e.g. pollen and dust), which
can get into the cultures from the open air. This type of contamination

did not prove to be a problem during the purification of plastocyanin,

C. Purification of plastocyanin

The method described for the purification of plastocyanin is
2 general one, which was used for all the plastocyanins, The only
variable in the method of purification, that needed to be applied,
was at the final DEAB-52 cellulose step where slightly different salt
Concentrations were required to achieve the best purification of the
individual plastocyanins, All the procedures were carried out at room

temperature, unless otherwise stated.
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Several preparations from each algal species wereperformed

and each time 2 batch size of 1 kg, dried cells was used,

(1) Extraction of dry algal powders

An acetone powder of the dried cells was prepared as
described (2A(ii)), in order to ensure good “reakdown of the cell
walls,

The acetone powder was homogenised with 0.01 M potasaiunm
phosphate plf 7.0, and the suspension left overnight at 4°c, to
ensure complete lysis of the chloroplasts.

The suspension was spun at 10,000 %g in an MSE HS18
centrifuge for 3 hr, This length of time of spinning was necessary

to obtain a clear yellow supernatant free from any cell debris.

(ii) Chxonuto‘t_._&z steps: (a) DEAB-11 ceilulose columns.

The crude extract was diluted to & conductivity of 1.0
muhos. The volume of the extract at this stage was usually of the
order of five litres, and was yellowish-brown in colour due to the
presence of a high percentage of soluble pigments, e.g. carotenolds
and xanthophyls, and also the plastocyanin iz in the reduced form,
Plastocyanin could not be detected at this stage, after addition of
potassiun ferricyanide, due to the reducing contaminants present

in the crude extract.
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The extract was absorbed on to a DEAF-11 cellulose column
(4 x 32 cm.), equilibrated with 0.01 M potassium phosphate pH 7.0.
The column was washed with 0.05 M potassium phosphate pM 7.0, and
then 0.05 M potassiun phoephate pH 7.0 + 0.15 M KCL was put through
the column. Thie level of salt elutes 2 high percentage of the
contaminating pigmente. Finally, the plastocyanin was eluted with
0.03 M potassium phosphate pH 7.0 + 0.5 M KC1, and detected by
adding a drop of potassium ferricyanide (see 2A(1)) to each tube.
The solution in the tubes containing plastocyanin turned blue, and
these were pooled, and the solution dialysed overnipght sgainst
distilled water at 4 C.

The plastocyanin solution wae then absorbed on to » smaller
DEAE~11 cellulose column (2.5 x 10 em.), equilibrated with 0.01 M
potassium phosphate pH 7.0, both as a further purificetion step and
as a method of concentrating the solution. The column was washed
with 0.02 M potassium phosphate pH 7.0, and plastocyanin eluted with
a salt gradient between 0.1 M XCL and 0.4 M KCL, in 0.02 M ;otassium
phosphate pi 7.0. The plastocyanin was detected as beforetgzolutlon
in the tubes containing it pooled, and the solution dialysed as
above.

The solution was freeze-dried.
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(1i)b Gel filtration (on_Sephadex G-50)

The protein was dissolved in 0.01 M potassium phosphate pH 7.0,
in as small a volume as possible, The final volume was usually about
25 ml. The plastocjyunin wae ovidised with potessium ferricyanide,
and a small volume of 5 mg./ml. solution of l—u:gj::: added, to act
as an external marker on the column,

Plastocyanin was eluted almost free from any contamina ting
pigments and other proteins, and it usually remained in the oxidised
form during and after gel filtration. The solutions in the tubes

containing plastocyanin were pooled.

(ii)c DBAE-52 cellulose columns

Chlorella Exrenoidosl plastocyanin

The blue plastocyanin solution was abeorbed on to » DEAE-S52

cellulose column (2.5 x 2.5 cm.), equilibrated with 0.01 M potassium
phosphate pH 7.0. It absorbed as a single broad blue zone at the top
of the column. The column was washed with 0.02 M potassiur phosphate
pH 7.0. On elution with 0,02 M potassium phosphate pH 7.0 + 0.13 M
KCL, the broad blue zone separated into two blue bands, one band
(designated C.pyrenoidosa *A' plastocyanin) which appeared to be the
major band, moved down the column, whilst the other slightly narrower

band (designated C,pyrencidosa 'B'plastocyanin), remained at the top
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Figure 3(i) Separation of Chlorella pyrenocidosa A and B plastocyanins on DEAE=52

cellulose (2:5x25cm. equilibrated in 0-01M potassium phosphate pH 7-0),
Stepwise elution ! A plastocyanin with 0:13M KCL in 0-02M KPh. pH 7-0.

B plastocyanin with 0-18M KCL in 0-02M KPh. pH 7-0.
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of the column. The second blue band was eluted with 0.02 M potassium
phosphate pH 7.0 + 0.18 M KCL, and the separation of the two bands is
shown in Figure 3(i). It was found that the eluates in the tubes
between the two peaks turned blue on addition of potassium ferricyanide.

The eluates were pooled according to the 250 nm. absorption
diagras, and the two solutions diluted to a conductivity of Immhos.
They were then reabsorbed separately on to small DEAL-52 cellulose
columns (2.5 x 2.5 cm.) and eluted with the appropriate concentration
of KCl. In both cases, the two forms of plastocyanin eluted as a single
major peak, separated from a very minor peak, corresponding to the
other form. The two major peaks were pooled separately, dialysed

end freeze-dried.

Scenedesmus obliguus plastocyanin

On absorption %0 a similar DEAE-52 cellulose column (2.5

x 2.5 em., equilibrated in a 0,01 M potassium phosphate pH 7.0), the
S.obliquus plastocyanin solution exhibited a similar phenomenon, to
that observed with C.pyrenoidosa plastocyanin,

In this case, the best separation of the two blue bands was
achieved using a salt gradient of 0.05 M KCL (100 ml.) to 0.2 M KC1
(200 ml1.) in 0.02 potassium phosphate pH 7.0. The two pesks were
pooled separately, diluted, and rechromatographed on DEAE-52 cellulose
columns (2.5 x 2.5 cm.). The eluates from the two major peaks were

pooled separately, dialysed, and freeze-dried,
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The blue band eluting first, from the original DEAE-S52
cellulose column, was called S.obliguus 'A' plastocyanin, and

that eluting second was called S,obliquus 'B' plastocyanin.

Muua fusca plastocyanin

On absorption of the blue plastocyanin solution to a DEAE-52

cellulose column (2.5 x 2.5 cm., equilibrated in 0.0l M potassium
phosphate pH 7.0), a broad blue zone was obtained at the top of the
column, Elution with a salt gradient of 0.02 M potassium phosphate

pH 7.0 (100 ml1,) te 0,02M potassium phosphaste pH 7.0 + 0.2 M KC1

(200 ml.) separated the blue zome into an intense blue band that

eluted between volume 85 to 165 mi. (fractioms 17 to 33 on Figure 3(ii)),
and a narrower brown band that eluted between 175 to 275 ml. (fractions
35 to 55 on Figure 3(ii)). The eluates in the latter group of fractions
turned blue on addition of potassium ferricyanide.

It was shown later, both by running starch gels on the 'blue'
and 'brown' bands and re-chromatography on further DEAE-52 cellulose
columns that in fact the 'brown' band was largely the reduced form of
the major blue plastocyanin. However, overloaded starch gels of the
'brown’ band revealed a slight shadow of a band running faster than
the main band. For this reason only plastocyanin purified ltnhj'blue'
band was used for sequence studies, and lack of time made it impossible

to further study the ‘brown' band.

The plastocyanin was freeze-dried.
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The figures were not corrected for losses at each step.
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¥ Table 3(1) sumuariges the purification procedure used for
p.lutocyuj.n:."ﬂth the yields of protein ancA the sbsorption hu:
"sz“f‘:ﬁ.) of the solutien at esch stage.

The figures ghven are representative of all the protein
preparations, and were actually obtained from a C.fusca plasto-
cyanin preparation using 1 kg, of dried cells, The final absorption
indices were different for each plastocyanin (see Chapter 4),



CHAPTER 4

PROPERTIES OF PLASTOCYANIN

A, Criteria of purity of proteins

(i) Starch Gel Electrophoresis
The starch gels were prepared as described in Chapter 2 (section

B(i)). The samples of protein run on the gels were all in the blue
oxidised form. All the plastocyanins ran as single bands, except for
S.obliquus "B" plastocyanin, which proved very difficult to purify
completely free from contamination with S.obliquus "A" plastocyanin.
The gels were always cxamined for non-plastocyanin protein, by staining
with Amido Black, but in no case was any contaminating protein observed,
even on heavily overloaded gels. Figure 4(i) shows a photograph of
the separation of C.pyrenoidosa "A" and "B" plastocyanins on starch
gel electrophoresis, and figure 4(ii) shows a diagram of the distances
moved by all the plastocyanins relative to one another. Table 4(i)
gives a list of wébilities of each plastocyanin, relstive to the
distance moved by a marker (XCFF) from the origin, of the gecl. The

mobilities were recorded from the same gel,

TABLE 4(i) Mobilities of the algal plastocyanine on Starch Gel
Llectrophoresis

Species of plastocyanin bobility (with respect to the distance
moved Dy the blue dye Xylene

¢yanol-FF- from the origin).

C.pyrencidosa "A" 1.29 + 0,02
C.pyrenoidosa "B" 1.48
S.obliquus "A" 1.30
S.obliquus "B" 1:.35

C.fusca 1.45
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Figure 4(ii) Starch gel pattern of algal plastocyanins.



Discussion starch gel pattern

The comparative mobilities for the algal plastocyanins show
that C.pyrenocidosa "A' and S.obliquus 'A' plastocyanins, have an
almost identical net acidic charge at pH 6.5. C.fusca plastocyanin
has a net acidic charge at pH 6.5, which is closer to that of
the "B"~type plastocyanins than the "A"-type plastocyanins.
The reproducibility of the mobilities for different preparations

and for separate gels was consistently within + 0.2.

(ii) Absorption index
The basis for this method as a criterion of purity is

described in Chapter 2.

The highest purity obtained for spinach plastocyanin

ox
597nm

of 0,80, and for french bean plastocyanin (Wells, 1966) an absorption

(Katoh et al. 1962), corresponded to an absorption index (8278:;{5 )
index of 1.1 is given. In contrast the absorption at 278 nm. for
Chlamydomonas reinhardi plastocyanin (Gorman et al. 1966) is greater
than the relative absorption at 597 nm., giving an absorption index
for the 'purest' material equal to 2.0.

The absorption indices obtained for the algal plastocyanins

studied in this thesis are listed in Table 4(ii).
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TABLE 4(ii) Absorption indices of algal plsstocyanins
Absorption index

ox
Species of plastocyanin E'2‘?8:11/’33971:-
C.pyrenoidosa A 2.4
C.pyrenoidosa B 1.9
S.obliquus A b B |
s.ebllguu‘ B 1.3
C.fusca 2.9
Discussion

A disadvantage of using this spectral method as a criterion of
purity is that one is ignoring the possibility of a percentage of the
protein being present as the spo-protein. It is highly probable that
the protein might lose some copper during the preparation,

Thus, the absorption at 597 nm., even making sure all the
copper ie in the oxidised form, may not be a true measure of all the
plastocysnin present. Also, the sbsorption at 278 nm. is due to the
three aromatic amino acids tyrosine, phenylalanine, and tryptophan,
&nd so the extent of absorption in this region is directly related to
the aromatic content of the protein being messured.

However, for chemical studies, such as those described in
this thesis it is not important whether one starts with the apo- or
native protein., The only requirement necessary for amine acid

sequence ctudies is to ensure that there iz not any non-plastocyanin
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material present in the preparation, and this has been satisfied

(Section 4A(i)).

B. Absorption spectra
All the algal plastocyasnins exhibited very similar absorption

spectra both in the visible and ultraviolet regions.

Figure 4(iii) shows a typical spectrum obtained for all the
algal plastocyanins. In the visible spectrum a single major peak
was observed at around 597 nm., with fully oxidised protein, and
whléh disapreared on reduction (section 2B(ii)). Most preparations
showed a trace of a Soret band at around 415 nm., The amount of cyto-
chrome present was calculated to be always less than 0.005 mole/mole,
showing that all but a trace of the proteins very closely associated
with plastocyanin during the preparation are removed.

As seen in figure 4(iii) the u,v. spectrum is fairly complex.
The principal peak is at 278 nm., with two subsidiary peaks at round
259 nm. and 269 nm., corresponding to the fine structure bands of
phenylalanine, Also, the distinct shoulder obtained at around 292 nm, ,
corresponds to tryptophan, and was found in the spectra of all the
plastocyanins excepting C.pyrencidosa 'B' plasbcyanin.

At alkaline pH (0.1 M NeOH) the u.v. spectrum changed. Two
subsidiary peaks were observed in the region of 284 nm. and 288 nm,,

corresponding to tyrosine and tryptophan, respectively,
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Calculstion of tyrosine and tryptophan content for C.fﬁa plastocyanin.

Using the known molar extinction coefficients of tryptophan
(5,500) and tyrooiﬁc (1,200) at 280nm. (Beaven & Holiday, 1952),
the values observed for BZSOa- for 1 mg. (weighed protein)/ml. are
consistent with the protein containing 1 residue of tryptophan and
4 residues of tyrosime per molecule,

Similar calculations were done for C.pyrenoidosa 'A' and
S.obliquus A and in both cases the observed sto‘- was consistent

with the proteins containing 1 residue of tryptophan per molecule.

C. Carhoh!gtatc content

Phe methdd of Devor (1950) was used (section 2C(i)), for the
detection of pentose and hexose. The reducing sugar content of the
plastocyanin preparations is shown in Table 4(iii).

The amino-sugar (galactosamine and glucosamine) content was
calculated from the amino acid analyser, Taking the colour yields to
be about the same as for amino acids, the amount of amino-sugar
present, was calculated very approximately, to be equivalent to

2 residues per molecule,



64,

TABLE 4;1112 Reducing sugar content of plastocyanin preparations

Species of plastocyanin mole sugar/mole protein
C.pyrenoidosa "A" 2.8
C.pysenolidoss "B" 7.1
S.Obllﬂ wAY 9.7
C.fusca 6.3

I have no evidence to indicate whether the sugar in the
protein preparations is covalently-bound to the proteins or is an

artefact of the preparation procedura.

D. Amino acid anazlyses.

10 mg./ml, scolutions of each of the plastocyanins were
prepared and 8 x 0.1 ml. samples of each were tzken. These were
hydrolysed in duplicate for 12, 24, 48 and 96 hr., as described in
section 2 D(viii).

Internal standards (Walsh et 21, 1962) were used to allow
correction for pipetting errors in sample application. Hach analysis
was then normalised to the same amount of protein, by summing a few
consistent amino acids and adjusting this figure to the same for each
analysis. The best value for threonine and serine was found by
extrapolation to zero time of hydrolysis, and the best value for
valine and isoleucine by extrapolation to infinite time. The
recoveries of the other amino acids did not vary systematically with
time of hydrolysis, add the best values were obtained by averaging

the values obtained for the different times of hydrolysis.
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TABLE Q; & & composition of plastocyanins

(Experimental details are given in the text)

M C.pyrenoidosa 'B’ S.,0bliquus ‘A’ C.fusca
*Best Residues/Mol. | Best Residues/Mol. Best Residues/Mol| Best Residues/Mol.
value Best*| From value Best value Best value Best | From
(umoles)| value|sequence| (pmoles)| value (umoles)| value (umoles) | value | sequence
Gly © 0.1088 10.9 11 0.1713 11.7 12 0.2618 10.9 0.2756 11.5 11
Ala 0.1371 13.7 14 0.1422 8.7 9 0.3349 14,0 0.2833 11.8 11
Val 0.0923 9.2 11 0.1457 9.9 10 | 0.2400 10.0 0.2220 9.2 9
Leu °:040Q 4.0 4 0.0602 4.1 0.1000 4.2 0.1000 4.1 4
Ile 0.0307 3.3 0.0752 5.2 0.0740 3.1 0.0760 | 3.1 3
Ser 0.0507 3.1 0.0771 3.3 0.1220 5.1 0.1820 7.6 ;
Thr 0.0560 5.6 6 0.07%0 5.4 0.1440 6.0 0.1840 7.7 a
Asp 0.1355 13.5 14 0.2192 15.0 14 |0.3286 13.7 0.2695 | 11.2 11
Glu 0.0736 7.4 0.1415 9.7 10 | 0.1884 7.9 0.2565 | 10.7 10
Phe ~0.0501 5.0 0.0882 | 6.0 6 |0.1235 | 5.1 0.1212 | 5.1 o
Tyr 0.0468 4.7 7 0.0456 3.1 3 |0.1222 - P | 0.0885 3.7 4
Trp > - - > 0 - 0.4 - 0.5 1
Cy803ll ‘0'?100 1.0 1 0.0176 1.0 1 |0.0208 0.9 0.0218 0.9 1
WOL 0.0100 1.0 1 0.0132 - 0.9 1 |[0.01%96 0.8 0.0245 1.0 1
Pro 0.0500 5.0 5 0.0700 4.8 5 |0,1185 5.0 0.1218 3.1 5
Lys 0.039%6 3.9 4 0.0452 3.1 3 10.0923 3.9 0.0964, 4.0 4
His 0.0295 2.9 3 0.0307 2.1 2 |0.0675 2.8 0.0714 3.0 3
Arg 0.0000 0 0 0.0282 1.9 2 |0.000 0 0.0000 0 0




TABLE 4(iv) Legend

*Best value: the amount of amino acid recovered (umcles/mg. protein by weight).

These values are the average of 12 hr., 24 hr., 48 hr., and 96 hr., recoveries for amino acids
other than serine and threonine, which are exprapolated to zero time of hydrolysis, and valine
and isoleucine, which are extrapolated to infinite time of hydrolysis.

As cysteic acid and methionine sulphone in oxidised samples of protein.

Not estimated for C.pyrenoidosa 'A' and 'B' proteins, but estimated colorimetrically for S,obliquus
*A' and C.fusca proteims. See the text.

The amidated residues are included in these figures.

Determined in unoxidised protein samples.
The values are not corrected for the water content of the preparation.
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From the sequence information the number of lysine and
histidine residues per molecule for C.pyrenoidosa "A", 5.obliquus "A",
and C.fusca plastocyanins is 4 and 3, respectively, and for
C.pyrenoidosa "5"” 3 and 2, respectively. The quantities of these
amino acids were summed, for each analysis, and divided by 7 in
the case of the first group of plastocyanins and by 5 for C.fusca
plastocyanin. Zach best value was then divided by the resultant
figure in both cases, giving the number of residues of each amino
acid per molecule of protein. The amino acid compositions of the

plastocyanin from each of the algal species is shown in Table 4(iv).

E. Tryptophan content
The u.v. spectra of all the plastocyanine excepting

C.pyrenoidosa 'B' plastocyanin showed a distinct shoulder at 292 mnm,
(at pH 7.0) suggestive of tryptophan (section 4B),

Attempts to locate tryptophan-containing peptides by looking
for fluorescent peptides, under u.v. light, after digestion of
oxidised protein, did not prove f:uitful. However, if the paper was
stained with Ehrlich reagent (section 2D(iv)) mauve spots, character-
istic of the presence of tryptophan, showed up. The presence of
tryptophan in plastocyanin was studied further in the case of C.fusca

plastocyanin and this will be described in Chapter 7.
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A tryptophan determination on the whole protein (method
of Harrisom et al. (1961) was performed on C.fusca and S.obliquus 'A'
plastocyanins. A figure of 0.40 residue of tryptophan/molecule
was calculated for S.obliguus "A' plastocyanin, and a figure of
0.52 residue tryptophan/molecule for C.fusca plastocyanin., Lack

of protein made it impossible to do the determination on C.pyrenoidosa
plastocyanine.

F. N- and C-terminal studies : (i) N-terminal studies.

The N-terminus of each plastocyanin was determined by the
Dansyl Chloride method. 1 mg. of each protein was subjected to
the Dansyl Edman procedure. In all cases two cycles of the method
gave satisfactory results, but subsequent cycles yielded nothing.
This was almost certainly due to the fact that the proteins became
insoluble in the reaction mixtures, as the E-amino groups of lysine
residues reacted with PITC., Actually, that it worked at all, due
to the low lysine content of the proteins was quite surprising.

Single residues were obtained for the N-terminus and 2nd
and 3rd residues of each protein. The results are shown in
Table 4(¥).
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TABLE 4(y) N-terminal amino acid residues of the algal plastocyanins

Species of

plastocyanin N-terminus 2nd residue 3rd residue
C.pyrenoidosa A Ala Asx Val
C.pyrenoidosa B Als Asx Val
S.obliquus A Ala Asx Val
C.fusca Asx Val Thr

(ii) C-terminal studies

The C-terminal region was identified from a cyanogen bromide
digest on 20 mg. of each protein, as it was known from the amino acid
analyses that each protein contained 2 single methionine residue.

The digests were fractionated by gel filtration through
Sephadex G-25 and a diagram of the extinction of the effluent at
254 nm, is shown in Figure 4(iv). The fractions containing the
low molecular weight material was separated by High Voltage Paper
Blectrophoresis at pH 6.5 and further purified at pH 3.5. For each
plastocyanin one small peptide was purified, in good yield, and on
paper electrophoresis at pH 2.0 (section 2D(iv), it was shown to
contain no homoserine/homoserine lactone. It should, therefore, be the
COON-terminal peptide, unless non-specific hydrolysis of peptide bonds
has taken place in the acid reaction mixture., The amino acid composition
of the C-terminal peptides (after 96 hr, hydrolysis) is given in

Table 4(vi).
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TABLE 4(vi): Amino acid composition of C-terminal peptides.

Electrophoretic
Species of mobility
plastocyanin Amino acid composition pH 6.5 pH 3. *Yield Comments
C.pyrenoidosa 'A' | Lys(0.9) s61x(1.0),61y(1.0),val(2.5),11e(0.7) 0.35 0.57 22 Gln not Glu
C.pyrenoidosa *B' | Arg(1.2) ,Asx(1.0) »Thr(0.9) ,G1y(1.1),Val(2.0),I1e(1.0) 0.40 0.59 21 Asn not Asp
S.obliguus A’ Lys(1.1) ,61x(1.0) ,G1y(0.9) »Va1(3.2),11e(0.9) 0.43 0.56 14 Gln not Glu
C.fusca Lys(0.9),Thr(1.8) ,G1x(1.0) sG1ly(1.0), Vai(1.0),I1e(1.0) 0.39 0.54 18 Gln not Glu

*Percentage pmole peptide/umole protein digested.
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The N-termini of the peptides were determined by the DNS-
chloride method and the sequences by the Dansyl Edman procedure.
The sequences are shown in Table 4(vii). From the presumed
specificity of cyanogen bromide, a methionine residue must be

expected on the N-terminal side of the C-terminal peptides,

TABLE 4 (viii) Sequence of C-terminal peptides
Species of plastocyanin Sequence

C.pyrenoidosa 'A' Val-Gly-Lys-Ile-Val-Val-Gln
C.pyrenoidosa ‘'B°* Val-Gly-Arg-Ile-Thr~Vai-Asn
S.obliquus ‘A" Val-Gly-Lys-Ile-Val-Val-Gin

C.fusca Lys-Gly-Thr-Ile-Thr-Val-Gin



CHAPTER 5

DIGESTIONS PERFORMED ON C.PYRENOIDOSA 'A' PLASTCCYANIN
Sermesczrea——

Introduction

Twe me jor digestions were performed on C.pyrenoidosa ‘A’
protein;g a tryptic digest on 150 mg. (about 15 umoles) and a
chymotryptic digest on 70 mg. (about 7 umoles) of protein, A further
chymotryptic digesat was done on 20 mg. of protein to isolate a single
peptide (CB4), which gave a very weak ninhydrin reaction, and was

overlooked in the major digest.

A, thﬁic di.‘cst
(i) Conditions for digestion

The conditions for digestion are described in Chapter 2,
The protein was denatured by oxidation with performic acid, freeze-
dried, and dissolved in 0.2 M ammonium acetate pH £,5. Trypsin was
2dded and the digestion mixture shaken at 37°C for 24 hr., diluted,

end freeze-dried.

(ii) Fractionation of tryptic digest
The digest was dissolved in 5% formic scid and a reddish-brown

precipitate was spun off., The peptides in the soluble fraction were
separated by gel filtration through Sephadex G-25, followed by paper
electrophoresis at pH 6.5. Figure 5(i) shows the peptide ‘map’

obtained by electrophoresis of a portion of each fraction from the
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gel filtration separation. The peptides were pooled into fractions
Tl to T4, as shown, taking care as far as was possible to separate
peptides of similar mobilities and to avoid splitting peptides in
half. Each fraction was freeze-dried.

Fraction Tl was separated by gel filtration through Sephadex
G-30. When samples of each fraction were separated on paper electro-
pheresis at pH 6.5, the only peptide material present, after
staining the paper with ninhydrin, was stuck at the origin., This
fraction was presumably a mixture of undigested protein, trypsin,
and very large fragments of the protein, and no satisfactory work
has been done on this fraction. However, 2 sample was quantitated
on the amino acid analyser, and fraction 1 was found to comprise
about 45% (by weight) of the total digest.

Fractions T2, T3 and T4 were separated by paper electrophoresis
&t pH 6.5 on 20 cm. strips (except T4 which was separated on a 15 cm,

strip). The peptides were purified by paper electrophoresis at pH 3.5,

(iii) S_uz of tryptic peptides.

Table 5(i) gives a list of the tryptic peptides purified,
with their electrophoretic mobilities at pH 6.5 and pH 3.5. Most
of the mobilities were obtzined from the preparative separations,

and will not be very accurate,
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TABLE 5(i): Purification procedure for tryptic peptides

Sephadex | *Purification |Electrophoretic mobilities
| Peptide | fraction procedure | pH 6.5(m) pH 3.5(m)
ATN1 3 63 0 +0.30
ATN2 2 63 9 +0.25
ATN3 < 63 0 +0.44
ATBL 2 63 +0.57 +0.78
ATE2 2 63 +0,.48 +0.67
ATAl 2 63 -0,31 +0.11
ATAZ 2 63 -0.22 +0.16
ATA3 2 03 -0.53 +0.06
ATA4 3 63 -0.18 +0.21
ATAS 2 63 -0.05 +0.29
ATAG 2 63 -0.05 +0.38

* Paper electrophoresis at pH 6.5 ¢ 6

Paper electrophoresis at pH 2.5 : 3



TABLE 5(ii): Tryptic peptides formed from C.pyrencidosa 'A' plastocyanin,

TN1 | TN2 TN3 TB1 B2 TA1 TA2 TA3 TA4 TAS TA6
1.0 0.5 1.0
Lys 1.C 1.1 0.9 ). 6 0.8 1.0
Arg
Asp 2.4 0.3 1.1 1.6 1.8 4,7 1.3 1.1 2.9
Thr 1.9 1.8 1.7 ~ 1.0 | *1.6 1.2 |
[Ser 1.1 0.3 1.0 0.8 1.2 2.0
Glu 1.9 1.1 1.1 1.0 3.0 0.9 1.3
Pro 0.9 L.R 1.0 0.9 1.0 0.9 0.5
[Gly 2.2 0.3 1.9 Wy 1.0 4.7 1.8 1.5
Ala 2, 1.2 1.0 3.0 1.8 2.8 2.1 2.8 2.8
val 1.95] 1,1 | *1.5 0.9 1.0 1.1 0.3 [ +2.4 1.1 LeL6
MetSOz 0.7
CyS0zH 0.9
Ile 0.7 | 0.2 0.9 1.0 *0.7 0.9
Leu 0.2 1.6 | 1.3 1.7 1.9
Tyr 1.0 1.4 0.4 2.1 1.5 1.4
Phe 0.9 1.0 0.8 0.9 1.6 0.9
N-terminus Ile | Ala Val Ala Thr Leu Leu Asx Phe Leu Ala
Yield 3.9 | 2.3 1.8 4.0 2.4 4.0 3.5 1.2 1.2 1.0 1.2
*Low yield due to partial hydrolyeis of stable peptide bond

Peptide given 96 hr. hydrolysis.

Contaminating amino acids (amounts less than 0.2 mole/mole peptide not shown).
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Table 5(ii) gives the amino scid compositions, N-termini,
and yields of the peptides. Yields of peptides are expressed as
percentages (umole peptide/pmole of the protein digested). No
attempts have been made to correct these yields for losses that
inevitably occur during the purification, such as materizl lost
on marker strips and peptide that is not eluted from the paper.
Contaminating amino acids are given in Table 5(ii), when they
are present in an amount of 0.2 wole/mole peptide or more. The
Quantitative determination of tyrosine in the large tryptic
peptides was not very reliable, (see peptides TN3, TAl, TAS and
TA6). An explanation for this is that the protein was probably
purified as the hydrochloride so that on oxidation (with performic
acid) the tyrosines present were converted to a mixture of mono- and
di-chloride tyrosines (Hirs, 1967). This was undesirable (and
preceutions should have been taken to remove the halide), since
the coliumn constant on the amino acid snalyser for mono- and di-
chloride tyrosine would not be the same as for tyrosine. The
amount of tyrosine present was guantitated by edding in the
amount of chloride-tyrosine (caiculated from the column constant for
tyrosine) to the amount of unmodified tyrosine present. Additional
evidence from the peptides formed by chymotryptic digestion of the
large tryptic peptides was used in the final deduction of tyrosine

content,



72,

(iv) Peptides formed from tryptic dt‘ution of plastocyanin

The evidence for the sequence of the small peptides and the

partial sequence of the large peptides is presented.

Peptide TB1

From the mobility of the peptide at pH 6.5, it is evident
that the second residue is asparagine. The sequence, determined
by the Dansyl Edmen method is:

Ala-Asn-Val-Lys

Peptide TN1
Since the peptide runs in the neutral band at pH 6.5, the

C-terminal amino acic must be glutamine. The sequence, determined

by the Dansyl Edman method is:

Ile-Val-Val-Gln

chtlde TA4
The N-terminal sequence of peptide TA4 was examined by

the Dansyl Edman procedure.
When digested with chymotrypsin, peptide TA4 formed
the peptides shown in Table 5(ili). Quantitative analyses and

N-termini were obtained for all the chymotryptic peptides.



TABLE 5 (iii): Peptides formed from chymotrypsin digestion

of peptide TA4,

TA4CAL | TA4ACAZ| TA4CA3| TA4CA4]| TAACAS
His 0.9 1.0
Lys 0.8 0.8
Arg
Cysosﬂ 0.9 0.9
MctSOz 0.7 0.9
Asp 1,1 .
Thr 1.0 .
Ser
Gilu 1.9 2.2 1.2 1.3
Pro 3.1 1.0
Gly 2.6 2.0 1.2 1.4 1.2
Ala 1.0 1.1 1.1 1.2
Val 0.7 1.0
Ile
Leu
Tyr 1.0 0.9
Phe 1.0
N-terminus Cy503H Cybosﬂ Phe Asx Val
m -0,01 |-0.30 | -0.50 | -0.60 +0.66
u' +0.36 |+0.10 | +0.11 ] +0,02 | +0.80




Figure 5(ii) Partial sequence of peptide TA4

é TA4

Phe-Asx-Thr-(Ala,Gly ,Glx)<Tyr-(Gly,Tyr, !-‘he)-(:yt--(Gl.x2 ,Pro,His ,Gl.y2 JAla) -Mes-V2l-Gly-Lys

p A
<«

3
~

TA4CA3

1%
v

TA4CA4

Definition of symbols is given in the text.

pa
Al

.8

N

TAACAL

a N
s

TA4CAZ

3

N

TA4CB1

v
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The evidence for the location of the chymotryptic peptides
within the sequence of peptide TA4 was derived largely from amino
acid compositions and from a knowledge of which bonds in the
sequence are slightly susceptible to chymotrypsin. It was
assumed that lysine is the C-terminus of peptide. TA4, from the
presumed specificity of trypsin. Figure 5(ii) gives the partial
sequence of peptide TA4. The peptide covering the region (G1y,
Tyr, Phe) in the sequence was not found. It was most likely lost
during the purification of the neutral band. Evidence for the
insertion of the (Gly, Tyr, Phe) sequence was obtained frem the
chymotrypsin digestion of the whole protein (see chymotryptic
peptide CA@).
Peptides TN3, TB2, TAS, TAl and TAZ2,

Peptide TBZ was sequenced by the Dansyl Edman procedure,
the sequence being:

Thr-Val-Thr-Ile-Lys

The N-terminal sequence of peptide TN3 was determined by
the Dansyl Edman procedure, leaving a peptide that corresponded
in amino acid composition to peptide TB2. Now the tyrosine content,
from the amino acid analysis of peptide TN3, gives a figure of 1.4
residues. I propose that this figure suggests the presence of 2
residues of tyrosine (not 1), and since I have no evidence for the
presence of tyrosine in peptide TB2, I postulate a Tyr-Tyr sequence

as shown below:
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Val-Phe-Clu-Pro=-Ala-Tyr-Tyr-Thr-Val-Thr-Ile-Lys

N3

o

w-.-q

TB2
- >

Peptide TB2 must have been formed by the trypsin possessing some
chymotryptic-like activity, resulting in cleavage of the Tyr-Thr
bond.

The sequence of peptide TAZ was determined by the Dansyl
Edman method. From its mobility (m) at pH 6.5, the fourth residue
must be aspartic acid.

The N-terminal sequence of peptide TAS5 was examined by the
Dansyl Edman procedure, and it was evident that the seqguence
of peptide TAS is comprised of peptides TA2 plus TN3., A tyrosine
content of 1.5 residues (from the amino acid analysis) for peptide
TAS is in agreement with the presence of 2 residues of tyrosine in
this region of the protein. PePtide TAl has an amino acid
composition that fits into the sequence of TAS, Thus, combining
peptides TAl, TA2, TN3 and TB2 the postulated sequence of peptide

TAS is shown in Figure 5(iii).



Figure 3‘1112: Postulated amino acid sequence of peptide TAS

‘ TAS

£s

Leu-Gly-Ala-Asp-Ser-Gly-Ala-Leu~-Val-Phe-Glu-Pro-Ala-Tyr-Tyr-Thr-Val-Thr-Ile~Lys
< TAl

N

H < TB2
>

N2
4

TN3

>
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Peptide TAS
The N-terminal sequence was determined by the Dansyl

Bdman method, and the partial sequence of peptide TA3 is:

Asx-Ile-Val-Phe-Asx-(Asx,,Clx,Pro,Gly '“‘3"“3)

Peptide TN2
The N-terminal sequence of peptide TN2 was examined by

the Dansyl Edman method and the partial sequence is shown

below:

Ala-Gly-Mx-Sct-Val-Th:-(‘ry:.Asxz,l‘ro ,Gly,Ala Thr Phe,His)

Peptide TAO
The N-terminal sequence of peptide TAC was examined by

the Dansyl Bdman procedure.

When digested with caymotrypsin, peptide TAC formed
the peptides shown in Table 5(iv). Qualitative analyses of peptides
TA6, CB1 and TA6, CA3 were obtained, and quantitative analyses of
peptides TA6 CAL and TAC CAZ, Peptide TA6 CBl was sequenced by
the Dansyl BEdman procedure, and it is assumed to constitute the
C-terminal sequence of peptide TA6, since it has lysine at its C-
terminus. The evidence for the location of the chymotryptic peptides
in the sequence of TAé was obtained from amino acid compositions and
from a knowledge of the bonds in the sequence which are susceptible
to chymotrypsin (see partial sequence of TAG). Pigure 5(iv)

gives the partial sequence of peptide TAG.






Figure 5(1v2 Partial sequence of peptide TA6

Py .. TAG 5
Ala-leu-fer-His-Asx-Asx-Tyr-Leu-Asx-(Ala,Pro,Gly,Glx,Ser)-Tyr-Thr-Ala-Lys
%, TAGCAL g TAGCA3 7 TAGCB1 s

TAGCA2

A\

o
e g
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The tyrosine content of peptide TA6 was calculsted (from
the amino acid analysis) as 1.4 residues, but the formation of
peptides Tat CAL and TA6 CA3 from chymotrypsin digestion of TA6,
shows that there are 2 residues of tyrosine., The glycime content
is high, but I suspect that some 20% is contaminating amino acid,
since glycine is a common amino acid present in chromatography

paper.

B. Chymotryptic digest
The conditions used for the digestion were the same as

those described for the trypsin di.‘eltibn.
(i) Fractionation of chymotryptic digest

The digest was dissolved in 5% formic acid and the peptides
separated by gel filtration through Sephadex G-25, followed by
paper electrophoresis at pH 6,5. Figure 5(v) shows the peptide
‘map' obtained by electrophoresis at pH 6.5, of a portion of each
fraction from the gel filtration., The peptides were pooled into
fractions Cl to C4, as shown, taking care to separate peptides
of similar mobilities and to avoid splitting peptides in half,
Each fraction was freeze dried.

Fractions Cl1 to C4 were separated by paper electrophoresis
at pH 6.5 on 15 cm. strips, The peptides were furtler purified

on (BAWP) paper chromatography and paper electrophoresis at pH 3.5.
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(ii) Summary of chymotryptic Eﬂma

Table 5(v) gives a list of the chymotryptic peptides, the
purification procedure, with their electrophoretic mobilities at
pH 6.5 and pH 3.5. Table 5(vi) gives the amino acid compositions,
Netermini and yieldes (expressed as a p!'u:entuc pumole/pmole
protein digested) of the peptides. The yields were not corrected
for any losses inevitably incurred during the purification of the
peptides. Impurities are shown in Table 5(vi), when the amino
acids are present in an amount 0.2 mole/mole peptide or more.

Not all the expected chymotryptic peptides (from the presumed
specificity of chymotrypsin) were recovered from the digest and
these omissions will be pointed out in the discussion of the
sequence.

(1ii) Peptides formed from chymotrypsin digestion of plastocyanin

The evidence for the sequence of th§ chymotryptic peptides is
presented.

Peptide CBl
The peptide was seguenced by the Dansyl Edman procedure

-

and the sequence is:

Thr-Ala-Lys-FPhe

Peptide CB2
From the electrophoretic mobility at pH 6.5 the second

residue must be asparigine. The seguence, determined by the Dansyl-
Edman method, is:

Ala-Asn-Val-Lys-Leu



TABLE 5(v): Purification procedure for chymotryptic peptides

L
Sephadéx *Purification| Electrophoretic mobilities
Peptide | fractien procedure pH 6.5 pH 3.5
CAl 1 63 -0.56 -
CA2 3 63 -0.57 -
CA3 3 63 -0.25 -
CA4 3 6E3 -0.28 +0,38
CAS 3 6B3 -0.16 +0,.21
CA6 2 683 -0.17 +0.15
CA7 1 63 ~0.74 -
CAS8 2 6B3 -0,26 +0.15
CB1 3 63 +0.50 -
CB2 2 632 +0.48 +0.60
CB3 2 6B3 +0.47 +0,37
CB4 2 6B3 +0,35 +0,47
CB3 1 6B3 +0.25 +0,.45
CN1 4 683 0 +0,31
CN2 2 683 0 +0.34

*Paper electrophoresis at pH 6.5 : 6
v o at pH 3.5 ¢ 3
o ” at pH 2.0 2 2

BAWP Chromatography : B



TABLE 5(vi):

Chymotryptic peptides formed from C.pyrenoidosa 'A' plastocyanin.

CAl | CA2 CA3 CA4 CAS CA6 CA7 CAS CB1 CB2 CB3 CB4 CBS |CN1 |CN2 | ON3
His 1.2 0.9 1.0 0.8 0.9
Lys ++ 4 0.9 1.0 0.9 | 0.5
Arg
Asp 4.6 | 0.9 0.7 2.3 1.0 3.4 I 1.8 3.3 1.0 | 0.9
Thr 0.9 e 0.5 2.2 .41 0.8
Ser 1.1 1.0 : o | #0.3 1.3 1 ST I B
Glu 1:0:1: 3.4 1.0 1.0 2.2 1.9 2.2 1.0 |#0.2
Pro 0.8 1.0 1.0 1.0 1.1 1.0 0.9 1.0
Gly 0.9 ] 1.1 1.2 1.1 2.8 0.9 £.3 1.0 1.2 2.4 |0.9 (1.0 | 1.3
Ala 4,0 1.1 1.3 1:1 1 3.8 1.0 e P 1.1 2.3 1501 1.0
Val *2.5 1.9 ++ *2.4 |*0.3 1.5 1.0 |*0.7
MetSO 0.8 1.0
CySOaﬁ 1.0 1.2
Ile *0.06 *0.7 0.9 0.8
Leu 1.0 , 0.9 2.0 -+
Tyr 1.0 0.8 1.0 0.5 0.9 0.9 11,111,071 1.0
Phe 1.0 b 5% 3 ++ 0.9 1.2
N-terminus | Asx | Asx Asx Ser Leu Gly Asx CySOBH Thr Ala Val Val Ile |Gly | Ile | Lys
Yield .6 15.3 2.9 6.7 8.6 2.9 9.6 |10.0 €.0 |10.0 4.6 2.3 0.6 {1.3 | 2.2 | 0.6

*Low yield due to partial hydrolysis of stable peptide bond.

£Contaminating amino acids (amounts 0.2 mole/moie peptide not shown).
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Peptide CA4
Peptide CA4 was sequenced by the Dansyl Edman procedure.

Samples of peptide were removed after the 1st, 2nd and 3rd cycles
of PIC degradation, and the electrophoretic mobilities at pH 6.5
were measured. Table 5(vii) gives the mobilities at pH 6.5 of
the degradative products of peptide CA4, after the 1lst, 2nd

and 3rd cycles of PIC degradation,

TABLE 5 (vii) PIC degradation products of peptide CA4

PIC Electrophoretic
degradation Peptide Mobility
cycle Segquence at pH 6.5 Comments
0 Ser-His-\sx-Asx~Tyr ~0,44
1 His-Asx-Asx~Tyr -0.41
2 Asx-Asx-Tyr -0.66
3 Asx-Tyr -0,39 Both Asps (not Asns)

The sequence of peptide CAS was shown to be:

Ser-His-Asp-Asp-Tyr

chtidc CA2
CPA released tyrosine (+++), The peptide was sequenced by

the Dansyl Bdman procedure. After the 1st cycle of PIC degradation,
a fraction of the remaining part of the peptide (corresponding to

the amino acid composition (Thr, Glx, Gly, Ala, Tyr)), was run out



on paper electrophoresis at pH 6.5. It retained 2 met scidic charge
but it was greatly reduced when compared with that of the whole
peptide. Thus the Neterminus of peptide CA2 is aspartic acid and
the 5th residue is glutamic acid.

The sequence is:

Asp-Thr-Ala-Gly-Glu-Tyr

Peptides CA3 and CAS

CPA released tyrosine (++) from both peptides. The Dansyl
Bdman procedure gave the same sequence for peptides CA3 and CAS,
except that peptide CAS is one residue longer, having leucine at
its N-terminus. The electrophoretic mobilities (at pH 6.5) of the
corresponding peptides obtained after the lst end 2nd cycles of PTC

degradation of peptide CAS were determined and are shown in Table 5(viii),

TABLE SSVU..Q PIC degradation products of peptide CAS

FIC Electrophoretic
degradation Mobility at
cycle Peptide sequence pH 6.5 Comments
0 Leu-Asx-/ la~-Pro-Gly-Glx-Ser-Tyr -0.16
1 Asx-Ala~Pro-Gly-Glx-Ser~Tyr -0,22
2 Ala-Pro-Gly-Glx-Ser-Tyr -0.21 Asn and Glu

Thus, the sequence of peptide CAS is:

Leu-Asn-Ala~Pro-Gly-Glu-Ser-Tyr
CAS

L

N

CA3
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Pepiides ON1, CAG snd CAD

Peptide CNL is a dipeptide with the sequence:
Gly-Tyr

CPA released methionine (+++), glycine (++), alanine (++)
and glutamine (++) from peptide CA8. The peptide was seguenced
by the Dansyl Hdman procedure., After the 1st cycle of PTC
degradation (i.e. after removal of the cysteic acid residue) the
remaining peptide (with amino acid composition, (Glxz, Pro, His,
Glyz, Ala, Mes)) ran in the neutral band on paper electrophoresis
at pH ¢.5. Thus, in the sequence of peptide CAZ, shown below,
the second and fifth residues are both glutamine residues.

Cys~Gln-Pro-His-Gln-Gly-Ala-Gly-Mes

Peptide CAG contains a single residue of cysteic acid.
Since the amino acid analyses show that there is only one cysteine
residue in the entire molecule, peptides CAé and CAZ must come from
the same region of the protein., The N-terminal sequence of peptide
CA6 was determined by the Dansyl Edman method and the partial
sequence is shown below:

Gly-’l‘yt-Phe-(Zyt-(Gl.x2 »Pro,His ,Glyz ,Ala,Met)

Peptide CN1 is assumed to have come from the N-terminal
region of peptide CA6, since no other Gly-Tyr sequences were found
in the protein. Thus, the sequence around the cysteic acid residue

is:
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Gly-'ryt-l’he-Cys-Gla-Pro-ail-Gln-Gly-Ma-Gly-Mes

< CAG ~
CN1 CAE
- > YR N
Peptide CBE3

CPA released glutamine (+++), valine (+++), and isoleucine (++)
from peptide CB3. The sequence was determined by the Dansyl Edman
procedure and was shown to be:

ValeGly=Lys-Ile-Val<Val-Gln

Peptides CBS, CH2, CN3 and CB4

CPA released tyrosine (+++) from peptides ON2 and CN3, The
Dansyl Edman procedure gave the same sequence for peptides CN2 and
QN3,except that CN2 is one residue longer possessing an isoleucine
as its N-terminal residue. Since both peptides run in the neutral
band on paper electrophoresis at pH 6.5, the 5th residue (for
peptide CN2) and the 4th residue (for peptide CN?) is aspartic
acid. The sequence of peptide CN2 is:

Ile-Lys-Ala-Gly-Agp-Ser-V al-Thr-Tyr

CN2

AV 3

CN3

E

A 4
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The cleavage of the Ile-Lys bond, giving rise to the
formation of peptide CN3, is inconsistent with the presumed
specificity of chymotrypein. However, peptide CN3 was recovered
in very low yield from the digest, so that cleavage of the Ile-Lys
bond must have occurred very slowly,

Since peptide CB4 is slightly basic on paper electrophoresis
at pH 6.5, it is assumed that the basicity is due to the histidine
residue, and that the two residues of aspartic acid are amidated
in the peptide. Now as shown in Table S(vi) peptide CB4 was not
purified completely free of contaminating amino acids, namely,
serine, glutamic acid, and possibly valine. The determination
of the N-terminus (DNS-chloride method) gave two spots on the TLC
plate, corresponding to Val (+++) and Asx (++). The level at
which Val was recovered (0.3 residue), after hydrolysis of peptide
CB4, could suggest that it was a contaminating amino acid. However,
after examination of peptide CB4 by the Dansyl Edman method, I
propose the following sequence for CB4 (shown below), but it must
be pointed out that this is weak sequence data based entirely on
the reliability of the Dansyl Edman method.

The amino acid composition of peptide CBS5 is equal to the
sum of peptides CN2 plus CB4, Again the Valine content is fairly
low (1.5 residues) for there to be 2 residues of vai.ine, but it is
.difficult to estimate the level of impurity of each amino acid in

the peptide. The N-terminus of peptide CBS is isoleucine, so
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that the order of peptides in this region of the protein is that
peptide CN2 is N~terminal to CB4, as shown below:

% CBS >
Ile-Lys-Ala-Gly-Asp-Ser-Val-Thr-Tyr-Val-Asn-Asn-Ala-Gly-Phe-Pro-His~Thr
¢ L -»> ¢ 84 >

The fornation of peptides CBS and CB4 represents non-specific
cleavage of the protein (after threonine), by chymotrypsin., Low
recoveries of these peptides made further characterisation of them

impossible. CB4 is homologous with CB1 from C.pyrenocidosa 'B* and
CB2 from C.fusca plastocyanins, which both have N-terminal valine,

Peptides CA1L and CA7

CPA released leucine (+++) and alanine (+) from both peptides.
The N-terminal sequence of peptide BAl was determined by the Dansyl

Edman procedure, and the partial sequence of CAL ist

Asx-Ile-Val-Phe-Asx-Ala-(Asx_, Glx »Ala, ,Pro,Val B1y)~Ala-Leu

3’

A
v

CAl
It was evident from a consideration of the amino acid compositions
of peptides CAl and CA7, that they must be derived from the same
region in the sequence of plastocyanin, TPeptide CA7 has been formed
by chymotryptic cleavage at the C-terminal side of Phe (residue 4) in
CAl sequence. However, a peptide with the sequence Asx-Ile-Val-Phe

was not isolated.



TABLE sggq :

tion products of

tide CA7

%@uﬂe mobi1ity (m)
PTC ed
degradation 2 1 N-terminus
cycle Amides Amide Observed Proposed Sequence (DNS)
0 ~0.79 (=0.94 -0.74 Asn-Ala-Asp-Glu-Asp-Ala-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu Asx
2 0,46 | -0,69 -0.66 Asp-Glu-Asp-Ala-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu Asx
3 ~0.28(-0.48 -0.49 Glu-Asp-Ala-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu Glx
N 0 |-0.23 -0.23 Asp-Ala-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu Asx
5 0 0 Ala-Pro-Val-Vali-Gly-Ala-Asn-Ala-Leu Ala

Experiment al details are given in the text.

The predicted mobilities were derived from graphs (electrophoretic
mobility (m) against molecular weight of peptide) published by Offord (1966).
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The sequence of peptide CA7 was determined by the Dansyl
Edman procedure, The electrophoretic mobilities (at pH 6.5) of
the PTC degradative products of peptide CA7 are given in Table (ix),
and they are compared with the predicted mobilities (from Offord
(1966)). The clntﬁyhnmtlc mobility of peptide CAL is -0.56,
which is less acidic than peptide CA7 (m = -0.74). Thus, the N-terminus
of peptide CAL is Am and not ASp. This is in agreement with the
predicted mobility (m = «0,60) for a peptide of the size of CAl and
containing 3 amide groups, The sequence data on peptide CA7 may be
considered weak, since it is based on the reliability of the Dansyl
Edman procedure,

The sequence covered by peptides CAL and CA7 is:

Asn-Ile~Val-Phe-Asn-ila-Asp-Glu-Asp-ila~Pro-Val-Gly-Ala-Asn-Ala-Leu

CAlL

N

\r

CA7

v

C. Daduction of soquense
The overall sequence was deduced from the tryptic peptides,

& list of which is given in Table 5(x). Some of the sequences were
established from the peptides themselves, and this evidence has been
noted, whereas others required a consideration of the chymotryptic

peptides (see Table 5(xi)). These tryptic peptides are discussed,






TABLE S(x_): - cont'd

TA4: Phc-Alp-'rhr-Ala-Gly-Glu-Tyr-Gly-Tyx-Phe-Cys-Gln-Pro-lua-cln-Gly-Ah-Gly-lco-Val-ny-Lyu

4 CA6

N

\
. i

P CA2 CA8

& L
o )

~
B

TA2: Leu-Gly-Ala-Asp-Ser-Gly-Ala-Leu-Val-Phe-Glu-Pro-Ala-Tyr--Tyr-Thr-Val-Thr-Ile-Lys
TAG: Ah—Leu—Set-!l:ll-Alp—Mp-‘l‘yt-Leu-Asn-Ah-Pro—Gly-Glu-Ser-Tyt-Tht-Ah-ln

= CA4 e CAS

o
v



TABLE Sﬂz: List of chymotryptic peptides.

CAl: Asn-Ile-Val-Phe-Asn-Ala-Asp-Glu-Asp-Ala-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu
CA2: Asp-Thr-Ala-Gly-Glu-Tyr

CA3: Asn-Ala-Pro-Gly-Glu-Ser~Tyr

CA4: Ser-His-Asp-Asp-Tyr

CAS5: Leu-Asn-Ala-Pro-Gly-Glu-Ser-Tyr

CAG: Gly~Tyr=-Phe-Cys-Gin-Pro-His-Gln-Gly-Ala-Gly-Mes

CA7: Asn-Ala-Asp-Glu-Asp-Ala-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu

CA8: Cys-Gln-Pro-His-Gin-Gly-Ala-Gly-Mes

CB2: Thr-Ala-Lys-Phe

CB2: Ala-Asn-Val-Lys-Leu

CB3: Val-Gly-Lys-Ile-Val-Val-Gln

CB4: Val-Asn-Asn-Ala~Gly~Phe-Pro-His-Thr

CB5: Ile-Lys-Ala-Cly-Asp-fer-Val-Thr-Tyr-Val-Asn-Asn-Ale-Gly-Phe~Pro-His~Thr
CN1: Gly-Tyr

CN2: Ile-Lys-Ala-Gly-Asp-fer-Val-Thr-Tyr

CN3: Lys-Ala-Gly-Asp-Ser~Val-Thr-Tyr
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It is evident from the partial sequence of TNZ2, that the
C-terminal ng.ton corresponds ia amino acid composition to CB4,
except that the recovery of valine, as in the case of CB4, is
ﬁtmly low. llowever, although the evidence for the presence of
2 valine residues in TNZ and 1 in CB4 is inconeiusive, it is thought
that by homology of CB4 with peptides CBL from C.pyrenoidosa *BY
and CB2 from C.fuccs plastocyanins, that this is the case. The
N-terminal sequence of TN2 corresponds to residues 3-9 of CN2.

The sequence of TAL can be deduced from TAZ and the Ne
terminal region (residues 1-6) of TN3, Peptide TA2 begins at
the N-terminus of TAl,

The sequence of TA3 can be deduced from aconsideration of
CAl and CA7, TA3 is two residues shorter (at the C-terminus) of
CA7,

TA4 was partially sequenced (Figure 5(ii)), fromthe
peptides formed by chymotrypsin digestion of it, The total sequence
can be deduced from 2 consideration of peptides CA2, CA6 and CAS.

The sequence of TAS was established from the trypsin digest,
Chymotryptic peptides were expected from this region of the protein,
but they were not recovered. They would be acidic peptides, and must
have been lost in the complex mixture of aclidic peptides formed in

the digestion.
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The partial sequence of TA6 is given in Figure 5(iv). The
entire sequence can be deduced from a consideration of CA4 and CAS.

I shall begin the deduction of sequence of C.pyremoidosa "A'
plastocyanin from the N-terminus.

The N-temminus was determined by the INS-chloride method and
the 2nd and 3rd residues by the Dansyl Edman method., TB1 and CB2
have their first three residues in common with the first three
residues of the whole protein. They must both be at the N-terminus
(see Figure 5C(1)).

TAS has leucine as its N-terminus and is the only candidate
for residue 5 in the protein, since TAl and TAZ, which also have
N-terminal leucine are derived from TA5, The sequence between
residues 4 to 24 is shown in Figure 5C(ii).

CN2 has the N-terminal sequence Ile-Lys-Ala,.., which fits
into the sequence at residue 23 (Figure 5C(ii)). TNZ has alanine
as its N-terminal residue, and it is evident from the N-terminal
sequence of TN2, that it fits into the sequence of the protein
at the C-terminus of TAS. The sequence between residues 23
to 40 is shown in Figure 5C(iii).

Ho overlapping. sequence hes been found for residues 40 to
41, since both trypsin and chymetrypsin cleave the protein chain

at the C-terminal side of threonine (residue 40). This is
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inconeistent with the presumed specificity of both enzymes. However,
TA3 must ectend from residue 41 to 56, and this will become more
obvious later on in the discussion. CA1 has the same amino acid
sequence as TA3, 'excep:ti that CAL h; an extra Ala-Leu sequence at
the C-terminus. TAG has an ‘Ail-l.eu as its NH-t.rminzi sequence.
This evidence orders TA6 _&i‘ the C-terminus of TA3. The seguence
between residues 41 to 5& is shown in Figure 5C(iv).

The C-terminal sequence of TA6 is -Thr-Ala-Lye, CBl has
the amino acid sequence Thrquﬂ-Lyl-Phe, and provides the overlapping
sequence for TA6 and TA4, since TA4 has phenylalanine es its N-terminal
residue, and it i+ the only candidate for this position in the
protein. Figure 5C(v) gives the seguence between residues 57 to 75.

The C-terminal seguence of TA4 is -Val-Gly-Lys, The C-
terminal peptide, of the whole protein, was isolasted from z cyanogen
bromide digest, It was identified as the C-terminal peptide, because
it contained no trace of homoserine/homoserine lactone, and it hae
the sequence:

Vel-Gly-Lys-Ile-Val-Val-Glin

CB3 has the same sequence. From this evidence TN1 must be the
C-terminal tryptic peptide. Figure 5C(vi) shows the sequence of the

protein between residues 75 to 100,
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Discussion of sequence
The amino acid sequence of C.pyrenoidosa 'A' plastocyanin is

given in Figures 5C (v('.;is)/’whete only sufficient peptides to establish
the overall sequence are shown. All the peptides purified have been
~ accounted for in the sequence. Overlapping sequences for the tryptic
peptides have been found, excepting between TN2 and TA3 (residues
40 to 41 in the sequence). That trypsin cleaved the protein at all
between TN2 and TA3 (a Thr-Asn bond) is rather surprising, and this
will be referred to agdn in the final discussion. Nom-specific
cleavage by trypsin also occurred between TA3 and TAG; this time
an Asn-Ala bond (residues 50-57) was cleaved. This type of cleavage
is not chymotrypsin-like, and it can only be suggested that it
represents a secondary activity of trypsin. Non-specific cleavage
of the protein chain by chymotrypsin occurred in the formation of
CN2, which meant the cleavage of a Thr-Ile bond (residues 22-23).

No chymotryptic peptides were isclated between residues
6 to 22 in the sequence, but fortunately tryptic peptides, formed
by chymotryptic-like cleavages, were isolated in this region of the
protein.

The most difficult region of the protein to sequence was
between residues 32 to 56, where the sequence data is based entirely
on the reliatility of the Dansyl Edman method. The method worked well

on peptides CALl and CA7 (residues 40 to 58 in sequence), although
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this is a long region to sequence. FSpecial care was taken at each
cycle to remove as completely as possible the phenylthionydanto in
(PTH)-amino acid(s) from the reaction mixture. However, there was
& fairly high level of impurity in CB4 (residues 32-40 in sequence)
which made the identification of the newly esposed N-\tet-im, after
each cycle, more difficult than in the case of a pure peptide.
Attempts to split TA3 into smaller peptides proved fruitless, since
the peptides formed were in too low & yield to purify satiefactorily.

As mentioned earlier the yields of tyrosine, in the large
tryptic peptides, were low, probably due fo halogenation of tyrosine
during oxidation. But only in one case (residue 19) is there any
doubt as to the rlécement of the tyrosine residues in the sequence.
A Tyr-Tyr sequence (residues 18 and 19) in peptide TN3 can be
readily deduced from the sequence data on this peptide.

The postulated sequence is in satisfactory agreement with
the total amino acid composition of the protein (see Chapter 4),
with three discrepancies. The first is in the serine content, but
this is a corrected figure in the amino acid analyses, for
decomposition of serine with increased time of hydrolysis, so to be
out by one residue is not unprecedented. Two residues of tyrosine
are unaccounted for in the total amino acid composition compared
with the postulated sequence. This is rather surprising, especiaily

since the tyrosine content was determined from unoxidised protein
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samples, and no appreciable amount of mono- or di-chloro-tyrosine
was observed on the amino acid analyses. The figure for valine
(from total composition) is 2 residues below that determined in
the sequence. This may be explained by incomplete hydrolysis of

valine bonds, during the time allowed for hydrolysis.
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CHAPTER 6

DIGESTIONS PERFORMED ON C,PYRENOIDOSA *B' PLASTOCYANIN
—wsse—ereo

Introduction

Two major digestions were performed on C.pyrenoidosa 'B'
plastocyanin; a tryptic digest on 100 mg. (about 10 umoles) and a
chymotryptic digest on 70 mg. (about 7 umoles) of protein, The
conditions for oxidation and digestion of the protein were the same

as those described for C.pyrenoidesa 'A' plastocyanin (Chapter 5).

A. Tryptic digest
(i) Practionation of tryptic digest

The digest was dissolved in 5% formic acid and separated
by gel filtration through fephadex G-25, followed by paper
electrophoresis at pH 6.5. Figure 6(i) shows the peptide ‘map’
obtained by paper electrophoresis of a portion of each fraction from
the gel filtration separation, The peptides were pooled into
fractions Tl to T3, as shown, taking care to separate peptides of
similar mobilities and to avoid splitting peptides in half, Esch
fraction was freeze dried,

Fractions Tl to T3 were separated on paper electrophoresis
at pH 6.5, on 20 cm, strips. The peptides were further purified

on (BAWP) paper chrmtognphy and paper electrophoresis at pH 3.5.
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Figure 6(i) Separdtion of fryptic peptides of C.pyrenoidosa B plastocyanin

by Gel filtration followed by paper electrophoresis at pH 6:5.
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(ii) fummary of tryptic peptides
This was not 2 very satisfactory digest, since several peptides

were obtained as a result of chymotryptic-like cleavage of the protein.
This made purification of the acidic peptides, which comprised the
majority of the peptides formed, very difficult. Only those peptides
that were pure and obtained in sufficient yield for sequence work are
discussed.

Table 6(i) gives a list of the tryptic peptides purified, with
their electrophoretic mobilities at pH 6.5 and pH 3.5. All the
mobilities were obtained from the peeparative separations, and will not
be very accurate.

The amino acid compositions, N-termini and yields of the
peptides are presented in Table 6(ii). The yields (expressed as
percentages: pmole/pmole protein digested) are not corrected for
any losses that must have occurred during the purification of the

peptides.

(iii) Peptides formed from trypsin digestion.

The evidence for the sequence of the small tryptic peptides and

the partial sequence of the large peptides is discussed.

Peptide T1
The sequence was determined by the Dansyl idman method, the

sequence being:

Ile~Thr-Val-Asn



TABLE 6(i): Purification procedure for tryptic peptides

Sephadex *Purification Electorphoretic mobilities
Peptide fraction procedure pH 6.5 pH 3.5
T1 3 083 0 +0,.32
T2 2 63 -0,34 +0.10
T3 2 63 stuck stuck
T4 3 63 -0, 36 +«0.22
TS 2 63 -0,13 +0,10
T6 3 63 +0.60 +0.74

*Paper electrophoresis at pH 6.5: 6
Paper electrophoresis at pH 3.5: 3

BAWP paper chromatography: B




TABLE 6!112: ‘rrzgtic E!Etidll formed from C.gzunoidooa B glutoczuun

Tl T2 T3 T4 TS T6
His 0.7
Lys 0.7 0.9 | #0.2 1.0
Arg 0.8 0.8
Asp 1.1 4.8 3.0 2,0 1.0
Thr 353 0.9 0.9 1.4 0.9
Ser #0.3 1.4 1.8
Glu 2.1 0.7 3.0 2.9
Pro 1.2 1.2 1.0 1.0
Gly 1.4 2.4 1.3 4.9
Ala 2.3 2.2 1.0 2.6 1.0
Val 1.2 *2.6 *1.3 1.3 1,2 0 |
MetsS0 *0,6
Cysozﬁ 0.7
Ile 0.8 | *1.5 £7
Leu 1.9 1.0 1.1
Tyr 0.9 2.0
Phe 1.3 1:3 0.9 1.2
N-terminus Ile Asx Leu Glx Leu Ala
Yield 8.0 9.0 8.0 35 9.3 | 18,0

*Low yield due to partial hydrolysis of stable peptide bond.

# Contaminating amino acids (amounts 0.2 mole/mole peptide
not shown).
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Peptide Tl runs in the neutral band at pH 6.5 (paper electrophoresis),

which means that the C-terminal residue is asparigine.

Pe de T6.

The sequence, determined by the Dansyl Edman method, is:

Ala-Thr-Val-Lys

Peptide T2

It is assumed that arginine is the C-terminal residue of T2,
from the presumed specificity of trypsin. The N-terminal sequence
was examined by the Dansyl-Edman method, the partial sequence
being:

Asx-Ile-Val-Phe-Asx-(Asx

3,50:1_2 »G1x, ,Pro,Gly Ile)-Arg

1-2 ,Anz,vu

29
The observed mobility at pH 6.5 (m = -0.34) is in accord with the
predicted mobility (from Offord, 1966) for a peptide of this size with
a net electrostatic charge = 2, and therefore containing four amide
groups. In Table 6(xi) the amide groups have been put in the same
positions as they are found in the homologous region in C.pyrenoidosa

'A' plastocyanin sequence.

Peptide T3
The N-terminal sequence of peptide T3 was determined by the

Dansyl Bdman procedure.



TABLE 6(iii): Peptides formed from chymotrypsin digestion

of peptide T3.
Peptide Amino acid composition m [N-terminus
T3CBl I11e(0.9), Ser(1.1), Lys(0.9) +0.61 Ile
T3CAL Asx(2.0), G1y(2.0), Ala(2.1),Leu(0.9)| -0.28 Gly
T3CA2 Asx(2.9) ,Thz(0,.5) ,5¢r(0.9),G1x(1,0), | -0.46 Leu
Pro(0.5),G1y(2.7),A1a(2.3),Val(1.2),
*11e(0.3),Leu(1.8),Phe 1.0 o |

*Contaninating amino acid.

Definition of symbols given in the text.



Figure 6(ii): Partial sequence of peptide T3

p: T3 A
Leu-Gly-Ala-Asx-(Asx,Gly,Ala)-Leu~(Val,Phe ,Glx,Pro,Gly,Thr ,Asx,Ser)-Ile-Ser-Lys

“ > ; A
T3CB1

A 2

— -
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When digested with chymotrypein, T3 formed the reptides shown
in Table 6(ii1). Quantitative analyses and N-termini were obtained
for the chymotryptic peptides. Peptide T3 CB1l was sequenced by the
Dansyl Edmen method, end it is assumed to constitute the C-terminal
sequence of T3, since it has lysine as its C-terminal residue. The
evidence for the location of the chymotryptic peptides in the sequence
of T3 was obtzined from amino acld compositions and from a knowledge
of the bonds in the sequence slightly susceptible to chymotrypsin.

The partial sequence of T3 is shown in Pigure 6 (ii).

Peptide T4
The N-terminal sequence of T4 was determined by the Dansyl

Bdman procedure,

When digested with chymotrypsin, peptide T4 formed the
peptides shown in Table 6(iv). Quantitstive analyses and N-termini
were obtained for the chymotryptic pentides. Peptide T4 CBl was
sequenced by the Dansyl Edman procedure and it is zssumed to be
the C-terminal peptide 1§ the sequence of T4, from the presumed
specificity of trypsin, Peptides T4 CAl and T4 CAZ have the
same amino acid compositions, except that peptide T4 CA2 is one
residue longer having leucine at the N-terminus. The evidence
for the location of the chymotryptic peptides was obtained {rom amino
acid compositions, a knowledge of the bonds in the sequence which are
susceptible to chymotrypsin, and {rom the sequence dats on peptide T4,

Figure o(iii) gives the sequence of peptide T4.



TABLE 6(iv): Feptides f from chymotrypsin digestion of tide T4,

Peptide Amino acid composition- n N-terainus
T4CB1 Lys(0.9),va1(1.0) ,The(0.7). +0,58 Thr
T4CAL Asx(1.0) ,6ix(2.2),Pro(0.9) ,G1y(1.2) ,A1a(1.0) ,Phe(C.8) -0, 46 Asx
TACA2 Asx(1.0) ,G1x(1.8),Pro(1.0) ,G1y(1.1) ,Ala(1.0) ,Leu(0.8) | =0.37 Leu

Fhe(0.9)

TACA3 Asx(1.1) ,G1x(1.0) ,Tyr(1.0) -0.82 Glx
T4CA4 Asx(1.1) ,Gix(1.1) ,Leu(1.0),Tyr(0.9) -0,70 Glx

Definition of symbols and experimental details are given in the text.
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Figure 6(iii) Amino acid sequence of peptide T4,

T4
¢ b AR i st
Glu-Asp-Tyr-Leu-Asx-Ala-Pro~Gly-Glx-Gix~Phe-Thr-Val-Lys
{TQCA:! > __'_I.'QCAZ e TACB1 :
(_ﬂfﬁ_ﬁ_____.’ v 32CA1 - >

”~<

The observed mobility at pH 6.5 (m = -0.82) of T4 CA3 is in agreement
with the predicted mobility (m = -0.90) for a peptide of this size
with a net electrostatic charge = 2, Thus, T4 CA3 containe Glu and

Asp.

Peptide T5
The N-terminal sequence of peptide T5 was determined by the

Dansyl LEdman procedure.

When digested with chymotrypsin, peptide TS5 formed the peptides
shown in Table 6(v). Peptide T5 CBl was sequenced by the Dansyl Edman
method and it was assumed to be the C-terminal peptide im the sequence
of peptide T5, from the presumed specificity of trvpsin, Peptides
T5 CALl and T5 CAZmshare the same amino acid compositions, except
that peptide T5 CAl is one residue longer and has leucine as its
N-terminal residue. The evidence for the location of the
chymotryptic peptides within the sequence of peptide T5 comes from
Quantitative aminc acid compositions and from a knowledge of the bonds

in the sequence slightly susceptible to chymotrypsin. The partial



TABLE 65v2: Peptides formed from chymotrypsin digestion of peptide TS.

TS5CAL| TSCA2 | TS5CA3 | TSCAS | T5CB1|] TBCN1
His 1.0 0.9 0.9
Lys
Azg 0.5 0.8
Asp 1.1 1.0
Thr 1.0 1.0
Ser
Glu 1.2 1.3 2.2 2.2 1.9
Pro 1.0 1.0 1.1
Gly 1,1 1.3 2,0 2.9 1.0 246
Ala 1.1 1.2 1.1 1.1 1.0
Val 0.9 *0,7
M.etsoz 0.9 0.9 *0.7
CySOH 0.9 0.9 0.9
Ile
Leu 0.9
Tyr 1.0 0.9 0.9
Phe 1.1
n -0,50 ] -0,60] -0,.30 | -0.18 | +0.66 0
m® +0.11 | +0.,10 ] +0,.10 | +0,15 | +0.80 | +0.36
N-terminus Leu Asx CySOSH Gly Val Cy503H

* Low yield due to partial hydrolysis of stable peptide bond.



Figure 6(iv): Partial sequence of peptide T5
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Leu-Asx~-Thr-(Ala,Gly,Glx)-Tyr-Gly-(Tyr ,m)-Cyo-(Gln2 sPro,His,Gly, ,Ala)-Mes-Val-Gly-Arg
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sequence of peptide T5 is shown in Figure 6(iv). Since peptide T5 ON1
runs in the neutral band at pH 6.5 (paper electrophoresis) it must

have two residues of glutamine (not glutamic acid) in itssequence.

B. Chzggttzgtic di‘ent
(i) Fractionation obezggtrzgtic digest

The digest was dissolved in 5% formic acid and fractionated by
Gel filtration through Sephadex G-25. Figure 6(v) shows the peptide
'map' obtained by paper electrophoresis (at pH 6.5) of a portion of
each fraction from the gel filtration separation. The peptides were
pooled into fractions Cl to C3, as shown, and each fraction was
freeze dried.

Fractiom C1 to C3 were separated on paper electrophoresis
at pH 6.5 on 15 cm. strips. The peptides were further purified on
(BAWP) paper chromatography and paper electrophoresis at pH 3.5
and 2.0.
(ii) Summary of chymotryptic peptides

Table 6(vi) gives a list of chymotryptic peptides purified,
showing their electrophoretic mobilities at pH 6.5 and pH 3.5.

The amino acid compositions, N-termini, and yields (percentage
pmole/pmole protein digested) are presented in Table 6(vii). The
yields are not corrected in any way for losses incurred during the

purification procedure.



Figure 6(v) HVPE at pH 6-5 of chymotryptic peptides

from C.pyrenoidosa B plastocyanin.



TABLE 6(vi): Purification procedure for chymotryptic peptides.

1 Sephedex |  *rurification | Blectrophoretic mobilities

Peptide fraction procedure pH 6.5 pH 3.5
CAl 2 63 =0.50 +0,19
CAZ 2 63 -0,.40 +0,21
CA3 1 63 -0,16 +0.27
CA4 2 63 -0.50 +0.07
CAS 2 63 «0.12 '; @
CA6 2 6B3 -0,27 £ -
CA7 2 6B3 «0,.27 A -
CA8 2 683 «0.27 +0,12
CB1 2 632 +0,40 +0.42
CB2 2 632 +0.40 +0,.68
CB3 2 632 +0,40 o -
CN1 2 6B3 0 # -
CN2 2 6B3 0 £ -

*Paper electrophoresis at pH 6.5:¢
= at pH 3.5:3
- at pH 2.0:2
BAWP paper chromatography: B

# Paper electrophoresis at pH 3.5 run for extended length of time

(i.e. Lysine run off the paper) (see text).




TABLE 6(vii):

Chymotryptic peptides formed from C.pyrenoidosa 'B' plastocyanin,

ca1 | caz CA3 CA4 CAS CA6 CA7 CA8 CB1 CB2 CB3 CN1 CN2
His 0.9 0.9

Lys 0.9 0.8 0.9 0.8
At‘i R P 1.0

Asp 1.0 | 1.0 1.2 4.6 1.0 1.0 1.7 2.0 1.0

Thr 1.1 T 0.0 0.9 | 1.1 0.9
Ser 1.6 0.9 0.9 1.8 T
Glu 2.1 | 2.2 0.7 1.0 1.1 2.2 | #0.3 2.1 1.1

Pro . 1.0 0.3 1.0 1.1 0.9

Gly 1.1 | 1.0 0.7 1.0 1.0 2.0 2.0 1.0 | #0.3 1.1 1.0 1.0
Ala 1.1 | 1.1 | £0.2 0.2 1.0 1.9 1.8 1.1 1.0 0.6

Val 1.1 | *2.4 0.9 1.1 0.9 2.0 1.0 =k
MetSO 0.9

Ey§o;ﬁ 0.9

lie i.1 | *0.6 1.1 1.0 ). 9

[Leu 1.0 1.0 1.3 1.2

Tyr 1.0 1.0

| Phe 0.9 | 1.0 1.0 | 1.0 1.0 0.9 :
N-terminus | Asx | Leu Val Asx Thr Ala Gly CyoU K| Val Ale Val Tle Lvs
Yield 1.4 ] 6.3 2.0 2.8 | 3.0 1.3 x. Y TS 1.2 kP4 1.0

*Low yield due to partial hydrolysis of stable peptide bond.

AContaminating amino acids (amounts 0.2 mole/mole peptide not shown).
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(iii) Peptides formed by chymotrypsin digestion

The evidence for the sequence of the @ymotryptic peptides is
presented.
Peptide CB2,

CPA released leucine (+++). The peptide was sequenced by

the Dansyl Edman procedure, the sequence being:

Ala-Thr-Val-Lys-Leu

Peptide CB3.
CPA released asparigine (+#++), threonine (++), valine (++),

and isoleucine (++). The sequence was determined by the Dansyl

Edman procedure, the sequence being:

Val-Gly-Arg-Ile~Thr~Val-Asn

Pegtide CB1,
CPA released traces of histidine (+). The sequence of CB1

was determined by the Dansyl IEdman procedure.CBl is identical in
sequence to the proposed sequences for CB4 from C.pyrenoidosa ‘A’
plastocyanin and FCB2 from C.fusca plastocysnin, except that it
lacks a threonine residue at the C-terminus., The quantitative
analysis of CBl indicated that it was a pure peptide, and the
results obtained from the Dansyl Edman are reliable. This sequence
data helps to confirm the proposed sequences of CB4 and FCB2

(from C.pyrenocidosa A and C.fusca plastocyanins respectively),
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“ince CB1l i= basic on paper electrophoresis at pH 8.5,
it is assumed that the basicity is due to the histidine residue and
that the 2nd and 3rd residues are both asparigines. The sequence of
CBl is:
Val-Asn-Asn-Ala-Gly-Phe-"ro-His
The formation of CBl represents non-specific cleavage of the

protein (after histidine), by chymotrymin.

Peptides CAl and CA2
CPA released Phe (++) from both peptides. CAl and CA2 were

sequenced by the Dansyl Edman method, and were shown to have the same
scquence, except that CA2 is one residue longer posscesing leucine as
its N-terminal residue.

The observed electrophoretic mobility of CA2 at pH 6.5
(m = -~ 0.40) is in agreement with the predicted mobility for a peptide
of this size and with a net electrostatic charge = 1., A sample of
peptide was removed after the 2nd cycle of the PTC degradative method,
and the electrophoretic mobility (at pH 6.5) of the peptide measured.
There was insufficient material to ascertain which of the two glutamic
acid residues was amidated. Table 6 (viii) gives the electrophoretic

mobility of the degmdative product of CA2.
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Table o(viug PTC degradative product of peptide CA2

FIC Electrophoretic
degradation Peptide mobility at
cycle seguence pH 6.5 Comments
0 Leu-Asx=Ala~Gly~Pro-Glx-Glx-Phe -0, 40
2 Ala-Gly-Pro-Glx-Glx-Phe -0.43 Asn (not Asp)

The sequence of peptide CA2 was shown to be:

Leu-Asn-Ala-Gly-Pro~Glx-Glx-Phe

Peptide CA3
The N-terminal sequence was examined by the Dansyl Edman method,

the partial sequence being:

Val-Phe-Glx-(Thr,Ser_ ,Pro,Asx,Gly,Ile)

2'
cht.{de CA4
The N-terminal sequence of CA4 wae examined by the Dansyl

Edman procedure, the partial sequence being:
Anx-llc-Val-Phe-Aax-(Glx,Pro,Gly,Valz,Sct, Asxa)

The observed mobility at pH 6.5 (m = -0.50) is in satisfactory agreement
with the predicted mobility (m = -0.59) for a peptide of this size with
& net electrostatic charge = 3, and thus containing 3 amid groups. CA4
is homologous with TA3 from C.pyrenoidosa 'A' plastocyanin, except that it

is two residues shorter at the C-terminus. In Table 6(x) the amide groups
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in CA4 have been placed in the same positions as they are found in TA3

(C-pyrenoidosa 'A' protein).

Peptide CAS

CPA released tyrosine (+++), The sequence was determined by
the Dansyl Edman method. Since, CA5 has a net acidic charge (on paper
electrophoresis) at pH 6.5, the 5th and 9th residues must be aspartic

acid and glutsmic acid, respectively. The sequence is:

Thr-Val-Lys-Leu-Asp-Thr-Ala-Gly-Glu-Tyr

Peptide CA6

CPA released tyrosine (+++)., The sequence was determined
by the Dansyl Edman procedure. The observed mobility (m = -0.27)
at pH 6.5 is in accord with the predicted mobility for a peptide of
this size with a net electrostatic charge = 1. Now the last three
residues in CA6 are identical in sequence to the N-terminal sequence
(Glu-Asp-Tyr) in the tryptic peptide T4 (this Chapter). Therefore,
the second residue in CA6 must be glutamine, if the peptide is to have
a net electrostatic charge of 1. Thus, the proposed sequence for CA6
is:

Ala-Gln-Ala-Ile-fer-Arg-Glu-Asp-Tyr
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Peptide CA7

CPA released leucine (++). The N-terminal seguence was

determined by the Dansyl Idman method. The partial sequence is:

Gly-Ala-Asx-(Asx,Gly,Als)-Leu

chtidc CAS8
\ CPA released methionine sulphone (+++), glycine (++),

alanine (++), glutamine (++), and a trace of histidine (+). The
Sequence was detemmined by the Dansyl Bdman method. After the
lst cycle of PIC degradation the resulting peptide (amino acid
composition (Glxz, Pro, His, Glyz, Ala, Mes)) ran in the neutral
band on paper electrophoresis at pH 6.5, showing that the 2nd -and-

is glubamic acid.
Sth-residues in the sequence ase- « The sequence of CAS is:

~Glu -
Cyl-Gia-Pto-H:ls-Gln-Gly-Ala-Gly-ucc

Pegtidu CN1 and CN2

CPA released phenylalanine (++) from both peptides. Peptide
CN2 was sequenced by the Dansyl Edman method. Peptide CN1 has the
same amino acid composition as peptide CN2, except that it has an
extra Ile-Ser sequence at the N-terminal end. Since both peptides run
in the neutral band (on paper electrophoresis) at pH 6.5, then the S5th
residue in peptide CN1 and the 3zd residue in peptide CN2 is glutamic

acid. The sequence covered by peptides CN1 and N2 is:
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Ile-Ser-Lys~Gly-Glu-Ser-Val-Thr-Phe

CN1

b 4

¥
«—

CN2

_

N

The formation of CN2 is an example of non-specific cleavage by chymo-
trypsin of a Ser-Lys band. However, CN2 was recovered in very low

yield, so that the hydrolysis of the bond must have taken place

slowly.
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TABLS 6(ix): LIST OF TRYPTIC PIFTIDES
g

Ti:  Ile-Thr-Val-Asn

=

£ 815
T8t TLAE Asn-Ile-Val-Phe-Asn-(Asn,Asp,Glu,Asp,Ser,Pro,Val,Val,Gly)-Ala-Gln-Ala-Ile-Ser-Arg
] H — 13 >
-I‘Jf £ CA4 3 e CAG I
T3: Leu-Gly-Ala-Asx-(Asx,Gly,Als)-Leu-Val-Phe-Glx~(Pro,Gly,Thr ,Asx,Ser)-Ile-Ser-Lys
o L CA7 e CA3 a
o 13 S
T4: Glu-Asp-Tyr-Leu-Asn-Ala-Pro-Gly-Glx-Glx-Phe~-Thr-Val-Lys
Z. 02 N
- T4 L
T3: Leu-Asp~-Thr-Ala-Gly-Glu-Tyr-Gly-(Tyr ,Phe)~Cys-Gin-Pro-His-Gin-Gly-Ala-Gly-Mes-Val-Gly-Arg
Crcanasransn CAS > G CAg >
— ———— L >

T6: Ala-Thr-Val-Lys



TABLE 6(x) List of chymotryptic peptides

CAl: Asn-Ala-Gly-Pro-Glx-Glx-Fhe

CA2: Leu-Asn-Ala-Gly-Fro-Glx-Glx-Phe

CA3: Val-Phe-Glx-(Pro,Gly,Thr ,Asx,5er,Ile,Ser)
CA4: Asn-Ile-Val-Phe-Asn-(Asen,Asp,Glu,Asp,Ser,Pro,Val, Wl ,Gly)
CAS: Thr-Val-Lys-Leu-Asp-Thr-Ala-Gly-Glu-Tyr
CAb6: Ala-Gin-Ala-Ile~Ser-Arg-Glu-Asp-Tyr

CA7: Gly-Ala-Asx-(Asx,Gly,Ala)~-Leu

CA8: Cys-Gin~Pro~His-Gln-Gly-Ala-Gly-ies

CBl: Val-Asn-Asn-Ala~Gly-Phe-Pro-His

CB2: Ala-Thr-Val-Lys-Leu

CB3: Val-Gly-Arg-Ile~-Thr~Val-Asn

CN1: Ile-Ser-Lys-Gly~Glu-Ser-Val-Thr-FPhe

CN2: Lys-Gly-Glu-Ser-Val-Thr-Phe
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Figure

6(viii)

6(ix)

6(x)

41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
Asn-Ile~-Val-Phe-Asn-Ala-Asp-Glu-Asp-Ala-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu-Ser-His

Asn-Ile-Val-Phe-Asn-Asn,Asp,Glu,Asp,Ser,Pro,Val,Val Glp-Ala-Gln-Ala-Ile-Ser-Arg

T2
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55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74
Ala-Asn-Ala-Leu-Ser-His-Asp-Asp-Tyr-Leu-Asn-Ala-Pro-Gly-Glu-Ser-Tyr-Thr-Ala-Lys

Ala-Gln-Ala-lle-Ser-Arg-Glu-Asp-Tyr-Leu-Asn-Ala-Pro-Gly-Glx-Glx-Fhe~Thr-Val-Lys

g CA6 . cA2 CAS ....

~
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4 T4 5

e
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Phe-Asp-Thr-Ala-Gly-Glu-Tyr~Gly-Tyr-~Phe-Cys-Gln-Pro-His-Gln-Cly-Ala-Gly-Mes-Val-Gly-Lys-Ile-Val-Val-

Leu-Asp-Thr-Ala-Gly-Glu-Tyr-Gly{yr ,Phe-Cys-Glin-Pro-His-Gln-Gly-Ala-Gly-Mes-Val-Gly-Arg-Ile~Thr-Val-
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C. Deduction of sequence
The overall sequence was deduced from the tryptic peptides,

2 list of which is given in Table 6(ix). The léquenceo of the small
peptides were established from the peptides themselves, and this
evidence has been noted, while others required a consideration of
the chymotryptic peptides (see Table 6(x)). These tryptic peptides
are discussed.

The sequence data derived from the tryptic and chymotryptic

digests on C.pyrenoidosa 'B' plastocyanin ( B), is insufficient,

in itself, to deduce a sequence. A sequence has been proposed
by homology with the sequence of C.pyrenoidosa 'A' plastocyanin

( A). The amino acid residues in tixe bracketed regions have been
ordered to maximise the alignment of the two sequences.

The partial sequence of T2 can be deduced from a consideration
of CA4 and the N-terminal region (residues 1-6) of CA6. T2 is
homologous with CAl fiom A, except that it is longer at the C-terminus.

The partial sequence of T3 can He deduced from a consideration
of CA7 and CA3.

The partial sequence of TS5 can be derived from a consideration
of CA8 and the C-terminal sequence (residues 4-10) of CAS.

I shall begin the deduction of sequence at the N-terminus. The
N-terminus was determined by the Dansyl Chloride method and the 2nd and
3rd residues by the Dansyl Edman method. CB2 and T6 have their first
three residues in common with the whole protein. They must both be

at the N-terminus (see Figure 6(v)). Two tryptic peptides B T3 and
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B T5, have leucine as their N-termini, but it is evident, from

a knowledge of the C-terminus of the protein, that B TS is positioned
near the C-terminus. B T3 is, therefore, the only candidate for
residue 5 in the sequence. It is homologous with A TA4 (residues
5 to 24,in A sequence), except that Tyr-18 and Tyr-19 appear to

be deleted in the B sequence. Figure 6(vi) uhow-‘tln sequence
homology in this region of the protein. B CN1 has the N-terminal
sequence lle-Ser-Lys-Gly, which fits into the sequence at residue
22 (Figure 6(vi)). No tryptic peptide was isolated from B with
N-terminal glycine to fit into residue 25 in the sequence. However,
B CN1 is homologous with A CN2 (residues 23-31 in sequence of A)
and B CBl is homologous with A CB4 (residues 2 to 40 in A
sequence). I have tentatively placed B CBl in the sequence at
residue 32 (Figure 6(vii)) and proposed a deletion at residue 40

to obtain the best alignment of the rest of the sequence with the

A sequence. No overlapping sequence was found between residues

39 and 41. However, B T2 is homologous with A CAl (residues 41 to
58 in A sequence, except that B T2 is two residues longer at the
C-terminus. BCA6 provides the overlapping sequence for the C-
terminus of B T2 and the N-terminus of B T4 (Figure 6(ix)). B T4
has the C-terminal sequence -Thr-Val-Lys, which corresponds to the
N-terminal sequence of B C85. B CAS5 provides the overlapping sequence

sequence
for B T4 end B TS5 (Figure 6(x)). The C-terminal/dd B TS5
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is -Val-Gly-Arg. The C-terminal peptide, of the whole protein, was
isolated from a cyanogen bromide digest, and was identified as such
because it contained no trace of homoserine/homoserine lactonme. It

has the sequence:

Val-Gly-Arg-Ile-Thr-Val-Asn

B CB3 has the same sequence, and it is homologous with the C-terminal
peptide of A. B Tl must be the C-terminal tryptic peptide. Figure

6(x) gives the sequence between residues 75 and the C-terminus.

Discussion of sequence
The alignment of the tryptic and chymotryptic peptides formed

from B against the postulated sequence of A is shown in Figures 6(v)
to 6(x). All the peptides purified have been accounted for in the
sequence. A tryptic peptide covering the region of the protein
corresponding to residues 26-29, expected from the presumed
specificity of trypsin, was not isolated. No overlapping sequence

was found between residues 39-41, and this was also true for the

A sequence. Non-specific cleavage by chymotrypsin occurred at
Serine-24, and must also have occurred in the formation of B CN1

and B CA6, but the preceding residues were not sequenced so that I

cannot say which bonds were hydrolysed by chymotrypsin.



106.

The proposed sequence is in satisfactory agreement with
the total amino acid composition of the protein (Chapter 4). The
amino acid changes between the sequences of A and B will be

discussed in the final chapter.
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CHAPTER 7

DIGESTIONS PERFORMED ON C.FUSCA PLASTOCYANIN
BB TR e

Introduction

A chymotryptic digest was performed on 100 mg. (about 10 pmoles)
of protein. A 15 mg. (about 1.5 pmoles) subtilisin digest was carried
out on unoxidised protein in an attempt to search for a tryptophan-
containing peptide, if tryptophan is present in the molecule.
Subtilisin was chosen for the digestion because it results in
relatively non-specific cleavage of peptide bonds, and hence many
small peptides should be formed during the digestion. Also,
tryptophan-containing peptides are known to be anomalously retarded
by gel filtration through Sephadex, and so such a peptide should

separate quite well from other peptides (Determann & Walter, 1968).

A. Chymotryptic digest
The digestion was performed on oxidised protein and the

conditions for digestion were the same as those described for the
tryptic digestion of C.pyrencidosa 'A' plastocyanin.
(i) Fractionation of daymotryptic digest

The digest was dissolved in 5% formic acid and separated
by gel filtration through Sephadex G-25, followed by paper electro-

phoresis at pH 6.5. Figure 7(i) shows a peptide 'map' obtained by
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Figure 7(i) Separation of chymotryptic peptides of C.fusca plastocyanin

by Gel filtration followed by paper electrophoresis at pH 6°5.
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paper electrophoresis of a portion of each fraction from the gel
filtration separation. The peptides were pooled into three fractions
(C1 to C3) as shown, and each fraction was freeze dried,

Fractions C1 to C3 were separated on 16 cm. strips, on
paper electrophoresis at pH 6.5. The peptides were further purified

on (BAWP) paper chromatography and paper electrophoresis at pH 3.5.

(ii) Summary of chymotryptic peptides
Table 7(i) gives a list of the chymotryptic peptides and

their electrophoretic mobilities at pH 6.5 and pH 3.5, Most of the
mobilities were recorded from the preparative separation and will not
be very accurate.

Table 7(ii) gives the amino acid compositions, N-termini,
and yields of the peptides. The yields (expressed as percentage umole/
pumole protein digested) are approximate and are not corrected for

losses incurred during the purification procedure.

(iii) Peptides formed from chymotryptic digest
The evidence for the sequence of the small peptides and

the partial sequence of the large peptides is presented. Where
the peptides are identical in sequence (or obviously homologous)

with the corresponding chymotryptic peptide formed from C.pyrenoidosa

*A' plastocyanin, it is stated.



TABLE 7(i): Purification procedure for chymotryptic peptides

Electrophoretic mobilities

Sephadex *Purification

Peptide fraction procedure pH 6.5 pH 3.5
CAlL 2 63 -0.22 +0,11
CA2 1 63 -0.11 +0.21
CA3 3 63 ~0.26 0

CA4 3 63 <0.16 A -

CAS 1 63 -0,60 +0,24
CA6 3 63 -0,51 +0.36
CA7 2 63 -0.14 o

CAS 2 63 -0.14 i

CAS 2 63 ~0.29 +0.13
CB1 > 63 +0.42 +0.60
cB2 2 63 +0.39 +0.46
CB3 2 63 +0,52 +0,70
CB4 1 63 +0.29 +0.47
CN1 2 683 0 +0.39
oN2 2 6B3 0 0.39

#Paper electrophoresis at pH 6.5 : 6

g "

”

at pH 3.5 ¢ 3

BAWP paper chromatography : B

£ Paper electrophoresis at pH 3.5 run for extended length of time

(i.e. lysine run off the paper) (see text)




TABLE

7(ii) :Chymotryptic

peptides formed from C.fusca plastocyanin.

CAl CA5 | CA6 cA9 | cB1| cB2 | cB3| CB4 | CN1
His 0.9 1.0 1.0 1.0} 1.0} 1.0

[ Lys 0.9 0.9 0.9

Kl K

[ Asp #0.3°Y 1588 1.0 3.9 ] 1.0 2.0 1.9 | 0.9

Thr 40,2 § 1.0 1 1.8 2OY- . 1.8] 0.5 1.9 { 1.0

Ser 1.0 1.0 | 0.9 { 0.7} 1.9 /0.3 0.8

[ Glu 2.1 1.1 | 3.2 | 1.0 | 1.0| 2.2] 2.2 | 1.0]40.2 1.0

[ Pro 1.0 0.9 | 1.0 1.0 L 4:00..7.0.1 2 1.0 1.0

[ Gly FANERSECRERREERY o 2.3 F 1.0 1 N 2.0 1.0
| Ala 1.2 1 2,0f 1.1] 1.0} 3.1 P ir-1.3 1.17 .21 2.1 1.0
| Val . 1.9 < *1.5:0 : el M 30 | 1.4 359 Re.1.) E:0
| Met! 0.8 0.9{ 0.9

| Cyi 1.0 T

Tle *0.5 1.0 { £0.2 02111
1oy 1.9 ;

[ Tyr. 1.0 1.0 :

| Phe - 1.0 1.0 1.0 1.0 1 0.9 1.6

N-terminus | Phe Asx | Ser Gly |CySOgH| Lys | Val | Ser | Ile | Asx

| Yield 4.5 19.8 | 8.4 2.1| 1.6 (14.4 | 5.4 |10.7 | 1.2 | 5.7

*Low yield due to partial hydrolysis of stable peptide bond
AContaminating amino acids (amounts

0.2 mole/mole peptide not shown)
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Peptide CB3
Peptide CB3 was sequenced by the Dansyl Edman method, the

sequence being:

Ser-Ala-Lys-Phe

Peptide CBl
Peptide CBl was sequenced by the Dansyl Edman method. Since

the peptide has a net basic charge (on paper electrophoresis) at pH 6.5,
the C-terminal residue must be glutamine. The sequence of peptide

CB1l is:

Lys-Gly~-Thr-Ile~-Thr-Val-Gln

Peptide CA6
Peptide CA6 was sequenced by the Dansyl Edman procedure .

It is clearly homologous with peptide CA4 derived from C.pyrencidosa 'A’
plastocyesnin (Chapter 5). Both peptides have a very similar electro-
phoretic mobility at pH 6.5; peptide CA6 (m = -0.51) and peptide CA4
(m = =0.44). It is, therefore, assumed that the 2nd and 3rd residues
in the sequence of peptide CA6 are glutamic acid and aspartic acid,

respectively. The sequence of peptide CA6 is:

Ser-His-Glu-Asp-Tyr
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Peptides CB2Z, CN2 and CB4
Peptide CN2 was sequenced by the Dansyl Edman method, and

since it runs in the neutral band at pH 6.5, the 4th residue must
be glutamic acid (see the sequence below). The N-terminal
sequence of CB4 was examined by the Dansyl Edman method, and it
was evident that CB4 corresponded in amino acid composition to
the sum of CN2 and CB2, and in addition has an isoleucine
residue at the N-terminus.

Peptide CB2 is homologous with CB4 from C.pyrenoidosa A’
plastocyanin (denoted A), except that the amino acid composition
clearly indicates the presence of a valine residue, the presence
of which there was some doubt in A CB4., The sequence of CB2
was examined by the Dansyl Edman procedure, and the method gave
fairly conclusive results except for the last two residues (His,
and Thr). The yield of threonine from the quantitative analysis
was low (0.5 residue), and it could be argued that it is a
contaminating amino acid. The total amino acid composition of
CB4 is consistent with there being 2 residues of threonine in this
region of the protein, and since CN2 contains 2 residues of threonine
in its sequence, the presence of threonine in CB2 is inconclusive.

Since CB2 is slightly basic (on paper electrophoresis) at pH 6.5,
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it is assumed that the basicity is due to histidine and that the
2nd and 3rd residues are asparigines.

The postulated sequence of CB4 is shown in Figure 7(ii).

Figure 7(ii) Postulated amino acid sequence of CB4

5 CB4 2
1 7

Ile-Lys-Ala-Gly-Glu-Thr-Val-Thr-Phe~-Val -Asn-Asn-Ala-Gly-Phe-Pro-His-Thr

N
&

-
-

Peptides CAl, CAS and CA9

All three peptides contain 1 residue of cysteic acid, and
must come from the same region in the protein, since it is known from
the amino acid analyses that the whole protein contains a single
residue of cysteine,

Peptide CA9 was sequenced by the Dansyl Edman method, and
it has the same sequence and very similar electrophoretic mobility
at pH 6.5 to peptide CAS formed from C.pyrenoidosa 'A' plastocyanin,
and it is, therefore, assumed that the 2nd and 5th residues in
peptide CA9 (from C.fusca plastocyanin) are both glutamines. Peptide
CAl has the same amino acid composition as peptide CA9, except that
it is one residue longer and has phenylalanine as its N-terminal
residue. The N-terminal sequence of peptide CA8 was examined by the
Dansyl Edman procedure, and the sequence around the cysteic acid

residue is shown below:
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Gly-Tyr-Phe-Cys-Glin-Pro-His-Gln-Gly-Ala-Gly-Mes

~ CA8
CAl

¥

~

¥

< CA9

Ay

Y 4

Peptides CN1 and CA2

The amine acid sequences of peptides CN1 and CAZ were
determined by the Dansyl Edman method. It was evident from the
sequences that peptide CA2 overlapps peptide CN1 at its C-terminal
residue, Since peptide CA2 has a net acidic charge at pH 6.5
(paper electrophoresis), the N-terminal residue and the 9th

residue must both be aspartic acid residues. The sequence of
peptide CA2 is:

Asp-Val-Thr-Val-Lys-Leu-Gly-Ala-Asp-Ser-Gly-Ala-Leyu
< CA2

N
4

p CN1

-~
-

Peptide CA3

Peptide CA3 was sequenced by the Dansyl Edman method. The
peptide possesses a net acidic charge (on paper electrophoresis) at

pH 6.5, and so the N-terminal residue is aspartic acid. The sequence

is:
Asp~-Thr-Ala~Gly-Thr-Tyr
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Peptide CA4

Peptide CA4 was sequenced by the Dansyl Edman procedure.
It has the same sequence and similar electrophoretic mobility as
peptide CA5S formed from C.pyrenmcidosa *A' plastocyanin. It is,
therefore, assumed that the 2nd residue in the sequence is asparigine.

The postulated sequence is:

Leu-Asn-Ala-Pro-Gly-Glu-Ser-Tyr

Peptide CA7
The N-terminal sequence was determined by the Dansyl Edman

method. Since CA7 has a net acidic charge (on paper electrophoresis)
at pH 6.5, the 3rd residue in the sequence must be glutamic acid.
CA7 is homologous with TN3 formed from C.pyremoidosa 'A' plastocyanin,
except that I have no evidence for the presence of any tyrosine
residues in CA7, If the tyrosines were present as mono- or di-chloro
tyrosine, I would not have observed them on the amino acid analyser,
since they are eluted from the short column (used to determine basic
amino acids, on Beckman 120C model) of the analyser, and I only ran
a long column, since no basic amino acids or tyrosine had been suggested
from the qualitative analysis of CA7.

The postulated sequence is:

Val-Phe-Glu-Pro-Ser-(Thr,Val,Ser,Ile)

From the amino acid composition of CA7, it has been formed as a result

of non-specific cleavage by chymotrypsin.
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Peptide CAS
The N-terminal sequence was examined by the Dansyl Edman
method, the partial sequence being:

Alx-lle-Valom-Glx-Glx-Alx-Glz-on-an-Pro-(Ahs, Gly, Asx, Ser)-Leu

Since Phe was placed in the sequence as the 4th residue, it was
assumed that leucine was the C-terminal residue. The observed
mobidity at pH 6.5 (m = «0.60) is in accord with the predicted
mobility (from Offord, 1966) for a peptide of this size with a
net electrostatic charge = 3, and therefore containing four amide
groups,

Peptide CAS is homologous with CAl from C,pyrencidosa 'A*
plastocyanin ( A), both peptides being 18 residues long., If the
acid residues and amide groups were in the same positions in the
sequence as they are in A CAl then the postulated partial

sequence of CAS is:

Asn-Ile-Val-Phe-Gin-Gln-Asp-Glu-Asp-Val-Pro- (Ala 39 Gly, Asn, Ser)-Leu
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B. Subtilisin digest

(i) Conditions of digestion
The protein was precipitated with TCA (5% v/v) and

the precipitate washed 3 times with absolute alcohol and dissolved
in 0.2M ammonium acetate pH £.5. Subtilisin was added and the

digestion mixture shaken at 31°c for 3 hr,, diluted, and freeze

dried.
(ii) Fractionation of subtilisin digest

The digest was dissolved in 5% formic acid and
separated by gel filtration through Sephadex G-25. An extinction
(at 254 nm.) profile of the effluent is shown in Figure 7(iii).
The peptides were pooled into 5 fractions (S1 to §5), as shown,
and each fraction was freeze dried.

Fractions 51 to S5 were run on 8 cm. strips on
paper (Whatman No.l) electrophoresis at pH 6.5. One marker strip
(from each fraction) was stained with ninhydrin, and after the
peptides had been located, the szame marker strips were stained
for tryptophan (Ehrlich reagent). A mauve spot (i.e. tryptophan
positive) peptide S5N, showed up close to the neutral band of
fraction £5. The peptides on the second marker strip for fraction
S5 were oxidised with performic acid in a vacuum dessicator for
about 4 hr., The strip was allowed to dry and then examined under

u.v, light (at 365 nm.). A strongly fluorescent spot was
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observed corresponding to the position of peptide SSN, This is
Suggestive of the presence of tryptophan since oxidised
tryptophan is more fluorescent under u.v. light than is unoxidised
tryptophan,

Peptide S5N was cut out and sewn on to another

sheet of paper and run out on'electtophotuin at pH 3.5,

(iii) Discussion of peptide SSN

The qualitative amino acid composition was determined
on paper electrophoresis at pH 2.0. Before staining for amino
acids the paper was examined under u.v. light for fluorescent
degradative products of tryptophan. The N-terminus wae determined
by the Dansyl Chloride method, and the 2nd and 3rd residues by
the Dansyl Edman procedure. The results are shown in

Table 7(iii),

TABLE 7(iii) Characterisation of peptide S5N

N-terminus N-terminus
(after 1st cycle (after 2nd cycie

—M&M_‘& N-terminus PIC___degradation) PTC degradation)

Thr(+++) ,Asx(+++), Thr(+++), Asx(+) Asx(+4+),
.V, (+++) *Phe(+), *Val(+) *Phe (+)
*Val(+)

* Contaminating amino acids (?)
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If one assumes, from the qualitative amino acid
analysis, that the amino acids Thr and Asn (peptide S5N is neutral
at pH 0.5) are present as single residues, then the sequence of
peptide S5N is:

¢
Thr-u.v.-Asn

I propose that there is a residue of tryptophan in
position 2 of peptide S35N.

The evidence is suggestive (rather than conf irmatory)
of the presence of tryptophan in peptide 55N, Lack of material
prevented me from determining the quantitative amino acid composition
of the peptide, and doing a quantitative estimation of tryptophan

content.,

C. Deduction of sequence

The sequence of C.fusca plastocyanin was deduced by
homology with C.pyrencidosa ‘A’ plastocyanin. Some of the sequences
of the chymotryptic peptides were established from the peptides
themselves, by the Dansyl Edman procedure, while others required
& consideration of the peptides formed from C.pyrenoidosa 'A’
plastocyanin., A list of the chymotryptic peptides is given in

Table 7( 1') .



TABLE 7(iv): List of chymotryptic peptides formed from C.fusca plastocyanin.

CAG6:
CAT7:
CAS8:
CAQ:
CBl:
CB2:
CB3:
CB4:
CNl:

CNZ2:

Phe-Cys+G ln-Pro-His-Gln-Gly-Ala-Gly-Mes
Asp-Val-Thr-Val-Lys-Leu-Gly-Ala-Asp-Ser-Gly-Ala-Leu
Asp~Thr-Ala=Gly-Thr-Tyr

Leu-isn-Ala-Pro-Gly-Glu-Ser~Tyr
Asn-Ile~Val-Phe-Gin-Gln-Asp-Glu-Asp~Val -Pro-(Ala3,Gly JAsn,Ser)-Leu
Ser-His-Glu-Asp-Tyr

Val-Phe-Glu~Pro-Ser-(Thr,Val,Ser,Ile)
Gly-Tyr-Phe~Cys-Gln-Pro-His-Gln-Gly-Ala-Gly-Mes
Cys-Gln=-Fro=-His-Gln-Gly-Ala-Gly-Mes

Lys~Gly-Thr-Ile~Thr-Val-Gin

Val-Asn~-Asn-Ala-Gly-Phe-Pro-His-Thr

Ser-Ala-Lys-Fhe
Ile-Lys-Ala<Gly-Glu~Thr-Val-Thr-Phe-Val-Asn-Asn-Ala-Gly-Phe ~Pro-His~Thr
Asp-Val~-Thr-Val-Lys-Leu

Lys-Ala=Gly-Glu~-Thr-Val-Thr-Phe



Fi | t %). Alignment of C.fusca plastocyanin chymotryptic peptides against the sequence of

'.  C.pyrenoidosa 'A' plastocyanin.
7(iv) _7_‘133456789101112

A &  Ala-Asn-Val-Lys-Leu-Gly-Ala-Asp-Ser-Gly-Ala-Leu
o 1@-&—-7 ys y p y
Asp- «Val-Lys-Leu-Gly-Ala-Asp-Ser-Gly-Ala-Leu

- . 4
b {

2 "’i" 2§ CA2 LY
7(v) 13 14 15 16 17 18 19 20 21 22 23
A Val-Phe-Glu-Pro-Ala-Tyr-Tyr-Thr-Val-Thr-Ile
F Val-Phe-Glu-Pro-Ser —— ——(Thr,Val,Ser,Ile)
p CA7 "
7(vi) 23 24 25 26 27 28 29 30 31 32 33 34 35 ¥ 37 B8 ¥ KW
F ¥ D Ile-Lys-Ala-Gly-Asp-Ser-Val-Thr-Tyr-Val-Asn-Asn-Ala-Gly-Phe-Pro-His-Thr
F  Ile-Lys-Ala-<Gly-Glu-Thr-Val-Thr-Phe-Val-Asn-Asn-Ala-Gly-Phe-Pro-His-Thr
L CB4 3
L mz 3 | az &




Figure 41 42 43 44 45 46 47 48 49 S0 51 52 53 54 55 56 37 S8
7(vii) A Asn-Ile-Val-Phe-Asn-Ala-Asp-G lu-Asp-Ala-Pro-Val-Val-Gly-Als-Asn-Ala-Leu
F Asn-Ile-Val-Phe-Gin-Gln-Asp-Glu-Asp-Val-Pro-{(Ala,Ser,Gly,Ala,Asn,Ala)-Leu

- <A )
7(vii) 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75
Ser-His-Asp-Asp-Tyr-Leu- Asn-Ala-Pro-Gly-Glu-Ser~-Tyr-Thr-Ala-Lys-Fhe
F Ser-His<Glu-Asp-Tyr-Leu- Asn-Ala-Pro-Gly-Glu-Ser-Tyr-Ser-Ala-Lys-Fhe
i CA6 N L CA‘ N 7 as e
7¢ix) 76 77 78 79 80 81 82 83 84 35 86 87 82 89 9 91 92 93 94 95 9% 97 98 99 100

Asp-Thr-Ala<Gly-Glu-Tyr-Gly-Tyr-Phe~Cys-Gin-Pro-His-Gln-Gly-Ala-Gly-Mes-Val-Gly-Lys-Ile-Val-Val-Gln
F Asp=Thr-Ala-Gly-Thr-Tyr-Gly~Tyr-Phe~Cys-Gin-Pro-His-Gln-Gly-Ala-Gly-Mes-Lys-Gly-Thr-Ile~-Thr-Val-Gln

i CA’ ~
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The amino acid residues of the bracketed regions of CAS
and CA7 are placed in the best possible alignment with the homologous
regions in C.pyrenocidosa 'A' plastocyanin. From now on in the
discussion let the symbol A denote C.pyrenoidosa 'A' plastocyanin
and the symbol F be C.fusca. I shall begin the deduction of
sequence at the N-terminus.

The N-terminus was determined by the DNS-chloride
method and the 2nd and 3rd residues by the Dansyl Edman method.

F CN1 and F CA2 have their first three residues in common with
the first three residues of the whole protein, They must both
be at the N-terminus (see Figure 7(iv)). To obtain the best
alignment of A and F sequences it is necessary to postulate
that F has an extra residue stuck on at the N-terminus of the
protein., F CA2 overlaps F CN1 at its C-terminal residue.

F CA7 has its N-terminal sequence in common with A TN3 (residues
13-24 in A sequence), and is clearly homologous with this region
in the A sequence, except that there appears to be a deletion of
two tyrosine residues in F CA7 (see Figure 7(v)). F CB4
corresponds in amino acid composition to residues 23 to 40 in the
A sequence. F CB4 is equivalent to the sum of peptides F CB2
plus F CN2, where F CB2 is thought to be identical in sequence

to A CB4 and F CN2 is clearly homologous with A CN2 (see
Figure 7(vi)). F CAS is clearly homologous with A CAl (residues

41 to 58 in sequence). The amide groups in F CAS have been
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aligned in the same positions as they are found in A CAl, but I
have no evidence that this is so. Figure 7(vii) shows the sequence
homology between F and A in this region of the proteins.

F CA6 is homologous with A CA4 (residues 59 to 63
in sequence), F CA4 is identical in sequence to A CAS (residues
64 to 71 in A sequence), and F CB3 is homologous with A CB1
(residues 72 to 75 in A sequence). The sequence homology between
these peptides is shown in Figure 7(viii). P CA3 is homologous
with A CA2 (residues 76-81 in A sequence) and F CA8 is identical
in sequence to A CA6 (residues 82-93 in A sequence), The C-
terminal peptide of F was isolated from a cyanogen bromide digest.
It was identified as such, because it contained no trace of
homoserine/homoserine l;ctoue. Also, peptide CBl has the same
sequence. F CBl is homologous with the C-terminal peptide of A
(residues 94 to 100 in A sequence)., Figure 7(ix) shows the

C-terminal sequence.

Discussion of sequence
The alignment of the chymotryptic peptides formed from

F against the postulated sequence of A is shown in Figures 7(iv) to
7(xi). All the peptides purified have been accounted for in the

sequence.
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From a consideration of the proposed sequence for
F, the only place that the peptide S5N (formed from subtilisin
digestion of F), with the postulated sequence Thr-Trp-Asn, could
fit inta the sequence is at Threonine-40. This would suggest that
the true C-terminus of F CB2 is tryptophan, which is in sgreement
with the presumed specificity of chymotrypsin. This argument
could also hold for the placement of a tryptophan residue in the
same position im A, but this is purely speculative. The guestion
of the plausibility and possible significance of the presence of a
tryptophan residue in the algal plastocyanins will be discussed
in the final chapter.

Non-specific cleavage of the protein chain by chymo-
trypsin occurred at Ile-23, in the hydrolysis of an Ile-Lys
bond. This bond was also cleaved in A(by chymotrypsin), but
very slowly.

The proposed sequence is in satisfactory agreement
with the total aminoc acid composition of the protein (Chapter 4).
The amino acid changes between the sequences of A and F will be

discussed in the final chapter.
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CHAPTER &
PEPTIDES FORMED FROM CHYMOYRYPSIN DIGESTION OF 5.OBLIQUUS 'A*
PLASTOCYANIN

Introduction
A chymotryptic digest was performed on 100 mg. (about 10 pmoles)

of protein. The conditions used for oxidation and digestion of the
protein were the same as those described for chymotrypsin digestion
of C.pyrencidosa 'A' plastocyanin. The digest was fractionated, in
the usual manner, by gel filtration through Sephadex G-25 and the
peptides purified by paper electrophoresis at pH 6.5 and pH 3.5,
Some peptides were also purified on paper chromatography (BAWP),

and paper electrophoresis at pH 2.0.

Summary of chymotryptic peptides
Table 8(1) gives a list of the chymotryptic peptides with

their amino acid compositions, N-termini, and electrophoretic
mobidities at pH 6.5 (m) and pl! 3.5 (m'). The yields, expressed
as percentages (pmole peptide/umole protein digested) are not
corrected for any losses that most certainly occurred during the
purification procedure. Contaminating amino acids are given when
they are present in an amount of 0.2 mole/mole peptide or



TABLE 8(i): Chymotryptic peptides formed

from S.obliguus "A' plastocyanin.

CAl] CA2 | CA3 | Ca4 CAS JCA6 | CA7 | CA8 | CA9 JCA1D | CB1 |CB2 |CB3 | CB4 | CBS |CNL CN2 CN3
0.9 0.7 1.1 1.1 | 0.9 1.0 e
1,0 1.0 J1.0 ] 1.0 0.8 1.1 0.9
. - .
1,0 3.7 12.3 ] 0.9 0.8 1.0 3.0 1 2.0 1.0 1.9
0,941 1.4 £1.4 | 0.8 2.3 10.7 ]11.1

Ser 0.9 | 1.0 1.0 0.9 1.1 1.3 0.9 1.0
Glu *Q), 2 1.1 1 2.2 ] 2.1 1.0 30 13114310 1.0 2.9 35
Pro 1.0 1 0.9 11,0 1.1 1.0 10.9 ] 1.0 1.2 1.0 1.0 ¥
Gly 2.0 1,0 § 3.3 | 2.1] 1.0 1.3 1.0 Bl 2.2 1 2.2 11.0 4.0 2.0
Ala 2.1 el 2.2 11.2] 3.8 1.4 J1.1 j21.1}] 1.2 ] 1,1 J1,0 2,3 |1.12 Jo.9 1.3 2.9
Val 1.9 1.8 0.9 1.0 12.7 |£A1.4 | 0.4 ]0.9 | £2.5 0.9
MetS02 0.8 | 0.6 0.8 J

| CySOzn 1.0 | 0.8 0.9
lle 0.8] 1.0 0.8 | £0.7 v
Leu 1,0 ] 0.8 1,0 1,0 1.9
Tyr 0.6 ] 0.7 0.8 | 0.5 | 1.2 | 0,8 | +4++ 1.1 0.4 0.7 b
Phe 1.0 | 1.0 | 0.8 0.9 1.1 1.3 | 0.9 0.9 2t




TABLE 8(i) - cont'd

N-terminus | Gly Leu | Gly | Phe | Asx | Ser | Asx | Val | Asx | Gix | Thr | Ala | Val Ile | Val | 1le Gly Ala
m =0.401-0.25] 0,161 0,33} -0.72] -0.44]-0.34}-0.16} -0, 34| -0. 46| +0. 39| +0.55]+0.33| +0.20]+0.41] © 0 0__
m' +0.201+40.18]+0,121+0.12] O }+0.33] 0 ]+0.26] -~ |+0.22]+0.71]+0.66]|+0.56]+0.40] -~ |+0.34]|+0.29 +0.39
Yield 14,7 J11.6 | 4.2 | 1.6 | 1.6 | 8.1 |1 3.9 7.0} 4,0 1.8 ] 1.4)]10.0 ] 0.8] 1.2 ]| 6,0 ] 1.8] 2.0 ] 3.6

*Contaminating amino acids (amounts 0.2 mole/mole peptide are not shown)

FLow yield due to partial hydrolysis of stable peptide bond.
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Amino acid sequences of the chymotryptic peptides.
the
Most of the peptides were sequenced by/Dansyl Edman procedure.

No peptide was formed that either did not have the same sequence

as the corresponding peptide formed from C.pytenoidosg 'A' plasto-

cyanin ( A) or would not fit into the sequence of the plastocyanin,
The latter statement refers to peptides which were formd from
S.obliquus 'A' plastocyanin (4), and which had also been expected

from the chymotrypsin digestion of C.pyrenoidosa 'A', but were not

recovered. Each peptide is discussed.

Peptides CB2, CAl and CN3,

From the mobility of CBZ on paper electrophoresis at pH 6.5,
it is evident that the 2nd residue is asparigine. The sequence,

determined by the Dansyl Edman procedure, is:

Ala-Asn-Val-Lys-Leu

Peptides CAl and CN3 were sequenced by the Dansyl Edman
procedure, and it was shown that CN3 is equivalent to the sum of
CB2 and CAl, CB2 being N-terminal to CAl. Since CN3 runs in the
neutral band at pH 6.5, the 8th residue in the sequence must be

aspartic acid. The sequence of CN3 is:

Ala-Asn-Val-Lys-Leu-Gly-Ala-Asp-Ser-Gly-Ala-Leu
p) CN3

N

« CB2 N

£
oL =N

CAl

v ¥
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Peptide CBl
CPA released phenylalanine (+++). The sequence, determined

by the Dansyl Edman method, is:

Thr-Ala-Lys-Phe

Peptide CA7
CA7 was sequenced by the Dansyl BEdman method. After the ist

cycle of PIC degradation the remaining peptide with the amino acid
composition (Thr, Ala,Gly, Glx,Tyr) retained a net acidic charge
(m= 0.20) on paper electrophoresis at pH 6,5, but it was less than
that of the CA7 (m = -0.70). Thus, in the sequence the N-terminus
is aspartic acid and the 5th residue is glutamic acid. The sequence
is:

Asp-Thr-Ala-Gly-Glu~Tyr

Peptides CA9 and CA2

CA9 and CA2 have the same amino acid compositions except that
CA2 is one residue longer with leucine at the N-terminus. The
observed electrophoretic mobility at pH 6.5 (m = -0.16) of CA2
is consistent with the predicted mobility (m = -0.18) for a peptide
of this size with an electrostatic charge of 1 (Offord, 1966).
CAZ was sequenced by the Dansyl Edman method, and Table 8 (ii)
gives the electrophoretic mobilities & pH 6.5 of the corresponding

peptides obtained after the lst and 2nd cycles of PTC degradation.
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TABLE 8(ii): Electrophoretic mobilities (m) of PTC degradation

products of . peptide CA2,

PTC
degradation
cycle Peptide Sequence m Comments
O LeugAsx-Ala-Pro-Gly-Glx~-Tyr -0.16
3 Asx-Ala=Pro-Gly-Glx-Tyr -0.23
2 Ala-Pro-Gly-Glx-Tyr =0.21 Asn and Glu

Thus, the sequence of CA2 is:
Leu-Asn-Ala-Pro-Gly-Glu-Tyr

Peptides CA8 and CAl10

Peptides CAE and CAlQ0 were sequenced by the Dansyl Edman procedure.
It was found that they have the same sequence except that CAS is two
residues longer having an extra Val-Phe sequence at the N-terminus.
From the mobility on paper electrophoresis at pH 6.5 the 3rd residue
in the sequence of CA8 (shown below) is glutamic acid.

Val-Phe-Glu-Pro-Ala-Tyr-(Tyr)-Thr-Val-Thr
P CA8 s

e CA10 X

by

The tyrosibe content of CA8 is an estimated value from the amount of
chloro-tyrosine recorded on the amino acid analyser. It is rather
surprising that chymotrypsin did not hydrolyse the tyrosine bonds, but

it may be that it does not cleave the protein chain at modified
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tyrosine residues. The yield of CAlO was low, suggesting that the
phenylalanine bond was hydrolysed slowly, probably due to the close

proximity of a proline residue.

Peptide CA6
CA6 was sequenced by the Dansyl Bdman procedure, After two

cycles of PTC degradation the resulting peptide with the amino acid
composition (Asx,Asx,Tyr) had an observed electrophoretic mobility

at pH 6.5 (m = -0,68) consistent with the predicted mobility (m = 0.63)
for a peptide of this size with an electrostatic charge of 2. Thus,
in the sequence (shown below) the third and fourth residues are both
aspartic acid. The sequence of CA6 is:

Ser-His-Asp-Asp-Tyr

Peptides CB3,CN2,CA3, and CA4
Peptide CB3 was sequenced by the Dansyl Edman method, From the

mobility on paper electrophoresis at pH 6.5 the C-terminus must be
glutamine, The sequence is:
Val-Gly-Lys-Ile-Val-Wl-Gln
Peptides CN2, CA3 and CA4 all contain a single residue of
cysteic acid, and since the protein contains only one cysteine
residue, all three peptides must come from the same region of the
protein., CA4 was sequenced by the Dansyl Edman method, showing the

C-terminus to be methionine sulphone. CPA released methionine
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sulphone (++), glycine (+) and alanine from CA3. Since, CA4 and
CA3 both have methionine sulphone at the C-terminus, the extra
tyrosine residue that CA3 contains compared with CA4, must be
placed in the 2nd position in the peptide s Blycine being the
N-terminal residue.

Peptide CN2 comprises the sum of the amino acid compositions
of CA3 plus CB3, thus providing the overlapping sequence for these
two peptides. Since CN2 runs in the neutral band on paper
electrophoresis at pH 6.5 there must be three glutamine residues in
the peptide. The sequence of CN2, as deduced from CA3,CA4 and CB3
is:

Gly~-Tyr-Phe-Cys-Glin-Pro-His-Gin-G ly-Ala-Gly-Mes-Val-Gly-Lys-Ile-Val-Val-Gin

o CA4 s g CB3 X
- o —
Peptide CAS

CPA released leucine (++) and alanine (+). CAS5 was recovered in
insufficient yield for sequence determination. The partial sequence is:

Aax(Alxs sGlx,Pro,Gly ,Aus,vu Phe)-Ala-Leu

2’

Peptides 0!1. CB4 and CBS

Peptides CN1 and CB5 were sequenced by the Dansyl Edman method.

Since CN1 runs in the neutral band on paper electrophoresis at pH 6.5,
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the peptide contains aspartic acid (not asparigine). The net
basic charge at pH 6.5 of CBS is thought to be due to the histidine
residue and that the 2nd and 3rd residues are both asparigines
CBS gave a positive test for tryptophan (using the Ehrlich reagent)
on paper, but the tryptophan could not be located in the peptide
since the protein had been oxidised.

CB4 is equivalent to the sum of the amino acid compositions
of CN1 plus CB5, showing that CN1 is N-terminal to CBS in the

sequence shown below:
CB4

- =
N 7

Iu-Ly.-aM.u-Glydnp-SQt-Vu-'l'hr-'ry:-Vath-Aln-Ah-Gly-m-Pto-ala-Thr
Y ot Qll N £ CB3 5

A Fa W o

Since CB5 was sequenced through to the threonine residue, with a
DNS-amino acid being clearly identified after each cycle of PID
degradation, if tryptophan is present in the peptide it must be at the
C-terminus, This would be in agreement with the presumed specificity

of chymotrypsin,

Discussion

A list of chymotryptic peptides formed from S.obliquus A’
plastocyanin with the equivalent chymotryptic peptides formed from
C.pyrenoidosa 'A' plastocyanin is given in Table 8(iii). Where no

equivalent peptide was formed from chymotrypsin digestion of
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C.pyrenoidosa 'A' plastocyanin, the residue numbers in the sequence
(of C.pyrenoidosa 'A' plastocyanin), where the peptides would fit, .
are given. The S.obliquus 'A' Wtocyldn peptides can account
for the sequence of C.pyrencidosa 'A' plastocyanin, except that

the equivalent peptide to A CAl (residues 41 to 58) was not found,
although #CAS equivalent to ACA7 (residues 45-58) was found. Thus,
the only region of the sequence of C.pyrencidosa "A' plastocyanin
not accounted for by the $.obliguus "A' plastocyanin peptides is
between residues 41 to 44, However, the presence of residues 41

to 44 can be accommodated in the total amino acid composition of
S.obliquus 'A' plastocyanin. I, tentatively, conclude that the
sequences of the two plastocyanins are identical. The only
discrepancy lies in the possible presence of a residue of tryptophan
in S.obliquus 'A' plastocyanin (see peptide CB5), and this will

be discussed in the final chapter.



TABLE 8(iii) Chymotryptic peptides formed from S.obliquus 'A' plast

ocyanin with the equivalent

chymotryptic peptides from C. pyrenoidosa 'A' plastocyanin.

R e e e R ey

CAL | Gl y-Ala-Asp-Ser-Gly-Ala-Leu 6-12
(CA2 Lgn;ﬁ;Q;Ll;-Fro—Gly—Glu-SerJTyr 2 CA5 64-71
CA3 (‘1”nyr~“h':Ejs—Gln—Pro-His-Gln-Gly—Ala—Gly—Mcs CA6 82-93
CA4 Phe-Cys.G1 n—E_x:_o—His—Gln—Gly—Ala—Gly-Mes 84-93
CAS vt(Aﬁ~-.G]q:Q}x,Pro,A1a3,Va12)—A1a—Leu CA7 45-58
CA6 |  Ser-Mis-As »-Asp-Tyr CA4 59-63
CA7 |  Asp-Thr-Ala-Gly-Glu-Tyc CA2 78-81
CA§"J Val-Phe Clp_gig—Ala—Tyr-(Tyr)—Thr—Val-Thr - 13-22
E;g ' Ala-Pro-Gly-Glu-Ser-Tyr CA3 65-71
CA10| _Glu. _r9¢§}a—Tyr~(Tyr)—Thr—Val—Thr o 15-22
cat 1. Thr-Als<Lys-The CB1 72-175
CB2 Ala-Asn-Val-Lys-Leu CB3 1-5
CB3 Val-Gly-Lys-Ile-Val-Val-Gln CB3 94-100
CB4 Ile--Ly‘gf{\_la—Gly—Asp-Set—Val—Thr—Tyr—Val—Asn—Ala—Gly—Phe——Pro—His—Thr-—(Trp) CB5 23-40
CB5 Val-Asn-Asn-Ala-Gly-Phe-Pro-His-Thr-(Trp) CB4 32-40
CN1 Ile-Lys-Ala ~-Gly-Asp-Ser-Val-Thr-Tyr CN2 23-31
CN2 Gly-Tyz-7l 42-Cys-—Gln-—Pro-—Hls—Gln-Gly—Ala—Gly—Mes—Val—G1y—Lys—-Va1—Va1-Gln - 82-100
CN3 Ala-Asn-Val-Lys-Leu-Gly-A la-Asp-Ser-Gly-Ala-Leu - 1-12
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CHAPTER O

DISCUSS ION

A, Introduction

The sequence homology between the plasfocyanins from the two
species of Chlorella, and the proposed sequence homology between
algal plastocyanins and bacterial azurine, will be discussed, with
the possible consequences in terms of both molecular evolution and
the evolutionary development of algese (or chloroplasts) from a
bacterial source. The sequence homology between the algal plasto-
cyanins and the partial sequence of Phaseolus vulgaris plastocyanin
(Milne, 1967) will also be discussed.

‘Sevctal points arose out of the work described in this thesis,
notably the purification of two forms of plastocyanin, in differing
ratios, in both the Chlorella species and in Scenedesmus. The
relative mobilities, on starch gel electrophoresis, of each of the
plastocyenins has been shown (Figure 4(ii)). The two distinct forms
of C.pyremcidosa plastocyanin, termed 'A' and 'B' plastocyanin, were
well separated by DBEAE-cellulose chrometography, and were isolated
in approximately equal amounts. On purificationd plastocyanin from
both C.fusca and 5.obliquus, 2 second minor band blue band was

observed on DEAE-cellulose. This proved exceedingly difficult to

/



130.

purify from the major blue component. In the case of S.obliquus
plastocyanin, the minor form was separated fairly well from the
ma jor form, but the starch gel pattern showed that it was still
contaminated (5-10%) with the major form. It was “tlﬂl@ﬁ that
S.obliquus 'B' plastocyanin represented approximately 165 of the
total plastocyanin purified from Scenedesmus. It was not possible
to quantitate the minor form of C.fusca plastocyanin,

Of interest at this stage in the discussion is the finding
of Katoh et al (1962). During the purification of spinach plasto-
cyanin they observed that, on absorption of the plastocyanin to
DEAE-cellulese the blue band separated into a major band, which
moved faster down the column, from a minute but distinct b.nd that
stuck to the top of the column, and could only be eluted with a
higher salt concentration. The nature of the minor blue band‘hu
not yet been studied. This observation parallels the conditions
in which the two forms of plastocyanin from both C.pyrenoidosa
and Scenedesmus were separated. The minor forms were only eluted
with a higher salt concentration than that necessary for the
elution of the major forms.

One would nk'e to be able to offer some explanatien as to
why the ratio of the two formes of plastocyanin is species variable,
A satuation does exist in wild type Baker's yeast where two
distinct forms of cytochrome ¢ are present, a major component

iso-l-cytochrome ¢ and a minor component iso-2-cytochrome ¢
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(approx. 5% of total). Sherman, Taber & Campbell (1965) showed
that the concentration of cytochrome ¢ in yeast is under complex
genetic control. The examination of fifteen mutants (which had
varying degrees of cytochrome ¢ deficiencies) revealed six
unlinked genes that decrease the absolute concentration of
cytc'bdn'ou c and its concentration relative to other cytochromes.
A similar situation coﬁm exist in green algae, such that the relative
amounts of A-type and B-type plastocyanin, produced in the cell, was
under complex genetic control.

A point of interest that poses a real problem is the finding
that the sequences of C.pyrenoidosa 'A' plastocyanin and
S.obliquue plastocyanin appear to be identical. Their mobilities
on starch gel electrophoresis were the same (within the limits of
experimental error) and from chymotrypsin digestion of both
proteins 1 was unable to detect any amino acid differences. It is
very surprising to find two plastocyanins, purified from different
species of alga, to have apparently identical amino acid sequences,
when several differences have been located between C.pyrenoidosa
'A? and 'B' plestocyanins and between these two and C.fusca
plastocyanin. Also, this is inconsistent with sequence studies
on other proteins, for example the percentages differences in
sequence between subtilisins from related strains of B,subtilis
is approximately 30% (Smith et al, (1966)). However, I have no

idea how close Scenedesmus and Chlorella are in evolutionary terms.
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One could suggest from these results that in fact the
original cultures of C.pyrenoidosa and S.obliguus were contaminated
and that C.pyrenoidosa 'A' plastocyanin was produced from
contaminating Scenedesmus cells. It would mean that the level
c!’ contamination with m cells would have had to be very
high. Electron microscope studies of rehydrated cells of each of
the cultures obtained from Czechoslovakia, showed that a single
cell type was present in each of the cultures (Hobbs, D. personal
communication).

An attempt was made to eliminate the possibility that the
algal cultures were contaminated with a second species of alga,
by growing a2 laboratery culture of C.pyrencidosa (211/8h Emerson,
No.3), and to see if this strain of Chlorells produced two kinds
of plastocyanin molecule. Unfortunately this proved abortive, since
it was impossible to grow the algal cultures up to a sufficient
density for harvesting, partly because the cultures were prone to
bacterial contamination (even under stringent sterilk conditions), the
bacteria eventually outgrowing the algae. Thus contamination being
the reason for the presence of two forms of plastocyanin from each
of the species of alga, has not been eliminated, It would offer the
simplest explanation for the finding, but considering the proposed
biological function of plastocyanin, as an electron carrier in the
photosynthetic electron transport chain, it may be possible for
such a system to accomodate two plastocyanins, acting either in
series or in parallel, If they do not act in series it might be
expected that they would differ in their redox potentials, which

could be readily tested.
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B. Elucidation of the plastocyanin sequences
The general experimental approach to the elucidation of

each plastocyanin sequence was the same; the proteins being
examined by trypsin and chymotrypsin digestion., The sequences of
the large tryptic peptides were established by degrading the
peptides with chymotrypsin, positioning the chymotryptic peptides
in the sequence from a knowledge of the N-terminal sequence of the
parent peptide, and of the bonds in the sequence slightly
susceptible to chymotrypsin. The Dansyl Edman procedure was used
to elucidate sequences whenever possible.

Cyanogen bromide digestion (Gross et al, 1961) was used as
a2 convenient method of determining the C-terminal sequence of
each plastocyanin, making use of the knowledge that each protein
contained only a single residue of methionine per molecule,

The yields of tryptic and chymotryptic peptides were generally
fairly low and variable, and no attempts were made to correct the
figures for losses that certainly occur during the purification
procedure, such as material lost on marker strips and material not
eluted from paper. Because of these losses the yields calculated
are of limited value, Low and varisble yields of peptides seem to
be characteristic of paper purification techniques,

Amide residues were recognised, where possible, by the
electrophoretic mobilities of peptides at pH 6.5. With the
eighteen residue peptide CAl from C.pyrenoidosa A plastocyanin

( A), which yielded five residues of aspartic acid and one residue
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of glutamic acid on hydrolysis, the number and position of the amide
groups were determined by following the change in electrophoretic
mobility @t pH 6.5) of the peptide, as residues were successively
w by PIC degradation. For other peptides (e.g. A CAS and
A CA6) the region containing the residue was degraded to as small
& peptide as possible (containing only one acidic or amide residue),
and the assignuent made on the basis of whether the electrophoretic
mobilities at pH 6.5 were positive, negative, or neutral (i.e. very
near zero),

The position of the amide residues in C.pyrencidosa A
plastocyanin have been located by the above vuntloncd methods,
Only those amide residues in C.fusca plastocyanin (F), which are
evident from electrophoretic mobilities of peptides, have been
included in the sequence, except for the amide groups in peptides
FCAS and FCA9, which have been made on the basis that they have
identical sequences and similar electrophoretic mobilities as
peptides A CA6 and A CA9, respectively. Only those amide
residues evident from electrophoretic mobilities of peptides have
been located in C.pyrenoidosa B plastocyanin ( B),

No evidence of any labile amide groups was found in any of
the plastocyanins, a property which appears to be common to
Asn-Gly sequences (Ambler, 1963b; Haley & Corcoran, 1967;

Meadway, 1969).
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In the tables of amino acid compositions of peptides,
contaminating amino acids are shown when they are present in
the satio of 0.2 mole/mole of peptide or more. The majority of
peptides contained a level of impurity of less than 0.08 mole/mole
of peptides.

The main difficulty in the sequence determinations was the
satisfactory purification of the complex mixture of closely related
acidic peptides which were formed, especially in the chymotryptic
~ digests. They were gemerally recovered in fairly low yields,
the major loss probably occurring in trying to separate peptides
of very similar electrophoretic mobilities from one another, ready
for elution,

The most difficult region of the proteins to elucidate was
between residues 40 to 58 in C.pyrenoidosa 'A' and C,fusca
plastocyanins, and residues 39 to 59 in C.pyrenoidosa 'B°*
plastocyanin. These regions extend over homologous sequences.

The reason for the difficulty is that these regions wre not

satisfactorily split up into smaller peptide sequences. There is,
therefore, no confirmation of the sequence data obtained from the
Dansyl Edman procedure, My experience is that this method can be
trusted on pure peptides, and I feel reasonably confident that the

peptides were pure.
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suflcitz of proteases used

The trypsin used for the digestions, produced peptides from
C.pyrenoidosa *A' and 'B* proteins as a result of chymotryptic-like
cleavage. The yields of these peptides were not appreciably lower
than the peptides formed from the splitting of lysyl and arginyl
bonds. In addition, trypsin cleaved the C.mgguou 'A' chain
at Asn-57 (an Asn-Ala bond) (see Figure 9(i)). This bond was not
cleaved by chymotrypsin, so it would seem that the splitting of
the aspariginyl bond was not caused by contaminating chymotrypsin,

Chymotrypsin hydrolysed the expected aromatic and leucyl
bonds. In addition, the Thr-Ile bond residues (22 to 23) in the
C.pyrenoidosa ‘A’ plastocyanin sequence was hydrolysed fairly
slowly, and the Ile-Lys bond (position 23 to 24), extremely slowly,
The same bonds were cleaved in C.fusca plastocyanin., The Ser-Lys
bond (position 24 to 25) in C.pyrenoidosa 'B°* plastocyanin was
hydrolysed siowly, and the methionine sulphone-valine bond (residues
94 to 95 in Figure 9(i() was hydrolysed in all three proteins. The
splitting of these bonds, although surprising, is not unprecedented
since many cases have been described of chymotryptic cleavage of
several bonds originally thought to be resistant to chymotrypsin
(Hill, 1965). The expected chymotryptic peptides, were isolated
from the proteins, excepting for C,pyrencidosa "A' plastocyanin
where the expected chymotryptic peptides between position 6 to 22
were not recovered, Splitting at leucine-12, tyrosine-18 and -19
and phenylalanine-14 should have occurred, from the presumed specificity

of chymotrypsin,



Figure 9(i) Algal plastocyanin sequences
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C. Sequence homology between the algal plastocyanins
The sequences of C.pyrenoidosa 'A' and 'B', and C.fusca

plastocyanins have been deduced (Figure 9(i)), and the sequences
discussed in the chapters dealing with each protein. With the
sequences aligned as shown in Figure 9(i), 64% of the residues are
in identical positions, and thie percentage might be higher when all
the amide groups in the C,pyrenoidosa 'L' and C.fhaca sequences have
been positioned. Most amino acid substitutions can be explained on
the basis of single base chanéen in the codon, 2 few require double
base changes, but none require three base replacements. In the main
the amino acid substitétions are conservative changes, except that in the
alignment it was found that the positiodiof lysine residues were variable
within a confined region of the sequence. This was also observed by
Harris & Yerham (1968) in their study of the seguence homology between
mammaiian and lobster glyceraldehyde 3-phosphate dehy&rogena:e.

One region of the sequence (residues (17-41)-may have
undergone more complex changes sin?c delétions of tftonine-la and -19,
threonine-40, and tryptophan-4l from the C,pyrencidosa 'A' sequence
have been postulated for C.pyrencidosa 'B' protein, and deletions
of tyrosine-l8 and -19¢ for C.fnscu plnstocyanih séquence.

The absence of tyrosino»fro- peptides B CA3 (residues 13
to 24) and FCA7 (residues 13-23), on the qutqtitntive'-ino acid
analysis, was not altogether conviuciég, slﬁco determination of the

tyrosine content of peptides hid  proved difficult, due to the
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modification of some of the tyrosines, by halogenation. However, there
is no evidence for the presence of tyrosine in these two peptides. They
did not stain positive for tyrosine on paper (Jepson et al. 1953), while
other peptides on the same marker strip did, which rules out the
possibility that the reagent was ineffective. If tyrosine were present
in positions 18 and 19, then one would have expected chymotrypsin to
have hydrolysed the tyrosine bonds, as was the case in the trypsin
digestion of C.pyrenocidosa 'A' plastocyanin (see peptides A TN3, TB2,
and TAl, Chapter 5); or it could be that chymotrypsin does not split
very readily after modified tyrosine residues. With no evidence for
the presence of tyrosine it is proposed that tyrosine-18 and -19

(in the A sequence) have been deleted in the © and F sequences.

One explanation for the deletion could be that amino acid residues
substituted for tyrosine-18 and -19 changed the conformation of the
protein such that it was inactive, and that by deletion of the two

residues the original or closely related conformation could be resumed.

‘rtzgto&_n_ content

Tryptophen has been reported absent from spinach (Katoh
et al, 1962) and Phaseolus vulgaris (Milne & Wells, 1970) plastocyanins,
the evidence being smino acid compositions, tryptophan determinations,

and u.v., spectra.
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In the early stages of the investigation, on the
algal plastocyanins, the presence of tryptophan was suggested
from the subsidiary maximum at 292 nm., observed in the u.v. spectra
of all the native proteins, excepting C.pyrenocidosa *B' plastocyanin
(Figure 4(iii)). Por C.fusca protein the absorption at 280 nm. was
consistent with the protein containing 4 residues of tyrosine and one
of tryptophan, Determination of tryptophan content of S.obliguus ‘A’
and C.fusca plastocyanins, by the Spies & Chambers (1948) method,
detected 0.4 residue/molecule and 0.52 residue/molecule, respectively,
when the proteins were first digested with pepsin. A piptldc (FS5SN,
see Chepter 7) was purified from subtilisin digestion of C.fusca
plastocyanin: that stained positive for tryptophan and was strongly
fluorescent (on oxidation) under ultraviolet light. Although not
conclusively proven it was proposed that the sequence of the peptide
is Thr-Trp-Asn, which can only fit into the sequence at threonine-40.
Indirect evidence for the presence of tryptophan in position
- 41 iﬁ C.pyrenoidosa 'A' sequence has been obtained. It has been
suggested (Chapter 8) that the true C-terminus of peptide CBS from
S.obliguus 'A' plastocyanin (@), is tryptophan and not threonine.
#CBS5 is identical in sequence to peptides A CB4 (residues 32 to
40 in sequence) and FC B2, so if tryptophan is also the C-terminus
of these peptides (and not threonine), then this would position

tryptophan as residue 41 in the A sequence, Unfortunately peptides
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ACB4 and FCB2 were not stained for tryptophan, and neither were
their C-ternini determined, using CPA, due tollack of material.
The significance of the presence of tryptophan in the algal
plastocyanins will be discussed in the section dealing with
bacterial azurins.

It might beeof significance that C.pyrenoidosa 'B'
plastocyanin not only has threonine-40 deleted, but also tryptophan-41,
C.pyrenoidosa 'B' plastocyanin also differs from the other two
algal plastocyanins, spinach, and french bean plastocyanins, in
containing two residues of arginine.

There ie no overlap of the peptide bond joining residues
41 to 42 (Trp-Asn bond), in the sequences of C.pyrenoidosa 'A' and
C.fusca proteins, or residues 39 to 40 (His-Asn- bond) in C.pyrenoidosa

'B*' protein.

D. Sequence homology between the algal and P.vulgazil (french bean)

plastocyanin,
The paertial sequence of P.vulgaris plastocyanin has been

determined (Milne, 1971). The sequences of the plastocyanins have
been aligned (Figure 9(ii)), the amino acids in the bracketed regions
of the french bean sequence bdng re-ordered to maximise the

alignment.



Figure 9(ii) Sequence homology between algal plastocyanin and Phaseolus vulgaris plastocyanin
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With the inclusion of a tryptophan residue at position 41 in
the W 'A' sequence, the algal plastocyanin chain is 101
residues, compared with 100 residues for french bean plastocyanin.To
obtain the maximum homology it was necessary to postulate four deletions
from the C.pyremoidosa 'A' sequence at positions 28, 29, 40 and 41, and
three insertions at positions 59, 62 and 63. It should be pointed out
that the deletion of residues 40 and 41 from the C,pyrencidosa "A*
sequence occurs in a region of the sequence in which no overlap has
been found. This match means that 37% of the residues are in
identical positions; this being a minimum figure since very few
amide groups have been located in the french bean sequence. It
would be unwise to draw too many conclusions from the proposed
seguence homology, except to draw attention to the observation that,
in the sequence comparison, there are large areas which have obviously
been open to considerable change, while other smaller regions of the
proteins (e.g. near the C-terminus) have been strongly conserved.
The most interesting conserved region is that around the single
cysteine residue, of the type Tyz-X-(Tyr,Phe)-Cys-, which is also
close to a histidine residue. It might be that this region of the
protein provides one of the copper-binding ligands, since the
involvement of a sulphydryl group in the coppersbinding site of
plastocyanin has been proposed (Katoh et al, 1964),

The percentage similarity between the algal and french
bean plastocyanin sequences is lower than that found between the

sequences of the algal plastocyanins., It would be interesting to study
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the structure of plastocyanin from blue-green algae (Lightbody et al.,
1967), to see if the plastocyanin sequences from green algae, provide
& link between plastocyanin from blue-green algae and that from

higher plants (e.g. french bean).

E. Sequence homology hetween algal glutocminl and bacterial azurins.

It has been established in the Introduction (Chapter 1)

that plastocyanin and azurin are functionally analagous proteins.

The question to be asked now is are there sufficient similarities

in the amino acid sequences of the two proteins to suggest that

they may have been derived from a common ancestor, or is any similarity
found merely a result of convergence, rather than divergence.

Because of the difference in lengths of the twe peptide
chains (128 to 129 residues for azurin and 101 to 99 for plastocyanin)
it is difficult to align the sequences without the help of a
computer program to sexrch for matchingpositions, and to assess
the significance of the matches chosen. Computer techniques
for establishing sequence homology between related proteins has
been used extensively (Fitch, 1966; Dus, Sletton & Kemen, 1968;
Needleman & Blair, 1969; Ambler & Meadway, 1969), By inspection,
the sequences of plastocyanin and azurin (except for the C-terminal
region), are not obviously similar, and it is felt that further

plastocyanin sequences need to be determined, from more diverse



Figure 9(iii) Proposed homology between C-terminal regions of bacterial azurins and algal plastocyanins

1 1 1
0 ik 2
7 0 0
1 ag. Yomo £, B, C, ¢ Fu P, g. R, 8. a; 1. M k-G €. 1. ¢, "1k,
2 s o A, E. s £ L eg. hilES AR, 0 T SR, o (DU s b o
. S g, £ g. £. g Bl Avssa w4 Ea t. ¥. &0k kS
4% Bl vy 8518 g. ho'ds a, . k. Yo Re ROl AK,
4 < . &, K 8, F. . g ol 8 m. KBS o BplE. Ba Xs B
Azurins
6 tds b, Sow aix, el g, hotg il 55K £ e S e
7T g, B T btk JEE RS R 1 e g e T Bl
8 d. atife Ay s 8. £ g. h. w. s.. i. . t. e. i. k. 1..49. 8.
- a. y. D BB £onfie Bul o Ba oo Vo'rk, i I ST
10~ fe. s oge Y. . Q. - he i &, &+ .8 Vo ke ds ¥a . Ve Qs
Plastocyanins Iy e < Bs Yo « Q. = h. 9. g. a. g. V. Lo A B Ve s
12 £ g. Y « O = H, Qs g0 E Y S O O A b
8 9 1
1 0 0
0
1. Pseudomonas aeruginosa P6009 )
2. Pseudomonas denitrificans NCIB 9496 )
3. Pseudomonas fluorescens B-93 (ATCC 17467) ) (from Ambler, 1968
4. C-18 (ATCC 17400) ) and personal communication
5. D-35 (ATCC 17414) )
6. Bordetella bronchiseptica NCTC 8344 )
7. Alcaligines denitrificans NCTC 8582 )
8. Alcaligines faecalis NCIB 8156 )
9, Alcaligines spp. (Iwasaki's Pseudomonas denitrificans) )
10. C.pyrenoidosa 'A'

=
-

. C.pyrenoidosa 'B'
¥&, C.fusca




144,

photosynthetic organisms, before it would be worthwhile using a
computer program to attempt to match them.

The C-terminal sequences (see Figure 9(iii)) of the two
proteins do have certain characteristics in common, particularly the
homologous sequences around the single cysteine residue present in
both azurin (position 112) and plastocyanin (position 86). The
cysteineresidue is present in a strongly hydrophobic environment,
which is of the type Tyr-X-Tyr-Phe~Cys-, where X is a "neutral’
amino acid. Also, a histidine residue lies close to the cysteine
residue.

The involvement of a Sulphydryl group in the copper-
binding site of both plastocyanin (Katoh & Takimiya, 1964; Blumberg
‘et al, 1966) and azurin, (Brill et al. 1968; Finnazzi Agro et al,
1970) has been repeatedly proposed. If this were so then the
cysteine residue in the two proteins would be the only candidate.

The tetrapeptide sequence Thr-Ala-Gly-Glu found in one
of the azurins, (Pseuodomonas fluorescens D-35 (ATCC17414) residues
103 to 106 in Figure 1(i)) (Ambler, personal communication), so far
studied, is also present in C.gzunoldon 'A' and 'B' plastocyanins
(residues 78 to 81 in Figure 9(i)).

Finnazzi Agro et al (1970) and Rotilio et al (1970), have
tentatively proposed that in addition to the cysteinyl residue, a
tryptophanyl residue is also involved in the copper-binding site of
azurin. Tryptophan is present in all azurins, so far studied,
except one (Pseuodomonas fluorescens B-93 (ATCC 17467))(Ambler, 1968
and personalecommunication), but it is not in an invariant position.

However, in seven out of nine bacterial azurins studied, the

tryptophan i in position 48 (Figure 1(i)). It may be significant
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that the proposed sequence (His~Thr-Trp-Asn), around the tryptophan
residue in C.pyrenoidosa 'A' and C.fusca plutocynln sequences is
similar to the sequence (His-Asn-Trp-Val) around tryptophan-48 in
azurin, It is unfortunate that the presence of tryptophan in some
plastocyanins has not been conclusively proven, but indirect
evidence for the presence of tryptophan has been obtained from

the U.V, spectra, since the subsidiary maximum at 292 nm.,
attributed to the fine structure of tryptophan, is present. This
is also a common feature of the U.V, spectrum of azurin (Ambler,
1967).

If tryptophan and cysteine are involved in the binding
of copper to azurin and plastocyanin, then it might be suggestive
that the two proteins may have a similar tertiary structure, which
would support a structure-function relationship. However, a
number of X-ray crystallographers, working on metallo-proteins, have
recently reported at the 1971 Cold Spring Harbor Symposia on
Quantitative Biology (in press) the difficulty in relating structure
and mechanism, since it has been found for zinc-containing proteins
(e.g. carbonic anhydrase C, carboxypeptidase A, and insulin) that
the geometry around the active sites is not the same.

Thus, although similarities in specific regions of the
two proteins can be found, it would be unwise to suggest that azurin

and plastocyanin are dedved drom a common ancestor; the similarities
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might merely be a feature of their function, and may have arisen

by convergent evolution. Again, the determination of the sequence

of a blue-green algal plastocyanin could be very interesting, as an
approach to finding a link between bacterial azurin and green

algal (or higher plant) plastocyanin., This type of experiment

mbght help to test the endosymbiotic theory of chloroplast
development, which proposes that the chloroplast originated from
inclusion of a prokaryotic (e.g. bacterium) organism into a eukaryotic

cell (Smillie & Steele Scott, 1969).
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