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INTRODUCTION



1.
A. THE ROLE OF CAROTENOIDS IN THE MEMBRANE OF GRAM-POSITIVE 

BACTERIA.
The observation that the carotenoids of a non-photo- 

synthetic bacterium were entirely localised in the cytoplasmic 
membrane fraction was first made by Mathews and Sistrom, (1959a) 
for Sarcina lutea and this has subsequently been confirmed for 
several other species (Stephens and Starr, 1963; Salton and 
Ehtisham-ud-din, 1965a; Strang, 1968). This specific localisa 
ion may be significant when we consider the possible functions 
of such pigments.

Goodwin, (1959) observed that, of the Gram-positive 
bacteria whose natural environment involved contact with both 
light and oxygen, many synthesised carotenoid pigments. 
Carotenoids are also present in many microorganisms which are 
able to survive at physiological extremes, e.g. halophiles 
(Baxter, I96O), thermophiles (Baumann and Simmonds, 1969) and 
a radiation resistant species (Bamji and Krinsky, 1966).

It has been suggested that the pigments of lutea# 
because of their close association with the membrane-bound 
succinic oxidase system, may protect the enzymes and cytochrome: 
of the respiratory chain by absorbing potentially harmful light 
energy (Mathews and Sistrom, 1959b). Protection by carotenoid 
pigments against the phenomenon of lethal photo-oxidation, 
(photo-dynamic killing) has been demonstrated when the 
bacteria were photosensitised with the dye Toluidine Blue 
(Mathews et aJL. , 1959b, i960 ; Mathews, 1963).
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After normal wild-type cells of Sĵ  lutea and a pigment- 

less mutant of the same species were treated with Toluidine Blue, 
exposure of both types of cell to ultraviolet radiation resulted 
in the death of the cells lacking carotenoid pigmont whilst 
most of the pigmented cells survived. This dye appeared to 
exert its lethal action at the level of the cytoplasmic membrane 
and its associated enzymes (Mathews, 1963). It is significant 
that no protection is afforded by the pigments of the same 
species after photosensitisation with Acridine Orange, whose 
prime lethal effect appears to be on the DNA and not on the 
membrane proteins of lutea (Roth, 196?). The possibility 
that carotenoid might be an integral structural component of the 
bacterial membrane is suggested by the observation that cells 
of Sj»̂ lutea and Microoooous lysodeikticus grown in the presence 
of diphenylamine, (which inhibits the synthesis of the more 
unsaturated carotenoids and carotenols), are more susceptible 
to lysis than normal cells. Furthermore, the membranes isolated 
from such cells appear to be less stable, as indicated by the 
leaohing of membrane components into the supernatant during 
washing procedures (Salton and Freer, 1965t Salton and Ehtisham- 
ud-Din 1965a). However, Roth and Krinsky (1970) have suggested 
that in fact the carotenoid pigments do not play a significant 
role in stabilisation of the membrane since they were unable to 
demonstrate an increase in the fragility of either diphenylamine- 
grown or colourless mutant cells of lutea. nor of protoplasts
prepared from these cells. They thus consider that the decrease 
membrane stability observed by previous workers for diphenyla-
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mine-grown organisms is not a consequence of their depleted 
carotenoid content.

A novel suggestion for the function of the carotenoid
in the membrane of Mycoplasma laidlawii is in the concerted
transport of acetate out of, and glucose into the cell (Smith,
1969). Such a function presupposes that the dihydroxy-
carotenol of this organism is located across the diameter of the
micellar sub-units of the membrane. The two hydroxyls would be
available for the covalent attachment of acetate and glucose,
and rotation of the micelle through 180® would accomplish the
transport process. Enzymatic fission of the 0-acetate and O-
glucose bonds by specific glycosidases would liberate these
two compounds and allow the hydroxyls of the carotenol to
become available for the repetition of the process.

B. NATURALLY OCCURRING CAROTENOID GLYCOSIDES AND CAROTENOID- 
PROTEIN COMPLEXES.

Many bacteria undoubtedly synthesise large amounts of 
free carotenoid pigment as the terminal product of their caroten 
old biosynthetic pathway. This free carotenoid is easily 
extractable with organic solvents, after which the bacterial 
remnants are seen to be white. Indicating that little or none of 
the pigment is tightly bound to e.g. protein (Thirkell, I969; 
Weeks and Garner, 1967). In view of the evidence of Strang 
(1968) and others regarding the localisation of these pigments 
in the membrane, the carotenoid molecules must be orientated so 
that their hydrocarbon portions lie within the apolar region 
of this membrane, be it micellar or bi-layered in structure.
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One such orientation has already been suggested by Smith (I969).

In many other organisms, however, the overall carotenoid 
biosynthetic pathway may well be directed towards the production 
of more polar compounds, of greater complexity, involving the 
attachment of carotenoid covalently to carbohydrate and/or 
protein. Until recently, it was thought that one such type of 
compound, carotenoid glycosidas, was relatively rare but since 
1967, the discovery of several of these in non-photosynthetic 
bacteria and in blue-green algae has indicated that carotenoid 
glycosides are widely distributed in nature. Some of the 
recently isolated carotenoid glycosides are listed in Table I.I. 
and examples of their structure are shown in Fig. I.I. It is 
of interest to note that, with one possible exception, in the 
glycosides of bacterial origin, D-glucose is the only carbohydra 
moiety detected to date. Only two glycosides having 
carotenoid aglycones have been reported so far.

The carotenoid glycosides are highly polar in comparison 
with the free pigments and as such are only sparingly soluble in 
even the most polar organic solvents. In those species which 
synthesise this type of compound, the glycosides represent a 
significant, if not a major proportion of the total carotenoid 
pigment (see Table I.I.) and it is evident that here the 
carotenoid glycosides are the terminal products of the biosyn
thetic sequence.

Water-soluble carotenoid-protein complexes are also 
abundant in nature, being especially common in invertebrates
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TRIVIAL NAME CAROTENOID

(a o t l c o n e ) SUGAR ^ TOTAL
5.

SOURCE REFERENCE
PIGMENT ORGANISM

None 3,3*—Dihydroxy-carotene D-glucose 7 M« laidlawii Smith 19^3
(^4o) (1)

Phie ixan thophyl1 1•,2•-Didhydro-1»,2•- D-glucose Mycobacterium Hertzberg
dihydroxyycarotene (Ĉ ĝ) (1) phlei A Jensen

85 19674-Keto-phleixan- 1*,2*,-Dihydro-1',2'- D-glucose M. phlei Hertzberg
thophyll dihydroxy-4-keto-y- 

carotene (C^g) (1) A Jensen
1967

p 462 Hydroxychlorobactene D-glucose 15.7 Corynebact- Px'ebble
(^4o) (1) erium

fascians
1968

None 1,2-Dihydro-3,4-dide- D—mannose 64 Halophilic Aasen,
hydro4-hydroxy-apo-8— (1) coccus. Francis A
lycopene (C^g) SE20-4 J ensen

1969
Myxoxanthophyl1 Myxol m 1',2*-Dihydro- L—rhamnose* ? Arthrospira Hertzberg

3',4 «-didehydro-3 * 1', (1) sp. A Jensen
2 ' -trihydroxy$fcarotene 1969s.
{C40)

' Dscillaxanthin 1,2,1' ,2'-Tetrahydrosrl, L-rhamnose 5 Arthrospira Hertzberg
2, 1',2'-tetrahydroxy- (2) sp. A Jensen3,4,3',4'-tetradehydro- 1969b
lycopene (Cĵ g)

p 496 Myxol (C^g) Unidentified 9 Oscillatoria Francis,
• 0—methyl- limosa Hertzberg,

P4?6 Myxol (C^g)

methyl pentose (2)

(1)
27 Osclllatorla 

limosa

Andersen 
& Jensen1970
Francis, 
Hertzberg, 
Andersen 
& Jensen1970

P483 4-Keto-myxol (C/̂ q ) Unidentified 
methyl pentose 
(1)

1 Oscillatoria Francis, 
limosa

Corynexanthin

None

Decaprenoxanthin (C^g)

Sarcinaxanthin (C^g)

D-glucose
(1)
D-glucose
(1)

? Corynebact- 
erium sp. 
NCMB 8

20 S. lutea

Hertzberg, 
Andersen 
A Jensen1970
Weeks A 
Andrews81970
Norgard, 
Francis, 
Jensen A 
Jensen1970

* Small quantities of an unidentified hexose were also detected in hydrolysates from 
this glycoside.

N.B. The configuration of the glycosidic linkage in the carotenoid glycosides is 
probably in common with most naturally occurring glycosides. Attempts at enzymic 
hydrolysis of the phlei-xanthophylls (Hertzberg ejfc al. I967) using both ot - and 
^-glucosidases were unsuccessful in releasing free pigment, as demonstrated by 
chromatography of the reaction mixture.
Figures in parentheses denote number of monosaccharide residues per carotenoid 
molecule.

TABLE I.I.
Recently Reported Naturally Occurring Carotenoid Glycosidei



OH

O O
Me

HO
MC OH

Osci l laxanthin C52Hy^O|2

OH

Myxoxanthophy II

OH
Corynexanthin

OH

Phlei-xonthophy

FIG. I. I
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(Cheesman, Lee and Zagaleky, 1967). In this type of compound, 
the carotenoid moiety is easily released from the protein by 
treatment with protein dénaturants e.g. acetone, but will recombine 
with the protein with the same stoichiometry as in the original 
material. Thus we have here a highly specific association betwee: 
carotenoid and protein which, it has been demonstrated, confers 
mutual stability on both components. A further characteristic of 
these complexes from invertebrates is that the absorption maxima 
of the free and bound pigment differ considerably.

Readily extractable water-soluble carotenoproteins 
have also been isolated from algae (Haidak, Mathews and Sweeney, 
1966), higher plants (Subbarayan and Gama, I966) and the non
photosynthetic bacteria Corynebacterium michiganese (Saperstein 
and Starr, 1955) lutea (Mathews ejt Bi* * 1959&) * and a Clostridii 
species (Mower H.F., 1970)» These carotenoproteins are readily 
sedimentable by either high speed centrifugation or ammonium 
sulphate precipitation.
C. MEMBRANE SUB-UNITS SOLUBILISED BY THE USE OF SYNTHETIC DETERGEN1 

AND ULTRASONICS.
In addition to the readily extractable carotenoproteins 

previously mentioned, synthetic detergents have been employed to 
extract carotenoid and protein-containing material from non-photo
synthetic bacterial membranes (Hazin, Horowitz A Terry 1965» Salto: 
A Netschey 1965c, Salton 1967a,b, Butler, Smith A Grula I967). 
These workers consider the detergent solubilised material to be a 
solution of identical sub-units on the basis of homogeneity on the 
analytical ultracentrifuge.
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The use of detergents for obtaining soluble preparations 

from bacterial membranes is by no means confined to pigmented 
microorganisms (Bishop, Rutberg & Samuelsson 1967a, Mirsky I969) 
but it is impossible to free the material so obtained from »
detergent so that all analytical procedures must be performed in 
the presence of detergent. The dangers inherent in this have 
been indicated by Smith, Koostra A Mayberry (I969)$ who showed 
that the sedimentation coefficient of detergent-solubilised 
material from M. laidlawii was dependant on the detergent concen
tration. These observations cast doubt on any attempt at 
comparison between the sizes of sub-units produced by this means 
and those produced by other purely mechanical procedures e.g. 
ultrasonics (see below).

Similar water-soluble pigmented membrane sub-units can be 
isolated after ultrasonioation of bacterial membranes suspended in 
an aqueous buffer solution. In the case of M. lysodeikticus and 
S . lutea, these sub-units, yield a single, symmetrical peak on
the ultracentrifuge, indicating that these sub-units are also

(Salton et al., 1965) 
homogeneous with respect to size y However, material prepared by
ultrasonioation of the membrane of M. laidlawii (Rottem A Razin
1966) exhibited an assymmetrical peak on ultracentrifugation
suggesting some degree of heterogeneity of the sub-units.
D. THE CAROTENOID PIGMKNTS OF SARCINA FLAVA.

Thirkell, Strang A Chapman (I967)# showed that Sĵ  flava
produces four major pigment fractions, as shown in Table I.II.
None of the colourless carotene precursors constituting fraction 1
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cochromatographed with the usual carotenoid precursors e.g.
phytoene, phytofluene and neurosporsne, so that these authors 
suggest that the skeleton is synthesised early in the overall
biosynthetic pathway i.e. t-
Colourless precursors — carotene — — — > c ^q
monohydroxy-oarotenol — dihydroxy-carotenol — — — > 
polar carotenoid.

In contrast, the carotenoids from Flavobacterium. • 50 ----------------------------------
dehydrogenans (see below) do appear to be synthesised from the
normal precursors. These precursors, along with lycopene
and a monohydroxy-carotenol can be isolated from this organism
(weeks, Andrewes, Brown A Veedon I969) which suggests that the
synthesis of the structure occurs after the production of thesi
coloured compounds with 40 and 45 carbons.

Thirkell A Strang (I967) have also shown that the caroten
oid pigments of Sĵ  lutea and flava are chromatographioally and 
spectrally similar. The same authors later showed (Strang A 
Thirkell I969) that these pigments are also chromatographically 
similar to those produced by M. lysodeikticus and a Coryneform 
species (strain 1032, Torry Research station, Aberdeen). However 
chromatographic and spectral evidence does not seem to be an 
adequate proof of structure since the 050 dihydroxy-carotenol 
from lutea (originally termed sarcinaxanthin by Takeda A Ohta 
1941), is chromatographically homogeneous with, and possesses the 
same absorption maxima as the pigment p439 from Fĵ  dehydrogenans



FRACTION TYPE OP CAROTENOID NUMBER OF 
SUB-FRACTIONS

NATURE OF 
SUB-FRACT
IONS

^ OF 
TOTAL
PIGMENT

3

k

Hydrocarbon

Monohydroxy-C-q- 
carotonol ^
Dlhydroxy-C-q- 
carotonol  ̂
(Sarclnaxanthln ?) 
Extromely polar

0

6 carotonae, 
3 colourleaa 
procursora

1 trana» 3 
ciaiaonera

8

26

61

TABLE I. II.

The Carotanold Pigmenta from S. flava (after Thlrkell. Strang & 
Chapman 196?)•
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(Jensen, Weeks, Strang & Thlrkell 196?). Furthermore both 
pigments give the same highest mass number peak on mass apectrometr; 
Nevertheless, subsequent studies of the fragmentation patterns of 
both pigments on mass spectrometry and by N.M.R. have revealed 
that p439» now termed decaprenoxanthin (Weeks ejb aJ.. I969) has the 
symmetrical structure shown in Fig. I. Ila) whereas sarclnaxanthln 
is an asymmetrical molecule whose tentative structure is either 
that shown in Fig. I. Ilb) (Jensen 1970) or that shown in Fig. I. 
lie) (Arpin, Francis, Jensen & Enzell 1970). It has now been 
shown that both F_̂  dehydrogenans and a Coryneform species (NCMB8) 
synthesise decaprenoxanthin whilst Sĵ  lutea synthesises sarcinaxan- 
thin.

In view of the evidence of Thlrkell ejt a]^., ( 19^7) and the 
fact that S. flava is an extremely closely related, if not 
identical, species to lutea, sarclnaxanthln is probably the 
precursor of the polar carotenoid fraction (fraction 4) from S . 
flava, which was not further characterised by these workers.
E. THE CAROTENOID PIGMENTS OF SARCINA MORHHUAE AND OTHER RED.

HALOPHILIC BACTERIA.
Many of the red pigmented halophiles, including Sarcina 

morrhuac » Sarcina 11ttoralis and several species of the Halobacteri 
have all been shown to synthesise the same carotenoid pigments 
(Baxter I96O, Nandy & Sen 1967)# Baxter (I960) demonstrated that 
the major pigment in these organisms was o^-bacterlox'uberin, which 
had previously been reported as the major pigment in Halobacterium 
halobium (petter 1931• Lederer 1938)#
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o/-bacterlorub*rln (or •^-bacteriopurpurin) was until rocdntly 

thought to be a C|̂ q carotenoid but is now known to be a C^q corapoun 
with the structure shown in Pig* I. III. (Kelly, Norgard & Jensen,
1970)# It has been proposed (Kelly & Jensen, I967) that the 
prefix be deleted since this is used to denote -cyclogeranyli- 
dene end groups which are indisputably absent from the molecule.

Although the pigments of the red, halophilic organisms 
studied by Baxter (I960) are reported as being a mixture of eight 
fractions, with o^-bacterioruberin as the major fraction, it has 
since been suggested (Nandy e^ Jâi*• 19^7) that e^-bacterioruberin 
only is synthesised and that all the minor fractions are derived 
from this compound by auto-oxidative and/or enzymic mechanisms, 
during its isolation. This would explain the non-reproducibility 
of Baxter’s separations since the relative amounts of the pigment 
fractions would depend on the time interval between isolation and 
separation. The rate of transformation of ^-bacterioruberin into 
these other derivatives was found to vary from species to species, 
being maximal in S . littoralis and minimal in H. halobium, of the 
organisms studied.

Baxter (196O) suggests that o(-bacterloruberin is present 
in the cell as a pigment-protein complex which could be split 
using protein denaturing organic solvents, and whose absorption 
maxima differed significantly from those of the free pigment (c.f. 
Cheesman e_t aJ.. 1967). Although Nandy ejb al. (1967) make no 
mention of the ease of pigment extraction from the bacteria which 
they examined, (s. littoralis, S. morrhuae, Sarcina sp. 63-Rl &
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Halobacterlu» aallnarlmn). Baxter (i960) in hi» work report# the 
imposaiblllty of complete extraction of the carotenoid# from S # 
littoralie cell#, which do not lyee in hypotonic eolution unlike 
those of the Halobacteria.

In this laboratory it was found that, when no further 
pilent could be extracted from cell# of morrhuae, even after 
ultraaonication and treatment with 10^ methanolio KOH, the 
bacterial remnant# were still well pigmented. This residual 
pigment could be extracted as a reddi#h«»orange aqueous solution.
F. THE CHEMICAL COMPOSITION OF GRAM*»POSITIVE BACTlCRIAL MEMBRANES
a) Overall composition

As is the case for cellular membranes from higher forms 
of life, the bacterial membrane is composed predominantly of 
lipoprotein plus smaller amounts of carbohydrate and HNA.

All procedures for the isolation of membranes from Oram- 
positive microorganisms involve the removal of the cell wall 
using lysosyme (N**acetylmuramide glyoanohydrolase, (B.C.3.2.1.17))  ̂
followed by protoplast lysis in hypotonic solution, centrifugation 
and washing procedures. The membrane fractions prepared in this 
manner represent the total membrane fraction from the bacterium
i.e. the outer plasma membrane and any intracytoplasmic or 
mesosomal membranes which may be present.

The overall chemical compoisition of such membrane
preparations undoubtedly varies according to the method employed
for their isolation and purification, and the assay methods used
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in the estimation of the various components. Salton (1967c) 
has shown that estimation of protein by the Polin-Lowry method 
gives a value which is 30^ less than that obtained using the 
Biuret method. This sort of variation accounts for the widely 
differing chemical compositions frequently reported by different 
authors for membranes from identical species. Nevertheless, 
under identical conditions of preparation and assay, the chemical 
composition of bacterial membranes shows significant species 
variation ( Salton aJL. , 1965b), as well as variation with the
age of the culture (Salton ejt , 1965b ; Bishop, Rutberg & 
Samuelsson 1967b ; Ward & Perkins I968) and the composition of 
the growth medium ( Salton ê_t aJ.. , 1965b) # The overall chemical 
composition of membranes from some Gram-positive bacteria is 
shown in Table I.III.
b ) Carbohydrate composition

The qualitative carbohydrate composition of several Gram- 
positive bacterial membranes is shown in Table I. IV* Glucose is 
the most commonly occurring membrane carbohydrate and in several 
species is quantitatively the most important monosaccharide 
detectable (Salton et al., 1965b). Where ribose is present, this 
can be shown to be solely derived from the RNA component of the 
membrane. To date the only report of a pentose other than ribose 
in the membrane of a bacterium is that of Ghosh & Carroll (1968), 
who were able to detect arabinose and a trace of rhamnose in 
hydrolysates of membranes isolated from Listeria monocytogenes.
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None of the carbohydrate found In the membrane le present a# free 
monoeaocharlde» but ie releaeed by acid hydrolysis from glycollpld, 
glycoprotein and In some cases polysaccharide (Ollby e^ al# 19)8$ 
MacFarlane 1964)# The amount of carbohydrate present In membranei 
also varies markedly from species to species and from laboratory 
to laboratory for the same species# Thus Ollby e_t al# (1958) 
report a very high (20^) carbohydrate content for lyeodelktlcus 
membranes compared with more recent reports # but their Isolation 
procedure did not eliminate the mannan which has been shown to be 
a membrane component under certain conditions (Salton 1967c)#
This polysaccharide constitutes 73̂ > of the total membrane mnnose, 
the remainder being predominantly In the form of a mannosyl 
dlglycerlde (MacFarlane, 196I)#

In certain cases, specific monosaccharides can be assigned 
as components of the glycollpld of the membrane since a particular 
carbohydrate may be present In hydrolysates of whole membrane 
preparations but absent from hydrolysates of defatted membranes#
In the case of Sĵ  aureus# glucose and ribose are demonstrable In 
whole membranes, but only ribose Is detected In defatted preparat
ions Indicating that all the glucose Is associated with the lipid 
of the membrame whilst, as we have said, the ribose Is associated 
solely with the RNA. Thus for this species, little or no carbo
hydrate In the membrane Is bound as either glycoprotein or poly
saccharide (ward eJt al#. 1968)#

The absence of a monosaccharide from membrane hydrolysates 
which Is known to be present in the cell wall material. Is a usefc 
criterion of the purity of the membrane preparation (Gllby et al.
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1958, Ghosh et al. 1968| Ward ot al. 1968).
c) Amino Acid Composition

To the author*s knowledge, amino acid analyses have only 
been reported for membrane proteins from:#* MjL lyodelktlcus 
(Gllby ejt ajL. 1958, Grula, Butler, King & Smith 1967) * aureus
(Ward eJb aJL. 1968), Bĵ  megaterlura (Yamagucai, Tsukakoshl, Tamura & 
Arlma, 1967) # faecalls (Shockman e^ aUL. 1963), and monocyto
genes (Ghosh ejt 1968). These membrane proteins. In common
with those from higher forms of life, are characterised by a high 
content of hydrophobic and acidic amino acid residues, and a low 
content of basic and sulphur-containing amino acids. This pre
cludes extensive Ionic binding between phospholipid and protein 
and the possibility of significant disulphlde cross-linking In the 
membrane.

All the usual amino acids can be detected In most oases, as 
well as some unidentified (Grula et l U L .  1967) and some unusual 
components e.g. phosphoserlne and glyceryl phosphoryl ethanolamine 
from Lmj, monocytogenes (Ghosh £t I968).

Little work appears to have been done concerning the effect 
of alterations In culture conditions on the amino acid patterns of 
membrane proteins. Shockman ^  al. (1963), however, noted that 
membranes from threonine depleted cells of Sĵ  faecalls showed an 
Increased content of lysine and glutamic and aspartic acids, the 
remainder of the amino acids being reduced by 20-30^. It Is also 
Interesting that membranes from protoplasts of aureus contain 
33-49^ more alanine than those from L-forms of the same species
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(Ward aĴ . I968), although the significance of this difference 
has not yet been explained.

The absence of unusual amino acid components, kno%m to be 
cell wall constituents e.g. dlamlnopimelic acid, from membrane 
preparations Is again a useful Indication of the efficiency of the 
Isolation procedure (Gllby e_t a^. 1958). 
d) Fatty Acid Composition

The number of reports concerning the fatty acid composition 
of whole bacteria are too numerous to mention here and there are 
two excellent reviews concerned with this subject (O*Leary 1962, 
Kates 1964). Only a few workers have concerned themselves with
the fatty acid composition of Isolated bacterial membranes (Cho &
Salton 1966, Bishop ejfc aJL. 196?# Yamaguchl ot I967, Ward et al.
1968) but since there Is good evidence that, for some Gram-positive
species, most. If not all the llpld is localised In the membrane
(Vorbeok & Marinetti I965)# it may be reasonable to assume that 
the fatty acid profile obtained from whole cells in these cases 
will be effectively an expression of the membrane profile.
Further support for this supposition comes from the observation by 
the same workers that where a small amount of llpld was found in 
the soluble cytoplasmic fraction, this llpld was of the same 
composition as that from the membrane.

The predominant fatty acid of several aerobic Gram—positive 
bacteria, including lutea and Mj». lyeodelktlcus (Cho jsjt I966)
and many of the Bacillus species (Kaneda I967)# Is a saturated, 
branched-chain compound. Other branched-ohaln acids are also
common In these species, and their content of unsaturated acids is



19.
low in comparison with Oram-nsgative specie#.

Patty acid composition has been suggested as a criterion 
for bacterial classification by several workers (Moss, Dowell, 
Lewis & Schekter 196?, Lewis, Weaver & Hollis I968, Moss, Dowell, 
Farshtchi, Raines & Cherry 1969# Kaneda 196?), although variations 
In the composition of the growth medium (Kaneda 1966, Tornabene, 
Bennett & Oro I967# Edmonds A Cooney I968, Albro A Dittmer 1969)# 
availability of oxygen (white A Frerman 1968), temperature (Harr 
A Ingraham I962, Kates A Hagen 1964, Daron I969# Ray, White and 
Brook 1971)# end the age of the culture (Knivett A Cullen I967# 
Kaneda I966, Daron 1969)# have all been shown to produce marked 
changes In the fatty acid profile from whole bacteria. Tornabene 
sjk el. (1967) # however, found no significant alteration in the 
fatty acid pattern for cultures of Sm lutea grown for 24, 48 and 
96 hours.
Q. ULTRASTRUCTURE AND CELL DIVISION OF GRAM-POSITIVE BACTERIA

Compared with the wealth of material published on other 
Gram—positive bacteria e.g. the Bacilli, ultrastruetural studies 
on the Mlorocooci and Sarclnae are few. Those species which have 
been investigated are S. lutea (Chapman I960, Cherny 1967)# S 
ventrlcull and maxima (Holt A Canale-Parola I967) # ^  morrhuae 
(Brown A Cho 1970), lysodeiktlcus (Friedberg A Avigad 1968) 
and radiodurans (Thornley, Horne A Glauert I965).

Chapman (I96O) reported that lutea cells were bounded 
by a single, thick layer. Intermediate In appearance between a 
cell wall and a cytoplasmic membrane. This layer grew oentri- 
petally Inwards to partition the cell during the division process.
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A later investigation of the ultrastzmoture of lutea (Cherny
1967) revealed the existence of both the typical thick amorphous 
cell wall, and a tripartite cell membrane, characteristic of the 
majority of the Gram-positive microorganisms studied, In 
addition, extensive intracytoplasmic membrane structures or 
mesosomes were present as well as the large polymetaphosphate 
granules which have since been demonstrated in the closely related 
species lyeodelktlcus (Friedberg j»t 1968).

The behaviour and function of the bacterial cytoplasmic 
membrane during cell division was first described by Chapman (1959) 
although subsequent authors have assigned roles to both the 
cytoplasmic membrane and to mesosomes In this process. Chapman 
considers that bacterial coll division may be of two types s cell 
wall septatlon (Chapman A Millier 1953# Chapman 196O) or cell 
membrane septatlon (Chapman 1959)# Although centripetal growth 
of a ring of material Is comoOn to both processes, the former is 
usually characterised by the association of mesosomes with the 
developing cell wall septum. In the latter process, cell 
membrane septatlon, a double membrane septum Is formed, completely 
separating the twp halves of the cell and this is then followed 
by the depositj on of cell wall material on the membrane septum.

More recent work (Jacob, Ryter A Cumin I966, Ryter A 
Jacob 1967# Ryter I967# Petitpres, Room A Tacquet 1967# Suganuma
1968) has shown that for many species there is an Intimate 
association between mesosomes and the bacterial DNA, and that 
mesosomes may well participate in nuclear segregation during cell 
division.



21
Little effort seems to have been concentrated on the actua 

mode of septum formation during cell division In Gram-posltlve 
bacteria although cell wall septatlon, accompanied by mesosomes In 
close proximity to the developing septa, is shown in cereus 
(chapman ejb aT. 1953)# subtills (Glauert & Hopwood I96I,
Ryter A Jacob 1964, Cole, Popkln, Doylan A Mendelson 1970)» S . 
maxima (Holt ejt 1967) # Phlel (petltpreas at I967) # S.
aureus (Suganuma I968), Sĵ  faecalls (Higgins A Shockman 1970)# 
and Corynebacterium ovls (Hard 1969)*

In their work on Dlplococcus pneumoniae, Tomasz, Jamieson 
A Ottolenghi (1964), described the presence of membraneous 
filaments termed S-membranes, continuous with the cytoplasmic 
membrane, and extending terminally from developing septa In 
dividing cells* Mesosomes were seen on occasions In the same 
position as these S-membranes, but never simultaneously* As 
division In this organism is of the cell membrane septatlon type, 
here we have an exception to the general observation that cell 
membrane septatlon is characterised by the absence of mesosomes at 
the site of septatlon*
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H* AIMS OF THIS THESIS

The work presented here was undertaken with a view to 
achieving the following objectives % -

1. Solubilisation, using synthetic detergent, of a caroten 
old-containing membrane component from the membranes of S . flava, 
and the Investigation of Its properties, in an attempt to determine 
the way in which the pigment is incorporated into the general 
architecture of the membrane.

2. Further characterisation of the polar carotenoid 
fraction from flava as Isolated by Thlrkell jgjb (1967) to
determine the nature of the substituents and/or other molecules 
attached to the carotenoid which are responsible for Its extreme 
polarity.

3. Elucidation of the composition and properties of a 
water soluble pigment fraction from morrhuae.

4. Determination of the effect of age of bacterial culture 
on the chemical composition of the total membrane fraction from
A. flava,

3. Electron microscopic examination of Sĵ  morrhuae and S , 
flava, with particular emphasis on the mode of cell division In, 
and the effect of lysozyme treatment on, S. flava.



METHODS
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A. MAINTENANCE AND LARGE SCALE CULTURE OF SARCINA FLAVA AND SARCINA 

MORRHUAE
1. Maintenance culture of S. flava

S, flava, (N.C.T.C. 7503)» was grown on nutrient agar 
(Oxold Ltd.), enriched with 1% glucose, at 37^. A single colony 
was transferred to a fresh agar plate every 5 days, and a new 
maintenance culture thus prepared by streak culture.
2. Large scale culture of S . flava

a) Cells were grown in a Now Brunswick MF ll4 Microform 
bacterial fermenter at 37^ in 12 litres of nutrient broth (Oxold 
Ltd.), enriched with 1% glucose. The cultures were vigorously 
agitated throughout the fermentation and aerated at a rate of 12
l./min. Harvesting was by centrifugation at 1500 g. and the timei 
for which different batches were grown is indicated at the 
appropriate points In this section.

b) Cells were grown (at Imperial College, London), In 400 I 
nutrient broth (Oxold Ltd.) enriched with glucose as above. 
Vigorous agitation and an air flow rate of 400 l./raln. were 
employed throughout. Two batches of cells were grown at Imperial 
College, one being harvested after 48 hours growth, the other bein^ 
divided into two 200 1. portions, one of which was harvested after 
24 hours, the other being allowed to continue growth for 57 hours 
before harvesting. In each case, harvesting was carried out on a 
Sharpies continuous flow centrifuge, and the cells deep-frozen for 
transport.

The approximate yield of flava cells grown In liquid
culture under these conditions Is 7*5 g. (wet weight)/I.
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3. The effect of light on the growth and pigmentation of S. flava

A series of universal bottles, each containing 20 mis. 
of nutrient broth (Oxoid Ltd.), enriched with 1^ glucose were each 
inoculated with 0.5 ml. of a 24 hour culture of flava. Half of
the bottles were made light proof using aluminium foil, the 
remainder being left uncovered. All were rotated on a rollor- 
shaker at 34^ with overhead illumination from a fluorescent strip 
light. At daily intervals for up to 7 days, aliquots were with
drawn sterilely from each bottle, suitably diluted where necessary, 
and monitored for bacterial numbers by turbimetrie measurement at 
6lO nm. When peak numbers had been reached, the remaining cells 
were harvested by centrifugation, and the light and dark grown | 
cells pooled separately. The carotenoid pigment was then extractec 
by ultrasonication in a known volume of methanol, and estimated 
using a theoretical extinction coefficient (̂ 3000) first used 
by Strang (1968) for the pigments from this organism. The amount 
of pigment present in the light and dark grown cells was related t< 
the dry weight of the bacteria.
4. Culture of S. morrhuae

The extreme halophile, Sĵ  morrhuae, was grown on 2.5ÿ agar 
No. 3 ( Oxoid Ltd.), to which was added t 25^ NaCl ; 1^ MgSOj|̂ . 7H2O |
0.02^ CaClg.6HgO; 0.5^ KClj 1% yeast extract (Oxoid Ltd.); and
0 .5̂  tryptone (Oxoid Ltd.). (All percentages here are w/v). The 
agar plates were streak cultured with the microorganism and sealed 
polythene bags in order to minimise moisture loss and subsequent 
crystallisation of salt on the surface of the solid medium. The
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plates were Incubated at 34^ for three weeks after which time the
cells were harvested by careful scraping with a spatula.
B. PREPARATION OF MEMBRANES AND PROTOPLASTS FROM TOOLK CELLS OF 5. 

FLAVA
It Preparation of the total membrane fraction

Membranes were prepared from cells grown for 24, 48, 57»
72 and 91 hours, by the method of Salton ejb (1963b). Tris
buffer was used throughout the preparation since these workers 
found that the use of phosphate buffer caused a greater degree of 
membrane instability. The method is depicted in the flow scheme 
shown in Fig. M.l. (overleaf)4 The purified membrane fraction 
thus prepared was either used Immediately (as in Section C), or 
lyophilised and stored at -40^ for later work (as in section F.).
2. Estimation of yield of membrane fraction

Membranes were prepared by the above method, from 
duplicate 5OO mg. samples of lyophilised whole bacteria, harvested 
at 24, 57 and 9I hours. The weights of lyophilised purified 
membranes thus obtained were determined, and the yield of the 
total membrane fraction for each age of cell estimated.
3. Preparation of protoplasts

Protoplasts were prepared by the method of Baird-Parker 
and Voodroffe (1967), which is stated to be suitable for both B. 
megaterium and lysodeiktlcus. 100 ug./ml. of egg white
lysozyme (Sigma Ltd.) were added to a suspension of cells (20 mg. 
wet weight/ml.) in a medium containing! 0.01 M Sorensen double 
phosphate buffer, pH 7*0| 0.005M MgCl^l O.OlM NaCl and 0.75M
sucrose. Despite the contention in the original method that



Suspension of cells (20mg. wet weight/nil.) 
in O.IM Tris buffer, pH 7«5

150ug. egg white lysozyme 
(Sigma Ltd.) per ml. suspensio] 
added. Stirred Ihr. at 25^. 
30^g. DNAase (Sigma Ltd.) per 
ml. suspension added. Stirrei 
30 mine, at 25^* Centrifuged

Pellet of cell wall 
debris A unaffected 
whole bacteria. 
(Discarded)

at 500 g.
 ^Supernatant! suspension 
of crude membranes - 
(yellow)

Centrifuged at 35*000 g 
for 4o mine, at 4

Pellet of membranes 
(yellow)

Supernatant (colourless or 
faintly yellow, discarded)

Washed 3 times on the centrifuge 
(as above) with O.O5 M Tris buffer 
to remove "soluble** protein and 
nucleic acid. Supernatants disc
arded .

Washed membrane pellet

Dialysed against running tap 
water for 24 hrs. then 3 changes 
of distilled water for 24 hrs., 
all at 4^. Centrifuged at 35#000 
g. for 40 mine. at 4®, supernatant 
discarded.

Purified total membrane fraction

Fig. M> 1. - Method for the preparation of the total membrane
fraction from S. flava (after Salton et al., 1965b).
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protoplasting was complete after only 13-20 mins., for flava
the suspension was incubated at 30° for 60 mine. The protoplasts 
were then collected as a pellet after centrifugation at 35#000 g. 
for ho mins. and portions were fixed for electron microscopy as 
in Section G.

C. PREPARATION AND PROPERTIES OF A DETERGENT-SOLUBILISKD CAHOTENOir 
GLYCOPROTEIN FROM S. FLAVA MEMBRANES

1. Method of isolation and purification
Freshly prepared membranes from a 72 hour culture of S.

flava were suspended in a 1^ solution of either Lubrol L (l.C.I*
Ltd.) or Crillet 1 (Croda Ltd.), in 0.1 M Tris/maleate buffer pH
7.2, to a final concentration of 50 mg. wet weight/ml. Both
detergents are non-ionic in character, being derivatives of poly-
oxyethylene. The membrane suspensions were shaken for 2k hrs. at
25^ and the solubilised material decanted off from the residue
after centrifugation at 100,000 g. for 30 mins. The extraction
was then repeated until no more colour could be obtained in the
supernatant (usually 3 times), after which the membrane remnants
were still faintly yellow.

The efficiency of this solubilisation procedure was
determined by the accurate weighing of the residue obtained after
the extraction of a known weight of membranes.

In an attempt to remove associated detergent, the combined
yellow supernatants were exhaustively dialysed againstt a)
running tap water for 24 hrs., and b) 3 changes of distilled water
for 24 hrs. All dialysis was carried out at 4°.
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The dialysed material was then made 30^ (w/v) with respect 

to (NHjî  )gS02̂ , which precipitated the yellow gelatinous carotenoid 
glycoprotein leaving a colourless supernatant after centrifugation 
at 100,000 g. for 30 mins. at 4°. The yellow pellet was re
dissolved in distilled water, and the precipitation procedure
repeated 3 times, after which the material was dialysed again as
above to remove (NH^)2S0jî* The dry weight and ash content of the 
first solution prepared in this manner were determined in the usual 
way. The concentration of subsequent batches was determined by 
refractometry using a P.C.L. differential refractometer.
2. Attempted resolution of the purified detergent-solubilised 

materials
a) Electrophoresis in free buffer film

This technique was developed by Grassman and Hannig in 
Munich and the machine used was of the vertical flow type, 
manufactured by Bender and Holbein. Before introduction into the 
apparatus, aliquots of the material were exhaustively dialysed 
against a wide range of buffers of varying ionic strength and with
pH8 ranging from 3.9 to 8.6.
b) Diac-gel electrophoresis

Polyacrylamide gels were prepared as followsi- 
Solution I t 48 mis. M KCH 17.2 mis. glacial acetic

acid + 4 mis. tetramethylethylenediamine 
(TEMED), made up to 100 mis. with distilled 
water.

Solution II t 30 gms. Cyanogum 4l (b .D.H. Ltd.) in 100 mis.
distilled water.



Solution III s 0.004 gms. riboflavin in 100 mis. dist. HgO 28.
GeV solution - ' 1 vol. 1 + 2 vols. II + 4 vols. III +

1 vol. distilled water.
The gel solution was pipetted into the gel tubes to give 

the same height of gel in each tube, overlayered with a email 
amount of water, and allowed to polymerise (10-30 mins.).

The gels were placed in the apparatus (shandon) with 
0.005 M acetate buffer, pH 4.7 in both upper and lower chambers
and prerun for 1 hr. at 4 m.a. per gel. Solutions of both types
of detergent-solubilised material and of egg white lysozyme and 
bovine serum albumin were prepared to give a final concentration oJ 
about 1 mg./ml. in each case. These sample and standard solutions 
were then made 5^ (w/v) with respect to sucrose (to minimise 
diffusion effects on application) and carefully applied to the top 
of the gels with a syringe to give a layer of approximately 1 mm. 
thickness. Electrophoresis was then performed at a current of 
4 m.a. per gel and constant voltage for 3 hours.

The gels were carefully removed from their tubes and 
stained in 1^ amide black (1 gm. in 100 mis. 7^ glacial acetic 
acid) for 2 hours. Destaining of the gels was accomplished by s
a) washing with distilled water; b) soaking in 7^ glacial acetic 
acid for 1 hour ; c) electrolytic destaining in 79» glacial acetic 
acid at I50 volts for 1 hour, after which the bands were clearly 
visible.
c) Sephadex gel-filtration

Samples of both types of detergent solubilised material 
were concentrated by the forced evaporation of water from the out

side of dialysis sacking containing the solutions, using a stream
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of cold air from an Industrial blower. 2 mis. of concentrated 
material were applied to glass columns (26 X 1.5 cms.) containing 
GlOO and G200 Sephadex respectively. The columns were eluted 
with O.l̂ u (w/v) NaCl and the 3 ml. fractions which were collected 
were monitored for absorbance at 444 nm. (carotenoid) and by the 
Folin-Lowry (Lowry, Rosebrough, Farr A Randall, 1951) method 
(protein).
d) Ultracentrifugation

This was carried out using a Beckman Spinco model £
analytical ultracentrifuge. The sedimentation patterns of
solutions of both types of material in distilled water were
examined, using Schlieren optics, for up to 2 hours following the
attainment of maximum rotor speed (59#780 r.p.m#). The
possibility that the material might be split into sub-units was
investigated by examining the sedimentation behaviour of
solutions of the Lubrol L solubilised material containing t a) 4 M
urea; b) 4 M urea f 1̂ » (v/v) thioglycollic acid.
3. Properties of the detergent-solubilised carotenoid glyco- 

protein prepared using Lubrol L
a) Absorption spectrum

The absorption spectrum was determined for the range 200- 
700 nm. using a Pye Unicam S.P. 800 instrument. This was repeated, 
using a heated cell carriage, at 5^ increments from 15°-100°, and 
after prolonged boiling of the material. The spectra of solutions 
titrated to pH 4.0, 7 # 0 and 10.0 were also read.
b) Optical rotation

Optical rotation was determined using a Hilger and Watt
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polarimeter, with a water-Jacketed polarimeter tube, over the 
temperature range 18^-78°.
c) Amino acid analysis

A solution containing approximately 100 rag. of the material 
was taken to dryness and redissolved in 10 ml. 6 N HCl in a hydrol* 
ysis tube. This was then sealed and hydrolysis allowed to 
proceed for 2k hrs. at 110®. The hydrolysate was filtered to 
remove humin, which was then washed twice with distilled water 
to ensure quantitative recovery of the amino acids. The filtrate 
was then taken to dryness on a rotary evaporator, followed by 
the addition of a small volume of distilled water and the process 
was repeated until the HCl had been removed. The amino acid 
composition of the hydrolysate was then determined using a 
Technicon amino acid analyser, with nor-leucine as an internal 
standard.
d) Carbohydrate detection and chromatography

In order to determine whether or not carbohydrate was 
present in the material, both the phenol/sulphuric acid (Whistler 
& Wolfrom, 1962) and the enthrone (Scott & Melvin, 1953) colour 
reactions were employed.

After an initial indication that carbohydrate was a 
component of the carotenoid glycoprotein, an aliquot containing 
about 100 mg. was hydrolysed in a sealed tube in N HCl at 100® 
for 12 hrs. The acid was removed in the usual way and the hydroly 
sate concentrated to a small volume prior to chromatography. 
Descending chromatography was carried out on Whatman No.l paper
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using ethyl acetate# pyridine: water (72:20:23) (Colombo,
Corbetta Plrotta, Ruffini & Sartori i960) and n-butanol/pyrldlne/ 
water (6:4:3) as the developing solvents. To allow for extended 
development, chromatograms were serrated at their lower edges, 
and development allowed to proceed for 20 hours# Standards of 
glucose, raannose, galactose and ribose were also chromatographed, 
since Salton ejb al# (1965b) have reported these monosaccharides in 
the membranes from both lutea and lysodeikticus. On their 
removal from the tanks, the chromatograms were dried thoroughly 
and sprayed with 0.1 M anisldine phthalate (Pridham, 1956) after 
which they were heated at 100® for 5 10 mine# and viewed in
daylight# Hexoses appeared as brown spots whilst pentoses were 
rose-red#
e) Determination of molecular weight by ultracentrifugation 

Since the initial examination of the material in the 
ultraoentrifuge had shown a single, symmetrical peak, characteris
tic of monodisperse system, the approximate molecular weight was 
determined from the sedimentation coefficient of the carotenoid- 
glycoprotein# In order to minimise solute-solvent interactions 
inherent when a protein is dissolved in pure distilled water, and 
which tend to produce anomalous rates of sedimentation, ultra
centrifugation was performed on the material in the presence of a 
salt solution# An aliquot of known concentration was made 
approximately 0*1 M with respect to KCl and exhaustively dialysed 
against 3 changes of exactly 0#1 M KCl for 24 hours in 0#6 inch 
diameter dialysis sacking# The initial and final volumes of the 

dialysate were noted in order to allow for any change in
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concentration which might have occurred during dialysis# This 
solution was then examined at k different concentrations (dilution 
of the material being carried out with 0#1 M KCl), in the ultra
centrifuge# Schlieren photographs were taken at 20 min. interval! 
for up to 3 hrs# after the attainment of top rotor speed (39#780 
r#p#m#) and the sedimentation coefficient of the material deter
mined from the expressions-

S m dx/dtTv
Where t S » sedimentation coefficient (secs**^)

X  m distance moved b y  pe a k  (in cms) in time t secs, 
V  m angular velocity of rotor in r a d i a n s / s e c #

K graph of concentration against S was plotted, and the 
straight line obtained extrapolated to aero concentration to 
obtain an approximate absolute value of S for the material, and 
hence an estimate of the molecular weight#
f) Determination of molecular weight by osmometry

The osmotic pressures of solutions of the material in 
distilled water at different concentrations were determined using < 
Hewlett-Packard high speed membrane osmometer# The B 19 membrane 
was presoakod in distilled water prior to use# All osmotic 
pressures were measured at 20®, and each represents the mean of tw 
readings#

In order to minimise the Gibbs-Donnan effect which occurs 
when macromoleoulos in solution carry a net charge, and which tend 
to elevate the observed osmotic pressure from the ideal value, 
osmometry was performed on solutions of the material over a range
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concentrations and in the presence of 0.1 M KCl. The adjustment
of the concentration of KCl to exactly 0.1 M was carried out in th
same way as for ultracentrifugation, by dialysis as above. The
osmotic pressures of these solutions were determined in the same
manner as above.

For solutions of the material in the presence and absence
of KCl, a graph of reduced osmotic pressure (O.P./conc.) against 

«

concentration was plotted in each case. To correct for non
ideality of solution, the graph was extrapolated to zero concen
tration to give an ideal value for the reduced osmotic pressure in 
the presence and absence of salt.

The molecular weight of the carotenoid glycoprotein under 
these two conditions was then calculated from the expression :-

M « RT
To.P./conc.)

Where % R » gas constant
T ss absolute temperature

number average molecular weight

0.p.« osmotic pressure
g) Attempted release of pigment in an ether extractable form 

In the case of the water-soluble carotenoproteins 
extractable from other sources, particularly those from inverts- 
bra tes (Cheoseman ejb aJL • , I967), the carotenoid moiety is easily 
released from the protein by treatment with protein dénaturants, 
after which it can readily be partitioned into ether. Each of 
the following procedures was followed by the addition of an equal
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volume of diethyl ether and examination of the ether phase 
spectrophotometrically for the presence of carotenoid pigment t

(i) an equal volume of acetone was added to an aliquot of 
the material (Cheeseraan, 1958)

(ii) an aliquot of the material was made 4 M with respect 
to urea and stirred overnight at 23^

(ill) the material was made 4m with respect to urea and
(v/v) with respect to urea and 1^ (v/v) with respect 
to thioglycollic acid and stirred overnight at 25®

(iv) aliquots of the material were titrated with either
0.1 N HCl or 0.1 N HCl to give solutions at pHs 4.‘3#
5.3, 7.0, 8.9 amd 11.8.

(v) the material was boiled for 15 rains.
(vi) aliquots were saponified with 10 volumes of methanolic 

KOH (lOÿ w/v) for periods of up to 7 days at 23®.
(vii) the solution was made i 0.1 M with respect to phos

phate buffer, pH 7.6| 1^ (w/v) with respect to
papain ; 3raM with respect to ethylene-diamine tetra- 
acetic acid (eDTA) to chelate any interfering metal 
ions present ; and 1.0 mM with respect to cysteine to 
maintain the sulphydryl groups on the enzyme in a 
reduced form. Digestion was carried out in the dark, 
under an atmosphere of Ng, at 40® and 2 recharges of 
papain  ̂EDTA + cysteine made at 5 hour intervals, 
after which the digestion was allowed to proceed 
overnight. The etherial extract from the reaction 
mixture was also tested for the presence of carbo-
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hydrate by the method of Whistler a^., (1962), and
amino acids by amino acid analysis.

D. CHAI^ACTERISATION OF THE POLAR CAROTENOID FRACTION FROM SARCINA 
FLAVA

1. Isolation of the polar carotenoid fraction
The isolation of the total pigment, its purification, 

fractionation by thin layer chromatography and the preparative 
TLC technique used to isolate the polar carotenoid were all 
carried out as per Thirkell ejk aJL., (I967) . All solvents used in 
these and subsequent procedures were dried and redistilled before 
use.
2. Further resolution of the polar fraction

The procedure used by Thirkell ejt , ( 196?)for separating
the polar carotenoid fraction into its 4 subfractions (chromato
graphy on kieselguhr-filled circular chromatography paper with 40^ 
acetone in light petroleum, b.p. 60^8cf as solvent) was not adopted 
in this work. Instead it was decided to develop a preparative 
T.L.C. method in view of the large quantity of material needed for 
the chemical analyses. Good separation into the 4 subfractions 
was obtained using 0.5 mm. layers of silica gel G (Merck) on 20 cm 
glass plates which were developed using chloroform/methanol, 90*10 
as solvent. For the preparative work, the polar fraction was 
strip-loaded onto the plates, resolved and the bands carefully 
scraped off the plate, after which the oubfr^ctions were eluted 
from the silica with methanol. The subfractions were respectlvel) 
designated (i) to (iv) in order of decreasing polarity (increasing

^f and each was rechromatographed in the same solvent system to
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ensure its homogeneity*

Since subfractions (i) and (iii) were present in approx
imately equal amounts, and together constituted about 80^ of the 
total polar fraction, all the subsequent work was performed on 
these subfractions only.
3. Analysis of subfractions (l) and (iii).
a) Acétylation

This procedure, first developed by Kuhn and Sorensen (1938] 
and later modified by Jensen (1962), is used to detect primary 
and/or secondary hydroxyl functions.

A sample of each of the ohromatographically homogeneous 
subfractions, (i) and (iii), was taken to dryness in vacuo and 
lyophilised for 24 hours to ensure complete removal of all traces 
of water. Each was redissolved in 1 ml. pyridine in a stoppered 
flask and 0.2 ml. acetic anhydride added. The acétylation 
reaction was allowed to proceed at 23®* in the dark and under an 
atmosphere of Ng. Small aliquots were withdrawn from the 
reaction mixture with a micropipette at 30 min. intervals for the 
first 3 hrs. and thereafter at regular intervals until 36 hrs., 
after which the reaction was seen to have gone to completion.

As soon as it had been removed from the reaction vessel, 
each aliquot was immediately chromatographed on 0.25 mm. layers 
of silica gel G (Merck) with 20^ acetone in light petroleum (h.p. 
60-80) as solvent. Spots were identified visually in daylight, 
under ultraviolet illumination and after spraying with a saturated 
solution of SbCl^ in chloroform (Morton, 1942). In this way, the 
original compound, the formation of partially esterified inter-
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mediates and the final production of the fully aoetylatod 
derivative could be monitored* Absorption spectra for both the 
starting material and the final product were recorded, to ensure 
that no degradation of the carotenoid had occurred.
b) TrimsthyIsilylation

This is carried out using the final ester from a) and is 
a test for a tertiary hydroxyl group. The method used was 
essentially that of McCormick and Jensen (1966). The final ester 
from a) was redried as before and redissolved in 0,3 ml. pyridine.
0.2 ml. hexamw^ thytdji s i lamane 0.1 ml. trims thy lohlorosilane were 
added and the reaction allowed to proceed under the same conditions 
as for the acétylation for 1 hr.

After this time, the products wore extracted into 
chloroform, taken to dryness in vacuo, redissolved in a small 
volume of methanol and examined by T.L.C. as in a).
c) Méthylation (Metcalfe and Schmitg. 1961)

This reaction is used as a test for the presence of a 
carboxyl function. A completely dry sample of material was 
redissolved in 2 mis. methanol and 0.3 ml* BP^/methanol complex 
(BDH Ltd.) was added. The reaction mixture was refluxed for 3 
mine. and the reaction stopped by the addition of 2 volumes of 
distilled water. The products were extracted into ether and 
examined chromatographically as in a).
d) Partition ratio (petracek and Zechmeister. 1936)

95/0 methanol (in water) was equilibrated with hexane in 
a separating funnel. Each subfraction was dissolved in 3 mis. 
equilibrated methanol and an equal volume of equilibrated hexane
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added. After shaking, the two phases were allowed to separate 
and the concentration of pigment in each phase estimated by 
absorbance at 437 nm.
e) Absorption spectra

The absorption spectrum of methanolic solutions of each 
subfraction and its acetate (from a)) vas determined using a Pye 
Unicam SP 800 spectrophotometer in the ultraviolet and visible 
regions# The I.R. absorption spectra wore also recorded using 
a Pye Unicam SP 2000 instrument, for solutions of the subfractions 
is CC1|̂  and CSg (spectral quality reagents).
f) Identification of the carbohydrate moiety

* Initial teats using the phenol/H^SOji^ colour reaction *
established the presence of carbohydrate in both pigment subfract
ions and so an attempt was made to identify the monosaccharide(s) 
released by acid hydrolysis.

The subfractions were each hydrolysed in N HCl for 18 hrs. 
at 120® after which the hydrolysates were made acid-free in the 
usual way on the rotary evaporator and reduced to a small volume 
prior to paper chromatography.

Unidimensional descending chromatography was employed 
using Whatman No. 1 chromatography paper which was serrated at its 
lower edge to allow for extended development. Development was 
allowed to proceed for 22 hours and the following solvent systems 
were used % -

1. n-butanol/pyridine/water, 6*4:3 (v/v/v)
2. n-butanol/acetic acid/water, 6:1:2 (v/v/v)
3. n-butanol/acetone/water, 4*5*1 (v/v/v).
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In view of the observation of Salton e^ » (1965b) 

that membrane hydrolysates from two species closely related to
S . f lava, namely lutea and lysodeikticus, contained the 
monosaccharides glucose, galactose, mannose and ribose, these 
sugars were employed as standards during the chromatography. , 
These four standards were thus chromatographed separately, and as 
a mixture and each standard was chromatographed as a mixture with 
each hydrolysate.

Since earlier in this work it had been shown that some of 
the carotenoid pigment in the membrane of 3. flava is associated 
with a peptide component, in all instances duplicate chromatograms 
were developed and one sprayed with the anisidine phthalate reagent 
of Pridham (1956), the other being sprayed with 2^ ninhydrin in 
acetone. In both cases the spray reagents were only applied after 
thorough drying of the chromatograms. The anisidine phthalate 
stained chromatograms were heated in an oven at 100® for 5-10 mine, 
and viewed in daylight and under U.V. illumination. The ninhydrir 
stained chromatograms were not heated, the spots being allowed to 
develop slowly for up to 12 hours at 25®.
g) Separation of carbohydrate and peptide components.

Since spraying of the above chromatograms with ninhydrin 
indicated several components of low value which were almost 
certainly peptides, as well as k components which also stained for 
carbohydrate, an attempt was made to separate any possibly over
lapping spots using 2-dimensional paper chromatography.
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A sample of each hydrolysate was applied to Whatman No.l 

chromatography paper and duplicate chromatograms were developed 
using n-butanol/acetic acid/water, 6/2/2 (v/v) in the first 
dimension. The chromatograms were then dried at 60® for 2 hours 
before development in the second dimension using phenol/water 
(400 gms./lOO mis). After washing with ether to remove residual 
phenol, followed by drying, one chromatogram was sprayed with 
anisidine phthalate, the other with ninhydrin.
h) Quantitative estimation of carbohydrate

As before, the determination of carbohydrate was carried 
out using the phenol/H^SO^ method (Whistler ^t al., 1962) using 
solutions of glucose (25-100 /ig) as standards. The value for the 
carbohydrate content of subfraction (iii) was also checked using 
the an throne method of Scott ejt a^. (1953).
i) Resolution of peptides

As ninhydrin-positive materials suspected to be peptides 
were detected on paper chromatography, an attempt to resolve these 
materials further was made, using a 2-dlmensional T.L.C. technique 
(Randerath, 1964). Aliquots of both N HCl hydrolysates were 
applied to 0.25 mm. layers of silica gel G (Merck) on 20 x 20 cm. 
glass plates. The plates were developed in the first dimension 
using n-butanol/acetic acid/water, 6:2:2 (v/v) as solvent after 
which they were thoroughly dried before development in the second 
dimension with n-propanol/water, 64:36 as solvent. After further 
drying, each plate was sprayed with 2^ ninhydrin in acetone and 
the spots allowed to develop slowly at 25® for up to 12 hrs.
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j) Amino aold analysis

10 mg. samploa were hydrolysed in 6 N HCl in a sealed
tube at 120® for 18 hrs. The hydrolysates were freed from humin
and acid in the usual way, redissolved in 1,0 ml. of nor-leucine
solution (internal standard) and quantitatively applied to the top
of the ion-exchange column of the Technicon amino acid analyser.
k) Estimation of carotenoid

The carotenoid content of the subfractions was determined
spectrophotometrically using the theoretical extinction ooefficieni
of Strang (1968), based on the similarity of the chromophore of
these pigment subfractions to that of 6-carotene and neurosporene.
E. PREPARATION AND PROrCRTIES OF A WATER SOLUBLE PIGMENT FR\CTION 

FROM S. MORRHUAE
1» Isolation

The findings of Nandy eJb al. ( 196?) concerning the absorpt
ion maxima, chromatographic behaviour and lability of the free 
carotenoid pigments of Sĵ  morrhuae have been confirmed in this 
laboratory. Thus the major, and probably the only, carotenoid 
produced by this organism is bacterioruberin.

It was found, however, that even after repeated extraction 
with methanol, following both prolonged ultrasonication in

■ \methanol and saphonification with lOÿ (w/v) KOH in methanol, the 
bacterial residue was still well pigmented, although no further 
pigment could bo extracted into methanol, (c.f. Baxter, I96O).

The residue was then stirred at 40® with distilled water 
for 24 hrs. and a red-orange solution recovered after centrifugat
ion at 2,000 g. for 30 mins. The pellet after centrifugation was
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almost colourless indicating that most of the bound pigment had 
been converted into a water-soluble form.
2. Purification

The material was concentrated prior to desalting on 
Sephadex by evaporation of water from the outside of a dialysis 
sack containing the material, using a stream of cold air from an 
industrial blower.

The concentrated solution was then desalted on a column 
(45 X 1.5 cm.) of 075 Sephadex. 2 ml. portions of the solution 
were applied to the top of the column which was eluted with 
distilled water, at a flow rate of 25-30 mis./hr. 3 ml. fractions 
were collected and the coloured fractions pooled prior to further 
desalting and concentration.

The desalted material from the column was placed in an 
Amicon high pressure ultrafiltration cell and filtered through a 
UM-2 membrane (molecular weight cut-off, 500), until the volume 
was reduced to about 10 mis. when the solution was diluted with 
distilled water and filtration continued. This process was 
repeated until the filtrate was free of salt as indicated by a 
negative silver nitrate test for chloride (the major intracellular 
anion in morrhuae being chloride (Christian and Valtho, 1962).
3. Homogeneity of the material
a) Ultracentrifugation

A sample of the desalted, concentrated material was 
examined in the analytical ultracentrifuge under the same condition 
as detailed in section C.2.d). The sedimentation pattern was 
observed and photographed through a Schlieren optical system.
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b) Chromatography on Sephadex

1 ml. aliquots were applied to 45 % 1.5 cm. columns of* 

Sephadex 025» 050, 075 and OlOO respectively and elution vas 
carried out with 0.1 ÿ NaCl in each case at flow rates in the rang# 
15-25 mis./hr. The void volume of each column was determined 
using dextran blue, and 3 ml. fractions were monitored for colour 
and absorption at 276 nm.
c) Agarose column chromatography

A column packed with Blogel Al5 (4% agarose) which had beei 
previously calibrated for Stoke*a radius with solutions of standar 
proteins (e.g. horse raddish peroxidase, thyrog]obulin, yeast 
alcohol dehydrogenase and glutamic dehydrogenase) was used. The
Stoke*8 radii of these proteins had been plotted against to
give a calibration graph wherei

K.v. - - V.)
(Vt - %)

m Partition coefficient between the liquid 
phase and the gel particles.

Where:- * Volume eluted from start to top of sample
peak

V *s Exclusion volume of column e
Vt « Total volume of column.

1 ml. of the material was applied to the column which was 
eluted with 1.0 potassium acetate. 3.0 rA. fractions were 
collected and monitored for colour and by absorbance at 276 nm.
A graph of effluent volume against absorbance at 276 nm. was plott 
which enabled the determination of fcr the material, and the
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estimation of its Stoke*s radius from the standard graph.
d) Disc-gel electrophoresis

This was performed on a sample of the purified material 
under identical conditions to those detailed in section C .2.b).
4. Characterisation of the purified material
a) Estimation of the approximate molecular weight

The approximate molecular weight of tho material was 
assessed from its behaviour on:-

(i) dialysis in visking tubing (approximate molecular 
weight cut-off 9 »000-10,OOO)

(ii) chromatography on Sephadex 025, 050, 075 end OlOO as 
above

(iii) chromatography on the Biogel A15 column as above
b) Absorption Spectrum

This was recorded for the wavelength range 210-600nm. 
using the Pye Unicam SP800 instrument.
c) Dry weight and ash determinations

These were determined in the usual manner on duplicate
4.0 ml. aliquots.
d) Protein estimation

Hydrolysates of the material were prepared using 6 N HCl as 
detailed in previous sections, humin and excess acid were removed 
in the usual way and protein estimated by two methods :-

(i) Polin-Lowry (Lowry ejb al. , I95I), using bovine serum 
albumin (O-5OO yig) as standard.

(ii) The quantitative ninhydrin method of Moore and Stein
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(1954) using solutions of nor-leucine (0-50 /ig) as 
standards•

e) Amino acid analysis
An aliquot of the hydrolysate containing 2.0 mg. protein 

was taken, made acid free and subjected to analysis on the 
Technicon analyser as before, using nor-leuclne as an Internal 
standard.
f) Carbohydrate estimation

This was performed by the phenol/HgSO^ method (whistler
et al., 1962) as before, using solutions of glucose (0-100 /ig.)
as standards.
g) Carbohydrate identification

A sample of material was hydrolysed in a sealed tube with
N HCl at 100 for 12 hours, followed by preparation of the hydroly*
sate for paper chromatography as before. Descending chromâtogra* 
phy was carried out on Whatman No. 1 paper using the following 
solvent systems :-

Either (i) n-butanol/pyridine/water, 6:4:3 (v/v) 
or (ii) ethyl acetate/pyridine/water, 70:20:23 (v/v) 

(Colombo jst , i960) •
In both cases the chromatograms were developed for 22 

hours, the lower edge of the paper having been serrated as usual 
to allow for this extended period. Glucose, galactose, raannose 
and ribose were employed as standards and the hydrolysate was 
chromatographed alone and as a mixture with each of the standards 
in turn. As before, duplicate chromatograms were run and after
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drying were stained with either the anisidine phthalate reagent 
of Pridham (1956) or 2^ ninhydrin in acetone.
h) Attempted release of free pigment
(i) Aold hydrolysis

5 ml. aliquots of material were made 0*02 N$ 0.05 N# 0.1 
N and 0.5 N respectively, with respect to HCl and refluxed gently 
for 15 mins. On cooling, the solutions were extracted with an 
equal volume of ether and the ether phase examined spectrophoto
me trically for the presence of pigment.
(ii) Ensymio hydrolysis with papain

A 10 ml. aliquot of the concentrated material was 
subjected to papain digestion under the same conditions as were 
used in section C.3.g) (vii) after which the reaction mixture was 
extracted with an equal volume of ether and the ether phase 
examined for carotenoid as in (i).
(iii) Ensywic hydrolysis with almond emulsin (crude^-glucosidase)

A lO ml. aliquot was madet 0.05 N with respect to tris 
buffer, pH 7*6 1 1^ with respect to almond emulsin, and the digest
was stirred at 30® for 24 hours. The mixture was extracted with 
ether and the ether phase examined for pigment as in (i).
F. CHEMICAL ANALYSIS OF M!^BRANi:S PREPARED FROM S. FLAVA CELLS

In all cases, except where otherwise stated, analyses were 
performed on membranes prepared by the method of Salton ejb al.
(1965) fromt-

(i) cells harvested after 24 and 57 hours from the same 
400 1. culture (at Imperial College)
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and (il) cells harvested after 91 hours from a 12 1. culture 

(in this laboratory).
Cells harvested.at 24 hours were in the late 
exponential phase of growth whereas the 37 and 91 hour 
cells were well advanced into the stationary phase.

Thus, although temperature and aeration conditions as 
well as composition of the growth medium were identical (see 
section A.2), minor variations such as the speed of agitation and 
the fact that the 91 hour cells were illuminated during growth and 
not deep-frozen prior to lyophilisation, may mean that the results 
obtained for the two earlier ages of membrane may not be strictly 
comparable with those obtained for the older sample.
1. Dry weight and ash determination

These were determined in the usual way in triplicate for 
each age of membrane so that the quantitative analyses could be 
expressed as percentages on a moisture and ash free basis.
2. Carbohydrate analysis
a) Quantitative.

100 mg. samples of membrane were hydrolysed with N HCl in 
a sealed tube for 12 hours^at 100®. The hydrolysates were 
centrifuged to remove any residue, which was washed and the 
washings added to the supernatant. This was then made acid free 
in the usual way, redissolved in 30 mis. distilled water, and 
aliquots were withdrawn for estimation of carbohydrate by eithert-

(i) the phenol/HgSO^ method (whistler ^t aJL. 1962) with 
solutions of glucose (0-100 yag.) as standards.
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or (ii) the enthrone method (Scott ejb a^., 1933) with solutioni 

of glucose (0-200 ^ig*) as standards.
N.B. *12 hours was the hydrolysis time which gave maximal 
liberation of soluble carbohydrate as indicated by a pilot 
experiment using the phenel/H^SO^^ method to assay the released 
carbohydrate.

The phenol/HgSOj^ method would seem to be the more reliable 
for this type of material where several types of compound other 
than carbohydrate are present. It is pointed out by Whistler 
al. (1962) that the enthrone method is interfered with by many 
compounds e.g. various chromatographic solvents, carbonyl 
compounds, phenol, toluene, HCl, proteins and tryptophan, so that 
it is more suitable for determination of samples containing 
carbohydrate alone. Furthermore, the phenol/HgSOi^ method is 
applicable to a wider range of carbohydrates, has a lower ^ error 
and the red-brown colour produced is stable for much longer than 
the green colour characteristic of the enthrone reaction.
b) Qualitative
(i) Paper chromatography

Aliquots of the hydrolysates from a) were reduced to a 
small volume (0.3 ml.) and applied to Whatman No. 1 chromatography 
paper, along with the following standards 1 glucose, galactose, 
mannose, ribose, arabinose, glucosamine, hydrochloride, galacto- 
samine hydrochloride, mannosamine hydrochloride and N-acetyl 
glucosamine.

The descending solvent system employed was n-butanol/ 

pyridine/water, 6:4:3 (v/v) and as in previous sections extended
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development (22 hre.) wma allowed for by serration of the lower
edge of the paper. After drying the chromatograms were stained
with anisidine phthalate as before. The R , _ value for eachglucose
standard and hydrolysis component was determined for this system 
and the colour of each spot was also noted.
(ii) Gas-liquid chromatography

Aliquots of the acid free N HCl hydrolysates from a), 
containing about 5Û0 ug. total carbohydrate, were taken and to 
each was added 0.1 ml. of a standard (1 mh./ml.) solution of 
<-methyl-D-gluooside to act as an internal standard. Each was 
then taken to dryness in vacuo and redissolved in 1 ml. dry, 
redistilled pyridine.

Standard solutions in distilled water (1 mg./ml.) of the 
following sugars were prepared t glucose, galactose, mannose, 
ribose, arabinose, fuoose, rhamnose, N-acetyl glucosamine and 
glucuronic acid. 0.1 ml. aliquots of each were withdrawn and to 
each aliquot was also added 0.1 ml. of the oe-methyl-D-glucoside 
solution. These standard solutions were then taken to dryness 
and redissolved in 1 ml. pyridine as above.

Trimsthyleilylation of all samples was accomplished by the 
method of Sweeley, Bentley, Makita and Veils (1963) using hexa- 
methyldisilamane (0.2 mis.) and trimsthylchlorosilane (0.02 ml.). 
The trimsthylsilylated hydrolysates were then taken to dryness in 
vacuo and redissolved in 0.5 ml. dichloromethane since this solveni 
induces a smaller detector response, and hence gives a smaller 
solvent peak, than pyridine on GLC.

Chromatography was performed on a Pye Model 104 Gas
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Chromatograph using twin columns and under the following conditions 

Columns t glass, 3 foot, containing 10^ E 30 (methyl 
silicone gum) on 100-120 mesh celite.

Temperature programme t 170® (8 mins.) X 4®/min. to 190®

(3 mins.).
Detector oven temperature t 210®.
Injection point heater i 220®.

2Attenuation t 10 x 10 .
Carrier gas (N^) flow rate t 43 ml./min.
Air flow rate (to detector) i 600 ml./min.
Hg flow rate (to detector) i 40 ml./min.
Chart speed s 10 mm./min.
Sample size t 1 ^1.
Retention distances were determined for the standards and

fpjr the hydrolysate components and the ^ x-methyl glucoside 
calculated in each case to allow for any slight non-reproducibllit
which might occur between separations.
3. Lipid analysis
a) Extraction, purification and estimation of yield of lipid 

fractions
A variety of trial extraction schemes were attempted, but 

the one which gave the greatest yield of total lipid, and which 
was hence adopted for this work is a modification of that used by 
Huston and Albro (1964) for the extraction of lipids from Sĵ  lutee 
This scheme is shown in Fig. M. 2.

N.B. 1. It was found that the yield of lipid was 
augmented significantly by moistening the membranes prior to



1.0 gm. moistened lyophilised membranes

Residue

Refluxed with I50 ml. CHCl^/ 
MeOH, 2il (v/v), 3 hrs. 
Filtered on previously 
extracted Whatman No. 1 paper
Repeated twice.

Combined extracts 
• FREE LIPID

Refluxed with I50 mis.
2<f, (v/v) HCl/M.OH, 3 hr.. 
Filtered as before. 
Repeated twice.

;
Residue Combined extracts

Refluxed with I30 mis. 
aqueous 2 N KOH, 1 hr. 
Filtered.

• ACID HYDROLYSATE

1' 1
Residue Filtrate

(very small)
Acidified to pH 2,
extracted 3X with
100 ml portions of
CHCl^

*Organic phase Aqueous phase
m BASE JfTDROLYSATE (dii9carded)

Fig. M. 2 - Extraction Scheme for S. flava Membrane



extraction. 10 mie. distilled water were added to each 1 gm. 
portion of lyophilised membranes and these were allowed to swell 
for 1 hour before the extraction procedure was bogun.

2. Both the basic and acidic hydrolytic steps in the 
scheme will produce some degradation of the complex lipids, yielditi 
water-soluble hydrolysis products e.g. serine, ethanolamine and 
hence the figures for the proportion of the total lipid extracted 
by these steps will be depressed. These fractions represent 
(protein?) bound lipid which cannot be extracted using organic 
solvents alone.

Non-lipid contaminants were removed from the lipid samples 
by the method of Polch, Lees and Sloane-Stanley (1957)# as follows:

Each fraction was taken to dryness in vacuo and redissolved
in 500 mis. chloroform/methanol, 2:1 (v/v) and shaken in a
separating funnel with 100 mis. 0.05 N NaCl. The washed lipids
in the hypophase were dried in vacuo and lyophilised to constant
weight, the weight of each fraction being accurately determined.
b) Fatty acid composition of membrane lipid fractions
(i) Isolation of fatty acids and preparation of methyl esters for 

GLC
Each fraction was redissolved in 100 mis. 10^ (w/v) KOH/Ms 

OH and saponified overnight at 25®. Each saponification was 
diluted with 2 volumes distilled water and extracted 3 times with 
ether. The combined ether extracts, containing the non-saponifi
able lipids were dried over anhydrous Na^SO^^ and stored at 0® untij 
further investigation.

The aqueous phase from the ether extraction was acidified
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to pH 2 by careful addition of cone. KCl and extracted 3 times wltl 
ether. The combined ether extracts, containing the fatty acide 
were dried over anhydrous Nâ SOjî  and the ether removed in vacuo.

Estérification was carried out by redissolving the fatty 
acids in 25 ml. BF^/MeOH complex (BDH Ltd.) and refluxing for 15 
mins. The reaction was stopped by pouring the reaction mixture 
into two volumes distilled water and the fatty acid methyl esters 
extracted into ether (3 extractions) after the addition of a small 
amount of solid NaCl to the aqueous phase.

The combined ethereal extracts were washed firstly with 
1% NaHCO^ (to remove traces of HF formed by the hydrolysis of the 
BF^), and secondly with distilled water. The solution of methyl 
esters was then dried over anhydrous Nâ SOĵ  ̂and concentrated to a
small volume (not more than 0.25 ml.) prior to GLC analysis.

A mixture of standard fatty acid methyl esters was also ^ 
prepared by dissolving lO mg. of each of the following fatty acids 
(BDH Ltd.) in 50 mis. BF^/MeOH complex and proceeding as per the 
above method#-

n-octoic (8#0)| n-decolo (10#0)# lauric (12|0)| 
myristio (l4#0) ; palmitic (16|0) aisd stearic (IStO).
(ii) Catalytic reduction of fatty acid methyl esters

This was performed on a small aliquot of the methyl eaters 
from each fraction, dissolved in absolute ethanol. Reduction was 
accomplished by shaking the solution in an atmosphere of Hg, in
the presence of a palladium/charcoal catalyst for 30 rains at 25®.
The reduced methyl esters were then reextracted into ether in the 
usual way and concentrated as before prior to GLC analysis.
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(iii) Gas^liquid chromatography of fatty acid methyl estera

The instrument used was a Pye Model 104 Gas Chromatograph, 
fitted with a single column and analysis was carried out under the 
following conditionsg-

Column# 5 foot, stainless steel, containing either 10?b 
diethyleneglycol succinate (deOS) or 5^ Apieson L (a PL) both on 
100-120 mesh celite.

Temperature# 100® (D£GS) or 215® (PL), both columns being 
operated isothermally.

Detector oven temperature# 210® (d eGS) or 235® (APL). 
Injection point heater# 220® (dEGs ) or 245® (APL). 
Attenuation# 50 x 10^.
Carrier gas (Ng) flow rate# 45 ml./min.
Air flow rate (to detector)# 600 ml./min.

flow rate (to detector)# 40 ml/min.
Chart speed# 25 mm./min.
Sample sise# 1/al.

(iv) Identification and quantitation of fatty acid methyl esters
The unknown methyl esters were tentatively characterised 

from their carbon numbers which were determined using plots of 
carbon number versus logarithm of retention distance for the 
standard methyl esters. Additional identification was obtained 
by comparing retention times with those previously reported by 
Burchfield and Storrs (1962), for both the polar (DEGS) and the 
non-polar (APL) columns.

Any unsaturated components which were prosent were
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identified by oomparieon of their retention times before and after 
reduction.

The proportions of fatty acid methyl esters present in any 
one fraction were estimated by relating; individual peak areas to 
the total area. Individual peak areas of fully resolved component 
were determined from the product of the peak height and the reten
tion distance, since this method is more convenient and just as 
accurate (for structurally related compounds such as fatty acid 
methyl esters), as any of the other commonly used techniques for 
determining peak areas e,g, planimetry, triangulation and peak 
weight (Gough and Walker, 1969). Incompletely resolved peaks 
were resolved, and their areas determined using an electronic curv4 

analyser (DuPont Ltd,),
c) Examination of the non-saponlfiable fraction for steroid

With the exception of the Mycoplasma and certain of the 
Streptococcal L-forms, the absence of sterols is characteristic of 
bacterial lipids in general. However, Strang (1968), during his 
investigation into the carotenold pigments of flava, reported 
the presence of a component in the unsaponifiable lipid fraction 
which migrated with the same value as cholesterol on TLC, and 
gave the pink colour when stained with SbCl^/CHCl^ which is 
characteristic of steroids.

Thus the following work was done on the unsaponifiable 
lipid material, obtained during the isolation of the fatty acids, 
from the three lipid fractions as above,
(i) Thin-layer chromatography

This was carried out on the free and acid hydrolysed
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lipid fractions from 24, 57 end 91 hour membranes. The dry 
unsaponifiable lipid solutions were reduced to a small volume 
and aliquots applied to 0.25 mm. layers of Silica gel G (Merck) 
on 20 X 20 cm. glass plates. The plates were developed with 
bensene/ethyl acetate, 5tl (v/v) (Avigan, Goodman and Steinberg, 
1963) for 1 hour. Standards of cholesterol and cholesterol 
stearate wero also chromatographed on the same plate. After 
drying, duplicate chromatograms were sprayed with either1-

I. 0.05^ (w/v) rhodamine 6o in ethanol, followed by 
viewing under U.V. illumination.

II. a saturated solution of SbCl^ in CHCl^, followed by 
examination in daylight. 

fii) Gas-liouid obromatography
As a check on the results obtained by TLC the unsaponifi

able lipids from the 3 lipid fractions (free, acid hydrolysate 
A base hydrolysate), for each of the three ages of membrane, were 
subjected to GLO analysis under optimum conditions for the 
separation of sterols.

Standard steroids were also chromatographed1-
(1) Pregnanediol • 3jP » 22^
(2) Cholesterol
(3) Progesterone
(4) Testosterone
(5) Dehydroisoandrosterone.
Chromatography was carried out on a Pye Model 104 Gas 

Chromatograph with twin columns, under the following conditionss-
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Columnst 5 foot, glass, containing 10^ E30 on 100-120
mesh cellte.
Temperature! 250® isothermal.
Detector oven temperature ; 270®.
Injection point heateri 280®.

2Attenuations 10 x 10 .
Carrier gas (Ng) flow rates 45 ml./min.
Air flow rate (to detector) i 600 ml./min.
Hg flow rate (to detector)s 40 ml./min.
Chart speeds 10 mm./min.
Sample sizes J/il.

4. Amino acid analysis
100 mg. samples of each age of membrane were hydrolysed 

for amino acid analysis as in previous sections. After removal of 
humin and acid in the usual way, aliquots of each hydrolysate 
containing approximately 1 mg. protein were analysed on the 
Technicon autoanalyser, using norleucine as an internal standard. ^ 
5# Determination of total phosphorus content

Total phosphorus was determined by the method of Piske 
and Subbarow (1925) which was modified for use with a Technicon 
autoanalyser system by Holman (1969)* Variations in the intensity 
of the colour often encountered with this method were overcome in 
this system bys-

(i) heating reagents and samples at 100® for 5 mins.
(ii) ensuring that the time between mixing of reagents 

and sample and the spectrophotometrie reading was
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identical for each determination. The method vaa 
extremely aenaitive (0-10 )xg* p) and highly reproducibli 

Reagentst 1. Ammonium nolybdate reagent - 25 gms.ammonim
raolybdate dissolved in 300 mis. ION HgSOj^, 
made up to 1 1. with distilled water.

2. Arainonaphtholsulphonio acid (ANSA) reagent 
- 0.125 gme. 1,2,4-aminonaphtholsulphonic 
acid added to 193 mis. 5^ NaHSO^ solution 
and 1 ml. portions 20^ Na^SO^ solution 
added until all the aminonaphtholsulphonic 
acid was in solution. (Addition of excess 
sodium sulphite at this point must be 
avoided since the acidity resulting from 
this renders the reagent less stable). Th<
ANSA reagent was found to be stable at 4®
for up to 4 weeks, and was always filtered 
immediately before use.

Method» Triplicate 30 mg. samples of membrane were 
weighed into KJeldhal digestion tubes and each digested with 6.0 
mis. ION HgSO^ on an electrically heated rack for 12 hours. Any 
colour which remained in the digests after this time was removed by 
the addition of a few drops 10 vol. HgOg, followed by further 
heating. Each hydrolysate was made up to 50 mis. with distilled 
water and duplicate 2.0 ml aliquots withdrawn from each for P
determination. Duplicate standard solutions of Nâ HPOjî , contain
ing 2.5» 3.0, 7.5 and 10.0jxg» p/ml. were also analysed. The
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samples and standards were placed in an automatic sampler which 
operated at a rate of 60 samples/hour. Each test solution was 
mixed with the reagents by means of a multi-channel peristaltic 
pump at the following flow ratesi-

Sample 0.8 ml./min.
Ammonium molybdate 0.42 ml./min.
ANSA reagent 0.l6 ml./min.
Water 1.2 ml./min.
Air 0.60 ml./min.

After mixing the reaction mixture was passed through a heating 
coil, a delay coil and finally through the spectrophotometer
where the colour developed was read at 662 nm.
6 . RNA estimation

This was performed using the orcinol method of Schneider
(1957). A step for the removal of DNA was not included since 
the preparation procedure employed in this work involved the 
treatment of the membranes with DNAase.

Orcinol reagentt 1.0 gm. orcinol dissolved in 100 mis. 
cone. HCl containing 0.5 gm. PeCl^.

Method t 500 mg. portions of membrane were defatted by 
prolonged (24 hrs.) extraction with methanol in a soxhlet apparatua 
after which the defatted residue was dried thoroughly. 100 mg. 
samples of defatted membrane were suspended in 2.5 mis. cold 10^ 
(w/v) trichloroacetic acid (TCA), centrifuged, the supernatant 
discarded and the pellet washed again with the same volume of 
TCA. The pellet was then suspended in 2.6 mis. 5^ TCA, heated
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at 90^ for 15 mins. with stirring and osntrifuged. The super
natant was retained and the pellet washed with a further 2*5 mis.
5^ TCA followed by centrifugation. The combined supernatants 
(5.0 mis.) contain the total RNA (and DNA if present) of the 
sample.

Duplicate 0.2 ml. aliquots of the RNA extract from each 
membrane sample were diluted to 1.5 mis. and each heated with 1.5 
mis. orcinol reagent for 20 mins. at 100®. The green colour 
which developed was read at 660 nm. as soon as the assay mixtures
had cooled to ambient temperature. A calibration curve was
prepared at the same time using solutions of ribose (0-1 0 0 ^ . )  
as standards.

6. ELECTRON MICROSCOPIC EXAMINATION OF S. FLAVA AND S. MQRRHUAE
1. Methods of fixation

Several methods of fixation were employed on the following 
specimens s-

(i) ^  flava cells grown in nutrient broth for 48 hours,
as detailed in section A.2.a).

(ii) Protoplasts prepared as in section B.3. from flava
cells grown for 60 hours under the conditions indicated 
in section A.2.a).

(iii) morrhuae cells grown for 3 weeks on the solid
medium and under the conditions detailed in section 
A. 4.

a) Osmium tetroxide method I.
This method was essentially that used by Chapman (I96O),
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in his ultrastructural study of Sĵ  lutoa. and was used here to fix 
8. flava cells grown for 48 hours in nutrient broth as above.

ReagentsI Solution 1 « 2.5 mis. acetate buffer, pH 9.0 
(9#71 gms. NaAc*3H20 + 14*71 gms. sodium barbitone made up to 500 
mis. in distilled water); 1.85 mis. 8.5̂  (w/v) NaCl solution; 3
drops 0.11 M CaClg and 2.75 mis. distilled water.

Solution B « 2^ (w/v) OsO|̂  in distilled water.
Fixative solution m  5.7 mis. A 5.0 mis. B

Proceduret The bacterial pellet (500 mg. vet weight 
approx.) was suspended in 10 mis. fixative for 4 hours at 25® 
after which the suspension was centrifuged at 1,500 g. for 30 
mins. The pellet of fixed bacteria was washed on the centrifuge 
with solution A and the resultant pellet was then dehydrated as 
detailed below.
b) Osmium tetroxide method II (after Kellenberger. hyter A Sechaud

n m
This method was adopted as a standard method for the 

fixation of bacteria after a systematic study, by Ryter A 
Kellenberger (1958), of the response of bacterial nuclear material 
to different fixation conditions. As in method I it is necessary 
to add either Ca*^ or Mg^^ since the standard osmium fixation 
technique for animal tissue (Palade, 1952), of which both method 
1 and II are modifications, does not preserve the nuclear elements 
of bacteria well.

The method was used here to fix whole cells of S . flava 
grown in nutrient broth for 48 hours as before, and whole cells of
S . morrhuae grown for 3 weeks on the solid medium as previously
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described. .

Reagents : Solution A * veronal-acetate buffer (2.^4 gms. 
sodium barbitone 1.94 gms. NaAc. DH^O + 3.40 gme NaCl made up to
100 mis. with distilled water).

Solution B c Kellenberger Buffer - 5.0 mis. A + 13.0 mis. 
distilled water 4» 7.0 mis. 0.1 N HCl + 0.25 ml# M CaCl^t pH 
adjusted to 6.0 with HCl, prepared freshly as required.

Fixative solution t 0.1 gm 0s0|̂  dissolved in 10 mis. 
Solution B (pH remains constant).

Washing fluid t 0.5 gm. uranyl acetate in 100 ml B.
Tryptone medium » 1.0 gm. tryptone (Oxoid Ltd.) + 0.5 gm. 
NaCl in 100 mis. distilled water.
Procedure i N.B. The prefixation step of Kellenberger e^ ^

(1958) was omitted in this case.
500 mg. vet weight bacteria were suspended in 5 mis. 

fixative + 0.5 ml. tryptone medium and the fixation allowed to 
proceed overnight (I6 hrs.) in a stoppered bottle at 25®• The 
suspension was diluted with 8.0 mis. Solution B and centrifuged.
The pellet was resuspended in a small ‘drop of molten agar, which 
was then allowed to set on a microscope slide. When firm, the agar 
was cut into cubes (1.0 mm approx.) and the cubes placed in the 
washing fluid for 2 hours at 25» after which they were dehydrated 
as below.
Modification for the fixation of S. flava protoplasts
1. All procedures were carried out at 4®
2. The method was modified after Highton (1969) in that KCN 

was added to Solution B, to a final concentration of 0.04 M
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3. In view of the osmotic fragility of the protoplasts, 

sucrose was included in both solution B and the tryptone 
medium, to final concentration of 0.75 M.

4. In order to determine the effect of pH on the fixation 
obtained by this method, 3 different batches of proto
plasts were fixed for which»

a) the pH of solution B was adjusted to 8.0
b) the fixation was carried out normally at pH 6.0 

(with the modifications listed above).
c) the veronal-aostate buffer component of solution

B was replaced by citrate-phosphate buffer pH 4.0, 
of the same ionic strength.

c) Osmium tetroxide/glutaraldehyde double fixation
It has been shown (Ledbetter A Porter, I9631 Sabatini, 

Miller A Barrnett, 1964) that the preservation of biological 
material fixed with glutaraldehyde and osmium tetroxide together 
is usually an improvement on that obtained with osmium tetroxide 
alone. Furthermore, some components e.g. membranes, in tissues 
treated with aldehyde fixatives alone, tend to be extracted during 
subsequent dehydration procedures unless the primary aldehyde 
fixation is followed with a secondary osmium fixation (Sabatini, 
Bensch A Barrnett, 1963)*

This method was used to fix whole cells of Sĵ  flava and S . 
morrhuae grown under the conditions indicated at the beginning of 
this section.

Reagents » Solution A • 13.6 gras. KHgPOj^ made up to 1 1.
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with distilled water (m 0.1 M solution).

Solution B m 17.8 gms. NagHPOjg^.2HgO made up to 1 1.
with distilled water (m 0.1 M solution).

Solution C B 20 mis. A + 80 mis. B + 7*5 gms. sucrose
(m Sorensens double phosphate buffer + 0.22 M sucrose).

Fixative solution » 50 mis solution C -f 4.0 mis.
25^ (w/v), glutaraldehyde.

Procedure s All operations were carried out at 4®. 500
mgs. vet weight bacteria were suspended in 5.0 mis. fixative for
3 hours. The pellet obtained after centrifugation was washed 
twice with Solution C and then subjected to fixation by the 
previous method (osmium tetroxide II), but for 2.5 hours only.
d) Permanganate fixation (modified after Luft. 1956)

Fixation with buffered KMnOj^ is often used as an alternat
ive to 0s0|̂  since, unlike 0s0|̂  it is not lipophilic. It is
however a strong oxidising agent and is usually used at low
temperatures. Even under these conditions, considerable deatructi 
on of some components does occur e.g. particles with a high RNA 
content and myofilaments of striated muscle. Nuclear material
is not well preserved after fixation by this method.

Whole cells of Ŝ , flava and Sĵ  morrhuae, grown as before, 
were fixed by this method.

Reagents i Solution A « veronal-acstate buffer (l4.7 gms. 
sodium barbitone + 9.7 gms. NaAc.3HgO, made up to 500 mis. with 
distilled water).

Solution B » 1.2^ (w/v) KMnOj^ in distilled water.
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Fixative solution t 1 vol. A + 1 vol. B, pH adjusted 
to 7.4 by addition of 0.1 N HCl.

Procedure t All operations were carried out at 4®. 500
mgs. wet weight bacteria were suspended in 5 mis. fixative for 2 
hrs., centrifuged and the pellet washed twice in Solution A. The 
pellet was then ready for dehydration as below.
Modification for the fixation of S. flava protoplasts
1. Owing to the powerful oxidising action of KMnO^^, sucros# 

could not be used to raise the osmolarifey of the fixative 
80 that KOI was added to a final concentration of 0.375\H*

2. The final pellet was suspended in agar as previously detj^iled 
prior to dehydration.

3# Three different batches of protoplasts were fixed by this 
modified method at pHs 4.0, 6.0 and 8.0 respectively, as 
before. U

2. Dehydration
Dehydration of fixed material was achieved by immersing 

the specimens in a series of alcohol/water mixtures, of gradually 
increasing alcohol concentration.
a) Method for bacterial pellet

The pellet was suspended in the following series of 
alcohol/water mixtures, for the times indicated, in a 50 ml. glass 
centrifuge tube. The suspension was centrifuged at each stage 
before the addition of the stronger alcohol solution, the super
natant being discarded each time.e
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% ethanol Time in suspension

20 10 mins.
50 10 mins.
70 10 mins.

95 15 mins.
100 30 mins.
100 30 mins.

Finally the pellet warn suspended in two changes of 100^ 
epoxypropane, for 30 mins. in each, after which the material was 
ready for embedding. 
b) Method for agar cubes

The method employed for the dehydration of the flav4 
protoplasts suspended in agar cubes was essentially the same as\

I'that for the bacterial pellet, but since the cubes can be handled 
by forceps, and the dehydrating solutions can be easily decantedU 
off, the need for centrifugation is eliminated.
3. Embedding

Two epoxy resins were used for embedding the dehydrated 
specimens:-

a) Araldite - (CIBA Ltd.)
The method used was modified after that of Glauert and 

Glauert (1958).
Materials t A * Araldite epoxy resin CY212

D ■ Araldite hardener HY964 
C m Araldite accelerator DY064 
D m Dibutyl phthalate
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Preparation of embedding medium ; 10 gme. A + 10 gms B

were mixed by inversion overnight, (* A 4 B). 10 gms C + 10 gms#
D were also mixed by inversion for 2 hrs., (= C -f D) , after which 
C + D was stored at 4® where it remains stable for some weeks.
The final embedding medium was prepared by mixing 19 gms. A + B 
and 1 gm. C + D by inversion for 6 hrs. after which it was ready 
for use.

Embedding of fixed, dehydrated bacteria and protoplasts t 
The dehydrated material was suspended in 50^ ABCD/50^ epoxypropane 
(v/v) overnight, followed by 100^ ABCD for 1 hr. After resuspen
sion in another batch of ABCD, the specimens were transferred to 
either BEEM capsules or gelatin capsules and the araldite poly
merised at 60® for 48 hrs.

For pellets of bacteria, centrifugation was again necessar 
between successive additions of embedding medium. The agar cubes 
were merely removed from one batch of medium and blotted on 
filter paper before transfer to the next with a pair of fine 
forceps.
b) Maraglas (Minnesota Mining & Manufacturing Corporation)

The method used was basically that of Freeman and Spurlock
(1962).

Materials i A « Maraglas 655 epoxy resin
B m Cardolite NC513 hardener 
C « Dibutyl phthalate (plasticiser)
D « Benzyldimethylamine (accelerator)

preparation of embedding medium t 32.5 mis. A + 15 mis B 
were measured out into a stoppered glass measuring cylinder and
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2 ml#. C 4 1 ml. D pipetted into the same veeael. The final
embedding medium, ABCD, was ready for use after mixture by
inversion for 1 hr. This medium vas found to be lighter in
colour and less viscous than Araldite.

Embedding of protoplasts t The agar cubes containing the
fixed, dehydrated specimens were suspended in 50!̂  ABCD/50ÿ
opoxypropane (v/v), for 2 hrs., then 100^ ABCD overnight, followed

#

by spepension in a further batch of 100^ ABCD and transfer to BEEN 
or gelatin capsules prior to polymerisation at 60® for 48 hrs.
4, Ultramicrotomy

Blocks from the BEEM or gelatin capsules were trimmed with 
a sharp ramor blade, to give the smallest trapézoïdal block face 
possible, under a binocular microscope. The block was then 
mounted in an LKD Ultrotome X.

45® glass knives were prepared from strips of LKB glass 
(25 mm.), using an LKB knife maker equipped with a break-damping 
device. Silver and grey sections were collected on either 2^ 
(v/v) ethanol or lÔ j (v/v) acetone. After being stretched by 
exposure to xylol vapour, the sections were collected on uncoated 
copper grids (100 or 200 mesh. Polaron Equipment Ltd.).
5. Post-staining

Two post-staining methods were employed, and all stains 
and washing solutions were Millipore filtered through a 0.45 yu 
pore sise membrane prior to use.
a) Single staining with uranyl acetate

Uranyl ions, under certain conditions, preferentially
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stain the DNA of the cell (Huxley A Zubay, 1961). This 
differential effect being more pronounced when the material is 
subsequently stained with lead hydroxide. In addition, it has 
been shown that 0.5-1 .O', (w/v) aqueous uranyl acetate stains
deoxyribonucleoprotein in preference to ribonucleoprotein, in 
tissues fixed with acrolein (Mannozxi, 19^3) or formaldehyde 
(Mannozzi A Gautier, 1962).

Procedure i Grids were floated, sections downwards, on 2^ 
(w/v) uranyl acetate in 50^ aqueous ethanol for 20 mins. The 
sections were then washed by floating on distilled water, and 
dried by placing the grids, sections uppermost, on filter paper.
b) Double-staining with uranyl acetate and lead citrate

Staining with lead at high pH is a rapid process which 
increases contrast generally although it has been shown (Daems A 
Persijn, I963) that lead had an increased affinity for RNA-contain« 
ing structures.

Staining reagents t (i) 2^ (w/v) uranyl acetate in 50ÿ 
aqueous ethanol, as above.

(ii) Reynolds* lead citrate stain (I963) 
prepared as follows t 1.33 gms. Pb(NO^)g + I.76 gms. Na^(C^H^O^). 
2H2O 4 30 mis. distilled water were placed in a 50 ml. volumetric 
flask, shaken vigorously for 1 min. and allowed to stand for 30 
mins. (to ensure complete conversion of the lead nitrate to lead 
citrate). 8.0 mis. N NaOH were added, the solution was made up 
to 50 mis with distilled water and filtered. This stain is stable 
for 6 months.
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Procedure t Soetlone were first stained with uranyl 

acetate as above. After washing with distilled water, the grids 
were floated, sections downwards on the lead citrate stain for up 
to 5 mine*, washed with 0.02 N NaOH and finally with distilled 
water. After drying on filter paper as above, the sections were 
ready for examination in the electron microscope.

N.B. ^Normally the recommended staining time for sections 
cut from material embedded in an epoxy resin, using Reynold*s 
lead citrate stain is said to be 15**30 mins. However, after 
fixation with phosphate^buffared osmium tetroxide (Millonig, I96I) 
or glutaraldehyde (Sabatini ejb , 1963), the intensity of this 
stain is much increased. Thus the staining time was reduced for 
sections from material fixed in either of these ways.
6. Electron microscopy and photography
a) Electron microscopy

This was carried out on an A.K.I. BM6B instrument with an 
accelerating voltage of 60 kV, an objective aperture of 50 jx. and 
a condenser aperture of 250^ .
b ) Photography

»

All photographs were taken at an instrumental magnification 
of 30,000 and enlarged further photographically where deemed 
necessary. Exposure time was 0.5 sec. for a photometer reading 
of 9 and the photographic plates used were either Ilford K50 
(thin film, half tone) or Ilford EM5#
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A. THE EFFECT OF LIGHT ON THE GROWTH \HD PIGMENTATION OF S. FLAVA

The growth curves for both light and dark-grown cells, 
as estimated by turbimetric measurements, are shown in Fig. R.1. 
Maximum numbers were reached, in both oases, after 26 hours but 
the total number of dark-grown cells was only 48^ that of the 
light-grown cells at this time. In addition, the dark-grown 
cells entered the phase of decline far sooner so that after 7 
days, the optical density of the culture was practically zero 
whereas for the light-grown cells, the optical density was still 
85^ of that at 26 hours.

At 26 hours, the light-grown cells were found to contain 
20^ more carotenoid pigment/unit bacterial dry weight than the 
dark-grown cells.
B. HOMOGENEITY AND PROPERTIES OP CRILLET 1 and LUBROL L SOLUBILISE! 

CAROTENOID GLYCOPROTEINS FROM S. FLAVA MEMBRANES
1. Homogeneity
a) Electrophoresis in free buffer film

In no buffer system employed, and at no pH between 3*9 
and 8.6 did either material separate into more than one component. 
An apparent lack of appreciable net charge at any pH was indicated 
since the materials did not deviate significantly from a vertical 
elution path.
b) Disc-gel electrophoresis

Both preparations gave a single discrete band with a 
negligible mobility relative to the standards used (lysosyme 
and bovine serum albumin), under the conditions of the experiment.
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c) Sephad»x g#l-flltration

Neither material was resolved on either 6100 or 6200 into 
more than one component as verified by both absorbance at 444 nm. 
and by Folin-Lowry estimation.
d) Ultracentrifufcation

For both types of material, a single, symmetrical peak 
was observed on the analytical ultracentrifuge, 1 hour after 
attainment of maximum rotor speed (59#780 r.p.m.). The Bchlieren 
pattern produced by the Lubrol L solubilised material is shown 
in^Fig. R.2. The symmetry of the peak and the total absence at  ̂
any stage of the run of even small additional peaks or shoulders 
indicates that the material is certainly a monodisperse system of 
molecules, if not a single molecular species.

Attempts to examine the sedimentation behaviour of the 
Lubrol L solubilised material in the presence of 4m urea were 
unsuccessful due to the extreme density of the solution, which 
caused the production of an equilibrium pattern on ultra
centrifugation.
2. Properties of the Lubrol L solubilised carotenoid glycoprotein
a) Absorption spectrum

The absorption spectrum is shown in Pig. R.3. Maxima 
were observed at 226, 2?6, 282, 297, 4l6, 444, and 4?4 nm. The 
maxima in the visible region are due to carotenoid, and show only 
slight deviation from those of the free pigments from the same 
organism in organic solvents, suggesting that the binding of the 
carotenoid to other molecules does not significantly alter the 
chromophore of the pigment. This is not the case for carotene-
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jproduced by Lubrol L solubilised 
carotenoid glycoprotein.
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protein# laoXated from invertebrate# (Cheesman ejb $ 196?).

No change vaa observed in either the position of 
absorption maxima or peak height# over the range# of temperature 
and pH employed, and prolonged boiling did not result in any 
turbidity or precipitation. These observations substantiate 
the findings of Chessman ejfc aJL., (196?) that the association of 
protein and carotenoid is accompanied by mutual stabilisation of 
both components.
b) Optical rotation

The material had a negligible optical rotation with 
reference to distilled water and this remained unchanged through
out the temperature range employed# suggesting that no alteration 
in the overall conformation of the carotenoid glycoprotein 
occurred•
c) Amino acid composition

The results of the amino acid analysis are shown in 
Table R.l. below:-
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Amino acid $ Total amino acids
Alanine 9.7
Aspartic acid 8.7
Glutamic acid 8.0
Glycine 9.8
Histidine 5.3
Isoleucine 8.2
Leucine 14.2
Lysine Trace
Ornithine Trace
Phenyalanine 6.7
Serine 10.4
Threonine 6.0
Tyrosine 4.0
Valine 9.0

Table R.l. - Amino acid composition of carotenoid glycoprotein
from S. flava membranes.
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The amino aold pattern shove the charaoterlstic trends 

common to most membrane proteins vis. a high proportion of the 
acidic and apolar residues and a low content of the basic and 
sulphur-containing amino acids. The very large ammonia peak on 
the analyser trace suggests that the aspartic and glutamic acid 
residues were present largely as their respective amides.
d) Identification of carbohydrate.

Using either solvent system# only one monosaccharide 
could be detected using anisidine phthalate. This component 
possessed the same value as glucose and this was confirmed by
co-chromatography in both solvent systems.

The values of the standards# for the system t
ethyl aoetate/pyridine/water# 72:20:23 (v/v/v) are shown below 
in Table R.2.t-

RStandard
Glucose
Mannose
Galactose
Ribose

^lueo..
1.00
1.25
0.84
2.16

Colour of spot 
Brown 
Brown 
Brown 
Rose-red

S^xucose of standard sugars in the descending
solvent system ethylacetate/pyridine/water. 72:20:25 fv/v/v

The values for these and other standards
chromatographed using the system: n—butanol/pyridine/water# 
6:4:3 (v/v/v) are shown in a later section in Table R.20.
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e) De termination of eedim#nt&tloa ooefflclent and molecular 

weight by uXtrac^ntrifujgatlon»
The SehXieren pattern produced by the material is that 

shown in Fig* R.2* # where the interval between photographs is 
20 mine*

The sedimentation data for 4 different oonoentrations of 
the material in the presence of 0.1 M KCl are presented in the 
plot"#shown in Fig. H.2.a. From this graph# S^q (extrapolated) 
m 1,49 X 10*^^ secs, and by comparison with S^q values for 
proteins of known molecular weight (see Table R.3. below), the 
molecular weight of the carotenoid glycoprotein is probably 
about 10 # OOO.

Protein Molecular weight SgQ (x 10*"^^ secs**^)*"
Insulin (monomer) 12#000 1.6
RNAase 12#700 1.83
Pepsin 35.300 3.3
Fumarase 204 # OOO 8.31
Actomyosin 3.900#000 12#00

Table R.3. sedimentation coefficients and molecular weights of
some typical proteins.

f) Determination of molecular weight by osmometry
The plots of reduced osmotic pressure versus concentration 

for the material in the presence and absence of 0.1 M KCl are
shown in Pig. R.4. From this graph:

(KCl - 4.71 * 10^
M(KCl present) « 6.20 x 10
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^  Th« plot of the data for the material in the abeence
of KCl i# almost linear whilst that for the material in the 
presence of KCl is decidedly non-linear. Both curves show 
negative second virial coefficients and this is strongly 
suggestive of association between macromolecules in solution.

The wide discrepancy between the values obtained 
would indicate that the addition of a salt to a solution of the 
carotenoid glycoprotein, which was found to still contain 
detergent * causes the formation of further micelles from any 
free detergent present or brings about an increase in the sise 
of already existing micelles. The further significance of 
these observations and the discrepancy between the molecular 
weight values obtained by osmometry and ultracentrifugation will 
be dealt with in the discussion.
g) Attempted release of free pigment

The results obtained for the various procedures employed 
aj*e shown in Table R.4. ^

C. CHARACTERirSiflON OF THE POLAR CAROTENOID FRACTION FROM S. FLAV
1. Tests for functional groups, partition ratio and absorption 

spectra.
The results obtained from these tests were identical for 

both subfractions and are presented in Table R . 3 *  overleaf. The 
absorption spectrum recorded for both subfractions and their 
acetates were identical and are shown in Pig. R . 3 *

2. Identification of carbohydrate
Of the three solvent systems employed for paper chromato

graphy , n-butanol/acetone/watert 4 #  3 : 1  (v/v/v) was found to give
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inadequate resolution of the standards used and so vas not used 
further.

N HCI hydrolysates of both subfractions were resolvable
into k anisidine phthalate positive components using each of the
other two solvent systems. The R _ values of these and ofglue.
the standards are shown in Table R.6. below.
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solvent Sv.t.m. «glucc.
Olue Gai Man Rib Subfraction il) Subfractl  -------

BuOH/lUo/HgO 1.00 0.87 1.21 1.62 0.99, 0.55, 0.99, 0.3
6.1.2 0.39, 0.12 0.33, 0.1

BuOH/Pyr/HjO 1.00 0.91 1.16 1.34 0.99, 0.54 0.96, 0.5
6 . 4 . 3  0 . 3 7 ,  0 . 1 1 .  0 . 3 0 ,  0 . 1

Tebl# R.6. R Ilutuu* vnluea of étendards and unknown# from hydroly 
eatee of eubfrectlone (1) and (ill).

As can be se#n from their Rgj^uc values, 3 of the anisidi
phthalate positive components may well be common to both subfract
ions. That with the highest R . was found, in the case of bogxuc •
subfractions to oo-chromatograph with gluoose In the butanol/ 
pyridine/water system. This component was also present in much
greater concentration than any of the other three.

When duplicate chromatograms were stained with ninhydrin, 
8 components were visible for each subfraction, 4 of which had th 
same R^ values as those staining for reducing sugar and 4 of whic!
had even lower values than these.
3. Resolution of carbohydrate and peptide/glyoopeptide

For both subfractions, duplicate two-dimensional paper 
chromatograms showed that the anisidine phthalate positive 
component which co-chromatographed with glucose was in fact free 
gluoose and not associated with ninhydrin positive material. Th< 
remaining 3 components still stained with both anisidine phthalati 
and ninhydrin so that it is presumed that these are glycopeptides
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{R^s too low to be amino sugars).
4. Resolution of psptidss/glycopeptidss

The two-dimensional T.L.C. system used resolved the K HCI 
hydrolysate from subfraction (i) into 8 ninhydrin positive 
components, as did paper chromatography but for subfraction (iii) 
10 spots were visible after ninhydrin staining. Accurately 
traced drawings of the two chromatograms are shown in Figs. R.6. 
and R.7. The colour of each spot after staining with ninhydrin 
is denoted according to the following codes R m Red, 0 « Orange, 
P m purple. When compared with published R^ values for amino 
acids chromatographed in the same system, it was apparent that 
none of the components of either hydrolysates was an amino acid. 
This is to be expected since hydrolysis with K HCI under the 
conditions used would almost certainly lead to incomplete hydroly- 
sis and result in the production of peptides or glycopeptides.

From the chromatograms it can be seen that the peptides 
liberated by N acid hydrolysis are not the same for the two 
subfractions. This indicated that the original peptide moiety 
from which the hydrolysis products are derived has a different 
composition in each case. An alternative explanation might be 
that a minor difference in either time or temperature of hydroly
sis could result in differences in the number and composition of 
the products. However, subsequent amino acid analysis proved the 
former assumption correct, although the possible influenoe of 
variations in hydrolysis conditions cannot be discounted.
5# Linkage of carotenoid to glucose

Anisidine phthalate reacts with the free reducing groups



SOLVENT FRONT I (Butanol/acetic acid/w ater 6 : 2 - 2 )
c/>

wo

START

FIG. R.6. T h in - la y e r  chrom atogram  of peptides f ro m  subfraction (i)



SO LVE N T F R O N T  I (B u ta n o l /a c e t ic  a c id /w a te r  6 : 2 : 2 )

START

CO
O
<m

T|30
OzH
N)

OT?a3
o

z
Û

O'
w
O'

FIG R 7  T h in - la y e r  chromatogram of peptides from subfraction (iii)



82
of mugar# only and# since the subfractions before hydrolysis did 
not react with the stain» but the hydrolysates did» it is inferred 
that the carotenoid is linked glycosidically to gluoose in this 
material. As indicated In the introduction» the occurrence of 
carotenoid glycosides in nature is now known to be widespread. 
Such a linkage would certainly be split by N acid hydrolysis as 
reported here.
6. Amino acid composition

The results of amino acid analysis are shown below in 
Table R.7* where amounts of each amino acid are expressed as mole#

Amino acid Subfraction (i) Subfract:
Aspartic acid 1.3 2.0
Threonine 1.2 1.2
Serine 3.0 3.0
Glutamic acid 3.2 5.0
Glycine 6.1 7.1
Alanine 2.1 3.0
Valine 1.0 2.0
Isoleucine 0.8 1.8
Leucine 1.0 2.1
Tyrosine 0.8 1.0
Phenylalanine 0.8 1.1
Ornithine 1.4 2.8
Lysine 1.0 2.0
Histidine 0.9 1.1

Table R.7. ^ Amino acid composition of subfractions (i) and (iii) 
Serine» glutamic acid and glycine are the most abundant 

amino acids in both subfractions and the sulphur-containing amino 
acids are totally absent. It is worthy of note that all the
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amino acids, with the possible exception of ornithine, some or 
all of which may be derived from arginine during hydrolysis, are 
present in integral molar ratios. This is indicative of a 
repeating unit within the peptide from which the amino acids are 
derived.
7. Quantitative chemical composition

The carotenoid, glucose and total amino acid content of 
each subfraction are shown below in Table R.8.
Subfraction ^ Carotenoid 5̂ Glucose 9̂ Amino Acid

(i) 42 23 24
(iii) 40 24 27

Table R.8. - Chemical composition of subfractions (i) and (iii).

D. HOMOGENEITY AND PROPERTIES OF A WATER-SOLUBLE CAROTENOID 
QLTCOPEPTIDE FROM S. MORRHUAE.

1» Homogeneity
a) Ultracentrifugation

The sedimentation behaviour of the material indicated 
that it consisted of a monodisperse system of molecules, if not 
a single molecular species. A single, perfectly symmetrical 
peak was observed resembling that shown earlier in Pig. R.2. for 
the detergent solubilised material from Ŝ . flava. The rates of 
migration of the two peaks were also very similar, indicating 
that the molecules may be of comparable size.
b) Sephadex gel-riltration

Ko resolution of the material was obtained, as judged by 
orange colour and absorbance at 275 nm., on any grade of Sephade:
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used (025, 50, 75 & 100).
c) Agarose column chromatography

The elution pattern obtained for the material from the 
Biogel AI5 column is shown in Fig.R.8. Only a portion of the 
elution diagram is shown since all fractions before tube 60 (90 
mis effluent) and after tube 123 (187*5 mis) showed zero
absorbance at 2?6 nm.

Tubes 80 - 90 (120 - 135 mis) contained orange fractions, 
the majority of the colour being concentrated in tubes 83**87«
The symmetry of the single peak obtained again indicates that tin 
material is homogeneous.
d) Diso-gel electrophoresis

The material migrated as a single compact band, under tin

conditions of the experiment, at approximately the same rate as
the serum albumin standard used.
2. Properties
a) Molecular weight

A molecular weight for the material of approximately 
8,000 - 9,000 is suggested by the following datai-

(i) slow diffusion out of visking dialysis tubing
(molecular weight exclusion limit about 10,000).

(ii) The material was eluted in the void volume from the 
Sephadex G23 column (molecular weight fractionation 
ran^e 100 - 3,000), but was retained to an Increasing 
extent on the columns of G30 (300 - 10,000), G75 
(3,000 - 70,000) and GlOO (4,000 - 130,000).
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FIG.R.8. Elution diagram obtained from Biogel A 15 

column fo r  a c a ro te n o id  glycopeptide from Sarcina 

m o rrh u a e .
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(ill) The position of elution from the Biogel Al5 column 

enabled the calculation of a Stoke*a radiua for the 
material of 5 Since this was outwith the
molecular weight range of the standard graph» the 
only interpretation which can be made from this value 
is that the molecular weight is less than 10»000.

b) Absorption spectrum - the presence of carotenoid
Maxima were recorded at 237 and 2?6 nm. but their 

intensity was such that no maxima could be distinguished in the 
visible range. The presence of carotenoid in the material can 
nevertheless be deduced since:-

(i) the material is red-orange in colour and the bacteriui 
synthesises red-orange free pigment »

(ii) the material gives a positive Carr-Price reaction 
with SbCl^ in chloroform (Morton» 19^2).

The amino acid composition is shown in Table R.9. bell
are expressed in moles per cent.
Amino acid Moles SG Amino acid Moles ÿ
Aspartic acid 13.3 Isoleucine 5.6
Threonine 4.1 Leucine 8.9
Serine 2.7 Tyrosine 2.6
Glutamic acid 14.0 Phenylalanine 3.4
Glycine 13.0 Lysine 2.3
Alanine 11.1 Histidine 2.6
Valine

Methionine

9.1

1.6

Ornithine + argin- 5*7 
ine

Table R.9# - Amino acid composition of a carotenoid glycopeptide
from S • morrhuae•
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The two amino acid residue# present in the greatest

concentration are aspartic and glutamic acids and the small ammoti
peak recorded for this analysis would suggest that little» if any
of either is present in its respective amide form. Together
with glycine and alanine » these acidic amino acids account for
more than 30^ of the total amino acids in the material. With
the exception of a small amount of methionine » the sulphur-
containing amino acids are again absent.

Small unidentified peaks were also observed between the
following components in the elution sequence from the analyser:-

(i) glutamic acid and glycine
(ii) phenylalanine and ammonia

(iii) raethicnikic and isoleucine
(iv) lysine and histidine

d) Identification of carbohydrate
Both solvent systems resolved the hydrolysate into 2

anisidine phthalate positive components. One» which co-
chroma tographed with gluoose in both solvent systems was present
in much greater concentration than the other» which possessed a
much lower value* R_. values for the standards in both f glue•
the solvent systems have already been reported elsewhere in this 
section.

Spraying of duplicate chromatograms with ninhydrin showed 
the presence of 12 ninhydrin positive components » all of low R^ 
value in comparison with the free monosaccharide standards. One 
of these components had an identical R^ to that of the minor spot
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which stained for reducing sugar» and this is again presumed to 
be a glycopeptide# The remaining ninhydrin positive components 
are probably small peptides derived from the peptide moiety of 
the material by the acid hydrolysis.
e) Linkage between carotenoid and glucose

AS was suggested for the polar carotenoid subfractions 
from Sĵ  flava, the linkage between carotenoid and glucose in this 
material is in all probability glyeosidic since the unhydrolysed 
material does not stain with anisidine phthalate whereas the N
HCI hydrolysate is anisidine phthalate positive.
f) Attempted release of free pigment by hydrolysis

After treatment with 0.1 N HCl and ether extraction» the
ether phase was faintly yellow» indicating that some pigment had
been released by this method. However» spectrophotometrio 
examination of the concentrated ether extract revealed no maxima 
in the visible region which suggests that although some caroten
oid may have been released » it was immediately degraded under the 
aoidio conditions.

Ensymic hydrolysis with papain and with almond emulsin 
did not cause the release of any pigment into the ether phase 
under the conditions of digestion employed.

Attempts by other workers (Hertxberg at al.» 1967  ̂ to 
hydrolyse the glyeosidic bond in the carotenyl tertiary-D-gluco- 
side phieixanthophy11 (see introduction) using almond emulsin 
were also unsuccessful» although release of free pigment was 
achieved by treatment with 0.02 N KCl in chloroform. However»
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as indicated above» treatment of this material from morrhuae 
with HCI of lees concentration than 0.1 N did not result in the 
release of carotenoid.
g) Quantitative chemical composition

The ash, protein, carbohydrate and carotenoid contents 
of the material are summarised in Table R.10. below.

’ by weight Molar ratio
A.h^ 17.5
Protein^ 59.7 26.2^

hCarbohydrate 7*7 2.0
Carot.noia 15.1^ 0.95

Motes :- 1. Calculated as chloride, since this is known to be the
main intraoellular anion in morrhuae (Christian #rt a 
1962).

2. Estimation of protein by Folin-Lowry, Moore j#t al.. 
(1954) and amino acid analysis gave good agreement 
between results.

3. Calculated using the mean molecular weight of the amino 
acids shown to be present by autoanalysis (Table H.9.).

4. Calculated as glucose.
5. Estimated by difference, since attempts to free pigment 

unsuccessful.
6. Calculated as baoterioruberin since this has been shown 

to be the only free pigment synthesised by the organism
Table R.IO. - Chemical composition of a carotenoid glycoprotein

from 8. morrhuae.
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E. CHI^^IGAL AWi^LYSIS QF MEMBRANES FROM S. FLAVA 
X. Yield of aombrans fraction

The percentagee of the dry weight of the three age# of 
bacterial cell oonetitnted by the total membrane fraction# are 
shown in Table R.ll. below. Each value is the mean of two 
determinations.

Age of membrane 9b Dry Weight 
24 hrs. 49.6
67 hrs. 36.6
91 hrs. 34.5

Table R.ll. - Yield of total membrane fraction in relation to
bacterial dry weight.

2. Moisture and ash content
The results of these determinations are shown below in 

Table R.12.
Age of membrane j» Moisture Ash

24 hrs. 1,4 8.2
57 hrs. 1.4 7.2
91 hrs. 1.8 7.6

Table R.12. - Variation in moisture and ash content with age.

These values were used to express the protein, lipid, 
carbohydrate and RHA contents of the membrane preparations as 
percentages of total organic material.
3. Carbohydrate content

The results of carbohydrate estimation by both methods 
are shown below in Table R.13. Each value is expressed as a 
percentage of the total organic material and is the mean of three
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determinations, each performed in duplicate.

^ Carbohydrate $ Carbohydrate
Age of Membrane (P h e n o i / H ^ S O (Anthrone) ""

24 hre. 13.8 6.3

57 hre. 14.5 6.7
91 hre. 14.3 7.3

Table R.13. - Variation in carbohydrate content with age

The results obtained by the phenol/H^BOj^ method show a 
carbohydrate content which is approximately double that as 
determined by the enthrone method. Both methods gave reproduc
ible results for duplicate samples in the same determination and 
also for different determinations.

As mentioned previously, the phenol/HgSO^ method would 
seem to be the more reliable for analysis of membrane material 
since many compounds are known to interfere with the enthrone 
method. It should be said however, that where a colorimetric 
method is liable to interference from a contaminating substance, 
the effect is usually for the observed optical densities to be 
elevated rather than depressed.

Other workers (Gilby jst jU;., 1958$ Salton, 19670$ Ghosl 
et al., 1968) have used the anthrone method for the estimation oi
membrane carbohydrate, but in these cases an alternative method

!
was not used to confirm the values obtained.

Allowing for experimental error, (l - 2^) there would 
appear to be little variation in total carbohydrate composition 
of the membrane with age, whichever method of estimation is used,
4. Lipid content

The results are presented in Table R.l4. below. Values
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are expressed as percentages of total organic material, and each 
is the mean of two determinations. The figures in parentheses 
represent the percentage of the total lipid constituted by each 
fraction.

Age of Free Acid Base Total
Membrane Lipid Hydrolysate Hydrolysate Lipid
24 hr*. 8.0 (40.0) 9.1 (49.8) 2.8 (14.2) 19.9
57 hr.. 7.6 (38.0) 8.0 (40.8) 4.2 (21.2) 19.6
91 hr.. 5.4 (37.2) 6.1 (42.1) 3.2 (20.7) 14.7
T.ble R.14. » Variation In llpld content with an.

The total lipid eont.nt. of the 24 and 57 hour pr.parat- 
ions are very nearly identical whereas the value is considerably 
(26^) less for the 91 hour membranes. It is perhaps significant 
that the percentage contribution to the total lipid made by the 
free and acid hydrolysed lipid together decreases with age, 
whilst the contribution from the base hydrolysed lipid shows an 
increase with age, especially between 24 and 57 hours.
5# Amino acid composition ^

The results of amino acid analysis are shown below in 
Table R.15* Values are expressed as moles per cent and each is
the mean of two analyses, performed on separate hydrolysates.

In the hydrolysates from all three membrane preparations 
2 unidentified components wore detected which occupied the 
following positions on the analyser read-outi-

(i) between alanine and valine
(ii) between phenylalanine and ammonia

(i) may possibly be glucosamine, and was a fairly siseable 

component
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(ii) may be ethanolamine and had a email peak area.

Age of Membrane
Amino acid 2k hrs. 57 hrs. 91 hrs

Aspartic acid 7.5 9.8 7.8
Threonine 4.6 5.0 4.6
serine 3.9 4.3 4.3
Glutamic acid 12.4 13.0 12.6
Proline 3.4 4.4 4.5
Glycine 13.0 10.7 12.2
Alanine 16.0 14.8 16.1
Valine 8.3 8.1 8.0
Cysteine 0.3 0.2 0.1
Methionine 1.4 1.1 1.5
Isoleucine 3.1 3.0 2.9
Leucine 7.2 7.1 7.2
Tyrosine 1.8 1.7 1.7
Phenylalanine 2.5 2.6 2.5
Lysine 7.5 7.3 6.8
Histidine 2.0 2.0 2.0
Arginine 5.3 5.0 5.1
Table R.15. - Variation in amino acid composition with a

The most abundant amino acids in all three ages of 
membrane are glutamic acid, glycine and alanine, and once again 
it can be seen that there is a predominance of the acidic and 
apolar residues in relation to the basic and sulphur-containing 
amino acids.
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The molar ratios of the individual amino acids show 

little variation with age, the only signifioant variations being 
an increase in aspartic acid, and a decrease in glycine and 
alanine contents for the 37 hour preparation.

The total protein content of the membranes, as determine 
from the amino acid analyses is shown below in Table R.I6 . where 
results are expressed as percentages of total organic material.

Age of Membrane Protein
24 hrs. 63.6
57 hrs. 56.1
91 hrs. 51.2

Table R.16. - Variation in total protein content with
age

Despite the constancy of the molar ratios of the amino 
acids, the overall protein content decreases markedly with age. 
This observation is particularly surprising for the 9I hour
preparation since the total lipid content of these membranes is

\
also less than that for the other preparations, whilst the ̂

i

carbohydrate content shows only a small increase by comparison.
V6. Total phosphorus content ^

The results are the mean of two separate determinations, 
each performed in triplicate, and are tabulated below in Table

R.I7. '
Age of Membrane % P

24 hrs. 1.2
57 hrs. 0.8
91 hrs. 0.7

Table R.I7. Variation in total P content with age.
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The membranes from the 24 hour culture9 which was still 

In late exponential phase of growth when harvested* contain 50^ 
more phosphorus than membranes prepared from cells In stationary 
phase.
7. RNA content

Results are the mean of two determinations* each perform 
In duplicate* and are shown in Table R.18. below.

Age of Membrane RNA
24 hr8. 2.9
57 hrs. 1.9
91 hra. 2.3

Table R.18. - Variation In RNA content with age

8. Summary of quantitative chemical analyses
The overall chemical composition of the three ages of 

membrane is presented overleaf In Table R.19#
9# Identification of membrane carbohydrates
a) Paper chromatography

The solvent system n##butanol/pyrldlne/water * 6:4:3 
(v/v/v) gave good resolution of standards and unknowns. The 
R^luc values for the standards are presented In Table R.20.
below.

Sugar glucose Colour of spot
Glucuronic acid 0.21 Red-brown
Galactosamlne hydrochloride 0.72 Brown
Glucosamine hydrochloride O.76 Brown ;
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Mannosamlne hydrochloride 0.88 Brown
Galactose 0.91 Blown
Glucose 1.00 Brown
Arablnose 1.05 Rose-red
Mannose 1.16 Brown
N-acetyl glucosamine 1.21 Brown
Rlbose 1.34 Rose-red

Table R.20. - values of standard carbohydrates for the
descending solvent system t n-butanol/pyridlne/vat< 
6:4:3 (v/v/v).

All three membrane hydrolysates contained the same anisl«
dine phthalate positive components» and their R . values andgxuc .
tentative Identification are presented below In Table R .21.

Component glucose Colour Identity
1 0.22 Brown Glycopeptlde (?)
2 0.73 Brown Galactosamlne

3 0.99 Brown Glucose
4 1.14 Brown Mannose

5 1.35 Rose-red Rlbose
Table R.21. - values of components from membrane hydroly

sates for the descending solvent system : n-butano] 
pyrldlne/watT. 6,4:3 (v/v/v).

From the relative size and Intensities of the spots » 
glucose and mannose appeared to be the components present In the 
highest concentration. Component 1» although possessing the 
same as glucuronic acid did not give the red-brown coloui
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typical of authentic glucuronic acid » when sprayed with anlsldln 
phthalate » and Is In all probability a glycopeptlde» although th 
was not Investigated further as It constituted only a very minor 
proportion of the total anlsldlne phthalate staining material.
b) Gas-llquld chromatography

The retention distances of the trimsthylsllyl derivative 
of the standard sugars » relative to that of X-methyl-D-glucosld 
are shown below In Table R.22. Figures In parentheses represen 
peaks corresponding to the ̂ -anomers of the sugars, where presen 
In the case of fucose, a -peak Is also apparent.

RCarbohydrate X-methyl-D-glucoslde
Arablnose 0.339 (0.383)
Rhamnose 0.356 (0.490)
Rlbose 0.395 (0.428)
Fucose 0.442 (0.523, 0.375)
Mannose 0.821 (1.126)

Glucose 1.073 (1.367)
Galactose 1.125 (1.126)
N-acetyl glucosamine 1.712

o<-Bethyl gluco.id. yXl.Bg.» 
ethers of standard carbohydrates on G.L.C.

As shown by paper chromatography, all three ages of 
membrane were found to contain the same carbohydrate components 
by G.L.C. A typical gas-llquld chromatogram for the 57 hour 
membrane hydrolysate Is shown In Fig. R.9. Peaks marked * ?» 
did not have retention distances corresponding to any of the
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standards used» and those with rather long retention times may
well be incompletely hydrolysed oligosaccharides.

Once components of the hydrolysates had been tentatively
identified from their R  ̂   . values, theiraf-methyl glucoside
identities were confirmed by oo-chromatography with an authentic 
standard of each suspected sugar in turn.

In this way, the following carbohydrates were identified 
in all three membrane hydrolysates i 

(i) ribose
(ii) rhamnose

(iii) mannose
(iv) glucose
Thus, in addition to confirming the results of paper 

chromatography, G.L.C. analysis also established the presence of 
rhamnose, which was not detected by the former technique. Ae 
estimated by peak area, these four sugars were present in the 
following descending order of concentration} mannose glucose 
ribose rhamnose. The very small proportion of rhamnose in 
relation to the remaining monosaccharides probably accounts for 
the fact that it was not detected by the less sensitive teohniqu 
of paper chromatography.
10. Fatty acid composition

A typical gas-liquid chromatogram showing the fatty acid 
methyl esters present in the base hydrolysed lipid fraction from 
91 hr. membranes is shown in Fig. R .10. The complete results o 
the G.L.C. analysis are presented in Table R.23. and from these
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and the figure it can be seen that the membrane lipids contain 
a wide range of fatty acids, and that the fatty acid compositioi 
varies markedly with the age of the bacterial culture.

The major fatty acid of the free lipid fractions from a ]  

three ages of membrane is a  fully saturated, branched chain 
compound whereas the chief component of both the bound lipid 
fractions in all cases is the fully saturated, straight chain, 

acid.

The proportion of this acid in both the bound lipid
fractions remains virtually constant with age whilst the proport 
of the branched 0^^ component of the free lipid decreases marked 
from 2k to 57 hra. increasing again slightly at 91 h r e F u r t h e  
more, this marked decrease at 57 hours is accompanied biy a 
concommitant increase in the proportion of the straight chain 
acid.

The amount of uneaturated fatty acids present is low in 
the fractions examined.

11. Examination of the ncn-saponifiable fractions for the presen 
of steroid,

a) Thin-layer chromatography
T.L.C. in the system used by Avigan ejb ajL. (I963) for th< 

separation of steroids, and subsequent staining with SbCl^/chlor< 
form produced the chromatogram shown in Fig. R.ll. All 6 non- 
saponifiable lipid fractions contained the same component which 
gave the pink colour with SbClg, characteristic of steroids, and 
which possessed a  similar to that of the cholesterol standard^
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as can be seen in the figure* A large amount of pigment and 
other hydrocarbon material was also present and this can be seen 
at the solvent front*

It was further found, for each non-saponifiable fraction, 
that a white precipitate was formed on addition of digitonin, 
which, after purification according to the method of Sperry and 
Vebb (1950), gave a positive Liebermann-Burchardt test* These 
observations suggested that the non-saponifiable fractions 
contained a sterol and that the sterol might well be cholesterol*
b) Gas-liquid chromatography

It was found by G.L*C* analysis that all the unsaponifiab 
fractions contained between 20 and 30 components* Some of these 
are almost certainly long chain non-isoprenoid hydrocarbons which 
have been shown to make up a large proportion of the lipids of th 
related species lutea (Albro et ajl*# 1969) and would certainly 
be extracted in this fraction*

However, none of these components had a retention time 
which even approximated to that of the cholesterol standard, so 
that if, as is suggested by the T.L.C. data digitonide formation 
and positive Lieberman-Burchardt test, a sterol is present in S * 
flava membrane lipids, then it seems unlikely that it is choieste 
ol. Work is in progress to further characterise this compound.



Fatty acid 24 h. 57 b. 91 h. 24 h. 57 h. 91 h. 24 h. 57 h. 91 I
Br. 8 to - - .. Tr.

8*0 Tr. Tr. Tr. 1.8 Tr. - 1.2 Tr. Tr.
8:1 - Tr. - - Tr. Tr. - - -

Br. 9*0 - - - 6.7 - - - - -
9x0 Tr. - Tr. - - - - - —

10*0 3.2 0.8 Tr. 1.8 - 1.5 4.4 1.4 1.2
10*1 - 3.1 - - 1.6 - - • _

Br. 11*0 2.3 - Tr. - - - - - -
11x0 - - 2.0 1.7 1.0 1.3 Tr. Tr.
11*1 Tr. Tr. - - - - - _ _
(11*1) - - - 4.3 - - - . —

Br. 12*0 Tr. 2.1 - - - 5.0 3.3 - 2.1
(12.3) - - 10.1 - 15.6 - - - -

Br. 13*0 4.9 3.2 3.6 - - - - - —
13:0 - - - 2.2 1.0 1.6 1.0 Tr. Tr.

Br. 14*0 4.1 2.3 1.6 1.0 Tr. Tr. 10.8 8.3 4.7
14*0 1.0 1.8 2.3 3.7 4.4 3.1 4.1 ' 2.1 2.7

Br. 15*0 46.3 20.6 37.6 8.6 1.5 11.4 3.2 11.4 20.0
15:0 - - - 2.6 4.2 - 1.2 1.2 1.5
(15.2) - - - - - - 1.1 - -

Br. l6.0 1.1 Tr. Tr. 1.0 1.6 1.0 Tr. Tr. Tr.
16*0 5.2 9.8 4.1 - 11.7 6.9 7.3 5.7 7.9

Br. 17*0 Tr. 2.4 3.4 14.4 3.3 5.1 1.6 13.5 2.7
17*0 2.9 15.0 8.0 22.0 22.4 24.2 10.7 20.9 20.8

Br. 18.0 — Tr. — 1.7 - 4.7 1.3 1.1 1.0

18*0 4.4 9.3 3.0 6.9 3.1 2.3 3.8 2.2 2.6
(18.2) - - - - - - 1.2 - -

Br. 19*0 Tr. 3.0 4.3 10.0 2.4 3.1 2.4 3.9 6.3
19:0 - 1.4 1.7 3.0 2.1 2.1 1.1 Tr. Tr.
(19.3) - - - - - - 1.2 1.2 1.7

Br. 20*0 - Tr. - 1.7 - 1.9 1.6 Tr. Tr.
20*0 - 2.0 1.4 3.1 1.9 3.9 1.8 1.1 Tr.
(20.3) 3.6 - - - - - - - -

Br. 21*0 5.0 - Tr. - - Tr. Tr. - -
21*0 4.5 - 6.1 - - - 4.2 2.2 2.4
(21.2) 6.7 5.0 - - - - - - -

Br. 22*0 1.1 - - 1.2 10.7 7.8 1.9 - Tr.
22*0 - - - - - 4.5 - - -
(22.3) 1.7 1.4 1.4 - - - - - -

Br. 23*0 Tr. 4.4 3.8 Tr. 6.5 5.2 10.9 3.7 6.5
23:0 - - - - - - 3.0 3.0 1.5
(23.2) - 6.1 - - - - 3.0 11.7 10.7

Br. 24*0 - 2.0 2.4 Tr. - 2.4 - - -
Recovery 98.0 95.7 94.8 99.7 97.7 98.7 07.7 94.6 96.3
Mote#*- (l) Result# are expressed as ^ total fatty acids and all components present 

in amounts less than 1^ are denoted as Tr. « Trace.
(li) Recoveries do not include fatty acids constituting less than 19» of the 

total.
(ill) xty denotes fatty acid with x carbon atoms and y double bonds.
(iv) Br. denotes branched chain fatty acid.
(v) Several components were unidentifiable by the methods used and where

present these have been indicated by their apparent carbon numbers, as 
determined by G.L.C. on the DEGS column, in parentheses.

Table R.23 - Variation in fatty acid composition of lipid fractions with age.
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materialI F » free lipid fraction; A m acid hydrolysed 
lipid fraction.

Fig* R.ll. ** Thin-layer chromatogram of non-saponifiable lipid
fractions from S* flava membranes*
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PLATE 1. S. flava (ly»o»yai«-treated) . 
Fixation I EMnOn, p R  4.
load cltrata/uranyl acatata. X 87,900.

PLATE 2, S♦ flava (lyaosyme-treated)• 
Fixation* 080|̂ , pH 4, Poet-etaining* 
lead oitrate/uranyl acetate# X 98,000#
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PLATE 3. S_#_ flava (lyaosync-treated) .
Fixation: KMnOj^, pH 8. Poet—staining: 
lead oitrate/uranyl acetate. X 92,000.

PLATE 4. flava (lysosyme-treated).
Fixation# KMnOr, pH 6. Post-staining: 
lead oitrate/uranyl acetate. X 92,000.
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PLATE 5 * S . flava (lysozyma-treatad)• 
Fixation: OeO^, pH 8* Post-ataining: 
lead oitrate/uranyl acetate. X 126,000.
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PLATE 6# S # flava (lysomyme-treated). 
Fixation: OeOjL, pH 8, Pcet-etainingt 
lead oitrate/urenyl acetate. X 122,000.

PLATE 7. S. flava (lyeosyme-treated)• 
Fixation: OsOl , pK 8. Poet-staining: 
lead oitrate/uranyl acetate. X 111,000.
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PI.ATE 8. S. flava f Xysoayme-treated} • 
Fixation: OmOuf pH 8. Post-staining: 
lead oitrate/uranyl acetate. X l40,000.
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PLATE 9. 3. fiava (lysosyme*treated)•
Fixationt OsÛk , pH 8. Poet-staining# 
lead citrate/uranyl acetate. X 122,000.

PLATE 10. S . flava (lyaozyne-treated) 
Fixation# OeO^, pH 8. Poet-staining# 
lead citrate/urany1 acetate. X 77*500.
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PLATE XI» S . flava (ly.omym*-treated). 
Fixation: O.Ok, pH 8. Poat-stalning: 
load cltrato/uranyl aootato. X 153,000.
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PLATE 12, S , flava (lyaozyme-treated). 
Fixation: OeO^, pH 5. Poat-ataining: 
lead oitrate/uranyl acetate. X 157f000.
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PLATE 13. S . flava (lysozyme-treated). 
Fixation: OaO^^, pH 8. Poet-ataining: 
lead oitrate/uranyl acetate. X 8?#200.

PLATE l4. S . flava (lyeozyme-treated). 
Fixation: OsO|̂ , pH 6. Post-staining: 
lead citrate/uranyl acetate. X 77*000.
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PLATE 13• S . flava (lysozyme-treated)•
Fixations OsOĵ , pH 8. Post-staining: 
lead citrate/uranyl acetate. X 120,000.

PLATE l6. S . flava (lysozyme-treated). 
Fixation: OsOĵ , pH 8. Post-staining: 
lead citrate/uranyl acetate. X 105*000.
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PLATE 17 e S . flava (lysozyrae-treated)• 
Fixation: OaO|̂ , pH 8. Post-staining: 
lead citrate/uranyl acetate. X 158,500.
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PLATE 18. S. flava (lysozyme-treated). 
Fixation! 0,0^, pH 8. Po=t-,taining, 
load citrate/uranyl acetate. X 153*000.
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PLATE 19. S . flava (lyaozyme-treated)• 
Fixation: OsOjî , pH 8. Poet-staining:
lead citrate/uranyl acetate. X 157*000.





PLATE 20. S . flava (lyaozyme-treated). 
Fixation: OaO^, pH 8. Poet-staining: 
lead oitrate/uranyl acetate. X 83,000.

PLATE 21. S . flava (lysozyme-treated). 
Fixation: OsOk , pH 8. Post-staining: 
lead citrate/uranyl acetate. X 129*000.



2 1



PLATE 22. S. flava spore (?) 
FixationI KAnOr, pH 7*6. Post- 
staining: lead oitrate/uranyl
acetate. X 110,000.

PLATE 23. S . flava spore (?)• 
Fixation: KftnOĵ , pH 7*6. Post- 
staining: lead citrate/uranyl
acetate. X 82,500.





PLATE 24. S. flava (whole celle). 
Fixation: KMnO^^, pH 7.6. Post-atainiiig: 
lead citrate/uranyl acetate. X 66,000.

PLATE 25. S . flava (whole cells). 
Fixation: OsOĵ  method I., pH 9. 
Post-staining: uranyl acetate.
X 99*000.
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PLATE 26. S. flava (whole celle). 
Fixation* OsO^ method II., pH 6,0. 
Poet-staining: lead citrate/uranyl
acetate. X 73*500.

PLATE 27. S. flava (lysed cell). 
Fixation: 0#0^ method II., pH 9* 
Poet-staining: lead citrate/uranyl
acetate. X 99*000.
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PLATE 28. Sj, flava (whole cells). 
Fixation: OsOjĵ  method I., pH 9. 
Post-staining: uranyl acetate.
X 150,000.

PLATE 29. S. flava (whole cells). 
Fixation: KMnO^^, pH 7.6. Post- 
staining: lead citrate/uranyl
acetate. X 92,000.
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PLATE 30# Sm flava (whole oella) 
Fixation» KMnOi^, pH 7*6. Poat- 
atainingt lead oitrate/uranyl 
acetate. X 92,000»

PLj^TE 31. S . flava (whole celle) 
Fixation: OaO^ method I., pH 9# 
Poet-atainingf uranyl acetate.
X 161,000.
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PLATE 32. S. flava (whole cells). 
Fixation# OoO|̂  method I., pH 9# 
Poet*staining< uranyl aoetate.
X 128*000.

PLATE 33» $. flava (whole cells).
Fixation# OsOj|̂  method I.* pH 9. 
Post^staining# uranyl acetate.
X 114*500.
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PLATE 34. S. flava (whole cells). 
Fixation# OeÔ  ̂method I., pH 9. 
Post-staining: uranyl acetate.
X 101,000.
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PLATE 35. S. morrhuae. Fixation!
OsOjk method XX • # pH 6 • Poe t—staining! 
lead citrate/uranyl acetate. X 33,600.

PLATE 36. S. morrhuae. Fixation#
OeOjk method XX., pH 6. Poet-staining# 
lead citrate/uranyl acetate. X 56,500.
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PLATE 37. S morrhuae. Fixation:
OeOr method II., pH ^ * Poet-staining: 
lead citrate/uranyl acetate. X 85,300.
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PLATE 38. S . morrhuae. Fixation: 
glutaraldohyde/OsOjL, pH 6. Post- 
staining: lead citrate/uranyl acetate.
X 75.000.
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PLATE 39. S . morrhuae. Fixation: 
glutaraldehydo/OsOTT pH 6. Post- 
staining: lead citrate/uranyl acetate.
X 75#000.
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PLATE 40. 3. morrhuae. Fixation:
glutaraldohyde/OsOjL, pH 6. Post- 
staining: lead citrate/uranyl acetate.
X 100,000.
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PLATE 4l. S . morrhuae. Fixationi 
OoOjk method XX», pH 6# Post—staining: 
lead citrate/uranyl acetate. X 56,500.

PLATE 42. S . morrhuae. Fixation:
OsOr method XX., pH 6. Post-staining: 
lead citrate/uranyl acetate. X 56,500.
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PLATE 43. S . morrhuae. Fixation:
OeOjL method II. , pH é. Post-etaining: 
lead citrate/uranyl acetate. X 56,500.

PLATE 44. S. morrhuae. Fixation: 
OeOjK method II., pH &. Post-staining: 
lead citrate/uranyl acetate. X 91.000.
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DISCUSSION
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A.CAROTENOID GLYCOPEPTIDES/GLYCOPROTEINS FROM S. FLAVA AND S.
MORRHUAE

The detergent-eolubilleed fraction from flava membrane 
was not resolved into subfraotions by any of the methods employed 
and the single symmetrical peak observed on the analytical ultra- 
centrifuge confirms the findings of several others as to the 
ultracentrifugal homogeneity of detergent-solubilised membrane 
components (Salton, 1965c; Ramin, 196?; Smith ^  , 1969).
^Iton (1967) also found that detergent-solubilised membrane 
fractions from Sĵ  lutea and lysodeikticus were not resolvable 
by either sucrose gradient electrophoresis or TLC on GlOO 
Sephadex. However, Smith ^  a^. (1969) were able to detect at 
least 11 bands after disc-gel electrophoresis of detergent 
solubilised material from laidlawii. The material isolated 
from ^  flava contained only traces of any basic amino acid 
residues, and the high ammonia peak obtained on amino acid 
analysis suggests that aspartic and glutamic acids were present 
predominantly as their amides. These findings provide a 
plausible explanation for the non-migration of the material under 
either of the electrophoretic techniques used, since the net 
charge on the peptide moiety would be negligible. This would 
also explain why no satisfactory titration curve could be obtaine< 
for the material.

The choice of Lubrol L as the detergent to be used in thii 
work was made after a careful quantitative study of the solubili
sing efficiency of some 20 anionic, cationic and non-ionic 
detergents, with respect to S. flava membranes. It was apparent
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from this that the non-ionic preparations, and especially Lubrol 
L# were far more efficient than either type of ionic detergent, 
but that even Lubrol L did not produce better than 70^ solubili
sation of the membrane. Salton (1965c) found that the non-ionic 
detergent Nonidet p4o was more efficient than the ionic detergent 
sodium dodecyl sulphate (SDS), and was able to achieve a greater 
than 95^ solubilisation of membranes from lutea and M. 
lysodeikticus using Nonidet p40* Since Nonidet p40 and Lubrol L 
are of similar chemical nature, being polymeric condensation 
products of ethylene oxide and nonyl phenol, it may be inferred 
that the composition of the membranes from Sĵ  flava must differ 
from that of the membranes from lutea and lysodeikticus 
to account for the significant differences in the degree of 
solubilisation obtained. Bishop sJL. (I967) have already 
observed that the chemical composition of bacterial membranes is 
of considerable influence on the solubilising ability of deterges 
and both these workers and Raain ejb aJ.* (1965) have achieved 100^ 
solubilisation of membranes using SDS. It is interesting to not 
that, whereas it has been sho%m in this work for flava and by 
Salton e^ (1965c) for lutea and lysodeikticus, that
better solubilisation of the bacterial membrane is obtained with 
non-ionic detergents, for membranes from other species, e.g. B. 
subtilis (Bishop ejb e^., 1967a) and MU laidlawii (Razin ent al., 
1965)# ionic detergents exhibit a greater efficiency. This 
presumably is again a reflection of differences in membrane comp
osition between the species. The component of the membrane which
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is chiefly responsible for binding with the detergent and which 
hence dictates the efficiency with which the membrane will be 
solubilised, appears also to vary. Bishop a^. (1967a) showed 
that treatment of subtilis membranes with SDS selectively 
solubilised protein, leaving a lipid-enriched residue whereas 
treatment of Sĵ  lutea membranes with deoxycholate (salton. Freer 
& Ellar, 1968), and treatment of laidlawii membranes with 
SDS (Raain ^  » ^9^5) is said to selectively extract lipid,
leaving a residue with a much increased protein/lipid ratio, as 
compared with the original membrane.

The material isolated from Sĵ  flava is highly stable to 
heat and extremes of pH value (4 - 10) and although the associat
ion of oarotenoid and protein will undoubtedly confer mutual 
stability on these components (c.f. Chessman mt al., I967), in 
view of the high detergent content of the material, the inclusior 
of these membrane components within detergent micelles may also 
contribute to this stability. Although exhaustive dialysis was 
employed as a step in its preparation, the purified material was 
found to still be rich in detergent and it proved impossible to 
remove all traces of Lubrol by either partition between a variety 
of immiscible solvent systems, or selective precipitation with 
e.g. acetone, (KH|̂ )2S0j|̂ , TCA, since under these conditions the 
detergent co-precipitated with the membrane material. Others, 
including Bishop ejt aJL. (1967e), have also shown that it is
impossible to remove all traces of detergent by dialysis, but

35these workers did show, using S labelled SDS that it was
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possible to achieve detergent removal using 025 Sephadex. How
ever removal of Lubrol L, probably by virtue of its non-ionic 
nature, was not possible by this method. Oaylor and Delviohe 
(1969) have devised a method for the removal of non-ionic 
detergents from proteins using LH20 Sephadex. This method was 
not tried in this work but may well be applicable to the 
separation of Lubrol L from the solubilised membrane fraction 
from flava.

Release of free pigment from the Lubrol L solubilised 
material proved extremely difficult and would seem to indicate a 
stable bond which is almost certainly covalent, and may be 

* glycosidio in view of its slight alkaline lability, between the 
oarotenoid and the remainder cf the material. At the same time, 
the possible protective influence of the inclusion of the materia 
within detergent micelles on the bonding with oarotenoid must be 
considered. Papain digestion rendered much of the pigmented 
material ether soluble, although this digested material still 
contained detergent, glucose and a short peptide. Since the 
effect of papain digestion would be to hydrolyse some of the 
peptide bonds in the protein component of the material, the 
preferential solubility of the digested material in ether is 
presumably caused by the removal of a large portion of hydro
philic protein which may also be enclosed within a detergent 
micelle and would hitherto have been responsible for the water 
solubility of the complex.

The shapes of the plots of the data obtained from
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osmometry for the material in the presence and absence of KCl, 
and the large discrepancy between the values indicate that 
the membrane components adsorb large numbers of detergent 
micelles and in doing so become so large in sise that the 
colligative properties of the material become effectively those 
of the detergent itself. The presence of salt induces the 
aggregation of already existing micelles and/or the formation of 
new micelles from free detergent present in solution and this 
produces an anomalously high value for the molecular weight of 
the material as determined by osmometry. The molecular weight 
of the material as indicated by the S value is somewhat lower 
than that determined by osmometry, but since the work of Smith 
et al. (1969) has shown that the S value of a detergent solubili 
sed membrane preparation from M#. laidlawii is dependant on the 
detergent concentration, and as such is a reflection of the pro
perties of the detergent rather than of the membrane components, 
the significance of the sedimentation coefficient would seem
open to doubt.

Furthermore, the interpretation of single, symmetrical
sedimentation patterns produced by other detergent-solubilised 
membrane fractions (Rasin, I967; Salton, 1967b; Butler eJb al., 
1967)# to indicate that identical membrane sub-units had been 
isolated would also seem dubious, since the sedimentation 
patterns may merely represent heterogeneous membrane components 
bound within detergent micelles of the same size.

Other workers (Volken & Schwertz, 1956) have determined 
molecular weights in the presence of detergent, but this



107.
practice would not eeem advisable, in view of the findings 
presented here.

Both subfractions of the polar oarotenoid fraction from 
S. flava were shown to contain oarotenoid, glucose and amino 
acids. The carotenoid moiety is assumed to be the most polar 
free carotenoid isolated by Thirkell aJL. (I967), which is a 
C^Q-dihydroxy-carotenol and is probably identical with earoin- 
axanthin (Jensen, 1970 - see Introduction). From these findings 
it seems likely that this free carotenoid becomes bound to 
glucose and peptide, to form an integral part of the structure 
of the membrane, where all the carotenoid pigment is localised 
in S# flava (Strang, 1968). Thus the following biosynthetic 
route would seem to operate in this organisms-

Colourless precursors — carotene — > C^q -
monohydroxy-carotenol — ^ C^Q-dihydroxy-carotenol — > C^g- 
carotenoid-glyoopeptide — ^ integral membrane component.

At the present time, it is not known how many intermediat 
steps are involved in the addition of glucose and peptide to the 
dihydroxy carotenoid, but the reported isolation of a monogluco- 
side of sarcinaxanthin from lutea (Norgard eJb sJL., 1970) may 
mean that in flava also a monogluooside is formed first, 
followed by the digluooside and finally the attachment of the 
amino acids, either singly or as a pre-formed peptide. It is 
possible that the other two subfractions (ii & iv) of the polar 
carotenoid may correspond to two such intermediates in this 
process, but neither has yet been prepared in sufficient quantity



108.
to permit their further characterisation.

The molar ratio of glucose to oarotenoid in both sub- 
fractions (i & iii) is 2*1 and the experimental evidence suggests 
that each hydroxyl function on the carotenoid molecule is 
involved in a glyoosidic linkage with a single glucose molecule. 
Each glucose residue is in turn linked through one of the 
remaining primary or secondary hydroxyls to peptide. If one 
considers how such a complex molecule might be orientated in the 
bacterial membrane» then the sugar and amino acid residues will 
be associated with the hydrophilic regions of the membrane 
whereas the conjugated hydrocarbon chain of the carotenoid must 
be aligned somehow in the hydrophobic region of the membrane.
One such orientation for carotenoid has already been suggested by 
Smith (1969) for the mioellar membrane of M. laidlawii. If the 
dihydroxy-oarotenol is represented as* o— — — — 0 » where
0 ■ hydrophilic hydroxyls and « hydrophobic hydro
carbon chain » then this could be accommodated within the 
architecture of a biraoleoular leaflet type of membrane in the 
manner shown in Fig. D.l.A* Formation b) can be excluded from 
consideration since for the oarotenoid molecule to adopt such a 
configuration would entail the central double bond being ois» 
whereas from the I.H. data» all the double bonds are known to be 
trans. Formation a) therefore is more feasible» and the dotted 
lines would represent the type of material of which the sub
fractions are constituted. The calculated length of the caroten
oid molecule would be of the right order to straddle the lipid
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layer in this way. Pig. D.l.B. is a more detailed reprasentation 
of the proposed model for the in vivo state of the carotenoid- 
glyoopeptide material in the membrane. It should be noted that 
for the model to be tenable $ and if the carotenoid moiety is in 
fact sarcinaxanthin$ as has been suggested# then the structure 
for saroinaxanthin proposed by Jensen (1970) would have to prove 
to be the correct one since in that proposed by Arpin et al.
(1970)» the distance between the hydroxyl functions is not

\
sufficient to bridge the lipid layer of the membrane (see Fig.
I.II.). 9  ;

If the analytical, results obtained for the sul^fractions
i

are considered in relation to the model just proposed# the 
following observations can be made to support the structure 
postulated1-

1. The molar ratio of glucose to oarotenoid is 2*1.
2. The linkage between oarotenoid and glucose is almost 

certainly glycosidio.
3. Linkage of glucose to peptide is demonstrated by the 

detection of glucopeptides in the NHCl hydrolysates.
4. The 6 primary/secondary hydroxyl groups aoetylated 

using acetic anhydride would correspond to the 
remaining hydroxyl functions available for acétylation 
on the glucose residues.

, i -  ■The amino acids detected in the subfractions are the same
I

l4 as were found in the detergent solubilised membrane fraction 
from S. flava although present in different relative proportions.
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The amino acide detected in the eubfractione were also present 
in who1e-number molar ratios which is indicative of a repeating 
unit of peptide within the peptide/protein from which they were 
derived.

Little can be said at this stage regarding the identity 
of the amino acid or the nature of the linkage involved in the 
bond between the peptide and glucose. It does seem unlikely 
however# that an 0 - serine or 0-threonine linkage is involved 
since this would not be expected to withstand the strongly 
alkaline conditions of the saponification procedure used in the 
preparation of the pigment subfractions (Neuberger^ Gottsohalk & 
Marshall# 1966).

When the amino acid content of the subfractions is 
considered in relation to the content of carotenoid and glucose 
on a molar basis# it is at once apparent that these figures allow 
for the presence of a maximum of only 4 amino acid residues per 
carotenoid glycopeptide molecule. Thus it is obvious that each 
molecule cannot contain all l4 of the amino acids detectable by 
autoanalysis. It is suggested# therefore# that each subfraction#
although chromatographically homogeneous in the system used# is 
in fact a mixture of molecules of similar basic structure but 
varying in the number and/or nature of the amino acids attached to 
the glucose molecules. Prom amino acid analysis# the relative 
proportions of the amino acids in the two subfractions was not 
the same which must account for their resolution. If# as the 
results of amino acid analysis suggest# there is a repeating 
unit of peptide in the protein layer of the membrane# and if the
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distance between adjacent carotenoid molecules is loss than the 
length of this repeating unit# then the latter must be fragmented 
during the isolation procedure. This would release glyco- 
oarotenoid to which only portions of the unit would be attached 
and only when a mixture of these fragments was studied would 
this repeating unit become apparent. It is believed that such 
a situation is reported in this work.

In the light of the model proposed for the orientation 
of carotenoid within the membrane of flava it is perhaps 
relevant to consider here the effect of light on the growth and 
lysis of cultures of these cells. As can be seen from Pig. R.l. 
dark groum cells of Sĵ  flava, which were shown to contain 20^ 
less carotenoid in their membranes# were also far less stable to 
lysis than the light-grown cells. The proposed arrangement of 
carotenoid molecules in the membrane would tend to confer a 
certain degree of rigidity and strength due to the covalent 
bridging of the two protein layers# in much the same way as di
sulphide cross-linking in proteins confers rigidity on the 
macromolecules. It is postulated that in the dark-grown cells# 
where 1 carotenoid molecule in 3 is missing from the membrane 
and replaced by other molecules e.g. phospholipids# metastable 
areas of the membrane result at which the mechanical strength of 
the membrane is weak and which become lysis points. Although 
this hypothesis is an attractive one# in that it substantiates 
the observations of Salton al. (I963a#b) on the reduced 
stability of diphenylamine treated cells of lutea and lyso- 
deikticust it must be considered that the absence of light may
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have effects other than carotenoid depletion which may be 
responsible for the greater fragility of the dark-grown cells.

The aqueous pigment fraction from morrhuae is a mono- 
disperse system of molecules# if not a single molecular species# 
of approximately 9*000 molecular weight# containing carotenoid# 
glucose and peptide. As would be expected of a water soluble 
fraction# the protein content is considerably higher than that 
found for the methanol soluble carotenoid glycopeptide subfractions 
isolated from Sĵ  flava. Once again this material is believed to 
represent one form at least in which carotenoid is bound in the 
bacterial membrane. The linkage between pigment and glucose is 
again in all probability a glycosidio bond and it is assumed# as 
for flava, that in morrhuae it is the most polar free 
carotenoid which becomes bound to glucose and peptide and 
incorporated into the bacterial membrane. The molar ratio of 
glucose to carotenoid for this material was also found to be 2:1 
and if its orientation within the membrane is also analogous to 
that suggested for flava, then two of the four tertiary 
hydroxyl groups on the bacterio-ruberin molecule (the most polar 
free carotenoid) would be involved in glycosidio links with 
glucose# at either end of the molecule.

The amino acids constituting the peptide moiety were not 
present in defined whole number molar ratios suggesting that in 
this case they are not derived from a peptide containing a 
repeating unit. Pour small unidentified peaks were found on the 
amino acid analyser read-out. That which was seen between
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phenylalnine and ammonia may correspond to ethanolamine and an 
unidentified component which appears in the same position has 
been found by the author in hydrolysates from flava membranes,
and also by Orula ejb (1967) in hydrolysates from lysodeik-
ticus membranes. The high content of acidic amino acids in the 
material is consistent with the observations of others of a high 
aspartic and glutamic acid content in the ribosoraal proteins 
(Bayley, I966) and the proteins of the cell envelope (Kushner & 
Onishi, 1966) of several species of halophilic bacteria. The 
rather high ash content recorded for the material is interesting 
in that no further salt was removable by pressure dialysis, so 
that this remaining salt must be tightly bound. It is presumed 
from the observations of Larsen (1967) concerning the salt 
requirements of halophilic bacteria, that much of this salt may 
be in the form of and perhaps Na^ counterions associated with 
the large amounts of aspartic and glutamic acids present. Many 
of the proteins of obligately halophilic microorganisms show an 
absolute requirement for salt in order to maintain their 
structural and/or functional integrity. Many of the enzymes 
require salt for their activation, and the protein components of 
both the ribosomes and the cell envelope dissociate in the 
absence of salt (Larsen, 1967).

The high proportions of the acidic amino acids in the 
peptide, whose side chains would be negatively charged at physio
logical pH, accounts for the migration of the material on electro
phoresis. In contrast, the detergent-solubilised material from 
S. flava contains few polar amino acid residues and such acidic
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amino acids as are present are probably predominantly in the 
amide form, so that the peptide moiety would be expected to carry 
little net charge as was indicated by its lack of mobility on 
electrophoresis and the unsatisfactory titration behaviour.
Also, the possibility exists that such ionisable side chains as 
are present are masked by the inclusion of the peptide moiety in 
a detergent micelle.

Prom this work on the bound oarotenoid in both flava
and Sĵ  morrhuae, it is suggested that the carotenoid biosynthetic 
sequence in both is directed towards the complexing of the most 
polar free carotenoid to glucose and peptide and its incorporation 
into the bacterial membrane as an integral structural component.
If this is the case, then it is not surprising that for both 
species it is impossible to remove all the carotenoid pigment by 
simple solvent extraction since this would not be permitted by 
virtue of its covalent attachment to the protein of the membrane. 
In species such as Mĵ  radiodurans (Thirkell, I968), aureus 
(Hammond & White, 1970) and P\ dehydrogenans (Weeks ejfc , 1967),
whose carotenoids can be totally extracted using organic solvents 
leaving a white residue, it seems unlikely that a similar sort 
of binding occurs between carotenoid and other membrane components 
B. THE CHEMICAL COMPOSITION OF THE TOTAL Mi:MBRANE FRACTION FROM 

S. FLA VA
The yield of the total membrane fraction from flava

decreases quite markedly with age, the decrease being most 
pronounced between 24 and 48 hours. This may well reflect an
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increased amount of intracytoplasmic membrane in the 24 hour 
cells which are in the late exponential phase of growth, since, 
whether raesosomes are indeed involved in respiratory chain 
activity, septum formation, nuclear segregation, or are merely a 
means of increasing the total membrane surface area and hence the 
enzymatic content of the cell (Ryter, I969)# it would be expected 
that actively dividing cells might contain a greater amount of 
mesosomal membrane than cells which have entered the stationary 
phase of growth. Alternatively, these observations may indicate 
a thickening of the cell wall with age such that the contribution 
of the membrane fraction to the total dry weight of the cell is 
decreased. All three values for membrane content are relatively 
high when compared with the yields of membrane obtained from some 
other species, as shown in Table D.l. (overleaf). It should be 
noted that, from the table, Sĵ  lutea does exhibit the highest 
content of membrane of the organisms shown so that, in view of 
the results obtained here a high content of membrane may be a 
characteristic of Saroinae. It seems unlikely that the high 
values obtained for flava could be due to cell wall contaminat
ion since cell wall components were not detected during the 
carbohydrate and amino acid analysis. Salton (1967b) has, in 
fact, found that cells of lutea contain a greater percentage 
of membrane at 48 hours than at 24 hours, although in an earlier 
paper (Salton al., 1963b) it was stated that in some cultures 
of lysodeikticus. the proportion of membrane increased with 
age, but in other cultures the proportion was not found to vary 
significantly with age at all. Thus it seems possible that minor
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Organism Age membrane Reference

B. licheniformis 24 hr. 10.6 Salton 1967b
8 tearo thermophilus 9 hr. 16.2 Salton 1967b

M. lysodeikticus 24 hr. 25.2 Salton 1967b
S. lutea 24 hr. 25.0 Salton 1967b

lutea 48 hr. 31.0 Salton 1967b
M. lysodeikticus 20 hr. 8.6 Gilby et 1958
B. subtilis 18 hr. 28.0 Bishop et 1967b
L l monocytogenes 7 9.2 Ghosh e^ a^. I968

aureus Late log 
phase

9.7 Ward j»t a^. I968

SJL flava 24 hr. 49.6 Table R.ll.
S. f lava 57 hr. 36.8 Table R.ll.

SjL flava 91 hr. 34.5 Table R.ll.

Table D.l. - Percentage of dry cell weight constituted by the
total membrane fraction for several Gran-positive 
bacteria.
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differences in culture conditions or species differences may 
have marked effects on the percentage of membrane synthesised by 

the bacterial cell.
In comparison with published figures for analyses of other 

Gram-positive bacterial membranes (see Table I. III.), the carbo
hydrate content of flava membranes is somewhat higher and the
lipid content rather lower than those encountered in other species 
The remaining components, protein, RNA and total phosphorus were 
present in the same sort of percentages as those observed for 
the majority of Gram-positive organisms. It can be seen from 
Table R. 19*t that the overall recoveries of organic material 
from Sĵ  flava membranes decreases with age, being 100.2^ for the 
24 hour preparation, 98.3^ at 57 hours and only 82.59^ for 91 
hour membranes. In view of the difficulties experienced in 
achieving a total lipid extraction from the membranes, a possible 
interpretation for this decreased recovery might be an increase 
in the binding of lipid to protein in the membrane with age, 
which would result in an anomalously low value for the lipid 
content of older membranes. For many bacterial membranes e.g.
B. subtilis (Bishop al., 1967b) it is possible to extract
virtually all the lipid using solvent extraction, since these 
workers found that negligible amounts of lipid were released by 
subsequent acid hydrolysis. However, as can be seen from Table 
R. l4., the amount of lipid which is released by hydrolytic 
procedures from Sĵ  flava membranes exceeds considerably that 
which is extracted by simple solvent extraction, indicating that 
the bulk of the lipid is firmly bound within the membrane.
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Using the carotenoid pigments of the membrane as "markers" it was 
evident that the methods of extraction employed in this work did 
not by any means extract all the lipid from the membrane. Treat
ment with strong alkali did render the membrane almost totally 
soluble but this procedure would undoubtedly convert a large 
proportion of the lipid into water soluble degradation products. 
The results of lipid extractions from flava membranes (Table 
R. l4.) indicate a significant decrease in lipid content of 91 
hour membranes but in fact as already discussed it is possible 
that this merely reflects an increased binding of lipid to 
protein with age. This would mean that either the percentage of 
the total lipid which is extractable decreases or the proportion 
of the total lipid which is extracted by the hydrolytic proced
ures, and hence the losses sustained due to degradation, might 
increase thus giving an anomalously low lipid content. Further
more, it has already been shown in this work that a substantial 
amount of the carotenoid pigment is covalently linked to protein 
in the membrane, and work at present in progress suggests that 
much of the membrane phospholipid is also linked to protein in 
this manner, so that, an increase in the proportion of the total 
lipid so bound with age could account for the findings presented 
in this work.

Although the molar ratios of the amino acids present in 
the membrane remain fairly constant, the overall protein content 
decreases with age. This conflicts with the findings of Salton 
et al. (1965b) for the protein content of lysodeikticus
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membranes which was found not to vary significantly between 24 
and 48 hours. The acidic and apolar amino acids are present in 
much greater concentrations than either the basic or sulphur- 
containing amino acids, which is consistent with other data (see 
Introduction) for the amino acid composition of bacterial 
membrane proteins. The detection of a component which may be 
glucosamine on amino acid analysis, but the absence of any trace 
of glucosamine during the paper chromatographic analysis of 
membrane carbohydrates may be explained by the more vigorous 
hydrolytic conditions employed for the release of amino acids, 
since the N HCl hydrolysis used for carbohydrate release may not 
release sufficient amounts of the amino sugar to be detectable by 
the latter technique.

The carbohydrate content of the membrane fraction remains 
fairly constant with age, as do the relative proportions of the 
individual monosaccharides. Glucose, mannose, ribose, and 
rhamnose have been shown to be definitely present, the former two 
occurring as major components. Indications were also obtained 
from paper chromatography and amino acid analysis for the 
presence of galactosamine and glucosamine. The ribose detected 
is almost certainly derived from the RNA component of the 
membrane. Glucose has already been shown to be associated with 
carotenoid and may well be a component of other glycolipids or of 
glycoproteins in the membrane, whilst mannose may also be a 
glyeolipid component since the closely related species lyso
deikticus is known to synthesise considerable amounts of a
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mannosyl diglycerlde (MacFarlana, 196I). The occurrence of 
rhamnose I n  a bacterial membrane is comparatively rare, and at 
the time of writing only two other reports of this exist, one 
for ^  monocytogenes (Ghosh ^  Bi* * 1968) and one for Bifido
bacterium bifidum (Fxterkate, Vrensen & Veerkamp, 1970)*
Galactose, although reported to be a component of the membranes 
of both Sĵ  lutea and lysodeikticus (Salton ^  » 1965b)
was not detected in Sĵ  flava membrane preparations by either GLC
or paper chromatography.

The RNA and total phosphorus content of the membrane show 
some variation with age. The significance of the fluctuation in 
RNA content is not clear since this was found to decrease from 
24 to 48 hours, and then at 9I hours to increase to a value 
intermediate between the 24 and 48 hour values. This slight rise 
in RNA content at 91 hours presumably indicates increased protein 
synthetic activity, which, in view of the age of the cells may 
possibly be connected with the production of autolytic enzymes 
or with the onset of sporulation, which the ultrastructural study 
presented in this thesis has suggested may occur in flava.
The total phosphorus content was found to decrease with age and 
it is thought that this might reflect a reduction in the
phospholipid content of the membrane, although it has been found
by Ghosh (1968) that the RNA and lipid of the membrane of
L. monocytogenes. by no means account for the total phosphorus 
content, some of which may also be derived from teichoic acid 
and phosphoserine.
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S. flava. in common with many other bacterial species, 

synthesises a large number of different fatty acid types, 
including a high proportion of branched chain compounds. Bishop 
et al. (1967b) have reported that branched fatty acids constitute 
more than 75^ of the total fatty acids in the membrane of Bj*. 
subtilis. The branched acid which was found to be the major
component of the fatty acids of the free lipid fraction from S . 
flava membranes has also been reported to be the predominant 
fatty acid in the lipids of the following species 1 C_L 
(Moss et aJL., 1967), several Propionibaoteria (Moss ejk , I969), 
S. lutea (Cho e^ al., I966, Tornabene e_t a^., 1967* Albro e_t al.,
1969) * M«i. lysodeikticus (Cho ^  * 1966), S. aureus (White ejt
al., 1968) and several Bacilli (Kaneda, I967* 1968). The dearth 
of unsaturated fatty acids detected in any of the lipid fractions 
from flava membranes is also a feature common to many Gram- 
positive bacterial lipids (Kaneda, 19631 Tornabene mt s^., I967; 
Bishop et 8^*, 1967b; Moss ^  Jjii» * 1969). It can be said with 
reasonable certainty that the unidentifiable fatty acid compon
ents detected by GLC are not unsubstituted straight chain or 
branched compounds but probably possess hydroxyl or ring 
substitutions which have been reported as components of the fatty 
acids of a variety of bacteria (Cho e^ • 1966; O'Leary, I962).

The considerable variation in the fatty acid composition 
of the membrane fraction from Sĵ  flava with age conflicts with 
the observations of Tornabene ^  a^. (1967a) on the fatty acid 
composition of Sĵ  lutea. which was found not to alter significant
ly with age. Nevertheless, the fact that such a variation was
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observed, as shown in this work. Infers that for flava anyway, 
the precise stage of the growth cycle at which the bacterial 
culture is harvested will dictate the observed fatty acid pattern. 
This finding would make the use of the fatty acid profile as a 
taxonomic criterion of dubious value for this species.
C. ULTRASTRUCTURAL FEATURES OF S. FLAVA AND S. MORRHUAE 
1. S. flava

It was found that the appearance of thin sections of S. 
flava cells varied markedly with the conditions of fixation.
Double fixation with glutaraldehyde/osmic acid (OsO^^) was 
unsuccessful at any of the three pH values, owing to the 
deposition of fine needle-like crystals over the entire specimen, 
obscuring any fine structure which might have otherwise been 
apparent. Therefore, no electron micrographs of flava cells 
fixed under these conditions are included in the Results section. 
This crystalline deposit may well be due to the incomplete 
removal of the glutaraldehyde prior to poet-fixation with osmium, 
since Gordon, Millor and Bensch (1963) recommended that material 
which had been fixed with glutaraldehyde should be washed for 
several hours with buffer before being fixed with OsO|̂ , whereas 
the glutaraldehyde fixed cells in this work were washed twice, 
over a period of only one hour. A longer period for washing 
was not employed since one hour had proved adequate for the 
fixation of morrhuae cells by exactly the same method.

Fixation with KmnO^^ gave best definition at pH^^ (Plate 
3), where the preservation of the cytoplasmic membrane good 
although the highly oxidative conditions can be seen to have

V.
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caused much greater disruption of cell wall material than
fixation of similar material using OeO^. Cell wall debris can
also be seen surrounding the cells in Plates 1 & 4. permanganate 
fixation at pH 6 (plate 4) gave poor definition generally, the 
cytoplasmic membrane being indistinct and the nuclear material 
having a vacuolated appearance which can also be seen in Plate 3* 
Treatment with the same fixative at pH 4 (plate 1) gave a coarse, 
granular appearance to the cytoplasm, although in this case the 
cell wall material appears relatively intact. Neither cyto
plasmic membrane nor nuclear material are visible and both cells 
have undergone a considerable degree of plasmolysis. Thus 
fixation at alkaline pH appears to give the best results for 
permanganate fixation, although the only ultrastructural feature 
to be well preserved at all by this method is the cytoplasmic 
membrane, and even the preservation of this is not superior to 
that obtained using osmium fixation.

Examples of cells fixed with OsO|̂  at pH 9 are shown in
Plates 25, 27, 28 & 31-34. These cells show a dense, granular 
cytoplasm, a thick amorphous cell wall, devoid of fine structure 
and in some cases (plates 28, 31 & 32) ribosomes are visible.
In Plates 28 & 31*33 the membrane material has a negatively 
stained appearance i.e. two electron-translucent layers separated 
by an electron-dense layer. Nuclear material is not clearly 
distinguishable in any of these cells and is probably obscured 
by the density of the cytoplasm.

Osmium fixation at pH 4 and subsequent double staining
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with uranyl acetate/lead citrate (plate 2) gave very poor 
general preservation. The cytoplasm is made up of dense, 
granular aggregates and neither membrane nor nuclear material 
are distinguishable.

Excellent definition of membrane, cell wall and nuclear 
material was given by osmium fixation at pH 8, followed by 
double staining (Ur/pb). Examples of cells treated thus are 
shown in Plates 5*21. The improved appearance of these cells 
over those fixed with osmium at pH 9 may not only be due to the 
difference in pH but also possibly to one or more of the 
following factors I-

(i) increased fixation time (l6 instead of 4 hrs.)
(ii) inclusion of a prestaining step with uranyl acetate 

(iii) inclusion of KCN in the fixative fluid (Highton, I969) 
(iv) double staining with Pb/Ur as opposed to single 

staining with Ur alone.
During the course of this work, several hundred sections 

of lysomyme-treated cells were examined, but only on a few 
occasions were true protoplasts observed, totally devoid of any 
adhering cell wall material. Plate 19 shows a protoplast about 
to be released from the remnants of the cell wall. Note the 
considerable reduction in the density of the cytoplasm of this 
cell as compared with others still possessing the majority of 
their cell wall, suggesting that here, although the cytoplasmic 
membrane appears to be intact around the complete circumference 
of the cell, lysis may have occurred in another plane. From
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the appearance of the majority of the lysozyrae treated celle.
It must be concluded that the method for the preparation of 
protoplasts used in this work (Baird-Parker et oil. , I967), 
although claimed to be suitable for megaterlum and lyso
deikticus la not applicable to Sĵ  flava. Apart from an increase 
in the incubation time, which anyway would be expected to ensure 
a more complete digestion of the cell wall, the conditions as 
detailed in the published method were adhered to rigorously.
Thus it must be concluded that the cell wall of S. flava is more 
resistant to the action of lysozyme than that of either B_̂  mega- 
terium or lysodeikticus.

The possibility must be considered that, although proto
plast formation was evidently not complete, those which were 
formed might have been destroyed by the conditions employed in 
the preparation for electron microscopy. Indeed, Kellenberger 
& Ryter (1964) have stated that osmium fixation may cause 
immediate lysis of protoplasts, although Fitz-James (1964) has 
published excellent electron micrographs of protoplasts fixed 
with osmium. Moreover, if massive lysis of protoplasts had 
occurred, one would expect to find large amounts of cytoplasmic 
debris and membrane fragments, which were not in fact observed 
in these preparations.

With regard to these findings, it would seem advisable, 
if applying a method for protoplast or membrane preparation to a 
species for which it was not originally described, no matter how 
closely related, to ensure, preferably by electron microscopy, 
that complete removal of all cell wall material has occurred.
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However, a# mentioned earlier, indioations of cell wall contamin
ation can also be obtained during chemical analyses of membrane 
preparations•

The general ultrastructural features of flava cells 
are similar to those observed for many other Gram-positive 
bacteria. The cells vary in diameter from about 0.5*1*3 and 
pairs of cells were observed most frequently although tetrads 
(plates 2,4,5,11,14 <& l6) and occasionally larger groups (plate
20) were seen. Ribosomes are visible in many cells (Plates 22, 
2 5 , 2 8 , 3 1  & 32) a s  granules approximately 100-200 i in diameter. 
Usually these ribosomes were seen uniformly distributed through
out the cytoplasm but in certain oases (Plate 28) they were 
concentrated in the region of developing septa and probably also 
in association with dividing nuclear material, as was shown for
D. pneumoniae (Tomasz j|t , 1964), although in this cell the 
nucleus is not distinguishable. Many of the cells fixed with 
OsOĵ  at pH 9 were found to contain large (800-1000 X dia. ) , 
circular, darkly staining bodies with smaller, lighter areas at 
their peripheri (plate 33)# These are thought to be identical 
with the polymetaphosphate granules which have been described 
in several other Gram-positive organisms (Vidra, 1959; Thornloy 
j^al., 19651 Cherny, 1 9 6 7 $  Holt et ^ . , 19671 Hard, 1 9 6 9 ) . 
Friedberg e ^  a jL . ( 1 9 6 8 )  have isolated and analysed a fraction 
containing granules of similar morphology from M^ lyeodeikticus 
finding it to consist of 24ÿ protein, 30^ lipid and 27ÿ phosphate. 
These workers found that the granules were most abundant during
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the exponential phase of growth, disappearing gradually during 
the stationary phase* This might explain why no such inclusions 
were observed in cells of flava grown for 60 hours*

The nuclear material of most of the lysozyme treated 
cells, fixed with osmium at pH 8, (Plates 5*8, 12-14, 17, 20 &
21), shows the dense fibrillar arrangement which is now accepted 
as being characteristic of well-fixed DNA* In addition to this 
parallel arrangement of fibrils, in some sections (plates 5 & 7) 
these are interspersed with small, dark, circular granules which 
are much too small to be ribosomes and may well be transversely 
sectioned fibrils of DNA. In most of these cells, the nucleus 
is a single, fairly compact body, whilst in some (Plates 5 A 8) 
it occupies a large proportion of the cytoplasm at the particular 
plane of the cell which has been sectioned. In other cells 
(plates 7 & 14), the nuclear material can be seen in two or 
three separate portions although again, this may be an effect due 
purely to a fortuitous plane of sectioning.

Plates 5,8,12,17, & 20 show (arrowed) possible areas of 
contact between nuclear material and the cytoplasmic membrane.
It has long been known that in many species of bacteria there is 
an intimate association between the nucleus and mesosomal or 
cytoplasmic membrane. Jacob, Brenner & Cuzin (1963) first 
proposed that the bacterial nucleus and the mesosomal membrane 
were attached by a serial sectioning study of B_̂  subtilis. The 
exact point of attachment is difficult to define in B^ subtilis. 
since the area of contact between membrane and nucleus is often

extensive, but when mesosomes are extruded from the cytoplasm
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during protoplasting (Ryter ejt «i*• 1964), the nucleus is pulled 
up to, and remains in contact with, the cytoplasmic membrane, 
when the exact point of attachment may be distinguished more 
clearly. Similarly, the nucleus can be seen to be directly in 
contact with the cytoplasmic membrane in reverted or reverting 
protoplasts (Ryter & Landman, 196?). Attachment of the nuclear 
material to membranous material has since been observed in many 
species other than subtilis. including t Sĵ  lutea (Cherny,
1967)1 S. aureus (Suganuma, I968); E. coli (Bayer, 1968a; 
Pontefract, Bergeron & Thatcher, 1969; Pontefract & Thatcher, 
1970); lectis (Thomas, Lyttleton, Villiarason A Batt, I969);
S . faecalis (Higgins eJt sJL., 1970) and lichenif ormis (Highton,
1970) * It may be that in flava also the nucleus is always 
attached to membrane but that the actual point of attachment is 
not always seen due to an unfavourable plane of sectioning. The 
connection between mesosomes and nuclei in bacteria has led to 
the postulate that mesosomes may be involved in the segregation 
of the nuclear material during cell division, (Ryter A Jacob, I967] 
Although this may be the case for some cells, the participation 
of mesosomes in nuclear segregation cannot be obligatory since 
protoplasts and other cells devoid of mesosomes are nevertheless 
still capable of division.

Intracytoplasmic membranous inclusions were seen in many 
of the thin sections of flava cells studied. Some or all of 
these may be identical with, or derived from, mesosomes. The 
appearance of a mesosome under the electron microscope, which
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most nearly represents its morphology in the true physiological 
state is much disputed. In some cases, mesosomes are seen as 
predominantly lamellar structures consisting of either concentric 
rings of membrane or a more complex "swiss-roll" arrangement.
Both these lamellar formations are seen in licheniformis
(Highton, 1970a). Other workers (Tomass et ^ . , 1964; Ryter,
1968) have shown mesosomes to be membranous pockets enclosing 
large numbers of membrane-bound vesicles by normal thin-section- 
ing techniques, whilst others (Remsen, I968; Nanninga, I968) 
have also confirmed the presence of vesicles within mesosomes by 
freeze-etching studies. In addition, several reports also exist 
of mesosomes in the same bacterial cell containing both lamellar 
and vesicular elements (Thomas £t , I969; Highton 1970a,b; 
Neale A Chapman, 1970; Higgins e^ ^1., 1970)# Further support 
for the vesicular structure comes from observations on mesosomes 
extruded from protoplasts. Incubation of B̂ . subtilis (Ryter A 
Landman, 1964) or monocytogenes (Ghosh A Murray, I967) cells 
in hypertonic medium, results in plasmolysis of the cells and 
the extrusion of their mesosomes such that the mesosomal elements 
come to lie in the periplasmic space, between the wall and the 
membrane. Subsequent removal of the cell wall by treatment 
with lysozyme results in the pinching off of the mesosomal 
tubules which are thus released into the medium. Both before 
and after lysozyme treatment, these mesosomal tubules have the 
appearance of a chain of small vesicles (the so-called "string 
of beads" structure). Ryter (I969) thus concludes that the
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true structure of a meeosome Is the vesicular form and that 
this structure may assume a lamellar appearance only if sectioned 
in an unfavourable plane or if the specimen has been fixed with 
osmium, which it is said transforms the vesicular form into the 
lamellar form.

Conversely, Highton (1969, 1970a,b) has presented 
evidence that lamellar form is the true physiological morphology 
for a mesosome and that the vesicular mesosomal elements are 
formed from the breakdown of the lamellae. This was found to 
occur if subtilis cells were allowed to stand for some time 
after harvesting, at O®, prior to fixation, after which they 
were found to contain many vesicular mesosomes. Cells fixed 
immediately after harvesting exhibited mesosomes with a completely 
lamellar appearance. Recent work has also shown that shifts in 
growth temperature (Neale at al., 1970) #nd starvation (Thomas 
et al.. 19691 Higgins t 1970) of bacterial cells cause
the breakdown and vesicularisation of mesosomes, sometimes 
accompanied by their extrusion.

In Sĵ  flava cells which had not received lysozyme treat
ment, lamellar mesosomes were readily visible in many cells, whose 
appearance corresponded to those shown in Plates 28 A 32. In 
both oases the mesosomes may be seen to consist of complex whorls 
of membrane, continuous with the cytoplasmic membrane. In all 
cases, where mesosomes were observed, they were never associated 
with developing septa, but usually situated at the poles of a 
dividing cell.
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Lysozyme treated celle contained few lamellar mesosomes 

but many contained membrane bound vesicles, enclosing small 
portions of cytoplasm. An example of one of the few lamellar 
structures is sho%m in Plate 12., where the membrane is coiled 
into the "swiss-roll" type of arrangement mentioned previously, 
and can be seen to be continuous with the cytoplasmic membrane. 
Plates 5,10,11,14,16,17 A 20 show intracytoplasmic vesicles 
consisting of a single layer of membrane enclosing a portion 
of cytoplasm, but with an electron translucent gap between the 
enclosed cytoplasm and the membrane. Plate 13 shows a similar 
vesicle consisting of two concentric rings of membrane enclosing 
a small area of cytoplasm. In many instances (Plates 5,13,14,16) 
fine strands of material connect the enclosed cytoplasm and the 
enveloping membrane. Some cells (plates 10,15 A 20) show 
membrane bound vesicles lying in the periplasmic space i.e. 
between the cytoplasmic membrane and the cell wall, and these 
were also occasionally observed in cells which had not been 
treated with lysozyme, although these cells were usually seen to 
be in the process of lysis, as is shown in Plate 27* An extra 
piece of membrane (arrowed), which does not appear to be connected 
to the cytoplasmic membrane can be seen in the periplasmic space 
of the cell shown in Plate 11. It is suggested that these 
membranous inclusions in the periplasmic space, and all the 
membrane bound vesicles seen in the cytoplasm are derived from 
the breakdown of mesosomes under the hypertonic conditions (0.73 
M sucrose) employed in the attempted preparation of protoplasts.
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It has already been shown that under hypertonic conditions 
mesosomal extrusion occurs in some cases # into the periplasmio 
space but other reports (Landman« Ryter & Frehel» 1968# Heals 
et al., 1970) have shown mesosomal remnants which have been 
released into the cytoplasm as is believed to be the case in 
this work. A partially lysed cell containing numerous membranous 
vesiclest one of which consists of two concentric rings of 
membrane, is shown in Plate 9# This double membrane vesicle 
is not unlike that shown in a partially lysed cell of JD. pneumon
iae in the report of Tomasx «rt aj.., (1964). These workers 
suggest that these vesicles are once again of mesosomal origin 
and this is also probably the case for Sj*, flava.

The cell wall of Gram-positive bacteria has generally 
been considered to be thick, uniform, amorphous and devoid of 
fine structure although ^a suggestion of a multi-layered 
appearance has been observed in some cases** (Salton 1964). More 
recent work has shown that, although in some species the cell 
wall appears to be amorphous, e.g. in S» maxima & S. ventriculi 
(Holt ^  * 1967); S. lactis (Thomas e^ • 1969)# S .
morrhuae (Brown jrk a^., 1970), in many other Gram-positive 
bacteria the cell wall exhibits a laminated appearance. A 
trilaminated cell wall, consisting of two thin electron opaque 
lines, separated by a rather wider less dense layer, somewhat 
reminiscent of a unit membrane although less well defined, has 
been reported in subtilis (Highton, 1970b# Neale ejb al., 1970]
B. licheniformis (Highton, 1970a)# SU faeoalis (Higgins e^ al.,
1970) and aureus (Suganuma, I966, I968). Hughes, Tanner &
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Stokes (1970) have shown that thickening of the cell wall of B, 
subtilis caused by tryptophan deprivation, results in the 
production of a 3-layered cell wall structure after only 30 mine, 
incubation in a medium lacking the amino acid #

Intact cells of 3ĵ  flava fixed with OsÔ  ̂ (Plates 25-28 & 
31-34) show a typical amorphous unlayered cell wall, but cells 
fixed with KXnO^ (plates 24,29 A 30) display a distinctly 
laminated cell wall, consisting of a compact basal layer of 
electron dense material adjacent to the cytoplasmic membrane, 
separated from an outer band of similar density although a little 
less-well defined, by a broader layer of less dense material.
This arrangement is rather like the trilaminar appearance 
already described for other cell walls.

In cells of flava where partial digestion of the cell 
wall due to the action of lysoayme has taken place, a multi
layered structure for the cell wall is much more apparent. Three 
cell wall layers are discernable in the cells shown in Plates 
5,8,11,13*14,15 & 20, whilst Plate 18, although atypical shows a 
damaged cell in which four electron dense layers can be seen to 
constitute the cell wall. These layers are not continuous, how
ever, being broken at two points, the cell itself having partially 
lysed. Plates 4,5*7*11*14,16 & 20 show packets of cells which 
appear to be held together by a strand of lysoayme resistant cell 
wall material which runs around the outside of just a pair of 
cells (plates l4 4 20) or envelopes the whole packet (plates 4,5* 
7*11 4 16). Spaces are visible between adjacent layers of the 
cell wall in almost all cases, which have presumably arisen from
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the complete digestion of selected portions of the wall which 
are lysoxyme-sensitive, leaving behind these electron dense 
layers which thus become much more obvious and must be rather 
more resistant to the action of the enzyme. These lysoayme 
resistant layers must be regions of the wall where the glyoan 
backbone is in some way stabilised against or protected from 
lysoayme attack. Perhaps the degree of peptide cross-linking 
between the polysaccharide chains in these regions is greater than 
in the lysoayme sensitive areas. The stratification of the cell 
wall might be brought about by the laying down of successive 
layers of peptidoglycan as the cell grows and the wall expands, 
each layer differing chemically, albeit very slightly, from the 
next. Another facet of cell wall structure is shown in Plate 2, 
which shows what has obviously been a tetrad of cells that have 
become separated, but are still connected by fine threads of cell 
wall material. This type of appearance was only observed for 
cells fixed with QsOjî  at pH 4. At pH 8 as already indicated the 
groups of cells are held together by an outer layer of lysoayme 
resistant material and it is conceivable that under the acid 
conditions of fixation at pH 4 that this layer is further broken 
down allowing the separation of the cells.

Owing to the hypertonicity of the sucrose solution in 
which protoplast formation was attempted, all the lysoayme treated 
cells examined were plasmolysed to some extent. In Plates 8,14, 
17 4 20, it can be seen that, although the cytoplasmic membrane 
has retracted from the cell wall, portions of the membrane are

still in contact with the wall. This is particularly apparent
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in the cell shown in Plate 8, where the regions of adhesion 
between wall and membrane are arrowed. Connections between 
cell wall and cytoplasmic membrane have been described for a 
number of other microorganisms such as coelicolor (Glauert 
& Hopwood, 1960)1 Bĵ  subtilis (Glauert, Brieger 4 Allen, I96I);
L. monocytogenes (Edwards 4 Stevens, 1963) and coli (Bayer, 
1968a). Bayer (1968a) suggested that in K. coli these points 
of contact between wall and membrane might be centres of cell 
wall synthesis and that these might correspond to mechanically 
weak areas which would become lysis points, were the cell 
subjected to osmotic stress. These regions of adhesion have 
also been shown (Bayer 1968b) to be the points at which the 
bacteriophages T̂  ̂- Ty are adsorbed when attacking the coli 
cell. If the attachment at these points is fairly stable, this 
would make the preparation of wall and membrane fractions which 
were without any mutual contamination somewhat difficult, as has 
been found by Salton (l96?d). Bayer (1968a) also reports the 
association of nuclear material with these membrane-wall junctions, 
but no such association was discernable in any of the flava 
cells examined in this work. More information concerning the 
nature and stability of the junctions in flava could be 
obtained by study of cells which have undergone a greater degree 
of plasmolysis.

Though some Sarcinae are known to form spores (e.g. S. 
ureae) sporulation in Sĵ  flava has never been previously reported. 
In several of the preparations examined in this work, however.
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•poro-llke bodies with very thick, mnorphous walls enclosing a 
highly granular cytoplasm were seen. Two each bodies are shewn 
in Plates 22 4 23 and a distinct cytoplasmic membrane and 
numerous ribosomes are visible in each. Also, in the preparations 
of lysoayme treated cells, several cells resembling those shown 
in Plate 21 were seen. In the left-hand cell, the nuclear 
material is surrounded by an unusually dense region of cytoplasaw.^, 
around which can be distinguished a layer of membrane. Outside 
this can be seen what appears to be a double layer of cell wall 
material in the process of formation. In the oell on the right, 
the same process seems to be occurring, although not at quite 
such an advanced stage. These cells, it is postulated, are 
undergoing sporulation and from these observations it seems that, 
under certain adverse conditions e.g. in the presence of sub- 
lethal concentrations of lysoayme, flava cells may be induced 
to form spores. The likelihood of the spore-forming cells 
being contaminants of the culture seems remote since# (i) 
many spore-like bodies and cells of similar appearance to those 
shown in Plate 21 were seen# (ii) the cells which appeared to 
be sporulating possessed the same basic ultrastruetural features 
as the remaining cells in the cultures.

A chronologioal reconstruction of the events involved in 
cell division in Sĵ  flava is shown in the sequence Plates 28 - 34. 
In the cell shown in Plate 28, the cell wall is beginning to grow 
inwards at its centre, and a membranous projection can be seen 
extending from the tip of the uppermost cell wall extension.
The rate of synthesis of membrane material now appears to exceed
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that of cell wall, #o that membranoua projection# extend further 
into the cytoplasm, as shown in Plates 29 4 30# The growth of 
the membranous material is not always uniform as can be seen in 
Plate 30, and even more strikingly in Plate 17. In Plate 31* 
a membrane septum can be seen, which completely divides the oell. 
This membrane septum appears to consist of a double membrane, 
which is again abundantly clear in the developing septum shown 
in Plate 17* each half of which is continuous with the cyto
plasmic membrane on either side of the cell wall protrusions. 
Seemingly, cell wall material is then laid down between the 
layers of the double membrane septum, as shown in Plate 32, where 
the septum appears as a loop of membrane in the cytoplasm. The 
septation process is further advanced in Plate 33* where only a 
short length of membrane connects the two halves of the ingrowing 
cell wall septum. Plate 34, shows the division process completed, 
a continuous layer of cell wall material having effected the 
complete separation of the daughter cells.

This division sequence is represented diagramatically in 
Pig. D.2. When considered three-dimensionally, the double 
membrane septum must be a complete sheet of material which 
divides the whole cell, and which develops by annular growth of 
an infolding of the cytoplasmic membrane at the equator of the 
cell. The establishment of this membrane septum is then followed 
by the deposition of cell wall material, between the two layers 
of the double membrane, and continuous with the original cell 
wall, until a complete dividing septum of oell wall material has
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Pig. D.2# - Diagramatic representation of the proposed mode of 
oell division in S. flava#
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been formed. In this way« each half of the double membrane 
septum becomes part of the cytoplasmic membrane of each daughter 
cell. The findings here show that partition of the Sĵ  flava cell 
by oell wall material is definitely preceded by the establishment 
of a complete membrane septum, and thus corresponds to the 
process termed "cell membrane septation" by Chapman (1959)* 
Mesosomes were seen, but never in the region of developing septa, 
as has been described for so many other Gram-positive species 
(see Introduction). The division scheme proposed here supports 
the observations of Chapman (1959) concerning the mechanism of 
septum formation in an unidentified Gram-positive species and is 
also similar to that reported for Dĵ  pneumoniae (Tomasm ejb , 
1964).

2. S. morrhuae
Individual cells of ^  morrhuae are almost twice as large 

as those of S. flava> being 2 - 4 m. in diameter. A low-power 
electron micrograph (Plate 35) shows the general appearance of 
a group of cells. Although pairs and tetrads were visible, as 
for flava. irregular clumps of cells were more common, 
indicating that cell division in this Sarcina species may well 
be more random process than in flava. where each successive 
plane of division is at right angles to the previous one, 
producing the cuboid packets of cells characteristic of the 
Sarcinae. An irregular type of cell division is shown in Plate 
40, where the oell appears to be forming two septa simultaneously 
which, it appears will eventually divide the cell into three.
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Plates 36,4l & 43 show cells containing crooked cell wall septa, 
of variable thickness, in contrast to the straight septa of 
uniform thickness observed in Sĵ  flava. Cell division in S. 
morrhuae would appear to be of the cell wall septation type 
(chapman, 1959# Chapman at ajL., 1953) since neither complete nor 
nascent membrane septa were observed.

Plates 35-37 & 41-44 show cells fixed with OsÔ ,̂ whereas 
those in Plates 38-40 are double-fixed with glutaraldehyde/OsO|^. 
It is surprising that, in the case of morrhuae double fixation 
does not produce the crystalline deposit which obscures the fine 
structure of flava cells fixed and stained in an identical 
manner. Both methods of fixation produced what is generally 
regarded as poor preservation of nuclear material, which appears 
(plates 35-^0) as darkly staining fibrous networks, of varying 
morphology, suspended in an electron translucent vacuole. These 
aggregates of nuclear material are particularly well defined in 
Plates 37 & 40, where they can be seen to be connected to the 
cytoplasm*by fine strands, (arrowed). In Plates 39 & 40 the 
nuclear material is in the process of division and has assumed 
a typical "durabell" oonfiguration. The poor fixation of the 
nuclear material and possibly the lysis in some of the cells 
shown (plates 36,38,39#4l & 43) may result from an inadequate 
content of salts in the fixation medium. No extensive ultra- 
structural studies have been carried out on Halococci up to the 
present time but exposure of cells of Halobacteria to media 
containing less than 4.3M NaCl results in the disintegration of
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the cell envelope and membrane (Steensland & Larsen, 1969).
Thus the fixation of morrhuae cells in higher concentrations 
of NaCl than those used in this work may improve the preservation 
of the ultrastruetural features. The overall osmolarity of the 
fixative solution used here must, however have been high enough 
yince many of the cells can be seen to have plasmolysed (plate 44) 
In this and other plasmolysed cells, areas of adhesion between 
wall and membrane, as seen in flava, are not apparent.

The cell wall of Sĵ  morrhuae appears as a much more 
densely staining layer than that in ^  flava. and assumes a very 
granular quality, particularly in those cells which were double 
fixed (Plates 38-40). In Plates 37#42 & 44, the wall can be 
seen to consist of three layers (arrowed) as already described 
for other Gram-positive bacteria, including ^  flava. In other 
cells, this laminated appearance has been obscured due to the 
density and granularity of the staining. Another feature of the 
cell wall of morrhuae. not seen for flava# is the covering 
of its outer surface with fine fibrous projections. These are 
clearly shown in Plates 36,37 & 42-44. This outer covering may 
possibly be a polysaccharide coating, like the cellulose layer 
shown to envelope cells of 3^ ventriculi (Canale-Parola, Borasky 
& Wolfe, 1 9 6 1 )  or may perhaps reflect the partial disintegration 
of the cell wall in response to the unphysiological salt 
concentration of the fixative solution.

No mesosomes as such were observed, but partially lysed 
cells, as shown in Plates 36,39 & 4l, contained membrane bound
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vesicles, which may well be derived from mesosomal membranes as 
previously described for flava. The general definition of 
membranes was not as good as that seen in flava but the typical 
unit membrane appearance was visible in most cases.

Many of the cells examined contained large numbers of 
electron dense, granular, spherical or ovoid bodies at their 
perj pheri (plates 38 A 44) which in most cases may be seen to 
be attached to the cytoplasmic membrane. In Plate 38, for 
example, several of these bodies clearly either interrupt or 
obscure the membrane. Plate 39 shows a cell containing a large 
aggregate of similarly staining material. The nature of these 
bodies has not been established, but they do not resemble the 
polyphosphate granules seen in other species, including flava. 
Their staining properties suggest that they are composed in part 
of either lipid or protein, but further work is necessary for 
their characterisation.
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SUMMARY

1. The preparation, purification and properties of a 
water-soluble membrane component from flava using the synthetic 
detergent Lubrol L has been described. This fraction contained 
carotenoid, glucose and peptide, was highly stable to heat and
pH extremes, and release of free carotenoid from it proved 
extremely difficult. The possible effect of the binding of the 
membrane components within detergent micelles is discussed and 
the dangers inherent in the determination of molecular weights, 
by osmometry or ultracentrifugation, in the presence of detergent 
have been indicated.

2. The polar carotenoid subfractions from flava have 
been characterised and found to consist of carotenoid, glucose 
and peptide. The linkage between carotenoid and glucose is 
presumed to be glycosidio, and a model for the in vivo orientation 
of the carotenoid complex in the bacterial membrane has been 
proposed. A possible correlation between membrane stability
and carotenoid content has been found, and this is discussed in 
relation to the model.

3. After complete removal of the free pigments from S .
morrhuae by solvent extraction, a water soluble carotenoid

\fraction was isolated and characterised. The material, whose
mm

molecular weight is approximately 9,000, contains carotenoid, 
glucose and peptide. The bond between glucose and carotenoid 
is again presumed to be glycosidic, and the peptide moiety 
contains high proportions of the acidic amino acids, the signifi-
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canoe of which is discussed. This bound pigment is also thought 
to represent one form in which carotenoid is bound in the bacteria 
membrane.

4. The effect of the age of the culture on the chemical 
composition of the total membrane fraction from flava has 
been investigated. Both protein and lipid contents decrease with 
age although there is little variation in carbohydrate content.
It is suggested that the decreased lipid content is a reflection 
of the increased binding of lipid to protein with age. Consider
able variation in the fatty acid composition with age was observed 
which makes the use of the fatty acid profile as a taxonomic 
criterion for this species of doubtful value. The presence of 
a sterol in flava membrane lipids is indicated although from 
GLC data, it seems unlikely that this is cholesterol. Mono
saccharides detected in membrane hydrolysates were ribose, 
rhamnose, glucose, and raannose. The presence of glucosamine and 
galactosamine was also indicated.

3. The general ultrastruetural features of whole cells 
of both Sjĵ flava and morrhuae have been described. flava
exhibits many of the fine structural features common to Gram- 
positive organisms and was seen to form the packets of cells 
typical of the Sarcinae. Cell division in Ŝ . flava was shown 
to be of the cell membrane septation type, and a mechanism for 
this mode of division has been proposed. Preparation of proto
plasts from Sĵ  flava using the method of Baird-Parker and Vood- 
roffe (1967) was unsuccessful, but the treatment with lysoayme
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revealed a layered appearance of the cell wall. Several 
intraoytoplaemio membranous inclusions were seen in these cells, 
and their relationship to mesosomes is discussed. Mesosomes 
as such were also present, but never in association with 
developing septa. The effect of varying conditions of fixation 
on the fine structure of Sĵ  flava was also studied. Evidence 
has been presented that, under certain conditions, sporulation 
may occur in flava#

Good fixation of morrhuae cells proved difficult to 
achieve, and this may be due to insufficient concentration of 
salts in the fixation medium. Cells of morrhuae are approx
imately twice the size of Sj»̂ flava cells, and division was seen 
to occur in a much more random fashion, producing irregular 
clumps of colls with common cell walls. Spherical or ovoid 
bodies of unknown composition were seen in association with the 
cytoplasmic membrane.
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APPENDIX

The following publications have already been produced 
from material included in this thesis#-

1. Thirkell D., Hunter, M.I.S., Crawford, J . & 
Fracassini, A.S. The effect of synthetic detergent 
on the determination of the molecular weight of a 
carotenoid-glycoprotein from flava. J. Gen. 
Microbiol. 109-111, 1969#

2. Thirkell, D., Hunter, M.I.S. Carotenoid-glyco
protein of Sĵ  flava membrane. J. Gen. Microbiol. 
Ji8, 289-292. I960.

3. Thirkell, D., Hunter, M.I.S. The polar carotenoid
fraction from flava. J. Gen. Microbiol. 58.

293-299. 1969.
4. Thirkell, D., Hunter, M.I.S. A water-soluble

carotenoid-glycopeptide from morrhuae. J. Gen.
Microbiol. 62^ 125-12?. 1970.

5. Thirkell, D., Hunter, M.I.S. Cell division in
S . flava. Biochem. J. 120. 13P. 1970.

6. Hunter, M.I.S., Thirkell, D. Variation in fatty
acid composition of flava membrane lipid with 
the age of the bacterial culture. J. Gen. Micro
biol. 115. 1971.
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