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SUNß,IARY

1 Harvested ce11s of Bacillus amyloliquefaciens have

the capacity to synthesize extracellular enzymes for

prolonged periocls in the presence of transcriptional

inhibitors. Protease gene transcription is repressed

by high levels of amino acids. Incubation in high

amino acids mediun (repressive) for 7S minutes

exhausts the capacitY of cells of B.an 1o1 ique fac iens

to produce extracellular protease in the presence of

rifarnpicin or actinonycin D. When such exhausted

cel1s are then transferred to a low amino acids

medium (non-repressive) this capacity is rapidly

regained.

The amount of protease produced in the presence of

rifarnpicin increases linearly for 75 rninutes from a

zeTo value to an amount equivalent to that produced

by control ce11s without rifarnpicin during the same

75 minute period.

The acquired capacity to produce protease in the

presence of rifampicin is sti11 chlorarnphenicol-

sensitive.

2

3

4

5

At aL1- stages the cells are

picin as judged bY comPlete

incorporation.

In

is

fully sensitive to rifan-

inhibition of 3H-uracil

the presence of actinomycin D the Same phenomenon

observed.
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6. When the capacity for rifanpicin-insensitive pro-

tease production is followed over a longer tine

period it increased to a maximum in 75 minutes, then

rapidly decreased and thereafter oscillated.

The oscillating capacity for rifampicin-insensitive

protease production can be explained by bursts of

protease gene activity alternating with transcrip-

tionally inactive periods. It is proposed that

during gene transcription two forms of protease nRNA

are made, one immediately translated, the other

forning a reserve pool of non-translatable nRNA

which, oD cessation of transcription, converts to

the translatable form and supports protease produc-

tion during the transcriptionaLly inactive period.

Thus it appears as though transcription of the pro-

tease gene is switched on when the reserve nRNA pool

is low, and off when it is high.

8. when total cellular RNA is prepared from cells at

stages of the oscillations and analysed by

density gradient centrifugation, a species

is observed to also apparently oscillate in

with the capacity for rifarnpicin-insensitive

production.

This RNA species, when added to a wheat-germ cell-

free system, stimulates incorporation of labelled

amino acids.

var].0us

sucrose

of RNA

concert

protease

9
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10. There is evidence that protease is synthesízed during

this ce11-free translation.
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ABBREVIATIONS

The abbreviations used in this thesis are acceptable

to the JOURNAL OF MOLECULAR BIOLOGY or are defined in the

text.

FIGURES AND FIGURE LEGENDS

The figures and figure legends for the work described

in each chapter will be found together at the end of each

chapter
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GENERAL INTRODUCTION
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GENERAL INTRODUCTION

1 , 1 INTRODUCTION

The work to be described in this thesis concerns the

synthesis of extracellular enzymes, in particular, the

synthesis of extracellular protease by Bacillus anylolique-

laciens. This (gram-positive) organisn secretes into the

external rnediun large quantities of extracellular enzymes 
'

namely, protease, G-amylase and ribonuclease. It can

actively produce these enzymes under conditions where the

cells are not growing and these ce11s can be easily washed

free of accunulated extracellular enzymes and resuspended

in test solutions thus making it very amenable to experi-

nental study.

Two excellent reviews

field have been published in

are:

of the extracellular enzyme

Theythe last two years.

1) 'Production of extracellular proteins by Bacteria',

by A.R. Glenn (1976); and

rExtracellular enzyme synthesis in the genus Bacillus',

by F.G. Priest (I977).
z)

These two reviews adequately cover'this large field and

thus the material they review will not be covered again

here except to emphasize points of interest and relevance

to this thesis.



?

21 EX'TRACELLT]LAR ENZYMES

Extracellular enzymes are largely scavenger enzymes,

their function being to degrade large molecules in the

bacterial environment so that they rnay be assimilated and

used by the organism concerned. Clains have also been

made for a function of exoenzymes in sporulation since

maximal exoenzyme synthesis occurs just before sporulation

(Priest, I977). However, both these phenomenon may be

independently related to a dectease of nutrients in the

external mediun, and thus, âr amylase deficient mutant of

B. subtilis can grow and sporulate normally (Schaeffer, 1969).

Many of these enzymes are potentiaLly lethal to the cel1s

that produce then, €.g., ribonuclease, protease, and do

not occur in detectable amounts in active form inside the

cel1s. Many extracellular erLzymes do not have intracell-

ular substrates (e.g., penicillinase) and, in the case of

the extracellular ribonuclease of B. 1o1i uefaciens ,ãî

intracellular inhibitor exists for this enzyme to which it

binds irreversibly (Sneaton and E1liott, 1967). The sizes

of bacterial extracellular enzymes vary widely, but they

are mostly in the ïange of 20,000 to 401000 (Glenn, 1976).

Much of the interest in this field is thus centered

around the molecular biology of enzyme secretion, the main

question being of how these relatively large and, in many

cases, potentially lethal enzymes can be synthesized and

secreted with irnmunity by the bacterial cel1s.

This problem is not confined to bacterial cells.

Eukaryote cel1s also Secrete extracellular enzymes and
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other proteins, e.g., the 1iver, pancreas and various hor-

mone producing organs. In the liver and pancreas, for

example, the extracellular enZymes are secreted across the

endoplasnic reticular membrane from rvhere they are trans-

ported to the Golgi complex to be processed and packaged

in secretori vesicles which fuse with the plasma rnembrane

and release their contents by reverse pinocytosis (Palade

et al. , I962i Andrews and Tata, I97l; Castle et ãL., 1972).

The initial problen of how these enzymes aré synthesized

and secreted across the endoplasmic reticular mernbrane may

be similar to that in bacteria. As major advances have

recently been made in the study of secretion in mammalian

systems these will now be discussed.

1, 3 EXTRACELLULAR ENZYME SECRETION IN EUKARYOTES

A considerable body of evidence suggests that in

mammalian ce11s exportable proteins aTe synthesized on

membrane-bound polysomes, whereas non-exportable proteins

aTe synthesized on free-polysomes (Borgese et al., L974;

Ganoza and wil1ians, 1969; Redman, 1969; and Takagi and

Tanaka, 1970). It was originally proposed by Redman and

Sabatini (19ó6) that enzymes secreted by the pancreas ate

Synthesized on ribosomes bound to the rough endoplasrnic

reticular membrane and are secreted, in nascent form, as

they are translated. This basic idea has been consider-

ably elaborated to form the 'signal hypcthesis' which is

discussed below.

In reCent yearS evidence has accumulated that secreted
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proteins.are produced as precursors which are converted to

mature protein in the Golgi complex. li¡ith the isolation

of mRNAs for secretory proteins and translation of these in

heterologous ce1l-free systems it has al.so been shown that

secretory proteins (sone in precursor forrn) also have a

characteristic peptide at their N-terminus (e.9., prolactin

and insulin. For references and discussion see Campbell

and Blobel, I976). These findings support the signal

hypothesis originally ploposed by B1obe1 and Sabatini (1971),

and which has been considerably extended and supported by

results of their own work (B1obe1 and Dobberstein, L975;

Dévillers-Thiery et al., 1975; Canpbell and Blobel, I976).

The rsignal' hypothesis suggests that secretory proteins

have a common N-terninal sequence of amino acids (encoded

by the nRNA for these enzyrnes) which causes the ribosome

synthesizing this proteì-n to bind to the membrane of the

endoplasnic reticulum. They further proposed that the

signal peptide, oû associating with the membrane, causes

the association of several ribosomal receptor proteins of

the endoplasnic reticular membrane thus forning a tunnel

through which the polypeptide is extruded into the intra-

cisternal space. The signal peptide is removed, before

the chain is completed, by a membrane-bound protease. The

model thus provides for the selective synthesis and secre-

tion of exportable proteins. A key feature of this mech-

anism is that the transport through the memblane depends

upon concomittant protein synthesis by membrane-bound

ribosomes, since the polypeptide chain Inoves through the

tunnel in an extended form as it is being lengthened.
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Dévillers-Thiery et al. (1975) deternined the sequence of

up to 24 amino terminal residues of several putative pre-

cursors for pancreatic secretory proteins which had been

synthesized in vitro in cell-free systems. These studies

revealed an extensive homology of the 16 arnino terminal

residues and also that they comprised an unusually large

percentage of hydrophobic residues. A similar result was

obtained for IgG light chain precursor rsignalr sequence

(schechter et ãI., 1975). The hydrophobic residues may

facilitate interaction with the membrane and this further

supports the signal hYPothesis.

J. Rothrnan and Lodish (L977) also provide evidence

in support of the 'signal' hypothesis. They investigated

the synthesis of G protein (glycoprotein) of vesicular

stomatitis virus, which is synthesized on ribosomes bound

to the endoplasmic reticulum of infected cells and inserts

into the membrane before being further processed and trans-

ported to the plasma membrane. They showed that G protein

could be synthesized on free ribosomes, but if rnernbranes

were added after 40 residues had extended outside the ribo-

some the proper insertion into the endoplasmic reticular

membrane failed to occur. Thus the N-terminal residues

appeaïed to act as a signal directing both the insertion

of the protein into the membrane and the binding of the

ribosomes to the endoplasmic reticulum. The nascent chain

apparently spans the lipid bilayer so th¿t the protein is

extrud.ed across the membrane as it is being elongated and

this causes the protein to cross the membrane '
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However, âs recent evidence suggests ' there

other mechanisms by which proteins cross membrane

nay be

barriers.

Recent 'studies have suggested that secreted proteins,

many of them potentially 1ethal, ê.9., proteases, lipases,

rnay not be lost from the organism after secretion to the

intestine, but nay be reabsorbed for Teuse by the body much

as secreted bile salts aïe recycled by absorption from the

gut. This evidence has been provided by Rothman and

colleagues (Götze and Rothman, 1971-; Isenman and Rothman,

Lg77), and is also recently sumnarized by Diamond (1978).

They showed that radioactive chynotrypsinogen is absorbed

frorn the gut and reappears in the pancreas unaltered , and

that approximately 80-90% of the pancreatic enzymes rnay be

recirculated.

Another result of interest is that of Highfield and

E1lis (1978) who showed that the small subunit of chloro-

plast ribulose biphosphate carboxylase was synthesized in

vitro as a higher molecular weight precursor. This pre-

cursor was then taken up into intact isolated chloroplasts

and cleaved to its final size in the absence of protein

synthesis. They deduce that the signal hypothesis does

not apply but that a carrier protein in the chloroplast

envelope is involved. Their preliminary observations

suggest that the extra precursoï sequence is acidic rather

than hydrophobic and they suggest that the conformational

change caused by cleavage of this acidic peptide by a nem-

brane protease leads to transport across the membrane '
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These findings do not necessarily detract from the

'signal' hypothesis, but they do illustrate that selective

transport acroSS biological membranes is a conplex process

and that, in the light of recent evidence, many more factors

have to be taken into consideration before a suitable theory

(or theories) for thls is found.

Lr4 EXTRACELLULAR ENZYT,IE SECRETION IN BACTERIA

In the bacterial extracellular enzyme field as well,

recent developrnents have resulted from ce11-free synthesis

of extracellular enzymes. Several of these appear to be

synthesized as precursor molecules.

Yamamoto and Lampen (1976) found that the membrane-

bound penicillinase of Bacillus licheniformis, which appears

to be a precursor of the extracellular enzyme, was a phos-

pholipoprotein that carries ar| N - terninal chain of 24

amino acids and a phosphatidylserine. This form is pro-

duced during cel1-free synthesis in a homologous ce11-free

system (Dancer and Lamp€r, 1975). It is perhaps signifi-

cant that the phospholipopeptide, and indeed the hydro-

phobic rsignalst on mammalian proteins, is long enough to

extend across the lipid bilayeT of the nembrane. The

authors point out that the proposed nRNA fragment coding

for the precursor segment would have a high purine content

(80%) and thus would have a structure very similar to that

of poly:A, which occurs at the 3'-end of rnRNAs from eukary-

otes and has been reported to have an affinity for the mem-

brane (Milcarek and Penman, 1974; Lande et al., 1975) ' and
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thus it is possible that the rnRNA for rnembrane penicillin-

ase (5t-end) and the nascent peptide contains structures

that would favour the translation of these mRNAs at the

membrane rather than on free ribosomes in the cytoplasm.

Alkaline phosphatase of E. 9tli, a secreted peri-

plasnic protein, appears to be synthesized as a larger

molecular weight precursor and there is also evidence that

it is synthesized on membrane-bound ribosomes and extruded

through the membrane as it is synthesized. Cancedda and

Schlessinger (L974) demonstrated that in E. coli nascent

alkaline phosphatase is mainly found on membrane-bound ribo-

somes. Inouye and Beckwith (1977) synthesized E. coli

alkaline phosphatase jn a DNA-directed (Zubay, I973) cell-

free system. A higher molecular weight product was found

and this could be processed to approximately the mature

síze bv an E. coli outer membrane fraction in vitro. The

precursor was highly hydrophobíc and this property appeared

to result from the extra segment. They suggested that the

'signal' hypothesis of B1obe1 may apply in prokaryotes as

we1l. Snith et a1. (1977) provided evidence that secreted

proteins of E. coli rnay traverse the nenbrane as growing

chains, i.€., they may be extruded directly as they are

synthesized. Spheroplasts of E. coli rltlere label1ed with

a reagent that reacts with amino groups but does not cross

the membrane. Polysomes isolated from the membrane-

polysorne fraction contained radioactivity, and furthermore,

when allowed to complete the translation in an in vitro

system, smith et al. (1977) found a portion of the protein
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made was alkaline PhosPhatase.

Whether or not proteins I¡IeTe synthesized on membrane-

bognd ribosomes in bacteria, and indeed lvhether they existed

at all was previously rnuch disputed (Glenn, 1976). Recently

Randall and Hardy (L977) used a membrane-bound fraction of

polysomes from E. coli [isolated without the use of lysozyne

which has been reported to cause ribosome-membrane binding

(Patterson et ãI.,1970)l and looked at their translation

products in vitro. They found two types of protein were

made, one which associated with the membrane, and a secreted

periplasrnic protein. Soluble ribosomes, however, produced

a different class of pïoteins. They concluded that mem-

brane-bound polysomes preferentia1-ly synthesize proteins

which are exported frorn the cytoplasm.

May and Elliott (1968) and Both et al-. (L972) pro-

posed that extracellular enzymes in Bacillus
r--

am 1o 1i ue-

faciens aTe synthesized on membrane-bound polysonìes and

aTe directly extruded in nascent form as they are being

synthesized. Sanders and May (1975) sholed that extra-

ce1lu1ar enzymes being secreted by protoplasts of B . arnylo -

liquefaciens were susceptible to trypsin suggesting that

the emerging protein is in a form different from the final

form. Mclrlurchie (I977) , however,' found no evidence for

membrane-bound ribosomes in B. amy1oliq uefaciens when exam-

ining membrane preparations by electron microscopy.

In summarY, it seems that there is

to go before we can understand precisely

stil1 a long

how proteins

way

are
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secreted and how many clifferent mechanisms exist. The

ufork to be descri-bed in this thesis continues this investi-

gation, the airn being to isolate the nRNA for extracellular

protease of B. amy loliquefaciens to make possible future in

vitro studies on extracellular enzyme synthesis -



CHAPTER 2

MATERIALS AND METHODS
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)

MATERIALS AND },IETHODS

1 MATERIALS

Bacterial Strain

The organism was previously described as an unclassi-

fied stra.in of Bacillus subtilis; however, it has since

been classified as a distinct species, Baci 1 1us anylo -

liquefaciens on the basis of DNA base compoSition and DNA

hybridization studies by I'rIelker and Carnpbell (1967).

Liquid Growth I{edium

The culture mediun contained 34 nM- (NHO)ZHPO4, L nl4-

MgSOO, 5 mM-KCl, 4.25 nM-sodium citrate, 0.LZS mM-CaC12,

0.0125 mlr{-ZnSOO, 0.5 },'l-FeC1r, 0,5eo (w/v)-Bacto casamino

acids, 0.05% (w/v) Bacto yeast extract (Difco), trace

metal solution (0,25 nl/Litte, and L% (w/v)-maltose. The

medium was adjusted to pH 7.3 with HSPO+ and sterilized

by autoclaving. Maltose was autoclaved separately and

was added just before use. The tlace netal solution con-

tained 0.5 ng CoClZ.6HZO, 0.5 ng ammonium rnolybdate, 5.0

mg MnCL Z.4HZO, and 0.01 mg CuS04.5HZ0 dissolved in 1

litre of water.

Ce11 Susp endins Medium the high or low casamino acids

medium.

The suspension rnedium was the same as the liquid

growth nedium, but FeC1, and yeast extract were onitted'

thereby lirniting growth. The medium was prepared with

,
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either 't high casamino acids t (0.5% casantino acid-s) or I low

casamino acicls' (0 .025%) .

Radioisoto CS

3H-.rtaci1 (spec. act . L7 Ci/mno1e), 14c-uracil

(spec. act. 55 rnCi/minole) and L- [1Oa] -phenylalamine (spec .

act. 460 nCi/mnole) were obtained from Schwartz-Mann,

Orangeburg, N.Y. L-leucine (4,5 - 3") (spec. act. 50 Ci/

mrnole) was obtained from The Radiochemical Centre, Amer-

sharn, England.

Antinicrobial A nts

Actinomycin D was a generous gift from Merck, sharp

and Dohrne Research Lab., Rahway, N.J. Rifanpici-n was

from Sigrna Chernical Co. Chlorarnphenicol (chlorornycetin)

was from Parke-Davis G Co., SYdneY.

Enz e Substrates

Light, white soluble casein (British Drug Houses

Ltd., Poo1e, England) hras used aS substrate for protease

aSsays. tPhadebas' amylase test tablets were purchased

from Pharmacia (south seas) Pty. Ltd., Lane cove, New

South Wales.

Scintillation Fluid

scintillation fluid contained 3 g of 2,5- diphenyl

oxazole (PPO) and 0. 3 g o 1 ,4 -bi s- Í2- G rnethyl -phenyl

oxazoLyl)lbenzelte (POPOP) per litre of toluene. PPQ and

POPOP r^rere supplied by the Packard Instrument co.,
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Melbourne.

NCS-tissue solubilizer from the Amershan/Searle Corp.

Reasents for RNA Extraction and Analysis

Phenol (Anax Pty. Ltd., Adelaide) and m-cresol

(British Drug Houses, Poole, England) were redistilled

before use.

Fornanide (British Drug Houses, Poole, England) was

deioni zed by stirring for at least two hours with zeo-

karb 225 resin (3% suspensj.on) to lower the conductivity

of the formanide solution. The resin (Perrnutit co. of

Australia, Brookvale, New South wales) was removed by

filtration. The resin had been prepared by washing with

IN-NaOH, water, IN-HCI and then finally water again, using

a large number of washes at each step. The resin was

stored moist but dried thoroughly (freeze-drier) before

use.

Ribonuclease-free Sucrose was purchased from Schrvarz/

Mann, Orangeburg, N.Y.

Acrylarnide (8. Merck, Darmstadt) and bis-a crylamide

(Nt ,N'-methyleneb isacrylarnide) (s1gna chemical co.) were

recrystallized by the nethod of Loening (1967) '

Other Reag ents

sDS (sodium dodecyl sulphate) from signa chenical co.
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TEMED (N, N, N' , N| - tetramethylethylenediamirre) fron

Eastman Kodak Co., Rochester, N.Y.

Ammoniurn persulphate from British Drug Houses (Aust-

ralia) Pty. Ltd., Victoria.

Tris buffers: crystalline tris was obtained from

sigrna chenical co. as rTrizmar base, reagent grade.

Solutions were adjusted to the required pH value by the

addition of HCl.

TINSA (tri-iso-propylnaphthalenesulphonic acid) was

from Eastman Organic Chemicals '

Ten Buffer

20 mM-Tris pH 8.5, 100 nM-NaCl and I nM-EDTA'

Reagents for Cel1-free SYn thes is

Adenosine triphosphate (ATP; disodium salt)' guano-

sine triphosphate (GTP; disodiun salt), creatine phospho-

kinase (rabbit muscle), creatine phosphate (disodiun salt),

DTE (dithioerythritol), HEPES (N-2-Hydroxyethylpiperazine-

Nt -2-ethansulfonic acid) and 2-mercaptoethanol were from

sigma chemical co. t-L?c-arnino acids l\Iere from Mann

Research Labs., Inc., N.Y.

spermine (tetrahydrochlorine) was obtained from

Calbiochem.
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Double-distilled Water

Double-distilled water was used throughout except

that liquid þrowth medium was prepared with mono-distilled

water. The second distillation was from an aLl-g1ass

apparatus.

Treatment of Equipment and Solutions to Minimize Ribo-

nucleas e Contamination

All glassware and equipment, where necessãTY, was

washed in IN-KOH, rinsed well with distilled water and, if

possible, sterilízed by dry heat. Disposable plastic, or

washable rubber gloves r^rere worn when handl-ing ribonuclease-

free equiprnent. Solutions (and glass-distilled water)

were autoclaved wherevelf possible.
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)J IvIETHODS

Preparation of Spore Susp ens ions

B. amy loliquefaciens cultures , after growth overnight

in liquid growth mediun, were centrifuged down and resus-

pended to the same ce1l density in sterile growth medium

which had been previously diluted 25-fol-d with sterile

water. The cultures were shaken in this diluted medium

for 24 hours; spores and intact cel1s were centrifuged

down and resuspended in sterile water. To destroy the

remaining vegetative ce11s, the suspension rvas heated at

80" for 30 rninutes and after cooling to Toom temperature,

the spores wer.e centrifuged dotvn at 10,000 g for 30 min-

utes under sterile conditions. The spores \^Iere washed

with sterile water by resuspension and centrifugation and

finally resuspended in a suitable volume of sterile water.

The suspension was distributed into smal1 sterile bottles

and stored at 4" until required.

Growth of the 0rsanism

culture medium was inoculated with a platinum loop

from a suspension of sP ores of Bacillus amyloliquefaciens

and incub ated at 30oC in a gyratory shaker to a ce1l den-

sity giving an optical density at 600 nm (0D600) of 3'6

(late 1og phase, approxirnately ZS hours after inoculation) .

Washed- ce11 Experinents

Late 1og phase cel1s (ODOOO s .6) were harves ted ,
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hrashed trvice by resuspension and centrifugation at 50oC

with the appropriate suspendillg mecliurn. A sample of ce11

suspensi-ons (20-40 nl) was shaken in a 2s0 nl conical

flask at 30oc in a gyratory shaker. sanples (1.0-2.0 nl)

were rvithclrawn at appropriate times, centrifuged and the

supernatants assayed for extracellular enzyme activity'

Enzyme As s ays

(a) Prote ase

Protease hras estimated using a casein substrate. A

stock casein solution was prepared by heating 1 g of

casein with 100 nl of Slrensen's buffer, PH 7 '6

(12.2 g NarHPO4, I.8Z g KHZPO  Per 1'0 litre of

water). Assay tubes contained 1.0 rnl of stock

casein and 1.0 ml of suitably diluted enzyme. Tubes

r,\rere incubated for the required tine at 35o and the

reaction was stopped by the addition of 3 nl of 5%

(w/v) TCA. Tubes were cooled on ice for 30 minutes,

centrifuged for 15 rninutes, and the absorbance of

the supernatant at 280 nm was deterrtined. control

tubes ulere prepared by adding the TCA solution to

the stock casein prior to the addition of enzyme and

were otherwise treated in the same manne1. as the

assay tubes. The relationship between enzyme con-

centration and absorbance at 280 i.;Il u¡as linear to

0.7. A unit of er:zyme is defined as that amount of

enzyme which will produce a change in absorbance at

280 nm of 0.05 in 40 minutes at 35"'
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(b) Amylase

o-Arnylase rrras assayed by using Phadebas (Pharnacia)

Amylase test tablets. The stock buffer solution

contained 2.5 litres of 0.1 M potassium phosphate,

0.025 Nl NaCl, PH 6.2; 2.0 litres of water; 10 rn1 of

0.1 M CaCL2; 11 nl of 5 mlt{ ZnSOO.

An even suspension was prepared by mixing one "Phade-

bas" tablet with 5 nl of stock buffer, and' 1 nl ali-

quots of this suspension were pipetted into assay

tubes. Suitably diluted erLzyme (0.5 nl) was added

and the tubes incubated at 37"C for 50 minutes.

Development of soluble blue product was terminated

by the addition of 0.2 n1 of 0.5 N NaOH. The tubes

were centrifuged for 10 minutes at ful1 speed on a

M.S.E. bench centrifuge and the absorbance at 620 nn

of the supernatant deternined. control tubes were

incubated with stock buffer instead of enzyme.

The relationship between enzyme concentration and

absorbance al 620 nm was linear to 6.0. A unit of

cx-amylase activity was defined as that amount of

enzyme which produces an increase in absorbance at

620 nm of 4.0 in 30 minutes at 37" . This unit

corresponds to the unit of cl-amylase activity pre-

viously defined using a starch-iodine method (May

and E1liott, 1968b).
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l4easur ement of Total RNA SYnthesis

3H-Utrcil incorporation into total cellular RNA was

measured by shaking 3.0-6.0 ml of a washed-ce1l suspension

with 0.8 uci of 3H-.,tucir/t¡¡. in suspending me<lium supple-

nented with 10 ug of unlabell.ed uracr-L/nL. Sarnples (0.1

nl) were withdrawn at various times and added to 3 nl colc1

5% (r/v) trichloroacetic acid containi.ng 0.I% (w/v) un-

label,led uracil. After standing on ice for 30 minutes

insoluble precipitate was collected by filtration on to

GF/C filters and washed repeated1-y with a total volume of

15 m1 of cold trichloroacetic acid-uracil nixture and

finally 9 ml of I% (v/v) acetic acid. Filters were dried

ancl counted by liquid scintillation (Packard Tri-carb

Spectrophotometer) .

Measurement of Total Protein SYnthesis

To measure total protein synthesis by ce1ls, 2.0 nl

of a washed cell suspension was shaken with 0.5 uci of L-

14C-ph"r,y1a1anine (specif ic activity 46 0 nCi/runol.e ) .

At appropriate times, 0.1 rnl samples were pipetted

into 3 nl of ice-co1d Leo (w/v) Bacto casamino acids in L0%

(w/v) trichloroacetic acid and left at 0o for 30 ninutes.

The tubes hrere heated at 95oC for 30 minutes, then cooled

on ice for 30 minutes.

The precipitates weïe collected on to GF/A filters

and washed 5 times with 5 nl of L% (w/v) casamino acids in

:-0% (w/v) trichloroacetic acid, and then 3 times with 5 nl
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of I% (w/v) acetj_c acid. The filters were dried and

counted by liquid scintillation.

Preparation of RNA fron B ci11us am 1i uefaciens

This is discussed in Chapter 4, but a summary of the

final procedure used is as follows.

cell pellets were resuspended in a small quantity of

Tris buffer (25 nM-Tris, PH 8.5, 5 mM-magnesium acetate)

and poured into a pre-chi1led (-25"C) X-press frozen ce11

disintegrator such that they froze instantly. IIf it

weïe necessary to prepare many samples of cel1s, these

weïe firstly snap-frozen in a tube of the same diameter as

the X-press ce11-chamber, stored in liquid Nt until needed,

and then transferred in frozen state to the X-press. ]

The frozen lysate (3 ml) was thawed in an SDS soluti-on

[0.5% (w/v)-sDs , 7% (w/v) -TINSA, 100 nM-NaCl and 10 nM-EDTA] .

To this aqueous mixture was added ar| equal volume of phenol:

chloroform, 1:1, where the phenol comprised 7\eo (w/v) -

redistilled phenol and Beo (v/v)-redistilled m-cresol in

50 mM-Tris, pH 9.0. This rnixture was shaken vigorously

for 15 minutes then the aqueous and phenol layers separated

by centri.fugating at 71000 x g for 7 ninutes at room temp-

erature. The aqueous layer was carefully removed and

re-extracted a further two times with phenol, âs above'

In most instances, the phenol and interface region result-

ing from the first extraction was re-extracted with an

equal volume of sDS solution and the resulting aqueous

phase re-extracted with phenol a further two times along
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with the aqueous phase mentioned above. RNA was precipi-

tated frorn the final aqueous phase by the addition of 2.5

volumes of ethanol-10 mM-sodium acetate, pH 6.0 and leav-

ing the solution overnight at -20"C. The precipitate

was removed by centrifugation at 30r000 x g for 30 minutes

at 2oC, dri'ed and resuspended in the appropriate buffer or

0.1 mltf EDTA.

RNA concentrations were determined spectrophoto-

metrically, assuming that one A,UO unit equals 40 ug RNA/

ml.

Gradient Analysis

Linear density gradients of either 5-20e, (w/v)

sucrose or L0-40% (w/v) sucrose in TEN buffer were prepared

using a gradient forrner. The Sucrose solutions hlere pre-

pared using stocks of 50eo (w/v) ribonuclease-free sucrose,

5 times concentrated TEN buffer and sterile glass-distilled

water. The gradients l^Iere centrifuged on either an MSE

Super Speed 65 (6 x 14 ml swing-out rotor) or a Beckman

L2658 (Sl\I41 rotor) for the times and speeds indicated in

the figure legends. AZ54 profiles l^Iere obtained using

an Isco density gradient flow cel1, and fractions were

collected either manually or by usÍng a Gilson micro-

fractionator (Gilson Medical Electronics, Inc.). RNA

samples were in TEN buffer. To check the intactness of

the RNA by the gradient method, the sanples were dissolved

in TEN buffer containing 0.2% (w/v) sDS and heated at 60oc

for 2 ninutes before loading on to gradients.
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Ge1 Electrophoresis of RNA

(a) Aqueous polyacry lamide tube gels

Aqueous (non-denaturing) gel electrophoresis in 40

nM-Tris-acetate buffer pH 7.2 containing 20 mtr{-

sodiun acetate and 2 ruM-EDTA was by the nethod of

Loening (1967) . The 3% acryLanide-0. r5% methylene-

bisacrylamide gels were cast 9 cm deep and 0 '7 cm

diarneter in perspex tubes. Tertiaty butanol was

layered oveï the gels before polynerization to

obtain a flat loading surface, and washed off with

eletrode buffer after polymerization. RNA samples

in TEN buffer were made l0% (w/v) with sucrose '

Gels l^rere pre-electrophoresed for t hour at 5 nA/

ge1, sanples (10-100 Ug RNA in 5-50 Ul) were loaded

and gels subjected to 2 to 5 hour electrophoresis at

5 rnA/gel at 4"C. RNA bands wel^e located by staining

for 30 seconds in 0.Zeo Toluidine b1ue, followed by

destaining in distilled water. Profiles were

obtained by scanning the gels at 600 nm in a Gilford

linear ge1 transPort.

(b) Formamide -po1 acty lamide sel electrophoresis

Electrophoresis of RNA in 98% formamide-0.02 M-NaC1

was by the system of staynov et al. (1972) . Gels

of 3.8% acryT"anide-0. 6% methylenebisacrylarnide were

cast 9 cm deep and 0.7 cm in diameter in perspex

tubes. Gels were carefully overl ayed with t-butanol
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to form a 1evel surface. Gels weïe pre-electro-

phoresed for 60 niinutes at 1.0 mA/gel with electrode

solutions of formamide-aqueous 1 M-NaC1 (1:0.02, by

volurne). RNA sarnples dried in vaçuq were di-ssolved

in loading solution (prepared by dissolving 0.5 g

sucrcise in 4 nl electrode buffer), heated at 60"C

for 2 minutes, cooled quickly, loaded on the gels

and electrophoresed at 1.0 nA/gel for I2-I5 hours at

room temperature. RNA bands were visualized as

above.

SDS- Poly acrylamide Ge1 Electrophoresis

The T0% acrylanide gels were prepared by the rnethod

of Weber and Osborn (1969), the gels being cast into sili-

cone- treated glass tubes , 10 cni deep ancl 0. 5 cm in dianeter.

The sarnples (antibody precipitates, 100 ug protein) were

prepared by adding 60 pl of loading buffer containing 2%

(w/v)-SDS, 25% (v/v)-glycero1, Z% (w/v) Dithiothreitol,

and 0.005% (w/v)-bromophenol blue and boiling this for 3

minutes imrnediately. Electrophoresis was carried out at

8 nA/gel for the tines indicated in the figure legends.

Staining for protein was by the method of Fairbanks et al.

(1e71).

The Wheat-Germ Amino Acid Incorporatin Sys tem

tr{heat germ extracts were prepared by a nethod based

on that of Roberts and Paterson (L973). Wheat germ was

obtained commercia1-Ty, freshly ni1led non-toasted, from
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Adelaide h'lj-lling, South Australia. 6 g Wheat germ was

ground in a chilled mortar rvith 6 g of sterilized sand and

28 ml of 20 nM-HEPES buffer, PH 7.6, containing 100 mM-

potassium chloride, 1 mM-nagnesium acetate, 2 nl¡f-calcium

chloride and 1 nl'4-dithioerythritol. The wheat germ \^/as

ground for 1 minute. The honogenate r,¡as centrifuged at

30,000 x g for 10 minutes at 2"C. The supernatant was

carefully removed, avoiding both the surface layer of fat

and the pellet. The S-30 fraction was made up'to 3.5 mM-

magnesium acetate and preincubated with 1 mM ATP (neutral-

ized), 20 pM-GTP, 2 nM-dithierythretol, 8 rnM-creatine phos-

phate and 40 ug of creatine phosphokinase per ml of homo-

genate for 15 minutes at 30"C. 10 ml of the preincubated

S-30 fraction was passed through a column (2.5 x 28 cm) of

sephaclex G-25 (course), equilibrated with 20 mM HEPES (pH

7 .6) , L?,0 nM-potassium chloride, 5 mM-rnagnesium acetate,

and 6 nM-2-nercaptoethanol at a flow Iate of 3 ml/ninute.

The peak of the turbid fraction was pooled. 0.25 nl Lots

were dispensed into vials containing liquid nitrogen and

then stored at -80oC.

Construction and Incubation of In Vitro Reaction Mixtures

The assays contained in a final volume of 50 1l1, Z0

pl-preincubated wheat germ s-30 fraction, ?0 nM-HEPES (pH

7.6)r Z nM-dithierythrytol, l nM-ATP, 20 pM-GTP, 8 mM-

creatine phosphate, 40 ug/ml of creatine phosphokinase,

25 UIrf unlabelled amino acids, 60 nM-KCl , 2.6 rnM-rnagnesium

acetate , 40 plr{-spermine, 3.6 pM-unlabe1led leucine, 2 UCi

3H-lerrcirre. These conditions gave maximurn incorporation
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of 3H-teucine into TCA-precipitable naterial in the pre-

sence of CIW-RNA (f ug). In each experiment, CMV-RNA

directcd incorporatj-on rn¡as measured to check the activity

of the particular wheat germ S-30 sarnple. Reactions were

incubated at 25"C for the tines indicated in the figure

legends.

Measurement of In Vitro Anino Acid IncorPoration

After the required incubation time, reaction tubes

were placed on ice. 1-0-20 Ul Aliquots hlere pipetted into

150 ul of cold I0% (w/v)-TCA containing 0.5% (w/v) unlabell-

ed leucine, allowed to stand for 15 minutes, centrifuged

and the supernatant discarded. 500 u1 0f 5% (w/v)-TCA

con'taining O.25% un1-abelled leucine was added, the sarnples

heated at 90oc for 15 minutes, and the pe1let washed a

further two times with the 5%-TCA solution. Fina1ly,

200 Ul of NCS solubilizer was added and the sample counted'

by liquid scintillation.

Preparation of TCA- Prec ip itates for Electrophoresis

The samples were prepared as above, except that after

washing in 5% (w/v) -TCA containing 0.1% (w/v) -unlabe1led

leucine, the pellets were further washed two tines in 2 mL

of acetone:ether (5:1), the pel1et dried thoroughly in

vacuo and then resuspended in SDS-dissociation buffer as

described belor^¡ for immunoprecipitates.
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Imnunop recipitation

The antisera were prepared by a standard nethod (as

described by.sanders , 1974) and charactetized by Ouchter-

lony irnnunodiffusion and titration experiments.

(a) Sing1e antibody proc.edure

420 pg Rabbit antiprotease gamma globulins l\rere added

to the samples on ice and incubated for 20 rninutes.

80 Units of protease hrere then added and the incu-

bation continued at 4oC overnight.

(b) lVashing of immunopreciPitates

The precipitate was removed by centrifugation at

3,000 x g for 10 minutes at 4"C. The pellet was

washed 3-4 times with ice-cold 0.9vo (w/v) NaCl in

KPO4 buffer, pH 7.0. 60 pl Of SDS buffer lZ% (w/v)-

SDS, Z% (w/v) -dithiothreitol, 25% (v/v) -glycerol

and 0.005% (w/v) -brornophenol blue in 10 mI{-NaPO4 pH

7.01 and inmediately boiled for 3-4 minutes' The

sample was then electrophoresed on sDS-acrylanide

gels as described above. A small sarnple of dis-

solved immunoprecipitate hlas dissolved in NCS-

tissue solubiTízer to estimate the radioactivity it

contained.
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RESULTS
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RESUL'IS

OSCILLATION OF APPARENT P00L 0F rnRNA FOR

EXTRACELLULAR PROTEASE

3 rI. INTRODUCTION

Product.ion of extracellular enzymes by Bacillus amy-

loliquefaciens has been studied using washed-ce11 suspen-

sions of this organism. Typically, cel1s wer.e harvested

in 1ate 1og phase of growth (approxirnately 25 hours after

inoculation) at an oDooo value of 3.6, washed twice in

medium lacking the grolvth factors Fe** and yeast extract

and finally resuspended in the same medium. The basis of

the'work to be described in this thesis is that of Both

et a1. (Tg72). This will norv be described by way of intro-

duction.

when cells are resuspended in medium containing low

concentrations of casamino acids (0.025%), protease pro-

duction is virtually linear. However, in high concentra-

tions of casamino acids (0.5%) protease production is

fepressed but the resultant curve is unusual in that enzyme

production occurs in two distinct phases, l and 2 (Fíg.3,

1). The first phase lasts approximately 60 minutes and

the second starts at about 70 minutes and proceeds lineatly

thereafter. Response to rifarnpicin is unusual in that

phase 1 is not inhibited while phase 2 is inhibited hlithin

a few nirrutes: i. e. , iÎ rifanpicin is added at zero tine

protease production continues for approximately 60 minutes,
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however, if the drug is added at 75 minutes then production

of enzyme stops alrnost immediately. Actinomycin D, another

inhibitor of transcription, but with a conpletely different

mode of action fron rifanpicin, also gives the same results.

This precludes the possibility of the results being due to

a rifarnpicin-insensitive RNA polymerase. At the leve1s of

the antibiotics used, RNA synthesis was irunediately inhibited

more than 95% and general cellular protein synthesis ceased

within a few ninutes. Two factors ruled out the possibil-

ity of the continued production of protease (in the pre-

sence of rifarnpicin) being due to release of preformed

enzyme. FirstLy, chloramphenicol prevented the rifampicin-

insensitj-ve protease production, indicating the requirement

for protein synthesis. Secondly , a1-l the protease formed

during this tine could be tcota:-iry labe1led with 14C-leucine

indicating that this production was due to de novo synthesis

of protease molecules.

To account for protease synthesis showing different

responses to inhibition of transcription in phase 1 and 2

alternative explanations have been suggested (GIenn et al',

Ig73). The stability of the nRNA rnay be modulated in some

way such that it is long-lived in phase 1 conditions and

short-lived in phase Z. Alternatively, protease production

may be limited by availability of specific translational

sites, the nRNA being in excess; in this event phase 1

synthesis of protease would be supporteti for a prolonged

period by the excess nRNA poo1. Given a sufficient excess

over translational requirements, protease synthesis could
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be supported over many half-life periods of the nRNA.

direct evidence exists for either hypothesis, nor are

mutually exclusive.

No

they

3

This chapter is concerned with further investigations

into the existence, nature and control of this proposed

rnRNA pool. The aim was to provide a means of identifying

the protease nRNA for subsequent isolation.

INITIAL APPROACH

The ultimate ain of this work was to identify and

isolate the nRNA coding for extracellular protease. It

was thought possible to isolate this RNA by direct extrac-

tion procedures because of the possible existence of a pool

of rnRNA for protease. Thus, otr analysis by polyacrylamide

ge1 electrophoresis, the nRNA rnay appear as a distinct peak

in the optical density profile of total RNA extracted from

Bacillus anyloliq uefaciens.

One means of ídentifying this nRNA peak would be to

compare the optical density profile of total RNA extracted

from ce11s naking protease nRNA with that extracted from

ce11s lacking protease nRNA. This procedure would be more

sensitive if the RNA in both situations r,rlere radioactively

1abe11ed. A suitable situation for achieving this appeared

to exist in Bacillu s arnyloliq uefaciens. High concentrations

of amino acids repress protease production (May and El1iott,

1968a). Little new protease rnRNA appears to be synthesized

when cells are resuspended in high amino acids medium,

2t



30.

r^/hereas.protease nRNA is apparently sti1l synthesized when

ce1ls are suspended in low amino acids, [The evidence

for this is that after 75 minutes incubation in high amino

acids-nediun cel1s are incapable of, further protease pro-

duction in the presence of rifampicin but are capable of

prolonged synthesis of the enzyme when the same experiment

is conducted in low amino acids (Fig. 3rI., taken fron

Both et al . , L972). This irnplies that nRNA contj-nues to

be made, thus preserving the apparent nRNA pool in low

amino acids, but that none (or very little) is made in

high amino acids thus causing decay of the pool. I The

approach was therefore to 1abe1 the RNA rnade in these two

situations, isolate and investigate the RNA using poly-

acrylarnide gel electrophoresis and a double-1abel1ing

technique. That is, RNA in the low amino acid conditions

would be 1abelled with L4C-uracil and that in phase 1 in

the high amino acids conditions with 3H-uracil. Equal

amounts of the two RNAs would then be co-electrophoresed

and, using predetermined conditions of countitg, the ge1

analysed for both 14C and 3H derived radioactivity sinul-

taneously. A peak with a higher than normal 14C/3H ratio

would indicate the position of an RNA species unique to

the low anino acid conditions, such as would be expected

of protease nRNA.

EFFECT OF AMINO ACID CONCENTRATION ON

URACIL INCORPORATION BY WASHED CELLS OF

B . AN,IYLOL I UEFAC IENS

3 t 5

The first experiment was to see whether the amino
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acid leve1 in the nedia affected 14C- or SH-uracil incor-

poration into RNA. Ten minutes after resuspension of

harvested cel1s into either high or 1ow amino acids medium,

radioactively labe11ed uracil was added and the cells incu-

bated for a further 50 minutes. The 10 minute delay before

adding the label1ed uracil was to avoid labelling any pro-

tease nRNA made before the amino acids had exerted repression.

uracil incorporation was measured by pipetting 0.1 n1

aliquots into TCA-uracil as described in Methods, Chapter

2. Uracil incorporation by cel1s was greater in high

amino acids nedium than in low (Fig. 3,2). This was true

whether 3H- or 14C-uracil was used as the radioactive label.

The labelled RNA was extracted from the above rnentioned

cells, by a nethod to be discussed in chapter 4, and ana-

lysed by poLyacrylamide ge1 electrophoresis. It appeared

from this analysis that the increased incorporation of

radioactively 1abel1ed uracil in the high amino acids

situation could be accounted for by increased production

of ribosomal RNA (Fig. 3,3). This effect is most likely

due to the fact that the high amino acids medium is an

enriched nedium for ce1ls harvested after 25 hours in

culture medium. such a "step-up" condition, as the

situation with enriched nediun is called, has been shown

to stimulate ribosonal RNA synthesis in bacteria (Neidhardt,

1e64).

May and Elliott (1968a) showed that only certain amino

acids were responsible for the repression of protease,

namely, isoleucine, proline and glutanine, whereas argin-

ine did not repress at all. It was of interest to know
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whether.protease repression and the stimulation of ribo-

somal RNA synthesiS h¡ere the same or separate nechanisms.

Cel1s were resuspended in the low amino acids (0.025%)

mediun supplenented with a high concentration (0.5%) of

the amino acid being investigated. Arginine which did

not repress protease did not stinulate ribosomal RNA prg-

duction eitheï (Fig. 314 and 5). Glutamine, or. a mixture

of isoleucine and proline did repress protease, but did

not stimulate uracil incorporation (Fig . 3,4 and 5) '

Therefore, step-up conditions were not necessary for re-

pression of protease synthesis, but a high rate of uracil

incorporation never occurred without also Tepressing pro-

tease production.

The results obtained necessitated a change of plan

for identifying the protease nRNA. The relatively sma1l

amount of radioactively labelled uracil incorporated by

cells synthesizing protease nRNA in low anino acids and

the small amount of RNA which can be loaded on to gels

during a double-1abe11ing experiment made analysis diffi-

cult.

SECOND APPROACH: THE USE OF STEP-UP

CONDITIONS TO BUILD UP A POOL OF PROTEASE

NRNA

It was thought that the step-up phenomenon could be

used to advantage in building up the apparent pool of pro-

tease rnRNA within the cells. Incubation in high amino

acids mediun stimulates ribosomal RNA production and hence

43
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cells would be expected to have a large population of

ribosomes at the end of phase 1. At this stage ce11s

would also be depleted of the protease nRNA pool which rvas

present on harvesting the cells. If the cells were then

transferred to the non-repressing 1ow amino acids medium,

production of protease would resume again. It was also

considered possible that protease would be made at a faster

rate than in harvested cells transferred directly to low

amino acids mediun because of the increase in ribosome pop-

ulation which had occurred. It was also speculated that

during this subsequent incubation in low arnino acids a pool

of protease nRNA would build up and thus provide an ideal

means for radioactively 1abe11ing the nRNA poo1.

' To test this hypothesis, cel1s hlere incubated in high

anino acids rnedium for 75 ninutes; at this stage thcy are

incapable of rifampicin-insensitive protease production.

They were then washed free of this rnedium by centrifugation

and finally resuspended in the low amino acids medium.

Protease production I^Ias rneasured by the casein assay

(Methods, Chapter 2) . The rate of protease production in

1ow amino acids was only slightly greater in cells which

had first been preincubated in high amino acids nediurn

(Fig. 3,6). Uracil incorporation (Fig. 3,7) is identical

to that in cells not first preincubated in high amino acids.

The size of the presumptive nRNA pool, âS measured

by the amount of protease produced in the presence of

rifarnpicin, was investigated. Firstly, the concentration

of rifampicin which almost completeLy inhibits total cel1-
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ular RNA and total protein synthesis, âs measured by 3U-

uracil and 14C-phu incorporation respectively, was deter-

mined (Fig. 3,8). It was found that a concentration of

0.075 ¡rg/m1 of rifanpicin inhibits ce1lular RNA synthesis

and total protein synthesis very rapidly. This amount is

different from that used by Both et aI. (T972) because the

new source of the antibiotic was found to be more effective.

The apparent protease nRNA pool size* u¡as measured

by the addition of 0.075 pg/ml of rifanpicin to ce1ls as

discussed above. When the drug was added at zeTo time,

protease synthesis stopped inmediate1-y. If,however, the

addition of rifarnpicin was delayed until 75 ninutes after

transfer to low amino acids, then protease production con-

tinued unchecked during the time it was measured (Fig. 5,

9). This situation appeared to be the reverse of that

seen in high amino acids nedium (Fig. 3,1). The experi-

ment was repeated with rifarnpicin being added at various

times between 0 and 75 minutes. The nRNA pool size

appeared to increase steadi-1y during this tine (Fig. 3,10),

in fact, the amount of protease produced in the presence

of rifarnpicin increases linearly with time of incubation

before addition of the drug (Fig . 3,I0 insert) . The pool

*Footnote: The terrns "apparent mRNA pool" or "nRNA pool
size" will be used for brevity since repe-

titive use of terms such as "rifanpi cin/ actinonycin insen-
sitive capacity for protease synthesis" becornes cumbersome.
Nevertheless, i: is áppreciated that measurement of pro-
tease produced may not necessari} b9 -a measure of nRNA
amount and the abbreviated term should be taken strictLy
to mean the longer: term above. A discussion of inter-
pretation of the work comes 1ater.
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size i^¡as measured by calculating the a¡nount of protease

produced from the time the drug is added to the tine pro-

tease production appears to plateau. It was not entirely

clear from this experiment whether the pool actually built

up gradually from zero tine or whether there was a lag of

20 minutes before the pool could be rneasured. To check

this, the nRNA pool size was measured a.t five minute inter-

vals from zero time to Z0 minutes of incubation. It was

found that the pool did indeed build up gradually during

this time (Fig. 3,11). The experirnent was then repeated

adcling rifampicin to cel1s at suitable intervals from zero

tine to 75 minutes incubation. The results from this

experiment (Fig . 3 rLZ) confirned the previous observations

that the nRNA poo1, âs measured by the amount of rifampicin-

insensitive protease produced, increased during the incu-

bation in low amino acids nedium and that this increase

was linear with time.

INITIAL RATES OF RIFAMPICIN-INSENSITIVE

PROTEASE PRODUCTION

In the above experiments when the apparent nRNA pool

was measured, a sample of ce11s was taken, rifampicin

added, and a progress curve of protease production with

time was made so as to ensure that the f,ina1 amount reached

was a true plateau level. However, âs well as yielding

information on the total amount of protease produced in

the presence of rifampicin, it also shor+ed the rate at

which the enzyme r{Ias produced. This can be seen from

Fig. 5r10, but it is more c1-early illustrated in Fig. 3,L3

5r5
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in which three progress curves from Fig. 3r10 have been

redrawn to illustrate the observation that the final amount

of protease produced is proportional to the initial rate of

protease synthesis in the presence of rifampicin. This

point is inportant in the interpretation of results in
this chapter as discussed later.

3, 6. ACCUMULATION OF APPARENT MRNA POOL IN HIGH

AMINO ACIDS MEDIIJM

It was of interest to know whether this dramatrc

increase in pool size occurred when cells h¡ere transferred

to fresh high amino acids medium after the preliminary 75

minute incubation in high amino acids rnedium. This was

not expected on the basis of the original reasoning. It

was found that the nRNA pool size, i.€., the capacity for

rifarnpicin-insensitive protease production, did increase

but at approxirnately 20% the rate observed if the cells

were transferred-to the lorv amino acids medium (Fig. 3,L4).

In fact, the nRNA pool size increased at a slow rate if

the ce1ls were allowed to remain in the original high

amino acids nedium (Fig. 3,15). Fig. 3,L6 shows a com-

parison of the rates of apparent nRNA pool increase in

these three conditions.

3r7 EFFECT OF CHLORAMPHENICOL ON PROTEASE

SYNTHESIS DEPENDENT ON THE IACQUIRED' POOL

Work now reverted back to

cells, depleted of pool in high

the situation in which

thenarnino acids were
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resuspended in low amino acids. Chloramphenicol (20 vg/

ml) imnediately inhibited the rifarnpícin-insensitive pr:o-

tease production observed after 75 minutes incubation in

the low amino acids medium (Fig. 3,77). This is consistent

with the earlier direct evidence (Both et dL., 1972) that

protease secreted from ce1ls in the presence of rifanpicin

is synthesized de novo.

3 8. EFFECT OF ACTINOIVTYCIN-D ON PROTEASE PRODUCTION

It was important to determine whether, by using actin-

omycin-D, another inhibitor of transcription, âl increase

in drug-resistant protease synthesis would also be observed.

This antibiotic prevents transcription by binding to the

guanine residues of the DNA nolecule, whereas rifanpicin

binds to the RNA polymerase nolecule inhibiting its actiotr.

The amount of *Act D, which just naxirnally inhibits total

cellular RNA and protein synthesis, was deternined in the

same manner as for rifampicin. 2.25 Ug/ml of actinomycin

D was found to be suitable (i.e., it caused 96% inhibition

of 3H-uracil incorporation into ce11s). when added at

zeTo tirne to cells transferred to low amino acids mediurn,

protease production stopped innediate1-Y, while if added

after 75 minutes incubation, protease production continued

for at least 60 ninutes (Fig. 3,L7). Thus actinonycin D

had the same effect as rifampicin. It was considered

extremely unlikely that a situation could exist in which

both the protease gene was resistant to *Act D and that a

special rífarnpicin-resistant RNA polymerase existed for

the protease gene.

*Act D = actinornycin D.

,
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3r9 EITFECT OF RIFAMPICIN ON URACIL INCORPORATION

BY TRANSFERRED CELLS

Another possible explanation for this phenomenon was

that the cells were variably resistant, Possibly due to

valying perneability to rifanpicin. To test this, rifan-

picin was added to the ce11s at various times and SH-uracil

incorporation into RNA neasured. Cells were found to be

fu1ly sensitive to rifarnpicin throughout the 75 ninute

incubation (Fig. 3r18). The unusual pattern of uracil

incorporation by control cel1s is consistently observed

when ce1ls are transferred from high amino acids mediun to

1ow amino acids mediurn. This is not ful1y understood.

A reasonable hypothesis would be that the initial rapid

rate of incorporation represents ribosomal RNA synthesis

stimulated by the high level of amino acids still in the

cell from the previous incubation. When the internal pool

of amino acids has equilibrated with the new medium, this

rapid synthesis stops, some of the RNA degrades, and then

RNA synthesis proceeds at the rate supported by the 1ow

concentration of amino acids. However, no attempt has

been made to see whether this idea has aîy experimental

bas is .

3,10 . APPAREN T nRNA POOL SIZE AFTER LONGER

INCUBATION

The amount of rifarnpicin-insensitive protease pro-

duced after 75 minutes incubation in low amino acids, as

d.escribed above, was several tines greater than that pro-
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ducecl by cel1s directly after harvesting i e. g. , 8 units/rnl

of protease compared with 60 units/ml (Fig. 3,15 and Fig.

3rI2). However, it was of interest to determine whether

the pool size could be increased further. Thus the amount

of rifanpicin-insensitive protease production was measured

at the times, 75, I20, 180, 240 and 500 minutes. The

results r^Iere very surpris ing (Fig. 3,19) . I t appeared

that the pool size increased for 75 minutes, then decreased

until 180 minutes and then increased once again. It was

also observed that the rate of protease production in con-

trol cells appeared to change at intervals. To improve

the resolution of this observation, the amount of rifanpi-

cin-insensitive protease produced between 0 and 300 minutes

incubation rnlas measured in shorter stages. The pool size

was agai-n clearly shown to be decreasing rapidly during the

time period 75 to 150 rninutes (Fig. 3,20) .

5r10.a. Effect of medium on chanse in aPparent nRNA poo 1

sLze

It was possible that this decrease I^Ias due to changes

in the nedium caused by cellular metabolisn; perhaps an

increase or decrease of Some regulatory factor had occurred.

The switch in nRNA pool from build¡up to breakdown occurred

at around 75 minutes. To test the effect of the external

medium on this, cells were incubated in the low amino acids

medium for 60 minutes, then transferred to fresh low amino

acids nediun and further incubated for 60 minutes. After

this tirne the pooL size was measured and compared to that
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in cells which had been maintained in the same mediun. It

appeared that fresh medium made no difference to the change

in pool size; in both cases the pool size decreased to the

same extent (Fig . S rZT) . The change in rate of protease

producti-on (approximately B0 rninutes after the initial

transfer to low amino acids) was also maintained in the

ce1ls which were transferred to fresh mediun at 60 minutes.

In the next experiment the change in pool .size was

determined at half-hourly intervals between zeTo and 240

minutes. However, the results were difficult to inter-

pret because of the scattering of points. It appeared

that the high background 1evel of protease in these experi-

rnents was causing this. The transfer of cells by a brief

centrifugation step to fresh 1ow amino acids mediurn irnned-

iately before rifarnpicin addition overcame this problen.

As seen from Fig. 3,2L, this procedure appeared to reduce

the nRNA pool only slightly. It was also found essential

to maintain the ce11s in one batch (500 nl) and remove a

sarnple (20 nl) of cells from this to measure the pool síze

at the appropriate times. This was to avoid the slight

scattering in pool size which occurred if cells rtlere incu-

bated in smaller batches.

Thus, using this method, the apparent nRNA pool size

(the amount of rifampicin-insensitive protease production)

was measured at half-hourly intervals from zeTo tine to

300 ninutes of incubation. In Fig. 3,ZZ are shown the

individual curves of production of protease by ce11 samples

taken at half-hourly intervals and incubated in fresh
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medium with rifarnpicin. The plateau value of enzyme pro-

duced in each case was taken as a measure of the appar-

ent protease nRNA pool size. These plateau values are

plotted in Fig. 3r23 as also is the production of protease

over the whole experiment in the absence of rifarnpicin.

It was found that the pool size increased to a maximum

value after nearly 90 minutes incubation, then followed arL

abrupt drop and thereafter the size of the pool continued

to oscillate. It perhaps should be exphasized that this

pattern has been found to be reproducible -

3,11. RATE OF CONTROL PROTEASE PRODUCTION

The rate of production of extracellular protease by

control cells in the absence of rifarnpicin appeared to be

essentially linear, but with wobbling (Fig , 3,23a) in a

manner which at first inspection was attributed to experi-

mental error. However, it appeared fron examination of

many experiments (those described here as well as sinilar

and duplicate experiments) that the line showed two slopes,

a rapid rate over the period when the nRNA pool was increas-

ing and a slower rate while it was decreasing. The point

of inflection of these two tates corresponded to the time

at which the change from increase in pool size to decrease,

or vice-versa, appeared to have occurred. From Fig. 3r2I

it was seen that even on transferring cells to fresh mediun

this pattern was maintained.
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3,r2. DI SCUSS ION

The results in this chapter rather clearly confirm

that the synthesis of extracellular protease by Baci 1 lus

anyloliquefaciens is a system whose response to inhibitors
of transcription is very unusual when compared with other

prokaryote systems. Previously, Both et al. (1972) had

observed that washed cells of B.arnyloliquefaciens are

capable of synthesízing extracellular protease de novo in

the presence of transcriptional inhibitors. It was also

shown (May and E11iott, 19ó8a) that high concentrations of

amino acids repress protease synthesis while low concen-

trations do not. The data here show that preliminary

incubation of harvested cel1s in a high amino acids medium

exhausts their capacity for rifampicin-insensitive protease

production and that when transferred to a low amino acids

nediun the ce11s rapidly regain this capacity. The maxi-

mum capacity achieved is several tines greater than that

seen in the same ce1ls directly after harvesting from

culture medium. The observed increase in capacity for

rifarnpicin-insensitive protease production is not due to

increasing ce1lu1ar resistance to rifarnpicin nor to the

development of a specific resistant polymerase since actin-

ornycin D gives identical results.

There appears to be no known precedent in bacteria

for the progressive insensitivity of protease synthesis to

transcriptional inhibitors. Two explanations are possible.

As proposed by Both et al. (1972), a pool of nRNA could be
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built up during transcription and this pool then supports

translation in the presence of the transcriptional inhi-

bitors rifanpicin, oI actinornycin D. If this nRNA iltlere

short-1ived, large amounts would be required to support the

prolonged protease synthesis, but if it were stabil-ized

the required reserve would be sma1ler. An alternative

to a pool of nRNA is nodulation of its stability. Thus

at the beginning of incubation in low amino acids the nRNA

for protease would be unstable. Then, during the incu-

bation it would become progressively more stable. In this

situation, however, âS the new nRNA synthesized became more

stable, the amount of nRNA in the cell would increase if

transcription remained unchanged. Thus, the rate of

protease synthesis would continually increase. This does

not happen. To avoid returning to the concept of nRNA

forrning a reserve poo1, it is necessary to add to this

hypothesis a mechanism for rnaintaining the absolute amount

of nRNA constant. This hypothesis also requires that in

high amino acids the nRNA becomes unstable and then regains

its stability in phase z. However, it is known (Both et

ãL., LgTz) that for aîy given 'pool' the synthesis in the

presence of rifampicin is the same in both high and low

arnino acids. Thus the effect of the amino acids must be

considered secondary. This hypothesis also requires that

the nRNA stabilitY oscillates.

nRNA

it is

considering all of this, the idea of a pool of excess

appears at present to be a more likely one' However'

to be noted that as yet no definitive evidence is
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avail.ab'le for discriminating between the two hypotheses.

Indeed, they need not be entirely mutually exclusive.

The observation was made in this work that over a

period of time the capacity for rifampicin-insensitive

protease production oscillates. This again appears to be

an unprecedented situation and in the face of its surpris-

ing nature the reproducibility of the phenomenon is stressed.

In such a situation a speculative hypothesis is perhaps

more useful than none at alT and the following model is

suggested on the basis of this philosophy.

The original model of Both et a1. was that protease

nRNA was transcribed at the chromosomal gene from where it

was released into the cytoplasm with no or only incomplete

translation. This is in complete contrast to what is

considered normal for a prokaryotic system, such as the

lac operon, where translation and transcription occur at

the genome virtually simultaneously. The biological

rationale for the proposition above was that protease may

be synthes ized at the nenbrane and directly extruded to

the external medium. This provided an answeT to the major

question of how potentially lethal enzymes such as extra-

ce1lular ribonuclease and protease could be synthesized

with immunity by these ceIls. Protease synthesis at the

cell membrane meant the nRNA may have to diffuse through

the cytoplasn from genome to membrane in a non-translated

or incompletely translated form. This concept provided

a rationale for the existence of a pool of nRNA. If the

translational sites (at the menbrane or prior) for protease
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were linited and transcription off the protease gene lvas

nevertheless rapid, then a pool of nRNA rnight accumulate '

The results presented in Fig. 3,10 would appear to support

this view. Here it is shown that the size of the apparent

mRNA pool increases with time after the transfer of cel1s

fron high to 1ow amino acids medium. During this increase

the rate of protease synthesis is essentiaLly linear' (0r

to be clear on this point, the rate of synthesis does not

increase in concert with the apparent nRNA pool increase ' )

Now if this apparent pool increase is due to an increase

in amount of available nRNA, then it seems Ieasonable to

conclude that the translation of the nRNA is liniting'

Thus the concept arrived al is that of a pool of excess

nRNA in effect, queuing up for translational sites. \

The next aspect to be discussed is the observed

oscillating nature of the apparent nRNA pool ' This plre-

nomenon appears to be a very remarkable one, but a biolo-

gical rationale i.s at least possible on the basis of the

nRNA pool concept. If it can be assumed that the cell

produces nRNA which nigrates to the membrane for transla-

tion, then it also becomes reasonable that a control mech-

anism should exist to ensure that the arnount of nRNA is

a110wed neither to exceed a maximum linit nor to fall

below a minimum value required for continuous protease

production.Thusitcanbepostulatedthatthecell

switches on trarrscription when pool rnRNA levels aTe low,

but after a certain concentration of mRNA builds up within

the cel1, transcription is stopped and protease synthesis
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tcoastsr on the reserve of nRNA until this reaches a low

level when the cycle is started again. It is not

necessarily envisaged that transcription stops entirely,

but rather may be considerably reduced. The observation,

that the rate of decrease of the apparent pool of nRNA is

linear (e,g., Fig. 3,20b) conpared with the decay of the

nRNA pool in the presence of rifarnpicin which is exponential,

suggests this.

The size of the peaks of nRNA pool size during the

oscillations appear to decline and build up mole slowly

with tirne (Fig . 3,23) . This could be due to the fact

that the transfer procedure the cel1s have undergone

synchronizes them and this synchrony is gradually lost. 
_

As there is 1itt1e cell growth in the nediun (approx-

irnately 6% during the Lz hour incubation) the oscillations

could not directly correspond with phases of the ce1l growth

cycle which would be pelhaps the most obvious explanation

of the observation.

so far the discussion on the oscillations have lead

to the concePt shown in diagran 1.

Gene protease nRNA Protease

Diagrarn 1

Diagram 1 illustrates the feedback control systern

so far described.
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3uLZ.a. THE INITIAL RATE PARADOX

So lar this discussion has dealt with the sintplest

interpretation for the accumulation of the nRNA pool.

Thus to summarize the argument so lat - the apparent nRNA

pool can vary enormously; for example, at 75 minutes in

low amino acids medium it is approxirnately five times

larger than at 15 minutes. It is also clear that the

rate of protease synthesis does not increase five-fo1d

over the Same tine period. Hence, the conclusion is formed

that translation is liniting. This deduction seems to be

a simple and self-evident one. However, careful analysis

of the same results referred to above leads to a Very

paradoxical situation. From the progress curves of rifam-

picin-insensitive protease production (Fig' 3,13) it can

be seen that the initial rates of protease production aÏe

proportional to the total size of the apparent nRNA pool

(the total amount of rifampicin-insensitive protease pro-

duced) . The conclusion from this, also apparently sinple

and self-evident, is that the nRNA itself is the liniting

factor, not the translation of it. This appears to be a

direct contradiction of the conclusion above, that nRNA is

not lirniting, but rather translation is '

It seems irnpossible to recortcile these contradictory

conclusions without involving a second forrn of the protease

nRNA, a reserve form, which constitutes the pool of nRNA'

The reserve nRNA is in a non-translatable form that can be

converted to the translatable form. If the reserve is

stab iLized, smaller quantities of RNA would be involved
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than if it were not.

i.e., nRNA reserve
non- translatable

nRNA ----+ protease

It is necessary to add the following conditions to the

hypothes is :

(1) that

slow

and

the conversion of reserve

so that rnRNA availabilitY

to nRNA is relatively

stil1 limits protease,

(z) that on conversion the amount of translatable nRNA

in the cel1 is proportional to the total arnount of

reserve.

This latter point is necessary to explain the observation,

rnentioned above (Fig. 3,13) that the initial rate of rifan-

picin-insensitive protease production is proportional to

the total reserve.

In considering the relationship of transcription to

the two forms of nRNA, three possibilities rnay be consid-

ered:

(1) nRNA may be produced directly, a proportion is con-

verted to reserve, the rest imnediately translated.

i. e. , Gene protease

(z) reserve nRNA rnay be the form transcribed such that,

Gene 

-> 

reserve 

-> 

nRNA protease
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(3) both forms maY be

nRNA
+

Gene

transc,ribed,

pro teas e

I
I

TCSCTVE(single or
two genes)

0f these, scheme (2) seems unlikely since in this case the

amount of translatable nRNA, and hence the rate of pro-

tease synthesis, would be seen to be proportional to the

reserve in the absence of rifarnpicin as well as in its

presence and this was shown not to be So. There seems to

be 1ittle evidence to decide between (1) and (3) and either

of these hypotheses would appear to fit the observed facts

at present.

Thus f.at the theory is as follows: when transcription

occurs nRNA is directly procluced for immediate transl.ation

and at the same tine reserve builds up without altering

drastica]'Ly the rate of portease synthesis. I\rhen the

reserve has reached a maximum sl_ze transcription from the

protease gene(s) is considerably reduced and the 1'eserve

becomes depleted by slow conversion to the translatable

form. The 1eve1 of nRNA available for translation, which

results from these processes, may be less than when trans-

cription is rapid and thus give rise to the different rates

of protease synthesis observed in the two situations ' In

the case of transcription being stopped by rifanpícin, the

amount of translatable nRNA, and thus of protease synthesis,

is directly proportional to the size of the reserve.

This theory then also accommodates the observation that at

maxirnum reserve the rate of rifampicin-insensitive protease
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production can be greater than the rate in the absence of

the drug.

3,T2.b. POSSIBLE CONTROL MECHANISMS

The question now arises as to how the above schemes

fit the apparent oscillatory control and the amino acid

repression of protease synthesis.

To explain the oscillations,
the reserve messenger night exist.

irnplication of favour) that scheme

a feedback control fron

Supposing (without

(1) operates.

Gene nRNA

1tIt
reserve

protease

If the reserve form controlled transcription, such that

when the ce1ls were replete with reserve transcription

was dramaticalTy reduced, and vice-versa when reserve I^Ias

very 1ow, then the oscillations would automatical1-y result.

But it should be pointed out that from the data presently

avatlable it nust be concluded that only the maximum

reserve is able to turn off transcription (and a1so, only

very high levels of amino acids). If this were not so

then the oscillations would not occur. (It is noted that

in high amino acids (Fig . 3 rL4) the reserve continues to

build up slowly such that even after 180 minutes the pool

has not reached a maximum size and oscil-lations have not

occurred.) However, it is quite possible that some other

factor (e.g., arl amino acid or protein) is primarily res-



51.

ponsible for

available to

producing

expand on

these oscillations, but data is not

this point.

It is .still necessary to consider control by amino

acids. High levels of amino acids repress protease pro-

duction and low levels appear to stinulate. Incubation

in high amino acids causes the reserve pool of nRNA to be

depl.eted (Fig. 3,L). Anino acids appear to act at the

leve1 of transcription.

Gene proteas eNAnR I

1lr*
Te s erve

am]-no acids

Thus it is proposed that dual control of protease gene

transcription, by amino acids and reserve, exists. This

hypothesis would accoÍtmodate phase 2 synthesis, a pheno-

menon previously difficult to explain. As shown in

Fig. 3rI , when cells are suspended in high amino acids

mediun, phase 2 synthesis (dependent on nRNA reserve)

terminates but almost immediately a new phase 2 of. syn-

thesis occurs, dependent on transcription. When this

spontaneous derepression occurs the medium is still rich

in amino acids. The dual control hypothesis would explain

this phenomenon since the cel1s would be exhausted of nRNA

at this tinte and hence repression would be partiaLLy lifted.

It was shcwn (Fig. 3,15) that a reserve pool agalrL

builds up in phase 2 of. synthesis. This, of course, is

accommodated in the hypothesis above. But the point of

interest is that both the rate of pool build-up and that
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of protease synthesis is slow and certainly slower than if

the cells had been transferred to low antino acids medium

(Fig. 3,16). High amino acids are not directly repressing

the rate of protease translation since it is quite clear

(Fig. 3,L) that the initial rate of protease synthesis in

phase I is faster than that observed in phase 2. High

amino acids are thus sti11 repressing nRNA synthesis.

The conclusion that this leads to is that nRNA appears to

be the liniting factor and that the amount of rêserve that

builds up is dependent directly on transcription and does

not build up as a result of lirniting translation. A

further observation which also supports this view is the

following: it was noted that after transfer of cells from

high to low amino acids nedium the size of the reserve

which built up varied from one experinent to another, and

this appeared to be related to the arnount of protease pro-

duced by control ce11s during the same time period. When

the Tate of portease synthesis by control cells in these

Various experiments was calculated, and compared to the

tate of apparent pool increase over the same time period

(0-75 minutes), the two r,rlere found to vary in concert

(Table 3,1). This again suggests that transcription off

the protease gene is the lirniting factor in protease syn-

thesis and reserve formation. If translation ttlere the

limiting factor, then perhaps it could be expected that if

the rate of translation rtlere reduced (relative to the rate

of transcription) that the rate of reserve build-up would

increase.
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It is interesting to note that a sinilar conclusion

Ì\ras reached by Priest (L977) after considering the following

published experiments. The level of extracellular cx-

amylase of B.subtilis Marburg was increased five-fold by

introduction of the a:nyR marker f::om B.natto LZIT through

transfornation (Yamaguchi s! al., L974)- AmyR appeared

to be a promotor region controlling the rate of amylase

transcription. Thus a greater yield of amylase was

obtained as a result of an increased rate of transcription.

This sugg ests that in B.subtilis Marbur g the rate of cr-

amylase synthesis is not principally lirnited by the avail-

ability of translation sites but by the rate of transcrip-

tion. A sinilar experiment (Uehara et ãL., L974) in-

volving B.subtilis 6160 and indicated thatthe rate of neutral

protease synthesis by this organism I\Ias controlled by a

specific genetic regulatory elenent.

Thus , ãLthough it was originally envisaged that the

apparent nRNA pogl built up because translational sites

were limiting, it now seems that this may not be the case.

Indeed, it is not necessary to propose that the extra-

ce1lu1ar protease is translated on mernbrane-bound ribosomes.

Thus many questions now arise: what causes formation of

the reserve nRNA, is it a result of post-transcriptional

nodification, oT does the gene produce two forms of nRNA,

perhaps of different lengths? What controls the rate of

mRNA fornation -[rom reserve, and how is this conversion

related to controls at the transcriptional 1eve1? While

it is possible to continue speculating, it seems fruitless

to do so until more infornation is available. It must be
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strongly enphasized that the above hypotheses are specu-

lative, there is no direct evidence for then, they are

simply offered in the spirit that, notwithstanding the

surprising nature of the observations, they nonetheless

may be amenable to molecular explanations.

3,\2 . c. CRITICISI\4S OF THE NRNA POOL CONCEPT IN

THE LITERATURE

While this work was in progress two papers by Brown

and Coleman (1975a, 1975b) rejected the concept of a mRNA

pool as put forward by Both et aL. (L972) , and a later

paper (Coleman and Brown, 1975) continued this criticisn.

It should perhaps be pointed out that their statement that

they were unable to confirm the results of Both et al.

meant, in f.act, that they disagreed with the latter grouprs

conclusions since they neither repeated nor challenged the

experimental work. In all experiments the authors appear

to have used growing ce1ls, but have not taken the increase

in ce11 population into account when analysing their

results.

There are two major areas of disagreement:

I They clained that although rifampicin totally inhi-

bits ce1lular protein nRNA synthesis, exoenzyme nRNA

synthesis is inhibited by only 502. They suggest

that the continued protease synthesis in the presence

of rif arnpicin is s irnply due to this res istance .

However, they do not comment on the observation of
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II.

Iloth et al. (1972) that actinomycin D gives identical

results to rifampicin, and also, that in eatly phase

2 of protease synthesis cells have regained conplete

sensitivity to rifanpicin. Priest (L977), in a

review of the extracellular enzyme fie1d, also

criticises the lack of reference to this supportive

evidence.

They concluded that exoenzyme synthesis does not

occur during exponential phase of growth but is

apparently switched on at the beginning of station-

ary phase. This observation has been the basis of

both their own control nodels and their criticisms

of those of Both et a1. However, it is poss,ible

that the direct comparison of a semi-1og plot of

growth of the organism (dry rveight) with a linear

plot of enzyme production (not corrected for ce11

increase) has led to the erroneous assumption that

exoenzyme synthesis is switched on in stationary

phase (colenan, 1967). The results fron this lab-

oratory show a paral1el formation of protease pro-

duction and ce1l growth when both are plotted on a

logarithnic scale, that is, enzyme produced per dry

weight of ce1ls is linear with tine '

To illustrate this point, Fig . 3,24 has been IepIo-

duced from coleman (1967). If the rate of protease

synthesis from l-8-20 hours (1og phase cel1s) is

extrapolated the slope shows a tate of 35 units/hour.

The dry weight at 19 hours is 0.24 rng/rnl, so that
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the rate/mg dry rveight = 145 units /hour/mg dry

weight. If the cell density and slope of the line

at 20 hours only is used a figure of L42 units/hour/

mg dry rueight is arrived at. Now consider cells at

28 hours (stationary phase). The slope of the

line at 28 hours = 250 units/hour. The cel1 den-

sity at 28 hours = 2.0 mg/nl. Therefore, the rate

of protease synthesis per ng of dry weight = L25

units/hour. From this it would appear that 1og

phase cells are at least as active, if not more

active, in protease production than stationary phase

cel1s.

Thus the statement that exoenzyme forrnation in

B. amy loliquefaciens is t'a process which occurs almost

exclusively in the post-exponential phase of the growth

cycle" seems unjustified from the authorts own data.

In the two J. Mol. Bio1. papers, Brown and Coleman

dismissed both the idea of a stable nRNA or a pool of nRNA

for extracelluLar enzymes. They shorued that exoprotein

nRNA had a normal short half-life of from 4.5 to 6 minutes,

thus ruling out the possibility of a stable exoenzyme nRNA.

Then, having made the assumption that rnRNA for both the

ce1lular and extracellular proteins were translated with

equal efficiency during the growth cycle and that there-

fore the relative amounts of the two sets of nRNAs would

be equal to the relative rates of protein synthesis of

these fractions, they showed that the amount of exoprotein

rnRNA increased in stationary phase until it equalled 50%
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of total nRNA. At the same tirne their hybridization

studies showed that in stationary phase no one species of

mRNA predominated and therefore the idea of a pool of nRNA

need not be invol<ed. The authors apparently do not see

these two results as being contradictory. The situation

may be unfortunate as the authors themselves recognised

that the interpretation of their hybridizatíon data relied

on there being no significant amount of exoprotein nRNA

present in exponential phase ce11s, i.e., that s'uch cells

do not produce extracellular enzymes. As illustrated

above, their assumption that exoprotein nRNA is not rnade

in exponential phase is, so far as can be judged from

their published data, erroneously based.

Against these criticisms other reports have appeared

in the literature supporting the view that the existence

of a pool of nRNA for extracellular enzymes nay be a gen-

eral phenomenon associated with extracellular enzyme Syn-

thesis. These are summarised below.

Gould et al-. (1973) showed that the existence of an

apparent pool of nRNA in Bacillus amyloliquefaciens

was not peculiar to protease but extended to extra-

cellular o-amylase and ribonuclease as we11.

Sênets et a1-. (L973) on investigating extracellular

protease production bY Bacillus subtilis 168 found

that the pattern of response was qualitatively simi-

lar to that observed in B.arnY

tically distinct organism.

1 o I iq ue fac iens a gene-
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Boethling (1975) showed that de novo synthesis of

extracellular protease by Pseudomonas ma1 tophi 1 ia

could be supported for at least 30 rninutes in the

presence of the transcriptional inhibitor, rifarnycin-

sv, although the ce1ls \^rere fu1ly sensitive to this

drug.

A sinilar phenomenon was reported by stinson and

Merrick (I974) to exist for poly-ß-hydroxybutyrate

depolymerase secretion bY Pseudomonas lemoisnei.

The results of studies by Priest (1975) showed the

characteristics of o-amylase secretion by washed

cells of Bacillus subtilis Bz0 to be essentially the

same as that described by Gould et aT, (1973) for

B. amy loliquefaciens. oú-Anylase production was bi-

phasic [in rnuch the same fashion as is protease p1o-

duction described by Both et al. (1972)1, phase 1

being sensitive to rifarnpicin while phase Z was not.

Priest concluded that phase 1 synthesis corresponded

to the translation of an existing nRNA pool and

phase 2 to the resumption of coupled transcription

and translation.

Kinoshita et al. (1968) showed that while RNA syn-

thesis was completely stopped by uracil starvation

of a uracil-negative rnutant of B.subtilis K463, o,-

amylase synthesis nevertheless cortinued for a con-

siderable period.
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3 ,r2 .d. CONCLUS TONS IN THIS CHAPTER

The work here

logy of protease syn

cannot be exPlained

clearly shows that the molecular bio-

thesis by Bacillur amy 1o 1 iq ue fac iens

by conventional prokaryote rnechanisms '

The work is compatible with a reserve pool of rnRNA

whose synthesis is controlled in an unprecedented way such

as to give oscillations of the poo1. The work of cole-

manfs group does not constitute a valid objection to the

concept.

It is also self-evident that the tentative conclusions

the da19a point to ane somewhat remarkable and thus can

never be finally accepted on the basis of indirect evidence

ofthetypeobtainedsorar.Theonlywaytlrehypotheses

developed can be verified or rejected is to actually iso-

late the proposed pool of rnRNA. The remainder of this

thesis is concerned with this '



FIGURE 3,T. EFFECT OF RIFAMPICIN ADDITION AT ZERO AND

75 MINUTES ON PROTEASE PRODUCTION BY

WASHED CELLS OF B.AMYLOLIQ UEFACIENS IN THE

PRESENCE OF LOI\I ANÐ HIGH AMINO ACID LEVELS

This fugure is reproduced from Both et aT. (L972) , p.2I2'

added at zero and 75 minutes t
cel1s. I rnl SanPles \^/ere tak
supernatants assaYed for Prote
in Chapter Z.

nn of 3.6, washed twice and
ðñsity in either low
no acids medium and incu-

-¡ 
-l-

-o 
-o-

-6-Â-

-o 
-o-

-Et 
-tr- 

,

low casamino acids, ro addition of drug'

high casamino acids, lo addition of drug'

high casamino acids t r\fanpicin "d1:9^?t 
zero

niñutes. An identical cuive was obtained in
low casamino acids nediun'

high casamino acids, rifampicin added at 75

minutes.

1ow casamino acids, rifarnpicin added at 75

minutes.

The arrows indicate time of rifanpicin addition'
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FIGI.IRE 3.2.

-O-o- , high arnino acids.

..o.....o.. , low amino acids.

EFFECT OF AMINO ACID CONCENTRATION ON 3H-

URACIL INCORPORATION BY WASHED CELLS OF

B . AMYLOL IQUEFACI ENS .

Cells were harvested at an OD6gg of 3;6, lvashgd. twice
;;e-ieiuspended to the same cðii density -in either high
iO.SZl or'1or (0.025%) casamino acids medium and incu-
Èaiea'with shaÈing at 30oC. At zero tirne , L-.6 fcl of
3H:;;";;i--triiðã. ã.t. L7c/mmo1e) and 20 us of-unlabe11ed

"i"ðii wèrò ä¿ae¿ to a 2 mL cell sanple. 0.1 n1 Samples
were taken 

"ttã- 
áisayea for radioactivity as described in

Chapter Z.
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FIGURE 3,3. CO}4PAR ISON OF B.AMYLOLIQUEFACIENS TOTAL

CELLUI,AR RNA LABELLED IVITFI RADIOACTIVE

URACIL DURING INCUBATION IN LOW OR HIGH

CASAI"IINO ACIDS MEDIUT{.

C

r
u
5
1
a

5
0
S

e11
adi
TAC

mln
s%

Ge1
acti vity as described in ChaPter 2 '

m
m
d
u
p

except that
either JH-
spec. act.

1) was added
was extracted
urther 50
phoresed on
gel . I mrn

d for radio-

a) Hieh casarnino acids medium

, OD Profile of total cellular RNA'

r-.----.-- , t"-uracil incorporated into RNA'

b) Low ca samino acids medium

0D profile of total cel1ular RNA'

14C-uracil incorporated into RNA'

,

-ra-r--a-- ,

Similar results were obtained when the radioactive 1abe1s
hrere reversed.
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FIGURE 3 4

Ce11s tt¡ere harvested
and resuspended to t
high (0.5%) or low c
wittr either G1u (0.5
shaking at 30"C. 1

and the supernatants
described in ChaPter

-o--o-
_ o_o-
r ¡A '. ¡ rA¡ r

r.[ooror[oo

?

EFFECT OF HIGH CONCENTRATIONS OF GLU OR

ARG ON PROTEASE PRODUCTION BY WASHED CELLS

OF B.AMYLOLIQUEFACIENS .

high casamino acids.

low casamino acids.

low casamino acids Plus 0.5%

low casartino acids Plus 0.5%

(w/v)

(w/v)

Arg.

G1u.

A mixture of lleu and Pro (0.25% each) gave sinilar
results to G1u.



60

20 40 60
Time (min )

Fig 3,4

0 t00 120

50

ø
+a

40

0

ct

ù.

F(,
o

3

o20
]t
o
o
+a
o
L
o-10

0

aa

ao I
f

I
f

a ,o ,a
a t,,ta ,a

a I
a

a
,o

a / a
aa

a
O

ê'a a
a

a
a roa a

a o!

a

a
a

a
a

a

a
a

.d

a

taa

a t'

aa
¡o

aaa
a

ao
I

att'

a
a

l.:.1í

,,

ñ.:.1."1"'*



FIGURE 3 5

- o-o-
-o-- o-
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.; lþ....l\r.

escribed in Fig.
.4 uc of 3H-uráci
f unlabelled urac
tion. 0.1 m1 Sa
tivity as describ

4. To a
(spec. act.
hras added al

1es were taken
in Chapter 2.

EFFECT OF HIGH CONCENTRATION OF GLU OR ARG

ON 3H-URRCII, INCORPORATION BY WASHED CELLS

OF B . ANfYLOLI UEFACIENS.

Ce11s r^Iere treated as d 3,
1
i1
mp
ed

,

high casamino acids.

low casamino acids.

1ow casamino acids Plus 0.5%

low casanino acids Plus 0.5%

(w/v) Arg.

(w/v) Glu.
t

T00% incorporation was 27 1000 c'p'm'
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FIGURE 3 6 COMPARISON OF RATES OF PROTEASE PRODUCTION

BY I\IASHED CELLS OF B.ANIYLOLIQUEFACIENS IN

LOW OR HIGH CASA},IINO ACIDS, AND AFTER

TRANSFER FRON{ HIGH TO LOW CASAMINO ACIDS.

Ce11s were h
resuspended
or loiv (0.02
shaking at 3
amino acids,
wa.shed twice
and incubati
centrifuged,

arve
tot

sted at an OD6gg of 3.6, washed twice and
he same cell density in either high (0.5%)
casamino acids nedium and incubated with

After 7S minutes incubation in high
anple of ce11s (40 m1) was centrifuged,
resuspended in low casamino acids medium

ontinued. 1.0 nl Samples were taken,
the supernatants assayed for protease

s%)
00c.

AS
and

onc
and

activity as described in Chapter 2.

- e-c-
-e--o-
..^... '.a' .

, high casamino acids.

, low casamino acids.

, low casamino acids after transfer from high
casarnino acids .
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FIGURE s,7. EFFECT 0N SH-uRRctl, INCORPoRATION oF TRANS-

FER OF B.AMYLOLIQUEFACIENS CELLS FROM HIGH

TO LOI\I CASAN'IINO AC]DS MEDIUM.

continued as described.
0.1 m1 Sarnples were taken and assayed for radioactivity
as describèd in ChaPter Z.

-o-o-
-o- - o-
..4..'.a..

, high casamino acids.

, 1ow casamino acids.

, 1oy casamino acids after transfer from high
am]-no ac10s.
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FIGI]RE 3,8.

a)

b)

Ce11s were incub
nresence of 0. B

il C/mnole) and
zero time 0. 0 75
a sample of ce1l
taken and assaye
in Chapter Z.

- o-0-
-o--o-

-o -e-
-o- - o"

d with sh
/nL of 3¡1

uglml unl
n1 of rif
3 nl).
or radioa

at 30oC in the
1 (spec. act.
d uracil. At
n hias added to

Samples were
y as described

EFFECT OF RIFAMPICIN ON GENERAL PIìOTEIN

AND RNA SYNTHESIS BY WASHED CELLS OF

B . AMYLOL IQTIEFAC I EN S .

Cells l{Iere harvested at an OD

resuspended to the same cell
c as arnino aci ds me diuln.

f 3.6, washed twice a.nd
ty in high (0.s%)0o

ns1
60
de

ate
uci
10
vs/
s(
df

ak ing
- uraci
ab e 11e
ampici
0.1 nl
ctivit

no addition of drug.

rifanpicin (0.075 ug/nl) added at zero
time.

no addition of drug.

rifarnpicin (0.075 ug/ml) added at zero
tine.

100% incorporation was 7 ,500 c 'p 'n'

,

100% incorporation was 28,500 cp'm'

Ce11s were incubated in the presencg of 0'5 uc/nl
;i^Î+c-prrð Gp;¿. act . 460 nè/mmole) ._ _ Rifarnpicin
iõ.ozi uÈlni)^was added to a-sample^(3 nl) of
ih"r" ceIls at zero tine. 0.1 n1 Samples were
taken and assayed for radioactivity as described
in Chapter Z,
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FI GURE 3 ,9 .

B. 1o 1i uefaciens ce11s were harves

EFFECT ON PROTEASE PRODUCTION OF RIFAMPICIN

ADDITION TO CELLS AT ZERO AND 75 MINUTES

AFTER TRANSFER FROM HIGH TO LOI{ AMINO ACIDS

MEDIIJM.

in
,
h igh casami

shaking for 75 minutes. Cells
washed twice and resusPended to
in low casamino acids and furthe
(0.075 ug/nl) was added to a sample (

zero and- 75 minutes after resuspensio

was e tw lce an
no aci

d resuspende
ds mediun an

ted at an 0D666 of
the same cel1 density
ubated at 30oC with
then centrifuged,
riginal ce11 density
ubated. Rifanpicin
40 rnl) of cells at
n to low amino acids.
and the supernatants
ribed in Chapter 2.

dto
d inc
were
the o
r inc

1 n1 Sant
assayed

p1e
for

s were taken, centrífuged
protease activitY as desc

, ro addition of drug.

, Tifampicin adde d at zero time.

, rifanpicin added at 75 ninutes.

All curves aTe of protease production in 1ow amino acids
medium.

- o-o-
..o... ,.o'.

-a - - --a-

Arrows indicate the tine of rifarnpicin addition.
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FIGURE 3,10.

B.a 1o 1í uefaciens
, excep at

ad ed at zero, Z0 4,
dproduction assaye a

Main fisure

All curves
mediurn.

EFFECT OF RIFAI\{PICIN ADDITION AT VARIOUS

T.I},IES ON PROTEASE PRODUCTION BY CELLS

TRANSFERRED FROM HIGH TO LOW AMINO ACIDS

MEDIUM.

g
d

ce11s were prepared as described in
rifanpicin (0.075 ug/rnl) was now

5, 60 and 75 minutes and Protease
s described.

ar.e of protease activity in 1ow amino acids

-C -O- 
, oo addition of drug.

The remaining curves are of
rifampicin lvas added at the

-o 
-o- 

, zeTo minutes.

-À---^- , 20 minutes.

-^----^' , 45 minutes.

-¡---¡- , 60 minutes.

--o----o-- , 75 ninutes.

protease production after
following times:

The arrows indicate the time of rifarnpicin addition.

INSERT

rotease pro-
rifanpicinEach point ïepresents t!" final amount of p-

duced^ (plateair leve1) after the addition of
at the times indicated.
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FIGURE 3,LI .

B. am 1o 1i ue faciens
19. excep t

at zero, 5, 10, 15
measured as describ

cel1s were prepared
t rifanpicin (0.075 u
and 20 minutes and Pr
ed.

described in
n1) was added
ease production

EFFECT OF RIFAIVIPICIN ADDITION AT TIT,IES FROM

ZERO TO 2A N{INUTES ON PROTEASE PRODUCT'ION

BY CEI,LS TRANSFERRED FROM HIGH TO LOW

AMINO ACIDS l'lEDIUM.

AS

s/
ot

Main fisure

All curves are of protease production in low amino acids
medium.

-e 
-O- 

, ûo addition of drug.

The renaining curves are of protease production after
rifampicin wãs added at the follorving times:

-O-O- , zero minutes.

-a--{- , 5 minutes.

--^----^-- , 10 minutes.

-l-E- , 15 ninutes.

-EI- - -c- , 20 minutes.

Arrows indi cate the times of rifampicin addition.

INSERT

Each point repïesents t!" total amount of p^rote-ase-pro-
ãüãã¿'¡prateair 1eve1) af ter the addition of rifarnpicin
at the tines indicated.
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FIGURE 3 t2. EFFECT OF RIFAMPICIN ADDITION AT TIMES

FR.OM ZERO TO 75 MINUTES ON PROTEASE PRO-

DUCTION BY CELLS TRANSFERRED FROT{ FIIGH TO

LOW AT,ÍINO ACIDS }"IEDIUM.

This experiment is essentiaLLy the same as that described
in Fig.- 3 ,L0 except that rif ampicin (0. 0 i5 uglrnl) rvas
added-at zetor 5,10, 20r 45, 60 and 75 minutes and the
subsequent protease production measured as described.

Main figure

All curves are of protease production in low amino acids
medium.

-c-O- , ûo addition of drug.

The renaining curves are
rifarnpicin was added at t

protease production affer
following times:

of
he

-o 
-o- 

,

. .¡\.. . .^'. t

-a--^-- ,

t...'.t.. ,

-{-{¡-,

v.. v

--9----V-- r

zero minutes.

5 minutes.

10 minutes.

20 minutes.

45 minutes.

60 minutes.

75 minutes.

INSERT

Each point represents the total amount of prole_ase.pro-
duced- (plateau leve1) after the addition of rifampicin
at the times indicated.
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FIGURE 3 13. PROGRESS CURVES OF PROTEASE PRODUCTION IN

THE PRESENCE OF RIFAMPICIN.

These three grap
protease Product
was added to cel
minutes (-¡ 

-¡-

hs were taken frorn Fig.
ion in the Presence of T

ls at 20 (--r-----r--), 45

).

3.10. TheY show
ifampicin which
(-^---^-) and 60

The curves were adjusted to zeTo by subtracting-the amount

ôi-piót"ur" ptãt";t i" the_ supernatant. at the tine of
iirãÃpi¿i;-r¿ãitiott from the èubsequent amount of protease
produced.
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FIGURE 3 L4.

B. am 1o 1i
, was e tw ce and resuspende

EFFECT OF RIFAMP]CIN ADDITION AT VARIOUS

TIMES ON PROTEASE PRODUCTION BY CELLS

TRANSFERRED FROM HIGH TO FRESH HIGH AMINO

ACIDS MEDIUM.

uefaciens cel1s were harvested at an ODOO

to the same cell 0
d

of
ens ity

in high casamino acids mediun an
shaking for 75 minutes. Cel1s
washed twice and resuspended to

h amino acids medium
0.075 pg/rnl) rvas adde
o, 30, 90, 7.20r 150 a
taken, centrifuged a

protease activitY as

incubated at 30oC with
ere then centrifuged,
he original cel1 density
and further incubated.
d to sanples (40 nl) of
nd 180 minutes. 1 ml
nd the supernatants
described in Chapter 2,

d
d
14r

t
in fresh hi
Ri fanp icin
cells at ze
Sarnples rrler
assayed for

c'
¿>

(
T
e

li{ain fi ure

All curves are of protease production in the fresh high
amino acids medium.

-O-O- , Do addition of drug.

The rernaining curves aTe of protease production after
rifarnpicin wãs added at the following times:

-o -o-
-a- - -A-

--^-----A--

-¡ 
-I-

-E-- tr-

--v-- --v-- ,

zero minutes.

50 ninutes.

90 minutes.

L20 minutes.

150 minutes.

180 minutes.

t

,

INSERT

Each point represents
duced- (plateau level)
times indicated.

the total arnount of Protease Pro-
after rifanpicin was added at the
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FI GI.IRE 3 15.

B. 1o 1i uefaciens ce11
, was ttv ceand re

medi
(0.07

EFFECT OF RIFAN{PICiN ADDITION AT VARIOUS

TIMES ON PROTEASE PRODUCTION DURING PHASE

2 OF PROTEASE SYNTHESIS IN I]IGH AMINO ACIDS.

s were h
s uspende
um and i
5 uglml)
90, 120,
centr i f

ivity as

arvested at an 0D6gg of
d to the same cell densitY
ncubated with shaking at
was added to samPles
150 and 180 minutes.

uged and the suPernatants
ðescribed in ChaPter Z-

in high amino acids
30oC. Rifarnpicin
(40 ml) of cells at 60,
1 ml Samples l\Iere taken,
assayed for Protease act

-o-o- , ro additon of drug.

The renaining curves
rifarnpicin was added

portease production after
following times:

Main fisure
All curves
medium.

-o 
-o- 

,

-a- - -a- ,

--^----^--,

-l--{- ,

--D----tr--,

are of protease production in high amino acids

60 minutes.

90 minutes.

120 minutes.

150 minutes.

180 minutes.

are of
at the

INSERT

All points represent- the total amount of P
â"ã"ã ¡prut"uil 1eve1) arÍer addition of ri
tines indicated.

rotease pro-
farnpicin at the
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FIGURE 3 16.

-o Éc- , frorn Fig. 3

insensitive
arnino acids
amino acids

-o 
-o-

from Fig. 3 ,L

CON{PARISON OF RATES OF INCREASE OF RIITAM-

PICIN-INSENSITIVE PROTEASE PRODUCTION IN

VARIOUS CONDITIONS

The inserts from Figures (3,1-2), (3,14) and (3,15),
which showed the inðrease in rifampicin-insensitive pro-
tease producti.on rvith time, are presented here on the
same graph for comParison.

,L2; increase in rif arnPicin=
protease production in low cas-
rnediun after transfer from high
medium.

insens itive
casamino aci

4; increase in rifamPicin-
rotease production in fresh high
s medium after transfer from
acids medium.

p
d

high casalnino

-¡ËË- ,

bation.
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B.

FIGTIRE 3,17.

1o 1i uefaciens ce11s
, was e .t,\r]-ce and res

EFFECT OF ACT'INOMYCIN D AND CI]LORAMPI]ENTCOL

ON PROTEASE PRODUCTION BY CELLS TRANSFERRED

FROI.4 HIGFI TO LOW CASAMINO ACIDS MEDIUT{.

r^rere harvested at an OD6gg of
uspended to the same cell densitY
diurn, and incubated at 30oC with
Cel1s were then centrifuged,

ded to the original cel1 densitY
i.um and further incubated.
) or chloramphenicoL (20 ue/rnl)
/n1-) were addecl to samPles
and 75 minutes as indicated.
centrifuged and the supernatants
vity as described in ChaPter 2.

in high casanino acids me
shaking for 75 minutes.
rvashed trvice and resuspen
in lorv casarnino acids med
Actinomycin D (2.?,5 pglnl
plus rifampicin' (0.075 ug
(40 rnl) of cells at zero
1 n1 Samples were taken,
assayed for protease acti

All curves are of protease production in low casamino
acids nedium.

-o 
-o-

no acldition of drug.

actinornycin D added at zero time. An
identical curve was obtained rn¡hen chloram-
phenicol plus rifanpicin was added al zero
time

-o -o-

-v- - -v- chloramphenicol plus rifampicin added at 75
minutes.

--t]- -{-- rifarnpicin added at 7 5 ntinutes .

-I Ê¡- , actinornycin D added at 75 minutes.
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FIGURE 3 18. EFFECT OF RIFAT{PICIN ADDITION AT ZERO AND

7s MINUTES oN 3H-uRRcIi, INCORPoRATToN BY

CELLS TRANSFERRED FROM HIGH TO LOI{I CAS-

AMINO ACIDS IUEDIUM.

e harvested at an 0D6g¡ of
nded to the same ce11 den-
edium and incubated with
s. Cel1s were then centri-

spended to the original cç11
s medium. o . s uc7ml Of 3¡¡-

e) plus 10 ug/ml unlabelled
e. To make sure that

ri.fanpicin inhibition at 75 minutes r^fas not due to
reducèd level of 1abe1led uracil the addi-tion of label
and carrier was repeated after 20 minutes incubation.
Rifarnpicin (0.075 ug/ml) was added to samples of.cel1s
at ,eio and 75 ninuies. 0.1 nl Samples were taken and
assayed for radioactivity as described in chapter 2.

-oËc- , Do addition of drug.

-E-E- , rifanpicin added at zero minutes '

-A-^- , ïifanpicin added at 75 minutes.

100% incorporation was 9,300 c.p.n.
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FIGURE 3, ].9.

B. am 1o 1i uefaciens
, was e tw ce an

sity j-n high amino a
ing for 75 minutes a
rn¡ashed tlvice and res
in lorv casamino acids
Rifampicin (0 .0 75 Pg/n
cells at 75, LZ), 180,
were taken, centrifuge
protease activitY.

Each p
duced
times

EFFECT OF RTFAI\'IPICIN ADDITION AT VARIOUS

TIMES ON PROTEASE PRODUCTION BY CELLS

DURING A PROLONGED INCUBATION IN LOW AMINO

ACIDS AFTER TRANSFER FROM HIGH AMINO ACIDS

MEDIT]M.

ce
d
ci
t
US

l1s were harvested at an 0D690 of
resuspended to the same ce1l den-
ds meãium and incubated with shak-
30oC. Cells were then centrifuged,
pended to the ori-ginal cel1 density
medium and incubation continued '
1) was added to samPles (40 m1) of

240 and 300 minutes. 1 ml SamPles
d and the supernatants assayed for

Main figure

All curves are of protease procluction in low amino acids
medium.

-e-O- , ûo addition of drug'

Therernainingcurvesareofp-roteaseproductionafter
iiiampicin wãs added at the following times:

-O- - €- , 75 minutes.

-^- - - r,- , T20 minutes '

-^-^- , 180 minutes .

-I- - {- , 240 minutes .

--tr'-'{-- , 300 minutes.

Arrowsindicatetinesofrifarnpicinaddition.

INSERT

oint represents the total arnount of protease pro-
ipiut"tit leveij when rifampicin was added at the
indicated.
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FIGURE 3 20.

B.a 1o 1i uefaciens ce11s were PrePare
g. t excep t at rifarnpicin (0.07

50 minutes and pro
d.

a)

DECREASE IN RIFAMPICIN-INSENSITIVE PRO-

TEASE PRODUCTION DURING INCUBATION IN LOW

CASAMINO ACIDS IUEDIUM.

das
5ug
te as

described in
/nL) was arlded
e productionat 75, 90, TZ0 and 1

measured as describe

All curves are of portease production in low amino
acids medium in the presence of rifampicin. For
the purposes of illustration the time of rifarnpicin
additioñ was taken as zeto time and the values of
protease activity adjustecl accordingly. Rifanpicin
was added at the following times:

-! 
-¡-

--EI-- -tl--

-A- - -l-

-o -o-

75 minutes.

90 minutes.

12 0 rninutes .

150 minutes.

,

t

b) Each point represents tþe
produêed (plateau level)
at the times indicated.

total arnount of protease
when rifarnpicin was added
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uglBE-l'_ll.

B. am 1ol i

EFFECT OF CELI, SUPEiìNATANT ON OBSE}ìVED

DI]CREASE IN RIFAI'IPICTN- INSENSITIVE PROTEASE

PRODUCTiON BY CELLS DURING INCUBATION IN

LOW AMINO ACIDS T{EDIUT'I.

ue fac iens cells lvere harvested at an oDo o 0 of 3.6,

was

was trvrce alL re susp ended to the sane ce11 d ens 1 ty in
hi h casarnino acids filedium and incubated for 75 ninutes atçò

o30 C rvith shaking. Ce 11s were then centrifuged, washed

twice and resuspen ded to the orig i-nal ce11 densitY in low
casamino acids medium, Ri famp icin (0.075 uglm1) rvas

added to samPles of ce lls (40 rnl) a t 60 and L20 ninutes.
Santp 1es of ce11S 1^/eTe also centrifug ed a-t 60 minutes and

re susp ended in fr:eslr 1ow amino acids medium Ri famp ic in
(0.07s us /n1) was ad ded at zero and 60 ninutes (equivalent
of IZ0 nii nutes incubation aLter this resuspension to)
sanples of these ce1ls. 1 nl Samp les \\Iere talcen r centri -

fug ed and the suPernatan ts assayed for protease activitY
AS described in ChaPt.er 2.

Main fisure
control cel1s (no
medium.

Culves are
rifarnpicin

-E 
-E-

-Et- - {-

INSERT

Curves are of
addecl at the

of protease production þY
aaaä¿) in 1ow amino acids

no resuspens]-oll.

ce1ls fresh nediun at 60 minutes '

protease production after rifarnpicin
tines indicated below:

-E 
-l-

-A 
-A-

-EF - {-

-^- - -^- ,

,

lro resuspension; rifarnpicin added at 60

rninutes.

no resuspension; rifarnpicin added at T20
minutes.

cel1s resuspended at 60
imrnediatelY added.

cel1s resusPended at 60
added 60 minutes later
L?,0 rninutes) .

minutes and rifarnPicin

minutes and- rifarnPicin
(i. e. , equivalent to
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]T IGURE 3 ,22 .

B. a- 1ol i ue faci ens
19. except t

(20 rn1)

ls were prepared as d.escribed in
ifarnpicin (0.075 ug/nl) was added
el1s taken at 30 minute intervals
tion in low amino acids medium.
ssayed as described.

EFFECT OF RIFAMPICIN ADDITION AT 30 N{INUTE

INTERVALS ON PROTEASE PIìODUCTION BY CEL],S

DURING A 12 I{OUR INCUBATION IN LOW AMINO

ACIDS },IEDIUM.

,

ce1
atr
ofcto samples

during a LZ hour incuba
Protease activitY was a

All curves are of protease production when ri-fampicin was
added at the tines indicated below:

a) -a-ø-
-o--o-
-^---A-

, zero minutes

, 30 minutes

, 60 minut-es

d) -o æo-
-o --o-
-^-- -^-

g) -o -o-
-o-- o-

-^---^-

-a-A-

-O--El-

270 ninutes

300 minutes

330 minutes

,

b)

c)

-a 
-a-

-O - -O-

- ^À-- - Â-

- a-a-
-O--O-

-^- -- ^-

, 90 minutes

, I20 minutes

, 150 minutes

180 minutes

2I0 minutes

240 minutes

c) -. 
-o- 

, 360 minutes

390 minutes

420 minutes
-O --O- ,

-Ä - --Á-

f) -. 
-o- 

, 450 ntinutes

- o-- o- , 480 ninutes

- a-- - ^- , 510 minutes

,

,

540

570

600

630

660

rninutes

minutes

minutes

minutes

minutes

Protease production by control cells is shown in Fig. 3r23
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FIGURE 3 23. PROTEASE PRODUCTION AND CHANGE IN RIFAM-

PICIN-INSENSITIVE PROTEASE PRODUCTION BY

CELLS OF B.ANfY LOLIQUEFACIENS DURING A IZ
HOUR INCUBATION IN LOW AMINO ACIDS }4EDITIN{.

The details of this experiment are described in Fig. 3,22 '

a)

b)

Each point represents tþ" total amount of protease
;;;ä"ã;ã--cpi"t"u" 1evel) when rifarnpicin was added
ãt the tinäs inaicate¿.- The individual curves of
iifu*picin-insensitive protease production are
preseñted in Fig. 3,zz -

This graph is of protease production,þy, cells during
¿h; iñcubation in^ 1ow anino acids nedium' No

rifarnpicin was added.
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FIG. 3,24

25003,0

2.0

This figure was reproduced from Coleman, G.
(1967) page 425.

0
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0 -¡ã
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s
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s00

001 0
18 26 30

Incubution time (hr)

Fig.¿

Fig. 4. Tirrc courses of growlh (O) and of proteinase (f), a.omylase (A) aod ribonucleasG
(l) secretion by ùtctlhu s¡ôtil¡¡ g¡owing in a cornplcx ¡nedium with r/o ntaltos€ as th€
ca¡bon source.

N.B.



TAE. 3,1

TABLE 3,L

RATES OF PROT]]ASE SYNTFIESIS AND OF INCREASE OF CAPACITY

FOR RIFAN{PICIN-INSENSITIVE PROTEASE PRODUCTION DURING

INCUBATI ON OF B.A}{YLOLIQUEFACIENS CELLS IN LOW AMINO ACI]]S.

E er iment *Rate A tRut" B

I 2 1.10
0 .22
0 .32
0.59
0 .67

L.07
0.23
0. 29

0.65
0.75

3

4

5

6

*Rate A:
tRut" B:

rate of protease synthesis (units/m1/nin).
rate of increase in the capacity for rifampicin-
insensitive protease production (units /mL/nin) ,
i.e. , Tate of apparent nRNA pool increase.

The experiments 1 to 6 were all
That iÈ, ce11s were incubated fo
acids nediurn ancl then transferre
Protease synthesis in low amino
To samples of these ce1ls in 1ow
(0.075 ug/rnl) was added and the
duced in its presence was measur
rif arnpicin - insens itive proteas e

against the time of rifamPicin a
tó Fig. 3,10). The rate of inc
u¡as calculated (Rate B) .

asd
r 75
dto
acid

escribed in Fig. 3,10.
minutes in high amino
1ow amino acids mediun.

s hras measured (Rate A).
amino acids rifarnpicin

amount of protease Pro-
ed. The total amount of
produced was plotted
ddition (as i-n the insert
rease of this production



CHAPTER 4

RESULTS
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ISOLATION OF THE PUTATTVE PROTEASE NRNA

INTRODUCT IOI.I

This chapter deals firstly with work directed towards

achieving a suitable procedure for the extraction of intact

tota1 cellular RNA from Bacillus amvloliquefaciens. This

method. was then used in the search for the protease nRNA'

The oscillation of the apparent nRNA pool for pr'otease

d.escribed in the previous chapter was used as an aid to

identifying the Protease nRNA.

4, 2 PROCEDURE FOR TOTAL CELLULAR RNA EXTRACTION

The isolation of total ce11ular RNA from Bacillus

amyloliquefaciens had previously been attempted (Both,

Ig73). It was found that the RNA of this organism was

very subj ect to degradation during normal phenol extraction

procedures. When 9. coli cells were disrupted and the

RNA immediately isolated by conventional phenol extraction

techniques, the resultant RNA appeared to be undegraded'

In sharp contrast, when B.anyloliquefaciens cel1s were

treated in an identical manner the results were very dis-

couraging. Extensive degradation of ribosomal RNA was

clearly evident in preparations. Attempts to avoid this

degradation in ce1ls disrupted in the French Pressure cell

were also discouraging. Use of alkaline conditions,

inclusion of ribonuclease inhibitors, inclusion of alcohol

coupled with lower than free zing temperatures, collection

of the Lysate directly into a phenol extraction nixture



61.

all failed. Either the cells failed to disrupt (e.9.,

rvith ethanol present) or extensive RNA degradation

occurred. It was clear from this that disruption of

ce1ls in the French Pressure ce1l was unsatisfactory and

an alternative was sought. The "X-PreSS" was chosen

because in this (relatively litt1e used apparatus) ce11s

aTe forced through an orifice at temperatures of -25oC'

Excellent disruption lvas obtained with B. any loliquefaciens

and the 'lysater is recovered in a stil1 frozen state '

This apparatus made it possible to take ce1ls directly

from whatever expeTimental conditions were being used and

imrnedi ately snap lteeze them. The frozen lysate could

then be allowed to thaw out in an extracti-on mixture con-

taining suitable ribonuclease inhibitors. Thus the pos-

sibility of ribonuclease activity was minimized throughout

the whole lYsis Procedure.

The extraction mixture decided upon for the initial

trials was of the following composition: an sDS nixture

containing 0.5% (w/v) sDS (socliun dodecyl sulphate), 100

nM-NaCl and 10 nM-EDTA; and a separate solution of 78%

(v/v) redistilled phenol in 50 mM Tris, pH 9'0' SDS' an

ionic detergent and protein denaturant, inhibits ribo-

nuclease act|íty. sodium chloride provides the high

ionic strength necessary to maintain RNA conformation and

stability. EDTA was included to inhibit any Mg-dependent

ribonucleases.

The extraction

Harvested ce11s rtrere

used is described below.

in a Tris buffer (25 mM-

procedure

suspended



62.

Tris, pH 8.5, 5 rnM-Mg acetate), snap frozen in the tx-Pressl

cel1 (precooled in ethanol-dry ice), lysed and the frozen

lysate (3 ml) added to the above mentioned SDS solution

(I2 ml). An equal volume (15 ml) of the phenol solution

1ttras then added. This mixture was shaken vigorously for

15 minutes'ancl the aqueous and phenol layers separated by

centrifugation at 7r000 x g for seven ninutes at 1.oom tem-

perature. The aqueous layer was carefully aspirated and

re-extracted in sinilar fashion a further two times' The

final aqueous layer was then extracted twice with ether to

remove residual phenol, the ether being then removed by

bubbling nitrogen through the solution. Fina1ly, the RNA

was precipitated by addition of 2,5 volumes of ethanol con-

taining 100 nM sod.iun acetate at pH 6.0 and allowing this

solution to stand overnight at -20"c. The precipitate

was collected by centrifugation at 30,000 x g for 30 ninutes

at 2"C. The RNA was analysed by polyacrylamide ge1 elec-

trophoresis using 3% acrylanide gels (Fig ' 4,Ia) ' Using

this technique, RNA was prepared which appeared reasonably

free from degradation except for the possibility of slight

breakdown of the z3s ribosomal RNA. To ovelcome this

possibility two compounds, which had been reported by Kirby

(1965) and Loening (196i) to pÏomote more efficient depro-

teinization of RNA, l^lere included in the extraction mix-

tures . 1 u" (w/v)-TINSA (tri- iso -propyl-naphthalene- sulph-

onic acid), a detergent, was added to the sDs-solution,

and redistilled m-cresol (8%, v/v) was added to the phenol

mixture. The RNA prepared using these solutions was ana-

lysec1 on 4% polyacrylaniide gels containing 98% (v/v) -
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formamide. The RNA appeared to be intact and not ni'cked

or degraded (Fig. 4,lb)

A final alteration to the above method was replace-

ment of a portion of the phenol in the extraction mixture

with chloroform, such that phenol and chloroform were

present in the ratio 1:1. chloroform is routinely added

during the extraction of poly-A-containing nRNAs to over-

come the poor yield resulting from these hydroph.obic RNA

molecules tending to remain at the phenol-aqueous phase

interface. It was included in this case to insure

against the possible losses which would occur if the pro-

tease nRNA were in any l^lay hydrophobic (in view of spec-

ulation that the nRNA nay associate with membranes, a not

inpossible situation). As a further precaution, the first

phenol and interface regions were also re-extracted with

an equal volume of SDS-solution and the resultant aqueous

phases from the thro extractions pooled. These additional

stepsneitherinrprovednorirnpairedtheRNAprofileaS

shown (Fig. 4 ,lb) .

It is of interest to note that a method successfully

employed for the extraction of rnammalian poly-A containing

nRNAs(Dr.D.Kemp,personalcommunication)wastotally

unsuccessful for the extraction of RNA from Bacillus any-

loliquefaciens. In this procedure the lysate was extracted

in 1 M-Tris, pH 9.0 containing L}eo (w/v) sarkosyl (a deter-

gent)andphenol:chloroformintheratiol:1'This
resulted in a preparation of completely degraded RNA and

indicated that the inclusion of particularly EDTA in the
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extraction mixture 1ùaS essential. More recently, the use

of guanidine thiocyanate, a denaturant which was used byUllrich

etal.(|977)SosuccessfullyonpancreaticRNA'was

applied to B. amy 1oliquefacien.s the f:ozen lysate being,

thawed in the denaturant solution. Extensive degradation

was eviclent in the preparation of RNA obtained and the

nethod was not used again.

413 EXTRA CELLULAR RIBONUCLEASE ACTIVITY

To extract RNA from cel1s containing the naximum

apparent nRNA pool it was irnportant to reduce the time

between achieving this pool in the ce1ls and lysing them.

Routinely, cel1s were twice washed in fresh nediun to

remöve the accumulated extracellular enzymes, including

ribonuclea.se, frorn the external nedium. Although an

internal inhibitor for extracellular ribonuclease does

exist (sneaton et a:_., 1965; Smeaton and E11iott, 1967),

removal of this enzyne was a further precaution against

RNA degradation. Briefly centrifuging the ce1ls and then

resuspending thern in a Tris-buffer (25 rnM-Tris, pH 8.5

containing 5 mM-Mg acetate), a process taking four minutes

was found to reduce the extracellular ribonuclease activity

from 40 units per rnl to a virtually zeTo value and resulted

in a pïeparation of intact RNA'

4 USE OF SUCROSE DENSITY GRADIENTS FOR RNA

ANALYS I S

4,

At this stage it was decided to change from using
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polyacïylarnide ge1 electrophoresis as a nìeans of RNA aîa-

lysis to sucrose density gladient analysis. Larger quan-

tities of RNA could be loaded on a gradient and there was

not the interference of background rnoise' that had become

a problem lvith the ge1-system. The sucrose gradients

were pïepared and analysed as described in chapter 2,

Methods.

4 5 RNA PREPARED FROM CELLS AFTER INCUBATION FOR

VARYING TIN{ES IN LOI\I AMINO ACIDS

Cells of Bacillus am 1o 1i uefaciens harvested in late

1og phase of growth are capable of synthesizing protease

de novo for at least 60 minutes in the presence of inhibi-

tors of transcription. It was proposed that this capacity

was due to the presence of a pool of rnRNA for protease

which sustained protease production in the absence of

transcription (Both et al. , L97Z) . In Chapter 3, it was

shown that this capacity could be clepleted by incubation

in high arnino acids rnediun for 75 minutes and then, by

transferring these cells to 1ow amino acids nedium, this

capacity was rapidly restored to a leve1 greater than that

originally present. Thus cells at zeTo time of incubation

in 1ow amino acids do not contain a pool of protease mRNA

(assuming, of course, that the hypothesis is correct), and

those after 75 minutes incubation contain a large pool '

Therefore, as a prelirninary experiment to identify this

nRNA, total cellu1ar RNA was prepared from ce11s in these

two conditions, by the method discussed above, and analysed

bySucrosedensitygradientcentrifugation(Fig.4,z).
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A small',peak of RNA in the 13S region was present on the

opticaldensityprofileoftotalcellularRNAprepared

from cells after 75 minutes incubation in 10w amino acids

mediun (Fig . 4 r}a) , that is, f,rom cel1s presumed- to con-

tain a pool: this peak was not obvious in the profile of

RNA prepared from cells presumed to have no pool (Fig. 4,2b)'

[Notethatontheformergradient50ugRNAwasloadedand
l00ugonthelatter.]Themolecularweightofprotease

had been estimated by amino acid analysis to be'27r950

(W.Carey,1966).Aproteinofthissizewouldrequire

an nRNA molecule with an S-value of approximately IZ '

unfortunately, some breakdolvn products of ribosomal RNA

also appear near this 135 region'

4,5a Effect of RifamPicin on the RNA Profile

Next,RNAwasagainpreparedfroncellsincubatedfor

7s minutes in low amino acids medium, but on this occasion

l4c_uracil was added to the cel1s at the time of transfer

to the 10w amino acids rnedium. After 75 minutes of incu-

batj.onrifarnpicin(0.075ug/ml)wasaddedtothecells.

In the presence of rifanpicin the capacity for protease

production decays exponent ial]-y such that it is cornpletely

lostafter60minutes(Chapter3).Itwouldbeexpected

that arter 10 minutes incubation in the presence of rifan-

picinalmostallnRNAspeciesofnormalshorthalf-1ife

would have decayed (as is evidenced by cessation of 14c-

phe incorporation into cellular protein - see chapter 5) '

However,ifapoolofproteasenRNAexisted,Someofthis

will sti1l be present after 10 minutes incubation with
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rifarnpicin and a smaller amount after 20 minutes incubation.

Thus , after 0, 10 and 20 minutes incubation in the presence

of rifanipicin samples of ce1ls wer.e removed for RNA extrac-

tion. Equal amounts of the RNA preparations were then

run on suclose density gradients. Optical density neasure-

ments (Fig . 4,3a, solid line) showed that the 13S peak was

present in RNA prepared from cells at the time of rifam-

pic.in addition, but was seen to decrease during the sub-

sequent incubation (Fig . 4,3b and 3c) . The 23S and 165

ribosomal RNA peaks did not change. The gradients (LZ n1)

ürere fractionated into 0.3 n1 samples and the radioactivity

in thern measured by TCA-precipitation of the RNA and liquid

scintillation counting of the precipitates. The profiles

constructed from this analysis (Fig , 4 r3a, dashed line)

shorved that a large amount of radioactivity was associated

with the 4-165 RNA. After rifampicin treatrnent for 10

minutes the amount of radioactivity in this region drops

narkedly (Fig. 4,3b). After a further 10 minutes rifan-

picin treatment there is a further drop in radioactivity

associated with RNA around the 135 region (arrow) and

there is a slight increase in radioactivity associated

with the lower molecular weight RNA species (5 to 8S)

(Fig . 4,3c). The whole experiment was repeated and

exactly the same pattern of results l^iere obtained (Fig' 4,

4a, b and c) . Also reproduced was the initial decrease

and subsequent increase in radioactivity associated with

the RNAs of S-values 5 to 8. The optical density profiles

reflect this trend to a certain extent. The radioactivity

profiles are difficult to interpret because of the tel-a-
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tively Large amount of radioactivity associated with R¡'tA

species of 4 to 16 S-value. There does, however, appeal

to be a discrete peak of radioactivity associated with the

13S region (Fig . 4 13 and 4,4) which decreases during the

incubation in the presence of rifanpicin.

In the experiment described above, some ce1ls were

also incnbated for 100 and 150 minutes in the low anino

acids medium. During this time the size of the apparent

nRNA pool would be expected to decrease (chapter 3). In

the optical density profile obtained fron ce11s incubated

for 100 minutes (Fig. 4,5a) the 13S peak is stil1 clearly

visible. The amount of radioactivity associated with RNA

fron the 5 to 165 regi-on is reduced (cornpared with the 75

minutes profile; Fig. 4,3a or 4,4a) though a discrete peak

of radioactivity is sti1l apparently associated with the

peak of 13S RNA (arrow). From the optical density tracing

of RNA from ce1ls incubated for 150 minutes in 10w amino

acids , it appears that the 13S RNA peak is reduced, but by

no means absent (Fig. 4,5b). The radioactivity in the 4

to 135 region is also reduced. These latter profiles

bear some resemblance to those of Fig. 4 r4c, where ce1ls

incubated for 75 minutes were then treated with rifampicin

for Z0 minutes.

Next, RNA was prepared from cel1s which had been

incubated for 150 and 300 minutes in 1ow amino acids medium'

It had been shown (chapter 3) that after 500 minutes incu-

bation ce11s had once again regained the capacity for

rifarnpicin-insensitive protease production' On this
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4

occasion the 135 RNA peak was clearly absent from the opti-

cal- density profile of RNA from ce1ls incubated for 150

minutes in low amino acids nediun (Fig . 4,6a). It is,

however, present in the profile of RNA from cells incubatecl

for 300 minutes (Fig. 4,ób). From the radioactivity pro-

files of thêse two RNA preparations it appeals that there

is a smal1 amount of radioactivity associated with RNA

around the 13S region in the 150 minute RNA and that this

is increased in the 300 minute profile (Fig. 4,6a and 4,6b)'

6 RNA FROM CELLS AT VARIOUS STAGES DURING

OSCILLATION OF THE ' POOL I

The aim of the next experirnent was to obtain a more

definitive answer to the question of whether the 15S peak

of RNA oscillated in concert with the apparent pool of

nRNA. If it did it would constitute evidence, albeit

circumstantial, that the 135 peak was worth investigating

further. To c1o this ce11s were incubated in high arnino

acids nediurn for 75 minutes, transferred to low amino acids

medium and samples of cells taken at 30 minute intervals

for RNA analysis. It was necessary also to determine the

pattern of oscillations of the apparent nRNA poo1, ol more

accurately, to pinpoint the inflexion points at which nRNA

pool accumulation switched to pool decrease. The direct

way to do this I^Ias to measure rifarnpicin-insensitive pro-

tease synthesis at each point. However, such a procedure

would have rendered the experiment extremely cumbersome

and a simpler nethod was used. It had been noted that
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the change in rate of protease synthesis corresponded to

the change from apparent mRNA pool. increase to decrease or

vice-Versa. Reference has alrearly been made to this in

chapter 3. As samples for RNA analysis were to be taken

at no shorter than half-hourly intervals, the use of the

change in rates of protease synthesis to deternine whether

the apparent nRNA pool- was increasing or decreasing was

deemed adequate. From the progress curve of protease

synthesis, constructed from the results of the above

experiment (Fig , 4,7) , it could be deduced that the appar-

ent pool of nRNA increased for 90 to I7,0 rninutes, then

decreased until approximately 240 minutes of incubation

andthenincreasedagain.l00ug0fRNApTeparedfrom

each cel1 sample was analysed by sucrose density gradient

analysis (Fig. 4,8a to 4,81). From the optical density

tracings it could be seen that the size of the 13s peak

gradually increased during the first 90 minutes of incu-

bation. It then decreased rapidly from LZ\ to 180 min-

utes and then, in the 300 minute sample, the last sanple

taken, the peak was present again' Thus the 13S RNA peak

appeared to oscillate in the same fashion as did the capa-

cityforrifampicin-insensitiveproteaseproduction.

Thatis,itappearedtobecloselyassociatedwiththe

proposed pool of nRNA for protease ' This result at ar.y

rate encouraged further r'¡ork on the 13S RNA'

I SOLATI ON OF THE 13S RNA4r7

ThebestproofthatthislssRNAspecieswasinfact
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the protease nRNA rvould be if this RNA directed the syn-

thesis of protease in a ce1l-free systen. To this end

the 135 RNA was purified by further sucrose density grad-

ient analysis. That is, the 13S peak was removed (hand

fractionated) from the sucrose gradient (10-40%) of total

cellular RNA. This RNA was then precipitated and re-

analysedonanotherSucrosedensitygradient(5-20%)and

again the 15S peak removed. The final 13S peak (repre-

senting 4.6-4.g% by weight of the total RNA'extract)

appearedasasinglepeakontheS-20%sucrosedensity

gradient(Fig.4,9b)rthoughonmanyoccasionsitaBpeared

that there could be two species of very similar molecular

weight as suggested here by the slight skewing of the peak

(Fig. 4,9b) .

4r8 PREPARATION OF LARG ERQUANTITIES OF RNA

The next task was to isolate the 13S RNA species in

sufficiently large quantities to be useful for cel1-free

analys is .

4,8a Poly-A Content

It had been reported that some (unclassified) bac-

terial RNAs contained poly-A tracts (Nakazato gt a1', 7975:'

ohta et a1., :: }TS and also Ednonds and Kopp, 1970)' If

thepoly-AtractonthenRNAisatleastLs-z0residues

long the nRNA will bind tightly to oligo-dT tracts attachecl

to a ce11ulose matrix, thus providing an ideal nethod for

preparation of large quantities of the mRNA concerned'
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However', when both the isolated 13s RNA and the total

ce1lular RNA PrePared from Bacillus aìny loliquefaciens were

analysed for poly-A content on all oligo-dT-cellulose column,

no species of RllA remained bound, thus indicating that none

of the RNA prepared from this organism contained suitably

long tracts of PolY-4.

4, 8b French Pressure Ce11 LYsis

It had been shown by Both (1973) that the French

Pressure Ce11 was not suitable for preparation of intact

RNA from B.anY loliquefaciens. However' because of its

sheer convenience for the large scale lysis of cel1s, it

r,\ras atternpted agatn using the extraction solutions des-

cribed here. Lysis was also performed with the ribo-

nuclease inhibitor heparin (5 rng/ml) being present. Each

attempt was unsuccessful.

It was decided not to persue the use of the French

Pressure ce11 any further for the pÏesent. Instead, large

numbers of smaller RNA preparations were made using the

tX-Press' apparatus and ce11 suspensions of B. amyloliq ue-

faciens which had been concentrated after incubation in

low amino acids medium to build up the apparent nRNA pool '

4r8c Storage of Ce1ls and of 13S RNA

It was

f.rozen ce11s

to preparing

found that storage in liquid nitrogen

containing an apparent mRNA pool with

RNA from these cells at a later stage 
'

of snap-

the view

was
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satisfactory if the storage tirne did not exceed six weeks.

After this tine some degradation of ribosomal RNA was

apparent.

A suitable rnethod of storage of extracted RNA was

found to be storage of smal1, freeze-dried a1-iquots at

-20" C with dessicant.
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419 DISCUSSIOI'J

The use of the RNA extraction technique described in

this chapter resulted in total ce1lu1ar RNA preparations

which, oD analysis by formarnide ge1s, aPPeared undegraded

(Fig. 4,lb). The 'X-Pressr apparatus' which made it

possible to keep cells frozen throughout the whole lysis

proceclure, was important in overcoming the problems of RNA

degradation previously encountered (Both, 1973) ' l\rhen

the French Pressure Cel1 was used again at a later stage

for the large scale lysis of cel1s, the RNA thus prepared

was degraded. Two other extraction techniques Success-

fu1ly used on other systems were not suitable for extrac-

tion of RNA from Bac i1lus amy loliquefaciens. Thus it

Seems that conventional RNA extraction techniques, proven

on other Systems, are not necessarily SucceSSful for pre-

paration of B.anyloliquefaciens RNA'

As discussed earlier in this thesis, the capacity of

harvested ce11s of B. arnY loliquefaciens to synthesize pro-

tease de novo in the presence of inhibitors of transcription

had been attributed to the presence in these cel1s of a

pool of preforned protease nRNA which allowed continued

protease production in the absence of transcription.

cells which were incubated for 75 minutes in high amino

acids nredium lost this capacity, but on transfer to 1ow

amino acids neclium this capacity was rapidly regained.

The first approach to identifying the protease nRNA was,

therefore, to compare the RNA prepared from cel1s with

tlris capacity to that from cel1s without, that is, from
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cells incubated for 75 minutes and 0 minutes in low amino

acids, respectively. This comparison indicated that a

13S species of RNA may be associated with the capacity for

rifampicin-insensitive protease production. In the pre-

vious chapter it was shown that this capacity oscí1lated

such that at 75, 100 and 300 minutes a pool of nRNA existed

while at 150 minutes it was considerably reduced. When

RNA was extracted from cells incubated for these times, a

13S species of RNA was found to be present when the pro-

posed nRNA pool \^Ias present (Fig. 4,3', 4 14i 4 rS and 4 
'6) .

In a. subsequent experiment RNA was prepared from cel.1

sarnples taken at half -hourly intervals during a 300 rninute

incubation in low amino acids nedium (Fig . 4,7 and 4 r 8) .

During this time the apparent nRNA pool increased, decreased

and then increased again. The 13S RNA peak also appeared

to oscillate in the same fashion, thus suggesting that this

peak of RNA could be the rnRNA 
Xool 

being sought.

It was thought that the dranatic increase in size of

apparent nRNA pool seen during the first 75 minute incu-

bation in low amino acids (Fig. 3,10) would provide an

ideal means of 1abe1ling this nRNA with radioactive uracil

and subsequently identifying it. When RNA was prepared

from such ce1ls, a large amount of radioactivity was found

to be associated with RNA sedimenting in the 4 to 165

region. Nevertheless, there did appear to be a discrete

peak of radioactivity associated with the 135 RNA, but the

large amount of radioactivity j-ncorporated into species

sedirnenting in the immediate area of the 135 RNA reduced
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its significance. This difficulty may be overcome by

using shorter labelli-ng periods, though it is to be expected

that in the low amino acids medium nRNA synthesis for other

enzymes, e.g., amino acid synthesizing enzymes, would also

be rapid.

When rifarnpicin was added to the above mentioned

cel1s at 75 minutes and incubation continued for a further

10 and Z0 minutes before RNA extraction, the 13S RNA peak

decreased (Fig . 4,3 and 4,4 parts b and c) . The amount

of radioactivity in this region also decreased, but the

pattern of change in radioactivity in other regions was

such that the results are at this stage difficult to inter-

pret. [These changes may not be insignificant. It was

also noted that the amount of RNA in the 5 to 8s region

increases on incubation in the presence of rifarnpicin

(Fig . 4,3 and 4 14) . This region also increases when the

apparent nRNA pool decreases during the oscillations

(Fig. 4r8). The neaning of these observations remains

unclear, but are noted.] The only clear observation is

one arising frorn the comparison of the optical density and

radioactivity profiles of RNA prepared from cells incubated

for 150 and 300 minutes in low amino acids (Fig. 4 r6a and

6b). Here it can be seen that at 150 minutes both the

13S RNA peak and the radioactivity associated with it are

reduced in comparison to the 300 rninute profiles, as would

be expected.

From these results the tentative conclusion can be

made that a 13S RNA species oscillates in concert with the

capacity for rifarnpicin-insensitive. protease productio4,
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that is, with the proposed nRNA pool' Thus the

species has properties consistent with it being

nRNA and is worthy of further investigation'

13S RNA

the protease

To further investigate the phenomenon of the oscil-

lating nRNA pool described above, experinents using cDNA

copied from the 13S RNA would be useful. Firstly , by

hybridi zing this cDNA to fractions taken from a sucrose

density gradient of total RNA, it could be determined

whether the 135 RNA is a ribosomal RNA breakdown product,

and also, if there are aïLy lower molecular weight RNAs

derived from the 13S RNA. Secondly, the amount of 13S

RNA present at various stages during the oscillations

could be more accurately determined by hybridization experi-

ments with cDNA prepared fron 13s RNA. In the experiment

envisaged the time taken for maxinum hybridi zatíon of cDNA

to a given quantity of total RNA containing the maximum

nRNA pool would be taken as the 100% rnRNA va1ue. The

tine taken for maximum hybridization of cDNA to total RNA

samples from various stages of pool oscillation would be

related to this value. It is predicted that the times of

rnaximum hybridizatton would reflect the oscill-ation pattern'

Hybridi zation of cDNA to fractions of total RNA samples

(from various times during the oscillations) taken from

sucrose density gradients may also reveal a precursor

relationship. for the protease rnRNA and the processing to

smaller molecular weight RNAs during its breakdown' Of

course, any conclusions from this work about the protease

nRNAhastoawaitconclusiveproofthatthelssRNAin
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question is in fact the protease nRNA'

It was noted during this tuork that total RNA extracted

from cells after pool decrease, e.g., ãt 150 minutes (Fig.

4 r6a), was relatively more highly labelled than that

extracted after pool increase, e.g. , ãt 75 minutes (Fig.

4,3a) and 300 minutes (Fig. 4,6b)' This occurred even

though the same quantities of sH-uracil were added on each

occasion and the rate of incorporation of 3H-uracil into

whole cel1s appeared constant and linear throughout the

whole tine period. These results could indicate that the

internal leve1s of nucleotides and anino acids may change

during the incubation, perhaps due to ribosome metabolisn

resulting fron the incubation in the low amino acids medium,

and cause this effect. This phenomenon has not been

studied further, but it may be worthy of future investiga-

tion because of the possibility of its involvement' directly

orindirectly,intheregulationofproteasesynthesis.

However , ãfY further realistic studies on the regul-

ation of protease synthesis, and the concomitant regulation

of the apparent nRNA poo1, must await definite proof that

the protease nRNA has been identified. The next chapter

is concerned with this.



FIGURE 4,L. OPTICAL DENSITY PROFILES OF TOTAL CELLULAR

RNA I'ROM B.AMYLOLI UEFAC I ENS .

Total ce1lular RNA from B. am 1o1 i uefaciens was PrePared
as described in the text.

a) 3% PolyacrYlaml de ge1 e 1 ectrophoresis (aq ueous )

The ge1 system is described in Chapter 2' 20 ug

RNA in l0 pl |oãái"g solution was êlectrophoresed
for 3 hours "l-l-*n7g"I at 4oC. Gels were stained
;e the opticãl- aénsity (600 nrn) of rhe RNA bands

tðátnt"d äs described in Chapter 2 '

b) Formamide -PolYacTy lanide ge1 e lectrophores i s

The
RNA
600
15
opt
AS

ge1 sys
in 10 u

Cforz
hours at
ical den
describe



a

b

FlG. 4,1

Ê
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FI GURE 4 ,Z .
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FI GURE 4 ,3 .

VlOUS v 19.
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y gra<lient at
a 6 x 14 nl swing-

racentrifuge. The
s were taken for
d in Chapter 2.

Fig.
three

from:

a) ce1ls incubated fOr 75 minutes, i. e. , zeTo mj-nutes
of rifarnpicin treatment ;

of cells were removed for RNA

d 3c, respectivelY) .

50 ug o
ttheb

,
I
a
7

a
)

5 rninut
extra.ct
s added
0 minut

4 r3 comprises three separate diagrarns presented on

pages .

They are oDzs 4 and radioactivity profiles of RNA prepared

b) 10 minutes of rifampicin treatment;

c) 20 minutes of rifarnpicin treatment'

The arrohr indicates the position of 13S RNA'
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FI GURE 4 ,4 .

a)

THE OPTICAL DENSITY AND RADIOACTIVITY PRO-

FILES OF TOTAL CELLULAR RNA PREPARED FROM

CELLS INCUBATED FOR 75 }{INUTES IN LOW AMINO

ACIDS AND TREATED I^¡ITH RIFAMPICIN... A

REPEAT EXPERIMENT.

This experinent was a repeat of that described in Fig. 4,
3.

Fig. 414 is also presented in three sections, showing the-
;Þii."i dènsity aird radioactivity profiles of RNA prepared
from:

cel1s incubated for 75 rni-nutes, i.e. , zeTo minutes
of rifanpicin treatment;

b) 10 minutes of rifarnpicin treatment;

c) 20 minutes of rifanpicin treatment '

The arrohr indicates the position of 13S RNA'
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FIGURE 4,5.

B. am 1o 1i
ous v 1g

OPTICAL DENSITY AND RADIOACTIVITY PROFII,ES

OF TOTAL CELLULAR RNA PREPARED FROT'I CELLS

INCUBATED FOR 100 and 150 MINUTES IN LOW

AMINO ACIDS

uefaciens cel1s were prepared as described pre-
V

Total ce1lu1ar RNA was prepared as described in the text '

50 ug
the begin-

p 1us
dat
100 and 150
RNA extraction.

in TEN buffer (200 ul) was
se density gradient for I5t4
C in a 6 x L4 swing-out
5 ultracentri fuge. The

ODrc¡ wâS recorded and 0.3 nl ltactions assayed for radio-
actíüi-ty as described in Chapter 2'

The optical density ang radioactivity profiles for the two
nÑn pieparations aîe shown on separate pages as follows:

a) RNA from ce11s incubated for 100 ninutes '

b) RNA from ce11s incubated for 150 minutes '

The arrow indicates the position of 13S RNA'
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FIGURE 4 6 OPTICAI, DENSITY PROFILES OF TOTAI, CELLULAR

RNA PREPARED FROM CELLS INCUBATED FOR 150

AND 3OO MINUTES IN LOW AMINO ACIDS.

B 1o1 i uefaciens cells weïe prepated as described pre-
V ous v g.

Total cellular RNA was prepared as described in the text '

cells were i.ncuba.ted in 10w arnino acids mediun. At 90

minutes 4 uC of l4C-uracil (spec. act. 5 5 mC/rnnole) plYS
lõ ug unlaùe11ed uracil p9r 5-n1 of cells hlas added and
incuËation continued until 150 minutes when the RNA was

extracted. To another sarnple of cel1s the same quantity
of radioactive and unlabellèd uracil was added at 180

minutes and the incubation continued until 300 rninutes when

the RNA was extracted.
n TEN buffer (200 u1) was
e densitY gradient for LStá

ina6x14mlswing-out
ultracentrifuge. The

oDzs4 was recorded and 0.3 m1 Ltactions assayed for radio-
a.Il,',iity as described in Chapter 2'

ptical density and radioactivity profiles of the two
l"prt"tions ^î" shown on separate pages as follohIS:

RNA from cel1s incubated for 150 minutes '

RNA from ce11s incubated for 300 minutes'

Th
RN

a)

b)

eo
Ap

The arror,rl irldicates the position of 13S RNA'
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FIGURE 4 7. PROTEASE PRODUCTION BY CELLS OF B.AMYLOLI-

QUEFACIENS DURING A 30O MINUTE INCUBATION

IN LOW AMINO ACIDS.

B. 1o1 i uefaciens ce1ls incubated for 75

amlno ac sme 1um were transferred to 1ow
medium (as p reviously described, Fig. 5'10
incubated. At 3O-ninute intervals 1 m1 s

ninutes in high
amino acids

) and further
anples were
ssayed for pro-taken, centrifuged, and thg supernatants a

tease acfivity ás described in Chapter 2 '

[samples were also taken for RNA extraction, see Fig. 4rB.]
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FIGURE 4 8. OI-,TICAL DENSITY PROFILES OF TOTAL CELI,ULAR

RNA PREPARED FROM B.A}'IYLOLI UEFACIENS CELLS

AT VARIOUS TIMES DURING A 3OO MINUTE INCUBA-

TION IN LO]\I AMINO ACIDS.

a
oò

1o 1iB uefaciens ce11s \^/ele prepared as clescribed in

Total cellular RNA was prepared as described in the text.

During the incubation of cells in 1ow anino acids, 20 rnl
samplõs were taken, cen!1ifuged. ?ttd the pe11et fesuspended
in ^5 nl of 25 mM-Tris-HCl, pH 8.5 and 5 nM-Mg-acetate
before extracting the RNA.

of TEN buffer was
gradient for 15
14 nl swing-out

trifuge. The
ter 2.

100 ug Of each RNA, dissolved in 200 u1
centrlfuged on a I0-40% sucrose density
hours at 34,000 r.p.n. and 3oC in a 6 x
rotor in an MSE Super Speed 65 ultracen
ODZS4 was recorded as described in Chap

The profiles of the 12 RNA PreP-
pagei and are of RNA Prepared f
following times:

arations are shown on three
rom cells incubated for the

a-d: a,

b,

c,

e-h: e ,

f,

E,

i-1:

zero minutes.

30 ninutes.

60 minutes.

75 minutes.

90 ninutes.

I20 minutes.

150 ninutes.

180 minutes.

ZT0 minutes.

240 minutes.

270 minutes.

300 minutes.

d

h

1,

j,
k,

I,

The position of 13s RNA is indicated by the arrows.
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FI GURE 4 ,9 .

B. am 1o1 i uefaciens ce1
amlno ac and t h

b)

OPTICAL DENSITY PROFILES OF 13S RNA FROM

B.AMYLOLIQUEFACIENS.

ls were incubated for 75 minutes
en 75 minutes in low anino acids
cribed (Fig. 3'10).

IN
AS

has been previous Ly des

At 75 rninutes total cellu1ar RNA was prepared,
i; tlre text. This RNA was centrifuged on a 1

in.tot" density gradient as described in Fig '

a)

as described
0 - 40eo

4 ,8'

The 13S fraction of RNA was hand fractionated from this
e;á¿iã"t, pt"-ipitute<1 rvith 2.5 volumes of Ethanol - 100

rnN{ Na acetate;-pt O. O. The precipitated RNA was dissolved
i" iEU buffer'uir¿ centrifuged^on a- 5-20% sucrose densLty
!i"ãi""t for 15 hours at S4,OOO r.p:T. and soc in an SW-41

iotor in a Beckman L2658 ultracentrifuge '

'l'he 155 peak which lesulted
fractionãted bY removing th
cular rveight naterial as in

is shown. It was further
e 165 peak and lower mole-
dicated by the arrows.

The 13S peak after the second fractionation and re-
.ð"tiii"g"a on-" sim11ar 5-20% sucrose density grad-
ient.
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CHAPTER 5

RESULTS
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79.

RESULTS

TRANSLATION OF THE PUTATIVE PROTEASE MRNA

1 INTRODUCT ION

In Chapter 4 the tentative conclusion was made that

the 13S RNA species, which appeared to oscillate in con-

cert with the capacity for rifanpicin-insensitive protease

production, had properties consistent with it being the

protease nRNA. Conclusive proof of this would be the

demonstration that this RNA directs de novo synthesis of

protease in an in vitro sYstem.

In doing this work the author was concious of two

major problerns which could be encountered. FirstLy,

should it eventuate, the synthesis of an active protease

in a cel1-free system could prove detrimental to that system,

and, because of its ability to autodigest, maI also be

difficult to identify. Secondly, it is realized that the

13S RNA as isolated nay be the rreserver form of protease

nRNA and as such may be in a non-translatable state (see

Chapter 3). However, the reserve model is an hypothesis

consistent with observations, but presurnably could be

incorrect; this aside, the reserve form could be contamin-

ated with sufficient translatable nRlllA or. could be con-

verted to this form in a cell-free systern so that analysis

of it would sti1l be possible.

,

It was thought expedient to atternpt translation of
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the 13S RNA species in as many in vj-tro amino acid incor-

porating systems as could readily be made available.

The most obvious system to use is perhaps an S-30 extract

prep ared from Bacillus amy loliquefaciens. Such a sYstem

was prepared using a method based on that of Modollel (1971)'

The B. any loliquefaciens S- 30 extract is more likely to

contaín specific factors which nay be required for extra-

cel1ular enzyme synthesis. on the other hand, synthesis

of protease in this system would not be conclusìve proof

that the added RNA was the protease message since it could

be argued that the bone fide nRNA was present in the extract;

it is also known that the protein synthes izing system in

bacilli extracts is relatively unstable (Doi, L97l-:'

Takeda and Lipmann, 1966). An S-50 extract prepared

from E. coli MRE 600 RNaseI- by the method of Modo1le1

G}TI) was used as an alternative bacterial system. It

had recently been shown(I\iang et a],L976) that the nRNA for

E. coli outer-mernbrane protein could direct the synthesis

of this protein in a wheat-germ extract. Thus a wheat-

germ amino acid incorporating system was prepared by the

rnethod of Roberts and Paterson (1973). The Bufo marinus

oocyte amino acid incorporating system (May and Glenn,

Lg74) was used as the second eukaryotic system.

Thus prelirninary studies were made to determine

which systems would more readily al1ow identification of

the 15S RNA. Varying quantities of the 13S RNA were added

to each of the extracts, and the amino acid incorporating

activity of these measured. As lack of stinulation of
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incorpo'rati-ng activity does not necessarily intply that an

nRNA has not been translated, the formation of protease

antibody cross-reacting naterial rvas also measured. The

wheat-germ system proved the most amenable to immediate

investigation of the 135 RNA. Results front these studies

will now be described.

5r2 STIMULATION OF AN{INO ACID INCORPORATING

ACTIVITY BY 13S RNA IN THE WHEAT-GERM SYSTEI'.'I

The wheat-germ system was prepared by the nethod of

Roberts and Paterson (I973) (Nlethods, Chapter Z) . The

conditions were optimized for the translation of CMV (cucum-

ber mosaic virus) RNA which a generous gift from lvl. Schwing-

hammer. These conditions are given in Methods, Chapter 2.

4 Ug Of 13S RNA was found to stimulate the incorporation

of 3H-1"rcirre into TCA-precipitable material from 7 r875

c.p.m. to 57,500 c.p.m. per 50 uI reaction mixture, that

is, a stimulation of approximately seven tines above the

background (endogenous) incorporatioll was achieved. This

stimulation was consi-dered Teasonable and allowed for

econornic use of the RNA. At the end of a 60 minute incu-

bation of 4 ug 13S RNA with the wheat-germ amino acid

incorporating systern, TCA (150 Ul of I0% (w/v) -TCA contain-

ing 0.L% (w/v) unlabelled leucine) was added to the mixture.

The resulting precipitate rlrlas washed, dissolved in SDS-

ge1 electrophoresis loading buffer and electrophoresed as

described in lr{ethods, Chapter 2. The gels wele sliced

and assayed for radioactivity. It was seen from the
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radioactivity profiles (Fig. 5,1) of the gels that the 13s

RNA stinulated the synthesis of products of high molecular

weight. The arrow inclicates the expected position of pro-

tease (M.W. = 27 1900) as determined from a duplicate ge1

on which pure protease was electrophoresed. A shoulder

is evident in the position where protease is expected, but

the main peak of radioactivity corresponds to a species of

molecular weight, approximateLy 2?,r00A. This was not seen

as discouraging as a species of 22,000 moleculaT weight

hras found to be the najor breakdown product when antibocly

precipitates of protease hlere not imnedi ateTy bailed on

solution in sDS-ge1 loading buffer prior to electlophoresis

(E.V. Sêmets, personal communication). when protease

antibodies were added to the ce1l-free system, above, ro

cross-reacting naterial was found and this is discussed

1ater.

3 EFFECT OF OTHER CELLULAR RNA FRACTIONS ON

AMINO ACID INCORPORATING ACTIVITY

OF THE WHEAT-GERM SYSTET'I

5 ,

It
fraction
faciens

seerned necessary to find out whether arLy other

of total ce11ular RNA obtained from B. amylo1 ique-

would also cause the stinulation of incorporation

seen above. It was possible, for example, that the 13S

RNA was in fact a ribosonal RNA breakdown product and was

causing the stinulation of incorporation by protecting

endogenous nRNAs from ribonuclease digestion. Thus, total

cellular RNA on a sucrose density gradient was divided itrto

five fractions (Fig. 5,2) . 4 Ug Of each were added to the
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wheat-gern system and incubated for 60 minutes when the

incorporation of 3H-leucine into TCA-precipitable material

was measured, (Fig . 5,2) . Addition of the 13S RNA gave

maximum stimulati-on. Incorporation directed by the other

fractions could be accounted for by contamination of these

fractions by 135 RNA in the process of sedimentation

through the sucrose density gradient '

5 4 TIME COURSE OF 3H -LEUCINE INCORPORATION IN

THE I\IHEAT- GERM SYSTEM BY 13S RNA

Protease is subject to autodigestion. It is poss-

ible that once active enzyme has been formed in an in vitro

system,thiswilldigestaîyincompleteenzymeforms.

Thus it rvas necessary to find out whether incorporation

was linear during the 60 minute incubation or whether the

incorporation was rapid at first and then followed by a

decline in TCA-precipitable counts. As it can be seen

frorn Fig. 5r3, incorporation of 3H-leucine into TCA-preci-

pitable material in the presence of 135 RNA continued

line arLy for 60 to 90 minutes and then reached a plateau

leve1.

5 SYNTHESIS OF PROTEASE ANTIBODY PREC I PITABIE

MATERIAL

Intheearlierexperiment(SectionS12)noprotease

antibody cross-reacting rnaterial rvas found to be nade

during the cel1-free incubation in the presence of 13S RNA

The double-antibody procedure was used on this occasion;

5
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that is, both rabbit-antiprotease and goat anti-rabbit

gamma globulin were added to form the antibody precipítate'

This procedure rvorks well for the antibody to extracellular

cr-amylase prepared in this laboratory' However, when

this technique was used to precipitate pure protease,

several species of protein, one the size of native protease'

the others smaller, were found in the precipitate. This

occUrred on occasions even though precautions l{ere taken

to minimize protease activity, e.g., incubation at 0oC

during antibody precipitation, addition of protease inhi-

bitors and boiling of the precipitate imrnediately on dis-

solution in sDS-ge1 loading buffer. The procedure was

unreliable as it appeared that with obvious precautions

beipg taken, the protease could, unpredictably, be degraded.

The alternative antibody precipitation procedure involves

the use of only the rabbit-antiprotease antibody. Because

of the relatively sma1l amount of protease that could be

made in a cell-free system it is necessary to add extra

pÏotease as carrier to obtain a precipitate ' It was

necessary to add pure active protease as inactivated pÏo-

tease (EDTA-treated) is more susceptable to autodigestion

and the partially digested protease nolecules show reduced

antibody cross-reacting properties'

To ninimize the serious effects addition of pure

protease to the cel1-free system rnight have, the following

procedure uras used: after 60 mintttes of incubation the

cel1-free reaction mix was placed on ice and protease anti-

body(4zoug)added.After20minutes,whenj-twas
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expected that the antibody would have reacted with all the

protease present, the protease carrier (80 units) was added

and the incul"¡ation continued on ice (Methods, chapter 2) .

Using this procedure it was shown that the TCA-precipitable

products formed in the ce11-free reaction directed by 135

RNA were also precipitable by protease antibody, whereas

little was precipitated from the reaction without added

13S RNA (Fig. 5,4). It could be argued that this differ-

ence was prinarily due to the different levels of incorpor-

ation of SU-teucine in the two situations, and that the

antibody was in fact acting in a non-specific manner in

these experiments. However, two observations tend to rule

this out. Firstl-y, i-f the sirnilarly prepared amylase

ant.ibody is used instead, ro counts are precipitated in

either situation (Fig. 5r4). Secondly, íf protease anti-

body and carrier aTe added to a reaction mixture where

cMV RNA had been used to direct the incorporation of a

large anount of 3lt-teucine (4 to 5 times more than with

135 RNA), then no precipitable counts are found'

Thus it does appear likely that protease is being

synthesizeð. in the in vitro system directed by the 135 RNA,

but that it is either being degraded or the synthesis of

the protease polypeptide is not being completed. It is

of interest that 75% of the 3H-teucine incorporated in the

wheat-germ system directed by 135 RNA remained associated

with the ribosome fraction, perhaps indicating that syn-

thesis of the polypeptide chain was not being completed.

No protease antibody cross-reacting material was found in
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the ribosomal supernatant prepared from the 13S RNA-directecl

ce11-free reaction mixture, indicating that either the pro-

tease was not released from the ribosomes or that during

the preparation of the supernatatrt the protease had de-

graded.

5 6 TESTS ON AN ALTERNATIVE WHEAT_EMBRYO SYSTEM

The possibility was entertained that the wheat-germ

system, âs prepared here, r^ras incapable of synthesizing

high molecular rveight proteins faithfully. The wheat-

embryo system (Shih and Kaesbêrg, L973) in which the wheat-

gern is pïepared in the laboratory rather than purchased

commerci aLLy, had been reported to translate high molecular

weight proteins (Shih and Kaesberg 1976). When this

system was used it was found that the profile of TCA-

precipitable products synthesized in the presence of 15S

RNA (Fig. 5,5) was almost identical to that produced in

the wheat-germ sYstem (Fig. 5,4) .



87.

517 DISCUSSION

Although the results in this chapter are not yet

conclusive, they show that it is very likely that the 13s

RNA species which oscillates in concert with the capacity

for rifampicin-insensitive protease production (i.e., the

reseïve nRNA pool) is the nRNA for extracellular protease '

In the wheat-gerrn ce11-free system this RNA stimulates the

incorporation of 3H-leucine into TCA-precipitable material.

The stimulation caused by the addition of 4 Ug of 13S RNA

is about seven tines above the background (endogenous)

incorporation. This is comparable to the resultofWang et aI.

(Lg76) who found that 5 Ug of E. coli outer-membrane pro-

tein stinulated a siniilaTLy prepared wheat-germ system 8-

fold above background. No other reports of translation

of a bacterial nRNA in a wheat-germ cel1-free system have

appeared j-n the literature to date. The products of the

ce11-free synthesis directed by 13s RNA cl'oss-react with

specific protease antibodies. However, the najority of

the protease antibody cross-reacting material synthesized

was a molecular weight lower than that of native protease '

There could be trvo reasons for this:

(1) it is possible that much of the protease is being

degraded , 4S protease not in the native forn is

susceptible to autodigestion,

(2) alternatrrrely, the protease chains may not be

pleted durirlg ce11-free translation'

com-

preliminary steps were taken to ninimize protease
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digestion.

for activity.
(0.001 rnM) of

ability of the rvheat- gernì syst-en by 50 % . PN'lsF (phenyl

nethyl sulfonyl fluoride) an inhibitor of the serine pro-

tease also was detrimental to the in vitro system. (A

serine protease of sinilar molecular weight to the metallo-

protease is also secreted by Bacillus amylo 1 iq ue fac iens

Protease requircs Ca** fot stability and zn**

Horvever, the addition of small cluantities
t!

Ca*- inhibited the amino acid incorporating

though the major one produced is the neutral

protease, the one assayed for by the casein

for .this work.) As another approach, sna1l

metallo-

assay used

quantities of

system so

could bind and thus Protect

protease antibodY were added to the in vitro

that directLY on sYnthesis of

protease molecule the antibodY

immunological regions of the

protease from degradation. However, this measuTe was

also inhibitory to the in vitro system possibly due to

non-specific binding of the antibody to the ribosomes.

The lower than native molecular weight products

synthesized in the cell-free system may be due to incom-

plete or unfaithful translation of protease messenger.

This occurred in both the twheat-germ' and thetwheat-

embryo' systems. If the theory that the protease nRNA

forms a ïeserve of untranslatable RNA is corlect, then it

is conceivable that the RNA as isolated remains in an

essenti aLIy non-translatable form, giving rise to the

smaller molecular weight products observed. It is poss-

ible that the addition of soluble factors or rnembrane

fr actions fron Bacillus amyloliquefaciens or even E. co1 i
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is necessary for complete synthesis. Prelimi-nary experi-

ments have shown that addition of small quantities (4% of

total incubation mixture) of B.amy loliquefaciens S-30 or

S-100 (post-ribosomal supernatant) is very inhibitory (95%

inhibition) to amino acid incorporation of the wheat-germ

or wheat-embryo in vitro systerns.

Another factor which could be affecting th,e tr:ans-

lation of 13s RNA is the conditions used for cell-free

synthesis. The wheat-germ system was optirnized for the

translation of c}{v RNA but was also suitable for the trans-

lation of chick globin nRNA. nRNAs can have slightly

different requirements with respect to Mg+*, K*, spermine,

and length of incubation. The requirements for protease

synthesis may be different from those used in the prelim-

inary experiments described in this chapter'

Thus it seems that the best approach to continuing

this work of protease nRNA translation would be to firstly

prepare large quántities of intact 13S RNA (as checked by

formamide ge1 analysis). The next approach would be to

optinize conditions, e.g., Mg**, K*, for 135 RNA-directed

amino acid incorporation. Then the formation of protease

antibody cross-reacting naterial with time of ce11-free

incubation should be follorved. It may sti11 prove nec-

essary to use a protease inhibitor, e.g., p-aminobenzami-

dine, a substrate analogue (Mares-Guia and Shaw, 1965)

which may prove a very successful inhibitor in this work,

and to also add a bacterial extract.
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Another approach. to identifying a product of cell-

free translation is to analyse the cyanogenbromide or

tryptic-peptides of the products. To do this effectively

two conditions must app1y. FirstIy, the product must be

a completed protein and secondly, the background synthesis

must be lorv. This is apart from the necessity of being

able to inactivate protease sufficiently such that only

tryptic-peptides result and not protease autodigested pro-

ducts. Once completed synthesis of protease is established

it rnay be necessary to use, for example, the E' coli pre-

incubated s-30 system to achieve 1ow background synthesis.

Translation with this system was not pursued beyond the

prelininary trial which was unsuccessful, but nay simply

require further studies to optirnize the conditions for

protease translation.

If in all these attempts protease translation fails

to be cornpleted, it rnay become necessary to isolate the

nRNA by immuno-precipitation of polysomes actively synthe-

sizing protease. This, of couïse, requires that the

reserve pool of protease nRNA is not in an untranslatable

state in PolYsome form.



FIGURE 5,1

B. 1o 1i. ue faciens
p eï ug

TCA-PRECIPITABLE PRODUCTS FROM A WHEAT-GERM

nviTiIO ACI]] INCORPORATING SYSTEM DIRECTED BY

15S RNA.

amino acid incorPor
Chapter Z. After
reaction tubes v/ere
TCA containing 0.I%
40 pl of the reacti
treated as describe
SDS -polyacrylanide
gel for 5 hours.
treated with NCS an

13S RNA was prepared as d.escribed in
f this RNA waé added to the wheat-germ

d counted by liquid scintillation.

sholn in Fig. 511 are the radioactivity profiles of the
gels:

-E- r- , 4 ug 13S RNA added to cel1-free system'

-tr-E- , flo addition of RNA'

The arrow indicates the position of the marker protease
electrophoresed on a separate ge1'

Total incorporation (50 u1) was

The tracker dye, brornophenol bluermigrated 76 mm'

no addition - 7 ,875 c.P.m.
plus 13S RNA - 57'500 c.P.rn.
plus Z vg CMV RNA

215,000 c.P.n.
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FI GURE 5 "2 ,

Fig.
RNA,

STIMULATION OF THE IVIiEAT-GERM AN{INO ACID

INCORPORATING SYSTET4 BY FRACTIONS OF TOTAL

CELLULAR RNA FROM B . AT,IYLOLIQUEFACIENS

Total ce1lu1ar RNA was prepared as described in-Chapter 4'
Ãppi""irnately 300 pg RNÀ wãs centrifuged on a I0-40%
uirttot" density graáient for 15 hours at 38,000 -r.p.n.
(SI\r41 rotor, B".i*"tt L26 5B ultracentrifuge) . The grad-
ìãttt tour fraá¿ fractionated into 5 fractions, a-e. The

ãirorr indícate the extent of the fractions . 4 Ug 0f
nÑn itorn each fraction was added to the wheqt-gelT amino
acicl incorporating.system (chap ter _2^) and af ter 60 minutes
i"ãorpotatîon of "31.'-leucine iñto TcA-precipitable material
was nèasured as described in Chapter 2 '

hows the optical density profile of the total
rrows inditating where frãctions were taken '

ints (o) indicate the incorporation_ activity of 4 ug-¡.;;tò;óonding RNA fraction-. 20 u1 S,an919; from
,ðr.tioir nixtüre were taken. The dashed line ( -)
awn to illustrate the trend in incorporation activity'

5rZ s
the a

The
oft
50 u
was

po
he
1
dr

Background incorporation (no addition) was 4,150 c.p.n.
per Z0 ul.
Addition of 2 vg CIvIV RNA gave 120,000 c'p'm' per 20 pl'
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FIGURE 5 3 TrME couRSE oF 3H-1,¡ucI¡le TNCORPORATION BY

THE WHEAT-GERM CELL-FREE SYSTEM D]RECTED BY

13S RNA.

13S RNA fron B.am uefaciens was prepared as described1o 1i
in Cha.pter 4. ug
germ amino acid incorP
in Chap tei 2 except tha

1S was addecl to the wheat-
orating sy stem which rvas as des ribed
t 8 uCi/S

C
30 ul reaction rnix of H-

leucine was added and t he reaction mixture was adjuste dto
an 80 ul volume. 5 ul Sanp les were taken at the times
indicated and pip etted into 150 ul of l0% (w/v)-TCA con-
taining
de s cr ibe

0.L% unlabe11ed leucine and further treated as
d in Chapter 2.

The graphs represent the average of duplicate trials.

-O-o- , 4 ug of 13S RNA added.

-o-o- , ro addition of RNA.
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FIGURE 5 ,4. TCA AND SPECIFIC PROTEASE ANTIBODY PRECIPI-

TATED PRODUCTS OI- 135 RNA-DIRECTED SYNTHESIS

IN TI_IE WHEAT-G]]]ìM SYSTEM.

B.a loli uefaciens 13S RNA was Pr ared as described in
ded to the lvheat- germ
ribecl in Chapter 2.
f the reacti-on mixture
v) - TCA p lus 0 .L% (w/v) -

apter ug0 f this RNA rvas
arnino acid incorPor ating system de
After 60 minutes incubation, Z0 ul
was precr.p

abelled
itated with 150 u1 10% (

un1 leucine and treated as

ep
ad
SC

o
w/

A further 20 p1. salrlple was cooled
body (420 ug rabbit antiProtease
aftêr Z0 minutes B0 units of Prot
bation continued at 4oC overnight

ti llation.

described in ChaPter 2.
on ice, protease anti-

gamma globulin) added and
ease added and the incu-
. TCA and ant-ib
ed (Chapter 2) an

gel s (lVeber and
Gels were slíced
counted by liqui

ody p
d ele
0sbo r
into

d sci

Te-
C-
n,

n-

a) Radioactivi.tY pro fi 1e o f TCA- rec]-p itable products

-t 
-¡-

-o-û-

, 13S RNA added (4 ug).

, to addition of RNA.

b) Radio actívi rofile of antibod lle c1 itab 1e
pro uct s

_tr_E_ , 13S RNA aclded (4 ug); protease antibody.

-o-tr- , ro addition of RNA; protease antibody'
A profile virtually- indistinguishable
fr-crn this one was obtaitled when products
from a CMV-directed incorporation v¡ere
precipitated with protease antibody'

-^-a- , 13S RNA added (4 ug); amylase antibody'

The arrow indicates the position of rnarker protease elec-
trophoresed on a duPlicate ge1'

The narker dye, brornophenol blue, migrated to 6.4 cm.
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FIGURE 5 5 ] 3S RNA-DIRECTED AMINO ACID INCORPORATION IN

TI]E WHEAT-E}{BRYO SYSTEM.

13S RNA from
in Chapter 4

system was P(1ei6). 4
bated for 60
taining 0.I%
sample. Th
Chapter 2, e
(Itreber and 0
gels I^Iere sl
by liquid sc

repared
ugOfl
minute
(w/v) -

e preci
1e ctrop
sborn,
iced (Z

B. 1o1 i uefaciens
elv ea -em ryo

as described
5S RNA was added to this system, incu-
s and then 150 u1 of l\eo (w/v) -TCA con-
unlabelled leucine was added to a 20 pl

intiLTation.

13S RNA added (4 ug).

no addition of RNA.

was prepared as described
amino acid incorpora.ting
by Shih and Kaesberg

-a 
-^-

-a 
-^-

The arrow indicates the P
phoresed on a duPlicate g

Tracker dye, brornophenol b1ue, ñigrated to 6 5 cm.

osition of marker protease electro-
e1.
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FINAL SUX{I\{ARY AND DISCUSSION

It is not possible at this stage to arrive at final

conclusions about the molecular biology of extracellular

enzyne synthesis in Ba ci 11us anyloliquefaciens, but the

worl< in this thesis appears to leave no doubt that the

system has rernarkably different properties from any pre-

viously described. It is inpossible to explain the find-

ings on a conventional basis.

As described alreadY, the best working hypothesis is

that. there are two forns of nRNA for protease, one a

reserve untranslatable form, the other a translatable form;

the first is converted to the second when transcription

ceases. Transcription is able to supply rnRNA for trans-

lation and accumulation of the reserve. The control

mechanism also appears to be of a nehl type in that reserve

rnRNA builds up and declines in a cycLical fashion.

Before this hypothesis can be proved or rejected, the

nRNA and its reserve form must be identified by translation

in a cell-free system. Once this is done the character-

istics (structural and functional) of the two forms can be

examined. Moreover, a cDNA derived from protease nRNA will

perrnit a more direct study of the control of its formation

ancl accumulatíon by using hybridízation assays. Hopefully,

as described in Chapter 5, the nRNA may have been isolated

and definitive ¡.rroof of this is currently being sought.

There rernain a large number of questions: where is

the protease synthes ized, how does it traverse the membrane,
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and

the

those alrearly referred to

subject of investigation

Again, these are

laboratory.

above.

in thi s

A najor question is, of course, how general are the

phenomena discovered in the B.amyloliquefaciens protease

systern? T.he phenomenon of a pool of preformed nRNA for

enzymes destined for secretion has been shown to be fairly

wiclespread (Boethling , L97 5; Gould et al . , L97 3; Priest,

1975; Sêmets et a1. , I973; Stinson and Merrick, I974).

0n the other hand, it cannot be asserted that synthesis of

aTI proteins destined for secretion through the ce11 mem-

brane shorv the same characteristics. In this laboratory

(Saint , L97 4) it was shown that an nRNA poo1 for B.arnyloli-

uefaciens alkaline phosphatase does not exist. A similar

report was rnade for alkaline phosphatase of E. coli (Waiu-

wright and Beacham, 1977). There is no evidence for an

rnRNA pool for E. coli outermembrane protein, however, this

1RNA is reported to be extremely stable (Hirashima et ãI. ,

Ig73 and 1974). Neither is there aîy evidence for an

nRNA pool for Bacillus usÞgq:lg]4lg penicillinase (sargent

et al., 1969; Yamamoto and Lampen, 1976)' At the present

tirne, therefore, general îzed conclusions cannot be made.

It nay be speculated that synthesis of enzymes wholly

secreted from the cell has characteristics sirnilar to those

for protease, while those which who1ly (alkaline phosphatase,

outermembrane protein) or parti a]-l-y (penicillinase) retained

by the cell show clifferent characterist-cs, but this is only

conj e cture .

The question of the mechanism of release of these
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proteins likewise cannot be settled. The discovery of

the penicillinase phospholipo-plecursol with a hydrophobic

' leadert sequence (Dancer ancl LamPetr, 1.9 75 ; Yarnamoto and

Lampen, 1976) suggests that Blobel's 'signal' hypothesis

(l31obeI and Sabatini, 1971; Campbell and B1obe1, 1976) nay

also apply in prokaryotes. Recent work by Smith et al.

(1977) provided direct evidence for the direct synthesis

and extrusion of nascent alkaline phosphatase of E. coli

being synthe sized on membrane-bound ribosomes. Sanders

and May (1975) showed that B.any loliquefaciens extracellu-

Iar enzymes emerge fron the protoplast in a trypsin-sensi-

tive configuration inplying that either a nascent form is

extruded or that the enzyme is secreted in a form differ-

ent from the final form which is insensitive to trypsin.

It would seem that isolation of protease messenger would

form a good basis for further studies on this basis.

In this regard, it may also be possible to identify

and isolate the nRNA for B.anY 1o1 iquefaciens extracellular

cr-amylase. It wa-s found that lvhen cells were incubated

in a low amino acids mediun containing only half the normal

amount of phosphate, that the o-amylase apparent nRNA pool

increased markedly during the time that the protease nRNA

pool was seen to decrease (Fig. 6,1). It is not yet

known whether the ot-amylase mRNA pool oscillates. Further

investigation of the phenomenon of nRNA pool oscillation

is currently in progress. In regard to the protease

situation, it was of interest to deternine whether the

nRNA pool also oscillated during incubation in high amino
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acids nedium. Preliminary lvork (D. Love, personal

ication) indicates that it does.

conrìnun -
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-tr--tr- , 60 minutes.
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