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1. Pur

from Bacillus

SUMMARY

ified cell membrane

amy1o1 iquefaciens

preparations \Àlere isolated

by a variety of procedures and

various properties of the membrane were studied,

2. Morphological examj-nation of membranes was performed

by both conventional and freeze-fracture electron microscopy.

studies \^rere undertaken on intramembïanous particle size and

distribution, possible membrane-ribosome associations, membrane-

associated particles, and on the fine structure of the membrane.

3. Physical properties of the ceIl membrane $/ere

examined by spin-labelling, calorimetric and fluorescence

techniques in combination with the activities of membrane-

associated enzymes. Arrhenius plots of enzyme acÈivities and

spin-laber motion yielded 4 discontinuities at 4 criticar
temperatures. calorimetry confirmed the occurrence of lipid
phase transitions in the membrane. Although the events which

occur in the membrane as a function of temperature are not
understood at the molecular IeveI, the results are tentatively
interpreted j-n terms of the occurrence of two lipid phase

transitions which may be the result of asymmetry in the phospho-

Iipid distribution between the two halves of the lipid birayer
of the membrane.

4. The lípid content of the cell membrane was 2oz by

weight and of this | 7oz was phosphotipid,- cardiolipin was the
predominant phospholipid. Branched-chain fatty acids made up

over 808 of the total fatty acids and of these iso and anteiso
acids of 15 and I7 carbon atoms and iso acids of 14 and 16 carbon

atoms were predominant. Less than t? of the totar fatty acids
I^rere unsaturated. Straight-chain fatty acids and unsaturated
fatty acids \^/ere secreted by this organism, however their direct
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involvement in extracellular enzyme secretion was excluded.

5. The membrane fatty acid composition and thus presum-

ably membrane fluidity, could be altered. Growth at lower

temperatures increased the proportion of branched-chain and

unsaturated fatty acids, at the expense of straight-chain

acids. Branched-chain monounsaturated-fatty acid.s were detected

in the membrane under these conditions. Inclusion of alcohols

in the growth media also affected membrane fatty acid. composit-

ion.

6. The secretion of extracellular enzymes in cells

exhibiting altered fatty acid composition as a result of the

above methods was examined. Considerable effects b¡ere observed

which may be a reflection of changed membrane composition.

7. The phenomenon of cold shock in which cells' subjected

to rapid passage across critical temperature zones lose their

normal permeability characteristics, \,üas examined. Two critical

temperature zones were found which may relate to physical

events in the membrane tipid. It was found possible to modulate

cold shock in parallel to changes in membrane lipid composition.
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GENERÄ,L INTRODUCTION

The work described in this thesi_s is an attempt to
gain greater understanding of the process of extracellular
enzyme secretion by bacteria. The model system chosen is the

secretion of protease, o(-amylase and ribonuctease by BaciIlus
amyloliquefaciens. *.

The bacterial celI membrane is a permeability barrier
to the secretion of extracellular enzymes and it may werl be

indirectry invorved in the synthesis of these enzymes. Thus a

study on the properties of this mem-brane may provide greater

insight into the mechanism of secretion. In the course of this
work, the results obtained hrere relevant to basic membrane

biology, and arthough attempts were made to relate these to the

process of secretion, this study remained principally one on

the ceIl membrane per se. For this reason it was decided that
a lengthy review on extracellular enzyme secretj-on \^/as not

warranted. A recent review on extracellular enzyme secretion
by bacteria by Glenn (1-976), adequately covers this aspect.

As this thesis is concerned with the physical and

chemicar properties of the bacterial cel1 membrane and their
relation to numerous physiological processes, discussion on

these aspects is l-eft to the appropriate chapter.

* This strain of organism, previously
of Bacillus subtilis was designated Bacillus
by WeTE anãGmpUe-fr Gg67) on theTãEs o=f

thought a subspecies
amyloliquefaciens

composition and hybridízation studies.
DNA bãsil
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TNTRODUCTTON

Bacterial extracellular enzymes are mainly

degradative and their most obvj-ous role appears to be the

breakdown of large molecular weight compounds which exist in

the environment, for subsequent utilization by the cell

(Mandelstam, L969; Engelking and Seidler, I974), although some

claims have also been made for their involvement in sporulation

(Mandelstam and llaites, L968¡ Hanson et al. , L970). The manner

by which these enzymes are synthesized and secreted by the celI

is not clear, and the fact that these enzymes are potentially

Iethal to the cell makes the problem all the more interesting.

This introduction firstly reviews the secretíon

process in the mammalian system as it is relevant to the

bacterial system. This is followed by a review of extracellular

enzyme secretion by bacteria.

A SECRETION IN ANIII'IAL CELLS

In certain mammalian tissues involved in exoprotein

secretion, such as the pancreas, secretory granules may be

utilized in which the exoprotein is packaged in membrane

vesicles and subsequently released from the cell by a process

resemblJ-ng reverse pinocytosis (Palad.e et aI. , 1962¡ Jamieson

and Palade, L967; Castle et aI., L972) . However, in a manner

similar to the bacterial cell, the primary secretion process

remains one in which the exoproteins are initially secreted

through the endoplasmic reticular membrane.

There is a considerable body of evidence to suggest

that for mammalian cells engaged in secretion, exportable

proteins are synthesized on membrane-bound polysomes whereas

proteins not destined for secretion are synthesized on free

polysomes (Redman et aI., 1966; Ganoza and lrÏilliams, L969¡
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Takagi et al-., 1970¡ Borgese et aI., 1973). Observations

together with various model-s have been made for m-RNA

discrimination which allows for this serective synthesis
(Cio1i and Lennox, L973; Zauderer et aI., 1973).

The experimental basis for the direct translational--
extrusion model to account for the transport of exoproteins

across the membrane originates from the work on microsomal

preparations. Such preparations are vesicular and have ribosomes

bound to the external surface by ionic attraction and,/or nascent

peptide chain (Adelman et aI. , 1973). They are capable of
synthesizíng exoprotein in vitro, the exoprotej-n remaining

associated with the microsome as do puromycin-released nascent

porypeptides. Both exoprotein and nascent peptides can be

subsequently released from the microsome after solubilization
of the membrane with deoxycholate (Redman and sabatini, 1966¡

Redman et al. , 1966¡ Redman, L967; Andrews and Tata , l-97!i

Bevan, l97I). Although such a result provides evidence confirm-
j-ng the point that exoproteins are capable of being synthesized

on membrane-bound rj-bosomes, it does not provide confirmation
on a direct transmembrane extrusion of such exoproteins as the

exact location of the synthesized material is not known and

cannot be established by the solubilization procedures employed

(Rothman , L97 5) .

The signal hypothesis proposed by Blobet and

Dobberstein (1975a,b), is a major nehr concept in the secretion
of proteins by eukaryote cerrs. rt is postulated that the

information for segregation of a translation product across a
membrane is encoded in the m-RNA by means of a unique sequence

of codons or signat sequence, rather than in the protein-
synthesizi-ng apparatus. The resulting nascent chain is postul-
ated to contain a unique sequence of amino acid residues on the
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B

amino terminar end which may be involved in the attachment of
ribosome to membrane and the subsequent transfer of the nascent

chain across the membrane. It is further postulated that this
amino terminal sequence is then processed and removed by

membrane-associated activity (Blobel- and Dobberstein, l-97 5a,b) .

EXTRACELLULAR ENZYIVIE SECRETION BY BACTERÍA

The synthesis and secretion of bacterial extracellular
enzymes can be considered analogous to the primary secretion
process for the animal system as proposed by Redman (L967). With

this in mind, a translational-extrusion model for extracellular
enzyme secretion was proposed which was compatibre with the

known facts on bacteriat secretion. The translational-extrusion
model proposed by May and Elliott (1968), for the secretion of
protease, <-amylase and ribonuclease by Bacillus amyloliquefaciens
provides a working model for the study of bacteriar exoenzyme

secretion. Synthesis of extracellular enzymes is postulated to
be carried out by membrane-associated ribosomes with the nascent

polypeptide chain beíng vectoriarry extruded through the cell
membrane to take up its active configuration outside the permeab-

ility barrier of the ceIl membrane. rt is proposed that the

extracellul-ar enzymes are at no time present within the
cytoplasm. Support for this model rests on a number of observat-

ions in both this and other bacteria. Firstry, within the

cytoplasm, little or no extracellular enzyme activity is detect-
able (Kushner and pollock, 196li McDonald and Chamber, 1966¡

l"[ay and Elliott, 1968; casas and Zimmerman, L969; Grew and Heath,

1971). Secondly, there exists a tight coupling between

extracell-ular enzyme synthesis and secretion (Both et al., L97z).

Thirdry, the presence of a ribonuclease inhibitor within the
cytoplasm which forms a virtually irreversible complex with the
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exo-ribonuclease, argues against the free existence of ribonuclease

in the cytoptasm (Smeaton et al. , 1965¡ Smeaton and Elliott'

1967b). Fourthly, there is direct evidence that for some

extracellular enzymes, the emerging form of the enzyme differs

from the native form in regard to susceptibility to proteolytic

attack (Bettinger and Lampen, ]-975i Sanders and May, I975).

Although these observations are compatible with the

model proposed, the possibility sti1l remains that an inactive

precursororzymogenformoftheenzlrmeexistsinthecytoplasm'

as is the case for the protease of Streptococcus faecalis (Lin

et aI., 1963) . Alternatively, inactive sub-units of the

exoenzyme may exist in the cytoplasm and come together to form

the active enzyme only outside the permeability barrier of the

cell membrane (Torriani, 1968). At present there is a lack of

direct evidence demonstrating that exoenzymes are synthesized on

membrane-bound ribosomes. Indeed the existence of membrane-

bound ribosomes is still a contentious issue unlike the situation

in eukaryotes. Membrane-bound ribosomes have been reported for

a variety of bacteria (Schlessinger, l-963¡ Fitz-James, 1964;

Pfister and Lundgren, Lg64; Schtessinger, êt â1., 1965; Moore and

umbreit, 1965¡ Coleman, L969a,b; Varricchio, l-9'72) , however'

much of this evidence does not take into account the physical

entrapment of ribosomes within membrane vesicles, or the

possibility that binding to the membrane may be mediated by the

presence of lysozyme (Patterson et al., 1970). The apparent

level of membrane-bound ribosomes is influenced by the ionic

environment (Coteman, I969arb), and although it cannot be

excluded that the ionic conditions may be important for maintain-

ing possible membrane-ribosome interactions as is the case for

mammalian systems (Sabatini et al., L966) , this may only reflect

differences in the extent of ribosomal entrapment.
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The assumption that membrane-bound ribosomes are

responsible fox the synthesis of extracellular enzymes in

bacteria raises other problems such as the manner by which I

p-RNA specific for the extracellular enzymes are transported to

and recognized by membrane translational sites. A possible

"signal" sequence on the 5'-end of the m-RNA which allows

initiation to occur only at such sites,ffiâY overcome the problem

of recognitj-on. The problem of transportation from gene to

peripheral translation site is a formidable one in view of the

unlikely possibility that exoenzyme m-RNAts are stable (Both

et al. , !972¡ Glenn et a1. , L973). A possible means of overcomingr

thís problem is interpreted from the results obtained for

B. amyloliquefaciens in whích protease secretion is maintained

for periods of up to 60 minutes in the abscence of RNA

synthesis (Both et aI. , 1972). The suggestion is made that

excess m-RNA is produced and that during migration from gene to

membrane translatj-on site, sufficient m-RNA reaches and saturates

such sj,tes despite its rapid breakdown in the cytoplasm en route.

Irrespective of the site of extracellular enzyme

synthesis, the molecular mechanism of secretion still remains

unclear. Although the major permeability barrier to secretion

is the ceIl membrane, the ceII wall may be responsible fot

partially restrict.ing the passage of the exoenzyme out of the

ceII (Gou]d et al. , 1975) as well as providing the emerging

exoenzyme some protection from proteolytic attack (Bettinger

and Lampen, L97 5; Sanders and May, L97 5') .

The hydrophobic lipid bilayer of the bacterial cell

membrane would be expected to offer the greatest permeability

barrier to the secretion of extracellular enzymes. Although

the extracellular enzymes are hydrophilic in their native form

and in general of molecular weight between 20,000 to 401000
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(Glenn , I97 6) , this does not exclude the possibility that they

may be modified in some manner or have some special properties

which facilítate their transport across the membrane. Indeed

it has been proposed that due to the lack of cysteine, bacterial

extracellular enzymes may acquire a more flexible structure to

a1low passage through the membrane (Pollock and Richmond, L962) -

It has been shown that for E. coli alkaline phosphatase'

assembly of the active (dimeric) exoenzyme takes place in the

periplasm after secretion of monomers (Schlessinger, L968t

Schlessinger and Olson, 1968; Torriani, 1968), and this would

allow for a much smaller part of the exoenzyme to be secreted

at any one time.

The attachment of lipid t ot the presence of a terminal

sequence of hydrophobic amino acids on the exoenzyme could

presumably facilitate its transfer through the cell membrane.

In this regard Bacj-Ilus Iicheniformis 749/C h'as been shown to

produce two forms of penicillinase (Sawai et al. , L973i Sawai

and Lampen, Lg74; Yamamoto and Lampen, L975), although only one

structural gene for the enzyme is present (Sherratt and Collins '
1973). One form of penicillinase is a soluble exopenicillinase

and the other is a hydrophobic membrane-bound form which differs

from the soluble form only by the presence of a phospholipopep-

tide chain. This segment at the amino-terminal end consists of

25 amino acids and a phosphatidyl serine group (Sawai et aI.,

I973). The in vitro synthesis of the hydrophobic penicillinase

containing the covalently attached phospholipid has also been

achieved (Dancer and Lampen, 1975). In addition several forms

of {-amylase have been detected associated with the celI membrane

of Bacillus subtilis (Marburg) (Nagata et â1., L974) and B.

amyloliquefaciens (Fernández-Rivera nlo and Arroyo-Begovich,

1975). For this latter organism the need to use detergents to
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solubÍlize one of these forms from the celI membrane, suggests

that it may be secreted in a manner similar to that of B.

licheniformis penicillinase. Phospholipids have also been

implicated in association with extracellular lipase of

Acinetobacter 0 16 (Breuil and Kushner, 1975). It has also been

suggested that phospholipid may be co-secreted with extra-

cellular enzymes in B. amyloliquefaciens (Glenn and Goul-d, L973).

These results suggest that if some form of hydrophobic

domain is required for insertion and transport of the exoenzyme

across the ceI1 membrane, it could be an intrinsic property of

the exoenzyme or it may be acquired by means of co-secretion of

a hydrophobic "carrier" molecule. The fluidity of the ceI1

membrane may also influence the secretion of extracellular

enzymes as has been suggested for the secretion of alkaline

phosphatase in fatty acid auxotrophic strains of E. coli (Kimura

and lzui; L976) and in Bacillus caldolyticus in which changes in

protease secretion were correlated to changes in the membrane

fatty acid composition (Lauwers and Heinen, 1973).
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ATMS OF THE WORK IN THTS THESTS

The aim of this work was to provide greater under-

standing of the process of extracellular enzyme secretion across

the baöterial ce1l membrane. It was initially intended to study

some of the properties of the cell membrane usíng isolated
membranes and then determine whether changes in the cell membrane

could influence the secretion of extracellular enzl¡mes. As the

ceII membrane exhibited some interesting physical properties in
regard to the thermal behaviour of the membrane lipids, it was

decided to pursue this line of investigation in greater detail.
Thus a considerable portion of this thesis is concerned with a

study of the physical properties of the membrane and their
influence on such physiological processes as extracellular enzyme

secretion and cold shock.

Chapter 3 deals firstly with the isolation of cell
membranes of Bacillus amyloliquefaciens using both osmotic and

mechanical procedures. The morphology of the membrane both

in situ and in membrane preparations was examined particularly
in regard to the fine structure of the membrane and possible

membrane-ribosome associations. As the isolated. membranes were

found to be vesicular, attempts \^/ere made to use these membrane

vesicles directly in the study of extracellular enzyme secretion.
The physical properties of the cel1 membrane were

examined in Chapter 4. Of principle interest was the behaviour

of the membrane as a function of temperature and this was studied

using physical and physiological techniques. As the results of
this study indicated that the membrane lipid was important in
determining the physical behaviour of the membrane, a study was

then made on the lipid components of the celr membrane.

Chapter 5 deals with the lipid components of the
membrane and particularly the fatty acids which are considered
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important in determining the physical state and the fluidity of

the membrane. Attempts were made to alter the fatty acid

composition of the membrane (and thus presumably the membrane

fluidity), by altering the growth temperature or by including

alcohols in the growth medium. These attempts proved successful'

celrs which exhibited an altered fatty acid composition as a

result of the procedures employed in Chapter 5, $/ere subsequently

used to determine the influence of membrane lipid composition on

extracellular enzyme secretion. This work is described in

chapter 6. The work in this chapter also includes a study on the

phenomenon of cold shock which was thought to be a consequence of

temperature-induced changes in the physical state of the membrane'

The influence of altered membrane fatty acid composition on cold

shock was al-so investigated with the view of reducing or even

eliminating the incidence of cold shock'



CHAPTER 2

MATERIALS AND METHODS
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MATERIALS AND METHODS

A. MATERIALS

I Bacterial Strains

An unclassified strain of Bacillus amy loliquefaciens

was obtained from the Takamine Laboratories Inc., clifton, N'J.,

u.s.A. This organism was originally classified as a strain of

B. subtilis, but has since been identified as B' amy toliquefaciens

(welker and campbell, 1967) on the basis of DNA base composition'

DNA hybridization studies and transduction experiments' A mutant

strain of B. amy loliquefaciens desígnated LF- which did not

produce a surfactin-like lytic factor (May and El1iott, L97O) '

was routinely used in this work. In addition the wild type (!'fT)

strain of B. amy loliquefaciens was also used for some experiments

where indicated in the text.

B. subtilis 168 (Tryp-) was a trypt'ophan-requiring

mutant kindly provided by Dr. A. R. Glenn of this Department'

2 Liquid-qrowth medium

B. amy loliquefaciens was groltrn in a salts-maltose-

Casamino acids

(tgt z) .

growth medium described by Both et aI.,

B. subtilis was grown in a salts-glucose-Casamino acids

growth medium described by Bishop et aI" (I967) 
'

however in addition it contained 0.5 mg/ml Tryptophan'

3. Washed-Cell Suspension Medium

washed-cell suspension medium (vücsM) \^las the same as

liquid growth medium except that FecI3 and yeast extract hlere



4 Protoplast Medium

Protoplast medium (PM) contained 25mM tris, 0.125mM

CaCI, 0.0125mM ZnSOn, 5.Oml,t KCI, 3.7mM (NH4)Z HPO4, 0.0258 (w/v)

Bacto Casamino acids, I%(w/v) maltose, 222(w/v) sucrose, 5mIvI

MgSon and 0.25 ml,/litre of the trace metal solution described

previously for the liquid. growth medium (Both et aI. , L972).

The medium was adjusted to pH7.3 with HCI.

5 Antibiotic s

Chloramphenicol was obtained from Parke Davis and Co

Sydney, Australia, as "chloromycetin".

omitted thereby limiting cell

Casamino acids was reduced to

0.0s2 (w/v).

growth, and the amount of Bacto

give a final concentration of

L2.

from Sigma Chemical

adjusted to the

I

6 Radioisoto ES

All radioactive materials were obtained from SdnwarLz/

Mann, Orangeburg, Ne\,rI York.

7 Enzymes

Lysozyme hTas three-times crystallised from egg white

and was supplied by Sigma Chemical Co. Ribonuclease-A from

Bovine pancreas, Type ITI-A and Deoxyribonuclease I from Beef

pancreas, (noncrystalline) were supplied by SJ-gma Chemical Co

I Buffers

a) Phosphate buffers \^rere prepared from K2HPO4 and

KH Po¿'

b) Crystalline tris was obtained

as "Sigma 7-9". Solutions of tris wereCo

2
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required pH by the addition of HCl.

AIl buffers and solutions hrere prepared in double

distilled water, except for the liquid-growth medium in which

monodistilled water was used.

o Enzyme Substrates

a) Protease substrate: Remazol Brilliant Blue (RBB)

was a genérous gift from Farbwerke Hoechst AG, Frankfurt and

Hide Powder was purchased from Calbiochem, San Diego, California.
The Remazol Brilliant B1ue-Hide Powder (RBB-Hide) complex was

prepared according to the method of Rinderknecht et al., (1958) .

b) Ribonuclease substrate: Yeast RNA of high

molecular weight was prepared according to the method of
Crestfield et ê1., (f955).

c) 4 -Amylase Substrate: "Phad.ebas" tablets were

supplied by Pharmacia (South Seas) Pty. Ltd., Lane Cove, N.S.W.

10. Spin Labels

Spin labels were ej-ther the methyl ester (m.e.) or

acid form (a) of stearic acid with the nitroxide group attached

to carbon atom 12, 12NSm.e. or l2NSa lZ- (10-carboxydecyl)

-2-hexyl-4, 4-dimethyl-3-oxazolidinyloxyl], or to carbon atom

16, or I6NSn.e. or fANSa IZ- (14-carboxytetradecyl)-2-ethyI-4,

4-dimethyl-3-oxazolidinyfoxyf]. Spin labels were purchased

from Synvar, Palo Alto, California.

11. Gas Liquid Chromatosraphy Columns

All columns h/ere prepacked by Applied Science

Laboratories Inc., Pa. U.S.A. The following stationary phases

were routinely used for the analysis of fatty acid methyl

esters: (Non polar), 38 Apiezon L; 5g Apiezon L; (po1ar), 109



EGSS-X (ethylene succinate-methyl sílicone polymer' (low

siticone) ); 25"6 DEGS (diethylene gIycol succinate). All

stationary phases were coated onto 100-120 mesh, acid-washed,

silanized Chromosorb P. Columns \^rere I/8" O.D. by 6 ft.

stainless steel.

12. Fatty Acid Standards

L4.

as the methyl

U.S.A., either

a stated purity

The following standards were purchased

esters from Applied Science Laboratories Inc. Pa.

individually or as a prepared mix. Standards had

of greater than 96?.'
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I 4 -me thy lhexadecanoate
I 6-methy t heptadec anoate
I 6-methyloctadecanoate
I B -methylnonadecanoate
I8-methyleicosanoate
caprate
undecanoate
laurate
tridecanoate
myristate
pentadecanoate
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heptadecanoate
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nonadecanoate
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iso
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iso
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iso
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0
0
0

0
0
0
0
0
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0
0
0
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c
c
c
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palmitoleate , (cis- 9-hexadecenoic )
oleate, (cis-9-octadecenoic)

n
n
n
n
n
n
n
n
n
n
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n
n
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Ict

C1
c13 t
c14 tcr5:
cl6 tcr7,
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Methyl l0-methyldodecanoate (anteiso C ) was

purchased from Analabs Inc., New Haven, Conn. U.

13 :0

S.A.

13. Solvents

Chloroform \^las A.R. grade supplied by British Drug

Houses (B.D.H. ) Ltd. Methanol (B.D.H. ) was A.R. grade and

redistilled over anhydrous CaCl2 before use. Ether was

redistilled before use. Petroleum ether (B.D.H. ) 40-60o fraction,
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was first stirred overnight with concentrated H2SO4, dried

using NaOH pellets and redistilled. over NaOH. OnIy the fraction

distilling between 4Oo and 60o was used. Acetone was redistilled

over KMnO4. Hexane (Ajax Chemical co. Australia) hras redistilled

and stored in the presence of sodium wire . I4*" (w/v) boron

trifluoride in methanol htas used as supplied by Applied Science

Laboratories Inc. Pa. U.S.A. Carbon disulphide was supplied by

May and Baker Ltd. and dried using anhydrous CaCl2'

Al1 solvents except the boron trifluoride in methanol

v¡ere degassed with N2 before use-

14. Glassware

AIt glassware used for lipid analysis was chromic acid

washed and rinsed with solvent before use.

15. Non-ionic detergent

Tween 8O (sorbitan mono-oleaÈe polyoxyethylene) was

supplied by Sigma Chemical Co.

B. METHODS

1 Growth of cells

A. B. amyloliquefaciens

Cultures \^¡ere grohrn from spore suspensions in liquid'

growth medium as described by Both et aI., 1972. Cells lvere

grown by shaking in an incubator (Ivlodel 46L, Paton Tndustries,

s.A.) at 250 cycles per minute. Growth temperature was 3Oo

unless otherwise stated. Cultures \^/ere harvested at an

o-D- --lt* = 3.6, which corresponds to late-Iog phase-v'Y' 6oonm

and to a dry weight value of L.9 mg/ml of ceII culture' '
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B. B. subtilis

Cultures \^rere grown in liquid-growth medium described

in the Materials section, from spore suspensions using the

procedure of Bishop et a1.,1967. Ce11s \^7ere grown by shaking

in an incubator aS described above, at 37o. Cultures were har-

vested at an o-l-l- -^1"* = 3.0, which corresponds to late-Iog phase.r'u' 600nm

2 Harvest of celIs

A. B. amylo liquefaciens

cells from late-log phase culture blere harvested,

washed in washed-cell suspension medium (WCSM), recentrifuged

and finally resuspended to Èhe required, dilution in hICSIvl'

B. B. subtilis

described

required

pH7.3.

cells from late-log phase culture hTere harvested as

above for B. amyloliquefaciens' however, cells

for lipid extraction hrere washed in 50mM Tris buffer'

3 Preparation of protoPlasts

protoplasts were prepared from the mutant strain

(LF-) of B. amyloliguefaciens which does not produce the

protoplast-bursting factor described by May and Elliott (1970).

The culture was harvested, washed once in WCSlvl and f inally

resuspended in protoplast medium to the original ceIl density'

The suspension was shaken slowly (50 cycles per minute) in the

presence of I33 yg/mL lysozyme. Complete protoplast formation

as monitored by phase contrast microscopy occurred after about

60 minutes and at this time the protoplasts were harvested by

centrifugation at 15 r 0OO g for 15 minutes and carefully

resuspended in PM to the dilution required. All operations

were performed at 3Oo.
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4- P ration of membranes osmotic I sis of ce11s

Cellsharvestedasdescribedwerewashedby

centrifugation and resuspension in 5omM potassium phosphate

buffer, pH 7.3 at 3Oo and finally resuspended to a concentration

of 89 (wet weight) per 1itre. LysozYme, DNAase and RNAase

were added at final concentrations of 3oo, Io and I0 g/ml

respectively. The suspension was incubated at 30o with vigorous

stirring. After t5 minutes M9SO4 I^Ias added at a final concen-

tratj-on of I0mM and the suspension left for a further 30 minutes'

Sodium ethylenediamj-netetraacetic acid (EDTA) was then added to

a final concentration of 15mM (to facilitate the release of RNA

from ribosomes). The incubation was continued for 15 minutes

after which the MgSO4 concentration was increased to a final

concentration of 2OmM. After a further 15 minutes incubation

the membranes were harvested by centrifugation at 35r0009 for

30 minutes, the temperature of the suspension being lowered' to

10 during this step. The pellet was resuspended in ice-cold

0.IM potassium phosphate buffer pH7.3 by homogenization in a

glass-teflon homogenizer. unlysed cells and cell wall debris

were remoyed by centrifugation of the membrane suspension at

4,0009forl0minutes.Thesupernatantremainingafterthis
centrifugation was centrifuged at 35,000g for 30 minutes and

the resulting membrane pe]let was twice washed by centrifugation

and resuspension in ice-cold o.li{ potassiun phosphate buffer,

pH7.3. Membranes were finally resuspended in this same buffer

to a concentration of 6 to 8mg protein/mI by means of a glass-

tef lon homogeni zet. Membranes \^Iere either used immed'iately or

otherwise stored at -80o until required. Membranes used after

freezing and subsequent thawing r^Iere not reused.
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5. Preparation of membranes bY osmotic Iysis of protoPlasts

Protoplasts prepared from late-log phase B'

amyloliquefaciens LF- cells were pelletted by centrifugation

and resuspended-in a sma11 volume of PM at 3Oo. Protoplasts

were lysed in I00 volumes of 5omM potassium phosphate buffer

containing lO)rg/mt each of DNAase and RNAase. The mixt'ure was

vigorously stirred at 30o and membranes were prepared exactly

as described above from the stage at which M9SO* hras first added'

6. Preparation of membranes by the French pressure cell

Cells \¡/eïe twice washed by centrifugation (4r0009 for

5 minutes) and resuspended in 0.0514 potassium phosphate buffer'

pH7.3 at 3Oo to a final concentration of O.2g wet weight/ml.

Cells were slowly cooled to 10 over a period of 5 minutes to

avoid any effects due to cold shock (Smeaton and Elliott, J-967a),

and then lysed by passage through a French pressure cell at Io

operated at 12,O0O p.s.i. The lysate was centrifuged at 35'0009

for 30 minutes and the pellet discarded. Membranes were isolated

by centrifuging the supernatant at 150,0009 for 60 minutes' The

membrane pellet was resuspended using a teflon-glass homogenizer

in ice-cold o.IM potassium phosphate buffer, pH7.3. The

membranes h/ere twice washed in this buffer by centrifugation

(150r000g, 60 minutes) and resuspension. The final membrane

pellet was resuspended by homogenization in o.tM potassi-um

phosphate buffer and stored as described above for the

osmotica tly-prepared membranes .

7 Electron microscoPY

This was Performed

operated at 80Kv with a 50P

using a Siemens ElmiskoP I

objective aPerture-
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A. Preparation of negativelv stained specimens

A drop of suspension \^Ias placed on a carbon-coated

grid for about 20 seconds. Excess fluid was then removed with

filter paper and several drops of stain (22 aqueous uranyl

acetate) were immediately placed on the grid. The fluid from

the grid was removed after about l0 seconds with filter paper

and the dried grid examined immediately-

B. Preparation of sectioned specr-mens

Membrane samples to be sectioned were pelletted by

centrifugation at 35,0009 for 30 minutes and treated for I hour

in 2Z (v/v) glutaraldehyde (0.lM sodium cacodylate buffer,

pH7.2). After washing for 30 minutes in this buffer, the pellet

hras fixed in 18 osmíum tetroxide for I hour and then made up to

18 uranyl acetate for 30 minutes. The fixed material was

progressively dehydrated in acetone and finally embedded in

"Ara1dite". Thin sections were cut on a LKB microtome and post

stained for 3 minutes in lead citrate.

8. Solubilization of membrane-associated particles

Membranes suspended in loomlvl potassium phosphate

buffer, pH7.3, vlere centrifuged at 35,0009 for 30 minutes and

resuspended by homogenization in lrnM potassium phosphate buffer,

pH7.3. The suspension was recentrifuged as above and the pellet

(Pl) resuspended in ImM potassium phosphate buffer, pH7.3. The

resuspended pellet (pf) was recentrifuged as above yielding a

second membrane pe1Iet, (P2) and supernatant (S2). The membrane

peIlet (p), was resuspended in I00mM potassium phosphate buffer.¡

pH7.3, and both it and the supernatant (S2), \^/ere examined by

electron microscopy.
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9 Sucrose density qradj-ent analysis of membrane vesicles

A. Preparation of gradients

I2m1 linear 25 to 65c6 sucrose density gradients \^tere

prepared using'a two chambered density gradient making apparatus'

Sucrose density gradients were prepared in either 10OmM potassj-um

phosphate buffer pH6.6 or ATPase buffer which contained 75mM

ltris HCl, 1.25rnl,I Pæ12, fiÍ7.8. Gradients were cooled to 20 before

use.

B. Sample loading and centrifugation

0.5m1 of the material to be analysed was suspended in

either 10OmM potassium phosphate buffer, pH6.6 or ATPase buffer'

both containing tO? (w/v) sucrose, and loaded onto the top of the

gradient. Gradient tubes were loaded into an SW-41 head and

centrifuged in a Beckman L2 ultra-centrifuge at 40r500 rpm for

15 hours at 2o.

C. Fractionation of densit adients

Density gradients were fractionated usj-ng a density-

gradient fractionator (ISCO, Model 40) and the O.D.Zgfrffi erofife

recorded using an ISCO, Model UA-4 absorbance monitor connected

to a millivolt recorder. Im1 fractions from top to bottom of the

gradient were collected.

2+10. Mct -activated ATPase assay

The reacÈion measured by the liberation of

orthophosphate from ATP was carried out using the procedure of

Rosenthal and Matheson (1973), however, the final volume of the

assay was I.1mI and the incubation was done at 30o for 30 minutes.

A. ATPase activitv of isolated membranes

Membranes were transferred into ATPase buffer by
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first centrifuging the membranes at 35,0009 for 30 minutes and

resuspending the pellet in ATPase buffer, and then repeating

this procedure. Between 0.1 and 0.3 mg of membrane protein were

used per assay.

B. ATPase activitY o fsr adient fracti onated samples

tml samples from Èhe sucrose density gradient prepared

in ATPase buffer were assayed directly by adding 0.1m1 of ATP to

each sample to give a final concentration of 2.5mM and incubating

as described above. For all samples the ATPase activity was

corrected for the effect of sucrose on both ATPase activity and

non-enzymic hydrolysis. ATPase activity was inhibited by

sucrose; the inhibition !ì/as directly proPortional to sucrose

concentration, maximum inhibition in 652 sucrose $/as 202 of the

rate in 10g sùcrose. ATP hydrolysis was not influenced by sucrose.

11. Freeze-fracture electron microscopy

cells (in IVCSM) and protoplasts (in P¡{) \,fere pelletted

and cooled to 40 over a period of 5 minutes to avoid cold shock

(Smeaton and Elliott L967a) and transferred into gold sample

holders. The samples 1arere then frozen by immersion in liquíd

Freon followed by immersion in liquid N2. Samples lúere freeze

fractured in a Blazers freeze-fracture apparatus operated at a

vacuum of 2xI0-6 Torr. The sample was maintained at -IOOo and

the knífe at -1500. After fracturing, samples were etched for

2 minutes by maintainíng the knife directly above the sample'

Metal replicas were obtained by shadowing with platinum and

carbon at an angle of 45o and thereafter with carbon at an angle

of 90o. Metat replicas were removed and cleansed of bj-ological

material using 808 (v/v) H2SO4 at 600 for 2 hours. Replicas

were washed in distilled water then washed in sodium hypochlorlte

(54 available chlorine) for 2 hours. Replicas were then washeo
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in distilled water and placed on electron microscope grids

coated with 0.5% collodium in amylacetate and thereafter'

examined directly under the electron microscope'

L2. Spin-label1ing experiments

spin labe1s \Á/ere prepared as to-2¡rl solutions in

ethanol. An amount appropriate to give a bulk concentration of

between 1x10-4¡,t and 5x10-5t*t spin label was added to a small

vial and the ethanol removed by evaporation in a stream of N2'

All samples to be spin labelled were added as aqueous suspensions

at 2Oo. Samples of osmotically isolated membranes hlere

routinely suspended in 0.IM potassium phosphate buffer, pH7.3

and the spin label was present at between 0.2 to 0.5? (w/w) of

the membrane protein and between I to 2Z (w/w) of the total

membrane ]ipid. This ratio yielded spectra free of proximity

effects which give rise to line broadening (for discussion see

Scandella et â1., L972).

Atthough spin-label reduction in well-washed membrane

vesicles was negligible over a period of 3 hours, potassium

f erricyanide [xrr" (cN) J , dt a concentration of to-St"t' was

included as a precaution against signal decay. However, wíth

cells or protoplasts suspended in WCSM or PM respectively,

almost complete reduction in signal amplitude occurred within

30 minutes at 30o due presumably to cellutar reduction of the

oxazolidine nitroxide group. This signal decay was abolished

by heating the cells at 650 for 10 minutes; K3Fe (cN) u was not

effective. The amount of spin label added to cells or protoplasts

was determined experimentalty so that the resulting spectra vTere

similar to those obtained for membrane vesicles.

Phospholipidswerespinlabelledasfollows:A

sample of the phospholipid extract in chloroform was taken, the
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chloroform removed under a stream of N, and the phospholipid

was dispersed in 0.lM potassium phosphate buffer, pH6.6, to

give a final concentration of 25mg/ml. Dispersion involved a

preliminary mj-xing using a glass bead fotlowed by sonication

for 5 minutes. The dispersion appeared faíntly white after this

treatment. The spin label was then added as described for the

isolated membranes.

For the recording of spectra, the sample was inserted

into a pasteur pipette sealed at the tip, and duríng the

experiment the sample was not moved whilst in the microwave

cavity. Temperature control was as follows: A calibration run

was performed by measuring the temperature at different controller

settíngs (Varian temperature controller, V-4557) of a membrane

sample using an iron-constantan thermocouple. As the

temperature of the N2 purging the cavity during both the

calibration and experimental runs r^ras continually monitored, the

sample temperature during the experimental run could be deter-

mined. Errors in sample temperature did not exceed tlo during

an experiment. For experiments involving spin label motion at

various temperaturesr êrr equilibration tj-me of 4 minutes between

measurements was used for temperature shifts not exceeding 20.

Results shown for aII spin-labelling experiments were recorded

using an ascending temperature mode.

Electron paramagnetic resonance spectra were recorded

as first-derivative absorption spectra using a Varian E-9 spectro-

meter operated at IOOkHz field modulation, 5mW microwave por,'ler

(or as indicated), 250 yA detector current and a microwave

frequency of 9.18GH2. Modulation amplitude was 2.0 gauss or as

indicated. Scans of 100 gauss !ì¡ere made over a period of 2

minutes.
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rn this study the observed spectra approxirnate those

expected if the spin label were undergoing essentially isotropic

motion. A mathematical expression has been derived for analysing

such spectra in terms of an empiricar motion parameter (To\

defined bY:

To = 6.5 x to-10 w
"(

ho ,) s

where Wo and ho are respectively, the width (in gauss) and the

heightofthemid-field.hyperfinelineandh-,istheheightof

thehigh-fieldhyperfineline.Amorecompletetreatmentrelat-
ingtotheuseofthisexpressionisgiveninthefollowing

references: Raison et aI' , (Lg7Ia) I Eletr et a1' ' (L974)i

Keitheta]-.,(I975).Thevaluesofthehyperfinecoupling

constant(An)forthespinlabelweredeterminedaSdescribed

by Raison et aI.,'(1971a) '

13. ReSp iratory studies

Ratesofoxygenuptakeweremeasuredusinganoxygen

electrode (Rank Bros', Cambridge' U'K') connected to a millivolt

recorder. The electrode was calibrated with air-saturated water

at various temperatures. For membranes prepared either osmotic-

ally or by the French pressure cell, reactions were carried out

inatotalvolumeof2mlofo.lMpotassiumphosphatebuffer,
pH7.3. After measurement of the endogenous rates of oxygen

uptake,thereactionwasstartedbytheadditionof0.005M

succinate or 0.oolM NADH. ReactiOn temperatures \^/ere measured

both before and after the reactj-on using an iron-constantan

thermocouple and temperature variation during ttre assay d'id not

exceed to.zo. For respiratory studies involving cells or

protoplasts, the reaction was carried out in WCSM or PM

respectively.ArrheniusplotsofsuccinateandNADHoxidation

were carried out using an ascending temperature mode.
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14. Fluorescent probe exPeriments

The fluorescent probe ANS (8-anilinonapthalene-1=

sulphonate, sodium salt), was added to osmotically-prepared

membrane vesicles as follows: from a tO-3U ethanolic stock

solution of ANS, âf, amount sufficient to give a final concentrat-

ion of 1.5x10-5M was taken and the ethanol removed by evaporatíon.

Membrane vesicles (3mg membrane protein'/ml) suspended in 0 ' lM

potassium phosphate buffer, pH7.3, were added and mixed with

ANS for 5 minutes at 2Oo. Measurements l^rere made using an

Aminco-Chance spectrophotometer equipped with a 9Oo Iíght source

using excitation and emission wavelengths of 350 and 450nm res-

pectively. The temperature-controlled cell housing was equipped

with a vibrating reed stirrer and a thermocouple directly

inserted into the sample. An ascending temperature mode was

used, with a heating rate of approximately 10 per minute.

Fluorescence intensity was recorded continuously and corrected

for intrinsic fluorescence and light scattering effects at all

temperatures. Under the conditíons described above a sonicated

aqueous dispersion of 1, 2-dimyristoyl-sn-glycero-3 phosphoryl

choline exhibited a pronounced change in fluorescence intensity

at 23o, a temperature corresponding to the main endothermic

transition of this phospholipid (Hínz and Sturtevant, I972) .

15. Differential scanning calorimetry

Thermal analysis of B. amyloI iquef aciens membranes

was performed using a differential scanning calorimeter (Perkin -

Elmer, DSC-2). Membranes prepared by the osmotic lysis of

protoplasts were suspended in 0.IM potassíum phosphate buffer,

pH7.3 and centrifuged at 35,0009 for 30 minutes. The pellet

\^ras transferred into a calorimeter sample pan of 100 yt capacity

which was then sealed and loaded together with an empty
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reference pan inÈo

scans were made at

the calorimeter.

a rate of 2Oo per

Both heating and cooling

minute.

16. Adiabatic calorimetrY

The thermal analYsis of B. amy loliquefaciens

membranes was kindly performed by Mr- A. R. Ha1y, C'S'I'R'O'

Division of Textile Physics, in an adiabatic calorimeter, the

design of which has been described by HaIy and Snaith (1968) '

Membranes prePared by the osmotic lysis of protoplasts and

suspended in O.IM potassium phosphate buffer, pH]'3, were

pelletted by centrifugation at 35,0009 for 30 minutes and

loaded into the calorimeter sample pan. The sample was heated

in steps of approximately 30, a steady state being reached after

each step. The endotherm $¡as determined by measuring the specific

heat at each temperature.

L7. Lipid extraction

A. Cells

The procedure was a modified version of that used by

Houtsmeuller and van Deenen (1965). Harvested ce]ls were

resuspended in 5OmM tris buffer, pH7.3 and I volume of cell

suspension was extracted with I volume of chloroform and 2'L7

volumes of methanol by shaking at 2o for 2 hours. Undissolved

material was pelletted by centrifugation and re-extracted two

more times. Extracts were pooled and 0.2 volumes of 108 (w/v)

NaCI was added to form two phases. The chloroform phase was

removed and the agueous phase was re-extracted with an equal

volume of chloroform. The chloroform extracts were pooled,

dried over anhydrous sodium sulphate and concentrated by rotary

evaporation. ToÈaI lipid dry weight was determined after

completely drying the extract on a vacuum pump. Lipid extracts
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v/ere redissolved in chloroform and stored in sealed tubes under

N2, at a temperature of -20o. Poly- p-fryaroxybutyrate was

removed from this and other lipid extracts by the method described

by Bishop et ê1., (L967) .

B. Culture and washed-cell supernatants

After removal of cells by centrifugation, supernatants

were extracted in the ratio of 1 volume to I volume of chloroform

and 2.I7 volumes of methanol. The lipid extract was then pro-

cessed as described for cells.

C. Membrane suspensions

Suspensions of osmotically prepared mem.branes were

extracted with chloroform : methanol (22I, v/v) according to the

procedure of Folch et a1., (1957), and then processed in the

In addition, Sephadex G-25 was alsomanner described for ceIls.
used to remove non-1ipid contaminants from the lipid extract
using the procedure of Wells and Dittmer (1963).

18. Isolation of phospholipids by acetone precipitation

Phospholipids were isolated from total lipid extracts

by virtue of their insolubility in cold acetone. Six volumes

of acetone at a temperature of -20o were added to one volume of

the particular lipid extract in chloroform. After 30 minutes

at that temperature the precipitated phospholipids \^/ere washed

once with acetone (at -2Oo), centrifuged and the supernatant

pooled with the acetone-so1uble lipids. The dry weight of the

phospholipids was determined after drying in a vacuum pump.

Phospholipids $/ere stored j-n chloroform under N2 at -20o.

19. Column chromatography of lipids

Membrane lipids were also fractionated by silicic acid

column chromatography. 19 of silicic acid (Mallinckrodt, 100
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mesh, acid-washed) was used per .lomg of ripid. The column was

equilibrated with chloroform and the sample added in a small

volume of the Same solvent. Neutral lipids \^lere eluted with

chloroform (6mL/g'of. silicic acid), glycosyl glycerides

(glycolipids) with aceÈone (Lm:-/g) and phospholipids with

methanol (sm:-/g) followed by chloroform-methanol-water

(10:10:1, v/v/v) (anL/g). The eluted fractions were dried,

weighed, and stored in chloroform until use'

20. Fatty acid analYsis

Fatty acid analysis was performed. on total ripid

extracts and on the fractionated lipids. Lipids hrere saponified'

the fatty acids converted to methyl esters and quantitative

analysis was performed by gas-liquid chromatography'

A. Sapo nification

After removal of the solvent into which they were

dissolved, lipids \¡¡ere refluxed for 3 hours in IN NaOH in 503

(v/v) methanol in sealed tubes under Nr. Non-saponifiable

material was removed by extracting t'hree times with hexane'

The aqueous layer was acidified with 20N H2son and the fatty

acids extracted three times with ether. The extract was dried

over anhydrous sodium sulphate prior to preparation of methyl

esters.

B. Preparation of methYl esters

After removal of solvent by evaporation, the sample

\^¡aS heated in a sealed tube at 7 5o for I hour in the presence

of 2 mt of l.4Z (w/v) BF3 in methanol. The sample was then

cooled in ice, 3 ml of water added and the methyl esters were

extracted three times with 5 ml of petroleum ether (40o to 600

fraction). Extracts were combined, dried over anhydrous sodium

sulphate and taken up in a sma1l volume of CS2. Additional
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purification by chromatography on Florisil /H20, lvas found not

to be necessary.

C. Gas liqu id chromatography (GLC)

Fatty acid methyl esters were analysed on a Perkin-

Elmer 880 gas chromatograph equipped with a flame-ionization

detector, connected to a Rikadenki millivolt recorder. The

flame-ionization detector was operated with flow rates of 30 mI/

min (nù and 450 m1,/min (Air). Samples in CS2 $'ere introduced

into the column using a microlitre syringe (S and G'

Engineering, MeIb. Aust. ) .

Four separate 6 foot columns ltlere used for the

identification of fatty acid methyl esters, (see materials

section). The 38 and 5å Apiezon L columns $lere operated at

1900 with a carrier gas (N2) flow rate of 50 ml,/min, the

temperature of the injector block and the detector being 240o

and 2000 respectively. DEGS and EGSS-X columns were operated

at 1650 (unless otherwise stated) wj-th a carrier-gas flow rate

of 40 mI/min, the injection block and detector temperature being

2I5o and 1750, respectively.

Fatty acid methyl esters were identified by running

unknowns and methyl ester standards on both polar and non-poIar

columns, determining their R, values relative to methyl

palmitate and plottíng the togarithm of the R¡ value against

the carbon number. Unsaturated fatty acids were id.entified by

their different behaviour on the two types of column together

with their disappearance aft.er hydrogenation, using¡ palladium on

charcoal as catalyst.

Quantitative analysis was performed only on samples

run on the non-polar Apiezon L columns as these columns gave

relatively greater resolution between the branched-chain fatty

acid methyl esters and the straíght-chain homologue. Peak areas
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were determined by triangulation. Insignificant amounts of

lipid materíal \4rere extracted from the growth medium and the

washing buffers in comparison to.the amount of lipid extracted

from ce1ls, membranes and culture or r^rashed-cell supernatants'

2I. Incubation conditions for washed-celI suspension exPeri-

ments

sterile conditions \4lere not necessary for washed-

cell experiments. celIs harvested from tate-1o9 phase culture

were resuspended in wcs[, to a dilution equivalent to that in the

culture. 20 to 40 ml samples of the ce1l suspension were shaken

at 30o unless otherwise stated, and 0.7 to 2.0 ml samples were

withdrawn at appropriate tj-mes, centrifuged and the supernatants

assayed for extracellular enzyme activity.

22. Measurement of total protein synthesÍs

To measure total cellular protein synthesis, 2.0 ml

of a washed-cell suspension $¡as shaken with 0.5 ¡Ci of uniformly

Iabelled f,- (I4C) leucine (spec. act. 316 mCi,/m mole), at a

temperature of 30o unless otherwise stated. At appropriate

times, 0.1 ml samples were withdrawn and processed as described

previously (May and Elliott, L968a), except that the oxoid

filters $rere counted by liquid scintillation in a Packard Tri-

Carb spectrometer (908 efficiency) using scintillation fluid

containing 39 of 2,S-diphenyloxazole (PPO) and 0.39 of L,4 -bis-
rl
lZ- (4 nethylphenyloxazolVl)J benzene (PoPoP) per litre of

toluene.

23. Extracellular enzyme assays

A. ¿- amylase (¿-1- -D-glucan glucanhydrolase 8.C.3.2.I.1. )

was assayed as follows: The stock buffer contained 2.5 litres
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of o.IM potassium phosphate, o.o25M NaCl, PH 6.2¡ 2.0 litres of

water; I0 ml of O.t M CaCL2; 1I mI of 0'005 M ZnSO4'

An even suspension r^tas prepared by mixing one

,,Phadebas" tablet with 5 ml of stock buffer, and I ml samples of

this suspension were pipetted into assay tubes. suitably diluted

enzyme (0.5 ml) was added and the tubes incubated at 37o for 30

minutes. Development of soluble blue product was terminated by

the addition of 0.2 mt of O.5N NaOH. The tubes \^lere centrifuged

for 10 minutes at 3r5OOg and the absorbance of the supernatant

determined at 620nm. The relation between enzyme concentration

and absorbance at 620nm was linear to 6.0 O.D. units. A unit of

t- amylase activity was defined as that amount of enzyme which

produces an increase in absorbance at 620nm of 4.0 in 30

minutes at 37o.

B.ProteaseactivitywasdeterminedbytheRemazol

brilliant bl"ue-hide powder assay described by RinderknechÈ et aI"

(1968). A unit of protease activity is defined as that amount

of enzyme which produces an increase in the absorbance at 595nm

of 5,'7 in 40 minutes at 37o -

c. Ribonuclease activity was determined using the method

described by Coleman and Elliott (1965). A unit of ribonuclease

activity is defined as that amount of enzyme which produces an

increase in absorbance at 260nm of 0.8 in 30 minutes at 25o '

24. Cold shock experiments

A. Procedure for raPid coolíng

Cells r^lere twice washed in O.O5M tris buffer, PH 8'0

at 30o, or at the temperature stated, with or without supplements

depending on the particular experiment. Cells \^lere finally

resuspended in one fortieth of their initial volume in the same

buffer. The cells were equilibrated at 30o (or other initial
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temperatures), and 0.5 ml samples were squirted into 19.5 ml

of vigorously stirred buffer at different known temperatures.

This buffer was either 0.05I\4 tris, PH 8.0 or WSCM, as is stated

in the text. In no case did this procedure cause an increase

in the temperature of the buffer of more than 0.5o.

B. Procedure for slow coolinq

lrTashed cells hrere finally resuspended to their

original volume in either 50mM tris buffer pH 8.0 or IVCSM.

The cel1s \^Iere shaken in an orbital shaking bath at 30o and

then slowly cooled by the gradual addition of ice to the bath.

The cooling rate \^Ias no more than 20 per minute. Samples were

withdrawn when the cells reached the desired temperature.

C. Assay for cold shock

Cells cold shocked into tris buffer \^lere assayed

by the exposure of intracellular ribonuclease inhibitor (i),

while cetls cold shocked into WCSM were assayed by their ability

to secrete protease (ii).

(i) Exposure of intracellular ribonuclease

inhibitor to added ribonuclease

This assay works on the principle that after

cold shocking, B. amyloliquefaciens becomes permeable to

exogenously added ribonuclease (RNAase) which j-nactivates the

intracellular ribonuclease inhibitor described by Smeaton and

Elliot, (1967a). Such exposure becomes maximal after 30

minutes.

After col-d shock treatment, 2 mL samples of cells

were returned to 30o and a standard amount of dialysed

B. amyloliquefaciens culture supernatant (containing RNAase)

was added, along with 4lyS/nL chloramphenicol to prevent the

normal secretion of RNAase. After shaking for 60 minutes,

cells \^rere removed by centrifugation and the supernatant
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assayed for RNAase activity, the amount of activity being

reduced by cold shock treatment. The total level of intra-

cellular inhibitor $Ias determined by assaying for inhibitor

exposure in French-press prepared ce11 lysates. Inhibitor

exposure \^/as expressed as a percentage of this level.

(ii) Protease secretion

Celts r,ìIere cold shocked in VTCSM as described', and

then returned to 30o. Cetls grol^/n at temperatures other

than 30o, b/ere returned to a temperature equivalent to the

growth temperature. The rate of protease secretion rlrtas

determined for each sample of cold-shocked cells in the manner

described for washed-cell suspension experiments. Protease

secretion was expressed as a percentage of the rate of protease

secretion in cells continuously maintained at their particular

growth temperature.

25. Protein determination

Membrane Protein l¡ras determined by the method of

Lowry et aI., (1951).



CHAPTER 3

ISOLATION AND GENERAL FEATURES OF

B. AIUYLOLTQUEFACIENS CYTOPLASMIC IUEMBRANES
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A. INTRODUCTTON

Central to the problem of extracellular enzyme

secretion is the role played by the cytoplasmic or cell membrane.

As it has been proposed that ribosomes associated with this

membrane are responsible for the synthesis of extracellular

enzymes (May and Elliott, 1968), the cytoplasmic membrane could

be considered as the site of synthesis as well as the site of

secretion. Therefore a study of some of the properties of this

membrane is warranted for these reasons alone.

To date no detailed stuôy has been made on the cell

membrane of B. amyloliquefaciens either as a membrane system

per se or with regard to its role in secretion. As the overall

aim of the work described in this thesis is the study of both of

these aspects, it was first necessary to isolate and characterize

the cytoplasmic membrane before detailed studies on the above

could be undertaken.

B. RESULTS

1. Isolation of membranes

a. Preparation of membranes by osmotic lysis'

cytoplasmic membranes from Gram-positive and Gram-

negative bacteria have been isolated by a variety of techhiques

including osmotic lysis and French pressure ceII lysis. Ivfembrane

vesicles prepared by osmotic lysis have proved useful in the

study of active transport (Kaback I L97Ir72l , and it was

decided initially to use this approach for the preparation of

cytoplasmic membranes from B. amYlefigsgfaciens.



35.

Two procedures b¡ere used for the preparation of

membranes by osmotic lysis, one involving the lysis of cells

(Konings et al., 1973'), the other the lysis of protoplasts.

These procedures which are described in Chapter 2, resulted

in membrane vesicles which \^¡ere free of ribosomes when examined

by electron microscopy. These vesicles were used for the studies

described in Chapter 4. The substitution of tris buffer for

phosphate buffer and the omission of RNAase and EDTA from the

lysing medium resulted in a great many ribosomes being visible

within the vesicles (see section on membrane morphology in this

chapter). Contamination in these preparations mainly consisted

of unlysed cell.s and debris, both of which could be removed by

Iow-speed centrifugationr âs described in Chapter 2.

The temperature of the lysing medium, the ratio of

protoplasts or cells to lysing medium, the time and sequence of

additions of MgSOn and EDTA, did not affect the final appearance

of the membrane vesicles. Membrane vesicles also appeared

ident.ical if cells other than those at late-Iog phase \^rere used

in the preparation of membranes. The lysis of protoplasts was

instantaneous upon their addition to the lysing medium and it

was found that a minimum of I13 sucrose differential was required

for complete protoplast 1ysis. Membrane vesicles formed under

these conditions r^rere similar in size to those prepared using

the normal osmotic differentía1 of 222 sucrose.
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b. Preparatíon of membranes by the French pressure ceIl.

The alternative procedure for the preparation of

membranes involved lysis of whole ce1ls in the French pressure

cell as described in Chapter 2. Membranes so prepared were

devoid of ribosomes, although RNAase and EDTA were not included

in the lysing buffer. Membranes \^/ere vesicular and their

dj-ameter was about L/20i-}r that of intact protoplasts, (L/sEh

that of osmotically-prepared vesicles). Different pressures

for lysis altered the proportion of cel1s that underwent lysis

but did not influence the size of the membrane vesicles obtained.

A pressure of 12,000 p.s.i. resulted in virtually complete lysis.

2. Morphology of membranes and membrane-associated particles

a. Examination of osmotically-prepared membranes after

fixation and sectioning.

Membrane vesicles prepared by either of the two osrnotic

lysis procedures were fixed in 2Z glutaraldehyde and sectioned

as described in Chapter 2. lÍith both procedures, membranes

appeared identical when examined by electron microscopy. As

shown in Plate 3.1, membranes were vesicular in form and free

of visible celI waIl material, unlysed cells and protoplasts.

Some entrapment of smaller vesicles within the larger ones was

evident. The background and the inside of the vesicles r^rere

free of ribosomes when phosphate buffer was used in combination

with RNAase and EDTAr âs described. The predominant class of



PLATE 3. I ELECTRON MTCROGRAPH OF SECTTONED
B. AIIÍYLOLTQUEFACIENS MEI{BRANES PFEPARED BY
OSMOTTC LYSTS,

Membranes prepared by the osmotic lysis of
protoplasts, suspended in 0.lM potassium phosphate buffer,
pH7.3, were fixed, sectioned and examined by the procedures
described in Chapter 2.

Bar marker 0. I,p
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vesicles has

comparison to

a diameter of

the diameter

between 0.27

of protoPlasts

to 0.43y

(1.0 to t.sy).
Ln

The average thickness of t'he membrane was

8 0A and a ,,railroad-track" pattern \^Ias evident when membranes

were observed edge on. The vesicular structure and the staining

pattern were observable after extended storage of vesicles at

-900.

b.Examinationofosmotically-preparedmembranesby

negative staining-

when examined by negative-staining electron microscopy

using uranyl acetate (as described in chapter 2), membrane

vesicles prepared by either osmotic method' appear as fragments

or sheets as is shown in Plate 3.2. Vesicular StrUcture is 10st

either when the vesicres are appried to the E.M. specimen grid,

orwhenthenegativestainisadded.Theadditionof2z
glutaraldehyde to vesicles prior to (but not after) their

addition to the grid; affords considerable protection against

fragmentation. As shown is Plate 3.2, membranes of differing

size, shape, deqree of convolution and orientation are observed'

The apparent thickness of the membrane, 130 to 1404, is greater

thanthatobservedinfixedsectionedmaterial.
Evidenceofaperiodicstainingpatterninthemembranes

is shown in Plates 3.2 and 3.3. This banded pattern consisted

of a light region extending about 1804 along the length of the

membrane interspaced by a dark region about 344 in width and it

\^ras evident when *L*btu.n" f ragments were observed edge on '

Vüithin the light region there may also exist some periodicity

in the staining Pattern.

The particles seen in association with the membrane (bp)



PLATE 3.2 EIECTRON MICROGRAPH OF A NEGATTVELY-STAINED
PREPARÀTTON OF B. AMYLOLIQUEFACIENS
CYTOPLASMIC ME S.

Membranes were prepared by the osmotj_c lysis
protoplasts and negatively stained with uranyl acetate
described in Chapter 2.

of
as

Membranes (m) appear as fragments or sheets and
are covered with sma1l particles (bp) which appear
attached to the membrane via a stalked region. Otherparticles (fp), morphologically identical to those bound
to the membrane appear in the background.

Bar marker 0.05¡
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PLATE 3.3 ELECTRON MICROGRAPHS
B. AIVTYiOLTQUEFACIENS

of
AS

Membrane vesicles prepared byprotoplasts were negatively stained
described in Chapter 2.

0.1 y
0.05¡

OF NEGAT]VELY-STATNED
CYTOP LASMT C I\,IEMB RANES.

the
with

osmotic lysis
uranyl acetate

the membranes (m) exhibit a banded pattern whenobserved edge on. smarl particles are seen attached tothe membrane (bp) and free in the background (fp).

Bar marker
It

(P1ates, ArBrOrD)
(Plates E and F)
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and in the background (fp), appear identicat except that the

former \^¡ere attached to the membrane by a stalk, 554 in length'

These particles were lOO to tloA in diameter and spaced 140 to

ISOA apart. They were evident on only one side of the membrane

and in specimens where the fragmentation had followed the

circular pattern of the vesicle, the stalked particles were

directed inwards. The proportion of bound to free particles $/as

variable; washing the sample with IOOmM potassium phosphate

buffer, pHT.3rwhilst on the E.M. grid, decreased the number of

bound particles. It is probable that the particles in the

background were released by vesicle fragmentation and subsequent

manj.pulations of the membranes on the E.M. grid. The ad'dition

of ]M NaCl to membranes suspended on the grid, resulted in

complete release of the particles from the membrane.

These particles resemble those identified as the

ATPase complex in other bacteria (lcfunoz et aI., 1968; Schnebli

et aI., I97O). Removal of these particles from the cell membrane

of various bacteria has been achieved by low-ionj-c strength

washes (Munoz et aI., 1968 ,69) , and this occurred with B.

amyloliquefaciens membranes' (Plate 3.4). The released particles

(fp) appearing in the supernatant (Plate 3.4C) appeared identical

to those shown in the previous two plates and to the solubilized'

ATPase complex from other bacteria.

Another d.istinct particle associated with B'

amyloliquefaciens membranes is shown in Plate 3.5. These

"daisy-like" particles appeared after membranes were treated

with lM MgCl2 or lM NaCl, (the latter also released the smaller

presumptive ATPase particles from the membrane). Although

"daisies" were occasionalty observed in untreated membrane

preparations, their numbers greatly increased after the high salt

treatment. In vesicles which had fragmented on the E.M. specimen



PLATE 3.4

isolated b!_o
strength buff
in Chapter 2.

ELECTRON MICROGRAPHS OF NEGATTVELY_STAINED
MEMBRANE PREPARATIONS SHOWTNG RELEASEMENT
OF MEMBRANE-ASSOCIATED PARTICLES.

B. amyloliquefaciens cytoplasmic
smotic lysis were washed wirh
er (lmM potassium phosphate,

ntembranes
low-ionic

pH7 .3 ) as described

A. Membranes
particles

before treatment. The small stalked
(p) are bound to membrane fragments.

B

c

Bar marker = 0.ff

Membranes after treatment wiLh low-ionic strength
buffer do not possess the small particles either
bound to the membrane (m) or in the background.

Bar marker = 0.1f

Supernatant remaining after treatj-ng membranes
with l-ow-ionic strength buffer. The released
particles (fp) are clearly seen.

Bar marker 0. 0s¡





PI"ATE 3. 5. ELECTRON MTCROGRAPHS SHOIVING THE FINE
STRUCTURE OF THE ''DAISY-LIKE'' PARTICLES
AND THEIR ASSOCTATTON WITH THE CYTOPLASMIC
MEMBRANE OF B. AII,IYLOLTQUEFACIENS .

Ivlembranes prepared by osmotic lysis \^/ere suspended
on an electron microscope specimen grid and treated with
IM MgCl, prior to the addition of the negative stain.

A. High power electron micrographs of "daísies" sus-
pended on a carbon-coated specimen grid. The
predominent structure of the parti-cle appears to
be one in which four dark central units are each
surrounded by possibly five lighter subunits.
Consíderable shrinkage of the carbon film occurred
under the electron beam and this may have resulted
in some reduction in the size of the particle.
Bar Marker 2OnM

Electron micrograph showing that the "dai-sy"particles (d) are not observed bound to the
cytoplasmic membrane (m) as are the majority of
the smaller stalked particles (p). "Daisies" and
some cjf the smaller particles (p) are observed
together in the background.

Bar marker = 0.I/,

B
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grid,theywerenotobserveduntilaftertheadditionofhigh

salt buffers and thus they probably do not originate from within

thevesicleduetoentrapment.The''daisies.'v¡erenever
observed bound to the membrane as were the smaller partiCleS'

nor was any discernable hole in or change to the membrane evident

after ,,daisies,, were released. "Daisies" released by salt

treatment disappeared after about 60 minutes and inmediately if

the satt concentration was lowered to 0.IM. This is in conflict

with the fact that "daísies" \nlere occasionally observed in

association with membranes prior to addition of high salt'

The size of the particle was 23gt llA on the short axis

and 255t 104 on the long axis. Different views of the particle

areshowninPlaÈe3.5A.Theirsizeinthisplateissmaller
than the dimensions given above due possibly to shrinkage of

the carbon film which was applied to this E.M. grid in an effort

to see greater structural detail. Although their morphology is

complex, symmetry exists in their structure. They appear to

consist of 4 non-dense units B0A in diameter, each surrounded

by 5 dense subunits 404 in diameter, 35 to 404 apart. only

two of the large units appear in the same plane' It was

impossible to determine whether the views in Plate 3'54 were

different views of the same particle or different particles of

similar size. As "daisies" always appeared orientated in the

Sameplane,theirthicknesscouldnotbedetermined.
The nature of this particle is unknown' Their

observation under a wide range of conditions and their constant

structural appearance, argues against them being artefacts'

Indeed aII efforts to produce these particles by combinations of

high salt buffers and negative stains alone, were unsuccessful'

In comparison tO B. amyloliquefaciens ribOsOmes, "daisies" l'Iere

morphologicallydistinctalthoughbothwereofsimilarsize.
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"Daisies" were often seen together With the smaller presumptive

ATpase particles as in Plate 3.58, and in association with the

fimbri which extend from the surface of the ceII in situ, but

which of ten \â/ere observed in the membrane preparations '

A third-type of particle associated with B'

amyloliquefaciens membranes, which was observed under a variety

of conditions, consisted of a ladder-like complex of subunits

(L) seen either attached to the membrane (Plate 3.64) or free in

the background (Plate 3.68) . No treatment was required to bring

about their appearance apart from the fragmentation of the

membrane vesicles. The number of particles observed' bound to the

membrane varied as did the number of constituent subunits, (frorn

3to7).Eachl40Aby55Asubunitwasequispacedalongafine

strand at distances of about 5oA. one of the terminal subunits

appeared to be in the shape of an arrowhead'

c. Electron microscopy of membranes in association

with ribosomes.

Membrane vesicles which \^/ere prepared by the osmotic

lysis of cells or protoplasts in which the phosphate buffer was

replaced with tris buffer lacking RNAase and, EDTA' \^/ere used in

this study. Such preparations observed in thin section (Plate

3.74) consisted of sealed membrane vesicles containing many

ribosomes. It was impossible to decide whether any of the

ribosomes \^¡ere meaningfully associated with the membrane. (The

few clear zones within the larger vesicles were probably due to

"pinched-off" invaginations of the membrane ). Examinatíon by

negative staining procedures resulted. in fragmentation and

release of the entrapped ribosomes (Plate 3.78). At only a few

places can ribosomes be seen in some form of association with the

membrane (Plate 3.7C). At these places (mr), the association



PI,ATE 3 .6.

A

ELECTRON MTCROGRAPHS OF NEGATTVELY-STAINED
CYTOPLASMIC MEMBRÀNES OF B. AMYLOLIQUEFACIENS
SHOWTNG LADDER-LIKE COMPT,NXNS.

Two ladder-like
from cytoplasmic
Iysis.

complexes (L) are seen protruding
membranes isolated by osmotic

Bar marker 0.073¡

B Fine structure of ladder complexes. The complex
comprises from 3 to 7 subunits attached to a fine
thread. One of the terminal subunits is often
observed in the shape of an arrowhead.

Bar marker 0. 0s¡
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PLATE 3.7. ASSOCIATION OF RIBOSOMES WTTH OSMOTICALLY_
ISOLATED MEMBRANE VESICLES OF
B. A.I{YLOLIQUEFACIENS .

Membrane vesicles were prepared by the osmotic
lysis of protoplasts as described in Chapter 2, except that
0. 05ltl tris buf f er replaced the phosphate buf f er throughout
the procedure and RNAase and EDTA were omitted.

Electron micrograph of sectioned membrane vesicles.
Ribosomes are clearly evident trapped within the
membrane vesicles. The surrounding background is
free of ribosomes.

Bar marker = 1.0f

Electron micrograph of negatively- stai-ned membrane
vesicles. The membrane vesicles have lysed and
fragmented on the E.M. sample grid resulting in
the release of the entrapped ribosomes.

Bar marker = 0.5r,

High-powered electron micrograph of portion of
Plate 3.78. The fragmented membrane (m) is
covered with the sma1l stalked particles (bp),
however the majority of the ribosomes (r) are
clearly not observed in association with the
membrane. There does appear to be some form of
association between the cytoplasmic membrane and
ribosomes in some places (mr).

Bar marker = 0.1J,

A

B
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\^¡as not as def inite as was the case f or the small particles '

d. l{orphology of membranes prepared by French pressure

cell treatment, (F.P. vesicles).

F.P. vesicles \^Iere prepared from cells suspended in

phosphate buffer not containing RNAase or EDTA, âs described in

ChapÈer 2. In contrast to osmotically-prepared membrane

vesicles, the majority of F.P. vesicles when examined using

negative stains, did not lyse on the E.M. specimen grid, due

possibly to their small size (Plate 3.I0). Their diameter' 0'035

to 0.08¡ was abouÈ L/2OLb that of intact protoplasts. Little

structural detail was evident in intact vesicles or in the small

population that underwent fragrmentation. There was no evidence

of the stalked particles either on or off the membrane or of a

periodic staining pattern. No ribosomes were evident in the

background or trapped within the vesicle. The cell wall remaining

after cell disruption was observed to be split completely open in

onty one or two places (not shown).

3. Freeze-fracture elec tron microscopy of the cytoplasmic

membrane of celIs and protoplasts

Freeze fracturing is believed to split membranes along

the central hydrophobic region of the lipid bilayer revealing

the inner and outer fracture faces (Pinto da Silva and Branton,

1970). In some instances the fracture plane may pass between

the membrane surface and the surrounding ice, revealing after

etching, ërñ insid.e or outside view of the membrane surface

(Branton and Southworth, 1967) . For most membranes examined to

date, the l-nner and outer fracture faces are studded with partic-

les of various sizes (intramembranous particles) often asymmet-

rically distributed between the two halves of the bilayer
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(wrigglesworth et al., 1970; Packer et aI., l-974). Freeze-

fracture electron microscopy of B- amy Ioliquefaciens cells and

protoplasts was undertaken to observe further structural details

of the cytoplasmic membrane.

Freeze-fracture electron micrographs of whole cells

obtained as described in Chapter 2, are shown in Plate 3 ' 8 ' The

only fracture views obtained were convex and thus represent the

inner fracture face (i.f.f.) of the cell membrane' A large

number of intramembranous particles htere observed on this face'

A view of the outer etched face of the cell membrane (c.m.) was

quite distinct from the fracture face due to its mosaic appear-

ance and lack of particles. !{hat appears to be cell wall material

(c.w.) was also observed associated with the etched cell membrane

surface.

Both convex and concave fracture views of the cytoplasmic

membrane were obtained when protoplasts were examined, however

no etched views of either membrane surface were obtained (Plate

3.9). The convex inner fracture face (i.f.f.), had an appearance

similar to that observed for cells with regard to particle size

and density; the particles taking up most of the fracture

surface. The particle density in this face was 2740 ! 224

particler4^2, and, the particle distribution was primarily random

although some patching was observed. The appearance of the

concave outer fracture face (o.f.f.), was distinctly different.

The particle density, 338 t 74 particle=//n2' was considerably

Iess, the ratio of particle density between inner and outer

fracture faces being about B to l. The particle distribution in

the outer fracture face was random, with most of the surface area

being devoid of particles.

There was also a marked difference in the size of the

particles associated with each fracture face. The size class



PLATE 3. B FREEZE-FPACTURE ELECTRON IVIICROGRAPHS OF
B. AIUYLOLIQUEFAC]ENS CELLS.

whole cells suspended in washed-cell suspension
medium \^rere slowly coored to 40 and then f.rozen in r.reonfollowed by liquid N2. samples u/ere then freeze fractured
and etched for 2 minutes as described in chapter 2. Theresulting metal repJ-icas hrere then observed under theelectron microscope.

Only convex views of the cell surface hrereobtained when using whore cells. These represent eitherthe inner fracture face of the cytoplasmic membrane (i.f.f")on the external surface view of the celr membrane (cm) andthe associated cell wall (cw).

The shadow direction is indicated by the arrows.

Bar markers = 0 .2 ì^





PI,ATE 3.9. FREEZE-FRACTURE ELECTRON MICROGRAPHS OF
B. AIVIYLOLIQUEFACIENS PROTOPLASTS.

in protoplast medium v/ere slowly
rapidly frozen in Freon foll-owed
fracturing and etching vüere as

Protoplasts
cooled to 40 and then
b1z liquid N1. Freeze
described iñ Chapter 2

Two different views of protoplasts r¡rere obtained.
These were either convex representing the inner fracture
face of the cytoplasmic membrane (i.f.f.), or concave
representing the outer fracture face of the membrane (o.f.f.).
Intramembranous particles associated with each of these two
fracture faces differed in their distribution and size.

Shadow direction is indicated by the arro\^/s.

Bar markers o -2r
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distribution of the intramembranous particles associated with
both fracture faces of protoplasts, is shown in Figure 3.r.
Particles associated with the outer fracture face (A) r^/ere on

average, greater in síze and exhibited greater size variation
than those of the inner fracture face (B). The predominant ,

size of particles associated with the outer fracture face was

151 to I75A (222) and 226 to 250A (20t). For Èhe inner fracture
facer particres were more uniform in size, greatest number

being in Èhe 76 to 1OOA size class (338).

4. Sucrose density gradient analysis of osmotj-cally-
prepared membranes

The osmotic lysis procedures described in chapter 2l

results in clean membrane vesicles, uncontaminated by cells,
protoplasts or ceIl wall debris. However the final membrane

pellet was not homogeneous but comprised a tightly packed reddish-
brown perlet overlaid by a faintry reddish-brown ',fluffy layer,,.
Separation of these was difficult without considerable cross
contamination occurring. The perlet consisted of membrane

vesicles which exhibited Brownian motion and the fluffy layer
which was viscous, comprised membrane vesicres which did not
exhibit Brownian motion. The proportion of pelIet to fruffy
layer varied between preparat.ions and was observed with
membranes isolated from the wild type and the LF- mutant strains
of B. amyloliquefaciens .

Ïn an effort to separate these fractions. osmotically-

, 
prepared membranes were analysed on a linear 25 to 6sz (w/v)

sucrose density gradient in phosphate bufferr âs described in
chapter 2. T$/o distinct peaks were evident in the o.D. 280run

profile (Figure 3.24) . The peak corresponding to fractions
5 and 6 was symmetricar and smooth, whirst that contained in
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Data for
of a total of 150
separate fracture
25A size class is

HISTOGRAMS OF THE SIZE CLASS DISTRIBUTION
OF INTRAMEMBRANOUS PARTICLES ON BCTH INNER
AND OUTER FRACTURE FACES OF THE CYTOPLASMIC
MEMBRANE OF B. AMYLOLTQI.]EFACIENS .

each histogram is based on the diameter
particles counted from a total of 5

laces. The % of particles within each
shown.

A. Concave or outer

B. Convex or l-nner

fracture face, (o.f.f.) .

fracture face, (i.f.f. ).
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fractions IO and 11 consisted of two main peaks which gave a

',noisy" O.D. trace. Fractions from this gradient $tere dialysed

and examined by negative-staining electron microscopy. Frag-

mented membrane vesicles \^rere clearly evident in fractions 10

and 11. Fractions 5 and 6 consisted of membrane vesicles only'

Some of which had fragmented. However these vesicles were

thoroughly trapped within a network of fimbri, and this may

have accounÈed for their position on the gradient and their

lack of fragmentation. This network was most likely derived from

the fimbri and mucous surrounding the cell. Its presence

during lysis cannot be avoided and thus it subsequently acts

as a trap for many of the membrane vesicles which are formed.

Relatively less fluffy layer was observed when vesicles were

prepared from protoplasts rather than cells which may have been

due to the partial removal of fimbri and mucous material during

protoplast preparation. The separate rerunning of the gradient-

purified fracÈions resulted in a single peak for each sample at

the expected position.

The density gradient profile of the supernatant remain-

ing after centrifugation of membrane vesicles at 35r0009 for 30

minutes is sho\^rn in Figure 3.28. Very litÈle material remained

in the supernatant, however a small peak at fraction 5, which

most likety represents contaminating fluffy layer' lvas evident.

In additj.on to electron microscopy, ytg2*-activated

ATPase activity was used as a marker for determining the position

of membrane material on the gradient. The ATPase activity of

isolated membranes was first determined by the procedures

described in Chapter 2. A value of O.OS¡mo1e P1/minute/mg

protein at 3Oo for B. amyloliquefaciens compares favourably

with the value of 0.L67¡ mole P1lminute/mg protein at 37o

obtained for isolated membranes of B. subtilis (Rosenthal and



FIGURE 3.2^A.

Membranes hlere prepared by the osmotic lysis of
cells and resuspended in 0.lM potassium phosphate buffer'
pH6.6 containing 10% @/v) sucrose. Membranes (0.5m1) were
èentrifuged in á linear 25 to 652 (w/v) sucrose density
gradient as descrj-bed in Chapter 2. Thg OD 2nm/280nm profile
úa= recorded using an ISCO dènsity gradient fractionabor/
spectrophotometer unit, ImI fractions from the top to the
bottom of the gradient \^lere collected-

FIGURE 3.28. SUCROSE DENSITY GR.ADTENT PROFILE OF THE
SUPERNATANT REI'TAINTNG AFTER CENTRTFUGATION
OF B. AMYLOLTQUEFACTENS MEMBRANES.

Membranes were prepared by the osmotic lysis of
cells and resuspended in 0.IM potassium phosphate buffer,
pH6.6. 0.5m1 of the supernatant remaining after centri-
iugation of these membranes at 35,0009 for 30 minutes was
maáe to 10* (w/v) sucrose and loaded onto a I2mL linear
25 to 65% M/v) sucrose density gradient which was
centrifuged and analysed as described in Chapter 2-

SUCROSE DENSITY
MEMBRANES OF B.

GRADIENT PROFILE OF
AMYLOLIQUEFACIENS .
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Matheson, I973) .

For the analysis of the ATPase activity associated with

the density gradient fractions, membrane vesicles were run in a

Iinear 25 to 652 (w/v) sucrose density gradient prepared in
ATPase bufferr âs descrj,bed in Chapter 2. The resulting density

gradient prof ile (Figure 3. 3A) \^/as similar to that shown in
Figure 3.2A however the peak represented by fractions 5 and 6

was comparatively greater, and two peaks were evident in the

region of fractions 9 to 11. The profile of the Mg2+- activated

ATPase activity is shown in Figure 3. 38 af ter correction r^ras

made for the effect of sucrose on enzyme activity and non-

enzymic ATP hydrolysis, as described in Chapter 2. ATPase'act-

ivity was associated with both regions of the gradient and was

proportional to the amount of membrane material present within
the two regions. Control experiments using density gradients

lacking Vtg2+ confirmed that the ATpase actj-vity was Mg2+

dependent.

5. The use of isolated B. amyloliquefaciens cytoplasmic

membranes in the study of extracellular enz)¡me secretion

This section deals with a number of experiments involving
isolated membrane vesicles designed to provide an experimental

system for the study of secretion. Although these experiments

r¡/ere unsuccessful a brief account of these is included in this
section as they still may have potential as experimental systems

for future work, providing some of the difficulties encountered

in this work can be overcome.



FTGURE 3.3A. SUCROSE DENSTTY GRAD]ENT PROFILE OF
B. AMYLOLTQUEFACIENS MEMBRANES RUN IN
AÑ ''ATPASC'' DENSITY GRADIENT.

B. amyloliqrlgf=rcie¡s membranes r,rrere prepared by
the osmotiã rffidescribed in crraþter 2.
After the final centrifugation, membranes l^/ere resuspended
in ATPase buffer (75mM tris, I.25mM MgCl2r pH7.8)
containing 10? (w/v) sucrose. 0.5m1 of membranes were
centrifuged in a linear 25 to 653 sucrose density gradient
(12m1) as described in Chapter 2. The OD2mm/280nm profile
was recorded and I ml- fractions from the top to the bottom
of the gradient \,vere collected"

FIGURE 3.38. PROFTLE OF Mg2+ -ACTTVATED ATPase ACTTVTTY
ASSOCIATED !ÍTTH FRACTIONS OBTATNED
B. A¡,TYLOLIQUEFACTENS MEMBRANES RUN
ON-NUSTIY GRADTENT.

FROM
ON A SUCROSE

I mI fractions hrere collected frorn the gradient
shown in Figure 3.34 and incubated at 30o for 30 minutes
afler ATP r^/as added to give a f inal concentration of 2. 5mM.
Mg2+-activated ATPase aõti.rities of each fraction
(expressed as n mole P1 released,/30 minutes/ml fraction at
30o were determined as described in Chapter 2.
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a. BÍnding of ribosomes to French pressure ceIl-
prepared vesicles (F.P. vesicles) .

There is evidence to suggest that E. coli membrane

vesicles prepared by the French pressure ceIl are inverted

(Hertzberg and Hinkle, I974¡ Rosen and McClees, L974; Futai

and Tanaka, 1975). If F.P. vesicles of B. amyloliquefaciens

are also inverted, the possibility arose that ribosomes may

bind to the outside of such vesicles and provide a system

analogous to microsomal preparations from animal cell-s.

The experimental approach involved the separate isolat-

ion of F.P. vesicles and ribosomes and incubating these together

in conditions considered conducive for the binding of ribosomes

to membranes. Ribosome-membrane associations occurring as a

result of the incubation were examined by electron microscopy.

The results are shown in Plate 3.I0. P1ate 3.104 shows F.P.

vesicles prepared in phosphate buffer as described in Chapter 2.

These vesicles were transferred into a tris , Mg2+, K* buffer and.

incubated with ribosomes prepared by standard procedures. The

electron micrographs shown in Plate 3.108 and C which were

obtained using ribosomes prepared from E. coli rather than

B. amyloliquefaciens, show that although the majority of the

ribosomes are not associated with the vesicles, ribosomes do

appear to be loosely bound to some of the vesicles. Similar
results were obtained using B. amyloliquefaciens ribosomes. As

the binding of these few ribosomes to the membrane was not

convincing and possibly only non-specific, this line of work

was not continued.

b. Ribonuclease transport using membrane vesicles.

It has been shown that B. amytoliquefaciens contains an



PLATE 3.10. BTNDING OF RIBOSOMES TO B. AMYLOLIQUEFACIENS
MEMBRANE VESICLES PREPARED BY THE FRENCH
PRESSURE CELL.

A Electron micrograph of membrane vesicles (mv)
prepared by the French pressure ceII procedure
as described in Chapter 2 and examined by
negative staining.

Bar marker = 0.1/.

The above membrane vesicles (mv) were^transferred
from phosphate buffer into a'trís , Mg2t, Kt buffer
and E. coli ribosomes (r) were added and incubated
togeth-elñth the ves icles .

Bar marker = 0. lJ,

C. High-powered electron micrograph of E- coli
ribosomes (r) in association with B.

faciens membrane vesicleF(mv)
prepar e rench pressure cell.

Bar marker = 0.05¡

B
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intracellular RNAase inhibitor which can combine virtually

irreversibly with the extracellular RNAase of this organism

(Smeaton and Elliott, 1967b). For a number of reasons it was

thought that an intracellular RNAase inhibitor RNAase enzyme

complex may possibly be a precursor of the extracellular RNAase.

To test this possibility, a complex of RNAase inhibitor

and RNAase r¡ras prepared in which all RNAase activity was titrated

out by the inhibitor. This complex was then tested as a

possible precursor for RNAase by determining whether RNAase

accumulated inside F.P. vesicles after addiÈion of the complex

to the outside of such vesicles. The procedure was as follows:

F.P. vesicles lrrere first prepared by lysing cel1s in the presence

of RNA in the hope that some RNA would become trapped within the

intravesicular space at cell lysis and subsequently act as

substrate for any transported RNAase. Hob/ever these experiments

\^tere not continued when it was found that an insufficient amount

of RNA (or 32p-nne) to act as substrate could be trapped within

these vesicles at ce11 lysis.

Because of the above problem it was decided to use

osmotically-prepared vesicles rather than F.P. vesicles to test

whether after entrapment of the RNAase inhibitor-RNAase complex

within the vesicles, RNAase transport out of the vesicles occurred.

Although entrapment of the complex within the vesicles was con-

firmedr no subsequent transport of RNAase out of the vesicles

vilas detected -

c. Extracellular enzyme secretion using osmotically-

prepared vesicles preloaded with cell lysates.

Although cell lysates of B. amyloliquef aciens contain

Iittle or

this does

no extracellular enzyme actJ-vity (May and Ell-iott, I96B),

not discount the possibility that an inactive form of
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these enzymes exists intracellularly. With this in mind,

protoplasts were lysed in medium containing a high concentration

of B. amyloliquefaciens cell lysate material such that this
material became entrapped within the vesicles at 1ysis. After

thorough washing, the level- of extracellular enzyme activity in

the supernatant was determined. However these level-s r^rere

negJ-igible after prolonged incubation.

d. Transport of purified extracellular enzymes across

the cel1 membrane.

The final series of experiment involved the following:
1. Entrapping purified extracellular enzymes within osmotically-
prepared vesicles and measuring their possible release from the

vesicles. 2. The addition of purified extracellular enzymes to
F.P. vesicles and determining whether a time-dependent accumul-

ation of the enzyme within the intravesicular space occurred.

However both types of experiment faired principally because of
the high rever of non-specific adsorption of the enzymes to the

surface of the membrane vesicles, which could not be removed by

repeated washing.

C. DISCUSSION

The work in this chapter shows that relatively clean

cytoplasmic membranes of B. amyloliquefaciens can be isolated
using osmotic lysis or Frènch pressure cell treatment. Membranes

isolated by the osmotic lysis of cetls or protoplasts were

vesicurar and from their size, it would appear that the cell
membrane ruptures into three or four fragments which reseal to
form the vesicles. Membranes prepared using the French pressure

ceIl technique hrere arso vesicurar but about 2oz the average

diameter of the osmotically-prepared membrane vesicles.
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Membranes examined by negative-stain electron mj-cro-

scopy appear as fragments or sheets rather than in vesicular form

as is observed in fixed-sectioned material. The periodic staining
pattern observed using negative stains may represent some

natural cleavage plane of the membrane. The stalked particles
which most like1y represent the ATPase complex were only observed

when using negative stains and were most likely associated with
the inner half of the membrane. The predominant intramembranous

particle observed on the inner fracture face of the membrane was

of similar size to the presumptive ATPase particle and as such

may represent the true in situ location of the ATpase comprex.

Freeze-fracture studies arso indicated that the size of the
intramembranous particles differ in each half of the membrane,

as did the number of particles associated with each half of the
membrane, there being an 8 to t asymmetry in favour of the inner
fracture face. Asymmetry in intramembranous particle distributj-on
has been observed in a variety of membranes however only
sarcoplasmic reticulum membranes display intramembranous particle

asymmetrY to this extent, (in this instance in favour of the

concave face) (Packer et â1., 19741 .

The identity of the two other particles associated with
the membrane, i.e. the "daisies" and the "ladder-Iike" comprexes,

is not known, and although they may be of potential interestr îo
useful comment can be made on these at present.

One of the questions of greatest interest to the sec-

retion of extracellular enzymes j-s whether membrane-bound ribo-
somes exist in bacteria. rndeed evidence for membrane-bound

ribosomes in isolated membranes often does not take into account

the physical entrapment or adsorption of ribosomes to the membrane

which may occur during membrane isolation. with the present

knowledge that membrane preparations are rargely in vesicle
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form, the existence of ribosomes (or ribosomal RNA) in exhaustivel
washed membrane preparations is no ronger valid evidence for
membrane-associated ribosomes since free ribosomes may be trapped
inside as indeed is clearly shown in sectioned vesicres in this
chapter' Moreover the situation may be misleading in view of the
demonstration that when vesicles are applied to an E.M. specimen
grid and negatively stained, they fragment and open out. Thus
what is in fact a vesicre containing free ribosomes may appear
as a ribosome-studded fragment of membrane. rn this present
study no meaningful association of ribosomes with the membrane,
was observed after fragmentation of the vesicles. This in
itself does not disprove the existence of membrane-bound ribosomes
in B. 1o1i uefaciens as the association may be destroyed ont

rysis or arternative y, the association in situr mây onry be
transitory.



CHAPTER 4

STUDIES ON THE PHYSICAL PROPERTIES OF

B. AMYLOLIQUEFACIENS CYTOPLASMIC MEMBRANES
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A. INTRODUCT]ON

one of the aims of this project was to establish the

role of the cytoplasmic membrane in the process of extracellular

enzyme secretion. A logical first approach was to determine

whether changes occurring in the cell membrane could influence

the synthesis and/or secretion of extracellular enzymes.

Initially this plan involved using cell membrane preparations

to characteríze some of the physical properties of the membrane.

It was hoped that upon characterization, it would be possible to

alter the fluidity or physical state of the membrane in situ'

and determine whether such changes influence extracellular

enzyme secretion.

It has been concluded that the activities of a number

of membrane-associated enzymes are ínfluenced by changes

occurring in the fluidity or physical state of the membrane

lipids (Raison, 1973 a,bi Chapman, L975¡ Cronan and Gelmann' I975¡

Fox, 1975). Thus enz]¡'mes such as those of respiratory or

transport systems exhibit changes in Arrhenius activation

energy at two critical temperatures which correspond to changes

occurring in the physical state of the membrane lipidr âs

determined by physical techniques (l,inden et aI- , L97 3 a'b;

Raison and lvlcMurchie, 1974). The actual changes which occur at

the molecular level may be complex and their nature uncertain.

However, by analogy with results obtained using artificial

phospholipid vesicles, these changes were postulated to define

the initiation and termination of a lipid phase transition in

which there is a gradual melting and íncreasing fatty acyl chain

disorder in the hydrocarbon regions of the membrane with

increasing temperature (Shimshick and McConneII, L973¡ Grant

et al. , 1974). These boundary temperatures of the phase

transition are determined by the physical characteristics of
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the lipid (Chapman et al. , L974¡ V']u and McConnell, L975) . For

a number of organj-sms, the occurrence in their membranes of a

lipid phase transì-tion, has been shown to correlate with

changes of physiological significance (Raison, L973 a,b;

McElhaney, L974; Fox, 1975\ .

The work described in this chapter is aimed at

determining whether lipid phase transitions occur in the cell

membrane of B. amylotiquefaciens. It was hoped that a combin-

ation of, and correlation between physical and physiological

methods may provide information on the influence of such

changes in the membrane lipids on physiological activities

associated with the celI membrane.

B. RESULTS

1. Spin-label1ing studies on celIs and osmotícaIIy-

prepared membranes

The technique of spin labelling was used to monitor

the lipid components of the membrane. In membrane studies the

spin label is usually a lipid molecule containing a reporter

group, normally a nitroxide free-radical compound which can be

monitored by electron spin resonance (E.S.R.) spectroscopy.

The spin label infused into the membrane provides information

on the viscosity and polarity of its local environment, as well

as the occurrence of phase transitions in the membrane lipid

(Keith et aI., 1973). Spin labels used in this study were

either the methyl ester (m.e.) or acid form (a) of stearic acid

with the nitroxide group attached to carbon atom 12, (12NS m.e.

or 12NS a), or carbon atom 16, (16NS m.e. or 16NS a) , from the

carboxyl end.

A1I attempts to spin label the membrane of intact
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cells and protoplasts resulted in rapid loss of the spin-Iabe1

signal. Hohrever by heating cells or protoplasts at 650 for

I0 minutes prior to the addition of spin label, the signal

remained stable over a period of 3 hours. Spectra recorded

at 30o for the spin label 16NS (m.e.) infused into heat-

treated cells and protoplasts are shown in Figure 4.1ArB. The

hlrperfine coupling constant (Arr) , provides a measure of the

polarity of the spin-label environment, and its value for both

cells and protoplasts indicates that the spin label was

localized in a highly hydrophobic environment. (A' values for

nitroxide spin labels range from L4.2 gauss for spin label in

octadecane, 15.7 gauss in 20t aqueous ethanol to 16.1 gauss in

water at 30o, (Raison et al., 1971)). rn this environment the

spin label underwent restricted isotropic motion; the motion

in cells being relatively less restricted as indicated by the

lower Zo value, (To = correlation coefficientr âs defined in

Chapter 2).

Osmotically-prepared membrane vesicles were spin

labelled as described in Chapter 2. For the spin label 16NS

(m.e.) (Figure 4.2B1 , the spectrum is similar to those shown

in Figure 4.1 in respect to the hydrophobic localization of

the spin labe1 and its restricted isotropic motion within this
Iocation. Comparison of the motion of 12NS (m.e. ) (Figure

4.2A) and I6NS (m.e. ) (Figure 4.2B) in isolated membranes

showed. that greater motion (Iower Zo value), was obtained using

16NS (m.e.) which is in accord with the more terminal position

of the nitroxide group in 16NS (m.e. ). These spectra were very

similar to those obtained for spin label infused into isolated

B. amyloliquefaciens phospholipids (Figure 4.17 ) and thus

indicate that these spin labels must be localized primarily

in the phospholipid region of the membrane. Infusion of



FTGURE 4. I. E.S.R. SPECTRA OF THE SPIN LABEL 16NS (M.C.)
INFUSED INTO THE CELL MEMBRANE OF
B. AMYLOLIQUEFACIENS CELLS AND PROTOPLASTS.

Cetls and protoplasts $¡ere heated at 650 for
I0 minutes prior to the addition of spin label to prevent
spin-labe1 reduction. ESR spectra were recorded at 30o
using a modulation amplitude of 2.5 gauss. Values of the
hyperfine coupling constant (4.) and of the spin-label
motion (correlation coefficient,lo ) were determined as
described in Chapter 2.

A

B.

Celts : A-=14.6 gauss ; T¿ =L4.6x10-10sn

Protoplasts: Arr=14. 5 gauss ,lo=tg.2x10-10s



lOgauss
l-l

A¡ =14'5gauss

To=19'Zgxlõ'8

lOgauss
l-l
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FTGURE 4.2. E.S.R. SPECTRA OF SPIN LABELS INFUSED INTO
ISOI,ATED I{EMBRANES OF B. AIUYLOLIQUEFACIENS.

The spin labels were infused into osmotically-
prepared membrane vesicles and the spectra recorded at
30o as described i-n Chapter 2.

A. 12NS (m. e. ) : An=I4. 5 gauss;

B. t6NS (m.e.) : Arr=I4.6 gaussi T,=IO.6xl9-10s

t o=23.7x10-I0s

c. 16Ns (a) An=15.0 gauss¡ To (not able to
be calculated)
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An= 15'0gauss
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An=t4'62gauss
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16NS (a) into isolated membranes resulted in some aqueous

partitioning of the spin label- (evident as an extra peak in

the high-field hyperfine line), which is in keeping with the

slightly less hydrophobic location of this spin label,
(An = I5.0 glauss, Figure 4.2C). Because of this aqueous

partitioning, the acid form of the spin label was not used

for studies on membrane phase transitions.
The effect of temperature on spin-1abel motion is

shown in Figure 4.3 in which a series of spectra for the spin

l-abel I6NS (m.e. ) infused into osmotically-prepared membranes

have been recorded at different temperatures. MoÈion of the

spin label increases with increasing temperature, (To

decreases). Although spin-label motion at 4.40 is relatively
slow, it is stil1 within the range where the correlation
coefficient treatment can be employed. I2NS (m.e. ) could not

be used for measurement ät low temperature as its motion was

too restricted and meaningful motional analysis could only

be performed at temperatures above L2o. Values for the hyper-

fine coupling constant (An) for I6NS (m.e.) infused into these

membranes (approximately 14.5 gauss) , did not change signific-
antly with temperature. This together with the fact that
there was no aqueous partitioning, indicates that I6NS (m.e.)

was reporting changes within the hydrophobic region of the

membrane at all temperatures tested.

A correspondence has been shown between the changes

observed in the kinetics of certain membrane-associated

enzymes and temperature-dependent events in the membrane fipid
detectable by the spin-labelling technique (Raj-son et aI.,
1971a¡ Mehlhorn and Keith, 1972¡ Linden et al. , L973a¡ Raison

and McMurchie, l-9'1.4; Fox 1975). Arrhenius plots of the motion

of spin labels infused into a number of biological membranes



FIGURE 4.3.

lysis of
The value
shown for
which the

EFFECT OF TEMPERATURE ON THE E.S.R. SPECTRA
OF THE SPIN LABEL I6NS (M.E. ) INFUSED INTO
B. AMYLOLIQUEFACIENS MEMBRANB VESICLES.

Membrane vesicles were prepared by the osmotic
protoplasts and spin labelled with I6NS lXt."') '
for the motio., of the spin label (lex10 ros ) is
each spectra together with the temperature at
spectra were recorded.
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exhibit discontinuities in slope which have been interpreted

as arising from temperature-induced changes (phase changes)

in the molecular ordering of the membrane lipid (Raison et al' '

197Ia; Raison, Igl3a,b; E1etr et aI', L974¡ Keith et at" 19751'

An Arrhenius plot of the change in spin-label

motion (Tð as a function of temperature for I6NS (m'e') in

osmotically-prepared membrane vesicles of B. amyloliquefaciens,

is shown in Figure 4.4. Four discontinuities (changes in slope)

are evident at temperatures of about 39o, 2Lo, 15o and 60' An

Arrhenius plot of the motion of 16NS (m.e.) infused into the

membrane of heat-treated cells is shown in Figure 4'5' Again

four discontinuities are observed at approximately the same

temperatures as \^ras evident in Figure 4 ' 4 ' These same

discontinuities were observed in cells and isolated membranes

irrespective of whether heating or cooling runs were employed'

iratory studies on isolated cytopla smic membranes2. Resp

IlIany biochemical activit.ies are associated with the

cytoptasmic membrane of bacteria. Prominent among these are

the succinate and NADH oxidase systems (Machtiger and Fox' 1973)

and tutg2+ and Ca2t -dependent ATPases (Rosenthal and lvlatheson'

1973).lnadditiontheelectrontransportchainisassociated

with the active transport of many substances across the cell

membrane (Kaback, l,972¡ Konings and Freese, I972; Bisschop

et al. , Lg75). Monitoring the kinetics of such membrane-

associated enzymes has previously been employed for a number

of membranes to detect changes occurring in the physical

properties of the associated lipid (Raison et aI. , L97Lai Linden

etaI",Lgl3arb;RaisonandMcMurchie,LSTA¡Fox1975)'
Thisstudywasaimedatdeterminingwhetherthe

electron transport chain of B. amyloliquefaciens, ôs measured

by succinate or NADH oxidation could be used to monitor changes



FIGURE 4.4. ARRHENTuS pr,or oF THE MorroN (?o) oF THE
SPIN LABEL 16NS (m.e. ) INFUSED ]NTO
B. AMYLOLÏQUEFACÏENS MEMBRANE VESTCLES.

Membrane vesicles were prepared by the osmotic
lysis of protoplasts and spin labelled as described in
Chapter 2. Arrows indicate the approximate temperature at
which discontinuities were evident.
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FTGURE 4.5. ARRHENTUS pr,or oF THE MorroN (Tò oF THE
SPIN LABEL 16NS (m.e. ) INFUSED INTO THE
MEMBRÃNE OF B. AIVIYLOLTQUEFACIENS cELLs.

Cel-ls were heated at 650 for 10 minutes to prevent
spin-Iabel reduction. Arrows indj-cate the approximate
temperatures at which discontÍnuities were evident.
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occurring in the cell membrane due to alterations in the fluid-

ity or physical state of the membrane lipids. Membranes $/ere

prepared by osmotic lysis of protoplasts (O.f,. vesicles) or by

the French pressure cell lysis of cells (F.P. vesicles) as

described in Chapter 2, and rates of oxygen uptake were deter-

mined polarographically. A summary of the results is shown

in Table 4. I.
The rates of endogenous oxygen uptake in both types

of vesicle were extremely low and marked stimulation occurred

after the addition of succinate or NADH and the respiration
rate was proportional to the amount of membrane vesicles used.

(The final concentrations of succinate and NADH which were

routinely used were 100 and 200-times higher than the apparent

Iç for each substrate respectively) . ADP , Mg2* t ot 2 14

dinitrophenol did not affect the substrate-stimulated

respiratory rate. The oxidation of succinate and NADH was

cytochrome linked and was inhibíted by cyanide (as was also

observed for the endogenous rates of respiration of cells and

protoplasts i results not shown). For O.L. vesicles, NADH

resulted in a l0-times greater rate of oxygen uptake than did
succinate, however for F.P. vesicles, the rate obtained using

NADH was not significantly greater than for succj_nate. The

rate of succinate and NADH oxidation in o.L. vesicles was far
greater than that observed for. F.P. vesicles and this observation

will be discussed in regard to the possible orientation of these

two types of vesicle in the discussion section.

The addition of non-ionic detergents to rat liver
mitochondrial membranes is believed to result in the abolition
of the phase transition associated with these membranes (Raison

et al., I97Ib). It was anticipated that if phase transitions
were detected in B. amyloliquefaciens membranes, a similar
effect may be seen. Therefore as a preliminary study, the



TABLE 4.I SUCCINATE AND NADH OXIDATION BY
B. AMYLOLIQUEFACIENS MEMBRANE VESTCLES.

Membrane vesicles \^/ere prepared by the osmotic
lysis of protoplasts (O.L. vesicles) or by French pressure
cell- lysis of cells (F.P. vesicles). Rates of respiration
v¡ere determined polarographically as described in Chapter 2.
Final concentrations of succinate and NADH vùere 5mM and lml,l,
respectively.

A

Rates of respiration
minute/mg membrane protein at
endogenous oxygen uptake.

The non-ionÍc detergent Tween 80 at
centration of 0.1* (v/v), was added
vesicles after their preparation.

a final con-
to membrane

B Tween B0 at a final concentration of 0.18 (v/v),
was included in the lysing buffer during vesicle
preparation and in all subseguent buffers.

are expressed as n mole 0Z/
30o, after correction for



Apparent I(m

Maximum Rate

A. Tween B0

B. Tween 80

Maximum Rate

A. 0.1E (v/v)
Tween g0

TABLE 4.L

O. L. VESTCLES

NADH OXTDATTON

F. P. \¡ESICLES

14. 0

808 fnhibition

LL.2

51t rnhibition

0.005mM

434.0

68t rnhibition

99.3t Inhibition

0. 05mM

43.0

638 rnhibition

86t Inhibition

SUCCTNATE OXIDATTON



affect of the non-ionic detergent Tween B0 on succinate and

NADHoxidatj.onbymem.branevesicleswasundertaken.The

additionof0.l*(v/v\TweenB0too.L.vesiclesresultedina

63g and 688 inhibition in the rates of succinate and NADH

oxidation respectively (Table 4.14) . However when vesicles

\^rere prepared in buffer containing the same concentration of

TweenS0(B),andmaintainedinthepresenceofthedetergent'

succinate and NADH oxidation \^ras inhibited by 868 and 99'3t

respectively. In this latter instance the detergent would

presumablybeavailabletobothsidesofthevesiclemembrane'

whilst in (A) the detergent may only be available to the outside

of the membrane. Respiration rates could not be restored to

anygreatextentafterrepeatedwashesofthemembranevesicles
prepared in the presence of the detergent' Tween 80 added to

F.P.vesiclesalsoresultedinaninhibitionoftheratesof

respiration, greatest inhibition being observed for NADH

oxidation.Morphotogicalexaminationofo.L.andF.P.vesicles

after treatment with O'I? F/v) Tween 80 revealed no obvious

morphologicalchangestoeithertypeofvesicleandbothstill

appeared vesicular and intact'

Nunerousstudieshaveindicatedthatchangesinthe

molecular ordering of the membrane Iipid may affect the

functioning of membrane-associated enzymes and lead to changes

in their Arrhenius activation energy at corresponding temperatures

(Linden et aI. , Lg73a,b; Raison, I97 3a'b) '

AnArrheniusplotoftheratesofsuccinateoxidation

of O.L. vesicles is shown in Figure 4'6' Discontinuities

(changesinactivationenergy),areevidentattemperaturesof

about 39o, 2Oo, I5o and Bo. With the exception of the region

between 39o and 2Oo, which disptays a concave-upwards curve

non-intersecting with the remainder of the graph at 20o, arr

other temperature regions are linear and exhibit increasing



FIGURE 4.6. ARRHENIUS PLOT OF SUCCINATE OXIDATION BY
OSMOTICALLY-PREPARED MEMBRANE VESTCLES OF
B. AMYLOLIQUEFACIENS .

Rates of succinat_e oxi-dation by O.L. vesicles
htere determined polarographically as described in chapter
2, with a constant amount of membrane protein being used
for all assays. The temperatures indicated by arrows are
the average (to the nearest degree) of those on each side
of the di-scontinuities.

Temperature range Activation energy (kcal/mole)

) 390

2oo to r5o

t5o to go

<go

5.7

TL.7

24.3

50.5



S
U

C
C

IN
A

T
E

no
 (n

 m
ol

e 
O

Z
 /

(,
l

O
X

ID
A

T
IO

N
n 
/^

g 
pr

ot
ei

n 
)

]u (,
l

m
i ¿

(,
l o

.¿ o o

À
.

(¡
) N úù (.
)

C
¡) c'
l

C
^) (')

x J os

oo è o
o

(¡
) @
o-

G
) oo N oo

<
f-

l\' oo
r¿ O

t 
-Ð o

J oo
<

-o
o



activationenergy\^rithdecreasingtemperature.TheArrhenius
plot of NADH oxidation (Figure 4'7) also reveals the presence

of four discontinuities at temperatures of about 40o' 22o ' 17o

and go although these are not as pronounced as fot succinate

oxidation- The characteristic temperatures for both succinate

andNADHoxidationcorrespondwiththoseobtainedbyspin-

Iabellingtechniques(Figures4.4and4.5).Forneitherrespir-

atory substrate were the discontinuities at about 40o due to

irreversibre enzyme denaturation since assays on sampres used

above 40o did not exhibit decreased rates of respiration when

re-measured at lower temperatures' The occurrence of non-

intersectingdiscontinuitiessuchasforsuccinateoxidation

at 2Oo (Figure 4.6) were uncommon and in the majority' the

discontinuities were intersecting'

Aspreviouslystatedlowconcentrationsofnon-ionic

detergentsarebe}ievedtoabolishlipidphasetransitionsin

membranesbydisorderingthemembranelipidsandthereby

decreasingthelipidco-operativityrequiredforthetransition
(Raisonetal.,lgllb).Arrheniusplotsofmembrane-associated

enzymesundertheseconditionsdonotexhibitdiscontinuities

butratherdisplayaconstantactivationenergyovertheassayed
temperature range (Raison et al' ' LgTfb)' The addition of 0'18

(v/v)TweenSoresultsintheinhibitionofbothsuccinateand

NADHoxidationinB.amyloliquefacienso.L.andF.P.vesicles

(Table 4.1), however it does not appear to alter the morphology

of these vesicles, and both appear- intact after Tween 80

treatment.

Arrhenius plots for o'L' vesicles assayed in the

presenceofTweenS0(butnotpréparedinitspresence),exhibit

two discontinuities 1rot succinate (Figure 4'8) and NADH (Figure

4.g) oxidation. The characteristic temperatures, (360 and I50

for succinate; 38o anC 15o for NADH) ' approximate to two of the



FTGURE 4.7. ARRHENTUS PLOT OF NADH OX]DATION BYOSMOTICALLY-PREP ARED MEMBRANE VESTCLESOF B. A¡{YLOLTQUEFAC ÌENS.

Temperature range Activation energy (kcal/moLe)

Membrane vesicles. r4/crc _prepaïe.' by the osmoti_clysis of protoplasts rnã-=t"" of- rvab' àxidation determinedas for Figure 4.6.

>4æ

22o to lzo
I7o to go

(go

2.8

20 .8

27 .6

37 .8
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FIGURE 4. B.

lysis of
Chapter 2

ARRHENTUS PLOT OF SUCCINATE OXIDATION BY
OSMOTTCALLY-PREPARED MEIVIBRANE VESICLES OF
B. AMYLOLTQUEFACTENS ASSAYED IN THE PRESENCE OF

EN BO.

Membrane vesicles virere prepared by the osmoticprotoplasts and were assayed as described in
, in the presence of 0.tg (v/v) Tween 80.
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FIGURE 4.9. ARRHENIUS PLOT OF NADH OXTDATION BY OSMOTICALLY-
PREPARED I'iÍEMBRANE VESICLES OT' B. AMYLOLTQUEF'ACIENS
ASSAYED TN THE PRESENCE OF TI^IEEN

Membrane vesicles htere prepared by the osmotic
lysis of protoplasts and were assayed as described in
Chapter 2, in the presence of 0.18(v/v) Tween 80.
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four characteristic temperatures observed by enzyme kinetics (in

the absence of Tween 80) and spin-labelling studies' Due to the

vesicular nature of the membrane and in the apparent absence of

detergent-inducedlysis,itisunlikelythatTweenS0would

cross the membrane due to its polar sorbitan group' An attempt

was therefore made to present the detergent to both sides of the

vesicle membrane by lysing protoplasts in buffer containing

Tween g0. rn these vesicles, comparatively greater inhibition

was observed for both succinate and NADH oxidation than if the

same concentration of detergent was added to membrane vesicles

prepared in the absence of Tween 80 (Table 4.1). fn aádition,

the vesicles still appeared morphologicatly intact after such

treatment. The Arrhenius plot for succinate oxidation in o'L'

vesicles prepared in the presence of Tween BO and assayed in the

presence of Tween 80 (Figure 4.IO), exhibits no discontinuities

ofthetypeSeeninthepreviousfigures.Ratherasmooth'very
shallow concave-downwards curve is observed which displays a

slight but constant increase in acÈivation energy with decreasing

temperature.

TheArrheniusptotofsuccinateoxidationbyF.P.

vesicles(Figure4.tl)revealsfourdiscontinuitiesatcharacter-

istic temperatures of about 39o, 2Lo, I7o and 60, whilst four

discontinuities are also evident for NADH oxidation at about 35o'

2Lo , 17o and 70 (Figure 4.12) . These characteristic temperatures

approximate those for o.L. vesicles obtained by physical and

enzymic methods. However, as seen in Figure 4.I3, ArrheniUS

plots of succinate and NADH oxidation in such vesicles,

assayed in the presence of 0.1% @/v) Tween 80, display only

two discontinuities. These occur at characteristic temperatures

of I9o to 2Oo and 50 to 60 and approximate to two of the four

characteristic temperatures observed in either type of membrane

vesicre without rween g0, but do not approximate to the two



FIGURE 4.10. ARRHENTUS PLOT OF SUCCTNATE OXTDATION BY
OSMOTICALLY-PREPARED MEMBRANE VESTCLES OFq. AMYLOLTQUEFACTENS PREPARED TN THE PRESENCEõÞffi

Protoplasts were lysed in buffer containing
0.1å (v/v) Tween 80. Rates oi succinate oxidation at differenttemperatures were then determined in buffer contai_ning thesame concentration of Tween g0 and graphed as an Arrheniusplot.
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FIGURE 4.11. ARRHENIUS PLOT OF SUCCINATE OXIDATION BY
FRENCH PRESSURE CELL - PREPARED MEMBRANE

VESTCLES OF B. AMYLOLIQUEFACIENS.

Membrane vesicles $lere prepared by the French
pressure ceII lysis of whole cells as described in Chapter
2 and the rates of succinate oxidation at different
temperatures h/ere graphed as an Arrhenius plot.
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FTGURE 4.I2.

Membrane
cell lysis of whol_e
of NADH oxidation at
Arrhenius plot.

ARRHENIUS PLOT OF NADH OXIDATION BY FRENCH
PRESSURE CELL-PREPARED MEMBRANE VESTCLES
OF B. AMYLOLTQUEFACTENS.

vesicles were prepared by the French pressure
cells as described in Chapter 2 and the ratesdifferent temperatures were graphed as an
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FIGURE 4. 13.

OF B. AMYLOLT OUEFACIENS.

Membrane vesicles were prepared by the French
cellè aã described in ChaPter
DH oxidation in the Presence
etermined at different
rrhenius Plots '

EFFECT OF TWEEN BO ON ARRHENIUS PLOTS OF

SUCCINATE AND NADH OXTDATION BY FRENCH

PRESSURE CELL - PREPARED MEMBRI\NE VESICLES
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60.

characteristic temperatures for O.L. vesicles assayed in the

presence of Tween 80. It can again be argued that the detergent,

added after vesicle formation, would be untikely to be present

within the vesicle. Thus the characteristic temperatures for

succinate and NADH oxidation, assayed in the presence of Tween

80, are dependent on the type of nìembrane vesicle and indicate

a difference between these two types of membrane vesicle in

regard to their behaviour in the presence of Tween 80.

3. F1uorescent probe studies on osmoticallv-prePared

membrane vesicles

The fluorescent probe ANS has been used to monitor

phase transitions in membranes and isolated phospholipids, (see

review by Azzi-, 1975). ANS fluoresces only when portion of the

molecule is exposed to a hydrophobic environment such as would

be present in the membrane due to the lipid components, and it

has been shown to be localized at the polar/apoLar interface of

the membrane (Lesslauer et âI., L972) , with its charged sulphonate

group possibly preventing complete penetration of the molecule

across the membrane.

An Arrhenius ptot of the relative fluorescence

intensity of ANS added to O.L. vesicles is shown in Figure 4.L4.

A series of curves discontinuous at zLo and 70 are evident.

These temperatures are coincident with two of the four character-

istic temperatures determined by spin-Iabelling and enzymic

methods and approximate those obtained for succinate and NADH

oxidation in F.P. vesicles, assayed in the presence of Tween 80.

From comparison of the temperature dependence of ANS fluorescence

in soybean lecithin in which a lipid phase transition was

detected by calorimetric means below 0o (results not shown),

ANS fluorescence exhibits a smooth concave-downwards curve when

graphed as an Arrhenius plot. As was mentioned in Chapter 2,



FTGURE 4.T4. ARRHENIUS PLOT OF THE F'LUORESCENCE OF ANS
rN OSMOTTCALLY-PREPARED MEMBRANE VESTCLES
OF B. AII,IYLOLIQUEFACIENS .

Membrane vesicles were prepared by the osmotj_clysis of protoplasts. The fluorescent probe ANS was addedto membrane vesicles and the relative fluorescence intensity
was measured as a function of temperatur.e as described in
Chapter 2.
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61 .

the use of ANS clearly detects the phase transition of the

phospholipid, dimyri-stoyI phosphatidyl choline at 23o, and in
this instance two smooth curves which h¡ere discontinuous at 23o,

were evident.

4. Thermal- anal sis on osmoticall red membrane vesicles
The unique property of phospholipid bilayer structures

to undergo a reversibre, thermotropic gel --+ tiquid-crystalline
phase transition arising from the co-operative melting of the

hydrocarbon chains of the interior of the bitayêr, has been

investigated by techniques which rely on some form of thermal

analysis (Chapman, L975). In view of the complexity of thermal

events evident in the cell membrane of B. amyloliquefaciens

by spi-n-labelling and enzymic studies, it was therefore decided

to investigate the behaviour of these membranes by thermal

analysis, the aim being to directly observe the lipid phase

transition. The techniques of adiabatic calorimetry and differ-
ential scanning calorimetry are capable of directly measuring

the melting process by recording, as an endothermic peak, the

heat input requj-red to bring about a melt.

A. Adiabatic calorimetry.

B. amyloliquefaciens O.L. vesicles Ì¡/ere analysed by

adiabatic calorimetry as described in chapter 2, and the result
is shown in Figure 4.I5. In the heating mode an endothermic

peak extending from about 60 to 360, was clearly evident. This

endotherm consisted of a main symmetrical peak extending from

60 to 30o, with a tailing region from 30o to 360. This

endotherm was re-cbserved if the same membrane sample was

cooled and then re-run in the calorimeter. Under the steady-state
conditj-ons resulting from this form of calorimetry, it is clear
that a phase transition is occurring in B. amyloliquefaciens

ceIl membranes over the temperature range 60 to 360.



FIGURE 4.L5. ADTABATIC CALORTMETRY OF B.
MEIUBRANE VESICLES.

AMYLOLIQUEFACTENS

Membrane vesicles $/ere prepared by the osmotic
lysis of protoplasts and adiabatic calorimetry was
performed as described in Chapter 2. The endothermic peak
h¡as recorded by increasing the temperature of the membrane
sample in small steps and measuring the specific heat after
allowing the sample to equilibrate at each of the tempera-
tures indicated. The dashed line represents the baseline
obtained with aqueous buffer.
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62.

B. Differential scanning calorimetry (D.S'C' ).

The results obtained by D.s.c. for o.L. vesicles of

B. anyloliquefaciens are shown in Figure 4.16, and they fully

support the result obtained by adiabatic calorimetry. Trace A

shows the endothermic peak obtained when membranes were heated

at a rate of 20o per minute. The peak begins at 90, rises sharply

at 160, returns to near the baseline at 35o and completely

reunites with the baseline at 42o. Due to fast temperature

scanning, errors in the actual temperature limits of the

endotherm can occur, and this is seen from the fact that the

ice + water transition occurs a few degrees below zeto' The

exotherm obtained when membranes were cooled from about 45o, is

shown j-n Trace B. (Dif f erences in the magnitude of the peaks

obtained in Traces A and B are due to a 2-fold difference in

the operating sensitivity of the calorimeter). The exotherm

appears similar in shape to the endothermic peak, although the

temperature limits, 29o to -Io, are approximately 10 centigrade

degrees lower than that obtained when a heating mode was

employed. This difference can again be reconciled by the

error which is unavoidably introduced by the scanning technique-

fn actual fact, the temperature limits of the exotherm are

virtuatly identical to those of the endotherm if a correction

of plus l0 centigrade degrees is allowed by virtue of the

Iowered water + ice transition temperature (-100).

5. sp in-labellinq stud.íes on isolated phospholipids

Spectra obtained for the spin labels I2NS (m'e')

and 16NS (m.e.) infused j.nto an aqueous sonicated dispersion of

B. amyloliquefacj-ens phospolipids, are shown in Figure 4.L7.

These spectra are similar to those obtained when spin labelling

isolated membranes or heat-treated cells or protoplasts

(Figure 4.L and 4.2). In comparison to the above, An values



FTGURE 4.l-6. DIFFERENTIAL SCANNTNG CALORTIUETRY OF
B. AII{YLOLIQUEFACIENS MEMBRANE VES I CLES.

Membranes were prepared by the osmotic rysis ofprotoplasts as described in chapter 2. The resulting
membrane vesicles suspended in Ëuffer were centrifugãd
and the membrane perlet loaded into a calorimeter sãmplepan which was then sealed and loaded with an emptyreference pan into a perkin Elmer (o.s.c.-2) diirärentialscanning calorimeter and calorimetry was performed asdescribed in chapter 2. scanning rate wãs 2oo per minuteand the dashed lines represent thã traces obtainèd using
agueous buffer alone.

A. Heating mode

B. Cooling mode

(endotherm)

(exotherm)

: Sensitivity 1 mcal,/s

: Sensitivity 2 mc,aL/s
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FIGURE 4.L7. E.S.R. SPECTR.A OF SPIN LABELS INFUSED TNTO

AQUEOUS DISPERSTONS OF PHOSPHOLIPIDS
ISOLATED FROM B. AIIIYLOLIQUEFACIENS .

A. 12NS (m.e. )

phospholipids rÀ/ere isolated from 9. am]¡lolique-
faciens cel1s änd suspended in phosphate bu-ffeñlffiation
Fãescribed in Chaptèr 2 and spectra were recorded at 30o.

Ar, = 14-2 gauss i lo=20'3x10-los
(llodulation amPlitude = I.25

gauss )

B. 16NS(m.e.) : A = L4.4 gauss ; Tu=9.oxIo-los
(lfodulation amplitude = 1.0

gauss)

n



?o= 9'0 x 10

An=14'4 gauss

s
-10

10 gauss

B

An= 14'25gauss

-t0
7o=20'3 x l0 s

l-l
10 gauss

A
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obtained for the phospholipids indicate a slightly more hydro-

phobic localization of the spin labels and the relatively

fast.er motion for both spj-n labeIs may be due to a greater fluid-

ity in the j-solated phospholipids brought about by removal of

membrane protein.

An Arrhenius plot of the motion of 16NS (m.e. ) in the

isolated phospholipids is shown in Eigure 4.I8. Although Èhe

Arrhenius plot is complex, it, is possible to visualize four

discontinuities at about 4Oo, 2Lo, I3o and 40. Particular

difficulty is encountered in ascertaining the actual temperat-

ure of the discontinuity at about 40, although at some

temperature within this region, there is a change in slope.

The discontinuity at, 40o is marked by a non-intersect rather

than by a significant change in slope-



FTGURE 4.18. ARRHENIUS PLOT OF SPIN LABEL IVIOTION IN
ïSoLATED PHOSPHOLTPIDS OF B. AMYLOLTQUEFACTENS.

Phospholipids were extracted from B. amylolique-
faciens cells and the spin label 16NS(m.e.) was-ã&iã[-Eo an
aqueous phospholipid diépersion prepared by sonication.
the moÈion of the spin label (t^\ v/as determined at the temp-
eratures indicated and plotted äs an Arrhenius pIot.
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C. DISCUSSÏON

Thermotropic phase transitions in the lipid component

of biological membraRes have been demonstrated by a variety of

physical techniques such as spin labelling (Sackmann et al. ,

L973; Lì-nden et al., l-973a,b) , X-ray dif f raction (Engelman, L97O;

Esfahani et al., L97l-¡ Shechter et al., L914\, calorimetry (Steim

et a1., 1969,' Ashe and Steim, I97I; Blazyk and Steim, L972; Haest

et al., I974¡ Martonosi, L974) and fluorescent probes (Overath

and Träub1e 1973; träubte and Overath, Ig73l, as welL as by

studies on membrane-associated enzyme systems such as transport

(Linden et al., 1973a) and respiration (Raison, L973arb; Watson

et a1., l975arb). In model systems comprising a binary mixture

of two phospholipids of differing fatty acyl composition, the

order to disorder transition which occurs on raising the temper-

ature has been considered in terms of a lateral phase separation

(Shimshick and McConnell, L973; Grant et aI. , L974¡ Wu and

McConnell, 1975). Ideally the lipid is considered to exist in

the form of a crystalline or solidus phase below a characteristic

temperature, Ts. At Ts, a change in molecular ordering (phase

change) is envisaged resulting in the formation of lipid in the

liquid-crystalline or fluidus phase which coexists with the

solidus phase due to the lateral separatj-on of both phases. On

increasing the temperature, the proportion of fluj-dus phase

lipid increases, until a fully "fluid" phase is reached at a

second characteristic temperature, T¡.

The temperatures Ts and T¡ are determined primarily

by the physical characteristics of the acyl chains. Spin-

Iabelled fatty acids of the type used in t.his study have been

employed to probe the physical state of the hydrocarbon regions

within biological membranes, particularly in regard to the

temperature-dependent fluidity changes associated with the phase
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transition (Raison et aI., 197Ia; Mehlhorn and Keith, I972¡

Eletr et al. , 1,97 4; Raison and McMurchie , L97 4) .

The actuaf molecular events associated with phase

transitions in biological membranes are not cl-early understood

particularly in regard to the following: I. Whether the "melt-

ing" process of the membrane lipids represents a phase trans-

ition and/or a lateral phase separation. 2. Whether all or

only some of the lipids are involved in the "melt", there being

the possibility that specific lipid domains, such as the

boundary lipid layer surrounding some membrane proteins

(Dehlinger et â1., 19741 , may behave independently of the bulk

lipid. 3. How changes in the membrane lipid influence

physiological activities associated with the membrane, i.e. are

changes in the lateral compressibj-lity of Iipids (as suggested

by Linden et â1., I973a), solely responsible for the observed

changes in physiological activity. 4. !{hether "breaks" in

Arrhenius plots for membrane-associated activities correspond

to liquid-crystalline to crystalline phase transitions or rather

to the formation of lipid "clusters", as suggested bi Lee et al.,
(Le7 4) .

At the time the work described in this chapter was

commenced, all studies on phase transitions in biological
membranes had defined only two critical temperatures which were

interpreted in terms of the events occurring in artificial lipid

systems, âs discussed at the start of this sectj-on. The

observation of four critical temperatures for B.

amyloliquefaciens celI membranes r^ras unprecedented and it was

therefore necessary to propose a working hypothesis to account

for these unexpected results.
The reality of these four critical temperatures is the

first question to be considered. These critical temperatures
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are based on the discontinuities in the Arrhenius plots and due

to the intersecting nature of these discontinuities, there is
difficutty in assessing whether such discontinuities are real,
and if sor at what temperature they occur. In most of the

Arrhenius plots presented a change in slope was evident at the

characteristic temperature, although in some instances a non-
j-ntersecting discontinuity was apparent. Although it was not

always possible to clearly observe aII discontinuities in any

one Arrhenius plot, it was possible to clearly detect any one

of the discontinuities when repeating the experiments. The fact
that essentially the same four critical temperatures (or set of

two critical temperatures, depending on the experiment) hrere

found by spin-Iabelling studies, by enzyme activity studies, by

fluorescent probe studies and their existence in agreement with

the calorimetry data, all strongty support the reality of the

four critical temperatures, although the changes which occur in
the membrane lipids at these temperatures remain undefined in
molecular terms. The enzyme studies could per se be given

alternative explanations such as changes in the physical state
of specific enzyme-associated lipid, but it would be difficult
to reconcile this with the physical data. Similarly, direct
effects of temperature on the enzyme protein woul-d not account

for the physical data (unless the assumption b¡as made that the

correspondence of critical temperatures determined by the differ-
ent methods was purely fortuitous).

It is not possible to offer a conclusive interpretation
to account for these four critical temperatures at the present

time. Ho!,¿ever, a working hypothesis can be advanced if it is
assumed that the critical temperatures represent changes in the

physical state of the bulk mem-brane lipids. By analogy with the
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results obtained by other workers for artificial phospholipids

systems (as previously discussed), the existence of four dj-stinct
temperature-induced changes in the membrane lipid is consistent

with the occurrence of two lipid phase transitions which differ
in their characteristic temperatures for initiation (Ts) and

termination (Tt). This may occur if two different lipid
compartments are physically segregated within the membrane such

that each is capable of independently undergoing a co-operative
phase transition. The presence of two compartments coul-d account

for three or four of the characteristic temperatures depending

on whether the two phase transitions had one or no phase boundary

temperature in common. To achieve this, two obvious possibilities
exist. One possibility is that these lipid compartments

represent the halves of the membrane in which the lipids are

asymmetrically distributed across the bilayer (vertical

asymmetry), and the other possibility is that two distinct
compartments arise from patching within the lateral plane of the

membrane (horizontal asymmetry) .

Although as will be discussed, a precedent does exist
for vertical phospholipid headgroup asynmetry in some other
membranes, no such precedent presently exists for B.

amyloliquefaciens . Nevertheless, the evidence is most easily
reconciled by the vertical lipid asymrnetry hypothesis. The

arguments to support this are as follows:
1. Spectral parameters indicate that the spj-n 1abel

is uniquery probing the hydrocarbon region of the membrane and

in the absence of any polar group, the spin rabel probably

monitors both the inner and outer lipid monolayers of the membrane.

2. The electron transport systems as measured by

succinate and NADH oxidation are believed to span the membrane

bilayer (for review see Harold, Lg72), and therefore the
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possibil-ity exists that they may be influenced by events

occurring in both halves of the membrane.

3 - The results obtained using the non-ionic detergent
Tween B0 are compatible with the vertical lipid asymmetry

hypothesis for the following reason. rt is anticipated that
Tween B0 when added to intact membrane vesicles would position
itserf with its lipophilic moiety (oleic esters) in the outer
harf of the membrane, the porar sorbitan moiety possibly pre-
venting diffusion of the molecure to the inner half. Tf in
this position the detergent destroys the co-operativity required
for the phase transition, it may be inferred that the character-
istic temperatures of 3Bo and r5o for o.L. vesicres define the
boundaries of one of the two phase transitions and this transit-
ion is localized in the lipid compartment not influenced by the
detergent. l,rlere horizontal asymmetry to exist, it could be

argued that both compartments would be exposed to the detergent
and thus all discontinuÍties would be abolished. This is clearly
not the case. That rween 80 does not cross the membrane when

added to only the outside of o.L. vesicles is supporÈed by the
fact that rween B0 introduced to both harves of the membrane,

by its presence during protoplast lysis, abolishes all discontin-
uities in the Arrhenius plot of succinate oxidati-on. (complemen-

tary studies using a spin-labelling approach in combination with
the detergent \^/ere not performedr âs the E.s.R. spectra for
membranes in the presence of detergent, hrere the composite of
spin label located both in the membrane and most likely in
detergent miceLres existing free in the aqueous phase).

4 - Resurts obtained using the fluorescent probe ANS

are also compatible with the hypothesis of verticar lipid asymm-

etry for the forlowing reason. rf as suggested above, the
characteristic temperatures of 38o and 15o define the boundaries
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of the phase transition in the inner half of the membrane of
O.L. vesicles, the other two characteristic temperatures of 2Lo

and 70, may well define the boundaries of the second transition
occurring in the outer half of the membrane, íf a condition of

vertical lipid asymmetry exists. If ANS is unable to compJ-etely

penetrate O.L. vesicles due to its charged sulphonate group,

Èhe characteristic temperatures of zLo and 70 detected using ANS,

may be attributed to the phase transition in the outer half of

the membrane. If a condition of horj-zontal lipid asymmetry !ì/ere

to exist t ot was ANS to be translocated across the membrane and

be present on both sides, four temperature-dependent changes

may have been evident.

5. Further evidence supporting the hypothesis of
vertical lipid asymmetry comes from the differing effects of
Tween 80 using the two types of membrane vesicles. !{hen using

F.P. vesicles, Threen 80 abolishes those characteristic temper-

atures left intact in O.L. vesicles (i.e. 38o and 15o), and the

characteristic temperatures of 2Oo and 60 are similar to those

obtained using the fluorescent probe in O.L. vesicLes. This

difference can be reconciled if it were assumed that the

orientation of the tr¡¡o types of vesicle were opposite; (respective

orientations of the two types of vesicle will be discussed later
in this section ) . Thus the lipid compartment represented by the

inner monolayer of the membrane of F.P. vesicles (i.e. that
defined by the characteristic temperatures 22o and 60) corresponds

to the outer monolayer of O.L. vesicles.

6. Adiabatic and differential scanning calorimetry
confirm the presence of a lipid phase transition in the membrane,

however the boundaries of the thro postulated transitions cannot

be defined by these techniques. If as suggested, the boundaries

of the individual phase transitions are defined by the set of
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temperatures, 38o and 15o, and 21o and 70, respectively, the

resulting endotherm/exotherm should completely span the

temperature range 7o to 38o, as was the case'

The hypothesis formulated from these studies is that

the cel1 membrane of 3. amyloliquefaciens exhibits two separate

lipid phase transitions and these arise due to a condition of

verticat Iipid asymmetry. The designation of the characteristic

boundary temperatures for the postulated transitions is shown in

Figure 4.19. If vertical lipid asymmetry exists, this may arise

due to different phospholipid classes (and presumably different

acyl fatty acids) in the two halves of the membranes. At the

time when this hypothesis was formulated, phospholipid (headgrouP)

asymmetry had only been reported for the cell membrane of the

human red blood cell and in this instance phosphatidyl choline

was shown to be predominantly located in the outer half and

phosphatidyl serine togehter with phosphatidyl ethanolamine in

the inner half (Bretscher, L972; Gordesky and Marinetti, L973¡

Verkleij et aI. , Lg73l. More recently these findings have been

supported by the work of Marinetti et al. r(L974)i Kahlenberg

et al.,(]'g74) and Zwaal et a1., (19?5), and the findings extended

to rat erythrocyte membranes (Renooij et al. ' 1976). In addition

the menbrane envelope of Influenza virus has also been shown to

exhibit phospholipid asymmetry (Tsai and Lenard, I975; Rothman

et aI. , Lg76). Although this asymmetry has been demonstrated

for particular phospholipid classes, there does not appear to be

any direct evidence for asymmetry in the acyl fatty acids.

Independentl-y of this work, Wisnieski et aI., (1974a'b)

have reported that animal plasma membranes exhibit two lipid

phase transitions, a result considered to reflect differences

in the composition of the hydrocarbon compartments in each half



FTGURE 4.T9. PHYSICAL STATE OF THE LIPTDS TN THE CELL
IUEMBRANE OF B. AMYLOLTQUEFACTENS.

Diagram depicting physical state of the lipidwhich exists in both the exterior (EXT) and interior (rNT)halves or lipid monolayers of the cerl- membrane of
B. _a$yloliquefaciens as a function of temperature. T^
and T¡ ffiemperatures for the initiation åndtermination respectivery of each ripid phase transition.Lipid phases are referred to as F (ituiãus or riquid-
crystalline), s (sotidus or crystalrine) and F+s (mixedliquid-crystalline and crystalline). The temperaturesare the average obtained by spin-Iabelling, enãyme kineticsand fluorescent probe studies and confir,mea by thermalanalysis.
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of the bilayer. Ivtultiple thermotropic phase transitions have

also been observed in E. coli (Morrisett et aI., (1975). These

examples perhaps lend support to the asymmetry hypothesis in

B. amyloliquefaciens. However this hypothesis is based on a

number of unproven assumptions and. these are as follows:

1. It is assumed that O.L. vesicles are the same

orientation as eells whi-le F.P. vesicles are reversed. No

direct attempt was made in these studies to determine vesicle

orientation and thus the assumption is based on the resul-ts

obtained by other workers on other bacterial systems. The

argument that O.L. vesicles have a membrane orientation equival-

ent to that in intact cells has been supported by the findings

of Konings et al., (1973); Short et aI.t (L974)i Altendorf and

Staehelin (I974)', Futai and Tanaka (1975) and Konings (1975).

That F.P. vesicles have an opposite orientation is supported by

the findings of Hertzberg and Hinkle (I974)', Rosen and McClees

(L974)', Tsuchiya and Rosen (1975) and Futai and Tanaka (1975).

If the two types of membrane vesicles are of opposite orientation,

the finding that O.L. vesicles exhibit the higher rates of

succinate and NADH oxidation, is difficult to reconcile with the

proposal that in these vesicles, the respective dehydrogenases

are believed to be located on the inner half of the membrane and

as such, not directly accessible to their respective substrates

(Futai, 19741. Thus in O.L. vesicles, respiratory activity may

be due to the permeation of the substrate across the membrane or

alternatively some rearrangement of the respiratory enzymes

within the membrane may occur at 1ysis. Nevertheless B.

amyloliquefaciens o.L. vesicles !ì/ere capable of oxidizing

externally added respiratory substrates and were also capable of

the active transport of amino acids (results not shown), which

is in agreernent with the results obtained for osmotically-
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prepared vesicles of B. subtilis (Konings and Freese, I972¡

Bisschop et aI. , Ig75) and E. coli (Kaback, 1972) ' The lower

rate of respiration in F.P. vesicles may be due to the loss of

some membrane protein as r,tlas observed in Chapter 5 '

2. It is also assumed that T\4/een B0 when added to

intact vesicles cannot completely penetrate through the membrane

because of its polar sorbitan group, and therefore it is only

free to interact with the exposed half of the membrane' Although

this results in an inhibition of respiration, it is assumed

that the remaining activity is still valid for the purpose of

determining transitions in the membrane'

The results obtained with the isolated phospholípid

vesicles are at first sight contrary to the hypothesis of

vertical lipid asymmetry. It would be expected that upon

isolation of the phospholipids, lipid asymmetry would be destroy-

ed and only one transition (2 characteristic temperatures) would

be observed as demonstrated by lVisnieski et a1' (1974a,b) for

phospholipids isolated from the plasma membrane of cultured

animal cel1s. However ín this study, the findings suggest

that asymmetry may be re-established in the sonicated phospholipid

vesicles, (and therefore give rise to two phase transitions) '

There is evidence that this phenomenon does occur due to the

effects of curvature in phospholipid vesicles. Litman (L9741

andBerdenetal.(1975)haveshownthatmixturesofphosphatidyl

ethanolamine and phosphatidyl choline give rise to vesicles whose

inner layer is enriched in phosphatidyl ethanolamine' Michaelson

et al. (1973) have similarly demonstrated an asynmetric

distribution of phosphatidyl glycerol and phosphatidyt choline

in phosphotipid vesicles. The major phospholipids of B.

amyloliquefaciens are cardiolipin and phosphatidyl ethanolamine

(Chapter 5). Considered in terms of the different molecular



73.

volume of the acyl chains and the different head group charge,

these phospholipids may lend themselves particularly well to

the generation of asymmetric vesicles.
It is possible that differences in lipid fluidity in

each half of the membrane may also be due to differences in the

lipid-to-protein ratio as evident from the effects of altered
lipid-to-protein ratios on the fluidity of Mycoplasma hominis

membranes (Rottem and Greenberg, 1975). Differences in the

lipid-to-protein ratio in each half of the membrane could

possibly be brought about by the B: I asymmetry in intramembranous

particle distribution (Chapter 3). However the results obtained

with the isolated phospholipids woutd indicate that differences
in the fluidity between each half of the membrane, are most

like1y the result of an asymmetry in acyl fatty acid distribution,
rather than to the effects of protein.

In summary, the hypothesis of lipid bilayer asymmetry

is compatibte with the observations in this chapter, ho\,rrever, it
has the disadvantage of resting on certain unproven, if
reasonable, assumptions.

At this stage a decision was faced concerning the

best policy for future work. One alternatíve was to attempt

to obtain evidence on vesicle orientation, penetration of Tween

80 etc., but this was rejected on the grounds that evj-dence

obtained from phase transition studies alone could not conclusive-

ly prove or disprove fipid asymmetry. The more attractive
alternative was to study directly the phospholipid distribution
in the membrane using techniques such as chemical labelling and

selective phospholipase action on the membrane phospholipids.

To this end studies on the membrane lipids of B. amyloliquefaciens

I^rere commenced; however the effects of lipid on the secretion of

extracerlular enzymes became of great interest and as a resurt,
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in our research group.
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to continue the work on membrane

However this work is now in progress



CHAPTER 5

STUDIES ON THE LTPID COMPOSITION OF

B. A.TqYLOLIQUEFACIENS CYTOPLASMIC MEMBRANES
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A. INTRODUCTION

The cytoplasmic membrane of bacteria participates in a

variety of biochemical functions including transport (Kaback,

L9721 , electron transport reactions (Machtiger and Fox, I973) ,

lipid synthesis (Carter, 196B), cell wall synthesis (pardee,

1968) and reactions involving RNA (Schlessinger, 1963i

schel-ssinger et al., 1965) and DNA (Ganesan and Lederberg, L965¡

Sueoka and Hammers, L974). Although proteins catalyse such

processes, lipid plays not onÌy a structural role but also may

govern the activities of membrane-associated enzymes. In this
regard the observations made in Chapter 4 clearly demonstrate

that the physical properties of the lipid can influence
membrane-associated enz]¡mes. In view of these results, a study

lrras undertaken principally on the fatty acid composition of the

celI membrane. rnitially this was done as a prerequisite for a

direct chemical attack on the problem of ripid asymmetry raised
in the previous chapter. However it was also hoped that a means

could be found to alter the fatty acid composition of the membrane

and thereby influence by changes in fluidity, activities assoc-

iated with the membrane, including extracellular enzyme secretion.
This ratter aspect became the major part of this work and j-s

described j-n Chapter 6.

The possibitity that lipid may be actively involved, in
the process of extracellular enzyme secretion in B.

amyloliquefaciens was also investigated in the work described in
this chapter.



76.

B. RESULTS

1. Chemical compo sition of B. amyloliquefaciens cytoplasmic

membranes

The average Iipid, protein and RNA content of well-

washed B. loI efaciens cytoplasmic membranes, prepared by

either osmotic lysis (O.f,. vesicles) or by the French pressure

cell (F.P. vesicles) is shown in Table 5.1. Extraction of

lipid material from both types of vesicle was essentially com-

plete after the first chloroform,/methanol extraction step and

no additional lipid material was released from lipid-depleted

membranes after hydrolysis in 6N HCl. The two types of vesicle

exhibit markedly different tipld to protein ratios (O.L.

vesicles, 0.3; F.P. vesicles, 2.0) which may be due to loss of

protein from the F.P. vesicles during preparation. The lipid

content of whole ce1ls isolated from late-Iog phase cul-ture

was about 5Z of the total dry weight. The RNA content of either

type of vesicle did not exceed 3.6t of the total dry weight.

After fractionation of the total iipid extract from O.L.

vesicles by silicic acid chromatography, three classes of fipid

were evident, the phosphotipid class being the major species

(Tab]e 5.2). The phospholipid content of O.L. vesicles (67 to

752 by weight of the total lipid) was identical to that obtained

for phospholipids isolated from total lipid extracts of whole

ce1ls by the acetone precipitation procedure (Tab1e 5.3). Thus

essentially all of the cellu1ar phospholipid must be associated

with the cytoplasmic membrane.



TABLE 5.1

(g of Dry weight)

CHEMICAI COMPOSTTION OF CYTOPLASMIC MEMBRANES

OF B. AII'IYLOLIQUEFACTENS

It{embrane vesicles were prepared either by the osmoticlysis of protoplasts or by the French pressure ceII
disruption of celIs. Lipid was extracted from both
types of vesicles by the procedure described in Chapter
2 and the dry weight determined after the removal oE
non-Iipid contaminants. protein was determined by the
procedure of Lowry et a1. (1951) and RNA by the
orcinor procedure afte-r rrydrolysis of the sampte in 5t(w/v) trichloroacetic acid at 90o for 15 minules.

1.12855F.P. Vesicles

L.7 -3 .66019-25O.L. Vesicles

RNAPROTEINLIPTD



TABLE 5.2

(* Dry Wt. of total lipid)

LIPID COMPOSITION OF CYTOPLASMTC MEII,TBRANES

oF B. A.I4YLOLTQUEFACTENS, (O.L. VESTCLES).

Osmoticalty-prepared membrane vesicles t{ere lipid
extracted as described in Chapter 2 and the
purified lipid extract was fractj-onated on a
column of silicic acid as described. Neutral
Iipids hrere eluted with chloroform, glycosyl
glycerides with acetone and phospholipids with
methanol followed by chloroform-methanol-water
(I0:10:1, v/v/v) r ês described in Chapter 2.

67 751I T7L4 2I

PHOSPHOLIPIDSGLYCOLIPIDNEUTRAL LIPID



2. Studies on the fatty acid composition of

B. amyloliquefaciens

It has been shown that the lipids of many Gram-positive

bacteria are essentíally aIl located in the cytoplasmic membrane

(Macfar]ane, 1961; KoIb et al., 1963¡ Vorbeck and Marinetti, L965¡

Bishop et al., 1967). For this reason it was initially decided

to determine the fatty acid composition of whole cells rather

than isolated membranes as this should reflect the fatty acid

composition of the ce11 membrane.

Lipids extracted from well-washed B. amyloliquefaciens

LF- ce1ls \¡/ere processed as described j-n Chapter 2 and the

fatty acid methyl esters analysed by G.L.C. The chromatograms

obtained when samples \^tere analysed on either a non-polar 3U

Apiezon L or a polar DEGS column, are shown in Figures 5.1 and

5.2. Peaks were identified by comparing their R¡ values

(relative to methyl patmitate) to known fatty acid methyl ester

standards. Their identities alle shown accompanying each figure;

(names of these fatty acids are presented in Chapter 2') - On

both columns the branched-chain fatty acids preceeded their

corresponding straight-chain homologue, the Apiezon column

giving the greater resolution. Complete separation of iso and

anteíso fatty acids of equivalent carbon number was not possible

using these columns, but some degree of separation was achieved

when using the EGSS-X column. Vühen t.his column was operated at

1150 with a carrier-gas flow trate of 36 mL/minute, it was clear

that the branched-chai. Ct5rO peak was comprised of a shoulder

which eluted slightly ahead of the main peak. This gave a ratio

of anteiso CI5,0 r i=o Cl5rO of approximately 2.72l... Under these

same conditions only one symmetric peak was evident for the

branched-chain Cl4,O, and this corresponded to the iso form.

Increasing the temperature to I35o and maintaining the same flow



FIGURE 5.1.

Fatty aci
Iipid extract of B.
using a 32 Apiezoñ-
ml/minute ).
Identity of peaks i

1.
2.
3.
4.
5.
6.

7.
8.
9.

10.
tt.
L2.
13.

1.
2.
3.
4.

5.
6.
7.
8.
o

10.
11.
L2.
t_3.

Injection/Solvent peak
Unknown

CtZ Ct¡ normal and branched-chain
i"o C14, 

O

normal Cl4, 
O

iso and antei"o C15,0
normal Cl5r0
i=o cr6 

r o
normal Cl6rO
iso and anteiso CI7 

r 0
normal C17 r0
normal ClgrI
normal CIg r0

Injection/Solvent peak
Not. present using DEGS column
CtZ-Ct¡ normal and branched-chaín
i"o cr4 

r o
normal C14 r0
iso and anteiso Cl5rO
normal CI5r0
i"o Cl6rO
normal Cl6rO
iso and anteiso CI7, 

O

normal C17,0
normal CIg, I
normal CIg r0

CHROIVIATOGRAM OF TOTAL FATTY ACIDS OF
B. AT4YLOLIQUEFACÏENS RUN ON A NON-POLAR COLUMN

amyloliquefaciens cells, ^and analysed by G.L.C.
c@ure 1900; Carrier gias, 50

d methyl esters rirere prepared from the total

s as follows:

FIGURE 5.2. CHROMATOGRAM OF TOTAL FATTY ACTDS OF B.
A¡,IYLOLIOUEFACIENS RUN ON A POI,AR COLUilÑ

Fatty acid methyl esters were prepared from the
total lipid extract of B. amyloliquefaciens, and was
identical to that used õr@re. A DEGS
column was used for the c.L.C. ãnalysis. (iemperature 1650;
Carrier gas 40 ml/minute).
Identity of peaks is as follows:
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rate permitted some resolution of the branched-chair C17r0 peak.

Again a leading shoulder was observed associated with the main

peak. This shoulder is also evj-dent in the chromatograms shown

in Figures 5.1 and 5.2. The ratio of anteiso to i=o ClZ,' was

approximately 2.I=I. Only one symmetric peak was evident for the

branched-chain CI6,¡ peak and this represented the iso form. The

presence of only the iso form of Cl4r0.rd Cl6r0 and the ratios

obtained for anteiso : iso Cl5=O and CI7r0 are in good agreement

with those obtained for B. subtilis (168) by Bishop et aI. (1967)

in which only the i"o Cl4 
r 0 ..d Cl6 

r 0 forms rÁ¡ere present and the

anteiso : iso ratios for Cl5,O and Crr.' brere 2.8 and 1.6

respectively. Due to the difficulty in separating iso and

forms, the branched-chain C15rO .rd CI7r0 fatty acids, will each

be expressed as the total of the two isomeric forms.

The only unsaturated fatty acid present was Ctg.t and

this represented 0.179 of the total fatty acids. Its identity
as an unsaturated fatty acid was indicated by its different
behaviour on Èhe two types of column; on the non-poIar column

the unsaturated fatty acid preceeded its corresponding saturated

homologue, whilst the opposite was the case when using a polar

column. Its identity was confirmed when it was not separated

from CIgrO after the samples were hydrogenated and rerun on

both types of column. Although the position of the double bond

was not confirmed, this fatty acid is likely to be either
cis-vaccenic (clg 

, rott ) or oleic {cr, .,-49 ) as the presence of
both has been shown in other bacteria (Kates, 1972). The peak

of unknown identity on the Apiezon column (Peak No. 2), eluted

weII after Clgr' on the DEGS column. Thus it may represent

some form of polar fatty acid such as a hydroxy fatty acid.

The fatty acid composition of the total cellular lipids

anteiso
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of B. amyloliquelac:þns is shown in the histogram presented in

Figure 5.3 A. The predominant fatty acids are branched-chain

and they comprise 842 of the total fatty acids. of these'

branched-chain C15, O and CL7 ,O comprise about 43 and 20%

whilst the even-carbon numbered iso-branched fatty acids, iCl4r0

and iCtOr. are present at about 7 and I3Z, respecti-vely. The

straight-chain fatty acids make up the bulk of the remaining

fatty acids and of these .CI6r0 is predominant. Quantitative

rather than qualitative differences \^rere observed when comparing

the total cellular fatty acids (Figure 5.3 A) , to the total

cellular phospholipids (Figure 5.3 B) , and to the isolated-

membrane phospholipid fatty acids (Figure 5.3 C). In all in-

stances the predominant branched-chain fatty acid was CI5, 
O

and the predominant straight-chain was *Cl6,O. The main contri-

buting factor to the different proportion of branched-chain to

sÈraight-chain fatty acids in these three samples, is the

difference in the amount of the four predominant fatty acids,

(b.CIs.0, b"CI7r0, iCl6r0 and nCrU.O). Nevertheless from this

comparison it can be seen that the total cellu1ar fatty acids

approximate well to the fatty acid composition of the cytoplasmic

membrane phospholipids .

3. Studies on the fatty acid composition of cells and

culture supernatants of B. subtilis 168 and B.

lol faciens LF and WT

The LF- mutant strain of B. amyloliquefaciens routinely

used in this work was derived from a wild type strain (Wf¡ of

B. amylolíquefaciens by mutagenesis (Sanders and May, L975) . It

is characterized by the inability to produce an active surfactin-

like lytic factor which is capable of lysing protoplasts from

this and a variety of other bacteria (¡,Iay and EIIiott, 1970).



FIGURE 5.3. FATTY ACID COMPOSITION OF TOTAL CELLULAR
LTPIDS,
MEMBRANE

TOTAL CELLULAR PHOSPHOLIPIDS AND
PHOSPHOLIPIDS OF B. AMYLOLIQUEFACIENS

(LF-) .

Histograms showing the fatty acid composition of the
total ceII lipiás (A), total cell phospholipids (B) and isolated
membrane phosPholiPids (C) -

Late-Iog phase cells grown at 30o were harvested,
washed and the fiþiãs extracted. Phospholipids were isolated
from the total 1iÞid extract by acetone precipitation.

Membranes were prepared by the osmotic lysis of
protoplasts and the f-ipid- extracted as described. Phospholipids
ù"r" iractionated by silicic acid column chromatography as
described in ChaPter 2.

Fatty acid methyl esters v¡ere prepared as described
and analysed ¡v e.L.c. Abbreviations used are: i, (iso);
n (normat); bcl (branched-chain, iso ptus anteiso forms);
s.c.f .a., (straight-chain fatty acids); b.c. f .a., (branched-
chain fatty acidã) and u.f.a., (unsaturated fatty acids).
Fatty acids are rePresented by the carbon number and for
,rr="tnt.ted fatty äcids, bY both carbon number and number of
double bonds. gianched-chain fatty acids are shown in the
clear regions and straight-chain (normal) fatty acids are
shown in the shaded regions.
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on the basis of extensive structural studies on the lytic factor
produced by q: amyloliquefaciens (Gould et aI., I97l-) and on

the lytic factor produced bV L
Kakinuma et al. , 1969) , the fo1l
factor has been proposed (Scheme

subt j-1is (Arima et al-., 1968;

owing structure for the lytic
1).

CHt
\

c

cH3

H- (cH2) g-cH-CH2-CO-L. glu-L. l_eu-D . leu-L. vat-L. asp-D. leu-L. leu

0

Scheme t
The fatty acid moiety of the surfactin which consists

of an iso ctrÉ-hydroxv fatty acid could easily be derived from
the fatty acids present in the membrane as it was previously
shown that the branched-chain cts fatty acids were the predomin-
ant fatty acids in B. amyloliquefaciens . Thus a comparison of
the fatty acid composition of LF- and !{lr B. amyloliquefaciens
may possibly provide some information on the relation between
fatty acid composition and synthesis of the rytic factor.

A comparison of the fatty acid composition of LF and tVT

B. loli faciens cells and of B. subtilis (168) ce1ls, all
taken from late-rog phase culture, is shown in Figure 5.4. A

marked similarity exists between LF- (Figure 5.4A) and WT (Fig_
ure 5.48) B. amyloriquefaciens cells with regard to the type
and amount of fatty acid present, with both exhibiting similar
leveIs of branched and straight-chain fatty acids. The major
difference between the two strains is the t0å greater lever
of branched-chair cl5,o in the w1r strain which appears to be

solely at the expense of the branched-chain cr7, o fatty acids.
Thus it is possible that the comparatively lower leve1 of
branched-chain cr5, o in the LF- cerrs may have a bearing on the
inability of this strain to produce the lytic factor; (the lesion



FIGUR.E 5.4. FATTY ACID COMPOSIT
(LF. AND WT) AND B.

A. B. 1ol efaciens LF-

B. B. amy loliquefaciêns WT

c. B. subtilis 168 (Tryp )

ION OF B. AMYLOLIQUEFACIENS
suBrrLF@.

Lipids were extracted from late-log phase cells and

the total fatty acids vùere analysed by-G.L.C. as described in
Chapter 2. naity acids are represented by the carbon number

foliowed by the -number of double bonds. Abbreviations used
are the same as used in Figure 5.3'
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which results in the lack of surfactin production is unknown).

The fatty acid composition of B. subtilis (168) differs from

both strains of B. amyloliquefaciens by exhibiting far less

compositional variation. Together the branched-chain C and15:0
ClTrO fatty acids comprise about 942 of the total, whilst in
both strains of B. amyloliquefaciens these fatty acids comprise

only about 622 of the total. About 972 of the total fatty
acids of B. subtilis are of the branched-chain type. In con-

trast to both strains of B. amyloliquefaciens which contained

small amounts of Clg 
r l, no unsaturated fatty acid was detected

in B. subtilis, in agreement with the data of Bishop et al.
(1e67).

A1I samples contained a minor peak at an R¡ relative
to methyl palmitate of 3.6 when analysed on the DEGS column,

however this peak was not present when samples r¡rere run on the

non-polar Apiezon column (data not shown). This peak may

represent the iso Car.Oß-hydroxy fatty acid, a possible

precursor of the surfactín molecule. It would be indistinguish-
able from the branched-chai. Cl5r0 peak when analysis was

performed on the Apiezon column.

No differences were evident in the level of phospholipid

from B. subtilis (168) and from both strains of
B. amyloliquefaciens, the average phospholipid content of all
three being about 70? (w/w) of the total lipid (data not shown).

Phospholipid was detected in the lipid extracted from late-log
phase culture supernatants from all of the above, though the

level was considerably less than was present in cells (see

Table 5.3).

Fatty acj-d analyses of the total lipid extract from

late-1og phase cul-ture supernatants amyloliquefaciens (LF-)of B.

Figureand B. subtilis (168) are shown in 5.5. In marked contrast
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to the cerlular and membrane fatty acid compositj_on shown pïe-
viousry, both supernatants exhibited reratively high l_evers of
even-carbon numbered straight-chain fatty acids, together with
hiqh l-evels of CIB,I and to a lesser extent C1611. Although
the major fatty acids of B. amyì-oliquef ac j-ens (tF-) cel-Is are
the branched-chair C15,0 .rd C17 

r 0 fatty acids, these account
for only 1.68 of the total fatty acids of the supernatant from
these cells (Figure 5.5A). Because of this and the retatively
lower phosphoripid lever- in the supernatant, the fatty acids
present in the curture supernatant are unlikely to be derived
f rom the lysis of cell-s. rndeed in washed-cel_l supernatants
there was a time-dependent accumulation of these same fatty acids,
indicating that they \^/ere derived from some selective secretory
process. The culture supernatant of B. subtilis (168) also
showed this active accumulation of lipid materiar however j_n

instance the branched-chain fatty acids accounted for 3rt of
total fatty acids (Figure 5.58) . The proportion of branched-
chain CI5 

= 
O tq branched-chain Cl7 

= 
0

fatty acids in B. subtilis
culture supernatant was approximately the same as was present in
B. subtilis cel1s. As these two fatty acid types were the most
predominant fatty acid species in ceIIs, it. is likely that their
presence in culture and washed-cell supernatants is due to (tytic
factor induced?) ce1lular rysis and subseguent rerease of
membrane fatty acids into the medium. The fatty acid composition
of the culture supernatant of B. amyloliquefac iens VüT cells was

exceedingry complex, and as identification of alr fatty acids
was difficult, thi.s result is not shown. rn addition al_r

supernatants contained the late-running peak of R, = 3.6 (relat_
ive to methyl palmitate) on the DEGS column, which was not evident
on the Apiezon column. fn the LF- supernatant, this peak

accounted for about 5% of the total fatty acid.

this

the



FIGURE 5.5 FATTY ACID COMPOSITION OF THE CULTURE

SUPERNATANTS OF B. AMYLOLIQUEFACIENS LF-
AND B. SUBTILTS 16 B (TR -).

Lipidswereextractedfromlate-logphaseculture
supernatants and the total fatty acids were analysed by G'L'C''
as described in Chapter 2. ebbieviations are the same as used

in Figure 5. 3. era-nched-cha j-n f atty acids are shown in the
clear regions, straight-chain fatty acids in the shaded regions
and unsaturatåd fatti acids in the hatched regions.

A. B. amy loliquefaciens LF

B. B. subtilis 168 (rrYP-)

culture suPernatant

culture suPernatant
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Lipid material has previously been shown to accumulate

in both culture and washed-celI supernatants of B.

amyloliquefaciens WT cells (G1enn and Gould, 1973). In an

attempt to determine whether the secretion of lipid in the LF

strain was linked to the process of extracellular enzyme secretion,

the effect of chloramphenicol on the lipid leveIs in both cells
and washed-cell supernatants was investigated. Table 5.3 shows

the results of two experiments in which cells were incubated

for 90 minutes with  lpS/mI chloramphenicol, a level which inhib-
its general cellular protein synthesis by 95 to 982 and inhibits

the secretion of the three major extracellular enzymes by about

85 to 90å (Sanders and May, L975) . The cellular lipid content

decreased in the presence of chloramphenicol, but the proportion

of phospholipid within experimental error, remained constant. A

far greater amount of lipid was extracted from the washed-cell

supernatant derived from cells incubated in the presence of
chloramphenicol, and a significant decrease in the proportion

of phosphotipid in the supernaÈant was observed after
chloramphenicol treatment (Experiment 1 and 2, Table 5.3). The

fatty acid composition of boÈh cells and washed-cell supernatants

was not affected by chloramphenicol treatment, and appeared

identical to those shown previously for cells (Figure 5.44) and

culture supernatant (Figure 5.5^A). The only difference observed.

in the washed-cell supernatants was a slightly elevated level
of branched-chain CI5,O and C17rO fatty acids (in the same

proportion as in the membrane), in the supernatant derived from

chloramphenicol-treated cells. Thus it is likely that the

decreased level of cellular lipid together with the elevated

level of lipid in the supernatant of chloramphenicol-treated

cel1s was reflecting some chloramphenicol-induced lysis of

cells during the incubation period. Thus lipid was subsequently



TABLE 5.3

Phospholipid
( ?wt-õT-TõEãI-Tipid )

Lipid Content
(¡g dry wt,zml o.F-õdlffi strength
ce11s or washed:cell supernatant)

EXPT. 1

EXPT.2

18

5

w. c.

w. c.

S,/N

s/N + cAP

EFFECT OF CHLORÀMPHENICOL ON THE LTPID AND PHOSPHOLIPID
CoNTENT OF B. A¡,TYLOLIQUEFACIENS (LF-) CELLS AND

IVASHED-CELL SUPERNATANTS .

Cells were harvested from late-log phase cultures, twice
washed in !rf.C.S.I'I. and resuspended in this medium at a dilution
equivalent to that in culture. Cetls were incubated for 90 minutes
at 30o with and without 40¡g/mI chloramphenicol. After this time,cells were isolated by centrifugation and lipid extracted. The
washed-cell supernatant was lipid extracted after the removal ofcelIs. For control ce11s and supernatantsr Etrr equivalent amount of
chloramphenicol was added just prior to lipid extraction. Phospholip-ids were isolated by acetone prècipitation as described in chaþter 2.

Abbreviations used are: cAp, (chroramphenicor) ; vù.c. s/N, (washed-
ceIl supernatant).

74

67

27

t3

96

79

23

66

CELLS

CELLS + CAP

!v. c. s/N

w.c. s/N + cAP
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extracted

after the

from membrane fragments remaining in the supernatant,

removal of ceIls.

4 Influence of growth temperature on the fatty acid

composition of B. amyloliquefaciens

In addition to determining the lipid composition of

B. amyloliquefaciens one of the aims of this study was to

attempt to alter the fatty acid composition of this organism

and to determj-ne whether such a change influenced various

activities associated with the celI membrane, including extra-

cellular enzyme secretion. Numerous unsaturated fatty acid

auxotrophs of E. coli with lesions in the fab A (Cronan and

Gelmann, L973) or fab B (Rosenfield et â1., L973) genes have

been obtained and such mutants have proven extremely useful in

the study of processes influenced by changes in membrane fatty

acid composition and hence fluidity (Shaw and Ingraham ' 1965¡

Esfahani et aI., L97I¡ Overath and träuble, Lg73; Sackman et â1.,

1973; Linden et al. , L9'73¡ Haest et al. , L974). However due to

the fact that B. amyloliquefaciens grov¡s in chains difficulty in

separating cells makes mutant isolation difficult. It was

therefore decided not to attempt to obtain fatty acid auxotrophs

of B. amyloliquefaciens for the purposes of altering the membrane

fatty acid composition.

The fatty acid composition of a wide variety of organ-

isms has been shown to change as a result of environmental

conditions, particularly temperature (Marr and Ingraham, L967 ¡

Fulco, 1974'). In E. coli lowering the growth temperature typic-

aIly results in a higher proportion of unsaturated fatty acid

being incorporated into the phosphotipids of the celI membrane

(Shaw and Ingraham, L965) , whilst for growth at increased

temperature there is a tendency toward the incorporation of
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longer and more saturated fatty acids, (sinensky, I97L) ' The

nett result of such changes appears to be the production of

membranes whose lipids have a constant fluidity at the temper-

ature of growth; a process termed "homeoviscous adaptatioo",

(Sinensky,LgT4).Changesingrowthtemperaturehavebeen

reported to affect only the acyl fatty acid composition rather

than the membrane phospholipid headgroup composition (Haest

et aI., Lg69; Cullen et al., L97I)'

B. amy loliquefaciens LF- ceIls were grown from spores

at temperatures of 37o, 30o, 25o and 2oo and lipids \^rere

extracted from cells after growth reached late-Iog phase; the

time taken for growth varied between L2.5 hr for cells grown at

37o to about 70 hours for cells grown at 2Oo (see Chapter 6 '
plate 6.1). The fatty acid composition of cells grown at these

temperatures is shown in Figure 5. 6. On lowering the grow't'h

temperature, the proportion of straight-chain fatty acids

decreased from L7.7% aL 37o to L.zZ at 2Oo. This was accomPan-

ied by an increase in the amount of branched-chain fatty acids

(nainly clsr.), from g1.53 at 37o to a maximum of g2.9å at 25o-

Both of these changes would tend to bring about an increase in

the fluidity of the membrane. Of particular interest however

r^¡as the finding that the total level of unsaturated fatty acids

rose from O.4z at 37o, to g-Aç'o at 2Oo, a 23-fold increase' This

change would also be expected to lead to an increase in the

membrane fluidity. This increased unsaturated fatty acid content

was not due to an elevation in the level of pre-existing c1811'

Ratherr oD lowering the growth temperature, this unsaturated fatty

acid disappeared and was replaced by other unsaturated fatty acids

some of which were identified as branched-chain unsaturated fatty

acids. Due to the rather unusual nature of these fatty acids'

some detail 0n their identification is warranted.



FIGURE 5.6.

N.D.,
carbon
LeveIs

FATTY
CELLS

ACTD COMPOSITION OF B. AMYLOLTQUEFACIENS
GROV'IN AT DTFFERENT TMPERATURES.

Histograms showing the fatty acid composition of the
amyloI iquefac ienstotal lipid extracted from B.

37o (.A) , 3oo (B) , 25o (c) añã D swe
cells grown at
Te gro\^/n until

late-log phase was reached, the lipid extracted and the fatty
acids analysed by G"L.C, as described in Chapter 2.

Branched-chain fatty acids are shown in the clear
regions, straight-chain fatty acids in the shaded regions and
branched-chain unsaturated fatty acids in the hatched regj-ons.

Abbreviations are the same as used in Figure 5.3;
(not detectable). Fatty acids are represented by their
number followed by the number of double bonds present.
of iCle,1 and itaCrr=I are included in the histograms.
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Shown in Figure 5.7 are chromatograms obtained for
fatty acids extracted from 20o grown cells which \^/ere run before

and after hydrogenation on a DEGS (Trace A and B) and on an

Apiezon column (Trace C and D). In Trace A, four extra peaks

were observed in the positions marked and these vsere not observed

after hydrogenation (Trace B). The positj-on of these peaks,

their removal after hydrogenation and the concomitant increase

in the level of í"o Cl6r0r rCI6,0 and the branched-chain Cl7r0

peaks after hydrogenation, suggested that they h/ere the follow-
ing unsaturated fatty acids: (i) iso CI6rIr (ii) rCl6rli
(iii) i=o C17rl; (iv) anteiso CI7,t. This is supported by their
position on the Apiezon column, in which unsaturated fatty acids

elute before their corresponding saturated homologue. Ho\^/ever

when using this column (Trace C), peaks (iii) i"o Cl7rI and (iv)

anteiso ClT 
r I rarÌ as one broad peak (as do the corresponding

saturated homologues). The fatty acid represented by peak

(ii) tC16:1 was not observed in this trace as it most like1y
co-eluted with the iso C16=6 peak. Hydrogenation resulted in
the disappearance of aI1 three peaks (i, iii and iv), together

with an increase in the relative levels of i"o Cl6r0r rCl6,0
and the iso/anteiso cl7,g peaks, ërs wourd be expected if these

peaks represented the unsaturated fatty acids described.

These four branched-chaj-n unsaturated fatty acids were

not detectable in cells grown at 37o , however CIB, f \^/as present

at a 1evel of 0.42. They became observable in samples of 30o

gror¡rn cells only if sample overloading conditions and high

sensitivity settings were employed. At this temperature they

were present at a level of less than 0.1?. For cells gro!ùn

at 25o, the individual levels of the branched-chain unsaturated

fatty acids rose by a factor of I0.rd Clgrl disappeared. At



FIGURE 5.7 . IDENTIFICATION OF UNSATURATED FATTY ACIDS OF
B. AMYLOLIQUEFACIENS CELLS GROWN AT 2OO.

Chromatograms of fatty acid methyl esters of 2Oo
grov/n ce1ls obtained after c.L.C. on polar (DEGS) and non-
polar (Apiezon) columns, before and after hydrogenation,
as described in Chapter 2.

A. DEGS column before hydrogenation

B. DEGS column - after hydrogenation

C. Apiezon column - before hydrogenation

D. Apiezon column - after hydrogenation

Numbered peaks are positively identified as follows:

1. Solvent,/In jection Peak

2. i"o CI4 
r 0

3. iso and antei=o C15r0

4. i=o CI6r0

5. normal Cl6 
r 0

6. iso and anteiso CITrO

Other peaks are tentatively identified as follows:

(i) i"o C16,1

(ii ) normal Cl6 
, t

(iii) i"o CI7, I
(iv) anteiso C ]-7:I
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a growth temperature of 2Oo, a SO-fold increase in the individual

levels of these branched-chain unsaturated fatty acids was

observed in comparison to the levels present in 3Oo grown cell-s '

The total fatty acid composition of the supernatants

from late-Iog phase cultures of B. amyloliquefqciens (LF-)

grown at 37o,30o, 25o and 2oo are shown in Figure 5.8. rn

contrast to the dramatic changes observed in the cells, only

slight changes were observed in the culture supernatants. The

most significant of these was the 5? rise in the 1eve1 of

unsaturated fatty acids (principalty CIg,1), in cells grown at

2Oo . Again there was a marked contrast between the types and

amounts of fatty acids in the cells and in the culture super-

natants and this was most striking in the cells grown at 2Oo

(Figure 5.8D). For example Crg:I was present at a level of

352, however it was undetectable in the cells; nC16:0 was

present at 282 yet in cells it represented only 13 of the total;

and nCrr.O and nCrn.' were present at a combined level of about

21% yet in cells only tCl4 
= 
O was detected and this was at a

Ievel of less than 1%.

5. Alteration of B. amyloliquefaciens fatty acid composit-

ion by growth in various alcohols

Alcohols, 1ocaI anaesthetics and other lipophilic agents

are capable of interacting directly with membrane lipids to

bring about changes in the fluidity or molecular freedom of the

acyl fatty acids of the membrane (Paterson et al., L972; Sheetz

and Singer, 1974; Trudell e! aI., 1975; Lee, L976). The change

in membrane fluidity which results from the interaction of var-

ious alcohols with membranes and phospholipid bilayers (Hubbell

et al., 1970; Hui and Barton, L973; Grisham and Barnett, 1973),



FIGURE 5. B TOTAL FATTY ACID COMPOSITION OF THE CULTURE
SUPERNATANTS FROM B. A¡'IYLOLTQUEFACTENS (LF-)
CELLS GROWN AT DIFFERffi

Fatty acids from the total lipid extract of culture
supernatants of B. amyloliquefaciens LF- cel-ls at the late-1og
phãse of growth, we@scribed in Chapter 2"
Histograms show tþe composition of culture supernatants from
cel1s growïì at 37o (A), 30o (B), 25o (c) and 2oo (D). The
shaded regions represent the saturated straight-chain fatty
acids, the clear regions the branched-chain saturated fatty
acids and any unidentified fatty acids, whilst the hatched
regions represent the unsaturated fatty acids.

Abbreviations are the same as uscd in Figure 5.3 -
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can be considered analogous to those induced by changes in

growth temperature. E. coli has been shown to alter its membrane

fatty acid composition in response to growth in different alco-

hols and this change is believed to represent an adaptive

membrane alteration which compensates for the direct physico-

chemical interaction of alcohols with the membrane (Ingram, L976) .

This change was found to be unique to the fatty acids, rto change

being observed in the phospholipid composition of the membrane

under these conditions (Ingram, 1976) . It was decided to attempt

to alter the fatty acid composition of B. amyloliquefaciens by

growth in different alcohols.

The selection of both the chain length of the alcohol

and their relative concentrations was made on the basis of the

effect of alcohols on the fatty acid composition of E. colj-r âs

described by Ingram (1976). Growth of E. coli in C1 to C5

alcohols resulted in greater fatty acid unsaturation and presum-

ably increased membrane fluidity, while the opposite was the case

for growth in alcohols of chain length C5 to C1g. It was decided

to grow B. amyloliquefaciens in methanol, ethanol and pentanol,

as these alcohols caused the greatest shift in the fatty acid

composition in E. coli. As the molar effectiveness of alcohols

in el-iciting an adaptive change in fatty acids composition was

found to be directly related to their lipid solubility (indicat-

ive of their direct membrane interaction) (rngram, L9761 , various

concentrations of the above alcohols were tested. The concen-

tratíons of alcohols which retarded growth of B.

amyloliquef ac j-ens to only a minor extent were found to be, 3g

(v/v) methanol , 2Z (v/v) ethanol and 0.2eo (v/v) pentanol. In

comparison to the 18 hours required for control cells to reach

the late-log phase of growth, these alcohols caused a lag of 2

hr, 5 hr and 3\ hr respectively.
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B. amyl_oliquefaciens cel1s r¡¡ere grown from spores at

3Oo in normal medium containing methanol, ethanol- and pentanol

at the above concentrations, harvested at the late-log phase of

growth and twice washed with buffer (not containing the alcohol-s)

prior to the extraction of lipid. The fatty acid composition of

these cells is shown in Figure 5.9. Those gro\^¡n ín medium

containing methanol or ethanol exhibited changes in the fatty

acid composition which would be expected to bring about an

increase in the membrane fluidity. The most marked changes were

an increase in the level of branched-chait Cl5,O.td CITrO fatty

acidsr âDd a decrease in the nCrU.O and to a Iesser extent,

tC14rO, ^CI5,0 and nCrr.O levels; changes in the levels of ClgrI

and the trace amounts of branched-chain unsaturated fatty acids,

were insignificant. Tn direct contrast, cells grown in pentanol

exhibited changes consistent with a decrease in membrane ftuidity

although the change in comparison to control cel1s' was slight.

Significant among these changes was an increase in the level of

the longer chain saturated fatty acids, nCI5,0 and nCtt.O-

Again changes in the level of unsaturated fatty acids were

insignificant. Thus it is clear that the changes in the fatty

acid composition (and presumably membrane fluidity) are brought

about by growth in these atcohols. These changes are primarily

achieved by an alteration in the proportion of branched-chain

to straight-chain fatty acids. (The effect of altered fatty

acid comPosition on extracellular enz)rme secretion, is examined

in Chapter 6).

Analysis of the culture supernanant of the alcohol grown

ce1ls showed no significant change j-n the amount of extractable

lipid or in the amount of phospholipid present. Fatty acid

analysis of the total culture supernatant fatty acids showed

variable levels of straight-chain, branched-chain and unsaturated



Histograms showing the fatty acid composition ofthe total lipid extracted from e. arnyLoliquefaci"n= cerlsaftergrowthinmediasupp1emente-edmsindicated.
cell-s \^¡ere grown at 30e until rate-log phase and the lipidextracted and the methyl esters of the fatty acids analysedby G.L.C. as described in Chapter 2.

FTGURE 5. 9. EATTY ACTD COMPOSITION OI' B.
CELLS GROWN IN VARTOUS ALCõE

AMYLOLIQUEFACIENS

A. Control

B. 3å (v/v) Methanol

C. 2Z (v/v) Ethanol_

D . 0 .22 (v/v) pentanol

Abbreviations are the same as used in Figure 5.3.Branched-chain fatty acids are shown in the clear iegionsand straight-chain fatty acids in the shaded regionsi
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relatively lower

type of membrane

Wide variations in the amount of RNA associated with

bacterial membrane preparations have been reported and these

variations have been attributed to such parameters âs ¡ (a) age of
the culture (b) method of cel-I breakage (c) Mgz+ concentration

and (d) bacterial species (De Ley, 1964). Reported values of
RNA associated with membrane preparations of various B.

megaterium strains range from I to 252 (Yudkin and Davis, L965¡

Mizushima et â1., 1966) to over 503 (of the total cellular RNA

for B. megaterium (KivI) (Schlessinger, L963¡ Schlessinger.et aI.,
1965). The average RNA content of osmotically-prepared B. subtilis
(168) membranes after extensive washing r,rras 202 (Bishop et al.,
L967). The findíng that membrane vesicles of B. amyloliquefaciens

exhibited very row levels of associated RNA together with the

absence of ribosomes in these preparations as judged by

morphological methods, implies that previously determined levels

of RNA in various bacterial membrane preparations, may be infl-u-
enced by ribosome entrapment within the membrane vesicles,
which was clearly seen in Chapter 3. The successive washing of
membranes leading to a constant leve1 of RNA, protein and lipid
cannot, be taken as unequj-vocaI evidence for membrane-bound ribo-
somes. fndeed for E. coli, although membrane-associated

ribosomes are observed after lysozyme digestion, no significant
numbers of ribosomes are observed in membranes prepared by

sonication and this has been taken as evidence for ribosome entrap-

ment and adventitious binding of ribosomes to the membrane, poss-

ibly mediated by lysozyme (Patterson et al., L97O; Machtiger and

Fox, 1973). The small amount of RNA associated with B.

amyloliquef aciens membrane preparations may represent either
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entrapped ribosomes, membrane-bound ribosomes (although none

\^rere seen) or some other RNA species (m-RNA?) associated with

the cytoplasmic membrane.

No detailed analysis was undertaken on the composition

of the neutral and glycolipid classes of B. amyloliquefaciens.

However for B. subtilis it has been shown that the neutral lipid

class contains diglyceride together with small amounts of free

fatty acid and the glycolipid class contains diglucosyl diglycer-

ide (Bishop et aI. , 1967). Diglucosyl diglycerides have also

been identified in the glycolipids of B. cereus (Lang and Lundgren,

I97O) and B. licheniformis (Button and Hemmings, L976'). Analysis

of the phospholipid class by thin layer chromatography has pre-

viously shown that cardiolipin (diphosphatidyl 91ycero1, CLP),

phosphatidyl ethanolamine (PE) and phosphatidyl glycerol (PG)

are the major species of phosphotipid in B. amyloliquefaciens

(Glenn and Gould, 1973). Results obtained in this laboratory

by Mr. J. Paton have shown that PE is present at about 202, PG

at about 11å and CLP at about 603 of the total phospholipids.

l{inor amounts of lysophosphatidyl ethanolamine (72) and a trace

amount of lysophosphatidyl glycerol were also detected. Thus

the major phospholipid species of B. loli uefaciens are

qualitatively and to some extent quantitatively the same as

that present in B. subtilis cytoptasmic membranes (Bishop et aI.,

L967 ) and B. stearothermophilus membranes (Oo and Lee, L972).

The fatty acid compos ition of B. amyloliquefaciens

cel1s, cellular phospholipids and membrane phospholipids $tere

similar in type and amount of fatty acids present. In general

for Gram-positive vegetative bacteria, 90 to 952 of the total

fatty acids are accounted for by the cytoplasmic membrane (Bishop

et al. , 1967; Daniels, 1969). The major fatty acids of B.

amyloliquefaciens (both LF- and ülT) are the branched-chain fatty
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acids of CI5r0, Cl6,O and C.T.O which account for over 803 of

the total. The bulk of the remainder are made up from straight-
chain saturated fatty acids (predominantly Cl6,0), there being

only a trace ((0.4U) of unsaturated fatty acids (Ctert) in cells
grown at 30o. The phospholipids of Bacillus species have been

shown to contain a variety of branched-chain fatty acids compris-

ing between B0 to 952 of the total fatty acids (Bishop et a1.,

1967; Kaneda, I968a, I972a,b¡ lrleekamp and Heinen L972a,b).

Branched-chain fatty acids have also been shown to be the major

type of fatty acid in other Gram-positive bacteria including
Micrococcus lysodeikticus and Staphylococcus aureus (Ivlacfarlane,

1961; Kates, 1964¡ Kaneda, 1967'). The ratios of the anteiso,/iso

CI5, O and CI7, O fatty acids are variable and depend on the

particular species. The ratios obtained for B. amyloliquefaciens

are similar to those obtained for B. subtilis (Kaneda, L963¡

Bishop et aI. , L9671, but differ from those of B. subtilis as

reported by Saito (1960 ¡ 661 , B. pumilis,

et al., 1970)

(Kaneda, 1968b) where the iso crrr0.rd cr7,o fatty acids are

the predominant branched-chain odd-numbered fatty acids. Equa1

amounts of anteiso and i=o c15,0 fatty acids were detected in
B. thuringiensis (Nickerson et aI., f975) .

The synthesis of branched-chain fatty acids has been

studied in a variety Of 
jbae-t-ef.ia including B. subtilis (Kaneda,

B. stearothermophilus (Shen

B. licheniformis and

and B. cereus

1963), M. lysodeikticus (Lennarz , 1961), Ruminococci sp. (Alison

et al. , 1962) and Bacteríodes succinogens (Wegner and Foster,

1963). The precursors of the anteiso acids containing 15 and 17

carbons have been shown to be 2-methylbutyrate or iso-Ieucine,
whilst chain elongatlon of iso-valerate or leucine gives rise
to odd-numbered iso acids and iso-butyrate or valine serves as

the precursor of the iso acids containing 14 and 16 carbon atoms.
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In B. subtilis (Kaneda, Lg67) and in the extreme thermophiles

B. caldolyticus and B. caldotenax (tüeerkamp and Heinan, L972b¡

Lauwers and Heinan, Ig73), -changes in the availability of the

respective precursors has been shown to influence the rel-ative

abundance of the branched-chain fatty acids.

Although trace levels of unsaturated fatty acids \^/ere

detected in both LF- and WT strains of B. amy loliquefaciens

grown at 30o, no unsaturated fatty acids \^/ere detected in

B. subtilis (168), in confirmation of Bishop et a1. (1967). SmaIl

amounts of unsaturated fatty acids have been detected in B.

pumilis, B. ticheniformis and B. stearothermophilus (Shen et aI. '
IgTOl , while in B. cereus grown at 2Lo, the levet of monounsatur-

ated fatty acids b/as as high as 272 of the total fatty acíds

(Kaneda , Lg72b) . Polyunsaturated fatty acids have not been

detected among the Bacillus species (Kaneda L967,68a) -

Dramatic changes in the fatty acid composition of

B. amyloliquefaciens htere observed when cells l^/ere grown at

different temperatures or in the presence of various alcohols.

In the absence of sterols in these membranes, an increase in the

lipid fluidity of the membrane could be brought about by one or

more of the following changes: (1) An increase j-n branched-chain

fatty acids at the expense of straight-chain saturated fatty

acids, (2) an increase in the proportion of anteiso to iso

branched-chain fatty acids, the anteiso fatty acids having the

lower melting point in comparison to the iso homologue (Sobar,

1968) , (3) a decrease in the carbon chain length ' (4) an

increase in the level of unsaturated fatty acids and (5) an

increase in the lipid to protein ratio. The polar head grouPs

may also influence fluidity (Träuble and Eibl, Ig75).

A decrease in the growth temperature of B-

amyloliquefaciens leads initially to an increase in the level of
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branched-chain fatty acids at the expense of the straight-chain

saturated fatty acids. It was not determined whether the pro-

portion of anteiso to iso branched-chain fatty acids increased

on lowering the growt.h temperature, however such a change has

been demonstrated for both mesophilic and thermophilic species

of Bacillus (Shen et al., L970; Chan et â1., 1971). Further

lowering of the growth temperature to 20o, resulted in the

appearance in the membrane of the branched-chain mono-unsaturated

fatty acids, anteiso CI7r1, iso C and iso C Although

B. anyloliquefaciens can grow at 30o when 99.ø of its fatty acid

complement is of

ethanol), at 2Oo

the branched-chain type (ce1ls grohrn in 2Z (v/v)

the membrane may be essential for the requisite fluidity;

branched-chain fatty acids may not provide for a sufficient
fluidity increase. In B. cereus growth at 2Io has been shown

to result in an increase in (mono) unsaturated fatty acids

rather than by changes in the level of branched-chain fatty

acids or in the anteiso,/iso ratio (Kaneda, L972'). lVith the

exception of iso Cr 6z.', the unsaturated fatty acids produced

in B. amyloliquefaciens (normal C 16:1t iso C17:l and anteiso

17 :1 l6:1'

the addition of cis-unsaturated fatty acids to

C, 
". 

., ) , were identical to those produced by B. cereus under

similar conditions. In B. cereus the branched-chain unsaturated

fatty acids have been shown to occur as the A5 .td AI0

isomers and these have a marked preference for the I position

of the phospholipids (Kaneda, I972'). The desaturating enzymes

of Bacillus sp. are of two
trtypes, one a A'-desaturase is

temperature sensitive, whilst the other . A9-desaturase is

relatively temperature insensitive (Fu1co, L969). In B. cereus,

Iowered growth temperature increases the proportion of Ato-
unsaturated fatty acids (relative to the total fatty acids) ancl
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also induces the synthesis of 65-isomers which do not occur at

higher temperature (Kaneda I L972) . Although the double bond

position for the branched-chain mono unsaturated-fatty acids

of B. amyloliquefaciens were not determined, the Production of

fatty acids suggests such a mechanismsimilar types of unsaturated

is most likely operating in this organism. Changes in the fatty

acid composition consistent with a change in membrane fluidity

were also eVident when cells \^/ere gro\dn in various alcohols'

but in this instance changes lrrere observed only in the relative

proportions of the branched-chain and straight-chain fatty acids

rather than in the level of unsaturation. (For a complete

discussion on the proposed mechanism by which alcohols ellicit

their effects by directly influencing membrane fluidity, the

reader is referred to the article by Ingram, L976) . Thus in

B. amyloliquefaciens it would appear that the preservation of

appropriate membrane ftuidity may be attained by a variety of

means, the choice of which depends on the growth conditions.

The alterations in the fatty acid composition which were

observed in response to the changes described above, would be

expected to alter the boundary temperatures of the lipid phase

transition occurring in these membranes and thus may affect the

temperature limits for growth as well as a nurnber of membrane-

associated physiological processes- Such changes have previously

been shown for a variety of organisms (Esser and Souza, I974;

McElhaney, L974i Cronan and Gelmann' 1975; Fox, I975i Fj-nne and

Matches, 1976) . An examination of some of the effects of

altered fatty acid composition and presumably therefore of

membrane fluidityr on the physiology of B. amyloliquefaciens

is dealt with in the following chapter.

In B. amyloliquefaciens there appears to be a

selective secretion of fatty acids into the medium since the
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extracellular lipids do not correspond with those expected from

lysis, however there is no direct evidence associating the

secretion of fatty acids with the process of extracellular enzyme

secretion. It is of interest to note that the fatty acid

component of the phospholipopeptide of e. licheniformis membrane

penicitrinase consists of .cr6r0i tclBro and nctt.t (yamamoto

and Lampen, Lg75) , and these fatty acids are similar to those

secreted by B. amy loliquefaciens. The possibility still exists

that lipid covalently associated with the extracellular enzymes

(and therefore not directly extractable by the procedures used) '

may be involved in the secretion process, as is the case for

B. licheniformis penicillinase (Yamamoto and Lampen, 1975) '

However after the addition of radioactively labelled gÌycerol

and acetate to ce1ls, the purified extracellular enzymes did not

possess associated radioactivity. Thus the question of a direct

involvement of lipid in the process of secretion in this

organism remains oPen.

The unknown polar fatty acid (Rf = 3.6 on DEGS, relative

to methyl palmitate) appearing in both the cell and the culture

supernatants, hây have been the iso CrUrgÉ-nVaroxy fatty acid

of the lytic factor described previously. However as all

attempts to isolate the fatty acid moiety from purified lytic

factor by established procedures r¡rere unsuccessful and no standard

could be prepared for identification purposes, Do further work on

this aspect was done.

The possibility that the phospholipids of

B. amyloliquefaciens are arranged asymmetrically in the ceII

membrane and give rise to two independent phase transitions'

was discussed in the preceeding chapter. Although the

phospholipid species associated with each half of the membrane
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have yet to be determined, it may be expected that the acyl fatty

acids of the outer half of the cell membrane, would be the more

fluid, as the boundary temperatures for the phase transition in

this half of the membrane v\Iere considered to be the lower.



CHAPTER 6

INFLUENCE OF CHANGES IN THE LIPTD CO}'IPONENTS

OF THE CELL IVIEMBRANE OF B. AMYLOLIQUEFACIENS

ON EXTRACELLUI"AR ENZYME SECRETION AND COLD SHOCK
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A. INTRODUCTION

The mechanism of extracellular enzyme secretion in

bacteria is far from clear. As already mentioned May and Elliott

(1968), have proposed a translational-extrusion mechanism for

secretion in B. amyloliquefaciens in which nascent peptides,

synthesized on membrane-associated ribosomes, are vectorially

extruded through the cell membrane. Other models for extracell-

ular enzyme secretion in bacteria such as that proposed for

penicillinase secretion in B. licheniformis indicate the involve-

ment of a phospholipopeptide form of the exoenzyme which becomes

membrane associated during secretion (Sargent and Lampen, L970¡

Sawai et â1., 1973; Dancer and Lampen, 1975). In addition for

the secretion ofll-amylase in B. amytoliquefaciens, it has been

proposed that this exoenzyme becomes associated wi

membrane (Fernández-Rivera nlo and Arroyo-Begovich

Irrespective of the mechanism for extrac

secretion in bacteria, the possibility exists that

physical state of the membrane lipids may influenc

As it was found possible to alter the physícal sta

fatty acid composition of the ceII membrane of B.

iens (Chapters 4 and 5), it seemed worthwhile to investj-gate

whether such changes affect extracellular enzyme secretion.

This chapÈer is concerned with such studies.

There was also an additional purpose for these studies.

Smeaton and Elliott (1967a) have shown that B. amyloliquefaciens

cells undergo "cold shock" when rapidly cooled over a narrohT

critical range of temperaÈure (160 to 14o). Cells subjected to

cold shock become permeable and cellular protein synthesis ceases-

protoplasts also undergo instantaneous lysis as a result of such

treatment. One of the aims of this work was to investigate

th the cell

, 1975).

ellular enzyme

changes in the

e secretion.

te and the

amyloliquefac-
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whether the cold shock phenomenon could be modulated in any

r"ray. It was anticipated that if the membrane lipids were invol-

ved in cold shock, the ability to alter the membrane fatty acid

composition might influence both the magnitude of the cold

shock and the temperature at which it occurs. This may also aid

in elucidating the mechanism of cold shock, however there was

also a practical application for these studies. For cell-free

work in bacteria involving the isolation of polysomes etc ' , it

is essential that cells be rapidly cooled to temperatures near Oo

This in B. amyloliquefaciens leads to the cessation of protein

synthesis and for protoplasts results in their instantaneous

Iysis. Therefore it clearly would be an advantage for proposed

cell-free work to eliminate if at aII possible, the cold shock

phenomenon.

B. RESULTS

1. Effect of temPerature on extracellular enzyme

secretion in cells

As previously described in chapter 4, a combination of

physical and enzymic techniques has shown that the cell membrane

of B. amyloliquefaciens apparently undergoes four changes at

temperatures of about 3Bo, 2Lo, t5o and 70, which have been

interpreted as arising from changes in the molecular ordering

of the membrane lipids (Chapter 4). To investigate whether such

changes in the ceII membrane influence the secretion of extra-

cellu1ar enzymes in B. amyloliquefaciens, rates of enzyme

secretion \^rere determined at different temperatures and graphed

as Arrhenius plots. Changes in the, slope of Arrhenius plots

for other membrane-associated processes ' have previously been

taken as evidence for the occurrence of some temperature-induced
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study

1973).

t0l

in the membrane directly influencing the process under

(Kumamoto, et â1., l}TL; Raison l973a,b; McMurchie et aI. '

The rates of production of protease and ribonuclease

in washed-cell suspensions are sufficiently Iinear to permit the

determination of initial rates of secretion over a l5 minute

period. However, for s(-amylase, a lag in secretion which

increased at lower temperatures prevented this. Data is pre-

sented only for the rates of secretion of protease and ribo-

nuclease in the I7o to 30o temperature range. Below I7o rates

of exoenzyme secretion hrere extremely low while above 40o enzyme

denaturation occurred.

Figure 6.1 shows Arrhenius plots of the initial rates

of both protease (A) and ribonuclease (B) secretion in washed-

cell suspensions of late-Iog phase B. amyloliquefaciens cells

grown at 30o. A change in slope is evident in both plots, and

after extrapolation the intersecting temperature $/as 2Io. This

temperature is coincident with one of the four previously

determined phase transition temperatures. (In terms of the

tentative hypothesis offered in Chapter 4, this would correspond

to the termination of the lipid phase transition in the outer

half of the cell membrane). The temperature range within which

secretion I¡/aS studied covered only this one characteristic

transition temperature. The Arrhenius activation energy for

secretion of each extracellular enzyme increased at temperatures

below 2Lo, and the values for the two exoenzymes h/ere similar

above (24 to 27 kcal,/mole) and below (53 to 46 kcal,/mole) the

transitj-on point. The Arrhenius activation energy for the

incorporation of l4C-leucine into T.C.A.-precipitable material-

measured in whol-e cells over the temperature range 35o to 25o,

was linear and of vafue 14 kcal/mole (data now shown).



FIGURE 6. I ARRHENIUS PLOTS OF THE RATES
PROTEASE AND RIBONUCLEASE IN
AMYLOLIQUEFACTENS CELLS

OF SECRETION OF
B.

CelIs were harvested from late-1og phase culture,
grown at 30o, and after washing were finall! iesuspended in
WCSM. The initial rates of secretion of the extracellular
enzymes over a 15 minute period were measured at the temper-
atures indicated. Figures in brackets are the Arrhenius
activation energy in kcal/mole.

A. Protease Units/ml/Hr

B. Ribonuclease il
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2 Effect of altered growth temperature on extracellular
enzyme secretion and the protein-synthesj-zj-nq ability
of whole ce1ls

The observation in Chapter 5 that the membrane lipid
composition could be altered by growth at different temperatures,

prompted an investigation as to whether these changes influence
the secretion of extracel-lular enzymes by B. amyloliquefaciens.

Although no previous investigation of this aspect has been under-

taken in this organism, for B. caldolyticus it was reported that
arteration of the membrane fatÈy acid composition by changes in
growth temperature (Weerkamp and Heinen, l-972a) or composition

of the growth medium (Weerkamp and Heinen, 1-972b¡ Grootegoed

et al. , 1973¡ Lauwers and Heinen, 1973) , altered extracellular
enzyme activity. However, in these studies no clear discrimin-
ation was made as to whether the altered levels of extracellul-ar
enzYmes were due to the changed permeability properties of the

cytoplasmic membrane or to indirect causes such as alteration in
the metabolism of such cel1s. Using E. coli fatty acid

auxotrophs supplemented with various fatty acids, it has been

Shown that the induction of alkaline phosphatase is sensitj-ve to

changes in the fatty acid composiÈion of the membrane (Kimura and

Izui, 1976).

Changes in the fatty acid composition of B.

amyloliquefaciens as a result of altered growth temperature were

examined in Chapter 5 and the resul-ts are summarized j.n Figure

6.2 for celrs grown at 20o, 25o, 30o and 37o¡ (generation times

for these cells are noted in Plate 6.f). A decrease in the growth

temperature results in changes consistent with an increase in
membrane fluidity. The ratio of straight-chain to branched.-chain

fatty acids decrease while a dramatic increase in the level- of



FIGURE 6.2
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PHASE-CONTR.A,ST PHOTOMICROGRAPHS OF B.
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unsaturated fatty acids (principally branched-chain mono-

unsaturated fatty acids) occurs. Attempts to further alter the

fatty acid composition by growth at temperatures lower than 2Oo

failed because although growth occurred at temperatures as low

as I5o, a considerable degree of cel1 lysis took place. For

such cel1s the fatty acid composition was virtually identical to

that of cells grown at 2Oo.

Some peripheral observations were mäde on cel1s gror^In

at different temperatures. There was a reduction in the number

of cells per chain when grown at 37o or 2Oo, relative to the

number in chains at 30o and 25o (Plate 6.1) . At 20o, some

elongated cells were observed (Plate 6.2D) but in all instances

these were empty ceII walls. CelI mobility increased with lower

growth temperature down to 2Oo. In additionr oh lowering the

growth temperature, cultures became progressively redder due to

the accumulation of material in the culture supernatant which was

not soluble in chloroform/methanol.

To examine the influence of al-tered lipid composition

on the secretion of extracellular enzymes and on the protein-

synthetic capacity of cells, the following experiment was per-

formed. Cultures were inoculated at different times and grown

at 37o, 30o and 25o such that all reached the late-log phase of

growth at approximatety the same time; (cells grown at 20o were

not used in this experiment due to the variation in time taken

to reach the required cell density) . Dry weights of cells gro\Árn

at 37o,30o and 25o were identj-cal. After harvest of the cells

groh/n at 25o, 30o and 37o, the rates of secretion of protease

and amylase and the rate of 14c-leucine incorporation into T.c.A.-

precipitable material were determined for each cell sample at

temperatures of 25o, 30o and 37o (incubation temperatures), using

washèd-ceI1 suspensions. For protease synthesis and l4c-.mino
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acid incorporation, the initiat rates \^lere taken, whilst for

amylase, the rate taken was that obtained after a linear rate

of secretion \Á/as established. The results of this experiment

are shown in Figure 6.3.

For protease synthesis, the rate of secretion per unit

mass of cells (at any incubation temperature) increases as the

growth temperature decreases. The Same is true for amylase

synthesis (with the exception that 25o and 3Oo grown cells are

similar) and for l4c-¿*i.ro acid incorporation. This gives rise

to the interesting situation in which the rate of protease

secretion in cells grown at 25o and assayed at 25o is greater

than if cells grown at 37o are assayed at 37o. In many instances

the rate of exoenzyme secretion and l4C-.*irro acid incorporaÈion

in ce1ls grown at 25o was as much as 3-times that of cells gror¡¡n

at 37o, at similar incubation temperatures.

3. rnfluence of qrowth temperature on the phenomenon

of cold shock

The rapid cooling of some micro-organisms results in

a phenomenon termed cold shock characterized by a breakdown in

membrane permeability and a decrease in cetl viabitity (Gorrj-l1

and McNeiI, 1960; Strange and Ness, L963i Ring, 1965¡ Farrell

and Rose, L967; Sato an,il Takahashi, 1968,69). The rapid cooling

of B. amyloliquefaciens late-I og phase cells through 15o, results

in a release of U.V.-absorbing materialr âI1 increase in the

permeability to both the fluorescent dye n-toly1-<-napthylamine-

8-sulphonic acid and exogenously added B. amyloliquefaciens

ribonucl-ease, and the release of an intracellular ribonuclease

inhibitor (Smeaton and Etliott, 1967a). U.V.-absorbing material

is also released from B. subtilis cel1s subjected to sudden

chilling (Henneberry and Freese, 1973). Although the final



FIGURE 6.3 RATES OF PRODUCTTON OF PROTEASE AND AMYLASE
AND THE RATES OF GENERAL PROTETN SYNTHESIS
AT DIFFERENT TEMPERATURES FOR B.
AMYLOL]QUEFACIENS CELLS GROWN AT DTFFERENT
TEMPERATURES.

Cell-s were gro\Â/n at 25o , 30o and 37o and \,vere
harvested when growth reached late-1og phase. CeI1
densities for cel1s grown at different temperatures were
the same throughout the experirpent. The rates of extra-
cellular enzyme secretion and'*C-leucine incorporatj-on for
cel1s grown at different temperatures (indicated by the
figures within brackets) were determined at the (incubat-
ion) temperatures indicated.

A

B

Protease

Amylase
14c-l"rr"irr. incorporationc.
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results of cold shock are similar to thosc observed as a

result of chilling injury, cold shock is considered distinct

from chitling in that rapid cooling is essential for the effects

to be observed.

An explanation for the cold shock phenomenon has been

of fered by tlaest et al., (L972) and Leder, (L972) , suggesting

that cold shock is due to the crystallization of membrane

lipids. Chilling injury in plants j-s also believed to be the

result of a temperature-induced phase transition j,n the

membrane lipids (Raison, 191 3a,b) . It was of interest to

determine whether the incidence of cold shock in B-

amyloliquefaciens correLates which changes in the physical state

of the cell membrane. Since the lipid composition (and hence

the fluidity) of the membrane can be altered by changing the

growth temperature (Chapter 5), it was anticipated that such

changes might affect the cold shock phenomenon due to a shift

in the membrane phase transition temperatures.

Several procedures for assaying cold shock can be

employed, one of which was exposure of intracellular ribonuclease

inhibitor to added B. amyloliquefaciens ribonuclease as described

in Chapter 2. Procedures for cold shocking are also describecl in

this chapter.

For cells rapidly chilled through the temperature

range l3o to L/o, thcre was an BQt exposure of intracellular

ribonuclease inhil¡itor (ligurc 6 .4 ) . The midpoint of this

range, (the temperature to which cclls must be cooled to obtain

50å of maximum observed inhibitor exposure) was I50. Rapid

(virtually instantaneous) cooling was essential for this

phenomenon to occur; slow cooling (2o per minutc) from 30o to

Lzo gave no cffect (Figure 6.4). Starting temperature had no

cffect as cells rapidly cooled from either 42o, 30o or I9o all



FIGURE 6.4

Cel-l-s \^/ere ci
indicated tempcraturc (

indicated temper.r.ture (

and then rapidly cooled
The amount of inhibitor

EFF'UC1' OF MODE OF COOLTNG ON TIIE I;XPOSURtr
OF TNTRACI.;LLULAR R]BONUCLEASIÌ INIIIRI'TOR IN
B. ÀMYLOLIQLjIjFACII,;NS CELLS .

thc
.)
o)

r rapidly cool.ccl from 30o to the
; slòwly coolccì f rom 30o to the:
; or slowly cooled from 30o to L2o

to the indicated tempcrature ( A ) .

exposed is expressed as a percentage
of the total level of intracel-Iul-ar inhibitor.
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showed the same leve1s of inhibitor exposed when chilled through

the range 13o to L7o.

A second critical temperature zone for RNAase inhibitor

exposure \^ras observed when cel-Is were slowly or rapidly cooled

through a temperature range of 50 to 90 (Figure 6.4). This was

evident when cetls \^/ere slowty cooled from 30o, or rapidly cool-

ed from 12o (after initial slow cooling from 30o to L2o to

prevent inhibitor exposure). Depending on the treatment, the

ranges of the critical temperature zones differed slightly,
however both exhibited a midpoint at about 6.50. Chilling through

this temperature range, irrespective of the rate, resulted in the

exposure of approximately 50? of total intracellular inhibitor.
This limited exposure r,tras not due to a slower rate of entry of

RNAase into the cells as incubation for 240 minutes rather than

60 minutes during the exposure assay resulted in no more than 50t

exposure.

An alternative method for ttre measurement of cold

shock which involved assaying the protein-synthetic capacity of

cold-shocked ce1ls, also verified the results obtained using the

above method, (results not shown). Rapid cooling of cells through

l5o resulted in a total loss of their protein - synthetic
capacity (measured by l4C-.*irro acid incorporation), whilst either
slow or rapid cooling through 60 resulted in only about a 35t

decrease in the lêvel of incorporation. rn addition the rapid

cooling of cells through 15o also resulted in the complete loss

of cell viability, whilst slow or rapid cooling through 60 result-
ed in only an 18S loss in ceII viability (results not shown).

The effect of cooling cells in the presence of Tween 80

was investígated using the ribonuclease inhibitor exposure assay for
the measurement of cold shock. For cells rapidly cooled from 30o to
various temperatures in buffer containing 0.018 or I.OZ Tween 80,
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the mid-point for inhibitor exposure decreased from a temper-

ature of 15o for the control to 1I.5o and Bo, respectively in

the presence of Tween 80, (Figure 6.5 A). The levels of intra-

cellular inhibitor exposed were similar in all cases (B0t of

the total intracellular inhibitor). The slow cooling of cells

from 30o to various temperatures in buffer containing Tween B0

results in the exposure of intracellular inhibitor being reduced

to 19t and .10t (of the intracellular level) for buffer containing

either 0.018 or I.0t Tween B0 respectively, in comparison to the

50t exposure of inhibitor in control cells (Figure 6.5 B). The

rapid cooling of cells from Lzo (after prior slow cooling from

30o) in buffer containing the above concentrations of Tween 80,

resulted in almost identical levels of inhibitor being exposed

aS was obserVed when using a slow cooling mode, (results not

shown) .

The possibility that the phenomenon of cold shock

relates to the physical events occurring in the membrane fipid

as a function of temperature, prompted an investigation of the

cold shock phenomenon in cells exhibiting an altered fatty acid

composition. The changes in fatty acid composition as a result

of altered growth temperature are summarized in Figure 6.2. The

changes observed on lowering the growth temperature are consist-

ent with an increase in membrane fluidity and as such may result

in a lowering of the membrane phase transition temperature as

has been shown for both artificial lipid systems (Shimshick and

McConnell, 1973; Chapman, 1975) and fatty acid auxotrophs

(Overath et a1., L970,7L¡ Wilson and Fox, l97l; Linden et aI.,

1973a,b; Overath and Träuble, 19?3; Fox, L975).

The results of this study are shown in Figure 6-6- The

assay for cold shock in this instance was the secretion of

protease as described in Chapter 2. For late-log phase cells



FIGURE 6.5 THE EFFECT OF TWEEN BO ON THE COLD-SHOCK
INDUCED EXPOSURE OF RTBONUCLEASE INHIBITOR
IN B. AMYLOLIQUEFACIENS.

Cells were either rapidly cooled (A) or slowly
cooled (B) from 30o to the indicatèd temperature in Tris
buffer without Tween B0 (o); Tris buffer + 0.I8 (v/v) Tween
80 (r); or Tris buffer + 1.08 (v/v) Tween B0 (^). The
amount of RNAase inhibitor exposed is expressed as a percentage
of the total increcellular level. Tween 80 was included in
both washing and treatment buffers.

Buffer 0. 05I,1 tris, pH8 . 0
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FTGUFE 6 .6. EFFECT OF GROWTH OF B. AMYLOLIQUEFACTENS
AT DTFFERENT TEIUPERATURES ON COLD SHOCK.

cells râ/ere gror^/n at 37o (a), 30o (o), 25o
( r ) and 2Oo ( tr ) and after resuspension in WCSM l^/ere
rapidly cooled from their growth temperature to the
temperatures indicated. After cold shocking, the
secretion of protease was measured at the individual
growth temperatures, and is expressed as a percentage
of the rate of protease secretion in cells maintained
at. their particular growth temperature.
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grown at 37o, 30o, 25o and 20o and cold shocked in WCSM, the

nid-point temperatures for the cold shock, (i.e. the temperature

corresponding to a 508 inhibition of the rate of protease

secretion in comparison to the rate in cells maintained at their

particular growth temperature), were 14.50, LAo, 11o and 10,

respectively.

4. Effect of growth of cells in alcohols on extracellular

enzt¡me secretion and protein-synthesizing ability of

whole ce1ls

An alternate method for altering the fatty acid

composition of B. amyloliquefaciens and presumably the fluidity

of the ceIl membrane, was achieved by growing cells in media

containing various alcohols. The possible mechanism whereby

these cells alter their fatty acid composition in response to

a1cohols, and the type of changes which are observed in the fatty

acid composition of B. amyloliquefaciens, have been presented

fully in Chapter 5. These changes which b/ere obtained for cells
grown at 30o, involved an alteration in only the straight-chain

to branched-chain fatty acid ratio; there was no increase in the

levels of unsaturated fatty acids as was observed with cells
grown at lowered temperatures.

The selection of the types of alcohols and their

respective concentrations lvere made on the basis of the particular

alcohols' toxicity and influence on the generation timer âs

discussed in Chapter 5. The morphology of cells gro\^/n in the

selected alcohols is shown in Plate 6.2. Cells grohrn in the

presence of pentanol existed primarily as dimers or single cells
together with a few elongated ceIls, the latter being similar in

appearance to cells gror,trn at 2Oo. CelLs grown in the presence

of pentanol $/ere motile in contrast to those grown in medium



PLATE 6.2. PHASE.CONTRAST PHOTOMICROGRAPHS OF
B. AMYLOLIOUEFACIENS CELLS GROIVN IN MEDIUM
Sppr,eMeNTED lÂrrrn vARrous ALcoHoLs.

Cells $¡ere grown at 3Oo in tiquid growth medium
containing the alcohol-s indicated and harvested when growth
reached late-log phase. Bar marker = 6.0f

Time to reach late-Iog phase (Hr. )

A

B

c

D

Control

0 .2* (v/v)

3.0t (v/vl

2.Ot (v/v)

Pentanol

Methanol

Ethanol

18

2L to 22.5

19 to 20.5

22.5 to 24
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containing the other alcohols.

The fatty acid composition of cel1s grown in the

presence of the various alcohols expressed as the ? leve1 of
straight-chain and branched-chain fatty acids v/ere as follows:
Control (15.6;84.0); Methanol (3.4¡ 96.61 ; Ethanol (L.2¡ 9B.B);

Pentanol (I7.61 8I.3), (Chapter 5). To examine whether altered
fatty acid composition influences extracellular enzyme secretion,
the following experiment was performed. Cells !ì/ere grown in
medium containing either methanol (3.09), ethanol (2.02) or

pentanol (0.22) and harvested when growth reached late-Iog phase;

(dry weights for these and control cells were identical at
harvest). The cells were washed by centrifugation and resuspended -

in (aIcohol-free) WCS¡{. The secretion of protease and amylase

and 14c-1",-,"i.r. incorporation into TCA-precipitabre materiar-

were measured in washed-cell suspensions as described in Chapter

2. The results are shown in Figure 6.7.

The secretion of protease was reduced by about 908 in
ethanor grown cerls and by about 722 in methanor grown cells.
cells gror^/n in medium containing pentanol, af ter a stight lag in
the rate of protease secretion, exhibited a level of protease

production which was identical to that of control cells after 40

minutes (Figure 6.7 A). The secretion of amylase showed that
growth in all three arcohols resurted in a 50? or greater
inhibition in the rate of secretion of this exoenzyme, greatest
inhibition (83?) was observed in methanor grown ce1ls. Amylase

secretion in pentanol grown cel-Is exhibits an increase in rate
with time (Figure 6.7 B) . protein synthesis (1 c-amino acid
incorporation) by ce]-ls gro\ùn in the presence of the various
arcohols was only slightly reduced in comparison to control
(Figure 6.7 c).

The revels of amyrase and protease present in the



FIGURE 6.7 . EFFECT OF GROWTH OF B. AMYLOLIQUEFACIENS
TN II'IEDIUM CONTATNING-VARIOUS ALCOHOLS ON

THE SECRETION OF PROTEASE AND AMYLASE AND
ON GENERAL PROTEIN SYNTHESIS.

Cells were grown at 30o in liquid growth medium
(. ), or liquid growth medium containing 3Z (v/v) Methanol
(r), 2Z (v/v) Ethanol (o), or 0.2t (v/vl Pentanol (D )-
Cells \ilere harvested from late-Iog phase culture and
resuspended in WCSM (not containing alcohol).

1, Secretion of protease (A) and amylase (B) andrqC-leucine incorporation into TCA-precipitable materi-al
(C) $ras followed -for 40 minutes at a temþerature of 30o.

Cells grordn in medium noÈ containing alcohol,
and which after harvest ldere exposed to the above alcohols
for a short period, exhÍbited- identical rates of protease
and amylase secretion and of l4C-amino acid incorporation,
to that of control ceIls.
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culture supernatant after growth of cells in medium containíng

the various alcohols, is shown in Tab1e 6.1. In contrast to the

washed-cell experiments where cells were resuspended into medium

lacking alcohol, this table represents the level of amylase and

protease in culture medium containing the particular alcohol.

Thus even in the presence of the alcohol, the reduction in Èhe

levels for both enzymes were similar to those observed in washed-

cell experiments. This reduction was not due to the effect of
these alcohols on the activity of the enzymes (Table 6.2).

To investigate whether the alcohols selectively
inhibited the secretion of the enzymes rather than their
synthesis and caused a build up of the intracellular form of the

enzyme, the level of amylase and protease in lysates of cells
grohln in the presence of the various alcohols was determined

(Table 6.3). Very little intracellular (or membrane-associated)

amylase or protease ltrere detected in such lysates. The tevel of
protease in cells grown in the presence of methanol or pentanol

r^ras raised, but the actual increase was quantitively small

and may not be significant. All other levels were equal to or

less than the control level even though a considerable reduction
in the extracerlular lever was observed (Figure 6.7, Table 6.1).
rt is of interest to note that the amount of intracellular
amylase associated with contror cells is much higher than the

level of intracellular protease in comparison to the level of
each in the culture supernatant. Cetl membrane associated. forms

of amylase have previously been observed in B. amyloliquefaciens

by nernández-Rivera Rlo and Arroyo-Begovich (f975).



TABLE 6.I LEVEL OF' A.¡4YLASE AND PROTEASE IN CULTURE
SUPERNATANTS OF B. A¡{YLOLIQUEFACIENS GROhIN
IN VARTOUS ALCOHOLS.

Cells were grown at 30o in liquid-growth medium
containing the alcohols shown, and the amylase and protease
activities in the supernatant from late-Iog phase cultures
r^Ias determined. Enzyme levels are exPressed as ? of control,
which is shown as Units/ml of culture supernatant. Although
the culture supernatant contains the alcohols at the concen-
trations shown, the effect of these alcohols on enzyme
activities per se, was not great.

TABLE 6.2 EFFECT OF ALCOHOLS ON THE ACTIVITY OF
B. AI\,TYLOLTQUEFACIENS AMYLASE AND PROTEASE.

The activity of extracellular amylase and
protease in the presence of various alcohols, was assayed
as described in Chapter 2.

TABLE 6.3 LEVEL OF A}IYI"ASE AND PROTEASE
OF B. AIUYLOLIQUEFACIENS CELLS
VARTõUS ALCOHOLS.

Celts were grown at 30o in liquid-growth medium
containing the alcohols shown. Cells were harvested from
Iate-Iog phase culturer twice washed and resuspended in
WCSM (not containing alcohol) to a dilution equivalent to
that in the culture. Cells $¡ere immediately lysed by
single passage through a French-pressure cell at L2,00O
p.s.i. and after centrifugation (35r0009, 30 minutes), the
supernatant was assayed for amylase and protease activity,
as described in Chapter 2. Enzyme levels are expressed as
Z of control, which is shown as Units,/m1 of lysate of
culture-strength ceIls.

IN THE LYSATES
GROWN IN



TABLE 6.1

CULTURE SUPERNATANT

** Units/ml culture supernatant

TABLE 6.2

EFFECT OF ALCOHOLS ON ENZYME ACTIVITY

TABLE 6.3

LYSATE

r00

9

9

80

(164 ) **100

3I

57

40

(94) **Control

38 Methanol

2Z Ethanol

0.22 Pentanol

PROTEASE (A of Control)AMYLASE (g of Control)TREATMENT

100

83

82

111

100

L02

95

98

Control

38 Methanol

2Z Ethanol-

0.22 Pentanol

PROTEASE (e of Control)AI\,IYLASE (% of Control)TREATIVIENT

100 (0.05 ) *

200

t00

340

1oo (r. 2o )

42

97

48

*Control-

3å Methanol

2Z Ethanol

0.2e" Pentanol

PROTEASE (Z of Control)AMYLASE (Z of Control)TREATMENT



c. DISCUSSION

The conditions of growth which cause alterations in the

lipid comPosition of B' amy IoIiqu efaciens and the changes in the

physicalpropertiesofthemembraneasafunctionoftemperature'

also alter several physiological parameters which may be

associatedwiththecellmembrane.However,thereisnodirect
proofofacausalrelationbetweenchangesinthemembrane

lipidsandthephysiologicalobservationsmadeinthischapter.

Therefore for the purPose of discussion it will be assumed that

thetwoareassociatedinsomemanner,subjecttotheabove
qualification.

With regard to extracellular enzyme secretion' it

appearsfromtheArrheniusplotsoftheratesofproteaseand

ribonucleasesecretionthatsomeprocess(es)associatedwiththe

secretion of both enzfrmes may be sensitive to the physical state

ofthemembrane.Bothenz}rmesexhibitamarkedincreasein

activation energy at a temperature corresponding tO one of the

previously determined characteristic temperatures (chapter 4)'

However from this data it ís impossible to decide whether the

increased activation energy for secretion below 21o is the result

ofanalteredpermeabilítyofthemembranetotheextracellular

enz}rmeortosomeotherrate-limitingeventwhichisaffectedby

théattered.physicalstateofthemembrane.Suchotherprocesses
couldinctud'etheentryintothecellofmetabolites,orthe

synthesis of extracellular enzymes by a class of membrane-bound

ribosomes, the functioning of which is influenced by the physical

state of the membrane to which they are bound' Indeed evidence

obtained from protein-synthesis experiments using rat liver

endoplasmic reticular membranes has shown that the physical state

of the membrane influences the functioning of membrane bound' but
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not free, ribosomes in protein synthesis (Towers et al' , L972) '

Arrhenius prots of r4c-.*irro acid incorporation exhibited a

,,break,, at a temperature corresponding to t'hat which induced a

change in the physical state of the membrane. Arrhenj-us plots

for the incorporation by free ribosomes did not show this

(Towers et aI. ' 19721.

The similarities in the activation energies for protease

and ribonuclease secretion in the temperature regions both above

and below the temperature at which a change in the physical

state of the membrane occurs, indicates that both are experiencing

similar energy barriers to their permeation through the ceII

membrane. From the Arrhenius plots, the activation energy for

the secretion of both extraceltular enzymes at the growth

temperature of 30o, is 24 to 27 kcalr/mo1e which is considerably

higher than the l4kcat/mole observed fot l4c-amino acid j-ncor-

poration. In this regard the secretion of these two extra-

cellular enzymes in B. amy lotiquefaciens is not unlike the

secretion of extracellutar alkaline phosphatase in Micrococcus

sodonensis as studied by Gtew and Heath (197I), although

comparatively lower values for both processes were observed in

this study. Thus in terms of the events which must occur for

the secretion of extraeellular enzymes, í.e., (1) entry of amino

acids into the cell, (2) protein synthesis and, (3) secretion of

the extracellular enzyme through the cel} membrane, only (I) and

(21 can be considered as common events to both amino acid

incorporation and extracellular enzyme secretion' Thus the

relatively higher activation energy observed for the secretion

of protease and ribonuclease may be a reflection of some rate-

limiting process involving the passage of these hydrophilic

enzymes through the hydrophobic barrier of the membrane.

The growth of cells at different temperatures resul-ts
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in altered fatty acid composition (chapter 5) and associated

changes in the celI morphologY, particularty when growth ís at

low temperatures. However, the effect of altered fatty acid

composition is difficult to interpret. Since both butk protein

synthesis and extracellular enzyme secretion increase in concert

with the assumed increase in membrane fluidity' one cannot deduce

that membrane composition specifically affects secretion' The

explanation as to why cells grown at the lower temperatures have

a greater capacity for protein synthesis is not known'

It seems reasonable to assume that the inabitity of

cells to grow aÈ lowered temperatures and the phenomenon of cold

shock relate to the temperature-induced changes in the physical

state of the membrane lipids. For cells gror^ln initially at 30o,

and then slowly transferred to lowered temperatures, the lower

temperature limit for growth was I5o, a temperature which

corresponds to what is considered the point of complete

crystaltization or "gelIing" of the membrane lipids (chapter 4).

The consequences of such a change in the membrane woul-d be

numerous and would include the greatly restricted functioning of

membrane-associated processes such as energy production and

transport. The change in the physícaI state of the membrane

which occurs at zLo is not presumed to result in complete

crystallization of the membrane lipid, and as such does not

rest,rict the growth of B. amyloliquefaciens, although it does

influence the functioning of the membrane-associated respirat-

ory enzymes (ChaPter 4). Thus growth is most likely limj-ted to

that temperature range in which the membrane lipids are not in a

state of complete crystallization. In this regard the results

obtained for B. amyloliquefaciens are in agreement with those

obtained for other micro-organisms including B. stearothermoph-

ilus (Esser and Souza, Lg74) and Acholep lasma laidlawii n
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(McElhaney, 1974a,b) .

TwocriticaltemperaturesforcoldshockinB.

amylotiquefaciens were detected on the basis of ribonuclease

inhibitor exposure, I4g-t*ino acid incorporation and cel1 viabil-

ity. only rapid cooling to temperatures below 15o leads to

irreversible changes in these parameters being apparent' In

addition neither the initial physical state of the membrane

(starting temperature) nor the magnitude of the temperature

decrease, affected the cold shock phenomenon. This is in

contrast to the work of Sato and Takahashi (1968'69) in which

although two critical temperatures for cold shock were observed

in E. coli, B. subt ilis and Pseudomonas fluorescens' the

magnitude of the temperature decrease was considered of critical

importance. As rapid cooling is essential only for the 15o

cold shock, this temperature must be considered as the only cold

shock temperature in B. amyloliquefaciens. In contrastr âs the

effects seen at 60 are not dependent on rapid cooling, the effect

of cooling through this temperature might be considered analogous

to the chilling injury reported for chill-sensitive plants

(Raison, L97 3arb).

The explanation for the difference in the levels of

intracellular RNAase inhibitor exposure at these critical

temperatures is not known, however it must relate to the degree

of damage sustained by the cells as a result of the cooling

process. As partial recovery from the effects of cold shock

were observed under conditions where washed-cell suspension

medium was employed, it is probable that small molecular weight

components (similar to those present in this medium) ' are lost

from the ceII due to the associated changes in the permeability

of the membrane.
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The two critical temperatures for cold shock and

chilling injury respectively in B. amyloliquefaciens correspond

to two of the four critical temperatures observed in the ceII

membrane using a combination of physical and physiological

techniques (Chapter 41. On the basis of the hypothesis present-

ed in Chapter 4, the temperatures 15o and 60 are each

considered to represent one of the criticat temperatures (Tsf¡{

and TsOUrr respectively) for two separate phase transitions

which result in the complete crystallization of the membrane

Iipid when the temperature is lowered. Thus the correspondence

between the physical events occurring in the membrane lipid and

the incidence of cold shock confirms the observations of Haest

et al. , (1972) and Leder (L972). However, the effects assoc-

iated with each cold shock temperature, j-.e. the magnitude of

the cellu1ar damage and the respective requirement for fast or

slow cooling, RêY relate to events occurring in both halves of

the cell membrane.

Further evidence for the relation between cold shock

and physical state of the membrane lipids is provided by the

results obt,ained using the non-ionic detergent, Tween 80" Due

to its amphipathic nature, Tween 80 is believed to perturbate

only the lipid comprising the outer hatf of the membrane (when

using membrane vesiclêS), and as a result abolish the co-operat-

ive phase transition associated with this half of the membrane.

Thus only the changes in the physical state of the membrane at

39o and 15o are observed (Chapter 4).

The effect of lween 80 on the 15o cold shock is

difficutt to reconcile with its presumed effects only on the

outer (exposed) half of the membrane. However the explanation

may be dependent on the interaction of both halves of the

membrane during the cold shock. Thus Tween 80, by modulating
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in some manner the physical properties of the lipid in the outer

half of the membrane, ßâY influence the expression of the cold

shock phenomenon which for this temperature (based on the

asymmetric hypothesis in chapter 4l is most likely caused by

the crystallization of the membrane lipids in the inner half of

the membrane (Tsr*). The cooling of cells through 60 in the

presence of Tr¡een 80 results in only a relatively small amount

of ribonuclease inhibitor exposure. Thus the abolition of the

change in the physicat state of the membrane lipids which occurs

at 60 (T"our), results in virtual abolition of the 60 cold shock'

the ability to reduce both the temperature and the

magnitude of the cold shock by growing cells at lowered

temperatures could prove useful for studies on cell-free protein

synthesis and secretion where rapid cooling and lack of membrane

damage are required. The lowering of the temperatures for the

cold shock in these cells may relate to the changes in fatty

acid composition. Although time did not permit the determin-

ation of the membrane phase transition temperatures in cells

gro$tn at different temperatures, it Seems possible that the cells

grown at 2So and 20o would exhibit a lowered phase transition

temperature (s) as a consequence of the increased membrane

fluidity. If this were the case, with reference to the fatty

acid composition of these cells as outlined in Figure 6'2, the

slight decrease in the cold shock temperature for the 3Oo grown

cells in comparison to the 37o grown cells, most likely reflects

the decrease in the ratio of the straight-chain to branched-

chain fatty acids, which was the only significant change in the

fatty acid composition observed in these cells. However the

dramatic decrease in the cold shock temperatures for cells gror'rn

at 25o and 2Oo in comparison to the other Èwo growth temperatures,

most like1y reflects a combination of a decrease in the straight-
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chain to branched-chain fatty acid ratio, and an increase in

the levels of unsaturated fatty acids. For cells 9ro\^7n at 20o ,

the further decrease in the temperature of the cold shock ín

comparison to the 25o grown cells, could primarity be due to the

higher proportion of unsaturated fatty acidsr âs only a slightly

lower straight-chain to branched-chain fatty acid ratio was

observed. However it must be pointed out that it is difficult,

if not impossible at the present time to ascertain the relative

contributions of the different classes of fatty acids (and indeed

the individual fatty acids) on the phase transitions without

knowledge of the packing and molecular arrangement of the fatty

acids within the membrane and how these parameters influence the

occurrence of lipíd phase transitions.
The results obtained for protease and amylase secretion

and for amino acid incorporation in cells grovrn in medium contain-

ing various alcohols indicate that the greatly reduced levels of

extracellular enzlzme secretj-on are probably not the result of a

reduction in protein synthesis. Nevertheless the possibility

remains that as l4c-.*irro acid incorpoartion is a measure of the

total cellular protein synthesis, any selective inhibition which

occurred to those ribosomes responsible for the synthesis of

extracellular enzymes (membrane-bound ribosomes?) r mêy not be

observabl-e by this assay method. Alternatively, if secretion

rather than synthesis has been affected by altered lipid compos-

ition, the results imply that proÈease secretion is sensitive to

an increase in membrane fluidity and amylase secretion is sensit-

ive to an increase or a decrease in membrane fluidity. Under

such condit,ions, the presence of an intracellular form of the

extracellular enzyme may accumulate if synthesis and secretion

are not tightly coupled events. Indeed for B. caldolyticus a

marked increase in the level of intracellular proÈease has been
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observed under conditions where the permeability properties of the

cell membrane have been altered by changes in its fatty acid

composition (Lauwers and Heinen, 1973). Attempts to locate such

a pool in B. amyloliquefaciens on the basis of activity alone

were unsuccessful. However the accumulation of inactive precur-

sors is not excluded and a search for these by immunological

means is at present progressing in this taboratory. In addition,

the observation that in medium containing pentanol B.

amyloliquefaciens grohrs as single ceIls rather than in chains,

could prove useful for mutagenesis work on Èhis organism.
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FINAL SUMMARY AND DISCUSSTON

The results in this thesis do not greatly increase our

knowledge of the mechanism of extracellular enzyme secretion in

B. amyloliquefaciens, however they are of considerable interest

in terms of basic membrane biology and as such may be important

in our overall understanding of the secretory process in the fut-

ure.

The behaviour of the membrane lipids as a function of

temperature is interesting in view of the possibility that the

phospholipids are asymmetricalty distributed in the cell membrane,

as has been shown for a number of other membranes. Although the

significance of this in the secretion process is not known, it

does appear that, such physical properties as the fluidity and

physical state of the membrane lipids may influence physiological

processes such as cold shock, extracellular enzyme secretion and

growth. As a consequence of these studies, the ability to modul-

ate cold shock in this organism by altering the membrane lipid

composition may prove extremely useful in proposed cell-free

studies on extracellular enzyme synthesis.

At the present time it is unclear as to whether the

cell membrane is involved in both synthesis and secretion of

extracellular enzymes. The fact that no membrane-bound ribosomes

r,rrere observed in this study does not disprove their existence.

However, until such time that the in vitro synthesis of extra-

cellular enzymes is achieved, possibly by the use of cell-free

protein synthesizing systems in combination with exoenzl¡me

specific m-RNA, the theory that the synthesis and secretion of

extracellular enzymes are simultaneous events occurring at the

membrane, remains essentially unproven.

Irrespective of the site of synthesis of extracellular

enzymes, the mechanism of their secretion across the permeability



barrier of the cell- membrane

problem, the answer to which

standing of the architecture

L20.

is an important and interesting

may well come from a greater under-

of biological membranes in general.
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