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SUMMARY 

Plastocyanin has been purified from three species of green 

algaes Qlorel1a pyrenoidosa, Chloreli.a fusca, and Scenedesmue 

ob Ii quus. 

Two molecular forms of C.pyrenoidosa plastocyanin (A & B) 

and S.obliguus plastocyanin (A & B), were separated by ion-exchange 

chromatography on DEAB-l]u11 the former proteins being found 

In approximately equé.L amounts, whilst the latter were found in 

approximately a 5s1 ratio. A single form of plastocysnin was 

purified from C.fusca. Bach protein can as a single band on 

starch gel electrophoresis. 

The amino acid sequence of C.pyrenoidosa 'A' plastocyanin 

has been determined and proved to be a single chain of 101 residues. 

The partial amino acid sequences of C.pyrenoidosa 'B', and C.fuaca 

plaatocanjna have been determined, and aligned with the C.pyrenoidosa 

'A' plastocyanin sequence. 

With the sequences so aligned 647. of the residues are in 

an identical position. The sequences are discussed in relation to 
blue 

plastocyanin from french bean, and to azurins which are/copper- 

containing proteins found in bacteria. 

The C-terminal regions of the algal and french bean 

plaatocyanins and the bacterial azurins appear to be at least 

analogous, if not homologous.The most Conserved sequence is that 



around the sinie cy8teiae residue, which 

)'he)-Cys-. 	£3 oi interest since a s 	y jean 

proposed as one oi the ligands involved in the., 	- ding site 

of both pl*stocyanin and azurin. 
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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 axurins and plastocyanins, which are associated with 

the chioroplast in plants. Comparison of the amino acid sequences 

of these two small molecular weight proteins, therefore, may elucidate 

the evolutionary connection between bacteria and chioroplasts, if any 

should exist. 

Amino acid sequences of proteins are directly related to the 

mRNA and hence the DMA 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 primary structure data for phylogenetic 

purposes, since Zuckerhandl and Pauling (1962) pointed out that in 

studying a protein, such as cytochro.e c, one is only studying a part 

of the evolutionary product of the gene. The study does not include 
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ar 

the evolutionary precursors, protein(s) which eventually evolved 

Into cytochroe c, not the products of genes that may have evolved 

from cytochrosie c. 

B. Minimal Mutational Distance 

From the determination of many amino acid sequences of 

structurally and/or functionally aisiuler 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 mutations. 

This approach to molecular evolution has been aide move 

complete by the work of Nirenberg & Leder (1964) and Nishimura & 

Lhorana (1965), in assigning triplet codons to each amino acid. 

Using the genetic code the minimal mutational 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 bow 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 manner. Cantor & Jukes (1966) have scanned 

peptide sequences in mammalian and bacterial cytochro.es c 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 codon.s 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, chyaotrypsin 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 similar to that of a-chy.otrypsin (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. 

Lendrew, Dickerson, Stranberg, Hart, Davies, Phillips and 

Shore (1960) showed, from the X-ray structure of sperm whale 

myoglobin, 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 

sezine proteina.ses 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 changes 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 marine proteinases from organisms including the spiny Pacific 

dogfish, the turtle, a sea anemone, a mould and a soil bacterium 

£oranium .!• They have an aspartyl-seryl-glycyl sequence at the 

serine residue of the active site, suggesting a chymotrypsin-like 

specificity. Thus, an evolutionary connection between the two 

groups of serine proteinases is highly probable. In contrast, a 

group of bacterial extracellular proteinases, subtilisin BPN' from 

Bacillus aayloliguofaciens and subtilisin Carlsberg from Bacillus 

subtilis, which have a "threonine-serine-aethionine" sequence at 
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the active urine residue, while showing homology with one another, 

have no primary or tertiary structure homology with the mammalian 

urine proteinases. It appears that their analagous enzymic 

function must be due to convergent evolution. 

D. Cytochromes C 

Extensive comparative sequence studies have been performed 

on 'a1ian-type' cytochroaee c, including sequences from such 

divergent eukaryotic organisms as the kangaroo and the yeast, 

Candida kruaei. A striking feature of the amino acid sequences 

is the maintenance of the basic and acidic residues, clusters of 

hydrophobic residues, and the cysteine-X-Y-cyateine-histidine hatm 

binding site with a methionine residue as the sixth nasm ligand in 

all the cytochromea C. A sequence homology of over fifty per cent 

between all the cytochrosu c, so far studied, suggested that the 

tertiary structures might also be similar (Margoliseh & Nolan, 1968). 

Dickerson (1971) has just completed the X-ray structure of 

horse and bonito oxidised cytochro.es c and proposed that the 

folding for these two molecules is the sow. Thus, it seems that 

the vertebrate-type cytochro.es c 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 Poeudomonas
,
aeruginosa P6009 cytochrome c551, and 

the eukaryotic cytochroaea c. They both have the typical haee-

binding pentapept ide "cyteirie-X-Y-cysteine-hist Ldine". Due, 
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Sletton & Kama (1968) have proposed sequence homologies between 

the photosynthetic bacterium Rhodoepirillum rubrum and eukaryotic 

cytochzomes c. Dickerson (1971), has used this proposed homology 

to produce a model for the P.aerugionosa cytochrome c531 molecule 

based on the X-ray analyses of horse and fish cytochromes C. He 

proposes that most of the changes between the two classes of 

cytochromes c can be explained by the insertion 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.aeru,inosa P6009 cytochrovie c351 and 

eukaryotic cytochroae C shared a common origin. 

B. Ferredoxina 

Matsubara, Sasaki & Chain (1967) have studied the 

sequence homology between bacterial and plant-type ferredoxtns 

in an attempt to establish a coon precursoral gene for 

ferredoxjn, as has been proposed for algal, plant and animal 

cytochro.es c (Margoliash, 1963). Ferredorins are single-chain, 

non-ham iron-containing proteins present in some non-photosynthetic 

anaerobic bacteria and in all photosynthetic organisms. They are 

involved in electron-transfer processes. 

From sequence data on five plant ferredoxtns; spinach 

(Mataubara et a!, 1967), slfsfs (Leresztes-Hagy, Perini and 

Margoliash, 1969), 	(Benson, Yasunobu, 1969),Scenedesi,u, 

obiiquua (Sugeno, Matsubata, 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 Scenedesaus ferrodoxin. This 

segnt 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 $ 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-nineresidues 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 Chiostridium 

and rescues 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 recosbinational 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 ferrodozin in the 

photosynthetic reduction of NADP, by isoitted spinach chloroplasts. 

However, work on the active centre of spinach ferrodoxin 

(Margoliash, Perini & Leresztes-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 Chiostridial 

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 a mammalian non-hats iron-

containing protein, bovine adrenodoxin, shows no homology with the 

bacterial and plant ferrodoxins nor with mammalian haea-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 

contains a 'cysteine-X-Y-cysteine' segment which is also present 

in many of the non-hum iron-containing proteins sequenced so far. 

This might suggest that several families of non-haea 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 plastocyanin 

A. Classes of copper-containing proteins 

Another class of metailo-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 

(CU 2' ) are free to compete with metal-ions (e.g. Mg2' ) in other 

metallo-protcing, causing inhibition of these enzymes. 

In all the above proteins, the copper is mainly present 

as the cupric (Cu 2 )jon.mj. 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, C u24 .Cul I  

is a common oxidation-reduction system, an important feature in 

the biological function of copper. 

Electron paramagnetic resonance (JPR) studies on copper 

coplexig have classified three different forms of copper in 

proteins; an EM-detectable cupric ion responsible for the intense 

blue colour of some Copper-containing proteins, an £PR-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. 

S. Function and isolation of azuxin and plastocyanin 

Azurin and plastocyanin fall into the class of Copper-containing 

proteins that function as electron-transfer protein., and contain 

copper only in the "blue" cupric ion form. 



TABLE 1(1): i'ain claaeea of copper-containing proteins. 

Ilsiiocyanin 	 Oxygen carriers. 
Erythrocnnrcin 	 Storage or transport of 
Cexebrocupre in 	 copper. 
Hemocuprein 
Rspat ocupre in 

Aauin 
P1 tat ocyanin 
S teilacyanin 

Tyrosinase 
Dopamine-..h ydroxylaae 

Az4 b 	axidaae 
in 

Moaoainine oxidtse 
Dianne cacidaee 
Galactose cidas 
Uric as 

2Cytochrome c oxidase 

Electron carriers 

Mixed function ozidases 

'Blue' oidaa,e' 

Other oxidases 

Terminal ox.tdaae. 

tProtein with weak oxldaae activity but unknown physiological function. 

2contains haem aa well as copper. 

Proa Malkin 4 Malstrom (1970). 
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The precie Vol- of azurin has not been clearly defined, 

but it is widely accepted that it rsrticipates in a bacterial electron 

transport chain. 	periments with niastocyanin negative train' of 

Ch1doaonaa rheinhiir_i (Gorman and Levine 1965) bay placed 

plastocyanin as an cc 'tial coronent of the photosynthetic electron  

transport chain, acting in series with cvtochrome f. A1'9 several 

workers (including Arnon et al 1970), by isolating a number of 

cbiorolapt fragments, have shown that Plastocyanin acts as an essential 

electron donor between the two r'hotocheaical reaction centres, ri and 

P2, in plant and algal nhotosynth".i,. The currently accented electron 

pathway in photoyntbep'is is one in which the nhotoystajiis cooperate in 

a sequential manner. 	duction of NM) is catalysed b'i it's-1, while 

PS-2 is involved in the oxidation of water. 

Azurin was first found inPseudomonas (Verhnevn and Takeda, 

1956; Horio, 195), and has since been isolated in several other genera, 

including Bordetella, Alcali genes and Affrobactrrf tm (utherisnd and 

Wilkinson, 1963:, utherland, 1960). The different azurins are monomers 

with similar molecular weights (about 1 4 ,000) and all conta 	ne copper 

atom per molecule. 

Plastocyanin was first isolated from the preen sr'a, Chlorej1a 

ellipaoid.a, 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 Phaseo1u j 

(frencl bean), (Wells, 1)65), the leaves of Chdnonodium album (Vakuahiji, 

19(c). Lightbody and Krogman (1967) isolated Plastocyanin from the blue-

green alga, Anabaena vartabilis, the first demonstration that olaetocyanin 

is present in a proca v tc 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 'ifferent 

plastocyacins 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 &na1,es gives 	alue around 11,000. This suggests that plasto- 

cyanin might exist av a dimer under certain conditions. The molecular 

weight of spinach ii contrasted with a molecular weight of 11,500 and a 

c.'; er content ci : itcn/ino1ecu1e for Chenopodium album, and a molecular 

veitt ox 	and a copper content of 1 atom/molecule for french 

bean plastocyanin. 

c. Prima' structure studies on azurth 

It is relevant here to consider the primary strwtare 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 cop,er binding site. 
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From Ambler, 1968; and personal 

cmIcat1o. (1971). 

Azurirt SequenCea (Part 2) 

1 . Peudomona aerginoaa P6009. 
2,. Pseudovwn,s dciitrifjcs.ns NCIB 9496 

Pseudomonas fluoresceng 8.93 (ATOC 17467) 
C-18 (AltC 17400) 
D-35 (ATm 17414) 

Bordetella brochiseptica NCTC 8344. 
Alcaligines denitrificang NCC 8582 
Aiacaligjnejiaecajjg 	NCIB 8156 
A1ca1igine app. (asaki's Pseudomonas denttrificans). 
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The amino acid sequence of ninebacterial azurins, from 

the genera Pseudomonas (three different strains), Bordetella, and 

Alcal igines has been done (Ambler, 196), in an attempt to elucidate 

the nature of the copper-binding site. Although the azurins share 

similar physical properties, it was apparent from peptide maps that 

there would be differences in the amino acid sequences. Figure 1(1) 

gives the amino acid sequences of the bacterial azurins. Approximately 

70% similarities are found between azurins from different genera. 

The percentage similarities between the azurin.s is higher than that 

found between the peniciilinases from Bacillus licheniformis and 

Staphiococcus 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 subtilii 

(Smith, Markiand, Lasper, Delange, Landon & Evans, 1966). 

The most interesting features of the azurin sequences from 

a structural point of view are; the presence of a single cysteine 

residue it position 112 with a strongly hydrophobic environment 

around it, of the type - "tyrosirX-Y- henylalanine-cyateine" - 

where I is a variable neutral aü 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-93, 

but it is not in an invariant position. 
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It is found In 'ositi3n 48 in all the azurins thet contain trytophan, 

except in Alcaligines faecalia, where it is in position 118. The 

rest of the similarities and differences in the amino arid residues 

are distributed throughout the protein. A large number of the changes 

in th- amino acid residues, in the highly variable positions are 

conser'.ative chances, that is the changed amino acids have similar 

side-chains or net charge. Of great interest is that the amino atid 

compositions of the plastocyanin from both spinach end french bean 

indicate the presence of a single cysteine residue, the absence of 

tryptophan, and a low tyrosine content comared with that of phenyl-. 

alanine. 

D. Physical and chemical propertic& of aaurn and 'laotucnin 

Azurins and 71astoclanina exhibit very similar absorption 

spectra. They both have three absorption bands in the visible region; 

a band in the region of 450 rim., the major band responsible for the 

intense blue colour at approdmately oWnm., and a bind in the near 

infra-red region. The ultraviolet spectra of azurina and pluto- 

cyanina gives a major peak at 280 rim, and t 	'ccurrence of fine 

structure peaks reflects a low tryptophan 	tirosine content 

compared with that of nhenylalanine. This is consistent with the 

amino acid sequence data for azurine, and the amino acid composition 

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

pla.ztocyanjna vary within the range of 0.32 to 0.39 volts. Table 1(u) 

gives the oxidation-reduction potentials for all the blue cooper 

Containing proteins. 

'tdatjon-reuctjon --potentials of the "Blue" Cu 
2+

ion. 

Protein J'(r" n volt Refer(r.ce 

0.767 (6.25) Fee and Malastri (Po4yporus 	2.k9!) (19f 

Cerulopiaajn ('.2 -do- )l:.) 

(&hus vernicj.t era) 

llasocanin (.37-O.0 (7V tnh, "hiratori & (pinoc1) 
Takaiys (l2). 

. 3 '4 toh, (1961) (Chlore.Lla e1lo,jija) 

Azurn O.V )4 a (j% 
(. bLLua) 

Azurj .395 M :uter1a 	and (bordetejia) 
 ison (19t3) 

teilacyazun (.3 (t vtr 	(191) (kl. 	verrctjr) 
From Malkin & Malatrom (1970) 
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Of interest is that the valuer of n1l the cidatton-reduction 

potentials listed are higher than the riotential of the 	 /Cu*  couple  

(0.1 48 volt!) in dilute acid (James and Williams, 191). e everal 

mechanisms have been proposed that lead to high oxidation-reduction 

potentials for CU 
2+ 
 coat',lexes inctudin!: the involvement of sulphur 

or other reducinp 1isnda, bindinr to unsaturated groura, and 

distortions in the 'u2'  site that do not allow a tetragonal symmetry 

about the metal. (Rrill. N Brvce, 	The involvement of nulphur 

as a ligand of corner in azurin is highly -roable from the 'equenc, 

studies (Ambler, 10e8). 

Optical Rotary !)isers(on (ORD) and CircuIi.r n4chr, 4 sa NO 

measurement. have been used to some evtent In drscr(bfng the optical 

activity of the "blue" eo',oer ion. The OR!) curves of stellaci'anjn 

and niastoevanin (Chenor'ndium album) both e'nsiet of three Cotton 

effects in the visible region, and these agree well with the 

positions of the three absorption bands in the visible o'ticsl 

spectra. (Blumher, and Peisach, 1966). The OR!) CUtVCS have been 

resolved into only three Gaussian components, and the curves calculated 

on the basis of these three cos'nerta fit the e',ernentallv obtained 

curves. The Cotton effects observed for the optical neaks indicate 

the asymmetry of the copper chronophoric site (Blumberg t al. 1966) 

Similar experiments with azurin have also indceted sarnmetr7 of 

the copper binding site (Brill et al. 1967). 
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The EPR parameters of a copper ccm,lex (g and A values) 

are related to both the symmetry of the ltgarid atom a:raniew.ent 

around the metal ion and the covalency of the 	 bonds. 

The BPR spectrum for Chenop2dium album n1natocyanin (Ulwaberg and 

Peiaach, 1966) is similar to that p'-- 

protein (Mason, 1963) and for !rdet'' - 	 Ct al. 1963). 

Evidence from BPR studies confirms the r'J3 and 'D work which 

indicated that both, azurin and n1astrranin, exhibit distortion from 

square planar symmetry at the cunric ion site. However, the actual 

geometry of the cupric ion site in these and other "blue" copper 

proteins remains unknown, so that the relationship of' t.: optical 

and magnetic properties to the bonding of the "blue" cupric ion, will 

only be fully understood when the -r*v structure of a blue" 

copper-protein is obtained. X-ray crystaltcraph1 is proceeding 

slowly because of the difficulty in obtaining large eJKua crystals 

for analysis. 

An important finding which is a1r'ct certainly linked with their 

biological function is that both srurtn and plastocyanin undergo auto-

reduction. This was first studiir ,4  by latoh (1962). He showed that 

ascorbate readily reduced soinach r1satocv*n1n. This sane phenomenon 

has also been observed in all the rlastocyanjns so far isolated 

(including the plastocyanins studied in this thesis) and in aLA the 

azurins so far studied, and in
,Pol=ruL% 1accc. This ia interesting 
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because lscease is a more complicated cop-per-protein than either azurin 

or plastocyanin, with respect to its coiner content. It contains four 

copper atoms per molecule, one is a "blue" cupric ion, another is a 

"non-blue" cupric ion, and two are "M-non-detect able"'. HIM 

measurements have shown that the decolourization at high R, in 

azurfi, is due ti a reduction of the "blue" cur'ric ion (Brill et 

al. 1967). With aurin, plastoc"anin and 'accase little denaturation 

occurs at high pH since the colour can be quantitatively recovered 

by the addition of a suitable oxidising agent, e.g. potassium 

ferrtcyanide. 

The mechanism of the pH-der'endent reaction is not clear. 

From experiments with Pseudomoa, aerugin',s' 'nd flu,reutcenc 7urin 

(Brill et 	3.67), it was suggested that a protein bounc' 

group is responsible for the reduction of the curric ion. The 

sulphydr,' grou-tng from the cyateine residue in s{tion 11 7 , in 

the sequence of azurth, is the only reducing agent tresent on the 

protein, and the pH effect would reflect a chan€e in the redox 

potential for eulph'-dr1 oxidation upon ionizatinn. 

Thus, therein suggestive evidence that SU1rh - r] jroups 

may he involved in the copper bindinr site of aEurin and plaetocyanin. 

Further 	i'rcrn 	 - r1 	:' - '4r, 'urn and 

pla"'r 	r--'f. 
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reagent. The cooper from azurin and ilastocyanin can be removed 

by extensive dialysis (Yamanaka et al. 1963) against cyanide, and 

restored by titration with copper salts. Tatoh (1964), showed that 

this reversible binding of c'per with th 	- o-"rotein can be 

abolished by blocking the single 'ulphydryl :rour of the rrotein 

with a sulphjdrl specific reagent such as mercuric ions or 

p-mercuribenzoate. Blumberg et al. (1966) showed, by a proton 

relaation e :periment, that the site of binding copper is not at 

the surface of the molecule. A similar conclusion was reached 

by Brill et al. (197) for Rordetell?t azurin. Blumberg et al. 

(1966) argued that since sulphur has been indicated as a 1iand 

of cop:er in t*stocyanin and iince !UlDhUt has , and d electrons 

which can - articipate in the bonding with copper, the eectron 

for reduction of plastocyantn could eerily travel through these 

sulphur uganda to the eon'er. 

Evidence from thrre attidies suggest- tt the binding 

of copper is not as simple as a corer-sulp' - y' 	nkage. )toh 

(1964), studying the corner binOinr site of ,T. -1in ,; ch plastocysnin, 

has proposed that two groups of amino acids are reronsihle for 

maintaining the nrotein in a spatial conformation which allowr the 

copper to form a chelation complex. 

!!ottlio, Finazzi Pgro, Avigliano, Let, Conti, Pranconi 

and Mondovt (197(") using evit1ene from fluorescence, absorrtion 
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and EPR ;pPctr 	 that in }seudomonaa uiuoreacena azurin, 

there is present at least one strongly hydrophobic site for copper 

binding, in addition to the very probable invoiveasut of a 

su1phydr1 group. They tentatively propose tryptoohan as a ligand 

for the co -'per. However, this seems fa.Lr.1,' unlikely as tryptophan 

is not found in all azurina sequenced so far, and is not in an 

invariant position in the azurirzs that do contain it. (Ambler, 1969). 

Also tryptophan appears to be absent from the plastocyanins so far 

looked at. 

High resolution nuclear magnetic resonance studies are in 

progress as a further method for elucidating the nature of the 

uganda 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 to predict an evolutionary connection 

between the two nroteins. Algal plastocysnins were considered to 

be the simplest plastocyanins to study from an evolutionary point 

of view. 
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E. The origin of the chlozopla.st 

It is of interest to consider the origin of the chioroplast 

within photosynthetic organisms as being pertinent to postulating an 

evolutionary connection between a bacterial and a chioroplast 

protlE A 

There are two main theories. The first, an episomal 

theory of origin, proposes that chioroplast )NA 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 bacterium, 

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 chioropiast bM (Richards, 1967), 

but further experints need to be done beLore a coson origin of 

nuclear and chioroplast DNA can be suggested. The similarities 

between chioroplait DNA with DNA of bacteria (and blue-green alga) 

include; the similarity in appearance of DJ i.ages seen in electron 

micrographs of chioropiasts, bacteria, and b uc-green algae, the 

comparable amount of 1)hA in a chioroplast and bacterium, and the 

apparent absence of histones associated with DNA in ch]oroplasts 

and bacteria. Also it has been found that ckiloroplast rtbosoiyea 

are similar to bacterial ribosomes. They both have a sedimentation 
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coefficient in the ultracentrifuge of 70S, shire similar sensitivities 

to magnesium ion concentration and antibiotics, and the RWA components 

of the ribosoises are similar in size. However, reported figures for 

the sizes of the choz '1ast 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 wake in endosywbiont theory of chloroplast origin more 

difficult to uphold. But either theories is non-contradictory 

to a possible evo1ut-' -ary connection between bacteria and 

eukaryotes. 

1owever, 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 chioroplast DNA 

codes for plastocyanin, then only the evolution of the chioroplast 

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 

Paeudomona.a cytochrome c-551 (Ambler, 1963), Rhodos7irillum rubruw 

cytochroae c (Dus et al. 196b) with animal cytochromes C, Chiostridial 
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ferredoxjn5 with plant fegredoxjng (Mataubara et al. lt7), bacterial 

•ubtjljsjn5 with the mammalian serine proteincse., only in the case 

Of the soil bacterium, Eorangium., and the maaalisn aerine 

proteinages is it widely accepted that the bacterial protein and the 

animal protein are hou:Logou (SmLllie & Whitaker, 1067). 

There remai .:ny functionally analogous Proteins common 

to both bacteria and higher organisms which have yet to be compared. 

Care must always be taken, however, when comoaring proteins, to 

consider the possibility that analogous chemical structures may have 

arisen as a result of convergent evolution. 
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OiA'T.R 2 

/BB: VIi1TIc*: & 1CTD 

1. Abbreviations 

A. Chemical! 

LAW?: 	Butan-1-oiz acetic acid: water: pyridine (15:3:12:10 

by volume) 

CPA: 	Carboxypeptidase A 

C-t: 	C-termjnu8 

DE.AE: 	Diethylamino ethyl 

DN : 	204 - dinitrophenyl 

1-diaethyi. aminonaphthalene-5-aulphonyl 

DN-PTC: 	Using PTC to degrade peptides and DW-chloride to 

label the M-teriini. 

DItC-: 	Treated with diphenyl carbamyl chloride 

HVPAs 	High voltage paper electrophoresis 

B-D$P Lys: Epsilon 2,4-dinitropherayl lysine 

XCL: 	Potassium chloride 

N-t 	N-terminus 

PTCz 	Ph t n,1 isothiocyanate 

.CFF: 	xylene cyanol FP 

a: 	 Ilectrophoretic mobility at pH 6.5 

a': 	iUectrophoretic 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 tingle Letter abbreviations Conidssion on Biochea-

ical Nomencature, 1967, and 1969, resrectivc1y). 

Amino acid Three letter One letter 

£ysinL Lys k 

1iistidie Hise h 

Arginine Ar' r 

Aspartic acid Asp d 

Asparigine Ann n 

Either Asp or Ann Asx b 

i.ysteic acid (Cysteine) Cyr. C 

Methjonjne Met m 

Methionine Sulphone Mee m 

Glutamic acid Glu e 

Glutmine Gin q 

Either Ulu or Gin Gix a 

Proline Pro p 

Glycine C.! g 

Aianlne 
It  

Ala a 

VaUne Vat v 

Isoieucjne lie I 

Leucine eu 1 
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Amino acid 

Thr eon in. 

er ins 

Tyrosine 

Phenyl alan.ine 

Tryptophan 

Three let tr 

Thr 

Fer 

Tyr 

Phe 

Trp 

e letter 

t 

B 

y 

f 

w 

Residues Joined by hyphen are in secuenee, whereas those bracketed 

are in unknown order. 

C. PePtide nonclature 

The first letter shows the nrimarv digestion by which the 

peptide wat formed: T, trycain; C, chyotryin; r, subtilisin. 

The second letter shown the nobility of the peptide at pH 6.5: 

, basic; A, acidic; N, neutral. 

The peptides in each eerier are then diStinCUIShed by numbers. 

Thus, CNI is a neutral chjsotryptic peptide. 

Peptides produced by further digestion with another -'roteace 

are distinguished by the rae system. Thus, TiCl i a basic 

chymotryptic peptide formed by chyaotry'stn ' i estiort of ienttde TM. 

In the figures, peptides reoresenteci . a solid line ( 	) 

were sequenced by the k)ansyi bdaan procedure, those rer'resented by a 

broken line ( -------) were analysed for amino acid com -oition, and 

those represented by a solid line and partly by a broken line ( - --- - ) 

were partially sequenced. In the latter case the N-termini were usually 

determined by the I-ch.Loride method. 
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2. Methods 

A. Purification of plastocyanin 

A(i) Detection of plastocyanin in solution 

In crude extracts plastocyaniri is present in the reduced form 

and in 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(iii) ion-exchange Chromatography 

DRAB-cellulose (Whatman DEAR-11 and DBAE-52 grades) has been 

used in the purification of plastocyanin. Both grades of DEAl-

cellulose were equilibrated with O.ol M L phosphate buffer pH 7.0 

before use. 

Blution 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 volume with respect 

to one another. The second resevoir contained the buffer of higher 

salt concentration, and this flowed into the 1irt rese'voir, containing 

the buffer of lower salt concentration, through a rubber tubing 

conne(ttng the two resevoirs. The buffer in the first resevoir 

was ated magnetically and pumped on to the top of the column. 

The etinction 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 olyaaccharide chains. 

It has a high decree of hydroxyi 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 Sephadex used in the purification of plastocyanin is 

Sephadex G-50, which has a fractionation ra'' for peptides and 

globular proteins of between 1,500 and 30,0(X). 

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 3 cm.), 

equilibrated in 0.01 14 L Phosphate buffer pH 7.0, was used for all 

the plaatocyanina, and the extinction of the effluent at 234 M. 

was recorded automatically on an Ultraviolet Spectrophotoaeter, 

Sephadex (-J (...oluan of dimensions 1.5 x 135 cm. and 

pumped at 40 al/hr), equilibrated in 3% formic acid, was used for 

the fractionation of protein digests. The digests (see later 

chapters) were dissolved in 5 formic acid (about 2.0 .1.) and 50 

drop fractions (2.9 .1.) were collected. The extinction of the 

effluent at 254 run, was recorded automatically on an Ultraviolet 

ape ctropbotoaeter. 

In one instance (see 3A(ii)) Sephade C.-50 was used for 

the separation of a peptide mixture. Sephadex G-30 (column of 

dimensions 1.3 x 133 cm. and pumped at 40 al./hr) equilibrated in 

5% formic acid was used. The extinction of the effluent at 214 na. 

was recorded as described above. 

In aJi the gel filtration separations B-DNP Lysine (2.5 mg./al.) 

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 a freshly 

made solution A was added, and the mixture shaken and left for 10 mm. 
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o1ution A 

100 ml. of 2% (w/v) Na2cX 3  in 0.1 N sodium hydroxide 

1 ml. of 2% (w/v) sodium potassium tartrate 

1 ml. of A (w/v) Cu504  

Then 0.3 ml. of lo1in-Ltoca1teau reagent (diluted with an equal volume 

of water) Was added, the tubes shaken and left to stand for 30 am. 

Standards were prepared containing up to 0.5 a. of bovine serum 

albin, and a standard curve drawn. The extinctions at 750 na. were 

read after to 2 hr., and the protein determined from the standard 

curve. 

B. Criteri.a Q. purity of plastocyanins. 

B(j) Starch Gel ilectrophoresis. 

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 

cacody1ate/}CL pH 6.5, made up to contain A 	 potassium ferricyanide, 

in a 1 litre round bottomed flask. It was mixed and swirled over a 

Bunsen flame until translucent, dc-gassed, and poured into . p.rsp.x 

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 40 



A alit 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 trnaJ, marker. The protein was always run 

in the blue oxidised form, so that it was visible whilst running. 

The electrode vessels were filled with 0.2 14 sodium 

cacodylate/HCL T*i 0.5, made up to 1mM pots"slua ferricyanide, and 

30 a.ups. were allowed to flow through the gel ( 250 voAts). 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 

XCCI and the blue protein bands from the origin were recorded. 

The gel was sliced, usually into three, by inserting 

increasing numbers of 0.1cm. 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) /&ido (Napthalene) Black in methanol: water:acetj. acid 

(5:5:1 Vv) for ten minutes. 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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8(u) Absorption Index 

The spectral purity of plant and aigal pLastocysnins has 

been expressed as the bZ? m57nfa5tt0 (Latch at al. (1962); .11. 

(1965) and Gorman & Levine (1966)). 

The plastocyanin content of protein samples is obtained by 

measuring their absorbance at 597 na., after ensuring complete 

oxidation with 01 M potassium ferricysnide. This value is corrected 

for absorption due to contaminating pigments, after dialysis of the 

protein to remove the fern- 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, (oxidiaed minus reduced) a measure of the amount of 

plastocyanin. The absorption index is therefore inversely related to 

the purity of the plastocyanin. 

C. Experiments on plastocyanin. 

C(i) Carbohydrate determination 

The method of Devor (1950) was used, which detects pentose 

and hsxose, but not amino-sugars. These were looked for on the 1on 

column of the amino acid analyser. 



32. 

Dever method 

5 mg./ml. soLutions of the algal plastocyanins were made up 

in water and 0.2 .1. samples of each was hydrolyzed with 6N HCL for 

24 bra. 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. 1-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 sins, at 1000C the sarples were 

cooled and their extinctions at 575 rim, were measured. 

The protein samples gave I áit 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 Spacksan, Stein & Moore (1958), the amino sugars are 

eluted approximately 2 hr. after the aromatic amino acids, tyrosine 

and phenylalapine. 

C(ii) Trj'ptophan 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 I. that 

some protein., instead of giving a blue colour (absorption maximum 

590-600 an.) Like that given by free tryptophan, give $ purple-pink 

colour (absorption maximum 545-560 na.). Thus, no reliable estimate 
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Of tryptophan content can be measured. However, stable blue 

chroaophsres, with essentially the same absorption as free 

tryptopham, can be obtained if the protein is first denatured 

and partially digested with pepsin. 

5 ag./m1. solutions of C.Eyrenoidoza 'fl', C.fusca, and 

S.ob1igs 'A', nlastocyanins were made up in pH 2.0 buffer 

(formic acidacetjc acidzwst,g 1:4:45 v/v). The protein solutions, 

Plus two water blanks, were boiled for 15 nine. 0.013 .U. pepsin 

(10 ag./al. solution) was added to each tube and incubated at 

370C 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 al. samples (including duplicates) were taken from each digest 

and their volumes aidS up to 0.25 ml. with water. Standards 

containing up to 0.5 .*mole L-.tryptophan were taken and these were 

also mad* up to 0.25 mi. with water. 

To each tube 2 al. 63 1 (v/v) R2504  plu. 0.23 ml. 3% (w/y) 

p-diaethylaaino..benzaIdehYd5 in 2N HCL was added. The solutions 

were mixed thoroughly, left for 1 hr. in the dark, 0.025 al. 0.04% 

(w/v) sodium nitrite added, mixed, and finally left for I hr. in the 
dark. The extinctions were read at 590 an. and the tryptophan 

content determined from a standard tryptophan curve. 

0.01 ml. samples (5 mg/mi.) of each plaatocyanjo solution 

were hydrolysed in 6$ }ICL, and analysed for protein content. 
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D. Determination of amino acid sequence. 

D(i) Oxidation with perfornic acid. 

The reagent was prepared, according to the method of Hira 

(1936), by adding together 9.5 ml concentrated formic acid and 0.5 ml. 

30% (100 vol.) 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 methioine) was added. The mixture 

was allowed to react for up to 2 hr. in an ice bucket, and then 

diluted with 23 volumes of cold water and freeze-dried. 

D(ii) Preparation of proteolytic enzymes. 

Solutions of trypsin and chyaotrytsin were stored at _2009 

whereas pepsin, subtilizin B, and carboxypeptida.s, A solutions were 

prepared immediately before use. 

Trypsin was treated with diphenyi carbuychlorjds (DPCC), an 

inhibitor of chyotrypsjn (Erlanger & Cohen, 1963). Trypsin was 

dissolved at 10 mg./al. in 0.1 II trio-chloride, pH 8.0 containing 

0.1 14 CaC12 . 0,005 ml. of DPCC (23 tlaolea/mj. in acetone) ml. of 

trypsin solution was added and the mixture allowed to react for 30 

mm. 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 U ammonium acetate pH 8.5 

at 37°  for 1 hr. 

An aqueous solution of pepsin (at 10 mg./al.), and subtilisin 

B in 0.2 U 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 al. 1% sodium bicarbonate, and cooled in ice. 

0. 1 U NaOH was added drop by drop until the enzyme dissolved and 

then pH was brought down to approximately 8.5 with 0.1 U HCI. If 

the pH dropped lower than this the enzyme precipitated and had to 

be discarded. The CPA solution was diluted to 1.23 at, with 0.2 N 

N-ethyl morpholine acetate pH 6.3, giving a 1 mg./mi. solution. 

The solution was kept on ice and used as soon as possible. 

For tryptic, chymotryptic aubtilisin B, and peptic digestions 

of p].aatocyanin, the enzyme to substrate ratio was 1:40 parts by 

weight. For digestion of peptides (0.02-0.05 panole), 0.005-0.01 ml. 

of a freshly made 1 mg./al. 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 p.mole peptide. The digestion 

procedure was based on the methods described by Ambler (1963b). 
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D(iLL) cynogen bromide Digestion 

The method of (roea & Witkop (1961) was used. Cyanogen 
the 

bromide specifically cleaves the protein chain at/C-terminal side 

of methionine residues and the conditions used generally achieved 

over 90% cleavage. The methionine residues are converted to 

homoserine, which is in equilibrium with its lactons. 

Unoxidised protein (20 mg.) was dissolved in 2 ml. 50% 

(v/v) formic acid and treated with an equal weight of cyanogen 

bromide for 20 hr. at room temperature. At the end of this time, 

the reaction mixture, which had remained in solution, was diluted 

with 10 volumes of water and freeze-dried. 

D(iv) High-voltage paper electrophoresis. 

A MichI. (1951) Tank aøparatua was 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 dips 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*1:223 v/v), 

pH 6.5, pyridine-acetic acid-water (1:10:89 v/v), p13 3.5, formic acid-

acetic acid-water (1:4*45 v/v), pH 2.0. Toluene (containing 8% pyridine 

v/v) was the coolant with the p13 6.5 buffer, and White Spirit with the 

pH 3.5 and p11 2.0 buffers. 
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Whatman 3I paper was used except for amino acid separation 

and small quantities of peptides, when Whatman NO-1 paper was used. 

At pit 6.5 the sample was loaded near the middle and at pH 3.5 and 

gil 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 pit 6.5, 3.3 and 2.0, the sample was dissolved in an 

appropriate volume of 0.1 N ammonia, and loaded on to the paper on 

between 0.1-0.5 1ao1e/cm. (for a digest of the whole protein). For 

separating small quantities of peptide, 0.02-0.1 pmole peptide/cm. 

was loaded on to the a:er. For all peptide separations 0.7 cm. 

bands of peptide were piRced 1 cm. from the main band on either side 

of it. Also, 1 cm. bands of & Standard amino acid mixture (approx. 

0.005 al.) 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 bands 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 'cptide map.-:' of protein iit, fractionated 

on ephade G-25 wore separated at pH 6.3 0.01 ml., E.alapleb from 

each frectn tube- wert ucc 	ively applied J.(.cm. apart on the 

origin. The *pot wer, drled with cold air from a hair drier, and 

the razplez applied until 0.03 mi. of each h2d b. en fpotted. 1 cm. 

bands of a standard anino. icid si:turt (about 0.0 ml.) were placed 

on either side of the uttde ti.<ture. 

The standard mttuze (".ondermj:") contains 5 limole/mi. of 

lysine, histidine, nrginine, glycine, valine, glutamic acid, aspartic 

acid, elPr- "-- - ine, 	turine, cysteic acid and the yellow marker 

ii-DNP l,rine, z7.1 	tiu marker 	1ene cyanol-F!, . At pH 6.5 a mark 

of red pertol was -'laced on top of the standard mixture band and this 

was run to about 3 cm. from the bottom of the paper (about 1 hr. at 

3 Kvolta). At pH 3.3 a red pentol mark was put on the edge of both 

sides of the 'aper about 7 cm. from the top, and the raper was run 

until the red jentol mark reached .t-DNP lysine (about 1 hr. at 3 kvolts). 

At pH 2.0 E-Dpi} 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 nectidea are based on those described by Ambler (1963b). 

For analytical amino acid separations at pU 2.0, the hydrolysed 

peptides were dissolved in 0.01 ml.0.1 M ammonia, and loaded on to 1 cm. 

bands (ep3ratcd b7 1 cm. from one another). Twe standard aitino acid 

miytures (drnoted 'R' and 'T') were loaded on 1 cm. bands, 'R' on one 

side and 'T' on the other side of the samples. Plixture 'T' contains 

1-Dt4P lysine, end this was run to 10.5 cm. from the origin (about 13 

mina. at 7 Ky1ts). 



Amino acid markers for e1ectrohoresIz at pH 2.0 
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lysine 	 histidine 

argi nine 	 glycine 

valine 	 alanine 

leucine 	 serine 

prol tflE 
	

isoleuc Inc 

nheny1a1anin 	 threonine 

t y roM I. n' 	 elutamic acid 

methionine 8u1hone 	 aspartic acid 

cysteic acid 	 E-Dinitrorhenyl lysine 

The order is the order of separation from cathode (-ye) to anode 

(+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-1-ol-acetic acid-water-pyridine 

(15:3:12:10 v/v) for 15 hr. at 200. The sample was 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 that used for HyPE. 
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Feptidea which had been run on 'a,er chromatography were 

always purified by re-electrophorceis at pH 6.5 or PH 3.5, before 

their amino acid compositions were determined, since the bands 

obtained on paer chromatography were always very diffuse. 

D(vi) Detection and elution of neptides 

The paper was always examined for tryptophan-containing 

peptideo by viewing under ultraviolet (365 nm) light, before 

staining with ninbydrin. 

Ninhydrin di2 

Peptides were located by dipping the paper in 0.2% (w/v) 

ninhydrin in acetone, drying, and then heating at t0-lO0 0 
 C for a 

few minutes. The Peptides mostly showed up SS blue spots, but 

brown and yellow spots were also observed. 

Hltidj 	stain (Dent 1947) 

This works well after nizthydtjn. The t'aper is first srrayed 

on both sides .ith diazotised suiphanilic acid. This is prepared by 

mixing 1 , (w/v) sulPiIeDilic acid in N HCI with an equal volume of 

ice-cold 5% (w/v) sodium nitrite, and leaving the mixture at 4°  for 

5 wins. to react. The parer is then sprayed, whilst still wet, with 

10% (w/v) sodium carbonate. Mistidine_contajning peptides show up 

as cb.rrred bands. 
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Tyrosinc stain (Jenson & mith, 1953). 

The reagent works well after ninhydrin. The paper is 

dipped in 0.17 (w/v) a-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 (Ehrlich reaction - flagliesh, 1952). 

The paper is dipped in 10% (v/v) 0  of 1% (w/v) p-amino dimethyl 

benza.Ldehyde in acetone And conc. HCl. The reagent is prepared fresh. 

Tryptopban-containjn, 'cntides slowly show up as mauve spots. The 

reagent works well after nirth,idrin. 

Blut ion of peptides 

The peptides were eluted with 0.1 74 ammonia, by allowing the 

ammonia to run down the strips for about 3 hr. The pertides were 

collected in pyrex tubes (10 x 100 mm.) and dried under vacuum in 

a conc. H2SO4/NaOff dessicator. Caution was taken to ensure that 

bumping did not occur. 

Occasionally the peptide strips, after elution, were dried and 

dipped in ninhydrin to deck that all the peptide had been eluted. In 

every case no remaining peptide material was detected. 
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D(vii) Peptide mobilitics. 

The 'electrophoretic mobility' of peptides was measured at 

pH .5(m) and p4 3.5 (a'). The values given are not absolute figures, 

since different pe2tide mixtures were run on electrophoresis for 

varying Lengths of time, and in the system used the endmotic 

movement of uncharged substances was quite appreciable. The POSttjL 

of the 'neutral' (mono amino mono carbolic) amino acids, separated 

in the standard amino acid mixture, run on every paner, 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 o:iin. For some neutral 

and acidic peptides, electrophoresis at pf 3.5 wax run for an extended 

length of time, when lysine was run off the top of the paper. In 

these cases the mobilities of the peptides were not recorded in any way. 
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D(viii) Acid hydrolysis. 

Protein (usually 1 ag.) and peptide (0.02-0.05 paolea) samples 

for quantitative amino acid analysis were hydrolysed in pyrex tubes 

(12 x 100 am.) with 0.2 al. Analar conc. HCI 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 me. 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 1050C 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 paole) samples for qualitative amino 

acid analysis were dissolved in 0. 1 ml. 6 M HC] in a Durham tube 

(8 x 35 mm.). 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 desaicator over 

sodium hydroxide pellets. Peptide samples for quantitative amino 

acid analysis were stored, stoppered, at 40C. 
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D(ix) tualitative aino acid analysis. 

The acid bydrolysatea were subjected to eIectrohoresis at 

p14 2.0 as described in Chapter 2 (section D(iv)). The paner was 

heat dried and exa,ntned under U.V. light (365 nm.) 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 Chunf, 1953). It was then dried and heated for about 

I win, at IuS°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, 

glcine is red, $erinc is grey, threon.ine is grey, and aapartic acid 

is turLmoiae. On standing all amino .cids, exceit praline, give 

a uniform blue colour. 

The amino acid compositions were recorded and the relative 

amount of each aaino acid in P. peptide was estimated visually by 

comparison of the colour intensities. 

0(x) uaiitittive amino acid an.l 1 siz 

Tha quantitative amino acid composition of protein and peptides 

was determined in acid hydrolysates by ion-e:change chromatography 

using an automatic amino Lcid analyser (Spackwari et al. 1958). Two 
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amino acid analysers were used, an Evans zlectroselLnium Ltd. (kILL) 

model, where the columns were packed with pulverised and graded resin 

(Beckman SOB), and the Beckman 120C model, where the columns were 

packed with resin polyaeriged in beads (Beckman UR-30. PA-35 9 ,' 

Durrt Hi-keg DC-LA) (Benson & Patterson, 1963). 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, 0.02.3 (Proline 0.012). 

The samples were prepared for analysis as described in this 

chapter. Each sample was dissolved in 0.35 ml. citrate buffer pH 2.2
9  

containing 1 mole/ml. of two amino acid standards, DL-Norleucjne and 

L-2-amino 3-guanido propionic acid (Walsh & Brown, 1962). Both the 

short and long columns were loaded with 0.15 ml. samples, leaving 

0.05 ml. of sample in case one of the columns had to be repeated. 

The amino acids WCZC 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 IImole/mg. protein (by weight). 

Contaminatinr amino acids are given in tables of the amino 

acid cOmr0sitiOn of r.nt{de5, when they are present in an amount of 

0.2 mole/mole peptide or more. 
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D(xi) The Dana 1-Chloride Method. (DN method) 

fray, Hartley, 1963a,b; Gray, 1967). 

The ON-'- mett-nkl w&s used both for the determination of peptide 

N-teriuini and of the r.ew N-terminus exposed in a -eptide after the 

removal of an amino acid residue by the FTC degradation method. 

The peptide (0.005-0.01 Iuaole) was dried down in a Durham 

tube (6 x 30  me. 	.01 ml. of 0.1 14 sodium bicarbtoate was 

added and the tube dried under vacuum. Then 0.01 ml. of water plus 

0.01 .1. OHS chloride (2.5 mg./mi. in acetone) were added, the tube 

covered and incubated at 37 0C for 2 hr., after which time the mixture 

was no Longer yellow. The liquid was removed under vacuum, 0.05 ml. 

614 HCl added and the tube sealed. The DNS-peptide was normally 

hydrolysed at lf)50C for about 12 hr., but for longer (up to 90 hr.) 

if a stable N-terminal residue was suanected or for shorter (4 hr.) 

if N-terminal proline was suspected. 

D(xii) Identification of rMS-amino acids. 

t1ie:-  
(Woods & 

cu 

Table 2M. 

TABLE 2(1) 	folvent sjatene for separation of ON'--amino acids. 

tat dimensions Conc.foraj.c scidniater (3z2e0 v/v) 

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

3rd dimension: Lthyl acetatesaetbanol:giacial acetic acid (20:1:1 v/v). 
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The DN..aiaino 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-hind corner of the plate. 

0.002 ml. of a standard aI.tAture of Dt4Samigo acids (1 imoIc/al.), was 

applied on the oppositt side of the plate in a coincident position 

to the sample. The plates were placed in a support and run in the 

let solvent for 5u aim., the 2nd solvent in a direction at right 

angles to the lit dimension for about 1 hr., and in the 3rd solvent 

(in the same direction as the eecond)fog about 1 hr. The Oates 

were dried by gentle heating between runs. 

The DNS-amino acids were identified as yellow fluorescent 

spots under U.V. light, and the identification of the DHS-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 re:ttive running Position of each DN-amino acid 

is shown in Figure 2(1). 

This method enables one to identify unambiguously most 

DNS-aajno acids commonly found in protein., except DlS-arginine, 

DNS-histicline and -ME-lysine which do not separate from one 

another very well. 
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Figure 2(i). Separation of DNS-amino acids on polyamide 

thin layer plates. 
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D(iii) Carboxypectjdase A treatment of re,tides 

The enzyme was prepared as described in this chapter. 

The peptide ( .fl2-0 905 iiaole) was diso1vediin about 0.1 al. 

0. 2 N N-ethylmoroholine adjusted to pH 8.5 with acetic acid, and 

0.01-0.05 ml. of enzyme was added and the mixture incubated at 

37°C for 4 hr. After incubation about 0.01 ml. 1 M acetic acid 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 separated on raper electrophoregjE 

either at ph  6.5, if the original peptide carried a net charge at 

this pH, or at pH 3.5 if the original peptide Was electro'horetica11y 

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, along with 

samples of 'R' and '1' standard markers (see 2 D (iv)). The amino 

acids were identified by staining with ninhydrin aolution.cont.ining 

1% collidine (v/v). 

The remaining pieces of the original paper were stained with 

ninhydrin and the electrohoretic mobilities of the residual peptide 

(or peptides) was xecorddd. 
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Water blanks were always carried through the procedure to 

check on any self-digestion by the enzyme. Also, sampler of the 

undigested pe. were arotted on the same paper electrophoresis 

as the digested peptides to obtain an accurate electrophoretic 

mobility of the peptide. 

D(xiv) SeQucntil degradation (D' -FTC siethod) of peptide. 

The method described by Edman (1c3:.,1950 was used. The peptide 

(0.01 - 0.02 limole x number of cycles of degradation intended) was dried 

in a screw can tube (12 x 65 mm.). 0.2 ml. 5% pyridine (v/v) and 0.1 .1. 

phenyl iothiocyangte solution (PTC) (5% v/v in pyridine) was added and 

the tube gassed with oxygen-free nitoilen, capped, and incubated at 

370C for 1 hr. The solution was dried in a 6 °C vacuum deseicator 

over conc. H2SO4 , the peptide cooled, and Lien dissolved in 0.2 ml. 

tri-fluoroacetic acid, gassed as befot, capped, and incubated at 

370C for I hr. 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 thea 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 ml. 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 degradation, and the 

electrophoretic mobility of the residual peptide at pH 6.5 

examined. 
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CHAPTER  

rUulATlNF 

A. Strains of 	al*e 

The strain designations were as fol-. 

thiorella pyrenoidosa: 	CHI strain SORtXIL.MYERS Tx71105 

Qüorella fuaca: 	 var.vacuolsta (KRAUSS strain TXtWWA/TOKyO 27) 

Scenedesaus obliq: 	(TURD) XtITZ strain LH0TKY 196/67 

N. Growth of al gae  

The algae were grown in large outdoor culture units, which 

held a total volume of 40,000 litres. Such a unit required a Massive 

innocujum (by laboratory standards) to initiate the algal growth, and 

to ensure a 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 oi algae per day. The daily yields were stored at approximately 

0°C, in a viable state, without appreciable dasage, until some 20 kg. 

of cells had been collected. The cei3.s were then resuspended in media 

and used to innoculate the outdoor culture unit. 

The suspension of algae flows on a slightly inclined plane glass 

surface, fitted with transverse baffles, which create a turbulent notion 

favourable for growth. The suspension is collected in a trough at the 
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bottom of the glass surface, and then pumped back up to the top. 

Thus, c. CO ''us flow is maintained. The Suspension of algae is 

kept circulating onl• during the hours of day when there is enough 

incident radiation to promote a reasonable growth. During the night 

hours the suspension is kept in a tank, where 't " F well aerated and 

Stirred. 

The algae is harvested by centrifugation and then subjected 

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 light microscope. Thus, if a massive contamination of an 

algal culture occurred it would be detected. But it is almost 

impossible to r'revent the algal powders, obtained from such an 

outdoor culture unit, from being contaminated with a mixture of 

symbiotic bacteria and with material (e.g. noll.en and dust), which 

can get into the cultures from the open air. This type of contamination 

did not rove to be a problem during the purification of Plastocyanfn. 

C. Purification of piastocysnin 

The method described for the purification of plastocyanjn is 

a 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 DEA-32 cellulose step where slightly different salt 

concentration, 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 weren.rfor,d 

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

E,ctriction of dry algal powders 

An acetone powder of the dried cells was prepared as 

described (2A(ii)), in order to ensure good 	own of the cell 

walls. 

The acetone powder was hoorenjed with 0.01 N potasajusi 

phosphate pH 7.0, and the suspension left overn.tht at e0c, to 

ensure comrlete lysis of the chioroplasts. 

The susrension was spun at 10,fl0() xg in an ME Hf18 

centrifure for 3 hr. This length of time of spinning was necessary 

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

Uaromatoaiphy steps: (a) D.A2-11 celulose Columns. 

The crude extract wait diluted to a conductivity of 1.0 

MM1h0&- The  volume of the extract at this stage was usually of the 

order of five litres, and was yellowigh-browl in colour due to the 

presence of a high percentage of euluble pigments, e.g. catotenol4a 

and x&nttupAy1b, and also the plastocyanju 	in the reduced bra. 

Plastocyanin could not be detected at this stage, after addition of 

potassjwa ferricyanide, due to the reducing contaminants present 

in the crude extract, 
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The extract was absorbed on to a DEAE-11 cellulose COlUMn 

(4 x 32 cm.), equilibrated with 0.01 M potassium phosphate p11 7.0. 

The column was washed with 0.05 N potassium phosthate pH 7.0, and 

then 0.05 )l potaSsiLl -' :'iosphatc p11 7.0 + 0.15 M XCL was put through 

the column. This level of salt elutes a high percentage of the 

contaminating pigienta. Finally, the plastocyanin was eluted with 

0.05 U potassium phosphate pH 7.0 + 0.5 $ ICI, end detected by 

adding a drop of potassium ferricyanide (see 2A(L)) to each tube. 

The solution in the tubes containing plastocyanin turned blue, and 

these were pooled, and the solution dialysed overnight against 

distilled water at 40C. 

The plastocvsnln solution was then absorbed on to a smaller 

DEA.E-11 cellulose column (2.5 x 10 cm), equilibrated with '.01 N 

potassium phosphate pH 7.0, both as a further nurlficetion step and 

as a method of concentrating the solution. The column was washed 

with 0.02 N potassium phosi,hate nIl 7.0, and plastocysnin eluted with 

a salt gradient between 0.1 N KCL and 0.4 N KCL, in 0.02 $ , ;tusium 
the 

phosphate pH 7.0. The plastocyanin was detected as before,/solution 

in the tubes containing it pooled, and the solution dialysed as 

above. 

The solution was freeze-dried. 
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(ii)b Gel filtration on Sephadex G-50) 

The protein was dissolved in 0.01 M potagnium nhosphate pH 7.0 0  

in as small a volume 	nossible. The final volume was usually about 

23 ml. The plastoc, r:c was - vidised with potassium ferricysnide, 
lysine 

and a small volume of 5 mg./al. solution of E-ON/was added, to act 

as an external marker on the column. 

Plastocyanin was eluted almost free from any contaminating 

pigments and other rroteina, and it usually remained in the oxidised 

form during and after gel filtration. The solutions in the tubes 

containing plastocyanin were pooled. 

(ii) 	DEAL-5ceilujose columns 

Chiorella 'yrenoidosa plastocyanin 

The blue plastocyanin solution was absorbed on to a DEAB-32 

cellulose column (2.5 x 2.5 cm.), equilibrated with 0.01 M potassium 

phosphate pH 70. It absorbed as a single broad blue zone at the top 

of the column. The column was washed with 0.02 )4 potassium - hosphate 

pH 7.0. On elution with 0.02 M potassium phosphate pH 7.0 + 0.13 bt 

KCL, the broad blue zone separated into two blue bands, one band 

(designated C.pyrnoidos'Al plastocyanin) which appeared to be the 

major band, moved down the column, whilst the other slightly narrower 

band (designated C.yrenoidosa 'B'plastocyanin), remained at the top 
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Figure 3(i) Separation of Chiorella pyrenoidosa A and B plastocyanins on DEAE-52 

ceilulose (25x25cm. equilibrated in 001M potassium phosphate ph 70). 

Stepwise elution A plostocyanin with 013M KCL in 002M KPh. ph  70. 

B plastocyanin with 018M KCL in 002M KPh. ph  70. 
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of the column. The second blue band was eluted with 0.02 74 votassium 

phosphate p14 lu + 0.18 U kCL, and the separation of the two bands is 

shown in Figure i). It was found that the eLuat€ in the tubes 

between the two peaks turned blue on addition of rotassium ferricyanide. 

The eLuates were pooled according to the 280 nia. absorption 

diagraA , and the two solutions diluted to a conductivity of lmhoa. 

They were then reabsorbed separately on to small DEAL-52 cellulose 

columns G.j x 2.5 cm.) and eluted with the appropriate concentration 

of KCI. 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 

and freeze-dried. 

Scenedesmus obliuus plartocysnin 

On absorptin to a similar DAE-52 cellulose column (2,5 

x 2.5 cm., equilibratec in a ).Cl 74 potassium rhosphate pH 7.0), the 

S.obliguus plastocyanin solution exhibited a similar phenomenon, to 

that observed with £.pyrenoidosa riastocyanin. 

In this case, the best separation of the two blue bands was 

achieved using a salt gradient of 0.05 U XCI (l'0 ml.) to 0.2 74 Xci 

(200 ml.) in 0.02 potassium phosphate pH 7 • 0 The two peaks were 

pooled separately, diluted, and rechroaatographed on DLO-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 DEA-52 

cellulose coijrn, %f: C1t'd .OhiiLUU 'A' 21StoCyantn, and 

that clutin, ccond was called .obliuu '' Lstocyardn. 

Chlore.Ila fusca plastocyanin 

On absorption of the blue piastocys.nin solution to a DR"-52 

cellulose column (2.5 x 2,5 ca, equilibrated in 0.01 N potassium 

phosphate ph 7.0), a broad blue zone was obtained at the top of the 

column. Elution with a salt gradient 0± 0.02 N potassium phosphate 

p&1 7.0 (100 al.) to 0.0214 potassium phosphaste pH 7.0 + 0.2 14 ICI 

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

eluted between volume 85 to 165 al (fractions il to 33 on Figure 3(u)), 

and a narrower brown band that eluted betwe 175 to 275 al. (fractions 

35 to 35 on Figure 3(1)). 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 DEAR-52 cellulose 

columns that in fact the 'brown' band was largely the reduced form of 

the major blue pliatocyanin. However, overloaded starch gels of the 

'brown' band revealed a slight shadow of a t.i;'1 running fastev than 
the 

the main band. For this reason only plastocyaain purified in/blue' 

band was used for sequence studies, and lack of time made it impossible 

to further Study the 'brown' band. 

The - lastocyanin was freeze-dried. 
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Figure 3(u) Purification of Chiorella fusco plastocyonin on DEAE-52 cellulose(25 x 25cm.) 

equilibrated in 001 M potassium phosphate pH 70. 
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TABLE 3(1) 	Purification roctiutc- for Lstoc anin. 

\hrpt 
t 	ct rdec of platocyan1n from 

Ciruatr 	!.i 1 7 dried cells 

' 	 '' •' 'i.. 	(12l 	jinoles let DLO-11 ccLutc 
col 

:'/ (:...: 	 moles) 2nd Dti-li cc. W 	• 

col 

.: 	 (7.5 paoles) 7 '. 

DRAB-52. cellul .e - ,uaolea) 
co: 

The figures were not corrected for losses at each step. 
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D. S saary. 

Table 3(1) euzariaes the purification ;rocedure used for 

plaetocyantn, with the yields of protein and the absorption index 

(2Onsi:97wn) of the solution at each stage. 

The figures gfrven are representative of all the protein 

preparations, and were actually obtained from a C.fuaca plato-

cyanin preparation using 1 kg. of dried cells. The final absorption 

indices were different for each plastocyanin (see Chapter 4). 



CHAPTER 4 

PRuPLRTIB OF PLASTOCYANIN 

A. Criteria of purity of proteins 

(i) Starch Gel Ltophoresis 

The starch gels were prepared as described in Chapter 2 (section 

5(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.obliguus "B" plastocyanin, which proved very difficult to purify 

completely free from contamination with S.obliguus "A' plastocyanin. 

The gels were always examined for non-plastocyanin protein, by staining 

with Amido Slack, but in no case was any contaminating protein observed, 

even on heavily overloaded gels. Figure 4(1) shows a photograph of 

the separation of C.pyrenoidosa "A" and "B" plastocyanins on starch 

gel electrophoresis, and figure 4(1) shows a diagram of the distances 

moved by all the plastocyanins relative to one another. Table 4(1) 

gives a list of zailities of each plastocyanin, relative to the 

distance moved by a marker (XCFF) from the origin, of the 	The 

nobilities were recorded from the same gel. 

TABLE 4(1) 	Mobtllties of the algal plastocyanins on starch Gel 

Elect rpboresia 

Species of pisatocyanin 	Mobility (with respect to the distance 
moved by the blue dye Xylene 
cyanol-FF- from the origin). 

C.pyrenoidosa "A" 1.29 + 0.02 

C.pyrenoidosa "B" 1.4b 

S .obliguus "A" 1.30 

S.obliguus "8" 1.55 

C.fusca 1.45 

59. 
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Figure 4) Starch gel pattern of C.p yrenoidosa A (peak l) and B(peak2) 

plastocyoriins. 
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Figure 4(11) Starch get pattern of algal pLastoCyafliflS. 



Discussion - of starch gel pattern 

The comparative mobilities for the algal plastocyanins show 

that C.pyrenoidosa 'A' and £.obliquus 'A' plastocyanina, 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 pl.astocyanins 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 

(Latoh et al. 1962), corresponded to an absorption index (E278 / 7 ) 

of 0.80, and for french bean plastocyanin (Wells, 1966) an absorption 

index of 1.1 is given. In contrast the absorption at 278 n*. for 

Chlaaaydo.onas reinhardi plastocyanin (Gorman et al. 1966) is greater 

than the relative absorption at 597 na., 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(1). 

60. 
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TABLE 4(11) Absorption indices of algal plastocyanins 

Absorption index 

Species of plastocjanin  

C.pyrenoidosa A 	 2.4 

C.pyrenoidoaa 3 	 1.9 

S.obliguus A 	 1.1 

S.obllguue 8 	 1.3 

C.fuscs 	 29 

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 apo-protein. It is highly probable that 

the protein night lose some copper during the preparation. 

Thus, the absorption at 597 nm., even making sure all the 

copper it in the oxidised form, may not be a true measure of all the 

pLastocyanin present. Also, the absorption at 278 no. is due to the 

three aromatic amino acids tyrosine, pheaylalanine, and try ptophan, 

and so the extent of absorption in this region is directly related to 

the aromatic content of the protein being measured. 

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 amino acid 

sequence studies is to ensure that there is 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 plastocyanins exhibited very similar absorption 

spectra both in the visible and ultraviolet regions. 

Figure 4(111) shows a typical spectrum obtained for all the 

algal plastoysnins. In the visible spectrum a single major peak 

was observed at around 397 no., with fully oxidised protein, and 

which diaapoeared on reduction (section 28(11)). Most preparations 

showed a trace of a Soret band at around 415 no. The amount of cyto-

chrome present was calculated to be always less than 0.005 mole/mole, 

showing that all but * trace of the proteins very closely associated 

with plastocyanin during the preparation are removed. 

As seen in figure 4(111) the u.v. spectrum is fairly complex. 

The principal peak is at 278 na., with two subsidiary peaks at round 

239 no. and 269 no., corresponding to the fine structure bands of 

phenvlalsnine. Also, the distinct shoulder obtained at around 292 no., 

corresponds to tryptophan, and was found in the spectra of all the 

plastocyanins excepting çp%renoidos$ 'B' placyanin. 

At alkaline pH (0.1 N NaCli) the u.v. spectrum changed. Two 

subsidiary peaks were observed in the region of 284 ow. and 288 ow., 

corresponding to tyrosine and tryptophan, resnectively. 
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Calculation of tyrosine and tryptophan content for C.fuacs plastocyanin. 

Using the known molar extinction coefficients of tryptoptian 

(5,300) and tyrosine (1,200) at 280na. (Beaven & Holiday, 1952), 

the values observed ior B 280m for i mg (weighed protein)/ml. are 

consistent with the protein containing 1 residue of tryptophan and 

4 residues of tyrosine per molecule. 

Similar calculations were done for C.pyrenoidosa 'A' and 

S.obliguua A and in both cases the observed E 	 was consistent 

with the proteins containing I residue of tryptophan per molecule. 

C. Carbohydrate content 

Vhs methdd of Devor (1930) was used (section 2C(i)), for the 

detection of pentose and hexose. The reducing sugar content of the 

plastocyanin preparation& is shown in Table 4(111). 

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. 
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TABLE 4(111) Reducing sugar content of plastocyaninpreparations 

Species of plastocyanin 	 mole sugar/mole protein 

C.pyrenoidoaa "A" 	 2,8 

C.pyrenoidoss "8" 	 7.1 

S.obliguus "A" 	 9.7 

C.fusca 	 6.3 

I have no evidence to indicate whether the sugar in the 

protein preparations is covalent ly-bound to the proteins or is an 

artefact of the preparation procedure. 

D. Amino acid analyses. 

10 .g./ml. solutions of each of the plastocyanins were 

prepared and 8 x 0.1 ml. samples of each were taken. These were 

hydrolysed in duplicate for 12, 24, 48 and 96 hr., as described in 

section 2 D(viLi). 

Internal standards (Walsh et al. 1962) were used to allow 

correction for pipetting errors in sample application. Each analysis 

was then normalized to the same amount of protein, by summing a few 

consistent aino acids and adjusting this figure to the same for each 

analysis. The beat 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 net 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 4: aino acid composition of plastocyanine (Experimental details are given in the text) 

C.pyrenoidoaa 'A' c.pyrenoidosa 'B' S.Obliquua 'A' C.fusca 

value 
(ilaoles) 

keaidues/Mol. 
Best*j From 
value sequence 

Best 
value 
(paoles) 

Residues/Mai. 
Beat 
value 

Best 
value 
(iao1es) 

Residues/Mol 
Beat 
value 

Beet 
value 

(moles) 

Residues/Mol. 
Rest 	From 
value 	sequence 

Gly 0.1088 10.9 11 0.1713 11.7 12 0.261 10.9  3.2756 11.5 11 

Ala u.i71 13.7 14 0.1422 9.7 9 0.3349 14.0 .2833 11.8 11 

V.1 0.0923 9.2 11 0.1457 9.9 10 0.2400 10.0 0.2220 9.2 9 

Leu 0.0400 4.0 4 0.0602 4.1 4 0.1000 4.2 0.1000 4.1 4 

Ile 0.0307 3.1 3 0.0752 5.2 4 0.0740 3.1 0.0760 3.1 3 

Ser 0.0507 5.1 4 0.0771 5.3 5 0.1220 5.1 0.1820 7.6 7 

' Thr 0.0560 5.6 6 0.0790 5.4 6 0.1440 6.0 '.1840 7.7 9 

Asp 1.1355 13.5 14 0.2192 15.0 14 0.3286 13.7 0.2695 11.2 11 

Glu .'736 7,4 7 0.1415 9.7 10 0.1884 7.9 0.2565 10.7 10 

?he 5.0 5 0.0882 6.0 i.1235 5.1 0.1212 5.1 6 

Tyr 0.0468 4.7 7 0.0456 3.1 3 0.1222 5.1 ).085 3.7 4 

Trp - - - 
- 0 - 0.4 - 0.5 1 

CySO3H 0.0100 1.0 1 0.0176 1.0 1 o.0208 0.9 0.0218 0.9 1 

MetSO2  0.0100 1,0 1 0.0132 0.9 1 0.0196 0.8 !.D245 1.0 1 

Pro 0.0500 5.0 5 0.0700 4.8 5 0.1185 5.0 0.1218 5,1 5 

Lys 0.0396 3.9 4 0.0452 3.1 3 0.0923 3.9 0.0964 4.0 4 

His 0.0295 2.9 3 0.0307 2.1 2 0.0675 2.8 ".0714 3.0 3 

Arg 0.0000 0 0 0.0282 1.9 2 10.000 0 0.0000 0 --r  0 
 



TABLE 4(iv) Legend 

*Best value: the amount of aino acid recovered (pmoles/ag. protein by weight). 

These values are the average of 12 hr., 24 hr., 4b hr., and 96 hr., recoveries for amino acids 

other than serine and threonine, which are ext'ranolated  to zero time of hydrolysis, and va]ine 

and isoleucine, which are extrapolated to Infinite time of hydrolysis. 

As cysteic acid and nethionine suiphone in oxidised samples of protein. 

Not estimated for C.prenoidosa 'A' and 'B' proteins, but estimated colorimetrically for S.obliguus 

'A' and C.fusca proteins. See the text. 

The asUated residues are Included in these figures. 

Determined in imoxidised 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 

bistidine residues per molecule for C.pyrenoidosa. "A", S.obliquus "A", 

and C.Iusca plastocyanina is 4 and 3, respectively, and for 

C.pyrenoidosa "B" 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 plastocysniria and by 5 for C.fusca 

plastocyanin. bath beat 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 plastocyanina excepting 

C.pyrenoidosa '8' plastocyanin showed a distinct shoulder at 292 om. 

(at pH 7.0) suggestive of tryptophan (section 48). 

Attempts to locate tryptophan-containing peptides by looking 

for fluorescent oeptidee, under u.v. light, after digestion of 

oxidised protein, did not prove fruitful. However, if the paper was 

stained with Ehrlich reagent (section 2D(iv)) mauve spots, character-

istic of the presence of tryptopha.n, 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 Harrison et *1. (1961) was performed on C.fueca and S.obliguus 'A' 

plastocyanias. A figure of 0.40 residue of tryptophan/molecule 

was calculated for S.obliquua 'A' plastocyanin, and * figure of 

0.32 residue tryptophan/nolecule for C.fusca plastocyanin. Lack 

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

plastocyanine. 

F. N- and C-terminal tuctie 	(1) N-terminal studies. 

The N-terminus of each plrstocyanin was deterl!ined by the 

Dansyl Chloride method. 1 mg. of each protein was subjected to 

the Dansyl Bilan 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 B-amino groups of lysine 

residues reacted with PITC. Actually, that it worked at all, due 

to the law 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(v) N-terminal amino acid residues of the algal plastocyanina 

Species of 
lastocyanin 	 N-terminus 	2nd residue 	3rd residue 

C.pjrcoidosa A Ala Ax Val 

C.pyrenoidosa B Ala Mx Val 

S.obliguue A Ala Aex Val 

C.fusca Mx Val Thr 

(ii) C-terminal studies 

The C-terainal 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 a single aethionine residue. 

The digests were fractionated by gel filtration through 

Sephadex G-23 and a diagram of the extinction oi the effluent at 

254 no. is shown in Figure 4(iv). The fractions containing the 

low molecular weight material was separated by High Voltage Paper 

Electrophoresis at pH 6.5 and further purified at pH 3.3. For each 

plaatocyanin 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 boaoserins/hoaoserine lactone. It should, therefore, be the 

COCH-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). 



9 Fraction number 

Figure 40vL Gel filtration (SephadexG_25) of CNBR digest. 

E 254 	is shown in arbitrary units. 

Fraction size = 2 9mj. 



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

Species of 
piastocyanin 	Amino acid composition 

C. pyrenoidona 'A' 

C.pyrenoidosa '3' Arg(1.2),Asz(1.0),mr(o.9),Gi(1.1)y5j(20)j1(10) 

S.obliguus 'A' 	Lys(1.1),Gix(1.0),Gly(O.9),yaj(32)1j(Q9) 

C.fueca 	 Lys(O. 9),Thr(1.8),Q1x(1.0),Gly(l0) Vai(1.0),Ile(i.0) 

Elect rophoretic 
mobility 

09 6.5 	pH 3.5 *Yield Comments 

0.35 0.57 22 Gin not Glu 

0.40 0.59 21 Asn not Asp 

0.43 0.56 14 Gin not Glu 

0.39 0.54 18 Gin not Glu 

*Percentage psole peptide/iao1e protein digested. 



68. 

The N-termini of the peptides were determined by the DNS. 

chloride method and the sequences by the Dansyl Rd*an procedure. 

The sequences are shown in Table 4(vii). From the presumed 

specificity of cyanogen bromide, a inethionine residue must be 

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

TABLE 4 (viii) Sequence of C-terminal peptides 

Species of plastocyaniyi Sequence 

Cpyrenoido5a 'A' 	 Va 1 -G 1 y-L ys - lie-V al-Va 1-Gin 

C.Dyrenojdosa '13' 	 Val-.ly...Arg..I 1e-Thr-Vaj-As 

S.obiiguus 'A' 	 Va1G1y_Lys_I1e...Va 1-Val-Gin 

C.fusca 	 Lys-Gly-Thr...I le-Thr-Vaj...cjjn 
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CHAPTER 5 

DIGESTION-' PERFORM ON C.P?RENOIDO A 'A' PLtITOCYANIN 

Introduction 

Two major digestions were performed on C.pyrenoidosa 'A' 

protein; a tryptic digest on 150 mg. (about 15 .uuoles) and a 

chymotryptic digest on 70 mg. (about 7 pmoles) of protein. A further 

chyaotryptic digest 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. Tryptic digest 

(I) Conditions for di&estion 

The conditions for digestion are described in chapter 2. 

The protein was denatured by oxidation with perforinic acid, freeze-

dried, and dissolved in 0.2 M ammonium acetate pH .5. Try-pain was 

added and the digestion mixture shaken at 37°C for 23 hr., diluted, 

and freeze-dried. 

(ii) Fractionation of tryptic digest 

The digest was dissolved in 3% formic -cid and a reddish-brown 

precipitate was spun off. The peptides in the soluble fraction were 

separated by gel filtration through Sephadex G-23, followed by paper 

electrophoresis at pH 6.5. Figure 5(1) sbcsvs the peptide 'map' 

obtained by electrooboresis of a portion of each fraction from the 
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gel filtration separation. The peptides were pooled into fraction.. 

Ti 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 Ti was separated by gel filtration through Sephadex 

G-50. .hen samples of each fraction were separated on paper electro-

phoresis at pK 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, a sample was quantitated 

on the amino acid analyser, and fraction 1 waz, found to comprise 

about 45% (by weight) of the total digest. 

Fractions T2, T3 and T4 were separated by paper electrophoresis 

at pJI 6.5 on 20 cm. strips (except T4 which was separated on a 15 cm. 

strip). The peptides were purified by paper electrophoresis at p11 3.5. 

(iii) Sary of tryptic peptides. 

Table 5(1) gives a list of the tryit 	eptides purified, 

with their electrophoretic mobilities at pJi 6.5 and pH 3.5. Most 

of the mobilities were obtained from the preparative separations, 

and will not be very accurate. 



S 
	

I, 

IT I  
04 

Figure 5(v) HYPE at pH 65 of chymotryptic peptides 

from C. pyrenoidosa A p!ostocyanin. 

U 
AI 	 NeIsJ 	

00 
Lys Glu Asp 

Markers 	 Fr a ction 

number 

6DNP—IYS eluted after 204m1 (fraction 70) 

Figure 5(i) Separation of tryptic peptides of C.pyrenoidosci A 

plastocyanin by Gel filtration followed by paper 

electrophoresis at pH 65. 



TABLE 5(i) z Purification procedure for trptic eptides 

epti'. 
)adex 

r:ction 
urificat1on 
procedure 

ELectrophorctc mobilities 
pH 3.5(a) 6.5(m) _pH 

ATN1 63 3.30 

ATN2 63 +0.25 

AL 3 S  +0.44 

ATBI. 63 +0.78 

ATB2 2 63 +0.48 +0.67 

ATA1 2 63  

- 	 .22 +0.16 

AT . - 	
. 

ATA4 3 +0.21 

ATM 2 63 -0.05 +0.29 

L, .3 - 	 .05 . 3 

* Paper electrophoresis at  PH 6.5 : 6 

Paper electrophoresis at pH 2.5 : 3 



TABLE 5(u): Trytic peptides formed from C.pyrenoidosa 'A' piastocyanin. 

_ 

------ --- 

I -- 
I _ 

I -----  __ 

- 

L 

Asp 
Thr 

e  
(ilu 
Pro 
G ly 
: 

Val 
L.ietSU2 
Ci 0314 
Ile 
1e u 
Ty r 
Plic 
N-terminus 
Yield 

*Low yield due to ThL'L.L hydrolysis 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(u) gives the amino acid compsitions, N-termini, 

and yields of the peptides. Yields of peptides are expressed as 

Percentages (imo1e peptide/iiiiole of the protein digested). No 

attempts have been made to correct these yields for losses that 

inevitably occur during the purification, such as material lost 

on marker strips and peptide that is not eluted from the paper. 

Contaminating amino acids are given in Table 5(11), when they 

are present in an amount of 0.2 mole/mole peptide or more. The 

quantitative determination of tyrosine in the large tryptic 

peptides was not very reliable, (see peptides TN3, TAI, TM and 

TM). An exnlanation for this is that the prtein 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 tyrosinea (Hire, 1967). This was undesirable (and 

precautions should have been taken to remove the halide), since 

the column constant on the amino acid analyser for mono- and di-

chloride tyrosine would not be the same as for tyrosine. The 

amount of tyrosine present was quantitated by adding In the 

amount of chloride-tyroeine (calculated 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. 
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(iv) Peptides formed from tryptic digestion of plastocyanin 

The evidence for the sequence of the small peptides and the 

partial sequence of the large peptides is presented. 

Peptide TBI 

From the izobi1ity of the peptide at pH 63, it is evident 

that the second residue is a3paragine. The sequence, determined 

by the Dansyl. Edman method is: 

Ala-Asn-Val-Lys 

Peptide TN1 

Since the reptide runs in the neutral band at pH 6.3, the 

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

by the Dansyl Edsian method is: 

I Ic-Va i-Va 1-G in 

Peptide TA4 

The N-terminal sequence of peptide TM was examined by 

the Dansyl &im2fl procedure. 

When digested with chymotrypsin, peptide TA4 formed 

the peptides shown in Table 3(iii). Quantitative analyses and 

N-termini were obtained for all the chymotryptic peptides. 



TABLE 5 (iii): Peptidee foraed from chyaotrypain digestion 

of peptide TA4. 

TA4CA]. IA4CA2 TA4CA3 TA4CA TA4CA5 

J.& 

Art, 

CyS0 3J4 (.9 

Meto2  .7 u.) 

Asp . 

Thr  

er 

Glu 1.9 2.2 1.3 

7rc  

2.0 L2 J . 1.2 

Ala 1.0 LI Li L.2 

V1 ;. 7 

lie 

Le u 

Tyr J.o .9 

Püe 1. C  

Cy-,P Cy0 311 i'hc Val 

-0.01 -0.30 -0.5 -G. 6C •0.60 

+0.10 0.11 +0.02 +0.80 



Figure 5(11) Partial sequence of peptide T.A4 

TA  --- __ ------------- ___________ 
Pbe-Azx-Thr-(Ala ,Gly ,Glx)-Tyr-(C1y ,Tvr ,Phe)..Cys-(G1x2  ,Pro ,Hia ,G1y 2  ,Ala)44es-Val-Gly-Lys 

T' lC.1 

__--- -_--_----- 4 ( 
TA4CA2 	 TA4B 1 

Definition of symbols is given in the text. 
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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. TM, from the 

presumed specificity of trypsin. Figure 5(u) gives the partial 

sequence of peptide TA4. The peptide covering the region (Gly, 

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 from the 

chymotrypsin die'ticn of the whole protein (see chymotryptic 

peptide CA6). 

Peptides P3, _  T1S2, T45, TAI and TA2. 

Peptide 1B2 was sequenced by the Dansyl Edman procedure, 

the sequence being: 

Thr-Val-Thr-I le-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 T92. Now the tyrosine content, 

from the amino acid analysis of peptide Th3, gives a figure of .-4 

residue.. 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 T32, I postulate a Tyr-Tyr sequence 

as shown below: 
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Val-Phe-G1u-ProA1aTyrTyg..Thr..vgj..Thr..I I.e-Lye 

TN 3 

TB2 
I.  

Peptide T82 must -.ave been formed by the trypein possessing some 

chymotryptic-like activity, resulting in cleavage of the Tyr-Ihr 

bond. 

The sequence of peptide TA2 was determined by the Daneyl 

dman method. From its mobility (m) at pH 6.5, the fourth residue 

must be aspartic acid. 

The N-terminal sequence of peptide TA5 was examined by the 

Danayl Edman procedure, and it was evident that the sequence 

of peptide TA5 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. Petide TAl has an amino acid 

composition that fits into the sequence of TM. Thus,, combining 

peptides TAX, T.U., TN3 and T)32 the postulated sequence of ree-Aide 

TA5 is shown in Figure 5(111). 



Figure 5(iii): Postulated amino acid sequence of )eptide TA5 

-----__!________________ ------------------ 
Leu-Gly-.A1a-Aap-S cc-GI y-Ala-Leu-Val -Phe-Glu-Pro-Ala-Tyr-Iyr-Thr -Val -Thr-I le-Lys 

TA1 	 TB2 

TA2 	 ) ( 	 TN3 4 
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Peptide TI-3 

The N-terminal sequence was determined by the Dansyl 

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

Asx-I le-Val-Phe-Asx-(Asx3  ,G lx, Pro ,Gl,Ala 3 ,Val2) 

Peptide Th2 

The N-terminal sequence of peptide TN2 was examined by 

the Dansyl &iasn method and the partial sequence is shown 

below 

Aia_Glyax-Scr-Vai-Thr-(Tyr,Asx2 ,Iro,t.ily,IU,Thr,Pbe,His) 

Peptide TA6 

The N-terminal sequence of peptide TAo was examined by 

the Danmyl Edman procedure. 

When digested with ciyaotrypain, peptide TAO formed 

the peptides shown in Table 5(iv). Qualitative analyses of peptides 

TA6 9  CB1 and TAO. CA3 were obtained, and quantitative analyses of 

peptides TA6 CAI and TAO CA2. Peptide TAO C$1 was sequenced by 

the Dansyl M.n procedure, and it is assumed to constitute the 

C-terminal sequence of peptide TAO, since it has lysine at its C-

terminus. The evidence for the location of the chymotryptic peptides 

in the sequence of TA6 was obtained from amino acid compositions and 

from a knowledge of the bonds in the sequence which are susceptible 

to chymotrypain (see partial sequence of TA(). Figure 5(.v) 

gives the partial sequence of peptide TA6. 



TABLE 3(iv): Peptides purified from chy*otrypin digestion of peptide TAb 

Peptide a 9 	Aaino acid composition N-terminus 

*TACCBI +0.63 Thr(+++),Ala(+++),Ly(+++) Thr 

*VCA1 -.0.25 er,Ris,Asx2 ,Tyr Ser 

TA6CA2 -0.11S flsx,Ser,Glx,Pro,Gly,Ai.a,Tyr Aix 

*TA6CA3 	 -0.13 	 Asx(++),Ser(+),Glx(++),Gly(++), Ala(..),Leu(+.) 	 Leu 
Pro(+.),Tyr(+) 

*Qualitative analysis only. Definition of symbols is given in the text. 



Fizre3(iv) Partial sequence of peptide TAt 

____!_____ ------------------------------ 
Ala-L.eu- er-Hi 8-.Ax-Asx-Tyr -Leu-Aax-(A1a ,Pro ,G ].y ,G Ix, Ser) -Tyr-Thr-Ala-Lys  

____ 	 ____ 	Th6CA3 

TA6CA2 
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The tyrosine content of peptide TA6 was calculated (from 

the amino acid analysis) as 1.4 residues, but the formation of 

peptides 1A0 CA]. and TA6 CA3 from chymotrypsin digestion of TAb, 

shows that there are 2 residues of tyrosine. The glycine content 

Is high, but I suspect that some 20% is contaminating amino acid, 

since glycine is a con amino acid present in chromatography 

paper. 

B. Chymotryptic digest 

The conditions used for the digestion were the same as 

those described for the trypsin digestion. 

(i) Fractionation of chyu&otryptic 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 Ci 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 Cl to C4 were separated by naper 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. 
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(Li) Summary of chysotryptic peptides 

Table 5(v) gives a list of the chymotryptic peptides, the 

purification procedure, with their electrophoretic mobilities at 

p14 6.5 and pH 3.5. T; ble 5(vi) gives the amino acid compositions, 

N-termini and yields (expressed as a percentage iaoie/Iiaole 

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(wi), 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 omission will be pointed out in the discussion of the 

sequence. 

(iii) Peptides formed from chymotrypsin digestion of piastocyanin 

The evidence for the sequence of the chymotryptic peptides is 

presented. 

Peptide Cbl 

The peptide was sequenced by the Dansyl Edson proCeure 

and the sequence is: 

Thr-Ala-Lys-Phe 

Peptide C82 

From the electrophoretic mobility at pH 6.5 the second 

residue must be aspari gine. The sequence, determined by the )ansyl. 

fidman method, isz 

Ala-Asn-Val-Lys-Leu 



TABLE 5(v): Purification procedure for chaotriptic peptides 

Peptide 
ep)adx 

fraction 
rification 

procedure 

63 

lectrc: L±C mobilities 
-41 	6. pH 3.5 

- CAI -.36 

CA2 3 63 -0.57 - 

A3 3 63 -0.23 - 

CM 3 6E3 -0.28 

CM 3 683 -.0.16 +0.21 

CAb 2 683 -0.17 +0.13 

CA7 1 63 -0.74 - 

CAz 2 ôB3 -0,26 +0.15 

CBL 3 63 +0.30 - 

2 632 +0.4 +0.60 

043 2 6B3 +0,47 +0.57 

044 2 683 +0.35 +0.47 

CBS 1 683 .0.25 +0.45 

011 4 683 0 +0.31 

042 2 6B3 0 +0.34 

*Paper electrophoresis at pH 6.5 : 6 
'I 

 

if 	atpH3.5*3 
'I 	 at pH 2,0 i 2 

BMP Chromatography : B 



TABLE 3(vi): Chyitotrytic peptides formed from C.ryrenoidosa 'A' plastocyanin. 

FCA TCA2 CA3 CA4 CJ5 CAb CA  CA CBi. CB2 C:3 CB4 cBS CN1 J CK2 Q43 

His 1.) .. 0.9 
Lys -• 1.0 0.9 0.5 

Arg 
Asp '. .7 ..3 1. '. . 3.3 1.0 0.9 
Thr •5 2.2 1.1 0.8 

~ er i.: 1.1 fr.3 1.3 1.1 1.2 
Glu  

Pro o. 1.0 1.0 1.0 1.1 LL.  

Gly 1 .1 1.1 2.8 0.9 2.1 • 1 1.2 2.4 0.9 1.0 1.3 
Ala 1.0 1.S i.2 1.1 1.1 3.8 1.) 4 4+ 1.1 2.3 1.0 1.0 
Val *2 . 5 jQ *+ *0.3 1.3 1.0 *0.7 
HetSO 1.0 
CyS03  
Ile *0. * 	.7 0.9 
Leu  
Tyr . .. .... 0.5 0.9 0.9 1.1 1.0 1.0 

Phe 1.1 .9 1.2 
N-ternUnu >: x er eu Gly Asx C;.L. Thr PJa .1 *1 lie Gly lie Lys  

Yield .t: 15.3 2.9 6.7 6 .6 2.9 9.t 1i.3 (•) 10.0 .t1 2.3 0.6 1.3 2.2 0. 

*Low yield due t partial ri,'dro1rsi* of stable peptide bond. 
/Contaminating amino acids (amounts 0.2 oie/aoie pept ide not s hown). 
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Peptide CA4 

Peptide CA4 was sequenced by the Dansyl Ednian procedure. 

Samples of peptide were removed after the 1St, 2nd and 3rd cycle. 

of PTC 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 CM, after the lit, 2nd 

and 3rd cycles of I'rC degradation. 

TABLE 5 (viii PTC degradation products of peptide CM 

	

PTC 	 Biectrophoretic 
degradation 	Peptide 	 Mobility 

cycle 	L, equence 	 at pH 6.5 	 Comments 

	

0 	Ser-His-sx-Asx-Tyr 	-0.44 

	

1 	 His-Aix-Aix-Tyr 	-0.41 

	

2 	 Asx-sx-Tyr 	-0.66 

	

3 	 Aix-Tyr 	-0.39 	Both Airs (not Aans) 

The sequence of peptide CAS was shown to be: 

S er4lis-.Asp-Asp-Tyr 

Peptide CA2 

CPA released tyrosine (+e+). The peptide was sequenced by 

the Dansyl ndi.an procedure. After the lit cycle of PTC degradation, 

a fraction of the remaining part of the peptide (corresponding to 

the amino acid composition (Thr, Cix, G1y, Ala, Tyr)), was run out 
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on paper elctrophoresja at pH 6.5. It retained a net acidic charge 

but it was greatly reduced when compared with that of the whole 

peptide. Thus the N-terminus of peptide CA2 is aspartic acid and 

the 5th residue is glutajaic acid. 

The sequence is  

Asp-.Thr-Ala..Gly...G lu-Tyr 

Peptides CA3 and CAS 

CPA released tyrosine (++) from both peptid*a. The Dansy]. 

Edman procedure gave the same sequence for peptides CA3 and CM, 

except that peptide CM is one residue longer, having leucine at 

its N-terminus. The electrophoretic mobilities (at pH 6.5) of the 

corresponding peptides obtained after the let and 2nd cycles of PTC 

degradation of reptide CAS were determined and are shown in Table 5(viiL). 

TABLE 5(viii) ?TC de-gradation products of peptideCA5 

	

PTC 	 1ectrophoretjc 
degradation 	 Mobility at 

cycle 	Peptide sequence 	 - EE - 6.5 	Comment. 

	

0 	I.eU-JSX-Ua-.Pro..G1y...G1X..Ser...TYr 	-0.16 

	

1 	Asx-Ala_Pro..Cly...Ci.x...Ser_Tyr 	-.0.22 

	

2 	 Ala-.Pro..GJy..Gix..ser_Tyr 	-0.21 	Ann and Glu 

Thus, the sequence of peptide CAS is: 

eusn..Ala...Pro..1y..G1u...s er-Tyr 

CM 
1 

CA3 
-----p 
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Pep1âtea Qil CA6 and CM 

Peptide QU is a dipeptide with the sequences 

G ly-Tyr 

CPA released amthionine (+++), glycine (+), alanine (++) 

and glutsaine (++) from peptide CAb. The peptide was sequenced 

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, (G1x2 , Pro, His, 

G1y2 , Ala, Men)) ran in the neutral band on paper electrophoresis 

at pH 6.5. Thus, in the sequence of peptide CA8, shown below, 

the second and fifth residues are both glutamine residues. 

Cys-Gin-Pro..His-Glly..A1a-G ly-Mee 

Peptide CAb 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 CA6 and CAS 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: 

Giy-Tyr-Pbe-Cys-(G1x2  ,Pro ,His ,G1y2  ,Ala,Met) 

Peptide Qil is assumed to have come from the N-terminal 

region of peptide CAt, 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-Tyr-Phe-Cys..G in-Pro-Hi Gin y-A1a..1.1y4e 

CM 

chi 	 CM 

Peptide C13 

CPA released glutasine (+++), valine (.4+.), and isoleucine (- .) 

from peptide C83. The •SQUCThCC was determined by the Danayl Edaan 

procedure &nd was shown to be: 

Val.G1y-LyaI le-Val-Val-Gin 

Peptides CB5, CN2, Q3 and CH4 

CPA released tyrosine (+++) from peptides C242 and C73. The 

Dansyl Edan procedure gave the sane sequence for peptides CN2 and 

Q3 9 except that CN2 is one residue longer possessing an isoleucine 

as its N-tentinaj residue. Since both peptides run in the neutral 

band on paper electrophoreeje at pH 6.5, the 5th residue (for 

peptide 042) and the 4th residue (for peptide CN) is aspartic 

acid. The aequence of peptide C32 is: 

N2 
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The cleavage of the Lie-Lye bond, giving rise to the 

formation of peptide a43, is inconsistent with the presumed 

specificity of chymotrypsin. However, peptide 043 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 01 6.5, it is assumed that the basicity is due to the histidirie 

residue, and that the two residues of aspartic acid are amidated 

in the peptide. Now as shown in Table 5(vi) peptide C84 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 C84 (shown below), but it must 

be pointed out that this is weak sequence data based entirely on 

the reliability of the Dansyl idaan method. 

The amino acid composition of peptide CBS is equal to the 

sum of peptides 042 plus C84. Again the Valine content is fairly 

low (1.5 residues) for there to be 2 residues of va the, but it is 

difficult to estimate the level of impurity of each amino acid in 

the peptide. The N-terminus of peptide CBS is isoleucirie, 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 9  as shown belows 

135 _______ -------------  
I 	 -, cr-Val-Thr-Tr- 	 -T17-Phe-Pro-}Ua-Thr 

CN2 - 	,c--"...------- - 

The formation of peptides CBS and C4 represents non-specific 

cleavage of the protein (after threonine), by chymotrypsin. Low 

recoveries of these peptides made further characterization of them 

impossible. CB4 is homologous with CBI from C.pyrenoidoaa 'B' and 

CB2 from C.fusca piaatocyanins, which both have N-terminal valine. 

Ppt ides c'i  and C17 

CPA released leucine (+++) and alanin. (+) from both peptides. 

The N-terminal sequence of peptide CAI was determined by the Dansyl 

Bdaan procedure, and the partial sequence of CPt1 is: 

Az-Ile-Val-Phe4sx-.Ala-(Azx 3 , Glx,A1a2 ,Pro,Val €1 1  i)-.Ala-Leu 

---------------- 
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. Peptide CA7 his been formed 

by chyinotryptic cleavage at the C-terminal sic 1.e r'f' ,.he (residue 4) in 

CAI sequence. However, a peptide with the sequence Asx-Ile-Val-Phe 

was not isolated. 



TABLE 5( ix): PTC degradation products of peptide CA? 

PTC 
Elect rophoret ic aobility(M) 
Predicted 

degradation 2 	1 N-terminus 
cycle Asides Aside Observed Proposed Sequence (DNS) 

0 -0.79 ..0.94 -0.74 Asn-Ala-.Asp-.Glu-Asp-Ala-Pro-Val-Val-Gly-Ala..Ann...A1s...Leu Aex 

2 -.0.46 -.0.69 -0.66 Asp-Glu-AspAla-Pro-Val-Val-Gly-Ala..Asn-Ala-i.eu Asx 

3 -0.28 -.0.48 -0.49 Glu-Asp-A1a-Pro-Va1-Val..G1y-Ala-Asn-Ala-Leu Gix 

4 0 	-0.23 -0.23 Asp-Ala-Pro-Val-Val-.Gly-Ala-Asn-Ala-Leu Aax 

5 0 0 Ala-Pro-Val-Val-Gly-Ala-Aan-Ala-Leu Ala 

Experimental details are given in the text. The predicted mobilities were derived from graphs (electrophoretic 
mobility (a) against molecular weight of peptide) published by Offord (1966). 
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The sequence of peptide CA7 was determined by the Dasiyl 

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 electrephoretic mobility of peptide CAI is -.0.56, 

which is Less acidic than peptide CA7 (a - -0.74). Thus, the N-terminus 

of peptide Cl 	tan and not ASp. This is in aireement  with the 

predicted mobility (m a -0.60) for a peptide of the size of CAI and 

containing 3 snide groups. The sequence data on peptide CA 7  may be 

considered weak, since it is based on the reliability of the Dansyl 

Edman procedure. 

The sequence covered by peptides CAI and C.7 is: 

Asn-X le-Val-Phe-Asn-v la-Asp-G lu-Mp-Ala-Pro-Val-4. 1 y-Ala-Aan-Ala-Leu 

L______________.____ 

CA7  

C. Deduction of eeouence 

The overall sequence was deduced from the tryptic peptides, 

a 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 peritides are discussed. 



TABLE 5(x) 	List of tryptic peptides 

Ile-Val-V1-&lln 

A1a-GiyjSer-Va1-Thr-Tyr-'aI-Asii-it6n-t1-.(fl y-Phe-Pro-His-Thr 

cN2 	 CD4 

Vai-Phe-Giu-Pro-Ala-Tyr-Tyr-Thr-Val -Thr-I 

Ala-An-Val-Lys 

Thr-Val-Thx-I I.e -Lys 

TAX: Leu1y-Ala-I\p-.ez-U1y-Ala-Leu-Val-Phe-G1u-Pro-A1a-Tyt 

____________________________ 	 TN3 

1A2: Leu.G1y-Ala-Ap$e c-C ly-Ala-Leu 

TA3: Mn-I le -Vai-Phe -Aso -Ala-Mp-G 1u.Asp-A1a-Pro-Va i-Va 1-G1 y-Ala-Asn 

______________________________ 	 CAI 

CA7 - 



TABLE 5(x): - cont'd 

TA4: Phe -Asp-Thr-Aia-G iT -6  iu-Tyr-Giy-TyrPheCys_G1n_Pro_ui3..cj in-Cl y-A ia-Giy..Mu-Va1 -Ci y-Lye 

CM 

CA8 

TA2: Leu-Ci y- 

TA6 Aia-Leu-Ser..Hia.Aip.As p-Tyr-Leu-Aan-Ala-Pro..0 iy-Giu-S er-Tyr-Thr-A la-Lys 

CA4 	 CA5 	
> 



TABLE 5(xi)s List of chyaotryptic peptides. 

CAl: Mn-I le -Va -Pbe-AnnAla-Asp-G 1u-Asp-.Ala-Pro-Val -Val -Gly-Ala-Aen-Al a-Leu 

Amp-Thr-.A1a-Gly-Glu-Tyr 

Aan-Ala-Pro-Gly..Glu-Ser-Tyr 

CA4 t Sex-His-Asp-Asp-Tyr 

Leu-Ann-.Ala-Pro-G ly-Glu-Ser-Tyr 

Gly-Tyr-Phe-Cys-G ln-Pro-His-G In-Gly-A1a-Gly-Mes 

CA?; Asn-Ala-AspG1pAla-Pro-Val-Val-Gly-Ala-Asn-Ala-Leu 

CAB: Cys-G ln-Pro-His-Gln-G ly.A1a-81 y-Mss 

CU: Thr-la-Lys-Pbe 

C82t Ala-Asn-Vsl-Ly.-Leu 

cB3: Val-Gly-Lyi-Ile-Va1-Val-Gln 

C841 Val-Asn-Aan-Ala-Gi y-Phe-Pro-His-.Thr 

C85: I le-Lys-Ala-GIy-Asp-S er-Val-Thr-Tyr-Val-Asn-Aeri-Ala-Gly-Phe-Pro-Bia-Thr 

CNlt Gly-Tyr 

042: I le-Lys -Ala-G1y-Asp-. er-Val-Thr-Tyr 

cN3; Lys-Ala-Gly-M,-Ser-Val-Thr-Tyr 
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It is evident from the partial sequence of TN2, that the 

C-terminal region corresponds in amino acid composition to CR4, 

except that the recovery of valine, as in the case of CR4 6  is 

extremely low. IlowevLr, although the evidence for the presence of 

2 valine residues in T and 1 in CR4 is inconc4usive, it is thought 

that by homology of CR4 with peptides CHI from C.EXrenoidosa 'B' 

and CR2 from C.fuLcg piaatocyanLns, that this is the case. The  

N-terminal sequence of T142 corresponds to residues 3-9 of CR2. 

The sequence of TA1 can be deduced from TAZ and the N-

terminal region (residues 1-6) of TN3. Peptide TA2 begins at 

the N-terminus of TAI. 

The sequence cf TA3 can be deduced from aconsideratjon of 

CAI and CA7. TA3 is two residues shorter (at the C-terminus) of 

CA7. 

TA4 was partially sequenced (Figure 5(11)), fronthe 

peptides formed by chvaotrypIn digestion of it. The total sequence 

can be deduced from a consideration of peptides CA, CA6 and CA. 

The sequence of TAS was established from the ttypin digest. 

C1yaotryptic 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 acidic peptides formed in 

the digestion. 
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The partial sequence of TA6 is given in Figure 5(iv). The 

entire eequeflC ca &e deduced from a considert 	f 4 and CAS. 

I shaLl begin the deduction of sequence of C.pyrenoidoss 'A' 

plastocyanin from the 4-terminus. 

The N-terminus was determined by the INS-chloride method and 

the 2nd and 3rd residues by the Dansyl Adman method. TBI and CR2 

have their first three residues in coon with the first three 

residues of the whole protein. They mat both be at the N-terminus 

(see Figure SC(i)). 

TAS has leucine as its N-terminus and is the only candidate 

for residue 5 in the protein, since TA1 and TA2, which also have 

N-terminal leucine are derived from TAS • The sequence between 

residues 4 to 24 is shown in Figure 5C(ii). 

Q2 has the N-terminal sequence lie-Lye-Ala..., which fits 

into the sequence at residue 23 (Figure SC(ii)). TN2 has alanine 

as its H-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 TA5 • The sequence between residues 23 

to 40 is shown in Figure SC(iLl). 

No overlapping sequence has been found for residues 40 to 

41, since both trypsin and chymotrypsin cleave the protein chain 

at the C-terminal side of threonine (residue 40). This is 
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iflconsi: tent with ttit prcuzaed rpecificity of both enzymes. However, 

TA3 mutt etend from reidue 4t to 5, and ttii will become more 

obvious later on in the dicussio. 	1 1 	the :nt' amino acid 

sequence as TA3, except t - t 	1 	d.fl e'tra Ala-Leu sequence at 

the C-terminus. IM) ha. :. 	- 	as its 14-t r!ninti requence. 

This evidence orders TAÔ at the C-terminuF of TA3. The sequence 

between residuet ;1 to U is shown in Flurr 5C(iv). 

The C-terminai sequence of TA6 is -Thr-A1- ,s. CM has 

the amino acid sequence Thr-Ala-Lys-Phe, and nrovidcr the overlapping 

sequence for TM and TA4, ince TA4 has phcnylalanine as its N-terminal 

residue, and it i the onl; candidate for thi poition in the 

protein. Figure 5C(v) gives the sequence between reidues 57 to 75. 

The C-terminal sequence of TM is -Val-G1y-L - . The C-

terminsi peptice, of the whole protein, was isolated from v cyanogen 

bromide digest. It was identified as the C-terminal peptide, because 

it contained no trace of hoaoserine/homoserine lactone, and it has 

the seuence: 

Val ..Gly-Ly-Z le-Val-Val-Gin 

CB3 has the same sequence. From this evidence Thi must be the 

C-terminal tryptic peptide. Figure SC(vi) shows the sequence of the 

protein between residues 75 to 100. 



Figures SC(i) to ('vi) : Overlapping sequences for tryptic peptides. 

12 345 
SC(i) 	Ala-Am-Va1-Lys-Leu 

ffi4CB2 

-TS-1  EDO 

4 . 	( 	7 	c 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 
5C( ii) 	Lys-Leu-G 1y-A1a-A*pSer-G1y-A1a-Leu-Ya1-Phe-G lu-Pro-A1a-Tyr-Tyr-Thr-Va 1-Thr-I le-.Lys 

TAS 

4 
	 TA2 	 TN3 

TB2 

23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
SC( iii) 	I le-Lye-A1s-Gly-A.e r,_S  e r-Va1-Thr-Ty r-Va1-Asn.Asn.A1a.G1 y-Phe-Pro-$is The 

TN2  

	

CN2 	
>4-.- 	

C114 

cBS 	
-- 

4142434445464748495051525354 53 56 575 
5( iv) 	Aa4le-Va1-Phe-Aan.41a..ksp-G1u-Aap.-A1a-Pro..Va1-Va1 -Cl y-A1*-A.n.-Ala-Leu 

TA3 	 TA6_ 

CAI 



57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 
5C( v) 	Ala-L.u..Se r-JiL.-Asp-Aap-Tyr-Leu-Aan-Ala-Pro-Gly-Glu-S er-Tyr-Thr-.Ala -Lys-.Phe 

TAÔ 	 -) 
CA 4 	 CA5 	 c8i 

7576777879bo81628384858687888990919293949596979899100 
SC( vi) 	Pbe-ap-ThrA1a-.G1y-Giu-Tyt-C 1yPyrPhe-Cys..G1nPr Hi in-Gly-Ala-.Giy-Mes-Yai-G ly-Ly-I is-Val-Val -Gin 

TA4 	 TN1 

CA2 	 CA6  
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Di.cuasion of sequence 

The amino .- c 7 . secuence of C.yrenoidosa '' plastocyanin is 
(vi), 

given in Pigurts 5C (i)t/...... xc only sufficient entides to establish 

the overall sequence are shown. All the peptides urified 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 agài in the final discussion. Non-specific 

cleavage by trypsin also occurred between TA3 and TA( , ; this time 

an Aen-Ala bond (residues 5-57) was cleaved. This type of cleavage 

is not chymotrvpsin-like, and it can only be suggested that it 

represents a secondary activity of trypsin. Non-specific cleavage 

of the protein chain by chymotrypain occurred in the formation of 

CN2, which meant the cleavage of a Thr-Ile bond (residues 2223). 

No chymotryptic peptides were isolated between residues 

o to 22 in the sequence, but fortunately tryptic peptides, formed 

by chymotryptic-like cleavages, were isolated in this region of the 

protein. 

The most diAficu1t region of the protein to sequence was 

between residues 32 to 56, where the sequence data is based entirely 

on the reliattlity of the Dansyl 2dman method. The method worked well 

on peptides CM and CA7 (residues 40 to 3b in sequence), although 
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this is a long re,tn to sequence. Fpecial care was taken at each 

cycle to remove aF completely as possible the phenyithionydanto in 

(PTH)-aaino acid(s) from the reaction mL.ture. However, there was 

a fairly high ievel of impurity in C84 (residues 37-40 in sequence) 

which made the identification of the newly eposed N-terminus, after 

each cycle, sure 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 a yield to purify satisfactorily. 

As mentioned earlier the yields of tyrosine, in the large 

tryptic peptides, were low, probably due to halogenation of tyrosine 

during oxidittin. tit only in one case (residue 19) is there any 

doubt as to 	la 	it of the tyrosine residues in the sequence. 

A Tyr-Tyr 	 dues 18 and 19) in peptide TN3 can be 

readily deduced froum the sequence data on this e,)tide. 

The po.tuIated 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 rehidue 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, ispeciatly 

since the tyrosine content was determined from unoxidised protein 
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samples, and no appreciable amount of *ono- or di-cbloro-tyrosine 

was observed on the amino acid analyses. The figure for valine 

(from total composition) is 2 residues below that determined in 

the sequence. TF&s may be explained by incomplete hydrolysis of 

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

DIGESTrow PERFO4ED ON C.PYRENOIDOSA 'B' PLI -  TOCYANIN 

Introduction 

Two major digestions were performed-on C.pyrenoidosa 'B' 

pisatocyanin; a try-tic digest on 100 mg. (about l iIaoles) and a 

chyaLotryptic digest on 70 mg. (about 7 iaioie) of protein. The 

conditions for oxidation and digestion of the protein were the same 

as those described for C.pyrenoidoea 'A' plastocysnin (Chapter 5). 

A. Tryptic dige st  

U) Fractionati-on oll tryptic digest 

The digest was dissolved in 5% formic acid and separated 

by gel filtration through ephadex 6-25, 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 !'ooled into 

fractions Ti to 1'3, as shown, taking care to separate rert - ' -f 

similar mobilities and to avoid splitting peptides in ha:-, 

fraction was freeze dried. 

Fractions Ti to T3 were separated on caper electrophoresis 

at pH 6.5, on 20 cm. strips. The peptides were further Purified 

on (BAWl') paper chromatography and paper electrophoresis at pH 3. 5. 



Fraction 
number EDNPLYS was eluted alter 2Zó ml. (froction 78) 

Figure 6(i) 	Separation of tryptic peptides of C.pyrenoidosa B plastocyanin 

by Gel filtration followed by paper electrophoresis at pH 65. 
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(Li) umaary of tryptic peptides 

This was not a very satisfactory di,est, since several peptides 

were obtained a' a result of chymotryptic-like cleavage of the protein. 

This made purification of the acidic peptides, which comprised the 

majority of the pe'tides formed, very difficult. Only those peptides 

that were pure and obtained in sufficient yield for sequence work are 

discussed. 

Table c.(i) .ives a list of the tryptic peptides purified, with 

their electrophoretic mobilities at pH 6.5 and p11 3.5. All the 

mobilities were obtained from the preparative separations, and will not 

be very accurate. 

The amino acid compositions, N-termini and yields of the 

peptides are prescted in Table 6(11). The yields (expressed as 

percentages: .uiole/Jnole 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 tryotic peptides and 

the partial sequence of the large peptides is discussed. 

Peptide Ti 

The sequence was determined by the Dansyl 4man method, the 

sequence being: 

Ile-Tht-Val-Ai 



TABLE 6(i)s Purification procedure for tryptic peptides 

'tide 
Sephadex 
fraction - 

*iurification 
- 	 rrocedure 

_j1ectorphoretic mobilities 
rli 	6.5 pH 3.5 

Ti 3 +0.32 

65 34 +0.10 

T3 stuck stuck 

T4 3 63 -.t. +0.22 

T5 2 t3 •.i3 +0.10 

To 3 t3 +'.) +0.74 

*Paper electrophoresis at pH 6.5x 6 

Paper electrophoresis at pH 3.5: 3 

BAWP paper cbratogtapby: B 



TABLE 6(u): Tryptic p.ptidss formed from C.pyrenoidosa 'B' plaatocysnin 

Ti 1. 13 T5 To 

His C).7 
Lys .7 ..c /.2 1.0 
Arg .. - •. 
Asp 1.) '. 3 • ,j 2• 

Thr 1.1 0.9 1.9 1.4 0.9 
Set A0.3 1.4 1.8 
Glu 2.1 0.7 3.0 2.9 
Pro 1.2 1.1 1.0 1.0 
Gly 1.4 2.4 1.1 4.9 
Ala 2.3 2.2 1.0 Z.6 1.' 
Val i. *1.3 1.1 1.2 1.1 
Met0., 
CyS0/ 

*0.6 
0.7 

Ile *J) 1•7 
Leu 1.5 1,0 1.1 
Tyr 0.9 2.0 
Ph* 1.2 1.3 0.9 1.2 
N-terminus .[lc Tx Leu I Leu Ai 
Yield 0.0 9.0 8.0 35 9.3 1.0 

*Li 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 Ti runs in the neutral sand at pH 6.5 (paper electrophoresis), 

which means that the C-terminal residue is aspari:ine. 

VeRtide Th. 

The secu uce, determined by the UaIISyL .'in method, is: 

Ala-Thr-Val-Lys 

Peptide T2 

It is iu,ed that arginine is the C-terminal residue of T2, 

from the presumed specificity of tryp5in. The N-terminal sequence 

was examined by the Dansyl-Edman method, the partial sequence 

being: 

Aax-Ile-Va I -hc-Ax-(Aax3,Ser1 2  ,Glx., ,Pro ,C 1 1 1_2  ,Ala ,Vai.2  Ile)-Avg 

The observed .obi1it at p11 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 a  2, and therefore containing four snide 

groups. In Table ô(xi) the snide groups have been put in the same 

positions as they are found in the homologous region in C.pyrenoidoea 

'A' plastocyanin sequence. 

Peptide T3 

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

Dansyl Edman procedure. 



TABLE O(iii): Peptides formed from chyotrypein digestion 

of peptide T3. 

eptid .. 	 . 	 u 

T3CB_ iiC(c..;), 

T3CA1  

-0.46 ieu 
ro(O.3) (1y(2.7),Ala(2,3) ,Va1(1.2), 

*I1e(Q.3),Leu(1.8),phe 1.0 

*Contaminating amino acid. 

Definition of ayabols given in the text. 



Figure ô(Li): Partial sequence of peptide T3 

,Thr,ftx, er)-I1e-Ser-Ly 

T3cBi. 
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When digested with chymotripein, T3 formed the nortifts shown 

in Table 6(111). quantitative analyses and N-terminl were obtained 

for the chynotryptic peptides. Peptide T3 CR1 was cequenced by the 

Danayl Ediiian tet!xwi, 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 chyiaotrynttc peptides in the sequence 

of T3 was obtained from amino acid cowpnstttons and from a knowledge 

of the bonds in the sequence slightly susceptible to chymotrypsin. 

The rartial sequence of T3 is shown in Figure 6 (Li). 

Pe7tide TI 

The N-term.na1 sequence of T4 was deternined by the Danayl 

Edman procedure. 

When digested with chymotrysin peptide TA formed the 

peptides Shown in Table 6(iv). Quantitative analyses and 4-termini 

were obtained for the chymotryptic pe"tidea. Peptide T4 CHI was 

sequenced by the Dnay1 £dman procedure and it is assumed to be 

the C-terminal peptide in the sequence of T4, from tb -resumed 

soecificity of trypsin. Peptides T4 CAI and T4 CA2 have the 

same amino acid compositions, except that 2eptide T4 CA2 is one 

residue longer having leucine at the N-terminus. The evidence 

for the location of the ch'motryptic peptides was obtained from amino 

acid compositions, a know1'de of the bonds in the sequence which are 

susceptible to cbyaotrypain, and from toe sequence data on epttde T. 

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



TABLE 6(iv)z leptides formed from chy.otzyr'sin  diction of peptide. 

Amino acid coapoelti 

1. s(O.9),VaI(1.0),Tht().7). 
----- - 

•-teraimsa 
ieptide 

T4b1 

T4CA1  .&'.4 Aix 

T tCA2 'sx(1. 1 ) ,Glz(1.8) ,Pto( 1.0) ,Gly( 1. 1) ,A1a(1.0) ,Lev(O.8) 
rhe(C.9) 

—1.37 eu 

r4cA3 iij(1.1),G1.Z(1.0).T7t(1.0 

TCA4 ,3x(1.1),G1.z(.1),I.eu(1.0),TYr(O..) - 
Lx 

Definition of ayio1n and experimental details are given in the text. 
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Figure ô(lit) Amino acid sequence of peptide T4. 

T1 

G lu-Mip-T yr-Leu-Asx-Ala-Pro..G 1 	1.x-( x-Phe-Thr-Val...Lys 

4A3 	 T4CA2 	 < T4cfi1 

T4CA4 	T4CA1 

The observed mobility at p31 6.5 (a = -0.82) of T4 CA3 is in agreement 

with the predicted mobility (a -0.90) for a peptide of this size 

with a net electrostatic charge • 2. Thus, T4 CA3 contains Gin and 

Asp. 

Peptide T5 

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

Dsnsyi Ldaan procedure. 

When digested with ch otrysi.i, ,eptide T5 formed the peptides 

shown in Table 6(v). Peptide T5 CBI was sequenced by the Dansyl Edman 

method and it was assumed to be the C-terminal peptide in the sequence 

of peptide TS, from the presumed specificity of tr:'psin. Peptide. 

T5 CAI and T5 CA2aahare the same amino acid compositions, except 

that peptide T5 CAI 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 T3 comes from 

quantitative aaaino acid compositions and from a knowledge of the tonds 

in the sequence slightly susceptible to chymotrypsin. The partial 



TABLE 6(v) t Peptides formed f too chyviotrypsin digestion of peptide TS. 

T5C i T f j.:. T5CA3 T5C111 T5' 11 TBCN1 

fin 0.9 

0.5 0.b 

Thr 1.0 1.0 

Set 

1u 1.3 2.2 2.2 1.9 

Pro 1.0 . 1.1 

Gly 1. 2. 2.9 1.0 

Ala 1.1 1.2 1.1 1.1 1.0 

Val 0.9 *0,7 

0.9 *0.7 

CySO3H .9 0.9 0.9 

Ile 

Lou 0.9 

Tyr 1.; .9 0.9 

T'he 1,.1 

-0.50 -i.0 -0.30 -0.18 +Q• 

gn' +0.11 +0.10 •0.10 +0.15 +0.80 +0.36 

?-tenkinu Leu sx CyO3fl Gly Val Cy03H 

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



Figure 6(iv): Partial sequence of peptide T5 

T5 
Leu-Asx-Thr-(Ala ,Gly,Glx)-Tyt-Gly-(Tyf ,Phe) -Cy.-(G1n 2  ,ProHia,G1y2  ,Ala) .Mea-Val-Gly-Ar 

__-_----_- 
T3CA2

--
------>,  

___ 	T5CBI 
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sequence of peptide T5 is shown in Figure 6(iv). Since peptide T5 011 

runs in the neutral band at pH 6.3 (paper electrophoresis) it must 

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

B. Chyiaotryptic digest 

Fractionation ofCy.otryptic 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. 

FrsctioisCl to C3 were separated on paper electrophoresis 

at pH 6.5 on 15 cm. strips. The peptides were further purified on 

(BMP) paper chromatography and paper electrophoresis at pH 3.5 

and 2.0. 

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, 11-termini, and yields (percentage 

Iimole/I.uaole protein digested) are presented in Table 6(vii). The 

yields are not corrected in any way for losses incurred during the 

Purification procedure. 



- 

ski 

a' 

63 I 

-I 14 

- 

Figure 6(v) HYPE at pH 65 of chymotryptic peptides 

from 	C .pyrenoidosa B plastocyanin. 



TABLE ö(vi); Purification procedure for chyaotryptic peptides. 

eptide 
Sephadex 
fraction 

- 	 *'urification 
-rocedure 

Iilectrophoret!c mobilities,  
pH 6.5 pH 3.5 

Qt I 5 ). I 

CL -..'4(, 

CA3 j 63 -.• +0.27 

CA4 2 -u.50 

GAS 2 63 -C.12 

CA6 2 6B3 -0.27 - 

CA? 2 63 -0.27 10 - 

CA8 2 6B3 -0.27 +0.12 

2 632 +0.40 

CB2 2 632 +0.4() 

C3 2 632 +(.40 - 

Q41 2 6B3 C) 

CN2 2 6B3 0 

*Paper ei.ectrophoreaia at pH 6.5:6 
at p11 3.5:3 
at pH 2.0:2 

8AWP 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 ô(vii): Chymotryptic peptide formed from C.pyreioidosa 'B' plaetoc.yanin. 

— 
----ww---- 

_ 
= = 

ma. 
ma. 

I44UtiPiii' h  - 
*Low yield due to partial hydrolysis of stable peptide bond. 
jContasiLnating amino acids (amounts 0.2 mole/sole peptide not shown). 
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(iii) Peptides forced by chymotrypsin digestion 

The evidence for the sequence of the *yotryptic peptides is 

presented. 

Peptide C82. 

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

the Dansyl Mcan procedure, the sequence being: 

Ala-Thr-Val-Lys .-Leu 

Peptide CB3. 

CPA released asparigine (+++), threonine (s.), valine 

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

Edman procedure, the sequence being: 

Val-Gly-Arg-I le-Thr-Val-Asn 

Peptide Cfll. 

CIA released traces of histidine (+). The sequence of CBI 

was determined by the Dansyl Edman procedureCBl is identical in 

sequence to the proposed sequences for CB4 from C.pyrenoidoaa 'A' 

plastocyanin and FC22 from C.fusca plastocyanin, except that it 

lacks a threonine residue at the C-terminus. The quantitative 

analysis of C81 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 C84 and PCB2 

(ftc. C.pyrenoidoas A and C.fusc* plastocyanins respectively). 
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ince GB]. is basic on paper electrophoreeiF at pH 6.5, 

it is assumed that the basicity is due to the histidirie residue and 

that the 2nd and 3rd residuet are both aspariginea. The sequence of 

Cal is: 

Val-n-.Asn..A1a_Gly....Phe.. ro-His 

The formation of Ca]. rerresents non-specific cleavage of the 

protein (after h1tidine), by chvaotry.n. 

Peptides CAl and CA2 

CPA released Phe (+i3 from both peptides. CA! and CA2 were 

sequenced by the Dansyl Edinan mtthod, and were shown to have the same 

acquence ecept that CA2 is one residue longer posae:sing leucine as 

its N-terminal residue. 

The observed electrophoretic mobility of CA2 at pH 6.5 

a - 0.40) is in agreement with the predicted mobility for a peptide 

of this size and with a net electrostatic charge a  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 e]ectrophoretic 

mobility of the dedative product of CA2. 
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Table 6(viii) PTC degradative product of pieptide CA2 

PTC 	 Llectrophoretic 
degradation 	 Peptide 	 mobility at 

Cycle 	 sequence 	 pH 6.5 	 Comments 

0 	Leu-Asx-Ala..G ly-Pro-Glx-G lx-Phe 	-0.40 

2 	 Ala-G1y-Pro..G1x..Gjx..phe 	-0.43 	Asn (not Asp) 

The sequence of peptide CA2 was shown to be: 

Leu-Asn...Ala_Gly..Pro...Gl.0 Ix-Phe 

Peptide CA3 

The N-terainal sequence was examined by the Dansyl Edman method, 

the partial sequence being: 

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

Peptide CA4 

The 4-terminal sequence of CA4 was examined by the Dana>'l 

Edman procedure, the partial sequence being: 

A*x_I1e_Val_Phe..A8x_(Gjx,pro,Giy,Va1 2 ,,er, Asx3) 

The observed mobility at pH 6.5 (a w -0.50) is  in satisfactory agreement 

with the predicted mobility (a a -0.59) for a peptide of this size with 

a net electrostatic charge 3, and thus containing 3 ami& 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 T&3 

(C-pyrenoidosa 'A' protein). 

Peptide CA5 

CPA released tyrosine (+++). The sequence was determined by 

the Dansyl dman method. Since, CAS has a net acidic charge (on paper 

electrophoresis) at p14 6.5, the 5th and 9th residues must be aspartic 

acid and giutamic acid, respectively. The sequence is: 

Thr-Val-Lys-Leu-Asp-Thr-A la-C iy-G lu-Tyr 

Peptide CM, 

CPA released tyrosine (+.+). The sequence was determined 

by the Dansyl Edman procedure. The observed mobility Cm a -0.27) 

at pH 6.5 is in accord with the predicted mobility for a peptide of 

this size with a net electrostatic charge a 1. Now the last three 

residues in CAb are identical in sequence to the N-terminal sequence 

(Glu-.Asp-Tyr) in the tryptic peptide T4 (this Chapter). Therefore, 

the second residue in CAb must be glutaadne, if the peptide is to have 

a net electrostatic charge of 1. Thus, the proposed sequence for CA6 

is: 

Ala-Gin-Ala-I le-Eer-Arg-Glu-Asp-Tyr 
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Peptide CA7 

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

determined by the Dansyl E.daan method. The partial sequence is: 

Gi y-A1t-Ax(A ,Gly ,Als) -Leu 

Peptide CAb 

CPA released methionine suiphone (+i+), glycine (++), 

alanine (++), glutamine (..), and a trace of hietidine (k). The 

sequence was determined by the Dansyl Edman method. After the 

let cycle of PTC degradation the resulting peptide (amino acid 

composition (G1x2 , Pro, His, G1y2 , Ala, Kea)) ran in the neutral 

band on paper electrophoresis at pH 6.5, showing that the 2nd 

5-tb 	

-*nd- 
___ 	 i 

--residue, in the sequence 	-g-1i-taminss. The sequence of CA8 is: 

Cys -C la-Pro-His -Gin-Ol y..Ala-Gly..Mes 

Peptides CE. and 012 

CPA released phenylalanine (+) from both peptides. Peptide 

CN2 was sequenced by the Dansyl Edman method. Peptide 011 has the 

same amino acid composition as peptide 0(2, except that it has an 

extra lie-Sea sequence at the N-terminal end. Since both peptides run 

in the neutral band (on paper electrophoresis) at pH 6.5, then the 5th 

residue in peptide 041 and the 3rd residue in peptide CN2 is glutastic 

acid. The sequence covered by peptides 011 and 042 is: 



I le_er_Ly891y_Glu_Ser_Val-Thr-Phe 

CN 1 

42 

The formation of CN2 is an example of non-specific cleavage by chymo-

trypsin of a Ser-Lya 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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TABL. 6(Ix): LIST OF TRYPTIC PEPTIDES  

Ti: 	Ile-Tbr-Ya1-Asn 

Ann-I ie-Vai-Pbe-Mn-(Asn ,Aap ,Giu,Asp Ser ,Pro ,Vai VaX ,Giy)-ia-Gin.Ai*-ZXe-Ser-Arg 

____!L___________ 
CAb 	 -. 

I.eu-Giy-Aia-Asx-(Aax ,(;ly ,Aia) -Leu-Val-Phe-Gix-(Pro ,Giy,Tht ,ABx,Ser) -'I le-Ser-Lys 

CA 7 	 CA3 

- -------- u___________----------------------- 

G I u-Asp.-Tyr -Leu-Asn-A ia-Pro-Gly-Glx-G ixThe -Th r-Val-Lys 

CA2 

T4 

Lsu-Aap-Thr-JUs-Gly-UIu-Tyr-Giy-(Tyr ,Pbe)-Cya-GIn-Pro-His-G1nGiy-A1a-G1y-Mes-Vai -GJy-Arg 

..... 	CA5 	 CAS 	
) 

----------------------____----------- ------------ - ----- ------ 

Tb: 	Ala-Thr-Val-Lys 



TAB" b(x) List of cbyotryptic peptide 

CAl: Asn-Ala-Giy-Pro-Glx-GLx-Phe 

CA2: 1eu-Asr*-Ala-Gl y-Pro.G lx-Glx-Phe 

CA3 z Val-Phe-Glx-(Pto ,Gly ,Tbx ,Aax ,Ser,I le ,$er) 

 

 Thr-Val -Lya-Leu-Aap-Thr -Ala.G ly-G lu-Tyz 

CA6 g Ala.G In-Ala-I le-Ser-Arg-G lu-Asp-Tyr 

CA?: Gly-Ala-A.x-(Asx ,Gly Ala) -Leu 

CASs Cys-G ln-Pro-Ht -G ln-Gly-Als-.Gl y-Mea 

Val-Asn-Aan-Ala-Gly-Pbe-Pro-His 

CB2: Ala-Thr-Val-Lys-Leu 

013: Val-Gly-Arg-I le-Thr-Val-.Aan 

CN1: I ic-S eg-Lys-Gly-Glu-Se r-Val-Thr-Phe 

012: Lys-Gly-Glu-Set-Val-Thr-Phe 



Pigurs 6(v) to 6(x): Alignment of C.pyrenoidosa 'B' plastocyanin against the seóence  of C.pyrenoidosa 'A' 

piastocan in. 

1 2 	34 5 
6(v) 	A 	Ala-Asn-Val-Lys-Leu 

B 	Ala-Thr-Val-Lys-Leu 

B2 

Tb 

4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 
o(vi) 	A 	Lys-eu-G1y..A1ap..er..G1y-A1a-Leu-Va1-Phe-G1u-Pro-1a-Tyr-Tyr-Thr-Va1-Thr-I1e-Lys-A1a 

B 	Lys-Leu-Gly-A la-Asx4isx ,Gly,Alê-Leu-Va1-Phe-Glx-O'ro ,Gly 	,Thr ,Mx ,Se V-.I le-Ser-Lya 

e______-----____12-------- __________________ 
CA3 

23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 
6 (vii) 	A 	I 1e-Lys-A1s-.G1y-Asp-. er-Va1-Thr-Tyr-Vai Asn-Aen-A1a-Gly-Phe-Pro-Mi s-Thr 

B 	Ile$er-Lys..Gly.Glu-Ser-Val-Thr-Phe-Val-Asn.-Asn-Ala-Gly-Phe-Pro..His- - 

CB1 



Figure 
41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60 

6 (viii) 	A 	A8n-I le-Val-Phe-Asn-Ala-A.p-G lu-A8p-Ala-Pro-Val-Vai-G 1 y-Ala-Aan-Ala-Leu-Ser-Hie 

B 	Asn-Ile -Val -Phe-Aan4Bn,Asp ,Glu ,Asp ,Ser,Pro ,Val ,Val ,G1-A1a-Gln-Aia-Ile-Ser-Arg 

-------------------------------- 

CA6 

55 56 57 58 59 60 61 62 63 64 65 66 67 ôb 69 70 71 72 73 74 
6( ix) 	A 	A-Asn-Aia-Lu-Ser-11ip-Aap-Tyr-Leu-Asn-A1a-Pro-G ly-Glu-Ser-Tyr-Thr-A 1 a-Lya 

B 	A la-Gin-Ala-I ie -Se r-Arg-Glu-Asp-Tyr-Leu-Asn-A1a-Pro-G iy-G lx-G 1x-Phe-Thr-Va1-Lys 

CA 	
-4< 	

CA2 	 CAS 

T4 

75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 
6(x) 	A 	Phe-Asp-Thr-Ala-Giy-G tu-Tyr-Gly-Tyr-Phe-Cys-Gln-Pro-Hia-G ln-Gly-Aia.G 1 y-Mea-Val-G ly-Lys-I le-Val-Yal- 

B 	Leu-Aep-Thr-Ala-G ly-G lu-Tyr-Gly.Cyr, Ph-Cya-G1n-Pro-His-G in-Gly-Ala-Gi y-Mea-Val-G 1 y-Arg-I le-Thr-Val- 

CAS  

13 	Ti 
----- 	 -. -------- ----------------------------------- 	 ) 
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C. Deduction of sequence 

The overall sequence was deduced from the tryptic peptides, 

a list of which is given in Table 6(ix). The sequences 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 

ST 

by homology with the sequence of C.pjrrenoidosa A plastocyanin 

( A). The amino acid residues in the 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 CM. T2 is 

homologous with CAl hDa A, except that it is longer at the C-terminus. 

The partial sequence of T3 can He deduced from a consideration 

of CA? and CA3. 

The partial sequence of T5 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 Edaan 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 T5 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) shows the sequence 

homology in this region of the protein. B CNI has the N-terminal 

sequence Ile-Ser-Lys-Gly, which fit, into the sequence at residue 

22 (Figure b(vi)). No tryptic peptide was isolated from B with 

N-terminal gi.ycine to fit into residue 25 in the sequence. However, 

B C1 is homologous with A 042 (residues 23-31 in sequence of A) 

and B B1 is homologous with A C84 (residues to 40 in A 

sequence). 1 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 C*5. B CAS provides the overlapping sequence 
sequence 

ñr B T4 and B T5 (Figure 6(x)). The C-terminal/cf B T5 
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is -Val-Giy-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 bo.o.erine/bo.oserine lactone. It 

has the sequence: 

Val-Giy-'Arg-I le-Thr-Val-&sn 

B CB3 has the sane sequence, and it is homologous with the C-terminal 

peptide of A. B Ti 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 

Serino-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 chyaotrypsin. 
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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 8 will be 

discussed in the final chapter. 



CHAPTER 7 

DIGESTI14S PERFORMW ON C. FUSCA PISTOCThNIN 

Introduction 

A chyaotryptic digest was performed on 100 mg. (about 10 p.molee) 

of protein. A 13 mg. (about 1.3 uio1es) 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 (Deteraann & Walter, 1968). 

A. çyotryptic digest 

The digestion was performed on oxidised protein and the 

conditions for digestion were the same as those described for the 

trytic digestion of C.pyrenoidosa 'A' plastocyanin. 

Ci) Factionation ofyaotryptic 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 

107. 
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Markers 
1g H6 NeaIs 

Gly Asp 

00 

Fraction 
number 

Dt'JPLYS was eluted after 232 ml. (fraction 8O) 

Figure 7(i) Separation of chymotryptic peptides of C.fusca p!astocycznin 

by Gel filtration followed by paper electrophoresis at pH 65. 
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paper electrophoresis of a portion of each fraction from the gel 

filtration separation. The peptides were pooled into three fractions 

(Cl to C3) as shown, and each fraction was freeze dried. 

Fractions Cl 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. 

Suary of chymotryptic peptides 

Table 7(1) gives a list of the chymotryptic peptides and 

their electrophoretic mobilities at pH 6.5 and pH 3.5. Most of the 

nobilities were recorded from the preparative separation and will not 

be very accurate. 

Table 7(u) gives the amino acid compositions, P4-termini, 

and yields of the peptides. The yields (expressed as percentage paole/ 

.imo1e protein digested) are approximate and are not corrected for 

losses incurred during the purification procedure. 

Peptides formed from chymotryptic digest 

The evidence for the sequence of the small peptides and 

the partial sequence of tin 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 ctzyaotryptic peptides 

urificat ._ c : .Electrophoretic mobilities 

Peptide frectioti procedure 7}I 6.3 	pH 3.5 

CAl tj 3  

CA2 1 t3 -0.11 	+0.21 

CA3 3 63 -0.26 	 0 

CA4 3 63 -0.16 

CAS 1 -0.60 	+0.21 

CA6 3 63 -0.51 	+0.36 

CA7 2 63 -0.14 	 - 

2 -0.14 	 - 

CA, 2 ib 3 -O.9 	+0.13 

C131 1 63 +0.42 	+0.60 

Cb2 uJ +0.39 	+0.46 

cr3 2 63 +0.52 

CB4 I 63 +0.29 	+0.47 

CN1 2 6B3 0 	 +0.39 

CN2 2 6113 0 	 0.39 

*Paper electrophoresis at pH 6.5 z 6 
is of 	 it 	 at pH 3.3 : 3 

BAWP paper chromatography : B 

it i, aper electrophoresis at pH 3.5 run for extended length of time 

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



TABLE 7(u) :Chymotryptic peptides formed from C.fusca plastocyanin. 

CAl CA2 

_____ 

CA3 

1.0 
1.3 

CA4 	CA5 J CA6 

1.0 

CA7 CA8 

0.8 

 J 

/0.3 
2.2 

1.1 

]To 

CA9 

1.0 

CB1 

0.9 

CB2 

 1.0 
- 

CB3 

1.0 

CB4 

0.9 
1.0  

CN1 

0.9 

CN2 

1.0 
His 	0.9 
jys 

Ap 	/0.2 
Thr 	/02 
Ser 
Gin 	 2.1 
Po 	[lo 
(1y 	 2.1 

1.2 

0.9 

1.0 	3.9 

 1.0 	0.9 
1.1 	3.2 
o. 	c:o 
1.1 	1.0 
1.0 	3.1 

1.9 
10 

j_____J_._______j__  
.1.0 

J 
0.7 

____ 
10 
1.9 
1.0 1 

__ 
_____ 

2.2 

2.3 
1.3 

1.8 

1.0 

2.0 
0.5 

10.2 
 1.6 

1.2 
 1.1 

0.8  

 1.9 
 1.9 

1.0 

-- 0.9 
1.0 

_ 

18 

1.0 
 1.0 

2.1 
2.0 

1.0 j 
- 

1.0 
1.1 

_ 	1.0 
___ 

1.2 

1.0 
 2.0 

2.1 
 1.0 
 1.0  

"al 

10 

T\.r 
Plie 	1 	1.0 

yie d ' L!• 

1.9  .. *1.5 ' 1.9 /0.2 

YS93 

 1.0 

T 1 .0 

1.1  1.9 2.1 1.0 

_ 
*0.5 

I 	0.9 

8.0 

1.0  

EI1_ 
/0.2  *0.7 1.1 

_ 
*0.5 

1.0  

IJ 
119.8 	8.4 

1.0 
Lys 

1.0 

V1 

0.9 LI d 

Q114.2 

0.9 

$ 	4.0 

1.6 
iTfl 

J 
AX 

$45.4 .7 1.2 $5.7 2.0 

*Low yield due to partial hydrolysis of stable peptide bond 
/Cont:inRting amino acids (amounts 	0.2 mole/mole peptide not shown) 
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Peptide CB3 

Peptide CB3 was sequenced by the Dansyl Ednan method, the 

sequence being: 

Sot-Ala-Lys-Phe 

Peptide CE1 

Peptide CBX was sequenced by the Dansyl Edman method. Since 

the peptide has a net basic charge (on paper electrophoresis) at pH 6.3 0  

the C-terminal residue must be glutanine. The sequence of peptide 

CBI is: 

Lys-Gly-Thr-I le-Thr-Val-Gln 

Pe tide CAb 

Peptide CAb was sequenced by the Dansyl Edman procedure 

It is clearly homologous with peptide CM derived from C.pyrenoidoea 'A' 

plastocyanin (Chapter 3). Roth peptides have a very similar electro-

phoretic mobility at pH 6.5; peptide CA6 (a = -0.51) and peptide CM 

(a - -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 CM is: 

Ser-His-Glu-Asp-Tyr 
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Peptides C32, 0A2 and C84 

Peptide CN2 was sequenced by the Dansyl Edman method, and 

since it two 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 Bdn method, and it 

was evident that C4 corresponded in amino acid composition to 

the sum of Q42 and C32 9  and in addition has an isoleucine 

residue at the N-terminus. 

Peptide CB2 is homologous with C34 from C.pyrenoidosa 'A' 

plastocyanin (denoted A) 1  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 CBZ 

was examined by the Dansyl E1n 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 

C84 is consistent with there being 2 residues of threonine in this 

region of the protein, and since O2 contains 2 residues of threonine 

in its sequence, the presence of threonine in C22 is inconclusive. 

Since C82 is slightly basic (on paper electrophoresis) at p11 6.5, 
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it is assumed that the basicity is due to histidine and that the 

2nd and 3rd residues are saparigines. 

The postulated sequence of (4 is shown in Figure 7(1). 

Figure 7(u) Postulated amino acid sequence of CR4 

----- - 

L i.e -Lye -A la-G lyG lu-Thr-Val-Thr-phe..vpj. -Aan-Aan-Ala-Gly-Phe -Pro-His -Thr 

cn2 	 CB2 

Peptides CAI, CAb 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 CA8 formed from C.pyrenoidosa 'A' plastocyanin, 

and it is, therefore, assumed that the 2nd and 5th residues in 

peptide CA9 (from C.fuaca plaatocyanin) are both glutamines. Peptide 

CAl has the same amino acid composition as peptide CA9, except that 

it Is one residue longer and has phenylalanirse as Its N-terminal 

residue. The N-terminal sequence of peptide CAB was examined by the 

Dansyl Edman procedure, and the sequence around the cysteic acid 

residue is shown below: 



Cl y-Tyr-Phe Cys Gln-Pro41is...Gln Gly-Ala-G ly-Mes 

1 ___S________S -- 
CA9 

Peptides CN1 and CA2 

The amino acid sequences of peptides CNI and CA2 were 

determined by the Dansyl Edman method. It was evident from the 

sequences that peptide CA2 overlappe 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_Vai_Lys_Leuly.l,sp$e..G1 y-Ala-Leu 

CA2 

Q41 

Peptide CA3 

Peptide CA3 was sequenced by the Dansyl Edma.n method. The 

peptide possesses a net acidic charge (on paper electrophoresis) at 

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

is: 
Asp-Thr-Ala.-Gl y-Thr-Ty r 

112. 



113. 

Peptide CA4 

Peptide CA4 was sequenced by the Dansyl Edman procedure. 

It has the same sequence and similar electrophoretic mobility as 

peptide CM formed from C.pyrenoidosa 'A' plastocyanin. It is, 

therefore, assumed that the 2nd residue in the sequence is asparigin.. 

The postulated sequence is: 

Lou-sn-Ala-Pro-Gly-G1u$ er-Tyr 

Peptide CM 

The N-terminal sequence was determined by the Dansyl Bd.an 

method. Since CA7 has a net acidic charge (on paper electrophoresis) 

at pH 6.5, the 3rd residue in the sequence must be gluta*ic acid. 

CA7 is homologous with TN3 formed from C.pyrenoidosa '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 qualititive analysis of CA?. 

The postulated sequence iss 

Val-Phe-Glu-Pro$er-(Thr ,Val ,Ser ,I 1.) 

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

of non-specific cleavage by chyaotrypsin. 
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Peptide CM 

The N-terminal sequence was examined by the Danyl Edman 

method, the partial sequence beings 

Asx-I le-Yal-Phe-Glx-Glx.-Asx-G lx-Asx-Va l-Pro-(A1a 3 , Gly, Aix, Set) -Lets 

Since The was placed in the sequence as the 4th residue, it was 

assumed that leucine was the C-terminal residue, The observed 

ssobièity at pH 6.3 ('a - -0.60) L. in accord with the predicted 

mobility (from Offord, 1966) for a peptide of this size with a 

net electrostatic charge a 3, and therefore containing four aside 

groups. 

Peptide CAS is homologous with CAI from C.pyrenoidosa 'A' 

plastocyanin ( A), both peptides being 18 residues long. If the 

acid residues and aside groups were in the same positions in the 

sequence as they are in A CAI then the postulated partial 

sequence of CM iss 

Asn-I le-Vsl-Phe-G ln-GLn-sp-G1u-Asp-Va1-Pro- 	Gly, Asn, Set) -Leu3  9 
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B. Subtilisin digest 

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 8.3. Subtilisin was added and the 

digestion mixture shaken it 37°C for 3 hr., diluted, and freeze 

dried. 

Fractionation of subtilisjn digest 

The digest was dissolved in 5% formic acid and 

separated by gel filtration through Sephadex G-25. An extinction 

(at 254 na.) profile of the effluent is shown in Figure Viii). 

The peptides were pooled into 5 fractions (1 to c3),  as shown, 

and each fraction was freeze dried. 

Fractions S1 to 65 were run on 8 cm. strips on 

paper (Whatman No.1) electrophoresis at pH 6.5. One marker strip 

(from each fraction) was stained with ninhydrin, and after the 

peptides had been located, the same marker strips were stained 

for tryptophan (Ehrlich reagent). A mauve spot (i.e. tryptophan 

positive) peptide SN, showed up close to the neutral band of 

fraction 5. The peptides on the second marker strip for fraction 

55 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 

115. 
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observed corresponding to the position of peptide 
S5t4. This is 

suggestive of the presence of tryptophan since oxidized 

tryptophan is more fluorescent under u.v. light than is unoxidiSed 

tryptophan. 

Peptide SSN was cut out and sewn on to another 

sheet of paper and run out on ' electrophoresis 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 was determined 

by the Dansyl Chloride method and the 2nd and 3rd residues by 

the Dansyl Bcbaan procedure. The results are shown in 

Table 7(111). 

TABLE 7(iii) Characterisation of peptide SSN 

N-terminus 
(after 1st Cycle Amino acid can 8tti po 	N-terminus 	rr,' 	- 	- 	- 

- 	£4'. aegradation) 
Thr( ... ) ,Asx(+..), 
u.v. (+++) ,*Phe(+), 	•Va 1 (+) 

N-terminus 
(after 2nd cycle 
Pit degradation) 

Asx(.++), 
*Phe (+) 

* Contaminating amino acids (?) 
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If one assumes, from the qualitative amino acid 

analysis, that the amino acids Thr and Mn (peptide $514 is neutral 

at pH 6.5) are present a.s single residues, then the sequence of 

peptide SSN is 

Thr-u,v. -Asn 

I propose that there is a residue of tryptophan in 

position 2 of peptide S514. 

The evidence is suggestive (rather than confirmatory) 

of the presence of tryptopban in peptide 5314. Lack of material 

prevented at from determining the quantitative amino acid composition 

of the peptide, and doing a quantitative estimation of tryptophan 

content s  

C. Deduction of sequence 

The sequence of C.fusca plastocyanin was deduced by 

homology with Cpyrenoidosa 'A' plaatocysnjn. Some of the sequences 

of the chyaotryptic peptides were established from the peptides 

themselves, by the Dsnsyl Edsan procedure, while others required 

a consideration of the peptides formed from C.pyrenojdosa 'A' 

plastocyanin. A list of the chymotryptic peptides is given in 

Table 7(iv). 



TABLE 7(iv): Liat of chymotryptic peptides formed from C.fusca plaitocyanin. 

CAl 	Phe-Cys-G in-Pro4li-G in-Gi y-Ala-Gly-Mu 

Asp-Val-Tht-V*1 -Lys-Leu-G lyAla-Aap-Ser-G ly-Ala-Lu 

Aap-Thr,A1&-Gly-Thr-Tyr 

Leuk8nAlaProG1y-G1u-Sef-TYr 

Aso-! le-Val-Phe-G ln-Gln-Asp-G 1-Mp-Va1 -Pro-(A1a 3  ,Gly ,Aan ,S er) -Leu 

CAb: 	Ser-His-Glu-Asp-Tyr 

CA7: 	ValPhe-G1u-Pro-Ser-(Thr Va1,Ser ,I1e) 

CASs 	G1y_Tyr_PheCy$G1nPrO-Hi$G1flG ly-Ala-Gly-Mea 

CA9: 	CysGinProHis-Gln-Gly-Al*-G1Y-MeS 

Cal: 	Lys-.Gly-Tbz-I le-Thr-Val-Gln 

CB2: 	Val_Arn-A,nA1a-G1y-Phe-Pro-HiB-Thf 

Ser-Ala-Lys-Pht 

c84: 	Ile_Lys1aly.Glu_Thr_Val_Thr_Phe_Vftl_5fl_A$fl1G1Yhet0a 8 Thr 

AspVal-Tht-Val-Ly$-LU 

Lys-Ala-G1 y -Glu-Tbr-Va]-Thr-Phe 



Figures 7(iv) to ?(ix). Alignent of C.fusca plastocysnin chyaotryptic peptides against the sequence of 

C.pyrenoidosa 'A' plastocyanin. 

7(iv) 	
1 	2 	3 4 5 6 	7 8 9 	10 11 12 

A a 	A1a-.Asn-Val-Lys-Leu-G ly-Als-Aip-Se g-Giy-A1a-Leu 

P 	AspValThrValLys-Leu-G1y-A1a-AsP-Sef-G ly-.A la-Leu 

CN 1 

CA2 

7(v) 	 13 14 15 16 17 18 19 20 21 22 23 

A 	Val-Phe-G lu-Pro-A1a-Tyr-Tyr-Thr-Val-Thr-1 Xe 

F 	Val-PM.-Glu-Pro-Ser - —(Thr ,Va1,er ,Ile) 

4:— 	
CA7_ 

7(j) 	
23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 

A 	Ile -Lys  ..Ala-G ly-Asp-S er_Vs1.ThrTyrVa1.A$nAan-A1a-G1y-Phe-PrO-11ie-Thr 

P 	I 1e-Lys-Ala-Gly-G 1u-ThrVa1Thr-Ptie-Ya1-Asn-A$n-A1$-G 1y-Phe-Pro-Hi s-Thr 

C84 	
---4 

CN2 	 CB2 	
----4 



Figure 	 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 

7 (vii) 	A 	Mn-I le-Vai-Phe-Asn-A la-Asp-G lu-Azp-Aia-Pro-Val-Ya1-G ly-A la-Mn-A 1 a-Leu 

F 	Mn-I ie-Val-Pbein-G1n.sp-G luAsp-V*1-Pro-(Als ,Ser ,Gly ,Ala ,Asn ,A La) -Leu 

7(vii) 	
59 t0 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 

A 	Ser4Iis-Asp-Mp-Tyr-Leu- Mn-A ia-Pro-G iy-G lv-Ser-Tyr-Thr-A1s-Lya-Phe 

PSet-His..G 1u-As-Tyr-Leu- Mn.-Ala-Pro-Gly-Glu-Ser-Tyr-5 er-A1a-Lys-Phe 

CA6 	 CAA 	 CR3 

7(ix) 	
76 77 7b 79 80 81 82 83 84 85 86 87 BIR , 9 90 91 92 93 94 95 96 97 98 99 100 

A 	Aap-Thr.A1a-Giy-G 1u-Tyr-G1y-Tyr-Pe-Cys-G in-Pro-ats-G ln-Giy-Ala-G ly-Mea-VaI.G 1 y-Ly.-I le-Val-Va 1-G in 

F 	A p-Thr.JL la-Cl -Thr-Tr-G 1 y-Tyr-Phe-Cy in-Pro-Hia-Gln-Giy-Aia-Gly-Mea-Lys.0 ly-Tbr-I ie-Thr-Vai-Gin 

C3 	
> (• 	

CAR 	
) < 	

CBI 

CAl 

CA9 
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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.pyrenoidosa 'A' plastocyanin. From now on in the 

discussion let the symbol A denote C.pyrenoidoaa '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 041 and P 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(Lv)). To obtain the best 

alignment of A and P 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 041 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 P CA? (see Figure 7(v)). F c34 

corresponds in amino acid composition to residues 23 to 40 in the 

A sequence. P CB4 is equivalent to the sum of peptides F C32 

plus F 042, where F CB2 is thought to be identical in sequence 

to A C84 and P 042 is clearly homologous with A 042 (see 

Figure 7(vi)). F CA5 is clearly homologous with A CAI (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 CAI, but I 

have no evidence that this is so. Figure 7(vii) shows the sequence 

homology between P and A in this region of the proteins. 

F CA6 is homologous with A CM (residues 59 to 63 

in sequence), F CM is identical in sequence to A CA5 (residues 

64 to 71 in A sequence), and P CB3 is homologous with A CHI 

(residues 72 to 75 in A sequence). The sequence homology between 

these peptides is shown in Figure ?(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 P was isolated from a cyanogen bromide digest. 

It was identified as such, because it contained no trace of 

homoserine/hoaoserjne lactone. Also, peptide *1 has the same 

sequence. F CBI 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 

P 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 SSN (formed from aubtilisin 

digestion of F), with the postulated sequence Thr-Trp-.Asn, could 

fit into the sequence is at Threonine-40. This would suggest that 

the true C-terminus of F C82 is tryptophan, which is in agreement 

with the presumed specificity of chyaotrypsin. This argument 

could also hold for the placement of a tryptophan residue in the 

same position in A, but this is purely speculative. The question 

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 amino acid composition of the protein (Chapter 4). 

The amino acid changes between the sequences of A and V will be 

discussed in the final chapter. 
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CHAPTER 8 

PEPTIDES PCRMBD FRO' cHYM(YrRYPSIN DIGESTION OF S .OHLIçUUS 'A' 

PLAS roc ?AN IN 

Introduction 

A chymotryptic digest was performed on 100 mg. (about 10 ao1es) 

of protein. The conditions used for oxidation and digestion of the 

protein were the same as those described for chymotrypsin digestion 

of C!pirenoidosa  'A' piastocyanin. 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 chyaotryptic peptides 

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

their amino acid compositions, N-termini, and electrophoretic 

mobilities at p14 6.5 (a) and pH 3.5 (iii ' ). The yields, expressed 

as percentages (i.mo1e peptide/&ao1e 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 

more. 



TABLE 8(i)z Chyaotryptic peptides formed from S.obliquua 'A' plastocyanin. 

1 C42 CA  CM CA3 CÁ11 I CA7 CM CA9 CA10 C81 CB2 c83 C84 cBS I Cal CN2 C113 

His  0.9 0.7  Li  1.1 0.9  1.0  

Lys  -- 1.0 1.0 1.0 1.0  0.8 1.1 0.9 

Asp 1.0 1.0  3.7 2.3 0.9  0.2  1.0  3.0 2.0 1.0  1.9 

Thr *02  fl.9 1.4  l.4 0.2 - 2.3 0.7 1.1  

Set c.9 l.')  1.  ,. .9  1.1 1.3  0.9  

Glu 	- *0.2 1.1 2.2 - 2.1 1.0 - 1.0 1.L 1.1 1.0  2.9  

Pro  1.0 0.9 1.0 1 	1.1  1. .9 1.0  1.2 hO  1.0 

Gly 2.0 1.0 3.3 2.1 1.0  1.1  1.0  1.1 2.2 1.2 1.0 4.0 2.0 

Ala 2.1 1.0 1.2 1.2 3.  1.1 1.1 11 1.1 1.1 1.0  2.3 1.1 0.9 1.3 2.9 

Val  1.9  - 1.  0.9  1.o 2.7 1.4 0.4 0.9 2.5 0.9 

MetSO2  0.8 0.6  0.8 

CyS03B  1.0 0.  0.9 

Ile ____ _____ _____ ____ 
- _____ _____ 0.8 1.0  0.8 j4O.7  

Leu 1.0 0.8  1.0  l.0  1.9 

Tyr __ 0.4 .S 1.2 .2 +++ _____ ____ - 1.1  0.4 0.7  

Phe ______ ______ 1.3 1.0 0.8 ____ _____ 0.9  1.1  1.3 0.9 ____ 0.9 _____ 



TABLE 8(1) - cont'd 

N-terainus cli Leu ily Phe Asx Ser Asx Val Asx Gix Thr t.1. Val lie Val lie Gly Ala 

S -\ -0.25 -0.16 -0.33 -0.72 -0.44 -0.16 -0.34 -0.46 +0.39 +0.55 +0.33 +0.20 +0.41 0 1 +0.34 1 +0.29 1 *0.39 

0 0 

is  1 +0.18 -.12 +0.12 0 +0.33 0 +0.26 - +0.22 +0.71 .:.5t +0.40 - 

Yield 1'.7 11.6 1 	4.2 1 	1.6 1 	1.6 1 	8.1 1 	3.9 1 	7. '.0 1.8 1.4 10.0 1 	0.8 1 	1.2 1  6.0 1 	1.8 1 	2.1 1 	3.6 

CJnt*1ht*tiflg aaino acids (asovnts 0.2 sole/sole peptide are not shown) 

,Low yield due to partial hydrolysis of stable peptide bond. 
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Amino acid sequences of the chymotryptjc peptides. 
the 

Most of the peptides were sequenced I /anayl Edxaan procedure. 

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

as the corresponding peptide formed from C.pyrenoidosa 'A' pluto-. 

cyanin ( A) or would not fit into the sequence of the plastocyanin. 

The latter statement refers to peptides which were fori*d from 

S.obliguus 'A' plastocyanin (i), and which had also been expected 

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

recovered. Each peptide is discussed. 

Peptides CB2 1  CAI and CN3. 

From the mobility of C12 on paper electrophoresis at pH 6.5 9  

it is evident that the 2nd residue is asparigine. The sequence, 

determined by the Dansyl Edsnan procedure, is: 

Ala-Aan-Val-Lys-Leu 

Peptides CAI and CN3 were sequenced by the Dansyl Edinan 

procedure, and it was shown that Q43 is equivalent to the sum of 

C82 and CAl, C32 being N-terminal to CAI. Since a43 runs in the 

neutral band at pH 6.5, the 8th residue in the sequence must be 

aspartic acid. The sequence of Q3 is: 

Ala-Asn-Val-Lys-Lou-G ly-Ala-Asp-S er-Gly-Ala-Leu 

?43 
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Peptide CBX 

CPA released pberiylalanine (.'.). The sequence, determined 

by the Dansyl Bdasn method, is: 

Thr-A la-Lys-Phe 

Peptide CA7 

CA7 was sequenced by the Dansyl Bdman method. Alter the 1st 

cycle of PFC degradation the remaining peptide with the amino acid 

composition (Thr, Ala,Gly, Glx,Tyr) retained a net acidic charge 

(a- 0.20) on paper electrophoresis at p14 6.5, but it was less than 

that of the CA7 (a - -0.70). Thus, in the sequence the N-terminus 

is aspartic acid and the 5th residue is glutamic acid. The sequence 

is: 

Asp-Thr-A la-Gly-G lu-Ty r 

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 it pH 6.5 (a - -0.16) of CA2 

is consistent with the predicted mobility (a - -0.18) for a peptide 

of this size with an electrostatic charge of 1 (Offord, 1966). 

CA2 was sequenced by the Dansyl Edman method, and Table 8 (ii) 

gives the electrophoretic mobilitiesg pH 6.5 of the corresponding 

peptides obtained after the 1st and 2nd cycles of PTC degradation. 
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TABLE 8(1.1): Electrophoretic mobilities (a) of PTC degadation 

products of peptide CA2. 

PTC 
degradation 
cycle 	 Peptide Sequence 	 a 	 Comments 

0 	 LeuAsx-A la-P ro-G 1y-G Ix-Tyr 	-0.16 

1 	 Asx.'Ma-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..A1a-Pro-Gly-Glu-Tyr 

Peptides CAB and CA10 

Peptides CAB and CA10 were sequenced by the Dansyl Edman procedure. 

It was found that they have the same sequence except that CAB 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 CAB (shown below) is glutsaic acid. 

Val-Phs..G lu-Pro-Ala-Tyr-(Tyr ) -Thr-Va l-Thr 

CA8 

CA1O 

The tyrosibe content of CA6 is an estimated value from the amount of 

chloro-tyrosine recorded on the amino acid analyser. It is rather 

surprising that chyaotrypain 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 CAIO was low, suggesting that the 

phenylalanine bond was hydrolysed slowly, probably due to the close 

proximity of a proline residue. 

Peptide CM 

CA6 was sequenced by the Dansyl Bduan 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 (a - -0.68) consistent with the predicted mobility (a 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: 

S. r-IUs-Asp-Asp-Tyr 

Peptides CB3 1a42 1CA3, 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 b, 

glutamins. The sequence is: 

Val-Gly-Lys-I le-Val-\ -Gin 

Peptides C142, 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. CM was sequenced by the Dansyl Edman method, showing the 

C-terminus to be methionine sulphone. CPA released aethionine 
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suiphone (++), glycine (+) and alanine from CA3. Since, CA4 and 

CA3 both have methionine suiphons at the C-terminus, the extra 

tyrosine residue that CA3 contains compared with CA4, must be 

placed in the 2nd position in the peptide, glycine 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 peptide.. 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: 

G 

4: Q42 
- - 	 - __________ en------- __ n__an--------

-a----------- 

CA4 	 CB3 

I 	 CA3  - 	 -4 

Peptide CM 

CPA released leucine (+.) and alanine s+. CAS was recovered in 

insufficient yield for sequence determination. The partial sequence is: 

Asx(Asx3 ,Glx,pro,Gjy,Aia,val ,Phe)-Ala-Lsu 

Peptides cr11, CB4 and CBS 

Peptides 011 and CB5 were sequenced by the Dansyl Bdaan method. 

Since 041 runs in the neutral band on paper electrophoresis at p)1 6.5, 
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the peptide contains a.partic 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. 

C84 is equivalent to the sum of the amino acid composition. 

of 041 plus CBS, showing that 041 is N-terminal to C35 in the 

sequence shown below: 

Ile -Lys-Ala.G lyAsp..Ser-Val -Thr -Tyr -Val..Asn-Asn..Ala-G1 y-Phe -Pro-Hi s-Tb r 
011 	 CBS 

Since CBS was sequenced through to the threonine residue, with a 

DNS-amino acid being clearly identified after each cycle of PTO 

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.obliquua 'A' 

plastocyanin with the equivalent chymotryptic peptides formed from 

c!pyrenoidosa 'A' plastocysnin is given in Table 8(Lii). Where no 
equivalent peptide was formed from chymotrypsin digestion of 
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C.pyrenoidosa 'A' plastocya.nin, the residue numbers in the sequence 

(of C.pyrenoidoaa 'A' plaatocyasttn), where the peptides would fit, 

are given. The S.obiiuu8 'A' plastocyanin peptides can account 

for the sequence of C.p1 renoidoea 'A' plastocyanin, except that 

the equivalent peptide to A CA). (residues 41 to 58) was not found, 

although ØCA5 equivalent to ACA7 (residues 45-58) was found. Thus, 

the only region of the sequence of C.pyrenoidos.a 'A' plastocyanin 

not accounted for by the S.obliquua 'A' plaatocya.nin 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.obliguus 'A' plastocyanjn. I, tentatively, conclude that the 

sequences of the two plsstocyanins are identical. The only 

discrepancy lies in the possible presence of a residue of tryptophan 

in S.obliquue 'A' plastocyanin (see peptide CBS), and this will 

be discussed in the final chapter. 



C.pyrenoidosa tAl 
lastocyanin peptides 

Residue numbers 
in sequence 

6-12 

CA5 64-71 

CM - 
 82-93 

84-93 

CA7 45-58 

CA4  59-63 

CA2  78-81 

13-22 

TABLE 8(iii) Chymotryptic peptides formed from S.obliquus'A' p1astcyinin with the equivalent 
ymotryptic peptides from C.pyrenoidosa tA' plastocyanin. 

S.obliquts 'A' plastocyanin peptides  

CAl 	y-Ai -An sjy-Ala-Leu 

C.\3 	G 	r 	çys_G1n_Pro_HiSG1fl_GlYA1a-G1Y........_ 

CM 

CI\5 	.. 

CA6 	Y. hr A-Asp-Tyr 

C\7P 	 a-Giy_G1u_Tyr 

CAS I 

CB1 	'jr.A1a Lys-Phe 

CJ32 - 	 Ala-Mn Val-Lys-LeU 	 - 

CJ33 	ValG1y--Lys-Iie--Val-Yn 

C84 	Ile--Lys-Ala 	 Tyr-Val-Asn-Ala-Gly-Phe-Pro-flis-Thr-(Trp ~-- 

CB5 	Val_Asn-Asn--Ala-G ly_Phe_Pro_HiS-Thr-(TrP) 

CN1 

CN2 	Gly-Tyr 1 

---F  Ala-Mn- 

CA3 65-71 

- 15-22 

(2131 72-75 

(2133 

C133 

CB5 

1-5 

94-100 

23-40 

CB4 32-40 

('N2  
 23-31 

1-12 
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CHAPTER 9 

DISCUSSION  

A. Introduction 

The sequence homology between the plastocyanins from the two 

species of Chioretla, and the proposed sequence homology between 

algal plaatocyanins and bacterial azurths, will be discussed, with 

the possible consequences in tense of both molecular evolution and 

the evolutionary development of algae (or chioroplasts) from a 

bacterial source. The sequence homology between the algal plaito-

cyanina and the partial sequence of Phaseolus vulgarisplastocyanin 

(Mime, 1967) will also be discussed. 

Several points arose out of the work described in this thesis, 

notably the purification of two forms of plaatocyanin, in differing 

ratios, in both the Chiorella species and in Scenedesmue. The 

relative mobilities, on starch gel electrophoresis, of each of the 

plastocyanina has been shown (Figure 4(1)). The two distinct forms 

of C.pyrenoidosa plastocyanin, termed 'A' and 'B' plastocyanin, were 

well separated by DEAB-cellulose chromatography, and were isolated 

in approximately equal amounts. On purifications plastocyanin from 

both C.fusca and S.obliciuua, a second minor band blue band was 

observed on DAE-cellulose. This proved exceedingly difficult to 



130. 

purify from the major blue component. In the case of S.obliguua 

plastocyania, the minor form was separated fairly well from the 

major form s  but the starch gel pattern showed that it was still 

contaminated (3-10%) with the major form. It was estimated that 

S.obliquus 'B' plaatocyanin represented approximately 16% of the 

total plastocyan.in purified from Scenedesaus. 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 Zatoh et al (1962). During the purification of spinach plasto-

cyanLn they observed that, on absorption of the pla*tocyanin to 

D.A-cellulose the blue band separated into a major band, which 

moved faster down the column, from a minute but distinct band 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 has 

not yet been studied. This observation parallels the conditions 

in which the two forms of plastocyanin from both C.pyrenoidosa 

and Scenedesaus were separated. The minor forms were only eluted 

with a hither salt concentration than that necessary for the 

elution of the major forms. 

One would like to be able to offer some explanation as to 

why the ratio of the two forms of plastocyanin is species variable. 

A Fthtuation does exist in wild type Baker's yeast where two 

distinct forms of cytochrome c are present, a major component 

iso-l-cytochrome C and a minor component iso-2-cytochrcms C 
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(approx. 5% of total). Sherman, Taber & Campbell (1905) showed 

that the concentration of cytochrome c in yeast in under complex 

genetic control. The examination of fifteen .mutants (which had 

varying degrees of cytochrome c deficiencies) revealed six 

unlinked genes that decrease the absolute concentration of 

cytocbroae c and its concentration relative to other cytochromes. 

A similar situation could 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.pyrenoidoaa 'A' plastocyanin and 

S.obliQuuer'lastocyanin appear to be identical. Their mobilities 

on starch gel electrophoresis were the same (within the limits of 

experimental error) and from chymotrypain digestion of both 

proteins I 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 

I'l• id 18' plastocyanins 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 aubtilisins from related strains of B.subtilis 

is approximately 30% (Smith at *1. (1966)). However, I have no 

idea how close Scenede.xuua and Chiorella 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.obliguua were Contaminated 

and that C.p 1 renoidosa 'A' plastocyanin was produced from 

contaminating Scenedeamus ce1l. it would mean that the level 

Of contamination with Scenedesjnus 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 

cosunicatjo). 

An attempt was made to eliminate the possibility that the 

Algal cultures were contaminated with a second species of alga, 

by growing a laboratory culture of C.pyrenoido 	(211/8b .aLerson, 

NO-3)j, and to see if this strain of Chiorella produced two kinds 

Of plastocyanin molecule. Unfortunately this proved abortive, since 

it was impossible to ,row the algal cultures up to a sufficient 

density for harvesting, partly because the cultures were prone to 

bacterial contamination (even under stringent sterik 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 plastocyanjns, 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 txypsin and chy'motrypsin digestion. The sequences of 

the large tryptic peptides were established by degrading the 

peptides with chymotrypsin, positioning the chyaotryptic 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 Ediaan procedure was used 

to elucidate sequences whenever possible. 

Cyanogen bromide digestion (Gross et al, 1961) was used as 

a 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 metbionin* 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 f row paper. Because of these losses the yields calculated 

are of limited value. Low and variable 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.pyrenoidoaa A plastocyanin 

( A), which yielded five residues of a.spartic acid and one residue 
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of glutaMc 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 

removed by PTC degradation. For other peptides (e.g. A CAS and 

A CA6) the region containing the residue was degraded to as small 

a. peptide as possible (containing only one acidic or aside residue), 

and the assignment made on the basis of whether the electrophorettc 

mobilities at pH 6.5 were positive, negative, or neutral (i.e. very 

near zero). 

The position of the aside residues in C.pyrenoidosa A 

plastocyanin have been located by the above mentioned methods. 

Only those aside residues in C.fusca plastocyanin (F), which are 

evident from electrophoretic mobilities of peptides, have been 

included in the sequence, except for the aside groups in peptides 

FCA4 and PCA9 9  which have been side on the basis that they have 

Identical sequences and similar electrophoretic mobilities as 

peptides A CA6 and A CA9, respectively. Only those aside 

residues evident from electrophoretic mobilities of peptides have 

been located in C.pyrenoidosa B plastocyanin ( B). 

No evidence of any labile aside groups was found in any of 

the plastocyanins, a property which appears to be common to 

Aan-Gly sequences (Ambler, 1963b; Haley & Corcoran, 1967; 

Mearay, 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 ratio of 0.2 mole/mole of peptide or more. The majority of 

peptides contained a level of impurity of less than O.o8 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 generally recovered in fairly low yields, 

the major loss probably occurring in trying to separate peptides 

of very similar electropboretic mobilities from one another, ready 

for elution. 

The most difficult reLon of the proteins to elucidate was 

between residues 40 to 58 in C.pyrenoidoaa 'A' and C.fusca 

plaatoc1anina, and residues 39 to 59 in C.pyrenoidoaa 'B' 

pla.stocyanin. These regions extend over homologous sequences. 

The reason for the difficulty in that these regions we 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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Speicjty of proteases used 

The trypain used for the digestions, produced peptides from 

C ! pyreriojdoaa 'A' and 'B' proteins as a result of chynotryptic-lik e  

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.pyrenoidosa 'A' chain 

at Asn-37 (an lien-Ala bond) (see Figure 9(1)). This bond was not 

Cleaved by chyaotrypsjn, so it would seem that the splitting of 

the aspariginyl bond was not caused by contaminating cbyaotrypsin. 

Chymotrypsin hydrolysed the expected aromatic and leucyl 

bonds. In addition, the Thr-Ile bond residues (22 to 23) in the 

C. pyrenoidoea 'A' plastocyanin sequence was hydrolysed fairly 

Slowly, and the Ile-Lys bond (position 23 to 24), extremely slowly. 

The sane bonds were cleaved in C.fuaca plastocyanLn. The Ser-Lys 

bond (position 24 to 25) in C.pyrenoldosa 'B' plastocyanin was 

hydrolysed Slowly, and the msthionine suiphone-yalins 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 chynotrypsin 

(Hill, 1965). The expected chyaotryptic peptides, were isolated 

from the proteins, escepting for C . pyronoidoga 'A' plastocyanin 

where the expected Chymotryptic peptides between position 6 to 22 

were not recovered. Splitting at leucine-12 0  tyrosine18 and -19 

and phenyla1anj,_14 should have occurred, from the presumed specificity 

Of chyinotrypsin. 



Figure  9(1) Al g al plastocyanin sequences 

1. 	a. a. V. K. 	L. G. A. 4. a. G. A. 	L. V. F. 	C. P. a. 	y. y. T. 	v. 	t. 	I. k. 	a. G. 4. a. V. T. y. V. N. 	N. A. G. 	F. 	P. 	H. 

2 	a. t. 	 b.(b. 	
). 	 z.( 	. 	 - - 	D. 	a). 	S. k. al a. 	f. 

3dv. t. 	 d. 	a. 	 e. 	S. --( V. 	a). 	k. 	a. a. t. 	f. 

I. V. P. a. a. D. E. U. a. P. v. y. C. A. a. A. L. S. h. d. D. V. L. N. A. P. G. a. a. y. t. a. K. F. D. T. 

2 - - 	 n.(a. 	 8. 	V. V. 	g. 	i. 	r. a. 	 Z. Z.  

3 t. w 	 - g. Q. 	 V. 	(a. a. 	a. ) 1. 	h. e. 	 a. s . y. a. a. 	f. 
1 

I 	G. a. V. G. Y. P. C. Q. P. H. Q. G. A. G. M. Y. G. k. I. v. V. 

2 a. V. r. t. a. 

3 - t. 	 k. 	t. 	t.g. 

I. C. pyrenoidosa 'A' 

C. pyrenoidoga 'B' 

C. fuaca 



137. 

C. Sequence homology between the algal plistocyanina 

The sequences of C.pyrenoidoea 'A' and 'B', and C.fusca 

plastocyanins have been deduced (Figure 9(1)), and the sequences 

discussed in the chapters dealing with each protein. With the 

sequences aligned as shown in Figure 9(1), 64% of the residues are 

in identical posons, and this percentage might be higher when all 

the aside gr&ua in the C.pyrenoidosa 'Ii' and C.fuca sequences have 

been positioned. Most amino acid substitutions can be explained on 

the basis of sin,le base changes in the codon, a few require double 

base changes, but none require three base replacements. In the main 

the amino acid substitations are conservati'e changes, except that in the 

alignment it was found that the positioroi iine residues were variable 

within a confined region of the sequence. This was also observed by 

Harris & 1'erbam (196) in their study of the sequence homology between 

mammalian and lobster glyceraldehyde 3-phosphate dehydrogenase. 

One region of the sequence (residues (17-41) may have 

undergone more complex chantes since dèlttions of tyrosine-18 and -19, 

threonine-40, and trytophsn-41 from the C.pyrenoidosa 'A' sequence 

have been poetmiated for C.pyrenoidosa 'B' protein, and deletions 

Of tyrosine-18 and -19 for C.fusca plastocyanin sei'rice. 

The absence of tyrosine from peptides B L'3 (residues 13 

to 24) and FCA7 (residues 13-23), on the quantitatie L,nino acid 

analysis, was not altogether convincing, since determination of the 

tyrosine content of peptides bid proved difficult, due to the 
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modification of some of the tyrosines, by halogenation. However, there 

is no evidence for the oxesence of tyrosine in these two peptides. They 

did not stain positive for tyrosine on paper (Jepson et *1. 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 lb and ic, then one would have expected chyaotrypsin to 

have hydrolysed the tyrosine bonds, as was the case in the trypsin 

digestion of C.pyrenoidoea 'A l  plaatocyanin (see peptides A Th3, T82, 

and TA1, Chapter 3); or it could be that chymotrypain 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 Li and P sequences. 

One explanation for tie 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. 

Tryptopban content 

Tryptophan has been reported absent from spinach (Latoh 

et al, 1962) and Phaseolus vu1aria (Mime & Wells, 1970) plastocyanins, 

the evidence being amino 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 no., observed in the u.v. spectra 

of all the native proteins, excepting Cpyrenoidosa 'B' plastocyanin 

(Figure 4(111)). For C.fu.ca protein the absorption at 280 na. was 

consistent with the protein containing 4 residues of tyrosine and one 

of tryptophan. Determination of tryptoph.n content of S.obliquu. 'A' 

and C.fusca plastocysnins, by the Spies & Chambers (1948) method, 

detected 0.4 residue/molecule and 0.32 residue/molecule, respectively, 

when the proteins were first digested with pepsin. A peptide (P55N, 

see Chapter 7) was purified from subtilisin digestion of C.fusca 

plastocyanir 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 in C.pyrenoidosa 'A' sequence has been obtained. It has been 

suggested (Chapter 8) that the true C-terminus of peptide CBS from 

S.obllquua 'A' plastocyanin (0) 9  is tryptophan and not threonine. 

OCBS is identical in sequence to peptides A C84 (residues 32 to 

40 in sequence) and PC 82, 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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Ac84 and PB2 were not stained for tryptophan, and neither were 

their C-teraini 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 beof significance that C.pyrenoido.a '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 is no overlap of the peptide bond Joining residues 

41 to 42 (Trp-Asrt 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.vulgaris (french bean) 

plastocyanin. 

The partial sequence of P.vulgaris plastocyanin has been 

determined (Kiln., 1971). The sequences of the plastocyanins have 

been aligned (Figure 9(1)), the amino acids in the bracketed regions 

of the trench bean sequence bg re-ordered to maximize the 

alignment. 



Figure 9(u) Sequence homology between algal plastocyanin and Phaseolus vulgaris piastocyaniri 

1 2 3 
1 0 0 0 

1. a. n. V. 	k. 	L. G. a. 	ci. 	S. 	(' a • 	L. V. 	F. e. 	P. 	a. y. y. 	t. 	v. 	t. i. 	k. 	a. 	g. ci. 	S. 	v. t. y. 	v. ri. n. A. 	G. F. P. 	II. 

2. a. t. k. a.d.(n.a) e. 	g. - - 	 t. 	n. 	S. i. 	s. 	k. 	g. e. 	s. 	v. t.f.v.n.n. 

3.ctv.t. k. a. 	d. 	s. a. e. 	S. - - 	 (t. 	v. 	s).i. k. 	a. g. e. 	t. 	v. t. f. 	v. n. n.  

4. 1. e. 1. S. 	g. 	d. S. v. 	s. e. f. 	s. 	v. 	p. s. 	g. 	e. k. i. 	- 	- v. f. 	Ic. b. b.  

4 5 6 7 
0 0 0 0 

i.I. 	V. F. ii. 	a. 	ci. 	e. d. 	a. P. 	v. v. 	G.A.n.A. -. 	1. 	S. -. 	-.. 	h. ci. ci. 	y. 	L. n. A. 	P. g. e. s.y 	t. a. 	k. 

2. -. -. n. n.(a.d.e.d. v. v. 	)q.-._i.-. -.re. ci. n. z. z. 	f. t. v. 	Ic. 

3. I.. q. 	q-.- 	ci. 	e.d.v.(a. s. n.)-.l. -.-. 	b. e. d.jr.n. -. g.e.s.y s. a. 	k. 

4. :. b. 	h. 	b. 	z. b. 	v. v.v. Z. )k. 	i.rn. z.z.z. 1.b.. Z. Z. .y. V. V. 	t. 
1 

8 9 0 
0 0 0 

1. F. D. T.a. 	G. e. 	Y. 	g. 	y. 	F. C. 	q. P. 	H. q. 	G. 	A. 	G. M. 	v. 	G. 	k. i. 	v. 	V. q. 

2.1. a.e. g.(yF. q. _q. V. 	r.i.t. ii. 

 F. - a._tg.y. F. q. q. k.t. 1.t. q. 

 1. k.t. s.y.s. z. v.k.v. t. ri. 

1. 	C.pyrenoidosa 'A' 3. C.fusca 

2. 	C.pyrenoidosa 'B' 4. Phascolus vigaris (froii Mime, 1971). 
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With the inclusion of a tryptophan residue at position 41 in 

the c.pygenoidosa 'A' sequence, the algal pisatocyanin chain Is 101 

residues, compared with 100 residues for french bean pJastocyanin.To 

obtain the mgXj=M homology  it was necessary to postulate four deletions 

from the C.pyrenoidoZ 'A' sequence at positions 28 0  29 9  40 and 41, and 

three insertions at positions 39, 62 and 63. It should be pointed out 

that t 	deletion of residues 40 and 41 Eros tie C.pyrenoidC!!! '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 bein6 a  j$nimum  figure since very few 

aside groups have been located in the french bean sequence. It 

would be unwise to draw too many conclusions f
rom the proposed 

sequence 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 CtermLnus) have been strongly conserved. 

The most interesting conserved region is that around the single 

cysteine residue, of the type TyrX(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 ligaxida, since the 

involvement of a aulphydrl Group in the copperbinding site of 

plastocyaflin has been proposed (Iatoh 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 plaatocyanin from blue-green algae (Lightbody et al., 

1967), to see if the plastocyanin sequences from green algae, provide 

a link between plastocyanin from blue-green algae and that from 

higher plants (e.g. trench bean). 

B. Sequence homology between algal plaatocyanins and bacterial azurina. 

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 two 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 search for aatchingpositions, and to assess 

the significance of the matches chosen. Computer techniques 

for establishing sequence homology between related proteins has 

been used extensively (Fitch, 1966; Dug,, Sletton & PZinen, 1968; 

Needleman & Blair, 1969; Abler & 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 1 2 

7 0 0 
q. 	Y. m. f. 	F. 	C. 1 t. F. P. 	g. h. s. a. 1. 	M. k. G. 	t. 1. t. 1. k. 

2 a. 	• a. f. 	..s.f. . 	g. h. -s.-  a. m. 	. k. . 	t. 1. t. 1. k. 

3 k. 	. g. f. 	. 	• S. f. . 	g. h. i. s. in. 	. k. . 	t. v. t. 1. k. 

4 
.!: 	

. m. f. 	. 	. s. f. '.h. i. a. in. 	•k. . 	t. v. t. 1. k. 

5 s. 	. e. f. 	. 	. s. f. . 	g.  
Azurins - - 

6 d. 	. t. f. 	. 	. s. f. . 	g. h. g. a. 1. 	. k. . 	t. 1. k. 1. V. 	d. 

7 a.. a. y... . f..g.h. k. . 	t. 1. k. 1. S. 	n. 

8 d. 	. a. f. 	. 	. s. f. . 	g. h. w. s.. i. 	. t. . 	e. i. k. 1. q. 	s. 

9 d. 	. a. v. 	• 	. s. f. . 	g. h. f. a. 1. 	. k. . 	v. 1. k. 1. v. 	d. 

10 	e..g.y...q. -. 	.h.q.g. a. g_.. v. 	. k. i. v. V. q. 

Plastocyanins 	11 	e. 	 q. -.. h. q. 	.a.g. 	. v. 	• r. i. t. v. n. 

12 	t..j...q.-.. h. q. 	g.a.g.. k. 	. t. i. t.v.q. 
8 	 9 	 1 
1 	 0 	 0 

0 

 Pseudomonas aerinosa P6009 ) 

 Pseuclomonas denitrificans NCIB 9496 ) 

 Psudomonas fluorescens B-93 (ATCC 17467) ) 	(from Ambler, 	1968 

 C-18 (ATm 17400) ) 	and personal communication 

 D-35 (ATCC 17414) ) 

 J3ordetella_bronchiseptica NCTC 8344 ) 

 Aicaligines denitrificans NCTC 8582 ) 

 Alcaligines faecalis NCIB 8156 ) 

Alcaligines spp. (Iwasaki' s Pseudomonas denitrificans) ) 
10.renoidosa 'A' 

pyoidosa 'B' 
C.fusca 
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Photosynthetic organisms, before it would be worthwhile using a 

computer program to attempt to match them. 

The C-terminal sequences (see Figure 9(111)) 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 

Cysteine residue is present in a strongly hydrophobic environment, 

which is of the type Tyr..XTyr_Phe..Cys..., where X is a 'neutral' 

amino acid. Also, a histidine residue lies close to the cysteine 

residue. 

The involvement of a sulphydr,cl group in the copper-

binding site of both plastocyanin (Katoh & Takiaiya, 19t; Blumberg 

et al. 1966) and azurin, (Brill et al. 1968; Pinnazzi 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 azmriris, (Pseuodomonas fluorescens D-35 (AT0C17414) residues 

103 to 106 in Figure 1(i)) (Ambler, personal communication), so far 

studied, is also present in C.pyrenoidosa 'A l  and 'B' plastocyanins 

(residues 78 to 81 in Figure 9(i)). 

Pinnazzi Agro et al (1970) and Rotilio et *1 (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 (Pseuodoaona.s fluorescens B-93 (ATCC 17467))(Aaabler, 1968 

and persons lccoiusunication), but it is not in an invariant position. 

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

tryptophanis 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.pyrerioidoas 'A' and C.fusca plastocyanin sequences is 

similar to the sequence (Hia-Aan-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 no., 

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 axurin 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 anhydrue C, carboxypeptidaae 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 pls.stocyanin are dethied dron a common ancestor; the similarities 
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aight 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 bacteria! azurin and green 

algal (or higher plant) plastocyanin. This type of experiment 

mtght help to test the endosyabiotic theory of chioroplast 

development, which proposes that the chloroplait originated from 

inclusion of a prokaryotic (e.g. bacterium) organism into a eukiryotic 

cell (Saillie & Steele Scott, 1969). 
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