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SUMMARY

As an approasch to the analysis of the influence of
environment on enzyme synthesis by bacteria, a study
has been made of the effect of changes in gene frequency
distribution on the constitutive synthesis of penicilli~
nase and tryptophan synthetase B in Bacillus licheni-
formis ATCC 99454, The gene frequency has been varied
by alteration of growth rate and by growth of é thy
strain on low concentrations of thymine, and the
variation measured by comparing the ratios of ade and
irp genes in DNA by transformation. Evidence had been
found for a nuclease activity present in the tranaforma-
tion systeme which is important in governing the number
of transformants ohiaihable from a given amount of DNA.
Analysis of the relationship between growth rate and
gene frequency distridution has suggested that the time
taken for a round of replication in B. licheniformis is

about 40 minutes and that DNA synthesis is discontinuocus
at low growth rates (doubling times longer than 1 hr.).

The gene-engyme relationships and regulation of trypto-

phan biosjntheais in B, licheniformis have been examined
and found to be similar to those in Bacillus subtilis

and Escherichia coli, and constitutive mutants resistant

to S-methyl—tryptophan which 1t 1es postulated are mutant
in tryptophanyl t RNA or ite activating enzyme have been
1solated. A correlation between the levels of trypto-

phan synthetase B and penicilliname and the frequency of



the trp and pen genes relative to all genes (the overall
relative frequeney)'was obeérved when the gene frequency
distribution was varied by changing the growth rate but
~not when it was altered by growth on low thymine

concentrations,
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CHAPTER 1
INTRODUCTIOR

1.1 The panel set up by the Science Research Council
{(S.R.C.) to study the field of enzyme chemistry atressed
in their report (Enzyme Chemistry and Technology 1969)
the present and likely future importance of enzymes in
medicine and industry, and recommended that the S.R.C.
should support the investigation of the isolation,’
structure function, and uses of engymes. DBacteria are
potentially an important source of enzymes both for
industry and for the etudy of enzymic etructure and
function, where the possidility of obtaining the same
enzyme with altered specificity and activity by mutation
makes them particularly suitable. Therefore the study
of the isolation of enzymes should include the develop=-
ment of methods for obtaining increased ylelds of

enzymes from bacteria.

1.2 Treditional abproaohes to the problem of increasing
¥ields of bacterial enzymes snd other products in
fermentation processes have involved, on the one hand,
screening the effects of varying each of the growth
parameters in an attempt to optimise them all with
regpect to product formation, and, on the other hand,
the technique of progressive randomﬁmutagoneais and
sereening known as 'forward mutetion' (Alikhanian 1970).

These .two approaches'will be referred to as environmental
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and mutational, respectively, Work in the field of
Molecular Biology over the past two decades has led to
an expansion of our knqwledge of the mechanisms by
which bacteria alter the pattern of their macromolecular
synthesis in response to thelr eavironment. It is now
relevant to ask the question, 'In the prodﬁction of
enzymes and other macromolecules from bacteria, to what
extent can tredition bg repleced by rational approacpeg
based on this knowledge?' More precisely, can one now
predict the optimum growth conditions ang also predict
which genes should contain what type of mutations in
order to maximise the synthesis of a particular enszyme.
or other macromolecule? From the genetic standpoint
the answer to this queetion is 'yes'; <the mutation to
constitutivity (see Section 1.3.a) brought sbout by a
mutation in a regulatory gene is an accepted method for
obtaining incressed synthesis of inducible enzymes,
However, it is probable that this type of mutation is
the first obtalined in the *traditional mutational
approach' and does not constitute a great advance.
However, the potential of the genetic construction of
strains employing recombination (genetic engineering)
based on knowledge of the genetics of the organism and
regulation of the required product, has been demoustrated
by Gilbert and Muller-Hill (1970). They obtained a
great inorease in the synthesis of the lae repressor by
atteching the appropriate structural gene to partially
defeétive temperate bacsteriophage which allowed the
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production of many copies of +this gene. It 1s unlikely
that thls could have been achieved by the mutational
approsach, '

_ From the environmental standpoint the questlon is
far more complex as one is considering a large number of
interactions between environmental and cell parameters.
Thus the gquestion becomes whether one can group parameters
sufficiently to give a simple: model which can be used to
make predictions concerning the influence of the environ-
ment on the yield of a required enzyme, In the study of
the control of DNA and RNA synthesis 1t has been found
that environmental parameters can be grouped together and
expressed in terms of the growth rate which they support
(Manloe and Kjeldgaard 1966). Under conditions of
balanced growth, i.,e. as defined by Maaloe and Kjeldgaard
(1966), growth rate represents the total integrated
regponse of the c¢ell to ite environment. As a result by
reading 'growth rate' for 'all environmentel parameters’
one is ignoring specific interactions which are important
in the control of the synthesis of enzymes. If one is
to use this generalisation to derive a relafionship to
predict the influence of the environment on enzyme
synthesls one is limited to deriving one relationship per
enzyme which tskes account of specific interactions, or
to constructing a relationship in which specific inter-
actions are ignored, and which relatea the changes in
engzyme aynthesis to behaviour of the other control

systems in the cell in their response to fhe environment.
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In the latter case one 1s considering what can be called
the general mode of veriation of enzyme synthesis,

The object of the work in this thesis has been to
investigate the influence of changes brought about by
one of these other control systems upon the genersl mode
of variation engyme synthesis. The control system
chosen was that of DNA replication and the reason for
considering that this system of control might influence
enzyme synthesis stems from the work of Yoshikawe and
Sueoka (1963), They have deﬁonstrated (ag will be
discussed in Section 1,3,c) that as a result of the
polarity of DNA replication and the nature of the
coupling between DNA replication and cell divieion, the
relative frequenoy of a gene depends on ite chromosomal
location and the overall gene frequenc& distribution
varies as a function of growth rate, If the frequency
of a gene relative to all genes changes with growth rate,
then the amount of enzyme .specified by that gene relative
to the total protein synthesised should vary in a ﬁanner
characterigtic of the gene's poaition’ﬁn the chromosome,
This work aims to evaluate the eignificance of such a
variation relative to that produced by other gemeral and
specific influences on enzyme synthesis, and a general
review of the mechanisms of control of the synthesis of
protein RNA and DNA will now be given followed by a
discussion of the experimental aepproach adopted, and a
brief survey of the sﬁstems used in the experimental

work.,
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1.3 Control Systeus in Macromolecular Syntheéis . s

l.3.a2 The Control of Protein Synthesis

l.3.a (1) Introduction

Pive types of asystems controlling protein syntheeis
can he defined at the metabolic level; these are (1)
represeion by end product feedback which is found in the
regulation of biosynthetic enzymes (Cohen 1965; Monod
and Cohen-Bazire 1953): (2) induction as seen in the
regulation of degradative enzymes; (3) catabolite
represaion (Magésanik 1961); (4) the total switch which
is seen in the switch over of a cell to a new form of |
metabolism as in sporuletion and (5) the control which
operates on ribosomel protein synthesis. Types (1) and
(2) are the mechanisms of specific interactions between
individual componenfs of the environment and individual
genes or small groups of genes (operons), and as such
can be groupé& together, They can also be grouped on
the basis of their mechanisme at the molecular level,
which will be discussed briefly in order to establish
the nsture of ﬁutations which override this type of
control for specific genes. Types (3) and (4) avre
semispecific mechanisms in that they influence the
expression of large groups of genes_but not of all genes
and they can be grouped on the basis of their mechanisms
at the molecular level, which recent research (Silver-
stone et al, 1969; ILoseick, Shorenstein and Sonenshein
1970) suggeests ie in both cases by the alteration of the
affinity of RNA polymesase for 1its binding site on its
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DHA femplate. Iittle ies known of the system controlling
the synthesis of ribosomal protein; however, since ribo-
somal RNA and protein should be synthesised in stoichio-
metric amounts it is likely that both are under the same
aystem of control. Por this reason, type (5) will be
discussed further with the control of RNA synthesis.

1.3.a (ii) Induction and Repression
From their studies of the genes controlling A~

galactopidase synthesis in E. coli, Jacob and Monod
(1961) proposed the operon model for induction, | The
operon wap defined as a linear array of genes, which
comprised structural genes for coordinately controlled
enzymes and a regulatory gene called the operator
(0 gene). Also specified was a gene called the 1 gene
which coded for an allosteric protein called the
repressor which had the property of being able to inter-
saot with the operator to prevent transcription of the
operon and thus give rise to negative control, However,
it could alsc interact with the inducer to give a form
unable to interact with the operator and thus bring about
induection. Studies with tbe tryptophan operon in
E. coli (Yanofeky 1967) showed that this model could also
be applied to repression, with the modification that the
end-product or some derivative of it acted as co-repressor
and interacted with the repressor to block transcription.
Following the study of a number of further systems

of induection and repression, and the further study of the



Te

individual components of the A~galactosidase system,
the operon model has become accepted as the universal
explanation for induction and repression in bacteria,
However, studies on the I~arabinose system in E. coli

- have shown there are possible exceptions to this
universality (Englesberg, Irr, Power and Lee 1965), .In
this system a C gene product has been defined which is
required for the induction of the'enzymea of arabinose
catabolism by arabinose, Thie system has been said to
be under positive control and the C gene product is the
converse of the i gene product of negative control
systenms,

In negatively controlled operons, mutanfe whiech
override the control system, i.e. give comnstitutive
synthesis of the structural gene products, are of two
types. The first type are mutants in the 1 _gene which
cause the repressor to lose ite ability to interact with
the operator. The second are operator mutations which

also prevent the repressor operator interaction,

1.3.8 (1i1) Catabolite Repregsion
Catabolite repression is the term coined by

Magasanik (1961) for the repression of {hducible enzymes
by the level of metabolites, It is cohaidered to be the
mechanism whereby certain substrates are used
preferentially as manifest in diauxic growth curves on
mixed substrates (Monod 1947). Glucose is a rapidly

metabolised substrate which exerts strong catabolite
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repression, the inhibitory effect of glucose on the
synthesis of inducible enzymes having been..recognised for
meny years (for review see Gale 194%; Neidhardt and -
Magasanik 1956). However, the explanation of catabolite
repression put forward by Magasanik (1961) proposes that
it is specific not jJjust to glucose but to a range of
rapidly metabolised carbon sources, the metabolism of
which &ields large pools of intermediates, one of which
effects the repression. As r&gards the mechanism, some
insight has been gained from recent work on the lac
operon of E. coli. In their anelysis of mutants which
gave low basal and induced levels of the lac enzymes,
Ippen et al. (1968) defined a genetic region which they
called the promotor and postulated as the binding site
for RNA polymersse. Silverstone et al, have found that
certain deletion mutants in the promotor region have a
lowered aeﬁaitivity to catabolite repression and thus
and prametor
have implicated the interaction of polymerasekgs'the
control point for catabolite repression. . Other workers
approaching the problem from the biochemical standpoint
(Periman, de Combrugghe and Pasten 1969) have found that
cyclic AMP can reverse catabolite repression and Emmer,
de cémbrugghe, Pastan and Perlman (1970) have isolated a
protein which binds cyclic AMP and is required for the
in vitro transcription of catabolite sepsitivé operons.
Zubay, Schwartz and Beckwith (1970) have defined a
similar function genetically which they have called the

CAP factor, The current model for catabolite repression
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is that cyelic AMP plus CAP factor facilitates the

binding of RNA polymerase to the promotors of catabolite
sensitive operons and thus permits transcription, The
degree of catabolite repression reflects the size of the
pool of cyclic AMP. The coupling between the level of
catabolites and the size of the pool of cyclic AMP is
not yet understood.

The influence of catabolite repression on enzyme
synthesis during growth has been studied by Clarke,
Holdsworth and Tdilly (1968). They studied the consti-~
tutive synthesis of amidase in the presence of succinate
(a strong agent of catabolite repression) in a chemostat
and found that the level of amidase synthesis increased
greatly as the dilution rate wes taken below 0.4, The
experiment was repeated using a mutant in which seneitivity

to catabolite repression was reduced and the rise in
amidase synthesls occurred at a higher dilution rate
confirming that the rise was due to the relaxation of
catabolite repression. These findinge suggest that the
level of catabolite repression itself varies with growth.
rate with the greatest repression occurring at the fastest

growth rates,

1.3.a (iv) The Totai Switch

This mechanism is involved in the transition to non-
growing states as in sporulation and bacteriophage
infection and therefore is unlikely to influence the
variation of enzyme synthesis with growth rate, Thus =a
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discussion of the total awliich is not of relevance to
this thesis, However, it should be pointed out that
gome enzymes formed as & result of phage infection are
of use (e.g. polynucleotide kinase from T4 infected

E. coli B (Richardson 1965; No%ogrodsky and Hurwitz
1966) which is used to label 5 ends of polynucleotide
chaing) and that genetic engineering has been used to
increase the yields of such enzymes {Hughes and Murray,

unpublished).

1.3.b (1) Control of RNA Synthesis

it is first necessary to distinguish between the
synthesis of stable and unstable RNA. In the case of
stable RNA, which comprises ribosomel (rRNA) and transfer
{(tRNA) the amount present in the cell represents the
amount synthesised. In contrast, the cell content of
unstable (messenger (mRNA)) is a function of its rates of
eynthesis and breakdown, Thus the estimation of the
rate of synthesis of mRNA is difficult, For thisreason
in fhe study of RNA syntheéis moat attention has been paid
to the stable components, in particular rRNA. The work
of Maaloe and Kjeldgaard (1966) on the variation of the
relative amounts of stable RNA and protein syntheesised
with growth rate (Fig. 1l.1) 1ed them to the conclusion
that the rate of translation by individuasl ribosomes ig
constant and independent of growth rate, and that the
cell content of rRNA is adjusted in order to maintain the

maximun rate of protein synthesis permitted by the supply



¥ipure 1,1. The Variation in the Cell Content of Stable RNA Spécies With Growbth Rate.

From the Data of Maaloe and Kjeldgaard (1966).
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of amino acids. The great increase in the rRNA-protein
ratio observed when the growth rate is increased is the
cell's method of increasing the overall rate of transla-~
tio&}?y individual units. Thus the number of ribosomes
per cell sets an upper limit on the rate of protein
synthesis and it would appear unnecessary for more mRNA
to be synthesised than can be saturated by the available
ribosones, This raises the question whether rRNA and.
mREA are controlled independently or coordinately.

Before these possibilities are discussed further it_is
important to emphasise that the supply of intermediates
cannot be implicated in the control mechanism, since
Mealoe and Kjeldgaard (1966) have shown that in a shift
between a medium giving a slow growth rate and one glving
a fapt growth rate there is an instantaneous increase in
the rate of RNA synthesis which indicates & reserve
supply of polymerase and precursors. This raises the
further question of whether the reserve RNA polymerase is
under some inactivation mechanism or whether the templates
for rBENA and nRNA are under a repression mechanism,
Sufficlent evidence is not available to distinguish
between these posslibilitles; however, recently Travers,
Kamen and Shleif {1970) have discovered a factor psi R
which when added to in vitro systems stimulates the RRA
polymerase in the transcription of rRNA templates, This
indicates that the template specificity of RNA polymerase
may be involved in the diastribution of RNA syntihesis

between the stable and unstable species and thus supports

® by increasing the number of translating units rather than

by increasing the rate of translation
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the nonwcoordinate control argument., The difficulty in
deciding whether the various species of RNA are co-
ordinately or independently controlled stems not only"
from the difficulty in measuring the rate of synthesis
of mBNA but from the inability of workefs to agree on
whether conditions which block rRNA synthesis also block
mRNA synthesis (Edlin and Broda 1968).

1,3.b (11) The Control Loop for rRNA Synthesis
At the metabolic level the synthesis of rRNA appears

to be coupled to the growth rate via the pools of amino
acids, Evidenée for this and the construotion of &
model cdntrol loop has come from the study of the genetics
end physiology of the 'rel' system in E, coli. It was
found by Sands and Robertsen (1952).that when auxotrophs
of B, coli were starved for a required amino acid rRNA
syntheslis immediately stopped., However, it was leter
found that if chloramphenicol was added at the same time
a8 starvation the effect was not observed. Strains have
been isolated in which rRNA synthesis is not sensitive to
anino acid starvation (Stent and Brenner 1961), These
strains were called relaxed and were mutant in a locus
designated 'rel' which was considered to be involved in
the regulation of RNA synthesls. The wild type (ggl:)
was said to be stringent. Possible explanations of
stringency are that amino acid starvation prevents the
synthesis of a product required for »RNA synthesis or
that it causes accumulation of sn inhibitor of RNA
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syntheais. The demonstration that chloramphenicol
reversed the effect of amino acid starvation suggests
that the synthesis of protein, be it activator or
repressor, is not involved and implies that it is the
accumulation of the receptor for the incoming emino acid,
or the depletion of the receptor-amino acild complex in
the absence of thét amino acid, which 1is responsible for
stringency. For this reason the possibility that trans-
fer RNAs form the link between the amino acids and the
control of RNA synthesls was put forward (Sitent and
Brenner 1961). A body of evidence (see £dlin and Broda
1968) now suggests that all the amino acyl tRNAe are |
required for rRNA synthesis although it is unclear whether
the mechanism is one of negative control by a single
species of uncharged tRNA, or one of positive control in
which all species of activated tRNA are required for rRNA
synthesis, Desplte this a control loop can be described
in which the level of uncharged tRNA (which is a function
of the difference in rates of the supply ard incorporstion
into protein of the amino acids) controls the level of
rRNA and thus the supply of ribosomes which mediate this

incoxrporation,

1.3+b (i1i) Zhe Control of Ribosomal Protein Synthesis
and its Importance in Engyme Synthesis

There is evidence that the synthesis of rRNA and mRNA
for ribosomal protein are under coordinate control., Thie

comes from experiments carried out on stringent and
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relaxed strains in which the distribution of the emall
amount of protein synthesis obtained during amino acid
starvation between ribosomal protein end total protein

was measured. {These experiments were reported by Edlin
end Broda (1968)). Since stoichiometric quantities of
TRNA and r ppotein are required for comstruction of ribow
somes there is a strongteleological argumént for co-
ordinate control of these components. If the amounts'of
ribosomal protein synthesiséd per cell parallel the
amounts of rRNA synthesised, changes in this might also
affect the apperent levels of enzyme synthesis, From

the nﬁmber of ridosomes per cell at different growth
rates one can obtain information on the influence of
growth rate on the synthesis of ribosomal protein.

Pigure 1,2'ahows the percentage of total protein which is
ribosomal protein as a function of growth rate, calculated
from the data of Kjeldgaard and Maaloe (1966), It can be
seen that ribosomai protein can vary from 4% to 25% of the
total protein. The effect of this verliation upon the
level of a standard protein which is synthesised as a
constant fraction (1%) of the non-ribogomel protein 1e
also shown in Figure 1.2. This curve shows a significant
change over the range of doubling times from 25 min. to
100 min, which must be taken into account when correlations
are made between other factors and the variation of engyme
synthesis with growth rate. The effect observed in the
curve for the standard protein will be referred to as the

diluting effect of ribosomal protein.
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B

Recently the influence of growth rate on ribosomal
VC{. 14!
protein and RNA synthesis has been studied by,Dljk-

Salkinoja and R.J. Planta (1971) in B, licheniformis

(the organism used in thie investigation). Their
results agree quite closely with those of Maaloe and
Kjeldgaard (1966) and are shown in Figure 1,2. They are
used in further analysis in Sections 4.6 and 4.7.

1,3.c The Control of DNA Synthesis and Chromosome

Replication
The system controlling DNA eynthesis ensures (a) that

the rate of DNA eynthesis is sufficient to complete the
syntheeis of one new genome per generation and (b) that
one complete genome in the form of a single chromosome is
distributed to each daughter cell at division. The
control system has a component which adjusts the rate of
synthesis to the growth rate and a distribution component
which is manifest as a coupling between DNA replication
and division. This duality has resulted in investigators
adopting two approaches to the study of this control system.
One has been to study the effects of agents on the coupling
between DNA replication and division and the other has been
to study the kinetics of the replication process. The
studies of Cairns (1963), Meselson and Stahl (1958) and
Sueoka and Yoshikawa (1963) fall into the latter category
and together support the model of sequential and multifork
replication which ie central to this thesis,

Cairns (1963) developed an sutoradiographic technique
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which enabled him‘to.ahow (1) that the bacterial chromo-
some was replicated as a single structure and (2) that

at & doubling time of 30 minutes the rate of extension of
the polynucleotide chain was not sufficient to account
for all the DNA which haes to be synthesised in a cell
cycle, assuming that there was one replicating point per
genome, Meselson and Stahl (1958) showed by density
labelling techniques that DNA replication is semiw
conservative and also that in 8 cell cycle at least 90%
of the DNA becomes half heavy anﬁ none fully heavy which
implied that the chromosome is replicated by a single
replicating complex (the replicating point), travelling
sequentially along the chromosome once per generation,
always starting at a fixed point. Yoshikawa and Sueoka
(1963) constructed a theoreticel relationship between the
relative frequency of a gene and its position on the
chromosome based on the above implications and the cell
age distribution function of Powell (1956), They tested
the relationship in Bacillus subtilis by comparing the
frequencies of genes in verious positions on the chromo-
some in DNA extracted from cells at various points on a
growth curve by tranaformation. Their theoreticel
relationship, called the gene fregquency distribution
function, took the form p(X) = ZF% - 3?Kwhere 'p(X)' is
the frequenecy of a gene in a population relative to the
frequency1of chromosome termini and 'x' is the fractionzl
distance of the gene from the chromosome origin (the

chromosome origin is defined as the first point on the

* Equation 1.
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chromosome to be replicated). This function assumed
that DNA replication was continuous, occupied the entire
cell cycle and was sequential, l.e, started at a fixed
point (the origin) and progressed in one direction along
the chromosome to the terminus.

They found that if the gene frequencles obtained with
DNA from exponential phase were normalised against those
obtained with DNA from the stationary phase and inserted
in equation (1), a map of the chromosome could be conw
structed which matched well with linkage data. This
Justified the assumptions made in the gene frequency
distribution function and also the assumption made in
using the stationary phase gene frequency to normelise
figures obtained in transformation, which was that
stationary phase cells contain only completed chromosomes
and thus have a uniform gene/frequency distribution,

0Oishi, Yoshikawe and Sueoka (1964), by observing the
gene frequency distribution during the outgrowth of spores
on rich media, discovered that the ratio of frequencies of
genes at the origin to genes at the terminus, i.e. the
ratio of ends which equation (1) predicts should be 2,
could rise to 4. This led them to postulate the theory
of dichqtomous replication which propoées that when a
high rate of DNA synthesis is re@uired the chromosome may
be replicated by more than one replicating point.

This inferred thet a second round of chromosome
replication may be initiated before the previous round has

finished. Oishi et al. (1964) envisaged a simultaneous
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initiation of replication on both daughter strands of the
previous unfinished round of replication and proposed
that the replicating chromosome ¢ould have a dichotomously

branched structure as shown below:

origin
- Teplicating point

direction of replication

—————

terminus

Schaechter, Bentzon and Maaloe (1959) found that when
cells at low growth rates were given a pulse lasting 10%
of a generation time of isotopicslly labelled thymine,
only 80% of all the cells incorporated the label into DNA,
This showed that DNA was only being actively synthesiged
during part of the cell cycle which would vary between
605t and 70% depending on where in the cell oycle the bresk
in DNA synthesis occurred,

Sueoke and Yoshikawe (1965) took account of these
findings in modifying the gene distribution function to
include a power *'n', the average number of replicating
points per chromosome and give a 'generalised equation of

chromosome replication?:
p(x) = 281 =% (2)

In order to meintain a steady state of chromosomes per

cell in a population it was clear that there must be one
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initiation event per cell cycle., Thus, in terms of
time the distance between sets of replicating points, is
- equal to the generation time, Sueoka and Yoshikawa
(1965) concluded that (when n > 1) n is equal to the ratio
of the growth rate to the replication rate(%) {or ;g)
provided that R is constant independent of growth rgte.
When n hes & value of less than 1 n is equivalent to 1-
the fraection of the cell cycle in which no DFA synthesis
occurs, The work of Lark (1966) on the recovery of
cells after thymine starvation and on cells growing at
different rates support this theoretical analjsis and
the proposition that R is a constant except at low growth
rates, Figure143éhows a representation of equation (2)
for various values of n, in which the x axis 1s a linear
representation of the chromosome, The ares under each
curve represents the total nﬁmber of genes at that value
of n, |

From data on the amounts of DNA per cell at different
growth rates and the synthesis of DNA in synchronous
populations at various growth rates in E. coli, Helmstetter
and Cooper (1968) extended this analysis and constructed
& model to show how the periodicity of initiation of
replication is coupled to the periodicity of cell division.
Their model breaks the cell cycle down into two periods:
Ct, the time taken for the replicating point to traverse
the genome, and 'D', the time between the completion of a
round of replication and a division, which in E. coli B/r

are 40 and 20 minutes respectively. For the range of
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doubling time from 20 to 60 minutes C and D are constant.
The model iss (1) that cells with & doubling time of C
have no gap in DNA synthesis and no dichotomy, i.e. n =1
and the round of replication which stimulates a division
was initiated C + D minutes earlier; (2) as the doubling.
time is decreased from C this initiation event becomes
earlier and earlier in the previous cell cycle, replica-
tion being dichotomous and (3) as the doubling time is
made greater than C there is a gap in DNA synthesis with
the initietion event happening later and later in the
previous cell cycle until when the doubling time = C # D
it occurs immediately after division in the same cell

cycle, The model is shown schematically below:

0

C C
A _f..__—-a*-—-——\ = e
~ : =3
. * - n=2
d d d d d d
t—.—-——q—————"
1)
c B .
— - — o by =0
— n=1
o
d d
Ep 5
. — n = %
|
a 2

4 denotes g division



21,

Since 1t 1s 1ikely that when the doubling time 1s
greater than 60 minutes C is no longer constant (Iark
1966) both the coupling of division and replication and
the variation of gene frequency with growth rate cannot
be predicted from this model, However, this model 1is
useful for making predictions concerning the relative
frequencles of genes at doubling times of less than 60

minutes provided that B. subtilis and E. coli do not

differ in thelir pattern of chromosome replication. It
also explains the apparent anomaly between the work of
Cairna (1963) and Meselson and Stahl (1958); Cairne
worked with a doubling time of 30' and a C of 40', s0O
that the extent of labelling by a single replicating
point would not be sufficient to label a complete chromo-
some in one generation. |

Studies on the action of agents which specifically
block cell division or replication on replication and
division have yielded further information on the coupling
of these processes, Starvation of thymine requiring
auxotrophs of E. coli has been shown to stop DNA synthesis
but not growth. However, during thymine starvation
divigion ceases and the cells:foim filaments (Donachie,
Hobbs and Masters 1968). This demonstrates that the
completion'of a round of replication is a necessary pre-
requisite for division, . If after & period of thymine
starvation thymine is added back to the culture there
follows a rapid DNA synthesis period which continues until
the DNA/mass ratio of the culture reaches the steady state
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which it had before starvation (Donachie et al. 1968).
During this time, rapid division also occurs untll the
steady state cell size 1is again reached. This experi-
ment demonstrates the ability of the cell %o recover from
g large perturbation in its DNA content and emphasises
the close coupling between the DNA replication and
division. Similar expefiments where DNA synthesis was
inhibited by nalidixic acid gave the same result except
that the post-inhibition rate of DNA synthesis was even
higher than after thymine starvation. Phese experiments
suggest that the cell size/DNA ratio may be invelved in
the control mechanism for DNA eynthesis and models based
on this idea have been put forward (Pritchard, Barth and
Collins 1969). | '

During prevention of cell growth by starvation for a
required amino acid or by inhibition of protein Bynthésis
by drugs, e.g. chloramphenicol, the rate of DNA synthesis
was found to fall progressively and reached zero after
1 - 1% generations (see Maaloe and Kjeldgaard 1966). The
net synthesis of DNA during this period for cells with one
growing point (E. coli on glucose minimal medium) was
about 40% of that present prior to starvaetion, and during
this period progressively more cells became resistant to
the thymineless death if starved of thymine. Apparently
in the absence of protein synthesis no further rounds of
DNA replicatioﬁ are initiated and the already initiated
rounds are completed. The 40% residual DNA synthesis
agrees well with that predicted by the Yoshikawa-Bueoka
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age distribution function for chromosomes. This inter-
pretation has been supported by the results of density
labelling of cultures after re-initiation of protein
synthesis (Pritchard and Iark 1964).

To sum up, the analysis of Sueoka and Yoshikawa
(1965) and Helmstetter and Cooper (1968) give an
integrated model which may be used to predict the
influence of growth rate on the relative frequency of a
gene, central to which is the constant rate of replica-
tion. Thymine has been shown to be important in
regulating the setivity of the replicating péint (this
will be discussed 1at;r in Section 3%.4,a).

1.4 Anslysis of the Problem

From this review of the control of protein DNA and
RNA synthesis it is clear that at different growth rates
the synthesis of an enzyme will be influenced not only by
the relative gene frequency but also by the diiuting effect
of ribosomal protein, by the redistribution of protein
synthesis amongst other genes as a result of their specific
interactions with the environment and by any specifiec
controlling system which acts on the enzyme itself,
Quantitative data for the effect of relative gene frequency
on enzyme yield cannot be obtained unless these latter
effects can be measured or fixed., It is possible %o
ignore the specific controlling systems acting on the
enzyme itself by studying the constitutive synthesis of

a non-catabolite repressible enzyme. It is not possible
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to measgure the detailed distribution of protein synthesis
at different growth rates and still less possible to fix
it. For this reason two approaches to the problem have
been adopted. One was to study the variation in enzyme
yield with growth rate as a function of the position of
the gene coding for it, on the chromosome, The second
approach was to maintain a constant growth rate and to
vary gene frequency in oxrder to measure directly its
influence on enzyme yield. Combining the results from
the two approaches it should he possible to evaluate the
relative importance of changes in gene frequency and the
distribution of enzyme synthesis with growth rate in

varying constitutive enzyme synthesis.

1.5 [The Experimental Approach to the Investigation

The approach adopted was as followss

(1) To isolate mutants of B. licheniformis constitutive

for the synthesis of several enzymes.

(2) To isolate mutants of a strain of B. licheniformig

| which could act as a recipient in transformation,
marked in e gene of known location and also in the
gene's coding for the enzymes for which constitutive
mutents were obtained in (1),

(3) To use the strain derived in (1) to study the con- .

| gtitutive synthesis of the enzymes during balanced
growth as defined by Masloe and Kjeldgaard (1969)
at different growth rates, and at the same time to

. 8tudy the changes in relative frequency of the genes
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coding for these engymes with growth rate by trans-
formation using the strains derived in (2). This
should demonstrate the influence of the gene's
position on the pattern of variation.
(4) To £ind ways of altering the gene frequency distri-
 bution other than growth rate and to use these to
study the influence of relative gene frequency on

enzyme synthesis.

1.6 The System

The experimental system to be described in the
methode and results sections cen be broken into the

following components: <the orgaenism, Bacillus licheni-

formis; the enzymes, penicillinase and tryptophan
synthetase; the system used for measuring gene

frequencies, transformation.

l1.,6.a Bacillus licheniformis

Thies organism has been under investigation in
Edinburgh for some time, particularly with respect to
the structure of penicillinase and the control of its

synthesia, The choice of B. licheniformie was based on

(1) its present importance to the Department for the
prdduction of penicillinase (methods have been deviged
for the large~-scale production of penicillinase from
this organism (Hughes, Meadway, Thompson end Collins, in
preparation)); (2) on the hope that this investigation
might complement the academic work on B. licheniformis
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in progress in the Department (several mutants derived in
this investigation have been of great use to other
members of the Department); (3) on the considerable
stock of mutants available and (4) on the availability of
a transformation system (Thorne and Stull 1966).

The genetic map of B, licheniformis 9945 A (Tyeryﬁr,
Lawton and MacQuillen 1968) constructed by gene frequency
analysie and confirmed by transduction shows a great

similarity to that of B. subtilis (Dubnau, Goldthwaite,

Smith and Marmur 1967) {(see Appendix 1), In addition,
streptomycin resistance markers can be transformed

between B. subtilis and B. licheniformis (Dubnau, Smith,

Morell snd Marmur 1965), and that some B. subtilis trans-

ducing phages can also transduce B. licheniformis (Taylor

and Thorne 1963; fTyeryar et al. 1968), Based on these
criteria it is believed that B, subtilis and B, licheni-

formis are closely related orgeniems.

l.6.b Penicillinase

Penicillinase (penicillin g-lactam amido hydrolase
E C 3.5.2,6.,) ig found in a wide range of bacteria,
including Gram negative. species such as Enterobacteriaceae

and Pgeudomonas, and Gram positive species such as Bacillus

and Staphylococcus., The properties of the pericillinases

from these sources have been reviewed by Citri and Pollock
(1966).

The penicillinase\or B. licheniformis has been shown
to be induecible (Pollock 1952) and to have an induction



27,

response which differs greatly from other characterised
enzyme induction systems, in that the maximum rate of
"induced synthesis is obtained'only after 20 minutes,
after initial contact with the inducer (Davies 1969).

The penicillinases synthesised by strains of B. licheni-
formis fall into two classes (Pollock 1965), distinguish~-
able by their enzymic and immunological properties and
amino acid sequence (Ambler, Meadway end Thatcher, un-
published). One class‘ia-prcduced by strains of 749 and
ATCC9945A of which the 749 enzyme hae been sequenced
(Ambler and Measdway 1969) and the other is typified by
the enzyme of strain 6346. B. licheniformis penicilli-

nases are exowenzymes in liquid culture, the enzyme being
about equally distributed between culture fluid (released
form) and cell surface (cell bound form) (Kushner and
Pollock 1961).

The genetice of the induction system have been

investigated in B. licheniformis 9945A (Sherratt and

Collins, in preparation). Regulatory and structursal
gene mutants were mapped by transformation and the two
genes orientated with respect to the amino acid sequence
of the enzyme, It was shown that a regulatory gene is

ad jacent or close to the end of thé gtructural gene
-coding for the C terminus of the protein.  Inability to
construct merodiploid strains has prevented a dominance
study of regulatory mutants but studies of their reversion
XSherratt, (Ph.D.) suggested that the system is one of
negative control, He further suggested the possibility
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that the repressor is synthesised by read through from
the structuregl gene, i.e. from =2 polycisﬁ@nic messenger
RNA fropm which the enszyme is first trenslated,  Thus the
repressor could control its own synthesis., Other muta-
tions arfecting inducibility have been chaiacterised and
found to be genetically unlinked to the structural gene.
It has been reasoned that these genes are involved with
the fact that the inducer (penicillin) does not enter the
cell (Davies 1969) and may act to transfer the induction
stimulus into the cytoplasn.

Mutants of B. licheniformis 9945A synthesising

penicillinase constitutively were first isolated by
Fleming (unpublished). These mutants gave more than the
fully induced level of synthesis end were unaffected by
presence or absence of inducer. One of these matants,
9945AC1, was used in this investigation, | The mutation
(G1) has been shown (Sherratt, Ph.D.) to be in the
regulatory gene linked to the penicillinase structural

gene,

l,6.¢c Tryptophan Synthetase

The pathway of tryptophan biosynthesis in E, coli
was elucldated by Yanofsky (see reviews by Yanofsky 1960;
1967) from a study of the growth requirements and
accumulations of tryptophan requiring auxotrophs (trp
mutants). This approach established the gene-engyme
relationships for the five enzymes concerned in the

conversion of anthranilic aecid to tryptophan, and the
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genes were mapped by transduetion (Yanofsky and Lennox
1959; see review by Yanofsky 1967). It has been shown
that these genes form the operon which is transcribed
from en operator gene next to the E gene (Hiraga 1968).

Tryptophan synthetase was the name given to the
enzyme concerned in the conversion of indole, or indole~
glycerophosphate to tryptophan, by addition of an elanyl
group from serine, and it is coded for by the A and B
genes (Crawford and Yanofsky~ 1958; Yanofsky 1959).
The reactions involved in this biosynthetic step are:
(1) Indole + I serine —— I tryptophan |

+ pyridozal phosphate

(2) 1Indole glycerophosphate——>indole + trio%?hoephate

(3) 1Indole glycerophosphate + L serine —> L tryptophan

+ trioéphosphate + pyr&daxal phosphate
Both A and B gene products (A and B proteins) are required
for each of the three reactions but, while active B
protein is absolutely required for reaction (1), reaction
(2) requires only immunologicelly cross reacting B protein
{CRMB) (Yanofsky 1959). Also, only mutants in gene A
which produce CRMA protein are mctive in reaction (1).

The formation of tryptophan from IGP and indole can be

shown as:
Requires A + B |
Indole glycerophosphate /// > tryptophan
gerine
Requires A + CRMB Requires B + CRMA

triose phosphate Indole serine
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From this diagfzm the reasons for the growth reguirements
and accumulations of A and B mutants are clarified. A
mutants accumuiate indoleglycerclphosphate and will grow
on indole 1if they have CRMA, and B mutants accumulate
indole iy they have CRMB, IGFP if they have not, and will
not grow on indole.

The gene enzyme relationships for blosynthesis of
tryptophan have been studied in B. subtilis (Carlton

1957; Anagnostopoulos and Crawford 1967) and shown to be
identical with those of E. coll except that the indole~
glycerolphosphate synthetase (¢ gene activity) is split
into two componentms: N-5 phosphoribosyl anthranilic acid
isomerase, and indoleglycerophosphate synthetase. The
genes map close to tyr 1 and lie in the same order as in
E. coli, as has been found by trensformation using three

point crosses,

l1.6.c (11) Regulation of Tryptophan Biosynthesis
That the synthesis of tryptophan synthetase ie under

repression control by tryptophan was demonstrated by

Monod and Cohen-Bazire (1953) in Aerobacter aerogenes.

Subsequently Yanofsky and co-workers have shown (Yanofsky
1960) that the formation of all the enzymes of tryptophan
biosynthesis is gensitive to the level of aveilable
tryptophan, The operon has since been shown to be under
the négative control of a repressor coded for by a gene |
Rtrp which does not map close to the trp operon {Cohen

and Jacob 1959), Tryptophan or some metabolic derivative
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of tryptophen acts as a co-repressor in the feed back
control loop. |

Mutants in gene Rtrp were obtained by selection of
mutante resistant to the tryptophan anelogue 5~methyl
tryptophan (Cohen and Jacob 1959). These mutants were
shown to have raised‘levels of the trp operon enzymes and
were unaffected by exogenous tryptophan. Similar

mutants have been found in B. subtilis {Zamenhof and

Heldenmuth 1964; Meduski and Zamenhof 1969) which cross
feed trp strains (i.e. overproduce tryptophan) but the
mutation has not yet been mapped or classified.

The biosynthesis of tryptophan in B. licheniformis

has not been studied. At the commencement of this
project the only information availadble was from Sherratt
(Ph.D.) who lsolated and classified a trp mutant which
corresponded to E. coli mutants blocked in anthranilate

synthetase and which he showed was linked to tyrl.

1.6.d Transformation and 1ts Use in the Measurement of

Relative Gene Freguencies
Since the discovery of transformation 1n pneumococcus

by Griffiths in 1928, followed by the dempnstration that
DNA was the transforming principle (Avery, McCleod and
McCarty 1944) and the demonstration of recombination in
transformation (Ephrusi Taylof 1951a, b), transformation
has been developed as a genetlic tool for numerous
organlsms, At the same time the physiology of the trans-

formation process itself has been investigated since it
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could provide insight into the methode of uptake of large
molecules, the mechanisms. of recombination and the relative
seignificance of transformation in the evolution of
different transformable organisms (see review, Eriksson
1970).

The use of transformation as an assay tool for
measuring the relative frequency of particular genes in
a sample of DNA is predicated on the findings of Googdal
and Heriot {1957) and Lerman and Tolmach (1957), who
showed that the number of transformants formed was
proportional to the amount of DNA incorporated and that
over a range of concenirations the number of transformants
for a particular marker was directly proportioned to the
concentration of DNA used.

This suggests that the production of a transformant
depends on the interaction of a single bacterium with a
single unit of DNA carrying the gene to repair the marker
under test. In practice 1t has been found that the
number of transformants ¢btainable from a given amount of
DNA varies greatly with the marker under test, i.e, markers
vary in their efficiency of transformation (see Eriksson
1970). Thus in the estimation of the relative frequency
of genes in a sample of DNA from the relative freqﬁency
0of transformants of markers in the genes, one must
normalise for the relative efficiencies of transformation
of the two markers by comparison with the relative numbers
of transformants given by a DNA in which all genes are

equally frequent, i,e. DNA prepared from a population
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which containdd only completed chromosomes. For this

purpose, in the case of B, subtilis and B, licheniformis

(Yoshikawa and Sueoka 196%; Tyeryar et al., 1968),. DNA
from stationary phase cultures and spores has been used.
The sequence of events in the upteke and integration

of transforming DNA by B, subtilis is of interest with

respect to the understanding of the relationship between
the number of genes used and the number of transformants
obtained.

The transforming DNA interacts first with a site on
the cell surface to form a reversible DNA cell complex
which is DNAse gensitive, Thus the DNA can pass into a
second irreversible complex which is DNAse insensitive
(éee review, Eriksson 1970) probably through a nuclease
which destroys one strand of the DNA. The final step
invelves the 1ntegration of the transfdrming DNA into the
reclplent chromosome, Experiments on the temporal
variation in the efficiency of transformation by different
markers in B. subtilis (Eriksson and Braun 1968) and

, q
B, licheniformis (Sherratt and Collins 1968) suggest that

the integration may depend on replication of the recipient
chromosome, integration occurring at or near the replicating
point. This conclusion requires the assumption that the
transformation procedure brought about a synchrony of
replication of the recipient chromosone, Thus 6ne nay
speculate the number of transforimants for a particular
marker obtained from a DNA sample containing a set number

of copies of the gene will depend on the number of
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receptor sites available on competent cells, the DNAse
activity in the recipient culture and the kinetice of
transfer of absorbed DNA molecules to the DNAse resistant

state and thence fnto the recipient chromosome.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials
2.1.a Chemicals

All chemicals were of analar grade obtained from

B.D.H. (Poole, England) with the following exceptions:

Chemical
Sodium-I~glutamate
Glycine
I~aspartic acid
Other amino acids
Canavanine
DL 5~methyl tryptophan
“<N. acetyl histidine
2~-thiozoyl alanine
Indole
Benzyl penicillin
Adenine sulphate
Thynmine
Polyvinyl alcohol
Agar

Casamino acids
Tryptone

Yeast extract
Potato extract

Casitone

Supplier
Ajinomoto (Japan)

Cambrian Chemical Co,
Do.
Sigma Chemical Co.
Do.
Do,
Do.
Calblochem, Los Angeles, U;S.A.
Sigma Chemiecal Co.
Glaxo Ltd,
Sigma Chemical Co.
Do,
Shawinigan Ltd. (London)

Davis Gelatin Co. (N.Z.) Ltd.
(New Zealand)

Difco Laboratories (Michigen, U.S,A.)
Do,
Do,
Do,
Do,
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Chemical Supplier

N-methyl—Nl-nitrose-N-
nitrosoguanidine (XNG) Sigma Chemical Co.

Ethyl methane sulphonate
(EMS) Eastman Kodak Co.

2,1.b Media _
All media were steam sterilised at 15 1b./sq.in.
for 15 min, unless otherwise stated.

(i) Components made up and sterilised separately -

(2) Minimal basal salts g./1,
(Double strength) (2MBS)
K28P04 29.53
KH2P04 . 11§0
Sodium citrate 2H20 6.0
(b) Iron and Mangenese (Pe/Mn)
FeCl3oGH20 16
MHSO4¢HZO : 0.2

HCl added to give & pH less than 1
(e) Caloium solution (0a012)

03012.2H20 | 60
(d) Thiamine

Thiamine HC1 ' 10
(e) Agar (Bouble strength) | ‘

Agar ' 40

Polyvinyl alcohol 15



(£)

(2)

(n)
(1)

(J)

(k)

(1)

(m)

3T

I-broth, pH 7.2 g+/1e

Tfyptone 10

Yeant extract 5

NaCl 10

Glutamate

NalL glutamate 100

Sugars 20

Concentrated amino acids

{conc. AA)

Na-L glutamate 25

Glycine 12.5

L aspartic acid Te5

Gasein hydrolysate (ACH)

Casamino acids 100

Nutrient broth

(Double strength) (2NB) 16

Nutrient broth

MnSO* solution

Mn804.4H20 2

Collins Special Salts

MgSO4.7H20 125

FeSO4.7H2O 0.5

Znso4.7H20 045

Mnso4.4H20 0.05

CuSO4.5H20 0,005
0.001

K2Cr207
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2.1.b (11) Iiquid media

Amounts to make up
1 1, (approx.)

Medium L
I~broth 500 ml.
2MBB 500 mle
Fe/Mn : 0.4 ml.
Thiamine 0.4 mnl.
Medium A
ACH ' : 100 ml.
2MBS 500 mle
Fe/Mn 0.4 ml.
Thiamine | 0.4 ml,
Water 400 ml,
Medium G
Glucose 100 ml,
2MBS 500 ﬁl.
Fe/Mn Ou4 ml,
_Thismine 0.4 ml.
Water ' 400 ml.
Medium X
Glutamate 100 ml.
2MBS 500 ml,
Pe/Mn - 0.4 ml.
Thiamine : 0.4 ml,

Water : 400 ml,
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BISG
2NB - , 500 'mlt
2MBS 560 ml.
Glycerol 40 ml.,
CaCl, 4 mlf
Fe/Mn 0.2 ml.
Transformation medium (TM) |
2MBS 500 ml,
Water 500 ml.
Glucose | 25 ml.
M'nSO4 ' 625 ml,
CHS
Casamino acids 10. .
KH,P0, - 2,72 g,
Collins special salts 1l ml._
Water 1 1.

Sporulation medium (S§)

Potato extract 10 -
Casitone 10 f- 9
Yeast extract 2 &
Collins enecial salts 2 ml,
Water 1 1.

2.1.b (iii) Solid medie
All were dispensed in 25 ml. amounts into sterile
petri-dishes.,
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Amounts for 1 litre

(approx. )

Minimal
Agar _ 500 ml.
2MBS . ' 500 ml,
Giucose 20 nl,
Fe/Mn 0:5 ml.

AA solid
Agar ' _ 500 ml,
Glucosse ' ' 5 ml.
2MBS 500 ml.
Fe/Mn 0.5 ml.
. Thiamine 0.5 ml,
conc. AA 20 | mi,

Supplements, unless specified otherwise, were added

at a level of 50 ug./ml.

2.2 QOrganisms
The choice of B. licheniformis ATCC9945A was based

on ite ability to act as a recipient in genetic {rans-
formation (Thorne and Stull 1966). This made possible
the transfer of mutant alleles in the construetion_of

conplex straiﬁs fof growth experiments, as in the con~

struction of strain SH W'tlr-:Cl (Section 3.4.b). The

pep allele confers recipient abllity and colonies of pep
strains are small, hard and red. Colonies of 2e2+
strains (used in growth experiments) are large by

comparison and mucoid. Strain 749 was used for the
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isolation of irp mutations which after classification
were transferred into the 74 derivative of Q9945A.

Table 2,1 gives a description of all the strains used in
this investigation. In the description of genotypes the
convention of Demerec, Adelberg snd Clark (1966) has been
adhered to with the exception of the mutation to adenine
requirement which has been written.as ade rather than pur
for easier association with its phenotype., Other geno-

typic designations are given below:
+ +

inducible synthesis of penicillinase pen 1 D
constitutive do, pen 1~ p"
resistance to S5-methyl tryptophan ntr.
sensitivity to histidine Hs
ability to grow on low concentrations ilr

of thymine

Strains derived in the course of this investigation
are included in Table 2,1 and have the prefix SH. All
strains were stored as spore stocks in distilled water
mede by the method described by Hughes, Meadway, Thompson

and Collins (in preparation).

Table 2.1

Degiggégion‘ Genotype Derived from Source

99454 C1 peni” p* ATCC 99454

Mi7 pep ede 1 Do. Thorne

a4 | pep ade 1 tyr 1 M17 by NG Sherratt
- and Collins

2§ pep ade 1 trpEl Do, \ Do.

8g pep sde 1 argCl Do, Do.
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Strain

Deaignation Genotype

749 wild type

SHmtr 1  pen i~ pt mtr 1

SH trp 1 trp Bl

SH txrp 2 frp

SH trp 3 trp

SH trp Blr +trp Bl ade 1
BEP

8a ade 1 pep

— iiv D1

8a Tl ade 1 pe

' I1v D1 fﬁx

SH 8a T tir ade 1 pe
'ilv D1 thy tix

SH 8 tlr ade 1 pe th¥
tir pen 1~ pv

SHW tlr Cl thy tir
pen 17 p*

His 1 | his

SH Hs 1 tyr

e by G =

by OV = by UV
by EMS = by EMS

2.3 Transformation

‘2+3.a The Isolation of DNA

(1) Prom cells

Ey"NG mutagenesis .

Derived from Source

99454 C1 by UV
749 by NG

Do.

Do,

74 by transforma-
tion from SH trpl

M17 ' Sherratt

and Collins
8a by aminopterin Do.
selection

8a Tl by selection
on low thymlne

SH 8a T tlr by
transformation

SH 8 tlr by trans-

formation
749 by NG | Collins

by ENS on 9945A
Cl

do.
do.

A scaled down version of the Marmur (1961) procedure

was used.

Cell pellets (0,5 g. as opposed to 5 g,

recommended by Marmur) were resuspended in 5 ml. of
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saline EDTA (Marmur) to which was added C.1 ml, of sodium
dodecyl sulphate (25%) solution. The suspension wes
then incubated at 60°C for 10 min, followed by rapid
cooling to 4°¢. If this procedure did not produce
complete lysis two rounds of freezing and thawing were
applied. Thereafter, the standard Mermur procedure was
followed for one round of deproteinisation. The eithanol
precipitated DNA was redissolved in 2M NaCl and stored at
4°C until diluted (again in 2¥ NaCl) for use in irans-
formation, The UV spectra of DNA semples prepared in
this way read in a Unicem SP800 spectrophotometer gave
characteristic curves for DNA with maxime at 260 nm. and

minima between 230 and 233 nm.

2.3.a {(ii) PFrom spores

A 50 1. batch of spores of SH mir 1 was grown in a
Biotec FM50 fermenter, on SS medium over a period of
9 days., Daily checks were made for contamination and
the spores were harvested in an Alfa ILaval Lab 102 B-20
continuous flow centrifuge. The spore pellet was trans-
ferred to 2 x 250 ml, centrifuge bottles and was washed
and re-centrifuged (MSE, HS 18, 6 x 250 rotor 4,000 rpm
10 min.) to remove all debris. Washing with distilled
water and re-centrifuging was repeated 20 times, by

which time the spore pellet was readily resuspendable

. and this was accepted as & criterion of the removal of

all bacterial debris. The spores were then resuspended

in an equal volume of saline EDTA (Marmur 1961) and 5 ml.
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of this suspension were transferred by syringe to a

5 ml. capacity Hughea Press (Hughes 1951) which had been
pre-~cooled to -30°C¢.  The spores were extruded from the
press at -30°C, pressure being supplied by a fly press.
The viscous paste of broken and unbroken spores was
diluted with 5 ml., of saline EDTA and heated at 60°C
with 0.1 ml. of & 25% solution of SDS for 10 min.
Thereafter the normal Marmur procedure was followed.

The spore‘DNA in 2M NaCl was sterilised by filtration
(Millipore filter grade HAWP).

The mgchanical method of spore disruption was chosen
because it was thought that the long~term incubation with
lysozyme required in the chemical method (Tabatabai and
Walker 1967) could possibly allow germination and the
accunulation of part replicated DNA in the extract.

2.3,a (iii) DNA estimation
Each extract of DNA was assayed in terms of its
transforming activity rather than by measurement of its
absolute concentration. |
When knowledge of the absolute concentiration was
required the Burton diphenylamine assay was used (Burton
1956).

2.3.b Transformstion Procedure
The transformation conditions used were those
described by Thorne and Stull (1969) as modified by

Sherratt (Ph.D. ), Recipient cultures were grown in
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250 ml, Erlenmeyer flasks containing 25 ml. of BISG
medium from & 0.1 ml, spore inoculum (ca. 106 spores) at
37°C. At the time of maximum competence (determined
experimentally) the recipient was diluted into trans-:
formation medium (TM) (the influence of dilution factor
- on transformation is reported in Section 3.3.f).
Aliguots (1-5 ml.) of the diluted recipient were added
to test-tubes (1.8 x 15 c¢m.) containing suiteble DNAs in
2M NaCl (5% of the volume of recipient culture). The
tubes were incubated at 37°c on a reciprooal shaker

(5 em. throw, 1-6 hz.), and after two hours were trang-
ferred to ice prior to platiné cut, A control tube was
run for each transformation (i.e. no DNA sdded) to check

for reversion of the recipient.

2.3.¢ Scoring of Transformants

Transformanis were scored by plating the transformed
culture on selective media. AA 501id medium was used
supplemented so as to select for the desired transformant
class, e.g. if the recipient was ade tyr and §x£+ trans-
formants were to be scored the plates were supplemented
with adenine, Plates were incﬁbated for 48 hr, and the
transformant colonies then counted, The plating tech-
nique originally sdopted was to spread 0.l ml. of trans-
formed culture on the surface of a dried plate of solid
medium with a glass rod until the surface of the riate
wag again dry. The drawbacks of thie method and the

improvements made on it are discussed iIin Section 3.3.bh.
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2.4 The Penicillinase Assay

2.4.8 Introduction

Penicillinase activities were measured by the Perretl
assay (Perret 1956) as modified by Collins (unpublished).

Penicillinase,E.C. 3.5.2.6., catalyses the conversion
of penicillin to penicllloic acid by hydrolysis of the
amide bond of the B ~lactam ring of penicillin., Use is
made of the fact that penicilloic acid can reduce 8 equi-
valents of iodine to estimate the rate of formation of
penicilloic acid in the Perret assay. The incubation of
the sample with penicillin is stopped by addition of
iocdine in ascetate buffer pH 4.2 and the amount of un-

reduced jodine estimated specirophotometrically.

2.4.b Reagents |
A. Jodine (.16 M in KI (1.2 M)).

B. Acetate buffer 2 M, pH 4.2.

C. Penicillin:
600 mg, of sodjum penicillin G in 0«1 M phos-
phate buffer pH 7.

D. Iodine acetate:

5 ml. reagent A plus 95 ml. reagent B.

2+4.c Procedure

To each of iwo tubes was added 2.5 ml, of penicillin
solution (C) and the tubes incubated at 30°C for 2 min,
before 0.1 ml. of sample was added to one of them.

Incubation was continued for a time, calculated from the



47.

expected activity of esample, to give a 50% :edﬁction of
the iodine, Reagent D (5 ml.) was then sdded to both
tubes and 0,1 ml. of sample added to the blank. Incuba-
tion was continued for a further 10 min, after which the
AOD at 499 nm, between blank and sample was read in a
Unicam SP600 epectrophotometer., The activity of the
sample was calculated as followsa'

Units per ml. = AOD at 499 nm. x total volume of asesgy X
factor to convert time to 1 hr, x factor to bring sample

volume to 1 ml,

2.4.4 Penicillinase Plate Test

A method for the detection of penicillinase production
by colonies on s0lid media was designed by Sherratt and
Collins (unpublished).

A % dilution of reagent A containing sodium tetra-
borate (1 mg./ml.) was used to stain plates of solid
media for 1 min. This reagent produced a strong blue
colour with the PVA incorporated in the solid medium.

The plates were then develoﬁed by flooding with penicillin
solution (10 mg./ml.). Penicillih producing colonies
formed clear halos in the blue colour by the interaction
of penicilloic acid with the iodine, TUsing this test

it was found easy to distinguish between colonies with

the basal inducible level of peniclllinase and colonies
with the constitutive level.
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2.5 [The Tryptophan Synthetase Assay

2.5.8 Introduction

This assay was based on that described by Whitt end
Carlton (1968). The conversion of indole plus serine
to tryptophan in the presence bf pyridoxal phoaphate ie

measured by the disappearance of indole.

2.5.b Reagents
A, Subatratgrp;xture

10 ml. of substrate mixture contained:

05 mls 1.0 M potassium phosphate buffer
1.0 ml. indole solution (350 ug./ml.)

4.0 ml. serine solution (20 mg./ml.)

0.2 ml, pyridoxal phosphate (740 ug./ul.)
4.3 mle H;0 (distilled)

Thie reagent was made up afresh for each set of
assays and the components stored at 4%¢.

B. Indole reagent (PDMAB reagent)

Paradimethylaminobenzaldehyde 36 g
Ethanol 800 ml,

conc, HOl 180 ml.

2.5.¢ Assay Procédure

Samplee of culture (10 ml. or.’5 ml.) were harvested
by centrifugation (Sorval RC2 8 x 30 mi. rotor, 10,000 rpm,
10 min,) in Corex 15 ml, tubes. The supernatant was
discarded and the cell pellets stored frozen at -20°0
8till in the Corex tubes. Prior to assay the tubes
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were placed for 3 min, in a 35°C water bath to thaw the
pellet. Then 1 nl, of substrate mixture weg sdded and
thoroughly mixed to repuspend the pellet. After 10 min,
of incubation ?he.reaétion wag stopped by addition of
O«1 ml, M NaQH, The residual indole was extracted by
shaking with 4 ml, of toluene, The extract (l.ml') was
then added to 4 ml, of ethanol plus 1 ml, of indole
reagent and mixed, The mixture wae left for Bb min.
before its 0D 540 nm, was read against a zerc blank
contedning no indole. The amount of indole used up was
found by subtracting this 0D from the OD of a reference
which was prepared in the same way as the assay except
that the reaction was stopped at time zero.

A unit of activity was defined as that giving en
uptake of 1 m umole, of indole per min. Activities

were thus calculated as follows:

A0D beiween sample and reference x substrate volume x 30 _
——0D of reforence & Time (min.) ¥ sample wolums units/ml.

2.6 The Estimation of Protein

2.6,a Introduction

The total protein in cultures was estimated by the
method of Iowry, Rosebrough, Parr and Randall (1951) on
trichloracetic acid piecipitates (TCA précipitates) of

whole c¢ultures,

2.6.b Procedure ,
Duplicate 10 ml., samples of culture were added to
15 ml. Corex tubes containing 3 ml, of 30% TCA, The
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tubes were stored overnight at 4°C and then the TCA
precipitates were spun down in the Sorval RC2 centrifuge'
(8 x 30 ml, rotor 10,000 rpm, 5 min.). The adbernatants.
were then drawn off very carefully (to avoid loeing any |
precipitate).  Ten per cent TOA (3 ml.) wae then added
to each tube and the pfeoipitates resuspended, and again

spun down in the Sorval. The supernatants were again

- drawn off with great care and discarded. ‘The precipi~-

tates were then resuspended in )l ml, N NaOH and inoubated
at 37°C for two hours with the tubes sealed with Parafilm
(Gallenkamp Ltd.). If this treatment was unsuccessful
in dissolving the precipitate the tubes were then
incubated at 60°C for 20 min, A 0,4 ml, aliquot of each
dissolved precipitate was then added to 4 ml. of Iowry
solution C and thereafter the normal Lowry procedure was
followed, Lysozyme (hen's egg white) was used a8 a
standard to calibrate this system.

" In recovery experiments with lysozyme the above
procedure for recovering and redissolving TCA precipiiates

wag found not to result in any loss of protein.

2.7 Isolation of Mutants

A standerd method-of-mutagenssis by N-methyl-N-
nitro~N~nitrosguanidine (NG) devised by J.Fﬁ\ﬁgl}iﬂs in
this leboratory was used in the isolation of suxotrophio
mutants. '

An overnight culture of B. licheniformis in I~broth

wae diluted into minimel medium 10 fold, and a freshly
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prepared solution of N¢ (1 mg./ml.) added to a final
concentration of 2 ug./ml. Mutagenesis was allowed %o
run for 20 min. befoée the culture was diluted 1 in 10
into fresh I~broth and grown up to & density of 10°
cells/ml. (OD 1.0). The culture was then diluted and
plated out on plates supplemented to allow growth of the
desired auxotroph, so as to give 100-200 colonies per

plate. Mutants were screened for by replica plating.

2.8 Growth Methods

Cultures were routinely grown in Erlenmeyer flasks
containing 10% of their volume of medium. Flasks were
shaken on a reciprocal shaker (1.6 hz., 5 cm. throw) to
aerate cultures. It has been shown (Hnghea'gg_gl., in
preparation) that this level of seration is able to
support growth to an 0D of 3,0 without oxygen limitstion
80 it was assumed that in growth experiments in which
growth was never allowed to go beyond 0.2 OD units there
was no chance of oxygen limitation,

Growth was monitored by optical density measurement
at 675 nm, in a Unlcam SP600 spectrophotometer, When
the abbreviation 0D is used in the text, it refers to
the optical density at 675 nm., in a 1 ¢m. pathlength
cell. If the mesourement was made at ény other path-
length or wavelength this is quoted.

The relationship between specific growth rate (n)
and doubling time (tD) of u = l—%;—g has been used
throughout for interconversion of these terms. Doubling

-’-.\ ."' v Fﬂ,

w

(™,

Ay
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time has been most commonly used and it should be
remenbered that since 0D was used for measuring growth
this is the mass doubling time.

Cultures were routinely grown at 37%C,



55,
CHAPTER 3

- EXPERIMENTAL

3.1 Isolation of & Mutant Strain Constitutive for
Iryptophan Synthetase B and Penicillinage Synthesis

3.1sa JIntroduction

A strain resistant to the tryptophan analogue 5-
methyl tryptophan (5MT) was selected following studies
on the sensitivity of B. licheniformis to this anti-

metabolite,

3¢1eb Sensitivity of B, licheniformis to S-methyl

tryptophan
5MT at a lével of 160 ug./ml, was found not to

influence the growth rate of 99454 C1 in X medium,
Also when vegetative cells grown on medium A were
harvested by filtration (Millipore filter type HAWP)

6 cells pexr plate

resuspended in MBS and plated out at 10
on minimal so0lid medium containing SMT (100 ug./ml.),
lconfluent growth was obtained after 2 days of incubation.
Thus B, licheniformis is highly resistant to S5MT compared
with E, coli which is sensitive to 10 ug./ml. (Hiraga
1969). It was thought that vegetative cells might owe
their resistance to pools of tryptophan and that the
germination of spores might be sensitive to SMT, This
idea was tested as follows: 0O.1l ml., of a suspension

99454 01 epores were irradiated (ﬁ? 480 ergs./ﬁﬁ.e) and
rlated out st 2 x 106 spores per plate on minimal medium
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containing SMT (100 ug./ml,). After 2 days of incuba-
tion at 37°c the plates were examined and found to have
about 20 colonies per plate on & thin lawn of background
growth, Thus it was reasoned that spore germination is
sensitive to SMT and that the colonies appearing could be

SMT resistant mutants,

3.1.¢ Selection

The procedure used in the test above was repeated
using 200 ug./ml. of SMT and the colonies which appeared
after 2 days of incubation were picked (using sterile
toothpicks) and streaked for single colonies on solid
minimal medium containing SMT (200 ug./ml.)}. A single
colony of each mutant and the wild type was then _patched
on solid minimel medium containing SMT (200 ug./ml.)
supplemented with adenine, which had been seeded with a
lawn of spores of strain 2N. Following overnight
incubation 4 out of 10 of the mutants gave large halos
(a result of cross feeding tryptophan to 2N); the 6
others and the wild type gave no halos. The halo-
produoipg colonies were assumed to be mutant in the
regulation of tryptophan biosynthesis so as to over-
produce tryptophan and crossfeed 2N,

3s104 Teat for Constitutivity of Tryp&ophan

Synthetase B

Two of the mutants isolated above were designated

SH mtr 1 and SH mtr 2 and tested as follows.
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Cultures (10 ml.) of 99454 Cl, SH mtr 1 and SH mir 2
were grown overnight on X medium and each diluted 20 fold
into 8 set of fhree flasks containing 25 ml. volumes of X
medium, To one flask in each set was added SMT |
(200 ug./ml.) and to another tryptophan (50 ug. /ml.).
Growth wae followed for 6 hours, and it was found that
all the cultures had 90 min, doubling times., Samples
{5 ml.) were taken for tryptophan Bénthefase B assay and
stored frozen. The results of these assays are shown

in Table 3.1 below,

Table 3.1
Tryptophan Synthetase B
Flask Strain Supplement activity
u per ml,/OD

1 99454 Cl - 0'041.

2 " SMT 0.045

3 " tryptophan 0.0040

1 8H mtr 1 - 1,31

2 " 5MT 1,26

3 " tryptophan _ 1,27

1 SH mtr 2 - 0,97

2 " 5MT : 1,25

3 " tryptophan 1,20

Thus it can be seen that the syntheais of tryptophan
synthetase B by the willd type is repressed by iryptophan
but not by 5MT. This unexpected resuit may help to
explainlthe high level resistance of growing cells of
Bs_licheniformis to this analogue., SH mir 2 gave
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30 fold higher levels of asctivity than the physiologileally
derepressed wild type and was not repreéaed by tryptophan,
suggesting that this was & derepressed mutant and that

the wild type was not fully derepressed when growing on
mininal media., However, SH mtr 2 gave a slightly
increased level of synthesis in the presence of 5MT and
tryptophan, For this reason SH mtr 1, which gave
constant levels of activity regardlesa of the presence -
of tryptophan or 5MT, and was therefore assumed to be
congtitutive for tryptophan synthetase B synthesis, was

chosen as the test organism for growth experiments.

3¢1.e Execretion of Tryptophan by SH mir.l

Since SH mtr 1 showed & high level of derepression
for tryptophan synthetase B and cross fed tryptophan on
80l1d media the possibility of this strain being of
commercial importence for the production ofrtryptophan
was tested.

SH mtr 1 was grown in 25 ml. of ¢ medium and samples
taken during growth and stationary phase to measure the
concentration of tryptophan in the culture éupernatant.
Samples were harvested by centrifugation (Sérval RC2
8 x 30 ml, rotor 10,000 rpm, 10 min,) and the supernatant
given to Dr R,P. Ambler for amino acid analysis, He was
unable to detect tryptophan in any of the samples by &
method which would have detected a level of 75 ug./ml.,

It was concluded that if SE mtr 1 does excrete tryptophan

when grown in liguid culture it does not exceed the
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capacity of derepressed mutants of E. coli to do so (Sahn
and Zahnen 1970) and is alwost certainly not of commercial

importance.

3.2 Attempts to Isolate Further Constitutive Mutants -
3.2.a JIntroduction '

Unsuccessful attempts were made to isolate mutants
constitutive for histidine and arginine blosynthetic
8nzZymes, These will be briefly reported since they
provide information on the physiology of B._licheniroimis.
The choice of these engymes was based on the position of
hig and arg mutations on the B, subtilis and B, licheniw

formis chromosome maps (Appendix 1). A his marker is
close to the origin.of replication in B, licheniformis
and an arg marker about in the middle of the map. The
ability to assay these engymes in the constitutive state
would have extended greatly the scope of this project.

3¢2.b Histidine Blosynthetic Engymes
The histidine analogue and antimetabolite 1,2,4~tri~

azole~3-alanine (TRA) has been shown to repress histidine
biosynthesis in Salmonella typhimurium (Levin end Hartman
1963) and has been used to isolate resistant mutants
constitutive for histidine synthesising enzymes' (Roth,
Anton and Hartmen 1966), Also the histidine analogue
2~thiazoyl alanine (THA) has been shown to cause false
feedback inhibition of the first enzyme of histidine bio-
synthepis (Sheppard 1964), It was decided to test the
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sensitivity of B, licheniformis to these analogues,
Unfortunately TRA is not produced commercially and is
totally unavailable (H, Whifield, personal cammunication).
However, THA wae obtained and it was hoped that the
gernination of spores might be sensitive to fhisfoompound
and that resistant mutants might be obtained which were
derepressed for the histidine biosynthetlc enzymes
analogous to the 5MT resistant mutants. However, the
germination of gpores was found to be insensltive to
concentrations as high s 800 ug./ml. so this approach
was dropped.

A second approach was attempted based on the finding
in B, subtilis that tyrosine bradytrophs (iyr mutants
which groﬁhslowly in the absence of tyrosine) blocked at
prephenate dehydrogenase were sensitive to histidine
(Chapmen and Nester 1968). Revertants to histidine
insensitivity were found by them to be derepressed for
both aromatic amino acid and histidine blosynthetic
enzymes. First the histidine sensitivity of 7d, & known
tyrosine bredytroph was tested. Growth of this strain
in the absence of tyrosine was uninhibited by histidine.
Therefore it was concluded that either the regulation of
the histidine and sromatic emino acid pathways in
B. licheniformis is not linked as in B, subtilis or the
leslion in 74 is not at prephenate dehydrogenase, An
attempt was then made to isolate a histidine sensitive
tyr bradytroph in 99454 Cl. Mutagenesis by the action

Spizizen

of ethylmethane sulphonate (EMS) on spores (Thorne,
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personal communication) was chosen as it offered a high
frequency of mutagenesis and thus avoided the problem of
how to0 use normsl enrichment techniques to isoclate brady~:
trophs. - Also it was felt that a mutagenised spore stock
would be a more convenient basis for screening than a
frozen culture of cells,
Procedure

A 50% dilution of spore stoock (5 ml, - ca. 8 x 107
spores) of 99454 C1 was incubated for 15 min, at 70°C
and then cooled, EMS (0,25 ml.) wes added to give a
mixture equivelent to 0,5 M and the mixture incubated at
30°¢ overnight, The viable cdunt of sporee was then
measured and found to have fallen by 99.9%. The spores
were then plated on AA solid medium supplemented with
tyrosine a0 as to give 200 colonies per plate, incubated
for 2 days at 37°C and then left at room temperature for
the colonies to dry (so that they could be replicated).
About 10% of the colonies hed altered@ morphology
suggesting a high level of mutagenesis had been obtained.,
The pletes were replicated onto AA sollid medium unsupple-
mented, or supplemented with histidine or with tyrosine,
and incudated for 18 hours, The replicas were then
screened for mutants which grew well on tyrosine, less
well without supplementation and not at all on histidine.
The screening of 4,000 colonieg gave 20 possible mutants
which were re-examined by patching on unsupplemented,
and tyrosine and histidine supplemenied plates, One of
the possible mutante again showed the desired phenotype
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and was purified and designated SH Hs 1. Unfortunately
the growth of this strain was good enough to make the
finding of revertants on histidine supplemented plates
impossible. Higher concentrations of histidine were
tried but found not to be any more effective in inhibiting
the growth of SH Hs 1. When grown on tyrosine colonies
were white but when grown withoﬁt supplement or with
histidine the colonies had a strong brown colour, It
was thought that the brown colour was an intermediate or
breakdown product of an intermediate of tyrosine bio-
synthesis the synthesis of which was repressed by tyro=
sine. However, if the repression control of tyrosine
and histidine were common as in B. subtilis (Chapman and
Nester 1968) one would have expected colonies to be white
on higtidine. Thus SH Hs 1 was considered unlikely to
be the type of mutant required and therefore work on it
wag dropped.,

Time did not allow furﬁher gcreening for tyrosine

bradytrophs.

3¢2.¢ Arginine Biosynthetic Enzymes

The arginine analogue canavanine hes been used to
obtain constitutive mutants for arginine éyntheaising
enzymes in E. coli (Maﬁb 1961)., However, the growth of
cells and the germination of spores.uof B, licheniformis
was found to be insensitive to this snalogue even when
1t was placed as s0lid on a minimsl plate.

| Baumberg (1970) has published a method for the
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selection of arginine regulatory mutants in E. coli,

which depends on the action of acetyl ornithinase on

=< ~N-gcetyl histidine (NAcH) which relesses free histidine.
His mutants of E. coli will grow on this compound but not
in the presence of arginine, ornithine or citruiéne which
repress the synthesis of acetyl-ornithinase, Mutants
insensitive to arginine, ornithine and citruline were
found to be altered in the'regulatidn of arginine bio-
synthesis, '

Thie method was tried for B. licheniformis on AA
g0lid medium containing NAcH (20 ug./ml,) but it was
found that although a his mutant (His 1) would grow on
NAcH growth was not inhibited by arginine, citru#@ne or
ornithine (100 ug./ml.). Thé NAcH was tested by amino
acid asnalysis (with the help of Dr R.P, Ambler) and found
t0 contain 1éss than 0.25% free histidine which was not
sufficient to account for the growth observed, 1If was

concluded that in B. licheniformig some other acetylase

can releasse histidine from NAcH and that the method of

Baumberg cannot be applied.

3.3 Growth Experiments
3.3.a Introduction

In this section experiments are described which were
designed to measure the levels of peniciliinase and
tryptophan synthetase B in terms of enzyme activity/total
proteln synthesised, in belanced growth, at a range of

growth rates, and also to take samples for the analysis-
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of the gene frequency distributions at these growth rates,

’

3
3.2.,b Development of Media and Growth Conditions

The decision wes made t0 use carbon and energy
sources to control growth rate, i.e. internal bvottlenecks
in metabolism (Ierusalemsky 1967) rather than the chemo-
stat. This decision was based on the following
considerations:

1) Batch growth experiments are simple compared with the
mechanical complexity of the chemostat,

2) There is a danger of mutant selection during long
periode of growth in the chemostat. The load of two
constigétive mutations in a strain (such as SH mtr 1)
might give a selective advantage to revertants to
wild type resulting in a gradual loss of the desired
strain from the chemostat, -

3) Deaiggsng g limiting condition for the chemostat
whic@igould allow doubling timees from 30 to 90 min.
(the‘ﬁhosen range of doubling times) promised to be
difficult.

4) Balanced batch growth as defined by Maaloe end
Kjeldgeard (1966), with the population density kept
‘low enough (below 2 x 108 cells/ml.) not to sub-
stantially alter the concentration of any component
of the medium, provides an acceptable steady state

from which to make observations.

A set of preliminary experiments were carried out

{Table 3,2) to establish, 1) a series of media with




Table 3.2

Medium Experiment no
1 2 3 4
* tD pentase® tD pen'ase®* tD pen'ase* tD pen'ase ¥
activity activity activity activity

L broth 28 30 774 28 695 changed to
L

Pen assay 28 617

Broth

CHS 48 1015 49 1050 ‘ changed to
A

A 48 1025

L , 31 690

X 90 90 1340 90 1425 87 1316

G NOT TESTED IN PRELIMINARY EXPERIMENI'S

* units per mg total protein
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different carbon sources, 2) a standard growth procedure
and 3) to work out sultable sampling methods. The
cholce of medias was based on the work of Maaloe and
Kjeldgaard (1966) which gave an indication of the
relationship between growth rate and carbon source which
could be expected. Penassay broth (Difco) was tested
and found to give a growth rate and penicillinsse
activities close to I-broth and I-medium; also. it
contained TCA precipitable material which interfered
with protein assays, therefore it was not considered
further.

Based on the preliminary experiments the media
chosen were L, A, G and X. These media gave doubling
times from 30 to 90 min. and had a common salt base (MBS).
This was intended to-permit investigation of transitions
between steady states of growth if results suggested that
this might be interesting. In preliminary teste with
I~broth and CHS, clumping of cells at low cell densities
was observed, whereas in the glutamate MBS medium (X)
clumping was not observed. .Thus it was possible that
MBS could prevent clumping. However, this was found not
to be the case and it is likely that clumping 1s a

rhenomenon of high growth rates at low cell densities in

B. licheniformis.

The growth procedure for the measurement of steady
state growth rates was as follows.

A loopful of spores of SH mtr 1 was added to 10 ml.
of medium X and allowed to grow to an OD of 1.0. Then
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this culture was diluted 5%5 into 25 ml. of L and A media
and 1 in 100 into G¥and X medim. Growth was followed by
0D when measurable. On reaching an 0D of between 0.l &nd.
0.2 each culture was again diluted 5%5 into freph pre-
warmed (to 37°C) media and growth again followed. This
_sequential dilution allowed growth to be followed for

12 generations after the shift to the 4 media, In the
case of X medium the second dilution was lowered to é%
to0 shorten the time taken for the experiment., This was
thought permissible since the original culture wae
glready in steady staete on X medium, The linearity of
plots of log OD against time were taken as evidence of
steady state growth and the growth rates were determined
from the slopes of these plots, Growth rates on the 4 -

medis are shown below,

Table 3.3

Medium Carbon/energy source Mass doubling time (min,).

I I~broth 30
A Casamino acids 45
G Glucose 60
X Sodium L—glutamafe 90
N

3.2.c The Variation in Constitutive Enzyme Synthesis
with Growth Rate

In growth experiments carried out as described in
Section 3.2.b samples were taken for enzyme assay after
the second dilution at ODs between 0.1 and 0.2, Dupliw

cate 1 ml, samples were taken and stored frozen for
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penicillinese assays., Simultaneously 4 x 10 ml. samples
were harvested for tryptophan synthetase B assays and
2 x 10 ml. samples were added to 3 ml., TCA (20%) for
protein estimation.

Results of these experiments are shown in Figures

3.1 and 3.2.

?

3

3.82.4 Samples for Measurement of Relative Gene Frequencies

The experiment described in Section 3.2.b was repeated
using 250 ml, cultures. The entire 250 ml. cultures at
ODs between O.1 and 0.2 were harvested by pouring onto
160 g+ of crushed ice (to lower the temperature and stop
further DNFA synthesis) and centrifugation (M.S5.E. HS18
8 x 250 ml, rotor, 8000 .revs./min., 10 min.), The cell
pellet was stored frogen until DNA extraction was carried
out, The extracted DNA was stored in NaCl (2 M) at 4%
and each DNA preparation was named according to the
medium it was produced on, i.e, DNA L; DNA A; gyg_g{
DFA X.

U

3
5.2.e Demonstration that the Penicillinase ILevels

agsayed in Whole Cultures did not reflect

Differential Release

(1) Introduction

There is no evidence that the cell bound and released
forms of penicillinase have the seme activity;per molecule
in the assay system. Therefore it was necessary to

examine the distribution of activity between the cell
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bound and releﬁsed forms to check that the apparent
alterations in synthesis of penicillinese with growth
rate were not merely reflections of different rates of
release in the different environments., |
3.§.e (11) Procedure |

Samples taken in growth experiments with SH mtr 1
were assayed for total penieillinase and then dentriruged-
(M,S.E., HS 18, 8 x 30 ml. rotor, 10,000 revs./min.,
5 min.). The supernatant was then assayed and the
percentage of total activity released calculated,
3.%.3 (i11) Results

Percentage of total
activity released

31.8
3146
27.2

Medium

P

3
3.2.e (iv) Coneclusion

It is cleaxr that the distribution of penicillinase
between the bound and released form does not very signi~
ficantly with medium and cannot account for the apparent

alterations in synthesis in growth experiments.
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The Measurement of Relative Gene Fre uencygglb_

3¢5

Transformation

3+3.a Introduction

The original goal in these experiments was to find
the frequencies of the pen and trp genes relative to ths
ade gene for each of the growth rates and use the’
theoretical relationships of Sueoka and Yoshikawa to
(1) evaluate the influence of growth rate on gene
frequency distribution, (2) calculate the rate of
replication in B. licheniformis and (3) confirm the map
of Tyeryar et al. (1968)., The ade marker was taken as
reference marker since it defines the origin of the
Tyeryar map (Appendix 1). - As difficulties were
encountered with the transformetion system this goal was
narrowed and only the relative frequencies of the ade and
Yrp genes were measured, and used in conjunction with the
Tyeryar map to construect gene frequency digtributions.
This necessitated reference to unpublished information
from Sherratt and:Collins concerning the map 1ocafion of
the pen gene., They have shown that pen is linked to ily
and have since found a mutant in which there is high
11nkage between ilv and met which they conclude is the
result of a small deletion. Thus they assign pen a
position close to met which is the marker closest to the

terminus on the Tyeryar map (Appendix 1),
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3.3.b Difficulties with the Transformation System and

their Effect on the Development of the Investigation

(1) Plating
The determination of relative numbers of transformants

requires an accurate plating method, The standard method
of plating gave a variation in the region of 50% in the
number of transformants per plate and also gave a very
uneven distribution of transformants on the plate making
colonies in dense regions d4ifficult to count. Therefore

& pour plate method was developed which used & normal AA
s0lid plate supplemented t0 select for the desired trans-
formants, onto which was poured 2.5 ml, of 0.7% water

agar contaeining an appropriate dilution of the transformed -
culture, Thig procedure gave evenly distributed colonies,
a variability of about 10% and was exceedingly'quick
compared with the spreading technique, It was found that
it was best to maintain molten water agar at 45-47°C.

Abdve 50°C there was a loss of transformants and below 45°C
there waardanger of the agar starting to set during mixing
end pouring.

(11) fThe Variation in Levels of Competence of Recipient

Cultures

The number of $ransformants obtained from a given
anount of DNA was found to vary a great deal from experi-
ment to experiment for all strains, This gave riee to
an obvious problem in judging the dilution of trans-

formants for counting on plates. 4 possible solution to
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this problem would have been to store competent cultures
in liquid nitrogen and always use the same culture as is

routine in the B, subtilis system but Sherratt (Ph.D.

Thesis) showed that although viability was maintained by
B. licheniformis, compefence was lost during this treat-

ment. Consequently an attempt was made to cut down the
variation in competence by always using the same batch of
2MBS and 2NB, always adding the components of BLSG in the
same order and always using 25 ml. cultures in 250 ml.
flasks, Despite this gtandardisation it was'found that
the level of competence still varied over a 2-3 fold
range which still raised problems with respect to plating
dilutione since it was desired to count at least 2000
transformants per marker. It was thought that a waey
round this problem might be to carry out transformations
over g range of recipient concentrations (assuming that
the level of competence reflects the concentration of
recipient cells) end find the meximum number of trans-
formants for a particular marker obtainable from & given
amount of DNA. ZExperiments designed to teet this possi~
bility are deseribed in Section 3,3.f.  Although plotting
the number of transformants obtained against the concen-
tration of recipient cells gave a plateau this was found
not to represent the maximum number of transformants
obtainable from the fixed amount of DNA.  However, the
shapes of the curves obtained gave an indication that the
source of the variation was a variable nuclease activity

in recipient cultures. This is discussed in Section 4.
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This knowledge d1d not help to cure the variation and thus
it maintained ite status as an unavoidable hazard in the

study of B, licheniformis.,

(111) The Low Transformebility of the ilva Marker

It was originally intended to establish the relative
f:equencieé of the ade and 1lv D markers and use this as
a measure of the relative frequency of the pen gehe which
is 5% linked to ilva D. However, it was not found
possible to obtain high enough fregquencies of trans-
formation for ilvae D useing the strain Ba.

The possibility of scoring pen' transformants using
a strain whiéh was ade pen i~ p- without selection wase
investigated but it was not found possible to score
reliably ngf transforments, This was due to the
variation 1in colony sige obtained by plating at the cell
densities required to screen for them. Thus the
theoretical location of the pen gene_in conjunction with
the ade/trp relative frequencies was used to examine the
variation in relative frequency of the 'pen gene with

growth rate.

3.3.b The Construction of a Doubly Marked (ade, trp)
' Recipient Strain

A series of 6 trp mutations were made in strain 749
by NG mutagenesis and classified by crossfeeding and
accunulation of intermediates when grown on limiting

tryptophan, Cultures (10 ml,) were grown in X medium
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(+ 2 ug./ml. tryptophen) to stationary phase and culture
supernatantsrtested for presence of indole (with PDMAB
reagent - see Section 2), indole glycerol phosphate (with
ferric chloride reagent, Yanofsky 1956) or fluorescent
intermediates, |

Mutant 1 (a2 probable B mutant), mutant 2 (not a B or
A mutant) and mutent 3 (a D or O mutant) were tested for
tryptophan synthetase B activity. 100 ml, cultures were
grown on X medium supﬁlemented with 4 ug./ml. of trypto=-
phan, to stationary phase and 10 ml., samples taken for
tryptophan synthetase B assay. It was found that mutants
1l and 2 had no tryptophan synthetase B activity but mutant
3 bhad 0.186 units/0D; thus confirming that the growth
procedure would have derepressed tryptophan synthetase
ectivity in mutants 1 and 2 had they contained a good
Irp B gene; Thus mutant 1 was confirmed as deficient in
iryptophan synthetase activity and classified as a trp B
mutant; and its 3zrp allele designated trp Bl,

These results are summarised in the table below,

Table 3.4

Growth on Accumulated intermediate L ryPbophan

Mutent “4ndcle Indole IGP Fluorescence gy2223322§
1 - + - - 0
2 - - - + 0
3 + - - + 0.1867 u/0D
4 +
5 + | Not tested
6 +
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The trp Bl allele was transferred to a recipient

gtrain by transformation. DNA from 749 trp Bl was used

to transform 74 (ade 1 tyr 1) and tyr* transformante

selected. The trp genotype of txr+ trangformants was
found by replica plating and a irp transformant isolated
and designated SH trp Blr, This strain was used for the

measurement of relative gene frequencies. At the same
time the linkage between tyr 1 and trp Bl was estimated

by comparing the frequencies of §x£+ trp’ and tyr* trp”
transformanta. Also the linkage between tyr 1 and irp 2
and trp 3 wes estimated,  The ffequency of co~transforma-
tion of pep and tyr (the recipieht character) which is not
linked to tyr (Sherratt, Ph.D., Thesis, Edinburgh) was
measured in order to check that the tyr trp linkage was
not being distorted by pseudolinkage as a result of
saturating DNA. The results of these experiments are

shown in Table 3.5 below,

Table 3,5
B A A/B x 100% tyr® pep’
‘ tyr’ trans- tyr’ trp”  tyr ir trans-
Donox formants raﬁE:B T*EEEE% formants
per ml, formants per ml,
. per nl,

SH749 trp Bl 7330 4830 60% 80

SH749 trp B2 9640 6040 62% 22

SHT749 trp 83 620 270 44% 0

These data correspond well with tﬁose of Sherratt
(Ph,D.) who found that tyr 1 was about 60% linked to a
trp E mutation suggesiing that the $rp genes of
Bs licheniformis form a closely linked group.
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3.3.¢c Determination of the Age of Maximum Competence
of Recipient Cultures

Samples were taken at 60 min., intervals from a

recipient culture of SH trp Blr starting after 12 hours

of incubation. The samples were used in 90 min. trans-
formations at a21/20 dilution with DNA from SH mtr 1.

Data from the experiment are tabulated below.

Table 3.6
Age of ade’ trensformants trp* transformants
Culture per ml, per nml.

12.5 hr. 20 210
13.5 hr. 3050 6000
14.5 hr. 630 1440
15.5 hr. 3100 | 113
16.5 hr. 1720 42
17.5 hr, 1675 30

It was established that a 13,5 hr, incubation gave
the highest level of competence for transforming the gde
and trp markers, although there was & second peak of
competence for ade transformetion at 15,5 hours. This
suggested that different populations of competent cells
are responsible for the transformation of the ade and
irp markers.,

The above experiment was repeated for strain
SHET1r (11v) in the construction of the low thymine
requiring prototroph SH#Tlrcl. Data from this experi-

ment are shown below.
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Table 3.7

Age of Recipient ile transformants
Culture - per ml,
16,2 hr, ' 0
17.2 hr. 90
17.5 hr, 20
19.5 hr. 100
20.5 hr. | 250
21,5 hr, 590
23,0 hr, 1170

Thus in the case of SHBT tlr competence develops
late and transformations using this strain were carried
out after 23 hr., of incubation of the recipient culture.
These experiments emphasise the difference in behaviour

of recipient strains.

5+3.4 The Influence of DNA Uoncentration on Transformation
(1) Introduetion

In order to draw conclusions concerning the relative
number of copies of & pair of genes in a semple of DNA,
from the relative frequencies of transformation of markers
in these genes, it is first necessary to demonstrate that
the number of transformants obtained in the system is
proportional to DNA concentration, In other words care
must be tsken to ensure that the concentration of DNA used
is non-saturating. The danger of saturation to relative
gene frequency measurement is that if different competent

populations exist in the reciplent for the two markers -
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(as was suggested in Section 3.,3.c and by Sherratt and
Collins (1968)), saturation may be reached for one
marker but not for the other and thus for one gene one
would be’measuring the maximum ability of the relevant
competent population to take up that gene and for the
other the relative concentration of that gene in the DNA.
Therefore, & set of traﬁsformations were carried out
to determine the concentrations of each of the DNAe which
should be used in order to avoid saturation in the

measurement of the relative frequencies of the ade and

trp genes,

3+3.4 (11) Procedure |
A 13,5 hr: culture of SH trp Blr was diluted 10 fold

into TM and used in 2 ml, traunsformations with seriasl
dilutions of the DNAs as shown in Mable 3.8, This table

contains the results of two such experiments.
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Table 3 8

Donor . ade™ transformants trp® transformants
DNA Pilution == per ml, =2 pexr ml,
L 0 83,680 22,640
L < 7,984 2,752
L 55 784 261
Spore f% 1,010 1,157
Spore  1ig 88 117
e & 388 154
Spore 0 - 11,092 7,704
Spore % 1,242 1,200
Spore T%ﬁ 100 152
¢ % 12,948 7,200
1 ,
G o5 1,413 | 850
A % 4,624 2,676

(114) Conclusions

A log log plot of DNA dilution versus transformants
per ml, i1s shown in Figure 33 for DNA I end DNA spore.
The two curves for gggf transformants show proportionality
- over the entire range of DNA concentrations, However,
the 322f curves were slightly less convinecing at the
highest DNA concentrations and therefore it was decided
that to avold the risk of exceeding the proportional
range the DNAs should be diluted to give transforming
activities close to that of the 10 fold dilution of DNA L

for the ade marker,
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Figure 3%.3. The influence of DNA Concentration on Transformation
Ten fold serial dilutions of DNA L and DN4 SrORS were used in

ohr. trensformations . The recipient was a 13.5hr. culture

+ + |
of trpBlr and ade and irp transformants were both scored.
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3.3.¢ Iransformations to Measure the Relative Frequencies

of the ade and trg genes

3.3.¢ (i) Procedure

DNA L x 107 (i.e, diluted 5%), DNA A x 1071, DNA 6

1

x 10°~, DNA X, DNA spore and DNA spore x 10" were used

to transform a 13.5 hr. culture of SH trp Blr which was

diluted f% intorTM. Each‘transformed culture was diluted
by a factor calculated from the transforming activity of

the DNA as measured in the previous section,

3¢3+e (11) Results |

The average number of transformante per plate and the
total number of transformants counted for each marker are
shown in Table 3.9. Table 3.10 contains the results of
& repeat experiment using DNA L x 10”1, DNA X and
DNA spore x 1071,  In this experiment the recipient was
diluted 1,5/10 by error. In the last column of each
table the ratio of ade’ to trp' transformants has been
calculated, In order to calculate the relative
frequenciee of the ade and irp genes from these data 1%t
is necessary to divide the ade'/trp* ratio for each DNA
with that found for DNA spore in order to normalise for
the different efficiencies of transformation of the ade
end trp markers. However, in Table 3.9 two values are
shown for DNA spore depending on the concentration used,
This may be explained by the observation that in Figure 3.3

the frequency of transformants for the trp marker in

DNA spore was less satisfactorily. proportional to DNA
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. Table 3.9. Results of transformation to measure the
relative frequency of the trp and ade genes in the DNAs
-gbtained in growth experiments (Section 3.2).

‘Average trang-. Total number of

Donor DNA formants -  transformants ade’/trp’
per plate counted
adet  trp* ade”  trp’
L x 1071 143 142 2972 1137 5,232
A x 10t 653 168 2612 672 3,886
@ x 10°% 764 289 2293 1147 2.643
X x 10t 750 311 4501 1870 2,404
Spore 470 216 1882 1083 2.172
Spore x 10™% 346 202 2424 1617 1,714

Pable 3.10.

I x 10”7t 760 222 3042 1774 3,44
X 819 = 436 4911 3490 1.876
Spore x 10°% 425 326 2975 2609 1,303

concentration than for the ade marker. Therefore the
mean of the itwo DNA- spore values has been used for
calculatiﬁg.relative gene frequencies. The results of
this treatment are shown below,

Table 3,11.

DNA L 2,692
DNA A 2,000
DNA G 1,361
DNA X 1.237
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Treated in the same way the data from Table 3,10
give the following results.

Table 3,12
DNA Relative frequency of
ade end trp genes
DNA L 2.64
DNA X 1.44

A discussion of the significance of the differences

in these two sets of results is given in Section 4.3.b.

Conclusion

In the first of these experiments the frequeﬁcj of
transformation for itrp wes much lower than éxpected'and
did not permit»the counting of 2,000 transformant
colonies for this marker at the plating dilutions which
had been selected. However, in the second experiment
where a higher concentretion of recipient cells was used
(in error) the frequency of trp transformants was far
higher, It was concluded that adding more recipient
cells to the system could ingﬁease the efficiency of
transformation for ggg, It:was therefore considered
that a titration of the fécipient culture ageinst the

number of transformants obtained might give a maximum

number of transformants obtainable from the fixed amount

of DRA, which would not vary from transformation to trans-

formation. For this reason a series of transformations
was carried out in which the frequency of adet and trg+

transformants from a given amount of DNA was measured
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over a range of dilutions of the reciplent culture.
Such a system offered the greater accuracy inherent in

the measurement of a plateau as opposed to single points,

3.3, Titration of Recipient Culture to find a Maximum

Efficiency of Transformation

3.3.f (1) Results

Three experiments were carried out and are reported
in Pigures 3.4, 3.5 and 3.6. In eéch case serial two-
fold dilutions were used to give recipient concentrations

8 6

from 4 x 10~ cells/ml., to 6.75 x 10  cells/ml. and the

ranges were altered slightly from experiment to experiment.

3¢3.f (11) Conclusione

| The shapes of the curves shown in Figures 3.4, 3.5
and 3,6 are difficult to Interpret and not as expected
when the experiments were conceived. Plateaus are
discernible but not only do they mnot occur over the'
expected range of recipient concentrations (in the f% to
=5z region, i.e. 10° to 4 x 10% cells/ml.) but their
range is different for the two markers and from experiment
to experiment, Also the heights of the plateaus for
DNA spore vary from experiment to experiment, Thus it
is clear that the plateau does not represent a maximum
efficiency of transformation. Each of the ocurves can be
broken'up into three sectorss (i) the falling sector at
high recipisnt concentrations, (ii) the plateau, and

{(iii) the rising sector at low recipient concentrations
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The Influence of Recipient Cell Concentration on

Transformation.

A series of serial two f£0ld dilutions of a 13.5 hr.

BISG culture of SH trp Blr in TM were used in 2 hr,
transformations with DNA I (Fig. 3.4), A (Fig. 3.6)

or G (Fig. 3.5) and DNA Spors. The transformed

cultures were scored for ade+ and trp* transformants.
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where increasing the number of recipients increases the
number of transformants. The simplest interpretation
of sector (i) is that eome component in the RBISG
recipient culture has reached a concentration in the
transformation at which it inhibits transformation.
Sector (iii) could be interpreted as the region in which
competent cells are limiting and thus aré being titrated
against excess DNA., However, this interpretation would
demaend the curves in this sectorito be independent of
DNA concentration and to have a strict proportionality
between input cells and transformants, neitﬁer of which
is the case.  This problem of interpretation can be
evoided by the proposition that a nuclease is present in
the tramsformation system, Thus the input DNA has two
possible fates, to be absorbed by a competent cell into
e nuclease resistant state or to be broken down by the
nuclease, Therefore in sector (iil) the production of
transformants would depend on the kinetics of interaction
of the input DNA with competent cells and the nuclease.
This would also be true on the plateau (sector (iii)) and
here it could be imagined that the competition between
the nuclease and competent cells is unaffected by their
concentration relative to the input DNA. Thus it could
be further predicted that the apparent level of
competence of recipient cultures is dependent on the
ratio of competent cells to nuclease activity. The
nuclease proposition will be discussed further in

Section 4.3,.a,
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A further pair of experiments were set up to test

the nuclease hypothesis in which various amounts of s

heterologous DNA were added to the'systemg

It was

thought that adding heterologous DNA might protect ‘the

transforming DNA agalinst the action of the nuclease.

These experimeﬁta are reported in Section 3.3.8.

3.3.f (1i1) The Relatlive Gene Frequencies

Although these experiments'were unsuccessful in

finding a maximum efficiency of transformation it was

considered worthwhile to examine the relative frequencies

of ade+ and trp’ transformants at the plateaus and to

calculate the relative gene frequencies.

The extent of

each plateau was determined by inspectlion and the

frequency of transformants calculated as the mean of all

the determined values which fell on the plateau. The

results of this analysis are shown in the table below.

Table 3,13
DNA Average transforments per plate Ratio ade’/trp'
ade’ trp*

L 310 (3) 60 (4) 5416
Spore 168 (3) 102 (4) 1.64

G 789 (4) 206 (3) 3.84
Spore 469 (4) 183 (3) 2456

A 239 (2) 52 {4) 4,571
Spore 173 (3) 68 (4) 2,521

(Figures in parenthesis denote the number of points on

the plateau used to calculate the mean)
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These data were used to ocalculate the relative
frequencies of the ade and irp genes which are shown in

the table below.
Table 3.14

Relative frequency of

DA ade and irp genes
DNA I 3,15
DNA G 1,49
DNA A 1.88

These results are discussed in Section 4.3.b.

3.3.8 Competition Experiments with Heterologous DNA

DNA for use in these two experiments was extracted
from E. coli B/r grown on I~broth. Prior to the trans-
formations the concentrations of the transforming DNA
(DNA L) and the E. coli DFNA were measured, Transforma-
tions were carried out at two recipient conoentrations,
i.e. at.a pis dilution (0,675 x 107 cells/ml,) and at a

8

'f% dilution (0.5 x 10~ cells/ml.}. The two experimentis

are reported in Figures 3.7 and 3.8.

Conclusions

From the first experiment (Pig. 3.7) it is clear
that the general effect of adding heteroiogous DNA to a
transformation is to reduce the frequency of transforma-
tion,. However, it appeers that at a heterologous DNA
concentratioﬁ close to the concentration of the trans-

forming DNA there is & stimulation of transformation at
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to Transformetions on the Number of Trensformants Obtained from a
Fixed Amount of Transforming DNA,
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Figure 3,8, The Effect of Heterologous DHA on Transformation.
(For legend see figure3s7. )
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the higher recipient conocentration, The second experi-
ment was designed to further investigate this effect by
examining the infiuence of heterologous DNA concentiration
over & nearrower range close to the transforming DNA
concentration. In this experiment (Fig. 3.8) the .
gtimulatory effect was less marked in the case of gggf
transforments but was present for jggf tranasformants at
both cell concentrations. These two experiments suggest
that heterologous DKA can have a protective effect on
ltransfofming DNA when present at a similar concentration
to the transforming DNA. This result supports the

nuclease hypothesis.

3.4 Vnriation of Gene Frequency Distribution by Growth

on_Low Concentrations of Thymine
Fedet Intrdduction

From studies on the cellular.DﬁA content during
steady state growth and in transitions between steady
states, Pritchard and Zaritsky (1970) concluded that in
E, coli 157 (a thy auxotroph which will grow on concen-
trations of thymine down to 0.25 ug./ml., i.e., 28 a low
thymine requirer) the DNA replication time (tR) can be
influenced by the concentration of thymine. This
suggested a method for altering the gene frequency
distribution at conastant growth rate as can be seen by
substituting different values of tB in the generalised
equation of chromosome replication. This would allow a

simple direct assessment. of the influence of relative
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gene frequency on gene expresgionf It was decided to
see whether thy mutants of B, licheniformis would behave
like B. coli 157", The first step in this investigation
was to isolate-thymine requiring strains of B. licheni-

formis which would grow on low concentrations of thymine
and whioch were constitutive for penicillinase synthesis.
The second step was to investigate the influence of
thymine concentration first on the growth of the strain,
second on the level of conetitutive eyﬁthesis of peni-
cillinase and third on the gene frequenocy distribution
in thie strain,

3¢4.b Isolation of s Low Thymine Reguiring Strain

Constitutive for Pemnicillinase Synthesis

A low thymine requiring recipient sirain was isolated
starting from strain 8aTl. This strain was isolated by
the method of COkeda, Homma and Sonohara (1962) and was
found to require at least 15 ug./ml. of thymine for growth
(Sherratt, Ph.D.). - However, when a spore stock of this
strain was plated out on 1 ug./ml. of thymine a high
frequency of low thymine requiring mutants was. obtained
(ca. 1 in 104), A possible explanation for this is that
low requiring mutents were selected for duﬁing the manu-
facture of the spores, The sporulation medium was
supplemented with 20 ug./ml. of thymine end it is possible
that this concentration fell enough to select low
requirers during spore growth. Several low thymine

requirers (designated SH8aT tlr l...) were purified and
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their growth response to thymine rechecked. One of them
(SH8aT tlr 1) was then transformed to prptotroPhy for ade
and ilv and to pen i~ and pep’. This was done in two
steps. First SHS8al tlr 1 was transformed with pen imopt
prototrophic DNA with selection for ;;xf transformants.
These were replicated and scored for penicillinaée pheno-
type. Penicillinase constitutives were found at a
frequency of 0.5% which was 10 fold lower than expected
(Sherratt (Ph.D.) reported 5% linkage between ilv and pen)
but this may be explsined by the low level of transforma-
tion obtained for the ilv marker with this recipient,

' The second step was to transform SHSal tlr ilv' pen i~

(designated SHBT tlr) with wild type DNA selecting for
gggf transformants and to screen these for the gggf
phenotype. In all these transformations both the BLSG‘
and TM were supplemented with thymine (10 ug./ml.).

The final strain was designatediﬁiW-m:ci;and was used

in the following growth experiments.

3.4e¢c Growth Experiments with SHW tlrClL .
3.4.¢ (1) Introduction

Preliminary experiments with SHU tlrCl, were designed
to find the range of concentrations of thymine over which
it would grow in liquid culture at normal growth-rates.
Medium A was chosen for growth experiments sihce in _
growth experiments with SH mtr 1 it gave a doubling time
close to the replication time found in E. coli and as such

was expected to give large changes in the gene frequency
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distribution if the replicstion time was altered by

changes in thymine concentration.

3.4.¢ (i1) Procedure

A culture of SHi tirCl 3 was grown up {rom spores on
medium A supplemented with thymine (5 ug./ml.) to an 0D
of 0.2 and diluted 200 fold into a series of flasks
containing 25 ml, of medium A plus 2, 1, 0.75 and 0.5
ug./ml. of thymine.  SHY tirCl : grows at the normal
rate on medium A on thymine coﬁcentrations down to
2 ug./ml. but at 1 ug./ml. the growth rate falls to
give a doubling time of 75 min. and below 1 ug./ml. the
growth rate falls off drastically. For this reason

the region above 1 ug./ml., was chosen for further study.

3.4.,d Penicillinase Synthesis during Growth on a Range

of Thymine Concentrationsg

From samples taken in the previous experiment at
0Ds of less than 0.2 it was found that penicillinase
activity {(when measured as units per ml,/0D) was

independent of thymine concentration as shown below,

Thymine Penicillinase activity
concentration Doubling time units per ml./0D =
2 ug./ml. 48 min. 1435
1 ug./ml. 75 min. 1500
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Working backwards from the expected reeults of the
investigation, which was that there should be a correla-
tion between relative gene frequency and the level of
enzyme synthesis, this result tended to suggest that
growth on thymine concentrations over the renge 2 ug./ml.
to 0.75 ug./ml, did not influence the gene frequency
distribution, However, another 1ntefpretation was that
over this range the maximﬁm number of replicating points
possible had already been induced and the only way in
which the cell could keep DNA replication in pace with
division was to lowexr its growth rate. Thus the gene
frequency distribution would not vary over this range of
.concentrations. In order to study a range of concentra-
tione over which the gene frequency did alter it was
decided to try a higher upper concentration. A repeat
experiment was carried out at 20 ug./ml., 2 ug./ml. and
1 ug./ml., In this case a second 5%5 dilution was
carried out to permit growth to be followed for 12
generations, Also the starting culture was grown on
20 ug./ml. of thymine and exira samples were taken for
DNA extraction (for measurement of relative gene
frequencies) and protein assays. Table 3.16 gives the

results of penicillinase assays.

Table Se 16
Concentration Penicillinase

of thymine Doubling iime units/mg. total protein
20 ug./ml. 43 min. 970

2 ug./ml, A3 min, 1,025

1 ug./ml. 60 min. 1,023
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Agein there was no significant change in penicillinase
synthesis and the level in terms of units per mg. total
protein was close to that found for SH mtr 1 on medium A.
This suggested that the gene frequency distribution was
in fact not varying over this range either and was close
to that of a thy' culture. Thus it seemed likely at
this stage that strain sm t1rci 1 did not behave like
E. coli 15T with respect 'to thymine concentration.

The influence of thymine concentration on the gene

frequency was next measursd as a final test of this.

3e4+e The Influence of Thymine qucentration on Gene
~ Frequency Distribution in smy 101 1

3.4+¢ (i) DNA Extraction

The standard DNA extraction procedure was found to
be ineffective for sirain gui tlrCl 3 because the cells
did not lyse. The lysis procedure was therefore
modified as follows. The suspension of cells in saline
EDTA was first heated at 60°C for 10 min. to inactivate
nucleases and the replicating system, then cooled and
incubated with lysozyme (500 ug./ml.) at 37°C for 10 min.
This was followed by the normal heating at 60°C with SDS.

At the ethanol precipitation stage 1t was found
difficult to extract DNA threads in the normal way from
the 2 ug./ml. preparation and impossible from the
1 ug./ml. preparation. However, it was found in the
latter case that on stending overnight, a gelatinous

precipitate was formed in the preparation. This was
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redissolved in 2 N NaCl and its UV spectrum read over
the range 300 am. to 200 nm. A curve uncharacteristic
of normal DRA preparations was obtained. It was thought
that this spectrum wae possibly due to SDS which had co-
precipitated with the DNA and for this reason the
gsolution was diaslysed against 2 N NaCl overnight,.
Pollowing dialysis the solution gave a spectrum identical
with ndrmai transforming DNA preparations, and was found
to be satisfactory in transformation. The three DNAs
were depignated DNA 20, DNA 2 and DNA 1 where the figure
represents the thymine concentration in the culture from

-which they were extracted,

3.4.¢ (11) Transformations

Following & test of the transforming activities of
DNAs 20, 2 and 1 they were diluted 10 fold for gene
frequency transformations. Two transformations were
carried out at 1/20 recipient dilutions. In the first
DNA A was used as standard and in the second DNAs Ly A
and Spore were compared with 20, 2 and 1.

Results are shown in Table 3.,17.
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Table 3.17. Results of transformations to measure the
relative frequency of ade and trp genes in DNAs produced

on different concentrations of thynine.

Average Total number of Ratio of
Donor DNA +transformants  transformants  transformants

per plate counted ,

adet trp* ade* trp* ade’/trpt

DNA 20 . 209 53 836 319 3,93
DNA 2 209 57 1195 342 5,24
DNA 1 295 32 1170 193 9409
DNA A 411 83 le42 - 413 #4497
DNA 20 286 146 . 1143 874 1.96
DNA 2 298 123 1195 615 | 2443
DNA 1 277 88 1107 527 3416
DNA Spore 358 299 2148 1794 1.19
DNA L - 799 258 3194 1548 3409
DEA A 566 266 . 2265 1596 L 2,13

The data from the second experiment when normalised

by the DNA Spore ade""/tr_p+ ratio give the following

relative gene frequencies,

Iable 3.18.
DEA ~ Relative frequency of
' ade and trp genes
DNA 20 1.63
DNA 2 2.03
DNA 1 2.64
DNA L 2,59

DNA A 1,78
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The relative gene'frequeney for DNA A in Table 3.18
was then used to normalise the relative transformation
frequencies from the firet experiment, to give the

regults in Table 3.19 bhelow.

Table 3.19
DNA Relative frequency of
ade and trp genes
DNA 20 _ 1,41
DNA 2 1.88
DNA 1 3.26

Inspection of these results reveals that growth on
a range of thymine concentrations can be used to vary
the gene frequency distribution in etrain |smw terl il_._ end
thus they contradict the suggestions madé in Seotion
3¢4¢ce The extent to which this contradiction affects
the general principle of the influence of relative gene
frequency on enzyme synthesis is disoussed further in
Bectlon 4.5.
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CHAPTER 4

ANALYSIS OF RESULTS AND DISCUSSION

4.1 Tryptophan Bioeynthesis in B. licheniformis

4,1,a Genes involved in Tryptophan Biosynthesis

In the isolation of a doubly marked recipient (ade

irp) strain the properties of three irp suxotrophs were
studieds Since then a-series of 26 trp mutants have
been isolated by A.F. Taylor (under the direction of
J«F, Colling and myself), which,on the basis of
accumulation of intermediates, contains representatives
of each of the structural gene mutant classes obtainable
in E. coli. Mutant trp Bl behaved as a B mutant in
every respect but trp 2 behaved like a B mutant as far
as enzyme activity and growth requirement were concerned
but accumulated a fluorescent intermediate characteristic
of C and D type mutants, 'Thia nutant was revertible and
therefore could not be a deletion. It was considered,
therefore, that mutant trp 2 was likely to be either a
polar mutant (Jacob and Monod 1961b) which prevenied the
proper expression 6f both the B and C or D gene, or a
mutation in some regulatory gene common to B and C or D
genes (but not to the E gene which must be active for
the accumulation of a fluorescent intermediate (Whitt
and Carlton 1968)). Whichever of these possibilities
is correct, mutant irp 2 provides evidence for co-
ordinate control of tryptophan synthesising enzymes.

The former possibility suggests that the trp genes form
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an operon. Mutant trp 3 had not lost iryptophan
synthetase B activity and accumulated a fluqbeacent
intermediate. Thus it can be classed a# aCor?D
mutant. .

In transformation these three mutants were highly
linked to tyr 1 and this together with data from
Sherratt that trp E is highly linked to tyr, and the
information on mutant classes from A. Taylor, suggests
a8 general similerity in the gene enzyme relationships
of B, licheniformis and B, subtilis.

4.1.b Control of Trggtophan Biosynthesis in
Bes licheniformis

In the 5MT resistant strain (SH mtr 1) only the
constitutivity of the trp B gene has been demonstrated
and for the wild type only the repression of the trp B
gene by tryptophan has been demonstrated. Thus to
, extrapoiate from the regulation of tryptophan synthetase
B to the regulation of tryptophan biosynthesls requires
the assumption of coordinate control:of the tryptophan
synthesising enzymes. There is no evidence that this
is not the case and there is preliminary evidence of the
existence of an operon (Section 4.1) eo this assumption
will be made. The synthesis of tryptophan appears to
be different from that in E. coll and B, subtilis in ite
sensitivity to 5MT,. This analogue does not repress the
synthesis of tryptophan synthetzse B in the wild type.
The question thus arises: how did 5MT select‘for
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derepressed mutante? It has been shown in B. subtilis
(Jensen 1969) that SMT acts as an inhibitor of anthra-
nilate synthetase. However, it,difficult to see how a
mutation to constitutivity would overcome this
inhibition since it would be likely to cause full de-
repression itself, A possible explanation of the
action of SMT isthat it cannot enter cells growing in
1iquid culture and thus cannot influence tryptophan biow-
synthesis. However, 1t is poseible that during spore
germination SMT cen enter the cell and then act as a
CO~Yepreasor, A constitutive mutant overcomes the
consequent repression of tryptophan synthesis and is
able to grow, A further possibility stems from the
work of Barlati and Ciferrid (1970) who showed that
during tryptophan starvation of a irp auxotroph of

B, subtilis 5MT is incorporated into protein. It is
possible that during spore germination a stage is passed
through in which pools of tryptophan are sufficiently
low to mimie tryptophan starvation and allow SMT into
protein, with toxic effeots. Mutants with reduced
ability to incorporate SMT would be resistant to such
toxic effeots. Sites which could be altered in these
mutants are the tryptophanyl tRNA asctivating enzyme, in
an analogous way to mutante resistant to p fluoro-
phenylalanine (Fangman and Neidhardt 1964) or the
tryptophanyl tRNA itself, If the loaded tRNA itself
is invoked =2 the co-repressor it is possidle to reason

that some of these mutarnts would also have lost their
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ability to repress the biosynthesis of tryptophen.

This could help to explain the two types of SMT
resistant mutents obtained, i.e, those which exereted
tryptophan and those which did not, the first type
possibly being altered in the tRRA and the msecond in the
activating enzyme. It would alsoc be possible for
activating enzyme mutants %0 be derepressed (Roth and
Ames 1966). A precedeﬁt for this regulation mechanism
and these types of mutations to constitutivity exists
in the hiestidine system 4in Salmonella typhimurium (Roth,
Anton and Hartmaﬁ 1966; Sibert, Pink and Ames 1966). .

4,2 The Varistion of Enzyme Synthesis with Growth Rate

The variation in penicillinase and tryptophan
synthetase B specific activities withlgrowth rate han
been assumed td represent the variaetion in their rates
of synthesis relative to total protein, This assumption
rests on the demonstration that the cultures from which
saﬁples were taken for asssay were in steady state. The
evidence gupporting a steady state is (i) the constant
growth rate obtained on each of the media by sucoessive
dilution and (i1) the reasonably constant levels of
penicillinase activity from experiment to experiment on
each.of the media,

The pattern of variation with growth rate was that
expected for genes close to the terminus of replication
from the theory of Sueoka and Yoshikawa (1965).

Unfortunately no genes in other locations were studied



97.

and it was not possible to show that the specific
activity of the product of a gene close to the origin of
replication increases with growth rate, It is not
possible to conclude that the fall in the relative rates
of synthesis of penicillinase and tryptophan synthetase
ag the growth rate was increaesed was causally related to
the decrease in relative frequency of the trp and pen
genes even if there was a correlation between them.
However, the veriation is too great to be explained
simply by the diluting effect of ribosomal proteins.
This can be seen by comparing the curves shown in '
Figures 1.2, 3.2 and 3.3, The correlation of relative
gene frequency with relative enzyme synthesis will be

further discuesed in Section 4.5.

4.3 The Change in Relative Gene Frequencies with

Growth Rate
4.3.a The Measurement System
‘ In the course of an attempt to optimise the trans-
formation system for the meesurement of the relative
frequencies of ade and trp genes, some interesting data
on the transformation process itself in B. licheniformis
have been obtained. Studies on the influence of the
concéntration of recipient cells on transformation have
guggested the presence of a nuclease activity in
reciplent cultures which influencee the probability of a
given piece of DFA giving rise to a transformant. The
resulte of competition experiments with heterologous DNA
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support the nuclease hypothesia. At low recipient
concentrations the heterologous DNA reduced the
efficiency of transformation by .competing for competent
cells which were limiting, and thus protection of the
transforming DNA which was relatively in excess was not
observed. At higher recipient conecentrations (on the
"plateau") where the competition between cells and
nuclease was independent. of recipient cell concentration
it is reasoned that recipient cells were relatively in
excess 80 that sparing effect of the addition of hetero~
Jogous DNA on the transforming DNA lncreased the
frequency of transformation at low heterologous DNA
concentrations. As the concentration of heterologous
DNA was increased the excess of competent cells was
progressively diminished resulting eventually in an
inhibition of transformation, as observed at lower
recipient concentrations. A more precise understanding
of the "plateaus® and the protective effeet of hetero-
logous DNA would require a study of the kinetics of the
nuclease activity, and some method of isolating competent
cells so that the kinetics of 1nteraction of competent
cells with tranaforming DNA could be atudied.

The presence of 2 nuclease may influence the
measurement of relative gene frequencies, If one
considers the two extreme DNAs, i.e. DNA I and DNA Spore,
which were likely to have the largest difference in the
relative frequencies of ade and trp genes according to

the theory of Sueoka and Yoshikaws (1965))one can see
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(Pige 1+3) that in the case of DNA L far more DNA per
XIrp gene was added to the transformation than was in fhe
‘case of DNA Spore. It might be expected that the
ade/trp ratios obtained for DNA L might be under-
estimates of the actual frequencies in the DNA, owing to
the extira protection of the trp gene against nuclease.
This would be true also but to a decreasing extent in
DRAs A, G and X respectively. Corifirmation of this
interpretation would need the determination of the gene
frequency distribution in some other way, e.g. by
measuring the residual DNA synthesis after chloram-
phenicol treatpment (see Section 1,3.4), This prodblem
might have been avoided by adding an excess of either a
heterologous DNA or DNA from an gde trp strain of

B, licheniformis to each of the DNAs to cancel out

possible differences in DNA concentration and marker
protection effects, but at the same time this would
have given rise to problems by lowering the absolute

Ifrequencies of transformation.

4.3.b The Results of Gene Frequency Transformations
In Table 4.1 the normalised ade/trp ratios obtained

in the major transformations are assembled., Mean
values and variances (52) have been calculated for each
of the DNAs. Sueoka and Yoshikawa (1965) have
calculated the expected variances for gene freguency
analysis by transformation for various ssmple sizes

(numbers of colonies counted per marker) gnd the



Table 4.1.. Summary of transformations to measure relative gene frequencies.

Normalised ad ratios =B
e g AR kNI 6D
DNA |
L 2.692 2,64  3.1470 2,632 - 2.76 0.045
A 2,00 1.884 1.78 | 1.89 . 0.0076
1.3609 1.49 | 1.425 0.0042
X 1.237 1.44 | 1.34 0.010
20 1.41  1.63  1.52 . 0.096 §
1.88  2.03  1.955 0.0056
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relationships which they used can be used to calculate
the expected variances for the various ade/irp ratios
deternined in the gene frequency transformations
reported in Table 4.1, These are shown below in

Table 4.2.

Table 4.2
W

Number of Expected variances (52) for values of B-
colonies .
counted B = 1.5 B=2 B = 2.7
100 . 0,101 - 0.2 0.41
500 0.0202 0.04 0,082
1000 0.0101 ‘ _0.92 0.041
2000 0,005 0,01 0.025

¥ 3 48 the ratio of origins to termini; in this case
since ade and irp are original and terminal markers
respectively B = ads/trp retio,

Comparing Tables 4.1 and 4.2 the actual vapiancea
for all of the DNAs fall witbin or very close to the
values predicted by the formula of Sueoka and Yoshikawa
(1963) for 1,000 colonies, with the exception of DNA 1,
the variance of which is close to that exﬁected for the
counting of S00 colonies., Howevar, in transformation 5
less than 500 colonies were counted and for this reason
in the diseussion of relative gene frequencies the
results of this transformation have been ignored. In
conclusion, the results obtained from gené frequency
tranaformetions f£zll within the expected range of
variability, and since averaging the resulte for the two

different methods of estimating relative gene frequencies
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(single points and the "plateau") d4id not produce
varisnces outside the expected range these methods are
both acceptable.

. The change in the ade/trp ratio with growth rate
will be related to DNA replication in B. licheniformis
and also to the chénge of gene frequency distribution in
an attemﬁt to correlate this with changes in engyme

synthesis,

4.4 DEA Replication in Be 11chen1formis

The mean ade/trp ratioa in Table 4,1 have been
analysed using the Sueoka and Yoshikawa (1965)
generalised equation ‘of chromosome replicatian, to find
the replication time in B. 11chanifofmia and to establish
whether it is constant or related to growth rate. Since
the gde and trp genes demark the ends of the chromosome
this equation simplifies to (ggg/ﬁgg) = 2% which permite
the calculation of the replication time from the

t
relationship n - o8 (Section 1l.3.c). This analysis is

=]

shown in Table 4.3, Some unexpected results were
observed., First, in the case of DNAs G and X the
replication time was expected to be longer or the same as
for DNAs A and L, whereas lower replication times were
actually observed, However, from the calculated
expected variances it can be shown that all the replica-
tion times fall within two predicted standerd deviations
(94% confidence 1limits) of one another, two standard
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Table 4.3. Replication times compared with doubling

times.
o b o RIS R
L 2.76 1.486 44,7 30
A 1.89 0,919 41.4 | 45
@ 1.43 0,512 3046 60
X 1.34 04423 38.9 | 90
20 1.63 0,706 . 31.8 45
2,03 1,008 45.38 . 45
1 2.64 1.405 8443 . 60

% nis calcuiated from %%—g

Replication time is calculated from
oul ing time

deviations being about 10 min.-for DFA G and DNA L. Two
theoretical standard deviations were used as confidence
1imits in the construction of the Tyeryar map {Tyeryar
et 81, 1968). The data from transformation cannot
strictly confirm whether the reﬁiicafion time is constant
or not. However, if the observed replication times are
interpreted in terms of :eplication in other organisms,
and the value for the replication time is calculated from
the data of Tyeryar et al. (1968) it is unlikely that the
replication time at a doubling time of 60 min. is as low
a8 30.6 min. The result for a doubling timeuof 30 min,
suggeats that multipie replicating points are required at
this growth rate, which in turn suggests that a
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replicating time of 30 min. is unlikely. Thue it is
likely that the‘calculated replicating times which
cluster around 40 min, do reflect a constant replication
time. Despite this uncertainty, these results suggeet
strongly that DNA synthesis is discontinucus at doubling
times of 60 and 90 min. -

The resulfs obtalned witﬁ the low thymine requiring
atrain Show thé expected depeﬁdence of replication time
on thymine concentration. Héwever, the rgplication time
for growth on 20 ug./ml. of thymine is lower than
expected (about 30 wmin, ) since the repiication time of &
thy' strain on the same medium was 40 min, However, it
i@ possible that the low thymine requirer has an altered
control of its thymine pools which permits 1t to maintadn
larger pools of thymine, than the wild type when grown
on 20 ug. thymine/ml. It is possible that thie would
permit & shorter replication time in the mutant than in
the wild type. However, it is also poseible that the
slower replication time is more apparent then real since
the 94% confidence limite of & 30 min, replication time
(20 ug./ml. thymine) and a 40 min, replication time
(2 ug./ml. thymine) de overlap., The bebaviour of the
low thymine requirer is considered further in Section 4.5.
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4.5 The Variation of Géne Frequency Distribution by
Thymine Concentration in the Tow Thymine Requiring
Strain

4.5,8 The Strain

The mutation to thymine requirement has been shown
to require two mutations in 3, subtilis (Anagnostopoulos
and Schnéider Champagne 1966), Such double mutants
requiredl4 ug./ﬁl. of thymine for growth and were
isolated by thé.mathod of -Okada et al, (1962). The
original thy strain of B. licheniformis was isolated by
this method butlhas not been sﬁown t0 be a double mutant,
Thus it is not possible to say whether the mutation to
low thymine requirement in the isolation of SH 8a T tlr
was & mutation analogous to the lesions 1in deoxyribo-
aldolase or deoxyribomutase found.in E. coli (Alikhanian
et al, 1966; Beacham, Eisenstark, Barth and Pritchard
1968) or a reversion in one of two mutant sites analogous

to those in B. subtilis or a third mutation in an already

double mutant. Attempts to claseify this straln further
were unsuccessful as the purified high. thymine requiring

strain could not be transformed,

4.5.b The Influence of Thxmine.Concentration on Growth .

and Replication
' Deutch and Pauling (1971) have found that at concen-

trations of thymine below 2 ug./ml. the growth rate (as
measured by the rate of increase of viable count) and

rate of DNA synthesis in E. coli 157 decreased, in a
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similar way to that observed in B, lioheniformis. 1In

B, subtilis (thy) the influence of thymine concentration
on growth and DNA replication has been studied by
Ephrati~Elizur and Borgnstein_(1971). They have shown.
that the mess doubling time in "enriched medium" (very
similar to medium A) is independent of thymine concentra-
tion down to 1.0 uge./ml, and that at 0.5 ug./hl. the
doubling time is only slightly reduced (from.42 to 48 min. ).
The ratecf rep;ication was found to fall with thymine
concentration and t, was 86 min, at 5 ug./mle., 110 min.
at 2 ug./ml. and 148 to 123 min. at 1 ug./ml, Thus

B, licheniformis SH WT 1lrc 1 shows similarity in its
behaviour to both E, coli 15T  and B. subtills although
it should be noted that the replicating times in

B, subtilis are far longer than in B, licheniformis.

An understanding of this difference will require a
genetic snalysis of SH WT irc 1.

46 The Corx

with Relative Gene Fregquency
In order to consider this correlation it is first

relation of Constitutive Enzyme Synthesis

necessary to caloulate from the relative ade/irp gene
frequencies for each of the DNAs, the frequencies of

the trp and pen genes (it is assumed that theme are the
same a8 one another) relative to the sum of all genes
(i.e. the overall relative frequency (ORF)). As in the
caleulation of replication times, thie requires the

assumption that ade and trp are at either end of the
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chromosone., It also requires the integration of the
equation of chromosome replication fromx =0 %o x=1
(in order to sum the frequencies of all the genes on

the chromosome) for each velue of n (each growth rate)
in order to find the size of the gene pool per chromo-
some terminus. Thie integral has been worked out by
Sueoka and Yas?ikawg (1965) for the purpose of
calculating the amount of DFA per chromosome at
d1fferent growth rates and it is given by the expression:

2" -1 1
" n ' 1n2

This expreaéion gives the esigze éf the geﬁe péol per
chrdmosome terminus (therefore per irp or pen gene) in
arbitrary unit genes where a unit geﬁe ie equivalent to
a conmplete non-replicating chromosome, The ORF gf the
trp and pen genes is glven by the reciprocal of this
eipression, This has been calculated for the values

of n in Table 4.3 end plotted against the corresponding
doubling times in Pigure 4.l. Also plotted for
comparison are the curves for penicillinase syntheasis
and tryptophan synthetase B syntheeis from Figures 3.1
and 3.2, normalised at the 90 min. doubling time.
Comparing the plotas of enzyme ﬁer total prote;n and
genes per unit gene it can be seen that while the shapes
of the curves are similar, the change in enzyme synthesis
with growth rate is too large to be explained by the
change in ribosomal protein synthesis with growth rate
(shown in Fig. 1.2). This possibiliﬁy has been tested
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by dividing the enzyme per total protein by the genes
per unit gene tb obtaein a measure of the "efficienoy"

of gene expression at the various growth rates, The
resultant values have been normalised to 1 at the

90 min. doubling time and are plotted agalnst growth
rate in Plgure 4,.2. Also shown is the curve for a
standard proteiﬁ taken from Figure 1.2 which represents
the change in efficiency of gene expression with growth
rate whiéh results fromrtﬁe chénge in ribosomal protein
synthesis. This figure emphasises the difference in
behaviour of tryptophan eynthetase B and penigillinase
with tryptophan synthetase B showing much ldwer
efficiencies of expression at high growth rafes than
either penicillinase or the standard protein. When
this project was conceived it was thought that at fast
growth rates im rich media the number of different genes
expressed would be lower than at slow growth rates (as a
result of the repression of many biosynthetic enzymes)
and that in consequence constitutive enzymes should form
a higher proportion of the non-riboscmal protein. This
effect was expected to compensate for the diluting
effect of ribosomal protein., On this model the curve
for penicillinase (in Fig. 4.2) 1s what would be
expected, since the efficiency of expression is higher
at high growth rates than predicted by compounding the
influences of ORF and ribosomal protein synthesis, The
low efficiency of expression of the irp gene at fast
growth rates needs to be explained, Possible
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explanations are (1) that the low level of expression is
only an apparent low level of expression due to the
ingtability of the enzyme at high growth rates or due to
inhibition of its activity'by some component of fast
grown cells and (2) that there is a phenomenon eimilar
to catabolite repression which acts on biosynthetic

genes and which is manifest at high growth :ates.

The most puzzling result is the lack of correlation

between relative gene freQuency and peniecillinase
synthesis in the low thymine requiring strain., If the
interpretation of the resulte of growth rate experiments
is correct then the relative gene frequencies measured
in the DNA from low thymine experiments ﬁight have been
in srror; one possibility for this would be that the
trp marker was unstable at low thymine concentrations.
The suggestion that the pen gene is carried on a
plasmid might also be put forward since it has not deen
formally shown that pen is & chromosomal marker. One
could imagine that in normally growing cells the plasmid
is replicated at the same time as the chromosome
terminus but that at low thymine concentrations the
plasmid is replicated at the middle of the chromosome
replication cycle giving a fairly constant relative
gene frequency. However, thié is a highly speculative
argument and further studies on the physiology of growth
at low thymine concentrations must be underteken before
a proper understanding of the results obtained with the
low thymine requiring strain csn be gained. These
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studies should include examination of the variation in
cell DNA content with thymine concentration (as a check
on the gene frequency distributions established by
transformation), the assay of other constitutive enzyme
levels at low thymine concentrations (first of ail
tryptophan synthetase B) and the study of the effeot of

thymine concentration on the cell ribosome content.

4,7 The Control of Ribosomal Protein Synthesis
It has been noted that in B, gubtilis markers for

resistance to streptomycin and related entibiotics map
close t0 the origin of replication and it has been
shown (Smith, Goldthwaite and Dubngu 1969) that these
markers are in genes coding for ribosomal protein. It
has not escaped my attention nor that of other workers
{(Van Dijk-Salkinoja and Planta 1971; Sueoka et al.
1970) that the change in overall relative frequency of
genes with growth rate might be responsibdle for the
changes in ribosomsl exnd protein synthesis shown in
Figures 1.1 and 1,2, In order to evalueste this ldes
the ORP of the ade gene has been plotted against growth
rate in Pigure 4,3 and compared with the curve for ribo-
soral protein synthesis from Figure 1.2. From this
comparison it is clear that the change in ORF Q; the
ribosomal genes with growth rate is not sufficient to
account for the variation in synthesis of ribosomal
protein. This confirms that in B. licheniformis some

other mechanism is controlling ribosomal protein
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synthesis although it is likely that the location of
the ribosomal genes close to the origin does help to
amplify their expression at high growth rates,

4.8 Final Conclusgions

It is clear that the abllity to study the |
constitutive synthesis of engymes which map close to
the origin would have helped greatly in the anglysis of
the influence of relative gene frequency on enzyme
synthesis.,

A more promising approach to this project might
have been to study one constitutive enzyme in different
chromosomal locations. This would require a system
for transposing sets of genes around the chromoéome.
Techniques for this are now available in E. coli based
on the directed transposition technique of Beckwith and
Signer (1966), and a study of the inducible levels of
A -galactosidase in strains in which the lac genes have
been ftransposed is now being undertaken by Donachie
(personal communication). The results of thie study
should prove interesting when compared with the results
presented in this theeis. |

The overall implicatione of the results of this
investigation with respect to the large scale production of

e nzymes BT that for genes near the terminus the highest yields
are to be had at slow growth rates and that although the
enzyme yileld for a gene near the t@?gléua night be
expected to be greater at fast growth rates the diluting
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effect of ribosomal protein and non-specific repression
mechanisms may cancel out the effect of relative gene

frequency.



*Appendix 1. Chromosome Maps of B, licheniformis amd B. subtilis .
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