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ABSTRACT

Carotenoproteins, i.e. tlxoce proteins containing 

carotenoid in stoichiometric aj;.;ounts have been found in many forms 

of life. Most analytical work however, lias been confined to 

tlie carotenoproteins occurring in Crustacea, and in particular 

to crustacyanin, the blue carapace chromoprotein of tlie lobster, 

Homarus gajmrarus.

Crustacyanin is a protein of large molecular 

weight, composed of 8 purple sub-units (p-crustacyanin). Each 

of these sub-units contains 2 molecules of astaxanthin. The 

binding of carotenoid to protein results in a bathochrornic shift 

in the spectrum of approximately 1^0 nni. A hypsochrornic shift 

of almost 5 0 nm occurs when cx,-crustacyanin dissociates into 

(3-sized sub-units. Many reasons ha.ve been proposed to account 

for these and other similar spectral shifts, and are discussed 

in Section 1.

The present thesis has been mainly concerned 

with analysis of the protein moiety of crustacyanin, with the 

aim of finding those parts of the molecule necessary to produce 

a blue or purple colour on combination with carotenoid, and the 

relationship between the various forms of coloured and colour

less derivatives. A modified form of the extraction procedure 

has been developed to cope with the large quantities of material 

required for sub-unit preparation. The 5 sub-units that are 

obtained on removal of carotenoid with acetone or 6 M-urea have



been isolated in a bonioneneous state. The relationship between 

these sub-units and their ability to eoi'.ibinc with carotcnoids, 

have been investigated. These results have l̂ een conpared with 

various derivatives formed directly from a-crustacyanin without 

prior removal of tlie carotenoid. No direct evidence has been 

obtained about the pai'ticulcU' amino acid residues in contact with 

the carotenoid, and it is felt that much useful work could be 

performed in this area.
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SYj:;X:],S

■ The nbhreviations used, apart from the 

lev/ given below, are those roconi!’.ended by the Dioch.e;.:ical 

Society in the booklet "Suggestions and Instructions to 

Authors" c (Biocticm, J. 1970) ,

 ̂ Î The ratio of the optical densities at
2oG nm and SGO no.

1 , 0 ';;E : The optical density of an O.lf' solution
at 2 bO nr.i.

■£
/„ ; Frictional coefficient.fo

r Average hydrophobicity. (Bigelow, If'-’?) 

(p) : Phosphate buffer. (Na,JIPO. + KH^PO, ) .LÙ A ■ A-



1. INTRODUCTION 

1 . 1 Nature of carotenoproteins

TliG wide variety of colours occurring in 

Crustacea, were at one time divided into three categories 

(Pouchet, IC73):

]iGlani(j.ue - brovm and b3.ack colours.

Xantbique - reds and yellows, concentrated in cbromatoj)hores. 

Cyan!que - blues and greens, diffused throughout the 

tissues in soluble form.

This classification ceased w’nen it became evident that the blue 

and green pigments could be transformed into a red pigment, 

zooerythrin, by the action of physical agents sucli as heat and 

extremes of pH (Morejkovsky, I8 8 3 ). The blue pigment from the 

carapace of the lobster, 1 loraarus gajmnarus, was thought to be a 

combination of a red lipochrome with an unstable organic base,

A protein fraction, although always associated with the pigment, 

was assumed to be a contaminant (Nev/bigin, 1897, I8 9 8 ) . This 

was later proved to be incorrect (Verne, 1923, 1926, I9 2 7 ). 

Zooerythrin was found to be a mixture of carotenoids that, on 

combination with protein, can give rise to blue, green or red 

pigments. Suggestions that the carotenoids were adsorbed onto 

the protein surface, or dissolved in the lipid of a lipoprotein 

(Toumanoff, 1926; Palmer & Eckles, 1914), although true in some 

cases, were not thought to apply to the entire range of complexes. 

The term "caroténoïde-protéide" was originally proposed (Lwoff, I9 2 5 )
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as a general term to cover all degrees of binding, but it now 

excludes proteins with carotenoids non~specifically bound. Some 

characteristics vdjich define a carotenoprotein have been proposed, 

and are listed below (JCarrer d: Oucker, 1950; Cheesman et al,,

1 9 6 7 ).

1) Soluble in water or dilute salt solutions.

2 ) Insoluble in neutral lipid solvents.

3 ) Production of a red/orange colour typical of free

carotenoids on addition of acetone, or lipid solvents

in combination with protein dénaturants.

4) A reproducible minimum molecular weigiit based on 

carotenoid content.

For reviews see Verne, 1926; Lederer, 1933; Cheesman et al., 1967; 

Ceccaldi, I9 6 8 ,

Although many of the carotenoproteins recorded 

in the literature (Ball, 1944; Goodwin, 1932; Lee, 1 9 6 6 a, 1 9 6 6 b; 

Herring, I9 6 3 ; Gilchrist, I9 6 8 , amongst others) are undoubtedly 

true carotenoproteins as outlined above, only a few have been 

extensively purified and shown to exhibit a stoichiometric relation

ship between carotenoid and protein. These latter include ovoverdin, 

the green protein of lobster eggs (Kuhn & Sprensen, 1938; Stern 

& Salomon, 1937, 1938; Zagalsky, 1964; Ceccaldi et al., I9 6 6 ), 

ovorubin, the red chromoprotein from the eggs of the prosobranch 

Pomacea canaliculata (Cheesman, 1938; Norden, I9 6 2 ), and 

crustacyanin, the blue carotenoprotein from the carapace of the 

lobster (ivald et al., 1948; Jencks & Buten, 1964; Cheesman et 

al., 1966; Kuhn & Kuhn, I9 6 7 ; Jencks & Buchwald, 1 9 6 8 b), as well
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as several other crustacean carotenoproteins (Zagalsky et al», 

1 9 7 0 ). All these chro..ioprotei ns contain astaxanthin as their 

prosthetic gi'oup.

C./'j /
Ovoverdin ( 600, OyG, 2?8 nm, E 6 6 O-1 - 476

= lc7, see fig. 1.) has both a largo lipid prosthetic group (22h), 

and a smaller carbohydrate coiig/onent (4.8,,) (Zagalsky, 1964) . It 

has a mol. wt. of 300,000 (b'yckoff, 1937; Ceccaldi et al., I9 6 6 ), 

and a min. mol. v;t. of l40,000 based on the astaxanthin content 

(Zagalsky, 1964) , v/Iiich corresponds to 2 molecules of astaxanthin 

per molecule of ovoverdin.

Ovorubin ( ̂ ^ax ' ^78 nm. E -- 4.3, see

fig. 1 ) has been purified by alumina gel chroinatography (Cheesman, 

1 9 3 8 ) . It is a glycoprotein consisting of 20'n carbohydrate. The 

molecular weight of 330,000 is equal to the min. mol. wt. based 

on the astaxanthin content, indicating one molecule of carotenoid 

per molecule of protein.

2 8 0  /Crustacyanin (A  6 3 2 , 2 7 8  ran, E ' 6 3 2  = 0.3, max
see fig. l) on the other hand, has neither lipid nor carbohydrate, 

and from the ratio of min. mol. wt. to mol. wt, contains I6 molecules 

of astaxanthin per mol. wt. of 3 6 0 ,0 0 0 .



~  11 -

0.8

0.4

0.0

0.8

0.4

0.0

4.0

0.0
6oo 700 nm

Wavelength

Fig 1. Absorption Spectra of three carotenoproteins.

a) Ovorubin (inig/tnl) in water (after Cheesman, 1958).
b) Ovoverdin (img/ml) in 0.05M phosphate buffer, pH ?.0 (after Zagalsky, 196/4)
c) Crustacyanin (img/ml) in 0.02M phosphate buffer, pH ?.0 (after Cheesman 

et al., 1966, corrected for revised value.
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1_. 2 G rust a cyan! Il

T'ne blue pigment crustacyanin occurs in the 

inner layers of tlio lobster carapace, and décalcification of 

the shell is required to Vu-ing the protein into solution,.

Several methods of solubilisation hcive been used.

Incubation of the shell with 1:2, Cl, or dilute 

IICl (Newbirii n, IB9 7 ) 5 or of tlie finely ground shell with citrcite 

buffer (bald et al., 1Ç48; Zagalsky & Cheesman, I9 6 ;;) ; with

(Ceccaldi, 1964); calgon (Kuhn & Kuhn, 196?); EDTA, 

(Jencks & Buten, 1964) , Methods using the ground shell v.'ere 

found to give satisfactory results.

Purification of the pigment hc\.s been effected by 

adsorption.onto Ca_(PO. )̂ gel, followed by stepwise DEAS-celluloseP 4 eL,
chromatography (Zagalsky & Cheesman, I9 6 3 ); fractional pre

cipitation with (WH^^)^SO^, followed by ultracentrifugation 

(Kuhn & Kuhn, I9 6 7 ); and gradient elution from DEAE-cellulose 

collumns (Jencks & Buten, 1964). In all cases the protein, 

a-crustacyanin (Jencks & Buten, 1964), was electrophoretically 

pure. It is a simple protein as indicated by its nitrogen 

content of and has no lipid other than carotenoid, no

carbohydrate, or heavy metals. (Cheesman et al., I9 6 6 ; Jencks 

& Buchwald, 1 9 6 8 b)•

Physical studies have shown it to be a large 

protein of 300,000 - 380,000 mol. wt. (see Table l). The main
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source of discrepancy is in the value taken for the partial 

specific volume v, but the value of 0.66 (Kuhn & Kuhn, 196?) 

seems low compared with that calculated from the amino acid content 

(Jencks K Buchwald, 1968b),

On removal of salts from a dilute solution of 

o:-crust acyanin, a'-crustacyanin 595 nm) is formed (Cheesman

et al., 1 9 6 6 ). This readily reforms a-crustacyanin if the ionic 

strength is increased. In contrast, sub-units of similar mol. 

wt. (4l,000) but with  ̂̂  5 8 5  nn, ^-crustacyanin, are formed 

from a-crustacyanin on standing, or by treatment of a-crustacyanin 

with mild denaturing agents such as 5M-urea, 10/c dioxan, heat, or 

alterations in pH. (Jencks & Buten, 1964; Cheesman et al., 1966), 

A certain anount of the p-form is alv;ays present during the 

preparation of a-crustacyanin, but is easily separated by virtue 

of its lower mol. wt, and reduced affinity for DEAE-cellulose, 

(Jencks & Buten, 1964; Cheesman et al., I9 6 6 ; Kuhn 8.-. Kuhn, I9 6 7 ) • 

It is probable that an equilibrium exists between the a- and a * - 

forms, and some of the latter is irreversibly converted into 

P-crustacyanin.

Estimation of the minimum mol. wt. of a- and 

p-crustacyanins gives values of about 2 7 , 0 0 0  and 2 2 , 0 0 0  respectively 

(Table l) which suggests that p-crustacyanin contains two astaxanthins 

per molecule, and a-crustacyanin contains I6 molecules of astaxanthin
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i-'liysicril const an Ls of the crust ccya.nin:-.- and tiioir a] o-units
Q->cô.l rtrii’o

Part icr.l Pott.od

(' -crust a.cyrni u

37.000
2 7 . 0 0 0  (corr.)
1 9 . 0 0 0

Ici;
27 Bnr.i

3 2 0 , 0 0 0 s.v. 0 . 6 6 1 9 . 4
3 0 7 , 0 0 0 1 0 s,
3B0,01X' s ,v. 0 . 7 6 14.0
6 3 0 , 0 0 0 g.f, 1 1 . 3
3 0 0 , 0 0 0 0 .
333,000 s.v. 0 . 7 7
4 3 0 ,( 'OO O.S. 0 . 7 7
3 7 0 , ( 0 0 s.v. 0 . 7 7
340,000 d.f.

i iinimum ; ■' ! 01 c c V i 1 a r w 0 i n h t

IX
m a x

38 .4

46.4
37.4

-*7'f o, An til or

(p) (o)

10/1 12/1

9/1 10/1

J
c
K.

B-crustacy an i n

39.000 o.
36.000 s.v.
49.000 s.v.
3 6 , 3 0 0  g.f.
46,C 00 s.v.
4 3 . 0 0 0  g.s.

Hininur.i iiioleculcir weiciht

0 .06  
0.76
0 . 7 6
0 . 7 6

21,000

Y - c rn s t ac y an i n

1 3 . 0 54.0

400,000 s.v. 0 . 7 6

Minimum molecular v/einht

4 7 , 0

24,000
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ï/V'Al.a' 1 (contd.J .

a pc "c r u r t a c y an :ui

2 0 . 0 0 0  s.v. o.Gy K
20.000 g.f. C
2 1 . 0 0 0  s.v. G.75 G
20.500 s.e. G
19.500 O.S. G

l.s. = liglrt scattering 
s.v. = sediivientotion velocity 
o. = osmoîiietry
g.s. = gel filtration O. sedimentation 
s.v. = sedimentation and viscosity
d.f. = diffusion and viscosity 
s.e. = sédimentation eçuilibrium 
q.f. = qel filtration

K Kubn & Kühn, (196?)
J Jencks'& Buchwald, (19oOb) 
C Cheesman et al., (i9 6 0 )
G , Gamnack et al., (l9?l)•
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and consists of Ü p-sized molecules. This size of 22,,000 

corresponds to the value detained for tlie mol. wt, of av'O-crustacyanin, 

prepared by the removal of tlie carotenoid prosthetic group witli 

acetone. (Cheesman et al., 1 9 6 6 ; Jencks & Buchwald, 1963b).

The values for the mol. wt, of the ayio-protein calculated from 

Sophadex gel filtration are, in contrast to measurements for 

a-crustacyanin, in agreement with those from sedimentation and 

diffusion, thus indicating a more nearly spherical molecule for 

the sub-units. however, complete agreeüient on the mol. v.'t. of 

tlie apo-protein lias not been readied by all workers (see Table l) ,

On the addition of various denaturing agents,

e.g. acetone or 6k-urea, the spectrum of a-crustacyanin alters

either to that of astaxantiiin in the particular solvent used

(A 480 nm) , or to approximately A  4-00 nm (Jencks £■: Buten, max max ’
1 9 6 4 ). On removal of the reagent the characteristic spectrum 

of a-cru::tcicy:uiin can usually bo regained, although if drastic 

methods have been used p-crustacyanin is often the reconstituted 

product. From specificity studies with various carotenoids, 

both 3,3’“hydroxy groups and 4,4'-keto groups are required for 

the formation of a-crustacyanin, although [3-sized molecules can 

be formed from carotenoids with only the 4,4*-keto groups (Lee 

& Zagalsky, I9 6 6 ).

Crude preparations of a-crustacyanin, while 

containing some of the p-xorm, also contain two other pigments.
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thio o;i: tboi.e, Y-crustacyanin ( ?\ 6 2 5  nm) , has eypro-'imateXy

t ho sare mol. v;t, as c.-crnst ncyanin (4 0 ,('0 0 ) and a siiuilar i.iini; ,um 

..:o3.. wt, based on the estaes ntliin c m  lent (23,CCi ) , ( Jencks b 

]3ucln/ald, Idebb and Table l) . 21 nee it i.a o::clnded .i’roin Sepba.dex

G. 2C't) (Oiees n\n ot al., I9 6 6 ) , and has a high intrinsic viscosity 

(Jon.cl:s i: Ihj.c]:r./ald, 1 9 6 0 b) , it ",;ould appear to be loss symmetrical 

than c.-cru<tacyanin, and could possibly bo a slightly denatured 

fori I. The otlior contaminait ing pigr.iont, yellow in colour 4C0 nm)

has a spectrum similar to the product tor-ned by the action of 

"hydrophobic type" denaturing agents on crustacyanin. The mininum 

mol. wt o based on the asta:r.ant)ii n content v.xis found to be 4,4CO, 

and it aippaars to contain 2 0  molecules ox astaxanthin jper mol, 

wt, of 90,CC0 (Jencks & Buten, 1964; Jencks & Buchwald, 1 9 6 0 b),

eAmino acid analyses have been perfor: ed on a- 

crustacyanin and its derivatives. The analyses indicate a relation

ship between the blue pigments, which appear distinct from the 

yellow protein. The amino acid content is, in general, similar 

to that of other blue crustacean carotenoproteins. (Zagalsky 

et al., 1 9 7 0 , and Table ll).

In order to account for the 10 : 1 axial ratio 

of the e-protein, it has been proposed that 8 of the fully 

stretched asta:canthin molecules (each 50 A long) could fit 

linearly into one molecule of a-crustacyanin, the length of which 

has been estimated at 300 A. Each sub-unit of a-crustacyanin would 

contain two parallel astaxanthin molecules, embedded in the protein.
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TABLE 2.

A' lino ac:i u compos i tion of tlie c'.rus Lacy anins, tlr; yellow lobster
shell pigment and two average prole Ins

C' 1' yellow ave.cor. ave. ui'

erg 3 . 5 5 «- 3 3 . 3 3 . 1 3.3 4.0
lys 5 , 5 3 . 2 0 01) 3 . 1 6 . 3 3 . 9
his ].. 8 1 . 3 1.4 2.4 2 . 7 1 . 8

asp 1 3 . 5 1 3 . 4 1 3 . 8 1 . 5 1 3 . 1 9 . 0
glu 9 . 6 9.2 9 . 3 14.4 10.1 9 . 3

thr 6 . 2 6 . 3 6 . 7 7 . 3 6 . 9 5 . 2
ser 6 . 0 6 .3 6 . 0 3 . 3 10.1 3.8
pro 5 . 6 4 . 5 4 . 3 6 . 7 6 . 3 4.4

lily 4 . 9 4 . 7 4.6 8 . 0 8 . 9 6 . 8
ala 7 * 5 8.3 7.8 0.6 8 . 6 7 . 6
vr.l 6 . 5 7.3 7 . 3 7 . 7 3*8 6 . 0
ile 4 . 5 4.4 4 . 5 7 . 0 3 . 3 3.8
leu 5 . 0 4.4 4 . 7 8.6 4.6 7 . 4

cys 2.8 2.0 3 . 0 2 . 7 0.6 1.0
met 0 . 5 0 . 5 0.4 Ü.9 0 . 1 1.5

tyr 0.4 8 . 3 8 . 6 3 . 6 4.7 3 . 2
phe 8.2 8.1 8 . 5 3 . 1 3.0 3.4

Values are given in residues per 100 residues.

&:- (3- Y-crustacyanins and the yellow: lobster shell pigment from 

Jencks & Buchwald (1 9 6 8 b).

Average carotenoprotein (ave.car.) from Zagalsky et al., (1970. 

Average protein (ave.pro.) from Smith (1 9 6 6 ).

Values for tryptophan were not given.
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(Kuhn c; Kuhn, 196?) • A disc si)aped molecule has also been 

envisaged (Cheesman ot al., 19&G) in vdiicli the number of 

sub-units would be determined by the radius of curvature 

of the disc, the astaxanthin molecules being directed towards 

tiie centre to foimi a liydrophobic core.
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1,3 Spectral clicnpcs brouciht -']hout by the biruiinc; of 

polyene to protein.

I'olyenes have an absorption naxii.u-un in the

visible range which is th-e result of their long conjugated

double bond, structure. The longer the conjugated system,

the more of the lowest energy orbitals are filled, the easier

it is for a electron to be excited, and consequently the

longer is the 7̂  .max

On combination with protein the 7̂  chances,max
usually towards the red end of the spectrum, i.e, a bathochrornic 

shift, varying from 40 nm for ovorubin, to 100 nrn for the 

visual pigments and crustacyanin. Although rarer, hypsochrornic 

shifts have also been noted, as for the yellov; pigment of the 

lobster shell.

The most intensively studied polyene-protein

complexes are the visual pigments. These consist of derivatives

of vitamin A in combination with a protein. The main pigment

of the rods in mammals, rhodopsin, has received most attention

since it can readily be extracted (Tansley, 1931), and can be

obtained in a pure form (Heller, 1968b; Schiclii, 197C)• It

contains 11-cis retinal as its prosthetic group (Hubbard & Wald,

1 9 5 2 ), and has 7v 4 9 8  run. This represents a bathochrornic shift ’ max
of 1 1 8  nm as compared with the spectrum of 11-cis retinal in

hexane (7^ 3 8 O nm) .m ax
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Indicator yellov;, formed on bleachino of 

1') to do 0 5 in, has an absorption maxi.MU'n at 3^3 ni.i in ollvali, and 

44o nm in acid (Lythgoe, 1937). Synthetic adducts of methylaznine 

and retinaldoiiyde show a sihiilar Sj.’cctral chaarjo on alteration 

of pli, and the follov.’-ino formnlae were proposed for the acidic 

and basic fori,is, providing for two groups of 6 conjugated 

double bonds in tlie foriaer, and one croup of .12 in tlio latter. 

Similar structures were proposed for indicator yellow in which 

the amino side chains on the protein would take the place of the 

methyl amine (Collins & Morton, 195C’) .

CH

acid form ^ 440 nm,max

CH
alkali form X  3 6 5  nni, max

A similcur ’double vitamin A' structure had already been 

proposed to account for tlie bathochrornic shift of rhodopsin 

(hald, 1 9 4 9 ). Porphyropsin, the corresponding pigment in many 

invertebrates and marine fishes, has retinal^ as its prosthetic 

group (Wald, 193?)• This has one more conjugated double bond



tlï.m rcL.i , and it therefore absorbs at lonnei' v/nvolcnatlir. 

If tv.'o uiolocnlos v:ere so al.ianod in porp'Jiyronsin the difference 

in absorption maxima between tfio two visual pipnionts should be 

twice as great as that betw^oen tlio two retinal s.

all-truns retinal ;380 nn. all-trans retinal^ A  40p nm,
1 max 2 max

Ttiis is not the case however, so that only one molecule of 

retinal can be involved as prosthetic group, Attachiiient of tlie 

retinal to an amino group of the jirotein tl,rough a Schiff's base, 

proposed by Collins (1953), has recently been substantiated in 

the bleached pigment (Akhtar ot al,, I9 6 8 ; .Poincelot et al., 19&9)' 

Evidence for the presence of a single molecule of tiat.CvMjLhrn as 

prosthetic group has recently been obtained by analysis of rhodopsin 

(Heller, 1968b).

Since the absorption maxima of the various visual 

pigments cluster about different positions between 430 nm and 

6 6 2  nm (Dartnail & Lythgoe, 19bp), the lipoprotein backbone evidently 

exerts considerable influence on the spectruin. It has been 

suggested that charged groups on the protein induce permanent 

dipoles in the polyene chain, the position of the absorption 

maxima then depends on the length of the chain polarised. The



electronic state of the nitrocon atom of the hchi'ff’s base 

remains unrosolveu, and two possibilities h;.vc been proposed.

The 'lode and key' theory (Dartnail, 195?)i 

later modified (Dartnall & LytJrjoe, 19c9), assuijies an unproton- 

ated form, supported V->y the data of Bride os (l9b?.) , a bathochrornic 

shift beinc! brounht about as a result of polarisation of tJie 

chain by two oppositely cViarged nroups on the protein.

(Abrahojnson & Ostroy, 196?)

iiov.’ever, since unprotonated retinylidene- 

Schiff's bases absorb at shorter wavelengths than the free 

aldehyde (cf. indicator yellow), Morton £: 1 itt (1953) have
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]?roj)ostjd t!)at. in rhouopyin the Pchiff’s base is in the crotonatod 

.foriii. In this theory it is pro. 'osad that a fur thor b; thoc]iron:ic 

shift in the absorption spoctru)\ is a result of polarisation 

of tii.i polyene chain b'V negative charges on the j'rotoin, (hropt 

& Hubbard, 1935; Hubbard, 19>u). Poincelot et al., (1959)

(Kimbcl ot alt, 1970) have suggested tJiat in rhodopsin the ll-cis 

retinal is involved in a Schiff’s base linkage \'ith the au ni no 

group of phosphatidyl etha.no 1 a:ine, the j'otinal being situated 

in a hydropliobi.c poo-cet. In thi s co.se internal protonation of 

the 'Chiff ' s ba.se could occur I'rc-m the pilosphonic acid crou%̂  of 

P’h.ospli.'itidyl ctjionolaeine, as such protonotions can he produced 

in a non-o.oueous env i rouLient in model syote is, ( Joe:..en c; hontinc,

1 9 0 9 ) . Polaris at ion of the adjacent lydrojihoLic croup'S on tiio 

protein vouln also iielp stabilise the pn-otomted .Sch.iff’s base 

(Irving ot al., 1970).

Some workers (Heller, 19o8a; Hall & Bacharach,

1 9 7 0 ) have failed to find phosphatidyl ethanolaraine in 

stoichiometric amounts (\.d:ich would be prerequisite for a 

retinal-phosphatidyl ethanoltooiine linkage) in purified rhodopsin, 

Hirtcnstein & iJchtar, (19?0) have reported that although the 

reduction of rhodopsin (prior to the formation of meta-rhodopsin II) 

with NaBH^ does yield some N-retinyl-phosphatidyl ethanola.iine, 

this is not the product in all preparations of the pigment, v̂lso, 

under conditions where the spectral integrity of rhodopsin itself 

is intact, reduction with NaBH,̂  can yield retinal bound in a 

Schiff's base linkage to various hydrolytic brca-kdov.ei pi'oducts 

of phosphatidyl ethanela’aino. They suggest, therefore, that the
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linkr.oo of rotÎMol in rlioo'ojjsin is to an a ni no orouji in a 

I'lydroohobic rooi on of the jvrotein, and that it can readily 

oncharuie with nliosyhatidyl ethanolanine diuai.no extraction.

The possibility that N-retinyl-phosphakidyl etinanola.'aine is 

a moans of storing retinal in the 11-cis form has also been 

envisaged (nnclerson, 197^) *

Although the exact nature of the a.;;iino group

involved in the original Sclriff's base is not known, it is

pro liable that it is protonated and present in a hydrophobic

environment. On the transition of rlioc.opsin from the rneta I

(*A . ^̂ 7̂  nm) to nieta II ( 7\ 3^0 irn) stage, the polyeneiTi ax 111 ax
chain becomes exposed to the aqueous environment, the final 

Schiif’s base is therefore unprotonated and consequently has 

a lower absorption maximum.

In contrast, the chror.iophores of the caroteno- 

proteins so far investigated are not covalently linked to the 

protein, being easily extracted with acetone. The spectral 

shifts must therefore be explained in teians of hydrophobic, ionic 

and other non-covalent interactions.

Astaxanthin turns blue in the presence of 

potassium butoxide (and the absence of air), owing to the 

formation of the notassiurn salt of the enolate tetraanion.
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astaxanthin 0 “

astaxantliin enolate tetraanion

It was suggested that replacement of the K by positive charges 

on the protein could account ..or the bathochromic shift in the 

spectrum of many carotenoproteins. (Kuhn & Sorensen, 1938;

Ball, 1 9 (̂4 ), In explanation of the smaller bathochromic shift 

and increase in the fine structure observed in the absorption 

spectrum of ovorubin, it wa.s proposed that the enolate structure 

could be stabilised by hydrogen bonding to the protein (Cheesmnn,

O H

O H

H — o
Possible ovorubin conformation



S ini il ai' theories h.-ivo been invoiced to oxpleoin the spectrum of

c ; m  t ) I a r. a n t h i n - p' r o t e i n comiilcros, tlie only other ca.ro toroid

at present Icnown to be involved in natural linkares with protein= (Lee

et al»,.19^7; Gilchrist, I9 6 G)

oc an tjiaxcj.it hi n

Forruition of charge transfer complexes, by 

interaction v.'ith donor (d) an 1 acceptor (a) molecules at the 

ends of the polyene chain would increase the number of 

resonance structures, and therefore the absorption inoxiiinuni 

(Platt, 1 9 5 9 ).

D": d ‘̂ ~: + -

This type of interaction has been suggested as a possibility 

in the case of rhodopsin (Akhtar, i9 6 0 ; 19?0), but is regarded

as unlikely (Jencks & Buchwald, 1 9 6 8 b), Astaxanthin has no 

tendency to form charge transfer complexes with acid tryptophan, 

in contrast to the rctinenes (ishigami et al., I9 6 6 ), Also, 

in normal charge transfer complexes, the spectrum of the complex 

is superimposed upon the spectrum of the individual components, 

which is not the case for the majority of caji'otenoproteins.

* /ddntar et al., i9 6 0 ; Aîditar, 1970
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The fact tliet in crus tec y an in and other cai'oteno proteins the 

shape of tJie ah'Sorption smectrnm is the same as that of astaxanthin, 

but siiifted in position, also tends to invalieatc the possibility 

of formation of an ono.1 ate tetraanion, as such a co<upound would 

1;C expected to produce a narrowing of the absorption bands (Jencks 

bucl A.V'lld , 1968b) «

Since polarisation, charge transfer, or carljonium 

ion forrr'ation cannot account for the spectrum of no 1 yenc- 1 ).rotein 

complexes ( Jencks & Bnchwald, 1966a; 1 9 6 8 b) , a theory v.iiic’n more adequately

exnlains their spectral characteristics has recently been proposed.

If the polyene chain were twisted about the double bonds, this 

would have the effect of making the double and single bonds more 

equivalent, thereby raising the energy of tlie ground state, 

lowering the energy required to promote an electron to the first 

excited state and consequently shifting the absorption maximum 

to longer wavelengths. For example, in spite of the fact that 

dibiphenylenebutadieme has a longer conjugated double ))ond system 

than dibiphenyleneethylene, it has a lower absorption maximum.

In the latter case the steric hindrance of the bulky aromatic
«

residues causes partial rotation about the double bond and thus 

a decrease in excitation energy required to promote the first 

excited state.

dibiphenyleneethylene dibiphenylenebutadiene
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If th e  methyl groups of the polyene c h a in  were immolailisod, e.g. 

by liydroptiol'ic interactions, (Jencks h Buch-.aald, 1 9 6 8 b), end 

the f'-ionono rings then t w is t e d  out of th e  plane of the polyene 

chain by i o n ic  b in d in g  of th e  4,6'-koto g ro u p s, the strain would 

be localised in the  double bonds. The advantage of tliis tlieory 

is that it can account for the various absorption maxima both of 

th e  carotenoproteins and th e  visual pigments and t]jeir bleaching 

products, as the degree of t\;isting about the double bonds of tlie 

polyene chain v.mild alter th e  position of t)ie absorption maximum 

(Jencks c: Buchwald, 1 9 6 8 b) .
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I » 4 Vil y ,'̂1 i 1.1 le f u ne t. i on s of c a l'o t o no p r tu t e i ns ,

'fiio v.'xdo variety and distribution of caroteno

proteins bas natvirally led to the develoiniont of many theories 

concerning their function. Perhaps the most obvious is tliat of 

protective colouration. As described in the previous section, 

the combination of polyene witli protein can lead to o considerable 

alteration in the spectrum. T)io presence of both free carotenoid 

and carotcnoprotei.n wnl 1 therefore provide absorption over a 

large part of the spectrum, and enable organisms to blond with 

tiieir backgrounds (ivieser, I9 6 5 ) • This has been suggested as a 

possible function of tiie blue pigments of tlie otherwise tr.ans7''arent 

organisms of the sea surface (herring, 1 9 6 3 )® Variations in 

relative concentration of the free and bound carotenoid will 

effect a colour change. Such an alteration has been studied 

in the maring isopods Idothca granulosa and I. montereycnsis, 

and has been shown to be correlated with an alteration in habitat.

(Lee, 1 9 6 6 a, 1 9 6 6 b, 1 9 6 7 )• These organisms occur in three colour

varieties, red, green and brown,blending with the colour of the

algae on which they feed. In Monterey, they exist in tvro distinct

populations; an offshore, exposed adult colony, green in colour,

provided with plenty of food and a smaller, red colony, which

being more sheltered, harbours the young animals. On migrating

from the inshore to the offshore colony the isopods alter in colour from

red to green. The red colour, present in the chroraatophores, is due to free

carotenoid, while the green pigment, consisting of a canthaxanthin-



prolojii wit]) lutein dissolved in t'le lipid prortiietic group, 

occurs free :in the cylonlosm.

Another protective function, that of absorbing 

haiT'ful radiation, lias been proposed for the blue pigmentation 

of many pelagic invertebrates. (Heinrich, I9 6 O: Fox et al., I9 6 7 ).

t,.lthough the red light vAhich they absorb has a low power of 

penetration, it may be significant in tlis top four inches of 

sen water where they preponderate (Herring, IÇbÿ). This is 

sii'iilar to the proposed function of c'^orubin in the eggs of tlie 

tropical proso’oranch, Pom ace a c anal i cu 1. at a (Choosnian, 1958) .

Tliese are laid out of water, and in this case the carotenoid is 

kno'wn to stabilise the protein against heat dénaturation. Pro

tection of tl'ie protein by structural means rather than by preferential 

absorption of harmful radiation may indeed be an imiiortant function 

of the carotenoid. Crustacyanin and ovorubin are kno\m to be much

more stable than their apo-proteins, which spread more easily at

air-water interfaces (Cheesrnan, 1958; Cheesman et al,, I9 Ô0 ),

The greater stability of the polyene complexes over the individual 

protein components, has also been noted for the visual pigments 

(Hubbard, 1958; Padding & Wald, 1955; bald & Hubbard, 1 9 6 0 ), It 

has been found that retinene may only protect the groups on the 

protein with which it is in contact, allowing the rest of the molecule

to partially denature. On prolonged storage, even though the spectrum

of tlie pigment remains unchanged, the retinine will not then re

combine with the apo-protein (Abrahamson & Ostroy,196?).
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c arc  t  ei lo j.,r n t  e i ns also appear to be concerned 

in devoloT.>i!u-,nt, since they arc ’present in the eggs and ovai'ies 

of many different species, and can often be seen to undergo 

alterations d u r in g  liatching and grow th  (Teissier, 1985; Goodwin, I9 5 O ; 

1 9 5 1  ; Ball, 1944; Green, 195?). It has been suggested theit 

the complex may l;e important eitlior as a source  of proteins or 

of astaxanfriin. In both cases the linkage would s t a b i l i s e  both 

the entities. Tlie carotenoproteins of Î hg£7, I'omacca and rlomarus 

are the major nitrogen source of tlie eggs (bwoff, 1927; Cheesmnn,

1 9 5 8 ; Ceccaldi, I9 6 5 ) , and, in tlie case of tlie former, when the 

carotenoid is split from the protein it is concentrated in the 

naupliar eye.

The presence of carotenoids, notably astaxanthin, 

in the eyes of several species, has led to the belief that they 

may act as photoreceptors in plgice of retinene which is often 

lacking (Goodwin, 1949; ‘dald & Zuseinan, 1937; V/ald, 194-3) , and 

that t'iiey could also be involved in other functions normally 

mediated by vitamin A, such as membrane stability (Scheer, 19̂ x0) .

Although many of the functions tentatively ascribed 

to carotenoproteins may indeed be the '.Raison d’etre', tliey are 

not universally applicable. In some organisms, including Daphnia 

manna, specimens grown on a carotenoid free diet and so reputedly 

entirely devoid of carotenoproteins did not appear to suffer any 

deleterious effect, with regard either to growth or fertility. 

(Herring, I9 6 8 ; Wallace et al., 196?)*

* Goodwin & Srisuldi, 1949.
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2. MATF:II/J.S

All che îical reagents were of Anala.r grade and solvents

were redisti.lied before use.

brea was rccrystallisod from liot inetlianol.

The follov/.ing materials were used for protein purification :

ÜFAE-cellulose (DE 32), CM-cellulose (CM 32) and cellulose 

(non-ionic, medium grade), bbatnum, England.

bepbadex G-23, (medium grade), G-73, G-IGO and G-200 I’barmacia,

Uppsala, Sweden.

Pevikon C, 8 7 c, Shandon, London.

Cellogel striais and blocks (gellatinised cellulose acetate) 

Chemetron, Italy.

Hydrolysed starch for electrophoresis, Connaught Medical

Research Laboratories of tlie University of Toronto, Canada,

Silica gel G, Merck, Anderman & Co. Ltd., London.

Alumina (Aluminium Oxide G. iiach Stahl,) Merck, A.nderman & Co. 

Ltd., London.

Calcium phosphate gel was prepared by the method of Keilin 

& Hartree (1957)•

Lyphogel, Gelman, Hawksley & Sons, London.

Phosphate buffers være prepared by mixing solutions of LH^PO^ 

and NaOH.
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Lobsters (lloi-rn'us vul-,aris) , dead, and - condemned as unfit to: 

huiiian consur'ption 7/ere Icindly provided by Biilingsgate 

fish marl ce to
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3. GEIhbb.L M.-.i'üO.U.S,

3 rI. b]uct TOSCOpic I icasnromcnts.

Absorption spectre 7/ere recorded on a I'ecia nm 

S«P, 400 recording spectrophoto;:ietor, again t ap; ropriatc 

solvent IManks; silica cells of 1 cm licbt path length and

3.3 cm CO )acity 7/e3''e used.

3 .2. Cin’omatogravby.

3 .2 .1 . lovi-oxcban;-Q c ) 1 r oi a a t o g r a nby cn JAhtl- and Ci -collulosos.

Colu','US of various dimensions 7vero prepared 

according to the method of Peterson A Sober (I9 6 2 ). elution 

of the adsorbed proteins 7/as carried out by increasing the ionic 

strength of tiie perfusing buffer in stages (stepwise elution), 

or gradually (gradient elution). Buffers used 7/ere normally 

phosphate ( i t H ^ P O ^ ^ - N ) pH 6.8, 7/ith concentrations up to 

0 . 3  molar. Tris buffers of comparable ionic strengths 7/ere also 

employed. IVo gradient systems 7/ere used, and both 7.ere found 

to give satisfactory results.

The first system consisted of t7/o equally sized 

vessels, a reservoir and a mixing, chamber, connected by a narrciv 

tube, tlie mixei' being stirred continuously. (Parr, 1934; Eock ; 

Ling, 1934). Tliis system gives a linear gradient ivhen the ti/o
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uensitieG are equal, but sli> htl.y convex ubeii

p d ^ p d
111 r r ni

The eradiont is then ciiven by

V d  " V p "Vlog 2' 111 in

System 2 v.aas formed from a separating funnel, containing 

tlie more concentrated buffer, fitted into an aspirator containing 

the starting buffer, uhich is s t i r r e d  by means of a m ag netic  

stirrer. This gives a logarithmically increasing gradient :

c^-c/c^-Cg = e (Aim et al., 1952; Kocent, 1900)»

2
r  111 Cj-C = c-v/̂

System I System II



I'.'liorc = density oi starting buffer

Pg = density of final buffer

- molarity of starting buffer 

-■ molarity of final buffer 

c = concentration reouircd

V = elution volume

v^ = volume of starting buffer

d = diameter of reservoir r
d “ diameter of mixer m
V = volume of reservoir r
V c volume of mixer ra

3 ,2 .2 Thin -layer c Iironiatocrauhy ,

Thin-layer experiments were performed as 

described by Truter (1 9 6 3 ). Carotenoids were identified by 

chrom atography on Al^O^ plates (50 rag/6o ml H^O) and developed 

with pet-ether acetone (7 5 / 2 5  v/v), appropriate standards being 

run concurrently.

5 .2 ,5 . Molecular sieve chromatography.

Molecular weight estimations have been performed 

on cross linked dextrans of the Sephadex series, according to 

the method of Flodin (1 9 6 2 ). Columns were coated with dimethyl- 

silane (.1% in benzene heated to 6 0 °c) to prevent edge effects, 

and run in 0.II 1-phosphate buffer pH 6.8,



'..hen a mixture of ]:rotoins is jiassed 

througti a column of Sephadex, f ract ion. it ion occurs , since 

diffusion into tlio gel matrix is more or loss restricted, 

depending on the size of the maci-omoleculc. The co:.!ponents 

of the mixture arc therefore eluted in order of decreasing 

liiolecular size. (horath S: Flodin, 19(5) . The method can 

more accurately be regarded as jiroviding cn estimate of the 

3to]:e.s radius (Andrews, 3 9ÔT), since retardation by the gel 

depends on shape as well as size (Ackers, I9 6 7 )• For globular 

]U‘oteins a correlation between elution volume and mol. irt. has 

been dei.ionstratcd, and a graph of elution volume plotted against 

the log. mol. v/t. has been shown to be almost linear over the 

range of optimal gel function. (Andrews, 1962; 196,4). The

molecular weiglit of a simple globular protein can tl^erefore 

be estimated by comp<arison of its elution volume with those 

of similar proteins of loiown molecular weight (Andrews, I9 6 5 )•

A better correlation between elution volume 

and Stokes radius, for the protein under investigation, can be 

obtained by comparing the molecular radii of the standards 

with the inverse error function complement of their partitition 

coefficient in the bed medium (Ackers, I9 6 7 )*

5 .5 . Electrophoresis.

5 .5 .1 . Starch gel electrophoresis.

Horizontal starch gel electrophoresis was performed
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by tlio method of 3m it hi os (1955) • Gels (15 - 1G,. starch) , 

wi Ih or without 6M~uren wore nropared in r:or.y;.vox trays 

(9 X 23 X 0.5 cm) as described by Smith (I9 6 O - Gels containing 

0 ,0 0 5 M~dithioerythritol or 0 .0 5 M-mercaptoothano1 , in addition 

to Gii-urea were made in a similar manner (Poulil:, I9 6 0 ) , these 

reagents being added to the gel after deaeraticn, in order to 

prevent evaporation losses, Sanples were applied by inserting 

pieces of l/hatman 5 MM filter paper ( 2 x O . 5  mm), so alee d in 

pro!ein solution (approx. 5 nig/ml) into vertical slits in the 

gel. The gels were covered with Parafilm to prevent evaporation, 

and run at a potential gradient of 4 - 7 v/cm for a period of 

iG - pG hr. Long runs vrere carried out in the cold (/°C) . Gels 

were sliced horizontally and stained with ^.mido-Schwarz (1% in 

glycerol - water - acetic acid, 5 : 5 : l) or vrith Coon: as si blue 

(19j in the saiTie solvent) for one hour, the ba.ckground being 

removed by several washes in the same solvent, and cleared by 

soaking in glycerol.

Buffer systems :

a) Borate buffer, pH 8,35 (Smithies, 1955)

O.3H in buffer compartments, 0,04M in gels

b) Phosphate buffer, pH 7 .O (KH^PO^ - Na^HPO^)

O.O5 M in buffer comportments, O.O2 5 M in gels

c) Formate buffer, pH 3*5 (Poulik, I9 G2 ). O.C5 H

formic acid + C.OIjM NaOH, both for gels 

and electrode vessels
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d) Tris-cit.rato-'boratcî discnnt j nuors system pïl 8,35

Poulik, 1 9 5 7 ) Ü.U7GM-tris + C.CÜHM-citric 

acid for gels, O.OpM-borate buffer, p!î8„35 
in the electrode vessels

e) Tris-iDUTA-borato discontinuous system pH 8.55
(Smith, 1 9 6 8 ) 0.07M-tris + O.OOpM-kDTA, 

adjusted to pH 8.35 with boric acid for tJio gels 
and C.OyM-borate buffer pH 8.35 in the buffer 
compartments.

In all cases less alkali was renuired to obtain tlie desired pH 

in the gels containing 6k-urea.

3.3.2 Cellogel electrophoresis.

Electrophoresis on cellogel strips was carried out as 

described in the Chemetron in "ormation sheet according to Del 

Campo. The strips were so (deed in water to remove the methanol, 

and then in buffer overniglit. 2 - 5 pi samples were applied in

a thin line l/p along the strip and electrophorosed in an 

enclosed tank at 0.8 in a / cm, 13 v / cm for I . 5  “ 2 hr. The 

strips vrere run in veronal buffer I = O.O5 , pH 8 .6 . The stain 

used A/as lissamine green (0 .5% vr/v in methanol - water - acetic 

acid, 5 : 4 ; 1 ) decolourised in 5/J acetic acid, and rendered 

transparent in water - methanol - acetic acid - diacetone alcohol 

5 0 : 3 7  Î 5 : 8 plus 1 - 2  drops glycerol. l>o /vmido-sclmai^z, in 

the same solvent system v/as also similarly employed.

Preparative electrophoresis on cellogel blocks

6 X 1 7  X 0.6 cm A\'as also performed. Holes Avere made A-rith a needle 

along t h e  origin before application of t h e  sample in order to ease
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genet rat n o: t and prevent sj)ronding. 2 - C nJ. of mntorial ’.verc* 

applied, (2 - 5  mg/ml) . The blcct.s were run in veronal buffer 

as for the strips, at 5 - 6  ma/em and 1C - 12 v/cm at 4"C for 

IG - 56 hr.

5 0 0   ive electrophoresis in l'evilTon.

Pi'epoo'ative electrophoresis in Pevikon I a vinyl 

copolymer) was performed according to the mofnod of Foxwell ot al., 

(i9 6 0 ). The block A/as prepared in 0.04k-horate buffer, pH 8.55) 

in a perspex tray 25 x 50 x C.5ci:i. The bridge buffer being 0.3,;- 

borate buffer, pll b.3 5 . A slit 2 mm A/idc was cut in the block 

across the tray, and the Pevikon sucked out Avith a pasteur pipette. 

This Pevikon A/as mixed A/ith the sample and pipetted back into the 

slit, filter paper soaked in buffer placed 2 - 3  cm on either 

side of the slit to reduce spreading of the sample. These blocks 

Avere run at 0,5 ma/cm and 7 v/cm, at 4°C for 24 hr. Samples were 

eluted by cutting out the appropriate bands and stirring in 0 ,0 5 k- 

phosphate buffer %)H 6 ,8 ,

3 .3 .4 . Preparative electrophoresis on the Porath column.

Electrophoresis on the Porath column A/as carried 

out on an LKB apparatus (Svensson, 195^6 , ad described by Bloemondal

(1 9 6 3 ).

Both Sephadex and cellulose were tested as supporting 

medium. Cellulose Avas found to give greater resolution, and
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consequently used .in all experiments. Of the buffers tested 

only tlie following were found to give successfu], results.

a) O.lM-tris + 0,004M-EDTA + O.OI5 M boric

acid pi I 8.0

b) O.lM-tris 4. O.lM-maleate 4- O.lM-NaOIl pH 7.2

Phosphate buffers were tried but produced spreading of the bands.

The size of the sample varied, but i/as never more that I5 ml, 

containing up to 10 rug protein/ml. The experiments were per

formed at 4o ina, 200 v for kO hr, the buffer being normally 

renewed once during this time, t/ater at 4^C was circulated in 

the cooling jacket. Samples were eluted in the buffer of the 

experiment at 7 ml/hr and analysed for protein spoctrophotoiuetrically.

3 .4 . Immunodiffusion and electrophoresis.

Antibodies to the major apo-units (A^ & C^) were 

kindly prepared from rabbits by Dr, G. Darlow, Department of Physiology, 

Bedford College. Ti/o standard metliods Avere used:

a) Six intravenous injections of antigen (a total 

of 10 mg in 1 ml of normal saline) were given at 3 day 

intervals, and left for 10 days before bleeding.

b) Injections of antigen (a total of 10 mg in

1 ml of normal saline) plus equivalent amounts of Freunds 

complete adjuvant, Â ere given subcuta.neously, at 6 sites 

in the posterior neck region. 3 :ng. of antigen were given 

intravenously as in 'a'.



I iniiuino diffus ion and electrophoresis was attoiipted 

in agar pels (pp.) on microscope slides, and cellogel strips 

(S)'iit]}, I9 G0 ) c Those systems w-ero tested using scrum all.)u:nin, 

ovalbumin and their respective antibodies.

3.3 Préparation of samples.

Duffer C'Aanges and removal of salts v/ere 

effected either by dialysis or gel filtration on Sephadex G.hp 

columns previously equilibrated witli the dcsi lod solvent.

Concentration of tlie proteins was usually achieved 

by ultrafiltration (Lecnett-Bailey, I9 6 7 ) or by removal of salt 

followed by lyophilisation. Samples containing urea, however, v/ere 

a problem, since the dialysis tubing containing tiie urea solution 

tended to sv,-ell and hairst under pressure. These samples were 

therefore concentrated by adding tlie required amount of dried 

lyphogel (a polyacrylamide hydrocel), and filtering after 3 hr. 

Concentration was also performed by forcing solutions through 

diaflo ultrafiltration membranes, either by hand syringe or under 

gas pressure ( 5 0  lbs/so. in.).

3 .6 . Enzyn’.e digests.

Enzyiic digestion with trypsin, or chymotrypsin 

was carried out using the insoluble form of the enzyues bound to



Sephadex (Pharmacia Ltd.), l.Cml of slurry contains the 

equivalent of 0 . 2  mg enzyme units, for trypsin and 0 . 1  na 

for chymotrypsin, Experiments i/ere performed in Nil, I ICO,̂

(i.lM, pH 8 , 6  at 27^C, for 4 hr and l6 hr. Prote in/enzyme ratios 

v'cj'c 1 ; 1 0 0  a second addition h>eino :!iade after 4 hir to the 

overnight sa-aplos, i.e. final ratios were 1 : 5 0 in these 

experi[.ionts, After incubation tlie enzyme was removed ]:>y 

filtering through cotton wool, the digested material was then 

either submitted to gel filtration, or crncentrated and dialysed 

for eloctro}jhoresis,

5*7' Composition of apo-units,

Auino acid analyses v/ere kindly performed by 

Dr, R. Dauinas at the Station marine d'Pndoume, Marseilles, on 

a Beclonan amino acid analyser, according to the method of 

Spackman et al., (1958). Samples (0.2 - 1 >0 mg) v/ere hydrolysed 

in constant boiling HCl in vacuo for 24 ])r at 105°C. Determinations 

of cysteine and cystine were performed on samples of the protein 

that had been oxidised by performic acid (Hirs, 195b). Errors 

were in the range - 0 . 2  - 0 , 5  /b residue weight.

The anino éicid content is expressed in tv/o ways:

l) As g anhydro amino acid per ICO g of protein ('4 residue

v/eight) .
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p.) As nuiiîber of residues per 100 residues (moles A) .

Expressj on of tJio coiaposition in terms of mole ,4 allows a 

more meaningful comparison between proteins, since the number 

of residues contained in 1 0 0 g of protein ivill depend on the 

particular residues involved. The individual apo-units were 

compared to the 'average protein' by expressing the occurrence 

of each amino acid in terms of the standard deviation of that 

amino acid calculated for the average protein (Smith, I9 6 6 ).

In this manner it can be easily seen wiiich amino acids are 

pi'esent in amounts diffeiaing fro;;: 'average' by more or less than 

one standard deviation. In ccIculating the standard deviations 

for the DJiiino acids in the'average protein', Sniitli considered 

8 0 proteins, and it is probable that as this list is increased 

the stendand deviation for the occurrence of each amino acid 

v/ill also increase. This i/ill have the effect of reducing the 

numbers of amino acids apparently occurring in abnormally large 

or small amounts. Typical proteins had 13 - 15 amino acids 

A/ithin one standard deviation of the mean.

Values for the average hydropliobicity (h^) were 

calculated from the amino acid analyses (Bigelow, I9 6 7 ). The 

number of residues of each amino acid present being multiplied 

by the free energy obtained from transferring one mole of the 

cuiiino acid from aequeous solution to ethanolic solution taken 

from Tanford, (I9 6 2 ) = -kTln ” ^^ee energy
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ciK'Uoĉ , R r;r;s cojistnnt, T “ to- norntu? e , i\ , 6: N,..,,U. liCi'j

ar<' soJ.u'jilxty ox the amino acid in o.thoncl ;rd i/ater respectively) 

The sr.,' c L' the vrluos ohtainod divided by the total nu,xbar ot 

3-csidues gives the rvcragc bydrophobicity (h%). This figure can 

ran CO fi'om 4 4 - 202(j cal/rcsiclue and is an indie.' t ion of the
stabilisation energy available to Lho protein through hydroxhobic 

interactions, host globular proteins l-ave value,s in the region 

of 9oO - 1200.

maximum value for the fractional charge Ixas 

also been calculated (Digelo-r, 1 9 6 /; .,'elscher, 1 9 &9 ) , from the 

ratio of the sxim of an'ounts of glutamic ._nd aspartic acids; 

histidine, lysine and arginine to tlie total number of amino acid 

residues, assuming zero amidation of acidic residues. The total 

number of residues for each ano-unit was estimated using the 

molecular weights derived from gcl-filtration studies.

An estimate of the lielical content i/as obtained

from the amounts of serine, threonine and proline, using data

provided by Havsteen, (1966). He suggested that tliore is an

inversely proportional relations ip between tlie amounts of these

amino acids and -b (from the Hoffit d Yang eouation). -b can o o
be related to the helical content by -b^ = (/> helix) x bpC (Urnes

£; Doty, 1 9 6 1 ). This relationship holds in proteins where no

other ordered structures, e.g. the {3-form, make a significant

contribution to b .o
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Bol ntoclncsK a'iong tlie apo-units war; tested for using the S IS ■.

method of Marc] lût on is C. ..'olti;ian, (iÇ/.l) . - (]{. . - Xij 'XT
wi’cro su])scri]jts i and Ic refer to different proteins and j to 

a particular runino acid, X being in residues /itO residues. In 

thei)' study of over IOC' proteins tlxeso worlcers found that 98%' 
of nni'olated proteins had Sjd M vaJ.ues greater than 100, v/hile 

most related proteins had values of less than pG altliough these 

figures may be exptcd to converge as the test samples increase.

The partial specific volumes of the pi'oteins ire re

also calculated from the anino acid content, assuming an additive

re 1 at ions hip, (Scliacliman, 1 9 5 ?) » î'̂i ~ V i/Psro V.M = 5'

by vreirjht of the as'ino acid V. is specific volume of the residue,

V is the oartial specific volume of the protein.P
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4__

4 .1 Préparât i o n of c- - c. r 11 s t ic va n j. n

4 .3.. 1 Extracbinn procedure

ïiic extraction procedure em ployed , was a 

modification of that used by tag a Inky 8 Ciieesiiian (1965) * Since 

large auantitios of jirotein were required, and the supply of 

lobsters i/as unlimited, grinding the shell in a coffee grinder 

became impracticable, and a rotary ball mill was used ( c a p a c i t y

5 l). This gi'ound the shell efficiently, but unfortunately could 

not be used dry as the finely ground shell became packed into 

'cement*. The sliell (5OC g) v/as therefore ground in the cold

in 4 1 of 0.3M~boric acid brought to pH 6.8 by the addition of 

solid tris. The presence of a buffer was necessary in order to 

prevent elevation of the pH by stiongly basic substances liberated 

during the grinding, (when ground in distilled water the pH rose 

above ll). The borate buffer also had the advantage over phosphate 

buffer in that it did not react with compounds in the shell 

(possibly calcium salts), and consequently did not solubilise 

the coloured proteins. This step acted as an initial purification 

since low molecular weight, ultraviolet absorbing, contaminants 

were brought into solution.

The ground shell was then filtered and incubated 

A/ith lÔ o EDTA, pH 7»5i as previously described (Jencks & Buten, 1964; 

Cheesman et al., I9 6 6 ). The extracted protein was precipitated
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from tlie solution by tlie addition of 35G g/l of

(5 0 / saturation). The sliell v/as reground and the procedure 

repeated until most of the bliie colour liad been extracted.

The pooled am; ionivuii sulphate j/recipitates were centrifuged, 

dissolved in water and dialysed against 0 .2M-],hosphate buffer, 

pH 7 .0 , to reüiove the more sti-ongly adsorbed impurities. This 

method was found to be a simple, more efficient preliminary 

purification than adsorption onto calcium iihosnhate gel (Zanalslcy 

o; Cheesman, I9 6 5 ), as the initial borate extraction procedure 

removed most of the loi/ molecular wcigiit contaminants.

The ci'ude protein which came straight through the 

DEAE-cellulose column was concentrated, and further purified 

by the follov/ing methods.

4.1.2: Gradient elution from DEAE-cellulose

Gradient elution from DEAE-cellulose was performed 

as described in section 5»2.1. Colurnns of 1.8 x 4o cm and samples

of protein containing no more tlian 5OO mg were used. Gradients
_ , / -v/v where v = 1 litre,were of the logarithmic type c^-c/c^-c^ = e 2 2

c^ = 0.005M“(P)j Cg = 0.05M“(P). After 4O0 ml c^ was changed 

to Ü.2 5 , or 0.5M-(b). A typical spectrum is shown in fig. 2, and 

spectral values for the individual peaks in Table p.

4 .1 . 5  Electrophoresis on the Porath column

Electrophoresis on the L.K.B. Porath column was
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Fig 2.

a)

Fraction no.

Purification of a-crustacyanin.

b)

Purification of o-crustacyanin by gradient elution from ÜEAE-cellulose. 
Buffer - phosphate pH 7.0, 7ml/hr. Fraction vol = 5ml 
Purification of o-crustacyanin by column electrophoresis.
Buffer - tris/borate i)H 8.5, 20Cv, 50ma, 36 hr. Fraction vol = 3ml.



c arr ied  out in 0 .Iri-triu-i-nloato, pfl 7 . ,  or C-. Ij [-tris-boratc , 

pll ris (lescriVr u in section 3 «J;« . Saj'.ples conlainino .It'O

inn ni'otc.i n r'oro used in a volunio not orceodinn Id m l , ond run 

at tO-i'jC ilia and iOO v for a6--4d lir, tlio coo.lin;; rnitor beinn lopt 

at 4^C. The colun n was eluted in the same buffe r at 7 ni]/hr 

the rate boinç; controlled by a. peristaltic piunp at tlto top of 

the coluian. he it t o o k  roue tine to settle to this rate of f 1 or-, 

some s]>re ding of the bands \:as i n e v i t a b l e. A typical elution 

pat ter n is given in fig. 2, and t a b u lat ed in Table 3.

4,1.4 Stepwise elution frou DEAb“Collulose

Stepwise elution from DZAS-cellulose was employed 

for large aanounts of material (see section 3*2.1). Columns were 

used so til at in 0.13 M-(P)pH6.3 tlie a-crustacyanin saturated 

3 0 -7 0 % of the column. Columns of 3*3 x 30 cm can comfortably 

support 0^3g of protein. Samples wore applied in 0.03H-(p) 

buffer, pH 7*0, and washed with several volumes of this buffer to 

remove any p-crustacyanin. Although the cellulose below the 

a-crustacyanin 1 a.yer became paler after the elution of the T- 

crustacyanin band, continuous formation of p-crustacyanin from 

the adsorbed protein was evident. The column was then washed 

with 0 , 1 3  M-(P) to remove the Y-crustacyanin. Some colour was 

left on the cellulose which could only slowly be eluted, even 

in 0 . 5  M-(P), but the majority could be brought into solution 

if let overnioht in 0.5 M-(P). Losses of this sort were possibly



pu -

)1]> to 20', ', and tncroascu witli the on-oimt of tin.o the : rote in 

was adsorbed onto t)io DObb-ccllulose. Typical results are 

given in Ted'le 3,

;oroceduros :

TADLÜ

Comparative results of tlie tliree purification

I a
!    _ _____

!I

I
■ T^üiax Tv ni a
I
! 632 0.32i

6 2 b 0 . 3 9

632 0.34

T

%%Ü0 / I g2 8 0 /
TViiiax  ̂ TVraax | Ama.x max

395 0.30 

690 0.34 

380 0.90

623 0.32 
603 0.32 

612 0.43

methods

For at l i col urnn 

gradient elution 

stepwise elution

4 .1 .3 . Comparison of the different procedures

Preparations varied greatly in the relative 

proportions of the different forms of the crustacyanins. The 

largest amounts of a-crustacyanin were found in preparations 

using the tail segments and legs only, and the smallest, using 

sections of shell from the abdomen. These often appeared brownish- 

red, e s p e c ia lly  in some of the lobsters which had died some time 

before freezing. Degradative enzymes would be present in these 

preparations, and may have helped to disproportionate the ratio 

in favour of the (3- and y-forms.



From tlie data 5n Table 3 it would appear that 

the 0.-crustacyanin prepared by co.lumn electrophoresis is the 

most pure, but the values listed for t),is method, as with that 

of gradient elution are those of the pooled peaJe tubes, whereas 

those for tlie stepwise method are those of the wbole fraction. 

Stepwise elution was found to be tlie most reliable method of initial 

purification and gave the best recovery, especially for large 

amounts of material, and was routinely ei'iployed.

The a-crustacyanin was usually stored in this

state of purity under 50% (Nib ) SO, and further purified eitherT 2 ‘k

by column electrophoresis or gradient elution, before use. Since 

the order of elution of the three proteins is different in the tv:o 

methods, being o:-,(3-,Y- on tlie Porath column and p-,T-,a- on 

DZAF-cellulose, the choice of method was dictated by the particular 

contain in cint present.

4.1.6 Homogeneity of preparation

a-crustacyanin, prepared as outlined above, had

similar characteristics to that previously recorded in the

literature i.e.% 6 3 2  nm, g^Bo/ 6 3 2  and moved as a singlemax
band on cellogel electrophoresis at pH 7.0 and pH 8.35, although 

at pH 8.33 especially on overnight runs in starch gels, it was 

often contaminated with some p-crustacyanin, presumably formed as
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a j'C'SLilt of the high pIU

The pirotoin was tested Tor homneeneity by comparing 

saiplos talcen from tlie leading and trailing sections of tlie 

o -crustacyanin band from (a) Sophado;-: G-200, and (b) DhA-cellnl ose 

gradient el niion in phosphate buffer pH 7*0, and (c) column 

electrophoresis in tris-maleate buffer pH 7»?-* The results are 

shown in fig. 5* These samples were applied to starch gels, 

pi! 7"G and 6 H-urea-starch gels, pH 8*35» The gels were stained 

u'ith amido-schwarz and cleared as described in section 3 »3 » 1 »

The urea-gels were scanned and the proportion of each sub-unit 

estimated by integration of the area under each peaJv, No separation 

of a-crustacyanin into proteins of different mobility was observed, 

and their sub-unit composition vras identical*
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l . a ) b)

i  i i  i i i  i v  v

2.a)
i  i i  i i i  i v  v

b )

i  i i  i i i  i v  v v i

I
##

1 11 1X1 IV V VI

F ig  3» Homogeneity o f  a -c ru s ta c y a n in  p re p a ra t io n s ,

1 . x lle c tro , h o re s is  on a) s ta rc h  g e l,  and b) 6 M -u re a -s ta rch  g e l o f
6 f r a c t io n s  ( i - le a d in g ,  to  v i - t r a i l i n g )  o f  a -c ru s ta c ja n in  ob ta in e d  
b j e le c tro p h o re s is  on a P ora th  column,
0 . 0 4 M - b o r a t e  b u f f e r ,  pH 8 , 3 5 ,  lO m a / g e l ,  5 G 0v , 4 h r , w i t h  p e t - e t h e r  
c o o l i n g ,

2 , E le c tro p h o re s is  on a )s ta rc h  e l ,  and b) b H -u re a -s ta rch  g e l o f  
i - le a d in g ,  i i - m id d le ,  ... i i i - t r a i l i n g  f ra c t io n s  o f  a -c ru s ta c y a n in  
from  g ra d ie n t e lu t io n  on D E a E -c e llu lo s e , and, iv - le a d in g ,  v -  
m id d le , & v i - t r a i l i n g  f ra c t io n s  o f  a -c ru s ta c y a n in  from g e l 
f i l t r a t i o n  on Sephadex ü .2 0 0 ,
0 .ü4M -bora te  b u f f e r ,  pK 8 . 3 5 ,  3m a/ge l, l l O v ,  l6 h r .
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■4,2. 1 re iV rat ion _of '-Fp-vmits,

A heterogeneous mixture of sub-units is obtained 

on incubation of a-crustacyanin in 6 M-urea, or on removal of 

tlie carotonoid v/itli acetone. Electrophoresis of this mixture 

normally gives five bands, 3 anionic and two cationic at pH 8 .3 3 . 

(Checsman ot al., 1966 and fig, 3» lb). Seiiar at ion of these five 

sub-units can be achieved by a combination of chrornatography on 

DEAE- and CM-celluloses.

4.2.1. Preparation of apo-units liy removal of the caroteneid

witli acetone.

The carotonoid was removed by treatment with 

acetone made 0.03 in KCNS, as described by Cheesman et al.,

(1 9 6 6 ) . In order to preserve the integrity of the apo-protein 

as far as possible, all operations were carried out at O^C, and 

the protein was precipitated with acetone only three times.

0.02 M phosphate buffer pH 6 . 8  was also used, in place of the 

KCNS, but traces of apo-protein were lost into the solvent. The 

precipitated protein was centrifuged down, and dissolved in

0 . 0 0 5  M-phosphate buffer, and the acetone was removed, either 

by dialysis against the same buffer, or by gel filtration on 

Sephadex G. 23, previously equilibrated with O.OO3 M-phosphate 

buffer. In later experiments dialysis was used although taking 

longer since, if present in large anounts, acetone altered the 

characteristics of the Sephadex and caused irreversible adsorption 

of the protein. The apo-protein was concentrated by ultrafiltration 

before chromatography.
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Chroi.îatograohy on DEAE-Seji.odcx and DEAK- 

ccl.lulo.se was attcmintou * The ce.llnlo.se exobanger was nrcf e.rrod 

as the Soph a cl ox gave v e r y  low  .flow r a t e s  in tlio lo’.c ionic 

s t r e n g t h  Iniffors r e q u i r e d ,  and therefore incurred greater 

losses hy irrcve.r.sible a d s o r p t io n .  Both tris, and phosphate 

b u f f e r s  wcno tried initially for the elution of the protein.

Phosphate buffers were found to g iv e  b e t t e r  separations and 

w ere s u b s e q u e n t ly  u s e d. The gradients employed vvcro of two 

ty p e s  :

a) linear from 0 , 0 0 5  M to O.O7M in a total effluent 

volume o f  1  litre, and then to 0 . 2 5  li in another 

litre

b) logarithmic, starting \.n.th 1 litre o f  O.OO5  M 

buffer in the mixer and 3^0 ml of 0.1 M and then 

G*3 M in the resevoir. (see section 3 »2 .l).
A

Similar results wore obtained using both methods. Four pealcs

w ere e l u t e d ,  as shown in  f i g .  4 a ) ,  i n  th e  a p p ro x im a te  r a t i o

i  : i i  : iii : iv = 4 ; 2 : 4 ; 1 . 5 . This ratio varied slightly

depending on the length o f  the column and the age of the preparation.

Then the protein from each peak was pooled and concentrated,

and submitted to starch g e l  electrophoresis in borate buffers

pH 6,33 (section p.p.l) th e  results were as shown-i in fig.4b)

The first pealc to bo eluted (i) which was unadsorbed by the 

DEAE-ccllulose in 0.005 M phosphate b u f f e r ,  consisted of the
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ii iii iv i
Fig 4. Separation of apo-units 1.

a) Separation of apo-units by gradient elution from DEAE-cellulose 
after treatment of a-crustacyanin with acetone.

b) Electrophoresis of fractions obtained in a) on starch gel.
3 ma, llOv, l6hr.
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two catholic fractions, The other n^cks (ii), (iii),

(iv) wore olutod by aprroxi^aCcly U.GI3 0.0% H and O.O3 n 

phosphate buffer respectively. These were electrophoretically 

pure and consisted of the three anodic sub-units A^, and A_ 

respectively. In  soue preparations the A, fraction split into two 

components. Those liavo been partially separated by gradient 

elution from Db/dv-colluloso using the normal gradient for separation 

of apo-units as outlined above, and are assumed to be conformational 

isomers, perhaps formed in preparation of a-crustacya.nin on 

ageing. (fig 3 2b)»

3.2.2. Preparation of apo-units b.y treatment with 6 11-urea.

The sub-units have also been prepared by incubation 

of a-crustacyanin with 6 M-urea. These can be separated on DibVd- 

cellulose with the same buffer gradients as above (4.2.1), excej)t 

that 6 M-urea must be included in all buffers so that the protein 

is kept in solution. The astaxanthin is adsorbed at the top of 

the column. Four peaks are eluted, which, when subjected to elec

trophoresis in starch-Gl'l-urea gels, appeared to consist of the 

sajne apo-units prepared by the I'emoval of the carotene id with 

acetone. The results are shown in fig 3*

4 .2 .3 » Separation of the cationic apo-units.

The first fraction eluted from DEAE-cellulose 

was concentrated, dialysed against water and applied to CM-
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b) A,
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Fig 5. Separation of apo-units 2,

a) Separation of apo-units by -radient elution from OEAE-cellulose 
after treatment of a-crustacyanin with CM-urea.

b) Electrophoresis of fract ons obtained in 'a') on urea starch gel 
2ma, 130v, 17hr.
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t7s>.lIuio*ü colirrmp A fairly Mtccp gradient uara &zp&oy«d <•«

ÎaK) ü'i H o irï and AüO m2 OeO/ H rhoKpha,to buffer In tîv&
rcsor^âr for linoor Gradient#* or 1 litre n^O Sn the rizor and 

500 wi Uel5 H phosphate buffer in the rea^voir for logarithmic 
<jradic-r-t»c Roaultn of chroiiato^urcphy on CM^coIIulofia colw:&üïs 

are eUovn in fi#, 6a m W  eonmint of tvo separate fractlonug 

one? (i) yreate-r than the other (ii) hy a factor of 3« KloctrO' 

nhoreeil» of thoBO fraction# on starch gels 8ho#ed ihea to be 
electrophoralicaliy puro* and to be composed of C & C. 

respectively, (ae« fi g © 6b)©

The individual Apo-units bars- been named
C^g C^, aa Indicated in the following diagrisB:

Anod®

h

4W«vrJü35i%-jpî«ss*waJfc#> O rig in

Cathode

The aub-units provent In yreatGat ô ioimts arc C & A,, and are1 **
referred to as the tiajor apo«imltSo
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Fig 6. Separation of cathodic sub-units.

a) Separation of apo-unit fraction not adsorbed onto DEAE-cellulose by 
gradient ^lut ion from CM-cellulose.

b) Starch gel electrophoresis of fractions obtained in 'a'), plus 
i = sample before separation.
3 ma, llOv, l6hr.
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0 = ’i- » IVe parnt:! on of f.roo-pri:lt.s l.-y ni torat^no in p,H»

Attempts were ni so made to clisrinit the carotonoid- 

protein linkage l>y altering the pH. On the addition of acid 

or a Deal i, the absorption maxiauun of o.-crnst acycmin alters to 

or 4O0 nm respectively, (Jencks 0 Buten, 1964).

Solutions of e;“Crnstacyanin ( 10 mg in 3 ml) , v'ere

brought to pH p.S vrlth 0.2 I-acetic acid, and kept at pO°C for

1 hr, (a milder treatment of dialysis against 0 . 2  M-acetnte buffer

pH 3*3 in the colc', overnin’it, resulted .in a purple product -

üiainly p-crustacyanin). The solutions turned a brounish red

Tv 440 nm, but the carotonoid remained in' solution, presumably' max
still attachicd to the protein. In this state the astaxantl^in was 

only partially removed by a.dsorpcion onto DBAc-cellulose (normally 

a good astaxanthin absorbant), CaCO^, or supercel« On neutral

isation, the effluent from these columns regained a blue colour,

Avitli a broad adsorption maxima from GOO - 633 nm. A yellow band 

which remained attached to the top of a column of supercal was

eluted with C.l k-NaoH and had a ̂  of 400 nm, h'hen concentratedmax
and electrophoresed on starch gels this band stained only faintly 

with amido-schAvarz.

In order to raise the pH, 0.1 N-NaCH was added 

slowly to solutions of a-crustacyanin (lO mg/3 ml), until the 

pH reached 10. In some experiments the pH vms taken to 10 by the 

addition of solid tris. After 2 hr at 37°C of the solutions
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was 4<JÛ nm ]>nt with  C: sho u ld e r at HoO re;, The carotene id 

w a s  not adsor be d  by Ca.CO,,,, alunina or suncrcel. On  noutralisati o n , 

concentration and. analysis in urca-starcli gels, it A/as apparent 

that the f ive apo-units luad all been .i'ormed.

‘icl filtration studies on the apo-units.

The raolecular A/oifiht estimation for the a pro

traction as estimated by gel filtration on Sephadex G.73, is 

similar to that found by sedimentation and diffusion of 2 7 , 0 0 0  

(Cheesman 0- Zagalsky, I9 6 6 ; Jencks & Bucirwald, 1 9 6 8 b) o The band 

eluted from Sephadex 0.75, however, if divided into three fractions, 

is found to partially fractionate the apo-units. Then concentrated 

and subjected to analysis on starch gels, the leading section is 

found to be composed mainly of apo-units , and the

trailing section contains mainly & A , as shoA/n in fig. 7a.

The apo-units were therefore subjected to gel 

filtration separately in order to achieve an estimation of the 

individual molecular weights. The results, given in fig. 7 b, 

are the averace of 3 estimations. Each sample was run with
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l . a ) b)

'28ü

l.ü 11

0.8

0,6
111

0 .4

0.2

0.0
40 6050

2.
F ra c tio n  no.

lo g  m. w t.

1 111 11

^̂ 2

"l
c_.

8 j@ k^er. a lb

CL&C

Cyt.C4 .0
8060 90 100 11070

E lu t io n  v o l .  (m l)

F ig  7 . Gel f i l t r a t i o n  s tu d ie s  on a p o -u n its  us ing  oephadex G .75.

1 .a ) Crude f r a c t io n a t io n  o f  the a p o -u n its .  O .lH -phosphate b u f fe r
pH 6 . 8 , f r a c t io n  v o l .  2 .5 m l, bed v o l .  1 .8  x 98cc, f lo w  ra te  7 m l/h r .

b) Samples, numbered as in d ic a te d  in  'a * ,  subjecced to  u re a -s ta rc h
g e l e le c tro p h o re s is .  0 .04M -borate  b u f fe r  pH 8.35» 3 -a . l lO v .  1 6 h r.

2. Gel f i l t r a t i o n  es tim a te  o f  m o lecu la r s iz e s  o f  a p o -u n its .
O .lM -phosphate b u f fe r  pH 6 . 8 , f r a c t io n  v o l ,  2 .S m l, bed v o l .
1 .8  xcQcc, f lo w  ra te  7 m l/h r . S tandards; cytochrome C. and serum album in
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serr:i albumin as standards. ,stiuntes nf uolecnlnr sizes 

bave been ua^e fre.i the riot of in,. :iol, ^t. aeainst elution 

velirte, and are riven below; they are the averages of five 

esti.,i«. tiens -

np'o-vinit C, C J v

mol. v/ t.

1 2 1 '2 ^3 
2 2 , 0 1 5  2 2 , 0 1 5  2 2 , 7 5 0  1 8 , 2 1 5  1 9 , % 2 0  

+ Oou t Goo + ^uCO - 800 - ÜOO

4 .2.6. A'sine acid analyses of the arg--units

/aino acid analyses of the individual apo-units

være performed as described in section 5 .7 * The results are

listed in Table 4, in terras of a) g amino acid per ICG g of

protein and b) residues per 1C>0 residues (cf. section 4.2.5)•

TJie compositions of & 4^ are graphically compared in fi:;. u,

tlio ordinate being the amount of amino acid in moles b̂, and the

abscissa the individual amino acids, from left to right in descending

order of occurrence in . The 'relatedness' of the sub-units

is found by the S A Q  method of liarchaionis & V.'eltuan, (1 9 7 1 )

(cf. section 3.?.). In Table 6 , the composition of the apo-units

has been compared to that of the 'average protein' (Smitli, 1 9 8 6 )

in terms of the standard deviation of their ariino acids (section p.?)
2 1 5Proteins are coded e.g. 10 ’ ’ where 10 refers to the number of1 » 2

amino acids occurring within one standard deviation of the mean.

The superscripts refer to the number of amino acids occurring with 

a frequency greater than the mean plus one standard deviation,
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TABLE 4

Amivio acid co;,iposition of the suL-i'uits.

hi
a 1, ci b b a b a b

arg 4.8 p.3 4.6 3.4 4.0 5.0 5.2 5.1
lys ( r- 

i i  f U 7.7 8.0 7.1 7.1 6.3 6.3 5.6 5.4 c8
ills 1.7 1.4 1.2 1 .0 1,3 .1.1 2.4 2.C; 2.2 1. ...
asp 14.] 13.5 15.2 14.7 16.3 15.9 12.4 ,12.0 12.9 1 2. 5
g lu 10.6 9.2 10.9 9.6 ■ 10.0 9.2 10.6 9.6 11.7 10 .3
thr 4 .8 4.3 4.8 5.2 5.1 5.5 7.9 8.6 7.5 7. 0
ser 6.5 7.9 6.9 8.5 5.8 7.2 6.4 7.9 6.1 7. 5
pro 4.4 4.9 . 6 5.2 4.8 5.4 5.0 5.6 5.4 DoC'

gly 3.8 6.3 3.6 6.2 3 . 5.5 2.9 5.0 5.4 5.8
al a 6.3 9.0 5.5 7.7 4.9 7.2 6.9 10.0 7.5 10 .9
val 4.5 4.9 3.5 5.9 4.7 5.2 6.9 7.6 7.0 7« 1

lie 4.9 4.8 4.2 4.2 4.4 4.4 5.6 5.6 5.5 5
leu 7 » 1 6.9 6.5 6.4 6.8 6.8 2.5 2.5 2.5 2.5

cys 2.7 2.2 1.8 1.9 tj. . , 1.8 1.3 1.9 1.8 1.9
met 0.6 0.5 0.2 0.2 tr tr 0.5 0.4 0.7 0 0 8

tyr 7.8 5.5 9.2 6.6 110 2 8.1 9.9 7.1 9.0 6. 4
plie 8,5 6.4 7.9 6.2 8.3 6.5 8.7 6.8 0.9 6.9

tryptophan wos not determined

a. g amino acid per ICO g protein

b, residues per 100 residues

figures are an average of two preparations

TABLE 5

Reliatedness of the a];0-units

4 3 5 h  4

4 0

3 8 0

h 9 23 0

4 57 46 57 0

4 52 50 64 4 0

figures are SA O values (Marchalonis & Iveltman, 1971 section p.?)
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:o:irari3 on of the amino acid composition of the apo-units to 

the 'average protein' (omith, 1 9 6 Ô) -

leu
val cys
gly ilo
tlir t-1 a.
glu I'l'O jihe
his ser tyr
arg 3. vs

leu

cys
ilc
a.la
pro

val ser
fly thr phe
his glu tyr
arq Ivs as u

-1 0 +1 +2 +3

-leu
val cys
ala ile
gly pro
glu ser phe
his thr tyr

met arq lys asn
—2 - 1  0 + 1 + 2  -t3

cys
val

ile ala
gly pro
glu ser

met lys asp tyr
leu arg his thr phe

—2 —1 O 4-1 +2 -t-p
A

met

cys
val
ala

ile pro
gly ser tyr
lys glu thr
arg his asD

0 4-1- 2  - 1  O 4-1 + 2  + 5

Cod<

ract arg lys as£ _ _ 1 3 -̂
-i 0 -i-i" ~ "+'2 ~ T5 ^

met arcs lys asp 13'̂1

_-3

1 2 !'!

5 1leu arq his asu phe 1 3 .’1

Histogrms of amino acid composition, numbers refer to standard 
deviations. For further details see text. (Smith, I9 6 6 ),
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TAhI,E 7

c.. h "l
T o (; a 1 no. o T rc s i c 1 u o s 1 7 2 171 175 1 5 9 1 5 4
Fean residue v/cûght 12o 129 130 1 3 2 1 2 9
j\verage hydro ghohic,i ty (::$) IICO lion 1150 9 5 0 8'i(.i
F r a c t. ion al ch a r g o 0.35 0.56 0 . 5 6 0.:32 C) . 5 2

^ helix 25.3 25.8 24.5 1 9 . 5 2.0,6
r.ai'tial specific volume (v) 7 1 . 2 72.5 7 1 . 8 7 1 . 6 7 1 . 5

asp ala glu thr ser val tyr phe lys pro gly ilc arg leu his cys met

Fig. 8. Comparison of the amino acid composition of the two major apo-units

_ _ _ _ _ _  Numbers are in moles /o.



<;.(•. 2 botvv'cn 1 2. 2 standard d vi, tiens, 1 bo two on 2 A 5

standard deviations and 5 between 5 d 4. The subscripts are similar 

but refer to nu. bors o:i omino acids occurring with a frequency

of a CCI'tain mr.bor ox standard dovirticiis les t.bm the ixccn. 

(^mith, 1966 cud section b.?). Tcbdc ?, shows the total number 

ot a.rdiio acids in each sub-unit, calculated using the molecular 

weight derived tro;,i cel filtration (section 4.2.>) and the cvxxrgaje 

residue v̂ ci'̂ ht. Values for tlie helical content, calculated from 

tlie serine, threonine and ju'oline content (havsteen, IQtb and 

section b.?), the average hydropholrlcity and fractional charge 

(hi cel O'.y ltd?) , and partial specific volume (Schach;;an, 1 9 5 7 ) 

a s d e s c r i b e d i n s ectio n 5,7» J ' e g i v c v \ a Iso.

The cno-units were also subjected to electrophoresis 

in Gi.-urca-starch gels containing O .C5K-!nerca,ptoethanol. Tlxe 

tris-FDTA-borate discontinuous system, pH 8,55 gave the best results 

of those buffers tested (section 5.5.1)* Good separations were 

obtained at this pH, altliough the apo-units moved with less 

mobility than in Gli-urea-starch cels containing no mercaptoethanol, 

the fractions also tended to precipitate out into the gel

slots. Formate buffers være therefore tried, as no precipitation 

occurs at pH 5*5, (I'oulik, 19bC), but the apo-units are not 

sufficiently separated at this pH. The results, shovm in fig. 9, 

show- the separations obtained in a) a Gm-urea-starch gel and

b) a uH-urea-starch gel containing O.G5H-mercaptoethanol. The 

apo-units remain as unique entities under the above conditions, 

and have no tendency either to isomerise or to split into smaller 

sub-units.



a)

t

t

f

b)

^2 ^1+2 ^1 ^2 S

F ig  9 . E le c tro p h o re s is  o f  A p o -u n its ,

a) ü M -u re a -s ta rch  g e l.  T ris -E D T A -bo ra te  d is c o n tin u o u s  b u f fe r  
pH 8 . 35 , 110V. 3ma. 17h r .

b) 6h -u re a -s ta rc h  g e l c o n ta in in g  0 . 02H -ir.e rca p tce th a n o l.
A p o -u n its  in cuba ted  w ith  O .O O B M -d ith io th re ito l f o r  4h r be fo re  
e le c tro p h o re s is .  T ris -E D T A -bo ra te  d is c o n tin u o u s  b u f fe r
pH 8 .3 5 , l lO v .  3ma. 17h r.



4 .2.7 Tests for roi at .i cm'.-i"' V-otwoco t'æ ri-.-n-uv.it--, oy 

;ol.o- ic cj tochni "jæs .

Antigens to th.e major apo-units (C^ G Â .) were

rroparod froxi guinea ,/igs as described in section A.4. The sérum 

from three anir.ials (lOO ml) was pooled and the T-globrlin fructions 

wroro pnriiioci on Del'. f. -cellulose (section 5.4) and con tent rated to 2 ml. 

Electropliorosis of the serum befoie and after purification of the 

Y-global in fraction is Siiovn in f i'. 10 a. Two extract d ons with DlOdi- 

cellulose c n be seen to remove all other fractions. Very little 

Y-globnlin is lost during this purification as washing the Db.. 1- 

cellulose v'ith ..ore buffer does not recoup much, Eo precipitin 

lines could be observed in sJr.iple diffusion experiments in agar 

eels when the antibodies were tested against pure apo-units at various 

concentrations. Serum pi'epored against B.5.A. gave clee_r precipitin 

lines vdien tested with B.S.A. Diffusion experiments were also 

atterapted in cellogel strips, as this is a more sensitive method, but 

no precipitation could be detected.

The molecular weight of the apo-units has been 

estimated to be approximately 2C,0C0, vdiich may be too small to 

form precipitin lines, even though a soluble anticen-antibody complex 

may be formed. In order to deter,.ine the formation of such complexes 

the apo-units and Y-globulin fractions both separately and nixed, 

were subjected to electrophoresis in cellogel strips, using veronal 

buffer pH ?.&. If any reaction were to taJce place between the antigen 

and the Y-globulin, the mixture should have a band vihich migrates
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i ii iii iv ▼ Ti

b)

tü9 #  e

e# 19
♦  #  ••

F ig  ]0 . Im m unoe lec trophores is  in  c e l lo g e l s t r ip s ,

a) E le c tro p h o re s is  o f  whole serum and p u r i f ie d  y - g lo b u lin  f r a c t io n ,  
i i  & i i i  whole serum, v i  yG f r a c t io n ,  i n i t i a l  p u r i f ic a t io n ,
V yG 2nd p u r i f ic a t io n ,  i  & v i  DEAE w ashings,
0 , 051-v e ro n a l b u f fe r  pH 8 ,0 , 0 , 8ma/cm, 13v/cm . 1 .5 h r ,

d) E le c tro p h o re s is  o f  y - g lo b u lin  f r a c t io n  and in a iv id u a l  a p o -u n its
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with a different mobility to ti.s individual co..r;oncncs. This 

was not f.vuîkI to V>o the care with the anodic sub-unit;.., as shown 

:! n fig, 1C' i>) . a decision on the ciLs lit y o : toe cathodic a o-units 

to com'cl ex wi th antibody was i.;oro c-if.fi cult to asses.-, as tliey 

laierato \/itîi the sane i.iob : lity as the Y-global i n fraction at this 

nil, and the latter being such a diffuse band might obscure any 

new] y .formed bancbs. alteration of the ub of the experiment was 

not feasable as reaction between the anti en and antibody nor.ally 

only occur.s between pH 7.0 & 8.0.
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!L” 1." l-iGCom].)lnntiô n cyperiiuonls «

4 o<-l« Hocoml>ir)ations v.'itii aataxanti'. i.n®

Recombination of apo-protein with astaxanthin 

wan attempted using the method of Lee & Zagalsky (I9 G6 )» The 

good yields (90/ci) of a-crustacyanin reported by these worleers 

were not, however, obtained» Most of the apo-protein did 

recombine (95aO , but the majority ( 6 0  - 7 0 /j) was not adsorbed 

onto DEAE-cellulose in 0*0.5 M-phosphate buffer pH 7»0. Gel 

filtration on Sephadex G*75 showed the product to be mainly 

of p”crustacyanin size, with pui absorption maximum of 5 9 0  nm.

On electrophoresis in starch gels, the [i-crustacyanin formed 

by this procedure appeared to contain all the normal components 

of this fraction (see section 4*4.)* In an attempt to obtain 

greater yields of a~crustncyanin the procedure was varied in 

several ways :

Ice-cold a-crustacyanin (10 mg/ml) was precipi

tated with a 2 5  fold excess (v/v) of ice cold acetone, containing 

either 0.05M-KCNS or 0 *05M-phosphate buffer pH 6.8 as described 

in section 4.2. After centrifugation, the protein was redissolved 

in the salt and reprecipitated with acetone solution. This 

precipitation procedure was repeated not more than twice to 

avoid dénaturation, although approximately 10% of the carotenoid 

still remained attached to the protein. The acetone was removed 

from the final solution either by dialysis overnight, or by 

passage through a Sephadex G .25 column previously equilibrated
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0.05M-(p), The residual a-crustacyanin was removed by 

adsorption onto DEAE-cellulose in 0.1, or 0.05M(P). The final 

volume at this stage was approximately 10 ml. Recombination 

experiments were carried out in the following manner :

Astaxantbin dissolved in acetone, containing 

either O.O^H-phosphate buffer pH 6.8 or O.O^M-KCNS (20 mg/ml) 

was added (1 ml) either to the protein solution obtained above,

i.e. in 10 ml or, alternatively the protein was concentrated 

to 1 ml prior to the addition of the carotenoid. In the latter 

case the solution was immediately diluted to 10 ml with 0.05M-(p) 

and dialysed against the same buffer. Until all tlie acetone had 

been removed the dialysis v.̂as carried out at 0°C, after which 

the protein was dialysed either at 4°C or at room temperature.

The higher temperature might be expected to encourage the 

formation of hydrophobic bonds, which presumably hold the 

a-crustacyanin molecule together. None of these variations 

had any effect on the amount of a-crustacyanin formed, which 

remained in the region of 10 - 30% of the coloured product.

Good yields 80 - 90% could, however be obtained if the 10%

residual astaxanthin remaining after the apo-préparâtion was

not removed by DEAE-cellulose chromatography prior to recombination.

4 .3 .2 . Recombinations of apo-crustacyanin with synthetic carotenoids

Although the ability of the apo-preparation to 

combine with astaxanthin was unaltered, only its ability to
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polymerise to a-crustacyanin being climinished, it was thoun}it 

to be suitable for recombination experimenis with synthetic 

carotenoids. It is realised that if these carotenoids possess 

a limited ability to polymerise to a-crustacyanin sized molecules, 

this v:ould possibly go undetected in these experiments. However 

in similar experiments using naturally occurring carotenoids, 

only astaxanthin was found to give rise to an aggregated 

product (Lee & Zagalsky, I9 6 6 )»

Recombinations were initially performed with 

the carotenoids dissolved in acetone, as described for 

astaxanthin (section 4*3.1*). This was found to be unsatisfactory 

in many cases as several of the carotenoids were only sparingly 

soluble in this solvent. All were soluble in CHCl^ and CH^Cl^, 

and the following variation was introduced using these two 

solvents.

The solvent (CHCl^ or CH^Cl^) was first washed 

with NaCl to remove any free IICl, and dried over anhydrous 

Na^SO^. The carotenoids (O.l - 2 mg) were dissolved in 1 ml 

of the solvent and spread onto filter paper which had been 

previously soaked in EDTA, washed with distilled water and 

dried. The solvent ŵ as completely evaporated under a stream 

of nitrogen, leaving the carotenoid spread in an even layer 

on the surface of the paper. The apo-protein solution was 

added (approximately 5 mg in 5 " 1 0  ml 0 .0 5 M-phosphate buffer
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pli 7»(>) . TJio f ilter ]>nnc;r was na. ,hcd \.'iti! a glass rod and 

tlio mix hire allowed to stand in the cold, with intormitont 

sliatcinn, for 24 - 4o iuw Tiio coloni'ou saainlcs were thon passed 

through CaCO^-supcrcel (l/l,w / c o l u m n s , equilibrated witli 

OolM“(h), in order to remove free c'.rotenoid. The solutions 

were then concentrated and applied to coluains of Sephadex 

G <,75* The effluent pattern obtained from tl;ese experiments 

is given in figs 11 ?■ 12. The ar.iount of apo-nrotein remaining 

gives an estimate of the degree of recoinbinaticni that has occurred. 

The results of the recombination experiments are given more 

fully in Table 8.

There appeared to be no differences in the 

products produced by recombinations performed by the two methods 

for the majority of the carotenoids, except that yields were 

better for the CHCl^ method, presuiuably due to increased 

availability of the carotenoid to the apo-protein. Astaxanthin, 

however, when tested by this method gave rise only to p-crustacyanin 

On removal of the carotenoid with acetone and analysis by thin 

layer chromatography on alumina (section 3.2.2) the carotenoid 

appeared to be 90% astacene. Recombinations with hydroxyl 

containing carotenoids were therefore %ierfonned with the polyene 

dissolved in acetone.
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sample0.8

0.6 BSA

0.4

0.2

0.0
30 50 70 90

b)

Effluent vol. (ml)

0.8

0.6

BSA
0.4

ijplesam
0.2

apo
0.0

30 50 70 90

c) d)
0.80.8

sample

0.6 0.6
apoBSA

0.4 0.4BSA ample

0.2 0.2
apo

0.00.0 L 50
Effluent vol. (ml)

Fig 11. Gel filtration, on Sephadex G.75, of the recombinedproducts of apo-crustacyanin and synthetic carotenoids.

All samples were run in O.lM-phosphate buffer, pH 6.8 with bovine 
serum albumin (BSA), in a total vol of 1ml. Fraction vol. 2.5ml, bed vol. 1 .8x80cc, flow rate 7ml/hr. —  280nm --- 580nm.
a) astaxanthin b) astacene c) canthaxanthin d) astaxanthin 
methyl ether.



) 0.4

apo
0.3

E 0.2

excluded0.1

0.0
0 4020 60 80Effluent vol. (ml)

b)
ser.alb4.8

4.6

log m wt
4.4

4.2

cyt.C.
4.0

806050 9070Elution vol. (ml)

Fig 12. Gel filtration on Sephadex G.75 of the recombined products 
of apo-crustacyanin and synthetic carotenoids.

a) 15,15*-dehydro-^-apo-8*-carotenal-3»4-dione, conditions as in 
fig 11. run without serum albumin.

b) gel filtration estimates of molecular sizes of products, 
recombined astacene-protein, canthaxanthin-protein & astaxanthin methylether-protein A, and recombined astaxanthin-, protein B. Recombined 15,15'-dehydro-3-apo-8'-carotenal-3,4- 
dione-protein C.
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TABL'J 8

l'.ef'.oroliinat ion of a no -c r us t acy n n i n v;ith nynthel. ic cnrotonoids

cnrot enoid recouib i nnt J. on sixe of chromo-
protein

ofmax
pi'oduct nin

p - c ar o tene -- -one

O H  II
P-carotcne-3, -'i-dione

p-carotene~3,4-dione- 
4— ol

1 5 ,1 5 '~dehydro-p-apo-ü* 
carotenal-3,4-dione fair

p-carotene-4,4’-dione 
(cant h axant h i n) good

apo-size 3 0 0

p-size 573
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o

o
13 Î15 ‘ “de]'jydro~P“Carotene* 
k, “dione

p“carotene“4,4’-dione- 
5,3' -"diol ( astaxanthin) good

p-carotene-4,4’-dicne-
3,3'"dimethyl ether good

5-cai'otene-3,4*3’ ,4'-
tetraone (astacene ) good

15,15’-dehydro-P-carotene- 
3,4,3’,4‘-tetraone

O

0 -size 20 
p-size 80%

6 3 0

5 9 0

p-size 5 6 5

p-size 575

2,2’-bis nor-P-carotene- 
3,4,3',4 '-tetraone,
. violerythrin ??
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aCocO'i .ination o:C individu:;.! a no-units vith ast axant ini. n .

The individual ano-units, after separation on

dit.d-cellulose (sections 4.2.1. and 4.2.3) A/ere tested for

their ability to recoubine with astaxanthin individually, and

in pairs. The results of the rccn: ibinations, together ivitîi the

absorption maxima of t!u? coloured product A/hore applicable, and

the estiraated molecular size after col-filtration on Sephadex G.75

arc given in Table 9. The amounts of apoprotein used were fairly

G;nall (l.O - p«0 rrig) of each and under these ci.rcui.istances the

preferred product was a. p-sized molecule composed of non-identical

sub-units. ..'here one npo-unit only was used, very little reconbin-

at ion occurred and t] len mainly to an a]:o-sized red product.

( 1% 5 8 0  mu),max

V/hero sufficient quantities of apo-protein wore 

available, the products from gel filtration on Sephadex G.75 

(fig. 1 3 ) were concentrated and analysed by electrophoresis 

on starch and 6M-urea starch gels. The results, A-dnich are shown 

in fig. l4, indicate that p-sized molecules composed of identical 

sub-units can be formed from freshly prepared apo-units though 

not as readily as those composed of tA/o different sub-units.

In the case of the combination, the apo-protein had been 

freeze dried and stored for some time. Sample spectrums of a 

p- and poo-sized product are given in fig. 1 5 »
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Table 9 .

Recombinations of individual apo-units A:ith astaxanthin

apo-unit recouibination size of coloured 
product

absorption 
maximum of 

product

b + b poor a p o -s iz e 545

b + b f a i r p -s iz e 580

b + b good P -s ize 575

b + b f a i r P-s ize 580

b + b f a i r p -s iz e 575

b + b good p -s iz e 580

b + b f a i r P -s iz e 5%

b + b f a i r p -s iz e 570

b + b
b + ''a poor P -s iz e

b • f a i r a p o -s iz e 555

b poor a p o -s iz e ^ 4 5

b t r a c e a p o -s iz e

b
b

)
)
)
)

n o t a tte m p te d



- 85 -

a)
%-size

b)
3 -s iz e , A 3S- k  max '

8 max

0.6

0.4
apo-s ize

0.2

0.0
50 70 90 110

I I apo-size, Aniax 5̂ 50 .4

0 .3

0.2

0.1

0.0
50 70 90 110

E lu t io n  v o l .  (m l)

c) a p o -s iz e , 545 d)
1.60.2

1.20.15

E 3 -s iz e

0.10

0 .4

0.00.00
90 110110 50 VO9070

E lu t io n  v o l .  (m l)

F ig  13. Sephadex G.75 g e l f i l t r a t i o n  o f recombined p roducts  o f  as ta xa n th in  
w ith  in d iv id u a l a p o -u n its .

E luan t b u f fe r ;  O.lM-phosphate pH6 . 8 , f r a c t io n  v o l.  2 .5m l, bed v o l.
1.8 X 90cc, f lo w  ra te  7m l/h r .  —  280nm. —  — 560nm.
A p o -u n its : a) b) A^ + c) d) A^.



1. a)

0

b)

0

2. a) b)

0

c) d ) ------- e)

3- apo apo 3- apo B-

♦ !• ‘
' ! *

V # !■ *3 '‘3

i f  ' i
f  ^i

l" 4 *1 6 # !

•
— 0 . 5

Cl
c. 1  ::

)
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2

1 -

f

apo
^2 +

F ig  l4 .  E le c tro p h o re s is  o f  rccombinea f r a c t io n s  ob ta in e d  from a s ta x a n th in  
and a p o -u n its  a f t e r  g e l f i l t r a t i o n  on Sephadex G .75.

1 . S ta rch  g e l (a ) and 6M -u re a -s t^ rc h  g e l (b ) e le c tro p i.o re s is  o f  p in k
(a p o -s iz e d ) p ro d u c ts  o f  recom b in a tion  o f  a s ta x a n th in  w ith :  A^ and n .
0 .U4M -borate b u f fe r  pH 8.35» 3^-a/<_el, I lU v ,  IT h r . ^

2. S ta rch  g e l (a ) & (e ) and 6H -u re a -s ta rc h  g e l (b ) L. (d ) e le c tro p h o re s is
o f  B- and ap o -s ize d  p roduct; o f  recom b in a tion  o f  a ^ ta x a n tn in  w ith :
■̂ 2 ^1 ^ (b ) : (d ) & (e ) ,  (c )  s tandard  a ^ o -u n its  in  vE-
u re a -s ta rc h  g e l.
0 .04M -bora te  b u f fe r  pH 6.35 » 3m a/^e l, 1 1 0 v ,^1 7 h r.
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F ig  15 . Spectrum o f  the  p ro d u c ts  r e s u l t in g  from  the  com b in a tion  o f  
a s ta x a n th in  w ith  d i f f e r e n t  s u b -u n its .

a) R ecom bina tion  o f  A + A , w ith  a s ta x a n th in  -  i-s i% ed  f r a c t io n  in
O .lM -phosphate  b u f fe r  pH 6 .8 .

b) R ecom bination o f  A , w ith  a s ta x a n th in  -  a p o -s iz e d  f r a c t io n  in  O.lM- 
phosphate b u f fe r  pa 6 .8 .



" Ou -

A c-Vc. ion of 11 ir- P*-criist acyaî'ii'ns

Tîio o;-crustacynnia fraction (mol. v/t. 3Ô,0(î0)

i.fo.icli is cl ut 0(1 j.'roin Diùnc-cellul ose in 0 . 0 5  ll-phosjluitc buffer 

p!l 6,8, is hr'terogcneous in stai'ch gel electrc)pnoresi.s. It 

consists of at least n major and 2 miner coloured bands at pH 8.35« 

There are 1.5 possible dimers that could be formed from the 5 

apo-units of o.-crustacyanin. u.t least 1C of tliese can be formed 

syiitlietically from rocorobinations of the apo-units in pairs v/ith 

astaxanthin (see section 6.5,5.)- It was therefore thouglit to 

be of interest to doteimine which combinations of the £ipo are 

present in preparations of p-crustacyanin j ro.n the carapace, and 

also to see if electroplioretically pure p-crustacyanin species are 

interconvert il^le.

6.6.1. Separation of the 8-sub units on Sephadex G «75»

It has already been shown that the apo-protein 

fraction can be crudely separated by gel filtration on Sephadex 

G.75, apo-units , being eluted before & A..., (section

6.2.5 and fig, 7) • It was therefore thought likely that a siimilar 

crude separation of the p-sub units could be made by tlie same 

means. However, as can be seen in fig. l6 p-crustacyanin is 

eluted from Sephadex G.75 in a very narrow band, which appears 

to be composed of approximately the sane proportions of p- 

crustacyanins throughout.
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Fi(:, l 6 .  Gel f i l t r a t i o n  o f  the  p -c ru s ta c y a n in s .

a) E lu t io n  p a tte rn  o f  P -c ru s ta cya n in  fo llo w in g  Sephadex G.75 
chrom atography. 0.05M-phosphate b u f fe r  pH b .c ,  f r a c t io n  v o l 
2 .5 m l, bed v o l .  1 .8  x ^o cc, f lo w  ra te  7 m l/h r .

b) S ta rch  g e l e le c tro p h o re s is  o f  i - le a d in g ,  i i - m id d le  i i i -  
t r a i l i n g  f ra c t io n s  fo llo w in g  Sephadex G.75 chromatography 
(a above). , 120v, 17h r.
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A- . I : . 'J. ■•Q'porat ion r,:; tlie p-rntl>-nnit n Vy oolnrir: eloc r ro 'iioreni: ,

Since t!:c various 9"crus hccycninr con be clist inyiiinhod 

oloctrojjborotically it hoped to be aide to copaj'otc them by

]oi'cpc.rc'live electrophoresis on tlie borath  colu.nn (section 

A comp lct o re sol u t i o n  was not old aine d liO-..evci‘, the simple beiny 

se p a r a t e d  into t\;o fractions, boOn of v;hicli \.,’ere h oteropeneous in 

stcircli oel electrophoresis. The eluti on pattern obtained, and 

the result ing  s e p ara tio n in starch cels is fiven in fie. I7, 

p ’s 1 and 2 were  eluted in a narrow fraction, while the reinaining 

p ’s \;ere present in a largo diffuse band.

The fj-sub units have been  numbered as indicated 

in the following diagram:

Pŷ Anode

^2a

^2b

h a  

h b
Origin

Cathode
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F ii, 17, Reparation o f  ^-c rus tacyan in  by column e le c tro p h o re s is .

1 . S eparation o f a) c ru d e e x tra c t a f te r  p u r i f ic a t io n  on Ca^fFO^)^ 8^1, 
and b) f r a c t io n  no t adsorbed onto Ca_(FO,)_ g e l,  
0,2F i-tris-EDTA*-borate b u ffe r  pH 8 .3 . 400v, 48hr,

2 , E le c tro p h o re s is  o f samples obta ined in  '1 ’ , on a) stabch g e l,  and
b) 6M -urea -s ta rch  g e l,
0.04M -borate b u f fe r ,  3ma/gel, 150v, l 6h r .
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‘■î- 0 h: u ') r- b C- p a ration of tho p-sub-units bv Dtf-Mv-col.’i. uIosg cliroino. toriraT.jhy

The p-crustacyonin fraction can be resolved by 

gradient elution on jJEAE-cel] viloso. Coluiiin sizes 'sere varied 

according to the amount of material present. Gradients of both 

linear and logarithmic types were used., v/ith equally satisfactory 

results. p-crustacyanin fractions from different sources have 

been compared, and the results are shown in fig. 18. The protein 

was initially purified on Sephadex G,7p to remove low molecular 

weight contaminants. This preliminary step was necessary in order 

to obtain good separations especially in the case of p- (not 

adsorbed onto Ca^(PO,) gel), which initially has a very high
J ‘h ^

proportion of colourless impurities. The first graph (a) in 

fig. 10 shows the p-fraction obtained by incubating the residual 

shell (after incubation v/ith EDTA) with ice cold 1 H-KCNS, v/hich 

extracts any remaining colour. This is immediately diluted ten 

times 1/ith water, precipitated with ^0% (hJĤ ) dissolved in

0.5 M-phosphate buffer, pH 7*0, and dialysed against the same 

buffer. This fraction is composed of a-, p- and Y-crustacyanin 

which can be separated by stepwise elution from DEAE-cellulose.

The fraction eluted in 0.05 M-phosphate buffer, pH 7»0, is the 

one separated in fig. l8(a). The graph shown in fig. 18 (b) 

shows the separation of the p-crustacyanin fraction that remains un

adsorbed on calcium phosphate gel under the conditions used for 

the purification of a-crustacyanin. (See section 1.2). The third 

graph (fig. l8 (c)), illustrates the elution pattern obtained by 

chromatography of the p-fraction eluted from DEAE-cellulose in 

0.05 M-(P) during the preparation of a-crustacyanin (section 1.2).
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F ig  18. R e so lu tion  o f  8-c ru s ta c y a n in  by io n  exchange chromatography
on DEAE-cellu lose in  phosphate b u f fe r  pH 6 . 0 .

a) '- f r a c t io n  ob ta ined by trea tm ent o f s h e l l res idue  w ith  Ü.1M-KCNS.
Column 1 .8  X 12 cm, g ra d ie n t system l, 500ml H^O + 500ml O .IK -(P ).

b) B - fra c t io n  not adsorbed onto Ca_(PO.) „  g e l.  Column 1.8  x 53 cm.
G rad ien t, system 11, l l i t r e  0.005M -IF; + 500ml O . l l i - ( P ) ,  then 500ml 
0 .25M -(P ).

c) B - f ra c t io n  no t adsorbed onto DEAE-cellu lose in  0 .05M -(P ).
Column, 1 .8  x 45 cm. G rad ien t, system 11, l l i t re ,p .0 0 5 M - (P )  + 500ml
0.05M-CP), then 150ml O .lM -(p ), then 500ml O .^M -(P).



•I'lic pi'otoj.ns oM: ainod from tlîoso sepraaat ions rron'C cone on L rated 

and analysed by olcctro])horeG;i s in stare]» a.nc3 uroa-starc’i pels. 

ri»osc rosr.lts arc shovai in firj- 1 9 and it is evident t’nat, oxcorit 

.for an additional fraction obtained frora p -(KCdS) , tlie same p- 

fraclions rû o obtained froiu all throe nrcpar; tions. Ti.'o hetero

geneous. fractions containing p & B and c: p respectively,JL t.t J- L) Cj c\ f-i D
and pure samples of p„ (p-KCNS) and p.̂ o

p-crustacyanin fractions have also been prepared from 

a - c r u s t ac y cin i n by a) ])rolonged dialysis against water, and b)

incubation with 5 ii-urea. These were also separated by gradient 

elution from j j b. 93 -cellulose, and the resultant fractions subjected to 

e]ectroplioresis in starch and G M-urea-starch gels as above. The 

results, given in figs. 20 and 21, show that the same p-fraclions 

predominate from whatever source they are prepared. The p„ fraction 

is present in 5 M-urea.

It was thought that it might be possible to separate 

P's and 1 and 2 into their two components by using a shallower 

gradient. however, this was unsatisfactory owing to the increased 

time during which tlie protein was bound to the cellulose, and the 

consequent large losses of material by irreversible adsorption.

The initial purification outlined above was therefore used routinely 

and P's 1 and 2 were further purified as follows.
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F ig  19 , E le c tro p h o re s is  o f  re s o lv e d  8 -c ru s ta c y a n in  f r a c t io n s ,

E le c tro p h o re s is  o f  samples ob ta ined  by g ra d ie n t e lu t io n  from D E A E -ce llu lose , 
as shown in  f i g  l8 .
1 -  s ta rc h  g e ls ,  2 -  5M -u rea -s ta rch  g e ls .
a) B - f ra c t io n  o b ta in e d  by tre a tm e n t o f  the s h e l l  re s id u e  w ith  ü .lh -KC N ü.
b) 8 - f r a c t io n  n o t adsorbed onto Ca_(P0£^)2g e l,
c  ̂ 3— f r a c t io n  n o t adsorbed onto  DeaE—c e llu lo s e  in  0,Ü5M—(P)« 
l,b )p h o to g ra p h  o f  u n s ta ined  g e l.
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E i^  20. R e so lu tion  o f 3 -c ru s ta cya n in  by io n  exchange chromatograjjhy on 
DEAE-cellu lose in  phosphate b u f fe r  pH 6 .8 ,

a) p -c ru s ta cya n in  prepared by ex tens ive  d ia ly s is  o f a -c ru s ta cya n in  
a g a in s t d i s t i l l e d  w a te r. Column 1 .8  x 20 cm. G ra d ie n t, system 11 
l l i t r e  0.0005M-(P) + 340ml O.IM + 100ml 0.25M -(P) + 200ml 0 .5 H -(P ).

b) 8 -c ru s ta cya n in  prepared by in c u b a tio n  o f  a -c ru s ta c y a n in  in  3M-urea. 
Column l.G X 15 cm. G rad ien t system 11 0.005M-(P) + 450ml 0.15M-(P) 
+ 100ml 0 .3 ü -(P ) . A l l  b u ffe rs  conta ined 3M-urea.
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Fig 21. Elmetrophoresis of resolvmd 9-erumtmeymnin fractions.
Electrophoresis of samples obtained by gradient elution from J£A£- cellulome as shown in fig 20.1. p-fraction obtained by prolonged dialysis of a-crustacyanin against distilled water, a) starch gel b) 6M-urea-starch gel.

0.04M-borate buffer pH 8.35, 3Ĵ a/gel llOv, l6hr. Numbers as in fig 20.2. p-fraction obtained from a-crustacyanin by incubation in 3M-urea. b) starch gel c) 6M-urea-starcn gel , numbering as in fig 20.a) & d) a crude B-fraction run as standard.
0.04h-borate buffer pH 8.35, 3m̂ /gel 130v, l6hr.
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4c4^4 Furth.-'r purification of the p,-sub-units

As described in section 3 « 3 = 3 s ai: pi es of 

(a 4 b) and (a + b) were applied to Pevikon blocks and 

sul-ijected to electrophoresis for 24 hr in the cold. Fig. f2(b) 

shows the results obtained after electrophoresis of (a + b), 

their elution and further analysis in ôM-urea-starch gels.

Concentrated saJiiples (10 nig/ml) of the impure 

fractions p̂  (a + b) and P^ (a + b) were also submitted to 

electrophoresis in cellogel blocks as described in section

3 .3 .2 . Results of further electrophoresis in starch and urea- 

starch gels of the components eluted from the cellogel are 

shown in fig. 22(a).

Although separations of the p-fractions can be 

achieved by the above methods losses occur, due to heating of 

the blocks and trailing of the leading samples. P^a and p^a 

were, in this manner obtained in a homogeneous state and their 

component sub-units determined. p^b and P^b were not readily 

purified by these methods.

Concentrated samples of P^ (a + b) fractions 

were also rechromatographed on small (I. 8  x 12 cm) columns of 

DEAE-cellulose. The gradients used were linear, O.OO5 M-(P) 

to 0 , 0 2 3  M-(P) in 1 litre, and 0.009 M-(P) to 0,035 M-(P) in
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F ig  22. P u r i f ic a t io n  o f  p -c ru s ta c y a n in s  & ?2a^*

E le c tro p h o re s ie  on 1 , s ta rc h  g e ls  and 2 , 6M -u re a -s ta rch  g e ls  o f  3- 
c ru s ta c y a n in s .

a) 3^^ p u r i f ie d  by e le c tro p h o re s is  on c e l lo g e l .
b ) 8^^ p u r i f ie d  by e le c tro p h o re s is  on P ev ikon .

c) 8^^ and 3^^ p r i f ie d  by rechrom atography on D E A E -ce llu lose .

0 .ü 4 H -b o ra te  b u f fe r  pH 8 .3 5 , 3n ia /ge l, 120v, Ib h r .
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1 litre respectively. The results are; shown in fiy. 2'2{c) .

As in tlie previous electrophoretic pietliohs it is difficult to 

obtain the minor fractions pure, but p^n and p^a are readily 

obtained in an electrophoretically homogeneous state.

From these experiments it is obvious that, as a 

result of the brealcdovm of a“Crustacyanin, only o of the 1 5  

possible p-forms predominate. Their sub-unit composition, 

evident from analyses on urea-starch gels is given below :

4 b +

h a = + u

P2 b =
S

+ =2

pg a = + h

= + h

P4 = + h

4 .4 . 5  The stability of the P-crustacyanins.

In these experiments p^ a and P^ only were used 

as examples as they are the easiest to obtain pure, and in fairly 

large amounts. They also contain between them four out of the 

five apo-units. They were stored under for three

months, and then divided into three fractions, each of 1 ml, 

containing 5 mg of protein. They were treated in the following 

manner :
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3 0 ml of ice cold acetone was added to the 

protein, the resulting apo-protein was centrifuged, 

dissolved in 0 . 0 0 5  buffer pM 7.0. Astaxanthin

dissolved in acetone was added dropwise and the 

mixture dialysed (cf section 4.2.1).

b) The sample was made 6 H with respect to urea and

incubated at room temperature for 3 hr. The 

resultant red solution was then dialysed against 

0 . 0 0 5  M-(P) buffer pH 7«0 in the cold for 24 Iir.

c) The sample was made 0.05 H with respect to mercap-

toethanol to encourage S - S interchange, then 

dialysed against 0,005 M (p) buffer pH 7.0.

All these samples were then concentrated 

and submitted to starch gel electrophoresis, pH 8.55, the 
results of which are shown in fig. 23. No isomérisation of any of 

the P“fractions appeared to occur under these conditions.

4 . 4 . 6  Treatment of P-crustacyanin with 6 Il-urea.

In c u b a t io n  o f  (3 -c ru s ta c y a n in  (5  m g/ral) w ith  

6 M -u re a  f o r  two ho u rs  a t  room te m p e ra tu re  r e s u l t s  in  a d a rk  

b ro w n is h  s o lu t io n .  T h is  can be re s o lv e d  in t o  two f r a c t io n s  

by g e l - f i l t r a t i o n  on Sephadex G -75  (p r e v io u s ly  e q u i l ib r a t e d  w ith



-  xcz  •

a)

i  11 i l l  i v  V v i

la

b)

■'/.tv.

i  11 111 I v  V v l

F ig  23 . S t a b i l i t y  o f  ^ -c ru s ta c y a n ln s  (8 ^^  & 8^)

E le c tro p h o re s is  o f  & p̂  ̂on a) s ta rc h  and b) 6 M -u re a -s ta rch  g e ls .

1 & 11 a f t e r  tre a tm e n t w ith  6M -urea.

I l l  & I v  a f t e r  re d u c tio n  In  m e rca p to e th ano l.

V & v l  a f t e r  d e s tru c t io n  o f  the  c a ro te n o ld -p ro te in  lin k a g e  w ith  acetone

A l l  samples were d ia ly s e d  a g a in s t 0.05M -phosphate b u f fe r  o v e rn ig h t,  
and then a g a in s t w a te r b e fo re  e le c tro p h o re s is .
0 .04M -bo ra te  b u f fe r ,  3m a/ge l, 120v, l6 h r .
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6 M-urea / 0,05 H-phosphate buffer plî 7«0)î a yellow protein

('A 400) which is excluded from the gel, and a pink componentmax
5 6 0 ), with the same elution volume as apo-crustacyanin. max '

The spectra of the two proteins are given in fig. 24. Complete 

separation is difficult to acinieve since, using long columns of 

G“75î tlie yellow pigment is adsorbed onto the Sephadex and cannot 

be elutedo
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F ig  24, Spectrum o f  f ra c t io n s  e lu te d  from Sephadex G.75, fo llo w in g  
f i l t r a t i o n  o f 3 -c ru s tacya n in  d isso lve d  in  6M-urea,

a) P ink f ra c t io n  e lu te d  in  the apo -c rus tacyan in  e lu t io n  volume
b) Ye llow  f ra c t io n  e lu te d  in  the e xc lu s io n  volume.
Samples were d isso lved  in  0.05M-phosphate b u f fe r  pH 6 .8 , co n ta in in g  
M-urea.
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diijoGt ion of t!,e crustacyon.inj

jfrizyiviic digestion of o, - and p-crust acyanin was 

])crfonned as described in section y<>6 . Neither enzyme had much 

e.ffect on C'-c.i'ustacyana n. After incubation at 20^ in 

OtliJ-NĤ îiCO„ pH 9»0 for l6 )ir. a-crustacyanin becomes partly 

degraded to tlie P-form. Incubation with trypsin or ciiyiiotrypsin 

under the gdj.'.q conditions does not have :;mch further effect as 

seen by the relative proportions of the different pealcs after 

gel filtration on Sephadex G,75î also following electrophoresis

in starch and. uM-urea-starch gels (fig 2 5 .2 ). p-crustacyanin 

is slightly more degraded by these enzymes, The pattern of 

p-crust acyanin ( 1 0 mg) incubated v/.i th chymotrynsin (l : 5 0 w/w) 

in 0, 1M”NIÎ 1̂1C0̂  at 2 6 ^1'or l6 hr is given in fig 25.1. The result 

after incubation with trypsin under identical conditions is 

similar. The composition of the B-fraction however, is different. 

Incubation with trypsin does not appear to alter the composition 

of the P-fraction as can be seen from starch and 6 M-urea-starch gel 

electrophoresis (fig 25*2). Chymotrynsin, on the other hand 

produced at least 2 new bands. These appear to be formed from {3̂  ̂

and respectively each having a slightly greater mobility at 

pH 8.35 (fig 2 6 .1 ). Unfortunately in this experiment soluble 

chymotrynsin was used and was not removed before electrophoresis, 

consequently there were no bands in the urea gel, as further 

degration of the apo-protein could possibly liave taJcen place after 

removal of the carotenoid in the urea. In the experiment recorded
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F ig  25 . Enzyme d ig e s ts  o f  the c ru s ta c y a n in s .

1 . Sephadex 0 .75  g e l f i l t r a t i o n  o f  3 -c ru s ta c y a n in  fo llo w in g  in c u b a t io n  
f o r  l6 h r  w ith  chym otryps in  1 : 50 (w /w) in  O.IM-NH.HCO pH 9 .0 , 26 . 
Phosphate b u f fe r  pH 6 .8 ,  f r a c t io n  v o l .  2 .5 m l, bed v o l . 1 .8  x 93cc, 
f lo w  ra te  ? m l/h r .

2 . a) s ta rc h  g e l and b) 6M -u re a -s ta rch  g e l e le c tro p h o re s is  o f  3 ( i  -  i i i )  
and a ( i v  -  v i )  c ru s ta c y a n in s . i i i  & i v ,  in cu b a te d  w ith  U.lh-hH.HCO^ 
pH 9 .0 ;  i i  & V, w ith  O.IM-NH.HCO pH 9 .0  + 1 : 50 (w/w) t r y p s in j
i  & i v ,  w ith  O.iM-NH^HCO, pH 9 .0  *  1 : 50 (w /w) chym o tryps in .
Arrows in d ic a te  the  appearance o f  new bands.
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F ig  26. S ta rch  g e l e le c tro p h o re s is  o f  chym o tryps in  d ig e s ts  o f  
P -c ru s ta c y a n in •

1 . S ta rc h  g e l e le c tro p h o re s is  o f  i- j p and i i i ,  p. a f t e r  in c u b a t io n  
a t  2 6 °w ith  O.IM-NH. HCO pH 9 .0  fo r ^ iS h r ;  i i ,  P ^  and i v ,  p. 
a f t e r  in c u b a t io n  a t 26 w ith  O.IM-NH,HCO_ pH 9 .8  + chym o tryps in
i  : 50 (w/w) for l6hr. 0.04M-borate buffer pH 8.35» 3ma, 130v, l?hr

2 . a) s ta rc h  and b) 6M -u re a -s ta rch  g e ls  o f  v i ,  whole B - f r a c t io n ;  i ,  
i i ,  i i i ,  i v  & v rough f r a c t io n a t io n  o f  8 -c ru s ta c y a n in  a f te r  
in c u b a t io n  w ith  chym otryps in  1 : 50 (w /w ). The re a c t io n  be ing  
c a r r ie d  ou t in  O.IM-NH,HCO_ pH 9 .0  a t  26 f o r  l6 h r .0.04M-borate buffer pH 8.35» 3ma/gel, llOv, l6hr.
Arrows in d ic a te  new bands.



in fi(j in. \.i'ic)'L solid cuyxio' rypsin nr.s used end removed

prior to clcctror<l loresis, nou opo-protoin bends appear to correspond 

vsith the new G-l'oinus. In t’iis experiment the crude P— crustacycnin 

(lO liifi) \>ras fractionated by nradient cliro:natopraphy on DJiAa- 

cellulose after incubation overnight with chymotrypsin ( 1 : 50 v;/v/) 

in 0.lli-NIl̂ lICÔ  pVI 9.0. A cor:p)lete separation was not obtained, 

altl;oup.h s'iioll quantities of one new p~for;.i were obtained almost 

pure. From Gh-urea-stn.rch gel electrophoresis this appears to 

consist of ^ and a new apo-unit with a mobility in between 

A and A_.

4 .6. Preparation of Y-crustacyanin.

As previously sliovm i-crustacyanin can be 

separated from a-crustacyanin liy chromatography on DFAE-cellulose 

(Jencks & Duchwald, 1968a), or by chromatography on the Porath 

column (cf section 4.1.3)» In neither case, hovrever, is it free 

from p-crustcicyanin, after electrophoresis on starch gels at 

pH 8.35» It did api^ear homogeneous when subjected to electro

phoresis in cellogel strips at pM C;.3 for 1.5 hr (fig 2?)» 
Y-crustacyanin 625 does appear less stable than a-crustacyanin,

being more easily broken down into the p-form. In 6W-urea starch gels 

it can be seen to consist of the five apo-crustacyanin units in the 

same relative proportions as found in a-crustacyanin.
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I g #i

0 Y a

F ig  27. E le c tro p h o re s is  o f  the c ru s ta c y a n in s  on c e l lo g e l s t r ip s .

E le c tro p h o re s is  o f  0- y -  & a -c ru s ta c y a n in s  on c e l lo g e l s t r ip s  
0 .ü5M -ve rona l b u f fe r  pH 8 .6 , 2 m a /s tr ip ,  13v/cm , 2 h r .
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5 . DTSCrJSKN 

5-3 . l 'ro ;oarn-i::i on o f  c—c r n,st a c y .n iin .

iJodificotions in t ' le  p re ] )a ra t io n  p ro ce d u re  of 

c -c r u s ta c y a n in ,  doscrib d in s e c t io n  4 , 1 ,  reduced th e  lo s s e s

incurred by over beating, during grinding and irreversible

adsorption onto Ca_(PO,)^ gel obtained by urevrious methods vdienp U: ^ -
dealing w ith  large quantities o f  lobster s h e l l, No decrease in

r ;. '..* Q
the purity of th e  product was observed as judged by an E'"' 

value of 3»

The p a r ts  of the carapace used, however, did 

influence the p ro p o r t io n  o f  the different c h ro :: io p ro te in s. Greatest 

yields of a -c r u s ta c y a n in  were obtain d from the tail segments 

and legs, while large amounts of 1-crustacyanin wore found in preparations 

using the thoracic sections of c a ra p a c e . These seg m ents, especially 

from  lobsters that had been dead for some time before f r e e z in g ,  

appeared red-purple in colour, rather than bright blue, and were 

less brittle than those of freshly killed lobsters. It is 

therefore possible that the pigments of tliese lobsters were partially 

denatured in situ.

5 .2 . Recombinations.

In most cases the a-crustacyanin had been stored 

under 3Ĝ o for one or more months, also the lobsters from

which it was prepared had been kept in the deep freeze for periods
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Ox lip to 2 years. It Iixs boon suggested, in the c.isc of rbodopsi n,

thr.t ('..be polyene chain only protects tlie a-iino acid residues in 

the pro(:.r;:in nh.tli whicji it is in contact, allcn/i ng the rci.iaind.or 

of the molecule to our Li all y 'denature'. In -pied propr-rat ions, 

tjierefore, altiiougii the spectrum of rliod.opsin cannot be distinguished 

from that of a fresh preparation, on removal of the 'prostlietic 

group, confor.iiational ciian̂ ês take place so tiiut tiie ability to 

recombine is lost (ubraiianson d. rstroy, 196?) . It is therefore 

possible tliat the same may be. true of a-crustacyanin and that 

ageing of the protein may render it slightly altered so that 

althoug'n the apo-protein retains the ability to reco:ul;ine witli 

as taxant iii n to form ,6-crustacynnin, t'na abil ity to polymerise to 

o. -crust a c y an in is d i m i n i s li e d.

Similar results for the carotenoids canthaxantbin,

astacene, euglenanone and echinenone, were found to those reported

by Lee & Eagalsky (1 9 6 6 ). Interestingly, although astaxanthin

dill aimitate and astaxanthin diacetate will not recombine with

apo-protein (Lee & Lagalsky, 19-6), astaxanthin dimethyl ether

shows fair recombination (section 4.3*2)* Therefore the only

perinissable substitutes found so far for positions & C^' of

the B-ionone rings are H, CH and OCH^, GCOCH„ and larger groups

presumably prevent binding of carotenoid to apo-protein by

steric hindrance. The present results also confirm that keto

functions on C, & C,' are essential for binding to occur.4
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Carotenoids containing a l:cto group on only one 0 1 the (:>-ionono

rin'js, e. g. eua’i.enanone , ocl 1 inc;none and [.--carotone- 3  î 4-dionc

4'o.l do not apjioar to biridc In these ca.rotenoids tjie inability

of the 11-'in none ring not containing t/ie rcguisi tc l;eto groups,

to bind to the appropriate oui no .acid residue on the protein

possibly prevents the correct alignnent of. apo-protein and

polyene so that binding of the other p-ionone I'ing, although

theoretically possible does not take place. A carotenoid la.cJcing

a second p-ionone ring, 1 5  , Ip ’-dehydro-p-c-po-b’--carotena.1 -3 ,4"dione,

however did combine to give an apo-sicod red product. In this case

the p-ionone ring containing a koto group, presu.iably. binds

to the normal groups on the protein. The shortened polyene

chain would not span the distance between the two ring binding

sites, and evidently the incorrectly uos^ioned C^' keto function

does not inhibit interaction. It is possible that in this case

the polyene chain does not bind onto the normal site as dimérisation

does not occur. Unfortunately results of recombination experiments
4wo 5*

with violerythrin (which has 2 5 membered rings each possessing 

2 oxygen functions) were not conclusive as only minute amounts 

of this carotenoid were available. These results could be expected 

to give further information on the required ster/o-specificity of 

the ring binding sites.

-b
Further indications of the critical spatial 

limitations of the carotenoid binding site are given by the fact 

that neither Ip, I5 '-dehydro-p-carotene-3 ,4-, 3 ' , 4'-tetrone, or 

1 3 ,1 3 '-d.ehydro-j3-carotene-4,4^dione would combine, although



4Ilk -

Ï 5.2 tliC) acetyl en n tlcriv:-'! ives .=;o f a r  s tu d ie d  

tlioro in a decrease in alternate nature ot the simjle and 

douMc bond toward too centre of the ; lelocnle, wlsicli in tlie 

case of dehydi’o cantharantllin results in a considerable 

short en ino of the l4 - 11 single bone. The doîiydro dérivât i'/es 

also possess a centre of syir.üiotry about the triple bond and 

ex]libit an extended trans configuration about the 3 colinear central 

bonds (dly, IÇGd). fnotlier significant difference between the 

two carotenoids is the dihedral angle between the chains and the 

rings which, in cantha::aathin is 43° and in de hydro c an t h axant 11 i n

is 2 8
,o

Canthaxanthin: bond length

o

Canthaxanthin: bond angles

ff\

Dehydrocanthaxantliin: bond lengths
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c c n ta in i ix ;  th e  ro f 'u irc d  k e to  iu n c t io n s  on Ĉ  , C, ' .  The :;m lccnlz-jr

structure:-: û.f crnLhrcccuithin anù deliyilrocuntjKixcutli-in hnve been 

stu'Uofl by :C-rey cryst all ogr aph y (Br-rt b ] :cc. lillc.vry, IbGoe,

IBoob) , In tbio-ve c.:-rotono;i ds as in [.-ce.rotGUic (bterlinn, 19^4) 
t.]Kî 'p“ioncne .ring does: not continue the all trans arrangciucnt from 

tiiG nolyene cliain but has an S-cis configuration about the C (7 )~  

c(6) bond.

t

lo

S-trans about the C(7) - C(6 ) bond. ■cis about the C(7) - C(6 ) bond.

Although the polyene cluiin was originally thought to be planar. 

The molecule taJces up an 5-configuration in v/hich the methyl 

groups project from the convex side. The binding is partly 

caused by the non-bonding interactions of the methyl groups v/ith 

the hydrogen atoms at and might therefore be expected

to exist in solution.

M e
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Dolfyurocanthcxonthin: bond aviglo;

(Bart f, i-’acgillavry, 1 9 6 8 a: IfGOb)

All .interesting factor which is proLmbly significant in determining 

the ability of carotenoids to bind to ano--crvistacyanin, can be 

calculated from a knowledge oJ’ the bond lengtlis and angles. Tb.is 

is the interatomic differences between the 4-,4’ oxygen atoms.

In canthaxanthin the two oxygen atoms arc 2 o .18a  apart while in 

the acetylene derivative they are only 2 6 , 8 1  a apart. The two 

oxygen atoms, previously sliovm to be essential for binding of 

carotenoid to protein are therefore 1 . 5 7  a closer together in 

dehydrocanthaxanthin than in canthaxanthin. This distance is 

of the same order as a double bond and is approximately of 

the total length of the carotenoid molecule, and might therefore, 

together wnth the difference in dihedral angles, be expected to 

be significant within the obviously n.ari'ov/ limits of specificity 

required in the carotenoid-protein interactions.



Cantriar:-'iit!;.ui ;md doli.yui'oc:-ntiir.xonthin aloo 

d I f 1er in crynia.I. nr^ckin;i. Cr-nthanant: in crystals are foriood 

:■ rn: ■ c l o ael y panked ro\7s , :in j\ici. tnorn in intcrr:olecul ar 

con Lac L l-otli do tn/oon net? ryl rro u p n  and p' J.ycno c !ia in ,3 .

(a)

In deliy(irocan11;o.xanthin crystals lion-ever, there i.c overlap 

bet',re en the rxno 0 1 one r.iolocule and the chain of another, 

and no cent .act 1: et we on bccLdüones.

(b)

(a) Canthaxanthin. (Bart th Hacgillavry, 19b8b) .

(b) Dehydrocanthaxanthin. (Bart & Macgillavry, 1 9 8 8 b)
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;’.l1 1 lovîgh it is realised thct Lho;;;o arc the: preferred inl.errctions 

th.-.t occur under conditions of iiigh concentration and V'ould not 

ncccssaî'i ly be found in solution, they iy.lit never thclccs indie, to 

tiio nreterrod contois.iatione of each cas:’otcnoid ’.■'here c; rotenoid

eal o la.noid ijvtoi'cction.s Lake place. as such interactions eoa.sibly 

occiu' in cr us t acyanin ( Jenc!;s k Bucn'/ald, igGbb) , their different 

stacking prop art ies riay be partly responsible for tlie fact that 

doliydrocarotenoids arc unfavourablc jTostbictic grou-is of crustacyamin.

The specificity studies outlined above give added 

v'oiplit to the cxplan.ation offered by Jencks & Buck raid, (l9ocb) 

for tlie spectral shifts evident in carotoooid-protGin interaction. 

Thus for the dimer p-crustacyanin, if tlie oxygen atoms (at Cy & C'y) 

of the P“ionone rings, 2,0 . 8  a apart uere to bind firsdy to the 

apo-.t)roteins so that the lactdnyl groups of each carotenoid could 

inucrlock rigidly providing good contact betv/een polyene chains, 

and helping to localise the strain in the double bonds, then 

tlie absorption maxima could be shifted to longer wavelengths. This 

would help to explain the fact that the spectrum of apo-size 

recombination products (sections 4.p.2 , and 4.5.3•) was not greatly 

bathochromically shifted. The increased bathochroniic shift found 

when P polymerises to o:-crustacyanin may be considered as increased 

twisting or enhanced interactions brought about by conformational 

changes in the protein.
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The uni fineness of tlio o no-un it;

The r;.p',)Oorpiice o;C fivo subunits after the 

ro:.ioYal of the cerotonoif was no ted  liy thees.lan ot ai., (i960), 

si nce t\/o of these (C^ it ) al\;ays predominated those authors 

su ep o s t c d  that t!)e other three arose by second cry r e a c t i o n s .

Tisse et a.i., (IÇbG) woi'king nn c~crystallin

found that i.ultii.ilo subunits of this nrotain v:erc ayuiarant on 

electrophoresis in starch gels containiug 6 i-'-urea. They 

concluded that isomérisation of a. single species occurred in 

the urea. This does not appear to bo tlie case ivi.th c-crustacyanin 

liov/'ever, as tdie same five subunits appear if the carotenoid is 

removed v.'itii acetone and the apo-units subjected to olecti'on'hox'csis 

in the absence of urea. horeover after separation by gradient 

elution from DIDAE-cellulose they show no tendency to isomerise 

in urea (with the possible exception of the fractions

which are difficult to prepare free from each otlier) . hi nor bands 

often do appear in urea gels, but these have not been classed as 

apo-crustacyanin-units. (Section 4.2.2.). The apo-units also 

appear as distinct entities after electrophoresis in gels containing 

6 ll-urea and nercaptoethanol, indicating that they are not isomers 

foimied by disulphide interchange, (section 4.2.6.)

It was also thought possible that a-crustacyanin 

was itself a series of similar' proteins, each composed of one or 

two sub-units. Examination of the a-crustacyanin band from gel
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filtration on oopitrîoox G.SCi , coin ;n oic;ctropî;oj'osin or gradient 

elntion f I'om r. v,. : J - c c 1 Int. o s e , ailed to je solve tlie protoin into 

so!ai'; 11C! ontities. (sectioi: 4-„ 1.6.) .

The proportion of the five apo-units re ains 

ayjjiroxiL'iately constant fro.ii pro pa rat ion to preparation, as seen 

iroüi dcnsito:;ieter readings of Giu-iirca-st ax'ch-gels, as v/ell as 

calc.nla.tions of tlie amounts of each obtained after separation,

(section 4.2.). Jenclts & Buchv'ald, (iÇGob) suggested that the 

products of the action of ôî'-uren on C'-crustacyanin (yellow 

protein and colourless protein) were different from those of acetone 

on c-crustacyanin (carotenoid and apo-protein). They found that 

both the yellow protein and colourless protein were required in 

stoichiometric acraounts to reform o-crustacyanin. Ikcoi.ibinations 

of carotenoid and apo-protein also yield a-crustacyanin. However,

"roiîi analysis in 6 il-urea-starch gels the composition of the apo- 

units appear identical no matter how the carotenoid is removed,

(i.e. by action of acetone,GM-urea or extremes of pH section 

4.2.). a-crustacyanin nevertheless cannot be reformed from mixtures 

of the purified apo-units and carotenoid. It was possible therefore
icthat another protein mo»tty, which rei.jained undetected after 

electrophoresis,besides the five apo-units was necessary for the 

formation of a-crustacyanin, and that tliis protein remained attached 

to the carotenoid in Gi'i-urea to give the yellow protein. However, 

P-crustacyanin in the presence of Gll-urea also gives a yellow protein 

and the apo-units (section 4.4.6.). The purified individual apo-units
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rccoi.îbinoci in pairs 1 th astavant?'-in do give rise to ['*- 

crustacyanin, the presence c,f the ye]low protein being unnecessary, 

it is thought l.ikely thei'-c.ore, that the 'yellow protein' tor'cu 

in oh-urea in a non specific att acisxicnt of carotene id to denatured 

;>pO“protein and that the five apo-units found in Gh-urca-starcli 

gels ni'o the only proteins necessary for the fcrixation of o- 

crustacyanin. This of course does not inean that tlie sub-units 

are yirevent as such in c..-crustacyanin as they i :ay have been formed 

at constant rates from the native sub-units on their disint/puation.

A study of the amino acid content of the apo- 

uni is (section 4.2,6.), indicates a possible identity between 

compon nts A.̂ & A,,. This premise is upihold by tlie S ^ Q  value 

vrhicii is 4. (Table p) . harchalonis & Telt,nan, (I97l) , 

found that the S ̂  Q value from anino acid ana] ysis of different 

preparations of the same pi'otein could have a value of 4 units. 

Their behaviour on Sephadex G. 75 is also similar mid distinct 

from the C-units and . Their different electrophoretic mobility 

at pH 0,55 and apparent difference in .iioleculcr size could simply 

be accounted for by a conformational alteration, although the 

former could be accounted for by a difference in aspartic acid 

content, if significant.

The amino acid compositions of C , C & A are 

also similar as can be seen from their behaviour in Sephadex G. 75, 

and the values given in Table 5* The possibility of their
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being cnn.i'o)v..' tioncl isoners cannot therefore be overlooked,

O'.l (bioiiv,h tlx; difference ;i n lysine end .cpartie acid may account 

for the difference in e 1 ectI'oytioretic , :obility.

Tlie poroj.ieters o' all sub-units, i-eletinc to 

gross three dir.icnsional structure, such as % hclix, ractional 

charge (macciniun) , average hydrophobicity and partial specific 

vol une (Table ?) are similar as might be expected frorr. proteins 

with a binding site for astaxanthin. These values all lie 

wit3]in the range for carotenoprotcins (Zagalsky et al,, IÇ/v).

From Table 6 it can he seen tînt the majority of tlie amino 

acids occur in normal amounts (i.e. within one standard deviation 

of the mean value from IOC proteins, Smith, 19'o6 and section 

3.7') o Phenylalanine, tyrosine and aspartic acid (rasparagine) 

liov/evei', consistently appera' in greater than average amounts.

The occurrence in high a no un t s, of pheiryl alanine and tyrosine 

although common, is not general among c a r o te n e p r o te in s , but 

large amounts o f  aspartic acid seem to be characteristic of those 

so far studied (Zagalsky et al., 1 9 7 C). In this context it is 

interesting to note that aspartic acid has been implicated 

in the bathochroniic shift in rhodopsin, either in creating 

an acid environnent around the prosthetic group (Kito et al.,

1 9 6 8 ) or enabling the Schiff’s base to be protonated (Irving et 

al., 1 9 7 0 ). It has recently been postulated that in crustacyanin 

aspartic acid and asparagine have a direct role in binding the 

carotenoid, as shovm in the following diagram (Zagalsky & Herring,

1971) -
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rryptcxjhane .̂vas not clGteriüined, but in viev: of the value of 

2og/l00g obtained by Kuhn K Kuhn, (1 9 6 7 ) would not be expected

to significantly alter the above results.

It was honed that relationships among the aix»- 

units might be revealed by iiniaunoelectro hioresis (section 4.2.7) « 

Unfortunately no antibody formation could be detected by the 

methods used. It is thought that more decisive results may be 

obtained using the technique of anapliylactic shock, as greater 

amounts of antibody are produced in this state.

It is interesting to note that all five apo-units 

retain the ability to bind carotenoid and to dimerise to 6- 

crustacyanin v/hen recombined in pairs (section 4.p.p). These 

P-species are also stable once formed, and show no tendency to 

isomerise in the presence of 6h-urea, 0 .Opli-mercaptoethanol,



acetone, or storage under (NM,) 30, (section 4.4.5) iue ;'S

obtained most readily from recor\i;ination ( h h,. with ,

C,, & A^) ere el so th o s e  present in greatest ei counts in 

oreparatiens from  ( : - c r u s ta c y e n in . homologous p*s ( e . g .  

c: /y,A,_ )̂ can be formecl in re c o m b in a tio n  exnoriinents from freshly 

prepared apo-units (section 4.p.3 ) .  These fi’s have n o t been 

isolated as such but t h o i r  makeup can be supposed in that r.îorc 

than one blue p-sixed product is form ed from the c o m b in a tio n  

of two apo-units with astaxanthin. In the few attempts of 

recoüibination w ith  a single s u b -u n it  (e.g. A_ & A_) no 0- 

sized p ro d u ct was formed, only ninh apo-sized proteins, which 

in the case of had "Xc-cr^ oPo that a fair proxurtion of 

the apo-unit iviust have reacted. These sub-units however, luad been 

stored in a freeze-dried condition and must therefore have under

gone some conformational change which prevented dimérisation 

on combinait ion with carotenoid. It is possible of coiu'se, that 

in these instances the carotenoid has not bound to its normal 

site but is less firmly a tta c h e d  to o th e r  apo-protein groups 

on the nrotein.

It seems po.sible therefore that there are only 

tv/o real apo-units and that 0:-c ru s ta c y a n in  consists of o identical 

p-sub-units which are composed of one A /A type sub-unit 

plus one C^/C^/A^ type sub-unit. The amino acid composition of 

a-crustacyanin (an average of values published by Kuhn & Kuhn, 196?;*
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JencKS Â Ducnwniü, luGdb and Zagalsky ci: al., lU/C) is co iparcd 

to that of two theoretical G -ornstacyanins; one a straight-

forraard avo'age of the t̂ :o major apo-units (C f: A ) and the

second a mean of an avei-ane cathodic sub-unit (C^ 4- + A^/p)

and an average anodic suh-unit ( -t- A_/s). The results arc

given in Ta.L'le and the low S ̂  j value of under 4 lûight lend

supvjort to this supposition.

5 e 4. Sn %yi :i e d i g e s t s.

Both 0 - and p~cru.stacya.nin appear relatively 

stable to tryjxsin, a-crustacyanin especially being degraded 

to only a small extent. No liigh molecular v;eight coloured 

intermediates appear to be formed, since the breslcdown products 

are colourless and not fractionated on Sephadex G»75 (mol. v.d:. 

below 1 0 ,0 0 0 ).

Chymotrypsin, while producing only small amounts 

of low molecular weight products does produce blue [i-sized proteins 

with altered mobility in starch gels pH 8.55» Chymotrypsin 

hreales the peptide bonds adjacent to the arino acids pheny

lalanine and tyrosine, both of which occur in above average 

aj-.iounts in all the apo-units (Table 6 , section 4,2,6) . It is 

possible that they may be involved at the carotenoid binding 

site, providing for Tr-orbital overlap with the polyene chain, as 

suggested for the serum retinal binding protein by Kanai et al., 

(i9 6 0 ). Further investigation of the chymotrypsin digests of 

individual p-crustacyanins could possibly provide information on 

the binding site for carotenoid, and experiments in this line are 

beind continued.
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apo 1 (; apo 2

rro p.p 5.5 3-2
ly s  C .4  5 . G G .l
his 1.5 1.8 1.6

asp 1 5 .6  1 5 .1  1 5 .7
Ulu 9.6 ' 10.2 9.7

t h r  6 .9  6 . 8  6 . 7

s e r  8 . 2  7 . 8  7 , 8

p™  5 .^  6 .5  5 .5

U ly  5 .6  5 .2  5 .7
n la  8 . 8  8 . 2  9 . 2

val 6,7 6,5 6 . 5

ilG 5 . 9  4,2 4,0
leu 4,4 4 . 9  4.6

cys 1 , 9  1 . 7  2 . 0

met 0 . 5  0 . 4  0 . 5

tyr 6 . 9  6 . 9  6 . 8

pho 6 , 6  6 , 9  6 , 7

Q values

apo 1 0

a ' 5 . 4 0

apo 2 0 . 7 5 . 2 0

apol 0, apo 2

Values for a-crustacyanin are an average of three published result:

Kuhn cc Kuhn, (1 9 6 7 ); Jencks & Buchv/ald, (1 9 6 8 b) and 
Bagalsky.et al., (1 9 7 0 ).

apo 1 is an average of the two major apo-units (C^ + A^/2 )•

apo 2 is an average of all the apo-units (C^ + + A^/p) +
(A_ + A_/2)/2.

Values are in moles /o

S Û Q  values calculated from Karchalonis h Aeltman (1 9 7 0 ) •
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. 5  '/-cru; ! t ,-1 cyan in..

V-crn’rtacynnin 6 2 5 ) as ,yeen froir: Gil-

nrca scarcli g e ls  contains the sajüo apo-units as c.-crustacy£Uiin. 

It b re ak s  down more easily to [/-crustacynnin and i s  therefore 

suggested as being a slightly denatured fo r m . A lttio u g h  it is 

orcluded fror.i Sephadex G.2C0 (Cheesman et al., I9 6 6 ) its nol.

Arte, is similar to t h a t  of c.-crustacyanin (Table 1; Jencks & 

bnchwaj.d, IÇoèt)) it must c o n s e q u e n tly  be a, more asymmetrical 

molecule. If a -c r u s ta c y a n in  is, as has been suggested (Cheoor.an 

et al., 1 9 6 6 ), a circular molecule of o p-units then, Y- 

crustacyanin i.ci; lit bo e n v is a g e d  as a linear molecule o f  8 

[j-units. This could explain both the low stai.iility and high 

asymmetry of the molecule.
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J e A i/odification j’i'ococ.Lure for coping witii

largo (juantitlos of lobs toi' car a pace lias boon developed 

for t’ie jiurification of crnstacyanin. The characteristics 

of the protein arc indistincjnisinible fro’', those previously 

reported in the literature.

2. Different methods for the separation of a- 

cructacyanin from p— and Y-'Crustacyr.uiin have been conparod.

3» a-crustacyanin appears to be a ho;nogen >̂us fraction,

not a series of closely related proteins.

4, Five apo-units have been prepared, in a state

homogenous to electrophoresis, frcni a-crustacyanin, by gradient 

elution from DFAE-colliilose, after removal of the astaxantbin 

by acetone or 6h-urea. A numbering system (C^, , A^,

& A„) has been given.

3. The five apo-units are also present when the

carotenoid is removed by extremes of pll.

6, The apo-protein is not homogenous to gel filtration

on Sephadex G. 75. S-, being eluted in front of

A  S -
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7 « The amino acid c o m p o s itio n  of each a p o -u n it

has been studied, co!i;pared to that of the ' average p r o te in  ' , 

end their relate dues s esciüuitodo Tlie possible s ic .n i i  ic a n c c  

of the h ig h  tyrosine, p lic n y l-a la n in e  and aspartic a c id  

c o n te n ts  is mentioned, and the 1 ikel :i liood of the five apo- 

units being conformationa1 isomers of ti’o proteins is 

discussod.

8. Tjie apo-units remain as unique entities following

electrophoresis in 6i!-urea-starch gels containing O.Opk" 

Kiercaptoothanol. The p o s s i b i l i t y  t h a t  the isomers could 

be formed by disul oliide in te rc h a n g e  is therefore d is c o u n te d .

9* It was ho-ped to be able to test the relationships

between the apo-units by immunological techniques, but 

un:^ortunately no antibody formation could be detected.

10. Recombinations of the apo-proteins v.cith various

synthetic carotenoids were attcm])ted. ' oxygen

functions viere essential for the formation of a dimer; 

confirming earlier results. The 15 - 15’ dehydrocarotcnoics 

did not recombine, and the possible reference this may have 

to the binding site is discussed.

11, The apo-units show no tendency to diinerise in the 

absence of carotenoid. Preferred p-crustacyanins are formed 

between C C of A and A of A in the presence of astaxanthin,1 2  1 2 j

other dimers can be formed, although only w"ith freshly 

prepared apo-units.
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12. Ill contrast the apo-crustacyriiih, f-cructacycoin

is iKxaoycpous following gel filtration on fey: nod ox G . 7 3 .

1 3 . [A-crustacyanin can i.c so car at 0 0  into two fractions 

by prena.rative column electronhoresis. Botli arc hctorogoncous 

on starch gol electrophoresis.

14. Four ['-crustacya.nin fraction arc obtained by
cgradient elution from bn.._b-cellulose, tv/o gT wiiich are homo - ennus

to electrophoresis and have been termed ff- and tv.'o

of wh.ic)i arc heterocencous, showing two corieonents in

electrophoresis: [\ , and P. , _la + b 2 a + o respectively,

1 3 . These six p-forms are present in the various

methods of preparation of p-crustacyanin.

1 6 , The two heterogeneous fractions were separated

into their components by a) Pevikon electrophoresis

b) electrophoresis in cellogel blocks and c) rechromato

graphy on DEAE-cellulose. In all cases the major fractions 

^^la ^ Pgg) were easily prepared in a pure for.::, but only 

small quantities of and are obtained.

1 7 . The sub-unit composition of each p-fraction has 

been demonstrated by dissociation and electrophoresis in 

6 M-urea-starch cels.
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180 riio ['“ fractions A  ore not interconvc^rtible

in C .0 s: lorcaptoothanol, or after romov ol of tho c rotenoio

ill Oi'i-ur-ea, or acetone,

1 9 o In Gi;--iirea tv.-o protein fractions are produced

from p'--c;rnst acyanin after gel fJSLtrat ion on dcpiiadex G . 75 «

ji yellow fraction ("̂  44c) vdiio.h is  excluded from the q e lmax
and a pink (A 5fO) ano-sized fraction,max

20. Chymotrypsin and trypsin do not extensively degrade 

o:~ and [i~crustacyanin. C liy m o tryp s in  produced coloured 

fractions vdiicli are eluted in the same elution volume as p~ 

crustacyanin from Sephadex G.75, hut migrate v;ith a different 

mobility in s ta r c l i  gel e le c t r o p h o r e s is .  This w ork is being 

continued.

21. Y-crustacyanin has been prepared homo :er^us to 

cellogel electrophoresis. It has a similar composition

in bk-urca-starch gels to c:-crustacyanin, but brea.ks|dov/n to 

the p-forms more easily.

22. The relationship of the apo-units to 0.-, p- & 

Y-crustacyanins is discussed.
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