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The role of the mesosome in M.lysodeiklicus

has been studied using both biochemical and electron-
microscopic techniques. During the developement of membrane
fractionation procedures, unexpected variations in the
specific activity of succinate dehydrogenase (EC 1.%.99.1)
were observed in similar membrane preparations, Since this
enzyme is an important membrane "marker", a detailed study

of the factors affecting its activity was considered an

essential preliminary investigation.

The membrane-bound enzyme was inactivaled at
temperatures above 10°C and its specific activity found to
increase between two- and three-fold in diluted membrane
preparations equilibrated at 0°C for 6h. Membranes treated
with sodium-deoxycholate showed no activation by dilution
but displayed maximal activity. The increase in specific
activity observed on dilution could be partially inhibited
by fixation with glutaraldehyde, or by the presence of
bovine serum albumin, whereas divalent cations caused an overall
depression of membrane-bound succinate dehydrogenase activity.
The significance of these observations are discussed in relation

to the developement of a reproducible method of assay.

Two strains of M.lysodeikticus N.C.T.C. 2665

have been detected and partially characterised. A strain
which gave no detectable contamination of membrane
preparations with residual wall peptidogilycan was chosen for

a study of the properties of isolated mesosomal membrane.

By precise manipulation of the conditions

rior to and during protoplast formation, it was possible
P oL t: H



to obtain highly purified preparations of mesosomal membrane.
:Plasmolysis of cells,before wall digestion wds necessary for
effective mesosome release. The effects of mild shearing
forces, divalent cation concentration, temperature and time
upon the release of mesosomal membrane from protoplasts

were also investigsted. The optimal yield of mesosomal

membrane from stable protoplasts was achieved at 10mM Mg2+,

. , - . 2+
mesosomal membrane fractions prepared at differing Mg
above 10mM being similar in chemical composition. There
was no evidence from freegze-fracturing and etching that

structural rearrangement or autodigestion occurred during the

adopted fractionation procedure.

Evidence from freegze--Iracturing and etching
indicated that the mesosome was @ metabolically important
organelle, the mesosomal sacculus possibly representing
a region of localised insertion of some membrane components.
Both biochemical and elec%ron~microscopic studies suggested
that the mesosome was a region of localised autolytic activity
and may thus play a role in wall morphogenesis and in
cell-separation. A four- to five-fold increase in the mannose
content of mesosomal membrane compared with peripheral membrane
may also suggest a role for the mesosome in polymannan
bilosynthesis,

Isolated mesosomal membrane mntained
cytochrome b556 only, whereas isolated peripheral membrane
was shown to possess a full complement of cylochromes.

The complement of succinate, NADH2 and malate dehydrogenases

in mesosomal membrane was also much reduced compared with per-

ipheral membranec. These results serve to elimate the



mesosome as the centre of respiratory activity in this

organismn.

Evidence from freeze-fracturing and etching
and also from negative staining have suggested the presence
of membranous vesicles within mesosomal tubules. These
results are discussed in relation to membrane growth and to

transport and secretion of extracellular ﬁroducts.

An additional investigation into the
multiple forms displayed by staphylococcald~toxin was also

undertaken, and a report of this study is included.
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O0BJECT OF THE RISEARCH

The anatomy and distribution of the
intracellular membranous organelles known as mesosomes,
found in heterotrophic baclteria, have been studied
extensively, yel their function is pooriy understood.
The object of this investigation was to elucidate the

role(s) of the mesosome in the bacterium Micrococcus

lysodeikticus




ABBREVIATIONS, SYMBOLS AND REFERENCES,

The style of the abbreviations, symbols and
references adopted in this thesis follows that of the

Biochemical Journal.



INTRODUCTTION.




In 195%, Chapman & Hillier reported the
presence of electrén opaque "peripheral bodies" associated
with developing sepla in ultrathin sections of Bacillus
cereus when examined in the electron microscope. Similar

observations were later reported in B. megaterium and

B. subtilis (Chapmen, 19%6).  There seems little doubt that
these were the firsf.observations of the membranous
organelle, now almost universally known as the mesosome
(Pitz-James, 1960). Their membranous nature, however, was
not demonstrated until subsequent improvements in fixation
prcecedures (Kellenberger, Ryter & Sechaud, 1958) allowed

resolution of thedii anatomical features (Ryter & Kellenberger,

1958).

A variety of different terms have been
coined to describe these organelles g;gL'"peripheral bodies”
(Chapman & Hillier, 1953), "chondroids" (Kellenberger et al,
1958), "intracytoplasmic membrane systems" (Glauert &
Hopwood, 1960), "lamellar structures" (Koike & Takeya, 1961),
and "onion hodies" (Brieger, 1963%). However, the term
"mesosome", introduced by Fitz-James (1960), following the
suggestion by Robertson (1959); has now received wide

acceptance in the literature.

Mesosomes, recognised as distinctive membrane
structures within the cell (Fitgz-James,1960), are prominent
in Gram-positive bacteria, and have been shown in a wide range
of such organismsa (See Table 1). lesogomes In Gram-
negative bacteria are, in general, much less pronounced.
Indeed, in early investigations, their presence in thin

sections of some bhacteria was revealed only after prior



incubation of cells with compounds such as potasgium
tellurite or tetrazolium salts (Van Iterson & Leenc, 1964b;
Leene & Van Iterson, 1965; Heceniger, Van Iterson & Van Zanten,
1966; Van Iterson, Hoeniger & Van Zanten, 1966). However,
several Gram-negative bacteria have now been shown to possess
internal membrane systems or mesosomes (Table 2), az have

many species of gliding bacteria (Table 3).

In Gram-negative organisms, extensive
internal membranous systems, often occupying a large part of
the cytoplasmic space, occur in photosynthetie bacteria
(Cohen~Bazire & Sistrom, 1966; Oelze & Drews, 1972),
nitrifying bacteria (Watson & Mandel, 1971), and methane
oxidising bacteria (Landenberg, Bryant & Wolfe, 1968;

Proctor, Worris & Ribbons, 1969; Davis & Whittenbury, 1970 ;
Smith & Ribbons, 1970; Smith, Ribbons & Smith, 1970; de Boer
& Hazeu, 1972). In the photosynthetic bacteria, there is
strong evidence to show thatlt extensive membranous systems
represent the cellular locations of the photosynthetic
pigments (Cohen-Bazire & Kunisawa, 1963%; Gibson, 196%; Holt,
Conti & Fuller, i966a,b; Oelze « Drews; 1972). It seems
probable that similar membrane systems observed in thne
nitrifying and methane oxidising bacteria have also a role %o
play in the unique metabolism of these organisms, Thus it
would seem inappropriate to classify the internél membranous
systems of autotrophic and methane oxidising bacteria as
mesosomes. This being so, the internal membrane systems of
iron oxidising bacteria could not be considered as mesosomes,

However, some species e.g. Thiobacillus thicparus (Shively,

Decker & Greenawalt, 1970) have been shown to possess



internal membranocus systems very similar to those observed
in certain species of photosynthetic bacteria (Gibbs,

Sistrom & Warden, 1965), whereas others e.g, T. thioxidans

(Mahoney & Edwards, 1966) and T.denitrificans (Shively et al.,

1970) possessed organelles similar to the mesosomes of some
Gram-positive bacteria. Therefore, an attempt to define
the mesosgsome in functional terms seems unwise at present,
but may become possible as new information accumulates on

the role(s) played by these organelles.

An order of bacteria in which internal

membrane systems are notably absent is the Mycoplasmatales

(see however Allen, Stevens, Florence & Hampton,‘l970).
Likewise organisms which share with mycoplasmas the absence
of a cell wall (protoplasts, spheroplasts and L-forms)
appear to lack mesosomes. Notable exceptions are thé
protoplasts or'"gymnoplasts" (Van Iterson & Op den Kamp,

1969) prepared from B. megaterium (Op deh Kamp, Van Iterson

& Van Deenan, 1967) and B. subtilis (Van Iterson & Op den

Kamp, 1969) grown at low pH. The retention of mesosomes
in such wall-less gymnoplasts appears to be due to increased
membrane rigidity resulting from a change in the membrane

phospholipid composition at low pH,

Mesosomes arise by a progressive
invagination of the peripheral membrane. Their appearance,
however, as observed in thin sections, can vary considerably.
The simplest type of mesoscme is the slender direct
invagination of the peripheral membrane, seen for example in

E. coli (Pontefract et al., 1969) or the "S5" membrane

described for D. pneumoniac (Tomasz et al., 1964). Coiling



of these simple invaginatlons may lead to the lamellar type
of mesosonme found in many organisms (Hightlon, 1969). The
initial membrane invagination may expand (Higgins & Shockman,
19702,b) to give a membranous bag, or sacculus, usually
observed to contain membranous vesicles and/or tubules. I+
has been suggested that the latter structures, hereinafter
referred to as mesosomal vesicles or megosoﬁal membranes,
arise from secondary invaginations of the mescsomal sacculus
(Fitz-James, 1960; Tomasz et al., 1964; Pate & Ordal, 1967;
Kats & Kharat'yan, 1969), This theory regquires that the
cytoplasmic surface of the peripheral membrane becomes the
inner surface of the mesosomal vesicles, and evidence based
on the assymetric staining of the two halves of the

peripheral membrane and mesosomal vesicles of Ch, columnarig

after Tixation has been presented to substantiate it (Pate &
Ordal, 1967). The study of a "marker" molecule localised
exclusively on one surface of the peripheral membrane ¢.g.

ATP-ase (Salton - personal communication) may serve to test

this theory for other micro-organisms,

The contents of the mesosomal sacculus may
arises, however, from areas of membrane in which membrane
growth occurs fastef than wall extension (Rogers 1970), the
mescosomal sacculus serving as a "template" for the
accumulation and layering of these structures (Higgins &

Shockman, 1970b).

The difficulty in interpreting the overall
mesosome morphology is, however, compounded by the
‘observation that variation of the conditions in fixation
prior to embedding and thin sectioning can have a marked

effect on the mesosome morphology (Pate & Ordal, 1967;



Highton, 1969, 1870a,b; Burdett & Rogers, 1970; Silva, 1971).

Prefixation of cells of Ch. columnaris (Pate & Ordal, 1967)

with glutaraldehyde appeared fto stabilise its mesosomal
memprane system and to give a lamellar organelle, contrasting
with the tubular mesosomes observed after standard fixation.
procedures using osmium tetroxide alone (Ryter & Kellenberger,
1958), A similar phenomenon was later reported for the

mesoscomes of B,licheniformis strain 749 & 749/C  (Highton,

1969, 1970a) and B.subtijis (Highton, 1970b). M™e lamellar
structure of the mesosomes observed in these orgenisms after
fixation (Ryter & Kellenberger, 1958) at 0°C could be
replaced by a vesicular morpholdgy by fixation at room
temperature, by the addition of molar sucrose to the fixative,
or simply by allowing bacteria to remain withoul shaking for
70 min prior to fixation (Highton, 1969). It was concluvded
(Highton, 1969, 1970a,b) thatl the vesicular structure
obgserved was a result of disruption of the native lamellar
structure. This ihterpretation has, however;lbeen

contested by Burdeltt & Rogers (1970). In a detailed study,\
these authors noted that the morpholocgy of the mesosome of B.

licheniformis 6346 could be changed by alteration of eilther

the ionic strength or calcium content of the fixative, or by
the addition of sucrose, They thought that the mesosome
in vivo consisted of ‘a sacculus filled with inflated

tubules and vesicles, but not with lamellar sheets of
membrane . Recently, however, these same authors (Burdett

& Rogers, 1972) have reported the occurrence of lamellar

membranes in some mesosomes of B.licheniformig and have

discusced the possibility of a reversible transition between



convoluted Sheets of membrane and tubules or vesicles (see
also Frehel & Rytef, 1972) . Silva (1971) has been unable
to reach such firm conclusions. During a study of the
effect of fixation conditions on the mesosome morphology of
a number of species of Gram-positive bacteria, it was noted
that omission of a prefixation step caused The mesosomes to
adopt a very simplified structure (not unlikelthat ohserved
in many species of Gram-negative bacteria). He noted thaf
"The possibility of these (morphological) changes usually
receives little attention as reflected by over simplification
frequently found in fixation protocols", and concluded that
no confident picture could be deduced of mesosome

morphology at present.

The fact that mesosomes basically consist of
an invagination of the peripheral membrane makes their
contents amenable to study by the negative Stainiﬁg
procedure (Brenner & Horne, 1959), and mesosomes in many
organisms have been revealed by this technique (Ryter &
Pillot, 196%; Bladen, Nylen & Fitzgerald, 1964; Bladen &
Mergenhagen, 1964; Kawata & Tnoue, 1964; Zwillenberg,1964;
Abram, 1965; Ritchie & Ellinghausen, 1965; Takagi, Abe &
Ueda, 1965; Takagi; Nakamura & Ueda, 1965; Abram, Vatter &
Koffler, 1966; Cohen-Bazire, Kunisawa & Poindexter, 1966;
Ghosh & Murray, 1967; Ghosh, Sargent & Lampeﬁ, 1968;
Matheson & Donaldson, 1968; Stevenson, 1968; Langenberg
et al., 1968; Freer et al., 1969; Ghosh, Lampen & Remsen,
196S; Hurst & Stubbs, 1969; Nauman, Holt & Cox, 1969; Davies
& Whittenbury, 1970; Rogers, 1970; Shively et al., 1970;

Burdett & Rogers, 1972). In most instances the general

morphology of the mesosome visualised by the negative
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staining preocedure is compabtible with that observed alter
fixation and sectibning, However, interpretation of
electron micrographs of negatively stained whole cells is
mede somewhat hagardous by the oceurrence of several
artifacts. Not least of these is the retraction of the

peripheral membrane away from the cell wall, possidbly &
plasmolysis effect (Burdett & Rogers, 19725,induoed

during drying of the stain. Indeed, ammonium molyhdale,

a commenly used stain, at a concentration of one per cent

is known to have a similar tonicity to that of C.12M sucrosc
(Muscatello & Horne, 1968). This value inevitably rises as
the stain dries. Resultant plasmolysis may well account
for the periplasmic mesosomes seen by some authors (Ghosh
et al., 1968, 1969). Further distortion may occur due to
the enormous forces incurred upon cells during drying of tlhe
thin film of stain. After studying evidence of mesosonme
struclure obtained from a varietly of techniques, including
the morphology of isolated mesosome contents, Burdett &
Rogers (1972) have proposed a Convinéing model for mesoesome
structure. However, the relevance of this model tc¢ cocci

and bacilli other than B.licheniformis has yet to be

ascertained.,

Other parameters appéar to affect mesosome
morphology and produce mesosomes with differing structures in
any one species of bacteria, (e.g. Van Iterson, 1961;

Edwards & Stevens, 1963; Chen, 1964; Bladen, et al., 1964;
Kawata & Inoue, 1965b; Van Tterson, 1965; Valentine &
Chapman, 1966a, ; Granboulen & TLeduc, 1967; Hoeniger &
Headley, 1968; Wiebe & Chapman, 1968¢;Hofstad & Selvig, 1969;

Pontefract & Thatcher, 1970; Shively el al., 1970),



Undoubtedly some of the varialions noted may result from
inadequately controlled fixation procedures. However,

there is evidence that heterogeneity in mesosome morphology
may represent stages in the maturation of this organelle
(Tomasz et al., 1964; Higgins & Shockman, 1970b).

Anatomical variations as a response to growlh conditions
e.g, temperature (Wiebe & Chapman, 1968b;‘Néa1e & Chapman,
1970), culture medium (Wiebe & Chapman, 1968b; Thomas et al.,
1969; Higgins & Shockman, 1970Db), oxygen tension (Voelz,1l965;
Cohen-Bazire et al., 1966; Kats & Tordzhyan, 1968;

Tordzhyan & Kats, 1968; Kats & Kharat'yan, 1969), and phase
of growth (Suganuma, 1963%; Beaman & Shankel, 1969;

Stevenson, 1968; Sasson & Delaporte, 1969) have also been
suggested. However, the possibility that the differing
morphologies may be indicative of functionally different
organelles cannot be discounted (Glauvert & Hopwood, 1960;
Lundgren & Remsen, 1966; Ellar, Lundgren & Slepecky, 1967;
Beaton, 1968; Ghosh, Sargent & Lampen, 1968; Kats & Morcz

1968; Ghosh, DLampen & Remsen, 1969; Ishiguro & Wolfe, 1970),
The diveréity in appearance of the mesosome
is paralleled by an equal diversity in number per cell,

Stationary phase cultures of C.cregcentus have been

reported (O hen-Bazire et al., 1966) to contain over thirty
mesosomes per cell, whereas exponentially growing cultures

of B.subtilis (Highton, 1970b), B.licheniformis 749 (Highton,

1969) and B.licheniformis 6346 (Burdett & Rogers, 1972) have

respectively one, one and three mesosomes, on average, per
cell, It seems that the number of mesosomes per cell is a

function of the strain of bacterium concerned and also of

the physiological state of the cell (Cohen-Bazire et al.,1966;



Beaton, 1968; Hoeniger et al., 1968; Stevenson, 1968;
Thornley & Glauert, 1968; Wiebe & Chapman, 1968b; Ghosh
et al., 1969; Berksdale, 1970),

Certain temperature sensitive mutants of
B.coli when grown at restrictive temperatures c.g. B.coli
K-12 (Kohiyama, Cousin, Ryter & Jacob, 1966; Hirota, Ryter
& Jacob, 1968; Alliscn, 1971) and E,coli Olllal (Schnaitman
& Gréenawait, 1966; Altenberg & Suit, 1970; Altenberg,
Suit & Brinkley, 1970; Weigand &‘Greenawalt, 1971) and also
bacteriophage infected cells of the same orgaﬁism (Bradley
& Dewar, 19673 Schwartz & Zinder, 1968; Ohnishi, 1971;
Ohnishi & Kuwano, 1971) possess large accumulations of
intracytoplasmic membrane. The appearance of these
"abnormal" membrane systems appears to be linked in the
latter case to 'phage formation (Bradley & Dewar, 1967;
Ohnishi & Kuwano, 1971) and in the former to aberrant
regulation of membrane synthesis in non-dividing cells
(Altenberg & Suit, 1970; Weigand et al., 1970). In
irradiated cells of E.coli K-12, grown in the presence of
high salt concentrations, these membrancus structures
appear to bear a striking resemblance to'the.rough and
smooth membranes foﬂnd in eucaryotic cells (Allison, 1971).
As has been recorded, however, (Weigand et al., 1970), it
seems inappropriate to regard these structures as mesosomes,
Their fractionation (Weigand & Greenawalt, 1971) and

analysis will no doubt help to clarify the situation.

Since the first description of the mesosome
(Chapman & Hillier, 195%), there have heen many speculations
about its possible function in the cell. Prior %o the

development of fractionation technigues for the separation



of mesosomal membrane, numerous suggestions were made

regarding its possible role in the cell,

In their initial description of "peripheral
bodies" Chapman & Hillier (1953%) ccncluded from their
association with the developing cell septum that these
organelles functioned in the synthesis of cell wall material,
Salton (1956b) later suggested that the inability of
protoplasts to regenerate a cell wall was a consequence of
expulsion of these wall synthesising organelles during
protoplast formation. With improved fixation techniqgues
(Ryter & Kellenberger, 1958) the presence of material
morphologically similar to cell wall, was demonstrated at the
neck of the mesosome (Glauwert, Brieger & Ailen, 1961; Van
Iterson, 1965) and within the mesosomal vesicles (Imaeda &
Ogura, 1963%; Ellar et 'al., 1969). Indeed Fitz-James (1964c)

claimed that the mesosomal vesicles of B.megaterium contained

material sensitive to lysozyme. Subsequent studies,
however, revealed that the loss of wall integrity induced by
penicillin preceded disorganisation of the mesosome structure
(Pitz-James & Hancock, 1965), and Fitz-James (1965)

concluded that the mesosome did not function directly in

wall synthesis. Nevertheless the widespread occurrence of
mesosomes at the site of imminent cross-wall formation and
their close association with the septum during its
development has convinced many authors of its involvement

in cell+septum synthesis (Fitz-James, 1960; Glauert &
Hopwood, 1961; Kawata, 1963%; Kakefuda, Holden & Utech, 1967;
Beaton, 1968; Burdett & Rogers, 1972) in cell-wall synthesis
(Glauert & Hopwood, 1959; Van lterson, 1961; DBdwards &
Stevens, 1963%; Ellar, Lundgren & Slepecky, 1967; Rogers,1970),
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in cell division (Yanderwinkel & WMurray, 1962; Cohen-
Bazire et al., 1966; Petitprez, Roos & Tacguet, 1967;
Abadie, 1968; Stevenson, 1968; Kats & Kharat'yan, 1969:
Burham, Hashimoto & Conti, 1870) and in the ‘budding
process (Ishiguro & Wolfe, 1970). Salton (196%)
concluded "From their (mesosome) distribution in
dividing cells, some role in deciding the 7location of
the new septal site appears likely even if it is not
actively engaged in forming new cross~-linked peptidoglycanf"
Indeed it secems from the elegant work of Ellar and
colleagues (Ellar, Lundgren & Slepecky, 1967) that

initiation of the cross wall in B.megaterium is determined

by the mesosome (see also Higgins, Pooley & Shockman, 1970).
This suggestion has been further substantiated reccently by
statistical analysis of the position of mesosomes in cells

of B.licheniformis (Burdett & Rogers, 1972).

Additional evidence for a role of the
mesosome in wall synthesis comes from a correlation of
mesosome number with both wall thickening (Higgins &
Shockman, 1970b) and with disordered septation (Freer
et al.,, 19€9).

It had been suggested (Ryter & Landman, 1967%;
Landman & Halle, 196%) that the inability of L-forms of
B.subtilis to revert (Landman & Halle, 1963%) or to undergo
ordered division (Ryter & Landman, 1963%) was a consequence
of the loss of mesosomes containing a primer for cell-wall
synthesis, .Subsequent experiments showed that if grown on

gelatin medium such organisms couvld divide at normal

exponential rates although 75% of the cells were devoid of



mesosomes (Landman, Ryter & Frehel, 1968)., Similar:

chservations have been made in cultures of B.megaterium

{Kusaka, 1971). These conclusive experiments serve to
eliminate the mesosome ag the sole gite of cell-wall
gsynthesis. A similar conclusion was reached in a study
of mesosome development in L.coli following tireatment with

[o)

chloramphenicol {Morgan, Rosenkranz, Carr & Rose, 1967).

A functional analogy between the mesosome
and the mitochondrion of eucaryotic cells has been
suggested by numerous authors (Imaeda & Conviit, 1962;
Kawata, 1963%; Chen, 1964; Petiprez et al., 1967; Ryter, 1968).
The proposal of such a "mitochondrial® function was based |
upon a variety of circumstantial evidence inoiuding the
localised increase (Fitz-James, 1965) in membrane area
(Glavert & Hopwood, 1959, 1960; Koike & Takeya, 1961), the
increased number of mesosomes observed in cells starved of
oxygen (Voelz, 1965; Cohen—Bazire‘gi al., 1966), the
occurrence of mesosomes in both sporuvlating (Fitz-James,
1960) and germinating (Wyss, Neuman & Socolofsky, 1961)
cells, and their common occurrence in cells undergoing

vegetative division (Valentine & Chapman, 1966) .

The most compelling evidence to suﬁport this
theory came from cytochemical staining of bacteria, As early
ag 1951, granules in mycobacteria, visualised in the light
microscope, were ghown to be the apparent centres of
oxidative-reductive enzyme activity (Mudd, Winterscheid,
Delameter & Henderson, 1951). Similar "bacterial
mitochondria" were observed in other organisms (Mudd, Brodie,

Winterscheid, Hartman, Beutner & McLean, 1951) and defined as



le.
", e..cyboplasmic granules probably possessing Llimiting
membranes and posséssing co-ordinated systems of oxidative
enzymes necessary fpr vital synthetic processes of the cell®
(Mudd, 1956). The validity of these conclusions was
gquestioned hy Weibull (195%), butl the electron-micreoscopic
evidence of memﬁranous structures within bacteria was deemcd to
support the contention of Mudd (Shinohara, PFukushi & Suzuki,
1957, 19583 Shinohara, Fukushi, Suzuki, Sato, Suzuki &
Motomiya, 1959; Pakeya, Koikgfz§ada & Toda, 1959; (Giesbrecht,
1960; Chapman, Hanks & Wallace, 1959). There have heen many
more recent reports on the exclusive or enhanced deposition
within the mesosome of cytochemicael stains designed to detect
sites of oxidative-reductive enzyme acti&ity. ‘Difficulties
in interpretation of early micriographs were compounded by the
fact that the deposited stains (formazans of 2,55~
triphenyltetrazolium chloride or 2,2l~di*p—nitroﬁhenyl-5,.
51dipheny1*5, 31 (3,31dimethoxy—4, 41biphenylene)) were
solubilized by the dehydration procedures prior to embedding
and sectioning. This serious drawback in the method was not
fuliy appreciated at the time and results of such cytochemical
studies were thought to provide direct evidence that the
mesosome was the céntre of respiratory activity in B.sublilis,

S.serpens (Vanderwinkel & Murray, 1962), F,polymorphum

(Takagi et al., 196%), Cl.botulinum and Cl.tetani (Takagi,
Abe & Ueda, 1965). The use of stains yielding insoluble
formazans upon reduction e.g. tétranitrobluetetrazolium
(Leene & Van Iterson, 1965; Sedar & Burde, 1965a,b; Ariji &

Brown, 1968; Brown et al., 1968) or of potassium tellurite

(Van Iterson & Leene, 1964a,b; Van Iterson,1965; Hoeniger et al.,



1966; Van Itersom et al., 1966) has, in similar cytochemical
studies, however, provided evidence for the exclusive or
enhanced localisation of reduced products in the mesosomes 0%

B.subtilis (Van Iterson & Leene, 19€64a; Sedar & Burde, 1965b)

L.casei (Brown et al., 1968) B.coli (Ariji, Pukushi & Oka,
1968) P.mirabilis’ (Hoeniger et al., 1966) and P.vulgaris

(Van Iterson & Leene, 1964b; Teene & Van Iverson, 1Y65).

Conversely cells of B.stearothermophilus (Abram, Vatter &

Koffler, 1966) and of E,gghﬁi}igl(Frehel, Terrandes & Ryter,
1971) preincubated with potassium tellurite never showed
reduced tellurite in the mesosome. These divergencies may
in part be a reflection of the limitations of the technique,
not least of which is the possible mobility oi the reduced
productw., Indeed such a phenomenon may well account for the
observation that, whereas reduced formazan appeared to he
localised exclusively in the mesosome of §J§E£§3§,'deposits
of reduced tellurite were found on all membranoug structures
(Tordzhyan & Kats, 1968, See also Takagi,Abi & Ueda, 1965
for a similar phenomenon). Comsiderable czution should
therefore be exercised in the interpretation of results of

this nature (see also Salton, 1968).

A correlation between the number of mesosomes
per cell and their cytochrome content (Cchen-Bazire et al.,
1966; Weibull & Gylang, 1965) has also been taken as
indicative ¢f a respiratory function for mesosomes. However,
the reverse situation appears to apply in other organisms

(see Conti et al., 1968).

It is apparent from the foregoing that

statements allocating specific or even enhanced respiratory



activity to the mesosome cannot be substantiated from
evidence available. In addition, it is not @ossible to
reconcile a general respiratory role for this organelle
with the occurrence ol well developed mesosomes in

strictly anaerobic bhacteria (see Table L & 2 for examples).

The suggestion that the mesosome rTepresentls
the site of nmew membrane formation (North, 1963%; Tomassz ct
al,, 1964; Lampen, 1965) was based on little experimental
evidence. The mesosome does seem a logical site for new
membrane synthesis (Salton, 1968), the membrane vesicles
and tubules within the membrane may indeed fuse with the
peripheral membrane (Ellar, bundgren & Slepecky, i967;
Salton, 1Y68) and the mesosomal sac may act as a template
for new membrane formation (Higgins & Shockman, 1970).
These proposals appear attractive yet remain to be
substantiated, Nevertheless, it does seem likely that the
mesosome Trepresents (MPMitz-James, 1965; Weibe & Chapman,
1968b; Rogers, 1970) more than just a random accumulation

of extra membrane.

That membrane growth occurs within the
mesosome 1s indicated by the close association of this
organelle with the developing forespore membrane (Fitz-
James, 1960; Ohye & Murrell, 1962; Ellar & Lundgren, 1966)
and apparent fusion of mesosomal vesicles into it {(Freer &
Levinson, 1967). Speculations based on other anatomical
evidence have been made regarding a role for the sporal
mesosome in spore coat formation (Fitz-James, 1962), cell
wall primodium synthesis (Freer & Levinson, 1967) exosporiunm
formation (Sansonoff et al., 1971) and in ‘the production of

lytic enzymes {Tchan et al., 1962),



Membrane growlh between the points of
atitachment of freshly replicated DNA is an essential part
ot the hypothesis for nuclear scgregation proposed by
Jacob, Brenner & Cuzin (1963). These authors later
showed attachment of the chromatin of B.subtilis to the
mesosome (Ryter & Jacob, 1963, 1964), and proposed (Jacob,
Ryter & Cuzin, 1966) that longitudinal division c¢f the
membrane growth occurs at the mesosome. Numerous other
workers have since shown intimate association of the
éhromatin with mesosomes, observations which seem hardly
surprising in the light of the large size of many of these
organelles. Mesosomes do, however, appear capable of
division (Ellar et al,, 1967, Highton, 1970b; Rogers, 1970)
as predicted by this theory, and the chromatin does, under
certain conditions, appear firmly attached to the mesosomal
sacculus (Ryter & Jacob, 1963%; Ryter, 1968). The mesosomal
attachment site is not universal, since in some instances,
nuclear division can occur in the absence of thesec
organelles (DLandman, Ryter & Frehel, 1968). The possibility
of several attachment points of the nuclear material to
membrane (Rosenberg & Cavalieri, 1968) cannot be discounted.
The recent report (Van Iterson & Groen, 1971) of tfibrils of
DNA apparently connected to extruded mesosomal vesicles of
B.subtilis adds a further complication to this already

complex area of bacterial cytology.

A somewhat different mechenism of nuclear
division in B.coli has been proposed by Pontefract and co-
workers (Pontefract et al., 1969). Flectron micrographs

of dividing cells revealed two polar mescsomes in newly



formed daughter cells. Both mesosomes were proximal to
the nucleus and it.was proposed thal one remained attached
to the chromosome received from the parent cell, whereas
the other initiated replication of the new chromosome.
Separation of the chromosomes was envisaged by wall growth
in the central region of the cell, the newly synthesised
genome containing the area or gene which induces lormation
and synthesis of the mesosome from the cell membrane
(Pontefract & Thatcher, 1970).  The essential differences
between this hypothesis and that of Ryter & Jacob (1964) is
that, in the former, longitudinal division of the mesosome
is not a requirement and membrane growth does not cccur at
the attachment point. A necessary consequence of both
theories, however, is that the region between the 1lwo
mesosomes is the area of freshly synthesiscd membrane. Iin
this respect, the observations of Jacob e¢i al. (196%) and
those of Ryter (1971) using reduced tellurite (Jacob et al.,
1963) and flagella (Ryter, 1971; Frehel & Ryter, 1972) as

markers for old membrane are compalible with both hypotheses.

The elegant model proposed by Pontefract
and his colleagues (Pontefract et al., 1969; Pontlelract &
Thatcher, 1970) for nucleer division certainly accounts for
recorded instances in other bacteria of contact between DNA
and two polar mesosomes (Ellar et al., 1967). However,
the situation is complicated by instances where cells

contain only a single mesosome c¢.g, B.licheniformis (Highton,

1969, 1970a) and B.subtilis cells with one or two nucleil
(Highton, 1970D). Highton (1970b) concludes "“However,
one mesosome is insufficient to sebarate even a single

replicating nucleus by any single mechanism of pulling apart.



In a dinucleate cell i1 doces nol even seem possible that a
gsingle mesosgsome coﬁld have contact with DNA in one half of
the cell,™ The possibility that the observed asscciation
between mesosomes and nuclear material may represent a
fixation artifact cannot, at present, be discounted. Normal
fixation cwnditions may result in condensation ol chromatin
to more central regiong of the cell, and thus not
surprisingly it would then appear +to be associated only with
internal membranous systems of the cell, Better fixation
techniques may thus reveal multiple attachments between
bacterial DNA and the cell membrane (Drieger, 1970) and lend
support to the biophysical evidence to this effect
(Rosenberg & Cavalieri, 1968; Tvarie & Pene, 1970; Burrell,‘
Feldschreiber & Dean, 1971; Daniels, 1971). Alternatively
nuclear condensation may be a response 1o the cell's
metabolic activity (Daneo-Moore & Higgins, 1972). There is
evidence that actively growing cells of S.faecalis posscss
dispersed nucleoids (Daneo-Moore & Higgins, 1972). The
same authors have also indicated that mesosome size in this
organism is directly related to DNA.synthesis (Higgins &
Daneo-dMoore, 1972) thus implicating the mesosome as the

site ol DNA replication. it would appear from all the-
available evidence, however, that the function of the

mesosome in DNA manipulation is far from fully elucidated-

Recognition that the membranpus contents of
the mesosome were in contact with the environment prompted
suggestions that they functioned to aid transport of
compounds into and out of the cell (Glauert & Hopwood, 1960 ;
Van Iterson, 196%; Valentine & Chapman, 1966). The

peripheral nature of many mesosomes in some cells (Xatls &



Moore, 1968; Kats & Kharat'yan, 1969) and the observation

of a possible poreiin the wall at the basge of such mescsomes
(Bladen et al., 1964) has been taken as evidence for such a
function. Perhaps the most convincing evidence for a
secretory role has been shown from a study of penicillinase

formation in S.aureus {Beaton, 1968) and E.licheniformis

749/C (Lampen, 1965; Lampen, 1967a,b; Sargent, Ghosh &
Lampen, 1967a,b; Ghosh et al., 1968, 1969). Beaton (1968)
observed the appearance of peripheral and periplasmic
mesosomes only after induction of penicillinase secretion
in S.aureus. This agreed with the detailed hypothesis of
the mechanism of secretion proposed earlier (Lampen, 1965)
in which penicillinase was envisaged as being synthesised
together with +the membrane and inserted into the membrane at
thé mesosone, Continued membrane synthesis would
apparently cause the penicillinase to migrate around the
periphery oif the mesosomal sac and possibly into the
cytoplasmic membrane (kM$kner& Pollock, 1961; Lampen,
1967a,b), fcllowed by its transport through the cell wall
(Smirnova, Kushnarev’& Tshaikovskaja, 1971) and eventual
release as exoengyme, Ultrastructural studies (Ghosh
et al., 1968, 1969) have indicated the presence of
periplasmic mesosomes in the magnoconstitutivg_strain

{749/C) of B.licheniformis, and also their appearance in

the penicillinase inducible strain (749) after induction.
These structures appeared important in the retention and
storage of penicillinase (Ghosh ¢t al., 1969) but were not
a prerequisite for secretion since actively growing
protoplasts of this orgenism were capable of synthesis

and secretion of this enzyme(Sargent et al., 1969b).



As well as being implicated in secretion
of extracellular pfoducts,-a plausible role for the mesosome
in ‘the uptake ol transforming DNA has been proposed (Tomasz
et al., 1964; Wolstenholme, Vermeulen & Venecma, 1966; Tichy
& Tandman, 1966). Flectron-microscopic autoradiographs of
mmmmm 3H_—thymidine"-labelled donor
DNA during the phase of maximum competence indicated that
doner molecules were clesely associated with the cytoplasmic
surface of the mesosomal sacculus. These observations led
to the suggestion that the mescsome was involved in the
production of enzymes essential for incorpcration of
transforming DNA into the bacterial genome (Wolstenholme
et al., 1966). The observed low efficiency of transformation
in either protoplasts or cells grown on gelatin medium, both

of which lack mesoscomes (Tichy & Landman, 1969) suggested a

requirement for this structure in DNA entry into the cell.

In addition to this already formidable
list of functions proposed for the mesosome is the

suggestion that, in B.bacteriovorus, it may possess enzymes

lytic to the host cell wall,thus aiding penetration of the
parasite (Burnham et al., 1968). The concept that the
mesosome may contain muralytic enzymes (Rogers, 1970) is
intriguing, and indeed the mesosome does represent a logical
location for a cell-separating enzyme. It is interesting
that autolytic activity in the vicinily of the mescsome is
an integral requirement in the theoretical model proposed
by Thompson (1971) for the growth and morphogenesis of
bacterial cell walls.

From a consideration ol the divergent
suggestions about mesosome function, it is apparent that



evidence based upon studies in situ have not been
instrumental in elﬁcidating a universal role for this
organclle, or indeed in providing a convincing role for it
within any one species ol bacterium, The possibility that
a given mesosome in a cell is polyfunctional (PFitz-James,
1967; Kats & Tordzhyan, 1968; Conti et al., 1968) is
undoubtedly the most accommodating explanation., Different
Tfunctions may also be ascribed to different mesosomes within
one bacterial cell or to mesosomes of varying species (or
strains) of bacteria. However, it became clear that a
better understanding of the involvement of the mesosome in
cellular functions would, no doubt ,arise from its isolation

and subsequent characterisation.

Several investigators have reported upon the
properties of "mesosome fractions" isolated from a varicety of
Gram-positive bacteria (see Table 4). The methods of

treatument

isolation of such fractions involved detergent/cf total cell
lysates {(Fitz-James,1967,1968) density gradient separation of
total cell lysates (Ghosh & Murray,1969; Patch & Landman, 1971)
and a variety ol methods involving separation of mesosomes
via the protoplast stage (TFerrandes et al.,1966,1970; Rogers
et al.,1967; Reaveley,1968; Lllar & Freer,1969; lllar, 1969;
Reaveley & Rogers,1969; Sargent, et al.,1969a; Sargent & Lampen,
19703 Daniels,1§71; Ellar,Thomas & Postgate,1971;Podkin,et al.,
1971 ; Thorne & Barker, 1971, 1972) or via the spheroplast
stage (Thorne & Barker, 1969).

The rationale for most of the methods

involving separation of mesoscmal membrane from protoplasts

has been based upon the observation by Van Iterson (1961)



25,

that the mesosomal contents of Bacillus subtilis were

extruded into the periplasmic space upon plasmolysis of
whole cells. Similar observations have been made for many
other bacteria ceither by direct observation of thin sections
(Ryter & Jacob, 196%; Fitz-James, 1964a,c; Ryter & Jacob,
1964; Rytér & Dandman, 1964; Weibull, 1965; Ferrandes ct al.,
19663 Ryter & Jacob, 1966; Ghosh & Murray, 1967; Kakefuda
et al.,, 1967; Ghosh et al., 1968; Popkin et al., 1971; Van
Iterson & Groen, 1971; PFrehel & Ryter,1972) or megatively
stained whole cells (Ryter, Frehel & Fervandes, 1967;
Matheson & Donaldson, 1968). Similar processes of
extrusion appear to arise in some bacteria in the early
stages of autolysis (Silva, 1967), as a response to
temperature shock (Pitz-James, 1965) or pH shock (Op den
Kamp et al., 1967) or to oxygenation (Kats & Tordzhyan,
1968; Kats & Kharat®yan, 1969) or treatment with various
chemicals (Kats & Tordzhyan, 1968; Ellison, Matterm &
Daniel, 1971).

Following the observation of mesosome
eversion on plasmolysis, FPitz-James (1964¢ showed that
removal of the cell wall from plasmolysed cells resulted
in the release of mesosomal contents into the suspending
buffer. It seems that only the contents are releésed, |
since the mesosomal sacculus was reported to be incorporated
into the bounding membrane of protoplasts (Ryter, 1968).
(The situation may be more complex and, in some instances,
~a break in the peripheral membrane adjacent to the mesésome
may allow the release of the sacculus and its contents
together e.g. Fig. 5 of Van Iterson & Groen, 1971). Tt is

apparent, however, that mesosomal vesicles are not



necessarily released from the parent protoplast but may
remain attached, aé has been shown by metal shadowing (Ryter,
1968) sectioning (Ryter & Jacob, 1966; Ghosh & Muvray, 1967;
Op den Kamp, Van Iterson & Van Deenan, 1967; Fitz-James,
1968; Ghosh et al., 1968; Ryter, 1968; Sargent et al., 1968;
Van Iterson & Op den Kamp, 1969; Popkin et al., 1971;
Burdett & Rogers, 1972) and by negative staining (Ghosh &
Murray, 1967, 1969; Ryter et al., 1967; Fitz-James, 1968;
Ryter, 1968). Thus the crucial'step in the fractionation
of mesosomal membrane is effecting its efficient.releasc
without concomitant disruption of the parent protoplast.
Protoplast lysis would necessitate the fractionation of
mesosomal membrane from peripheral membrane, a procedure
which in many instances would appear very difficult (Salton
& Chapman, 1962). several workers have alttempted such
fractionation procedures by using the difference in density
between the two fractions (Fitz-James, 1967, 1968; Ghosh &
Murray, 1969; Patch & Landman, 1971). ~ This method is not
tofally satisfactory as mesosomal and peripheral membrane
may well remain attached or become vesicularised during
protoplast disruption (Salton & Chapman, 1962). Fiizf

James (1967, 1968).attempted to overcome this difficulty by
addition of detergent. However, the resultant disruption
of membrane morphology (Fitz-James, 1968) outweighs by far
any gain in mesosomal yield, and casts doubls on the

validity of his arguments.

O0f the reports concerning characterisation
of mesoscmal membrane, only those of Rogers and his
colleagues (Rogers et al., 1967; Reaveley & Rogers, 1969)

attempt to define in any detail conditions under which
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“concomitant mesosomal membrane release and protoplast
stability are achieved. This omission on the part of

many workers, together with the inherent difficulties in

the fractionation of total lysatés, may account in part

for the relatively wide range of properties attributed to
isolated mesosomal membranes fractions. However, it should
be recalled that there is sound justification for not
comparing the properties of mesosomes isolated from
different organisms, or indeed the same organisms by

different methods (Salton, 1968).

1t is paradoxical that the fractionatioh
techniques developed to clarify the role of the mesosome
‘have served to increase speculation about its function.
Fitz—James (1967, 1968) from pulse labelling experiments
with 1—14U—acetate; 32P and 56ﬂ@ proposed that the

mesosome of B.megaterium represented the site of synthesis

of membrane lipid, folic acid and cytochrome (but not of
membrane protein). However, it can reasonably be argued
that these results, based upon the use of such bioldgically
disruptive agents aé detergents, bear 1little relevance to

the properties of the intact mesosome. Indeed recent pulse-
labelling experiments have failed to indicate the mesosome
as the preferential site of membrane lipid synthesis in

B.megaterium (Daniels, 1971; Ellar, Thomas & Postgate,

1971) B.subtilis (Daniels, 1971; Patch & lLandman, 1971),

L.monocylogenes (Ghosh & Murray, 1969) or M.lysodeikticus

(Ellar, Thomas & Postgate, 1971), the mesoscmal membrane
lipid being synthesised independantly of the peripheral

membrane lipid in some instances {(Ghosh & WMurray, 1969).

A plausible role for the mesosome of



L.casel in cell weall synthesis has been suggested from a

comparison ol its mesosomal and peripheral membrancs
(Thorne & Barker, 1969,1971, 1972; Barker & Thorne, 1970).
This organism is known to metabolise mevalonic acid mainly
to a 055 isoprenoid alcohol, bactoprenol {Thorne & Kodicek,
1963}, a membrane bound carrier lipid involved in
peptidoglycan synthesis (Dietrich, Colucci.& Strominger,
1967; Higashi, Strominger & Sweeley, 1970). Subsequent
analysis of mesosomal membrane fractions from L.casei

& Barker, 1972) indicated that bactoprenol was equally
distributed between mesosomal and peripheral mewmbrane, and
that its concentration in the mesosomal membrane was
approximately equal to that found in peripheral membrane.
Evidence from pulse and pulse-chase labelling experiments
with k2~140—)—mevalonate suggested that biosynthesis of
bactoprenol occurred simultaneously in mesésomal and
peripheral membrane. It would thus appear likely that
peptidoglycan synthesis ddes cccur in the mesosome of this
organisnm, the'bactoprenol.present in the.peripheral membrane
possibly functioning in the process of wall thickening

(Thorne & Barker, 1971,1972).

The postulated role of the mesosonme of

'§.1icheniformis 74G/C in penicillinase secretlon (Lampen,l1965;

1967a,b; Sargent et al., 1969; Ghosh et al., 1968, 1969) has
been further supported by evidence that isolated mesosomal
vesgicles of this organism contained six times the
concendtration of penicillinase found in peripheral membrane
(Sargent, ¢t al., 1969a). Penicillinase bound to these

vesicles, unlike that bound to peripheral membrane, was



f

found t6 be a precursoxr for part of the excreted exoenzyme
(Sargent et al., 1569b), and appeared from its elution
pattern on Biogel to be a hydrophobic conformational variant
of the‘nydropnilic exoenzyme (Sargent & Lampen 1970). In
cmtrast penicillinase bound %o peripheral membrane appeared
to be a hydrophobic polymer oi the engyme, secretion from
whole cells thus involved (Sargent & Lampen, 1970)
incorporaticon ol freshly synthesised enzyme in a hydrophobic
conformation (Bettingef & Lampen; 1971 ) into the cell
membhrane, ﬁo he either secreted immediately in a hydrophilic
conformation as the exoenwyme, or to be incorpcrated into
the membrane at its greowing point, It was suggested that
the membrane bound engzyme was either polymerised in the
Peripheral membrane, or released Into mesosomal vesicle,

where it became available for secretion as the exoenzyme.

Although there is good evidence 1o
substantiate a role (although not a unique one) for the
mesosome in peptidoglycan synthesis in L.casel and in

secretion ol penicillinase in B.licheniformis 749/C,

fractionation technigues fto date have not helped to uncover
a convincing role for the mesosome in other species of

bacteria*,

* It should be noted that the report of
exclusive localisation of cytochromes (a+a3), b,c,y and z
in the "mesosome fraction" isolated from B.subtilis (lerrandes
et al., 1967) has since been retracted (Ferrandes, Frehel &

Chaiz, 1970).
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The object of this investigation was to
elucidate the funcfion of ithe bacterial mesosome. As is
evident from the foregoing discussion an efficient wmethod
ig TFirsgt required for the fractionation of mescsomal
membrane from intact protoplasts. The successiul
isolation of pure mesosomal membrane would then Drovide
an opportunity for investigation of the distribution of

functions in the bacterial membrane system.

The Gram-positive lysozyme-sensitive

organism M.lysodeikticus was chosen for this investigation

because of the detailed information already available on

the properties of the total (i.e. peripheral plus mesosomal)
membrane fractions (For reviews see Salton, 19%6a, 1965,
1967a,b,c; Gel'man, Lukoyanova & Ostrovskii, 1967; Munoz,
Salton & Bllar 1969; Nachbar & Salton 1970b; Salton &
Nachbar, 1970). The growth requirements of this organism
(Wolin & Naylor, 1957; Grula, Luk & Chu, 1961; Salton, 1964a:
Walsh, O'Dor & Warren, 1971) and the factors involved in

the isolation (Salton & Chapman, 1962) of its membranec
system, free from cytoplasmic contamination {Salton, 1967c,d),
have been reported previously. Gross chemical analysis of
such fractions indicated that the membrane is composed
mainly of protein (Gilby, Few & McQuillen, 1958; Salton &
Freer, 1965) ,consisting of many individual polypeptides
(Salton, Schmitt & Trefts, 1967; Ustrovskii, Tsfasman &
Gel'man, 1969; Grula & Savoy, 1971; Sofronova, Ustrovskii &
Gel'man, 1971) and of lipid (Gilby et al., 1958; #acfarlane,
196la,b, 1Y64; Salton & Ffeer; 1967 ) ,consisting mainly of

mono- and di-phosphotidyl glycerol (Macfarlane, 196la,b,1964;



Butler, Smith & Grula, 1967; Bllar, Thomas & Postgate, 1971;
whiteside, de Siervo & Salton, 1971; Pollock, Linder &

saiton, 1971).

Tiie fatty, acid composition of the 1lipid
constituents has been determined (Maclarlane, 196la; Thorne
& Kodicek, 1962; Cho & Salton, 1964; Cho, Corpe & Salton,
1964) and several minor lipid components detected (Gilby et
al., 1958; Macfarlane, 196la,b, 1964; Lennarz, 1964;
Lennarz & Talamo, 1965, 1966; de Siervo & Salton, 1971;
Pollock et al,, 1971; Estrugo, lennarz, Corrales, butch &
Munoz, 1972), Phospholipids are located almost exclusively

in the membrane system of M.lysodeikticus (Macfarlane, 1961a)'

as are fhe carotenoid pigmenté (Gilby et al., 1958; Gilby &
Few, 1958, Rothblat,fEllis.& Kritchevsky, 1964; Salton &
Bhtisham~ud-din, 19653 Salton & Schmitt, 1967a) and
components of the electron transport system e.g. cytochromes
(Smith, 1954; Jackson & Lawton, 1959; Gel'man, Lukoyanova &
Oparin, 1960; Lukoyanova & Biryuzo&a, 1965; Salton &
Fhtisham-ud-din, 1965; Lukoyanova, Biryugzova, Simakova &
Geltman, 1967; Lukoyanova & Taptykova, 1968; Salton, [Frcer
& Ellar, 1968; Simakova, Lukoyanova, Biryuzova & Gel'man,
19693 Gel'man, Tikhonova, Simakova, Lukoyanova, Taptykova &
Mikelsaar, 1970) menaquinones (Bishop & King, 1962; Salton,
1965; Salton & Schmitt, 1967a) and succinate dehydrogenase
(Geliman, Zhukova, Lukoyanova & Oparin,‘l959; Lukoyanova,
Gel'man & Biryuzova, 1961; #Mitchel, 196%; Salton et al.,
1968; Nachbar & Salton; 1970b; Pollock et al., 1971). The
demonstration of exclusive localisation of these cell

components in the membrane makes them useful "membrane markers"
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Other enzymes (Mitchel, 196%; Nachbar &
Selton, 1970b; de Siervo & Salton, 1971), notably thbse of
electron ftransport and oxidative phosphorylation (Ostrovskii
& Gelfman, 1963, 1965; Biryuszova, Lukoyanova, Geliman &
Oparin, 1964; Ishikawa, 1970; e.g. NADH2dehydrogenase
(Gel'man, Zhukova & Oparin, 1963%; Zhukova, Ostrovskii,
Gel'man & Oparin, 1966; Nachbar & Salton, 197Ca) and ATP-ase
(Munoz, Freer, Ellar & Saiton; Munoz, Nachbar, Schor &
Salton, 1968; Simakova, Iwmkoyanova, Biryuzova & Gel'man,
1968, 1969; Munoz, Salton, Ng & Schor, 1969; Lastras & Munoz,
1971) are localised preferentially in the membrane system or
this bacterium. Unlike membrane succinate dehydrogenase,
these enzymes may be dissociated from the "basic!" membrane
structure (Salton et al., 1968) by manipulation of the
suspending medium. Thus membrane bound ATP-ase {Munoz,
Preer, Ellar & Salton, 1968; Simakova et al., 1968) may be
released by osmotic shock treatment (Munoz, Nachbar, Schér
& Salton, 1968), a procedure designed to rupture ionic
bonding via cations, This has provided & convenient method
for the purification of this enzyme (Munoz, Salton, Ng &
Schor, 1969) and allowed a study of iys biochemical {(Muncsz,
salton, Ng & Schor,1969; Lastras & Munoz, 1971) and
serological (Whiteside & Salton, 1970; Whiteside et al.,
1971) properties. Similar fractionation procedures have
been instrumental in detécting differential inhibitory
effects ol chloramphenicol on the synthesis of membrane
bound ATP-ase and cytoplasmic enzymes of this organism

(Vambutas & Salton, 1970a,b).

Similar treatment of membhranes from



M.lysodeikticugs with a chelating agent (BEDTA) removed a

vesicle fraction rich in NADszehydrogenase (Geltman,
Zhukova & Oparin, 1963%; Nachbar & Salton, 1970a),
cardiolipin (Nachbar & Salton, 1970a) and cardiolipin
synthetase (de Siervo & Salton, 1971) and suggested
regional distribution of specitic proteins in the membranec,
Treatment with detergent {Salton et al., 1968; Simakova,
Lukoyanova, Biryuzova & Gel'man, 1969; Gel'man et al., 1970)
urea (Simakova et al., 1968, 1969) proteases (Lukoyanova
et al., 1967) lipases (Lukoyanova & Biryuzova, 1965) and
glutaraldehyde {Fllar, Munoz & Salton, 1971) has provided
further information on the nature of the bonding and inter-

relationship of components within the membrane.

Physical techniques such as infra-red
spectroscopy (Oparin, Lukoyanova, Shvets, Gelfman &
Torkhovskaya, 1965; Green & Salton, 1970; Grula & King,
1971), electron paramagnetic resonance speclroscopy
(Gol'dfel'd, Ositrovskii & Rozantsev, 1970) differential
scanning calorimetry (Ashe & Steim, 1971), disc gel
electrophoresis (Salton & Schmitt, 1967b) ultrasonication
(salton & Netschey, 1965; Salton, 1967d) reaggregation
experiments (Butler-gi al., 1967; Grula, Butier, King &
Smith, 1967; Salton, 1967c) and cation binding experiments
(Lukoyanova et al., 1961; Cutinelli, Galdiero & Tufano, 1969;
Lastras & Munoz, 1871) have also been instrumental in
elucidating the molecular architecture of this bacterial
membrane system. Recently the immunology (Fukui, Nachbar
& Salton, 1971a) and immunochemistry (Fukui, Nachbar &

Salton, 1971Db) of membranes isolated from M.lysodeikticus

have also been studied.



Added to this extensive knowledge on the

properties of the membrane M.lysodeikticus is an

understanding of the chemical composition and structure of
the cell wall of this organism (for reviews see Salton,1964b;
Rogers & Perkins, 1968; Ghuysen, 1968; also Balyuzi, Reavely
& Barge, 1972; Hoshino, Zehavi, Sinay & Jeanloz, 197?2), The
involvement of the membrane in the biosynthesis of
peptidoglycan (Anderson, Matsuhashi, Haskin & Strominger,
| 1965, 1967; Kats, Matsuhashi, Deitrich & Strominger, 1967;
Deitrich, Collucci & Strominger, 1967; Higashi, Strominger
& Sweeley, 1967) polymannan {Scher, Lennarz & Sweeley, 1968;
Scher & Lennarz, 1969; Lahav, Chiu & Lennarz, 1969) and
cardiolipin (de Siervo & Salton, 1971) has also been
studied.

Thus it is apparent that the choice of

M.lysodeikticus for a study of the mesosome is a logical

one. Indeed preliminary reports on the properties of
isolated mesosomal vesicles from this organism have recently
been published (Ellar & PFreer, 1969; Ellar, 1969; FEllar,

Thomas & Postgate, 1971).
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MATERIALS AND METHODS.




Chemicals

bgg white lysozyme (E.C.3.2.1.17) and
veast hexckinase (E.C,27.1.1) were obtained from Sigma
Chemical Co. (8t. Louis, Mo., U.S.A.) and bovine
deoxyribonuclease (E.C.3.1.4.6.) from Worthington
Biochemical Corp. (Freehold, N.J., U.S.A.), Yeast
nicotinamide adenine dinucleotide (reduced) sodium salt
(NADHz), horse«heart cytochrome ¢, sperm-whale myoglobin
and ovalbumin were from Koch-Light Laboratories Ltd.
(Colnbrook, Bucks., U.K.), bovine serum albumin Fraction V
from Armour Pharmaceutical Co. Ltd. (Easﬁbourne, Sussex,
U.K.) and bovine pancreatic chymotrypsinogen from Miles-
Seravac Laboratories Inc. (Maidenhead, Berks., U.K.).
Decon 90 and Domestos cleaning fluids were products of
Decon Lab. Ltd, (Brighton, Sussex, U.K.)and of Lever Bros.
Ltd., (London, U.K.) respectively. A1l other chemicals and

reagents were of analytical grade.

Organisms

Micrococcus lysodeikticus (N.C.T.C. 2665)

was used throughout the course of these investigations.
Two strains of this organism have, however, been detected
and distinguished wviz. a laboratory strein, designated

M,lysodeikticus St.0, and obtained originally from the

National Collection of Type Cultures and a second strain,

designated M,lysodeikticus St.A, obtained diréctly from

that source, St. 0 had been maintained by subculture for
several years, whereas St.,A was situdied within 6 months of

initial culture.



21 .

Cultivation Conditions

Cells of M.lysodeikticus were cultivated

under the cenditions described by Owen & Freer (1970L. See
reprint facing p.61), and maintained on plates containing
1.5%% /v Bacto-Agar, 5% /v Baclto-Peptone, 0.1% Difco Yeasd

Extract, 0.5% Nacl,pH7.2 and subculturcd once per itwo weelks.

Harvesting Conditions

After growth for the requisite period of
time, cells were harvested at '4°C (2000g for 25min) and
washed once with distilled water and once with SOmM--tris~HCL
buffer, pH7.5. (This buffer, referred to as "tris" was used

throughout this work, unless otherwise sitated.,

Comparison of St.0 and St.A of M.lysodeikticus

Growth Curves. Cells were grown under the conditions

described by Owen & Freer (1970b) and 3ml aliguots of the
culture removed aseptically at 1h intervals, Cell
suspensions were immediately diluted with fresh medium to
give an Eégg of less than 0.40, Their extinction at this
- wavelength was theﬁ recorded in a Pye Unicam SE600

spectrophotometer. Recorded values were the mean of

thtee such determinations.

Pigment Production, 5Sml aliquots of culture fluid were

removed asepitically at intervals over the growth cycle.
Cells were sedimented by bench centrifugation (2000g for
20min) and the supernatant fluid recentrifuged. The
vigible spectrum of this second supernatant fluid was then
recorded in a Pye Unicem SR800 spectrophotometer against

fresh medium. The extinction at 405nm (| Amax) was taken



as an estimate of the pigment content of the culture.

Lysozyme Sensitivity. A comparison of the lysozyme

sensitivity ot the two strains was made in the following way.
Aliquots of cells were remov~d aseptically from the culture
medium at various time inteérvals, harvested and washed as
described by Owen & Freer (1970Db) and finally suspended in
tris buffer at %0°C to an optical density of less than 2.0
at 620nn (620nm was chosen to avoid the absorption due *to
the carctenoid pigments present in the membrane (Fig.]) and
an initial extinction wvalue of approximately 2.0 was
necessary to monitor the optical density at 1lhe latér stages
of the resction). To 2.9ml of cell suspension was added O,lnl
of lysozyme solution to give a final concentration of 100ug/ml.
The decrease in Eégg was then recorded automatically in a Pye
Unicam SE800 spectrophotometer fitted with lemperature
controlled (BOOC) cuvette holders and a recorder,

Preparation of "standard" membranes and

membrane residues Irom Strains 0 and A
of M.lysocdeikticus

Preparation of "standard” membranes from total lysates."Standard’

membrane preparation.was based on the method of Salton & Freer
(1965) and is detailed by Owen & Freer (19?Obn See reprint
facing p.61), A "standard" membrane suspension may be
defined as = suspension of washed (Salton, 1967d) total
membranes (i.e. peripheral and mesosomal membranes) at a
concentration of between 10-20mg dry wi. menmbrane/ml,

prepared as detailed by Owen & I'reer (1970b).

Effect of sodium dodecyl sulphate (SDS) on membrane turbiditv.

"Standard" membrane suspensicns were diluted with an egual

volume of tris buffer containing Spg at varying concentrations

o



Their E%gg values were recorded in a Pye Unicam SL60O

- C . O
spectrophotometer after 5min incubation at %0°C.

Bxtraction of "standard"™ membranes with SDS. "Standard"

membrane suspensions were diluted with an equal volume of
tris buffer ceontaining sodium dodecyl sulphate (SDS) at

varying concentrations, After Smin incubation at 30°C

suspensions were centrifuged at 65 000g for 1lh at 4°C and
the carotenoid content of the supernatant fluid determined
in a Pye Unicam SR60C spectﬁophoﬁometer by its extinction

at 446nm (See p.43%).

Deoxycholate extraction of "standard" membranes. Deoxycholate

extraction was performed essentially as reported by Salton
et al. (1968). #Standard" membrane suspensicns from

M.lyscdeikticus St.0 were extracted with an equal wvolume of

o% (Y/v) sodium deoxycholate' (DOC) in tris buffer* at 4°C.
Centrifugation at 38 000g for 45min at 4OC gave an insoluble
residue (DO1) which was extracted a further five times with
1% (W/v) sodium deoxy@holate+ (DOC) in tris buffer, and then
three times with tris buffer alone to remcve resgidual
deoxychdate. Superﬁatant fluids from these extractions were
combined and centrifuged at 200 000g for 1h at 4°¢ to give a
second pellet (DOZ); Centrifugation of the resultant

supernatant fluid for Th at 200 000g and 4°¢ gave a third

* Solution of deoxycholate in tris buffer were held
overnight at 4°C and filtered to remove insoluble
precipitate, + Abbreviation: DCC sodium

deoxycholate.



pellet (DO3%). Pellets DO2 and DO% were extracted a
further +twice witﬁ 1% DOC in tris buffer, and then washed
three times in tris buffer alone to remove residual DOC,.

" Membrane residues DOZ and D03 were sedimented at 200 000g
for Th at 400 during extraction and washing (See Flow

Diagram 1),

"Standard" membrane suspehnsions Irom

i.lysodeikticus St.A were extracted with DOC in a similar

manner to give pellets DAL and DAZ2. No significant pellet
corresponding to D03 was obtained.
For dry weight and chemical analysis the

membrane residues were dialysed against three changes of

100 vol. distilled water at 4°C and freeze dried.

Extraction of "standard" membrane with EDTA. "Standard"

membrane suspensions (10-15mg dry wt. membrane/ml)were
extracted with an equal volume of tris buffer containing
10mM ethylene diamine tetraacetic acid disodium salt (EDIA).
Membrane residues were extracted a further once with tris
buffer containing 5mM EDTA and then washed three times in
tris buffer to remove residual EDTA, Membrane residues
were sedimented at 65 000g for 1lh at 4°¢ during extraction

and washing.

Tonic shock treatment of "standard" membranes. "Standard”

membranes were washed a further three times using either
distilled or deionized water, both being equally efficient.
Membrane residues, or shocked" membranes, were sedimented

at 65 000g for 1h at 4°¢C during preparation.

Lstimation ol membrane yield. Membranes or membrane




residues were made up to a known volume with tris buffer,
an aligquot removed, and dialysed exhaustively.(at least
three changes of x100 vol,) against distilled water at 4°C.
suspensions were frozen at ~25°%C and freeze dried in an
Bdwards Treecze Drier (Model %CP2) prior to weighing. These
results were compared with those obtained after freege

drying of a known aliquot of washed whole cells,

Preparation of mesosomal and peripheral
membrane fractlions

Cultivation. M.lysodeikticus St.0 was used throughout

these mesosome studies. Cells were cultivated as previously
described (Cwen & Freer, 1970b. See reprint facing p.61.)
and harvested (2 000g for 25min at 2500) after 10h growth

at 30°c, Sedimented cells were washed twice in tris buffer

at 21°C before further treatment.

Plasmolysis, In procedures involving plasmolysis, washed

cells were resuspended to 1/10 of the culture volume in tris
buffer which was made 2.0M with respect to sucrose, and
contained Mg612 at the desired concentration (see Results).
Cells were allowed to equilibrate in this sclution Ffor 1.5h

at room temperature (2100).

Protoplast formation., Washed cells were suspended to 1/10

of the original culture volume in tris ffer, 0.8M with
respect to sucrose and containing Mg012 at the desired
concentration, Cells were then equilibrated for 1.5h at
21°¢, After equilibration in 0.8M buffered =zucrose, or,
in the case of plasmelysed cells, in 2,0M buffered sucrcse,
lysogzyme was added to a final concentration of 250ug/m1
and suspensions were incubated for'45min at BOOOAin a

circulating water bath unless otherwise stated.  The



resulting protoplast suspension was then diluted with 1.5vol
of tris buffer ccntaining sufficient sucrose to give a final
molarity of O.8M.Mg012 was 1ncorporated in the diluventv at the

desired concentration.

Swirling. 60ml of protoplast suspension were subjected to
swirling in a 250ml Erlenmeyer flask at 85 rev./min in an

orbital shaker-incubator at 30°C for 2h.

Sedimentation of mesosomal and peripheral membrane fractions.

Protoplasts were sedimented from the suspending medium by
centrifugation at 12 000g for 2h at 15°¢, The 12 000g
supernatant fluid was recentrifuged at 12 000g for 2h at
15°C to remove any residual protoplasts, This second
supernatant fraction, subsequently referred to as the
"protoplast supernatant fraction" contained the released
mesosomal membranes., These could be sedimented froﬁ the
protoplast supernatént Ifraction by centrifugation at

280 000g for 2h and were washed six times in tris buffer,

sedimenting under similar conditions.

Pelleted protoplasts were combined and
osmotically lysed by the addition of tris buffer (approx.
10 vol,) and of‘deoxyribonuclease to a final concentration
of approx. 0.5ug/ml. Peripheral membranes were prepared
from this osmotic lysale by washing six times in tris

buffer as previously described (Owen & Freer, 1970L).

Procedures for monitoring protoplast stability

and mesosomal membrane release

Prctoplast leakage. An estimate of leakage of protoplast

content during the release of mesosomal membrane was

lcm

achieved by monitoring the E26O of the protoplast supernatant



fraction made 0.1% with respect to SDS, The extinction
value was compared.with the E%gg of an osmotic lysate of
the protoplast suspension clarified by the addition of Sbs
to a final concentration of 0.1%. This method, although
not totally satistactory, offers a rapid and convenient
method of assessing the intactness of protoplasts. (Reavely

& Rogers, 1969).

Releage of mesosomal membrane, Convenient "marker"

molecules for membrane fractions of M.lysodeikticus are the

carotencid 1 igments (see Salton & Ehtisham-ud-din, 1965),
The E446 ve. .us for carotenoid absorption (Fig.l) correlates
directly with the dry weight of membranc in suspension (Fig.2)
and as such offer a convenient method for assaying the
concentration in agueous suspensions, The carotenoid
content per unit of dry weight 6f membrane does not differ
appreciably (see Results and Fig.2) between peripheral and
mesosomal membranes, Before extinction values were
measured, membrane suspensions were clarified by addition

of SDS to a final concentration of 0.1%. e Eizg values
of the protoplast supernatant fractions and those of the
total protoplast lysates were compared and expressed as a

percentage (e.g. see Table 18),

llectron microscopy. All membrane preparations were

examined by the negative staining procedure (Brenner & Horne,
1959) using 2.0% ammonium molybdate. tefore examination,
mesosomal membrane were washed three times in tris buffer.

For further details of procedure see Methods p.56

Chemical analysis of membrane fractions

A1l glassware was either cleaned in chromic



acid or in Decon 90 before use.

Where recorded, ultrasonic clarification
of membrane suspensions was performed essentially aé
described by Salton & Netschey (1965), using an M.S.E.
100W Ultrasonic disintegrator fitted with a 3/8" or 3/4"

titanium probe as required.

Carotenoids, Tresh membrane suspensions were clarified with

SDS {0.1%) and the extinction value measured at N mex (Fig.l)
of 446nm. Values for carotenoid content were obtained
assuming & molar extinction coefficient of % x 103 (Salton &
Schmitt, 1967a). It should be noted that consistent results
were only obtained using fresh membrane preparations. 1t
seems that the conditions of lyophilisation cause partial
destruction of the pigments. Recorded values are the means

of at least two determinations.

Extractable lipid. IExtractable lipid was estimated

gravimetrically after treatment of lyophilised membrane
preparations (50-100mg) with acetone-methanol (7:2 by vol.) as
described by Salton & Schmitt (1967a). Recorded wvalues are

the means of at least two determinations,

Bound Lipid., The insoluble residues remaining after removal

of extractable lipid from the membrane were pooled and
subjected to mild acid hydrolysis for 1lh (refluxing 5% conc.
HC1 in methanol v/v) as described by Yudkin (1967). Acid
methanol was removed under reduced pressure in a rotary‘
evaporator, and the residue extracted three times with ether
(approx,10ml) followed by three extractions with 10ml
aliquotls of acetone-methanol (7:2); Bther and the acetone-
methanol were evaporated under vacuum in a rotary evaporator

at-room temperature and the separate extracts dried over



I'J‘r)(

phosphorous pentoxide and sodium hydroxide pellets prior
to gravimetric estimation. Lipid extracts were maintained
under an atmosphere of nitrogen where possible. A1

estimations were performed in duplicate and the meansrecorded,

Sodium dodecyl sulphate. The guantity of residual SDS present

in SDS ihsoluble membrane residues was determined on
lyophilised prenarations. Hydrated samples (approx.0.8mg
dry wt. residue/ml) were extensively sonicated, SDS extracted
as the alkyl sulphate-methylene blue complex into chlorcform
and estimated by reading the optical density of the
chloroform solution at 655nm (Ray, Reynolds, Polet &
Steinhardt, 1966; Reynolds, Herbert, Polet & Steinhardt, 1967;
Reynolds & Tanford, 1970). The previously published
procedure was modified by using 10ml chloroform, 5ml HCll
(0,05N), 5ml methylene blue (700ug/m1) and b5ml of sample.
Calibration curves were run using standard solutions of SDS

of the appropriate concentratlons.

Phosphorus content. Phosphorus content was determined by the

colorimetric method of Allen (1940). The presence of a fine
precipitate during the determination of orthophosphate in
membrane ﬁreparations prevented a guantitative estimation of
inorganic phosphate., The contribution of orthophosphate to
the total phosphorus content, however, appeared to bhe
negligible from a wvisual comparison of samples in the two
colorimetric assays, Potassium dihydrogen phosphate (dried
at 105°¢C overnight) was used as standard and recorded values
for membrane phosphorus content were the mean of three

determinations,

Protein estimation. Protein was estimated on lyophilised
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membrane following dispersion by ultrasound and
solubilisation with 0.1% SDS by the method of Lowry,
Rosenbrough, TFarr & Randall (1951) and by that of Gornall,
Bardawill & David (1949). Bovine serum albumin in the
presence of 0.1% 3DS was used asg a gtandard in both
procedures, In estimations uwtilising the Biuret reagent
(Gornall et al., 1949), the extinction value obtained atl
560nm was corrected for absorption at this wave-length by
membrane pigments (see Fig.l). All egtimations were
performed in triplicate, and the means recorded. A

separate standard curve was plotted with each set of results.

Polyacrylamide disc gel electrophoresis. The procedure for

electro phoresis of insoluble membrane proteins was a
modification of that described by Davis (1964), In ini%ial
studies the method of Davis (1964) was utilised but with the
addition of 0.1% SDS to all buffers and gel systenms.
Electrophoresis was performed in_a Shandon analytical
polyacrylamide electrophoresis tank. Gels were {ixed and
stained overnight as described by de Vito & Santome (1966),

followed by electrophoretic destaining.

This method was unsatisfactory for a number
of reasons. The major problem was exclusion of samples from
the separating gel, as Judged by the amount of staining
material present in the sample gels and at the interfaces of
sample gel and the stacking gel. This in turn caused
distortion of the gels during electrophoresis, and resulted
in a poorly resolved spectrum of protein tands. Almost
total penetration was achieved by subjecting membrane samples
to extensive ultlrasonication prior‘to "golubilisation" with

SDS, the elimination of a sample gel and the use of a



mechanically strengthened stacking gel. Increased
resolution of indi&idual components was obtained by lowering
the applied current to 1lmA/gel. This procedure, however,
resulted in a diffuse band of tracking dye, a phenomenon
which could be overcome by raising the applied current to
dmh/gel over the final few mm of the run. Rehydration of
fixed and stained gels (de Vito & Santome,. 1866) before
destaining avoided the problem of mechanical distorition

often encountered at this stage.

It should be noted that ageing of the
acrylamide solutions affected the pattern of bands obtained

after elecwmophoresis of samples. Thus gels were always

prepared from fresh acrylamide solutions.

The protocol finally adopted and detailed
below allowed good resolution of discrete membrane
polypeptides. Lyophilised membrane preparations were
dispersed in tris~glycine buffer (Davis, 1964) by
extensive ultrasonication (15min at-OOC) and then nade 0.2%
with respect to SDS. To 1ml of “sclubilised" membrane
suspension (1-2mg/ml) was added 3 drops of glycerol.
Aliquots of this suspension were then layered on top of the
mechanically strengthened stacking gel, which was made 4%W/V
with respect to acrylamide (de Vito & Santome, 1966), l%w/v
with respect to NN’»methylenebisacrylamide*‘(bis), and O.1%

with respect to SDS. Separating gels and buffers were as

* Abbreviation bis: NN'methylenebisacrylamide,



described by Davis (1964) but made C.1% with respecct to SD3.
Bromophenol blue wés used as tracking dve (Davis, 1964) and
electrophoresis performed at 1mA/ge1 during the run, bhut
elevated to 4mA/gel when the tracking dye reached the final
Tew mm. Gels were immediately removed and fixed and
gtained overnight in & solution containing 1%" /v amido
blaclk, 10%' /v acetic acid and 50% /v methanol. Prior to
electrophoretic destaining (at 5ma/gel) gels were rehydrated

in 7%"/v acetic acid for 4h.

Although allowing good resolution of several
membrane components, the use of 7%W/V~acrylamide
separating gels (Dbavis, 1964) did noct give adequate
resolﬁfion of Ffaster migrating components. Indeed approx.
50% of the stainable material entering the separating gel
was found to migrate as one band with the tracking dye
(Plate 1. See also Munoz, Salton, Ng & Schor, 1969, and

Estrugo et al., 1972 for a similar phenomenon).

Resclution of this faszt moving complex was
achieved by decreasing the pore size of the separating gel.
Plates 1-% show the effect of varying concentrations of
acrylamide and bis in the separating gel upon +the spectrun
of resolved membrane polypeptides. These plates show that
optimal resolution ot the faster migrating components
combined with minimal distortion of bands is achieved in
gels having a composition of 11.7% (W/v) acrylamide and

0.15%% bis (Plate 2,4 To obtain maximum resolution

157
of membrane polypeptides it was necessary, however, 1o

utilise separating gels containing both 11.7%"/v and 7% /v
acrylamide. (Recently Grula & Savoy, (1971) have detailed

a method for polyacrylamide gel electrophoresis which



appears to give good resoluticn of a wide range of membrane

proteins from M.lysodeiktbticus on a single gel.

Several auvthors have reported that the
electrophoretic mobilities of proteins were proportional
to their molecular weight when dissolved in SDS (Shapiro,
Vinuela & Maigzel, 1967; Shapiro & Maizel, 1969; Weber &
Osborn, 1969), a phenomenon attributed to “the loss of
charge specificity of the proteins on binding SDS (Reynolds
& Tanford, 1970). Tt is thus possible to estimate the
molecular weight of discrete protein components by
comparing their Rf value (i.e. the distance migrated by
the protein divided by the distance migrated by bromophenol
blue) with those of proteins of known molecular weight
electrophoresed under similar conditions. A typical plot
of the molecular weight against Rf value of several highly
purified proteins, electrophoresed in 11.7%W/v acrylamide
gels, is illustrated in Fig. 3. Caution, however, must be
exercised in the determination of molecular weights based
upon this method alone, as some prcoteins have been shown to
migrate anomolouély in these systenms (Swank & Monkres, 1971;
Tung & Knight, 1971 Williams & Gratger, 1971; Griffith,
1972).

Thie use of SDS-polyacrylamide gels
containing 11.7%W/v acrylamide has also proved invaluable
in the study of proteins released by membranes subjected
to various washing procedurecs and alsoc in an investigation
of the multiple forms displayed by the e -toxin from

Staphylococcus aureas, A full report of this latter

investigation has been published {McNiven, Owen &
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Arbuthnott, 1972) and is included in this thesics. { See

attached reprint facing p.173%).

Paper chromatographic analysis of amino acids. Approx.?20mg

of" lyophilised membrane were hydrolysed for lSh at lOBOC in
evacuated ampoules containing %ml 6M HCL.. Hydrolysates.
were filtered through Whatman No, 1 paper and evaporsted to
dryness at 100°¢. The residue was resuspended in distilled
water and evaporated to dryness again. After repeating
this procedure sixltimes, the residue was dissolved in
distilled water, filtered, evaporated to dryness and {inally

dissolved in O0.,5%5ml distilled water.

The resultant amino acids were separated by
two dimensional ascending paper chromatography (Whatman No.,1)
using butanol~acetic acid-water (120:30:50 by vol.) and
wafer saturated phenol (500g phenol + 125ml water) - ammonia
(200:1 by vol.) as solvent systems, Chromatogramé were
~washed in two changes of-acetone to remove traces of phenol,
dried, and developed at 90°C for 5min after spraying with
0.5% ninhydrin in butanol. The resultant patterns of amino
acids were preserved By dipping chromatograms in dilute
copper nitrate after first marking the position of proline
and hydroxyproline. Amino acids were identified by
comparison with chromatograms of standard mixture of amino

acide run under +the same conditions.

Lon-exchange chromatographic analysis of amino acids. Approx.

25mg of lyophilised membrane preparations were hydrolysed
under a nitrogen ailmosphere for 24h at 100°C in sealed
ampoules containing 6M HCL. Individual amino acids were

resolved in a Locarte Model 4 automatic amino acid analyser



and estimated by comparison with known standards; The
author is indebted’ﬁo Mr. L. Lobel of Locarte Ltd (London)
for running the samples, and also to Dr. G, Leaf of Dept. of
Biochemistry (Glasgow,} for providing a value for the coldur

constant of glucosamine.

Cytochromes., Reduced spectra and difference spectra (reduced

vg. air oxidised) of membrane -preparations and membrane
residues were recorded at 21OCjin a Pye Unicam SE800 fitted
with a slave recorder. The use of freshly prepared membranes
was found Lo be essential since lyophilisation caused partial
destruction of cytochromes. Membrane preparations (10-15mg
dry wt.membrane/ml) were clarified by ultrasound (5min) at
0°¢ and any particulate matller removed by bhench
centrifugation (1 000g) for Smin. Wiere indicated Triton
X-1060 (1OO%W/W) was added to membrane preparations to a final
concentration of 1%v/v and Vitamin K3 (menadione) ‘to the
concentration indicated. The test cuvette contained O,40ml
membrane suspension which was reduced by addition of either
5ul of sodium dithionite (80mg/ml), 5ul of NADH2 (0O.20M), or
5ul of sodium hydrogen malate (0,40M) to give final
concentrations of lmg/ml, 2.5mM and 5SmM respectively

(Gel'man et al., 1970). In instances where the kinetics

of reduction were studied, the visible gpectrum was scanned
between 625nm and 5%0nm at 30s intervals. The content of

cy tochromes a601,b556 + b560,0550, was calculated according
to the method of Lisenkova & Mokhova (1964). Wave-lengths
used for determination of the absorbance ( AE) of the above
cytochromes, as well as the coefficients of millimolar
extinction, are as documented by Simokova et al.  (1969)

and are reproduced in Table 5,



Ls observed by Geliman and colleagues (1970)
chemical reduction.of cytochromes is not instantanscous.
Therefore, in all experiments that required complete
chemical reduction (glg,.calculation of cytochrome content)
the kinetics of reduction were followed. Complete chemical
reduétion of membrane cytochromes was achieved after approx.
10min (Fig.4) or if performed in the presence of 1.O%V/v

Triton X-100, approx. Smin (Fig.4).

Nucleic acid. Nucleic acid was determined by cowmparison of

extinctions at 260nm and 280nm (Warburg & Christian, 1941).
The extinction at 260nm and 280nm of fresh membrane

preparations clarified by extensive ultrasonication {(1O0min),
or by addition of 0,1% SDS were found to be identical, and |

hence the latter method was used throughoute.

The direct determination of DNA in membrane
preparations by the method of Burton (1956) was found to be
unsatisfactory, negative results being recorded consistently

for some preparations.

Total hexose determination.Total.hexose content was

determined on lyophilised membrane preparations after
ultrasonic dispersion for 10min and "solubilisation"™ with
0.1% SDS, by the anthrone reaction method of Morris (1948).
Glucose in the presence of 0.1% SDS was used as standard,.
Recorded values for hexose content were the mean of at least
three determinations and a suitable standard curve was

prepared for use with each set of results.

Paper chromatographic analysis of hexoses. Sugars were

separated by paper chromatography following acid hydrolysis

(Cummings & Harris, 1955). 10-20mg of lyophilised membrane
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preparation were hydrolysed ét 105°C for 2h in sealed
ampoules containiné 1.0ml of 2ZM H2SO4. Hydrolysaies

were neutralised by addition of solid barium carbonate,
Tfiltered through Whatman No. 1 paper, evaporated to dryness
in vacuo over sodium hydroxide pellets and phosphorus
pentoxide and finally dissolved in distilled watler

(approx, 0.5ml). Sugars were separated by one dimensional
descending paper chromatography (Whatman No., 4, 57c¢m x 23%cm)
using ethyl acetate-pyridine-water (160:40:20: by vol,) as
solventdt, Chromatograms were run for 18h and developed by
dipping in aniline hydrogen phthalate reagent (Cummings &
Harris, 1956) followed by heating at 105°C for 5-10min.
Individual sugars were identified by comparison with known

standards run in parallel.

Glucose determination. Glucose was determined quantitatively

'in neutralised acid hydrolysates by thé glucose oxidage
method (Hugget & Nixon, 1957) using the "Glucostat" enzyme

kit marketed by Worthington Biochemical Corp. (Freehold, N.d.).

Differentiation of mannose and fructosge. Mannose and

fructose have similar Rf values when run in most

chromatographic solvent systems {(see Partridge, 1948),

including the one menticned above. It thus became
A sugars
necessary to distinguish between these two/ Due to the

lack of a direct analytical method for distinguishing these
two sugars, save by gas liquid chromatography (Holligan,
1971), the identity of the component running in the
poesition of fruclose/or mannose was ascertained by testing
for the presence of keto sugars VIkaws & Nieman, 1949).

Aliquots (0.%ml) of sugar hydrolysate containing 20ug of

total hexose (Morris, 1948) were mixed with 84%Y/y sulphuric



acid (2.7ml), coocled, and held at 2500 for Zh prior to
recording E%ES in a Pye Unicam SBEBOC spectrophotomewver.

The extinction values were compared with standard curves

for fructose, mannose and glucose, recorded under similar
conditions (Fig.5). Unlike fructose, sugar hydrolysates of
all membrane preparations failed to show a Amax at 310nmn
after incubation for 2h in 79%W/w sulphuric acid, the E%gg
indicating a fructose content of less than 4% of the total

hexose (assuming that the absorption at 310nm in hydrolysates

is attributable solely tc fructose).

Total pentose determination., Total pentose content was

determined in lyophilised membrane preparations, after

ultrasonic dispersion and "solubilisation® with 0.1% SDS,
by the Bial reaction (Dische & Schwartz, 1937)., However,
the reaction time of 20min necessary to ensure hydrolysis

of nucleotides, produced interference due to hexose in the

preparations. This problem was overcome by correcting the
observed pentose value for absorption due tc hexose. The

correction for hexose absorption at the pentose Amax
(Dische & Schwartz, 193%7) was determined from absorpltion of
mannose eguivalent in concentration to the hexose content ol
the test membrane suspension. The hexose content was |
determined by the method of Morris (1948). Riboserin the
presence of 0.1% SDS was used as standard.. Recorded values

were the mean of three separate "determinaticns,

Paper chromatographic analysis of individual pentoses. Indiv-

idual sugars were separated by paper chromatography following
acid hydrolysis. The procedure adopted was identical +to

that deseribed for hexose sugars, exceplt thatl chromatograms
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were run for 6h prior to development.

Enzyme analysis of membrane fractions

All spectrophotometlric enzyme assays were
carried out on freshly prepared membrane fractions using a
Pye Unicam SRE800 spectrophotometer fitted with temperaiure
controlled cuvette holders and a slave recorder. Enzyme
activities were expressed as AEégg/min/mg dry wt. of membrane
(except for the autolytic enéyme(s)), and recorded values

were the mean of at least two separate determinations.

NADH2 dehydrogenase (EC.1.6.99.3%) and malate dehydrogenase

(BEC.1.1.1.37). The activities of both NADH, dehydrogenase
and malate dehydrogenasce were determined spectrophotometrically

at 25°C as described by Gel'man et al. (1970).

Succinate dehydrogenase (EC 1.%.99.1). Succinate

dehydrogenase activity was determined by a modification
(Owen & TFreer, 1970b. See reprint facing p. 61) of the
spectrophotometric method of Ells (1959). Prior to assay,
fresh membrane preparations were diluted in tris buffer at
0°C o approx. 250ug dry wt. membrane /ml and held at 0°¢c
for at least 6h (Owen & Freer, 1970). Assay was performed

at 15°¢ except where noted otherwise.

Autolytic enzyme. The lytic activity of membrane

preparations against whole cells of M.lysodeikticus St. O

was estimated in the following way. Washed exponential
phase cells were suspended in tris buffer to an extinction
of 0.4 at 450nn. The reaction cuvetlte contained 2.,9ml
cell suspension and O.1lml of freshly prépared membrane
suspension. The bhblank cuvette coﬁtained 2.9m1 of cell

suspension and 0,1lml of tris buffer. The assay was



performed at 30°C and Aﬂﬁgg/min was determined in a Pye

Unicam SR800 spectrophofometer over the linear peortion of the

lecm
450
per min in a suspension of M.lysodeikticus of E}gg equal

plot, One unit of activity was defined as a AE of 0.001

to 0.4 at BOOC, pH 7.5 and total volume of ®*ml. Enzyme
activities were compared with that of egg-white lysozyme

assayed under similar conditions,

Infrared Spectlroscopy

A Hilger-watts Infrascan spectrophotometer
Model H900 was employed throughout. Spectra of membrane
preparations were determined on solid films essentially as
described by Wallach & Zahler (1966). Thin films were
prepared by air drying (2100) agueous membrane suspensions
spread on silver chloride plates. Lipid fractions,
dissolved in chloroform-methanol (2:1 by vol.), were filmed
in a similar maﬁner onto sodium chloride plates. ALl films

examination.

Llectron Microscopy

All specimens were examined in a Philips
BM300 electron microscope using dbublg condenser illumination,
a 50um objective aperture and a liguid nitrogen anti-
contamination device, The operating pot@ntiai was 60kV
and the magnification was calibrated from diffraction
grating replica ruled at 2160 lines/mm, Photographic
records were wmade utilising Ilford N.50 plates developed

with Ilford 10-11 developer,

Negative staining. Washed whole cells and membrane

preparations were examined by the negative staining method



(Brenner & Horne, 1959) using ammonium molybdate as stzin.
Samples were dilutéd with Q%W/v ammonium molybdate pH 5.2
or 2% /v ammonium molybdate + 2% /v ammonium acetate pH 6.9
to yield a lightly turbid suspension. With a capillary
pipette the suspension was applied to grids covered with
carbon-coated formvar and the excess removed with a filter
paper point. Grids dried within a few seconds and were

examined ,immediately after preparation, by electron microscopy.

Thin sectioning. Bacterial cultures at the appropriate

stage of growth were made B%V/v with respect to glutaraldehyde.
Cells were then sedimented by centrifugation at 2 000g for 10
min and resuspended in fresh fixative i.e. 5% glutaraldehyde
-in Kellenberger's veronal-acetate buffer (Kellenberger,

Ryter & Sechaud, 1958) pH 6.1 for 2h. After thorough
washing in veronal-acetate buffer cells were again fixed

in veronal-acetate buifered 1% osmium tetroxide for %h at
room temperature. The twice fixed, washed pellets were
stained with 0.5% magnesium uranyl acetate for 1.5h at room
temperature, washed once with veronal-acetate buffer, and
embedded in 1.5% Bacto agar, Agar Dblocks QO.SmmB) were

next dehydrated in an ethyl alcohol series (25%, 50%, 75%,
95%, 100% v/v ethanol), infiltrated and embedded in Epon
(Lurt, 1961) as described for Araldite (Glauert & Glauertd,
1958). Sections (silver-pale gold) were cut with glass or
diamond knives on the LKB Ultratome Model 8802A, collected
on distilled water and heat stretched (Roberts, 1970) with a
Polaron Equipment Ltd heat pan. After collection on
formvar-covered, carbon-coated grids,4sections were either
double stained with uranyl acetate and lead citrate by the

method of Frasca & Parks (1965), or gingle stained with



lead citrate by the method of Venable & Coggeshall (1965).

Freeze—-etching. Tresh membrane preparations were suspended

in either 0.0l M Trais-H11l buffer pH 7.5 or in 20% glycerol in
0.01 M Tris-HCLl butfer pH 7.5 before freezing. With whole
bacteria, washed cells were impregnated with 20% buffered
glycerol for 3h at room temperature. In experiments
involving protoplasts (stabilised in 0.8M sucrose/tris

buffer containing 1OmM Mg2+) fixation was carried out in
1%V/v glutaraldehyde for 2h, followed by washing twice with

0.0L M Tris-HC1l buffer pH 7.% prior to freezing.

Drops of thick sample suspension (approx.l0ul)
were placed onto gold specimen gupports and rapidly frozen
by immersion in Freon 22 at liquid nitrogen temperature
for 2-%g. Specimens were rapidly transferred into liquid
nitrogen and stored until use (always less than 24h). TFreeze-
fracturing was performed in a Balzer's 360M Freeze elching
unit essentially as described by Moor (1964) and Moor &
Muhlethaler (196%). Specimen discs were placed on the
precooled specimen table at liquid nitrogen temperature
and cleaved at -100°C until a large evenly chipped face was
obtainedl In preparations where etching was desired the
final chipped specimen face was held for 1min at -100°C
approx. 2mm undev the base of the knife holder (Moor, 1969)
with a temperature differential between specimen and knife
of 9700. Platinum-carbon replicas were prepared
immediately éftér fracturing or etching, floated onte
distilled water and cleaned by transfer into 54" /v SDS for
approx., 18h, followed by transfer into 70%v/v sulphuric

acid (approx. 5h) and subsequent transfer into Domestos



by,

(overnight). After washing in distilled water, replicas
were collected on formvar-covered, carbon-coated grids

and examined in the electron microscope.
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Factors Influencing the Activity of Succinic Dehydrogenase in Membrane Preparations from
Micrococcus lysodeilticus. By P. OweN and J. H. FrReer (Departinent of Microbiology,
University of Glasgow)

Differences in the distribution of respiratory chain enzymes, including succinic dehydro-
genase (SDH), between cytoplasmic and mesosomal fractions of Gram-positive bacteria have
been reported. The SDH activity appeared largely in the mesosome fraction (Ghosh, B. K. &
Murray, R. G. E. (1969), J. Bact. g7, 426), or solely in the cytoplasmic membrane (Rogers,
H. J., Reaveley, D. A, & Burdett, I. D. J. in Protides of the Biological Fluids, Vol. 15, p. 303.
Amsterdam: Elsevier; Ellar, D. J. 2nd meeting of the North West European Microbiological
Group Symposium, 1969; Reaveley, D. A. & Rogers, H. J. (1969), Biochem. J. 113, 67).
Cytochemical evidence suggested a distribution of activity throughout the cell membranes,
but predominating in the internal membranes (Sedar, A. W. & Burde, R. M. (1965), J. Cell
Biol. 27, 53).

The present work reports several factors which influence the SDH activity in membrane
preparations, with some comments on the spectrophotometric assay.

Preparation of membranes: SDH activity in membranc preparations is reduced by exposure
to temperatures above 10°. A loss of 25 to 30 %, of activity occurs after exposure to 30° for
10 min.

The specific activity of SDH is dependent upon membrane concentration. At 0-3 to 0-4 mg.
membrane/ml. the specific activity is 2- to 3-fold greater than that for concentrations of
10 to 15 mg. membrane/ml. Washing with sodium deoxycholate results in a similar increase
in activity. Activation by dilution is largely inhibited if the diluent includes bovine serum
albumin (1-0 mg./ml.) and totally climinated in membranes mildy fixed with glutaraldehyde.
In all cases activity remains in the sedimentable fraction.

Spectrophotometric assay: The assay method used was based upon the method of Ells,
H. A. (1959, Archs Biochem. Biophys. 85, 501). Factors influencing the observed SDH activity
are temperature, age of membrane and light.

Results suggest that SDH is firmly bound to the membrane, and that its activity is
controlled to some extent by the presence of an ‘inhibitor’, the dissociation of which leads to
an increase in activity.
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Factors Influencing the Activity of Succinate Dehydrogenase in

Membrane Preparations from Micrococcus lysodeikticus

By PETER OWEN anp JOLIIN H. FREER
Department of Microbiology, University of Glasgow, Garscube Estate, Qlasgow, U.IK.

(Received 206 June 1970)

1. Somo properties of succinate deliydrogenase [succinate~(acceptor) oxicdo-
reduetase, C 1.3.99.1] in membrane proparations from Adicrococcus lysodeikiicus
(N.C.T.C. 2665) were investigated. 2. In the spectrophotometric assay system
adopted the reaction velocity was shown to be proportional to the amount of
membrane added. Dichlorophenol-indophenol, reduced photochemically in the
presence of plenazine methosulphate, or enzymically by the membrane-bound
enzyme, was shown to undergo reoxidation in the dark. 3. The membrane-bound
enzyme was found to he inactivated ab temperatures above 10°C. 4. The specific
activity of membrane-bound suceinate dehydrogenase was {ound to increaso
between two- and three-fold in diluted mewnbrane preparations cquilibrated at
0°C for 6h. Membrancs treated with sodium deoxycholate showed no enzyme
activation on dilution but displayed maximal activity, all activity heing sodi-
mentable at 103000g. The inercase in specific activity observed on dilution eould
be partially inhibited by fixation with glutaraldehyde, or by the presence of bovine
serwn albumin. 5. The addition of Mg?* or Ca?* ions to membrane suspensions
caused an overall depression of enzyme activity. 6. Therosults suggest the presence
of an ‘inhibitor” that affects the expression of membrane bound suceinate dehydro-

genase activity.

Several reports on the fractionation of bacterial
aembrane systems have been published {Iferrandes,
‘haix & Ryter, 1966; Fitz-James, 1967; Reaveley,
968; Ghosh & Murray, 1969; Reaveley & Rogers,
969). The fractionation methods usually yield a
ainor small vesicle fraction [the so-called ‘meso-
ome’ fraction (Fitz-James, 1960)] whiclh has been
hown to differ from the major membrane fraction
1 several respects. A differential distribution of
omponents of the respiratory chain between major
nd minor fractions has been shown in several
rganisms (FFerrandes ef al. 1966; Reaveley, 1968;
thosh & Murray, 1969; Reaveley & Rogors, 1969).
Tarious membrane fractions from Micrococcus
ysodeikiicus showed different amounts of suceinate
cehydrogenase [suceinate—(acceptor} oxidoredue-
ase, BC 1.3.99.1] activity. The purpose of this
avestigation was to determine to what extent
ifferences in activity could be accounted for by
-ariations in membrane preparation procedurc or
onditions of the enzyme assay.

MATERIALS AND METHODS

Chemicals. Lysozyme (EC 3.2.1.17) was obtained from
igma Chemical Co. (St Louis, Mo., U.8.A.) and deoxy-

* Abbreviations:  DCIP,  2,6-dichlorophenol-indo-
thenol; PMS, phenazine methosulphate.

ribonuclease (EC 3.1.4.6) from Worthington Biochemical
Corp. (Frechold, N.J., U.S.A.), DCIP,* PMS and sodium
dodecyl sulphate were from BDH Chemicals Ltd. (Poole,
Dorset, U.K.), tris, disodinm succinate {enzyme grade)
and sodium deoxycholate were from ISoch-Light Labora-
tories Ltd. (Colnbrook, Bucks., U.K.), glutaraldehyde was
from Taab Laboratories (Reading, Berks., U.K.) and
bovine serum albumin Fraction V was from Armour
Pharmaceutical Co. Ltd. (Bastbourne, Sussex, U.IL).
All othor chemicals and reagentis were of analytical grade.

Preparation  of ‘stumdard’  membranes. Membrane
preparation was based throughout on the method of
Salton & Freer (1965). Cells of Micrococeus lysodeikiicus
(N.C.T.C. 2665) were grown from a 109, inoculum jn
2 litre conical flasks containing 500ml of a medium
containing 5%, Baeto-Peptone, 0.1%, Difco Yeast Extract,
0.59% NaCl, pl17.2, on an orbital shaker at 30°C (150 rev./
min), After 18h of growth cells were harvested at 4°C
(2500g for 26min) and washed once with distilled water
and once with 80 mar-tris~HCl buffer, pH 7.5.  ("This buffer,
roferred tu as ‘tris’, was used throughout this work,
unless otherwise stated.)

Cells were resuspended in tris bufler to approx. 50mg
dry wt./ml. Cell walls were removed with lysozyme at a
concentration of 100 pg/ml by incubation at 30°C for
45min. Deoxyribonuclease was added to the lysed proto-
plast suspension to decrease the viscosity., Membrancs
weore sedimented from the total lysate by centrifugation
at 38000g for 50min at 0°C and kept at 0°C during all
subscquent procedures, unless otherwise stated. Mem-
brane fractions were washed six times with tris buffer by
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resuspension and reecentrifugation and finally resuspended
in tris bufter to 10-15mg dry wt. of membrane/ml. This
suspension is referred to as ‘standard’ membranes, and
was always prepared within 18k of harvesting the cells.

Preparations of ‘equilibraled” membranes. ‘Standard’
membranes were diluted in tris buffer to give 200-500 ug
dry wt. of membranc/inl and kept at 0°C for at least 6h.
This suspension was termed ‘equilibrated’ membranes,

Glutaraldehyde flzation. ‘Standard’ membrane suspen-
sions (10-15mg dry wt. of membrane/ml} were diluted
with glutaraldehyde in tris buffer to give a inal concentra-
tion of approx. 5mg dry wit. of membrane/ml of buffered
glutaraldchyde (0.69%, glutaraldehydo in tris buffer). The
‘standard’ membrane suspension was rapidly diluted and
mixed in the fixative solution to prevent aggregation.
The membrane suspension was thon immediantely
centrifuged for 50min at 380002 and the membrane
pellets were resuspended and washed twice in tris buffer to
remove glutaraldehyde before resuspension in tris buffer
to give 10-15mg dry wt./ml. Al operations and reagents
were at 0°C.

Deoxycholate extraction. Deoxycholate extraction was
performed essentially as reported by Salton, Freer &
Ellar (1968). ‘Standard’ membrane suspensions were
oxtracted six times with 19, (w/v) sodium deoxycholate
in tris buifer at 0°C and washed three times in tris buffer
to remove residual deoxycholate. Membrane residues
wore sedimented at 38000g for 1 h at 0°C during extraction
and washing and then resuspended in a volume of tris
buffer equivalent to that of the ‘standard’ membrane
suspension before extraction,

Succinate dehydrogenase assay. The procedure for assay
of succinate dehydrogenase was based on the speetro-
photometric method of Ells (1959) with succinate as
substrate, IKCN as an inhibitor of the terminal oxidase,
PMS as intermediate electron acceptor, and DCIP as
terminal electron acceptor. Tho test cuvette (1 cm light-
path) contained 0.06ml of 2.5my-DCIP, 0.30ml of 10
mM-KCN, 0.15ml of PMS (3mg/ml, freshly prepared),
0.60ml of 20mu-disodium succinate and membrane
susponsion. Tris buffer was added to give a final volume
of 3.00ml. All reagents except for PMS were present
in the ‘blanl’ cuvette. DMembrane suspensions were
brought rapidly from 0°C to assay temperature, and
the rcaction was initiated with succinate. Decrease in
EB¢oq was recorded in a Pye Unicam SP. 800 spectrophoto-
meter fitted with temperature-controlled cuvette holders
and a recorder. The reaction velocity, expressed as
A¢ge/min was measured over the linear part of the plot,
which oceupied the first 509, of the reaction. Assay was
performed at 15°C unless otherwise stated. To minimize
the photoreduction of DCIP found to oceur in the presence
of PMS the test cuvette was covered with aluminium foil
until the reaction had been initiated.

RESULTS

Factors affecting the assay of succinale dehydro-
genase n membrane preparations. In the assay
system adopted the reaction velocity was found to be
proportional to the amount of membrane added, no
reduction of DCIP occurring in the absence of
suceinate, It was found that the reduction of DCIP

P. OWEN AND J. H. FREER
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by membrane preparations in the absence of PMf
amounted to approx. 109 of that observed in th
complete assay system (considerably higher value
were found in assays of total lysate activity).

To measure only the PMS mediated reduction o

Membrane {ug)
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Fig. 1. Relationship of succinate dehydrogenase activity
to the amount of membrane present in the assay. ‘Stan.
dard’ membrane suspensions were diluted (1:11) anc
equilibrated in tris buffer at 0°C for 12h before assay at
30°C.
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Tig. 2. Reoxidation of DCIP after photoreduction in the
presence of PMS, The assay system without enzyme was
exposed briefly to sunlight and reoxidation was recorded
continuously at 26°C (----); reoxidation after photo-
reduction in the presence of 0.67% sodium dodecy:
sulphate was also recorded (——). -—+—+—- , Assay
system without enzyme and protected from sunlight.
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Tig. 3. Recoxidation of DCIP at 25°C after enzymic
reduetion, in the absence of photoreduction. 'T'he enzyme
was inactivated by 0.679, sodium dodecyl sulphatc after
enzymic reduction of DCIP (——) or before addition of
enzyme to the assay system (-——-). +—-—-—+, Assaysystem
without enzyme and protected from sunlight.

DCIP, it is essential to omnit PMS from the ‘blanlk’
cuvette. The inclusion of PMS necessitates the
elimmation of either enzyme, substrate or terminal
acceptor from the ‘blank’. TUnder these latter
conditions the overall reaction rate is a measure of
both PPMS-mediated and non-PMS-mediated dye
reduction.

The enzyme reaction rate was found to be depen-
dent on the concentration of PMS, and within the
range of PMS tested (0.05-0.30mg/ml of assay
mixture}, the rate of dye reduction was proportional
to the amount of membrane added. This result,
for PMS at a concentration of 0.15mg/ml (as in the
adopted assay system), is illustrated in Fig. 1.

It was found that spontaneous reduction of DCIP
in the presence of PMS occurred on exposure to
sunlight, a reaction that did not appear to be
grossly affected by the other constituents of the
assay system. This observation nceessitated the
protection of the test cuvette from direct light
duwring assay. After photoreduction, the dye is
reoxidized in the dark, the rate being proportional
to the concentration of PMS. This process can be
monitored at 600nm, being unaffected by irradia-
tion at this wave-length. From TFig. 2 it can be
deduced that the rate of reoxidation is also propor-
tional to the concentration of reduced DCIP. After
enzymic reduction of DCIP under assay conditions,
reoxidation was again evident, at a rate similar to
that observed for the photoreduced dye (see Fig. 3).
In the experiment illustrated in Fig, 3, enzyme was
inhibited after dye reduetion by addition of sodinm
dodecyl sulphate to a final concentration of 0.679%,

(w/v).
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Tig, 4. Liffcet of assay temperature on the activity of
succinale dehydrogenase in membrane suspensions
cquilibrated for 12h at 0°C in various diluents. @, Tris
buffer; m, tris buffer containing 10mg of bovine serum
albumin/ml; A, tris buffer containing 12mm-disodium
succinate.

Variation of cnzyme reaction velocity with
temperature is ilustrated in Fig. 4. In experiments
conducted with membrane preparations equili-
brated in tris buffer alone a point of inflexion was
consistently observed ata pprox. 15°C. The tem-
perature of assay that was finally adopted was 15°C,
and the reasons for this choice are evident [rom
the results presenied below. The effect of tempera-
ture on enzyme activity is illustrated in Table 1.
‘LEquilibrated’ membrane suspensions were rapidly
brought to assay temperaturc and the change in
enzyme activity at the particular temperature was
recorded at intervals over the next 1h. At tempera-
tures below 10°C the loss of activity over the first 1h
was slight (less than 139,), most of this occurring
within the first 20min. However, at temperatures
exceeding 15°C, an appreciable and progressive
loss of aclivity was noted over the first 11 {greater
than 669, at 25°C).

Preincubation of membrane suspensions with
succinate for l1h appeared to inerease the initial
rate of enzyme inactivation, and at temperatures
up to 25°C resulted in an overall depression of
aclivity (see Table 1). Bquilibration of membrane
suspensions in the presence of succinate also
resulted in a depression of speeific activity when
compared with suspensions equilibrated in either
buffered bovine serun albumin solutions or buffer
alone. Tho depression was evident over the range
of assay temporatures 0-50°C (Fig. 4). This result
contrasts with the reported activation of mito-
chondrial suceinate dehydrogenase by preincuba-
tion with substrate (Kcarney, 1957).

Enzyme activity and membrane concentration.
The specific activity of succinate dehydrogenase in
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Table 1. T'ime-course of thermal inactivation of ‘equilibrated’ membrane suspensions at various temperatures

MemDbrane suspensions (228 ug dry wt. of membrane/ml) were equilibrated for at least 12h at
0°C in tris buffer (Expt. ¢) and in tris buffer confaining 12mu-disodium succinate (Expt. b).
‘The suspensions were then brought to the desired temperature and succinate dehydrogenase
activity was assayed at that temperature over the next 1h,

100 x Succinate dehydrogenase activity

(AEggo/min)
Temperaturo Expt. c A v
(°C) typo Time... 0 15min 30min 45 min 60 min
5 a 6.1 5.4 5.0 5.0 4.9
b 4.2 4.0 3.7 3.1 2.2
15 a 10.1 9.2 8.7 8.4 8.1
/] 7.6 5.3 4.9 4.8 4.8
25 @ 16,7 14.4 12.0 9.7 7.4
b 12.3 8.3 7.8 7.2 6.3
BMembrane (mg/mi)
10 5 &p
T T g %D
0.15}- g o
&
= =
0.20 £ p
. \é'? \E\
g . & & o e
8 4.8  F SE=
g i 015 25 8 4z
S o0f CEE S B 8
B €% o kA
a3 0.03 n -10.05 £ “
R 8 ]
. . 10.05 g 0.02- &
=
0.06 L L RN cz' 0.0 &
0.05 0.1 0.2 0.41.6 ) w2
Volume added (ml) 1 1 1 ) ! 0
0 1 2 3 4 5 6

Tig. 5. Effcct of membrane concentration on the activity
of suceinate dehydrogenase. ‘Standard’ membrane
suspensions were diluted in tris bufler to various concentra-
tions and equilibrated for 12h at 0°C before assay at 0°C.
The upper abscissa represents the membrane concentra-
tion in the suspensions and the lower abscissa the volume
of that suspension present in the assay system. All
determinations of enzyme activity were performed on the
sume dry wt. of membrane.

membrane suspensions was found to be dependent
on membrane concentration. Over a range of
concentration from 15mg to 200ug dry wt. of
membranc/ml the specific activity was found to
increase up to sevenfold although usually & two- to
three-fold inerease was observed on dilution (see
Fig, 5). This ‘activation by dilution’ appeared to
reach an equilibrium approx. 6h after initiation
{see Fig. 6). No change in activity was observed
during the 6h of equilibration in the ‘standard’
membrano suspensions.

Lffect of deoxycholate extraction. Activation of

Time (h)

Trig. 6, Time-course of ‘activation by dilution’, @, Chango
in enzymic activity of a dilute membrane suspension
(367 ug dry wt. of membranejml) prepared from a ‘stan-
dard’ membrane suspension (11.7mg dry wt. of membrane/
ml} by dilution in tris buffer at 0°C; m, corresponding plot
for the ‘standard’ membrane suspension  All assays wero
performed at 15°C on the same dry wt. of membrane.

succinate dehydrogenase by dilution (Ifig. 5) was
not obscrved in membranes that had previously
been extracted with deoxycholate. Nevertheless,
the combined activity of both the deoxycholate-
extracted residuc (38000g sediment) and that of
the deoxycholate washes (sedimentable at 103 000g)
was equivalent to that observed for ‘equilibrated’
membrane suspensions (Fig. 7). This effect was
observed in deoxycholate residues obtained from
both ‘standard’ membranes and those of membrane
suspensions obtained directly from total lysates.
Effect of glutaraldehyde and bovine serum albumin.
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2. 7. Effect of dilution on the activity of succinate
hydrogenase in ‘standard’ and deoxycholate-cxtracted
smbrane suspensions. The upper abscissa represents the
ution factor of the ‘standard’ and deoxycholate-
tracted membrance suspensions used, and the lower
seissa the corresponding volume of that suspension
xsent in the assay system. The ‘standard’ (@) and
responding deoxycholate-extracted membrane suspen-
ns (W) werc equilibrated at various dilutions in tris
fler for 12h at 0°C before assay ab 15°C, ————, Total
gymic activity present in the deovxycholate-extracted
smbrane residues (38000g sediment) plus activity in
3 deoxycholate washes (sedimentable at 103000g).

18 loss of ‘activation by dilution’ after deoxycho-
@ extraction could also be observed in ‘standard’
anbranes subjected to mild fixation with glutar-
lehyde (Fig. 8). However, to eliminate virtually
the ‘activation by dilution’, the degree of fixation
juired was such that an overall loss of about 309
enzyme activity occurred, when compared with
e activity of undiluted (i.e. ‘standard’) mem-
Rnes.

The addition of bhovine serum albumin to the
uent buffer also resulted in & depression of the
zyme activation normally observed on dilution
‘standard’ membranes. The extent of depression
pended on the concentration of bovine serum
sumin and appeared to reach u maximum value of
prox. 409 inhibition at a concentration of
mg of bovine serum albumin/ml of suspension.
e presence of bovine serum albumin {10mg/mnl)
‘equilibrated’ membrane suspensions caused an
erall depression of enzyme activity when assayed
various temperatures between 0 and 50°C (Fig. 4).
e point of inflexion observed to oecur at 15°C
th ‘equilibrated” membranes was no longer
ident.
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Dilution

Dilution

H] 1:2

T T IR

AEgpo/min

0 1 1 I

0.05 0.1 0.2 0.41.6
Volume added (ml)

Tig, 8. liffect of dilution on the succinate dehydrogenase
activity of ‘standard’ and glutaraldehyde-fixed membrane
suspensions. The upper abscissa represents the dilution
factor of the ‘standard’ and glularaldehyde-fixed mem-
brane suspensions, and the lower abscissa the correspond-
ing volume of that suspension present in the assay system,
The ‘standard’ (®) and glutaraldehyde-fixed (M) mem-
brane suspensions were cquilibrated at various dilutions
in tris buffer for I12h at 0°C before assay at 15°C.

Lffect of bivalent cations. The influence of bivalent
cations on the specific activity of membrane sus-
pensions was investigated and tho results are
illustrated in Fig. 9. After dilution of ‘standard’
membranes in tris buffer containing either Mg2?*
or Ca?* ions, enzyme activity was observed to
increase with time. However, the specific activity
in suspensions containing bivalent cations was
consistently lower than that of control suspensions.
The extent of the cation-mediated depression of
activibty was dependent on the concentration of
added ions and inereased as the cation concentration
was ratsed. The results of a similar experiment with
deoxycholate-extracted membranes are shown in
Fig. 10. Again, the presence of Mg?* and Ca?* ions
caused an overall depression of specific activity
when compared with control suspensions.

From the results presented in Figs. 9 and 10 it is
evident that the prescnce of Mg?t and Ca?* ions
does not influence ‘activation by dilution’, but does
cause an immediate depression of enzyme activity.

DISCUSSION

Ow results for Al lysodeikticus membrane
preparations show that within the range of PMS
concentrations examined the reaction veloeity is
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Fig. 9. Effect of Mg?* and Ca?* jons on the activity of
succinato dehydrogenase in membrane suspensions.
‘Standard’ membrane suspensions (11.7mg dry wt. of
membrane/ml) were diluted in tris buifer (@), tris buffer
containing 40mar-MgCl, (A) and tris buffer containing
40mm-CaCl, (v) to 366ug dry wt. of membrane/ml,
Enzyme activity was then recorded at intervals over the
following 6h. ®m, Activity in undiluted, i.e. ‘standard’,
membrane suspensions. All assays were performed on
the sume dry wt. of membrane,
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Fig. 10. Bffect of Mg?* and ('n?* ions on the activity of
succinate dehydrogenase in residues of deoxycholate-
oxtraeted membranes. Deoxycholate-extracted mem-
branes (8.18 mg dry wt. of residuefml) were diluted in tris
buffer (@), tris buffer containing 40ma-MgCl, (A) and
tris buffer containing 40mu-CaCl, (V) to 266 pg dry wt, of
residue/ml. Enzyme activity was recorded at intervals
over the following Gh. m, Activity in undiluted deoxy-
cholate-extracted membrane suspensions. All assays
were performed on the same dry wt. of residue,
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directly proportional to the amount of membray
added. Therefore, for estimates of comparativ
enzyme activity in such preparations, the asse
gystem described by Ells (1959) and the meodific
tion used in this study, both using fixed concentr
tions of PMS, are acceptable.

Sensitivity of succinate dehydrogenase from A
lysodeikticus to temperatures greater than appro
10°C has considerable bearing on the preparatic
methods adopted for membrane fractions. Sin
relatively rapid loss of enzyme aectivity occurs
room temperature (25°C), procedures involved
the production of ‘standard’ membranes must |
carried out at 0°C.

The role of tris buffer in the observed therm
inactivation is not known. A diminished rate of il
activation does occur with a 100-fold decrease in t}
molarity of the buffer, but the membrane itself
known to undergo changes, resulting in the relea.
of proteins, as a response to such a decrease in buff
molarity (Munoz, Nachbar, Schor & Salton, 196
Munoz, Salton, Ng & Schor, 1969). Tris has beo
shown to retard substrate activation of succina
dehydrogenase in preparations obtained {fro
higher plants (Hiatt, 1961). Similar inhibito
offects of tris may also be operative in the bacteri
system described.

The ‘activation by dilution’ of succinate dehydr
genase observed in the present study shows son
superficial resemblance to the ‘allotopic’ enzym
found in both bacterial (Munoz et al. 1969) ar
mitochondrial (Racker, 1967; Bruni & Racke
1968; Bulos & Racker, 1968) membrane sysberr
An important difference between the ‘activation |
dilution’ of bacterial succinate dehydrogenase ax
that of bacterial adenosine triphosphatase (Mun
et al. 1969) is that the increase in activity of tl
latter enzyme was shown to be the result of
transgition from a ‘bound’ to a ‘soluble’ form. I
such ‘soluble’ form could be demonstrated in tl
present study. The activation observed on dilubis
could be suppressed under conditions of mi
fixation or increased soluble protein concentratia
Extraction of membranes with deoxychola
resulted in the abolition of any ‘activation 1
dilution’, yet promoted maximal enzyme activit
These findings lend support to the possible presen
of an ‘inhibitor’ assoeiated with membrane-bour
succinate dehydrogenase (c¢f. Warringa, Smit
Giuditta & Singer, 1958). Dilution of ‘standar
membrane suspensions may result in the dissoc
tion of ‘inhibitor’ leading to a correspondii
activation of the membrane-bound enzyme. T
oxycholate extraction may also promote enzyr
activity by removal of ‘inhibitor’ together wi
other membrane components (see Salton et al. 1968
Conversely, the presence of bovine serum albuny
or fixation with glutaraldehyde (Bensch & ¥in
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1961 ; Sabatini, Bensch & Barrnett, 1363; Bowes &
Carter, 1966; Quiocho & Richards, 1966) may
prevent the dissociation of inhibitor.

No evidence was found to indicate & role for
bivalent ecations in the observed activation of
succinate dehydrogenase on dilution. Both Mg?*
and Ca’* had no specific effect on the dilution
phenomenon itsell, although both of these cations
caused an overall depression of enzyme activity.
Since ‘activation by dilution’ of membranes was
still evident in the presence of both Mg?* and Ca?*,
it seems improbable that these ions play any role in
the proposed association or dissociation of ‘inhibitor’.
Mg?* or Ca?' ions causc aggregation of M. lyso-
deikticus membranes dispersed by either ultrasound
(Salton, 1967) or by detergents (Butlor, Smith &
Grula, 1967) and are involved in the binding of
loosely associated membrane components (Munoz
et al. 1968). Such mechanisms may account for the
observed depression of enzyme activity in the
presence of these cations. Ifrom the results pre-
sented above it is evident that careful consideration
must be given to the history of membranc prepara-
tions used in comparative studies of membranc
bound onzymes,

This investigation was supported by grants from the
Medical Research Council. The authors wish to thank
the Royal Society for the use of the Pye Unicam spectro-
photometer and Dr M. R. J. Salton for help in preparing
the manuseript.
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succinate dehydrogenase. Propertics of the

membrane bound enzyme

During an initial study of several membranc

fractions isolated from M.lysodcikticus St.0 it was evident

that fractions, isolated by apparently identical procedures,
showed considerable variation in their content of succinate
dehydrogenase (®C 1,%.99.1). Since this~enzyme is a

useful membrane "marker" in +this organism and because of the
considerable disagreement regarding the localigation of
respiratory chain components within the bacterial membrane
system (see Introduction and also Table 6), it was important
that the factors influencing the activity succinate

dehydrogenase in membrane preparations from M.lyscdeikticus

were fully understood. Consequently, an investigation of

these factors was undertaken.

The results of this investigation were
presented in part to the 57th General Meeting of the
Society for General Microbiology (Owen & Freer, 1970a.) and
have been published in full (Owen & TFreer, 1970b). I do not
intend reiterating the arguments presented in these
communications (Owen & Freer, 1970a,b. see reprints facing
this page) but it is relevant at thig point to briefly
consider the implications of the results and their.

possible relationship to other recent findings.

The observation that the expression of
membrane bound succinate dehydrogenase activity is
influenced by a variety of parameters necessitates careful
consideration being given both to the design of

fractionation procedures and to the results obtsined from



them, It iz not valid to compare succinate dehydrogenase
activity of membrane fractions a) prepared in.the presence
of different cations; b) prepared in the presence of
differing concentrations of the same cations; ¢) prepared
at, or exposed to, different temperatures; 4d) exposed to
different washing procedures; e) assayed at different
concentrations; f) of different "ages". For an accurate
- asgessment of comparative ensyme activity in different
membrane preparations it is essential that the different
membrane fractions be prepared simultaneously and have
egssentially the same "history". Engyme activity should
only be monitecred on membrane preparations “equilibrated"
for at least 6h at 0°C at a concentration of approx. 250ug
dry wt. membrane /ml (thb extinction at 446nm of
solubilised membrane suspensions is a convenient method for
estimating the concentrétion of membrane in suspension.

Biochemical characterisation of the
"inhibitor" of succinate dehydrogenase was not attempted.
However, it is interesting to note that ' no component unigue
to the supernatant fraction, obtained following sedimentation
(38 000g) of "equilibrated"™ membrane suspensions, was
observed by polyacrylamide disc gel electrophoresis when
compared with supernatant washes obtained during the
preparation of "sgtandard" membranes. The "inhibitor" may
be a relatftively loosely attached surface component ' of the
membrane which can be dissociated during washing and
equilibration procedures, but which remains membrane-bound
after fixation with glutaraldehyde or in the presence of

relative high protein concentrations, In this respect



the "inhibitor" responds to its environment in a similar

manner to membrane-bound ATP-zse from M.lysodeikticus.

This enzyme can also be released by manipulation of the
washing technique (Munowz, Nachbar, Schor & Salton, 1968),

a process which is dependent upon protein concentration
(Vambutas & Salton, 1970a) and its release can be prevented

. by prior fixation with glutaraldehyde (Ellar, Munoz & Salton,
1971). Rapid activation of other bacterial enzymes by low
concentrations of detergents (Lennarz & Talamo, 1966; Boll,
1969, 1970a,b;‘de Sierva & Salton, 1971; Patterson & Lennarz,
1971; Pollock et al.,1971) may also involve a similar but

more efficient removal of "inhibitors" (Salton, 1971).
Pollock and coworkers (1971) have recently
reported on the properties of partially purified succinate

dehydrogenase from M.lysodeikticus membranes and have

confirmed the reported inhibitory effectvs of divalent
cations (Owen & Freer, 1970a,b). These auwthors also noted
substrate activation of +this enzyme (see also Kim & Bfagg,
1971) when assayed in the presence of ammonium acetate
buffer, a finding which would tend to confirm the suggestion
(Owen & Freer, 1970b) that tris buffer inhibits substrate

activation (Hiatt, 1961) in membrane preparations.

Partial characterisation of two strains of

Micrococcus lysodeikticus NCTG 2665

During the course of this study two

different strains of M.lyscdeikticus NCTC 2665 have been

utilised which differ in several important properties. The
two strains could be readily distinguished by the ability

of 5t.0 to excrete a red pigment during stationary phase



growth in liguid medium (Fig. 6& 7). St. A had a slightly
longer generation fime (1%5min cf, 112min for S5t.0) as
determined by optical density measurements and produced a
slightly yellow pigment when cultured on solid medium.,
Major differences in the properties of "standard" membrane
fractions ol the two strains were also noted, differences
which had imporﬁént implications in the preﬁarative

procedure for membrane fractions from this organism.

Strain differences, initially noted in the
yield of membrane (viz.approx. 2%% and 1%.5% of the dry wt.
of cells of St.A and St.0 respectively) were later observed
in the gross chemical compcesition of the membrane
preparations (Table 7 & 8). Tt shbuld be noted that the
chemical composition appeared virtually unaffected by the
age of the culture and it is of interest that differences
similar to those observed between membranes from St.A and
S5t.0 are also to be found by comparing the chemical
composition of membrane fractions from this organism
prepared by previous workers (Table 9). Membranes isolated

from Moiysodeikticué contain mainly protein, phospholipid

and carbohydrate (Tables 9 & 10) and major quantitative
differences in the distribution of membrane pﬁosphorus
(mainly present as phospholipid - see Table iO) and protein
(as estimated by the method of Lowry et al.,, 1951) have also
been noted between the two strains. Alfhough major
qualitative differences in the amino acid éompositién of

the two membrane preparations are suggested by the differing
ratios obtained from protein values esgtimated by the methods
of a) Gornall et al, (1949) and b) Lowry et al. (1951),

they are not reflected in the pattern of polypeptides



ohserved by SDI-polyacrylamide digc gel electrophoresis
(Plates 4 & 5), and during washing procedures (Nachbar &
Salton, 1970b) designed to remove selectively components

from the cell membrane {(Plate 6).

These observed differences in gross chemical
composition can be explained if the membranes isolated irom
St.A contain an additional componentis) accounting for
approx, 40% of the dry wt. of the membrane and having the

following theoretical composition

% Dry Wt.
Protein Total Total
a b hexose Glucose phosphorus
61 o210 0.5 0.13

A componeﬁt(s) with properties very similar

to these was isolated during detergent fracticnation of

"standard" membranes from St.A. Whereag "standard» membranes
from St.0 showed a 95% reduction in turbidity ( Eégg ) after
addition of SDS to a final concentration of 0.1%, membrane

fractions from St.A showed only & 57% reduction at SDS
concentrations of 1% and 79% reducfion at concentrations of
10% W/v (Fig.8). The effect of SDBS on the turbidity‘of
membrane suspensions from Bt.A (Fig.8) is consistent with
an initial solubilisation and/cr dispersion of some
membrane components at low concentrations of detergent,
followed by a solubilisation and/or dispersion of a
component{s) relatively insoluktle in agueous SDS, (The
small rise in optical density following the initial drop in

turbidity (Pig.8) is a reproducible feature of such



solubilisation/dispersion curves and may represent
binding of SDS to the less soluble component(s).,) The
existence of a detergent-insoluble component in the
membranes from St.A was confirmed by centrifugation of
SDS-dispersed membrane preparations at 2% 000g. A
concentrations of SDS approaching 1%, the optically clear
2% 000g supernatant fraction contained over 95% of the
membrane-bound carotencid {(a useful "marker'" molecule for
membrane lipid., See Salton & Schmitt, 1967a) yet over
50% W/v of the membrane fraction was sedimented as a
white insoluble residue (Fig.9). Similar experiments
conducted on membfane fractions from S%t.0 did not indicate
the presence of a sedimentable fraction at concentrations

of SDS above 0.05%.

The optimum concentration of SDS for
efficient preparation of this SDS-insoluble residue, free
from carotenoid, appeared to be 1% (see Fig 8 & 9), although
two further washes with buffered SDS were required for
complete visual removal ol residuval carotenoid. The
resultant white péllet; washed and dialysed free of
detergent, gave a gross chemical composition (Table 11)

" remarkably similar to that of the theoretical additional
compenent proposed for membranes prepared from St,aA
Experiments conducted in parallel using sodium deoxycholate
(or Triton X-100) in place of SDS (Table 11) gave residues
of similar composition to those obtained using SDS but
visibly contaminated with the red, cytochrome-rich,
lipid-depleted membrane residue reported by Salton and

co-workers (1968).



Although displaying an infra-red spectrum
characteristic of a polypeptide (hydrogen bonded O-H and
N-H stretch, Amide 1 and Amide 2 absorption. See Fig.l0
and Table 12) this SDS-insoluble, ninhydrin-positive
residue showed no absorption at 220nm in the ulira-violet
(Pig.11), nor any staining bands after SDS-polyacrylamide
gel electrophoresis, The low wvalue for protein (ITsable 11),
when estimated using the FFolin-Ciocalteu reagent (Lowry
et al., 1951) and the lack of absorplion in the ultra-violet
(Fig.11) can be explained by the complete absence of
aromatic amino acids in this insoluble residue (Table 13
& 14). Indeed only four amino acids viz. glutamic,
glycine, alanine and lysine, in molar ratios 1.08; 1.05:
2,02: 1.00 respectively, together with the two amino sugars,
muramic acid and glucosamine, were detected by automatic
amino acid analysis,. Serine in very minor quantities was
also detected. (Lt should be ncted that under the test
conditions glucosamine and methionine co-elute. Methionine,
however, could not*be detected by paper chromatography even

on overloaded chromatograms — see Fig.1l2).

The composition of this SDS-insoluble
fraction (TPables 11, 13 & 14) suggests a cell wall derivation,
The glycan portion ol the rigid peptidoglycan of |

M.lyscdeikticus consists of linear strands of alternating

B~-1l-4-1inked N-acetylglucosamine and N-acetylmuramic acid
residues and the peptide porticn of subunits of N- \L~alanyl-Y
(= ~D~glutamyl-glycine))-L-1lysyl-D-alanine which substitute
thrbugh their N—-termini to the D-lactic acid group of
N-acetylmuramic acid (Salton, 1956b; Salton & Ghuysen, 1960;

Perkins, 1960; Sharon, Osawa, Tlowers & Jealoz, 1966;



Leyh-Bouille, Ghuysen, Tipper & Strominger, 1966; Mirelman
& Sharon, 1967). Linkage belween peptide subunits can
occur through either N6~\D—a1any1)—L—lysine bonds or
D-alanyl-L-alanine bonds {(Ghuysen, Bricas, Loche & Levh-
Bouille, 1966; Schleifer & Kandler, 1967). This rigid
polymer is linked via a phosphodiester bond, emanating
at 06 of one of the N-acetylmuramic acid residueg of the
glycan fragment (Lui & Gotschlich, 1967; Campbell, Lehy-
Bouille & Ghuysen, 1969) to a polygaccharide polymer of
glucose and aminohexuronic acid (Perkins, 196%; Campbell
et gl,,1969). A comparison of the reported chemical

composition of isolated cell walls from M.lysodeikticus

(Table 15) with the composition found for the SDS—-insoluble
membrane residue (Table 11, 1% & 14) indicates close

guantitative and gqualitative similarity. Some differences
were, however, noted, In contrast to isclated cell walls

from M. lysodeikticus, which contain almost equivalent

molar proportions of amino sugars and pentapeptide subunits
(Tablel5), the SDS-insoluble membrane residue contained
approx. one molecule of muramic acid ver eight pentapeptide
subunits (Table 13). The glucose content of the SDS-
insoluble residue was also considerably lower although the
figure for total hexose appeared similar to reported values
for isolated cell walls. The value for total hexose is
almost certainly an overestimate as samples containing
residual cell-wall material ccnsistently gave slightly
turbid reacstion mixtures when assayved using the anthrone
reagent (Morris, 1948). Residual SDS accounted for approx.

5% of the dry weight of the detergent-insoluble fraction,

It should be noted that the insoluble



residue obtained fyom deoxycholate treatment of membranes
isolated from S5t.A gave an amino acid patiern similar to
that of the SDS-inscluble residue (Table 1%) but contained
minor amounts of other aminc acids, the presence of which
can be attributed to the contaminating cytochrome-rich,
lipid-depleted membrane residue described by Salton et al.,

(1968, See also p.84 ).

A comparison of the molar proportions of
amino acids in "standard" membranes from the two strains of

M.lysodeikticus (Table 1% & 14) reveeled a proportionality

factor common to all amino acids, except for those present
in the SDb-insocluble residue. Glucosamine and muramic
acid were detected in membrane preparations from St.A as
were increased concentrations of the pentapeptide amino

- acids. The results presented in Tables 13 & 14 and Tables
7, 8, & 11 are compatible with the hypothesis thgt the
"standard" membranes from the two strains differ in that
preparations obtained from St.A contdin an additional
component(s), separable by virtue of its iﬁsolubility in

detergent and derived from the bacterial cell wall,

It is interesting to note that the membrane

preparations from M.lysodeiklicus isolated by Gilby et al.

(1958) and Grula et al. (1967) display a spectrum of amino
acids intermediate in molar proportions to those observed
for membranes from St.A and St.0 (Table 14). This tends
to indicate that their preparations also contéined

components derived from the cell peptidoglycan.

The occurrence of material morphologically

similar to cell wall in electron micrographs of thin-



sectioned membrane preparations isolated from St.A
{compare Plate 7 &'8 with Plate 9) confirmed the
hypothesis that these preparations contained incompletely
digested cell wall, In this connection, electron
micrographs showing essentially similar fcatures were
presented by Salton & Chapman (1962, See their Fig. 4 & '5).
These authors acknowledged the presence of "fibrous"
material but attributed it partly to obligue sectioning
of the membrane. It thus appears probable that the
membrane preparations isclated by Salton & Chapman (1962),
Gilby et al. (1958), Grula et al. (1967) and also by
Salton & Freer (1965, See Table 9) contsined residual

peptidoglycan components.

Tt was possible to prepare membrane
fractions from St.A essentially free of SDS-insoluble
components by manipulation of the lysozyme incubation
conditions. Increasing the lysozyme incubation time and
decreasing the cell concentration in the incubation mixture
were shown to be effective in decreasing the yield of SDS-
insoluble membrane regiduss, with a corresponding decrease
in overall membrane yield (Table 16). The changes were
paralleled by the expected alterations in the gross
composition of membrane (Table 16) and also in their
infra-red spectra (Fig.l0). Thus for cells obtained from
12h cultures, incubation at a cell concentration of approx.
Smg/ml. (10 fold less than that utilised for preparations
of “gtandard" membranes from S$t.0) with lysczyme (100ug/ml)
for approx. 2h (gi.ASmin in "standard" procedure) would be
required to produce "clean" membrane preparations,

essentially free of wall components. The rather low yield



of membrane (8% dry wt, of cell cf. approx. 13% for 5¢.0)
obtained on prolonggd incubation with lysozyme may bhe duve

to partial membrane degradation by asutodigestive enzymes.
Cells obtained frem stationary phase cultures (36h) and
digested under similar test conditions gave higher yields

of membrane and of SDS-insclublie residue than those obtained
from cells of 12h cultures. Even prolonged incubation
(135min) with lysozyme at a cell concentration of Smg/ml
gave a membrane fraction containing 15% W/w detergent-insol-
-uble residue. Wall thickening in cells of St.A during
stationary phase of growth (Plate 9) may partly explain

this phenomenon. It was found that cell walls of St.A
increased in thickness from approx. 50nm during late
logarithmic phase of growth (12h. See Fig.6) to approx.
85nm during stationary phase of growth (18h and 36h). The
considerable sloughing of cell wall material during the
logarithmic phase of growth (Plate 10) may partly explain
the thinner wall in 12h cells. In contrast, the cell walls
of 8t.0 remained of constant thickness (approx. 45nm)

during all stages of growth tested (Plate 9).

Although wall thickness in the two strains

of M.lysodeikticus was similar after 12h growth, differences

were noted in their lysozyme sensitivity curves (Fig.1%),
Incubation of cells of both St.A and St.0 with lysozyme
gave éssentially a similar initial decrease in optical
density, probably indicating a similar rate of cell
disruption. However, the rates of reduction of the final
25% turbidity were different and may suggest a slower rate
of digestion of residual peptidoglyéan in disrupted cells

of St.A, Similar results were also obtained with cells



from 18h and 3%6h cultures,.

Development of & method for the fractionation ol mesosomal

and peripheral membranes from M,lysodeikticus St.0

In the Introduction.to this thesis the
Amporilance of protoplast stability in any attempted mesosome
fractionation procedure was emphasised. In this section of
the Results, I deal with the development of a simple method

for the efficient isolation of mesosomal membrane from

stable protoplasts of M.lysodeikticus St.0, This strain

was chosen for study because of the complications already
documented in the preparation of membranes, free from
residual peptidoglycan, from the cells of St.A. The values
given in this results secltion are the mean of a Singie
experiment performed in duplicate and are typical of those
obtained in other similar experiments. |

Protoplast stability, Numerous investigators have reported

upon the reqguirement of divalent cations, in particular
Mg2+, for stability of bacterial protoplasts (Reaveley &
Rogers, 1969). Table 17 illustrates the effects of different

2+

Mg concentrations upon protoplast stability. Although there

is clearly a requirement for Mg2+, this is apparently

satisfied at a level of Mgz* greater than 2.0mM.

Membrane morphology. In all experiments reported, membrane

preparations derived from both protoplasts and protoplast
supernatant fractions were examined by negative staining

in the electron microscope., The characteristic, sméoth—
surfaced, vesicular structures which are typical of extruded
mesosomal membrane (Ryter ct al., 1967; Ryter, 1968;

Fitz—-Jdames, 1968; Ghosh & Murray, 1969; Thorne & Barker,



1969, 1972; Barker & Thorne, 1970; Ferrandes ¢t al., 1970;
Frehel el al., 1971a; Patch & Landman, 1971; Popkin ¢t al.,
1971; wildermuth, 1971; Burdett & Rogers, 1972) accounted
for all membranous material in protoplast supernatant
fractions (Plate 11) except in those prepared below 10mM
Mg2+ (see Plates 12-21). Particle-studded mesosomes have

been observed for M.lysodeikticus (Simakova et al., 1968)

and for B.stearothermophilus (Abram, 1965} in total membrane

fractions from these organisms. There would, however, appear
to be some doubt as to whether these structures represent

mesosomes or fragmented peripheral membrane,

The diameter oif mesosomal ‘tubules isclated

from M.lysodeikticus St.0 was approx. 30ﬁm.' Their length
varied from 50nm to O.7um and appeared, in part, to be a
function of the washing procedure (compare Plate 11 with
Pléte-22). Thus the extensive washing reguired lo remove
cytoplasmic contamination (Salton, 1967d4) may cause
mechanical fragmentation of mesosomal tubules (see also
Burdett & Rogers, 1972}, In many cases longer tubules were
branched and appéared constricted at intervals along their
length (Plates 22 & 23. See also Burdett & Rogers, 1972

for a similar observation). Some mesosomal vesicles had a
"doughnut" appearance (see Plates 11 & 14) and may represent
different morphological entities or merely prodﬁcts o1t tubule
fragmentation. Structures of similar morphology can also

be seen in electron micrographs of negatively stained mesosomal
membranes presented by othér workers (Ryter et al., 1967;
Ryter, 1968; Ferrandes et al., 1970; Frehel et al., 1971a;

Patch & Landman, 1971; Thorne & Barxer,1972). A “honeycombed"
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membranous structure was observed in some mesosomal membrane
fractions, although its frequency of occurrence was low
compared with vesicles and tubules (see Plate 24). The origin
of this structure remains obscure, although it is similar to
mesosomal vesicles in possessing a particle-free surface and
also in its staining properties (see also Tig.4C of Patch

& Dandman, 1971 for a similar feature).

In contrast to structures observed in meso-
somal membrane fractions, peripheral membrane appeared as flat,
particle-studded sheets (Munoz, Freer, Tllar & Salton,

1968) of variable shape and size, and appeared more permeable
to stain than the mesosomal membrane vesicles (Plate 25). The
presence of larger par{icles (Plate 25, See alsc Ellar,

Munoz & Salton, 1970) on the surface of peripheral membrane

2+

appear to be dependent upon the presence of Mg during the

isolation procedure {compare Plate 25 with Plate 26).

A feature of peripheral membrane
preparations was the occurrence of large (up to 1um in
length), smooth-surfaced structurgs, similar in theixr
staining properties to mesosomal membrane (see Plate 27).
Their occasional bag-shaped morphology (Plate 28) suggests
that they may represent the mesosomal sacculus, a structure
which would be expected to co—fractionate with the remainder
of the peripheral membrane under the preparation conditions
used,

Mesosomal membrane vesicles were sometimes
cbserved contaminating peripheral membrane preparations
(Plates 25 & 27), althcugh some vesicles may result from

disruption of the bag-shaped structures (Plate 29).



Effect of plasmolysis on mesosome relcase, IFrom Table 18

it can be seen that plasmolysis, prior to.wall digestion,
gignificantly increased the release of mesosomal membrané

from protoplasts. At a level of1Ommmg2ﬁhe membrane released
from plasmolysed cells was approx. twice that of coatrol cells.
In a similar experiment carried out at a concentration of

40mM Mg2+, the membrane release from plasmolysed cells,
compared with control cells, was even more marked, although

the amount of membrane released was, in fact, less than that

2+

at 10mM Mg~ , Although there was an increased E value

260
in protoplast supernatant fractions derived from plasmolysed
cells, the degree of leakage was, nevertheless, extremely

small. Indeed, leakage of a similar order occurred in cells

which were not subjected to cell-wall digestion (see Table

18).

Effect of temperature, swirling and Mg2+ concentration on

on release of mesosomal membrane, Ionic shock, involving

a drop in Mg2+ concentration, has been used previously in

mesosome isclation procedures involving M.lysodeikticus

(Bllar & Freer, 1969), The influence of ionic shock and
temperature on the yield of mesosomal membrane from
protoplasts is summarised in Table 19. wMembrane release
was opltimal at %0°¢ although in experiments involving ionic
shock, a slightly higher optimum was observed. However,
over ‘the temperature rang tested, the maximum difference
in membrane yield was only twenty per cent. With ionic
shock, there was an increascec in membrane yield over

control wvalues at all temperatures tested,

The possibility that mild shearing forces



may promote the release of atftached mesosomal membrane Trom
protoplasts was in#estigated. From the results in Table 20,

it is clear that swirling ol protoplast suspensions under the
conditions described had no effect on membrane yield in

either suspensions subjecled to ionic shock or in their
corresponding controls. In instances where the rotation sreed
was increased to 150 rev./min, the only obsérvable effect was
to elevate the E26O values of protoplast supernatant fractions.
L somewhat similar effect was observed in protoplast suspensions
subjected to 50% reduction in Mg2+ concentration (see Table
21). At the Mg2+ concentrations tested, a sudden 50% reduction
in Mg2+ concentration,~,did not alter the amount of membrane
released when compared with suspensions held at the lower
value throughout. However, ionic shock did appear to increase
the leakage from protoplasts as evidenced by increased E26O
values., Sedimentation of protoplasts followed by gentle
resuspension in tris buffer containing half the original

1wg2+ concentration (Ellar & Freer, 1969) yielded protoplast
gupernatant fractions containing an increased EZGO

absgorption (but gimilar E446 absorption) when compared

with corresponding fractions obtained by ionic shock

treatment alone. It thus appearsg that mechanical shear is

net instrumental in effecting mesocosome release from intact

protoplasts.

The yield of released membrane increased
with decreasing Mg2+ concentration in protoplast
suspensions (sece Table 21 and Fig. 14). 4although membrane
release increased appreciably below 10mM Mg2+, it appeared

that protloplast stability was considerably reduced below this
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value (Fig.14). The occurrence of peripheral membrane

fragments in negatively stained mesoscmal membrane fractions
N 4 ? 'l' . .

prepared below 10mM Mg supports this view (compare Plates

12-17 with Plates 18-21).

Effect of time on mesosomal membrance releasce, The time

course of membrane release was investigated utilising
protoplast suspensions prepared from cellslplasmolysed in
the presence of 10mM Mg2+. Protoplast supernatant fractions
from suspensions held for up to 2h after wall digestion all
showed less than %% increase in membrane release over
supernatant fractions prepared immediately after wall
digestion. However, sedimentation of protoplagts
necessitates centrifugation for 2h, and therefore it is not
possiple to Say whether or not release occurs spontaneously

with wall digestion.

Sedimentation of mesosomal membrane. BEfficlent sedimentation

of mesosomal membrane from protoplaest supernatant fractions
reguired centrifugation for 2h at 280 000g. Under these
conditions 96% of the carotenoid absorption (E446) in
protoplast supernatant fractions was found to be sedimented,
Por reasons evident from the foregoing results and
discussed more fully later, the preparation procedure out-
lined in Tlow Diagram 2 was uliliged for the preparaﬁiop of

mesosomal and corresponding peripheral membrane fractions.

Comparison of the properties of mesoscomal mewuwbrane

. . . 2k .
fractions prepared at differcent Mg concentrations

Results had showed that pure mesosomal

membrane preparations could be obtained from protoplast

. . 2 .
suspensions provided that the Mg concentration was



maintained at or above 10mM. It was necessary, however, to
consider the possibility that a population of mesosomal
Vesicles released alt a particular Mg2+ concentration may
differ functionally , yet be morphologically indistlinguishable-
from that released at a different level of Mg2+. The results
ol analyegis of mesosomal membranes prepared at 10, 20 and

40mM Mg2+ are shown in Table 22. The yield of membrane

increases with decreasing Mg2+

concentration and probably
reflects a decrease in the stability of mesosomal membrane
attachment to the protoplasts. Similar observations have algo

been reported for Bacillus spp. by Fitz-James (1967), Ryter

et al. {1967) and by Reaveley & Rogers (1969). However, no
significant differences were &itectedin the protein, carotenoid
pigments or lLotal hexose content oif the different prepérations..
A slight increase in the total pﬁosphorus with decreasing

g2t

concentration could be explained by an increased

content of phospholipid and/or nucleic acid. The cytochrome
content of the different mesosome preparations was quanti-
.tatively and qualitatively similar (Fig.15),.cybtochrome

b556 only being detected. DBy contrast, significant differences
in the activity'of succinate dehydrogenase (Taﬁle 22 ) and

an unspecified autolytic enzyme(s) (Table 23%) were detected

in the different preparations. Although the activity of
succinate dehydrogenase and the autolytic enzyme(s) increased
with decreasing Mg2+ concentration, it is interesting that,

in both cases, the ratio of +the specific activity of mesoscmal
membrane to that of the corresponding peripheral membrane
preparation remains practically constant. Thus, the

partition ol enzyme activity between mesosomal and peripheral

membrane is independent of the concentraticn of Mg2+ in the



preparation procedures described. It has been shown
Previously that the observed activity of succinate

dehydrogenase in membrane preparations from M.lysodeiklicus

is a function of the Mg2+ concentration (Owen & Freer, 1970y.

A comparison cl the properties ol mesosomal

and peripheral membrane preparations

It is apparent from the above results that
fraétions with identical morphology (i.e. fractions free
from peripheral membrane) are alsc very similar in their
chemical composition. Major differences in constitution
were, however, noted between peripheral and mesosomal

membrane fracidions.

Chemical analysis. Mesosomal membranes isolated in the

presence of 10mM Mg2+ accounted for between 7% and 1%%

kw/w) of the total membrane fractions from M.lysodeikticus.

The results of chemical analysis and values for selected
enzyme activities of both peripheral and mesosomal

membranes are given in Tables 24 & 25.

The protein/lipid ratio for peripheral
membrane is greater than that of mesoscmal membrane, in
large part a consequence of a low protein centent in the
lattér. The very low levels of dehydrogenase activities
found in mesosomal membranes correlates with the lower
protein which is a feature of the mesosomal membrane.

Apart from this quantitative difference in protein content
between peripheral and mesosomal membranes, there also
exists qualitative differences which can be demonstrated

by disc gel electrophoresis (sece Plate 30)., Fifteen of the

forty individuval polypeptide components which could be
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demonstrated for peripheral membrane preparations were
either very much reduced in intensily or absent from
mesosomal membrane fractions. Only two components showed
an enhanced localisation in the mesosomal membrane fraction.
Qualitative variation of protein in the two fracticns would
also account for the different ratios observed when
comparing values for protein obtained by both Biuret
(Gornall et al., 1949) and the Folin-Ciocalteu reagents

(Lowry et al., 1951).

Al though mesosomal membranes are lower in
carctenoid content, the wvalue for extractable lipid in
mesosomal membrane fractions agrees closely with that of
peripheral membrane . The figures for total phosphorus,
however, suggest appreciable differences in the phospholid
components of the two types-of membranes., It should be
noted, however, that figures for extractable 1lipid do not
necessarily represent total lipid content of membrane
fractions., Preliminary studies (Table 26) indicated that
only 4O%LW/W) and 50%(W/w) of the total phosphorus of
peripheral and mesosomal membrane respectively were
detected in the extractable lipid fraction. Mild acid
hydrolysis of the defatted membrane, to release bound
lipid, followed by extractions with ether and acetone/
methanol gave two solvent-soluble fractions. The ether-—
soluble fraction accounted for approx, 10% (W/w) of the
membrane and contained less than 1% (W/W).of the membrane
phosphorus. The acetone/methancl-soluble, ether-insolutle
fraction accounted for approx. 8% (W/w) of the membrane

and approx. 40% (Y/w) of the membrane phosphorus (Table 26).



Unlike intact membrane preparations, extractable 1lipid

o1 ‘the ether—in&olﬁble, acetone/methanol-~soluble fraction,
the ether-soluble fraction displayed no absorpltion
characteristic of O0-H stretch, of P=0 stretch or of Amide

1 & 2 modes (Fig.,l16 and Table 12). Indeed, the presence

cf strong absorption peaks indicative of C-H stretch and
bend, of ester carbonyl stretch, of C~0 stretch and of Cl,
"rock" are suggestive of an esterified fatlty acid. In
contrast the acetone/methanol-soluble "bound" lipid fraction
showed strong abscrption characteristic of P=0 streteh,
Amide 1 & 2 modes and of O-H and/or N-H stretch. Ne CH2
"rock" mode was detectéd although there was some ester
carbonyl absorption (Fig.l6 and Table 12). It seems
probable that the procedure adopted to release "bound"lipid
(Yudicin, 19867) hydrolysed bound phospholipid(s) to give
ether-soluble methyl esters of the fatty acids. Glyceric
acid phosphates, logether with unhydrolysed 1ipid and
components containing peptide residues, constitute the
acetone/methanol-soluble, "bound" lipid. fraction. Indeed
absorption characteristic of the peptide linkage (Amide 1
&% 2) was detected in the infra-red absorption spectrum of
extractable 1lipid (Fig.l6 compare A & B, See also

Sofronova et al.,, 1971 for a similar observation.)

, Mesosomal membrane preparations showed
over a fourfold increase in hexose contenf compared with
peripheral membrane (Table 24). In neither preparation was
hexose detectable in the extractable lipid but hydroiysis
and paper chromatography of whole membrane preparations

showed it to consist mainly of mannose plus small amounts

ol glucose,



Mesosomal membrane preparations possessed
an autolytic enzyme activity, which was demonstrated by
reduction ol optical density of whole cell suspensions and
confirmed by observing cell disruption under phase contrast
optics. The differences in distribution of autolytic
enzyme activity shown in Table 23 correlate with the
observations  of Ellar (personal communications). Mesosomal
membranes showed an increese of approx. fifteenfeold in

aufolytic enzyme activity when compared with that found in

peripheral membrane fractions. The contribution of lysozyme
to this activity is not known at present. When assayed

under identical conditions crystalline lysozyme was shown to
have an activity of 96 H00 Units/mg. If one assumes no
binding to membrane, then the extensive washing procedure
adopted would result in a muralytic activity due to residual
lysozyme of less than 1077 Units/mg membrane assayed.
However, if the autolytic activity is a consequence of
exogenous lysozyme, then preferential binding to mesosomal
membrané ﬂust occur, and the extent of the binding is
inversely related to +the Mg2+ concentration used in the

preparative procedure (see Table 23).

Cytochromes. A most striking and interesting difference

between the two membrane preparations was found in their
cytochrome content. It can be seen that cytochromes a601’
b560 and 550 (Lukoyanova & Taptykova, 1968) clearly present
in peripheral membrane (Fig.4) are not detectable in mesosome
fractions (Iig.l1l7). Cytochrome b556 was the only

cytochrome apparent in the latter preparation (Fig.l7),

although a slight inflection was noted in the region of 600xnm,



In peripheral membrane preparations the absorption due to
cytochrome b556 is'masked by absorption peaks.of Cybochfome
b560 and cytochrome 550 (Fig.4),. This problem can be
overcome by selective reduction with NADH2 or malate in the
presence of detergent (Gel'man et al., 1970). Fig. 18
indicates that addition of substrate LNADH2 or malate) to
peripheral membranes which had been clarified by Triton X-100,
unlike those clarified by ultrasound, caused visible
selective reduction of cytochrome b556n This is followed by
reduction of the other cytochromes in the electron transport
system. The incomplete reduction of cytochrome b560 by
substrate confirms a similar observation by Lukoyanova &
Taptyltova (1968), The kinetics of substrate reduction of

cytochromes a b56O and 0550 in membrane preparations

601°?
dispersed with Triton X-100 can be altered by addition of
Vitamin K5 (Fig.1l9), a compound very similar in struciture to

the menaquinones reported in membranes isolated from

M.lysodeikticus (Bishop & King, 1962; Salton & Schmitt,

19674a). lNADHZ and malate also reduced cytochrome b556 in
mesosomal membraﬁe preparations (Fig.17) although at a much
reduced rate. This probably reflects the lower level of
the corresponding dehydrogenase activities in mesosomal

membrane compared with peripheral membrane (Table 257,

Quantitative determination (Simakova et al.,
1969) of cytochromes a60l,b56O and Cie0 in peripheral
membrane (Table 27) gave resultls in close agreement with
those of Lukoyanova & Taptykova (1968. See Table 9).
Determination of cytochrome b556 in peripheral membrane is,
as noted above, inherently ditficult, An estimate can be

obtained from spectra of selectively reduced membrane



preparations. This method is not totally satisfactory,
as the spectra monitored may not represent fully reduced
cytochrome b556, However, valueg for the cytochrome b556
content of peripheral membrane varying from 0.11-0,16
umoles/g dry wl, membrane are approx. one third of the

estimated values for mesosomal membrane (Table 27 ) .

A similar fractionation of cytochromes was
observed after treatment of total membrane preparations with
sodium deoxycholate, Salton and co-workers (1968) indicated
previously that treatment of total membranes from

M,lysodeikticus with detergent gave a lipid-depleted %0 000g

residue, which accounted for approx. 15% of the dry weight
of the membrane and contained most of the cytochrome and
succinate dehydrogenase activity of the membrane. This
present investigation showed that consecutive centrifugation
of deoxycholate-treated membranes for 28 500g x h, 200 000g
x h and 1400 000g x h gave three insoluble residues (see
Flow Diagram 1)}. DO1, D02 and DO3 accounted for approx.
18%, 17% and 3.5% of the dry weight of the membrane
respectively (Table 28)} DO1 appeared morphologically
similar {(scece Plate 31) +to the smooth-surfaced membranous
sheets observed by Salton et al. (1968) and gave a similar
cytochrome spectrum (TFig.20). In contrast DO% contained
cytochronme b556 only (Fig.?20) and appeared in. negatively
stained preparations as loosely aggregated lengths of
membranous material (6.%5nm in width, axia} ratio approx.
6-8)having little visible substructure (Plate %%). D02
appeared both from electron micrographs (Plate 32) and from
its cytochrome spectrum (Fig.20) tc be a mixture of the two

components, These differences are also reflected in the



pattern of polypeptides observed after SDS-polyacrylamide

disc gel electrophoresis (Tlates 34 & 35),

It is interestiing to note that Pollock et al.
(1971) have since reported on an essentially similar
fractiornation procedure which gives a deoxycholate-
insoluble residue sedimentable at 130 000g and which contains
cytochrome b and enhanced succinate dehydrogenase activity.
Similar fractionatioﬁ of total membranes from M.

lysodeikticus, after treatment with Triton X-100, was shown

to give a fraction not sedimentable at 144 000g and
containing cytochrome b556 activity (Gel'man et al., 1970).
It is templing to speculate, as have Gel'man et al. (1870),

that detergent treatment of membranes from M.lysodelilticus

disrupts the electron transport chain, splitting it into

two blocks., However, the morphological similarity between
D03 {Plate %%) and deoxycholate extracted mescosomal membrane
{Plate 36) together with their similar cybochrome
composition (compare Fig.l7 and Fig,20, BSee also Tig.21)

may serve to complicate this interpretation.

Ultrastructure of M,lysodeikticus as revealed

by thin.sectioning

The anatomy of cells of St and St.A as
revealed from thin sections were founq to be basically
similar: Thus in this chapter, the results presented for
cells from an 18h culture of St.0 also pertain to cells of

St.A, unless otherwise specified.

Cells (approx.lum in diameter) are bounded
by a limiting peripheral (plasma) membrane approx. 9.0nm

across and displaying the familiar tripie—track staining



properties (see Plate 44). The outer leafliet of the
peripheral membrané appears thicker (approx. 4.0nm) and to.
be more densely stained than the inner leaflet (approx.l.Onm)
which is often difficult to see (for example Plate 37), The
cell wall bhas uniform steining properties, the freshly
cleaved cell wall displaying a smooth profile.compared with
the irregular profile of the wall derived from the parent

cell (see Plate 44).

In most of the sections examined, only one
mesosome per cell was observed, This was usually
associated with the developing septum (Plates 37, %8, 40 &
44) although occasionally appeared as a complex invegination
of the peripheral membrane (Plate 44 & 45), Under the
fixation conditions used, the mesosomes appear as large
stfuctures usually with convoluted or lamellar morphclogy
(see Introduction). Other membranous structures of unknown
significance were also a feature of many cells, These often
appeared as lengths of double membrane (approx. 14.5nm in
width) around the periphery of the cytoplasm, and
occasionally as rings of double membrane (Plates 37-40 & 45).

Similar features have been reported in a Streptomyces sp.

(Moore & Chapman, 1959), in Vibrio marinus (Felter, Colwell

& Chapman, 1969) and in Streptococcmslactis (Thomas et al.,

1969), and may arise from mesosome unfolding (Thomas et al.,

1969),

An interesting feature, which may be
related to the enhanced autolytic activity of isolated
mesosomal membrane (Table 25), was observed in sections of

dividing cells of M.lysodeikticus St. O, Plate ‘3% shows a

dividing cell at an early stage of cell septum formation.



The developing septum appears as an invagination of the
peripheral membrane and cell wall, and is 1inked te a
mesosome via a narrow membranous channel or "stalk"., The
transition point from developing septum to "stalk® is oflen
well defined (Plates 37 & %38) and will be referred to as the
"neck" of the septum. Bisecting the developing septum is an
electron—~transparent zone 7.0-9.5nm widec and stretching from
the "neck" to the base of the septum. This electron-
transpérent zone is similar in demsity to and sometimes
appears continuous with a region, 8.5-11.0nm across, between
the peripheral cell membrane and the cell wall. This latter
electron-transparent region is often crossed with "bridges"
apparently connecting the peripheral membrane to fhe cell
wall (see Plates 37 & 39). Both electron~transparent zones
terminate at the "neck" of the septum (Plates 37 & 38).
Essentially similar features are observed during later stages
of septum development (Plates 39 & 40) until, after
completion of division, an electron-transparent zcne can be
observed to Dbisect completely the fully developed cell

septum (Plate 41)., At this stage the septum is of similar
thickness to that of native cell wall. Tt should be |
stressed that the central electron-transparent zone, which

is suggested as representing a region of muralytic activity,
does not appear to progress beyond the base of developing or
developed septa 1.e. across the original wall of the parent
cell. The initial lesion in cell separation probably
invglves mechanical rupture of the wall at one, or sometimes
both, of these regions (Plate 41), giving it a ragged cleavage
profile (see also Plate 44).  Cell cleavage then proceeds

down the existing central electron-transparent zone (Plates



42 & 47%) to give two daughter cells which often remain
attached by an unrﬁptured region ol cell wall (Plates 44
& 45). Unlike the initial division lesion the newly
divided cell septum has a smooth profile, wall thickening

in this region occurring after cleavage (see Plates 43 &44).
Some process of septum cleavage is required
for cell-separation in any micro-crganism. It appears that,

in M.lysodeikticus 51.0,the septal mesosome is responsible

for laying down a muralytic enzyme which effectively bisects
the developing cell septum. It should be noted that, in

dividing cells of M.lysodeikticus St.A,the electron-

transparent gone is ill-defined and often not detectable

(see Plate 10).

Comparative study by the freeze-fracture/freeze-etch

technigue of peripheral and mesosomal membrane from

M.lysodeikticus

General Introduction, The frecze-etch technique was first

applied to biological material by Steere (1957) and later
developed by Moor, Muhlethaler, Waldner & Frey-Wyssling
(1961). It hasg since proved particularly useful in the
examination of biological membranes (for reviews sce Branton,
1969, 1971) and artificial membranes (e.g. Deamer, Leonard,
Tardiew & Branton, 1970; James & Branton, 1971).  An
essential part of the method is the quick freezing of the
specimen in order to prevent damage by ice crystal growth
{Moor, 1964). The fracture process breaks the specimen
along planes of weak bonding, the etching process subliming

away volatile materials, usually water, from between non-

volatile components of the sample (for a critical review of
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the etching process see Staehelin & Bertaud, 1971). The
interpretation of fhe relation of ‘the surface revealed by
the technique to membrane ultrastructure has been
controversial (Moor, 1966; Branton, 1969),. The
investigations of Branton and his colleagues ( Branton, 1966;
see also Branton, 1969) have demonstrated that the membrane
faces revealed after freeze-fracturing represent the
topography of the interior of the membrane, the fracture
plane occurring in the region of the methyl end groups of
fatty acids of the lipid bilayer. According to the original
Moor-Muhlethaler hypothesis, the faces revealed by freeuzc-—
etching represent true outer* surfaces of membranes
(Muhlethaler, Moor & Szarkowsky, 1965; Weinstein, 1969) i.e.
that two potential cleavage planes exist; one along the
outer% surface of the membrane and a second along its

inner¥* surface. Recent evidence from studies of artificial
membranes {Deamer & Branton, 1967) and from the use of the
double-replica-freeze-cleave technique on chlorcplasts
(Wehrli, Muhlethaler & Moor, 1970), red cell membranes
(Weinstein, Clowes & McNutt, 1970), liver cell membranes
(Chalcreft & Bullivant, 1970) and bacteria (Nanninga, 1971a;
Van Gool & Nanninga, 1971; Sleytr, 1970¢;Velfri & McClear,
1971, 1972) has suggested a unique cleavage plane for
freeze-fractured membranes,. The elegant investigations

of Nanninga (1971b) and latér of Hereward & Northcote (1972)

* The terms inner and outer are made in respect to

the centre of the cell,



have alsoc indicated that membranes of B.subtilis (Nanninga,
1971b) and of the tonoplastl(ﬂereward & Northcote , 1972)
fracture along an internal cleavage plane and substantiate

the theory of Branton (1969),

"he object of this part of the investigation
was to compare the topography of fracture faces of isoiated
peripheral and mesosomal membranes and to deltermine whether
differences observed in the chemical properties and
negatively stained preparations of the two membrane fractions
were reflected in differing internal architectures.
Comparison of fracture faces of isoclated membrane
preparations with fracture faces of corresponding membranes
in situ would also assist in the assessment of any internal
rearrangement of membrane components during the isolation

procedure.

The results: given in this section pertain

to both M.lysodeikticus St.A and 5t.0,

Freeze~fractured whole cells, DPlates 46-51 show replicas

of freege-fractured unetched whole cells of M.lysodeikticus

St.A and St.0, (Although the term unetched is used
throughout this report, a more correct description would be
minimally etched. If a cutting or fracture stroke causes
an irregular fracture through the frozen specimen, then it
ig possible that consecutive strokes of the cutting blade
will not produce a fresh fracture through some areas of the
surface, This process can result in unintentional etching
of fracture surfaces, a phenomenon which is sometimes
manifested by changes in the structure of the background

ice table. See sStaehelin & Bertaud, 1971), Clearly



evident in the cross fractured cell wall (Plates 46 &47)

and in the developed septum (Plate 50) are intrawall

particles approx. 9.0nm in.diameter‘ Particles of similar
dimensicns can also be seen in the cytoplasm (Plates 46 & 47).
No nuclear material can be defined, contrasting with the
observation of Remsen (1968) for B.subtilis. A characteristic
feature of cells is the presence of vesicles within the
cytoplasm and often situvated around the cell periphery

(Pilates 46-50). Both convex (Plates 48-50) and concave
(Plates 46 & 47) fractures of vesicles reveal smooth faces

devoid of particleés., Only very occasionally are the

vesicles cross-fractured (Plate 51).

Plates 52 & 53 show concave fractures of
peripheral membrane in situ and reveal the inner surface
of the outer half of the membr&ane. Characteristic features
of such fractures are linear depressions (approx. 20nm x 4.0nm)
and few intramembrane particles approx. 9-10nm in diameter.
Convex fracihures of peripheral membrane in situ (Plates 54-
56) reveal the outer surface of the inner half of the
membrane., Many intramembrane particlas 9-10nm in diameter
are evident together with numerous rod-shaped structures
distributed over +the surface. The rodmshaped'structures
often show clear continuity between the interior of the
membrane and cell wall and also the cell septum (Plates 55
& 56). These structures are approx. 6nm across and vary
in length from 20-70nm and may possibly be éomplementary
features to the rod-shaped depressions observed on concave
fractures, Similar structures have also been (or can be)
observed in eleciron micrographs of replicas of some

freeze-Iractured bacteria presented by other workers



(rable 29) and alsc for other micro-organisms (Staehelin,
1968a; Streiblova, 1968). They do not, however, appear to

be a common feature of all bacteria so examined (Pable 29).

Vesicles, often observed in cross fractured
cells (Plateé 46-50), can occasionally be revealed where
the fracture plane through the membrane suddenly departs
into the cytoplasm. Plates 57 & 58 show smooth~surfaced
vesicles revealed in this manner. Plates 59 & 60 serve to
summarise the features of freeze-fractured whole cells so

far encountered,

Freeze~fractured "standard" membranes. Replicas of freeze-

fractured, unetched "standard" membranes isolatled from

M.lysodeikticus St.0 and St.A and subseguently suspended in

glycerol are shown in Plates 61-66. The distribution and
dimensions of intramembrane particles, rod-shaped structures
and linear depressions on fracture faces are identical with
those observed in corresponding fracture faces in situ. The
membrane fragments usually appear round and are often
observed as a number of concentric vesicles (Plates 64 & 65).
These latter structures appear to be artifacts induced by
the amifreeze agent, glycerol (Moor, 1971) and can be

avoided by its omission (cf. Plates 74-77).

Two different concave and two different
convex fractures are theoretically possible for iﬁglatéd
membranes. This contrasts with the situation in the whole
cell where the number of different concave and convex
fractures of peripheral membrane (i.e. one only of each)
is limited by the geometry of the cell, In isolated

membrane both concave and convex fracture faces can reveal



either the inner surface of the outer half of the membrane
or the outer surface of the inner half of the membranc,
depending on the orientation of the membrane. In the
special case of an isolated membrane vesicle, the occurrence

)

of the four fracture faces described would indicate the
presence ol both rightside-in and inside-out vesicles
(Steck, Weinstein, Straus & Wallach, 1970). The features

degecribed are illustrated in Plate 66,

The topography of fracture faces does not
appear to be altered in whole cells undergoing obvious

autolysis (Plate 67).

Freeze-fracitured and etched protoplasts, Observation of the

outer surface ot the membranes may be achieved by the etching
process, which sublimes volatile components from the
fractured surface. In specimens suspended in water or
dilute buffer this effeclively lowers the ice table
surrounding the specimen (Davy & Branton, 1970; Branton,
1971). However, to see the outer surface of the outer hall
of the peripheral membrane of the intact bacterial cell
necessitates the prior removal of the cell wall and
consequent stabilisation ol the protoplast/spheroplast,. The4
most effective way of achieving this stabilisation is with
fixatives such as osmium tetroxide or glutaraldehyde. The
topography of membrane fracture faces of B.subtilis have

been shown to be unchanged in cells previously treated with
osmium tetroxide (Nanninga, 1968; 1969) a fixative which
appears to stabilise mesosome structure (Nanninga, 1971a).
Glutaraldehyde has alsc been used to stabilise yeast

protoplasts during the freeze-fracture process and causes 1o

gsignificant alteration of membrane topography (Necas, Kopecka



& Brickta, 1969). Both fixatives, however, have been shown
to reduce ‘the overéll number of membrane fracture faces
(Necas et al., 1969; James & Branton, 1971). During this
study glutaraldehyde was used to stabilise protoplasts of

M.lysodeikticus (derived from a 18h culture) in dilute buffer.

Plates 68-73 show replicas of freeze-

fractured and etched fixed protoplasts of M.lysodeikticus

51,0, Convex fraclure faces of the protoplast peripheral
membrane (Plates 68 & 69) reveal.a similar dense
distribution of intramembrane particles to that observed in
corresponding fractures in whole cells. The rod-ghaped
structures are also apparent on this fracture face and often
connect with the ebched surface (Plates 68 & 69). The outer
surface of the outer half of the protoplast peripheral
membrane often appears relatively smooth but alt low
shadowing angles a rougher topography can often be observed
(Plates 69 & 73%). These protuberances, or raised ridges,
may arise from the accommodation of intramembrane particles
by this surface. Ifnédeed rows of protuberances, reported on

the etched surface of flagellated epithelial cells of the

mollusc Cominella maculosa, have been attributed to the
accommodation of inframembrane particles (Flower, 1971).
Concave fractures of protoplast peripheral membrane were not
observed, making it impossible to see the inner surfaces of

either the inner or outer half of the membrane.

A notable feature of some freeme-fractured
and etched fixed protoplasts was the occurrence of areas on
the outer surface of the inner half oi the membrane, sparsely

covered with intramembrane particles (Plates 70 & T71. OSee

also Table 29). These areas, which may be quite extensive

/



(Plate 71), clearly merge with areas possessing a normal
distribution of pafticles, the transition often being quite
marked (Plate 70). A noticeable feature of these "hare"
areas is the absence of any rod-shaped structures either on
the fracture surface or connecting with the etched surface
(Plétes 69 & T70). In direct contrast, areas of the same
fractured membrane surface, densely covered with
intramembrane particles, reveal the presence of these rod
structures, both on the fracture face and connecting with

the outer surface of the membrane (see Plate 69),

No structures resembling the vesicles
observed in replicas of freeze-fractured whole cells are
evident for freeze-fractured and etched protoplasts.
~Occasionally fractures through the peripheral membrane
reveal a "cratered" fracture face tlopography below (Plate 70).
An almost identical featu;e, observed in replicas of freeze-
fractured whole cells of B.polymyxa (Holt & Leadbetter,

1969), has been attributed to a mesosome structure., This

interpretation appears unlikely, at least for M.lysodeikticus

protoplasts, as mesoscmal vesicles would be expected to be

extruded upon wall digestion.

Another feature which .was observed very
occasionally on the etched outer surface of protoplasts was
a line of small depressions, apparently revealing the outer
surface of the inner halfl of the membrane, although none
were large enough to reveal the characteristic featurés of
that face (Plates 72 & 73). The line of these depressions
sometimes parallels the edge of the etched face (Plate 72),

whereas at other times appears as an extension of the

fracture edge (Plate 73).



freere-Tractured and etched isoclated "standard" membranes.

Plates T74-77 show feplioas ol freeze-~fraciured and etched

"standard" membrane preparations from M.lyscdeikticus St.0

and St.A. The features revealed on fracture faces and
etched surfaces are identical to those already described
for fixed protoplasts. It should be noted that concave

fractures of peripheral membrane were seldom recognised.

The distribution of intramembrane particles
and rod-shaped structures on membrane fracture faces also
appeared unaffected by prior treatment of the membrane with
ionic shock {Plates 78 & 79)‘and with EDTA (Plates 80 - 8%).
Both treatments are known to remove relatively loosely
associated membrane components (Nachbar & Salton,1970b) and
were shown to yield smooth-surfaced membrane residues when

examined by the negative staining procedure (Plates 84 & 85).

Treegze-fractured isolated mesosomal membrane. Plates 86-89

show replicas of freeze-fractured, six times washed mesoscmal

membrane isolated from M,lysodeikticus 8t.0. Freeze-

fractured mesosomal membrane appears as a uniform collection
of spherical vesicles approx, 70nm in diameter. The inner
surface o1 the outer half of the mesosomal vesicle membrane
(concave fracture face) and the outer surface of the inner
half of the mesosomal vesicle membrane (convex fracture face)
reveal a distribution of intramembrane particles essentially
similar to that observed cn corresponding fracture faces in
peripheral membrane. Unlike freege-fraclured peripheral
membrane, however, fracture faces of isclated mesosomal
membrane do not show either rod-shaped siructures on convex

fractures or linear depressions on concave fractures. Indeed



only ONE vesicle in the many hundred of fields examined
showed rod-shaped structures on the convex iracture face
(Plate 88). It appears probable that this particular

vesicle is contaminaiting peripheral membrane.

No inside-out vesicles were scen although
Jarger vegicular stpuctures (between 0.1-0,15%5um in diameter),
revealing smooth-gurfaced convex and concave fracture faces,
were occasionally found (Plates 88 & 89). These gstructures
bear striking resemblance to theAveSicles in freezse-Ifractured

whole cells (cf. Plates 46-50).

. Freeze-fractured and etched mescsomal membrane, Plates 90-85

show replicas ol freeze-fractured and etched, six times

washed, mesosomal membrane isolated from M.lyscdeikticus St.0
(see Flow Diagram 2). The specimen appearé to have a gross
morphology compatible with the collection of vesicles and
tubules observed in negatively stained preparations (compare
with.Plates 11-17). The fracture faces of small spherical
vesicles, however, appear less complex than those of the
larger tubular structures (Plate 90). 1 shall, therefore,

deal with these two entities separately.

The fracture face revealed in replicas of
freeze-Iractured and etched small vesicles is usually convex.
It exhibits a population oflintramembrane particles very
similar to that observed on corresponding fracture faces of
isolated peripheral membrane and also ol mesosomal membrane
after suspension in glycerol (Plates 90-92). In commen
with the laitter, no rod-shaped structures were evident on
the convex fracture face. Concave fractures of small

vesicles are seen infrequently but appear relatively smooth-



surfaced with only the cccasional intramembrane particle
visible (Plate 90); The outer surface ol the outer half
of the mesosomal vesicle membrane, revealed by etching,
exhibits a relatively smooth topography (Plate 91) similar
to that shown by freeze-fractured and etched peripheral
membrane. Some, although not all of the vesicles, however,
exhibit a cross-fracture surrounding the etched surface
(Plate 90), The significance of this cross-fracilture will

become apparent later.

In common with the etched surface of the
small vesicles, ‘the outer surface of the outer half of the
tubular membrane appears smooth (Plates 91, 93 & 94) and
devoid of surface paftioles. The small radius of curvature
of both vesicles and tubules does not allow adequate areas
~of the etched surface to be viewed at low shadowing angles.
Hence, the apparent absence of proituberances on these surfaces
may nolt be a true presentation of the surface topograpnhy.

The fracture revealed in the mesosomal tubules is very
complex (Plates 90-96). The tubular membrane itself
invariably appears to be cross fractured (Plates 91-96)} and
the fracture through the tubule contents to be very
undulating (See, however, Plate 96). A noticeable feature
of these latter fﬁactures are convex regions carrying a
distribution ol particles very similar to that observed on
convex fractures of small vesicles (see Plates93.-96),
Indeed, in several micrographs, fractures give the
impressicn of small vesicles within the mesosomal tubule
(Plates 94—96). Ancther feature of fractured tubule contents
is illustrated on Plate 91. Several relatively smooth-

surfaced depressions are scen along the length of the



tubule contents. These concave areas oflen combine with
convex, particle—cévered, regions to give a very undulating
gurface (Plates 9% & 95). Occasionally, smooth-surfaced
convex areas are also revealed (Plate 95), Between these
various intratubular regionsg is interspersed an ares similar

in topography 1o that of the ice table {Plates 91 & 95).

These features are compatible with the
hypothesis that the mesosomal tubules themselves contain
membrancus vesicles, some of which inevitably leave the
confines of the tubule during the isolation procedure.
Accordingly, the convex ,particle-studded region observed
within fractured tubules corresponds to the cuter surface
of the inner half of the intratubular vesicle membrane and
the smooth depressions to either the inner surface of the
outer half of the intratubular vesicle membrane or to the
inner surface of the inner half of the tubular membranc
revealed by etching. The presence of cross-fractures in
the immediate vicinity o1l these depressions rules out the
possibility that they represent the inner surface of the
outer half of the tubular membrane (Plate 91). Indeed the
close similarity in diameter- of the depressions and of free
spherical vesicles suggests thatl they represent the concave

fracture face of intratubular vesicle membrane.

Freeze—fractured deoxycholate insoluble membrane residue.

Plate 97 shows part of a replica of freeze-fractured membrane
residue (DOl - see Flow Diagran 1). No obvious fracture
faces were seen. Indeed, the only definite structures were
striations which may represent cross-fractured membrane

residue. They may also be artifacts caused by the knife



blade although their freguent bent (Plate 97) appearance
makes this unlikely. The absence of membrane fracture
 faces for specimen devoid of 1lipid (Salton et al., 1968)
ig compatible with‘the meéhanjsm ¢f membranc freemne-

fracture postulated by Branton (1966, 1969).
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Two strains of M.lysodeikticus NCTC 2665

M.lysodeikticug St.A and M.lysodeikticus

8t.0 differ in that membranes isolated from the former
contain an additional component which can be isoclated by
its insolubility in aqueous detergent (SDS). From its
chemical composition there seems 1little doubt that this

additional component is derived from the éell wall,

It does not appear likely that the presence
of residual peptidoglycan can be attributed solely to
incomplete digestion of a thickened cell wall of basically
gimilar structure to that of St.0. The observation that
cells from exponentially growing cultures of St.A possess
walls of similar thickness to those of St.0 and yet "standard"
mémbrane préparations from the former contain residual cell
wall material {Table 13‘) suggests that the walls of the two
strains are structurally dissimilar. Alternatively, cells
of St.A may produce a substance which is antagonistic
towards lysozyme. Although it is evident that almost
complete removal of cell wall material from membranes
isolated from cells of St.A harvested during early
stationary phase (12h) cen be achieved by manipulation of
the incubation conditionsg, the same is not true for
membranes isolated from cells of St.A after 36h of growth.
This phenomenon may be attributed in part to either cell
wall thickening, wall "maturation" or decreased autolytic

activity, or a combination of these factors,

No attempt was made to determine the basis
of the partial lysozyme resistance of the cell wall from

St.A. Two features, however, are worthy of note in this



respect. Mrstly, dividing cells of St.A did notl possess
the distinct electron-transparent zone observed bisecling
~developing septa of cells of St.0, This may indicatec a
reduced complement of autolytic enzyme for St.A, a feature
which may also contribute to the thicker walls of this
strain during stationary phase. Secondly, the isolated
cell-wall residue (SDS-insoluble residue) ;although
indicating an amino acid molar fatio (Table 13%) typical of
wall isolated from whole cells {(Table 15), showed differing
molar proportions of amino sugars. It might be expected
that in cell-wall residues partially digested with lysozyme
the molar ratio of either of the amino sugars to pentapeptidé
subunit would be less than one. The extensive cross
linking of peptides in the wall requires that many of the
N—-acetyl muramic acid residues remain unsubstituted and that
enzymic removal of lengths of glycan unsubstituted by
pentapeptide is possible. However, it is difficult to
explain why there exists almost three times the molar
guantities ot glucosamine to that of muramic acid. Recent
reports on the composition of cell walls isolated from

M,lysodeikticus show slightly higher values for glucosamine

content than for muramic acid, diffefences which remain
largely unexplained. A molar ratio of glucosamine/muramic
acid of up to two is theoretically possible for cell wall
partially digested with both lysozyme and an endo-~-N-
acetylgluccsaminidase, a possible autolytic enzyme. However,
it would seem inappropriate to speculate further until

confirmation of the observed experimental results is obtained.

Whatever the basis of the partial lysozyme

resistance ot St.A, whether it be due to inactivalion of
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lysozyme or to steric hindrance (Brumfitit, Wardlaw & Park,
19583 Brumfitt, 1959; Prasad & Litwack, 1965) its effect is
to yield isolated membrane preparations contaminated with
material which is wvery probably partially digested
peptidoglycan. Since both St.A and St.0 were ohtained
originally from the same source it is difficult to determine
which, if either, represents the original parent strain., It
is apparent, however, from this étudy, and also from the
survey presented (Table lO),that-precautions must be taken

to ensure that membrane fractions prepared from this organism

are free of residual peptidoglycan.

The differences cbserved in the scnsitivities
of the walls'of the two strains to lysozyme were not
reflected in the topography of membrane fracture faces
revealed by the freeze-fracture technique. Identical
features were observed on fracture faces of isolated
peripheral membrane and peripheral membrane in situ. Indeed,
only minor differences were detected in the pattern of
polypeptides displayéd by the different mémbrane fractions
and also by their cofresponding membrane-wash supernatant
fractions.

The amino acid analysis of the membrane
fractions of both organisms alsc appear very similar. They
display a wide range of acidic, basic and hydrophobic amino
acids, Cysteine, however, is present only in trace aﬁounts
(in agreement with the observations of Grula et al., 1967),

a finding which rules out disulphide bonding as a major
cohesive force for proteins in the basal membrane continuum.
This is inconsistent with the observations of Estrugo,

Larraga, Corrales, Duch & Munoz (1972), that membranes from



M.lysodeikticus contain approximately 45moles of SH group

per 10bg of reduced protein ,compared with a value of 0,87

_calculated for membrane proteins from 35t.0.

Isolation of mesogsomal membrane

As outlined in the Introduction, a productive
approach to the problem of mesosome function would appear to
be the isolation of this intracytoplaSmic'organelle
followed by its characterisation. Such a disruptive method
requires that, during manipulation, membranes be placed in a
somewhat artificial environment. Thus, as with all studies
on fractionated biclogical membranes, it may not be valid to
compare the isolated product with the native membrane in situ.
However, the extensive investigations of Salton and his
colleagues (1972) have been instrumental in establishing a
suitable method for the examination of isolated membranes

from @.1ysodeikticus.

Fractionation of the "mesosome" from the
remainder of the cell would appear to be.a difficult task,
as it entails separation of the mesoscmal sacculus (as well
as its contents) from the rest of the peripheral membrane.
Such a process would probably‘necessitate separation of
different membrane fractions from total cell lysates.‘ From
previous studies on the isclation of total membrane fractions

from M.lysodeikticus (Saltlon & Chapman, 1962) it is apparent

that extensive fragmentation and vesicularisation occurred.
It is mainly due to this fact that no satisfactory method
is available atl present for the isclation of "total”

mesosome fractions,

The fractionation of the contents of the

mesosome is possible and has been achieved in a number of
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instances (see Table 4 ). Such fractions do noil, however,
help to clarify thé role piayed by the mesosomal sacculus,
.since properties assocciated with the mesosome contents are
not per se those of the membrane invagination itself.
Bearing these problems in mind, I have devised a simple
method for the efficient fractionation of mesosome contents
(mesosomal membrane) free from contaminating peripheral

membrane.

In order to minimise contamination of
mesosomal membrane with peripheral membrane fragments, a
method of isolation retaining protoplast stability was
adopted. Several authors have recogniéed this requirement
although only Rogers and coworkers (Rogers et al., 1967;

Reaveley & Rogers, 1969) studying B.licheniformis, have

attempted to define in any detail the conditions under which
concomitant mescsome release and protoplast stability are
achieved. The release of mesosomal membrane from

M.lysodeikticus was greatly enhanced if cells were

plasmolysed prior to wall digestion, although prctoplasts
from cells treated in this way required a higher Mg2+
concentration for stability than unplasmolysedlcells { compare
Table 17 with Fig.l4). Plasmolysis has been shown to cause
extrusion and release of mesosomal membrane into the
periplasmic space (Van Iterson, 1961; Fitszaﬁes, 1964 ;
TFerrandes et al., 1966; Frehel et al., 1971a) a process

which probably involves breaks in the membrane, the resealing
of which is facilitated by Mg2+ ions. indeed Mg2+ ions

have been shown to cause reaggregation of membrane fracdtions

isolated from M.lysodeikticus and previously solubilised with

SDS (Butler et al., 1967).
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meveral authors have reported that the most
efficient releasec of mesosomal membranc from parent
protoplast occurs at Mg2+ concentrations below 10mM (Ryter
et al., 1967; Van Iterson & Cp deﬁ Kamp, 19695 Popkin et al.,
1971 Thorne & Barker, 1971; 1972). This present study
showed that release of mescosomal umembrane was inversely
related to the Mg2+ concentration, a phenomenon probaply
reflecting the degree of adherence of extruded mesosomal
membrane to the protoplast surface (Rogers et al., 1967).
Since the stability of protoplasts is impaired by lowering
the divalent cation concentration in the suspending fluid,

-{_

)
the choice of Mg®™  concentration during the proteplast

stage is critical,

As noted previously (Fitznfames, 1968}

Reaveley, 1968; Ghosh & Murrey, 1969; Fervandes gt al.,1970;
Patch & Landman, 1971; Thorne & Barker, 1972) characteristic
ditferences were observed in the appearance of negatively
stained preparations ol mesosomal and of peripheral membrane.
IThese consistent anatomical differences provided a

convenient means cf-monitoring for cross contamination in
different membrane(fractions. By experiment the optimum

2+ .
for concomitant mesosome release and

concentration of Mg
protoplast stability was found to be 10mM, It is perhaps
not surprising that this critical value differs for different

organisms, Rogers and coworkers found an optimum

concentration of 20mM for B.licheniformis (Rogers et al.,l967).

The observation that mild shearing forces do
not effect mesosomal memlrane release from protoplasts, but

only serve to increase protoplast lealkage, necessitates



108,

fairly gentlle handling procedures for protoplast
suspensiocns., The ﬁethod of Bllar & Freexr (1969), which
entails resuspension of pelleted protoplasts, should
ﬁherefore be modified to eliminate this step. Similarily a
50% reduction in Mg2+ concentration (Bllar & Treer,1969) can
be replaced by a procedure in which protoplast suspensions
are held at the lower level of Mg?+ throughout isolation.

O0f the parameters tested for their effect on the amount of
membrane released from protoplasts, only variations in Mg2+
ion concentration greatly influenced yield., Yemperature
aftfected mesosomal membranc release iny slightly, the
optimum temperature appearing to be hetween BOOC and BSOUq
The method outlined in Flow Diagram 2 ‘thus appears to g;ve a
simple scheme for the preparation of mesosomal membrane free
from detectable contamination with peripheral membrane, It
is apparent that mesosomal membrane is not quantitatively
released from protoplasts under these conditions since
occasional mesosomal membrane vesicles can be detected in

peripheral membrane preparations (see also Fig,14).

Mesosomal membrane fractions free from
peripheral membrane are necessary before they can be
chemically characterised and differentiated from peripheral
membrane by virtue of any exclusively localised components
(if indeed any exist). The presence of a mesosomal membrane
"marker" molecules and their successful isolation would
proﬁide a means of labelling, via Tferitin-conjugated specific
antibody, the origin of the vesicles in whole cells.

Evidence for a mesosgsomal origin of the vesicle fractions

isolated as degcribed in Flow Diagram 2 is overwhelming cven
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.if indirect. NMany WorKers (see Introduction) have shown
frem electron—micrdgcopic evidence that plasmolysis of
bacterial cells is accompaniced by a simultaneous loss of
internal membrancus structures and the appearance in the
periplasmic space of membranous tubulesgs and vesicles gimilar
to mesosome contents in situ. Fractionation of
morphologically similar structures alter cell-wall digestion
( Ferrandes ¢t al., 196635 Ryter et al., 1967; Ghosh & Murray,
1969; Frehel et al., 1971a; Popkin et al., 1971; Burdett

& Rogers, 1972; Thorne & Barker, 1972) is confirmatory

evidence that they do in fact represent the mesosome contents.

The collection of vesicles, tubules and

tubulovesicles obtained from M.lysodeikticus are strikingly

e

similar in morphology to mesosomal membrane fractions
obtained Ffrom other bacteria (see Table 6 for references).
The observed wviability of plasmolysed cells and protoplasts
of B.subitilis (Ryter & DLandman, 1964) suggests that little
mechanical damage to either the cell cr ite extruded contents
occurs during the initial part of the fractionation
procedures such as those outlined in Flow Diagram 2. The
slight fragmentation of mesosomal tubules observed during
washing is probavly an inevitable consequence of this
important procedure and may be a response to washing in buffer
free from Mg2+. It is unlikely that alteration of the Mg2+
concentration is the sole cause of this effect, as Lestras

2
& Munoz L 1971) showed that Mng associated with membranes of

M.lysodeikticus was retained after washing in buffer free

from this cation. Hence the presence of Mg2+ in ‘lhe

protoplasting medium may be sufficient to stabilise mesosomal
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The role of tlhe mesosome in M.lysodeiklicus

has been studied using both biochemical and electron-
microscopic techniques. During the developcment of membrane
fractionation procedures, vnexpected variations in the
specific activity of succinate dehydrogenasc (BC 1.3%.99.1)
were observed in similar membrane preparations. Since this
enzyme is an important membrane "marker", a detailed study

of the factors affecting its activity was considered an

essential preliminary investigation.

The membrane-bound enzyme was inactivaled at
temperatures above 10°C and its speccific activity found to
increase between two- and three-fold in diluted membrane
preparations equilibrated at 0°C for 6h. Membranecs treated
with sodium.deoxycholate showed no activation by dilution
but displayed maximal activity. The increase in specific
activity observed on dilution could be partially inhibited
by fixation with glutaraldehyde, or by the presence of
bovine serum albumin, whereas divalent cations caused an overal
depression of membrane-bound succinate dehydrogenase aclivily.
The significance of these observations are discussed in relatic

to the develcopement of a reproducible method of assay.

Two strains of M.lysodeikticus N.C.T.C. 2665

have been detected and partially characterised. A strain
which gave no detectable contamination of membrane
preparations with residual wall peptidoglycan was chosen for

a study of the properties of isolated mesosomal membrane.

By precise manipulation of the conditions

prior to and during protoplast formation, it was possible




to obtain highly purified preparations of mesosomal membranc.
Piasmolysis of cells,before wall digestion wds necessary for
effeclive mesosome release. The effects of mild shearing
forces, divalent cation concentration, ftemperature and time
upon the release of mesosomal membrane from protoplasts

were also Investigsted. The optimal yield of mesosomal
membrane from stable protoplasts was achieved at 10mi Mg2+,
mesosomal membrane fractions prepared av differing Mg2+
above 10mﬁ being similar in chemical composition. There
was nce evidence from freecze-fracturing and etching that

structural rearrangement or autodigestion occurred during the

adopted fractionation procedure.

Evidence from freegze--fracturing and etching
indicated that the mesosome was a metabolically important
organelle, the mesosomal sacculus possibly representing
a region of localised insertion of some membrane components.
Both biocchemical and elec%ron-microscopic studies suggested
that the mescsome was a region of localised autolytic activity
and may thus play a role in wall morphogenesis &and in
cell-separation. A four- to five-fold increase in the mannose
content of mesosomal membrane compared with peripheral membren
may also suggest a role for the mesosome in polymannan

Diosynthesis.

isolated mesosomal membrane ontained
cytochrome b556 only, whereas isolated peripheral membrane
was shown to possess a full complement of cytochromes.
The complement of succinatle, NADH2 and malate dehydrogenases

in mesosomal membrane was also much reduced compared with per!

ipheral membrane. These results serve to elimate the




mcesosome as the centre of respiratory activity in this

OYEANI S,

Evidence from freeze-~fracturing and etching
and also from negative staining have suggested the presence
of membranous vesicles within mesosomal tubules. These
results are discussed in relation to membrane growth and to

transport and secretion of extracellular ?roduots.

An additional investigation into the
multiple forms displayed by staphylococcald-toxin was also

undertaken, and a report of this study is included.




vesicles during subpsequent washing procedurcs.  (The

instability of staphylococecal mesosome membrane prepared in

2.
the absence of Mg‘*

supports this suggestion (Popkin et al.,
1971)) It seems probable that fragmentation is, to a large
extent, a function oi mechanical shear during the washing

procedure.,

"Doughnut" structures, observed in mesosomal
membrane fractions after negative staining, are not evident
in freeze~fractured and etched preparations, suggesting that
they are artifacts of the negative staining procedure. It
appears probable that forces exeried during the drying of the
gstain cause spherical vesicles to collapse and to form
indented spheres., Breakage and fusion of apposing membrane
Taces could then result in the "doughnuit" structures cbserved.
The observation of negatively stained images compatible with
indented spheres supports this suggestion. By a similar
mechanism the negative staining procedure itsell may be
responsible for the fragmentation of mesosomal tubules to
veslcles. However, the presence oi vesicles in freeze-fractured
and etched preparations indicates that artifacts of the type
mentioned and induced by negative stalning are of minor

importance in tubule fragmentation.

The significance of "honeycombed™ giructures
observed occasionally i1in mesosomal membrane preparations 1s
obscure. Burdett & Rogers (1972) noted the cccurance of
"smooth membrancus sheets" in mesoscomal membrane fractions

isolated from B.licheniformis. These sheets tended to roll

up to give structures similar to tubules. I3t is not clear

whetner the "honeycombed " gtructures represent similar
sheets ot membrane that have been severely disrupted.



Certainly, "honeycombed" structures were never seen
attached to tubules as were the smooth membranous sheets

from B.licheniformis (Buvdett & Rogers, 1972). Alternatively,

the fact that these structures occur predominantly in mesosomal
membrane fractions prepared below 10mM Mg2+ may suggest that
they are derived, in part, from the protoplast peripheral

membrane, possibly the mesosomal sacculus.

The morphology of the discrete mesgosomal

sacculus has not hitherto been described. 1In M.lysodeikticus,

however, this structure, in common with its contents, appears
smooth-surfaced and devoid oif enzyme particles, such as the
ATP-ase which Munoz, Freer, Ellar & salton {1968) found on
peripheral membrane fragments. Since the sacculus itself

is an invagination of part of the bounding membrane of the
cell, this implies a regional localisgation of components

such as ATP-ase on the membrane surface,

. . 2+
As noted earlier, a decrease in Mg

concentration in the mesosomal membrane preparation
procedure increases the yield, The possibility that a
selective release of functionally dissimilar vesicles and
tubules occurred at diiferent Mg2+ concentrationsrappears
unlikely in view of the similarity in morphology and
chemical composition of mesosomal membrane prepared at
levels of Mg2+ above 10mM., This does not, however, rule

out the possibility of simultaneous release of vesicles

and tubules possessing different functions. Tt would seem
more appropriate, however, to consider this possibility after
a definition of the mesosome contents (in toto) in functional

terms has been achieved.
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Properties of mesosomal and peripheral membrane

Major differences in constitution were
observed betltween peripheral a@d mesosomal membrane
fractions, Mesosomal membrane had 2 lcower protein and
total phosphorus content than peripheral membrane. It
should be noted, however, that the figures for extractable
lipid were very similar, indicating differences in the
phospholipid composition of the two fractions and also in
the protein/lipid ratioc. Interpretation is made more
difficult by the. observation that 40% and 50% of the total
membrane phosphorus of peripheral and mescosomal membrane
preparations respectively, 1s released with extractable
lipid. Since the presence of sugar phosphates in membrane:

preparations. from M,lysodeikticus has not been reported, it

appears likely that the "non-extractable' phosphorus is
present as bound lipid., Indeed, components soluble in
organic solvent after mild hydrolysis of 1lipid extracted
residues, accounted for approximately 17% of the dry weight
of peripheral membrane preparations. However, the
conditions used for release of "bound" lipid appear to

cause hydrolysis of the product. Turther investigations
are therefore necassary for complete characterisation of the

lipid components of these two membrane preparations.

From the close agreement between values
obtained by amino acid analysis and by the use of the Biuret
reagent (Gornall et al., 1949) peripheral membrane appears
to contain approximately 50% “/w protein. = This wvalue is
lower than that obtained by Salton & Freer (1965. See

Table 9). A figure similar to that observed by sSalton
& Freer (1965) was obtained if the contribution by membrane



pigments to the E56Owas not taken into consideration prior
to direct protein estimaticn by the method of Gormall el al,

(1949).

The lower protein content® of the mesosomal
membrane when compared with peripheral membrane
preparations was reflected in the diminighed number of
components detectable in the former by SDS-polyacrylamide
disc gel electrophoresis, These observations ofr
gualiftative differences are not ﬁnexpected in view of the
demonstrated partition of oxidative enzymes and respiratory
pigments between the two fractions. They do, however,
contrast with those of Reaveley (1968) and Patch & ILandman
(1971, See also Table 9) who showed only minor quantitative
and qualitative differences in the protein components of
rerivheral and mesoscmal membranes isolated from

B.licheniformis and B.gubtilis respectively. IT, however,

the mesosome of M.lysodeikticus represents a site of

localised autolytic activity, as indeed appears probable,

and also as a site of assembly of surface polymers e.g.

polymannan, then it may be expected that several components
unigue to, or showing enhanced localisation in the mesocosomal
membrane fraction should be detected. However, only two
components were detected which showed enhanced localisation
in the mesosomal membrane fractions. t is probable that
the technique'of SDS—~polyacrylamide dis. gel electrophoresis
is not sensitive enough 1o detect minor membrane polypeptides
in the presence of a full complement of other membrane
components, Indeed, if the autolytic enzyme(s) displays

an autolytic activity to whole cells of M.lysodeikticus

comparable to that of lysozyme, then, from the observed



autolytic activity of bolh mesosomal membrane and lysozyme,
it may be expected to represent less than 0.5%o0f the dry

welght of the mesosomal membrane.

The results obtained from SDS-polyacrylamide
disc gel electrophoresis do not support the sugestion that
the mesosome represents the site of membrane biosynthesis
(Pitz-James, 1967) nor are they compitable with the theory
that the mesosome contents represent an area of the peripheral
membrane which accumulates because membrane synthesis occurs
faster than wall extension. Both ol these theoriec demand
that mesosomal membrane possesses a similar distribution of

components to that observed in peripheral membrane.

The subject of bacterial membrane biosynthesis
is controversial. As already noted (see Introduction) membrane
growth in the region of DNA attachment is an integral part
of the hypothesis for nuclear scgregation proposed by Jacob
et al,(1963). Their proposed model for membrane growth has
been supported by the use of markers for old membrane e.g.
reduced tellurite (Jacob et al.,196%) and flagella (Ryter,
1971). Morrison & Morowitz (1970) concluded that membrane

growth in B.megaterium was not restricted to equitorial zones

(Jacob et al., 1963) but was primarily localised at the ends.
However, their use of 3H—palmitic acid 1to label membrane lipid

has been criticised (Salton, 1971).

Different conclusions concerning membranec
growth have been reached by several authors. Mindich
(gquoted by Morrison & Morowitz, 1970) found that a precursor,

pulse labelling, was randomly distributed about the membrane,
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Fox and coworkers, using bromostearic acid as a density
label for lipids (Fox, Law, Tsukagoshi & Wilson, 1970), have
shown that incorporation of lipid and protein into E.coli
membrane (Wilson & Fox, 1971a) does not oceur at one or two
fixed foci i,e. at the poles or atl the equitorial band
(Tsukagoshi, TFielding & Fox, 1971). ZEssentially similar
conclusions were reached from a study of previously
synthesised and newly synthesised membrane proteins in cells
and newly formed mini-cells of a mini-cell producing strain
of E.coli (Wilson & Fox, i1971b). These authors favoured the
conclusion that newly synthesised lipid and protein were
inserted together into the membrane matrix at many points.
Thus there is evidence for both digpersive membrane growth

and restricted-zone growth in bacteria.

Several theories can be invoked to explain
the shortage of polypeptide components in mesosomal membrane.
The mesosomal membrane vesicles may represent structures
derived from "complete"™ peripheral membrane but which have
lost components during this process., This seems unlikely.,
Alternatively, they may represent structures derived from areas
of the peripheral membrane e.g. the sacculus, carrying a similary
distribution of components to that of the mesosomal membrane
vesicles, This would support the sugestion that the mesosomal
membrane vesicles are derived from further invagination of the
mesosomal sacculus (Fitz-James, 1960; Tomasz et al., 1964;
Pate & Ordal, 1967; Kats & Kharatyan, 1969). Both these
theories would reguire that membrane agquired an enhanced
expression of autolytic enzgyme activity upon invagination
to give mesosomal membrane vesicles and tubules. Perhaps the

most attractive suggestion is that mesosomal membrane



vesicles (lacking a full complement of membranc components)
are synthesised ;Q'gingwithin the mesosomal sacculus. The
membrane is envisaged as replicating by a dispersive type of
growth, the mesosomal membrane vesicles possessing a reduced
complement of polypeptide components (e.g. dehydrogenases and
cybochromes). Indeed, evidence has been presented to
indicate that components of mesosomal and‘peripheral membrane

of both L.monocytozenes (Ghosh & Murray, 1969) and of B.

subtilis (Patch & Landwan, 1971) are synthesised independently.
Incorporation of mesosomal vesicles into peripheral membrane
may occur ngﬁbﬁpwing septum formation, Addition of the
remaining complement of membrane components could be made
after its incorporation into peripheral membrane. This
suggestion is not incompatible with the observations of

Ellar and coworkers (Ellar, Thomas & Postgate, 1971). These
authors indicated, from both pulse and pulse-chase

experiments with 32P anad 14C—aceta'te, that the specific
radioactivities of +total lipid and of individual phospholipids
in both peripheral and mesosomal membrane were very similar.
Thus the mesosome did not appear to be the preferentiai site
for phospholipid synthesis in this bacterium or in fact in
other microorganisms (Ghosh & Murray, 1969; Daniels, 1971;
Ellar, Thomas & Postgate, 1971). If, however, membrane synthesis
occurs by a dispersive type growth mechanism, then the

ability to detect transier of membrane 1lipid from mescsomal

to peripheral membrane would not only depend‘upon the rate

of such transfer but alsé upron the rates of membrane

synthesis in the different regions of the cell. Alternatively,
the results of Ellar and coworkers (Ellar, Thomas & Postgate,

1971) may be explained by a rapid lateral diffusion of membrane
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lipid through the monolayer of the bilayer structure into
which it is.incorporated. Certainly, if lateral diffusion
occurs during the lengthly mesosome isolation procedure at

a value approaching that observed for phospholipids in lipo-~
somes (XKornberg & McConnell, 1971) then randomisation of
labelled phospholipid would be expected. Obviously more
experimental evidence is required before the validity of

the proposed mechanism of vesicle incorporation into

peripheral membrane can be assessed,

Respiratory chain components. Four cytochromes have

Previously been demonstrated in total membrane preparations

isolated from M.lysodeikticus (Lukoyanova & Taptykova, 1968;

Gel'man et al., 1970), the sequence ol components in the

electron trénsport chain being postulated as:i~

NAIDH2
dehydrogenase

— N N
/, D556 ﬂ.(vl} Kz?) —e-bg ey = Cogg —=8ga, =0
/A

Malate Site of

. . detergent
dehydrogenase action

Whereas a tull complement of cytochromes was
detected in peripheral membrane, cytochrome b556 was the
only detectable cytochrome in mesosomal membrane. It secems
unlikely that the point of inflection at approximately 600nm
in the difference spectra of mesosomal membrane
preparations (Fig. 17 and Table 27) is due fo cytochrome
a601, as a similar phenomenon was noted in difference
spectra of selectively reduced cytochrome b556 in peripheral
membrane preparations (Fig,18. See also Fig 6 of Lukoyancva

& Taptykova, 1968, for a similar phenomenon). It is
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possible that the weak uncharacterised peak cbserved at
590nm in low tempefature difference spectra of (totlal)
membrane cytochromes LLukoyanova & Tapiykova, 1968) may

in part be responsible for this phenomenon. Low temperature
ultra-violet spectroscopy should help te resolve the
possible presence of trace amounts of components other than

cytochrome b556 in mesosomal membrane fractions.
Whereas a depleted complement of
dehydrogenase activities have been noted in mesosomal

membrane preparations from bacteria other than M.lyscdeikticus

(see Table 6), this is the first conclusive report of
cytochrome deficiencies in this fraction, (Minox
differences have been noted in the reduced cytochrome spectra
of mesosomal and peripheral membrane fractions isolated from

B.subtilis (Patch & DLandman, 1971, see Table 6) and from

B.licheniformis (Reaveley & Rogers, 1969, See Table 6).

Reference has also been made recently to a cytochrome unique
to mesosomal membrane fractions isolated from B.subtilis
(Frehel et al., 197la, See Table 6).) The demonstration

of a much depleted complement of cytochromes in the mesosomal

membrane fractions isclated from M.lysodeikticus, together

with the very low levels of dehydrogenase activity serve ﬁo
climinate this orgenelle as a centre of respiratory activity
in this organism, A similar situation appears probable in
those other bacteria which show less dehydrogenase activity

in isolated mesosomal membrane (see Table 6).

The occurrence of cytochrome b556 in

peripheral membrane preparations from M.lysodeikticus is in

keeping with a complete respiratory chain and appears
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unlikely to be accounted for in full by comtamination of
peripheral membrane with mesogomal membrane vesicles, The
fractionation of deoxycholate-treated "total" membranes from

M.,lysodgikticus into two distinct fractions, one of which is

similar morphologically and in its cytochrome countent to
deoxycholate-treated mescsomal membrane fractioﬁs, may
simply be a reflection of the heterogeneity of the initial
membrane fraction (i.e. mesosomal plus peripheral membrane).
However, Pollock and coworkers (1971} have indicated that a
particuvlate frsction, isolated from "gotalY membranes of

M.lysodeikticus by a very similar isolation procedure to

that used in this study, contains botlh cytochrome b and a
high specific activity of succinate dehydrogenase when
compared with isolated membrane fractions, It therefore
seems improbable that DO (the cytochrome b556 rich,
deoxycholate~insoluble meﬁbrane residue) is derived
exclusively from mesosomal membrane, as this latter
preparation was shown to have a very low specific activity
of succinate dehydrogenase when compared with peripheral
membrane (Table 25), A plausible explanation is that
fraction D03 and that of Pollock et al. (1971) represent

a mixture of morphologically similar entities derived fronm
both peripheral and mesocsomal membrane, However, the

" proporition derived from mesosomal membrane would be
expected to have a reduced complement of dehydrogenase
activities, The proportion derived from peripheral
membrane would possess a full complement of dehjdrogenase
activities and would have been spatially uncoupled from the
other components of the electron tfansport chain. A similar

suggestion that the complete electron transport chain of



peripheral membrane could be split inte two blocks was
recently proposed by Gel'man and coworkers (1970), after
cexperiments on fractionated Triton X-100 treated "fotal"

membranes from M.lysodeikticus. However, it would be

necessary to characterise detergent-insoluble fractions
isolated from peripheral membrane free of any centaminating
mesosomal membrane before these cecnclusions can be verified.
Neverihiless, it does seem from the studies reported here
and also those of Pollock et al. (1971) and of Gel'man

et al., (1970), that detergents, such as deoxycholate and
Triton X-100 disrupt the honding between cytochrome b556
and cytochrome b560 in the complete electron transport chain,
thus splitting it into two comstituent blocks. Hence the
mesosome may only possess the ability to synthesise part of
the first block of the electron transport chain, Synthesis
and addition of the remaining components of the firgt block
(e.g. malate and NADHZdehydrégenases) and cf the ccmpiete
second block may occur if and when the mesosomal vesicles

fuse with peripheral membrane.

Geliman and ooileagues {1970) have
indicated that Vitamin K2 may be localised at a site between
Cytochrome b556 and cytochrome b560. it thus seems
probable that spatial uncoupling of components of the
electron transport chain by detergent action involves
disruption of bonding around Vitamin KZ. Detergent action
may thus effectively serve to dilute thé concentration of
this component with respect to the two blocks of the electron
transport chain. This suggestion is supported by resulits

which indicate that the addition of Vitamin K5 & compound
]
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closely related to Vitamin K, 1o detergent-treated
) )

peripheral membrane preparations of M.lyscdeikticus

increases the efficiency of electron transfer from
cylbochrome b556 to other componantls of the electron

transport chain,

Muralytic activity and peptidoglycan synthesis,l.The deficiency
of components of the electron transport system in mesosomal
membrane contrasts with the relative enrichment of autolytic
enzyme(s) found in these fractions, It is, howevef, necessary
to estimate the contribution of lysozyme to this activity, as
preferential binding %o the mesoscmal membrane of this strongly
cationic protein cannot be_ruled?gi the present time., An
investigation of the gpecificity of the autolytic enzyme

action by end product analysis or the availability and use

of either specific antibody to lysozyme or labelled lysozyme
itself should clarify this problem, Iurther experimentation

is also necessary to determine whether the inverse
relationship between autolytic enzyme activity and Mg2+
concentration during the mesosomal membrane isolation procedure

is due to either inhibition or to inactivation or o

displacement of enzyme by Mg2+ ions.

The mescsome does, however, appear to be a
logical site for a muralytic enzyme capable ol opening up
peptidoglycan to facilitate insertion of new wall material
during septum formation and alsc to function as a cell-
separating enzyme. Confirmation of this latter suggestion
was obtained from an electron-microscopic study of dividing

cells of M.lysodeikticus St.0. It seems probable that tihe

distinct, electron-transparent zone, observed completely
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bisecting the developing septum in dividing cells, corresponds
to wall which has been digested by a muralytic engyme from
the septal mesosome. However, the possibility that this zone
represents separation of two cell~wall layers synthesised

separately cannot be ruled out.

Other bacterisa have been shown to possess
avtolytic enzymes assccilated with the cell wall (Shockman,
Pooley & Thompson, 1967; Shockman & Martin, 1968; Pooley
& Shockman, 1969; Fan, 1970). Both biochemical (Shockman
et al., 1967; Pooley & Shockman, 1969) and electron-
microscopic evidence (Shockman & Martin, 1968) suggested
most recently synthesised wall (the streptococcal wall
extension process has been shown to originate at the
leading edge of the mascent cross walls~-Higging & Shockman,
1970a,b). Electron-microscoepic observations later revealed
that - the leading edge of the nascent cross wall was the
primary site ot autolytic activity in this organism (Higgins,
Pooley & Shockman, 1970a). The streptococcal mesosome,
which was observed to be attached at only one point to the
septum (Higgins & Shockman, 1970b), was suggested as an
organelle ",,...,.. that could initiate cross-wall formation
as well as notching and splitting at one point ol the cell
surface.,' (Higgins et al., 1971). The isolation of a
mutant which grew exponentizally in long chains and possessed
less autolysin (Pooley, Shockman, Higgins & Porres-Juan,1972)
supported a role for this autolysin in cell separation.
However, the suggested presence of an autclytic enzyme
localised in the vicinity ot the mesosone has, until now,

not been confirmed Dby biochemical studies.
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Unlike the case for §.faecalig (Higgins

& Shockman, 1970a), the initial cleavage lesion or "notch"

does not occur, in M.lysodeikticus, until septation is

complete. Trie absence of an apparent zone of autolytic
activity across the wall at the base of the septum and the
ragged profile of the initial cleavage lesion make it
unlikely that the autolytic enzymels) are responsible Tfor
the primary step in cell-cell separation. Indeed, the
ragged profile of the cell wall of a mutant of B.subtilis,
possessing a reduced complement ot autolytic enzymes, wés
shown to become smooth and regular afﬁér incubation of
cells with added autolysins (Fan, Beckman & Cunningham,l972).
Thus mechanical disruption of the cell wall, caused by
increase in cell volume, appears to be responsible for the
initial step in the separation of dividing cells of

M. lysodeikticus. Autolytic enzymel(s), however, may be

responéible for slight weakening of the wall in this region,

thus determining the site of mechanical cleavage.

Following the initial rupture oif cell wall,
cell cleavage foilows the line of previously autolysed
geptal wall. The final step in cell-cell separation
appears to be cleavage of unruptured wall derived from the
parent cell. This process seems to occur relatively slowly
and is manifested by the occurrence of cells iﬁ chains or
aggregates, connected in the manner described. It may be
that rupture of the parent cell wall in the region of the
developed sepbum is also related to the pressure exerted by
the two daughter cells increasing in volume. Thus cells at
the final stages of cell-cell separation and exerting little

pressure on each other will tend to stay attached by
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remaining unruptured cell wall until mechanicel agitation
effects their separation. This, however, poses the question
of why cell wall derived from the parent cell is not
apparently engymically cleaved. One possibility is that

the activity of the autolytic enzyme is carefully regulated
by the mesosome and that only wall in direct contact with the
"neck" ol the mescsome is cleaved. This suggestion is
supported by the observation that the zone of autolytic
activity‘always connects to the "neck" of the septum. Thus
the parent cell wall is excluded from muralytic digestion.

A second possipility 1s that freshly synthesised cell wall

is more susceptible to autolytic enzgymes than older, more
"mature" wall derived from the parent cell, as indeed may be
the case in S.faecalis (Shockman et al., 1968; Pooley «
Shockman, 1969; Shockman & Martin, 1968; Higgins &

Shockman, 1970a). This suggestion requires that the

Septum represents the region of freshly synthesised wall.
With other cocci there is good evidence that wall growth can
occur at a single zone i.e. at the developing anulus of a
dividing cell (Bfiles & ThHomasz, 1970; Higgins & Shockman,
1970a,b; Higgins et al.,1971) but that Wall thickening can
occur over the whole surface (Higgins & Shockman, 1970b).

In the case of Gram-positive bacilli the situation appears
more complex, The evidence for a single growtﬁ zone is not
compelling (Cole, 1965; Hughes & Stokes, 1971), whereas that
for multiple growth points is more convincing. Radioautography

ol cells of B.megaterium labelled with ﬁH—diaminopimelic acid

revealed a uniform distribution of label in the progeny,
indicating that cell-wall growth occurred at many points

distributed over the surface (Mauk, Chan, Glascr &
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Williamson, 1972). A similar concluslon was reached recently
by Mauk & Glaser (1972). These authors showed, that during
cell-wail growth in B.subtilis +thercwas a randcom
intercalation of new and old peptidoglycan chains. KElectron-

microscopic studies of cells of B.licheniformis (Eighton &

Hobbs, 1971) and of B.cereus (Highton & Hobbs, 1972) treated
with and recovering from penicillin, and also cells of

B.subtilis and B.megaterium recovering from amino acid

starvation or chloramphenicol addition (Frehel, Beaufils &
Ryter, 1971), have suggested a uniform distribution of

growing points along the length of the cells. However, a
different mode of growth of cell septum was indicated in many
cases (Highton & Hobbs, 1971; 1972; Fan, Beckman & Cunninghanp,
1972). 1Indeed evidence has been presented to suggest that
isolated walls from polar regions of the cells of B.subltilis
are MORE resistant to autolytic degradation than are

isolated lateral cell walls (Fan, Pelvit & Cunningham, 1972).
It should be noted that since lateral walls comprise a greater
percentage of the total wall in bacilli than do polar walls,
any bulk analysié of whole walls will reflect mainly lateral
wall material and may thus mask recognition of zonal synthesis
of septa (Highton & Hobbs, 1972). It seems reasonable to
consider that cell-wall growth in coccl corresponds

primarily to the mechanism of cell-wall synthesis responsible
for septum formation in bacilli and that wall elongation, as

such, does not take place,

The close association of the mescosome with

the developing septum in M.lysodeikticus and in many other
cocel and bacilli suggests a role for this organelle in

septal peptidoglycan synthesis and assembly. Additional
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evidence for such a role has been reviewed in the Introduction.
However, il is apparent that the mesosome is not the sole

site of peptidoglycan synthesis in M.lysodeikticus,as

thickening of the wall in the vicinity of the septum cccurs
after septal cleavage, a phenomenon common to other bacteria
(Ellar et al., 1967; Higgins &rShockman,T970b; Higgins et al.,
1971). It seems probable that both periphéral and mesosomal
membrane are capable of peptidoglycan assembly, as indeed

has been demonstrated for L.casei and L.plantarum (Thorne &
Barker,1972. See Introduction). However, the ability of
peraipheral membrane of cocci to synthesise pepltidoglycan may
be manifested primarily in wall thickening and not in wall
extension, A combined role for the mesosome of

‘M.lysodeikticus in septal peptidoglycan assembly and as a

centre of autolytic activity is therefore suggested.
Thompson (1971) has recently proposed a model for synthesis
and morphogenesis of bacterial cell walls. The fundamental
concepls of this theory are that the polysaccharide chains
of the wall peptidoglycan are spun out continuously from a
lipid-bound carrier in the mesosome and that localised
autolytic splitting of the glycan strands occurs to separate
the cross walls into two parts which then grow towards the
poles of the cell. Wall thickening is envisaged as
occurring in regions away from the sites of autolytic enzyme
activity. The results presented here appear to substantiate

this theory for M.lysodeakticus St.0. It remains to be

seen, however, whether the glycan chains are oriented
parallel to the plane of the septum, as predicted by the

theory of Thompson (1971), or in a direction perpendicular



to the surtface. Indeed evidence nas been presented for an
arrangement of glycan chains perpendicular to the cell
surface of B.subtilis (Mauk & Glaser, 1972). It is possible,
however, that different mechanisms responsible for septum
symthesis and wall extension in bacilli may result in
structurally dissimilar macromolecules. X-ray diffraction
analysis (Balyuzi et al., 1972) may be instrumental in
detecting inherent structural differences between isolated
walls from polar regions and isoiated lateral walls of

bacilli,.

Whatever the mode of synthesis of the wall

of M.lysodeikticus, it is apparent that the presence of much
enhanced autolytic activity in the mesosomal membrane is
worthy of further investigation. The low levels of
autolytic engyme activity in the peripheral membrane may be
explained by the low degree of cross contamination in such
fractions with mesosomal vesicles, Alternatively the low
level of autolytlic activity may be an inherent property of
peripheral membrane. Isclated mescsomal membrane would
appear to be a 1ogiéa1 starting material for isolation,
purification and Characterisation of the autolytic enzymels).
However, as the mesosomal membrane isolatltion procedure is so
tedious, it may be mofe convenient to fractionate the enzyme\s)
from total cell lysates. The use of ferritin-labelled
antibody against the autolytic enzyme(s) should make possible
an investigationvof the distribution of the enzyme over the
cell surface and clarify its participation in wall extension,
wall thickening and cell separation, A combination of
ferritin~1abelling and ultrathin sectioning of frozen (and

fixed) cells and protoplasts of M.lysodeikticus may alsc help
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to elucidate a role for the sacculus and also of mesosomal
vesicle incorporation into peripheral membrane. It may also

be possible to isolate mutants of M.lyscdeikticus which,

although possessing the ability to undergo division,do ndt
possess the ability to undergo celli-cell separation. Such
mutants may be expected to display different colony morph-
ologies on solid medium to that of the pareﬁt strain. This
may aid the screening ol mutants which itself weould be
presumably achieved by 1ight—michScopic examination
cultures for chaining or clumping of cells. A comparison
of the mesosomal membrane fractions from these strains with
those of the parent strain may provide a correlation of
localised autolytic activity with cell-cell separation.

- Alternatively, it may be more convenient to isolate mutants
showing an increased or decrecased complement of autolytic
enzyme(s). These may be detected by their ability {(or not)
to autolyse under adverse conditions‘(gig; as reported by
Pooley et al., 1972) or by their potential to display zones

of clearing on agar plates containing parent cell wall.

Mesosomal membrane frac%idns contain approx.
20% (W/w) hexose (mainly as mannose). This value is some
four tc five times that observed in peripheral membrane.
mannan appears to be the major form of mannose in membranc

preparations from M.lysodeikticus and has been reported as

accounting for up to 20% of the dry weight of the membrane
{(Gilpby et al.,, 1958; maclFarlane, 1964). Mannosyl
diglycerides and dimanncosyl diglycerides may account for
minor proportions of the mannose content (see Table 10).
The observation that mesosomal membrane ,when compared with

peripheral membrane ,contains a four to five fold increase
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in hexose content is interesting in the light of the reports
by Thorne & Barker (1969; 1971; 1972) that a large

percentage of the membrane bactoprcnel (a 055 polyisoprenoid
alcohol carrier 1ipid) is found in the mesoscmal membrane
fraction isolated from L.casei and L.plantarum (see Table &)
and those ot Lennarz and co-workers who showed that
bactoprenol 1s involved in polymannan biosyﬂthesis in

M.lysodeikticus (Scher et al., 1968; Scher & Lennarz, 1969;

Lahav et al., 1969). TFurther experimentation however is
necesgsary to test the involvement of the mesosome in

polymannan biosynthesis. Pulse and pulse-chase labelling
3

experiments with “H-mannosc or alternatively, assay of mannan

synthesis using suitable cell-free synthesising systems (i.e.

purified peripheral and mesoscmal membranes as particulate

14

enzyme and GDP-mannose-"'C as substrate) may be useful in

establishing this point.

Bactoprenol is also involved in the

biosynthesis of peptidoglycan in M.lysodeikticus (Higashi

et al., 1967) although the linkage from the lipid moiety to
the disaccharide pentapeptide involves a pyrophosphate

group (Higashi et al., 1967), whereas linkage Trom the same
lipid moiety to mannose involves a single phosphate group
(Scher et al., 1968). 'The antibiotic bacitracin is known

to prevent the mono-dephosphorylation of bactoprenol
pyrophosphate, an essential step in the biosynthetlic cycle
for peptidoglvcan (see Anderson, Hussey & Baddiley, 1972).
Thus it should he possible, by use of suitable labelling
experiments involving membrane fractions obtained from
synchroncusly growing cells, to inﬁestigate the relationshiyp

between the synthesis ol both membrane and wall polymers.



FPreeze etching

Three main features are evident on the

frractured surfaces of membrane systems Trom M,lysodeikticus

St.A and St.0, vig. intramembrane particles, rod-shaped
structures and linear depressions. Although there is no
direct evidence on the nature of these features, it may be
instructive to discuss their possible significance in the

light of available circumstantial evidence.

The exact chemical nature of the
intramembrane particles is not known. Similar particles,
observed on fracture faces of red cell ghosts, have been
shown to be susceptible to proteolytic digestion (Engstrom,
1970). Pinta dé Silva, Douglas & Branton (1971) later
showed, from a study of freeze-fractured erythrocyte
membrane, previously labelled indirectly with feritlin
conjugated to the IgG fraction of rabbit anti-human IgG,
that the intramembrane particles were located at or directly
below the A-blood group antigen site. The nature of
intramembrane particles in other freeze—fréctured membrane
systems is less certéin. They may represent micellar
transitions within a predominantly lamellar system (Kavanau,
1966) or result from plastic deformations during fracture
(Clark & Branton, 1968). There is, however, some evidence
which suggests they may be protein that is ewbedded in the
lipid bilayer of the membrane (Wallach & Zahler, 1966;
Wallach, 1969).

Whatever their chemical nature, intra-
membrane particles appear to be a common feature of almost

all freeze-fractured bilological membrane systems. However,



the number and distribution of these particles seems to be

a fiwed characteristic of a particular membrane type. It
has been suggested (Branton & Park, 1967) that the functional
complexity of a membrane may be related directly to the
number of particles visible on its fracture surfaces.

Indeed myelin, which functions primarily as a metabolically
inert insulator around the axon, has been'shown to reveal
fracture faces devoid of intramembrane particles (Branton,
1967), a phenomenon shared with artificial lipid bilayers
(Staehelin, 1968; Deamer et al., 1970). In contrast,
metabolically active membrane systems e.g. chloroplast
lamellae, reveal a population of intramembrane pa:ticles
covering approximately 80% of the membrane fracture face
{Branton &'Park, 1967; Branton, 1969). In view of the known

metabolic activity of isoclated membranes from M.lysodeikticus

(see‘Introduction), the very dense population of intramembrane
particles on the outer surface of the inner half of the
peripheral membrane of this organism (and also of many other
bacteria) is in keeping with the suggestion of Branton &
“Park (1967).

The similar distribution of intramembrane

particles on fracture faces of isolated mesosomal membrane

from M.lysodeikticus suggests that these membrane structures

also display metabolic activity. This seems hardly surprising
in the lignt of the displayed localisation of autolytic

enzyme activily in isolated mesoscmal membrane vesicles and
its probable role in the regulation of synthesis of surface
polyners such as peptidoglycan and polymannan. The presence

of particles of similar dimensions in the wall and septum
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of this organism may also indicate the presence of enzyme

complexes responsible for regulation of well thickening.

The rod-shaped structures observed on the
outer surface of the inner half of the fractured peripheral
membrane apparently serve to anchor cell wall and membrane.
They may represent enzyme complexes responsible for
polymerisation of peptidoglycan involved in the cell-wall
thickening process. If the glycan sitrands remain attached
to the enzyme complex during polymerisation, then a mechanism
for membrane-wall association i1s achieved. This process may

manifest.itself in thin-sectioned w.lysodeikticus as"bridges"

apparently connecting cell wall and membrane. These features

are not unique to M.lysodeikticus. "Bridges" have been observed

connecting membrane and wall in many thin-sectioned
1964; Bayer, 196y; Leadbetter & Holt, 1968 Hurst & Stubbs,
1969; Rogers, 1970), as have rod-shaped structures in many
freeme-fractured bacteria (see Table 29). This may
demonstrate a general, although not necessarily universal

method fer membrane-wall association.

The observation that the dimensions of similar
rod-shaped structures in freeze-fractured guinea pig retina
appeared to vary with tonicity of the suspending medium
(Clark & Branton, 1968) may indicate that they are artifacts
of the fracture process, although several observations would
tend to make this interpretation unlikely.

Firstly, rod-shaped structures are not evident
on fracture surfaces of isolated mesosomal membrane from

M,lysodeikticus., It may be argued that the small radius of
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curvature of isolaﬁed nmesosomal vesicles compared with
peripheral membrane fragments may not be conducive to rod
structure formation., However, this suggestion is not
substantiated by the observation of one vesicle of similar
dimensions to those of mesosomal membrane which carried a
distribution of rod-shaped structures on its fracture

surface.

Secondly, linear depressions are observed
on ‘the inner -surface of the outer half of the peripheral
membrane., The fact that these are absent on correspondimg
fracture faces of isclated mesosomal membrane, together with
the absence of rod-shaped structures from the fractured
mesosomal membrane, suggests that they possibly result from
the presence of rod-shaped structures on the opposite half
ol the membrane. Although it is by no means clear whether
this interpretation is correct, it is feaéible that structures
on the inner half of the peripheral membrane and capable of
spimning olf peptidoglycan chains would traverse the outer
half of the membrane. The presence of linear depressions
and "proituberehces", or raised ridges, on the inner and
outer surtaces respectively of the outer half of the
peripheral membrane is in keeping witlth this suggestion.
"Protuberences", or raised areas, may of course arise in part
from accomodation of intramembrane particles lying beneath
the outer leaflel of the membrane. The absence of depressiouns
on the inner surface of the outer half of the freeze-fractured
peripheral membrane, compatible with the presence of
intramembrane particles on the outer surface of the inner

half of the membrane, may be a consequence of metal shadowing.



This process tends to accertuale slructures in positive
relief and to "fill in“ structures in negative relief.
Thug it may also be responsible for the incompatibility
in dimensions between rod-gshaped structures and linear

depressions.
The absence of rod-shaped structures in
Ifreeze-fractured mesosomal membrane isolated from

M.lysodeikticus and also in fracture faces of mycoplasma

membrane {(Tillack et al., 1970) and erythrocyte membrane
(Branton, 1971) is compatible with a role for these structures
in the anchoring of the membrane and the wall and also in

wall thickening.

Ifn common with most biological membrane
systems examined by the freeze-etch technique, peripheral

and mescosomal membranes in M.lysodeikticus display a marked

-egymetric distribution of intramembrane particles on the

two opposing membrane fraetbure faces. It is perhaps not
surprising that the cytoplasmic leaflet ol the membrane reveals
the dense population of intramembrane particles,since much

of the metabolic activity of the wmembrane would be expected

to be located on this half of the membrane. An asymetric
membrane stlructure méy thus be a universal feature of biological
membranes., Indeed Bretécher (1972) has recently reviewed
evidence for a asymetric distribution of both phospholipid

and proteins in mammalian cell membranes,

Both intramembrane particles and rod-shaped
structures appear to be components ofl the "pasic" membrane,
since washing techniques such as ionic shock or treatment

with EDTA, designed to remove loosely associated membrane
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components (Nachbar & Salton, 1970b), do noi rcmove them.

It thus seems unlikely thatl. either structure represants,

for example, ATP-ase, but rather membrane proteins buried

in and possibly traversing the lipid bilayer structure of
the membrane. (Some Componenfs of the erythrocyte membrane
have recently been shown to exhibit these properties -
Bretscher, 197ta,b,c; Phillips & hiorrison,. 1971). It is
evident, however, from a comparison of the topography of
fracture faces of peripheral membrane isolated from

M.lysodeikticus and peripheral membrane in situ in the celi,

that little structural rearrangement of the membrane occurs
during the i1solation and washing procedures, and also in
whole cells undergoing obvious autolysis. It is perhaps
not surprising that membrane fraclure faces were not
observed for deoxycholate-insoluble membrane residues.
Deoxycholate is known to remove over 95% of the membrane
phospholipid (Salton et al., 1968) and thus might be
expected to remove the region of weak hydrophcbic bonding

in the membrane i.e. the potential fracture plane.

It is evident from a comparison of isolated
mesosomal membrane, freeze-fractured after suspension in
buifered glycerol or in buffer alone, that glycerol causes
extensive vesicularisation of the membrane. I1t does not,
however, appear toc affect the distribution of intramembrane
particles or of rod-shaped structures on the wvarious
fracture faces of the membrane (see also HKoor, 1971). A
similar vesicularisation has also been noted by Reaveky &
Rogers (1969) for mesosomal membrane isolated from

B.licheniformis in the presence of polyethylene glyccl 600.




The tendency of membrane to vesicularise may explain the
large vesicles observed in freeze~fractured whole rells

of M.lysodeikticus impregnated with glycerol. if, as

appears to be the.case, the mesosonm is connected to the

cell septum (or peripheral membrane) by & narrow channel

or "stalk", then incubation of cells in +the presence of
glycerol may sever this connection. This would result in

a collection of mesosomal vesicles contained within a
larger spherical vesicle which is derived from the mesosomal
sacculus, This proposal requires the mesosomal sacculus
itself to display relatively smooth fracture faces. Several

other observations support this suggestion.

.

Van Ilerson & Grecen (1971) have indicated
that the mesosomal sacculus together with its contents may
occasionally be released from the cell during protoplast
formation, Thus the smooth-surfaced vesicles which are
observed in Ireeze~fractured mescsomal membrane
preparations, and which are of comparable size to those
observed in freege-fractured whole cells, may well Dbe

vesicularised sacculus.

Although occasionally released during

extrusion of mesosomal vesicle from protoplasts, it is
usually

apparent, from many studies, that tThe mesosomal sacculus/
becomes part of the bounding membrane of the protoplast.
In this respect, observed areas of fracture faces of
protoplast peripheral membrane, devoid of any rod-shaped
gtructures and possessing very few intramembrane particles,
are interesting. As similar regions were not observed to

be continuous with peripheral membrane in situ in whole
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cells of M.lysodeikticug, it seems logical to suggest that

they represent mesosomal sacculus. As such they are
obviously structurally dissimilar to either the peripheral

membrane or to the mesosgomal vesicles.

Areas of peripheral membrane devoid of
intramembrane particles have also been noted for olher
ocrganisms (see Table 29). In some bacteria the membrane
fracture faces in situ reveal a network-like distribution
of intramembrane particles and areas devoid of such
structures (Taple 29). These appear to be a feature of
growing cells and can be altered by metabolic disturbances
(Fiil & Branton, 1969).  Meyer & Richter (1871) have
recently noted that these network patterns of inlramembrane
particles appear predominantly in menbrane fractures of
growing cells and are only occasionally viewed in membrane
fractures of cells isolated from a non-dividing culture.
These authors concluded thalt the networklike pattern
probably corresponds to one stage in the mechanism of
growth of the membrane. Particle-depleted areas, of
similar dimensions to those observed for protoplasts of

M.lysodeikticus, have been noted in several bacteria

(Table 29). Of special interest are the particle-~Tree
regions observed in the immediate vicinity of the cell
septum and mesosome of freeze-~fractured vegetative cells
of B.cereus (Holt & Leadbetter, 1969) and those on the
freeze-fractured membrane surface of protoplasts of

B.stearothermophilus (Sleytr, 1970Ca). Tt seems provadble

that the particle~free areas in both organisms may be

derived from the mescsomal sacculus.
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Formation of septum menmbrane may involve
rapid insertion of membrane components (possibly lipid)
thal are not assocociated with particles. Incorporation
of other membrane components essential for fully functionali
membrane may be achieved by subsequent fusion of mesocomal
veslcles with the sacculus. Indeed, the occasional
intramembrane particle observed on these "bare" areas may be
manifestations of such fusion. However, it is evident that
there exists, at some stage in the cell-division cycle,
regions of the bounding membrane of the cell that differ

widely in structure and probably function.

The presence of regions of the peripheral
membrane devoid of intramembrane particles may in part
explain the conflicting reports concerning the topography

of freeze~fractured mesosomes in gitu (see Table 29). Scme

reports- suggest that mesosomes possess membrane fracture
Taces having a similar distribution of intramembrane
particles to that observed for peripheral membrane. Others
suggest that mesosomes possess fracture faces bearing few
intramembrane pafticles. However, it is often difficult
to determine whether the fracture faces observed correspond
to those of mesosomal vesicles, mesosomal sacculus, or to
~periplasmic mesosomal vesicles (Nanninga, 1971). The
absence of cross walls in these areas may mean that they do
not relate to mesosomal wvesicles, at least to those within
a sacculus. To the author's knowledge, this is the first
report of the topography of fracture faces of isclated

mesosomal membrane. It is evident that for M.lysodeikticus

the vesicular contents of the mesosomal sacculus carry a

Similar distripution of intramembrane particles on their
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membrane fracture faces to those observed on the

corresponding fracture faces of peripheral membranc.

Compared with the fracture faces observed
for isolated mesosomal membrare suspended in glycerol,
those observed for isolated mesosomal membrane, frozen-
fractured and etched in dilute buffer alone are complex.
In many instances the presence of discretée particle-
studded, convex regions within apparently cross fractured
“tubules suggest the presence of wvesicles within tubular
structures. The appearance of spheriéal, smooth-surfaced
depressions (concave fractures) along the length of many
tubules help to confirm this suggestion. Bulging of the
mesosomal tubule around the vesicle may well account for
the constrictions observed along the length of many
tubules when visualised by the negative staining procedure

(see also Burdett & Rogers, 1972).

Frdm a study of sectioned protoplasts of
B.subtilis, Matheson & Kwong (1972) have recently reported
the presence of ribosomes in extruded mesosomal membrane
vesicles, It seems unlikely that the particle-studded
regions observed in fregze~fracﬁuréd and etched tubuies

isolated from M.lysocdeikticus represent areas rich in

ribosomes. The topography of the surface and dimensions
of the intramembrane particles are identical to those
observed Tor Treeze~fractured mesosomsl membrane
sugpended in glycerol. It scems improbable That this
relatively homogeneous collection of vesicles could be
solely accounted for in terms of ribtosomesg or polyribosomes

Also, no comparable slructures were observed in the
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cyltoplasm ol freeze-ifractured cells of M.lyscdeilkticus as

might be expected 11 they did represent ribosomes.

, | The apparent inability ot the membranc of
the mesoscme tubule to reveal fraciture faces is curious.
The fo%gg%}ggdthe fracture of small tubular structures
may be such that cross-fractures are the preferred mode.
Alternatively, the tubule wmembrane may not Be structurally
amenable Lo fractures other than cross-fractures. This
would correlate with the poor resolution of discrete membranous
'vstructures in thin-sectioned cells, Indeed several workers
have noted the apparent lack of triple track membrane in
isolated mesosomal membrane when observed by thin sectioning
(e.g. Sargent et al., 1969a). This may suggest a different
composition Tor the tubule membrane and fér the
intratupular vesicle membrane, However, only one type of
membrane is implicated from observed frracture faces of
isolated mesosomal membrane Suspended in glycercl. Thus
glycerol may cause vesicularisétion of two pasically
similar structures. This tends to substantiate the former
suggestion tnat-the inability of mesosomal tubules to reveal
fracture faces i1s afunction of their geometry. However, it
could be argued that glycerol may first cause fusion and then
vesicularisation of the two different structures (i.e.
tubules and intratubular vesicles). Present fesultS de not
allow a distinction between these possipbilities. Monitoring
the effect of decreasing concentrations of glycerol on the
morphology and topography of freecze-~fractured and etched

isolated mesosomal membrane should clarify the situation.

The significance of vesicles within tubules

is unknown. They may serve merely to increase the effective
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surface area of the mesosomal membrane and hence 1t3

metapolic activity. They may represent freshly synthesised
mesesomal membrane capable of translocation along the mesosomel
tubule and of fusion with it. Bulging of the tubular

membrane around vesicles and the cosequent fusion of the

two structures could thus provide a mechanism for tubule

growth and branching and also for the secretion of
extracellulau products (i.e. a function similar to that of
Golgi) and for transport of precursors involved in polymer

synthesis,

Caution should obviously be exercised in the
interpretation of some images observed in freewe-Tfractured
and etched preparations. For example, the spatial relationship
of the line of small depressions on the etched surface of
freeze-fractured and etched protoplasts to the fracture
edge itself suggests thatl they i.e. the depressibns, represent
artifacts of the fracture proceés. Freeze~cleavage may
cause localised stress lines in the frozen membrane in the
vicinity of the fracture edge. -These could be manifested
after etching by the appearance of small depressions or tears

on the ocuter membrane suriface.

¢ ¢ 2 ¢ v ¢ O 8 O s 0 @

A shortened account of the isolation
procedure for and properties of mesosomal and peripheral

membrane fractions from M.lysodeiklicus has recently been

accepted for publication in The Biochemical Journal, A

proof copy of this manuscript is attached facing page 146.
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CONCLUSTIONS.
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The role of the mesosome of M.lysodeikticus
has been studied using both biochemical and electron-
microscopic techniques. By precise manipulation of the
conditions prior to and during protoplast formation, it is
possible to obtain highly purified preparations of mesosomal
membranes, There is no evidence.from freeze-fracturing and
etching experiments thalt structural rearrangement or
autodigestion occurs during the adopted fractionation

procedure.

The mesosome contents do not appear to be
the site of membrane biosynthesis in this organism, a finding
in common with conclusions reached for other bactéria.
However, evidence from freeze-~fracturing and etching does
confirm thal they are metabolically important organelles.
1t is proposed that membrane biosynthesis occurs by a
dispersive type of growth mechanism with {the possible
incorporation of mesosomal wvesicles into peripheral membrane,
this being followed by time sequential addition of other
components, Evidence from freegze-fracturing and etching
shows that the mesosomal sacculus is structurally dissimilar
to either mesosomal membrane itself or to peripheral membrane.
The mesosomal sacculus may thus represent a region of
localised insertion of some membrane components in order to
effect rapid membrane growth during the septation process.

The depleted complement of electron transport
components in the mesosomal membrane when compared with
peripheral membrane finally provides conclusive evidence
against a localisation of respiratory function in this

organelle, It seems probable that this phenomenon 1is common

to mesosomes of many bacteria.
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Results from both biochemical and electron-
microscopic studies suggest that the mescsome is a region
of localised autelytic activity. Although no direct
evidence is available to indicate the mesosome as a site of

peptidoglycen synthesis in M.lysodeikticus, anatomical

evidence from thin-scctioning experiments shows a close
agssociation of this organelle with the developing septum.

Thus the mesosome has an important role Tto play in the proccss
of wall morphogenesis and in cell-separation. It seems
probable that the peripheral membrane pdrticipates in wall
thickening and also in the anchoring of the wall to the
membrane ., A rTole for the mesosome in the biosynthesis of

another surface polymer, polymannan, is also indicated.

Flectron-microscopic evidence indicates
that mesosomal membrane growth may occur by translocation
of membrane vesicles along the tubules of the mesosome,
followed by membrane fusion at The distal end of the 1lubule.
This proposal also provides a mechanism for the secretion
ol extracellular prcducts and for the transport of

precursors to the site of surface polymer growth,

Although this study has identified several
functions @or the mesosome, it has not confirmed (or refuted)
all the previously proposed roles Tor this organelle. A role
in DNA manipulation may be indicated but this possibiliiy
would bhe better explored by experiments with whole cells
(i.e. wherc both mesosome and chromatin are present). High
voltage transmission electron microscopy of intact
synchronised cells may provide information on the

association of chromatin and mesosome during cell division.
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M.lysodeikticus, displaying random division planes, is

probably not a logical choice for such a study.

Because of the usge of & non-sporing organism
in this study, it was not possible to investigate the role
for the mesosome in fore-spore formation and germination,
Phis important problem may be resolved by studying suitable
gtrains of sporing bacilli, Comparison of megosome

-

fractions isolated from B.megaterium KM with those isolated

from sporing strains of the same species and obtained at the
relevant stages in the Sporulation/germihation cycle may be
helptul in this respect. A study of this kind may also be
instrumental in determining whether morphologically

dissimilar mescsomes have different functions.
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D1

Flow Diagram 1, DOC extraction of "Standard" membranes of

M. lysodeikticus St.0

"Standard" membranes

+ 1% DOC

38 000 g

Pellet=— Supernatant
I

+ 1% DOC
l 200 000 g, 1 h

38 000 g :
l Pellet Supernatant
repeat x 5 [ l
+ 1% DOC
200 000 g, T h
Pellet 200 000 g, T h
+ tris
rePeat x 2 Pellet Supernatant
38 000 g 1 + 1% DOC Discard
4
Pellet 200 000 g, 7 h r
i
repeat x 2 Supernatant + tris
(Discard) repeat x 2

200 000 gy T h

Pellet (DO l)
Pellet
e R

repeat x 3 + tris

Pellet (DO 2) 200 000 g, T h

repeat x 2

Pellet (DO 3)




D2

Flow Diagram 2.

Washed cells

l

Plasmolysed 2.0 M buffeﬁed sucrose containing 10 mM Mg2+

(1.5 h 21°%)

Protoplast formation (250 pg/ml lysozyme 30°C 45 min)

l

Diluted with 1.5 volumes buffer containing 10 mM Mg

|

12 000 g, 2 h, 21°C

Protoplast Pellet Supernatant containing megosomes
|
12 000 g, 2 h, 21°C

X6 washed peripheral membrane

Supernatant
280 000 g, 2 h, 21°C

Mesosomal Membrane Supernatant
Pellet zDiscardi

X6 washed mesosomal
membrane



Il

Pig. 1, Visible spectrum of membrane preparations isclated from

M, lysodeikticug St.0. Peripheral membrane (a) and mesosomal

membrane (b) at concentrations of 1.8l and 1,52 mg dry wt membrane/ml
respectively were solubilized by the addition of SDS (final concentration
O.l%) prior to recording spectrum, Under those conditions the )‘max
values for both preparations are 419 nm, 446 nm and 475 nm.

Note the considerable absorpibion in the region of 550 nm due to presence

of respiratory pigments (cytochromes).
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F2

Tig. 2. Standard curve of carotenoid absorption against the
concentrations of membrane in suspension. Isolated peripheral
membrane {O) and mesosomal membrane (A) preparations isolated from

M. lysodeikticus 8t.0 were clarified by the addition of SDS to a

final concentration of €.1% and extinction at 446 nm recorded.
Aliguots of membrane suspensions were dialysed against distilled
water prior to freeze drying and gravimetric determination, Bach

point represents a unique membrane preparation. Note linear

relationship between L 02 and membrane concentration for both

1
44

preparations and the similarity in their carotenoid content.
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F3

Fig. 3. Semi~log plot of molecular weight (M.W.) of marker

proteins against their respective migration (Rf) relative to
bromophenol blue. Bovine serum albumin (O), ovalbumin (4),
hexikinase (0), chymotrypsinogen (@), myoglobin (M) and cytochrome ¢
(A) were subjected to polyacrylamide disc gel electrophoresis in the -°
presence of 0.1% SDS and resolved in gels containing acrylamide at a

concentration of 11.7% w/v and bis at a concentration of 0.153%.






74

Fig. 4. Cytochrome difference spectra of igolated peripheral

membranes from M. lysodeikticus St.0. Membrane suspensions

(18.4 mg dry wt,. membrane/ml) were clarified by ultrasound (a - d)

or vith 1% v/v Triton X-100 (g - £) and chemically reduced with
sodium dithionite. Difference spectra were recorded immediately
following addition of dithionite (g and e) and after 5 min (b and £),
10 min (¢ and g) and 15 min (d and h). Note that complete reduction

of cytochrome b560’ unlike cytochromes 2¢o1 and ¢ is only

550,

achieved after approx. 10 min in suspensions treated with ultrasound

or after approx. 5 min if treated with Triton X-100,






F5

Fig. 5. Fructose, glucose and mannose in 79% sulphuric acid.
0 -~ 30 pg of fructose (@), mannose (A) and glucose (M) were
incubated at 2500 with 3.0 ml 79% w/w sulphuric acid (final
concentration) and the Eéig monitored after 2 h. Only fructose,

a ketosugar, shows absorbance at 310 nm in this system.
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F6

Tig. 6. Growth and pigment production by M. lysodeikticus St.A.

Cells were cultured from a 10% inoculum as described in Methods and

cm
620

(m), and pH values (A) were monitored in culture

grouth estimated by E of the broth (.). Pigment production,

. JLem
estimated by E4O5

supernatant fluids. The generation time of 135 min was estimated

cm
20

Note the relatively small increase in pigment content of culture in

by the time taken for doubling of Eé during exponential growth,

the exponential phase of growth of M. lysodeikticus St.0 (Fige 7).
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T

Fige T Growth and pigment production by M. lysodeikticus

5t.0. Cells were cultured from a 10% inoculum as described in

Methods and growth estimated by Eégg of the broth (®). Pigment

production, estimated by Elom

405

in culture supernatant fluids. The generation time of 112 min was

(w), and pH values (A) were monitored

estimated by the time taken for doubling of Eégg

growth. Note the characteristic increase in pigment production

during exponential

during stationary phase of growth.
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