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SUMMARY

The purpose of this work was to investigate the activity of two
enzymes, glutamine synthetase (GNS) and glutamate synthase (GTS) during

g-owth and sporulation in Becillus subtilis 168. The coupled activity of

these two enzymes is known to be one route by which ammonis is assimilated
in Bacillus spp. Ammonia is known to be a repressor of sporulation end
the overall aim of the work was to assess the possibility thet one or both
0® these enzymes may play a role in the repression of sporulation. The
investigation adopted two broad approaches. 1. Determination of the
specifi¢ activities of the enzymes; firstly, during growth of the
orgenism in minimel medium with verious nitrogen sources and secondly,
during sporulation induced by either carbon or nitrogen limitation. 2.
Characterisation of a GTS-defective mutant and observations on its ability

to sporulate under conditions of carbon and nitrogen deprivation.

Assay procedures for GNS and GTS were developed based on
previously published methods. Both enzymes were found almost entirely in
the soluble fraction of broken cell suspensions. GTS activity was found
to be slightly unstable on storage and for this reason all enzyme assays

were performed on freshly prepared cell-free extracts.

B. subtilis 168 grew well in a minimal medium with glucose as
carbon source and either ammonia, L-arginine or L-glutemine as nitrogen
source., It grew more slowly with L-glutamate or nitrate and only very
slowly with L-histidine as source of nitrogen. The specific activity of
either GNS or GTS could be altered by varying the source of nitrogen
supplied for growth. GNS was repressed when either ammonia, L-glutamine

or L-arginine were used as nitrogen source, but was derepressed when
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I—glutemate or nitrate were used. GTS was repressed by L-glutamate or
L~arginine and to a lesser extent by L-glutamine, but wes relatively
@derepressed in the presence of ammonia or nitrate. These observations
supported previous suggestions that GNS was repressed by L-glutamine and
GTS repressed by L-glutamate in Bacillus spp.

Sporuletion was obtained using the replacement technique whereby
exponentially growiné cells in a rich medium were resuspended in a poor
medium to induce sporulation. This procedure gives a clearly defined
point of initiation to the process and allows good synchrony throughout
the cell population during sporulation. The composition of the
resuspension medium was adjusted so that sporulation could be induced
either by starvation for an adequate carbon source or by starvation for a
source of nitrogen. No significant alterations in GNS or GTS specific
ectivities were detected at 20 min or 40 min after initiation to sporu-
iation by either carbon or nitrogen starvation. This result indicated
thet repression or derepreséion of GNS or GTS played no role in the onset
of sporulation, although transient changes in enzyme specific activity

could not be excluded by these experiments.

A mutent strain (glt-100), isolated originally as an auxotroph
requiring L-glutamate for growth, was more fully characterised and shown
to lack GTS activity. This strain was unable to grow in minimal medium
with ammonia as source of nitrogen. This fact, coupled with a failure
to detect glutamate dehydrogenase activity in cell-free extracts, indicated
that B. subtilis 168 lacks glutamste dehydrogenase capable of assimilating
smmonis.  Ammonia assimilation was assumed to occur via the coupled
reactions catalysed by GNS and GTS as strain glt-100, which lacked a

functionsel GTS, was unable to grow with ammonia. Strain glt-100 was
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unable to sporulate under conditions where the process was assumed to be
initiated by starvation for an adequate nitrogen supply, although it
sporulated normally under conditions of carbon deprivation. The
deficiency in GTS activity in strain glt-100, which prevented successful
sporulation under conditions of nitrogen deprivation, was active during
the initial 2.5 hours of sporulation. L-glutamine has previously been
implicated as & repressor_of.sporulation,-but the activities-of GNS found
during the onset of sporulation in the wild-type and strain glt-100 end
the sporulation behaviour of the mutant strain in various resuspension

media tended to confliet with this hypothesis.
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INTRODUCTION




Morphology and biochemistry of sporulation

At the end of growth, the vegetative cells of certain Gram
positive bacteria, notably aerobic rods (Bacillus spp.), anaerobic rods

{Clostridium Spp.) and a few cocci (Sporosarcins spp.) are converted to

endospores through a time—ordered sequence of morphological and

biochemical steps. The final product, the dormant endospore, differs
eytologically and physiologically from the vegetative cell . (Murrell, 1967).
In micro-orgenisms spores are generally formed as a response to starvation
and are used by the orgenism to survive a period of nutrient deprivation

in its life-cycle. Bacteriel endospores can remain dormant for meny

yvears and are very resistent to extremes of the environment including heat,
pressure, desiceation and radiastion. These properties, together with the
pathogenic activity of some sporulating species, have made them of

interest médicelly and in the food industry.

When an environment more suited to growth is encountered agein,
the endospore mey germinate very rapidly, lose its resistant properties
end during the process of outgrowth return to the vegetative state once
again (Gould & Hurst, 1969). TFigure 1 is an illustration of the structure

~of an endospore. Originally it was thought that the outermost layer,

the exosporium, was absent from spores of B. subtilis, but recent

evidence suggests that B. subtilis 168 spores, at least, are surrounded by
& tightly wrapped exosporium-like outerlayer (Balassa, 1976; Aronson &
Fitz-Jemes, 1976). Beneath this are the coast layers which are protein in
nature. The pélypeptides meking up the coat layers are unigue to the
spore. They are rich in the amino acid cysteine which is able to form a
dlsulphide bridege with a cysteine residue in an adjacent polypeptide and

this cross-linking between polypeptides gives the coat layers rigidity.



Figure 1. Diagram illustreting the structural components of a
typical bacteriasl spore (a modified drawing taken from

Mendelstam & MeQuillen, 1973)
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Aronson & Fitz-James (1976) have recently reviewed the structure of

the spore coat layer. Beneath the coat lasyer is the cortex which is a
vpeptidoglycan structure similar to that of the vegetative cell wall.
However, there is less cross-linking of tetrapeptide residues in the
spore cortex and this, together with the absence of teichoie acids,
makes it a less rigid structure than the cell wall (Tipper & Gauthier,
1972). This flexibility is important because during maturation of the
spore the cortex structure is thought to expand and dehydrate the inner
protoplast as a result of high osmotic pressure (Gould & Dring, 1975).
The conseguent low water content of the protoplast is thought to help to
give the spore many of its resistant properties and is the reason the
spores appear refractile when viewed in the phase—-contrast microscope.
The innermost layer of the cortex, the germ cell wall, resembles the
vegetative cell in structure (Tipper & Gauthier, 1972). It becomes the
new emerging cell on germination of the spore when the dormant state is
broken and the cortex and coat layers are lost (Gould & Hurst, 1969).
A1l these structures surround the protoplast which is bounded by a
membrane and contains &ll the necessary materials for the outgrowth of &
new cell such as ribosomes, protein synthesis machinery, enzymes and a
complete chromosome for replication. The protoplast also contains meny
of the enzymes found in the growing cell (Kornberg et &l., 1968) and these
are thought to be stabilised during dormancy by chelastion with e compound
unique to the endospore, caleium dipicolinate. This compound can make
up 5-15% of the dry weight of the endospores depending on the species
(Murrell, 1969). It is thought to inactivate reversibly the‘enzymes
within the spore and so allows them to withstand the extremes of
environment which would denature them in the vegetative cell (Keynan,

1972).



As its name indicates, the endospore is formed within the
vegetative cell and when meture is released by lysis of the mother cell.
The structural changes which accompany the transition from growth to
spore formation have been examined by electron microscopy. They can
conveniently be divided into seveﬁ stages (Ryter, 1965) which are
represented in Figure 2. The work of Young & Fitz-James (1959) with
E. cereus, Ryter (1965) with B. subtilis and Ohye & Murrell (1962) with

E. coagulans showed that the morphological changes during the process

ere similar for each species. The process can be timed from the end of

exponential growth (t-zero) and usually takes T-8 hours at 37 C.

Stage 0. This is the vegetative stage at the end of growth
when each cell will contain at least two chromosomes as compact bodies.

Stage T. Formation of axial chromatin. The chromosomes form
z single asxisl filament of chromatin in the centre of the cell and this
is probably connected to the cell membrane by mesosome attachments
(Mandelstam, Kay & Hranueli, 1975).

Stage II. Septation. A septum is formed by membrane
invagination at one pole of the cell. This septum is clearly distinguish-
eble from a normal cell division septum by its polar position and the
Pact that little peptidoglycan is laid down between the septum membranes.
The septum separates one chromosome from the other in what can be
considered now a double—celled organism or sporangium.

Stage III. This is the formation of the protoplast free within
the mother cell brought sbout by growth of the membrane and movement of
the septum, at the point of attachment to the mother cell membrane,
towards the pole of the cell.. One chromosome is now enclosed within the

protoplast and the other left in the mother cell.



Figure 2. Schematic representation of the morphological changes
associated with the stages of sporulation (shown by

the Romen numersls). Teken from Mandelstam & McQuillen

(1973).



Germination and
outgrowth Cell division

Free spore Axial filament

formation

Ml Lysis of sporangium,

spore * liberation Septum formation

M
Completion of Engulfment of
coat synthesis, forespore
refractility,

heat resistance
v v
Coat synthesis Cortex formation



Stage IV, The cortex and germ cell wall are laid down between
the double membrane of the protoplast. At this stage the spore begins
to appear refractile under phase-contrast microscopy.

Stage V. The coat layers are deposited around the cortex and
gt this stage the spore develops resistance to organic chemicalé such as
n-octanol (Ryter, 1965).

Stage VI. This is the stage of maturation when the spore
develops resistance to heat and becomes fully phase-bright in the
microscope.

Stage VII. The mother cell lyses and releases the fully maeture

spore.

To obtain sporulation in liquid medium one of two techniques
are commonly used, both involving starvation of the cells. The first is
the "exhaustion'" procedure in which bacteria are grown in & medium until
they use up some essential nutrient and then sporulate (Schaeffer, 1969).
The second is the "replacement" technigue in which the cells are first
grown in a rich medium and then during the exponential phase are trans-—
Terred to a poor medium (Sterlini & Mandelstam, 1969). This "shift-down"
procedure triggers sporulation and may involve starvetion for a good
carbon or nitrogen source. The experiments on sporulation in this work
were performed using the replacement technique (see Materials and Methods
section). This was preferred as it gives a clearly defined starting
point, better synchrony throughout the process and allows the

composition of the media to be conveniently altered.

Use of sporulation defective mutants

The process of sporulation in Bacillus spp. has received so much



attention because it can be considered as a primitive form of cellular
differentiation (Mandeistam, 1976). As discussed above the spore has
meny characteristics which differ markedly from those of the growing cell.
It might be hoped that information about the regulation of this relatively
simple process might give some insight into the control mechanisms
governing growth and differentiation in higher eukaryotes and help towards
an understanding of such things as cancer where cells fail to differentiate
in the normal msnner. The ultimate aim of the study of sporulation will
be to describe how the structural changes are controlled by the biochemical
reactions within the cell. For this to happen it will be essential to
¢istinguish between the biochemical sctivities which are necessary for
sporulation and those which occur incidentally.  Schaeffer (1969)
suggested that the following were necessary pre-requisites for sporulation
to occur: a) Nucleotides and amino acids for nucleic acid and protein
synthesis., As sporulation occurs under starvation conditions these will
not be supplied by the medium and must be derived by degradation of
existing polymers. b) A ready supply of energy in the form of ATP to
Grive the biosynthetic reactions. Only a functional tricarboxylic acid
cycle and an intact respiratory chain will provide enough energy for
sporulation. c) Expression of sporulation specific genes (which remain
repressed during growth) to allow synthesis of new proteins which direct

the manufacture of the spore.

Apart from the general requirements given above it is difficult
to know which biochemical changes are essential for sporulation. Enzymes
synthesising the components unique to the spore, e.g. DPA or spore coat
protein will be the only obvious requirement. The study of mutants
which are unable to form normal spores has helped to categorise some of

the biochemical changes which accompany sporulation. Sporulation mutants



ecen easily be obtained as they fail to produce a brown pigment
characteristic of wild-type spores and many have been studied (see
Piggot & Coote, 1976 for réview of sporulation mutations). Mutations
in events not required for sporulation should have no effect on the
gbility of the strain to form spores. Conversely, mutetions in4events
required for sporulation should prevent spore formation and if the
rutated event is specific to sporulation it should have no effect on
growth. In addition, biochemical events involved in sporulation should
not be expressed in sporulation defective mutants. Some examples will
sefve to illustrate these points. A mutant of B. subtilis which is
temperature~sensitive for sporulation has an accompanying tempereture-
sensitive serine protease (Leighton & Doi, 1973). Another B. subtilis
rutant with reduced extracellular protease activity showed reduced intra-
cellular protein turnover (Mandelstam & Waites, 1968). The effect of
these mutations on sporulation masy reflect the requirement for protein
turnover during the process. In the mutants lacking the necessary
orotease this turnover presumaebly does not occur, with a consequent
effect on sporuletion. Mutations in many enzymes of the tricarboxylic
ecid cycle cause & block at stage O or I of sporulation (Fortnagel &
Freese, 1968). They cannot meintain sufficient quantities of ATP for
sporulation (Freese, 1972). Mutations which give rise to a defective
c—amylase do not affect sporulation (Schaeffer, 1969). Thus unlike the
protease activities mentioned above this enzyme is not associated with
sporulation, but it appears during the process probably as a response

to the starvation conditions used to induce the process.

Many biochemical activities associated with sporulation increase

in ectivity at particular times during the process (Warren, 1968; Waites



et al., 1970). Thus an increase in exo-protease activity is associated
with the very earliest stage (O -~ I), an increase in alkaline phosphatase
(AP) activity with stage II, an increase in glucose dehydrogenase (GDH)
sctivity with stage III and the synthesis of dipicoliniec aéid with stage
IV - V (Waites et al., 1970; Coote, 1972). Many sporulaiion defective
rutants have been isolated. The morphological stage at which the cells
became blocked was determined by electron microscopy and the activity of
various biochemical markers such as those sbove was also assayed in the
rutants (Weites et al., 1970; Coote, 1972). It was clear from this work
that for any one mutant the structural changes and biochemical activities
would proceed normally up to the block, but when development stopped as a

result of the mutation so the increase in biochemical activities normelly

essociated with later events did not occur.

Thus the study of sporulation defective mutants established
that a number of biochemical activities such as exoprotease, AP and GDH
were involved in some way with the process because they failed to occur in
rutents blocked before the stage in the process at which they increased in
activity. In eddition, the fact that a mutetion prevented, in most cases,
ell subsequent development indicated that the process could be regarded
es a dependent sequence of events where later steps depended on the

successful completion of earlier ones.

More recently the study of mutants hes played an inecreasingly
important role in providing information on the regulation of the process.
The construction of strains carrying two sporulation mutations (Coote &
Mbndelétam, 1973) substantiated for the most part the idea of a dependent
sequence of events for the control of the process. A mutation which

effected an early event in sporulation, when introduced into a strain



containing a mutation which affected a later stage, determined the
thenotype of the double mutant. This at least was true when mutations
up to and including stage III were used to construct the double mutants.
When mutations affecting later stages were used the phenotypes of the
double mutents in some cases were different from either of the pérent
strains. This type of result was explained by suggesting that the two
rutations were not part of a dependent sequence, but were involved in
separate pathways each independent of the other. This indicated that
sporulation was not composed of a single pathway of dependent events
during its later stages. It was suggested that two or more pathways
right run in parallel especially during the later stages (Coote & Mandelstam,

1973).

The work discussed above indicated that spo mutations were
pleiotropic, i.e. a sporulation mutation prevented all subsequent events
cn the pathway after its expression. The use of constructed double
rutants was able to show, in many cases, the order of expression of
different spc loci identified by the pleiotropic spo mutations.  This
work did not indicate the exact time when a particular locus, character-—
ised by a spo mutation, was expressed during the process. Sporulation
could reasonably be expected to continue for some time after a mutated
gene had been expressed. The study of conditional tempersture-sensitive
(ts) mutants provided some information on the exact time that & spo
mutetion that affected a particular stage was expressed and also for how
long during the process it was expressed. The work with ts mutents has
been reviewed elsewhere (Piggot & Coote, 1976), but the most significant
observation seems to be that the spo loci vary greatly in the length of
time they are expressed during the process. Thus & ts spo mutation which

effected serine protease activity was in & locus whose expression was
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required for at least the first 3 hours of the process (Leighton et sl.,
1972).  On the other hand another ts spo mutation, which affected some
event during stage II of the process, was in a locus whose expression was

only reguired for 15 min (Young, 1976).

The studies of sporulation defective mutants have clearly
thrown some light on the manner in which spore formation mey be regulated.
‘Bcores of mutants have been characterised morphologically and biochemicelly.
In addition, the positions of the spo mutations on the chromosome of
B. subtilis 168 have been determined in meny cases by a combination of
transduction and transformation techniques. The mapping data relating
to spo mutations is summaerised elsewhere (Piggot & Coote, 1976). To date
over 30 spo loci have been located on the genetic mep and the position of

these in relation to non-sporulation loci are shown in Figure 3.

The loci have been identified by the spo mutations which are
recognised by their effect on the sporulation behaviour of the mutant strains,
For this reason the products of the genes specified by the spo mutations are
for the most part unknown and this means that it is difficult to determine
if a particular locus contains more than one gene. Mutations were
placed in separate loci if they were: &) separated by a non-sporulation
genetic marker, b) unlinked by transformation, c) blocked at different
stages in the sporulation process (Piggot, 1973). A statistical approach
{Hranueli, Piggot & Mandelstam, 19Th) suggested that the most probable
number of sporulation loci was 42 which means that the great majority of
sporulation loci have been identified. If it is assumed that all the
loci contain at the most three genes, then a little over 100 genes will

be involved in the synthesis of the endospore.
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Figure 3.

Genetic map of the known sporulation loci in

B. subtilis 168 identified by mutations interfering
with sporulation (spo). The designation includes

the stage of blockage as defined by Ryter et al. (1966)
end shown in Figure 2 (Roman numersls). In the

expanded map of the pheA to trpC region the groups of

spo loci which have not been orientated relative to
one another are shown as mapping at a single site.
Where no orientation is known relative to a non-
sporulation marker, then the linkage is indicated by a
dotted line. Merkers placed in parentheses have not
been ordered relative to outside markers.  Reproduced

from Piggot & Coote (1976).
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The genetic mep of the spo loeci (Figure 3) shows that the spo
loci are not clustered together into one area of the chromosome and, in
zddition, loci affecting totally different stages in the process can
often be found grouped together. This observation is important when a
model for the overall control at the process is considered. Information
éerived from the genetic work using spo mutants discussed above suggests
that the temporal sequence of sporulation events 1s controlled by e
process of sequential induction (Halvorsasn, 1965; Mandelstam, 1976).

This process is illustrated in Figure 4. It is presumed that there is

en initiating locus whose transeription is blocked during growth by
repressing compounds derived from the constituents of the growth medium.
Starvation lowers the concentration of repressing metabolites and the
process is initiated by expression of the first locus. It can be

assumed that the product will be a protein or set of proteins and that

cne of these will be responsible for ectivating the next locus.

Expression of this locus Wi;l in turn be responsible for activating the next
locus required in the process and so on. The activation at each step
could occur in two ways. TFirst, the protein product itself could

interact with the DNA at & promoter site adjacent to the locus. This
might sllow binding of RNA polymerase to the promoter site and so encourage
transecription. This positive activity by a regulatory protein in aiding
transcription occurs with the catabolite gene activator protein (CAP)
during expression in E. coli of the lac operon (Pastan & Adhya, 1976) end
during the positive regulation»of the ara operon (Englesberg & Wilcox,
197L4).  Second, it could be the product of the action of the protein, if
it was an enzyme for example, that might allow activation of the new locus.

In this respect the effector might combine with a protein repressor and

13



Figure L.

Disgram of the sequentiel induction model for the
regulation of sporulation. It is assumed that the
initiating gene (or operon) is under some form of
catabolite repression. Starvation allows trans-—
cription of this region of the chromosome.  The
pfotein product is responsible for activating the
next set of genes required in the process at a
regulatory region which controls the transcription
of all the genes involved in that step. One of
£he products of the transeription of the activated
set of genes will then be responsible for
activation of a further set required later in the

process.

14



w,_ﬁ:m o,_.“_H m_._“m.:\ﬁwﬂ_n_H .o,_‘_mﬂ.‘ﬂ:\Jm..._q mEm,ﬁHo._n_

. VNyw VNyuw vNy W VNJw

KRR L1 P 1
1 " ——t _ ——t t n
Sauag Saudy Sau29 uoJadp
abmyg abo1g abmg Jo auay
AT -1 I-0 : buoiziug



so 1ift the negative control of a locus by s repressor molecule, as
occurs when the inducer combines with the repressor protein to allow

transcription of the lae operon in E. coli.

A consequence of this type of model is that each separately
located spo locus must have its own control sections of DNA.  For this
reason the spo loci have been termed operons (Piggot, 1973) as each would
represent a number of genes regulated by common control elements. This
rmodel is also consistent with the fact that the spo loci are widely
scattered on the chromosome (Figure 3). It is assumed that the activators
ere freely diffusible in the cytoplasm and can therefore reach any area
of the genome at any one time. This would also allow more than one locus,
situated on different areas of the chromosome, to be switched on together

et the same time.

Initistion of sporulstion

The process of sporulation is strongly influenced by the
rutrients in the medium (Mandelstam & McQuillen, 1973).  Sporogenesis
generally is repressed by easily metabolisable carbon or nitrogen sources
end starvation for either will allowvsporulation to occur (Grelet, 1957;
Schaeffer, Millet & Aubert, 1965). 1In 1965 Schaeffer et al. proposed
that at some point in the growth cycle each cell had a choice between
whether to continue growth or to sporulate and the decision was influenced
by the rate of metabolism of the available carbon and nitrogen sources.
Later work (Dawes & Mandelstam, 1970; Dawes & Thornley, 1970) using
chemostat cultures showed that the incidence of sporulation in a
particular medium was a function of the growth rate.  These results are
compatible with the idea that the initiation of sporulation is repressed

bty catabolites during growth and that the cell mekes a repressor(s) or
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inhibitor(s) from components in the medium. Schaeffer et al. (1965)
suggested the notion of a key gene or opercon subject to catabolite
repression which hed to be expressed to set the whole process in chain.

In this way the intracellular concentration of at least one nitrogen-
containing metabolite would repress directly or indirectly the expression
of the sporulation associsted genes. Depletion of a supply of carbon or
nitrogen is able to relieve the repression of sporulstion. At the
present time it is not clear whether there is a common repressing
retabolite(s) derived from both the carbon end nitrogen sources or whether
each éupplies a repressor and both have toc be present to prevent sporu-

lation. This point is tsken up again later.

At present the nature of the repressing metabolites is unknown,
tut many experiments have been done to attempt to define them clearly.
Grelet (1957) pointed out that sporulation cen be initiated by phosphate
starvation which suggests that the repressing metasbolites might be phos-
thoryleted compounds. Freese and his co-workers have attempted to define
the repressors by the use of mutant strains whiech restriet the metabolism
cf carbon and nitrogen sources and allow particular intermediates to
accumulate. Thus the accumulation of a-glycerol phosphate by s strain
lacking glycerol phosphste dehydrogenase blocked sporulstion at stage II
(Oh, Freese & Freese, 1973) and the accumulation ofrglucose—6—phosphate by
a triple mutant which could metebolise this compound no further blocked
sporulation before stage II (Freese et &l., 1972). During growth,
intermediates of this sort would be present in only low concentrations end
it is not known if their depletion during starvation plays & role in the

initiation of sporulation.

A more interesting observation has been made by Rhaese and his
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colleagues. They have found that a number of highly phosphorylated
ntucleotides (HPNI to HPNIV) appear at the start of sporulation (Rhaese

et al., 1975). They are mainly phosphorylated adenosine derivatives

ard seem analogous to the phosphorylated guanosine derivatives (ppGpp and
prpGpp) that accumulate on amino acid starvation (Gallant & Margaéon,
1e72). They seem directly associated with the onset of sporulastion under
carbon or phosphate depletion and are not formed by a spo mutant blocked
at stage O (Rhaese, Hoch & Groscurth, 1977). Their examct relationship
tc initistion remains to be established. They msy simply accumulate as
a response to a functional change in the protein synthesising machinery
of the cell which has been demonstrated in B. subtilis (Chambliss &

Legault-Delmare, 1977).

The biochemical studies described above have failed to revesl
tke nature of the initiating events of sporulation. The isolation of
mrtant strains, which proved effective for examination of the regulation of
sporulation, has also been sttempted for events associsted with initiation.
Michel, Cami & Schaeffer (1968) were able to enrich selectively for
mrtants blocked at stege O by shifting cells from a good nitrogen source
tc a poor one (ammonia to nitrate) or from a good carbon source to a poor
ore (glucose to citrate or histidine). This shift-down encouraged the
continued growth of the mutant strains whereas the wild-type cells were
irduced to sporulate. The mutations in these strains are located in the
spoOA locus (see FigureIB), but as yet the gene products at this locus
have not been identified. These strains show no characteristics of
sporulating cells and must undoubtedly be defective in a component

required for one of the earliest events of initiation.

Mutations in the spoOA locus may be considered as hyper-repressed

or uninducible for the initiastion of sporulation. The converse type of

17



mitetion, the derepressed mutant which sporulated under all conditions,
would be lethal unless the mutation was conditional. No ts mutants have
been described which grow at the permissive temperature, but which
sporulate when shifted to a restrietive temperature. Several mutants of
B. cereus have been described whiech sporulate in media which oniy allow
growth with the wilda-type (Levisohn & Aronson, 1967). Several of these
were purine suxotrophs, an observetion similar to that made by Elmerich

& Aubert (1975) using B. megaterium where purine auxotrophs were found

to sporulate under conditions where the wild-type would not. They have
suggested that a component of the purine biosynthetic pathway may be
involved in the repression of sporulation (see below). Two mutations

(cat A & cat B) have been described in B. subtilis whieh sllow sporulstion

in the presence of glucose or amino acids that normally repress sporu-
lation. These mutations mapped in areas of the genome distinct from
any known spo loci, but agein the nature of the products of the mutated

genes is unknown (Ito & Spizizen, 1973).

The original hypothesis of Schaeffer et al. (1965) was that
sporulation was under some form of catabolite repression, somewhat similar
to the catabolite repression of inducible enzyme synthesis (Magasanik,
1961) which is also brought about by easily degraded carbon or nitrogen
sources. Evidence has accumulated, however, to suggest that the
mechanisms opersting to overcome repression of sporulation and repression
of inducible enzyme synthesis are not ideﬁtical. This evidence can be
usefully summarised as follows. In the hyper-repressed spoOA mutants
described above the ability to synthesise meny inducible enzymes was

unimpaired (Brehm, Staal & Hoch, 1973). Conversely, the cat A and cat B

mutants insensitive to glucose as amino acid repression of sporulation

were normel with respect to catabolite repression of inducible enzyme
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synthesis (Ito & Spizizen, 1973). Sporulation can only be initiated
éuring chromosome replication (Mandelstam, Sterlini & Kay, 1971;
Mandelstam & Higgs, 197h4), whereas the induction of enzyme synthesis is
independent of DNA replication (Coote, 1974). This evidence does not
rule out the possibility that there may be some common factor involved
in both repression of sporulation and the catabolite repression of
inducible enzymes, but it is also likely that many of the initial events
of sporulastion are a modification of those which normally occur during
vegetative cell division (Hitchins & Slepecky, 1969; Freese, 1972).
The starvation conditions promote new gene expression and the gene
products are responsible for the synthesis of the asymmetrical spore

septum (see Figure 2).

From the biochemical investigations and the mutant studies
cutlined above no clear picture has emerged of the nature of the initial
reactions which operate during the onset of sporulation nor of the nature
of the repressor molecules Wwhich are presumed to be made from easily
retabolised carbon and nitrogen sources in the medium. As stated earlier
the possibility exists that a common repressor metabolite is made by the
cells from both the carbon and nitrogen source in the medium. In this
case depletion of carbon or nitrogen would lower the level of repressor
and initiate sporulation. Alternatively, there may be two distinct
repressors, one made from the carbon source and the other from the
nitrogen source. Depletion of either will allow initiation to occur,
but this could ocecur in 2 possible ways. First, the two repressors together
mey be necessary to prevent transcription by a single mechanism and
depletion of either will sllow transcription by this one mechanism.
Second, each may act at a common site on the chromosome by influencing the

sctivity of two entirely different mechanisms for transcription of the
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common locus. The precedent for this latter type of control is found
in Gram negative orgenisms where it has been reported that the induction
of certein enzymes is promoted by different mechanisms depending on
whether the stimulus is carbon or nitrogen limitation (Magasanik et s&l.,
197h; Magasanik, 1977). A third possibility, that the two reﬁressors
may act at separate sites on the chromosome and depletion of either can
induce sporulation at separate sites by different mechanisms is

essentially a refinement of the second possibility.

Regulation of enzyme synthesis by glutamine synthetase

It was originally observed that Klebsiells serogenes was unable

to synthesise the inducible enzyme histidase when grown in a medium
containing glucose and ammonis with I-histidine addgd 8s the inducer
{Niedhardt & Magasanik, 1957). In this medium histidase synthesis was
subject to catabolite repression by glucose. However, i1f the ammonis

was omitted from the medium and histidine used as the nitrogen source then
histidase was synthesised and esceped the repression by glucose. Histidine

is degraded to L-glutamate in this organism by four inducible enzymes:

Eistidine——é—éUrocanate——IL%Jmidazolone—propionate——g—? Formimino-

glutamate'——lLéGlutamate + Formamide.

The enzymes are: A, Histidase; B, Urocanase; C, Imidazolone-
propionate hydrolase; D, Formimino-glutameste hydrolase. The genes
responsible for the synthesis of these enzymes are grouped together into
two operons controlled by a common‘repressor protein which is synthesised
by a gene situated between the two operons of structural genes (Smith &

Megasanik, 1971; Smith, Halpern & Magasanik, 1971).

Evidence had accumulated to show that in Gram negative organisms
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the catabolite repression of inducible enzymes was mediated via
adenosine 3,5' cyclic monophosphate (cAMP) and a protein factor (the
catabolite gene activator protein or CAP) which was able to bind cAMP
{Reznikoff, 1972). These two factors in combination were necessary to
promote binding of RNA polymerase at the promoter site on the DﬂA and
so allow transcription of the structural genes. Easily metebolisable
carbon sources, such as glucose, were shown to lower the intracellular
concentration of cAMP and so transcription was prevented (De Crombrugghe

et al., 1969). Mutants of E. coli and K. aerogenes have been described

which have either a defective CAP protein or are unable to synthesise
cAMP as a result of a defective adenylate cyclase. These mutants are
unable to grow on carbon sources such as lactose or L—arabinose which

require inducible enzymes for their metabolism (Perlmen & Pastan, 1969).

Prival & Magasanik (1971) found that a mutant of K. aerogenes

with a defective adenylate cyclase was unable to synthesise the histidine
degrading enzymes when L-histidine was used as carbon source and smmonis
as nitrogen source. This was in agreement with the observations
described above. However, the histidine degrading enzymes were
synthesised in this strain when histidine was supplied as a nitrogen
source with glucose as a carbon source. Therefore an alternative to the
cAMP mediated mechanism was being used by the cells to overcome the
catabolite repression by glucose in this medium._ The factor promoting
synthesis of the histidine degrading enzymes under conditions of nitrogen
limitation was shown to be glutamine synthetase (GNS) (Tyler et al., 197h).
Mutants deficient in GNS activity were unable to produce histidase under
nitrogen limiting conditions and mutants constitutive for the enzyme had
high levels of histidase even in the presence of glucose and ammonia

(Prival, Brenchley & Magasanik, 1973). Mutants which produced an
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enzymicelly inactive GNS protein were nevertheless able to produce
the histidine-degrading enzymes which indicated that the defective GNS
protein still retained the ability to stimulate transcription (Streicher,

Zender & Magasanik, 1975).

The transcription of the structural genes for histidine
degradation is thus controlled in three ways. The repressor exerts
negative control and prevents transcription unless converted to an
inactive state by combination with the inducer urocanste (formed from the
histidine in the medium by a basal level of histidase present in the
cells). Transcription can then be activated by either the CAP protein
in combination with cAMP or by GNS. in the former case this will only
occur in a medium with a poor carbon source which allows cAMP to
accumulate. In the latter case transcription will only occur in a
medium with & poor nitrogen source. In this way the production of the
histidine degrading enzymes is regulated according to the needs of the
cell. The enzymes are not formed unless histidine is availsble and are
formed by different mechanisms depending on whether histidine is

required as a carbon or as a nitrogen source.

This regulatory effect of GNS on inducible enzyme synthesis
has been found to occur with other enzymes which cen be used to metabolise
compounds as a source of nitrogen. Thus the synthesis of urease
(Magasanik, 1977), L-asparaginase (Resnick & Magasanik, 1976) and

nitrogenase (Tubb, 1974) in K. merogenes are all subject to regulation by

this enzyme.

The menner in which GNS is able to regulete transcription has
been recently elucidated by Magesanik and his co-workers. It had

previously been shown that Gram negative bacteria produce two forms of GNS
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{Xingdon, Shapiro & Stadtman, 1967) depending on the growth medium.

In ammonia-rich media en enzyme adenylated on each subunit with AMP is
mroduced and lack of ammonia -causes deadenylation of the enzyme. - The
enzyme is eble to regulate its own synthesis (en example of autogenous
regulation) by this mechanism because the adenylated enzyme can repress
GNS synthesis, whereas deadenylation converts it to a form no longer

able to exert this repression (Janssen & Magasasnik, 1977; Foor, Jenssen
& Magasanik, 1975). Thus ammonia starvation promotes increased synthesis
of nonadenylated GNS enzyme which in turn can promote synthesis of

enzymes whose regulatory genes are susceptible to activation by GNS.

The regulatory activity of GNS in Gram negative bacteria outside
its normal catalytic role in the metabolism of the cell is of particular
relevance to a discussion of the initiation of sporulation because this
enzyme plays a major role in the assimilation of ammonis in Gram positive
bacteria. It must therefore be involved in the synthesis of any
metabolites derived from ammonis which repress sporuletion. This is

discussed more fully below.

Metabolism of nitrogenous compounds

In order to grow in & minimal medium in which ammonia serves
es the only source of nitrogen, bacteria must possess a mechanism for
combining the ammonia with intermediates of the central metabolic pathways
in order to be able to synthesise amino acids. Two main pathways for

the incorporation of ammonia have been shown to operate in bacteria.

1. Direct reductive amination of 2-oxoglutarate catalysed by
glutamste dehydrogenase (E.C.1.k.1.h4.).

NH3 + 2-oxoglutarate + NADPH + B ——— L-glutemate + NADP® + H,0.
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2. A coupled reaction involving first the amination of L-glutamate
catalysed by glutamine synthetase (E.C.6.3.1.2) followed by the
reductive transfer of the amide nitrogen to 2-oxoglutarate
catalysed by glutemine (amide); 2-oxoglutarate aminotransferase
oxidoreductase (NADP) or glutamate synthase (E.C.2.6.l.5é)

L-glutamate + ATP + NH3 ~—— L-glutemine + ADP + Pi + H,0

L-glutamine + 2-oxoglutarate + NADPH + H+ === 2 L-glutamate + NADP+-

Glutamate dehydrogenase has a poor affinity for ammonia
{Tempest, Meers & Brown, 1970; Brenchley & Magasanik, 1974) which means
that when cells are growing in low concentrastions of ammonia this enzyme
becomes inoperative. Tempest et al. (1970) estimated that in ammonia-

limited chemostat cultures of K. aerogenes the free intracellular smmonia

-concentration was below 0.5 mM, well below the Km value of 4 mM for

- X. serogenes glutamate dehydrogenase. This observation prompted the

authors to search for an alternative pathwey for emmonie incorporation
which they showed involved ‘the combined action of glutamine synthetase
(GNS) and glutamate synthase (GTS). An important observation was that,
compared to glucose-limited cultures, ammonia—limited cultures of

X. serogenes showed a ten-fold decrease in glutamate dehydrogenase specific

activity accompanied by an eight-fold increase in GNS activity. In
addition, the measured Km for emmonia incorporation in the reaction
catalysed by GNS was shown to be less then 1 mM which substantiasted its
role in ammonia incorporation when the intracellular concentration of
ammonia was low. The net synthesis of glutamate in esmmonia limited

cultures of K. aerogenes was shown by Tempest et al. (1970) to be the

result of the action of a second enzyme, glutamete synthase. This enzyme
catalysed the transfer of the amide group of glutamine to 2-oxoglutarate,

thereby forming two molecules of glutamate. Although both routes, the
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glutamate dehydrogenase reaction or the coupled GNS snd GTS reaction,
assimilate ammonia to form glutamete the second pathwasy involves the
participation of ATP. It was suggested by the authors that this
expenditure of energy was the penalty necessary for assimiletion of low

intracellular concentrations of ammonia.

A subsequent investigation (Meers, Tempest & Brown, 1970)

revesled that certain species of bacteria, notably Erwinia carotovora,

Bacillus megaterium KM and Bacillus subtilis W23 lacked noticeable

glutamate dehydrogenase activity. These species, together with

Pseudomonas fluorescens, synthesised GTS under both conditions of ammonia

or glucose limitation. The suthors concluded that the ability to
synthesise glutamate vie GNS and GTS was not restricted to ammonia limited
cultures and could be the predominant pathway in certain species,

particularly those lacking glutamate dehydrogenase.

Previous work had noted the absence of glutamate dehydrogenase
activity in B. subtilis (Freese, Park & Cashel, 1964) and the work of

Tlmerich (1972) confirmed that in B. megaterium emmonia was incorporated

solely via GNS and GTS. The evidence for this can be usefully summarised.

=) B. megaterium when grown in minimel medium with glucose as carbon

source and ammonis as nitrogen source had no detectable glutamete dehydrog-
enase or aspartase activity. Aspartase (E.C.4.3.1.1) catalyses the
reaction:

Fumarate + Ni, ——= L-aspartate.
b) A mutent lacking alenine dehydrogenase activity grew normally in the
glucose-ammonia medium. Alanine dehydrogenase (E.C.1l.k.1.1) catalyses
the reaction:

Pyruvate + NH, + NADH + H' ——> L-alenine + H.0 + NAD',

3 N 2
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This observation was supported by other work which indicated that in
Bacillus spp. this enzyme appears to function catabolically to produce
pyruvete and is not used for ammonia assimilation (Berberich, Kaback &
Freese, 1968; Meers & Pedersen, 1972).

c) Mutants of B. megaterium were isolated which lacked either GNS or GTS

activity. Neither of these strains was able to grow on glucose—ammonia

minimal medium.

Following the assimilation of ammonia via GNS and GTS to give
L-glutamete, Elmerich showed that the glutemate was transaminated using
pyruvate or oxaloacetate to yield L-alanine or L-aspartate respectively.
This reaction can be illustrated as :

L-glutamate + R. CO. COOH —= R.CHNHe.COOH + 2-oxoglutarate.
The transaminstion reactions yield 2-oxoglutarate which is made available
again for the GTS reaction, so forming a cycle called the glutamate cycle
by Elmerich (1972). This eycle is illustrated in Figure 5. The
diagram also illustrates that bacteria do ﬁgt necessarily depend on the
provision of ammonis in the medium for the synthesis of L-glutamate.
They can obtain this amino acid by the degradation of other amino acids
vrovided in the growth medium if they are able to induce the necessary
enzymes. Thus L-histidine, L-proline and L-arginine, for example, yield
L-glutamate as the- end-product of tﬁeir degradative pathways. The

degradative pathway for L-histidine in K. serogenes was mentioned earlier.

Alternatively, compounds can be metabolised to yield ammonia.  Gluco-
samine and IL-serine can be degraded to yield ammonia. Nitrate can be
assimilated to ammonia by many micro—organisms via the combined action of

nitrate and nitrite reductases.

With Gram negative bacteria such as E. coli or K. aerogenes the
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Figure 5.

Diagram of the pathways of ammonia assimilation and
glutamate metabolism in Baecillus spp. which lack
glutamate dehydrogenase activity. Numbers 1 and 2
represent the enzymes glutamine synthetase and

glutamate synthase respectively.
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combined action of @GNS, andGIS is not required when the level of ammonia in
the medium is high (sbove 1 mM), At high concentrations of ammoniea
glutamate dehydrogenase will operate satisfactorily. The cell has
evolved eppropriate control mechanisms to allow continued assimilation of
ammonie at low concentrations. As mentioned previously a fall in ammonia
concentration promotes deadenylation of GNS in the cell which in turn
allows an increased synthesis of the non-adenyleted GNS which now takes on
the role of glutamate provider together with GTS. In fact, the increase
in the level of non-adenylsted GNS has been shown to be accompanied by
repression of glutemate dehydrogenase synthesis (Brenchley, Privel &
Magasanik, 1973). Thus the transfer of the Gram negative cell from high
to & low ammonia condition brings about an increase in the activity of
the enzymes capable of assimilating the ammonia at low concentrations (GCNS
and GTS) and & fall in the activity of the enzyme (glutemate dehydrogenase)
only useful at high ammonia concentrations. In addition, the increase in
GNS is able to relieve certain enzymes from catabolite repression which
can be used to degrade compounds to glutamate (see above) for use as an

elternative nitrogen source.

Tt is spparent that the enzyme GNS in addition to its enzymic
function, plays a criticsl role in the adaptation by the Grem negative
cell to a condition of nitrogen limitation. In the Gram positive
Bacillus spp. which lack glutamete dehydrogenase asctivity it is clear that
the enzymes GNS and GTS will operate for emmonia assimilation under all
conditions and therefore supplementary control mechenisms would only be
expected to ocecur to relieve inducible enzymes from catebolite repression
mmder éonditions of nitrogen limitation. This possibility has not, as

yet, been investigated.
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Possible role of glutamine synthetase and glutamate synthase in

initiation of sporulation

In the metabolism of the cell GNS plays an important role
because the amide group of glutamine, the compound it synthesises, is a
sourcé of nitrogen in the biosynthesis of a variety of major cell
components such as the amino acids tryptophen and histidine, nucleotides
such as CTP and AMP and peptidoglycan via glucosemine-6-phosphate. As &
result of its pivotal role or branch-point in metabolism it is subject
to feed-back inhibition by a variety of metabolites. The enzyme has
been purified from E. coli (Woolfolk, Shapiro & Stadtman, 1966) and from
B. subtilis (Deuel & Prusiner, 19T4). Both enzymes are cumulatively
inhibited by final products of glutamine metabolism such as AMP, histidine
and CTP. Both are subject to regulation by L—glutamine, but by
different mechanisms. An increase in L-glutamine concentration
stimulates adenylation of the enzyme from E. coli (Schutt & Holzer, 1972)
which, as has been noted already, results in an asutogenous repression of
GNS synthesis. The enzyme from B. subtilis, however, is subject to direct
inhibition by its product, L-glutemine (Deuel & Prusiner, 19T4) which
provides a greatly simplified mechanism for the overall regulation of
L-glutamine synthesis by the cell, Thus the Gram positive cell appears %o
regulate the amount of glutamine in the cell mainly via & change in enzyme
activity, whereas a change in the rate of enzyme synthesis plays a greater
role in the Gram negetive cell. Indeed, there is no evidence that the
GNS from Bacillus spp. exists in an adenylated form (Gancedo & Holzer,
1968; Deuel et al., 1970). In addition, synthesis of the enzyme has
been found to be only merginally sensitive to regulation (Rebello & Strauss,

1969); its synthesis being partially repressed by glutamine, asparagine,
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arginine and, to a lesser extent, glutamate. These obvious differences
between the regulation of GNS activity in the Gram positive and Gram
negative cell meke it difficult to draw = possible. analogy.between.the
behaviour of the enzyme in the two cell types with regard to inducible
enzyme synthesis and, from the point of view of this discussion; the
induction of sporulation under conditions of nitrogen limitation. The
situation is complicated further by the observation thet cAMP is absent
from Bacillus spp. (Ide, 1971; Bernlohr, Haddox & Coldberg, 1974). It
presumably plays no role in the catabolite represéion of inducible enzymes
as it does in Gram negative bacteria growing with a good carbon source.

It is thus possible that a different mechanism of catabolite repression
operates in Gram positive bacteria, although an analogous compound to cAMP
may play essentially the same role. In this context it is interesting to
note that the intracellular concentration of 3'5' cyeliec guenosine 5'-—
monophosphate (cGMP) changes sharply at the start of spore formstion in

B. licheniformis (Bernlohr et al., 197h), although it was not clear from

this work whether sporulation was induced by carbon or nitrogen deprivation.

The enzymes GNS and GTS appear to be solely responsible for

ammonia assimilation in B. subtilis and B. megaterium. It must be assumed,

therefore, that these enzymes are responsible in some way for the
repression of sporulation which is exerted by ammonia. They could
concelvably operate in this respect in two ways. a) They could operate
enzymically in the formation &t metabolite repressors derived from the
ammonis in the medium. b) One or the other could operate in a similar
manner to the role of GNS in Gram negative bacteria by promoting the
expression of genes required for the initiation of sporulation. By
analogy this would require a change in enzyme levels a$ & result of the

depletion of ammonia (nitrogen limitation) from the medium. A convenient
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procedure for establishing whether GNSand GTS play a role in the
menufacture of metabolite repressors would be to isolate mutant strains
vhich possessed either an inactive GNS or GTS enzyme. A defective GNS
would not ellow ammoniae to be metabolised at all and a defective GIS
would allow ammonia to be metabolised only as far as glutamine. The
effects of these restrictions on the sporulation capacity of the mutant
cells could then be assessed. This approach has been adopted in both

B. megaterium and B. subtilis and will be discussed below. The examination

,

of mutants defective in GNS or GTS would also help to establish & possible
role for either enzyme as an effector outside its catalytic role.
Production of a GNS enzyme protein inactive catalytically still allowed it
to function normmlly in enzyme induction (see above) whereas a regulatory
rutant produeing no enzyme protein was inactive in both ways. In
eddition, any change in enzyme level caused by changes in enzyme synthesis
at the onset of sporulation should be detectable as changes in enzyme

specific activity by direct assay in cell-free extracts of sporulating cells.

As far as is known no attempts have been made to detect changes
in GNS or GTS specific activities during the onset of sporulation.
Eowever, Rebello & Strauss (1969) investigated the control of GNS synthesis
under conditions of carbon and nitrogen deprivation in a chemostat;
conditions which would be expected to encourage fhe onset of sporulation.
Compared with the specific activity of the enzyme from cells growing in
glucose-ammonis medium in batch culture, nitrogen limitation (using emmonia
or L-glutamine as the limiting component) caused a 2.5-fold increase in
specific activity, whereas carbon limitation (using glucose as the limiting
component) caused an 8-fold decreasse in specific asctivity. In-addition,

they investigated the change in specific activity of GNS during transition
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Zrom a fast to a slow growth rate. This was accomplished by growing

E. subtilis in a glucose-smmonia minimal medium containing a limiting
emount of casein hydrolysate. Exheustion of the casein hydrolysate
reduced the growth rate and was accompanied bj a transient increase in the
specific activity of GNS followed by & lag in enzyme synthesis for a short
period as growth slowed. Finally, enzyme synthesis resumed at a reduced
rate, The authors also showed that these observed changes in GNS specific
gctivity were due to specific changes in enzyme synthesis and not to
general changes in the rate of protein degradation. This work indicated
that the level of GNS in B. subtilis changed on transition from & rich to
e poor growth environment and almost a 10-fold difference in specific
ectivity of the enzyme was found between conditions of carbon and nitrogen
starvation. Shift—-down conditions involving carbon or nitrogen
limitation are known to trigger sporulation, but the authors did not seek

eny correlation between sporulation and the activity of GNS.

A possible role for GNS and GTS during the onset of sporulation
Eas also been sought by the isolation of GNS and GTS defective strains in

B. megsterium by Aubert and his colleagues (Elmerich & Aubert, 1971, 1972,

1973, 1975; Reysset & Aubert, 1975). These authors first reported that

e GNS-negative mutant was able to sporulate efficiently in a medium
containing glucose and ammonis which prevented sporulation in the wild-type
(Elmerich & Aubert, 1972). Addition of L-glutamine to this medium

lowered the level of sporulation in the GNS-negative strain, but the
eddition of L-glutamate did not. The authors concluded thet the repression
of sporulation depended on L-glutamine and not L-glutamate. In keeping
with this a GTS-negastive strain was unable to sporulate even in the

presence of glutamete because, the authors suggested, the absence of GIS

caused an accumulastion of L-glutamine which repressed sporulation under
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£ll conditions. A subsequent report (Elmerich & Aubert, 1973) suggested
thet it was not L-glutemine itself, but rather a component in the early
rert of the purine biosynthetie pathwsy that was involved in the repression
cf sporulation. L-glutamine was implicated only as an amido-group donor.
Mutants were selected from the GNS-negative strain which sporulaﬁed in

the glucose ammonia medium plus added L—glutamine where the GNS-negative
strain was unable to sporulate. These were often blocked in the purine
tiosynthetic pathway. Similarly, mutants were selected from the GTS -
strain which sporulated in the glucose-ammonia medium where the GTS - strain
was unable to sporulate because of the presumed sccumulstion of L—~glutamine.
Lgain these mutants were blocked in an early step of purine biosynthesis,

It was concluded that there is a component of the purine pathwey, formed
using L-glutemine, which acts as a repressor or permits the synthesis of

e repressor for sporulation. This hypothesis was tested directly Dby the

isolation of purine deficient strains from the wild-type B. megaterium.

Classes of mutants blocked in the steps between 5-phosphoribosyl-l-pyro-
thosphate and S5-aminoimidazole ribonuclectide were able to sporulate in

the glucose—-ammonia medium which prevented sporulation in the wild-type.

In a later report Reysset & Aubert (1975) examined the properties
cf a number of GNS defective strains. All degrees of sporulstion were
found in these mutants from 100% down to 0.001%. There was no correlation
between the degree of sporulation and the activity of GNS nor was there
eny correlation between the degree of sporulation and the amount of GNS
protein as estimated by immunological means. It was noted earlier that

in K. aerogenes the regulatory function of GNS in histidase synthesis was

independent of its enzyme sctivity so that a mutant which synthesised
enzymically inactive GNS was still able to control histidase synthesis

rormally. If GNS was playing an analogous role in B. megaterium in the
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control of sporulation it might have been expected that the presence

or ebsence of GNS antigen would have correlated with the level of
sporulation, but there was no correlation in this respect. Thus one
GNS-negative strain had an antigen level equivalent to the wild-type, but
sporulated only at a level of 5 x 10_5, another streain lacked eny
detectable antigen and sporulated at a level of 5 x lO—h and yet another
possessed little antigen, but sporulated normally. The conclusion of
Aubert and hi§ colleagues (Reyssel & Aubert, 1975) from the study of

GNS and GTS defective strains in B. megaterium is that GNS is the first

enzyme involved in the synthesis of a low molecular weight effector
derived from an early intermediate of the purine biosynthetic pathway.
They also suggest that the GNS protein has a regulatory role independent
of its catalytic activity and mey itself be the receptor of the low
molecular weight effector molecule which, it is postulated, may alter its
regulatory function. Thus combination with the effector may prevent
transeription of essential_genes required for sporulation. This is

analogous to K. aerogenes where similsr regulatory effects are caused by

adenylation. It is difficult, however, to reconcile this hypothesis
with Aubert's own observations on the lack of correlation between the

degree of sporulation and the level of GNS protein.

The situation is complicated further by a recent report (Dean,
Hoch & Aronson, 1977) which stated that a large number of GNS defective
mutants of B. subtilis were able to sporulate normally which is the

opposite to what was found in B. megaterium (Reysset & Aubert, 1975).

The suthors noted that ell the B. subtilis mutants contained some GNS
activity, but suggested that active GNS may not be necessary for

sporulation in B. subtilis.
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It should be noted that L-glutamaste is a major constituent of
the dorment spore. Spores of B. subtilis contain about 1% of their dry
weight as free glutamic acid (Nelson & Kornberg, 1970). A requirement
for the synthesis of L-glutamate during sporulation would be expected to
be an essential part of the sporulation process. Thus mutants deficient
in the first three enzymes of the tricarboxylic acid cycle, citrate
synthase, asconitase and isocitrate dehydrogenase, are unable to sporulate
even in nutrient broth. They are unable to synthesise 2-oxoglutarste which

can then be transaminated to form L-glutemate (Fortnagel & Freese, 1968,

Carls & Hanson, 1971). In minimal medium they have to be supplied with a
source of L-glutemate. This means that they are glutamaete auxotrophs
and will not grow on glucose—ammonis minimal medium. They can be

distinguished from glutamate synthase negative strains whieh have a similar
phenotype by the fact that L-aspartate will serve as an alternative to
L-glutemste in the latter strains (Young & Wilson, 1975), but not in the
TCA cycle mutants. L-aspartate can be transaminated to form L-glutamete

only if a supply of 2-oxoglutarate is available (see Figure 5).

No clear picture has evolved of the possible role of GNS or GTS
in the onset of sporulation. The work with GNS defective mutants has

presented a confusing picture. In B. megaterium a single mutation can

render the cell defective in GNS activity and sometimes in sporulstion
whereas in B. subtilis lack of GNS activity has apparently no effect on
sporulation. However, in both these studies sporulation was estimasted
by exhaustion in broth medium which meant thet a distinction between
carbon and nitrogen limitation as a means of promoting sporulation was not
made. For the reasons discussed above GNS and GTS would be expected to
play & role in repression of sporulation via metabolism of nitrogenous

compounds, The work of Rebello & Strauss (1969) suggested a difference in
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tehaviour of GNS under carbon and nitrogen limitation. This is the only
work availeble which has investigated the activity of GNS in B. subtilis
under these different..conditions. - It seemed importent to meke a
distinetion between carbon and nitrogen limitation as a means of inducing
sporulation and to examine the role of both GNS and GTS under these two

separate situations.,

The work described in this thesis was done with the possibility
in mind that sporulation may be induced under carbon or nitrogen limitation
by different mechanisms. The work centred on the activity of GNS and GTS
during the onset of sporulation. Lack of a readily metabolisable carbon
or nitrogen source will initiate sporulation. Conversely, & good source
of nitrogen, such as ammonia, will repress sporulation and as ammonis is
epparently assimilated via the asction et GNS and GTS in B. subtilis it
might be expected that these enzymes would play a role in the repression of
sporulation. This possibility was investigated in two ways. First, by
studies on the specific activity of the enzymes during the onset of
sporulation induced by either carbon or nitrogen starvation. In Granm
negative bacteria there is an increase in specific activity of GNS
associgted with the relief from catabolite repression of certain inducible
enzymes under nitrogen limitetion. On the assumption thet the initiation
events of sporulation are under some form of catabolite repression, it
might be anticipated that a role for one or other of these enzymes in the
relief from this repression might be reflected in an increase in specific
activity during the onset of sporulation induced by nitrogen limitsation.
Second, by studies on a mutant strain which was presumed defective in GTS
ectivity. Previously reported work has concentrated on strains defective
in GNS activity and there has been little emphasis placed on mutants
defective in GTS. Tt might be anticipated that the study of a GTS defective
strain under sporulation conditions mightvalso indicate whether this enzyme

has a role in sporulation.
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OBJECT OF THE RESEARCH

The main object of this work was to determine the role-of the
enzymes glutamine synthetase (GNS) and glutamate synthase (GTS) during
the initiation of sporulation in B. subtilis under nitrogen limitation.
n order to do this it was necessary first, to obtain experimental
conditions which would allow sporulation to occur equally well under
carbon or nitrogen limitetion; sSecond, to establish satisfactory assay
trocedures for GNS and GTS and to assay the enzymes during growth of
E. subtilis under conditions where a change in specific activity would be
expected to ocecur; third, to assay the enzymes at intervals after the
cnset of sporulation induced by either carbon or nitrogen limitation;
“ourth, to characterise fully a mutant strain of B. subtilis which was
presumed deficient in GTS activity and to note its sporulation behaviour
under conditions of carbon and nitrogen limitstion. Finally, to compare
the enzyme activities during growth and sporulastion of the mutant strein

with those of the wild-type.
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MATERTALS AND METHODS



Organisms

Bacillus subtilis 168 (trpC2) was used as the wild-type

strain. This strain requires indole or L-tryptophan for growth. It
forms spores normally in media containing L-tryptophan. Strain glt-100
was made asvailable by Dr. J.G. Coote. It was isolated originally from

B. subtilis 168 (trpC2) as unable to grow on & number of carbon sources,
such as D-glucose or L—arsbinose, with ammonis as nitrogen source. It
was later identified as a glutamate auxotroph, i.e. it required L-glutemate
as a nitrogen source for growth. The mutation was transferred to

B. subtilis 168 (phe-12, leu-8) by transformation (Coote, 1972). 1In

this cross, high concentrations of DNA were used (congression) and
. +
selection was made for leu +transformants. These were then tested for.-a

requirement for L-glutamsate.

Work described here identifies the absence of glutamate
synthase (glutamine : 2-oxoglutarate aminotransferase) in this strain.
The genotypic designation glt was that used by Hoch & Mathews (1972) to
deseribe a similar glutemate synthase negative strain and this designation
has been incorporsted into the genetic map of B. subtilis 168 (Lepesant

et al., 1975; Young & Wilson, 1975). The strain used in the experiments

described here was glt-100, phe-12 and for growth and sporulation all
medis were supplemented with L-phenylalanine and L-glutamate (or amino

acids which could replace L-glutamate).

Maintenance of organisms

Stock cultures of the orgenisms were maintained at 5°C on

nutrient agar (Oxoid Itd., London, Englend). Both B. subtilis wild-type
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end strain glt-100 formed spores on this medium so they remained viable
for long periocds and were only subcultured onto fresh nutrient agar at
approximately four month intervals. The cultures were periodically
checked for contamination by streaking the wild-type strain onto
rinimal agar (see below) and the glt-100 strain onto minimal agar with
“&dded phenylalanine, Both strains were unable to grow on these media
end any contaminating colonies or revertants would become visible after

incubation at 37°C for 48 hours.

Growth medis

1) Casein hydrolysate medium (CH medium)

The basal medium contained 10 g of casein hydrolysate, 3.68 g
IL—glutamic acid, 1.25 g L-alanine, 1.39 g L-asparagine, 1.36 g KHzPoh,
. S . . . i
0.107 g Na,S0,, 0.001 g FeCl 6H,0, 0.1 g NENO, and 0.54 g NE,CL in 1
litre of distilled water. The pH was adjusted to 7.0 with 40% NaOH

end the medium sterilised by autoclaving at 15 psi for 15 min.

£dditions to the CH medium

EEB' This contained 2.0 g MgS0,, . TH,0 plus 0.4 g Ca012.2H20

made up to one litre and sterilised by autoclaving at 15 psi for 15 min,

CH . This contained 1.1 g MnSOh.hH2O made up to 100 ml and

sterilised by autoclaving at 15 psi for 15 min.

Complete CH medium

To each 100 ml of basal medium was added 5.0 ml of CH 0.2 mlL

3,
CH), , 1.0 ml 0.2% (w/v) L-tryptophan or L-phenylalanine (sterilised by fil-

tration through cellulose scetate membrane filters of pore size 0.45 ym
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Oxoid Ltd., Basingstoke, Hants). The medium is almost identical to that

described by Sterlini & Mandelstam (1969).

2) Minimal salts media

This medium has been described previously (Schaeffer et al.,
1965). The basal medium contained 10.5 g K HPO, , 3.5 g KH, PO, eand
0.5 g NHhCl made up to 1 litre with distilled water and adjusted to pH

T.0 with 40% NaOH. It was sterilised by autoclaving at 15 psi for 15 min.

Additions. The following salt solutions were prepared;
FeS0, .TE0 (0.05% w/v), MnCl,.kH,0 (0.05% w/v), MgS0, . TH,0 (0.5% w/v),
CaCl,.2H,0 (2.2% w/v). These were all sterilised by autoclaving at

15 psi for 15 min.

Complete minimal medium, To each 100 ml of basal medium was added

1.0 ml of FeSO,.TH,0 solution, 1.0 ml MnCl,.4H,0 solution, 1.0 ml MgSO,.TH,O
solution, 0.25 ml CaClE.QHEO solution and 1.0 ml L~tryptophan or IL-
phenylalanine (0.2% w/v). Tt was supplemented by aseptic addition of a
carbon source at 0.5% final concentration (5.0 ml 10% solution added per

100 ml of medium). All carbon sources were sterilised by filtration.

When an alternative to ammonia was reguired as a source of
nitrogen a basal medium was made up in the same way except that NHhCl
was omitted. Alternative nitrogen sourées were used at 0.1% (w/v) final
concentration (1.0 ml 10% solution added asceptically per 100 ml of
medium). All emino acid solutions were sterilised by filtration,

except L-glutemate which was autoclaved at 15 psi for 15 min.

3) Resuspension media

The following stock solutions were prepared:
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Solution A. This contained: FeClB.GHEO, 0.1 g; Mg012.6H2O, 0.83 g;

MnClQ.hHEO, 1.98 g made up to 100 ml with distilled water.

Solution B. This contained: NHhCl, 53.5 g3 Nagsoh, 10.6 g KHEPOh’

6.8 g; NHhN03, 9.7 g made up to 1 litre with distilled water.

Solution C. This contained: Ne,,S0) , 10.6 g; KH,FO, , 6.8 g; NaNOB,

10.0 g made up to 1 litre with distilled water.
These stock solutions were stored at hOC.

Basal salts solutions

{1) s8(C) Medium. This salts medium was used as a basal medium for the
preparation of the resuspension medium containing an adeguste source of
nitrogen, but lacking a good carbon source (see below). To 900 ml of

distilled water was added 1.0 ml of stock solution A followed by 10.0 ml
of stock solution B. The pH was adjusted to 7.0 with L4LO% NaOH and the

medium sterilised by autoclaving st 15 psi for 15 min.

(2) S(N) Medium. This salts medium was used as a bassl medium for the
preparation of the resuspension medium containing an adequate source of
carbon but lacking a good nitrogen source (see below)}. The medium was
prepared in the same way as the S(C) medium, except that stock solution B

was replaced by solution C.

Additions to the basal salts solution

The following solutions were prepared separately:
(1) L-glutemate solution. A 1.5% (w/v) solution of L-glutamete was

brought to pH 7.0 with 40% NaOH.

(2) Caleium chloride solution. A 2.2% (w/v) solution of 03012.2H20.

(3) Magnesium sulphate solution. M MgSOh.TH20 solution.
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These solutions were sterilised by autoclaving at 15 psi

for 15 min.

Resuspension medium for induction of sporulstion by carbon deprivation

(s(C) medium). This is the original replacement medium described by

Sterlini & Mandelstam (1969). To each 100 ml of S(C) basal salts medium

was added 10 ml L-glutamate solution, 1.0 ml CaCl, solution, 4.0 ml

2
MgS0), . TH,0 solution and 1.0 ml 0.2% (w/v) L-tryptophan or L-phenylalanine.
This medium contained an adequate nitrogen source in the form of ammonia

(NHhCl and NHhN03 from stock solution B), but only a poor carbon source

in the form of L-glutamate.

Resuspension medium for induction of sporulation by nitrogen deprivation

{(S(N) medium). To each 100 ml of S(N) basal salt medium was added 1.0 ml

CaCl, solution, L.,0 m MgS0) . TH,0 solution, 1.0 ml 0.2% (w/v) L-tryptophan
or L-phenylalenine and 2.0 ml 10% (w/v) D-glucose solution. This medium
contained a good carbon source, D~glucose, but only a poor nitrogen

source in the form of NaNO, from stock solution C.

3
Buffers
TME buffer. 0.05 M tris-HC1 (pH T.k) contamining 0.01 M B-mercapto-

ethancl and 0.1 M EDTA. This buffer has been used previously (Rebello &

Strauss, 1969).

Imidazole buffer. 0.5 M imidazole adjusted to pH 7.5 with concentrated

HC1.

Growth of organisms

Inoculation procedure for growth in casein hydrolysate medium

From the stock plate & fresh nutrient agar plate was inoculated
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end incubated at 3700 for spproximately eight hours. Two loops of
bacteria were then transferred to 1.0 ml of sterile Penassay broth
(entibiotic medium 3, Difco Laboratories, P.O. Box 14B, West Molesey,
Eurrey KTB OSE), mixed, and one drop of the suspension transferred to
10.0 ml of Penessay broth with a sterile pasteur pipette.  After
mixing, one drop of this suspension was added to a further 10 ml of
Penassay broth. Four drops of this final diluted suspension were used
to inoculate 20 ml CH medium in a 100 ml conical flask. The flask was
imcubated overnight at 37°C on an orbital shaker (Gallenkemp Ltd.,
Braeview Place, Nerston, East Kilbride, Glasgow) with the platform set to
shake at 125 rpm. The following day 1 ml of the overnight culture was
used to inoculate 50 ml of fresh CH medium contained in s 250 ml dimpled

conical flask which was shaken at 3T°C.

Inoculation procedure for growth in minimal medium

Essentially the same procedure was adopted except that the
imitial 1.0 ml bacterial suépension was not further diluted and 4 drops
w=re used to inoculate 20 ml minimal medium in a 100 ml conical flask.
Acter overnight growth at 3700 on an orbital shaker, 2.5 ml of the

culture was used to inoculate fresh minimal medium (50 ml).

Estimetion of growth

The growth of an organism was followed by measuring the
absorbance of aseptically removed portions of a culture at 600 nm in a
Pye Unicam SP 500 spectrophotometer using 1.0 em cuvettes and reading

against a water blank.

Conditions for obtalning sporulation

The orgenisms were grown with sheking at 3700 in 50 ml CH medium
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contained in 250 ml dimpled conical flasks. When the exponentially
growing cells had reached an Ecoo ©F 0.6 to 0.8 the culture was
centrifuged at 4000 rpm for 15 min and the pelleted cells taken up in
a resuspension medium (S or S(N)) at the same density. The time at
which the cells were resuspended was taken as the start of the
sporulation process (t-zero). The cells were shaken at 37°C and the

extent of sporulation determined after overnight incubation.

Determination of sporulation

Resistance to heat and organic chemicals is a characteristic
property of the mature spore and reflects the structural and physio-
logical changes which occur during the final stages of sporulatiom.
Resistance to heat above 80°C, which kills vegetative cells, can
therefore be used as a convenient assay for detection of mature spores

in a culture.

Assay for heat-resistance. A 0.1 ml sample of the bacterial suspension

was transferred to 0.9 ml of sterile minimal salts (see above). The
sanple was heated at 8500 for 15 min in a water bath (Grant Instruments
Ltd., Barrington, Cambridge CB2 5Q2, England) and the heated sample was
then diluted in minimal salts and plated out on nutrient agar (Oxoid).
For a 10"2 dilution 0,1 ml of the heated suspension was spread directly
onto nutrient agar. After incubation overnight at 3700 the number of
colonies appearing on the agar represented the number of heat

2

resistant cells per ml in the original culture x 10" °. Further

dilutions were made in minimal salts when required.

Total viable count. This was assessed in a similar manmer to the

above assay for heat-resistance except that the heating step was omitted.

The degree of sporulation in a culture was expressed as a

percentage of the viable cell count.
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Microscopic examination of cells. Endospores are characterised by

extreme refractility and this fact cen be used as a simple and rapid
means to assess the extent of sporulation in a culture. A drop of
culture was placed on a microscope slide and viewed by oil immersion in

a phase contrast microscope (Vickers Instruments, Haxby Road, York, England).

Preparation of cell-free extracts

The procedure routinely employed was that of ultrasonic
disintegration. Bacteria from 20 ml or 50 ml cultures at an E¢oo of
0.6 - 0.8 were centrifuged at 5000 rpm for 15 min, the tubes drained well
. and the pellet taken up in 2.0 or 3.0 ml of TME buffer. The cell
suspension was then disrupted by sonic oscillation using a MSE 100 watt
ultrasonic disintegrator. Tt was used at 30% of its maximum amperage
for 2 min and the cell suspension was cooled throughout the procedure by
standing the tube in ice. The suspension of broken cells was then
centrifuged at 18,000 rpm for 30 min at 4°C in a MSE High Speed 18
centrifuge. The supernatant was used directly as a source of enzyme

activity or stored frozen at -20%.

Occasionally, two other procedures were used to break the
bacterial cells: a) X-press. Cells from a 50 ml culture were prepared
as sbove, taken up in 5.0 ml TME buffer and sheared by passage through an
¥-press (Biotic Itd., Croydon, Englend) et -25°C at a pressure of 28,000
psi. Cell debris was removed by centrifugation at 18,000 rpm for 30 min
at 1°¢. b) Toluene treatment. Cells from a 50 ml culture were prepared
as above and tesken up in 2.0 ml TME buffer. Toluene (0.2 ml) was added

to the cell suspension which was then mixed vigorously for one min.
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Fnzyme assays

Glutamine synthetase (L-glutamate—ammonisa ligase, E.C.6.3.1.2)

Glutamine synthetase activity was determined by the fqrmation
of y-glutamylhydroxamic acid (GHA) (Elliot, 1955). The sassay routinely
employed was the forward or biosynthetic reaction measuring the ability
of the enzyme to form glutamine. The reaction mixture (3;0 ml )
contained 0.5 M L-glutamate in 0.5 M imidazole-HCl buffer, pH T.5
(2.05 ml), 0.05 M ATP (0.5 ml), M MgSOh7H2O (0.1 ml), M hydroxylamine,
PH 7.0 (0.1 ml), and & suitable sliquot of cell extract (0.25 ml). The
reaction was started by the addition of the enzyme preparation after 5
min preincubation of the reaction mixture at 30°C and the incubation
continued for 30 min. The reaction was stopped by the addition of
C.75 ml of ferric chloride reagent. The reagent was made up of equal
parts of 10% (w/v) FeCls.GHEO in 0.2 M HC1l, 24% (w/v) trichloroacetic
ecid and 50% HCl. The mixture was centrifuged st 5000 rpm for 15 min
end the extinction st 510 nm of the supernatant was determined in 1 cm
cuvettes on a Pye Unicam SP 500 spectrophotometer against a blank

reaction mixture lacking IL-glutamate.

On occasion, an assay which measures the y—glutamyl transferase
activity of the enzyme was used (Prusiner & Millet, 1972). The reaction
rmixture (3.0 ml) contained 0.4 M L-glutemine in 0.02 M imidazole-HC1
tuffer, pH 7.4 (2.35 ml), 0.004 M ADP (0.1 mi), 0,003 M MnClQ.hﬁeo (0.1 mi),
0.06 M hydroxylamine, pH 7.0 (0.1 ml), 0.02 M sodium arsenate (0.1 ml)
end a suitable aliquot of cell extract (0.25 ml). The assay procedure

was identical to that given above.
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Glutamate synthase (L—glutemine(emide) : 2-oxoglutasrate aminotransferase

oxidoreductase (NADP), E.C.2.6.1.53)

Activity of this enzyme was determined by following the rate of
oxidation of reduced NADP at 340 nm (Meers et sl., 1970; Elmerich &
Aubert, 1971). The reaction mixture (3.0 ml) contained 0.5 M imidazole-
HC1 buffer, pH 7.5 (usually 2.6 ml), 0.00012 M NADPH (0.1 ml), 0.00125 M
I~glutamine (0.1 ml), 0.005 M 2-oxoglutarate (0.1l ml) and & suitable
aliquot of cell extract (0.1 ml). The reaction was started by the
addition of substrate (L-glutamine) after 5 min preincubation of the
resction mixture at 30°C. The decresse in extinction at 340 nm was
followed on & Pye Unicam SP 800 recording spectrophotometer at 30°C in
1 cm cuvettes using & reaction mixture lacking L-glutamine as & control to

monitor endogenous NADPH oxidation.

Glutamate dehydrogenase (E.C.1.4.1.4)

Activity of this enzyme was sssayed in a reaction mixture
identical to that used for glutamste synthase, except that L-glutamine was
replaced by 0.04 M NHhCl (0.1 m1). The decrease in extinction at 340 nm
was again followed on a SP 800 recording spectrophotometer at 3000 in 1 em
cuvettes using a reaction mixture lacking NHhCl as a control to monitor

endogenous NADPH oxidation.

Protein estimation

The protein concentration of cell extracts was estimated by the
method of Lowry et al. (1951) which is a modification of that used by

Folin & Ciocalteau (1927). The following solutions were required:

A, 2% (w/v) N32003 in 0.1 M NaOH.
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B. 1% (w/v) Cus0, .5H,0.

C. 2% (w/v) NeK tartrate.kﬂzo.

D, B.D.H. Folin-Ciocalteau's reagent diluted with an equal volume
of distilled water.

E. 25 ml of A, 0.25 ml of B and 0.25 ml of C made up immediately

before use.

The protein solution (normally 0.1 ml) was diluted to 1.0 ml
with distilled water. Four ml of Solution E was added and the mixture
allowed to stand at room temperature for 10 min. Solution D (0.5 ml)
was then added with rapid mixing. After standing the mixture at room
tempersture for & further 30 min the extinction of the solution at 750 nm
was measured against & reagent blank on a Pye Unicam SP 500 spectro-
photometer using 1.0 cm cuvettes. The protein concentration was
estimated by reference to a calibration curve obtained with bovine serum

albumin over a concentretion range of 0-200 ug.

FEnzyme units

An enzyme unit was defined as the amount of enzyme which
catalyses the formation of product or the disappearance of substrate at
the rate of 1.0 nmole per min at 30%¢. Specific activity for the
glutamine synthetase assay was expressed as nmoles of glutamylhydroxamste
formed/min/mg protein, end specific activities for the glutamate synthase
and glutamate dehydrogenase essays were expressed as nmoles NADPH

oxidised/min/mg protein.

For the calculastion of enzyme activities the molar extinetion
coefficient of NADPH was teken as 6,200 at 340 nm (Weber, 1961). The

concentration of y-glutamylhydroxamate was estimated by reference to &
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standard curve prepared using y~-glutamylhydroxamate (Sigma,
Norbiton Station Yard, Kingston upon Thames, London) (Figure 6).
To dilutions of y-glutamylhydroxamate in distilled water (total volume

1.0 ml) was added 0,75 ml of FeCl, reagent (see glutamine synthetase

3
assay), and the extinction at 510 nm measured in a Pye Unicam SP500
spectrophotometer using 1.0 cm semi-micro cuvettes. One umole of

y—glutamylhydroxamate gave an E of 0.6 under these conditions.

51.0

Chemicals

Casein hydrolysate, nutrient agar, sterile disposable Petri-
dishes were obtained from Oxoid Ltd. L-glutamate, L-glutamine,
L~alanine, L~asparagine, LmtryptOPhan, ATP, imidazole, hydroxylamine,
NADPH, 2 oxo-glutarate, ADP, BSA, GHA, L~phenylalanine and B-mercapto-
ethanol were obtained from Sigma. All other chemicals were obtained

from British Drug Houses Ltd., England.
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Pigure €.

Calibration curve relating extinction at 510 nm to
concentration of y-glutamylhydroxemste (GHA).
Increasing concentrations of GHA in distilled
water were treated with 0.75 ml ferric chloride
reagent (see glutamine synthetase assay) and the
extinction measured in & Pye Unicam SP 500

spectrophotometer.,
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Fxamination of glutamine synthetsase snd glutamete synthase during

growth of Bacillus subtilis 168 wild-type

As & preliminary to an investigation of possible changes in
specific activity of glutamine synthetase (GNS) or glutamate synthase (GTS)
during the onset of sporulastion, it was decided to investigate the
behaviour of the enzymes under various conditions of nitrogen aveilability
during vegetative growth. Previous evidence (Rebello & Strauss, 1969)
had indicated that GNS synthesis was sensitive to induction or
repression, but apparently no evi&ence was available on the regulation
of GTS in B. subtilis. It was anticipated that an investigation of
enzyme behaviour under various growth conditions would establish a
pattern of regulation for the enzymes with regard to nitrogen availability

end provide useful informstion on the extent of repression and de-

repression of these enzymes.

Growth rate of B. subtilis wild-type with different nitrogen sources

In preliminary experiments the growth response of B. subtilis
to various sources of nitrogen in liquid media was determined. Cells
were grown overnight in 20 ml cultures of minimsl medium each containing
glucose as sole carbon source with various combinations of nitrogen
source. Ammonia was used alone or in combination with either glutamine,
glutamate, arginine or histidine. Alternatively, each of the four emino
acids was used as sole source of nitrogen . Finally, nitrate was
used instead of ammonia as source of nitrogen. After overnight growth
2.5 ml of each culture was used to inoculate fresh 50 ml of the same

medium. The cells were shaken st 3700 and growth was followed by
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measuring the E6 of 1 ml samples withdrawn aseptically from each

00

medium at 30 min intervals.

The results obtained from the growth experiments are summarised
in Table 1. B. subtilis generally grew rapidly in the glucose- emmonisa
minimal medium, although occasionally a much slower growth rate was
obtained. Addition of an extra source of nitrogen to this medium, in
the form of arginine, glutamine, glutamate or histidine did apparently
promote a somewhat slower growth rate. Substitution of emmonie with
either arginine or glutamine as sole nitrogen sources had no marked
effect on the cell doublihg time. Glutamate, however, would not serve
as well and there was a marked tendency for the cells to clump together
in this medium. A pronounced inecrease in cell doubling time using
nitrate as the only available nitrogen source was observed. Histidine
would not serve as & satisfactory source of nitrogen with glucose as
carbon source. This result is in agreement with previous results
(Chasin & Magasanik, 1968) which showed that histidine was readily
utilised as source of nitrogen only with those carbon sources, such as
citrate or arabinose, which did not exert a strong catabolite repression
on the synthesis of the histidine degrading enzymes. The results here
indicate that the enzymes degrading arginine to glutemate are not as
susceptible to glucose catabolite repression as those used for histidine
degradation as the cells grew well in the glucose-arginine medium.

This result is also in agreement with Chasin & Magasanik (1968).

Preliminary studies on GNS and GTS enzyme activities

a) Comparison of methods for cell breakage

Three procedures were used to disrupt the bacteria in order
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TABLE 1

Growth rates of B. subtilis 168 wild-type on media containing various

nitrogen sources

The cells were grown in minimal medium (see Materials and
Methods section). The carbon source in each case was glucose (0.5%
w/v) and each nitrogen source was used at a concentration of 0.1% (w/v)
except smmonium sulphate (0.05%), The values given are the mean
generation or cell doubling times determined by following the increase
in turbidity of a culture at 600 nm. Each value is the average from
+he number of separate determinations shown. The extreme renges of

the values found are also included.

liitrogen source Number of Cell doubling Range
determinations time (min)
Ammonia 9 56 50-100
Ammonia & L-arginine _ 3 , 66 54-72
Ammonie & L-glutamine b 67 60-84
Ammonia & L-glutamete 5 71 ' 60-390
Ammonis & L-histidine 3 66 60~T72
Nitrate 3 1h7 14k-150
L-arginine 5 69 51-90
L-glutamine 5 58 48-66
L—-glutamate L 11k 95-150
L-histidine 1 360 360
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to obtain a broken cell suspension or cell-free extract which would give
maximum activity in the GNS assay. Exponentially growing cultures

(50 ml) of B. subtilis wild-type in glucose-ammonie minimal medium were
karvested, the cells broken in an ultrasonic disintegrator or an X-press
end a cell-free extract prepared as described in the Msterials and
Methods section. Tt was found that extracts prepared by sonication had
& high protein content (average 200 ug/ml), whereas the extract from the
¥-press had s much lower protein content (50 ug/ml). This was presumably
e reflection of the greater volume required for passage of & cell
suspension through the X-press rather than a difference in efficiency of
cell breskage. In addition, although extracts prepared by sonication were
"ective in both the GNS and GTS assay, no activity was detectable in

extracts prepared by the X-press method,

Treatment of cell suspensions with toluene gave rise to &
suspension which when added to the assay mixture for GNS activity gave
rise to a turbid solution. =~ It was therefore decided that ultrasonic
éisintegration was the method of choice and sall the results presented in

the thesis were obtained using cell-free extracts prepared by this method.

t) Solubility of enzymes

An exponentionally growing 50 ml culture of B. subtilis wild-type
in glucose-ammonia minimel medium was hervested and the cells disrupted by

sonication (see Materials and Methods section).

GNS sctivity by the biosynthetic sssay and GTS activity were
essayed in the crude broken cell suspension before centrifugation and in
the cell-free extract after centrifugation. For the GNS assay a change in

ESlO of 0.0035/min was obtained for both the broken cell suspension and
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cell—-free extract indicating that the enzyme was confined to the soluble

fraction. For the GTS asssy a change in E of 0.087/min was obtained

340
using the broken cell suspension and a value of 0.06L4/min for the cell
free extract. These values indicated that the GTS activity was again

mostly to be found in the soluble fraction.

c) Comparison of y-transfer and biosynthetic assay for glutamine synthetase

GNS activity mey be assayed either by noting the y-glutamyl
transferase activity of the enzyme or by measuring the biosynthetic
ability of the enzyme to form glutamine. This distinction is important in
enteric bacteria because both the adenylated and deadenylated form of the
enzyme are active in the y-glutamyl transferase assay, but adenylation
markedly lowers the biosynthetic activity of the enzyme (Stadtmen et al.,
1970; Kingdon et al., 1967; Schutt & Holzer, 1972). As adenylation of
the enzyme from Bacillus spp. does not appear to occur as s means of
regulation (see Introduction) these different assay procedures are not as
significant. Nevertheless & comparison of the y-GT and biosynthetic
activities was done using & cell-free extract prepared from B. subtilis
wild-type grown on glucose-ammonia medium, The assay procedures are

given in the Materials and Methods section.

A specific activity of 90 nmoles/min/mg protein was obtained
from the y-GT assay and a value of 250 nmoles/min/mg from the biosynthetic
essay. As the biosynthetic assey procedure yielded & higher activity

this assay was used routinely in all subsequent experiments.

é) Stability of enzymes

Cell-free extracts were prepared in TME buffer (see Materials

end Methods section). This buffer had previously been shown by Rebello &

55



Strauss (1969) to stabilise the GNS of B. subtilis. To test the
stability of the enzyme preparation a cell-free extract was prepared
from cells grown in glucose-ammonia medium. In the GNS assay, fresh

extract gave a change in E of 0.016/min snd after 24 hours storage

510
at —20°C the same extract gave & value of 0.018/min. This indicated
that there was no loss in GNS activity after 24 hours in this buffer
which agreed with the observation of Rebello & Strauss (1969). In the
GTS assay some evidence of loss of activity on storage was found for

this enzyme. The fresh cell extract gave a change in E of 0.08/min

340
which dropped to 0.028/min on storage at -20°C for 24 hours. Because
of the apparent loss of GTS activity on storage, all subseguent assays

for both GNS and GTS activities were performed on a freshly prepared

extract.

e) Control experiments for GNS end GTS assays

A cell-free extract was prepared from glucose-ammonia grown

cells. In the GNS assay a change in E of 0.016/min was observed for

510
the complete system. If ATP was replaced by buffer, no change in E510
was observed over a 30 min period. ATP was therefore essential for the
biosynthetic assay for GNS. It was found that the ATP solution used
in the assay could be safely stored at -20°c. Comparison of freshly
prepared ATP solution and a ATP solution stored frozen for T2 hours gave
identical rates of reaction using the same cell extract. It was also
noted that heating a portion of the extract to 100°C for 5 min gave a

negligible change in E of 0.0003/min. This low rate of reaction was

510

comparable to the change in E when enzyme preparation was replaced by

510
buffer in the assay mixture. It was concluded that heating the extract

caused a total loss of GNS activity.
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In the GTS assay & change in E of 0.084/min was observed

3k0
for the complete system, Replacement of the substrate L-glutemine, by
buffer gave a value of 0.005/min. This represented the endogenous
oxidetion of NADPH and all subsequent GTS estimations were corrected for
this endogenous oxidation which was determined et the same time as the

GTS assay by the inclusion of a control lacking L-glutamine (see Materials
and Methods section). The co-factor specificity of the GTS reaction

for NADPH 6r NADH was also tested. Replacement of the NADPH in the
assay mixture by an equel quantity of NADH gave a low change in E3h0 of

0.006/min. The enzyme therefore had a high specificity for NADPH as

co—~factor.

) Assay for glutamate dehydrogenase

GDH can conveniently be assayed using the system for the GTS
assay, but replacing L-glutamine with NHhCI (see Materisls and Methods
section). Using the cell-free extract prepared for the experiment

described in (e) above it was found that there was no change in E over

340
and above the endogenous rate when NHh01 replaced L-glutamine as substrate
or when NADH replaced NADPH as co-factor. It was concluded that GDH was
undetectable in extracts of B. subtilis 168 grown in glucose—ammonis

medium. This result is in agreement with that of other workers (see

Introduction).

A summary of some of the results from this section is presented

in Table 2.

Enzyme specific metivity during growth of B. subtilis

The object of this section of the work was to look for changes

5T



TABLE 2

Summary of the properties and specificity of GNS and GTS activities

from B. subtilis 168

Cell-free extracts were prepared from cells growing
exponentielly in minimel medium with glucose (0.5% w/v) as carbon
source and (NHu)QSOh (0.05% w/v) as nitrogen source. The details of
the assay for GNS and GTS are given in the Materials and Methods

section. Activities are expressed as AE_, ./min for GNS and AE,, ./min

510 340

Pfor GTS. In the GTS assay all values are corrected for endogenous

oxidation of NADPH or NADH which was a change in E of 0.006/min

340

using NADPH as co-factor.

Glutamine synthetase assay

Complete system 0.016
ATP omitted 0.0
Enzyme preparation heated to 100°C | 0.0003

Enzyme preparation stored at -20°¢
for 24 hours 0.018

Glutamate synthase assay

Complete system 0.08

Complete system with NADPH
replaced by NADH 0.006

Complete system with L-glutamine replaced
by NHhCl (glutemate dehydrogenase assay)

(corrected for endogenous NADPH oxidation) 0.0

Enzyme preparation stored at -20°¢
for 24 hours 0.028
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in the specific activities of GNS and GTS under growth conditions where
repression and derepression of the enzymes might be expected to occur.
If changes associated with nitrogen availability during growth were
detectable this would be & suitable prelude to an investigation of

possible changes during-the onset of sporulation.

Enzyme levels were determined in cell-free extracts prepared
from exponentially growing B. subtilis wild-type using glucose as carbon
source and various nitrogen sources used for the growth determinations
{Table 1). The specific activity of GNS and GTS under the various growth
conditions are presented in Table 3. As some fluctuation in specific
ectivity of both enzymes from separste cell extracts was observed,
average values are presented together with the extreme values for each
enzyme. The figures show that cells grown with ammonia as nitrogen
source possessed quite high levels of both enzymes. Addition of
arginine, glutemate, glutamine or histidine to the medium containing
ammonia produced a decreased activity for both enzymes. In the case of
GNS this repression was greatest with glutemine and arginine which were
in turn greater than glutamate or histidine. This result is exactly in
agreement with that of Rebello & Strauss (1969) who obtained a similar
pattern of GNS repression in B. subtilis 168 by arginine, glutamate and
glutamine in the presence of ammonia, although the degree of repression
obtained here was slightly greater. For example, they reported a 55%
repression of GNS activify by L-glutamine in the presence of ammonia
compared with the sctivity obtained from cells grown with smmonia alone.
The results in Teble 3 show an average 66% repression. The repression
by the added amino acids of GTS was not identical to that of GNS. With
GTS a six~fold reduction in activity was obtained by the addition of

arginine while glutamate and glutemine caused only a two-fold reduction.
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TABLE 3

Levels of glutamine synthetase and glutamete synthase in B, subtilis

wild-type under different growth conditions

The cells were grown in minimal medium containing glucose
(0.5% w/v) as carbon source and the sppropriate nitrogen source given
below at 0.1% (w/v) except for ammonium sulphate which was used at
0.05% (w/v). FEnzyme assays were performed using freshly prepared
cell-free extracts as described in the Materials and Methods section.
The number of determinations represents the number of separate enzyme
assays, each using an extract prepared from a different culture.
Values are specific activities expressed as nmoles/min/mg protein and
represent the average of the total number of determinations. Generally

both GNS and GTS assays were performed on each extract.

Nitrogen Number of Glutemine Number of Glutemate
source determinations synthetase  determinations synthase
(renge) (range)
Ammonia 12 » 170 (100-250) 10 ’ T40(650-800)
Ammonia &
L~arginine 2 63 (63,63) 3 130(110-140)
Ammonia &
I-glutamine 3 70 (60-88) 3 300(180-400)
Ammonia &
. L-glutamate 3 116 (88-150) 3 340(300-430)
Ammonia &
I-histidine 1 138 1 TO0
Nitrate 3 516 (413-575) 3 400(260-500)
L-arginine L 16 (88-150) 3 113(100-130)
L-glutamine L 105 (63-100) 3 343(200-500)
I-glutemsate 1 325 1 80
I~histidine N.D. - - -

*N.D. means not done. As B. subtilis grew very slowly with L-histidine

es nitrogen source no attempt was made to prepare a cell-free exbtract.

60



The obvious repression of GTS synthesis by glutamate is in agreement
with Elmerich (1972) who reported repression of GTS synthesis by

glutemate in B. megaterium. The greater repression casused by the

inclusion of arginine in the glucose-ammonis medium was somewhat
surprising as it could be assumed that arginine would be degraded to
glutamate under these circumstances. Histidine had only a marginal
effect on the synthesis of both enzymes. This would be in keeping with
its lack of metsbolism in the presence of glucose due to catabolite

repression of the histidine degrading enzymes.

When nitrate replaced ammonis in the growth medium, a 3-fold
increase in GNS specific activity, accompanied by almost a 2-fold
reduction in GTS activity was found, compared to ammonis grown cells, In
fact, the highest specific activity for GNS was consistently found for
cells grown with nitrate as source of nitrogen. As cells grow only
slowly with nitrete as nitrogen source (Table 1), they were presumably in
& condition of nitrogen deﬁriv&tion. Starvation for a ready source of
nitrogen is known to cause sporulation in B. subtilis (see Introduction)
end in fact was used in later work as s mean for obtaining sporulation.

It was thus of interest to note at this stage the derepression of GNS

when cells were grown with nitrate as source of nitrogen.

In other experiments extracts were prepared from cultures grown
with glutamate or glutamine or arginine as sole source of nitrogen. As
noted previously B. subtilis grew very slowly with histidine as sole
source of nitrogen and s culture suiteble for preparation of a cell-free
extract was not obtained. Also, as noted before, the cells did not grow
in a satisfactory manner with glutamate as sole nitrogen source, they

tended to clump together and for this reason the GNS and GTS activities
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obtained from these cells mey be unreliable. The use of either
L-glutamine or L-arginine as sole nitrogen source produced enzyme
specific activities similar to those obtained with cultures grown with
ammonia together with the amino acid.  Thus with L-arginine as sole
nitrogen source both GNS and GTS were extensively repressed over the
values obtained with smmonia as nitrogen source and with L-glutemine GNS

was even more repressed and GTS somewhat less so,

This work clearly established that changes in specific activity
of both enzymes could be detected during growth with different nitrogen
sources, Growth limitation by the use of nitrate as nitrogen source
prompted derepression of GNS. Previous results of Rebello & Strauss
(1969) had shown a trensient increase in GNS activity during shift-down
from a rich to a poor growth medium. Shift-down conditions involving
transfer of cells from a rich to & poor growth medium with limiting
carbon or nitrogen sources are known to induce sporulastion (see Intro-
duction). It was now necéssary to examine the behaviour of GNS and GTS

during the transition from growth to sporulation.

Sporulation behaviour of B. subtilis wild—type in various resuspension media

The technique used for obtaining sporulstion is the replscement
or resuspension procedure (see Materials and Methods section) whereby
bacteria that are growing exponentially in & rich medium are transferred
to & poor medium. The resuspension medium described by Sterlini &
Mandelstam (1969) contains en adequate supply of ammonia in the form of
NHkNO3 and NHhCl, but only a poor carbon source in the form of L-glutamate
(see Materials and Methods section)., This resuspension medium is
referred to as S(C) and in this medium sporulation is assumed to be

triggered by starvation for a carbon source. This is supported by the
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#ect that inclusion of D-glucose (0.2% w/v) in this medium at first

ellowed the cells to grow rather than sporulate (see below).

In order to obtaein sporulstion by nitrogen deprivation the S(C)
resuspension medium was modified. The NHhCl and Nth\TO3 constituents

were replaced by NeNO_, and the L-glutamate was replaced by D-glucose

3
(0.2% w/v). This medium is referred to as S(N) medium and e fuller
description is given in the Materials and Methods section. Supplement-—
etion of this S(N) medium with L-glutemate (0.15% w/v) as an extra

ritrogen source again promoted growth of the cells rather than sporulation.
The behaviour of B. subtilis wild-type in the different resuspension media

is illustrated in Table 4. Cultures were grown in CH medium and resuspended
in S(C) medium, S(C) medium supplemented with glucose, S(N) medium or S(N)
redium supplemented with L-glutamate. Cell densities were measured after
resuspension at hourly intervals for 5 hours. Hest-resistance was

assayed at 5 hours after resuspension and after overnight incubation.

Tne results show thet in the S(C) and S(N) media, the E roughly doubled

600
in the first b ~ 5 hours. 'This is in agreement with previous results
obtained with the S(C) medium where the 0.D. doubled and then levelled off
(Sterlini & Mandelstam, 1969). Heat-resistant colonies were detecteable

gt 10—6 dilution 5 hours after resuspension in both these media and
examination of the cultures in the phase-contrast microscope revealed that
1 - 5% of the cells contained refractile spores. Heat-resistance
determinations at 24 hours revealed that in this experiment slightly better

sporulation was achieved in the S(C) resuspension medium than in the S(N)

medium, slthough this was not consistently found (see Table 5).

The S(C) medium was assumed to trigger sporulation by carbon

deprivation and Table U4 shows that supplementation of this medium with
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TABLE k&

Sporulation behaviour of B. subtilis wild~type in various resuspension media

Four cultures (50 ml) growing in rich CH medium were harvested at Eeng OF epproximately 0,6 and each
resuspended in an equal volume of one of four resuspension media. The S(C) medium contained emmonis as the
main nitrogen source and glutsmate as carbon source end to this was added glucose (0.2% w/v) to give the S(C) +
glucose medium. The S(N) medium contained nitrate as nitrogen source and glucose as carbon source and to this
was added glutamate (0.15% w/v) to give the S(N) + glutemate medium. Optical density readings were teken every
hour by aseptic removal of 3 ml volumes. Heat-resistance was used as a measure of spore formstion. This

procedure and a fuller description of the resuspension media are given in the Materials and Methods section.

Time after mmoo Heat-resistance x HOim
resuspension —

(hr) s(c) s(m) s(c) + S(W) + s(c) s(w) s(c) + s(N) +

glucose  glutamate glucose glutamate

0 .62 ST .52 .53 - - - -

1 .76 an 1.02 .82 - - - _

2 .93 T2 1.9 1.0k - - - _

3 1.16 .8 > 2.0 2.0 - - - _

L 1.32 .92 > 2.0 >2.0 - - - -

5 1.3 1.08 > 2.0 >2.0 5 2 0 0

2L - - - - 197 69 ol 181
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glucose allowed & rapid increase in Ecoo to a value well above that of the
S(C) medium alone (EGOO >2.0). The cell doubling time over the first

2 hours was calculated as 63 minutes, a value similer to that obtained
“or B. subtilis growing in glucose-ammonis minimal medium (see Table 1).
The S(N) medium was assumed to trigger sporulation by nitrogen
Geprivetion and again Table L shows that supplementation of this medium
with a good source of nitrogen (L-glutamate) caused a rapid increase in
3600 with an initial cell doubling time calculated as 90 min, similar to
the value obtained for B. subtilis growing in glucose-glutamete minimal
medium (see Table 1). The presumption that cells resuspended in S(C) +
glucose or S(N) + glutamate continued to grow rather than initiate
sporuletion was supported by the heat-resistance determinations made 5
nours after resuspension. Table 4 shows that no colonies were detected
at 10-6 dilution at 5 hours in either medium and examination of the cells
in the phase-contrast microscope revealed only an occasional spore.
However, by 24 hours the hegt—resistance values showed that the cells had
successfully sporulated by this time, The final level of sporulation

in the glucose supplemented S(C) medium was lower than in the other three

media (Table L).

Enzyme levels during the onset of sporulation

The results above had satisfactorily demonstrated that
sporulation could be induced by carbon stervation in the S(C) medium and
by nitrogen starvation in the S(N) medium. Changes in specific activity
of GNS and GTS associated with the initiation of sporulation might not be
expected to occur during the onset of sporulation under conditions of
carbon starvation. Assay of enzyme levels in the S(C) medium would

therefore act as a control as any changes in enzyme levels detected in this
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redium would be more likely to reflect derepression of enzyme synthesis
“ollowing transfer of cells from the rich CH medium with its numerous

sources of nitrogen to the minimsl S(C) resuspension medium.

For the assay of the enzymes during the onset of sporulation
200 ml cultures of B. subtilis wild-type in 1 iitre dimpled flasks were
used. These cells were resuspended in the same volume of either S(C)
or S(N) resuspension medium. Portions (50 ml) were removed at time zero
end at 20 and 40 minutes after time zero and a cell free extract prepared
from each. The results of the enzyme assays from many separate
experiments together with the percentage sporulation finally obteined in
each medium are shown in Table 5. As some variation in specific activity
of both enzymes from cell extracts from separate experiments was observed,

“he extreme values for each enzyme are inciluded in the tsable.

The results for the enzyme assays in Table 5 show that no
merked changes in specific activity of either enzyme had occurred at either
20 min or 40 min after the initiation of sporulation in either the S(C) or
S(N) media. In the S(C) medium it did appear that the GNS activity had
increased slightly by 20 min and then fallen back to roughly the original
activity by 40 min. This fluctuation was not so apparent in the S(N)
medium, although the specific aetivity of GNS was on average slightly
higher at each time interval in the S(N) medium than in the S(C) medium.
No obviously significant difference in GTS activity was detected in the

two medisa.

Therefore no striking differences were found in GNS or GTS
activities when sporulation was induced by either carbon or nitrogen
starvation. Therefore it must be concluded that changes in the amount of
GNS or GTS enzymes play no role in the onset of sporulation, at least =at

the times studied.
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TABLE 5

ILevels of glutamine synthetase and glutamate synthase in B. subtilis wild-type at the onset of sporulation

induced by either carbon or nitrogen starvation

Cells growing exponentially in 200 ml cultures of CH medium were harvested and resuspended in the same volume
of either 3(C) or S(N) resuspension medium. A full description of these media is given in the Materials and Methods
section. Immediately (time zero) and at 20 and 40 minutes past time zero, 50 ml portions of the culture were
removed and cell-free extracts prepared from each as described in the Materials and Methods section. Enzyme
assays and protein determinations were made with the cell extracts. The remaining 50 ml of each culture was
incubated overnight and viable count and hest-resistance determinations performed as described in the Materials
and Methods section. Values for the enzyme activities are expressed as nmoles/min/mg protein and represent
the average of 10 separste determinations at each time for S(C) medium and 3 determinations for the S(N) medium.

The values in brackets represent the range of activities found.
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Resuspension Glutamine synthetase Glutamate synthase Percentage sporulation
e et e (ri) e B ettt colonies 3 10
Total viable count
0 20 Lo 0 20 Lo
8(C) medium. 1ko 180 123 Lo L7 68 35%
Sporvlstion  (0O7188) (100-225) (88-225)  (35-T0)  (32-60)  (50-100)
induced by
carbon
deprivation.
S(N) medium. 188 191 169 L8 57 55 41%
Sporulation (113-225) (175-213) (113-225) (32-60) (L0-80)  (L40-60)
induced by
nitrogen

deprivation.



An alternative approach to seek a role for these enzymes in
sporulation is to examine the behaviour of & mutant strain lacking the
particular enzyme activity in question. This approach has already been

applied in B. megaterium in the case of GNS (see Introduction). A

possible role for GTS activity during sporulation was investigated using
the glutamate auxotroph, glt-100, tentatively identified as lacking GTS

activity.

Examination of glutamine synthetase and glutamate synthase during growth

and sporulation of strain glt-100

Growth characteristics of the presumed glutamate synthase negative

strain (glt-100)

This strain was originally isolated by Dr. J. Coote. It was
uneble to grow in glucose—ammonis minimal medium but grew normslly in
glucose-glutamate minimal medium. For these reasons it was presumed to
have a defective glutamafe synthase by analogy with a previously described

GTS negative strain of B. megaterium (Elmerich & Aubert, 1971).

The growth pattern of this strain was investigated in more
deteil. The organism was inoculated into 20 ml portions of various medis
and incubated overnight et 37°C. A turbid culture was scored as positive
growth and no obvious increase in turbidity was scored as a negative growtt
response to the medium in question. The wild-type B. subtilis was
inoculated end grown in each medium in an idéntical menner as a control.
The results of the growth experiments are given in Table 6. The results

0
with the wild-type organism will be considered first. Some growth
z
properties of B, subtilis wild-type using glucose as carbon source and a

variety of nitrogen sources were more fully examined earlier (Table 1) whe:
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TABLE 6

Growth pattern of B. subtilis wild-type and glutamate synthase

negative strain (glt-100) in liquid media

The cells were grown overnight in minimal medium containing
a carbon source at 0.5% (w/v) and nitrogen source at 0.1% (w/v)
except for ammonia which was used as (NHh)QSOh at 0.05% (w/v). After
overnight incubation each culture was scored as +++ for a heavy
turbidity, ++ for a distinctly turbid culture, + for slightly turbid

and — for no obvious increase in turbidity over that of the original

inoculum.
Carbon source Nitrogen source B. subtilis B, subtilis
wild~type glt-100

Glucose Ammonia o -
Citrate Ammonia ++ -
Histidine Ammonia ++ ++
Glucose Histidine + -
Glucose Arginine o e+
Glucose Glutamate +4+ 4t
Glucose Glutemine +++ o+
Glucose Proline +4+ +++
Glucose Aspartate et R
Glucose Glucosemine +++ -
Citrate Histidine ot 4
Citrate Arginine ot 4+
Citrate Glucosamine Aot -
Glycerol Histidine ++ -
Glycerol Arginine etk 4+
Glycerol " Glucosamine ot -
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the cell doubling times were calculated. In Teble 1 it was seen that
the wild-type grew quite rapidly using glucose as carbon source and
either arginine, glutamate or glutamine as nitrogen source. It grew
only slowly with histidine as nitrogen source. Similar results were
obtained in the experiments presented in Table 6. A low turbidity was
produced in the glucose-histidine medium, but more vigorous growth was
obtained using all other nitrogen sources including proline, aspartate
and glucosemine. The use of L-histidine as nitrogen source, but with
the substitution of glucose by either citrate or glycerol allowed more
vigorous growth., This is in keeping with earlier published results
{Chasin & Magasanik, 1968) which showed that the histidine degrading
enzymes were strongly catabolite repressed by glucose, less so by glycerol
and not at all by citrate. It should also be noted that histidine used
as a carbon source, with ammonia as nitrogen source, supported better
growth than when histidine was used as & nitrogen source. In this case
ammonis would be exerting minimal catabolite repression on the induction

of the histidine degrading enzymes.

The growth response of the proposed GTS negative strain glt-100
is also given in Table 6. This strain was unable to grow in a glucose or
citrate medium with ammonis as nitrogen source. It was able to grow in
the histidine-ammonia medium. This is because the breakdown of histidine
to glutamste will allow the cell to use glutamate as a nitrogen source and
also as a carbon and energy source, and so the presence of an extra
nitrogen source, ammonia, is not necessery. Conversion of L-glutamate to
2-oxoglutarate will allow entry to the fricarboxylic acid cycle, where
energy can be genersted in the form of NADH2 and subsequently ATP via the

respiratory chain. Thus, amino acids such as L-histidine, L-arginine or
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L-proline, which are degraded to L-glutamete, can serve as sources of
both nitrogen and energy (Magasanik et al., 1974). The strain glt-100
was able to grow normelly using L-arginine, L-glutamate, L-glutamine,
I-proline and L-aspartate as nitrogen sources. L-arginine and L-proline
will give rise to L—glutamate by degradation and L-aspartate is
transaminated with 2-oxoglutarate to give oxaloacetate and L-glutamate
(see Figure 2). L—glutamine would be expected to yield glutamate by
the action of a glutaminase (Prusiner, 1975). Unlike the wild-type
strain glt-100 was unable to use glucosemine as a source of nitrogen for
growth. This is because glucosamine is degraded to yield ammonia which
this strain is unable to utilise. L-serine is also degraded to ammonia
(see Figure 2) and so it would be expected that glt-100 would also be
unable to use this amino acid as a nitrogen source. However, it was
found that the wild-type strain would not grow with L—serine as nitrogen
source and 8o this proposition could not be tested. The other point to
notice when comparing the results obtained with the wild-type and with
strain glt-100 is that L-histidine allowed poorer growth of the mutant
when used as a nitrogen source. Thus in the glucose-histidine medium the
wild-type grew poorly, but the mutant did not grow at all. Similarily,
although in the citrate-histidine and glycerol-histidine media the wild-
type grew well, the mutant showed no growth in the latter medium and

poorer growth in the former.

In summary, the growth response of the mutant strain t-100 was
what would be expected of a strain lacking the ability to assimilate
ammonie. The strain was uneble to grow in media containing ammonis as
sole nitrogen source or in a medium containing glucosamine which acts as

s nitrogen source by degradation to yield ammonia. It grew well with
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nitrogen sources which yielded glutamaste either by degrasdation or

transamination.

Enzyme activity of strain glt-100 during growth

As a preliminary to an examination of glt-100 under sporulation
conditions it was decided to assay GNS and GTS activities in the mutant
during growth. The enzymic activities were examined in cell-free extracts
prepared from cells grown in the rich CH medium and also in the minimal
medium containing D-glucose with ammonis and L-glutamste as nitrogen
sources., The wild type was included as a control. The results are

presented in Table T.

In the extracts from cells grown in the CH medium the specific
activity of GNS was higher in the wild-type than in the mutant. There
was no detectable GIS activity in the mutant extract, although a clear
activity was obtained using the wild-type extract. With the extracts
from cells grown in the minimel medium e slightly higher GNS activity was
obtained in the mutant rather than the wild-type. Again no GTS activity
was detectable in the mutant strain, although a high activity was given

by the wild-type.

These results firmly established that strain glt-100 lacked GTS
activity. Lack of this activity had the apparent effect of repressing
GNS activity in the CH medium while allowing a slight derepression in the
minimal medium when activities of these enzymes were compared in the

wild-type and mutant.

Enzyme activity in strain glt-100 during the onset of sporulation

The experimental procedure for the assay of CNS and GTS
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TABLE T

Levels of glutamine synthetase and glutamate synthase in B. subtilis

wild~type and mutant glt-~100 under different growth conditions

The cells were grown in 50 ml cultures of either rich CH
medium or minimal medium conteining D-glucose (0.5% w/v) as carbon
source and (Nﬂh)gsoh (0.05% w/v) with L-glutamate (0.1% w/v) as
nitrogen sources. Enzyme assays were performed using freshly

prepared cell-free extracts as described in the Materials and Methods

section. Values are specific activities expressed as nmoles/min/mg

protein.

Growth medium B. subtilis wild-type Strain glt-100
Glutamine Glutamate Glutamine Glutamate
synthetase synthase synthetase synthase

CH medium 63 88 32 0

Minimal medium 88 100 1L3 0

T3



ectivities in glt-100 during the onset of sporulation was identical to
that described earlier for the assays in the wild-type. Resuspension
cultures (200 ml) in S(C) and S(N) media were set up and 50 ml portions
removed at time zero and at 20 and LO min after time zero. Cell-free
extracts were prepared and the enzymes assayed on the fresh extracts.
IL—glutamate is an important constituent of the mature spore in Bacillus
spp. (see Introduction) and it seemed reasonable to assume that strain
g1t-100 would require a supply of L-glutamate in the S(N) medium as it
would be unable to synthesise the amino acid from nitrate, the only
nitrogen source supplied. For this reason additional resuspension
cultures were set up using the S(N) medium, but with L—élutamate added.
The results of the enzyme assays together with the percentage sporulation

finally obtained in the three resuspension media are shown in Table 8.

For the CNS activity the results in Table 8 can be compared with
those in Table 5 obtained from the wild~type under similar conditioms.
In the S(N) resuspension médium, the level of GNS activity in the mutant
was the same at all time intervals as was found in the wild-type and was
only slightly lower than the wild-type activity. Addition of L-glutemate
to this medium haed no obvious effect on GNS activity. With regard to
the S(C) medium, a difference between GNS behaviour in the wild-type and
strain glt-100 was noticeable. With the wild-type GNS activity had
increased by 20 min after time zero, whereas with strain glt-100 .the

activity had fallen by this time.

In accordance with the results in Table T, no detectable GTS
activity was obtained at any time during sporulation of the glt—-100 strain.
An interesting result was obtained when the level of sporulation was

determined in the resuspension media. Good sporulation was obtained in
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TABLE 8

Levels of glutamine synthetase and glutamate synthase in strain glt-100 at the onset of sporulation

Cells growing exponentially in 200 ml cultures of CH medium were harvested and resuspended in the same
volume of either S(C) or S() or S(N) + L-glutamete (0.15% w/v) resuspension media. Immedistely (time zero)
and et 20 and 40 min past time zero, 50 ml portions of the cultures were removed and cell-~free extracts
prepared. Enzyme assays and protein determinations were done on the fresh extracts. The remaining 50 ml of
each culture was incubated overnight and viable count and heat-resistance determinations done the next day.

Values for enzyme activities are expressed as nmoles/min/mg protein and represent the average of at least 2

separate determinations at each time. The values in brackets represent the range of activities found.
Resuspension Glutamine synthetase Glutamate synthase Percentage sporulation
medium activity. Time (min) activity. Time (min)
after resuspension after resuspension Heat-resistant colonies x 100
Total viable count
C 20 Lo 0 20 4o
5(C) medium 13k ok 82 0.0 0.0 0.0 32%

(88-175) (30-138) (50-113)

S(N) medium 1hk 138 138 0.0 0.0 0.0 < 0.1%
(100-187) (100-175) (100-175)

S(N) medium + 138 163 150 0.0 0.0 0.0 0.2%
L-glutamate (138) (100-213) (113-186)
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~he S(C) medium and as expected almost no spores were detected in the
S(N) medium. However, in the S(N) + L-glutemate medium, where
IL-glutamate was added as & nitrogen source to overcome the mutation in
strain glt-100, again a very low level of sporulation was obtained

{Table 8).

Results presented earlier using the wild-type organism had
shown that the cell densities in the S(C) and S(N) resuspension media
roughly doubled and then levelled off (Table 4). The cell densities of
strein glt-100 during sporulation in the three resuspension media
described in Table 8 were followed for comparison. The results are
shown in Figure T. As with the wild-type the Ecoo values for strain
£1t-100 resuspended in the S(C) medium roughly doubled over the first 3
nours and then began to level off. Similarly, the EGOO values in the
S(N) medium, supplemented with L-glutamate, increased rapidly, but begen
to level off at a somewhat lower extinction than the wild—type. An
E6OO value of 2.0 was obtained in the S(N) + glutamste medium 3 hr safter
resuspension with the wild-type (Table L4), but strain glt-100 gave only
a value of 1.7 at & similar time (Figure T) and then began to -level off.
Comparison of the behaviour of the wild-type and the mutant strain in the
S(N) medium shows roughly a doubling in E¢oo for the wild~type (Teble L),

whereas the E6 for the mutant increased slightly over the first hour

00
and then abruptly levelled off (Figure 7).

In summery, it was found that strain glt-100 sporulated
normally in the S(C) resuspension medium, but only poorly in the S(N)
medium even if this medium was supplemented with L-glutemste. Poor
sporulation was expected in the S(N) medium alone as the cells had no

utilisable source of nitrogen except that accumulated by the cells during
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Figure T.

Increase in extinction of cells of strain glt-100 during
resuspension in various media. Cells were grown in CH

medium to an Ecop Value of about 0.6. They were then

0
resuspended in an equal volume of one of the following

medie end the E6 noted at hourly intervals.

00

*—9 8(C) medium
O——0 3s(N) medium

B—a  S(N) medium + L-glutemate (0.15% w/v)

A full description of the S(C) and S(N) media is given in

the Materials and Methods section.
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growth. In keeping with this there was only a slight increase in cell
éensity in the S(N) resuspension medium (Figure 7). However, it was
enticipated that addition of L~glutamate to the S(N) medium would allow
the cells to behave normally as the block in nitrogen assimilation in
the mutent would be by-passed by the addition of exogenous L—glufamate.
In keeping with this the cell density readings were similar to those
cbtained with wild-type (Figure 7). Surprisingly, however, a very low
level of sporulation was obtained (Table 8). It could be concluded
that strain glt-100 sporulated satisfactorily under conditions of carbon
deprivetion (S(C) medium), but not under conditions of nitrogen

deprivation (S(N) medium + glutamsate).

Eporulation behaviour of B. subtilis wild-type and strain glt-100

FPercentage sporulation in various medis

The lack of sporulation of the glt-100 strain in the S(N) +
glutamate medium suggested that it would be useful to compare the
sporulation capacity of the wild—type and mutant strains in other media.
For this purpose 50 ml cultures in CH medium were resuspended in S(C) or
£(N) media in which the carbon or nitrogen sources were varied. The
cultures were incubated overnight and viability and heat-resistance
determinations done the next day. The results are presented in Table 9.
They show that strain glt-100 sporulated normally in the S(C) medium
(ammonia as nitrogen source and L-glutamate as carbon source) but not in
the S(N) medium (nitrate as nitrogen source and D-glucose as carbon source).
This result together with the observation that addition of L-glutamate
still did not allow sporulation to occur, had been noted earlier (Table 8).
If glucose was omitted from the S(N) medium and L-glutamste used as carbon

scurce in its place, then sporulation occurred normally. A similar result
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TABLE 9

Sporulation behaviour of strain glt-100 in various resuspension media

Cultures (50 ml) growing in CH medium were each harvested
end resuspended in an equal volume of one of the resuspension media
given below. A full description of the S(C) and S(N) media is given
in the Materials and Methods section., When L-glutamate and L-glutamine
were added it was to a final concentration of 0.15% (w/v). In one
case the S(N) medium was used with D-glucose (0.2% w/v) omitted and in
enother S(N) medium the glucose was replaced by citrate (0.2% w/v).
The resuspension media were incubated overnight and total viable count
and heat-resistance determinations were done the next day. Values
are percentage sporulation expressed es number of heat-resistant
colonies/total viable count x 100. Easch value is the average of at

least 2 determinations.

Fesuspension Medium Percentage sporulation
wild-type strain strain glt-100

s(C) medium 35.0 72.0
8(C) medium + glucose 93.0 8.0
S(N) medium k0.0 < 0.1%
S(N) medium + glutamate 50.0 0.2
S(N) medium + glutamine 85.0 5.0
S(N) medium (glucose omitted)

+ glutamate 66.0 88.0
S(N) medium (glucose replaced

by citrate) + glutamate 93.0 4.0
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was obtalned if glucose was replaced by citrate. It seemed that the
presence of the easily metabolised carbon source glucose in the
resuspension medium was the determining factor which suppressed
sporulation in strain glt-100. Thus inclusion of glucose in the S(C)
medium also suppressed sporulation in strain glt-100, but not in the
wild type. Interestingly, the presence of L-glutamine instead of
L-glutamate in the S(N) medium allowed & much greater degree of
sporulation to occur in strain glt-100. It should also be noted that
the S(N) medium + glutamate is essentially identical to the S(C) medium
+ glucose, except that nitrate serves as the main nitrogen source in
the former and ammoniz in the latter (see Materisls and Methods section).
This difference between nitrate and ammonia in the two media caused a
merked difference in the sporulation capacity of glt-100 (8.0% for the
S(C) + glucose and 0.2% for the S(N) medium + glutamate). It is
concluded that strain glt-100, lacking GTS activity, is unable to
sporulate in medié containing a good carbon source such as glucose
where sporulation would be expected to occur as a result of nitrogen

starvation.

Influence on sporulation of strain glt-100 of addition of glucose at

intervals during resuspension

The results presented in Table 9 showed that the inclusion of
glucose in the resuspension medium prevented successful sporulation
with strain glt-100. Tt was thought to be of interest to determine if
addition of glucose at any time during the resuspension period would
prevent the cells forming spores or whether the cells would escape the
repression of sporulation by added glucose after a certain time. To

investigate this the following experiment was performed. Two 50 ml
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cultures of strain glt-100 were grown in CH medium. When the E6OO
reached 0.6 - 0.8 the cells from each culture were resuspended in equal
volumes of S(N) + L-glutamate from which glucose was omitted. At time
intervals 10 ml portions were removed from the S{N) + L—glutamate (no
glucose) media and placed in a pre-warmed sterile 100 ml flask to which
glucose had previously been added to give a final concentration of 0.2%
(w/v). TPFach flask was shaken at 3700. A final 10 ml in the original
medium was transferred to a 100 ml flask and incubated as a control.
Tone 10 ml cultures were all incubated overnight and the degree of
sporulation determined the next day. The results (Table 10) show that
addition of glucose at any time up to 2 hr after resuspension prevented
the cells from forming spores. After this time the cells began to
escape the effects of the added glucose. By 3 hr after resuspénsion it
bad essentially no effect and cells sporulsted as well as the control
cells incubated in the S(N) medium + glutamate with glucose omitted.

It is concluded that the inhibitory effects of glucose are not
restficted to the initiation events, but are effective during the first
2-3 hr of sporuletion. This is on the assumption that sporulation is
initiated immediately on resuspension in the S(N) + glutamate medium
with glucose omitted. This is & reasonable assumption as this medium
is deprived of both a good carbon and nitrogen source; L-glutamate
serves as both carbon and nitrogen source in this medium if it is
assumed that strain glt-100 lacking GTS activity cannot utilise the

[y

ammonia derived from the nitrate in the medium.
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TABLE 10

=Zffect of addition of glucose at time intervals during resuspension

on the subsequent sporulation of strain glt-100

The experimental procedure is described in the text. - The
control culture was resuspended in S(N) medium + L-glutamate (0.15%
w/v) from which glucose was omitted. This medium was known to give
successful sporulation (see Table 9). Percentage sporulation was
determined after 24 hr incubation and is expressed as number of

heat-resistant colonies/ml of culture.

Time (min) of additioﬂ Sporulation
of glucosg after Heat-resistant colonies/ml of

resuspension culture x 107

15 L

30 1

60 6

90 1

120 6

150 16

180 1600

210 L4200

240 1300

270 2800

Control (no glucose added) 14,800
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DISCUSSION



In order to investigate any possible chenges in specific
zctivity of GNS and GTS during the onset of sporulation it was necessary
first of all to develop satisfactory assay procedures for these two
enzymes. Once this was done the assay procedures could then be tested
under conditions where changes in specific asctivity might be expected to
occur. Previous results using B. subtilis (Deuel et al., 1970; Rebello
& Strauss, 1969) and other micro-orgenisms (Elmerich, 1972; Wu & Yuen,
1968; Pateman, 1969; Meers et al., 1970) had indicated that the
ectivity of GNS and GTS varied depending on the availability and type of
ritrogen source used during growth. Therefore, the assay procedures
were tested during growth of B. subtilis under various conditions of
ritrogen availsbility to ensure that the expected differences in specifie
ectivity were detectable. Only then would enzyme sctivity found
during the onset of sporulation be acceptable ss a realistic reflection

cf events.

The first experiments were concerned with determining the rate
of growth of B. subtilis in a minimal salts medium supplemented with
glucose as carbon source and various sources of nitrogen. Generally,
meny separste estimations of the growth rate were made for each
combination of carbon and nitrogen source (Teble 1). Considerable
variation was often found for any one medium from one experiment to
snother and for this reason an average cell doubling time is presented
in Table 1 for each medium together with extreme values in each case.
The varistions may have arisen because the cells grown overnight for
each experiment may have been at different stages of growth when
inoculated into fresh medium. Cells well into the stationary phase had

& longer lag time when inoculated into fresh medium than cells still in
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the exponential phase and this caused difficulties in deciding where to
drew the line on the growth curve which in turn affected the calculation

of the mean generation time.

B. subtilis grew well with ammonia as nitrogen source and the
addition of an extra source of nitrogen in the form of either L-arginine,
I~glutamate, L-glutamine or L-~histidine promoted e slightly slower
growth rate. This may have been due to the fact that both GNS and GTS
activity were repressed by these additional nitrogen sources (Table 3)
and so the ammonis in the medium could not perhaps be assimilated quite
so rapidly. However, because of the variation in cell doubling time
from one experiment to another it is difficult to assess these slight
differences and they may only be a reflection of experimental variation.
This is borne out by the fact that when L-glutamine replaced ammonia
as nitrogen source the cell doubling times were very similar in each case
(Table 1), yet IL-gluteamine as sole nitrogen source caused repression of
both GNS and GTS activities compared to the activities in ammonia-grown
cells (Table 3). Neither L-histidine nor nitrate would serve as good
nitrogen sources for growth of B. subtilis. In the case of L-histidine
this result is in agreement with that of Chasin & Magasanik (1968) who
showed that it was caused by glucose repression of the enzymes required
for L-histidine utilisation. It is known that nitrste reductase is
inducible by nitrete in B. subtilis (Guespin-Michel, Piechaud & Schaeffer,
1970) and the slow growth of the organism on nitrate in the presence of
glucose may be due to glucose repression of the nitrate reductase.
Alternatively one of the enzymic steps, nitrate or nitrite reductase,
which convert nitrate to ammonis may be rate-limiting. In Aspergillus
nidulans these enzymes are repressed by ammonis which is more powerful

than the induction by nitrate (Pateman & Cove, 1967). Thus the growth
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rate of B. subtilis on nitrate may be limited by the rate of production

of ammonia.

The method of ultrasonie disintegration of whole cells was
chosen for preparation of cell-free extrsacts. This method gave an
extract with a high protein content which was active in both GNS aend
GTS assays. X-press treatment for cell-free extract preparation gave
lower protein values and little detectable activity in either assay.
Although toluene treatment of whole cells was used by Rebello & Strauss
(1969) to give preparations active in the GNS assay, in this work
toluene was found to give a turbid cell preparation unsuitable for use,
particularly in the GTS assay which monitored a fall in extinction at

340 nm.

All enzyme assays were taken from previously published
procedures. The GNS assay was that described by Rebello & Strauss (1969)
measuring the biosynthetic ability of the enzyme to form L-glutamine.
These authors had previously shown that a tris buffer containing EDTA
and B-mercaptoethanol (TME), both at 0.01 M, favoured stability of the
enzyme. This buffer was used here during the preparation of cell-free
extracts and experiments showed that GNS activity was stable in this
buffer after storage at —2000 for 24 hours (Table 2). In certain Gram
negative species a distinetion has been drawn between the capacity of the
enzyme to catalyse the y-glutamyl transfer reaction (equation 1) and the
biosynthetic capacity catalysed in vivo (equation 2) which can be
conveniently assayed by hydroxamate formation when smmonia is replaced

by hydroxylamine (equation 3).

1. L-glutemine + hydroxylamine ———> y-glutamylhydroxamate + ammoniea
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2. L-glutamate + ATP + ammonia —3» IL-glutamine + ADP + Pi.
3. L-glutamete + ATP + hydroxylamine —— y—-glutamylhydroxamste +

ADP + Pi,

The adenylated form of GNS enzyme, formed during growth of

E. coli or K. serogenes in the presence of ammonis (see Introduction) is

relatively inactive in the biosynthetic reaction (equations 2 and 3),
while remaining fully active in the y-6T assay (equation 1) (Kingdon

et al., 1967; Bender et al., 1977). In an extract prepared from

B. subtilis grown in glucose—ammonia medium a higher activity was
detected in the biosynthetic assay than in the y-GT assay. This agrees

with results obtained from Aspergillus nidulans and Neurospora crassa

where biosynthetic activities were higher then y-GT activities in
extracts prepared from cells grown under similar conditions (Pateman,
1969). In these organisms, &s in B. subtilis, there is no evidence
for two forms of the GNS enzyme. In Gram negative bacterisa the
adenylated form of the enz&me produced under conditions of growth with
excess ammonia is relatively inactive in the biosynthetic assay. The
greater activity of GNS from B. subtilis in the blosynthetic assay
rather than the y—~GT assay supports previous work which has found no

evidence for adenylation of the B. subtilis enzyme (see Introduction).

In the GNS biosynthetic assay ATP was found to be an essential
co-factor for the reaction and in the GTS assay NADPH was & far superior
co-factor then NADH (Table 2). Both these results are in agreement
with previous work (Woolfolk et al., 1966; Tempest et &l., 1970;
Rebello & Strauss, 1969; Elmerich, 1972). In addition, no detectable
glutamate dehydrogenase activity was found in an extract prepared from

glucose-smmonia grown cells. The absence of glutamate dehydrogenase
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sctivity in B. subtilis 168 was supported by the fact that the mutant
strain, glt-100, which lacked GTS activity was unable to grow with
smmonis as nitrogen source (Table 6). These observations were similar

to those previously obtained by Elmerich (1972) using B. megaterium

where glutamate dehydrogenase activity was also undetectable. In
addition, Meers et al. (1970) had found little glutamate dehydrogenase

activity in B. megaterium KM or in B. subtilis We3. The same authors

did, however, find asppreciable activity in B. subtilis var. niger and

activity has also been reported in B. licheniformis (Meers & Pedersen,

1972) and B. thuringiensis (Borris & Aronson, 1969). It would seem

that not all Baeillus spp. rely on the combined action of GTS and GNS
to assimilate ammonisa. Some possess glutemate dehydrogenase activity
and so may have similar control mechanisms opersting as Gram negative
bacteria to regulate the operation of the three enzymes (see Intro-
duction). Alternatively, the enzyme may only be used in a degradestive
capacity and not for the assimilation of emmonia (Meers & Pedersen,

1972).

With satisfactory assay procedures established for both GNS
and GTS enzymes, their activity during the growth of B. subtilis with
various sources of nitrogen was examined (Table 3). It was noted at
an early stage that extracts prepared from separaste cultures of cells
grovn in glucose—~ammonia medium showed obvious variations in both GNS
and GTS specific asctivity. For this reason enzyme activities were
determined from as many separste cultures as possible for each growth
condition and an average specific activity calculated. TFor example,
twelve separate extracts were prepared in all from cells grown in the
glucose~ammonia medium. Table 3 shows that the GNS assay gave extreme
specific activities of 100 and 250 and the (TS assay extreme values of

650 and 800, In fact, these wvalues show that GTS specific activity
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was reasonably reproducible from glucose-ammonia grown cells, whereas
GNS activity was less so. Cells from other media gave the opposite
result. Thus glucose~L-glutamine grown cells gave extreme GTS specific
activities of 200 and 500 whereas the GNS extreme values were 63 and 100.
The reason for the variation in enzyme activity from identically grown
cells is not obvious as the cells were all harvested during the mid-
exponential phase of growth, It may reflect differences in stability
of each enzyme to sonication during preparstion of cell-free extracts.
Perhaps differences in the degree of cooling during sonication may have

caused differences in enzyme stability from one extract to another.

As a result of the obvious variation in enzyme specific
activity from one cell extract to another it would seem necessary not to
take small differences in averege activities from extracts from different
media as meaningful changes due to repression or derepression of enzyme
synthesis. Nevertheless, some differences in average specific aétivity
of GNS and GTS from one medium to another are large enough to Jjustify
certain conclusions. In general, the results presented in Table 3 are
in agreement with previous work on GNS and GTS activities in Bacillus spp.
Bowever, as far as is known, there are no published reports combining
assgys for both enzymes and so a comparison has to be made from reports
where only one enzyme sctivity was examined. It had been reported
previously that GNS was derepressed by smmonia-limitstion in B. subtilis
i.e. a low asctivity was obtained from cells grown in glucose-—ammonie
minimel medium but a high activity given by cells grown in glucose—“
glutamate medium where glutemate was the sole nitrogen source (Deuel

et al., 1970). This result was confirmed here. Elmerich (1972)

reported that GTS in B. megaterium was repressed when L-glutemate served

es solec°nitrogen source. Again the values in Table 3 agree with this
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observation, although it should be noted that difficulty was found in
obtaining & satisfactory cell preparation from glucose-glutamate grown
cells and for this reason only assays from one cell extract are included
in Table 3. These results are also in agreement with those obtained
from Grem negative species. Nitrogen limitation (using glutemste as

sole nitrogen source) caused derepression of GNS in K. aerogenes and

Z. coli (Tempest et el., 1970; Woolfolk et al., 1966; Pateman, 1969;
Miller & Stadtman, 1972; Wu & Yuan, 1968), but repressed GTS (Meers

et al., 1970; Miller & Stadtman, 1972).

Use of L-arginine or L-glutamine as sole nitrogen source gave
iower specific activities for GNS and GTS than those obtained with ammonia.
This repression was most marked in the GTS activity from cells grown
with L-arginine. It can be concluded that GTS is most susceptible to
repression by L-glutamete and to a lesser extent by L-arginine and
L-glutemine. The repression by arginine mey be a consequence of its
metabolism via L—glutamate;' The repression of GNS by L-glutamine and
L-arginine is in contrast to the derepression by L-glutamete, but is in
agreement with results obtained in E. coli (Wu & Yuan, 1968; Pateman,

1969) and is discussed again below.

When L-arginine or L-glutamine was used as nitrogen source in
combination with ammonia repression of both enzymes was obtained. In
both cases the velues were lower than those obtained when the amino acid
was used alone. Enzyme activities from cells grown with glucose and
ammonia plus L-glutamste were also repressed compared to ammonia grown
cells and markedly different to the wvalues obtained when L-glutamate was
used alone. These results are similar to previous results using

B. subtilis (Deuel et al., 1970; Rebello & Strauss, 1969) where
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repression of GNS synthesis was found by L-glutamine, L-glutamate and
L-arginine in combinstion with ammonia, but are here extended to
inelude GTS as well, It should be noted that no obvious repression
0?2 either enzyme was obtained over and above the values with ammonia
alone by the use of L-histidine in combination with ammonia. This
result is in keeping with the lack of metabolism of L-histidine due to
the catabolite repression of the histidine degrading enzymes by glucose

in the medium (Chasin & Magasanik, 1968).

The use of nitrate as sole nitrogen source allowed marked
depression of GNS activity together with a pronounced repression of

GTS activity. This contrasts with the report by Patemen (1969) that

E. coll, A. nidulans and N. crassa grown with nitrate as sole nitrogen
source had GNS activities similar to those obtained in smmonia-grown
cells. It was suggested in this report that glutamine repressed GNS
synthesis in these orgaenisms and that the high activity of GNS from

cells grown with glutemste slone was due to the low concentration of
emmonies in these cells which would limit the production of L-glutamine

end so in turn derepress GNS synthesis. This hypothesis is substantiated

by the observation that in E. coli and K. serogenes the ratic of intra-

cellular 2-oxoglutarate to L—glutemine is critical in determining the
edenylation stete and thus the biosynthetic activity of GNS (Senior,
1975). High glutamine levels enhance adenylation of GNS and so reduce
its blosynthetic capacity (see Introduction). = B. subtilis has a high
level of GNS when grown on L-glutemste or nitrate as sole nitrogen source.
In each case this can be explained by supposing that the cell has & low
intracellular concentration of ammonia which limits glutamine production

end so allows derepression of GNS. B. subtilis grows more slowly on
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nitrate than ammonia which would suggest that the intracellular
concentration of ammonia would be low as its production from nitrate
would limit growth of the organism. L-arginine is ultimately
degraded to L—glutamate, but the degradative pathway releases ammonia
(Dagley & Nicholson, 1970).° B. subtilis can grow rapidly using
L-arginine ag sole nitrogen source (Table 1), so smmonia production
would not be limiting. This would explain why L-arginine has a
strong repressive effect on GNS synthesis whereas L-glutamate slone
does not. The pattern of GNS specific activities in Teble 3 can also
be explained on the supposition that ammonias, and not L-glutamine,
represses GNS synthesis. Other work (Rebello & Strauss, 1969) favours

L-glutamine as the repressing compound.

In summary, the results presented in Table 3 do not conflict
with the hypothesis made previously (Rebello & Strauss, 1969; Pateman,
1969; Adler, Purich & Stadtman, 1975) that L-glutamine is able to
repress GNS synthesis. The results alsc show that GTS synthesis is
repressed by L-glutamete or compounds like L-arginine and L-glutamine
which would be expected to give rise to L-glutamate in the cell., It is
difficult to explain, however, why cells grown with nitrate as sole
nitrogen source should have a markedly lower GTS ectivity than cells
grown with ammonis,. Under the hypothesis presented above cells growing
with nitrate should have limiting production of ammonia which would in
turn limit the production of L-glutamine and L-glutamate by GNS and GTS
respectively. It would be expected then that GTS synthesis would be
fully derepressed. The possibility is suggested by some of the values
in Table 3 that there is an inverse relationship between the activities

of the two enzymes, such that when one is high the other is low.  This
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Goes not hold in all instances though, as the values for cells grown

with L-arginine show.

The determination of the enzyme levels in B. subtilis during
growth established clearly that significant changes in specific -activity
were detectable. The results indicated that synthesis of each enzyme
wes subject to regulation. GNS synthesis was repressed by asmmonia or
i-glutamine (or both) and GTS synthesis was repressed by L-glutamate.
These observations provided a firm base from which to exemine the
behaviour of the enzymes during the onset of sporulation. In addition
+he observed derepression of GNS synthesis when nitrate was used as
nitrogen source during growth suggested that there might well be a
correlation between increased GNS synthesis and the capacity of cells
<o sporulate. Shift-down of cells from & medium where smmonia was
sole nitrogen source to one where nitrate was used induced sporulation

in B. subtilis (Michel et al., 1968).

The method used for obtaining sporulation was the replacement
procedure originally described by Sterlini & Mandelstam (1969). This
involved the transfer of cells growing exponentially in a rich casein
hydrolysate (CH) medium to & minimal salts medium containing an adequate
supply of smmonis as nitrogen source, but only a poor carbon source in
the form of L-glutamate (S(C) medium). Tt was assumed that sporulation
would be initisted by deprivation of an adequate carbon source. This
assumption was tested by including a good carbon source, glucose, in
the resuspension medium. This caused the optical density of the
culture to increase rapidly to a value well above that obtasined in the
normel medium (Table 4). In addition, heat-resistance determinations

showed that sporulation was delayed by the inclusion of glucose in the
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medium, It was concluded therefore that the S(C) resuspension medium

initiated sporulation by carbon deprivation.

The original resuspension medium of Sterlini & Mandelstam (1969)
was modified in an attempt to promote sporulation by nitrogen
deprivation. To this end the smmonise in the medium was replaced by
nitrate (& poor nitrogen source) and the L-glutemate was replaced by
D-glucose (a good carbon source). Good sporulation was obtained in
this medium (Table 4) and supplementation of the S(N) medium with an
additional nitrogen source in the form of L-glutamate had & similar
effect to glucose supplementation of the S(C) medium. Optical density
of the culture increased rapidly to a level well above that attained
by the normal S(N) medium and sporulation was again delayed (Table L4).
These results led to the conclusion that sporulation could be initisted
by resuspension of growing cells in eitherthe S(C) or S(N) medium,
but that initiation was achieved by carbon starvation in the former case

and by nitrogen starvation in the latter case.

Cell-free extracts prepared from 50 ml portions of resuspension
cultures in both S(C) and S(N) media were assayed for GNS and GTS
activities at zero time and at 20 min and 40 min following initiation.
For practical reasons it was only convenient to prepare and assay three
extracts during one experiment. The times at 20 min and 40 min after
time zero were arbitrarily chosen as times during which changes in
enzyme specific activity might be expected to occur if they were
involved in the earliest steps of sporulation. Again, considerable
variation in specific activity of both enzymes was detected from one
experiment to another and for this reason average vslues are tabulated

in Table 5 together with the extreme velues obtained. The results in
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Table 5 show that there is no marked alteration in activity for either
enzyme when the average values at each time intervel are compared. It
should be noted that when extreme values were obtained all 3 time
intervals gave similar enzyme levels. Thus teking an average of values
nas not evened out differences between time intervals in individual
experiments. Each separate experiment indiceted little change in enzyme

activities in either S(C) or S(N) media, at the time intervals studied.

These results were somewhat surprising in view of the fact that
previous results using growing cells had suggested that growth limitation
by the use of nitrate as nitrogen source caused derepression of GNS
synthesis (Teble 3). In addition, Rebello & Strauss (1969) using
chemostat cultures of B. subtilis had shown that nitrogen limitetion
caused derepression and carbon limitation repression of GNS synthesis
(see Introduction). ©Possible explanations for the results represented in
Table 5 are that the times chosen to investigate the enzymes were
inadequate to demonstrate & transient change in specific activity or
that changes occurred after the 4O min period. If the enzymes were
involved in the initiation events of sporulation the latter possibility
can reasonably be excluded. It could be assumed that by 40 min after
time zero the majority of cells were engeaged in forming spores. The
former possibility, that the times chosen missed a transient change in
enzyme specific activity, is suggested by the observation of Rebello &
Strauss (1969) that transition from e fast to a slow growth rate was
accompanied by & brief increase in GNS specific sctivity (see Introduction).
The results presented in Table 5 allow the tentative conclusion that
prélonged changes in GNS or GTS specific activity do not accompany the
initiation of sporulation by either carbon or nitrogen deprivation. The

possibility of transient changes taking place are not excluded by these
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experiments. Unfortunately, time did not allow a more thorough

investigation of enzyme levels at closer intervals during sporulation.

Determination of the specific activities of GNS and GTS had
rot established any role for these enzymes during the onset of sporulation.
For this reason it was.decided to investigate the sporulation behaviour
cf & mutant strain, tentatively identified as lacking GTS activity. A
eimilar approasch, using both GNS and GTS defective strains of

E. megaterium, had suggested a role for L-glutamine as the precursor of

e sporulation repressor (see Introduction). Estimation of the in wvitro
ectivity of enzymes gives no indication of their activity in wvivo which
+ill be governed by substrate availability and the effects of allosteric
ectivators and inhibitors. Therefore, elthough the results presented
ebove suggested that an increase in enzyme protein was not a controlling
influence during sporulastion, they did not rule out the possibility

that each enzyme played & role in the control of sporulation by their
enzymic sctivity. If it was established that the strain glt-100 lacked
GTS activity then the effect of this defect (which would not allow the
further metabolism of L-glutamine derived from GNS activity) on

sporulation could be assessed.

The defect in strain glt-100 was established by direct assay for
GTS activity (Table 7) and by noting the growth response of the strain to

various sources of carbon and nitrogen (Table 6). Previous results had

shown that a GTS-negative strain of K. serogenes was unable to grow with
emmonia or glucosémine which is degraded to yield ammonia (Magasanik et sal.,
197h). A GTS-negative strain of B. subtilis was reported to require
L-glutemate or L-aspartate for growth (Young & Wilson, 1975). The growth

pettern of strain glt-100 was in keeping with these observations. Strain
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glt-100 grevw normally when L-glutamste or a compound which could be
degraded to yield L-glutamate, such as L-glutemine, L-arginine, or
I-proline, was supplied aB nitrogen source. It would not grow with
ammonisa or glucosamine, The ability to grow with L-aspartate as
nitrogen source meant that it could be distinguished from the glutamate
requiring esuxotrophs defective in one of the first three enzymes of

the tricarboxylic acid cycle (see Introduction). An interesting
observation was made when L-histidine was used as source of nitrogen.

The strain glt-100 showed a consistently worse growth response than the
wild~type with L-histidine as nitrogen source, yet it grew as well as
the wild-type with the other sources of nitrogen and also when L~histidine
wvas used as & carbon source with ammonia as nitrogen source (Table 6).
I-histidine serves as s poor source of nitrogen in the presence of
carbon compounds that are easily metabolised and so repress synthesis

of the histidine degrading enzymes (Chasin & Magasanik, 1968). This is
vlearly shown in Table 6 where the wild-type grew only poorly with
L-histidine and glucose or glycerol, but normelly with citrate as carbon
source. The mutant strain would not grow at all with L-histidine and
glucose or glycerol and its response to citrate was poorer than the
wild-type. This suggested that the defective GTS activity in the mutant
was causing & greater repression of the L-histidine degrading enzymes
than occurred in the wild-type. Lack of time prevented this possibility
from being investigated, but a similar observetion was mede by Brenchley

et al., (1973) vho found that a GTS-negative strain of K. smerogenes was

umnable to grow in a glucose~histidine minimal medium. They explained
their observaetion by saying that the lack of GTS activity would not
allow depletion of glutamine and therefore no non-adenylated GNS would

be available to allow transcription of the histidine degrading enzymes
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(see Introduction). By analogy lack of GTS activity would allow
glutemine accumulation in B. subtilis which apparently affected the rate

cf histidine metabolism by the cells.

No GTS activity was found in the cell-free extracts of strain
£1t-100 (Table T). As only one extract was assayed for the results
presented in Table 7 little significance can be attached to the
differences in GNS activity between the wild-type and strain glt-100. It
can be noted, however, that with both strains enzyme specific activities
ere very low in extracts prepared from cells grown in the rich casein
Evdrolysate (CH) medium. This is in agreement with Rebello & Strauss
(1969) who found meximum repression of GNS synthesis in a cesein hydro-

lysate medium supplemented with ammonia, L-glutamate and L-asparagine.

The results in Tables 6 and 7 established thet strain glt-100
lacked GTS activity. In addition, the fact that this strain was unable
to grow with ammonia as nitrogen source showed that B. subtilis 168
lacked a glutamate dehydrogenase thet could be used to assimilate ammonia,
This was in keeping with the negative result obtained earlier when cell

extracts were assayed for this enzyme activity.

The effect on sporulation of the lack of GTS sctivity was
investigated next. TFirst the levels of GNS were investigated in the
glt-100 strain in S(C) and S(N) resuspension media (Table 8). Just as in
the wild-type (Table 5) variation in enzyme specific activity was found
from one experiment to another, but individusl cell extracts gave GNS
values which showed little variation at time zero, 20 min and 40 min
intervals after resuspension, although there was a suggestion of a slight

£all in GNS activity in the S(C) medium with strain glt-100 which did not
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occur in the wild-type. It is difficult to assess the significance
of this observation because of the large variastions found in specific

activity from one experiment to another.

Strain glt-100 was unable to sporulate in the S(N) medium
(Table 8) and this was expected because the only nitrogen source available,
nitraete, could not be assimilated in this strain. TIn keeping with this
the E o of the culture in S(N) medium increased only slightly (Figure 7).
It was enticipated that addition of L-glutamate, which by-passed the
defect in GTS activity, would restore normsl sporulation to the strain.
Figure T shows that strain glt-100 behaved normally with regard to the
increase in E6OO in the S8(N) + L-glutamste resuspension medium, but
normal sporulation was not restored (Table 8). This observation was
entirely unexpected and suggested the possibility that strain glt-100 was
able to sporulate normally when initiated under conditions of carbon
deprivation but was not able to do so under nitrogen deprivation. This
possibility was investigated further by comparing the extent of
sporulation of the wild-type and strain glt-100 in various resuspension
media (Table 9). It was found that omission of glucose or its replacement
by citrate in the S(N) medium + glutamate allowed normal sporulation in
strain glt-100. This was firm evidence that the presence of an eagily
netabolisable carbon source was suppressing sporulation in the mutant
strain, Similarly, addition of glucose to the S{C) medium suppressed
sporulation. This would be expected because in this medium only
I~glutamate could serve as a nitrogen source as the ammonis present
would not be assimilated. Addition of glucose would ensure sporulation
was induced by nitrogen deprivation. In the case of the S(C) medium
elone sporulstion would normally be expected to occur by carbon deprivaetion.

With strain glt-100, though, glutamate would have to serve as both carbon
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end nitrogen source as ammonis would not be utilisable. Presumably
therefore sporulation in strain glt-100 could be triggered by either
meens in the S(C) medium. This situstion also applies to the S(N)
medium + glutamate where glucoée is omitted. In this case the nitrate
in the medium would not be utilised. The S(N) + glutamate with glucose
omitted and the S(C) medium ere identical except the former has nitrate
present and the latter ammonia, but as the mutant can utilize neither of
these it must rely on the glutamate present to serve as sole source of
carbon or nitrogen. In both media strain glt-100 sporulates normally,

presumably because sporulation can be initiated by carbon starvation.

The extent of sporulation achieved by strain glt-100 in the
various resuspension shown in Table 9 suggested strongly that the strain
would only sporulate under conditions where the cells were starved of an
adequate carbon source. Conditions of nitrogen deprivation alone in the
presence of a good carbon scurce did not allow sporulation to occur.
Besides this primary observation, two other points are worth discussion.
First, Table 9 shows that strain glt-100 sporulated to a greater extent
in the S(C) *+ glucose medium (8%) than in the S(N) + glutamete medium
{0.2%). Second, use of L-glutamine as nitrogen source in the S(N) medium
instead of L-glutamste allowed & greater degree of sporulation to occur

(5% instead of 0.2%).

The above observations are best qiscussed with regard to the
hypothesis that L-glutamine plays a major role in the repression of
sporulation (Elmerich & Aubert, 1972). Both Elmerich & Aubert (1972) and
Rebello & Strauss (1969) have suggested that depletion of L-glutamine
~&cts as the primary trigger for the initiation of sporulation. The

experimental basis for this hypothesis is given in detail in the Intro-
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duction. Elmerich & Aubert (1972, 1973) noted that s GTS-negative

strain of B. megaterium was unable to sporulate even in the presence

of L-glutamate. They suggested the reason for this was that the

strain would accumulate L-glutamine which was & repressor of sporulation.
The results in Teble 9 can only partly be reconciled with this hypothesis.
It could be argued that strain glt-100 was unable to sporulste properly
under conditions of adequate carbon supply (S(N) medium) because
L-glutamine accumulated. Where an adequate carbon source was not
supplied (S(C) medium) it would not heve accumulated because it had to
be metsbolised to provide carbon and energy. However, better
sporulation was obtained in the S(¥N) medium + L-glutemine (5.0%) then in
the S(N) medium + L-glutamate (0.2%). This does not fit with the
hypothesis linking I-glutamine to the sporulation repressor(s).
Similarly, better sporulation was obtained in the S(C) medium + glucose
(8%) than in the S(N) medium + glutamate (0.2%). These media are
identical except that ammonia is supplied as the main nitrogen source

in the former and nitrste in the latter medium. However, as the mutant
is unable to assimilate either of these two sources of nitrogen,
I-glutemate supplies the only source of utilisable nitrogen to the cells.
Therefore it would be assumed that as strain glt-100 can utilise only
glucose and L—glutemate from each medium, the level of sporulation
attained should be similar. Apparently though, the presence of ammonia
allows a greabter degree of sporulstion to occur. It can be assumed
that the ammonia would be readily converted to L-glutamine by the GNS

in the cells. Tt therefore follows that L-glutamine would be more
likely to accumulate in the S(C) medium + glucose, yet greater

sporulstion was achieved in this medium.
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Some of the results presented in Table 9 therefore did not fit
readily into the hypothesis that L-glutamine is responsible for the
repression of sporulation. It was clear, though, that the defective GTS
in strain glt-100 was preventing the cells from sporulating in certain
circumstances. From the dats available it seemed that these
circumstances involved conditions where an adequate source of carbon
ensured that sporulation would have to be initiated by nitrogen
deprivation. It would follow from this that a defective GTS activity
prevents the initiation of sporulation under conditions of nitrogen

limitation.

The specific activities of GNS and GTS obtained under various
conditions of growth (Table 3) did not conflict with the hypothesis that
I-glutamine repressed GNS synthesis. Under growth conditions where
I-glutamine would not be expected to accumulate (glutamate or nitrate as
nitrogen source) the GNS specific activity was found to be high. The
specific activities of GNS and GTS during the onset of sporulation (Table
5 and 8) do not support the idea that initiation to sporulation is
sccompanied by a depletion of L~glutamine. No derepression of GNS
synthesis was observed in the wild-type at least at 20 and 40 min into
sporulation. If L-glutamine was depleted during sporulaetion it should
have been indicated by & depression of GNS synthesis. In addition,
L-glutamine would be expected to accumulate in strain glt-100 because of
the block in GTS activity. In keeping with this a slight fall in GNS
activity was noticeable at 20 min and 40 min after initiation to
sporulation in the S(C) medium which was not apparent in the wild-type
(compare GNS activities in the S(C) medium in Table 5 and 8). This fall

in GNS activity may have been due to repression of GNS synthesis by the
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zccumilated L-glutemine, yet strain glt-100 sporulated normelly in this
redium. These observations, taken together with the levels of
sporuletion obtained in strain glt-100 in the various resuspension media
(Table 9), lend little support to the ides that depletion of L-glutemine

ects as & trigger for sporulation.

Tt was noted earlier that strain glt-100 was not able to utilise
I~histidine as a nitrogen source as effectively as the wild-type strain
in the presence of glucose or glycerol (Table 6). By analogy with a

similar observation with & GTS-negative strain of XK. serogenes it was

suggested that this mey be because the L-histidine degrading enzymes were
more severely repressed in this strein by the presence of easily
metabolised carbon sources such as glucose. Tt meay not be coincidenteal
that strain glt-100 is also unable to sporuleste in the presence of a good
carbon source. It was noted that strain glt-100 grew normslly when
| I~histidine was supplied as carbon source with ammonia as nitrogen source
(Table 6). This is a condition essentially of carbon deprivation as
I~histidine is metabolised slowly. Likewise the mutant sporulates
normelly under conditions of carbon deprivetion (S(C) medium). This
obvious similarity in behaviour of the mutant under these two conditions
(normal growth and sporulation under conditions of carbon starvation and
abnormel behaviour during nitrogen starvaetion) suggests there might be a
common link between enzyme induction end initiation of sporulation under

conditions of nitrogen limitation in B, subtilis.

An experiment was done to determine for how long during sporulation
strain glt-100 was inhibited by the presence of glucose. The results in
Table 10 show that glucose addition to the S(N) medium + L-glutamate

(glucose omitted) during the initial two hours of sporulation prevented
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successful sporulation. With glucose omitted from the S{N) + glutamste
medium strain glt-100 could only use L-glutamate as source of both
carbon and nitrogen., Sporulation therefore could presumably be triggered
by either carbon or nitrogen deprivetion. Addition of glucose to this
medium would only allow a condition of nitrogen starvation to occur.

The fsct that glucose was able to suppress sporuletion for 2-3 hours was
somewhat surprising. Later addition of glucose would mean that it was
effectively suppressing sporulation in cells which must have embarked on
the sporulstion process. This would suggest that stages later than the
initiating events of sporulation are also required to be triggered by
either carbon or nitrogen starvation. Addition of glucose would
prevent them being triggered by carbon deprivation and the mutation
affecting GTS activity would prevent them being triggered by nitrogen
deprivation. It is known that the sporulation process can be halted
end growth restored by the addition of nutrients up to about stage III
(Frehel & Ryter, 1969) which must mean that sporulation loci remain
susceptible to repression by catabolites up to this stage. It can be
concluded that whatever it is that prevents sporulation in the GTS
deficient strain operates not just at early initisting events, but at
later events along the sequential pathway of sporulation. It is possible
therefore that the mechanism that initiates sporulation during nitrogen
starvation may not be a unique event, but may operate in the same way

st regular intervals up to stage III to trigger the various stages in

the process.

In summary, the results obtained with strain glt-100 suggest that
GTS activity may be essential for sporulation to occur under conditions
of nitrogen starvation. The lack of this activity in the mutent at first

sight supports the hypothesis that L-glutamine is & repressor of
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sporulation as this compound would be expected to accumulate in the
mutant. However, some observations obtained with wild-type and

strain glt-100 do not support this hypothesis., These can be summarised
as follows, Strain glt-100 sporulates normally in conditions of carbon
starvation, elthough there is an apparent repression of GNS synthesis at
the onset of sporulation presumably caused by L-glutemine accumulation.
Strain glt-100 is able to sporulate more satisfactorily under nitrogen
deprivation if L-glutamine is supplied instead of L-glutamate or ammonia
is supplied instead of nitrate, These conditions do not favour
depletion of L-glutamine as & trigger for sporuletion. In eddition,
depletion of L-glutamine would be expected to allow depression of GNS
synthesis at the onset of sporulation, yet this did not occur even in
the wild-type. These observations therefore conflict with the idea
that L-glutamine depletion triggers sporulation, although the obvious
reason why strain glt-100 is unable to sporulate under certain
circumstences in that its lack of GTS activity will cause L-glutamine to
accumulete. It is difficult to assess what other reason could cause
the lack of sporulation. If L-glutemine accumulation caused the lack
of sporulation there is no obvious reason why L-glutamine should not
accumulate under all circumstances and prevent sporulation. The results
obtained with strain glt-100 suggest that the GTS defect has no effect on
sporulation induced by carbon deprivation. This may mean thsat
sporulation is triggered by alternative routes during carbon or nitrogen
deprivation. In conclusion, the determinetion of enzjme specific
activities of GNS and GTS during sporulation have suggested in either
case that an alteration in enzyme synthesis plays no role during the onset
of sporuletion. The sporulation behaviour of the GTS-negative strain

glt-100 does suggest that GTS has an enzymic role during the onset of
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sporulation induced by nitrogen starvation. Lack of this enzyme
presumably altered the metabolism of the cells under these circumstances
s0 as to prevent sporulation. This may have been caused by an
eccunulation of L-glutamine, although some of the results were not

consistent with this idea.
Conclusions

The main conclusions arising from this work are as follows. Both
GNS and GTS are susceptible to repression and derepression during growth
of B. subtilis. Variation in specific activity of both enzymes can be
brought sbout by alterstion of the nitrogen source in the medium. The
pattern of enzyme activities under various growth conditions suggest that
GNS is repressed by ammonia or L-glutamine and GTS 1s repressed by
I-glutamate. Glutamate dehydrogenase activity, capable of assimilating
ammonia, is absent from B. subtilis 168. There is no significant
veriation in GNS or GTS specific activity during the omset of sporulation
induced by either carbon or nitrogen starvetion. A strain lacking GTS
activity is unable to sporulate under conditions where sporulation is
presumed to be initiated by starvation of an adequate nitrogen supply.
The sporulation behaviour of this mutant strain and the activity of GNS
during the onset of sporulation do not altogether support the ideea that
depletion of L-glutamine is involved in the onset of sporulation. The
factor which prevents the GTS-negative mutant from sporulating under
conditions of nitrogen deprivation is active during the initial 2-3 hour

of the process.

Future work

If this project were to be continued, attention would be given to

105



the following points. GNS and GTS enzyme activities would be

determined at closer intervals and for a longer period during
resuspension to try and ensure that transient alterations in enzyme
ectivity could be detected. The stage during sporulation at which

cells of strain glt-100 become blocked under conditions of nitrogen
deprivation could be determined by examination of cells in the electron
microscope end by noting the appesrance of specific sporulation markers
such as exo-protease and alkaline phosphatase activity. It would be

of interest to note the rate of histidase synthesis during conditions of
nitrogen deprivetion which prevent sporulation in strain glt-100.
Histidase is the first enzyme involved in the degradation of L-histidine
to L-glutamate and there was the possibility that the poor groﬁth of
strain glt-100 on minimasl medis when I~histidine was used as & nitrogen
source was due to lack of synthesis of the histidine degrading enzymes.
The isolation of a mutant strain lacking GNS synthesis would allow an
assessment of the role of this enzyme during sporulstion in B. subtilis 168.
In addition, a double mutant could be constructed (using genetic exchange
by transformation) which contained mutastions affecting both GNS and GTS
activity. This would provide additional information on the role of these

enzymes during sporulation.
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